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• Nuclear shadowing: suppression of nuclear cross sections and nuclear parton 
distribution functions (nPDFs) for small x < 0.05,  fA(x,µ2) < A fN(x,µ2)   

• Important for QCD phenomenology of hard processes with nuclei at RHIC, 
LHC, future EIC, LHeC/FCC → cold nuclear matter effects, gluon saturation. 

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

Gluon shadowing at small x: global fits 
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Rg(x,Q
2) =

gA(x,Q2)

Agp(x,Q2)

shadowing

EPPS16, Eskola, Paakkinen, Paukkunen, 
Salgado  EPJ C77 (2017) 163

14

EPPS16

EPPS16

EPPS16

EPPS16

EPPS16

EPPS16

x

x

x

x

x

x

R
C u V
(
x,

Q
2
=
1
.6
9
G
e
V

2 )
R

C d V
(
x,

Q
2
=
1
.6
9
G
e
V

2 )
R

C u
(
x,

Q
2
=
1
.6
9
G
e
V

2 )
R

C d
(
x,

Q
2
=
1
.6
9
G
e
V

2 )
R

C s
(
x,

Q
2
=
1
.6
9
G
e
V

2 )
R

C g
(
x,

Q
2
=
1
.6
9
G
e
V

2 )

EPPS16

EPPS16

EPPS16

EPPS16

EPPS16

EPPS16

x

x

x

x

x

x

R
C u V

(x
,Q

2
=

10
G

eV
2 )

R
C d V

(x
,Q

2
=

10
G

eV
2 )

R
C u
(x

,Q
2

=
10

G
eV

2 )
R

C d
(x

,Q
2

=
10

G
eV

2 )
R

C s
(x

,Q
2

=
10

G
eV

2 )
R

C g
(x

,Q
2

=
10

G
eV

2 )

EPPS16

EPPS16

EPPS16

EPPS16

EPPS16

EPPS16

x

x

x

x

x

x

R
P

b
u V

(x
,Q

2
=

1
.6

9
G

eV
2 )

R
P

b
d V

(x
,Q

2
=

1
.6

9
G

eV
2 )

R
P

b
u

(x
,Q

2
=

1
.6

9
G

eV
2 )

R
P

b
d

(x
,Q

2
=

1
.6

9
G

eV
2 )

R
P

b
s

(x
,Q

2
=

1
.6

9
G

eV
2 )

R
P

b
g

(x
,Q

2
=

1
.6

9
G

eV
2 )

EPPS16

EPPS16

EPPS16

EPPS16

EPPS16

EPPS16

x

x

x

x

x

x

R
P
b

u V
(x

,Q
2

=
10

G
eV

2
)

R
P
b

d V
(x

,Q
2

=
10

G
eV

2
)

R
P
b

u
(x

,Q
2

=
10

G
eV

2
)

R
P
b

d
(x

,Q
2

=
10

G
eV

2
)

R
P
b

s
(x

,Q
2

=
10

G
eV

2
)

R
P
b

g
(x

,Q
2

=
10

G
eV

2
)

Fig. 9 The EPPS16 nuclear modifications for Carbon (leftmost columns) and Lead (rightmost columns) at the parametrization
scale Q2 = 1.69GeV2 and at Q2 = 10GeV2 . The thick black curves correspond to the central fit S0 and the dotted curves to
the individual error sets S±

i [!" 2 ] of Eq. (52). The total uncertainties are shown as blue bands.
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Fig. 10 The impact of reweighting the EPPS16 nPDFs with the data on the nuclear modiÞcation ratio of the dijet spectra. The original and
reweighted EPPS16 nuclear modiÞcations for the lead nucleus are presented at the parametrization scaleQ2 = 1.69 GeV2. For better visibility, the
s-quark modiÞcations are presented with a different vertical axis scaling.
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reweighted Fig. 11 The EPPS16 gluon nuclear modiÞ-

cations in Pb at the scalesQ2 = 10 GeV2 and
Q2 = 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 Þt from! 2/ Ndata= 1.68 to 1.41with a penalty
P/ " ! 2 = 0.14.

The corresponding effects on the EPPS16 nuclear modiÞ-
cations in lead at the parametrization scaleQ2 = 1.69 GeV2

are presented in Fig. 10. There is a striking impact on gluon
modiÞcation uncertainties, which are reduced across allx.
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 Þnd
strong evidence for gluon antishadowing in lead. At small
x, the reweighted uncertainty band goes respectively below
unity, giving evidence for gluon shadowing. These Þndings
are in accordance with those of Ref. [37], where inclusive
heavy-ßavour production data from measurements at the
LHC were used to study the gluon PDF modiÞcations 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 Þt.

Even with the increased gluon shadowing, the most for-
ward bins ofRnorm.

pPb are not well reproduced by the reweighted
results, which is also the reason why the! 2/ Ndataremained
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 probedx 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 difÞcult to attain. This is because the DGLAP
evolution efÞciently smooths out even steep structures in
the gluon nuclear modiÞcation, as can be seen in Fig. 11
where we show the gluon nuclear modiÞcations 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 Þt
quality. These Þndings should, in the future, be contrasted
also with the recent ATLAS conditional yield measurement,

Run 2 CMS jets, Eskola, Paakkinen, 
Paukkunen, EPJC 79 (2019) 6, 511



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

• Combination of Gribov-Glauber shadowing model with QCD factorization 
theorems for inclusive and diffractive DIS, Frankfurt, Strikman, EPJ A5 (1999) 293 
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Fig. 10. Graphs corresponding to sea quark nuclear PDFs. Graphs a, b, and c correspond to the interaction with one, two, and three nucleons, respectively.
Graph a gives the impulse approximation; graphs b and c contribute to the shadowing correction.

