
Exclusive quarkonium photoproduction    

Vadim Guzey

1

University of Jyväskylä & Helsinki Institute of Physics, 
University of Helsinki, Finland 

)LUVW &LUFXODU
MUVD\e oVW -XJXVW idii

vHDU DOOe

€H DUH SOHDVHG WR LQIRUP \RX WKDW WKH idii HGLWLRQ RI WKH 4&'g/+& FRQIHUHQFH ZLOO WDNH SODFH DW /QU8DE
2UVD\e TUDQFH LQ WKH FDPSXV RI qDULVlGDFOD\ 5QLYHUVLW\ EHWZHHQ ymWK 1RYHPEHU DQG yQG 'HFHPEHU
yeyyW &KLV ZLOO EH DQ LQoSHUVRQ HYHQW RQO\ DQG WKH UHJLVWUDWLRQ DQG FDOO IRU DEVWUDFWV ZLOO RSHQ RQ nUG
-XJXVW idii RQI

KWWSVIppLQGLFRWFHUQWFKpHp(UvDW8:Uidii

TROORZLQJ WKH OLQN DERYHe \RX ZLOO DOVR ILQG WKH VFLHQWLILF SURJUDPPH DQG D OLVW RI FRQYHQHUV IRU HDFK RI WKH
k ZRUNLQJ JURXSVI

ǳ :LJKHU MUGHU DQG )HVXPPHG UDOFXODWLRQV
ǳ .YHQW GLPXODWLRQV DQG RRQWH UDUOR &RROV
ǳ &RSe :LJJV DQG .€ qK\VLFV
ǳ :HDY\lTXDUN DQG (XDUNRQLXP qK\VLFV
ǳ QHW gVXEVWUXFWXUH2 qK\VLFV
ǳ (XDUNl3OXRQ qODVPD A RXOWL qDUWRQ /QWHUDFWLRQV
ǳ qDUWRQ GLVWULEXWLRQV IURP ov WR mv
ǳ (Uv IRU SGR VWXGLHV

&KH GHDGOLQH IRU DEVWUDFW VXEPLVVLRQV LV OeWK 6HSWHPEHU yeyye DQG IRU JHQHUDO UHJLVWUDWLRQe vWK
1RYHPEHU yeyyW

&KH IXOO FRQIHUHQFH IHH gndd¼ LI SDLG EHIRUH wWK MFWREHU idiiJ nwm¼ RWKHUZLVH2 LQFOXGHV DFFHVV WR DOO WKH
VHVVLRQVe DOO WKH OXQFKHV DQG FRIIHH EUHDNVe D ERDW WULS RQ WKH GHLQH LQ qDULV DQG D ZHOFRPH FRFNWDLO ZLWK
DQ DUW SHUIRUPDQFHW

&KH FRQIHUHQFH GLQQHU ZLOO EH KHOG LQ RXVpH GuMUVD\ LQ qDULV gLQFOW YLVLW RI WKH PXVHXP2 DQG ZLOO FRVW md¼W

qDUWLFLSDQWV VKRXOG DUUDQJH WKHLU RZQ DFFRPPRGDWLRQW €H KDYH OLVWHG RQ WKH /QGLFR SDJH D ZLGH UDQJH RI
KRWHOV LQ MUVD\e SXUHV VXU ;YHWWHe qDODLVHDX DQG RDVV\e DV ZH GR QRW UHFRPPHQG WR VWD\ LQ qDULVW &KH
YHQXH LV DFFHVVLEOH YLD WKH ).) S OLQH gGLUHFW IURP Uv3 DLUSRUW DQG FORVH WR M); DLUSRUWe SB- LV QRW
UHFRPPHQGHG2W

vR QRW KHVLWDWH WR FRQWDFW XV DW (UvDW8:UPLMFODEWLQiSnWIU LI \RX KDYH DQ\ TXHVWLRQV DQG ZH ORRN IRUZDUG
WR VHHLQJ \RX LQ MUVD\ LQ ERYHPEHUW

€LWK EHVW UHJDUGVe

&KH 8RFDO MUJDQLVLQJ URPPLWWHH

The EPPS21 global analysis of nuclear PDFs
Eur.Phys.J.C 82 (2022) 413

Petja Paakkinen
1

in collaboration with K. J. Eskola1, H. Paukkunen1 and C. A. Salgado2

1University of Jyväskylä – AoF CoE in Quark Matter
2IGFAE – Universidade de Santiago de Compostela – ERC AdG YoctoLHC

QCD@LHC2022

29 Nov 2022

ERC adG YoctoLHC

Forward Physics and QCD at the LHC and EIC, 798. WE-Heraeus-Seminar, 23-27 October, 2023,  
Physikzentrum, Bad Honnef, Germany

               Outline: 
  - UPCs as real-photon probes of nucleus and proton structure in QCD  

- Coherent exclusive J/𝜓 photoproduction in Pb-Pb UPCs at the LHC:  
leading-twist nuclear shadowing at small x, higher Fock states in dipole picture 

- Exclusive J/𝜓 photoproduction in p-p UPCs at the LHC:                        
tamed collinear factorization and small-x gluons in proton 

- Summary and Outlook
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Ultraperipheral collisions as photon-hadron 
collider 

• Ultraperipheral collisions (UPCs): ions pass each other 
at large impact parameters b ~ 𝒪(50 fm) >> RA+RB  → 
strong interactions suppressed → interaction via quasi-
real photons in Weizsäcker-Williams equivalent photon 
approximation, Budnev, Ginzburg, Meledin, Serbo, Phys. Rept. 15 (1975) 181

• Photon flux scales as Z2 and photon energy as 𝛾L → 
𝛾𝛾, 𝛾p and 𝛾A interactions at high energies.  

• Pioneering studies of UPCs at RHIC, recent impetus 
at the LHC → W𝛾p=5 TeV, W𝛾A=700 GeV/A, W𝛾𝛾=4.2 ТeV.

• In UPCs, real photons are used as probes to study open questions of 
nucleus and proton structure (e.g., small-x PDFs) and strong interaction 
dynamics in QCD as well as to search for new physics. 

Figure credit: A. Stahl,  
LPCC CERN Seminar, 6.12.2022

06/12/2022CERN LPCC SeminarCMS

Final state kinematics directly map to:
● Photon energy:
● Bjorken-x of gluons:

Ultra-peripheral nuclear collisions: photon-nuclear interactions

5

Coherent production:
● Photon (ℏ/kL > 2R) couples coherently to whole nucleus.
● Vector Meson (VM) <pT> ~ 50 MeV.
● Target nucleus usually remains intact.

Incoherent production:
● Photon couples to part of nucleus.
● VM <pT> ~ 500 MeV.
● Target nucleus usually breaks.

Vector meson (e.g., J/Ψ) photoproduction directly probes gluonic structure 
of nucleus and nucleon.

5

At LO in pQCD, cross section ~ photon flux ⨂ [xG(x)]2 (gluon PDFs)

b≫RA+RB

Bertulani, Klein, Nystrand, Ann. Rev. Nucl. Part. Sci. 55 (2005) 271; Baltz et al, Phys. Rept. 458 (2008) 1; 
Contreras and Tapia-Takaki, Int. J. Mod. Phys. A 30 (2015) 1542012; Klein and Mäntysaari, Nature Rev. Phys. 1 
(2019) no.11, 662; Snowmass LoI, Klein et al, arXiv:2009.03838
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Coherent and incoherent scattering in UPCs   
• UPCs have very distinct experimental signatures → two leptons from J/𝜓 
decay (two pions from ρ decay) in otherwise empty detector. 

• The underlying photon-nucleus scattering can be coherent (target stays intact) 
and incoherent (target breaks up) → distinguished by measuring pT of lepton 
pair (J/𝜓) and comparing to STARlight Monte Carlo, Klein, Nystrand, Seger, Gorbunov, 
Butterworth, Comput. Phys. Commun. 212 (2017) 258

• Both coherent and incoherent scattering can be 
accompanied by mutual e.m. excitation of colliding ions 
followed by forward neutron emission, Pshenichnov et al, PRC 64 

(2001) 024903; Baltz, Klein, Nystrand, PRL 89 (2002) 012301 → UPCs in 
different channels (0n0n, 0nXn, XnXn) separate W± 
terms → probe lower x, Guzey, Strikman, Zhalov, EPJC 74 (2014) 7, 2942
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FIG. 1. The dominant Feynman diagrams for vector meson production with nuclear excitation.
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1 Introduction

In ultra-relativistic collisions of heavy-nuclei at the LHC, vector mesons can be produced
through two-photon and photonuclear interactions in ultraperipheral collisions (UPCs),
where the impact parameter of the two nuclei collision is larger than the sum of their
radii. The cross-sections for photon-induced reactions are large because the intensity of
the photon flux is enhanced by the strong electromagnetic field of the nucleus, which
increases with the square of the atomic number. The interactions are either coherent,
where the photon couples to all nucleons, or incoherent, where the photon couples to a
single nucleon. In the incoherent case the nucleus is likely to break up, leading to a higher
transverse momentum, pT, of the meson.

Coherent J/ -meson production in UPCs can be described by the interaction of
photons with gluons, identified as a single object with vacuum quantum numbers, which
in the Regge theory is referred to as pomeron (IP) [1–5]. An illustration of this process
is given in Fig. 1. This interaction probes the gluon distribution at a hard momentum
transfer Q2 of about m2

J/ /4, where mJ/ is the J/ mass [6, 7].1

In this paper, a measurement of coherent J/ production is reported in lead-lead
collisions at a nucleon-nucleon centre-of-mass energy of

p
sNN = 5TeV collected with

the LHCb detector in 2015, corresponding to an integrated luminosity of about 10µb�1.
Results of UPC studies have also been reported by RHIC and LHC experiments [8–15].
The forward rapidity range 2.0 < y < 4.5 covered by the present measurement corresponds
to values of the Bjorken variable x ⇡ (mJ/ /

p
sNN)e±y down to 10�5. At these x values,

current uncertainties on the gluon distributions inside the nucleon are sizeable [16, 17],
thus new measurements should reduce the uncertainties [18–20].

The paper is organised as follows. The LHCb detector and the event selection are
described in Sec. 2. The analysis strategy and the systematic uncertainties are discussed
in Secs. 3 and 4, respectively. The di↵erential cross-section results for J/ production in

Pb Pb

�⇤

Pb Pb

J/ 

IP

Pb Pb

�⇤

Pb Pb’

J/ 

IP

Figure 1: Illustration of the (left) coherent scatter with the lead nucleus and (right) incoherent
interaction with a single nucleon leading to exclusive production of J/ mesons in ultraperipheral
heavy-ion collisions. The symbol Pb’ represents any final state for the nucleus inelastic scattering
in the incoherent process.

1In this paper natural units where c = 1 are used.

1

Figure credit: Aaij et al [LHCb], 
JHEP 07 (2022) 117 

Ions de-excite by emitting 
neutrons detected in ZDCs 
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Exclusive J/𝜓 photoproduction 

• In UPCs, both ions can be a source 
of photons and a target  →  cross 
section is a sum of two terms for high 
W+ (high photon momentum k+) and 
low W- (low photon momentum k-):

<latexit sha1_base64="aKtEx4OtOROBDGPe+T7q1e7Wzew=">AAACr3icdVFdb9MwFHXCgFE+1rFHXqxVSEiDLkET7GVoLS+Ih2lDdJ0Up8FxnNSKnUS2g1RZ/nv7Abzxb3DbTNq6cSVLR+fce+x7nDacKR0Efz3/0dbjJ0+3n/Wev3j5aqe/+/pS1a0kdEJqXsurFCvKWUUnmmlOrxpJsUg5nabl16U+/U2lYnX1Uy8aGgtcVCxnBGtHJf1rlEtMTIYUKwSemdEYIl3DEfx+iBrF4Nhaky3sCeI011HZdZ8lBhVYCHy40ksLb+bXtJtfunQeI4skK +Y6Tkx5Us7MgbUH//MbPew3vu033vD7YG3SHwTDYFXwPgg7MABdnSf9PyirSStopQnHSkVh0OjYYKkZ4dT2UKtog0mJCxo5WGFBVWxWeVv41jEZzGvpTqXhir09YbBQaiFS1ymwnqtNbUk+pEWtzo9jw6qm1bQi64vylkO3+/LzYMYkJZovHMBEMvdWSObYRajdF/dcCOHmyvfB5cdh+Gl4dHE0OP3SxbEN3oB98A6E4DM4Bd/AOZgA4r33fniRh/zQn/oz/9e61fe6mT1wp3z2D6Xr1Tg=</latexit>
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• Most thoroughly studied process in UPCs.  
633 Page 2 of 8 Eur. Phys. J. C (2016) 76 :633
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γ
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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 + Glauber-model 
suppression of soft strong interactions for 
b < 2RA (rapidity gap survival probability) 

Photoproduction 
cross section

<latexit sha1_base64="PBYyw8qBrTv+pBcJuNxYif0BjZs="></latexit>
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• Ambiguity in relating J/𝜓 rapidity y to photon momentum k → ambiguity in 
momentum fraction xA=(MJ/𝜓)2/W2 → difficult to probe small xA since N𝛾(k+)≪N𝛾(k-)

<latexit sha1_base64="6kZp7zg+GzV/rwrNHkTISXTwGcg="></latexit>
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Exclusive J/𝜓 photoproduction at LO 
• Hard scale by charm quark mass mc → in leading ln(Q2) ln(1/x) double 
logarithmic approximation of perturbative pQCD and static approximation for 
J/𝜓 vertex, Ryskin, Z. Phys. C57 (1993) 89

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

 9 Springer-Verlag 1993 

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

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

Received 13 April 1992 

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

I Introduction 

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

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

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

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

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

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

Thus, our amplitude is proportional to ~G(Y, ~2) and the 
exclusive diffractive cross sec t ion- to  the square of the 
gluon structure function. Due to this fact, the reaction 
7*+N--*J/Tt+N feels the variation of 2G(Y, ~2) better 
than the inclusive J/~t' cross section, which depends on 
YG(Y, ~2) only linearly. Therefore, this process is one of 
the best ways to measure the role of absorptive correc- 
tions (pomeron cuts contributions) and to observe the 
saturation of gluon density predicted in the frame-work of 
perturbative QCD in 1-10]. 

