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Dijet photoproduction in QCD 
• All information on jet photoproduction comes from ep scattering at HERA, Newman, Wing, 
Rev. Mod. Phys. 86 (2014) 3, 1037; Butterworth, Wing, Rept. Prog. Phys. 68 (2005) 2773; Klein, Yoshida, Prog. Part. Nucl. 
Phys. 61 (2008) 343 + prelim. data on Pb-Pb UPCs@LHC, ATLAS-CONF-2017-011, ATLAS-CONF-2022-021
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bution to the proton structure, F2. These results are
reviewed in detail elsewhere (Klein and Yoshida, 2008;
Perez and Rizvi, 2013). Measurements of photoproduc-
tion are also sensitive to the structure of the photon and
the data can in principle be used in fits to constrain the
parton densities in the photon. A more detailed review of
photoproduction and its constraints on photon structure
can also be found elsewhere (Butterworth and Wing,
2005); however, new results since that review are dis-
cussed here.

A. Perturbative QCD Theory of the Hadronic Final State

A brief description of perturbative QCD related to
the hadronic final state is given in this section. Fuller
accounts can be found elsewhere (Brock et al., 1995;
Dissertori et al., 2003; Ellis et al., 1996).
Given that the lowest-order DIS process, a quark-

parton model (QPM) event (see Fig. 1), contains a scat-
tered electron recoiling against a jet, it may seem trivial
to describe jet cross sections in DIS. However, once the
sizeable phase space for parton radiation is considered in
the context of the wide range of possible jet algorithms,
the situation becomes far more subtle. Jet cross sections
are generally presented in the Breit frame (Feynman,
1972; Streng et al., 1979) in which the exchanged vir-
tual boson is purely space-like, with 3-momentum q =
(0, 0, Q), and is collinear with the incoming parton, such
that QPM events do not contribute at large transverse
energies. Therefore leading-order (LO) QCD processes,
Fig. 8, dominate jet cross sections in DIS.
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FIG. 8 Illustrations of the (a) boson–gluon-fusion and (b)
u-channel QCD Compton processes. Along with s-channel
QCD Compton scattering, these are the LO QCD processes in
DIS and direct photoproduction, i.e. the lowest-order process
involving at least one power (or vertex) of αs.

From the diagrams, it can be seen that the boson–
gluon-fusion process is related to the gluon density in the
proton. This is dominant at low Q2, where low-x partons
are most important, whereas the QCD Compton process
becomes more important with increasing Q2 since it is

related to the quark density in the proton. Measurements
of jet cross sections are therefore sensitive to the strong
coupling constant, αs. When combined with inclusive
DIS cross-section measurements, they allow its precise
extraction simultaneously with the parton densities in
the proton, as discussed in Section III.C. This can be
seen from a general schematic formula for perturbative
QCD calculations of DIS jet processes :

dσep→e+jets+X =
∑

a

∫ 1

0
dσ̂ea→cd(x,αs(µR), µF , µR)

fa/P (x, µF ) dx , (1)

where the sum is over the possible partons, a, in the pro-
ton given by the parton density function (PDF), fa/P .
The factorisation and renormalisation scales are denoted
by µF and µR and may be given by

√
Q2, the jet trans-

verse energy, or a combination of the two. The short-
distance cross section, dσ̂ea→cd, depends on x, the strong
coupling, αs, µF and µR.
In photoproduction, where the electron escapes detec-

tion and continues down the beam-pipe, the virtuality,
Q2, is low and the hard scale is given instead by the
transverse energy of the jets. The diagrams shown in
Fig. 8 also apply to the LO direct jet photoproduction
process where direct-photon events are classified as those
in which all of the photon’s momentum participates in the
hard interaction. Equation 1 is modified to the general
formula :

dσep→e+jets+X =
∑

a

∫ 1

0
dσ̂γa→cd(x,αs(µR), µF , µR)

fγ/e fa/P (x, µF ) dx , (2)

where the term fγ/e represents the probability of the elec-
tron radiating a photon and is given by the Weizsäcker-
Williams formula (Frixione et al., 1993; von Weizsacker,
1934; Williams, 1934). Another class of events, resolved-
photon processes, also contribute to the photoproduc-
tion cross section. At LO, such processes are classified as
those in which only a fraction of the photon’s momentum
participates in the hard interaction. For such events, the
photon can be considered as developing a structure, the
parton densities of which are probed by the hard scale
of the interaction. This means that the ep collision can
be viewed as a hadron–hadron collision in which partons
from both the photon and the proton participate in the
hard process. Therefore many extra diagrams contribute
in LO QCD to the photoproduction cross section; an ex-
ample is shown in Fig. 9, in which a quark from the
photon collides with a gluon from the proton.
A general schematic formula for perturbative QCD cal-

culations of photoproduction processes is given by :
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dσep→e+jets+X =
∑

a,b

∫ 1

0
dxγ

∫ 1

0
dxp fγ/e fb/γ(xγ , µFγ) fa/p(xp, µFp) dσ̂ab→cd(xγ , xp,αs(µR), µFγ , µFp, µR) , (3)

where xp and xγ are the longitudinal momentum frac-
tions of the parton a in the proton and the parton b
in the photon, respectively. The term fa/p (fb/γ) repre-
sents the PDFs of partons with flavour a (b) in the proton
(photon). The factorisation scale for the proton (photon)
is denoted by µFp (µFγ), and µR is the renormalisation
scale. The factorisation and renormalisation scales are
often assumed to have the same value in calculations,
although this is not necessarily the case and hence for
generality, they are here treated separately. The term
dσ̂ab→cd is the hard (partonic) cross section. In the
case where parton b is the entire photon, fb/γ(xγ , µFγ)
is δ(1 − xγ) and Eq. 3 describes direct photoproduction
and reduces to Eq. 2.

e
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g

FIG. 9 An example of a LO resolved jet photoproduction
process, containing a hard scattering between a quark from
the photon and a gluon from the proton.

The separation between resolved and direct processes
has more to do with the limitations of our ability to calcu-
late QCD cross sections than with fundamental physics.
The separations are not unique beyond LO. For exam-
ple the LO resolved-photon process in Fig. 9 can also
be considered as a direct-photon process in NLO QCD.
Nevertheless, the labels ‘direct’ and ‘resolved’ are useful
tools for exploring the world of photon physics.
The NLO corrections for the production of two hard

partons at HERA, both in photoproduction and DIS,
were calculated in the 1990s (see below), thereby al-
lowing comparisons with inclusive-jet and dijet measure-
ments, by applying a jet algorithm to the partons in
the final state of an NLO parton-level event generator.
These NLO QCD calculations generally give an accurate
prediction of the normalisation and the shapes of basic
kinematic distributions. However, in order to compare
with observables measurable from the data, corrections
for hadronisation using Monte Carlo models are neces-
sary. A multiplicative hadronisation correction factor is
determined from the ratio of the cross sections at the

hadron and parton levels in the Monte Carlo simula-
tion. As the simulations are only based on LO matrix
elements with parton showering, their applicability is
questionable. However, some level of control over the
procedure can be assured by checking the compatibility
of the dependences on important variables such as jet
transverse energy and angle between the NLO calcula-
tion and the parton level Monte Carlo simulation. For
some event properties and kinematic configurations, the
NLO QCD calculations are not very reliable, due to the
fact that they only allow at most one parton to be radi-
ated in addition to the primary jet pair. Calculations at
the next order, next-to-next-to-leading order (NNLO) in
QCD (Alekhin et al., 2010; Jimenez-Delgado and Reya,
2009; Martin et al., 2009), have been performed for in-
clusive DIS but not with final-state objects such as jets
or heavy quarks present.

