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 Hard processes with nuclei → QCD factorization →  nuclear parton distribution 
functions (nPDFs) 

 Collinear nPDFs   = probabilities of finding parton  with momentum 
fraction  at resolution scale   

 40+ years of experiments →   

fi/A(x, Q2) i = q, g
x Q

fi/A(x, Q2) ≠ Z fi/p(x, Q2) + (A − Z )fi/n(x, Q2)

Nuclear PDFs and nuclear shadowing 

 Competing explanations of nuclear shadowing: 
 Gribov-Glauber model with proton diffractive PDFs 
(LTA), Frankfurt, Guzey, Strikman, Phys. Rept. 512 (2012) 255 
 nuclear enhancement of saturation scale in dipole 
model, Kowalski, Lappi, Venugopalan, PRL 100 (2008) 022303 
 nuclear enhancement of higher-twist (HT) corrections, 
Qiu, Vitev, PRL 93 (2004) 262301

Figure 3: An illustration of the x and Q2 regions probed by the current lepton-A, pion-A

and proton-A data included in the global analyses of nuclear PDFs.
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Figure 4: Comparison of the 208Pb nuclear modifications resulting from the EPPS21 (full,

blue) (51), nCTEQ15HQ (dashed, red) (50) and nNNPDF3.0 (dot-dashed, green) (52)

global analyses of nuclear PDFs, i.e. the PDFs of lead divided by the summed PDFs of 82

free protons and 126 free neutrons. Uncertainty bands correspond to 90% CL.

largest uncertainties are seen for the strange quark distributions, which are constrained only

by – to some extent problematic – neutrino data and by LHC weak boson data, where the

strange quark originates, however, mostly from gluon splittings. In Supplemental Material

we provide also a comparison of the absolute nuclear PDFs.

www.annualreviews.org • Nuclear PDFs After the First Decade of LHC Data 15

Klasen, Paukkunen, Ann. Rev. Nucl. 
Part. Sci. 74 (2024) 49

• nuclear shadowing ( ) 
• anti-shadowing ( ) 
• EMC effect ( ) 
• Fermi motion ( )

x < 0.05
x ≈ 0.1

0.2 < x < 0.7
x > 0.7

 Open questions: 
 What are the mechanisms of nuclear shadowing? 
 How can one distinguish them experimentally? 
 What is the relation between shadowing and saturation?

RPb
g = gA(x, Q2)/[Agp(x, Q2)]
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  scattering at LHC → incremental improvement in determination of  using 
production of gauge bosons, jets, , EPPS21: Eskola et al., EPJC 82 (2022) 5, 413; nCTEQ15: Kusina et 
al., EPC 80 (2020) 10, 968; nNNPDF3.0: Abdul Khalek et al., EPJC 82 (2022) 6, 507  

  scattering at planned EIC → dramatic progress due to 
 wide  coverage 
 array of nuclei from D to Au  
 first measurements of longitudinal  and diffractive  structure functions 

  scattering through ultraperipheral collisions (UPCs) → complementary to EIC

pA fi/A(x, Q2)
D0

eA
x − Q2

FA
L (x, Q2) FD(3)

A (x, xP, Q2)

γA

Nuclear PDFs: from UPCs to EIC 

• Large impact parameters  
• Interaction via quasi-real photons in equivalent photon 

approximation  
• Photon flux , photon energy   
• LHC is a high-energy photon collider → both  and 

 scattering

b = 𝒪(50 fm) ≫ 2RA

Nγ/A(k) ∼ Z2 k ∼ γL
γγ

γA (γp)

Physics of UPCs 

2UPC 2023A. Khatun

Ions still interact via 
electromagnetic processes

Ultra-Peripheral Collisions (UPCs) provide a tool to probe the nucleus and nucleons 


ALICE is developing a comprehensive physics program [ALICE, arXiv:2211.04384]


Unique in ALICE: Good acceptance for both charged particles, photons at low  
and excellent particle identification at midrapidity


Run 3 opens a new window to explore novel physics processes

pT

No hadronic interaction

Photon breaks up 
target nuclei

Typical 
exclusive VM 
production in 

UPC
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pT

No hadronic interaction

Photon breaks up 
target nuclei

Typical 
exclusive VM 
production in 

UPC

•  production in Pb-Pb UPCs → access to very large 
photon-nucleon energy up to  and very 
small 

J/ψ
Wγp ≈ 1 TeV

xA = M2
J/ψ /W2

γp ≈ 10−5 − 10−2

Bertulani, Klein, Nystrand, Ann. Rev. Nucl. Part. Sci. 55 (2005) 271; Baltz et al, Phys. Rept. 458 (2008) 1; Contreras, Tapia-
Takaki, Int. J. Mod. Phys. A 30 (2015) 1542012; Klein and Mäntysaari, Nature Rev. Phys. 1 (2019) no.11, 662
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Coherent J/𝜓 production in Pb-Pb UPCs at LHC 

• Both ions can be a source of photons 
and a target → sum of high and low 
photon-nucleon energies :W±

γp

• Most studied UPC process. 
• Motivation → nuclear gluon density at 
small , Ryskin, Z. Phys. C57 (1993) 89x

633 Page 2 of 8 Eur. Phys. J. C (2016) 76 :633

W+

pp ′

(x+ ξ)P+ (x − ξ)P+

J/ψ

γ
W−

J/ψ

γ

Fig. 1 dσ (pp → p + J/ψ + p)/dy driven by the subprocess γ p → J/ψ + p at two different γ p centre-of-mass energies, W±
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Fig. 2 The dotted and continuous curves are the LO and NLO predic-
tions, respectively, of ImA/W 2 for the γ p → J/ψ+ p amplitude, A, as
a function of the γ p centre-of-mass energy W, obtained using CTEQ6.6
partons [8] (with input Q0 = 1.3 GeV) for the optimal scale choice
µF = µR = mc. The top three curves correspond to the NLO predic-
tion for various values of the residual factorisation scale µ f , namely:
µ2

f = 2m2
c , m

2
c , Q2

0, respectively, where m2
c ≡ M2

ψ/4 = 2.4 GeV2

‘optimum’ scale choice µ2
F = µ2

R = m2
c = M2

ψ/4 = 2.4
GeV2.1 The choice µR = µF is justified in Sect. 3.1.