In Sect. 2 we calculate the amplitude of diffractive J / 7  j 
photoproduction. In Sect. 3 we discuss the spin structure 
of this amplitude and correspondingly the distribution in 
azimuthal angle. In Sect. 4 the numerical estimates of the 
single and double diffractive dissociation cross sections 
are given. 

2 Amplitude of ~,* +p--,J/W+p 

The Born amplitude of 7*+p--*J/~+p reaction is de- 
scribed by the sum of the two diagrams in Fig. 1. As the 
binding energy of S-wave e6-quarks J / 7  J system is small 
(much less than the charm quark mass me= m), one can 
follow I-6] and use the nonrelativistic approximation, 
writing the product of two propagators (k and k' in Fig. 1) 
and the J / 7  J vertex (i.e. J / 7  J wave function integrated 
over the relative momenta of c6^quarks k = k '  in J / 7  J 
rest-frame system) in the form g(k+m)Tu. The constant 

~ 7  

l +  

qJ 
k 

a b 

Fig. la, b. Feynman diagrams for diffractive J/7 J production 
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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.

�V M
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 charmonium 
distribution amplitude; 
C(Q2=0)=1 in NR limit.

Gluon density at x=(MJ/𝜓)2/W2 
and Qeff2=O(mc2)

 ΓV is J/𝜓 leptonic 
decay width

• Application to nuclear targets:

From fits to 
HERA data

Nuclear form factor

Ratio of nucleus and 
proton gluon densities

<latexit sha1_base64="1WLwkezV3VSDQMgQsREXCJ3izYk="></latexit>

��A!J/ A(W ) =
d��p!J/ p(W, t = 0)

dt


xgA(x,Q2

e↵)

Axgp(x,Q2
e↵)

�2 Z 1

|tmin|
dt|FA(�t)|2

Figure 1: The d��+p!J/ +p/dt cross section as a function of W : two parametrizations
(see text for details) and the HERA and LHC data. The right panel emphasizes the W
range covered by the HERA data.

2 Cross section on the proton

For the impulse approximation, we need the �+ p ! J/ + p di↵erential cross section on
the proton at t = 0. In our analysis, we will use two parametrizations of this cross section
as a function of W .
The first one is based on the 2013 H1 fit for the t-integrated cross section [1]

��+p!J/ +p(W )|H1 = Nel(W/W0)
�el , (2.1)

where Nel = 81 ± 3 nb, �el = 0.67 ± 0.03, and W0 = 90 GeV. It is converted into the
cross section at t = 0 by assuming an exponential and energy-dependent slope B of the
t-dependence of d��+p!J/ +p/dt,

d��+p!J/ +p(W, t = 0)

dt |H1

= B(W )��+p!J/ +p(W )|H1 . (2.2)

For the slope of the t dependence, we use the Regge-motivated parametrization

B(W ) = B0 + 4↵0
P ln(W/W0) , (2.3)

where the parameters are taken from the 2002 ZEUS analysis [2],

B0 = 4.15± 0.05(stat.)+0.30
�0.18(syst.) GeV�2 ,

↵0
P = 0.116± 0.026(stat.)+0.10

�0.025(syst.) GeV�2 , (2.4)

and W0 = 90 GeV.
The second parametrization directly fits the d��+p!J/ +p/dt cross section at t = 0 [3]

d��+p!J/ +p(W, t = 0)

dt |GKSZ

= C0


1�

(MJ/ +mN)2

W 2

�1.5
(W 2/W 2

0
)� , (2.5)

where C0 = 342 ± 8 nb/GeV2, � = 0.40 ± 0.01, and W0 = 100 GeV. In this case, the
t-integrated cross section is obtained by using Eq. (2.2) with the B slope from Eq. (2.3).
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Global QCD analyses of 
nPDFs, T. Jezo talk on Monday

Dynamical models of 
nuclear shadowing



Leading twist model of nuclear shadowing  
•Combination of Gribov-Glauber theory with QCD factorization theorems for 
inclusive and diffractive DIS → prediction for small-x nPDFs at input scale Q0, 
Frankfurt, Strikman, EPJ A5 (1999) 293; Frankfurt, Guzey, Strikman, Phys. Rept. 512 (2012) 255 

6

Author's personal copy

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

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

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

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

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

F2(x,Q 2) = x
X

j=q,q̄,g

Z 1

x

dy
y
Cj

✓
x
y
,Q 2

◆
fj(y,Q 2). (45)

Since the coefficient functions Cj do not depend on the target, Eq. (34) leads to the relation between nuclear PDFs of flavor
j, which are evaluated in the impulse approximation, f (a)

j/A , and the nucleon PDFs fj/N ,

xf (a)
j/A (x,Q 2) = Axfj/N(x,Q 2). (46)

In the graphical form, f (a)
j/A is given by graph a in Figs. 10 and 11.

Note also that one can take into account the difference between the proton and neutron PDFs by replacing Afj/N !

Zfj/p + (A � Z)fj/n, where Z is the number of protons, and the subscripts p and n refer to the free proton and neutron,
respectively.

Similarly to the inclusive case, the factorization theorem for hard diffraction in DIS states that, at given fixed t and xP

and in the leading twist (LT) approximation, the diffractive structure function FD(4)
2 can be written as the convolution of the

same hard scattering coefficient functions Cj with universal diffractive parton distributions f D(4)
j :

FD(4)
2 (x,Q 2, xP, t) = �

X

j=q,q̄,g

Z 1

�

dy
y
Cj

✓
�

y
,Q 2

◆
f D(4)
j (y,Q 2, xP, t), (47)

— +
—
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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 qq̄ 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
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), (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) = h� 3ij/h�
2ij, 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, Eb) and to be absorbed in the interaction with
another nucleon at point (z2, Eb), while the factor in the third line of Eq. (64) describes the interaction of the diffractive states
with other nucleons of the nucleus with the cross section �

j
soft between points z1 and z2.

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

h� 2ij/h� ij in Eq. (64). Such an approximation gives the results identical to Eq. (64) for the interaction with one and two
nucleons of the nuclear target. However, it neglects the presence of point-like configurations in the virtual photon wave
function and, hence, overestimates shadowing at x ⇠ 10�3, where the contribution of the 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
d2Eb

e�LTA(b) � 1 + LTA(b)
L2

, (65)

where L = A/2 (1 � i⌘)�
j
soft(x,Q

2
0 ); TA(b) =

R
1

�1
dz ⇢A(z).

diffractive  
exchange

Interaction with N=2 
nucleons in terms of proton 
diffractive PDFs from HERA             

N ≥ 3 terms: model-
dependent effective cross 
section

nuclear density



Leading twist model of nuclear shadowing (2)  
•Essential input: universal, leading twist (LT) diffractive 
PDFs of proton, Collins, PRD 57, 3051 (1998); PRD 61, 019902 (2000) 

• Extracted from HERA data on diffraction in ep DIS, Aktas et al 
[H1], EPJ C48, 715 (2006), EPJC 48, 749 (2006); Chekanov et al [ZEUS], NPB 831, 1 (2010) 
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Figure 1. Diagram for diffractive DIS in the single photon
approximation. The diffractive mass X is separated from the
diffractive scattered proton (or its excitation) Y by a rapidity gap.
See the text for the de!nition of the variables. Reproduced from
[17]. CC BY 4.0.

to ask if such processes are tractable within the perturbative
QCD. Veneziano and Trentadue in [14] postulated that in DIS
the semi-inclusive processes, where the hadron is produced in
the target fragmentation region, can be described within the
collinear approximation. For that purpose they introduced the
notion of the fracture functions which contain the information
about the structure function of a given target hadron once
it has fragmented into another given !nal state hadron. The
diffractive processes, which can be classi!ed as a special case
of the processes discussed in [14], were considered in [15, 16]
where it was demonstrated that they can be described within
the collinear approximation, in analogy to the standard non-
diffractive processes in DIS. The factorization proof, presented
in [15], essentially followed that of the inclusive case. Note
that, diffractive factorization can also be applied to other semi-
inclusive processes in diffractive DIS like diffractive heavy
quark production or dijet production in the direct photon case
(see discussion later in this section). Also, factorization is valid
for a more general case of production of a hadron with a !xed
momentum fraction xF and a transverse momentum pt in the
target fragmentation region.

The typical event with a rapidity gap in DIS is depicted in
a diagram shown in !gure 1. An incoming electron or positron
with four-momentum k scatters off the incoming proton with
four-momentum p. The proton is scattered into the !nal state
Y with four-momentum p′. The proton may stay intact or
alternatively it can also dissociate into a low mass excitation
with mass MY. The process proceeds through the exchange of a
single photon and there is a rapidity gap between the !nal state
Y and the diffractive system X, see the diagram in !gure 1.

As any DIS process, the diffractive event is characterized
by the standard set of variables:

q2 = −Q2, x =
Q2

2p · q
, W2 = (p + q)2, y =

p · q
p · k

,

(1)
being minus photon virtuality, Bjorken x, center-of-mass
energy squared of the photon–proton system and inelastic-
ity, respectively. In addition to these variables, there are also
diffractive ones which are de!ned as follows

t = (p− p′)2, ξ =
Q2 + M2

X − t
Q2 + W2 , β =

Q2

Q2 + M2
X − t

,

(2)

where t is the momentum transfer squared at the proton vertex,
M2

X is the mass squared of the diffractive system X, ξ is the
momentum fraction carried by the diffractive exchange, and
β is the momentum fraction carried by the struck parton with
respect to the diffractive exchange. Often ξ is denoted by xIP

in the literature. The two momentum fractions satisfy the con-
straint x = ξβ. The variable ξ can be related to the fraction xL

of the longitudinal momentum of the initial proton carried by
the !nal proton, i.e. ξ = 1 − xL. Thus typical diffractive events
are characterized by small ξ, or large xL meaning that the
!nal proton carries a large fraction of the initial momentum.
The double line in diagram in !gure 1 depicts the diffractive
exchange (often referred to as the Pomeron) between the pro-
ton and the diffractive system X, and is responsible for the
presence of the rapidity gap.

The diffractive cross sections can be expressed by the two
structure functions. In the one-photon approximation

σD(3)
red = FD(3)

2 (β, ξ, Q2) − y2

Y+
FD(3)

L (β, ξ, Q2), (3)

σD(4)
red = FD(4)

2 (β, ξ, Q2, t) − y2

Y+
FD(4)

L (β, ξ, Q2, t), (4)

where Y+ = 1 + (1 − y)2. In the above equations the reduced
cross sections are the rescaled differential cross sections

d4σD(4)

dξdβdQ2dt
=

2πα2
em

βQ4 Y+ σD(4)
red , (5)

or, upon the integration over t,

d3σD(3)

dξdβdQ2 =
2πα2

em

βQ4 Y+ σD(3)
red . (6)

The subscripts (3) and (4) in the above formulae denote
the number of variables that the diffractive cross sections or
structure functions depend on. Note that the structure functions
FD(4)

2,L have dimension GeV−2, whereas FD(3)
2,L are dimension-

less. The contribution of the longitudinal structure function to
the reduced cross sections is rather small, for the most part,
except in the region of y close to unity.