In DIS, NLO QCD calculations are avail-
able for the production of jets in neu-
tral current (Catani and Seymour, 1997;
Graudenz, 1997; Mirkes and Zeppenfeld, 1996;
Nagy and Trocsanyi, 2001; Potter, 1999) and charged
current (Mirkes and Zeppenfeld, 1996) processes.
The NLO corrections have also been calculated for
2 → 3 scattering (i.e. three-jet cross sections) in
DIS (Nagy and Trocsanyi, 2001) and can in principle be
extended to photoproduction. Inclusive hadron produc-
tion has also been calculated to NLO (Albino et al., 2005,
2008; de Florian et al., 2007a,b; Kniehl et al., 2000;
Kretzer, 2000), whereas prompt photon production has
been calculated to O(α3) (Gehrmann-De Ridder et al.,
2006a,b, 2000).

In photoproduction, NLO QCD calculations are avail-
able for the production of jets (Aurenche et al.,
2000; Frixione, 1997; Frixione et al., 1996;
Frixione and Ridolfi, 1997; Gordon and Storrow,
1992; Harris and Owens, 1997; Klasen and Kramer,
1997), hadrons (Binnewies et al., 1995; Fontannaz et al.,
2002), and prompt photons (Fontannaz et al., 2001;
Fontannaz and Heinrich, 2004; Gordon and Storrow,
1994; Krawczyk and Zembrzuski, 2001;
Zembrzuski and Krawczyk, 2003).

The above perturbative calculations all require some
choices of input parameters, and also need to be corrected
for hadronisation, which lead to uncertainties in the pre-
dictions. The renormalisation and factorisation scales,
the proton and photon PDFs, the value of αs and, where
appropriate, fragmentation functions all need to be cho-
sen. The uncertainties are usually dominated by varying
the renormalisation scale by a factor of two. However
they vary depending on the phase space and distribution

• Typical leading-order (LO) Feynman graphs: direct-photon and resolved-photon 
contributions. The separation is not unique beyond LO, but is still useful. 

• Main interests in studying dijet photoproduction:


- Cross section is sensitive to quark and gluon structure at the same order. When 
combined DIS cross section, provides additional constraints on the gluon PDF, ZEUS, EPJC 
42 (2005) 1

- Test of QCD factorization and its violation in case of diffractive dijet photoproduction


- Access to photon structure, constraints on the gluon PDF of the photon, which are 
complimentary to those from F2𝛾(x,Q2) in e+e-, Nisius, Phys. Rept. 332 (2000) 165.


- At EIC with nuclear targets, one will be able to probe usual and diffractive nuclear PDFs.


direct-photon resolved-photon
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Inclusive dijet photoproduction in NLO pQCD 
• In photoproduction, jet transverse momentum provides hard scale µR=µF=ET. 


• Typical LO graphs: 

Photon flux in Weizsäcker-Williams approximation Photon PDFs for

resolved photon;

in a=𝛾 case,        
fa/𝛾=𝛿(1-x𝛾) for Born 
and virtual correct.

Proton/
nucleus 
PDFs

2→2 and 2→3

hard parton scattering

cross section

V. GUZEY AND M. KLASEN PHYSICAL REVIEW C 99, 065202 (2019)
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FIG. 1. Typical leading-order Feynman graphs for dijet photo-
production in UPCs of hadrons A and B. Graphs (a) and (b) corre-
spond to the direct and resolved photon contributions, respectively.

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

In this work, we make predictions for the cross section of
inclusive dijet photoproduction in Pb-Pb UPCs at the LHC
using NLO perturbative QCD [45] and nCTEQ15 nPDFs.
We show that our approach provides a good description of
various cross section distributions measured by the ATLAS
Collaboration [38]. Our analysis also shows that the dijet
photoproduction cross section in the considered kinematics is
sensitive to nuclear modifications of the PDFs. As a function
of the momentum fraction xA, the ratio of the cross sections
calculated with nPDFs and in the impulse approximation
behaves similarly to Rg for a given µ and deviates from unity
by 10–20% for the central nCTEQ15 fit. The calculations
using EPPS16 nPDFs and predictions of the leading twist
nuclear shadowing model give similar results. This suggests
that inclusive dijet photoproduction on nuclei can be used to
reduce uncertainties in the determination of nPDFs, which are
currently significant and comparable in size to the magnitude
of the calculated nuclear modifications of the dijet photopro-
duction cross section.

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

II. PHOTOPRODUCTION OF DIJETS IN UPCS
IN NLO PERTURBATIVE QCD

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

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

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

dσ (AB → A + 2 jets + X )

=
∑

a,b

∫ ymax

ymin

dy
∫ 1

0
dxγ

∫ xA,max

xA,min

dxA fγ /A(y) fa/γ (xγ , µ2) fb/B

× (xA, µ2)d σ̂ (ab → jets), (1)

where a, b are parton flavors; fγ /A(y) is the flux of equivalent
photons emitted by ion A, which depends on the photon
light-cone momentum fraction y; fa/γ (xγ , µ2) is the PDF of
the photon, which depends on the momentum fraction xγ and
the factorization scale µ; fb/B(xA, µ2) is the nuclear PDF with
xA being the corresponding parton momentum fraction; and
d σ̂ (ab → jets) is the elementary cross section for production
of two- and three-parton final states emerging as jets in hard
scattering of partons a and b. The sum over a involves quarks
and gluons for the resolved photon contribution and the pho-
ton for the direct photon contribution dominating at xγ ≈ 1.
At LO, the direct photon contribution has support exactly
only at xγ = 1, i.e., fa/γ = δ(1 − xγ ). At NLO, the virtual
and real corrections are calculated with massless quarks in
dimensional regularization, ultraviolet (UV) divergences are
renormalized in the MS scheme, and infrared (IR) divergences
are canceled and factorized into the proton and photon PDFs,
respectively. For the latter, this implies a transformation from
the DISγ into the MS scheme. The integration limits are
determined by the rapidities and transverse momenta of the
produced jets; see Sec. III. Note that Eq. (1) is based on
the clear separation of scales, which characterize the long-
distance electromagnetic interaction and the short-distance
strong interaction. It generalizes the NLO perturbative QCD
formalism of collinear factorization for jet photoproduction
in lepton-proton scattering developed in Refs. [45,47–49],
which successfully described HERA ep data on dijet pho-
toproduction [50]. Hence, Eq. (1) involves universal nuclear
PDFs fb/B(xA, µ2), which can be accessed in a variety of hard
processes involving nuclear targets [33–35], and the universal
photon PDFs fa/γ (xγ , µ2), which are determined by e+e−

data; for a review, see [45]. Hence, the interplay between the
direct and resolved photon contributions in Eq. (1) is also uni-
versal and controlled by the standard µ2 evolution equations
of photon PDFs and the choice of the factorization scheme.

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

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

065202-2

• In framework of collinear factorization of perturbative QCD, the cross section is known 
to next-to-leading order (NLO) accuracy, Aurenche at al. EPJC 17 (2000) 413; Frixione, Ridolfi, NPB 507 
(1997) 315; Klasen, Kramer, Z. Phys. C 76 (1997) 67 
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Figure 1. Di↵ractive production of dijets with invariant mass M12 in direct (left) and resolved
(right) photon-pomeron collisions, leading to the production of one or two additional remnant jets.
The hadronic systems X and Y are separated by the largest rapidity gap in the final state.

proaches to factorization breaking. In Sec. 4 we address the di↵raction on nuclei. We start

by reviewing the theoretical definition of nuclear di↵ractive PDFs and the leading-twist

model of nuclear shadowing, before we make numerical predictions at NLO for di↵rac-

tive dijet photoproduction on various nuclei and discuss again the di↵erent approaches to

factorization breaking. Our conclusions are given in Sec. 5.

2 Analytical approach

At the EIC, like at HERA, electrons e of four-momentum k will collide with protons p of

four-momentum P at a squared center-of-mass system (CMS) energy S = (k + P )2. For

nuclei, the relevant quantity is the squared CMS energy per nucleon and is typically (i.e.

for heavy nuclei) smaller by about a factor of Z�A ≈ 0.4, where Z is the nucleus charge and

A is the number of nucleons. In photoproduction, the virtuality Q2 = −q2 = −(k − k′)2 of

the radiated photon � is small (typically less than Q2
max = 0.01−1 GeV2), and its spectrum

can be described in the improved Weizsäcker-Williams approximation [35]

f��e(y) = ↵

2⇡
�1 + (1 − y)2

y
ln

Q2
max(1 − y)
m2

ey
2

+ 2m2
ey � 1 − ym2

ey
2
− 1

Q2
max
�� . (2.1)

Here, ↵ is the electromagnetic fine structure constant, k′ is the four-momentum of the

scattered electron, y = (qP )�(kP ) is its longitudinal momentum transfer and me its mass.

