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Using next-to-leading order perturbative QCD, we calculate the diffractive contribution to inclusive dijet
photoproduction in Pb-Pb ultraperipheral collisions (UPCs) at the LHC and find that it does not exceed
5–10% in small-xA bins in the ATLAS kinematics at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. Its smallness is a result of the
restricted kinematics (pT1 > 20 GeV and xA > 0.001), the large nuclear suppression of nuclear diffractive
parton distribution functions predicted in the leading twist model of nuclear shadowing, and additional
suppression due to QCD factorization breaking in diffraction. At the same time, using looser pT cuts,
e.g., pT1 > 10 GeV and pTi≠1 > 5–7 GeV, we find that ðdσdiff=dxAÞ=ðdσinc=dxAÞ can reach 10–20% at
x ≈ 5 × 10−4. Also, applying our framework to proton-proton UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 13 TeV, we find that the
ratio of the diffractive and inclusive cross sections of dijet photoproduction ðdσdiff=dxpÞ=ðdσinc=dxpÞ is as
large as 10–15% for xp ∼ 5 × 10−4. An account of the contribution of Pomeron-Pomeron scattering, which
is not included in our analysis, should make this ratio somewhat larger.

DOI: 10.1103/PhysRevD.104.114013

I. INTRODUCTION

Electroproduction and photoproduction of jets in elec-
tron-hadron scattering at high energies at Hadron-Electron
Ring Accelerator (HERA) has proven to be a useful tool to
study various aspects of the dynamics and structure of
hadrons in quantum chromodynamics (QCD); for reviews,
see Refs. [1–3]. After the closure of HERA and the advent
of the Large-Hadron Collider (LHC), there has been a
growing interest in so-called ultraperipheral collisions
(UPCs) at the LHC allowing one to study photon-proton
and photon-nucleus scattering at previously unattainable
high energies [4–6].
Our study focuses on dijet photoproduction in proton-

proton and heavy-ion UPCs in the LHC kinematics, which
in the latter case had been measured by the ATLAS
collaboration [7,8]. In particular, using the framework of
next-to-leading order (NLO) perturbative QCD applied to
inclusive [9,10] and diffractive [11] dijet photoproduction
in UPCs at the LHC, we quantify the diffractive contribu-
tion to inclusive dijet photoproduction and find that it does
not exceed 5–10% in small-xA bins for the kinematic

distributions studied by ATLAS at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV.
This estimate is relevant for obtaining complementary
constraints on nuclear parton distribution functions
(nPDFs) [12] using the LHC data on inclusive dijet
photoproduction in heavy-ion UPCs in this kinematics
and quantifies the correction factor to the inclusive data due
to the experimentally excluded diffractive contribution; see
also the discussion in [5,13].
At the same time, to enhance the diffractive signal at

small xobsA , one needs to lower pT and/or increase the
invariant collision energy. We demonstrate it by using the
pT1 > 10 GeV and pTi≠1 > 5–7 GeV cut and find that
ðdσdiff=dxAÞ=ðdσinc=dxAÞ ¼ 10 − 20% at x ≈ 5 × 10−4. As
an illustration of the effect of increasing energy, we
consider proton-proton UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 13 TeV and
show that the ratio of the diffractive and inclusive cross
sections of dijet photoproduction can reach 10–15%
for xp ∼ 5 × 10−4.
Note that the ratios of cross sections of diffractive and

inclusive dijet photoproduction turn out to be similar for Pb
and proton targets as a consequence of large nuclear
shadowing suppressing nuclear diffractive PDFs stronger
than usual nPDFs [14] such that their ratio does not show a
strong nuclear dependence.
Our NLO perturbative QCD analysis of dijet photo-

production in UPCs at the LHC extends the leading-order
(LO) analyses of this process in the frameworks of collinear
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factorization [13,15] and PYTHIA Monte Carlo [16,17] and
complements predictions based on the color glass con-
densate and transverse momentum factorization [18]. It can
also be used to stimulate studies of inclusive and diffractive
dijet photoproduction in proton-proton and heavy-ion
UPCs at future HL-LHC and HE-LHC [19,20].