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

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

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

F2(x,Q 2) = x
!

j=q,q̄,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,q̄,g

" 1

�

dy
y
Cj

#
�

y
,Q 2

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

— + —
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our numerical studies described below, � decreases with decreasing x, which reflects the onset of the strong interaction
regime for the increasing fraction of the configurations contributing to the PDFs.

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

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

strength of the interaction of a large-size 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,Q 2
0 ) = Axfj/N(x,Q 2

0 ) ! 8⇡A(A ! 1) # e
(1 ! i⌘)2

1 + ⌘2 Bdiff

Z 0.1

x
dxP�f D(3)

j (�,Q 2
0 , xP)

$
Z

d2b
Z %

!%
dz1

Z %

z1
dz2⇢A(&b, z1)⇢A(&b, z2)ei(z1! z2)xPmN e! A

2 (1! i⌘)�
j
soft(x,Q

2
0 )

R z2
z1 dz '⇢A(&b,z ' ), (64)

where Afj/N ( Zfj/p + (A ! Z)fj/n; Q 2
0 is a low scale at which the color fluctuation approximation is applicable (see below).

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

from the NLO QCD fit.
Our master Eq. (64) determines the nuclear PDFs fj/A at a particular input scale Q 2 = Q 2

0 , which is explicitly present in
fj/N , f

D(3)
j and �

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

the contribution of the point-like configurations (PLCs) is small. This demands that Q 2
0 is not too large. At the same time, we

would like to stay within the perturbative regime, where higher twist contributions to the diffractive structure functions
are still small and where the fits to diffractive PDFs do not have to be extrapolated too strongly. (In the extraction of the
diffractive PDFs from the HERA data on diffraction, only the data with Q 2 > 8.5 GeV2 were used [61]. However, it has been
checked that the extrapolation down to Q 2 = 4 GeV2 works with a good accuracy.) Accordingly, in our numerical analysis,
we use Q 2

0 = 4 GeV2. We will demonstrate that our results depend weakly on the choice of Q 2
0 , even if we keep �

j
soft fixed.

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

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

j
soft(x,Q

2) = *� 3+j/*� 2+j, see Eq. (63). Eq. (64)
allows for a simple interpretation: the factor Bdiff

R 0.1
x dxP�f D(3)

j (�,Q 2, xP) describes the probability for a photon to diffract
into diffractive states in the interaction with a target nucleon at point (z1, &b) and to be absorbed in the interaction with
another nucleon at point (z2, &b), while the factor in the third line of Eq. (64) describes the interaction of the diffractive states
with other nucleons of the nucleus with the cross section �

j
soft between points z1 and z2.

It is important to note that �
j
soft(x,Q

2) can be determined experimentally by measuring nuclear shadowing with a light
nucleus, for instance, with 4He. Alternatively, �

j
soft(x,Q

2) can be extracted directly from coherent diffraction in DIS on
deuterium [128]. After �

j
soft(x,Q

2) will have been determined, the leading twist theory will contain no model-dependent
parameters and can be used to predict nuclear shadowing for an arbitrary nucleus in a completely model-independent way.
The discussed measurements can be carried out at a future Electron–Ion Collider.

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

j
soft(x,Q

2) = �
j
2(x,Q

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

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

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

0 ) ! 8⇡A(A ! 1)Bdiff # e
(1 ! i⌘)2

1 + ⌘2

Z 0.1

x
dxP�f D(3)

j (�,Q 2
0 , xP)

$
Z

d2&b
e! LTA(b) ! 1 + LTA(b)

L2
, (65)

where L = A/2 (1 ! i⌘)�
j
soft(x,Q

2
0 ); TA(b) =

R %
!% dz ⇢A(z).

diffractive  
exchange

proton diffractive PDFs 
from HERA

model-dependent 
effective cross sectionnuclear density



Leading twist model of nuclear shadowing (2)   
• Predicts nuclear PDFs at µ2=3-4 GeV2  → input for DGLAP evolution. 
• Magnitude of shadowing is determined by proton diffractive PDFs, ZEUS, 
H1 2006 → naturally predicts large shadowing for gA(x,µ2). 
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• Future Electron-Ion Collider can best test these predictions due to: 
- wide x-Q2 coverage 
- measurements of the longitudinal structure function FLA(x,Q2) sensitive to gluons 
- measurements of diffraction in eA DIS

• Different approaches to shadowing can also be studied in UPCs@LHC, 
which can be viewed as a forerunner of EIC.



Impact parameter dependence of nPDFs   
• The model of leading twist nuclear shadowing allows one to predict the 
dependence of nPDFs on the impact parameter b:

5
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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

•→ correlations between b and x → 
shadowing is stronger in nucleus center → 
shift of t-dependence of 𝛾A → J/𝜓A cross 
section → confirmed by LHC data on 
coherent J/𝜓 photoproduction in Pb-Pb 
UPCs (see later).

• With additional assumptions, global QCD fits can also extract b-dependence of 
nPDFs, EPS09s, Helenius, Honkanen, Salgado, JHEP 1207 (2012) 073.

Author's personal copy
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Fig. 40. Impact parameter dependence of nuclear shadowing for 40Ca (upper green surfaces) and 208 Pb (lower red surfaces). The graphs show the ratio
Rj (x, b, Q2) of Eq. (132) as a function of x and the impact parameter |Eb| at Q2 = 4 GeV2. The top panel corresponds to ū-quarks; the bottom panel
corresponds to gluons. For the evaluation of nuclear shadowing, model FGS10_H was used (see the text). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 41. The ratio fj/ A/( ATA(b)fj/ N ) as a function of x. The solid curves correspond to the central impact parameter ( b = 0); the dotted curves are for the

nPDFs integrated over all b (the same as in Figs. 33 and 34). All curves correspond to Q2
0 = 4 GeV2 and to model FGS10_H.