1.2 Double counting

So for the QCD prediction to be useful we should search for
some other sizeable physical contribution to the NLO cor-
rection. Here we consider a power correction which may fur-
ther reduce the NLO correction and, moreover, may reduce
the sensitivity to the choice of scale. The correction is
O(Q2

0/M
2
ψ ) where Q0 denotes the input scale in the par-

ton evolution. It turns out to be important for the relatively
light charm quark, mc # Mψ/2. Let us explain the origin of
this ‘Q0 correction’. We begin with the collinear factorisa-
tion approach at LO. Here, we never consider parton distri-

1 Recall that the choice mc = Mψ/2 effectively accounts for the rela-
tivistic corrections to the J/ψ wave function, see [6,7].

butions at low virtualities, that is, for Q2 < Q2
0. We start the

PDF evolution from some phenomenological PDF input at
Q2 = Q2

0. In other words, the contribution from |l2| < Q2
0 of

Fig. 3b (which can be considered as the LO diagram, Fig. 3a,
supplemented by one step of DGLAP evolution from quark
to gluon, Pgq ) is already included in the input gluon GPD
at Q0. That is, to avoid double counting, we must exclude
from the NLO diagram the contribution coming from virtu-
alities less than Q2

0. At large scales, Q2 $ Q2
0, this double-

counting correction will give small power suppressed terms
of O(Q2

0/Q
2), since there is no infrared divergence in the

corresponding integrals. On the other hand, with Q0 ∼ 1
GeV and µF = mc (∼ Mψ/2) a correction of O(Q2

0/m
2
c)

may be crucial.
In the present paper we re-calculate the NLO contribution

for J/ψ photoproduction excluding the contribution coming
from the low virtuality domain (<Q2

0). We find that for J/ψ
this procedure substantially reduces the resulting NLO con-
tribution and, moreover, reduces the scale dependence of the
predictions. It indicates the convergence of the perturbative
series.

An outline of the procedure is given in [9], where also the
NLO description of exclusive J/ψ production in the kT fac-
torisation and collinear factorisation schemes are compared.

2 Avoiding double counting of the low Q2 contribution

2.1 The NLO quark contribution

We start with the NLO quark contribution to the γ p →
J/ψ + p process. The corresponding Feynman diagrams
are that of Fig. 3b together with the diagram where both glu-
ons couple to the same heavy-quark line. Here we will use
the non-relativistic approximation for the J/ψ wave func-
tion. Since the momentum fractions (x + ξ) and (x − ξ)

carried by the left and right quarks are different we have
to use the skewed (generalised) parton distribution (GPD),
Fq(x, ξ, Q2). The skewedness parameter ξ = M2

ψ/(2W
2 −

M2
ψ ), where W is the γ p energy. We see that the upper part of

123

Photon flux from QED +  to suppress 
strong interactions for .  
Point-like (PL) approximation:

ΓAA(b⃗)
b < 2RA

Photoproduction 
cross section

• Ambiguity in relating J/𝜓 rapidity  to photon momentum  → ambiguity in momentum fraction 
 → difficult to probe small  since  → circumvented by UPCs 

accompanied by forward neutrons from e.m. dissociation, Baltz, Klein, Nystrand, PRL 89 (2002) 012301, 
Guzey, Strikman, Zhalov, EPJC 74 (2014) 7, 2942

y k
xA = M2

J/ψ /W2
γp xA Nγ/A(k+) ≪ Nγ/A(k−)

dσPbPb→PbPbJ/ψ

dy
= [Nγ/A σγPb→J/ψPb]k=k+

+ [Nγ/A σγPb→J/ψPb]k=k−

y =
E + pz

E − pz
→ k± =

MJ/ψ

2
e±y

W±
γp = [ sNN MJ/ψe±y]

1/2

NPL
γ/A(k) =

2Z2αem

π [ζK0K1 +
ζ2

2 (K2
0 − K2

1)]K0,1 = K0,1 (ζ =
2RAk

γL )
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Coherent J/𝜓 production in Pb-Pb UPCs at LHC (2) 
• Nuclear photoproduction cross section in leading logarithmic approximation (LLA), 
Guzey, Kryshen, Strikman, Zhalov, PLB 726 (2013) 290; Guzey, Zhalov, JHEP 1310 (2013) 207

• Leading twist approximation (LTA)-based predictions made > 10 years ago describe the data 
for all  and  → but note Run 3 ATLAS data. 
• Good description using EPPS21, nCTEQ15, nNNPDF3.0 nPDFs with large nPDF uncertainties

y Wγp > 100 GeV

σγPb→J/ψPb(Wγp) =
dσγp→J/ψp(Wγp, t = 0)

dt [ xgA(x, Q2
eff)

Axgp(x, Q2
eff) ]

2

∫
∞

|tmin|
dt |FA(t) |2

From HERA data From LTA and nPDFs Factorized t-dependence using 
nuclear form factor

• Comparison to LHC data at 5.02 TeV, [ALICE] EPJC 81 (2021) no.8, 712,  PLB 798 (2019) 134926, 
JHEP 10 (2023) 119; [LHCb] JHEP 06 (2023)146; [CMS] PRL 131, no. 26 (2023) 262301; [ATLAS] 2509.04135 [hep-ex]   

x =
M2

J/ψ

W 2
γp

Q2
eff = 𝒪(m2

c ) = 3 GeV2
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Nuclear suppression factor  

• Direct evidence of large gluon shadowing predicted by LTA:  at  
, and further decreasing down to . 

• Reasonable agreement with modern nPDFs within large error bands, which predict 
flat  for .