Di↵ractive processes are characterized by the presence of a large rapidity gap be-

tween the central hadronic system X and the forward-going hadronic system Y with four-

momentum pY , low mass MY (typically a proton that remained intact or a proton plus

low-lying nucleon resonances), small four-momentum transfer t = (P − pY )2, and small

longitudinal momentum transfer xIP = q(P − pY )�(qP ) (see Fig. 1).

In dijet photoproduction, the system X contains (at least) two hard jets with trans-

verse momenta pT1,2, rapidities ⌘1,2 and invariant mass M12, as well as remnant jets from

– 3 –

• This parton-level cross section assumes massless quarks and for comparison with 
data, needs hadronization corrections from Monte Carlo (LO + parton showers), Helenius, 
arXiv:1806.07246 and arXiv:1811.10931; Helenius and Rasmusen, EPJC 79 (2019) 413.

<latexit sha1_base64="4aHJfF5tN9942+uFVt9febKdi+8=">AAACmnicbVFdb9MwFHXC1yhfHTzwAA8W1aRUm9qkYsDL0AoSH+JlSOtWqS7RjeO0ZnYS2Q4iivKj+Cu88W9w0ozBxpUsH59zr3zvuVEuuDa+/8txr12/cfPW1u3enbv37j/obz880VmhKJvRTGRqHoFmgqdsZrgRbJ4rBjIS7DQ6e9vop9+Y0jxLj02Zs6WEVcoTTsFYKuz/iInmKwkem2JiMsx2JxVREn9lRte78+EB0YUMK9iLakx4anBcdvf3sCIrkBLqP8QUJ+fkmNVeOWzeMO7SvIuKPSKLL5NWjsbTRpmeUzFZg6k2TdUe4Kht66KnYdgf+CO/DXwVBB0YoC6Owv5PEme0kCw1VIDWi8DPzbICZTgVrO6RQrMc6Bms2MLCFCTTy6q1tsY7lolxkil77JAt+3dFBVLrUlp3diSYtb6sNeT/tEVhklfLiqd5YVhKNx8lhcB22GZPOOaKUSNKC4AqbnvFdA0 KqLHb7FkTgssjXwUnk1HwYrT/+fng8HVnxxZ6gp4hDwXoJTpEH9ARmiHqPHYOnHfOe/ep+8b96H7apLpOV/MI/RPu8W/Dhck8</latexit>

d�(eA ! e+ 2jets +X) =
X

a,b

Z
dy

Z
dx�

Z
dxAf�/e(y)fa/�(x� , µ

2)fb/A(xA, µ
2)d�̂(ab ! jets)

direct-photon resolved-photon
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Inclusive dijet photoproduction in NLO pQCD(2) 
• Numerical implementation using parton-level Monte Carlo developed by Klasen and 
Kramer, Klasen, Rev. Mod. Phys. 74 (2002) 1221, Klasen, Kramer, Z. Phys. C 72 (1996) 107, Z. Phys. C 76 (1997) 67;  
EPJC 71 (2011) 1774; Klasen, Kleinwort, Kramer, EPJC direct 1 (1998) 1, 1

• Anti-kT jet cone/clustering algorithm (at most 2 partons in a jet) with radius R=0.4.


• Photon PDFs from stand-alone GRV photon PDFs, Gluck, Reya, PRD 60 (1999) 054019.


• Proton/nucleus PDFs from LHAPDF (nCTEQ15, EPPS16).


• Parton momentum fractions are  determined using their hadron-level estimates 
based on measured jet transverse momenta pT1,2 and (pseudo)rapidities η1,2.

TABLE I: Energy configurations of electron-ion colliders considered in this work.

Ee (GeV) EA (TeV)
√
s (GeV)

EIC 21 0.1 92

LHeC 60 2.76 812

HE-LHeC 60 4.93 1,088

FCC 60 19.7 2,174

jets have a lower cut on pT,i !=1 > 4.5 GeV to avoid an enhanced sensitivity to soft radiation

in the calculated cross section [29]; all jets have rapidities |η1,2| < 4. The studied energy

configurations of future electron-ion colliders are summarized in Table I, where Ee and EA

refer to the electron and nucleus beam energies, respectively, and
√
s is the center-of-mass

collision energy per nucleon.

In general, i.e., beyond leading order (LO) perturbative QCD, the light-cone momentum

fractions xγ and xA in Eq. (1) are not directly measurable. Instead one usually introduces

their estimates, which can be defined using the two highest transverse-energy jets,
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γ =
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, (3)

xobs

A =
pT,1eη1 + pT,2eη2

2EA
, (4)

where pT,1,2 and η1,2 are the transverse energies and rapidities of the two jets (pT,1 > pT,2).

Figure 1 summarizes our predictions for the dijet cross section, Eq. (1), as a function

of the dijet average transverse momentum p̄T = (pT,1 + pT,2)/2, the average rapidity η̄ =

(η1+η2)/2, and the momentum fractions xobs
A and xobs

γ . The calculations are performed using

the central value of the nCTEQ15 nPDFs. On a logarithmic y-scale, EPPS16 nPDFs give

indistinguishable results. We find sizable yields in all four considered variables. In particular,

at the EIC the kinematic coverage spans 5 ≤ p̄T ≤ 20 GeV, −2 < η̄ ≤ 3, 0.03 ≤ xobs
γ ≤ 1,

and 0.01 ≤ xobs
A ≤ 1; see also Ref. [20]. Comparing the kinematic reaches of the four

colliders, one can see from the figure that an increase of the collision energy dramatically

expands the kinematic coverage. At the LHeC, HE-LHeC, and FCC, one probes the dijet

cross cross section in the wider ranges of 5 ≤ p̄T ≤ 60 GeV, −2 ≤ η̄ ≤ 4, 10−3 ≤ xobs
γ ≤ 1,

and 10−4 ≤ xobs
A ≤ 1 (LHeC and HE-LHeC), and even 10−5 ≤ xobs

A ≤ 1 (FCC).
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• Assumed pT > 5 GeV (HERA)


• Studied the energy configurations 
corresponding to EIC, LHeC, and FCC →

TABLE I: Energy configurations of electron-ion colliders considered in this work.
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- EIC Kinematic reach: 5 <  pT < 20 GeV, -2 < η < 3, 0.03 < x𝛾obs< 1, 0.01 < xAobs < 1

- Kinematic coverage dramatically expands for LHeC, HE-LHeC, and FCC.
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FIG. 1: NLO QCD predictions for the dijet photoproduction cross section in eA → e+ 2jets +X

electron–nucleus scattering at the EIC, LHeC, HE-LHeC, and FCC as a function of the average

dijet transverse momentum p̄T , the average rapidity η̄, and the momentum fractions xobsA and xobsγ .

The calculation uses nCTEQ15 nPDFs.

To quantify the magnitude of nuclear modifications of the calculated cross section, we

show the ratios of the nuclear cross section, Eq. (1), to the cross section of dijet photopro-

duction on the proton, dσA/(Adσp), in Figs. 2 and 3 in the EIC kinematics and in Figs. 4

and 5 in the LHeC kinematics. The results for the HE-LHeC and FCC closely resemble

those for the LHeC. The cross section ratios are shown as functions of p̄T , η̄, xobs
A , and xobs

γ .

In each bin, the solid lines correspond to the corresponding central value of nPDFs in the

calculation of dσA and dσp; the shaded band shows the theoretical uncertainty, which has

been calculated using 32 nCTEQ15 error PDFs [18] and 40 EPPS16 error PDF sets [19].