Hj
A(x, 0, Eb, Q2), even if such correlations were absent in the free nucleon GPD. (In Eq. (130) we neglected the x-b correlations

in the nucleon GPDs by neglecting the t dependence of Hj
N(x, 0, t , Q2) and using Hj

N(x, 0, t , Q2) ⇡ fj/ N(x, Q2).)
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Ultraperipheral collisions 

• Ultraperipheral collisions (UPCs): ions interact at 
large impact parameters b >> RA+RB  → hadron 
interactions suppressed → interaction via quasi-real 
photons in Weizsäcker-Williams equivalent photon 
approximation, Budnev, Ginzburg, Meledin, Serbo, Phys. Rept. 15 
(1975) 181

A.J. Baltz et al. / Physics Reports 458 (2008) 1–171 5

Fig. 1. Schematic diagram of an ultraperipheral collision of two ions. The impact parameter, b, is larger than the sum of the two radii, RA + RB .
Reprinted from Ref. [3] with permission from Elsevier.

Fig. 2. A schematic view of (a) an electromagnetic interaction where photons emitted by the ions interact with each other, (b) a photon–nuclear
reaction in which a photon emitted by an ion interacts with the other nucleus, (c) photonuclear reaction with nuclear breakup due to photon
exchange.

The photoproduction cross section can also be factorized into the product of the photonuclear cross section and the
photon flux, dN� /dk,

�X =

Z
dk

dN�

dk
�

�
X (k), (4)

where �
�
X (k) is the photonuclear cross section.

The photon flux used to calculate the two-photon luminosity in Eq. (2) and the photoproduction cross section in Eq.
(4) is given by the Weizsäcker–Williams method [8]. The flux is evaluated in impact parameter space, as is appropriate
for heavy-ion interactions [9,10]. The flux at distance r away from a charge Z nucleus is

d3 N�

dkd2r
=

Z2↵w2

⇡2kr2

"

K 2
1 (w) +

1

� 2
L

K 2
0 (w)

#

, (5)

where w = kr/�L and K0(w) and K1(w) are modified Bessel functions. The photon flux decreases exponentially
above a cutoff energy determined by the size of the nucleus. In the laboratory frame, the cutoff is kmax ! �L h̄c/RA. In
the rest frame of the target nucleus, the cutoff is boosted to Emax = (2� 2

L " 1)h̄c/RA, about 500 GeV at RHIC and 1
PeV (1000 TeV) at the LHC. The photon flux for heavy ions at RHIC and the LHC is depicted in Fig. 4. Also shown,
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Fig. 1. Schematic diagram of an ultraperipheral collision of two ions. The impact parameter,b, is larger than the sum of the two radii,RA + RB.
Reprinted from Ref. [3] with permission from Elsevier.

Fig. 2. A schematic view of (a) an electromagnetic interaction where photons emitted by the ions interact with each other, (b) a photonÐnuclear
reaction in which a photon emitted by an ion interacts with the other nucleus, (c) photonuclear reaction with nuclear breakup due to photon
exchange.

The photoproduction cross section can also be factorized into the product of the photonuclear cross section and the
photon ßux, dN� /dk,

�X =

!
dk

dN�

dk
�

�
X (k), (4)

where�
�
X (k) is the photonuclear cross section.

The photon ßux used to calculate the two-photon luminosity in Eq.(2) and the photoproduction cross section in Eq.
(4) is given by the Weizs¬ackerÐWilliams method [8]. The ßux is evaluated in impact parameter space, as is appropriate
for heavy-ion interactions [9,10]. The ßux at distancer away from a chargeZ nucleus is

d3N�

dkd2r
=

Z2↵w2

⇡2kr2

"

K 2
1(w) +

1

� 2
L

K 2
0(w)

#

, (5)

wherew = kr/�L and K0(w) and K1(w) are modiÞed Bessel functions. The photon ßux decreases exponentially
above a cutoff energy determined by the size of the nucleus. In the laboratory frame, the cutoff iskmax ! �L h̄c/RA. In
the rest frame of the target nucleus, the cutoff is boosted toEmax = (2� 2

L " 1)h̄c/RA, about 500 GeV at RHIC and 1
PeV (1000 TeV) at the LHC. The photon ßux for heavy ions at RHIC and the LHC is depicted inFig. 4. Also shown,

• UPCs@LHC allow one to study 𝛾𝛾, 𝛾p 
and 𝛾A interactions at unprecedentedly 
high energies (energy frontier) reaching: 
W𝛾p=5 TeV, W𝛾A=700 GeV/A, W𝛾𝛾=4.2 ТeV

Bertulani, Klein, Nystrand, Ann. Rev. Nucl. Part. Sci. 55 (2005) 271; Baltz et al, Phys. Rept. 480 (2008) 1; 
Contreras and Tapia-Takaki, Int. J. Mod. Phys. A 30 (2015) 1542012; Snowmass LoI, Klein et al, arXiv:2009.03838

• UPCs can be used to study open 
questions of proton and nucleus structure 
in QCD and search for new physics → 
e.g., new info on gluon nuclear 
shadowing.
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Exclusive J/𝜓 photoproduction in UPCs 
• Cross section of coherent J/𝜓 photoproduction in Pb-Pb UPCs → two terms 
corresponding to low-x and high-x 

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/ ! ,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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g N
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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 ~ 𝛾L

Photoproduction 
cross section

= J/𝜓 rapidity

d! AA ! AAJ/! (y)
dy

= N"/A (y)! "A ! AJ/! (y) + N"/A (! y)! "A ! AJ/! (! y)

y = ln[W 2/(2�LmNMV )]

• In leading logarithmic approximation (LLA) of pQCD, Ryskin, Z. 
Phys. C57 (1993) 89; Frankfurt, Koepf, Strikman, PRD 57 (1998)  512; Frankfurt, McDermott, 
Strikman, JHEP 03 (2001) 045

Z. Phys. C 57, 89-92 (1993) 
Zeitschrift P a r t i c ~  fur Physik C 
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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 
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Figure 21. The dependence of the median dipole size r(med) on the photon virtuality
Q2 for electroproduction of light and vector mesons and also the total photoabsorption
cross secion �L(x, Q2).

gradually disappears with an increase of Q2 leading to a slower decrease of the cross

section with an increase of Q2 than in the leading twist approximation. Note that the

suppression e↵ect is stronger for electroproduction of heavy vector mesons than for light

ones.