2.2. Collinear factorization in diffractive DIS

The standard perturbative QCD approach to diffractive cross
sections is based on the collinear factorization [14–16]. Sim-
ilarly to the inclusive DIS cross section, the diffractive cross
section can be written in a factorized form

FD(4)
2/L (β, ξ, Q2, t) =

∑

i

∫ 1

β

dz
z

C2/L,i

(
β

z
, Q2

)

× f D
i (z, ξ, Q2, t), (7)

where the sum is performed over all parton "avors (gluon,
d-quark, u-quark, etc). In the case of the lowest order parton
model process, z = β. When higher order corrections are taken
into account then z > β. The coef!cient functions C2/L,i can
be computed perturbatively in QCD and are the same as in

4

• Interaction with 2 nucleons model-
independently in terms of diffractive 
(Pomeron) PDFs:
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Fig. 29. The cross sections �
j(H)
soft , �

j(L)
soft , and �

j
2(x,Q

2
0 ) as functions of Bjorken x at fixed Q 2

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

Fig. 30. The ratio R of Eq. (116) at Q 2
0 = 4 GeV2. The solid curves correspond to �max = 0.5; the dotted curves correspond to �max = 0.1; the dot-dashed

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

To quantify the contributions of different regions of integration over � to �
j
2(x,Q

2), we introduce the ratio R defined as
follows:

R(�max, x) ⌘

R 0.1
x dxP�f D(3)

j/N (�,Q 2
0 , xP)⇥(�max � �)

R 0.1
x dxP�f D(3)

j/N (�,Q 2
0 , xP)

. (116)

The ratio R for the ū-quark and gluon channels at Q 2
0 = 4 GeV2 is presented in Fig. 30. In the figure, the solid curves

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

One can infer from Fig. 30 the relative contributions of different �-regions to �
j
2(x,Q

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

Another conclusion is that the diffractively produced masses M2
X ⇡ Q 2(1 � �)/� can be large. At very high energies

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

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

antishadowing and the EMC effect take place. However, we need to know nuclear PDFs at our chosen input scale Q 2
0 =

4 GeV2 for a wide range of the values of Bjorken x0, x  x0  1, since we use those nPDFs as an input for the
Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP) evolution to higher Q 2 > Q 2

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

d f nsj/A(x,Q
2)

d logQ 2 =
↵s(Q 2)

2⇡

Z 1

x

dx0

x0
Pqq

⇣ x
x0

⌘
f nsj/A(x

0,Q 2),

d
d logQ 2

✓
f sA(x,Q

2)

fg/A(x,Q 2)

◆
=

↵s(Q 2)

2⇡

Z 1

x

dx0

x0

0

B@
Pqq

⇣ x
x0

⌘
Pqg

⇣ x
x0

⌘

Pqg
⇣ x
x0

⌘
Pgg

⇣ x
x0

⌘

1

CA
✓

f sA(x
0,Q 2)

fg/A(x0,Q 2)

◆
, (117)

•LT in the name comes from HERA analysis, but higher twist effects in 
diffraction at low Q0 could be significant, Motyka, Sadzikowski, Slominski, PRD 86 (2012) 111501; 
Maktoubian, Mehraban, Khanpour, Goharipour, PRD 100 (2019) 054020.  

Author's personal copy

L. Frankfurt et al. / Physics Reports 512 (2012) 255–393 273

transparency phenomenon in a variety of different processes; for a review, see [130]. The probability of the incoming virtual
photon to fluctuate into a given eigenstate is given by the distribution Pj(� ). We explicitly show the dependence of Pj(� )
on parton flavor j as a reminder that DIS probes a particular parton distribution of the target. In soft hadron interactions,
the formalism of cross section fluctuations provides a good description of the total hadron–nucleus cross sections and the
coherent inelastic diffraction in hadron–nucleus scattering, for a review and references, see Ref. [129]. The latter is far less
trivial as the coherent inelastic diffraction would have been absent if the fluctuations were not present.

Note also that the validity of the formalism of cross section fluctuations for the virtual photon is supported by the
observation of the low value of the intercept of the Pomeron trajectory, ↵P(0) = 1.111 ± 0.007, see Section 3.6. The
closeness of ↵P(0) extracted from the HERA data on diffraction in DIS to ↵P(0) = 1.0808 extracted from the fits to
soft hadron–hadron cross sections [131] and to ↵P(0) ⇡ 1.08 extracted from the energy dependence of elastic ⇢0
photoproduction at HERA [132] indicates that our approximation should work in lepton–nucleus DIS approximately as well
as in high-energy hadron–nucleus scattering [133,134].

The entire series of the interactions with the target nucleons shown in Figs. 10 and 11 can be summed as in the standard
Glauber formalism, with the substitution of � k in the term corresponding to the interaction with k nucleons by h� kij,

h� k
ij =

Z
1

0
d�Pj(� )� k, (50)

which accounts for the color fluctuations of the strength of the interaction, see, e.g., Ref. [129]. Assuming that A � 1 such
that the interactions can be exponentiated, one obtains [135]:

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

h� ij
2<e

Z
d2b

D⇣
1 � e�

A
2 (1�i⌘)�TA(b)

⌘E

j

= Axfj/N(x,Q 2) � xfj/N(x,Q 2)
A2h� 2ij

4h� ij
<e(1 � i⌘)2

Z
d2b T 2

A (b)

� xfj/N(x,Q 2)2<e
Z

d2b

1P
k=3

(� A
2 (1 � i⌘)TA(b))kh� kij

k! h� ij
, (51)

where TA(b) =
R

1

�1
dz⇢A(b, z). In the second and third lines of Eq. (51), we made an expansion in the number of the

interactions with the target nucleons. The interaction with k nucleons of the nuclear target probes the k-th moment of
the distribution Pj(� ). Note that the above equation has no evident problems with energy–momentum conservation and
causality that are characteristic for the eikonal approximation since the energy is split between the constituents of the
projectile well before the interaction and different configurations are practically frozen during the propagation of the wave
packet through the nucleus.

Eq. (51) is valid at high energies (small x), when the effect of the finite coherence length (the coherence length is
proportional to the lifetime of the fluctuations |� i) is unimportant. In this case, all factors associated with the space–time
development of the scattering, such as, e.g., the ei(z1�z2)mNxP factor, should be set to unity. Note that our numerical analysis
shows that the ei(z1�z2)mNxP factor can be safely set to unity for x  10�2, see Fig. 44.

In Eq. (51), the first term corresponds to the interaction with one nucleon of the target, and, hence, is equal to
Axf (a)

j/N (x,Q 2). The second term describes the interaction with two nucleons, and, hence, should be equal to xf (b)
j/N (x,Q 2)

after ei(z1�z2)mNxP is set to unity in Eq. (48). (Note that we take into account the effect of the finite coherence length in our
final expression below, see Eq. (61).) Indeed, as follows from the formalism of cross section fluctuations, the secondmoment
h� 2ij is proportional to the differential cross section of diffractive dissociation [128]. In the case of DIS and in our notation
(normalization), h� 2ij is related to the diffractive parton distribution f D(4)

j [57,76]:

h� 2ij

h� ij
⌘ �

j
2(x,Q

2) =
16⇡

(1 + ⌘2)xfj/N(x,Q 2)

Z 0.1

x
dxP�f D(4)

j (�,Q 2, xP, tmin). (52)

Eq. (52) is similar to the Miettinen–Pumplin relation [116] generalized to include the real part of the diffractive amplitude.
Also, one notices that

R
1

�1
dz1

R
1

z1
dz2⇢A(Eb, z1)⇢A(Eb, z2) = (1/2)T 2

A (Eb). Therefore, in the discussed high-energy limit, we
obtain from Eq. (48):

xf (b)
j/A (x,Q 2) = �xfj/N(x,Q 2)

A2

4
�

j
2(x,Q

2)<e(1 � i⌘)2
Z

d2b T 2
A (b), (53)

which coincides with the second term in Eq. (51).
The last term in Eq. (51) describes the interaction with three and more nucleons of the target. It corresponds to graph c

and implied (not shown) higher rescattering terms in Figs. 10 and 11. Denoting the contribution of the last term in Eq. (51)

• Interaction with N ≥ 3 nucleons modeled using hadronic fluctuations of photon

Spread in σsoft → 
uncertainty of LTA 
predictions



LTA predictions for nPDFs   
•HERA analysis: perturbative Pomeron is made mostly of gluons → LTA 
model naturally predicts large gluon nuclear shadowing, Frankfurt, Guzey, Strikman, 
Phys. Rept. 512 (2012) 255
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•Electron-Ion Collider has potential to discriminate models of NS due to: 
- wide x-Q2 coverage 
- measurements of the longitudinal structure function FLA(x,Q2) sensitive to gluons 
- measurements of diffraction in eA DIS

l Alternative, complementary point of view: shadowing is mixture of leading and 
higher twist (HT) effects in dipole picture with saturation, Kowalski, Lappi, Venugopalan, PRL 
100 (2008) 022303, or a purely HT effect, Qiu, Vitev, PRL 93 (2004) 262301.

DGLAP 
evolution

Antishadowing  
from momentum 
sum rule
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LTA shadowing vs. Run 2 LHC data   

• Small-x nuclear shadowing down to x~10-5 is captured by LTA model. 
• → also good description by EPPS21, nCTEQ15 down to x~10-3.

• ALICE [21] data on UPCs accompanied by electromagnetic excitation of colliding
ions with forward neutron emission.

Figure 2 shows the rapidity-di↵erential d�AA!J/ AA/dy cross section. Note that we used
the GKSZ fit for the proton cross section.

Figure 2: The rapidity-di↵erential d�AA!J/ AA/dy cross section in the case, when the
LTA nuclear shadowing is calculated using CTEQ6L1 (left) and CTEQ6L (right) PDFs.
The upper row corresponds to the standard antishadowing, while the lower row is for the
modified antishadowing.

Figure 3 shows the nuclear photoproduction cross section ��A!J/ A(W ) as a function of
W . Note that we used the GKSZ fit for the proton cross section.
Finally, the nuclear suppression factor SPb(x) can be directly compared to the nuclear sup-
pression factor presented in the CMS and ALICE papers. Figure 4 shows this comparison.

5 Impact parameter dependent nuclear shadowing

Equation (1.5) assumes that the t dependence of the nuclear gluon distribution is given
by FA(t), which is a good approximation in the case of weak nuclear shadowing. In our
case, when the e↵ect of shadowing is large, one needs to include its dependence on the

4

Figure 3: The nuclear photoproduction cross section ��A!J/ A(W ) as a function of W
using CTEQ6L1 (left) and CTEQ6L (right). The upper row corresponds to the standard
antishadowing, while the lower row is for the modified antishadowing.

impact parameter b (on the nucleon position in the transverse plane) [22]. In this case
the nuclear suppression factor for the t-integrated J/ photoproduction cross section is

RPb(x) =
xgA(x,Q2)

Axgp(x,Q2)

vuut
R1
|tmin| dt [xgA(x, t, Q

2)]2

[xgA(x,Q2)]2
R1
|tmin| dt |FA(�t)|2

= Rg(x)R
0
g(x) , (5.1)

where

R0
Pb(x) =

vuut
R1
|tmin| dt [xgA(x, t, Q

2)]2

[xgA(x,Q2)]2
R1
|tmin| dt |FA(�t)|2

. (5.2)

The correction factor R0
g(x) is shown in Fig. 5.

The comparison to the UPC data is presented in Figs. 6, 7, and 8.

6 Fitting the UPC data

One can also try to fit these UPC data. The values of x = M2

J/ /W
2 probed by the fitted

UPC data are shown in Fig. 9. The red and blue points correspond to d�AA!J/ AA/dy

5

• Left: rapidity-differential cross section of coherent J/𝜓 photoproduction in     
Pb-Pb UPCs at 5.02 TeV, Acharya et al. [ALICE], EPJC 81 (2021) no.8, 712 and PLB 798 (2019), 134926; 
Aaij et al. [LHCb], JHEP 06 (2023), 146; Tumasyan et al. [CMS], arXiv:2303.16984 [nucl-ex]

• Right: cross section of J/𝜓 photoproduction on Pb as function of W from UPCs 
with forward neutrons, [ALICE], arXiv:2305.19060 [nucl-ex]; Tumasyan et al. [CMS], arXiv:2303.16984 [nucl-ex]; 
O. Villalobos Baillie talk on Tuesday
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Nuclear suppression factor  

• Good agreement with data at small x → direct evidence of large gluon 
shadowing, Rg(x=6×10-4 - 0.001) ≈ 0.6 and further decreasing down to x~10-5 → 
nice confirmation of LTA predictions. 