Rg = gA/(Agp) ≈ 0.6
x = 6 × 10−4 − 10−3 x = 10−5

SPb(x) x < 10−3

• Convert cross sections into nuclear suppression factor , Guzey, Kryshen, Strikman, Zhalov, 
PLB 726 (2013) 290; Guzey, Zhalov, JHEP 1310 (2013) 207

SPb(x)

SPb(x) = [
σγPb→J/ψPb(Wγp)

σγPb→J/ψPb
IA (Wγp) ]

1/2

=
xgA(x, Q2

eff)
Axgp(x, Q2

eff)

σγPb→J/ψPb
IA (Wγp) =

dσγp→J/ψp(Wγp, t = 0)
dt ∫

∞

|tmin|
dt |FA(t) |2

• Impulse approximation (IA):

• Avoids 2-fold ambiguity in photon energy 
• Data-to-theory comparison with reduced 

theoretical uncertainties  
• Independent on proton baseline



Nuclear shadowing vs. saturation   
• Competing description based on color 
dipole model with gluon saturation, GG-HS: 
Cepila, Contreras, Krelina, PRC 97 (2018) 024901; b-BK-A: 
Bendova, Cepila, Contreras, Matas, PLB 817 (2021) 136306; 
Mãntysaari, Salazar, Schenke, PRD 106 (2022) no.7, 
074019, PRD 109 (2024) no.7, L071504 

•  Status: no approach describes the data 
for all , , and y Wγp x

7

 Principal difference between LTA and dipole model: diffractive vs. elastic 
intermediate states in calculation of nuclear shadowing, Frankfurt, Guzey, McDermott, Strikman, 
JHEP02 (2002) 027

A A

N N

gP gP

γ∗ γ∗

P P

MX

A A

gA gA

γ∗ γ∗

N N

gN gN

γ∗ γ∗

A A
a) gA b) gN c) shadowing

gA=A gN-A(A-1)/2 shadowing

Figure 3: Feynman diagrams corresponding to Eq. (2.5) representing the nuclear gluon distribution
(a) as an incoherent sum of the gluon distributions in the nucleons (b) minus the nuclear shadowing
correction (c). Note that one needs to take the imaginary part of the forward amplitudes in order
to find the structure functions.

One can interpret σeff as the average strength of the interaction of the produced config-

urations. In this approximation the total cross sections can be “eikonalized” or summed

to infinity in an exponential form in order to present the answer in a compact analytical

expression (cf. [15]). Introducing the full nuclear shadowing correction to fj/A, δfj/A,

where δfj/A = Afj/N → fj/A, the quasi-eikonal approximation for δfj/A reads

δfj/A(x,Q
2) =

A(A→ 1)

2
16πRe

[

(1→ iη)2

1 + η2

∫

d2b

∫ ∞

−∞
dz1

∫ ∞

z1

dz2

∫ xIP,0

x
dxIP ×

fD
j/N(β, Q2, xIP , 0) ρA(b, z1) ρA(b, z2)e

ixIPmN (z1−z2)e
−(A/2)(1−iη)σjeff

∫ z2
z1

dzρA(z)

]

. (2.7)

The rescattering cross section σjeff is discussed further in appendix A.

Equation (2.7) implies that the rescattering cross section for the interaction with three

and more nucleons, σjeff , is the same as the rescattering cross section for the interaction

with two nucleons. In general, this is not true since hadronic fluctuations with very differ-

ent cross sections contribute to the total cross section of the interaction of a hard probe

(virtual photon, W -boson, etc.) with a parton of the nucleus, and this broad dispersion

over cross sections should be kept in mind. However, for nuclei with realistic finite A,

numerical studies with models which include effects associated with the distribution over

cross sections demonstrate that deviations from the quasi-eikonal approximation are small

[21, 22]. Similar conclusions were reached in [23] for the case of nuclear shadowing, where

an even broader range of possible cross section fluctuations was considered.

We used Eq. (2.7) in order to estimate δfj/A at some initial Q2 = Q2
0 (Q2

0 = 4 GeV2

in our case). The result was used as an initial condition for the QCD evolution of fj/A

– 9 –

AA

N N

γ∗ γ∗

Figure 11: Feynman diagram giving rise to nuclear shadowing within the eikonal approximation.

nucleus scattering, should it not also be a good method to describe lepton-nucleus DIS? The

above discussion shows that the eikonal approximation is justified only for processes where

the presence of the |qq̄g→-component of the virtual photon is unimportant. An example of

a relevant observable is FA
2 at Q2 of only a few GeV2. On the other hand, for reactions

sensitive to the |qq̄g→-component, the eikonal approximation is expected to fail and give

wrong size and Q2-dependence of nuclear shadowing. One example of an observable for

which this effect is dramatic is the longitudinal structure function FA
L .

Within the eikonal approximation, the shadowing correction to the nuclear inclusive

structure function FA
2 , δFA

2 , can be written in the form [15]

δFA
2 (x,Q2) =

Q2

4π2αem
Re

[

∫

dα d2dt
∑

i

|Ψ(α, Q2, d2t ,mi)|2
A(A− 1)

2
×

∫

d2b

∫ ∞

−∞
dz1

∫ ∞

z1

dz2(1− iη)2
[

σtotqq̄N (x, d2⊥,mi)
]2
ρA(b, z1) ρA(b, z2)e

i2xmN (z1−z2) ×

e
−(A/2)(1−iη)σtotqq̄N (x,d2

⊥
,mi)

∫ z2
z1

dzρA(z)

]

. (2.15)

Here αem is the fine-structure constant; α is the fraction of the photon’s longitudinal

momentum carried by q or q̄; dt is the transverse diameter of the qq̄-system; mi is the mass

of the quark with flavor i; ρA is the nuclear one-body density. The square of the light-cone

wavefunctions of the virtual photon is given by the standard expression

|Ψ(α, Q2, d2t ,mi)|2 =
6 αem

π2

∑

i

e2i

[

(

Q2α2(1− α)2 +
m2

i

4

)

K2
0 (εidt)

+
1

4

(

α2 + (1− α)2
)

ε2i K2
1 (εidt)

]

, (2.16)

where K0 and K1 are the modified Hankel functions; εi = Q2α(1− α) +m2
i ; η is the ratio

of the real to imaginary parts of qq̄-nucleon scattering amplitude. In our analysis, we set

– 24 –

 Can be distinguished by observables dominated by small-size dipoles →  
dependence of longitudinal structure function  in  DIS at EIC. 