II. CROSS SECTIONS OF INCLUSIVE AND
DIFFRACTIVE DIJET PHOTOPRODUCTION IN

NEXT-TO-LEADING ORDER QCD

Our analysis of cross sections of inclusive and diffractive
dijet photoproduction is based on an analytical approach in
the framework of collinear factorization and next-to-leading
order (NLO) perturbative QCD originally developed in
Refs. [21,22]. In this approach and using the Weizsäcker-
Williams method of equivalent photons [4,5], the cross
section of inclusive dijet photoproduction in UPCs of ions
A (heavy ions, protons) Aþ A → Aþ 2jetsþ X can be
written in the following form:

dσðAþ A → Aþ 2jetsþ XÞ

¼
X
a;b

Z
dy

Z
dxγ

Z
dxAfγ=AðyÞfa=γðxγ; m2

fÞ

× fb=AðxA;m2
fÞdσ̂ðnÞab ; ð1Þ

where a and b are parton flavors with a including also the
photon corresponding to the direct photon contribution;
y, xγ , and xA are longitudinal momentum fractions carried
by photons, partons in the photon, and partons in the target
nucleus (proton), respectively; fγ=AðyÞ is the photon flux
calculated in the equivalent photon approximation;
fa=γðxγ; m2

fÞ and fb=AðxA;m2
fÞ are parton distribution func-

tions (PDFs) of the photon in the resolved photon case and

hadron A, respectively; dσ̂ðnÞab is the cross section for the
production of an n-parton final state from two initial partons
a and b. Following our findings in [9], both photon and
proton PDFs are taken at the equal factorization scale, which
in our analysis is identified with twice the average dijet
transverse momentummf ¼ 2p̄T ¼ pT1 þ pT2. To quantify
the sensitivity of our results to the choice ofmf, we follow the
standard prescription and vary it in the interval ðmf=2; 2mfÞ.
Using the experimentally detected dijet final state, one

can determine hadron-level estimates for the parton
momentum fractions zobsγ and xobsA in the photon and nuclear
target, respectively [7]

zobsγ ¼ mjetsffiffiffiffiffiffiffiffi
sNN

p eyjets ; xobsA ¼ mjetsffiffiffiffiffiffiffiffi
sNN

p e−yjets ; ð2Þ

where yjets and mjets are the dijet rapidity and mass,
respectively, which can be calculated using the measured
jet energies Ei, the three-momenta p⃗i and their longitudinal
components pi;z,

yjets ¼
1

2
ln

�P
iEi þ pi;zP
iEi − pi;z

�
;

mjets ¼
��X

i
Ei

�
2

−
�X

i
p⃗i

�
2
�
1=2

: ð3Þ

At leading-order (LO), i.e., in the 2 → 2 kinematics, xA ¼
xobsA and xγy ¼ zobsγ in Eq. (1). Moreover, for the direct-
photon contribution, xγ ¼ 1. At NLO due to QCD radiative
corrections, the momentum fractions in Eq. (1) are gen-
erally somewhat larger than their hadron-level estimates
of Eq. (2).
The dijet rapidity in Eqs. (2) and (3) is defined with

respect to the direction of the photon-emitting ion. The
latter is unambiguously anticorrelated with the direction of
the hadronic final state X. In the ATLAS measurement [7],
it is determined by selecting events satisfying the 0nXn
condition in the zero-degree calorimeter (ZDC) corre-
sponding to zero neutrons in one direction and one or
more neutrons in the opposite direction. This fills the
rapidity gap on the nuclear target side and removes nuclear
diffraction from the selected 0nXn events. As we will
discuss below, it has implications for the analysis of this
data in terms of nuclear parton distributions.
Requiring that the target nucleus remains intact, one can

consider diffractive dijet photoproduction in AA UPCs
Aþ A → Aþ 2jetsþ X þ A. The cross section of this
process is given by a sum of two terms, which reflects
the possibility for each ion to serve as a source of photons
and as a target (the interference between them is negligibly
small for the considered observables):

dσðAþ A → Aþ 2jetsþ X þ AÞ
¼ dσðAþ A → Aþ 2jetsþ X þ AÞðþÞ

þ dσðAþ A → Aþ 2jetsþ X þ AÞð−Þ: ð4Þ

The two contributions in Eq. (4) are connected by inversion
of the signs of the jet rapidities, which corresponds to
inversion of the direction of the photon-emitting nucleus.
By analogy with the inclusive case, the dσðAþ A →