The suppression factor of T (Q2) as a function of Q2 and the trends of its behavior

discussed above are presented in Fig. 22.

5.4. Elastic photoproduction of J/! : from HERA to LHC

The phenomenologically important case of vector meson production is elastic

photoproduction of J/! , where the hard scale is provided by the mass of J/! (mass

of the charm quark). The " + p ! J/! + p di↵erential cross section reads [177, 176]

[compare to Eq. (81]

d#! p! J/ " p(t = 0)

dt
=

12$3

%e.m.

�VM
3
V

(4m2
c)

4

!
%s(Q

2
e! )xg(x,Q

2
e! )

"2
C(Q2 = 0) , (89)

where Qe! is the e↵ective hard scale of the process (see the discussion below). The factor

of C(Q2 = 0) depends on the details of the vector meson wave function and takes into

account the intrinsic motion (transverse momentum) of charm quarks in the diagram in

Fig. Hence, C(Q2 = 0) describes the e↵ect of higher-twist e↵ects in the " +p ! J/! +p

cross section. It is given by the following expression,

C(Q2 = 0) =
# &V

3
m

4
c

$2

T (0)R(0) , (90)

depends on details of charmonium 
distribution amplitude

x=(MV)2/W2, Qeff2=2.5-4 GeV2
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Coherent J/𝜓 photoproduction on nuclei   
• Application to nuclear targets:

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

From HERA and LHCb

�A(tmin) =

Z tmin

�1
dt|FA(t)|2

From nuclear 
form factor

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

Nucleus/proton 
gluon ratio Rg

S(W�p) =

!
! �Pb! J/ Pb

! IA
�Pb! J/ Pb

" 1/2

= " A/N
GA(x, µ2)

AGN (x, µ2)
= " A/NRg

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

• Well-defined impulse approximation (IA):

�IA
�A!J/ A(W�p) =

d��p!J/ p(W�p, t = 0)

dt
�A(tmin)

Model-independently* from data on UPC@LHC 
at (ALICE, CMS, LHCb) and HERA, LHCb Abelev 
et al. [ALICE], PLB718 (2013) 1273; Abbas et al. [ALICE], EPJ 
C 73 (2013) 2617; [CMS] PLB 772 (2017) 489; Acharya et al 
[ALICE], arXiv:2101:04577 [nucl-ex]

From global QCD fits 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 at 2.76 and 5.02 TeV  → direct evidence of 
large gluon shadowing, Rg(x=6×10-4 - 0.001) ≈ 0.6, predicted by the LT model. 

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

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

LTA: Guzey, Zhalov JHEP 1310 (2013) 207 
EPS09: Eskola, Paukkunen, Salgado, JHEP 
0904 (2009) 065 
HKN07: Hirai, Kumano, Nagai, PRC 76 (2007) 
065207 
nDS: de Florian, Sassot, PRD 69 (2004) 074028 

 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9

 1
 1.1

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

S
P
b

x

CMS
ALICE

LTA+CTEQ6L1
EPS09
HKN07

nDS

• Model-independently at y=0 and mostly large-x at forward |y|, Abelev et al. [ALICE], 
PLB718 (2013) 1273; Abbas et al. [ALICE], EPJ C 73 (2013) 2617; CMS Collab., PLB 772 (2017) 489, Acharya et al 
[ALICE], arXiv:2101:04577 [nucl-ex]  → suppression factor SPb

µ2=3 GeV2



Imaging of nuclear gluons at small x   

10

• In case of non-negligible nuclear shadowing, 𝛾A → J/𝜓A cross section should 
be modified: 

d! ! A ! J/ " A

dt
=

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

!
Rg,A

Rg,p

" 2 !
gA (x, µ2)

Agp(x, µ2)

" 2

F 2
A (t)

<latexit sha1_base64="YoF3nf3+2feIby3U9/NFIVxGwlc="></latexit><latexit sha1_base64="YoF3nf3+2feIby3U9/NFIVxGwlc="></latexit><latexit sha1_base64="YoF3nf3+2feIby3U9/NFIVxGwlc="></latexit><latexit sha1_base64="YoF3nf3+2feIby3U9/NFIVxGwlc="></latexit>

d��A!J/ A

dt
=

d��p!J/ p(t = 0)

dt

✓
Rg,A

Rg,p

◆2 ✓gA(x, t, µ2)

Agp(x, µ2)

◆2

<latexit sha1_base64="uZERI/BG9336FNMJJA0UMy68BtE="></latexit><latexit sha1_base64="uZERI/BG9336FNMJJA0UMy68BtE="></latexit><latexit sha1_base64="uZERI/BG9336FNMJJA0UMy68BtE="></latexit><latexit sha1_base64="uZERI/BG9336FNMJJA0UMy68BtE="></latexit>

• Answer in terms of nuclear GPD in the x1=x2 limit, i.e. in terms of impact-
parameter-dependent nPDF fj/A(x,Q02,b), Guzey, Strikman, Zhalov, PRC 95 (2017) 025204