Rep. Prog. Phys. 0 (2022) 000000 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 reference [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 reference [317] extracted the
nuclear suppression 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 photoproduction in Pb–Pb UPCs. However, due

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). The !gure is from [316],
https://doi.org/10.1103/PhysRevC.95.025204.

to the ambiguity of the two terms in equation (175), such a
procedure is in general model dependent and leads to signif-
icant 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 photoproduction in ultraperipheral and peripheral Pb–Pb
collisions at the LHC at 2.76 TeV. The results of that anal-
ysis 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].

50

• Nuclear suppression factor SPb(x) from UPC data → direct comparison to 
Rg(x)=gA(x)/gp(x), Guzey, Kryshen, Strikman, Zhalov, PLB 726 (2013) 290; Guzey, Zhalov, JHEP 1310 (2013) 207

<latexit sha1_base64="CWU653SkO+D0917eukLWH1YMkmc="></latexit>

SPb(W ) =

"
��A!J/ A(W )

��A!J/ A
IA (W )

#1/2

=
gA(x, µ2)

Agp(x, µ2)

Figure 4: The nuclear suppression function SPb(x) as a function of x using CTEQ6L1
(left) and CTEQ6L (right). The upper row corresponds to the standard antishadowing,
while the lower row is for the modified antishadowing.

at Run 2 and Run 1, respectively, while the green points correspond to the data on
��A!J/ A(W ). One can see that the data span a wide range in x covering 10�5 < x < 0.05.
Hence, it is natural to model the fit function as a function of ln x.
Dividing the 10�5 < x < 0.1 range into 4 intervals xi  x  xi�1, where xi = 10�i and
2  i  5, we assume the following piece-wise form for RPb(x) on each of the intervals,

RPb(x)|Fit 1 = yi +
yi�1 � yi

ln(xi�1/xi)
ln(x/xi) , for xi  x  xi�1 , (6.1)

where yi = RPb(xi), 1  i  5 are 5 free parameters of the fit. The fit function is
continuous by construction.
We have also examined the scenario, when the fit function is constant in the lowest-x
interval, x  10�4, but otherwise the same as in Fit 1,

RPb(x)|Fit 2 = y4 , for x  x4 ,

RPb(x)|Fit 2 = RPb(x)|Fit 1 for xi  x  xi�1 , (6.2)

where 2  i  4. This fit has 4 free parameters yi with 1  i  4.

6

<latexit sha1_base64="dWCHWaRqpYoDOvcU767oH66FFWU="></latexit>

��A!J/ A
IA (W ) =

d��p!J/ p(W, t = 0)

dt

Z 1

|tmin|
dt|FA(�t)|2
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Exclusive J/𝜓 photoproduction in NLO pQCD 
• Collinear factorization for hard exclusive processes, Collins, Frankfurt, Strikman, PRD 56 
(1997) 2982  

• 𝛾A → J/𝜓A 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

• To 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

<latexit sha1_base64="jKq6YQWjskv+RCrS4RVfC5sHZsc="></latexit>

M�A!J/ A /
q

hO1iJ/ 
Z 1

�1
dx [Tg(x, ⇠)F

g
A(x, ⇠, t, µF ) + Tq(x, ⇠)F

q
A(x, ⇠, t, µF )]

NRQCD matrix element from 
J/𝜓 leptonic decay

pQCD coeficient 
function 

• To leading order (LO), only gluons; both quarks 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)

 skewness  
𝜉=(1/2)(MJ/𝜓)2/W2 ≪ 1
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Exclusive J/𝜓 photoproduction in NLO pQCD (2) 
• In the limit of high W corresponding to small 𝜉=(1/2)(MJ/𝜓)2/W2 ≪ 1

• Connection between GPDs is necessarily model-dependent. However, at 
small 𝜉, Q2 evolution washes out information on input GPDs → GPDs in terms 
of PDFs, Shuvaev, Golec-Biernat, Martin, Ryskin, PRD 60 (1999) 014015; Dutrieux, Winn, Bertone, PRD 107 (2023) 
11, 114019

<latexit sha1_base64="cl6ckT2co/9LNSaq4mFOvKFLBLo=">AAACEnicbVBNS0JBFJ1nX2ZfVss2QxIoiLwXUm0KI5CWBqmB7/WYN446OO+DmftCEX9Dm/5KmxZFtG3Vrn/TqG9R2oGBc8+5lzv3eJHgCkzz20gtLa+srqXXMxubW9s72d29hgpjSVmdhiKUdx5RTPCA1YGDYHeRZMT3BGt6/auJ33xgUvEwuIVhxByfdAPe4ZSAltxsoXrfdS/zg6I94EUo2n7sVgvng0SbVriqCyi42ZxZMqfAi8RKSA4lqLnZL7sd0thnAVBBlGpZZgTOiEjgVLBxxo4Viwjtky5raRoQnylnND1pjI+00sadUOoXAJ6qvydGxFdq6Hu60yfQU/PeRPzPa8XQOXNGPIhiYAGdLerEAkOIJ/ngNpeMghhqQqjk+q+Y9ogkFHSKGR2CNX/yImkcl6yTUvmmnKtcJHGk0QE6RHlkoVNUQdeohuqIokf0jF7Rm/FkvBjvxsesNWUkM/voD4zPHxgwmzU=</latexit>

F g
A(x, ⇠, t, µF ) = xgA(x, µF )FA(t)

Nucleus (Woods-Saxon) form factor 
Nuclear PDFs: EPPS16, nCTEQ15, 
nNNPDF2.0 + update with EPPS21, 
nCTEQ15WZSIH, nNNPDF3.0

 → helps to qualitatively understand the features of our numerical calculations.

<latexit sha1_base64="ARyqPbiWUeBk5mI3K/6uLSQQ8GU="></latexit>

M�A!J/ A / i

q
hO1iJ/ 

h
F

g
A(⇠, ⇠, t, µF ) +

↵sNc

⇡
ln

✓
m

2
c

µ2
F

◆Z 1

⇠

dx

x
F

g(x, ⇠, t)

+
↵sCF

⇡
ln

✓
m

2
c

µ2
F

◆Z 1

⇠
dx(F q,S(x, ⇠, t)� F

q,S(�x, ⇠, t))
i

• GPDs are hybrid distributions interpolating between usual PDFs and form 
factors → depend on momentum fractions x and 𝜉 and momentum transfer t.

+ less singular and 
non-log terms
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NLO pQCD predictions for J/𝜓 photoproduction 
in Pb-Pb UPCs at LHC  

• Scale dependence for mc ≤µ≤ 2mc 
is expectedly very strong → 
consequence of ln(mc2/µ2)ln(1/𝜉) 
terms in NLO coefficient functions. 

• Can find  an “optimal scale” 
µ=2.39 GeV (EPPS21) giving 
simultaneously fair description of 
Run 1&2 UPC data → note that 
𝛾+p→J/𝜓+p proton data is somewhat 
overestimated.

• Uncertainties due nPDFs are 
quite significant → opportunity to 
reduce them using these data.
Eskola, Flett, Guzey, Löytäinen, Paukkunen, PRC 106 
(2022) 3, 035202 and PRC 107 (2023) 4, 044912

Shown data: Acharya et al [ALICE], EPJC 81 (2021) 
no.8, 712 and PLB 798 (2019) 134926; Aaij et al 
[LHCb], JHEP 07 (2022) 117

6

FIG. 3. The scale dependence of the NLO pQCD predictions for the d�(Pb + Pb ! Pb + J/ + Pb)/dy cross section as a
function of the rapidity y for Run 1 (

p
sNN = 2.76 TeV, left column) and Run 2 (

p
sNN = 5.02 TeV, right column) at the

LHC and a comparison with the corresponding Run 1 [38–40] and Run 2 [41–44] data, the statistical and systematic errors
added in quadrature. The data have been mirrored with respect to y = 0. The scale-dependence envelope spans the results
corresponding to µ = 3.1 GeV (upper dashed curve) and µ = 1.55 GeV (lower dotted curve); the solid curve corresponds to the
optimal scale. The three rows of panels correspond to EPPS21 (upper), nNNPDF3.0 (middle), and nCTEQ15WZSIH (lower)
nPDFs.

description. To be exact, at central rapidity y = 0, for
Run 1 there is a factor of about 22 between the highest
scale and the lowest scale results and for Run 2 energy
this factor is about 55.

The improvement, when moving from nNNPDF2.0 [45]
(Fig. 10 of [24]) to the newer nNNPDF3.0 set, is rather
dramatic. We find that the shape of the d�(Pb + Pb !

Pb + J/ + Pb)/dy cross section at the optimal scale
µ = 2.22 GeV is qualitatively similar to that obtained
with EPPS16 or EPPS21. Simultaneously, however, the
correspondence with the data is slightly worse: while the
data at y ⇡ 0 is reproduced by construction, the solid
curve somewhat underestimates the data at |y| 6= 0. Note
that the good agreement with the data at y ⇡ 0 is im-

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.
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Dominance of quark contribution in NLO pQCD 

• Consequence of very large NLO 
corrections → dominance of 
quark contribution for |y|<2 due to 
strong cancellations between LO 
and NLO gluons, Eskola, Flett, Guzey, 
Löytäinen, Paukkunen, PRC 106 (2022) 3, 035202

QM22Proc˙Eskola˙etal printed on June 10, 2022 5

Fig. 3. Upper panel: Breakdown of the NLO cross section in the upper panel of
Fig. 1 into contributions from the imaginary and real parts of the amplitude. Lower
panel: Contributions without quarks, without gluons, and from the quark-gluon
interference terms alone. Figures from [6].

Fig. 4. As Fig. 1 upper panel, but computed with three di↵erent nPDFs using the
same “optimal” scale. Figure from [6].

• At the face value, this totally changes the interpretation of data on coherent 
J/𝜓 photoproduction in heavy-ion UPCs as a probe of small-x nuclear gluons. 

•  Perturbative stability of NLO 
pQCD improves for scaled ratio of 
oxygen and lead UPC cross secs:

12

FIG. 9. The NLO pQCD predictions using the EPPS21 nPDFs for the scaled ratio of cross sections of J/ photoproduction
in O-O and Pb-Pb UPCs as a function of the rapidity y for six di↵erent values of the scale µ at four di↵erent values of

p
sNN .

nPDF sets and the di↵erent weights of the photon fluxes
and the form factors, when we consider both processes at
the same

p
sNN . From a practical point of view, the O-O

run will most likely be done at a di↵erent
p
sNN , which

generates an additional scale uncertainty due to the fact
that the O-O process will be probed at a smaller x value
due to the skewness parameter ⇠ becoming smaller.

Figures 9, 10 and 11 present our NLO pQCD predic-
tions for R

O/Pb evaluated at six di↵erent values of the
scale µ ranging from µ = 1.55 GeV to µ = 3.1 GeV
using the EPPS21, nNNPDF3.0 and nCTEQ15WZSIH
nPDFs, respectively. One can see from the figures that
the relative scale uncertainty seems to be the smallest
for EPPS21 and nCTEQ15WZSIH at y ⇡ 0, which then
grows slightly towards backward and forward rapidities.
However, in the nNNPDF3.0 case the situation is re-
versed due to the almost exact cancellation of the photo-
production amplitude for the O-O process at central ra-
pidity. Moreover, depending on the energy, the EPPS21
nPDF set produces a node at y ⇡ ±1.1 or y ⇡ ±1.8,
where all the scales except for the lowest µ = mc seem
to agree with each other. Such a node is missing in the
results given by nNNPDF3.0 or nCTEQ15WZSIH. In ad-
dition, we would like to point out that our predictions for
R

O/Pb for each nPDF set separately tend to cluster to-
gether at higher values of µ.

To quantify the magnitude of the relative scale de-
pendence, we consider the super-ratio of ratios R

O/Pb

at y = 0, which are evaluated at µ = MJ/ and µ = mc,

R
O/Pb

scale
=

R
O/Pb(µ = MJ/ )

RO/Pb(µ = mc)
. (17)

The results for RO/Pb

scale
are presented in Table I. One can

see from the table that for all three sets of nPDFs, the

scale uncertainty of RO/Pb

scale
is smaller by approximately a

factor of 10 than that of the predictions for the individual
Pb-Pb and O-O UPC cross sections (the exact size of
the reduction in the scale dependence depends on the
particular nPDF set and

p
sNN ). The scale uncertainty

also increases, when
p
sNN is increased, since at higher

energies one probes the nPDFs at progressively smaller
x, where the scale evolution of the nPDFs is faster.