In these figures, the results of the calculation using the central value of nPDFs exhibit

6

_ _

A=Pb/Au

• Distributions in dijet average transverse momentum pT =(pT1+pT2)/2, average rapidity η=(η1+η2)/2, 
and observed parton momentum fractions in the photon and nucleus, x𝛾obs and xAobs



Nuclear modifications of dijet cross section
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- Ratio of the dijet cross sections on a nucleus and proton exhibits xA dependence 
similar to that of the ratio of the gluon distributions gA(x,µ2)/[Agp(x,µ2)] with 10-20% 
nuclear modifications.


- Similar behavior with nCTEQ15 and EPPS16 nPDFs.


- Statistical uncertainty of these measurements at EIC is expected to be 1-2% → this 
process can be used to reduce uncertainties of nPDFs (shown by red band).


- Note that the ATLAS UPC data reaches down to xA ~0.005.
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FIG. 2: NLO QCD predictions for the ratio of the cross sections of dijet photoproduction on nuclei

and the proton as a function of p̄T , η̄, xobsA , and xobsγ in the EIC kinematics. The calculation uses

central values of nCTEQ15 nPDFs (solid lines) and 32 sets of error PDFs (shaded band).

a clear nuclear dependence of the presented distributions. At the EIC, the magnitude of

nuclear modifications of the dijet cross section is of the order of 10 − 20% and is compat-

ible to the theoretical uncertainty due to current uncertainties of nCTEQ15 and EPPS16

nPDFs. At the same time, nuclear modifications of dσA/(Adσp) are more pronounced in the

kinematics of LHeC (HE-LHeC, FCC) so that the predicted nuclear suppression of the η̄

and xobs
A distributions is somewhat larger (in the nCTEQ15 case) than the uncertainty band

due to nPDFs.

From the point of view of constraining nPDFs at small x, the distribution in xobs
A

is the most important one. The shape of dσA/(Adσp) repeats that of the ratio of the

nucleus and proton structure functions F2A(x, µ2)/[AF2p(x, µ2)] and parton distributions
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nPDFs. At the same time, nuclear modifications of dσA/(Adσp) are more pronounced in the

kinematics of LHeC (HE-LHeC, FCC) so that the predicted nuclear suppression of the η̄

and xobs
A distributions is somewhat larger (in the nCTEQ15 case) than the uncertainty band

due to nPDFs.

From the point of view of constraining nPDFs at small x, the distribution in xobs
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is the most important one. The shape of dσA/(Adσp) repeats that of the ratio of the
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• Similarly to inclusive case, cross section is known to NLO accuracy Klasen, Kramer, 
Salesch, Z. Phys. C 68, 113 (1995); Klasen, Kramer, Z. Phys. C 72, 107 (1996), Z. Phys. C 76, 67 (1997); Klasen, Rev. Mod. 
Phys. 74, 1221 (2002)
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the diffractive exchange, dominated by the pomeron IP as the lowest-lying Regge trajec-

tory, and from the photon, when the latter does not interact directly with the proton or

nucleus, but first resolves into its partonic constituents. Assuming both QCD and Regge

factorization, the cross section for the reaction e + p → e + 2 jets + X ′ + Y can then be

calculated through

dσ =
∑

a,b

∫
dy

∫
dxγ

∫
dt

∫
dxIP

∫
dzIP fγ/e(y)fa/γ(xγ ,M

2
γ )fIP/p(xIP , t)fb/IP (zIP ,M

2
IP )dσ̂

(n)
ab .

(2.2)

The xIP dependence is parameterized using a flux factor motivated by Regge theory,

fIP/p(xIP , t) = AIP · eBIP t

x2αIP (t)−1
IP

, (2.3)

where the pomeron trajectory is assumed to be linear, αIP (t) = αIP (0) + α′
IP t, and the

parameters BIP and α′
IP
and their uncertainties are obtained from fits to H1 diffractive DIS

data [5]. The longitudinal momentum fractions of the parton a in the photon xγ and of

the parton b in the pomeron zIP can be experimentally determined from the two observed

leading jets through

xobsγ =
pT1 e−η1 + pT2 e−η2

2yEe
and zobsIP =

pT1 eη1 + pT2 eη2

2xIPEp
. (2.4)

Mγ and MIP are the factorization scales at the respective vertices, and dσ̂(n)
ab is the cross

section for the production of an n-parton final state from two initial partons a and b. It

is calculated in NLO in αs(µ) [15–18], as are the PDFs of the photon and the pomeron.

For the former, we use the GRV NLO parametrization, which we transform from the DISγ

to the MS scheme [44]. Our default choice for the diffractive PDFs is H1 2006 Fit B [5],

which includes proton dissociation up to masses of MY < 1.6GeV and is integrated up

to |t| < 1GeV2 and xIP < 0.03. We identify the factorization scales Mγ , MIP and the

renormalization scale µ with the average transverse momentum p̄T = (pT1 + pT2)/2 [24].

3 Diffraction on protons

In this first numerical section, we focus on electron-proton collisions at the EIC with

an electron beam energy of Ee = 21GeV and a proton beam energy of Ep = 100GeV,

which will in the next section also be used as the beam energy per nucleon for electron-

nucleus collisions. We assume detectors that have the same kinematic acceptance as H1 for

diffractive events, i.e. the capability to identify a large rapidity gap and/or a leading proton

in a Roman pot spectrometer. We also allow for proton dissociation up to masses of MY <

1.6GeV, a four-momentum transfer of |t| < 1GeV2 and a longitudinal momentum transfer

of xIP < 0.03. Photoproduction events are assumed to be selected with (anti-)tagged

electrons and photon virtualities up to Q2 < 0.1GeV2, assuming full kinematic coverage

of the longitudinal momentum transfer 0 < y < 1 from the electron to the photon.

Jets are defined with the anti-kT algorithm and a distance parameter R = 1, where at

NLO jets contain at most two partons [45]. Given the limited EIC energy and experience

from HERA, we assume that the detectors can identify jets above relatively low tranverse

– 4 –

• At HERA, diffraction makes up 10-15% of the total DIS cross section, Newman, Wing, Rev. 
Mod. Phys. 86 (2014) 1037 (2014) → expected to be significant also at EIC.  

• Diffractive dijet photoproduction:
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Figure 1. Diffractive production of dijets with invariant mass M12 in direct (left) and resolved
(right) photon-pomeron collisions, leading to the production of one or two additional remnant jets.
The hadronic systems X and Y are separated by the largest rapidity gap in the final state.

factorization breaking. In Section 4 we address the diffraction on nuclei. We start by re-

viewing the theoretical definition of nuclear diffractive PDFs and the leading-twist model of

nuclear shadowing, before we make numerical predictions at NLO for diffractive dijet pho-

toproduction on various nuclei and discuss again the different approaches to factorization

breaking. Our conclusions are given in section 5.

2 Analytical approach

At the EIC, like at HERA, electrons e of four-momentum k will collide with protons p of

four-momentum P at a squared center-of-mass system (CMS) energy S = (k + P )2. For

nuclei, the relevant quantity is the squared CMS energy per nucleon and is typically (i.e.

for heavy nuclei) smaller by about a factor of Z/A ≈ 0.4, where Z is the nucleus charge and

A is the number of nucleons. In photoproduction, the virtuality Q2 = −q2 = −(k− k′)2 of

the radiated photon γ is small (typically less than Q2
max = 0.01−1GeV2), and its spectrum

can be described in the improved Weizsäcker-Williams approximation [43]

fγ/e(y) =
α

2π

[
1 + (1− y)2

y
ln

Q2
max(1− y)

m2
ey

2
+ 2m2

ey

(
1− y

m2
ey

2
− 1

Q2
max

)]
. (2.1)

Here, α is the electromagnetic fine structure constant, k′ is the four-momentum of the

scattered electron, y = (qP )/(kP ) is its longitudinal momentum transfer and me its mass.

Diffractive processes are characterized by the presence of a large rapidity gap be-

tween the central hadronic system X and the forward-going hadronic system Y with four-

momentum pY , low mass MY (typically a proton that remained intact or a proton plus

low-lying nucleon resonances), small four-momentum transfer t = (P − pY )2, and small

longitudinal momentum transfer xIP = q(P − pY )/(qP ) (see figure 1).