Q2

FA
L (x, Q2) eA

Shadowing in LTA: 
coupling to  nucleons 
through diffraction → 
inclusion of ,  states

N ≥ 2

qq̄ qq̄g

Shadowing in dipole 
model: successive eikonal 
scattering of  dipoleqq̄

J
H
E
P
1
0
(
2
0
2
3
)
1
1
9

20 30 40 50 210 210×2 310
 (GeV)Pb,nγ

W

10

210

310b
)

µ
P

b
) 

(
γ(

σ

5−104−103−102−10
x                                                                                              Bjorken-

 = 5.02 TeV
NN

sPb −PbALICE, 

 (PLB 726 (2013) 290-295)  = 2.76 TeV
NN

sPb −using ALICE PbGuzey et al., 

(PRC 96 (2017) 015203)  = 2.76 TeV
NN

sPb −using ALICE PbContreras, 

Impulse approximation

STARlight

EPS09 LO

LTA

GG-HS

b-BK-A

Figure 4. Photonuclear cross section for the γ + Pb → J/ψ + Pb process as a function of Wγ Pb,n
(lower axis) or Bjorken-x (upper axis). The solid markers represent the measured cross section.
The vertical line across a marker is the uncorrelated uncertainty. The height of an empty box is
the sum in quadrature of the correlated systematic uncertainties and the effect of migrations across
neutron classes. The gray box represents the theoretical uncertainty coming from the computation
of the photon flux. The lines depict the prediction of the different models discussed in section 2.
The open triangular and square markers show the cross sections extracted in refs. [17, 18] using
ALICE Run 1 data.

according to eq. (1.1) the results for the cross section at low and high Wγ Pb,n in one rapidity
interval are anti-correlated. Note that the uncertainties for the high Wγ Pb,n region are
large, reaching about 30% at Wγ Pb,n = 813GeV. The predictions obtained with IA [17] are
consistent with the data for the energy region below 40GeV, although systematically above
the data; at all other energies the predictions from IA are well above the measurements
with the difference increasing with energy. STARlight predictions describe the data for
energies below 40GeV, but overestimate the measurements at all other energies. None
of the EPS09-LO, LTA, b-BK-A, and GG-HS models describe the data in the Wγ Pb,n
range from about 25 to 35GeV. The EPS09-LO model describes the measurements at the
lowest energy and at intermediate energies, but overestimates the measurements at the
highest energies. The GG-HS model does not include the reduction of phase space at low
Wγ Pb,n, but it describes the data, except for the mentioned energy range, for all other
measurements, with the predictions systematically on the higher side of the measurements.
The predictions of the LTA and b-BK-A models are very similar and describe the data
fairly well at all energies, except for the energy range from about 25 to 35GeV.

– 22 –

[ALICE], JHEP 10 (2023)



Spacial imaging of nuclear shadowing   
• LTA predicts transverse-position  dependence of nPDFs = nuclear GPDs at b ξ = 0

8
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L. Frankfurt et al. / Physics Reports 512 (2012) 255–393 309

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

• Shadowing stronger at nucleus center → broadening of nPDFs in b-space by → no t-
factorization and shift of the diffractive dip of , Guzey, Strikman, Zhalov, PRC 95 (2017) 2, 
025204 → confirmed by ALICE, Acharya et al., PLB 817 (2021) 1, 136280

5 − 11 %
dσγA→J/ψA/dt

• Similar effect by in color dipole model with saturation, Bendova, Cepila, Contreras, Matas, PLB 817 (2021) 
136306; Mântysaari, Salazar, Schenke, PRD 106 (2022) 7, 074019 

• At EIC: Shift of the diffractive dip of t-differential nuclear DVCS cross section with respect to BH 
and sharp dips in DVCS beam-spin asymmetry, Frankfurt, Guzey, Strikman, Phys. Rept. 512 (2012) 255

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

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

0 = 4 GeV2 and to model FGS10_H.

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

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

N(x, 0, t,Q 2) ⇡ fj/N(x,Q 2).)

Rep. Prog. Phys. 85 (2022) 126301 Review

Figure 42. The nuclear suppression factor of SPb(x) as a function of
the gluon momentum fraction of x: the values extracted from the run
1 [302, 303, 305] and the central rapidity run 2 [308] UPC data on
coherent J/ψ photoproduction in Pb–Pb UPCs vs predictions of the
LT model of NS and global !ts of nPDFs. The bands indicate the
uncertainties for the LTA model (yellow) and EPS09
parameterization (blue).

SPb(x) =

√
σγA→J/ψA(Wγp)
σIA
γA→J/ψA(Wγp)

= κA/N
xgA(x, µ2)

AxgN(x, µ2)

≡ κA/NRg(x, µ2). (182)

It is expected that almost all kinematic factors and men-
tioned corrections cancel in the ratio of the nuclear and
IA (proton) cross sections. Thus, equation (182) establishes
a direct correspondence between the suppression factor of
SPb(x) and the ratio of the nuclear and nucleon gluon distri-
butions Rg(x, µ2). Further, since at central rapidities |y| ≈ 0,
the dσAA→AAJ/ψ(y)/dy cross section is unambiguously related
to the σγA→J/ψA(Wγp) photoproduction cross section at the
de!nite value of Wγp =

√
2ENMJ/ψ , equation (182) gives a

one-to-one correspondence between the measured UPC cross
section at central rapidities and Rg(x, µ2) at x = MJ/ψ/(2EN).