Aþ 2jetsþ X þ AÞðþÞ cross section can be calculated
through

dσðAþ A → Aþ 2jetsþ X þ AÞðþÞ

¼
X
a;b

Z
dy

Z
dxγ

Z
dt

Z
dxIP

Z
dzIP

× fγ=AðyÞfa=γðxγ; m2
fÞfDð4Þ

b=A ðxIP; t; zIP; m2
fÞdσ̂ðnÞab ; ð5Þ

where xIP and zIP refer to the momentum fraction of the
target nucleus (proton) carried by the diffractive exchange
(Pomeron and Reggeon) and the parton momentum fraction
in the Pomeron, respectively; t is the invariant momentum

transfer squared; fDð4Þ
b=A denotes the diffractive PDF of the
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target. Note that since QCD factorization for diffractive
dijet photoproduction is broken [23–26], Eq. (5) also
requires introduction of a model-dependent suppression
factor (rapidity gap survival probability) [27–29] (see the
details below).
In our numerical analysis of Eqs. (1) and (5), we

used the following input. The flux of equivalent photons
is given by convolution over the impact parameter b⃗ of the
flux of quasireal photons emitted by an ultrarelativistic
charged ion Nγ=Aðy; b⃗Þ [30,31] with the probability not to

have inelastic strong ion-ion interactions ΓAAðb⃗Þ ¼
exp½−σNN

R
d2b⃗0TAðb⃗0ÞTAðb⃗ − b⃗0Þ�,

fγ=AðyÞ ¼
Z

d2b⃗Nγ=Aðy; b⃗ÞΓAAðb⃗Þ; ð6Þ

where σNN is the total nucleon-nucleon cross section;
TAðb⃗Þ ¼

R
dzρAðb⃗; zÞ is the nuclear optical density with

ρAðb⃗; zÞ being the nuclear density. However, for practical
applications, one can show [11,32] that this exact expres-
sion can be very well approximated by the flux of
equivalent photons produced by a relativistic pointlike
charge Z,

fγ=AðyÞ ¼
αe:m:Z2

π

1

y
½2ξK0ðξÞK1ðξÞ − ξ2ðK2

1ðξÞ − K2
0ðξÞÞ�;

ð7Þ
where αe:m: is the fine-structure constant; K0;1 are modified
Bessel functions of the second kind; ξ ¼ ympbmin with mp

the proton mass and bmin ¼ 14.2 fm [32] the minimal
impact parameter between the colliding ions in Pb-Pb
UPCs.
In the proton case, we use the Drees and Zeppenfeld

(DZ) result for the photon flux [33],

fγ=pðyÞ ¼
αe:m:

2π

1þ ð1− yÞ2
y

�
lnA−

11

6
þ 3

A
−

3

2A2
þ 1

3A3

�
;

ð8Þ
where A ¼ 1þ ð0.71 GeV2Þ=Q2

min and Q2
min ¼ ðympÞ2=

ð1 − yÞ is the minimal kinematically allowed photon
virtuality.
The resolved photon contribution involves the fa=γ

photon PDFs, for which we use the Gluck-Reya-Vogt
(GRV) NLO parametrization transformed from the DISγ
to MS scheme [34].
We tested two recent NLO parametrizations of nuclear

PDFs fb=A, namely nCTEQ15 [35] and EPPS16 [36]; the
fb=p proton PDFs are also taken from the nCTEQ15 fit.
In the case of diffractive dijet photoproduction on the

proton, our calculations involve the diffractive PDFs of
the proton fDð4Þ

b=p , which have been determined from QCD
analyses of inclusive diffraction in ep DIS at HERA