In dijet photoproduction, the system X contains (at least) two hard jets with trans-

verse momenta pT1,2, rapidities η1,2 and invariant mass M12, as well as remnant jets from

– 3 –

direct-photon resolved-photon

Characterized by large rapidity gap 
between the forward proton (excitation 
Y) and the rest of hadronic activity X.

Photon flux in Weizsäcker-
Williams approximation Photon PDFs for


resolved photon;

in a=𝛾 case, fa/𝛾=𝛿(1-x𝛾)

“Pomeron” flux motivated 
by Regge theory:
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the diffractive exchange, dominated by the pomeron IP as the lowest-lying Regge trajec-

tory, and from the photon, when the latter does not interact directly with the proton or

nucleus, but first resolves into its partonic constituents. Assuming both QCD and Regge

factorization, the cross section for the reaction e + p → e + 2 jets + X ′ + Y can then be

calculated through

dσ =
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a,b

∫
dy
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2
γ )fIP/p(xIP , t)fb/IP (zIP ,M
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(n)
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(2.2)

The xIP dependence is parameterized using a flux factor motivated by Regge theory,

fIP/p(xIP , t) = AIP · eBIP t

x2αIP (t)−1
IP

, (2.3)

where the pomeron trajectory is assumed to be linear, αIP (t) = αIP (0) + α′
IP t, and the

parameters BIP and α′
IP
and their uncertainties are obtained from fits to H1 diffractive DIS

data [5]. The longitudinal momentum fractions of the parton a in the photon xγ and of

the parton b in the pomeron zIP can be experimentally determined from the two observed

leading jets through

xobsγ =
pT1 e−η1 + pT2 e−η2

2yEe
and zobsIP =

pT1 eη1 + pT2 eη2

2xIPEp
. (2.4)

Mγ and MIP are the factorization scales at the respective vertices, and dσ̂(n)
ab is the cross

section for the production of an n-parton final state from two initial partons a and b. It

is calculated in NLO in αs(µ) [15–18], as are the PDFs of the photon and the pomeron.

For the former, we use the GRV NLO parametrization, which we transform from the DISγ

to the MS scheme [44]. Our default choice for the diffractive PDFs is H1 2006 Fit B [5],

which includes proton dissociation up to masses of MY < 1.6GeV and is integrated up

to |t| < 1GeV2 and xIP < 0.03. We identify the factorization scales Mγ , MIP and the

renormalization scale µ with the average transverse momentum p̄T = (pT1 + pT2)/2 [24].

3 Diffraction on protons

In this first numerical section, we focus on electron-proton collisions at the EIC with

an electron beam energy of Ee = 21GeV and a proton beam energy of Ep = 100GeV,

which will in the next section also be used as the beam energy per nucleon for electron-

nucleus collisions. We assume detectors that have the same kinematic acceptance as H1 for

diffractive events, i.e. the capability to identify a large rapidity gap and/or a leading proton

in a Roman pot spectrometer. We also allow for proton dissociation up to masses of MY <

1.6GeV, a four-momentum transfer of |t| < 1GeV2 and a longitudinal momentum transfer

of xIP < 0.03. Photoproduction events are assumed to be selected with (anti-)tagged

electrons and photon virtualities up to Q2 < 0.1GeV2, assuming full kinematic coverage

of the longitudinal momentum transfer 0 < y < 1 from the electron to the photon.

Jets are defined with the anti-kT algorithm and a distance parameter R = 1, where at

NLO jets contain at most two partons [45]. Given the limited EIC energy and experience

from HERA, we assume that the detectors can identify jets above relatively low tranverse
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•  QCD factorization theorem for diffraction, Collins, PRD 57, 3051 (1998); 
PRD 61, 019902 (2000) → universal diffractive parton distributions.


• Have been extracted from HERA data using global QCD fits, Aktas 
at al. [H1 Coll.], EPJ C48, 715 (2006) and EPJC 48, 749 (2006); Chekanov at al. [ZEUS Coll.], 
NPB 831, 1 (2010)

Di↵ractive Scattering

Di↵ractive scattering has made a spectacular comeback with the observation of an unex-
pectedly large cross section for di↵ractive events at the HERA ep collider. At HERA,
hard di↵ractive events, e(k) +N(p) ! e

0(k0) +N(p0) +X, were observed where the proton
remained intact and the highly virtual photon fragmented into a final state X that was sep-
arated from the scattered proton by a large rapidity gap without any particles. These events
are indicative of a color neutral exchange in the t-channel between the virtual photon and
the proton over several units in rapidity. This color singlet exchange has historically been
called the Pomeron, which had a specific interpretation in Regge theory. An illustration of
a hard di↵ractive event is shown in Fig. 3.2.

k

k'

p'
p

q

gap

Mx

Figure 3.2: Kinematic quantities for the de-
scription of a di↵ractive event.

The kinematic variables are similar to
those for DIS with the following additions:

t = (p� p
0)2 is the square of the momentum

transfer at the hadronic vertex. The
variable t here is identical to the one
used in exclusive processes and gen-
eralised parton distributions (see the
Sidebar on page 42).

M2
X = (p� p

0 + k � k
0)2 is the squared

mass of the di↵ractive final state.

⌘ = � ln(tan(✓/2)) is the pseudorapidity of
a particle whose momentum has a rel-
ative angle ✓ to the proton beam axis.
For ultrarelativistic particles the pseu-
dorapidity is equal to the rapidity, ⌘ ⇠

y = 1/2 ln((E + pL)/(E + pL)).

At HERA gaps of several units in rapidity have been observed. One finds that roughly
15% of the deep inelastic cross section corresponds to hard di↵ractive events with invariant
masses MX > 3GeV. The remarkable nature of this result is transparent in the proton
rest frame: a 50TeV electron slams into the proton and ⇡ 15% of the time, the proton is
una↵ected, even though the virtual photon imparts a high momentum transfer on a quark
or antiquark in the target. A crucial question in di↵raction is the nature of the color neutral
exchange between the proton and the virtual photon. This interaction probes, in a novel
fashion, the nature of confining interactions within hadrons.

The cross section can be formulated analogously to inclusive DIS by defining the di↵rac-
tive structure functions FD

2 and F
D
L as

d
4
�

dxB dQ2 dM2
X dt

=
4⇡↵2

Q6
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2
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�
.

In practice, detector specifics may limit the measurements of di↵ractive events to those
where the outgoing proton (nucleus) is not tagged, requiring instead a large rapidity gap
�⌘ in the detector. t can then only be measured for particular final states X, e.g. for J/ 
mesons, whose momentum can be reconstructed very precisely.

61

• Universality has been successfully tested in diffractive dijet and open charm product 
in DIS, Aktas at al. [H1 Coll.], JHEP 10, 042 (2007); EPJ C 71, 549 (2010); EPJ C 50, 1 (2007); Chekanov et al. [ZEUS 
Coll.], EPJ C 52, 813 (2007); Chekanov at al. [ZEUS Coll.], NPB 831, 1 (2010)

• At the same time, NLO pQCD QCD overestimates cross sections of diffractive dijet 
photoproduction at HERA by factor 2→ factorization breaking, Aktas at al. [H1 Coll.], EPJ C 71, 
549 (2007); Aaron et al. [H1 Coll.], EPJ C 70, 15 (2010); Andreev et al. [H1 Coll.], JHEP 05, 056 (2015); Chekanov at al. 
[ZEUS Coll.], EPJ C 55, 177 (2008).

• Mechanism of factorization breaking remains unknown: 

- global suppression factor R ≈ 0.5


- suppression of only the resolved photon contribution by R ≈ 
0.34 as expected in hadron-hadron scattering, Kaidalov, Khoze, 
Martin, Ryskin, PLB 567, 61 (2003); Klasen, Kramer,  EPJ C 70, 91 (2010), 

- a flavor-dependent combination of these mechanisms, 
Guzey, Klasen, EPJ C 76, 467 (2016) 
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FIG. 4: Differential cross sections for diffractive dijet photoproduction as measured by H1 with low-

Ejet
T cuts and compared to NLO QCD with global, resolved, and resolved/direct-IS suppression.