TABLE I. The ratios R
O/Pb(µ = MJ/ )/R

O/Pb(µ = mc)
at y = 0 for EPPS21, nNNPDF3.0, and nCTEQ15WZSIH
nPDFs for four values of the collision energy

p
sNN , which is

taken to be the same for O-O and Pb-Pb runs.
p
sNN EPPS21 nNNPDF3.0 nCTEQ15WZSIH

2.76 TeV 0.7 51.5 1.2
5.02 TeV 0.6 86.1 1.5
6.37 TeV 0.5 90.6 1.7
7.00 TeV 0.5 91.4 1.8

One can see from the table that the scale uncertainty

characterized by the ratio R
O/Pb

scale
of Eq. (17) turns out

to be very large in the case of nNNPDF3.0 nPDFs. This

11

FIG. 8. The breakdown of the NLO pQCD predictions for the d�(O + O ! O + J/ + O)/dy cross section of coherent J/ 

photoproduction in O-O UPCs as a function of the rapidity y into the contribution of di↵erent parton channels: gluon (dashed
orange curve), quark (green dotted curve), and their interference (red dash-dot curve); the solid blue curve is the full result.
The calculation uses the EPPS21 nPDFs at µ = 2.39 GeV. The di↵erent panels correspond to

p
sNN = 2.76, 5.02, 6.37 and

7 TeV.

pidities. We have checked that this trend also persists
for the nNNPDF3.0 and nCTEQ15WZSIH nPDFs.

Lastly, a few words about the feasibility of measure-
ments of this process in O-O UPCs. Experimentally the
d�

coh

J/ 
/dy rapidity di↵erential cross section for the coher-

ent photoproduction of J/ in the lepton channel l+l�

is given by [38]

d�
coh

J/ 

dy
=

N
coh

J/ 

E�l+l�Lint�y
, (14)

where N coh

J/ 
is the yield, i.e., the number of observed J/ 

particles, E is the combined acceptance and e�ciency of
the detector, �l+l� is the branching ratio to the desired
final state l

+
l
�, Lint is the integrated luminosity, and

�y is the width of the rapidity interval under consider-
ation. By considering only the central rapidity and the
the muon channel with �l+l� = 5.961% [47] and taking
the values given in [38], E = 4.57 %, �y = 1.8, and
N

coh

J/ 
= 250, together with d�

coh

J/ 
/dy = 2 µb from Fig. 6,

we can estimate the required integrated luminosity Lint

to be

Lint ⇡ 25.5⇥ 103
1

µb
. (15)

It was discussed in Ref. [25] that in the high luminos-
ity O-O run at the LHC, the average luminosity would

be hLAAi = 8.99 ⇥ 1030 cm�2s�1. This means that in a
specialized 24-hour O-O run at ALICE, the integrated lu-
minosity would be approximately 7.8⇥105 µb�1 resulting
in approximately 7.5⇥ 103 J/ ’s making the experimen-
tal data acquisition more than feasible. Unfortunately,
at the proposed short data acquisition during Run 3, one
would most likely acquire only the integrated luminosity
of 500 µb�1, which means that one expects to see only
five events [25].

D. Ratios of O-O and Pb-Pb UPC cross sections

Our results presented above indicate that the scale de-
pendence is considerable for both O-O and Pb-Pb col-
lision systems. To reduce it, we examine the following
scaled ratio of the O-O and Pb-Pb UPC cross section,

R
O/Pb =

✓
208ZPb

16ZO

◆2
d�(O + O ! O+ J/ +O)/dy

d�(Pb + Pb ! Pb + J/ + Pb)/dy
(16)

where the factor of [(208ZPb/(16ZO)]2 is introduced to
remove the e↵ects of the Z

2 scaling of the photon flux
and the A

2 scaling of the nuclear form factor squared.
Since the hard scattering part is the same for both O-O
and Pb-Pb scatterings, the scale dependence, which we
expect to see in this ratio, comes from the underlying

Eskola, Flett, Guzey, Löytäinen, Paukkunen, 
PRC 107 (2023) 4, 044912 
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Exclusive J/𝜓 photoproduction in dipole picture   

3

Assuming a large and smooth nucleus the averaged
amplitude required to compute coherent J/ production
reads [15]

⌦
A(xP, Q

2,�T )
↵
N
=

Z
dz

4⇡
d2rT d2bT e

�ibT ·�T

⇥[ ⇤
V ](r,Q

2, z) 2 [1� exp {�2⇡BpATA(b)N (r, xP)}] .
(12)

At large �t = �T
2 the cross section is almost purely

incoherent. Thus the incoherent cross section can at large
|t| be computed as the total quasielastic cross section, by
first squaring and then averaging the amplitude. The
result is derived e.g. in Ref. [18] and reads

D
|Aqq̄|

2 (xP, Q
2,�T )

E

N
= 16⇡BpA

Z
d2bT

⇥

Z
d2rT d2rT

0 dz

4⇡

dz0

4⇡
[ ⇤

V ](r,Q
2, z)[ ⇤

V ](r
0, Q2, z0)

⇥ e�Bp�T
2

e�2⇡BpATA(b)[N (r)+N (r0)]

⇥

✓
⇡BpN (r)N (r0)TA(b)

1� 2⇡BpTA(b) [N (r) +N (r0)]

◆
. (13)

Following Ref. [23] we factorize the di↵ractive vector
meson production cross section in nucleus-nucleus (or
proton-nucleus) collisions to the product of the equiv-
alent photon flux generated by one of the nuclei and the
photon-nucleus cross section:

�AA!J/ A =

Z
d!

n(!)

!
��A!J/ A(!). (14)

Here ��A!J/ A is the di↵ractive photon-nucleus cross
section, ! = (MV /2)ey is the energy of the photon in
the collider frame and MV and y are the vector meson
mass and rapidity. The explicit expression for the photon
flux n(!) (integrated over the impact parameter of the
AA-collision bAA

T > 2RA) can be found in Ref. [23]. In
nucleus-nucleus collisions both nuclei can act as a source
of photons that scatter o↵ the other nucleus:

d�A1A2!J/ A

dy
= nA2(y)��A1(y) + nA1(�y)��A2(�y).

(15)
In proton-nucleus collisions the photon flux generated

by a nucleus is computed requiring that the impact pa-
rameter is larger than RA. The proton can also act as a
photon source, and the photon flux generated by a pro-
ton is computed as in Ref. [23]. As the photon flux is
proportional to the charge squared, the process where
the photon is emitted from the nucleus dominates.

The kinematics of di↵ractive vector meson production
is such that the gluon xP probed by the real photon is
xP = MV e�y/

p
sNN. At forward and backward rapidi-

ties we have two di↵erent contributions: either a small-
x photon scatters o↵ a large-x gluon or vice versa. At

FIG. 1: The coherent di↵ractive J/ photoproduction (Q2
=

0 GeV
2
) cross section in lead-lead collisions at

p
sNN = 2.76

TeV computed using fIPsat and IIM parametrizations and

Boosted Gaussian (thin blue lines) and Gaus-LC (thick black

lines) wavefunctions compared with the ALICE data [8, 24].

FIG. 2: The incoherent di↵ractive J/ photoproduction

cross section in lead-lead collisions at
p
sNN = 2.76 TeV com-

puted using fIPsat and IIM parametrizations and Boosted

Gaussian (thin blue lines) and Gaus-LC (thick black lines)

wavefunctions.

midrapidity we only probe small-x structure of the nu-
cleus. Our results should be most reliable in that region.
At the LHC

p
sNN = 2.76 TeV, and for J/ production

xP ⇡ 0.001 at y = 0.

• Space-time picture of strong interaction at high energies in target rest frame 
→ photon is a superposition of long-lived qq̄, qq̄g,… dipoles. 

• Dipoles successively, elastically scatter on target nucleons → high-energy 
factorization for 𝛾+A→J/𝜓+A amplitude: 
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Here we continue our investigations [9,10], with a nuclear dipole cross section which is based on
its free-nucleon counterpart obtained through fits to HERA data [11,12].
In Refs. [9, 10], we used the dipole-nucleus amplitudes obtained from applying the rules of an
extended Glauber-theory to color dipoles as a set of eigenstates of the scattering [13]. In particular,
the dipole-nucleus amplitude in impact parameter space is obtained as [13,14]:

�A(x , b, r ) = 1� SA(x , b, r ) , with SA(x , b, r ) = exp
î
� 1

2
�(x , r )TA(b)
ó

. (2)

Above, TA(b) =
R1
�1 dznA(
p

b2 + z2) is the optical thickness of the nucleus of mass number A at
impact parameter b, with the nuclear matter density nA(R) being normalized as

R
d3~R nA(R) = A.

The formula Eq.2 corresponds to a summation of diagrams of the type shown in Fig. 1a. It takes
into account the multiple scattering of the cc̄-dipole on the constituent protons and neutrons of
the nucleus.
In the midrapidity region the maximum of the �A-cm energy accessible in the collision is obtained.
Roughly we have there W ⇠ 100 GeV. With increasing energy, the coherency condition lc � RA
will be satisfied not only by the cc̄-state, but also by higher cc̄ g states shown in in Fig. 1b. In the
language of Glauber–Gribov theory, these correspond to inealastic shadowing corrections induced
by high–mass diffractive states.
In this work we wish to address the possible role of these high mass states, restricting ourselves
to the cc̄ g component.

a) b)

Figure 1: Coherent photoproduction of a vector meson in which the nucleus stays in its
ground state.

2 Contribution of the cc̄ g Fock state

In this section we briefly review how higher Fock-states are accounted for in the color-dipole
formalism. For the problem at hand, the Fock-state expansion of the photon reads, schematically

|�i=
∆

Zg cc̄ |cc̄i+ cc̄ g |cc̄ gi+ . . . . (3)

Here  cc̄ , cc̄ g are the light-front wavefunctions (WFs) of the two- and three-body Fock states
respectively. Virtual corrections induce the renormalization of the cc̄ state by the (formally di-
vergent) factor

∆
Zg . For gluons which carry a small light-cone momentum fraction zg ⌧ 1, the

three-body WF takes a factorized form,  cc̄ g =  cc̄ ( cg � c̄ g).
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FIG. 4: Rapidity dependent cross section dσ/dy for exclusive production of J/ψ in 208Pb208Pb-

collisions at per-nucleon cms energy
√
sNN = 2.76TeV. The data are from ALICE [2, 3] and CMS

[4].

V. SUMMARY AND OUTLOOK

In this paper we have presented calculations using the Glauber-Gribov theory for coherent
exclusive photoproduction of J/ψ-mesons on heavy nuclei within the color dipole approach.
The dipole cross sections which we utilize have all been obtained from fitting inclusive
deep-inelastic structure function data from HERA. We first calculated the total elastic pho-
toproduction of J/ψ on the free nucleon comparing to the data available from fixed-target
epxeriments, from the H1 and ZEUS collaborations at HERA as well as to data extracted
from pp or pA collisions by the LHCB and ALICE collaborations. All the three dipole
cross sections used in this work give a reasonable description of the data, up to and in-
cluding the HERA energy range, when used together with the so-called “boosted Gaussian”
parametrization of the J/ψ wave function. The higher energy data extracted mainly by the
LHCb collaboration from exclusive pp collisions are not well described.
We have applied our results to the exclusive J/ψ production in heavy-ion (lead-lead) colli-
sions at the energies

√
sNN = 2.76GeV and

√
sNN = 5.02GeV,

The color dipoles play the role of the eigenstates of the scattering matrix and take into
account the inelastic shadowing corrections. We have taken into account the rescattering of
a cc̄ dipole in the nucleus taking into account the real part of the free nucleon amplitude
consistent with the rules of Glauber theory.
Although there is substantial uncertainty as to how to include the skewedness correction in
to the nuclear amplitude, the description of published and preliminary data can be regarded
satisfactory. However the data point taken by ALICE at midrapidity for

√
sNN = 2.76TeV is

overpredicted. This seems to point to the fact that rescattering of the cc̄ dipole is insufficient
at energies WγA ∼ 100GeV or x ∼ 0.001.
We believe that explicit account of higher Fock-states is necessary in this kinematic region.
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• This implementation over-predicts the data at y=0 since nuclear shadowing 
due to rescattering of small dipoles with <rT>~0.3 fm is too weak. 

Lappi, Mäntysaari, PRC 87 (2013) 3, 032201

Overlap of photon (QED) and 
J/𝜓 (model) wf’s Dipole cross 

section from fits to 
HERA Luszczak, Schäfer, PRC 99 (2019) 4, 044905
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Dipole picture: role of qq̄g dipoles  
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Figure 2: The total cross section for the diffractive photoproduction of J/ on the lead
nucleus. The data points are taken from Ref. [20].

In Fig.3a) we compare to data of ALICE and CMS at psNN = 2.76 TeV, while Fig.3b) we show the
comparison with data of LHCb and ALICE at psNN = 5.02 TeV, .
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Figure 3: Rapidity dependent cross section fro the coherent photoproduction of J/ 
in lead-lead collisions for two different energies. The thick dashed curve contains the
cc̄ g-state with Rc = 0.215 fm.