• Correlations between b and x → shift of t-dependence of 𝛾A → J/𝜓A cross 
section.                                 



t-dependence of coherent J/𝜓 photonuclear 
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FIG. 1. The dσγ A→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 dσγ A→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
N M 4

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 dσγ A→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 dσγ A→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 dσγ A→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/R A ≈ %pt /p t , which gives %RA/R A ≈ 1.14 for ρ and 311

%RA/R A ≈ 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)/dydp t 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

• Shift of t-dependence = 5-11% broadening in impact parameter space of gluon nPDF 

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

Guzey, Strikman, Zhalov, PRC 95 (2017) 025204

First measurement of the |t|-dependence of coherent J/ ψ photonuclear productionALICE Collaboration
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Figure 2: Dependence on |t| of the photonuclear cross section for the coherent photoproduction of J/ ψ off Pb
compared with model predictions [10, 11, 26] (top panel). Model to data ratio for each prediction in each measured
point (bottom panel). The uncertainties are split to those originating from experiment and to those originating from
the correction to go from the UPC to the photonuclear cross section.
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Inclusive dijet photoproduction in Pb-Pb UPCs@LHC V. GUZEY AND M. KLASEN PHYSICAL REVIEW C99, 065202 (2019)
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FIG. 1. Typical leading-order Feynman graphs for dijet photo-
production in UPCs of hadronsA andB. Graphs (a) and (b) corre-
spond to the direct and resolved photon contributions, respectively.

the requirement that the target nucleus stays intact, one can
study diffractive dijet photoproduction in UPCsAA → A +
2 jets+ X + A. Studies of this process may shed some light
on the mechanism of QCD factorization breaking in diffrac-
tive photoproduction and, for the Þrst time, give access to
nuclear diffractive PDFs [40,41]. While further progress in
constraining nPDFs will beneÞt from studies of high-energy
hard processes with nuclei in proton-nucleus (pA) scattering
at the LHC [42] and lepton-nucleus (eA) scattering at a future
Electron-Ion Collider (EIC) [43] and Large Hadron Electron
Collider (LHeC) [44], UPCs at the LHC present an important
and complementary method of obtaining new constraints al-
ready now on nPDFs in a wide kinematic range.

In this work, we make predictions for the cross section of
inclusive dijet photoproduction in Pb-Pb UPCs at the LHC
using NLO perturbative QCD [45] and nCTEQ15 nPDFs.
We show that our approach provides a good description of
various cross section distributions measured by the ATLAS
Collaboration [38]. Our analysis also shows that the dijet
photoproduction cross section in the considered kinematics is
sensitive to nuclear modiÞcations of the PDFs. As a function
of the momentum fractionxA, the ratio of the cross sections
calculated with nPDFs and in the impulse approximation
behaves similarly toRg for a givenµ and deviates from unity
by 10Ð20% for the central nCTEQ15 Þt. The calculations
using EPPS16 nPDFs and predictions of the leading twist
nuclear shadowing model give similar results. This suggests
that inclusive dijet photoproduction on nuclei can be used to
reduce uncertainties in the determination of nPDFs, which are
currently signiÞcant and comparable in size to the magnitude
of the calculated nuclear modiÞcations of the dijet photopro-
duction cross section.

The remainder of this paper is structured as follows. In
Sec.II , we outline the formalism of dijet photoproduction in
UPCs using NLO perturbative QCD. We present and discuss
our results for the LHC in Sec.III and draw conclusions in
Sec.IV.

II. PHOTOPRODUCTION OF DIJETS IN UPCS
IN NLO PERTURBATIVE QCD

Typical leading-order (LO) Feynman diagrams for dijet
photoproduction in UPCs of nucleiA and B are shown in
Fig. 1, where the graphs (a) and (b) correspond to the direct

and resolved photon contributions, respectively. Note that
beyond LO, the separation of the direct and resolved photon
contributions depends on the factorization scheme and scale
(see the discussion below).

Using the WeizsŠcker-Williams method, which allows one
to treat the electromagnetic Þeld of an ultrarelativistic ion as
a ßux of equivalent quasireal photons [1,46], and the collinear
factorization framework for photon-nucleus scattering, the
cross section of the UPC processAB → A + 2 jets+ X is
given by [45]

dσ (AB → A + 2 jets+ X)

=
∑

a,b

∫ ymax

ymin

dy
∫ 1

0
dxγ

∫ xA,max

xA,min

dxA fγ /A(y) fa/γ (xγ , µ2) fb/B

× (xA, µ2)d öσ (ab→ jets), (1)

wherea, b are parton ßavors;fγ /A(y) is the ßux of equivalent
photons emitted by ionA, which depends on the photon
light-cone momentum fractiony; fa/γ (xγ , µ2) is the PDF of
the photon, which depends on the momentum fractionxγ and
the factorization scaleµ; fb/B(xA, µ2) is the nuclear PDF with
xA being the corresponding parton momentum fraction; and
d öσ (ab→ jets) is the elementary cross section for production
of two- and three-parton Þnal states emerging as jets in hard
scattering of partonsa andb. The sum overa involves quarks
and gluons for the resolved photon contribution and the pho-
ton for the direct photon contribution dominating atxγ ≈ 1.
At LO, the direct photon contribution has support exactly
only at xγ = 1, i.e., fa/γ = δ(1 − xγ ). At NLO, the virtual
and real corrections are calculated with massless quarks in
dimensional regularization, ultraviolet (UV) divergences are
renormalized in theMS scheme, and infrared (IR) divergences
are canceled and factorized into the proton and photon PDFs,
respectively. For the latter, this implies a transformation from
the DISγ into the MS scheme. The integration limits are
determined by the rapidities and transverse momenta of the
produced jets; see Sec.III . Note that Eq. (1) is based on
the clear separation of scales, which characterize the long-
distance electromagnetic interaction and the short-distance
strong interaction. It generalizes the NLO perturbative QCD
formalism of collinear factorization for jet photoproduction
in lepton-proton scattering developed in Refs. [45,47Ð49],
which successfully described HERAep data on dijet pho-
toproduction [50]. Hence, Eq. (1) involves universal nuclear
PDFsfb/B(xA, µ2), which can be accessed in a variety of hard
processes involving nuclear targets [33Ð35], and the universal
photon PDFsfa/γ (xγ , µ2), which are determined bye+e−