Note that some of the theoretical predictions coincide with the experimental values.

experimental data. Of course, since the ‘H1 2006 fit A’ PDFs have a larger gluon component

at large z, the cross sections are larger and therefore need a larger suppression of R = 0.32.

Note that in the published low-Ejet
T H1 analysis as well as in the comparison presented here

the contribution from the largest zobsIP -bin has been removed from all other distributions.

From Figs. 5a and b we conclude that the dependence on the chosen DPDFs is then weaker,
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• Cross section as a function of the average transverse momentum pT = (pT1+pT2)/2, 
proton momentum fraction loss xP, parton momentum fractions in the photon and 
Pomeron in terms of their observed hadronic estimators:
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the diffractive exchange, dominated by the pomeron IP as the lowest-lying Regge trajec-

tory, and from the photon, when the latter does not interact directly with the proton or

nucleus, but first resolves into its partonic constituents. Assuming both QCD and Regge

factorization, the cross section for the reaction e + p → e + 2 jets + X ′ + Y can then be

calculated through

dσ =
∑

a,b

∫
dy

∫
dxγ

∫
dt

∫
dxIP

∫
dzIP fγ/e(y)fa/γ(xγ ,M

2
γ )fIP/p(xIP , t)fb/IP (zIP ,M

2
IP )dσ̂

(n)
ab .

(2.2)

The xIP dependence is parameterized using a flux factor motivated by Regge theory,

fIP/p(xIP , t) = AIP · eBIP t

x2αIP (t)−1
IP

, (2.3)

where the pomeron trajectory is assumed to be linear, αIP (t) = αIP (0) + α′
IP t, and the

parameters BIP and α′
IP
and their uncertainties are obtained from fits to H1 diffractive DIS

data [5]. The longitudinal momentum fractions of the parton a in the photon xγ and of

the parton b in the pomeron zIP can be experimentally determined from the two observed

leading jets through

xobsγ =
pT1 e−η1 + pT2 e−η2

2yEe
and zobsIP =

pT1 eη1 + pT2 eη2

2xIPEp
. (2.4)

Mγ and MIP are the factorization scales at the respective vertices, and dσ̂(n)
ab is the cross

section for the production of an n-parton final state from two initial partons a and b. It

is calculated in NLO in αs(µ) [15–18], as are the PDFs of the photon and the pomeron.

For the former, we use the GRV NLO parametrization, which we transform from the DISγ

to the MS scheme [44]. Our default choice for the diffractive PDFs is H1 2006 Fit B [5],

which includes proton dissociation up to masses of MY < 1.6GeV and is integrated up

to |t| < 1GeV2 and xIP < 0.03. We identify the factorization scales Mγ , MIP and the

renormalization scale µ with the average transverse momentum p̄T = (pT1 + pT2)/2 [24].

3 Diffraction on protons

In this first numerical section, we focus on electron-proton collisions at the EIC with

an electron beam energy of Ee = 21GeV and a proton beam energy of Ep = 100GeV,

which will in the next section also be used as the beam energy per nucleon for electron-

nucleus collisions. We assume detectors that have the same kinematic acceptance as H1 for

diffractive events, i.e. the capability to identify a large rapidity gap and/or a leading proton

in a Roman pot spectrometer. We also allow for proton dissociation up to masses of MY <

1.6GeV, a four-momentum transfer of |t| < 1GeV2 and a longitudinal momentum transfer

of xIP < 0.03. Photoproduction events are assumed to be selected with (anti-)tagged

electrons and photon virtualities up to Q2 < 0.1GeV2, assuming full kinematic coverage

of the longitudinal momentum transfer 0 < y < 1 from the electron to the photon.

Jets are defined with the anti-kT algorithm and a distance parameter R = 1, where at

NLO jets contain at most two partons [45]. Given the limited EIC energy and experience

from HERA, we assume that the detectors can identify jets above relatively low tranverse

– 4 –

• Jets using the anti-kT formalism with distance parameter R=1. 


• Using HERA experience, assume pT1 > 5 GeV and pT2 > 4.5 GeV → will require 
good resolution of hadronic jet energy and subtraction of underlying event to avoid 
large hadronization corrections.


• Generic cuts: 0 < y < 1, Q2 < 0.1 GeV2, |t| < 1 GeV2, MY < 1.6 GeV and -4 < η1,2 < 4.


• Two scenarios: default with xP < 0.03 (Pomeron) and extended with xP < 0.1 
(Pomeron+Reggeon) to access sub-leading Reggeon contribution.


• The base configuration is Ee=21 GeV and Ep=100 GeV (√s ~ 92 GeV). To extend 
the kinematic coverage and study factorization breaking, we also used Ee=18 GeV 
and Ep=275 GeV (√s ~ 141 GeV). 

—
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Figure 2. NLO QCD cross sections for diffractive dijet photoproduction at the EIC in our default
set-up. Shown are distributions in the jet average transverse momentum (top left) as well as the
(observed) longitudinal momentum fractions of the photon (top right), the pomeron (bottom left)
and the partons in the pomeron (bottom right). In addition to the total cross section (full black) we
also show the contributions from gluons in the pomeron (dashed blue) and direct photons (dotted
green curves).

energies of pT1 > 5GeV (leading jet) and pT2 > 4.5GeV (subleading jet). This will,

however, require a good resolution of the hadronic jet energy scale and subtraction of the

underlying event. The latter will also be important to avoid large hadronization corrections

of the partons, which are particularly prominent at large xγ and have so far obscured the

interpretation of the observed factorization breaking. Note also that asymmetric jet pT cuts

allow one to avoid an enhanced sensitivity to soft radiation [46]. Rapidities are a priori

accepted in the range η1,2 ∈ [−4; 4]. We find, however, that in diffractive photoproduction

most jets are central and have an average rapidity η̄ = (η1 + η2)/2 ∈ [−1.5; 0]. This range

is enlarged to [−1.5; 1] at higher proton beam energy or for a larger range in xIP , see below.

3.1 NLO QCD predictions for the EIC

In figure 1 we show our NLO QCD cross sections for diffractive dijet photoproduction at

the EIC in this default set-up, i.e. at a CMS energy of 92GeV. The distribution in the

– 5 –

• Main features:

- pT coverage up to 8 GeV

- dominated by direct photon contribution and large x𝛾 > 0.5 → challenging to address 
factorization breaking

- dominated by large xP and zP → probes mostly diffractive gluon density. 

—
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Figure 7. Differential diffractive dijet photoproduction cross sections for collisions of 18GeV
electrons with 275GeV protons at a CMS energy of

√
S = 141GeV (dotted green) compared to

our default cross sections for 21GeV electrons with 100GeV protons at a CMS of 92GeV (full
black curves).

3.7 Factorization breaking

Factorization breaking in diffractive dijet photoproduction is a result of soft inelastic pho-

ton interactions with the proton, which populate and thus partially destroy the final-state

rapidity gap. This effect is usually described in the literature by a rapidity gap survival fac-

tor S2 ≤ 1. Since the magnitude of S2 decreases with an increase of the interaction strength

between the probe and the target, the pattern of the factorization breaking can be related

to various components of the photon [50]. In the laboratory reference frame, the high-

energy photon interacts with hadronic targets by fluctuating into various configurations

(components) interacting with the target with different cross sections. These fluctuations

contain both weakly-interacting (the so-called point-like) components and the components

interacting with large cross sections, which are of the order of the vector meson-proton cross

sections. This general space-time picture of photon-hadron interactions at high energies

is usually realized in the framework of such approaches as the vector meson dominance

(VMD) model and its generalizations [51] or the color dipole model [52, 53]. It is also

used in the language of collinear factorization, where the photon structure function and

– 11 –

• Main features:

- pT coverage up to 12 GeV

- extended coverage in other variables: 0.2 < x𝛾 < 1, 0.2 < zP < 1

- cross section now larger by 1-2 orders of magnitude → increased statistics and precision!