5

• Small-<rT> qq̄ dipoles provide higher-twist contribution to 𝛾+A→J/𝜓+A as well 
as to other nuclear observables, e.g. longitudinal structure function FLA(x,Q2), 
Frankfurt, Guzey, McDermott, Strikman, JHEP 02 (2002) 027  

• Need to include higher qq̄g Fock 
states → modeling of 3-body “dipole” 
cross section and wave function.
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Here we continue our investigations [9,10], with a nuclear dipole cross section which is based on
its free-nucleon counterpart obtained through fits to HERA data [11,12].
In Refs. [9, 10], we used the dipole-nucleus amplitudes obtained from applying the rules of an
extended Glauber-theory to color dipoles as a set of eigenstates of the scattering [13]. In particular,
the dipole-nucleus amplitude in impact parameter space is obtained as [13,14]:

�A(x , b, r ) = 1� SA(x , b, r ) , with SA(x , b, r ) = exp
î
� 1

2
�(x , r )TA(b)
ó

. (2)

Above, TA(b) =
R1
�1 dznA(
p

b2 + z2) is the optical thickness of the nucleus of mass number A at
impact parameter b, with the nuclear matter density nA(R) being normalized as

R
d3~R nA(R) = A.

The formula Eq.2 corresponds to a summation of diagrams of the type shown in Fig. 1a. It takes
into account the multiple scattering of the cc̄-dipole on the constituent protons and neutrons of
the nucleus.
In the midrapidity region the maximum of the �A-cm energy accessible in the collision is obtained.
Roughly we have there W ⇠ 100 GeV. With increasing energy, the coherency condition lc � RA
will be satisfied not only by the cc̄-state, but also by higher cc̄ g states shown in in Fig. 1b. In the
language of Glauber–Gribov theory, these correspond to inealastic shadowing corrections induced
by high–mass diffractive states.
In this work we wish to address the possible role of these high mass states, restricting ourselves
to the cc̄ g component.

a) b)

Figure 1: Coherent photoproduction of a vector meson in which the nucleus stays in its
ground state.

2 Contribution of the cc̄ g Fock state

In this section we briefly review how higher Fock-states are accounted for in the color-dipole
formalism. For the problem at hand, the Fock-state expansion of the photon reads, schematically

|�i=
∆

Zg cc̄ |cc̄i+ cc̄ g |cc̄ gi+ . . . . (3)

Here  cc̄ , cc̄ g are the light-front wavefunctions (WFs) of the two- and three-body Fock states
respectively. Virtual corrections induce the renormalization of the cc̄ state by the (formally di-
vergent) factor

∆
Zg . For gluons which carry a small light-cone momentum fraction zg ⌧ 1, the

three-body WF takes a factorized form,  cc̄ g =  cc̄ ( cg � c̄ g).

2

Luszczak, Schäfer, SciPost Phys.Proc. 8 (2022) 
109, arXiv:2108.06788 [hep-ph]

Kopeliovich, Krelina, Nemchik, Potashnikova, 
PRD 107  (2023) 5, 054005

• Includes elastic and inelastic nuclear shadowing → good description of data.
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FIG. 2: Rapidity distributions of coherent (left panels) and incoherent (right panels) charmonium photo-production in UPC at
RHIC collision energy

p
sN = 200 GeV (top panels) and at LHC energies

p
sN = 2.76 TeV (middle panels) and

p
sN = 5.02 TeV

(bottom panels). The nuclear cross sections are calculated with charmonium wave functions generated by the POW (thin lines)
and BT (thick lines) potentials and with GBW (solid lines), KST (dashed lines) and BGBK (dotted lines) models for the dipole
cross section. The data are taken from PHENIX [52], CMS [53], ALICE [54–58] and LHCb [59, 60] collaborations.
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Dipole picture: saturation in nuclei   
• Instead of Glauber-type dipole-nucleus scattering 
→ nuclear geometry in initial condition for Balitsky-
Kovchegov equation → saturation in nuclei, but not 
necessarily in nucleons. 

D. Bendova, J. Cepila, J.G. Contreras et al. Physics Letters B 817 (2021) 136306

Fig. 1. Left: Cross section for the coherent photoproduction of a J/ψ vector meson off a Pb target as a function of |t| at a centre-of-mass energy of the γ Pb system Wγ Pb = 121
GeV. Right: Energy dependence for the cross section integrated over |t|.

Fig. 2. Cross section for the coherent photoproduction of a J/ψ vector meson in ultra-peripheral Pb–Pb collisions at √sNN = 2.76 TeV (left) and √sNN = 5.02 TeV (right) 
corresponding to LHC energies during the Run 1 and Run 2 periods, respectively. The predictions are compared with data from the ALICE [31–33] and CMS [34] collaborations 
as well as with preliminary results from the LHCb collaboration [35].

which in our model is 0.609 GeV2 [26]. For the photoproduction of 
J/ψ , Q 2 can be identified with M2

J/ψ/4 (see e.g. [1]). This means 
that the ratio Q 2/Q 2

0 is in this case constant, which implies in our 
approach a reinterpretation of x0 → x′ Q 2/Q 2

0 with x′ a constant 
fixed by x0, MJ/ψ and Q 0.

The predictions shown in Fig. 2 cover a restricted range in ra-
pidity. The origin of this limitation is that the initial condition for 
the evolution of the dipole scattering amplitude in the BK equa-
tion corresponds to an initial value of x0 = 0.008. Inserting this 
into W 2

γ Pb = M2
J/ψ/x and using Eq. (5) produces a lower limit in y

for Eq. (4).
This type of computations involves a series of choices for 

which, at the moment, there is no definitive theoretical guidance. 
Nonetheless, once a choice is made to describe an observable, it 
should be kept fixed in order to have consistent predictions across 
observables. The approach followed here to compare the predic-
tions from the b-BK-A and b-BK-GG is consistent in the sense that 
the same wave functions and the same corrections are used.

Using a different prescription for the wave function has as the 
main effect the change of the normalisation of the cross sec-
tion, see e.g. [11]. The prescription we chose is, for consistency, 
the same as in our previous work [23] where we compared our 
approach to HERA data. Recent developments arguing for the in-
clusion of D-wave effects find that mainly the excited states are 
affected and the change in the 1S state is less important [41].

There are also several prescriptions for the argument of the 
running coupling constant. For consistency with our previous re-
sults, we use the smallest-dipole prescription, but note that other 
prescriptions have also been used to described data, e.g. [39].

The saturation scale in the initial condition of the b-BK-A model 
is fixed by the central value of the EPPS16 set [42] which embodies 
most of the knowledge, both at the experimental and the theo-
retical level, that we currently have about the structure of nuclei. 
The evolution of this saturation scale is completely determined by 
the BK equation. The internal parameters not directly related to 
the targets take the same values in both cases and the subjacent 
QCD input, namely the BK equation with the collinear corrections, 
is the same. Furthermore, this implementation of the BK equation 
and the corresponding solutions including the impact-parameter 
dependence avoids the introduction of ad hoc parameters or as-
sumptions to describe the distribution of matter in the plane trans-
verse to the γ A interaction. The solutions for the proton case used 
in the b-BK-GG approach described correctly photo and electropro-
duction data from HERA [23].

The cross sections shown in Fig. 1 (left) demonstrate the pres-
ence of diffractive dips. The location of the dips has been put for-
ward as a signature of saturation in γ p [43] and γ A collision [44]. 
The facts that the position of the dip changes according to whether 
a Glauber-Gribov prescription is used or not, and that the change 
is larger than that observed in [44] between the saturation and the 
no-saturation cases, casts a warning on the use of this observable.

3

Bendova, Cepila, Contreras, Matas, PLB 817 (2021)  136306
INVESTIGATION OF DIFFRACTIVE PHOTOPRODUCTION . . . PHYSICAL REVIEW C 90, 015203 (2014)
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FIG. 3. (Color online) Rapidity distribution for the diffractive photoproduction of J/! in PbPb collisions at (a)
√

s = 2.76 TeV and (b)√
s = 5.5 TeV. Data are from the ALICE Collaboration [20,21].

LHCb Collaboration [22,23]. As demonstrated in Fig. 2(b),
these differences increase with energy. This motivates future
experimental analysis of this process in order to constrain
the dipole-proton scattering amplitude and, consequently, the
QCD dynamics at high energies.

In Fig. 3 we present our predictions for the rapidity
distribution for the diffractive photoproduction of J/! in
PbPb collisions at (a)

√
s = 2.76 TeV and (b)

√
s = 5.5 TeV. In

this case the cross sections are calculated in terms of the dipole-
nucleus scattering amplitude given in Eq. (10). Similarly to
the pp case, we obtain that the distinct predictions largely
differ at central rapidities, which is directly associated with the
behavior observed in Fig. 1(b) for γ Pb collisions. We obtain
that the bCGC NEW prediction is able to describe the current
ALICE data [20,21], in contrast with the other predictions
which overestimate the data for Y = 0. In particular, the rcBK
prediction is not able to describe the data, in agreement with
the results obtained in Ref. [12]. As observed in Fig. 3(b)
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FIG. 4. (Color online) Rapidity distribution for the diffractive
photoproduction of J/! in pPb collisions at

√
s = 5 TeV.

the difference between the predictions is amplified at larger
energies. In Fig. 4 we present our predictions for the rapidity
distribution for the diffractive photoproduction of J/! in pPb
collisions at

√
s = 5 TeV. As expected, the rapidity distribution

is asymmetric about midrapidity (Y = 0), being dominated
by γp interactions, due to the Z2 enhancement present in
the nuclear photon spectrum. We observe that the predictions
differ by ≈35% at Y = 0. Finally, in Table I we present
our predictions for the total cross section for the diffractive
photoproduction of J/! in pp, pPb, and PbPb collisions at
LHC energies. As expected from our analysis of the rapidity
distributions, the predictions for the total cross sections are
largely distinct.

IV. SUMMARY

The recent experimental data from RHIC, Tevatron, and
LHC have demonstrated that the study of photon-hadron
interactions in hadron-hadron collisions in order to constrain
the QCD dynamics at high energies is feasible. They have
motivated the proposition of new observables which can be
studied in these processes and the improvement of its theo-
retical description. In particular, in the past year, the collinear
formalism and the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) evolution have been considered in several studies,
demonstrating that the diffractive photoproduction of vector
mesons can be used to constrain the behavior of the gluon

TABLE I. The total cross section for the diffractive photoproduc-
tion of J/! in pp, pPb, and PbPb collisions at LHC energies.

GBW bCGC bCGC NEW

pp (
√

s = 7 TeV) 74.0 nb 49.0 nb 59.0 nb
pp (

√
s = 14 TeV) 113.0 nb 71.2 nb 93.7 nb

pPb (
√

s = 5 TeV) 51.3 µb 41.0 µb 42.8 µb
PbPb (

√
s = 2.76 TeV) 18.2 mb 13.6 mb 11.0 mb

PbPb (
√

s = 5.5 TeV) 33.8 mb 24.4 mb 20.3 mb

015203-5

Goncalves, Moreira, Navarra, PRC 90 (2014) 015203

• Should be taken with grain of salt  → predictions strongly depend on models for 
the dipole cross section and J/𝜓 wave function. 

√sNN=5 TeV

Shown Run 2 data: Acharya et al [ALICE], EPJC 81 
(2021) no.8, 712 and PLB 798 (2019) 134926; Aaij et al 
[LHCb], JHEP 07 (2022) 117

Shown Run 1 data: Abelev et al. [ALICE], PLB718 
(2013) 1273; Abbas et al. [ALICE]
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Coherent J/𝜓 photoproduction in Pb-Pb UPCs   Coherent J/y and y 0 photoproduction at midrapidity ALICE Collaboration
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Figure 6: Measured differential cross section of the coherent J/y (left) and y 0 (right) photoproduction in Pb–Pb
UPC events. The error bars (boxes) show the statistical (systematic) uncertainties. The theoretical calculations are
also shown. The green band represents the uncertainties of the EPS09 LO calculation.

from HERA [9]. Both the LTA model and the EPS09 curve, corresponding to the EPS09 LO central set
(uncertainties of the EPS09 calculation are represented by the green band), are found to be in a good
agreement with the J/y and y 0 cross sections measured at midrapidity. However, these models are in
tension with the J/y data at semi-forward rapidity in the range 2.5 < |y| < 3.5, indicating that the nu-
clear shadowing might have a smaller effect at Bjorken x ⇠ 10�2 or x ⇠ 5⇥10�5 corresponding to this
rapidity range. It is worth noting that the GKZ predictions are based on gluon shadowing effects at a
scale Q2 = 3GeV2 in contrast to the default value of 2.4GeV2 which is used in other models and also in
LTA predictions at lower energies [47]. The modified Q2 value was found to provide better description
of the coherent J/y production cross section in Pb–Pb UPC measured by ALICE in Run 1 as well as
exclusive J/y photoproduction off protons [48].