data; for a review, see [45]. Hence, the interplay between the
direct and resolved photon contributions in Eq. (1) is also uni-
versal and controlled by the standardµ2 evolution equations
of photon PDFs and the choice of the factorization scheme.

In our analysis, we used the following input for Eq. (1). For
photon PDFsfa/γ (xγ , µ2), we used the GRV HO parametriza-
tion [51], which we transformed from the DISγ to theMS fac-
torization scheme. These photon PDFs have been profoundly
tested at HERA and the Large Electron-Positron (LEP) col-
lider at CERN and are very robust, in particular at highxγ

(dominated by the pQCD photon-quark splitting), which is
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•  Cross section of dijet photoproduction 
using collinear factorization and next-to-
leading (NLO) pQCD, which is successful 
for HERA data on dijet photoproduction in 
ep scattering, Klasen, Kramer, Z.Phys. C 72 (1996) 107, 
Z. Phys. C 76 (1997) 67; Klasen, Rev. Mod. Phys. 74 (2002) 
1221; Klasen, Kramer, EPJC 71 (2011) 1774

Photon flux from QED:  
- high intensity ~ Z2 
- high photon energy ~ 𝛾Lproduced by a relativistic point-like charge Z:

f�/A(y) =
2↵e.m.Z

2

⇡

1

y


⇣K0(⇣)K1(⇣)�

⇣
2

2
(K2

1 (⇣)�K
2
0 (⇣))

�
, (2.2)

where ↵e.m. is the fine-structure constant; K0,1 are modified Bessel functions of the second

kind; ⇣ = ympbmin with mp being the proton mass and bmin the minimal distance between

two nuclei. For Pb-Pb UPCs, Eq. (2.2) with bmin = 14.2 fm reproduces very well the

photon flux calculated taking into account the nuclear form factor and the suppression of

strong interactions at impact parameters b < bmin, see the discussion in [49].

3 Predictions for the cross section of dijet photoproduction in Pb-Pb
UPCs at the LHC

Using the formalism outlined in Sec. 2, we calculate the cross section of inclusive dijet

photoproduction in Pb-Pb UPCs at
p
sNN = 5.02 TeV in the kinematics of the ATLAS

measurement at the LHC [37]. The ATLAS analysis was performed using the following

conditions and selection criteria:

• the anti-kT algorithm with the jet radius R = 0.4

• the leading jet has pT > 20 GeV, while other jets have pT > 15 GeV, which corre-

sponds to 35 < HT < 400 GeV, where HT = E
jet1
T + E

jet2
T

• all jets have the rapidity |⌘| < 4.4

• the combined mass of all reconstructed jets is 35 < mjets < 400 GeV

• the parton momentum fraction on the photon side z� = yx� , 10�4
< z� < 0.05

• the parton momentum fraction on the nucleus side xA, 5⇥ 10�4
< xA < 1.

The ATLAS results are presented as distributions in terms of the total jet transverse

energy HT = E
jet1
T + E

jet2
T and the photon z� and nucleus xA light-cone momentum frac-

tions:

z� =
mjets
p
sNN

e
yjets , xA =

mjets
p
sNN

e
�yjets , (3.1)

where

mjets =

2

4
 
X

i

Ei

!2

�

�����
X

i

~pi

�����

2
3

5
1/2

, yjets =
1

2
ln

✓P
iEi + pi,zP
iEi � pi,z

◆
. (3.2)

In Eq. (3.2), the index i runs over all measured jets; Ei and ~pi denote the jet energy and

momentum, respectively. Note that at LO, the kinematics of 2 ! 2 parton scattering and

the momentum fractions z� and xA can be exactly reconstructed from the dijet measure-

ment. At NLO, Eq. (3.1) serves as hadron-level estimators of the momentum fractions

entering Eq. (2.1); for brevity, we use the same notations in Eq. (2.1) and (3.2).
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•  Shape and normalization of the ATLAS data are reproduced well. Note that 
the data is preliminary and has not been corrected for detector response.
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correlated with the low-xA gluons and sea quarks in Pb that
present one of the points of interest of the present study.
For nuclear PDFs fb/B(xA, µ2), we employed the nCTEQ15
parametrization [34]. The photon flux f! /A(y) produced by
a relativistic point-like charge Z is given by the standard
expression

f! /A(y) =
2" e.m.Z2

#
1
y

!
$K0($)K1($)!

$2

2

"
K2

1 ($) ! K2
0 ($)

#
$
,

(2)

where " e.m. is the fine-structure constant; K0,1 are modified
Bessel functions of the second kind; $ = ympbmin with mp
being the proton mass and bmin the minimal distance between
two nuclei. For Pb-Pb UPCs, Eq. (2) with bmin = 14.2 fm
reproduces very well the photon flux calculated taking into
account the nuclear form factor and the suppression of strong
interactions at impact parameters b < bmin; see the discussion
in [52].