NLO QCD predictions for EIC: extended xP < 0.1
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• Main features:

- pT coverage is now up to 14 GeV → more advantageous than increasing √s !

- photon momentum fraction down to x𝛾 > 0.1 → resolved photon also contributes


- 10-35% contribution of sub-leading Reggeon trajectory for xP > 0.06.
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Figure 6. Same as figure 2, but now with an extended range in xIP < 0.1. In addition, also the
contribution from the subleading reggeon is shown (dot-dashed red curves).

in Fit A and — up to the small-zIP exponential term — constant in Fit B. More precisely,

both the gluon and singlet quark densities are parametrized at the starting scale as

zIP fi(zIP , Q
2
0) = Aiz

Bi
IP (1− zIP )

Ci , i = g, q, (3.1)

where Cg = −0.95±0.20 in Fit A and Cg is fixed to 0 in Fit B. Attempts have subsequently

been made to reduce this uncertainty by adding to the inclusive data also jet production

data as in H1 2007 Fit Jets (not used) [6] and ZEUS 2009 Fit SJ [7]. The former uses

again Q2
0 = 2.5GeV2 and results in Cg = 0.91 ± 0.18, the latter uses Q2

0 = 1.8GeV2 and

results in the smallest uncertainty on Cg = −0.725 ± 0.082. Note, however, that Cg is

intimately linked to the other parameters in the gluon and quark singlet fits, including the

pomeron flux factor, so that they cannot be directly compared. What one can observe

from figure 5 is that the predictions based on H1 2006 Fit A rise indeed much more steeply

as zIP → 1 and that H1 2006 Fit B, 2007 Fit Jets (not shown) and ZEUS 2009 Fit SJ give

comparable results.

3.5 Range in xIP and reggeon contribution

The observations of the rather limited range in transverse momentum and the overwhelming

importance of the direct photon contribution, that leaves little hope for resolving the

– 9 –
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Figure 7. Di↵erential di↵ractive dijet photoproduction cross sections for collisions of 18 GeV
electrons with 275 GeV protons at a CMS energy of

√
S = 141 GeV (dotted green) compared to our

default cross sections for 21 GeV electrons with 100 GeV protons at a CMS of 92 GeV (full black
curves).

Furthermore, the PDFs in the pomeron can now be probed in the entire range of zIP from

0.1 to 1 (bottom right). The increase also seems to be su�ciently large, as the distribution

in xIP is no longer peaked at the cut, but around 0.06 (bottom left). This is important since

the contribution from the subleading reggeon trajectory increases from less than about 2%

at xIP ≤ 0.03 to 10 − 35% at xIP ≥ 0.06 − 0.10. In fact, to obtain a good description of the

HERA di↵ractive DIS data, H1 and ZEUS include an additional sub-leading exchange (IR),

which has a lower trajectory intercept than the pomeron and which contributes significantly

only at large xIP and low zIP . This contribution is assumed to factorize in the same way

as the pomeron term, such that the di↵ractive PDFs take the form

fD
i�p(x,Q2, xIP , t) = fIP �p(xIP , t) ⋅ fi�IP (zIP ,Q2) + nIR ⋅ fIR�p(xIP , t) ⋅ fi�IR(zIP ,Q2) . (3.2)

The flux factor fIR�p takes the form of Eq. (2.3), normalised via a parameter AIR in the

same manner as for the pomeron contribution and with fixed parameters ↵IR(0), ↵′IR and

BIR obtained from other H1 and ZEUS measurements [5–7]. The parton densities fi�IR of

the sub-leading exchange are taken from fits to pion structure function data. We choose

the GRV NLO parametrization [40]. Other pion PDFs give similar results [5].

– 10 –
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Figure 5. Same as Figure 2, but comparing our NLO QCD predictions using three different sets of
diffractive PDFs: H1 2006 Fit B (full black), Fit A (dotted green), and ZEUS 2009 Fit SJ (dashed
blue curves). Since the latter have been determined from leading protons, i.e. without dissociation
contributions, they must be rescaled by a factor of 1.23.

relative increase of the rather constant gluon vs. the falling quark singlet density at large

zobs.IP , as shown in figure 11 of ref. [5].

3.4 Dependence on diffractive PDFs

More important than the evolution of the diffractive PDFs, which should in principle be

predictable from perturbative QCD, is the zIP dependence itself, which must be determined

from experimental data and which is therefore, despite the considerable progress at HERA,

still subject to large uncertainties. In figure 5 we therefore compare our NLO QCD pre-

dictions for the EIC using three different fits of the pomeron PDFs to diffractive DIS at

HERA: our standard prediction with the frequently used H1 2006 Fit B (full black), the ac-

companying Fit A (dotted green) [5], and ZEUS 2009 Fit SJ (dashed blue curves) [7]. Since

the latter has been obtained from leading protons, i.e. without dissociation contributions,

the corresponding cross sections must be and have been multiplied by a factor of 1.23. The

main differences between H1 2006 Fits A and B are the starting scales Q2
0 = 1.75GeV2

and 2.5GeV2, respectively, and the gluon parametrization at large zIP , which is singular

– 8 –

- H1 Fit B and ZEUS SJ give similar predictions.

- Fit A predicts larger cross section due to larger diffractive gluon density at large zP.
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• Main features:

- Most promising observable is x𝛾 dependence → need wide coverage and high 
precision since the cross section drops.

- The rest of distributions differ mostly in normalization.
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Figure 8. Comparison of factorization breaking schemes in diffractive dijet photoproduction at the
EIC for collisions of electrons with energy 18GeV and protons of energy 275GeV. Shown are NLO
QCD predictions with a global suppression by a factor of 0.5 (full black), suppression of resolved-
photon contributions only by a factor of 0.34 (dotted green) and of an interpolated suppression
factor that depends on the type of parton in the photon and xγ (see text, dashed blue curves).

where i is the parton flavor, Aq = 0.37 and Ag = 0.19 for a hard resolution scale of

pT = 5GeV. Note that the model of eq. (3.3) assumes no factorization breaking in the

charm quark channel since NLO QCD describes well diffractive photoproduction of open

charm in ep scattering (see above).

As one can see from figure 8 (top right), the resolved-only and interpolated schemes

both lead indeed to a suppression at low xobs.γ that is twice as large as in the global sup-

pression scheme. At intermediate values of xobs.γ , the interpolated scheme is instead similar

to global suppression, while for the pointlike region it is again similar to the resolved-only

scheme. Since the distributions fall by two orders of magnitude from xobs.γ = 0.85 to 0.3, the

differential cross section must be represented on a logarithmic scale and measurements at

the EIC will require a high level of precision to distinguish between the different schemes.

This should indeed be possible with the planned luminosities up two orders of magnitude

larger than at HERA [49]. The shape of the p̄T distribution is also known to be sensitive

to different schemes of factorization breaking [24], and this is also true for the global and

– 13 –
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- For nuclear diffractive PDFs, used leading twist model of nuclear shadowing, Frankfurt, 
Guzey, Strikman, Phys Rep 512 (2012) 255

Figure 9. NLO QCD cross sections for coherent di↵ractive dijet photoproduction eA→ e′+2 jets+
X +A with various nuclear beams and a center-of-mass energy per nucleon of

√
S = 92 GeV at the

EIC. The cross sections are shown as functions of the jet average transverse momentum (top left)
and rapidity di↵erence (bottom left) as well as the longitudinal momentum fractions in the photon
(top right) and pomeron (bottom right).

(top left), the jet rapidity di↵erence (bottom left), the observed longitudinal momentum

fractions of partons in the photon (top right) and pomeron (bottom right). As naturally

follows from Eq. (4.2), the shapes of the nuclear cross sections repeat those for the proton

shown in Fig. 2. The free proton di↵ractive PDFs as parameterized in H1 2006 Fit B

[5] have been divided by a factor of 1.23 in order to take into account the fact that here

we have no di↵ractive dissociation contributions, as the heavy nucleus is assumed to stay

intact and no neutrons are assumed to be produced in the ZDC.