Calculations by Cepila, Contreras, Krelina and Tapia Takaki (CCK) are based on the colour dipole model
with the structure of the nucleon in the transverse plane described by the so-called hot spots, regions
of high gluonic density, whose number increases with the increasing energy [14, 49]. Nuclear effects
are implemented along the ideas proposed in the energy-dependent hot-spot model with the standard
Glauber-Gribov formalism (GG-HS) for the extension to the nuclear case. The GG-HS model agrees
with the J/y measurements at midrapidity and at most forward rapidities but underpredicts them at
semi-forward rapidities. The y 0 measurement at midrapidity is overpredicted by this model.

Calculations by Bendova, Cepila, Contreras, Matas (BCCM) are based on the color dipole approach
coupled to the solutions of the impact-parameter dependent Balitsky-Kovchegov equation with initial
conditions based on the Woods-Saxon shape of the Pb nucleus [10]. The model is in a reasonable
agreement with the J/y and y 0 data at midrapidity.

Several theory groups provided predictions for J/y within the color dipole approach coupled to the
Color Glass Condensate (CGC) formalism with different assumptions on the dipole-proton scattering
amplitude. Predictions by Gonçalves, Machado et al. (GM) [11, 50] based on the IIM and b-CGC
models for the scattering amplitude agree with the J/y data rather well at midrapidity but strongly
underpredict the data at forward rapidities. Predictions by Lappi and Mäntysaari (LM) based on the
IPsat model [12, 51] overpredict the ALICE measurements at midrapidity, but match them at forward
rapidities. Recent predictions by Łuszczak and Schäfer (LS BGK-I) within the color-dipole formulation
of the Glauber-Gribov theory [13] are in agreement with the J/y data at semi-forward rapidities, 2.5 <
|y| < 3, slightly underpredict the data at more forward rapidities 3 < |y| < 4 and overpredict the data at
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• None of the approaches describe the data in the entire range of J/𝜓 rapidity y.

CMS], arXiv:2303.16984 [nucl-ex] 

• Suppression at y=0 → strong leading-twist gluon shadowing at small x, 
importance of qq̄g dipoles, or a sign of saturation in nuclei.

• Behavior at large |y| and xA > 0.01 → all approaches close to the border of 
applicability → require refinements: e.g., earlier onset of antishadowing,…

7

corresponding to W
Pb
gN > 40 GeV, the direct connection between the measured cross section and

the single gluon density function, as in the weak absorption limit, no longer holds. Instead, the
cross section will reach the unitarity limit while the gluon density can continue increasing.
Therefore, new theoretical approaches are needed to understand the structure and dynamics of
the strong force for a heavy nucleus in this new domain of extreme gluon density.
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Figure 4: The nuclear gluon suppression factor R
Pb
g as a function of Bjorken x extracted from

the CMS measurement of the coherent J/y photoproduction in PbPb UPCs at
p

s
NN

= 5.02 TeV.
Approximated results (implied by the asterisk) from the ALICE [13, 15] and LHCb [17] ex-
periments are displayed for specific rapidity regions, where the two-way ambiguity effect
is expected to be negligible. A measurement of J/y photoproduction from the E691 experi-
ment [64, 65] is also given. The x values are evaluated at the centers of their corresponding
rapidity ranges. The vertical bars and shaded and open boxes represent the statistical, exper-
imental systematic, and theoretical systematic uncertainties, respectively. The latter is due to
the uncertainties in the photon flux and the IA. Predictions from various theoretical calcula-
tions [34, 57, 58, 60] are shown by the curves.

In summary, the first measurement of the coherent J/y photoproduction cross section off lead
nuclei, as a function of the photon-nuclear center-of-mass energy per nucleon (WPb

gN) has been
presented over a broad energy range. In a coherent process, the J/y is produced by the photon
interacting with the nucleus as a whole. Results are obtained with ultraperipheral PbPb colli-
sion data by applying the forward neutron tagging technique. The cross section is observed to
rise rapidly at low W

Pb
gN but appears to plateau above W

Pb
gN ⇡ 40 GeV, up to 400 GeV, where a

new regime of gluon momentum fraction (Bjorken x ⇡ 6 ⇥ 10�5) in a heavy nucleus is probed.
This observed trend is not predicted by current theoretical models. This can be interpreted
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Tamed collinear factorization  
• Stability of perturbation series for exclusive J/𝜓 photoproduction in NLO 
pQCD can be improved in 2 steps:  

On the other hand, we can go beyond the collinear logarithmic approximation by
computing the lt integral accounting for the lt dependence

10 of the hard gg Vg +  matrix
element, , shown in the upper box of figure 1(a). In comparison with the coefficient
function (calculated with lt = 0) now the lt and l

2 dependence of is included explicitly, and
provides the UV convergence of the integral over lt. Formally, in collinear factorisation the
difference between the pure logarithmic (ln F

2m ) evaluation and the precise calculation of the
gluon lt integral is treated as part of the NLO correction. This part of the NLO correction is of
kinematic origin and is usually quite large. Fortunately, it can be moved into the LO
component of the amplitude, noticeably reducing the remaining NLO correction.

Instead of performing an independent calculation which accounts for the lt dependence,
we can remain within the collinear approach and determine the value of the lt integral given
that the NLO coefficient function Cq

1( ) of figure 1(b) is known. Indeed, figure 1(b) is the only
diagram for the quark NLO coefficient function. In this approach the incoming quarks are
assumed to be on-mass-shell and with zero transverse momenta but the loop integral over l,
which contains the lt dependence, is calculated exactly. Since this is the same integral as that
which occurs in figure 1(a) we can use the result for Cq

1( ) to obtain a precise value, J, of the
corresponding integral in the LO amplitude of figure 1(a). After this we choose a scale

F 0m m= which mimics the precise lt integration. That is, with a scale choice satisfying
Jln 0

2m = we have moved a large contribution from NLO to LO, and can continue to work in
the conventional collinear approach, but now with a smaller NLO correction.

2.3. Transfer of part of the NLO to the LO contribution

Since the above observation is crucial, let us demonstrate the procedure in more detail. At
NLO level the LO + NLO amplitude at some factorisation scale fm may be expressed in the
form11

A A C F C F , 13f f f s f f
0 1 0 1( ) ( ) ( ) ( ) ( ) ( )( ) ( ) ( ) ( )m m m a m m+ = Ä + Ä

where the Fs are the GPDs and where the coefficient function C 0( ) does not depend on the
factorisation scale. Note that we are free to evaluate the LO contribution at a different scale

,Fm since the resulting effect can be compensated by changes in the NLO coefficient function,
which then also becomes dependent on .Fm Then equation (13) becomes

A A C F C F . 14f f F s F f
0 1 0

rem
1( ) ( ) ( ) ( ) ( ) ( )( ) ( ) ( ) ( )m m m a m m+ = Ä + Ä

Note that although the first and second terms on the right-hand side depend on ,Fm their sum
does not (to s

2( ) a ) and is equal to the full LO + NLO amplitude calculated at the
factorisation scale .fm

In(13) the NLO coefficient functionC 1( ) is calculated from Feynman diagrams which are
independent of the factorisation scale. How does the Fm dependence of Crem

1( ) in(14) actually
arise? It occurs because we must subtract fromC 1( ) the sa term which was already included in
the LO contribution12. Since the LO contribution was calculated up to some scale Fm the
value ofC 1( ) after the subtraction depends on the value Fm chosen for the LO component. The
change of scale of the LO contribution from fm to Fm also means we have had to change the
factorisation scale which enters the coefficient function C 1( ) from fm to .Fm The effect of this

10 A precise integration over lt was, in particular, implemented in [35].
11 For ease of understanding we omit the parton labels a g q,= on the quantities in(13) and the following
equations. The matrix form of the equations is implied.
12 Simultaneously this subtraction also provides the infrared convergence of C .1( )

J. Phys. G: Nucl. Part. Phys. 43 (2016) 035002 S P Jones et al
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- Choose factorization scale µF=µc  to transfer ln(mc2/µF2) ln(1/𝜉) terms of NLO 
coefficient function to LO GPDs  → resummation in spirit of DGLAP → 
residual µf  dependence is weak, Jones, Martin, Ryskin, Teubner, J. Phys. G 43 (3) (2016) 035002   

- Subtraction of lT < Q0~mC contribution 
from NLO coefficient functions to avoid 
double counting (included in LO 
gluons) → Q0 subtraction method, Jones, 
Martin, Ryskin, Teubner, EPJC 76 (2016) 633

Eur. Phys. J. C (2016) 76 :633 Page 3 of 8 633

Fig. 3 a LO contribution to
γ p → V + p. b NLO quark
contribution. For these graphs
all permutations of the parton
lines and couplings of the gluon
lines to the heavy-quark pair are
to be understood. Here
P ≡ (p + p′)/2 and l is the
loop momentum

γ

CLO
g

V

(x + ξ)P+ (x − ξ)P+

Fgp p

γ

CNLO
q

V

(x + ξ)P+ (x − ξ)P+

Fqp p

l

(a) (b)

diagram Fig. 3b is the same as the diagram for the LO gluon
Fig. 3a contribution. For the LO contribution the integral over
the gluon virtuality |l2| starts from the input scale Q2

0, while
all the contributions from low virtualities |l2| < Q2

0 are col-
lected in the input gluon GPD, Fg(x, ξ, Q2

0). Note that this
input distribution already includes that part of the quark con-
tribution of Fig. 3b coming from |l2| < Q2

0. Thus to avoid
double counting when computing the NLO quark coefficient
function, CNLO

q , of Fig. 3b we have to include the theta func-
tion #(|l2| > Q2

0) in the integration over l2. Depending on
the ratio Q2

0/m
2
c = 4Q2

0/M
2
ψ this can be a significant correc-

tion. The corresponding integral has no infrared or ultraviolet
divergence and can be calculated in D = 4 dimensions.

Actually, the calculation is performed in the physical
scheme (with D = 4). On the other hand, parton distribu-
tions are usually presented in the MS factorisation scheme
where dimensional regularisation is used. The problem is that
when we calculate the coefficient function in D = 4+2ε we
have finite contributions of ε/ε origin. Formally these ε/ε

terms come from unphysically large distances ∝ O(1/ε). In
fact, these ε/ε terms are compensated by a corresponding re-
definition of the PDFs. In order to retain the ε/ε terms and
to use the MS scheme we do not calculate diagram Fig. 3b
in D = 4 dimensions for |l2| > Q2

0, but instead calculate the
part corresponding to small |l2| < Q2

0. We consider this part
as the correction which should be subtracted from the known
NLO MS coefficient function [1,10]. Recall that after the
subtraction of the contribution generated by the last step of
the LO evolution, PLO⊗CLO, there is no infrared divergence
and the subtracted part ofCNLO coming from |l2| < Q2

0 does
not contain ε/ε terms.

2.2 The NLO gluon contribution

The NLO ‘Q0 corrections’ for the gluon coefficient func-
tion are more complicated. Besides the ladder-type diagrams
analogous to Fig. 3b, but with the light-quark line replaced
by a gluon line, there are other diagrams which have a struc-
ture similar to vertex corrections; see [1,10]. However, the
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Fig. 4 The predictions for the LO and NLO contributions to the imag-
inary part of the J/ψ photoproduction amplitude calculated exactly as
in Fig. 2 except that now the Q0 cut is imposed

‘dangerous’ contribution is again from the ladder-type dia-
grams, where to avoid double counting we have to exclude the
|l2| < Q2

0 domain whose contribution is already included in
the LO term using the input gluon GPD, Fg(x, ξ, Q2

0). Qual-
itatively this is exactly the same calculation as that for the
NLO quark. The only difference is that the lower line in the
diagrams of Fig. 5 is now replaced by a gluon line and the
lower part of the diagram is now given by the product of two
three-gluon vertices averaged over the incoming gluon trans-
verse polarisations. The notation is identical to that for the
quark contribution. Both the quark- and the gluon-induced
contributions are determined as described in the appendix.
They involve the calculation of the diagrams of Fig. 5 (given
in the appendix), and the analogous diagrams for the gluon-
induced contribution.

3 Results

Figure 4 shows the LO and NLO contributions to the imagi-
nary part of the J/ψ photoproduction amplitude when the Q0

123

• Q0-subtraction addresses 𝒪(Q02/mc2) power suppressed terms → numerically 
important for J/𝜓 and much less important for DIS with 𝒪(Q02/Q2).
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Tamed collinear factorization: gluons in proton  
• Restores the gluon dominance and allows for sensible comparison to data.