[37–40] with an addition in some cases of the data on
diffractive dijet production [38,41]. Based on these studies,
we will use the 2006 H1 Fit B [37] as our base para-

metrization of fDð4Þ
b=p since it agrees well with the inclusive

and dijet H1 and ZEUS HERA data [37,38,41] as well as
with the recent independent analyses [39,40].
Nuclear diffractive PDFs fDð4Þ

b=A are novel distributions
that have never been measured and, hence, one must rely on
their modeling. We used the leading twist model of nuclear
shadowing proposing a microscopic mechanism of nuclear
suppression (shadowing) of nuclear diffractive PDFs [14].
In this approach, in a wide range of the xIP and zIP
momentum fractions and the resolution scale mf, nuclear
effects weakly depend on these variables and the parton
flavor b and, to a good accuracy, one has (see Ref. [11])

fDð4Þ
b=A ðxIP; t; zIP; m2

fÞ ¼ RbA2F2
AðtÞfDð4Þ

b=p ðxIP; tmin; zIP; m2
fÞ;
ð9Þ

where Rb ¼ 0.1–0.2 is the nuclear suppression factor char-
acterizing the predicted strong nuclear shadowing effect;
FAðtÞ is the nuclear form factor; tmin ¼ −ðxpmpÞ2=ð1 − xIPÞ
is theminimalmomentum transfer squared. The spread in the
value of Rb reflects the significant uncertainty in predictions
of the leading twist model of nuclear shadowing for nuclear
diffractive PDFs.
We mentioned above that analyses of diffractive dijet

photoproduction in electron-proton scattering at HERA
indicated that QCD factorization in this process is broken,
i.e., NLO pQCD calculations overestimate the measured
cross sections by almost a factor of 2 [23–28]. The pattern
of this factorization breaking is not firmly established:
NLO pQCD provides a consistent description of the data
after introducing either the global suppression factor of
Rðglob:Þ ¼ 0.5 or the suppression factor of Rðres:Þ ¼ 0.34
[42,43] only for the resolved photon contribution. In
addition, the suppression factor may depend on the parton
flavor and the xγ momentum fraction [29].
In the case of diffractive production off nuclei, the

magnitude of factorization breaking is expected to be larger
than that in the proton case because soft inelastic inter-
actions leading to population of the rapidity gap are
enhanced in the nuclear case. For instance, using the
two-state eikonal model [42,43], one can estimate that
Rðres:Þ ≈ 0.04 for the lead target [11]. The effects of
factorization breaking for the nuclear and proton targets
will be included in our numerical results presented in the
following section.

III. PREDICTIONS FOR DIJET
PHOTOPRODUCTION IN HEAVY-ION AND

PROTON-PROTON UPCS AT THE LHC

Our numerical calculations of cross sections of inclusive
and diffractive dijet photoproduction using Eqs. (1), (4) and
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(5) with the input discussed in the previous sections are
performed using the NLO parton-level Monte Carlo frame-
work developed in Refs. [21,22,28]. It implements the
kinematic conditions and cuts used in the ATLAS analysis
[7,8], namely, the anti-kT algorithm with the jet radius
R ¼ 0.4; the invariant collision energy per nucleon isffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV; the leading jet with pT1 > 20 GeV
and all other jets with pTi≠1 > 15 GeV corresponding to
35 < HT < 400 GeV, where HT ¼ P

i pTi; the rapidities
of all jets are within the jηij < 4.4 interval; the combined
mass of all reconstructed jets is 35 < mjets < 400 GeV; the
parton momentum fraction on the photon side zγ ¼ yxγ is
within the 10−4 < zγ < 0.05 interval; the parton momen-
tum fraction on the nucleus side xA is restricted by the
5 × 10−4 < xA < 1 condition.
Among several possible kinematic distributions of dijet

photoproduction, see Ref. [9], the xA dependence reveals
best the role of the diffractive contribution. Figure 1 shows
our predictions for the ðdσdiff=dxAÞ=ðdσinc=dxAÞ ratio of
the cross sections of diffractive and inclusive dijet photo-
production in Pb-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV in the

kinematic setup presented above as a function of xA.
The upper and lower panels correspond to the calculation
using the nCTEQ15 and EPPS16 nPDFs, respectively.
The error bands reflect the uncertainty of our theoretical
predictions and include (in the order of importance)
the uncertainty in the magnitude of nuclear shadowing
in nuclear diffractive PDFs quantified by the factor of
Rb ¼ 0.1–0.2, the uncertainties of nCTEQ15 and EPPS16
nPDFs calculated using the corresponding error PDFs, and
the uncertainty associated with the variation of the scalemf