4.3 Factorization breaking

As discussed in Sec. 3.7, collinear QCD factorization is violated in di↵ractive dijet photopro-

duction due to soft inelastic interactions with the hadronic target. While the mechanism of

this factorization breaking is not yet established, it is natural to expect that the e↵ect will

be more pronounced for nuclear targets since the gap survival probability is significantly

smaller for nuclei than for the proton. For instance, using the commonly used two-state

– 15 –

4 Di↵raction on heavy nuclei

In the collider mode, it is rather straightforward to measure coherent di↵raction on nuclei

by selecting events with a large rapidity gap and requiring that no neutrons are produced

in the zero-angle calorimeter (ZDC). Practically all events satisfying these requirements

would correspond to coherent di↵raction. However, measurements of the t-dependence

would require the use of Roman pots at unrealistically small distances from the beam [24].

4.1 Nuclear di↵ractive PDFs and nuclear shadowing

Nuclear di↵ractive PDFs are defined similarly to those for nucleons as matrix elements of

well-defined quark and gluon operators between nuclear states with the condition that the

final-state nucleus does not break, carries longitudinal momentum fraction 1−xIP , and that

the four-momentum transfer squared is t.

As in the case of usual nuclear PDFs, nuclear di↵ractive PDFs are subject to nuclear

modifications. In particular, at small x nuclear di↵ractive PDFs are expected to be sup-

pressed compared to the coherent sum of free nucleon di↵ractive PDFs due to nuclear

shadowing. In the model of leading twist nuclear shadowing [24], nuclear di↵ractive PDFs

fD
i�A are obtained by summing a series corresponding to coherent di↵ractive scattering on

one, two, . . . , A nucleons of the nuclear target, which gives in the small-xIP limit

fD
i�A(zIP ,Q2, xIP ) ≈ 16⇡Bdi↵f

D
i�p(zIP ,Q2, xIP )� d2�b �����������

1 − e−A
2
(1−i⌘)�i

soft(x,Q2)TA(b)
(1 − i⌘)�i

soft(x,Q2)
�����������
2

. (4.1)

Here Bdi↵ = 6 GeV−2 is the slope of the t-dependence of the ep → e′Xp di↵erential cross

section and ⌘ = 0.15 is the ratio of the real to imaginary parts of the corresponding scattering

amplitude; TA(b) = ∫ dz⇢A(b, z) is the optical nuclear density, where ⇢A(b, z) is the nuclear
density [47] and b is the transverse position (impact parameter) of the interacting nucleon

in the nucleus; �i
soft is an e↵ective cross section controlling the strength of the interaction

with target nucleons, which can be estimated using models of the hadronic structure of the

virtual photon. One can see from Eq. (4.1) that an account of nuclear shadowing leads in

principle to an explicit violation of Regge factorization for nuclear di↵ractive PDFs.

A numerical analysis of Eq. (4.1) shows [24] that the e↵ect of nuclear shadowing in

most of the kinematics only weakly depends on flavor i, the momentum fractions zIP and

xIP , and the resolution scale Q2. Therefore, to a good approximation, one has the following

relation

fD
i�A(zIP ,Q2, xIP ) ≈ AR(x,A)fD

i�p(zIP ,Q2, xIP ) , (4.2)

where R(x,A) ≈ 0.65 is a weak function of x and A and is calculated using Eq. (4.1).

4.2 NLO QCD predictions for the EIC

Our predictions for the NLO QCD cross sections for coherent di↵ractive dijet photopro-

duction in eA→ e′ +2 jets+X +A scattering with di↵erent nuclear beams (U-238, Au-197,

Cu-63, and C-12) at the EIC in our default set-up with
√
S = 92 GeV are shown in Fig.

9. The cross sections are shown as functions of the jet average transverse momentum
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- Characterized by strong suppression of nuclear diffractive PDFs by factor R=0.65.
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in the zero-angle calorimeter (ZDC). Practically all events satisfying these requirements

would correspond to coherent di↵raction. However, measurements of the t-dependence

would require the use of Roman pots at unrealistically small distances from the beam [24].
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well-defined quark and gluon operators between nuclear states with the condition that the
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section and ⌘ = 0.15 is the ratio of the real to imaginary parts of the corresponding scattering

amplitude; TA(b) = ∫ dz⇢A(b, z) is the optical nuclear density, where ⇢A(b, z) is the nuclear
density [47] and b is the transverse position (impact parameter) of the interacting nucleon

in the nucleus; �i
soft is an e↵ective cross section controlling the strength of the interaction

with target nucleons, which can be estimated using models of the hadronic structure of the

virtual photon. One can see from Eq. (4.1) that an account of nuclear shadowing leads in

principle to an explicit violation of Regge factorization for nuclear di↵ractive PDFs.

A numerical analysis of Eq. (4.1) shows [24] that the e↵ect of nuclear shadowing in

most of the kinematics only weakly depends on flavor i, the momentum fractions zIP and

xIP , and the resolution scale Q2. Therefore, to a good approximation, one has the following

relation

fD
i�A(zIP ,Q2, xIP ) ≈ AR(x,A)fD

i�p(zIP ,Q2, xIP ) , (4.2)

where R(x,A) ≈ 0.65 is a weak function of x and A and is calculated using Eq. (4.1).

4.2 NLO QCD predictions for the EIC

Our predictions for the NLO QCD cross sections for coherent di↵ractive dijet photopro-

duction in eA→ e′ +2 jets+X +A scattering with di↵erent nuclear beams (U-238, Au-197,

Cu-63, and C-12) at the EIC in our default set-up with
√
S = 92 GeV are shown in Fig.

9. The cross sections are shown as functions of the jet average transverse momentum
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- x𝛾 dependence has the potential to distinguish between two used schemes of 
factorization breaking.
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Figure 10. NLO QCD cross sections for coherent diffractive dijet photoproduction eAu → e′ +
2 jets + X + Au at

√
S = 92GeV at the EIC with an extended range in xIP < 0.1. Shown are

distributions in the jet average transverse momentum (top left) as well as the (observed) longitudinal
momentum fractions of the photon (top right), the pomeron (bottom left) and the partons in the
pomeron (bottom right). We compare two different schemes of factorization breaking, i.e. global
suppression by a factor of 0.5 (full black) with only resolved-photon suppression by a factor of 0.04
(dotted green curves).

nents (light/heavy quark-antiquark pairs, VMD contributions) are suppressed. Our second

main result comprises predictions for diffractive dijet photoproduction on nuclei, which

might — perhaps for the first time — give access to nuclear diffractive PDFs. Here, we

made numerical predictions for four different nuclei, ranging from carbon to uranium, as

well as again for different factorization breaking schemes.

As an outlook, let us point out that at HERA also dijet production with leading

neutrons has been studied [56–58]. These processes have been interpreted in terms of virtual

charged-pion exchanges and gave first information on the structure of (virtual) pions at

previously unaccessible values of x [59, 60]. It would be very interesting to continue these

studies at the EIC, also in view of possible factorization breaking in these processes [61],

and perhaps even extend them to dissociation processes in collisions with heavy nuclei.
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• Photoproduction of jets is a standard tool of QCD. Its theory is well-
established in NLO pQCD and compares very well to HERA data.


• Inclusive and diffractive dijet photoproduction at EIC is complimentary to 
inclusive and diffractive DIS@EIC and can help constrain proton and nucleus 
usual and diffractive PDFs.


• At EIC, the diffractive dijet photoproduction cross section is dominated by 
the direct photon contribution and gluon diffractive PDF.


• This process can help to solve the problem of the mechanism/pattern of 
factorization breaking in diffractive DIS: global suppression vs. resolved-only.


• For this, the most promising observable is x𝛾 dependence. To have wide 
coverage in x𝛾, one needs the highest Ep and/or large range in xP with an 
account with the sub-leading Reggeon contribution.


• Inclusive dijet photoproduction in Pb-Pb UPCs has been measured at the 
LHC: our NLO pQCD predictions describe well the preliminary ATLAS data, 
Guzey, Klasen, PRC 99 (2019) 6, 065202


