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• Dijet photoproduction in eA scattering at the EIC provides information on QCD structure of 
nuclei, in particular, nuclear PDFs, which is complimentary to that in eA DIS. This has been 
exploited in ultraperipheral collisions (UPCs) of heavy ions at the LHC. 

• Using NLO pQCD and nCTEQ15 and EPPS16 nPDFs, we calculate the eA → e+2jets+X 
cross section and establish the following kinematic reaches: 5 <  pT < 20 GeV, -2 < η < 3, 
0.03 < x𝛾obs< 1, 0.01 < xAobs < 1. 

• The ratio of the cross sections on a nucleus and the proton exhibits the xAobs  dependence 
similar to that of the ratio of the gluon densities gA(x,µ2)/[Agp(x,µ2)] with 10-20% nuclear 
modifications.
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• NLO pQCD calculations with the following input: 
- f𝛾/e(y) is the photon flux in WW approximation 
- fa/𝛾(x𝛾) is the photon PDF, used GRV HO fit 
- fb/B(xA) is the nuclear PDF, used nCTEQ15 and EPPS16  
- σ (ab → jets) is the hard cross section at NLO 

• Anti-kT jet algorithm with R=0.4 

• Predictions for 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. 
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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
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orders of magnitude smaller than that at the EIC. We then discuss in detail the implica-

tions of future measurements of dijet photoproduction in lepton-nucleus scattering on the

determination of nPDFs.

This work continues and extends the analysis of Ref. [20] by making predictions for high-

energy lepton-nucleus colliders including LHeC, HE-LHeC, and FCC, comparing them to

the case of the EIC, and analyzing relative merits of the four considered colliders.

The remainder of the paper is structured as follows. In Sec. II, we recap the formalism

and the input for the calculation of inclusive dijet photoproduction in NLO perturbative

QCD. Our results and their discussion are presented in Sec. III. A summary of our results

is given in Sec. IV.

II. DIJET PHOTOPRODUCTION IN NEXT-TO-LEADING ORDER QCD

In the framework of collinear factorization and next-to-leading order (NLO) perturbative

QCD [21–25], the cross section of dijet photoproduction in eA → e + 2jets + X electron-

nucleus scattering reads

dσ(eA → e+2jets+X) =
∑

a,b

∫

dy

∫

dxγ

∫

dxAfγ/e(y)fa/γ(xγ , µ
2)fb/B(xA, µ

2)dσ̂(ab → jets) ,

(1)

where a, b are parton flavors; fγ/e(y) is the flux of equivalent photons of the electron, which

depends on the photon light-cone momentum fraction y; fa/γ(xγ, µ2) is the PDF of the pho-

ton for the resolved photon case (see below), which depends on the momentum fraction xγ

and the factorization scale µ; fb/B(xA, µ2) is the nuclear PDF with xA being the correspond-

ing parton momentum fraction; and dσ̂(ab → jets) is the elementary cross section for the

production of two-parton and three-parton final states emerging as jets in hard scattering

of partons a and b.

The dijet cross section in Eq. (1) receives two types of contributions: the resolved photon

contribution, when the photon interacts with target partons through its quark-gluon struc-

ture expressed by fa/γ(xγ , µ2), and the direct photon contribution, when the photon enters

directly the hard scattering cross section dσ̂(ab → jets). At leading-order (LO), the direct

photon contribution has the support exactly at xγ = 1 and fγ/γ(xγ , µ2) = δ(1 − xγ). At

NLO, the separation between the resolved and direct photon contributions depends on the
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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,

xobs

γ =
pT,1e−η1 + pT,2e−η2

2yEe
, (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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NLO QCD predictions for EIC@92 GeV
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- Kinematic reaches: 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
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Nuclear modifications of the dijet cross section
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- Dijet cross section ratio repeats the ratio of the gluon distributions gA(x,µ2)/[Agp(x,µ2)] 

- Similar behavior with nCTEQ15 and EPPS16 nPDFs. 

- Nuclear modifications are 10-20% effect. 

- Statistical uncertainty of these measurements is expected to be 1-2% → this process 
can be used to reduce uncertainties of nPDFs.
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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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