in the interval ðmf=2; 2mfÞ. Note that the latter contribu-
tion largely cancels in the ratio of the diffractive and
inclusive dijet cross sections.
In the presented results, we test two scenarios of QCD

factorization breaking in diffraction (see the discussion
above): the left column corresponds to the suppression of
the NLO pQCD results by the global suppression factor of
Rðglob:Þ ¼ 0.5, while the right column corresponds to the
suppression of the resolved photon contribution by the
factor of Rðres:Þ ¼ 0.34. We checked that in the latter
scenario the use of the much stronger suppression factor

FIG. 1. The ratio of the cross sections of diffractive and inclusive dijet photoproduction in Pb-Pb UPCs at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV in the
ATLAS kinematics as a function of xA. The upper and lower panels correspond to nCTEQ15 and EPPS16 nPDFs, respectively; the error
bands quantify the uncertainty of our theoretical predictions including the uncertainties in the magnitude of nuclear shadowing in
nuclear diffractive PDFs, the uncertainties of nCTEQ15 and EPPS16 nPDFs, and the uncertainty in the choice of the scale mf. The left
and right panels assume two different scenarios of QCD factorization breaking based either on the global suppression factor of
Rðglob:Þ ¼ 0.5 or on Rðres:Þ ¼ 0.34 for the resolved photon contribution.
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Rðres:Þ ¼ 0.04, which is characteristic of heavy nuclear
targets, leads to very similar predictions. Thus, the magni-
tude of factorization breaking does not depend on the type
of the target (proton or heavy nucleus). This is natural since
the small xA region, where the diffractive contribution is
sizable, corresponds to large xγ , which is dominated by the
unsuppressed direct photon contribution.
Note that as usual in the case of coherent (i.e., without

nuclear breakup) photoproduction in Pb-Pb UPCs, the
diffractive cross section receives contributions from both
left-moving and right-moving sources of quasireal photons,
see Eq. (4). This leads to a symmetric distribution in yjets
and increases the resulting cross section. In particular, it
doubles the cross section at yjets ¼ 0 and also after
integration over yjets. However, this enhancement of the
diffractive contribution is either fully compensated by the
reduction due to Rðglob:Þ ¼ 0.5 or compensated at large xA
by the factor Rðres:Þ ¼ 0.34.
One can see from the figure that the diffractive con-

tribution is only sizable in the first few bins in xA, where it
does not exceed 5–10%. Its smallness is a result of the
restricted kinematics of rather large pT1 > 20 GeV and not
sufficiently small xA > 0.001, the large nuclear suppression
factor of Rb ¼ 0.1–0.2 of nuclear diffractive PDFs char-
acteristic for the leading twist model of nuclear shadowing,
and the additional suppression because of the factorization
breaking. This quantifies the magnitude of the correction
relevant for an analysis of nPDFs at small xA using the
ATLAS data on inclusive dijet photoproduction in Pb-Pb
UPCs at the LHC. Indeed, since the inclusive cross section
by definition also includes the diffractive contribution, one
has to correct the ATLAS data for it because diffraction has
been experimentally excluded by selecting the 0nXn top-
ology. Without this correction, one would somewhat
underestimate the effect of nuclear shadowing in nPDFs
using the ATLAS data.
Note that the small-xA region, which is at the focus of our

interest, corresponds to large values of xγ dominated by the
direct photon contribution. Thus, our predictions for the
cross section ratios presented in Fig. 1 depend very weakly
on the choice of the photon PDFs and practically coincide
with the ratio of the direct photon contribution to the
diffractive and inclusive dijet cross sections.
To enhance the diffractive contribution, one primarily

needs to lower the values of probed xA, which can be readily
achieved by loosening the cut on pT and/or increasing the
invariant collision energy