The NLO calculation of the dijet photoproduction cross
section using Eq. (1) is numerically implemented in an
NLO parton-level Monte Carlo generator [45,47–49], which
has been successfully tested in many different environments
(HERA, LEP, Tevatron). It implements the anti-kT algorithm
(but we have at most two partons in the jet) and all the
kinematic conditions and cuts used in the ATLAS analysis
[38] that are explicitly explained in the following section.
Hadronization corrections and underlying event (UE) subtrac-
tions are not part of our analysis, but they are expected to be
performed with PYTHIA simulations by the experiment once
the data are final (as has been done at HERA).

III. PREDICTIONS FOR DIJET PHOTOPRODUCTION
IN Pb-Pb COLLISIONS AT THE LHC

The main goal of the present paper is the first NLO QCD
calculation of the cross section of inclusive dijet photoproduc-
tion in Pb-Pb UPCs and concluding whether it can describe
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FIG. 2. NLO QCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs at
"

sNN = 5.02 TeV in the ATLAS kinematics
as a function of HT for different bins of xA. The central values and the corresponding shaded uncertainty bands are obtained using nCTEQ15
nPDFs. The crosses are the ATLAS data points that we extracted from [38].
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the results of the ATLAS measurement [38]. The ATLAS
analysis was performed using the following conditions and
selection criteria:

(1) the anti-kT algorithm with the jet radiusR = 0.4;
(2) the leading jet haspT,1 > 20 GeV, while the other jets

have a different cut onpT,i!=1 > 15 GeV as required
[53], which corresponds to 35< HT < 400 GeV,
whereHT =

!
i pT,i ;

(3) all jets have rapidities|! i | < 4.4;
(4) the combined mass of all reconstructed jets is 35<

mjets < 400 GeV;
(5) the parton momentum fraction on the photon sidez" =

yx" , 10" 4 < z" < 0.05;
(6) the parton momentum fraction on the nucleus sidexA,

5 # 10" 4 < xA < 1.

The ATLAS results are presented as distributions in terms
of the total jet transverse momentumHT =

!
i pT,i and the

photonz" and nucleusxA light-cone momentum fractions

z" =
mjets

$
sNN

eyjets, xA =
mjets

$
sNN

e" yjets, (3)

where

mjets =

"

#

$
%

i

Ei

&2

"

'
'
'
'
'

%

i

%pi

'
'
'
'
'

2
(

)

1/2

,

yjets = 1
2

ln
* !

i Ei + pz,i!
i Ei " pz,i

+
. (4)

In Eqs. (4), the indexi runs over all measured jets;Ei and %pi
denote the jet energy and momentum, respectively. Note that,
at LO, the kinematics of 2& 2 parton scattering and the mo-
mentum fractionsz" andxA can be exactly reconstructed from
the dijet measurement. At NLO, Eqs. (3) serve as hadron-level
estimators of the momentum fractions entering Eq. (1); for
brevity, we use the same notations in Eqs. (1) and (4).
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FIG. 3. NLO QCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs at
$

sNN = 5.02 TeV in the ATLAS kinematics
as a function ofxA for different bins ofHT . The crosses are the ATLAS data points that we extracted from [38].
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•  NLO pQCD vs. ATLAS data as a function of the dijet transverse momentum 
HT=ET jet1+ET jet2  and nuclear momentum fraction xA=(mjets/√sNN)e-yjets

Guzey, Klasen, PRC 99 (2019) 065202
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•  Resolved vs. direct photon 
contributions: resolved photons 
dominate for xA>0.01; resolved and 
direct are compatible for xA<0.01 → 
similar trend in leading order (LO) 
analysis in PYTHIA8 framework, 
Helenius, Rasmusen, EPJ C 79 (2019) 5, 413 
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FIG. 7. NLO QCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs at
!

sNN = 5.02 TeV in the ATLAS kinematics
as a function of xA. Top: The resolved (green, dot-dashed) and direct (blue, dashed) photon contributions and their sum (red, solid). Middle:
The ratio to the impulse approximation. Bottom: The ratio of cross sections calculated using the nCTEQ15 and EPPS16 nPDFs. The shaded
bands show the uncertainty of nCTEQ15 nPDFs.

to look for signs of the Balitsky-Fadin-Kuraev-Lipatov and
gluon saturation dynamics in the high-energy (kT ) factoriza-
tion approach [57].

IV. CONCLUSIONS

In this work, we calculated the cross section of inclusive
dijet photoproduction in Pb-Pb UPCs at the LHC using NLO
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!

sNN = 5.02 TeV in the ATLAS kinematics
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bands show the uncertainty of nCTEQ15 nPDFs.

to look for signs of the Balitsky-Fadin-Kuraev-Lipatov and
gluon saturation dynamics in the high-energy (kT ) factoriza-
tion approach [57].

IV. CONCLUSIONS

In this work, we calculated the cross section of inclusive
dijet photoproduction in Pb-Pb UPCs at the LHC using NLO
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•  Nuclear modifications: shape of 
repeats that of Rg(x)=gA/AgN: 
10% shadowing for xA< 0.01, 
20% antishadowing at xA ~0.1, 
5-10% EMC effect for large xA 
→ can be compared to 
predictions for EIC, Klasen, Kovarik, 
PRD 97 (2018) 114013

R =
d! (AA ! A + 2jets + X)
d! IA(AA ! A + 2jets + X)
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Figure 5. NLO pQCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs
at

p
sNN = 5.02 TeV in the ATLAS kinematics as a function of xA for di↵erent bins of z� .

with the direct contribution being approximately factor of two larger than the resolved

one. While this behavior is qualitatively similar to the results of the LO analysis in the

framework of PYTHIA 8 with EPPS16 nPDFs [50], the relative contribution of the resolved

photon term is larger is our case due to the NLO e↵ects. Therefore, the sensitivity of the

cross section to photon PDFs is larger at NLO than at LO.