Figure 42 shows a comparison of the values of SPb(x)
extracted from the run 1 [302, 303, 305] and the central rapidity
run 2 [308] UPC data on coherent J/ψ photoproduction in
Pb–Pb UPCs with Rg(x, µ2) predicted in the LT model of
NS and global QCD !ts of nPDFs. Note that following the
analysis of [210], we take advantage of the ambiguity in the
exact values of the scale µ and take µ2 = 3 GeV2 to best
reproduce the available HERA and LHCb data on the Wγp

dependence of the cross section of exclusive J/ψ photoproduc-
tion on the proton. The good agreement with the predictions
of the LT NS model and the EPS09 nPDFs, which however
have much larger uncertainties, gives direct and weakly model-
dependent evidence of large nuclear gluon shadowing at
small x,

Rg(x = 6 × 10−4 − 10−3, µ2 = 3 GeV2) ≈ 0.6. (183)

Note that the analysis of [317] extracted the nuclear sup-
pression factor of SPb(x) in a wide range of x, 10−5 ! x ! 0.04
using all available run 1 and 2 data on coherent J/ψ photo-
production in Pb–Pb UPCs. However, due to the ambiguity

Figure 43. The dσγA→J/ψA(Wγp, t)/dt cross section normalized to its
value at |t| = tmin as a function of t at W = 124 GeV: predictions of
the LT model of NS (red solid curve) vs the factorized
approximation (blue dot-dashed curve). Reprinted !gure with
permission from [316], Copyright (2017) by the American Physical
Society.

of the two terms in equation (175), such a procedure is in
general model dependent and leads to signi!cant uncertainties
in SPb(x) for x < 6 × 10−4 and x > 0.01. In this respect one
should also mention the analysis of [318], where SPb(x) was
extracted from measurements of coherent J/ψ photoproduc-
tion in ultraperipheral and peripheral Pb–Pb collisions at the
LHC at 2.76 TeV. The results of that analysis broadly agree
with the trend of the nuclear suppression presented in !gure 42.

The signi!cant LT gluon NS also affects the differential
cross section of coherent J/ψ photoproduction on nuclei,

dσγA→J/ψA(Wγp, t)
dt

= κ2
A/N

dσγp→J/ψp(Wγp, t = 0)
dt

×
[

xgA(x, t, µ2)
AxgN(x, µ2)

]2

. (184)

Figure 43 shows the dσγA→J/ψA(Wγp, t)/dt cross section nor-
malized to its value at |t| = tmin as a function of t at
W = 124 GeV. This value corresponds to Pb–Pb UPCs dur-
ing run 2 at the LHC with

√
sNN = 5.02 TeV and the cen-

tral rapidity y = 0. The red solid curve is the prediction of
equation (184), where for xgA(x, t, µ2) and xgA(x, b, µ2), see
equation (180), we used predictions of the LT NS model for the
impact parameter dependent nuclear PDFs, see section 7. The
blue dot-dashed curve gives the t dependence of the nuclear
form factor squared [FA(t)/A]2. One can see from the !gure
that the impact parameter dependence of the LT NS, i.e., the
correlation between b and x in xgA(x, b, µ2), noticeably shifts
the minimum of the t distribution toward lower values of t. This
can be interpreted as broadening in impact parameter space of
the small-x gluon distribution in nuclei as a consequence of
the fact that NS increases with a decrease of b (increase of the
nuclear density).

The predictions for the shift of the t dependence of the
dσγA→J/ψA(Wγp, t)/dt cross section shown in !gure 43 have
been nicely con!rmed by the recent ALICE measurements
[319].
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|t|-dependence of coherent J/y photonuclear cross section
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Comparison of data to the Pb form factor
prediction implies existence of QCD
dynamical e↵ects.

At high energies lead nucleus is larger
than expected from measurements at
cold lead.

Models incorporating nuclear shadowing
according to LTA or gluon saturation
from the impact-parameter dependent
Balitsky-Kovchegov (b-BK) describe well
the data.

No clear insight into the underlying
mechanism of nucleus growth.

Roman Lavička Quarkonia in UPCs 16 / 31

• Note that b-dependent nPDFs can also be extracted from data using global QCD fits, EPS09s, Helenius, 
Eskola, Honkanen, Salgado, JHEP 07 (2012) 073.
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Exclusive J/𝜓 photoproduction in NLO pQCD 
• Beyond LLA,  amplitude in terms of generalized parton distribution 
functions (GPDs), Ji, PRD 55 (1997) 7114; Radyushkin PRD 56 (1997) 5524; Diehl, Phys. Rept. 388 (2003) 41

γA → J/ψA

• Next-to-leading order (NLO) of perturbative QCD, Ivanov, Schafer, Szymanowski, Krasnikov, EPJ C 
34 (2004) 297, 75 (2015) 75 (Erratum); Jones, Martin, Ryskin, Teubner, J. Phys. G: Nucl. Part. Phys. 43 (2016) 035002

NRQCD matrix element from 
J/𝜓 leptonic decay

Coefficient function 

• Both gluons and gluons at NLO: 

Gluon GPD Quark contribution

F g
A(x, ξ, t)

γ J/ψ
〈O1〉V

c

c̄

x+ ξ x− ξ

A
A

T g(x, ξ)

F q
A(x, ξ, t)

γ J/ψ
〈O1〉V

c

c̄

x+ ξ x− ξ

A
A

T q(x, ξ)

• At high  and small skewness 

→ forward model for nuclear GPDs at input scale:

Wγp ξ =
M2

J/ψ

2W2
γp

≪ 1

Factorized t-dependence 
using nuclear form factor 
(Woods-Saxon) 

LTA or nPDFs

ℳγA→J/ψA(t) ∝ ⟨O1⟩J/ψ ∫
1

−1
dx [Tg(x, ξ, mc /μf )Fg

A(x, ξ, t, μf ) + Tq(x, ξ, mc /μf )Fq
A(x, ξ, t, μf )]

Fg
A(x, ξ, t, μf ) = xgA(x, μf )FA(t)

• Forward model is accurate for small  → all -dependence generated by  evolution of GPDs, 
Dutrieux, Winn, Bertone, PRD 107 (2023) 11, 114019

ξ ξ Q2
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NLO pQCD for J/𝜓 production in Pb-Pb UPCs@LHC 
• Very strong factorization scale  
dependence due to  terms in 
NLO coefficient functions.  

• “Optimal scale”  (EPPS21) giving 
fair description of Run 1-2 data, Eskola, Flett, Guzey, 
Löytäinen, Paukkunen, PRC 106 (2022) 3, 035202, PRC 107 
(2023) 4, 044912 

• Large uncertainties due to nPDF errors → 
opportunity to reduce them using UPC data. 