ffiffiffiffiffiffiffiffi
sNN

p
. In particular, we found that

by using the pT1 > 10 GeV and pTi≠1 > 5–7 GeV cut,
one can probe the dijet photoproduction cross section
down to ∼5 × 10−4, where the studied cross section ratio
reaches ðdσdiff=dxAÞ=ðdσinc=dxAÞ ¼ 10− 20%.
Alternatively, one can increase the collision energy. In

the case of proton-proton UPCs, this is illustrated in Fig. 2,
which shows the ratio of the cross sections of diffractive
and inclusive dijet photoproduction in proton-proton UPCs

at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 13 TeV as a function of xp. In our calculations,
we used the CTEQ15 PDFs of the free proton [35], the
2006 H1 Fit B diffractive PDFs of the proton [37], and the
two scenarios of factorization breaking discussed above.
One can see from the figure that it allows one to probe xp
down to approximately xp ¼ 5 × 10−4, where the diffrac-
tive contribution reaches 10–15% of the inclusive dijet
cross section.
Note also that the ratios of cross sections of diffractive

and inclusive dijet photoproduction are similar in similar
kinematics for Pb and proton targets. This is a consequence
of large nuclear effects in the leading twist model of nuclear
shadowing, which predicts that nuclear diffractive PDFs are
suppressed at small xA stronger than usual (inclusive)
nPDFs such that their ratio does not show a strong nuclear
dependence, see Figs. 69 and 70 of [14].
Our analysis relies on the dominance of the electromag-

netic (photon-Pomeron fusion) mechanism of dijet photo-
production over the competing Pomeron-Pomeron and
photon-photon fusion mechanisms. In the case of Pb-Pb
UPCs, this dominance has been confirmed by the analysis
of Ref. [15] using forward physics Monte Carlo (FPMC)
[44] and is based primarily on high fluxes of equivalent
photons emitted by heavy ions. In the case of proton-proton
UPCs, photon-Pomeron fusion dominates only at forward
rapidities, while Pomeron-Pomeron scattering gives the
main contribution to the UPC cross section at central
rapidities. Thus, we expect that an account of the latter
contribution will somewhat increase the predicted ratio
ðdσdiff=dxpÞ=ðdσinc=dxpÞ. In data analysis, combining the
predicted different patterns of the yjets dependence of the
competing contributions [15] with the presence of addi-
tional diffractively produced hadrons, one can in principle
separate the photon-Pomeron and Pomeron-Pomeron
contributions.

FIG. 2. The ratio of the cross sections of diffractive and
inclusive dijet photoproduction in proton-proton UPCs atffiffiffiffiffiffiffiffi
sNN

p ¼ 13 TeV as a function of xp. The red solid and blue
dot-dashed lines correspond to Rðglob:Þ ¼ 0.5 and Rðres:Þ ¼
0.34 assumptions on QCD factorization breaking, respectively.

HOW LARGE IS THE DIFFRACTIVE CONTRIBUTION TO … PHYS. REV. D 104, 114013 (2021)

114013-5



IV. CONCLUSION

Within NLO perturbative QCD, we calculated the dif-
fractive contribution to inclusive dijet photoproduction
in Pb-Pb UPCs at the LHC and found that it does not exceed
5–10% in small-xA bins in the ATLAS kinematics atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. Its smallness is a result of the restricted
kinematics (pT1 > 20 GeV and xA > 0.001), the large
nuclear suppression of nuclear diffractive PDFs predicted
in the leading twist model of nuclear shadowing, and the
addition suppressionbecause ofQCD factorizationbreaking.
At the same time, the diffractive contribution can be
enhanced by lowering the pT cut or increasing the collision
energy. For example, using pT1 > 10 GeV and pTi≠1 >
5–7 GeV cut, we find that ðdσdiff=dxAÞ=ðdσinc=dxAÞ ¼
10− 20% at x ≈ 5 × 10−4. Applying our framework to
proton-proton UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 13 TeV, we found that
the ratio of the diffractive and inclusive cross sections of dijet
photoproduction can reach 10–15% for xp ∼ 5 × 10−4. In
practice, the ðdσdiff=dxpÞ=ðdσinc=dxpÞ ratio should be

somewhat larger due to the contribution of Pomeron-
Pomeron scattering, which is not included in our analysis.
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