J=ψ this procedure substantially reduces the resulting NLO
contribution and, moreover, reduces the scale dependence
of the predictions. It indicates the stability of the perturba-
tive series.
Indeed, as shown in the left panel of Fig. 2, before theQ0

subtraction the NLO corrections may exceed the value of
the LO contribution and, depending on the scale, even the
sign of the amplitude can change. However, after the
subtraction and choosing the optimal scale μF ¼ Mψ=2
in the leading order part of the amplitude [first term of (4)],
we observe a rather good scale stability as shown in the
right panel of Fig. 2.
In Fig. 3, we show the results for ImAa with a ¼ g, q for

the choice μF ¼ Mψ=2 ¼ mc for two values of the factori-
zation scale: μ2f ¼ m2

c and μ2f ¼ 2m2
c. We take μR ¼ μf.

Here Aa¼g;q are the gluon and quark contributions to the
γp → J=ψ þ p amplitude in the collinear factorization
scheme at NLO. The plot shows the stability of the
amplitude with respect to variations of μf and also that
the Q0 subtraction practically fully absorbs the quark
contribution. With this setup, we can therefore say that
low x exclusive J=ψ photoproduction probes predomi-
nantly only the gluon distribution.

C. Renormalization scale

The renormalization scale is taken to be μR ¼ μf. The
reasons for this are as follows. First, this corresponds
to the BLM prescription [32]; such a choice eliminates the
contribution proportional to β0 (i.e., the term β0 lnðμ2R=μ2fÞ
from the NLO terms in Eq. (3.95) of [19]). Second,
following the discussion in [33] for the analogous QED
case, we note that the new quark loop insertion into the
gluon propagator appears twice in the calculation. The
part with scales μ < μf is generated by the virtual compo-
nent (∝ δð1 − zÞ) of the LO splitting during DGLAP
evolution, while the part with scales μ > μR accounts for
the running αs behavior obtained after the regularization
of the ultraviolet divergence. In order not to miss some
contribution and/or to avoid double counting, we take the
renormalization scale equal to the factorization scale,
μR ¼ μf.

V. DESCRIPTION OF J=ψ
PHOTOPRODUCTION DATA

All of the calculations presented so far are performed for
the imaginary part of the production amplitude. The real
part is obtained via a dispersion relation, which in the high
energy limit (for the even signature amplitude) can be
written in the simplified form [34],

ReA
ImA

¼ tan
!
π
2

∂ðln ImA=W2Þ
∂ðlnW2Þ

"
: ð7Þ

Next we have used NRQCD to describe the formation of
the J=ψ wave function. We project the open heavy cc̄ quark
pair onto the color singlet configuration with the corre-
sponding transition matrix element hO1iV , which is fixed
by the experimentally measured leptonic decay width of the
J=ψ .7 Higher order corrections within NRQCD are not
included here, but have been discussed in [35]. For the total
cross section, they occur at Oðv2Þ and have to be consid-
ered together with higher Fock states. The resulting
correction is of the order of a few percent [35] and beyond
the accuracy we require.
Note that actually we calculate the value of ImA at t ¼ 0

and then restore the total γp → J=ψ þ p cross section
assuming an exponential t behavior with a slope

B ¼ 4.9þ 4α0P lnðW=W0Þ GeV−2;

with W0 ¼ 90 GeV and α0P ¼ 0.06 GeV−2. This paramet-
rization grows more slowly with W than the formula used
by H1 [36], but is still compatible with the HERA data. We
have chosen the slope parameter α0P to be compatible with
Model 4 of [37] which fits a wider variety of data.

A. HERA data

As can be seen from Fig. 4, the J=ψ photoproduction
data obtained at HERA [18] are described reasonably well
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FIG. 4. The γp → J=ψ þ p data obtained at HERA [18] and
LHCb [8] compared with the predictions obtained using the NLO
PDFs taken from three different sets of global partons [1–3] with
μf ¼ mc (solid lines). The dashed line for the CT14 prediction,
corresponding to μ2f ¼ 2m2

c, is added to demonstrate the scale
stability of our NLO predictions; but note that our optimal choice
μ2f ¼ m2

c agrees better with the HERA data.

7The exclusive final state requires a colorless high energy
scattering (modeled by the two-gluon exchange) and does not
allow for an octet contribution, as this would populate the rapidity
gap and destroy the exclusivity of the final state.

FLETT, JONES, MARTIN, RYSKIN, and TEUBNER PHYS. REV. D 101, 094011 (2020)

094011-6

• Tamed NLO pQCD predictions using 
existing proton PDFs vs. HERA and LHCb 
pp UPC data on 𝛾+p→J/𝜓+p, Flett, Jones, Martin, 
Ryskin, Teubner, PRD 101 (2020) 9, 094011
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Figure 4: The description of the J/ photoproduction HERA [20] and LHCb [23] data based on
using the central value of the global gluon PDF from the three global parton analyses [1, 2, 3] for
x > 0.001. The red, blue and green solid and dotted lines show the spread of descriptions based
on the power fit, using the ± 1� errors for the parameters. We also show by dashed lines the cross
section predictions obtained using the current central values of the global gluons for all x.

with W0 = 90 GeV and ↵
0
P = 0.06 GeV�2. This parametrisation grows more slowly with W

than the formula used by H1 [20], but is still compatible with the HERA data. We have chosen

the slope parameter ↵0
P to be compatible with Model 4 of [27] which fits a wider variety of

data.

To set the scene, we first use eq. (1) at LO and NLO to generate and compare cross section

predictions using the existing LO and NLO partons from [1, 2, 3], respectively, for the x-range

where we have used exclusive J/ data from H1, ZEUS and LHCb. In this way, we are able to

quantify the scale dependence of the theoretical prediction as well as the size of the NLO result

relative to the LO one. In Fig. 3, we show such a comparison using CT14 partons [3]. Our

choice of scales is explained in [18]. The NLO scale variation is smaller than that at LO and

a better description of the HERA data is obtained with the NLO result. The plot emphasises

that in the region where the current PDFs are well constrained, it is still crucial to use the

NLO description. It is reassuring and non-trivial that our NLO prediction, with the ‘optimum’

scale choice, agrees well with the HERA data.

We now determine the low-x gluon by performing a two-parameter (� and n, as defined in

eq. (6)) fit of all the �(�p ! J/ + p) LHCb and HERA data with x < 0.001 using, as input,

NLO parton PDFs from [1, 2, 3]. The results are shown in Table 1 and Fig. 4.
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• Predictions are stable, but description of 
LHCb data is poor.

• Extraction of gluon PDF for x< 10-3 using 
global analysis of data on 𝛾+p→J/𝜓+p, Flett, 
Martin, Ryskin, Teubner, PRD 102 (2020) 114021

which will be used in the present note to extract the behaviour of the gluon in the low x region

(x < 10�3) from the exclusive J/ LHCb data [23] (as well as HERA photoproduction data

that lie in this region).

As was shown in [19], after the kt < Q0 subtraction the quark contribution to this process

is negligibly small in this x region. Thus we determine just the gluon PDF and use the quark

PDF from the existing global fits.

Of course, at the moment, global PDF analyses are performed to NNLO accuracy. However,

as a first step, we start fitting the J/ data at NLO. In the future this approach can be extended

to NNLO.2

The outline of the paper is as follows. In Section 2 we describe the ansatz that we will use

to parametrize the NLO gluon PDF in the collinear factorization scheme in the low x domain,

x < 0.001. In Section 3, after a brief discussion of the exclusive J/ data, we describe how

we determine the low x gluon directly from the data. In Section 4, we compare the results

we find for the low x gluon with those obtained by reweighting the NNPDF gluon using the

D-meson LHCb data. Finally, in Section 5, we provide a reweighting of the NNPDF3.0 gluon

via the exclusive J/ data and compare and contrast this with the gluon obtained from the

above alternative approaches. Our conclusions are briefly summarized in Section 6.

2 Ansatz for the low x gluon

It was demonstrated in [19] that the di↵ractive J/ cross section is driven by the Generalised

Parton Distributions, GPD(X + ⇠, X � ⇠), of the gluon with X ' ⇠, see Fig. 1. That is, to

describe the LHCb data, we e↵ectively need the gluon in the region of low x ' X + ⇠ only. So

it is su�cient to parametrize the gluon in the region x < 10�3. On the other hand the Shuvaev

transform, that relates the GPD to the conventional collinear gluon PDF, includes an integral

over the whole x < 1 interval. Moreover, the transform was derived assuming that the gluon

had a smooth analytical behaviour with the property that g(x) ! 0 as x ! 1. In order to

satisfy these requirements we choose the following ansatz for the conventional gluon PDF,

xg(x, µ
2

0
) = C xg

global(x, µ
2

0
) + (1 � C) xg

new(x, µ
2

0
) (4)

with C =
x
2

x2 + x2

0

, (5)

and where xg
global is the value of the gluon PDF obtained in a global PDF analysis. The

simplest low x form for the gluon would be

xg
new(x, µ

2

0
) = nN0 (1 � x) x

��
, (6)

2This would require knowledge of the 2-loop hard scattering coe�cient function.
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which will be used in the present note to extract the behaviour of the gluon in the low x region

(x < 10�3) from the exclusive J/ LHCb data [23] (as well as HERA photoproduction data

that lie in this region).

As was shown in [19], after the kt < Q0 subtraction the quark contribution to this process

is negligibly small in this x region. Thus we determine just the gluon PDF and use the quark

PDF from the existing global fits.

Of course, at the moment, global PDF analyses are performed to NNLO accuracy. However,

as a first step, we start fitting the J/ data at NLO. In the future this approach can be extended

to NNLO.2

The outline of the paper is as follows. In Section 2 we describe the ansatz that we will use

to parametrize the NLO gluon PDF in the collinear factorization scheme in the low x domain,

x < 0.001. In Section 3, after a brief discussion of the exclusive J/ data, we describe how

we determine the low x gluon directly from the data. In Section 4, we compare the results

we find for the low x gluon with those obtained by reweighting the NNPDF gluon using the

D-meson LHCb data. Finally, in Section 5, we provide a reweighting of the NNPDF3.0 gluon

via the exclusive J/ data and compare and contrast this with the gluon obtained from the

above alternative approaches. Our conclusions are briefly summarized in Section 6.

2 Ansatz for the low x gluon

It was demonstrated in [19] that the di↵ractive J/ cross section is driven by the Generalised

Parton Distributions, GPD(X + ⇠, X � ⇠), of the gluon with X ' ⇠, see Fig. 1. That is, to

describe the LHCb data, we e↵ectively need the gluon in the region of low x ' X + ⇠ only. So

it is su�cient to parametrize the gluon in the region x < 10�3. On the other hand the Shuvaev

transform, that relates the GPD to the conventional collinear gluon PDF, includes an integral

over the whole x < 1 interval. Moreover, the transform was derived assuming that the gluon

had a smooth analytical behaviour with the property that g(x) ! 0 as x ! 1. In order to

satisfy these requirements we choose the following ansatz for the conventional gluon PDF,

xg(x, µ
2

0
) = C xg

global(x, µ
2

0
) + (1 � C) xg

new(x, µ
2

0
) (4)

with C =
x
2

x2 + x2

0

, (5)

and where xg
global is the value of the gluon PDF obtained in a global PDF analysis. The

simplest low x form for the gluon would be

xg
new(x, µ

2

0
) = nN0 (1 � x) x

��
, (6)

2This would require knowledge of the 2-loop hard scattering coe�cient function.
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• Constraints on xgp(x,µ) for 3×10-6 < x<10-3, 
no signs of saturation.
Shown LHCb data: Aaij et al [LHCb], J. Phys. G41 (2014) 055002 
and JHEP 1810 (2018) 167.
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l There is continuing interest in UPCs at the LHC and RHIC to obtain new 
constraints on proton and nucleus PDFs and on the small-x dynamics of QCD. 

l The data challenges both collinear factorization and dipole model frameworks.  

l Strong nuclear suppression of coherent J/𝜓 photoproduction in Pb-Pb UPC → 
large gluon shadowing at small x, qq̄g dipoles, or a sign of saturation in nuclei → 
important to test in ϒ photoproduction, where theory predictions are cleaner. 

l J/𝜓 photoproduction in pp UPCs constrains gp(x,Q2) down to x~10-6.  

l Extraction of nuclear PDFs is feasible using ratios of AA/pp UPCs cross 
sections, where strong scale dependence, modeling of GPDs, and relativistic 
corrections partially cancel. 

l The outstanding challenges are the consistent treatment of J/psi vertex in 
NRQCD (qq̄ and qq̄g distribution amplitudes) and taming of small-𝜉 behavior of 
NLO coefficient functions. 

l I didn’t have time to cover t-dependence and incoherent J/𝜓 photoproduction in 
Pb-Pb UPCs → complement. constraints on shadowing in LT and dipole pictures.

Summary and Outlook