μf
ln(m2

c /μ2
f )ln(1/ξ)

μf = 2.39 GeV

Erratum: Next-to-leading order perturbative QCD predictions for exclusive J/ 
photoproduction in oxygen-oxygen and lead-lead collisions at energies available at the

CERN Large Hadron Collider [Phys.Rev. C 107, 044912 (2023)]

K. J. Eskola, C. A. Flett, V. Guzey, T. Löytäinen, and H. Paukkunen

The error bands associated with the predictions using the nNNPDF3.0 nuclear parton distribution functions
(nPDFs) shown in Figs. 4 and 15-18 were not calculated correctly: the upper boundary was overestimated, while the
lower one was somewhat underestimated. Note that the predictions made with the central values of the nNNPDF3.0
nPDFs as well as with EPPS21 and nCTEQ15WZSIH nPDFs are not a↵ected.

The revised version of Fig. 4 of our paper is shown in Fig. 1 below. In addition to the corrected nNNPDF3.0
error bands given by the green shaded areas, we have added the recent 2022 CMS data points [CMS Collab.,
arXiv:2303.16984 [nucl-ex]].

FIG. 1. The PDF uncertainties of the NLO pQCD predictions for the d�(Pb + Pb ! Pb + J/ + Pb)/dy cross section as a
function of y for Run 1 (top) and Run 2 (bottom) at the LHC, and a comparison with the Run 1 [39-41] and Run 2 [42-45,
and the CMS Collab., arXiv:2303.16984 [nucl-ex]] data, mirrored with respect to y = 0 and with the statistical and systematic
errors added in quadrature. The results corresponding to the central sets of nPDFs are shown by the blue solid (EPPS21), red
dashed (nCTEQ15WZSIH), and green dotted (nNNPDF3.0) curves, respectively, and the error bands are represented by the
corresponding shaded regions. All calculations are performed at the indicated values of the optimal scale µ.

• Large  can be resummed using 
high-energy factorization (HEF) → reduced 

 dependence, Flett, Lansberg, Nabeebaccus, 
Nefedov, Sznajder, Wagner, PLB 859 (2024) 139117 

• Sizable relativistic corrections to  wave 
function in dipole model, Frankfurt, Koepf, 
Strikman, PRD 57 (1998) 512; Lappi, Mäntysaari, 
Penttala, PRD 102 (2020) no.5, 054020 → work in 
progress in collinear approach.

ln(1/ξ)

μf , μR

J/ψ
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Inclusive dijet photoproduction in Pb-Pb UPCs@LHC V. GUZEY AND M. KLASEN PHYSICAL REVIEW C 99, 065202 (2019)

A

Jet

Jet

Jet

Jet

X

Remnant

X
B B

A A

A

γ

γ

(a () b)

FIG. 1. Typical leading-order Feynman graphs for dijet photo-
production in UPCs of hadrons A and B. 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 UPCs AA → 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 first time, give access to
nuclear diffractive PDFs [40,41]. While further progress in
constraining nPDFs will benefit 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 modifications of the PDFs. As a function
of the momentum fraction xA, the ratio of the cross sections
calculated with nPDFs and in the impulse approximation
behaves similarly to Rg for a given µ and deviates from unity
by 10–20% for the central nCTEQ15 fit. 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 significant and comparable in size to the magnitude
of the calculated nuclear modifications 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 nuclei A 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 Weizsäcker-Williams method, which allows one
to treat the electromagnetic field of an ultrarelativistic ion as
a flux of equivalent quasireal photons [1,46], and the collinear
factorization framework for photon-nucleus scattering, the
cross section of the UPC process AB → 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 σ̂ (ab → jets), (1)

where a, b are parton flavors; fγ /A(y) is the flux of equivalent
photons emitted by ion A, which depends on the photon
light-cone momentum fraction y; fa/γ (xγ , µ2) is the PDF of
the photon, which depends on the momentum fraction xγ and
the factorization scale µ; fb/B(xA, µ2) is the nuclear PDF with
xA being the corresponding parton momentum fraction; and
d σ̂ (ab → jets) is the elementary cross section for production
of two- and three-parton final states emerging as jets in hard
scattering of partons a and b. The sum over a involves quarks
and gluons for the resolved photon contribution and the pho-
ton for the direct photon contribution dominating at xγ ≈ 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 the MS 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. [45,47–49],
which successfully described HERA ep data on dijet pho-
toproduction [50]. Hence, Eq. (1) involves universal nuclear
PDFs fb/B(xA, µ2), which can be accessed in a variety of hard
processes involving nuclear targets [33–35], and the universal
photon PDFs fa/γ (xγ , µ2), which are determined by e+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 standard µ2 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 PDFs fa/γ (xγ , µ2), we used the GRV HO parametriza-
tion [51], which we transformed from the DISγ to the MS 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 high xγ

(dominated by the pQCD photon-quark splitting), which is

065202-2

• Jets are complementary probes of nPDFs and 
QCD dynamics. 

• First measurement of inclusive dijet production in 
Pb-Pb UPCs at 5.02 TeV for  and 

, [ATLAS], PRD 111 (2025) no.5, 052006 

• Collinear factorization of pQCD, Guzey, Klasen, PRC 99 
(2019) 065202

0.002 < xA < 0.5
35 < Q < 212.5 GeV

y

xA

x𝛾

direct photon resolved photon

Photon flux Photon PDFs for 
resolved photon

nPDFs 

V. GUZEY AND M. KLASEN PHYSICAL REVIEW C 99, 065202 (2019)

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 radius R = 0.4;
(2) the leading jet has pT,1 > 20 GeV, while the other jets

have a different cut on pT,i ̸=1 > 15 GeV as required
[53], which corresponds to 35 < HT < 400 GeV,
where HT =

∑
i pT,i;

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

mjets < 400 GeV;
(5) the parton momentum fraction on the photon side zγ =

yxγ , 10−4 < zγ < 0.05;
(6) 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 momentum HT =

∑
i pT,i and the

photon zγ and nucleus xA light-cone momentum fractions

zγ =
mjets√

sNN
eyjets , xA =

mjets√
sNN

e−yjets , (3)

where

mjets =

⎡

⎣
(

∑

i

Ei

)2

−
∣∣∣∣∣
∑

i

p⃗i

∣∣∣∣∣

2
⎤

⎦
1/2

,

yjets = 1
2

ln
(∑

i Ei + pz,i∑
i Ei − pz,i

)
. (4)

In Eqs. (4), the index i runs over all measured jets; Ei and p⃗i
denote the jet energy and momentum, respectively. Note that,
at LO, the kinematics of 2 → 2 parton scattering and the mo-
mentum fractions zγ and xA 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 of xA for different bins of HT . The crosses are the ATLAS data points that we extracted from [38].