The middle panel of Fig. 6 presents the ratio of the cross section calculated using

nCTEQ15 nPDFs in lead to the one calculated in the impulse approximation (IA), where

nuclear PDFs are assumed not to include any nuclear modifications and given by a sum

of free proton and neutron PDFs, f IA
b/A = Zfb/p + (A � Z)fb/n. One can see from this

– 8 –
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•  We used our NLO pQCD results in ATLAS kinematics as pseudo-data:

�2
k =

NdataX

j=1

(d�0/dxA � d�k/dxA)2

�2
j

<latexit sha1_base64="+CWWXJHpu12yGgKTvP4eCTvtvzc="></latexit> error on pseudo-data
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Fig. 5 The dijet photoproduction cross section as a function ofxA
with (blue solid circles and error bands) and without (red crosses and
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Guzey, Klasen, EPJ C 79 (2019) 5, 396

•  Effect of the pseudo-data on the nuclear gluon distribution and its uncertainty:

•  Assuming 5% error → reduction of uncertainties by factor 2 at xA=0.001.
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Diffractive dijet photoproduction in Pb-Pb UPCs@LHC 
•  In framework of collinear factorization & NLO 
pQCD, it probes novel nuclear diffractive PDFs. 

•  Contribution of right-moving photon source:

A

Jet

Jet

Jet

Jet

Remnant

Remnant

Remnant

B B B B

A A

A

!

!

(a) (b)

IP IP

<latexit sha1_base64="puihv99lcBqJ4/kyGU+nzaH4nzs="></latexit>

d! (AA ! A + 2jets + X + A)(+) =
!

a,b

"
dt

"
dxP

"
dzP

"
dy

"
dx! f ! /A (y)f a/ ! (x! , µ2)f D (4)

b/A (xP , zP , t, µ 2)dö! ab!jets

•  Nuclear diffractive PDF fb/AD(4)= conditional probability to find parton b with 
mom. fraction zP with respect to the diffractive exchange (pomeron) carrying 
mom. fraction xP provided the nucleus remained intact with mom. transfer t. 

y

•  fb/AD(4)  is subject to nuclear modifications. The leading twist nuclear shadowing 
model predicts strong nuclear suppression (shadowing), Frankfurt, Guzey, Strikman, Phys. 
Rept. 512 (2012) 255

xP

zP

x𝛾

<latexit sha1_base64="Ui+CpELl2av0gEHqS/M3R6w92yg="></latexit>

fD(4)
b/A (xP , zP , t, µ

2) = Rb(xP , zP , µ
2)A2F 2

A(t)f
D(4)
b/p (xP , zP , t = 0, µ2)

⇡ 0.15A2F 2
A(t)f

D(4)
b/p (xP , zP , t = 0, µ2)
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Diffractive dijet photoproduction in Pb-Pb UPCs@LHC (2) 
•  NLO pQCD predictions as a function of momentum fractions x𝛾 and zP, 
leading jet transverse momentum ETjet1, and photon-nucleus energy W.
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Figure 12. The same as Fig. 11, but at
√
sNN = 5.1 TeV.
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Guzey, Klasen, JHEP 04 (2016) 158
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Diffractive dijet photoproduction in Pb-Pb UPCs@LHC (3) 
•  Analyses of diffractive dijet photoproduction in ep scattering@HERA → QCD 
factorization is broken, i.e., NLO calculations overestimate data by factor of ~2, 
Klasen, Kramer, EPJ C 38 (2004) 93; PRL 93 (2004) 232002; JPhys.G 31 (2005) 1391; MPLA 23 (2008) 1885; EPJ C 70 
(2010) 91; PLB 508 (2001) 259; EPJ C 49 (2007) 957; PRD 80 (2009) 074006; Guzey, Klasen, EPJ C 76 (2016) 8, 467  
  

•  The pattern of unknown: either the global suppression factor R(glob.)=0.5 or 
the resolved-only suppression R(res.)=0.34, Kaidalov, Khoze, Martin, Ryskin, EPJ C 66 (2010) 373 

•  One can differentiate between these two scenarios by studying x𝛾 distribution 
in AA UPCs, Guzey, Klasen, JHEP 04 (2016) 158
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Figure 19 . The same as Fig.18, but at
!

sNN = 5 .1 TeV.

LHC. Using general kinematic conditions and cuts on the Þnalstate, we found that the
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Figure 18 . The e! ect of di! ractive factorization breaking on the di! erential cross section of
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l The gluon nuclear shadowing at small x is poorly constrained by available fixed-
target nuclear DIS, dA RHIC, and pA LHC data. 

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

l Before EIC and LHeC, new constrains on small-x nPDFs can obtained from Pb-Pb 
UPCs at the LHC: exclusive photoproduction of J/𝜓, inclusive and diffractive dijet 
photoproduction. 
l Coherent photoproduction of J/𝜓 in Pb-Pb UPCs at LHC gives direct evidence of 
large gluon nuclear shadowing Rg(x=6×10-4-10-3, µ2 ≈ 3 GeV2) ≈ 0.6 and can help to 
significantly reduce uncertainties in wide region of x. 
  
l Heavy quarkonium photoproduction in UPCs gives access to transverse imaging of 
gluon distribution at small x. 
l  Inclusive dijet photoproduction in Pb-Pb UPCs@LHC probes nPDFs down to xA 
~0.005 and can reduce the current small-xA uncertainties of the gluon distribution by 
factor of ~2. 
l Diifractive dijet photoproduction in Pb-Pb UPCs@LHC accesses novel nuclear 
diffractive PDFs and may shed new light on mechanism of QCD factorization 
breaking in this process. 

Summary