065202-4

Hard parton 
cross section

•  NLO pQCD describes shape and normalization of 
preliminary ATLAS data, ATLAS-CONF-2017-011

• 10-20% effect of nPDFs → the data can be used to reduce 
uncertainty of gluon density by factor 2 at , Guzey, 
Klasen, EPJ C 79 (2019) 5, 396

xA = 10−3

• Data can also be used to look for nonlinear effects in 
Color Glass Condensate framework, Kotko, Kutak, Sapeta, 
Stasto, Strikman, EPJ C 77 (2017) 5, 353

dσ AA→A+2jets+X = ∑
a,b

∫ dy∫ dxγ ∫ dxA fγ/A(y) fa/γ(xγ, Q2) fb/A(xA, Q2) d ̂σab→jets
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Transverse-plane geometry in dijet photoproduction 
• ATLAS measurement in 0nXn neutron class → smaller impact parameters  
• Sensitivity to the transverse-plane distributions of charge in photon-emitting nucleus 
( ) and of partons in the nuclear target ( ) 

•  Additional factor  to veto the electromagnetic breakup of the photon-emitting nucleus. 

• Effective photon flux, Eskola, Guzey, Helenius, Paakkinen, Paukkunen, PRC 110 (2024) 5, 054906  
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FIG. 3. (a) The effective photon flux as a function of the momentum
fraction y. Different values of the c.m.s. frame photon energy k =
y
→

sNN/2 are also indicated for →sNN = 5.02 TeV. (b) The ratio of
WS and WS! (s) approximations to the PL one. (c) The fraction of
events coming from the “near-encounter” |r|< 3RPL region.

entirely from the “near-encounter” region but the flux also
becomes quickly very small.

Note that we used here the same WS parametrization,
Eq. (13), for describing three different distributions: the nu-
clear charge distribution in calculating the EPA photon flux,
the nucleon distribution within the nucleus in the hadronic-
interaction survival factor !AB, as well as the spatial distribu-
tion of partons in the target nucleus. Generally, these do not
have to be the same, e.g. due to the neutron-skin effect and the
finite size of the nucleons. We make no attempt here to take
into account this subtlety.

IV. INCLUSIVE UPC DIJET PHOTOPRODUCTION IN
PB+PB COLLISIONS AT 5.02 TEV

For the small-|r| geometrical effects to be significant experi-
mentally, we need an observable that is sensitive to them. This
can be the case with the UPC dijet photoproduction, where

the high pT of the jets, in combination with a not-too-small
rapidity of the dijet system in the photon-going direction, will
require an energetic photon in the initial state and thus bias the
collision towards smaller |r|. We will now discuss this process
in the context of the ATLAS measurement for Pb+Pb collisions
at
→

sNN = 5.02 TeV [10].
The ATLAS measurement uses the following fiducial cuts

for the cross section definition: The jets used in defining the
kinematical variables

HT = ∀
i↑jets

pT,i, z∀ =
Mjets→

sNN
e+yjets , xA =

Mjets→
sNN

e↓yjets

(18)
are reconstructed with the anti-kT algorithm [22] with R = 0.4
radius and are required to satisfy the condition

pjet
T > 15 GeV, |# jet|< 4.4, 35 GeV < Mjets < 185 GeV.

(19)
Here, pjet

T and # jet are the transverse momentum and pseudora-
pidity of a single jet and Mjets and yjets are the invariant mass
and rapidity of the N ↔ 2-jet system passing the single-jet cuts,
with the positive rapidity chosen to be in the photon-going
direction. The photon direction is determined experimentally
though additional event-level cuts. We will postpone the dis-
cussion of these additional event-selection criteria to Section V
and the results in this section will be based on the cuts in
Eq. (19) only.

We calculate the cross section in NLO pQCD with the
Frixione & Ridolfi jet photoproduction code [23]. With the
Mjets > 35 GeV cut, the leading-jet pT is always larger than
the minimum-pT cut at the back-to-back two-jet limit, and
therefore we are free from the large logarithmic corrections
appearing with symmetric pT cuts [23, 24]. The fixed-order
treatment as done here is thus valid for the Eq. (19) cuts. We
use the GRV parametrization [25] for the photon PDFs and
take the Pb nPDFs from the EPPS21 analysis [26] with CT18A
NLO [27] as the free-proton PDF baseline. We set the perturba-
tive hard (renormalization and factorization) scale as Q = ĤT,
where

ĤT = ∀
i↑partons

pT,i (20)

is the parton-level version of the HT variable with the sum
going over all the (final-state) partons in the events accepted
by the Eq. (19) jet cuts.

FIG. 4 (a) shows the cross section as a function of z∀ . At
leading order this variable would resolve to the product x∀ y
and hence the d∃AB↗A+dijet+X/dz∀ distribution can be used to
study the effective flux at different photon energies. Indeed,
at small z∀ , dominated by low values of y, the three approx-
imations discussed in the previous section give very similar
predictions, with sub-10% differences as shown in FIG. 4 (b).
As z∀ increases, so does the minimum value of y, and gradually
a larger and larger contribution to the cross section comes from
the “near-encounter” events, see FIG. 4 (c), where the three
approximations differ significantly.

In the bin of highest z∀ , this leads to a 40% suppression in
the WS! (s) prediction compared to the PL one. Even more dra-
matically, there is a factor of two difference between WS! (s)
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FIG. 4. (a) The NLO pQCD cross section for the UPC dijet photopro-
duction in Pb+Pb collisions at →sNN = 5.02 TeV within the ATLAS
kinematics. (b) The ratio of WS and WS! (s) approximations to the
PL one. (c) The fraction of events coming from the “near-encounter”
|r|< 3RPL region.

and the full WS calculations, which shows that taking into
account the full collision geometry, including the finite size
of the target nucleus, is really needed for realistic predictions
and correct interpretation of the measurement. The PL ap-
proximation works quite well in approximating the full WS
calculation, except in this highest-z∀ bin where the difference
is of the order of 20% [28]. We note that the production of
dijets in these highest values of z∀ indeed requires the photon
to have a c.m.s. frame energy of at least 67.7 GeV, and the
cross section in these kinematics is therefore truly probing the
high-energy tail of the photon flux.

V. BREAKUP-CLASS MODELLING

In addition to the jet cuts in Eq. (19), the ATLAS measure-
ment uses the following event-selection criteria [10]

0nXn, !∀#0n > 2.5, ∀#Xn < 3.0. (21)

The 0nXn condition, i.e. requiring that there are no forward
neutrons observed in the zero-degree calorimeter (ZDC) in
one direction and at least one (X ↑ 1) neutron in the opposite
direction, is needed in order to make sure that the photon-
emitting nucleus stayed intact while the other broke up, sup-
pressing the jet production from (XnXn) hadronic nucleus-
nucleus and (0n0n) two-photon and diffractive processes, re-
spectively. This allows also the photon-going direction to be
identified as the one towards the 0n-recording ZDC. In addi-
tion, !∀#0n > 2.5 puts a lower limit on the sum of rapidity
gaps in the photon-going direction and ∀#Xn < 3.0 requires
that there is no large gap in the opposite direction, which are
applied in order to further reduce the residual backgrounds
from the above-mentioned processes.

While these cuts are necessary experimentally for a clean
selection of photonuclear events, they pose a difficulty for the
perturbative calculation. Our treatment in the previous section
was essentially that for an AnAn (A ↑ 0) event class. Even
though calculating the bare photon flux from the proper nu-
clear form factor ensured that the nucleus did not break up
while emitting the photon that induced the hard interaction, we
did not keep track of possible additional soft e.m. interactions
that could excite and break the nucleus, and thus we implic-
itly allowed for any number of neutrons in the photon-going
direction. Our treatment on the target side was also fully inclu-
sive, thus An, implicitly including the diffractive contribution
which would leave the target nucleus intact and yield zero
neutrons in the target-going direction unless produced by the
additional soft e.m. interactions. Furthermore, the rapidity-gap
requirements reduce the allowed phase-space for soft radiation.
Putting too strict cuts in the photon-going direction could also
reduce the resolved contribution relative to the direct one. The
use of a sum-of-gaps (instead of a one wide gap) condition
should however alleviate these problems to some extent.

The assumption that we are making here is that the above
cuts are inclusive enough such that the pure NLO pQCD cal-
culation as factorized in Eq. (1), after taking into account
the breakup-class modelling as discussed below, captures the
main physics of this measurement. We also note that our pre-
dictions are for parton-level jets, i.e. we do not include any
non-perturbative hadronization or underlying-event corrections
which are to be studied with Monte-Carlo event generators [30–
32], where it also becomes possible to asses the potential sen-
sitivity to the rapidity-gap cuts.

To account for the 0n requirement in the photon-going di-
rection, we follow the assumption that the soft-exitation prob-
ability factorizes from the hard interaction [15] and take the
(Poissonian) probability for no e.m. breakup of the nucleus A
from the Starlight generator [33] where it is given as

#e.m.
AB (b) = exp

[
↓
∫ 1

0
dy f∀/B(y,b)∃∀A↔A↗(

→
ysNN)

]
(22)

with ∃∀A↔A↗ the photoexitation cross section, expressed here as
a function of the photon-nucleon c.m.s. energy →s∀N =

→ysNN.
The total survival probability then takes the form

#hadr.+e.m.
AB (b) = #e.m.

AB (b)#hadr.
AB (b), (23)

f eff
γ/A(y) = ∫ d2 ⃗r ∫ d2 ⃗s fγ/A(y, ⃗r )TA( ⃗s )ΓAA( ⃗r − ⃗s )Γe.m.

AA ( ⃗r − ⃗s )

• Transverse-plane geometry effects important for large  and  (left) and large  (right) → 
correspond to small impact parameters . 
• Sensitivity to b-dependence of nPDFs is small.

y k zγ = yxγ
b < ⟨b⟩
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 Continuing interest and strong theoretical support of UPCs at LHC and RHIC to obtain 
new constraints on nPDFs and QCD dynamics at small x → UPC2025 workshop 

 Complementary to  at LHC and  at EIC: large  in UPCs vs.  and nuclear mass 
A dependence at EIC. 

 The data on coherent J/𝜓 production in Pb-Pb UPC at LHC challenges both collinear 
factorization and saturation frameworks. 

 Strong nuclear suppression observed in this process → large leading-twist gluon 
nuclear shadowing at small x in collinear framework. 

 Inclusive dijet production in Pb-Pb UPC at LHC probes nPDFs down to  and 
can reduce the current uncertainties of the gluon distribution by factor of 2. 

 Many ongoing studies of various heavy-ion UPC processes: 
 Coherent production of light vector mesons ( , ) → test of soft models of shadowing, 
Guzey, Kryshen, Zhalov, PRC 93 (2016) 5, 055206 

 Inclusive  production → test of nPDFs, Cacchiari, Innocenti, Stasto, 2506.09893 [hep-ph], saturation, 
Gimeno-Estivill, Lappi, Mäntysaari, PRD 111 (2025) no.11, 114036, and uPDFs, Goncalves, Santana, Schäfer, 
2506.02223 [hep-ph] 

 Incoherent J/𝜓 production → test of LTA, Guzey, Strikman, Zhalov, PRC 99 (2019) 1, 015201, hot spot 
model, Mäntysaari, Schenke, PLB 772 (2017) 832; Mäntysaari, Salazar, Schenke, PRD 109 (2024) 47, L071504 

pA eA Wγp Q2

xA = 10−3

ρ, ω ϕ

D0

Summary and Outlook

https://indico.global/event/9992/

