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In this contribution, we summarize NLO pQCD predictions for inclusive and diffractive dijet
photoproduction in Pb-Pb UPCs at the LHC. We demonstrate that the theory describes
well the preliminary ATLAS data on the inclusive cross section, which probes nuclear parton
distributions (PDFs) down to za = 0.005 and which can reduce current uncertainties of the
small-x nuclear gluon distribution by approximately a factor of 2. Employing predictions of
the leading twist approach to nuclear shadowing for nuclear diffractive PDF's; we calculate the
cross section of diffractive dijet photoproduction and show that its =, dependence is sensitive
to the effect of nuclear shadowing and the mechanism of QCD factorization breaking in hard
diffraction. We also find that due to large leading twist nuclear shadowing and restricted
kinematics, the diffractive contribution to the inclusive cross section of dijet photoproduction
does not exceed 5 — 10%, which helps with an ambiguous interpretation of the ATLAS data.
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1 Introduction

Jets are collimated sprays of hadrons (m, K, ...) produced in high-energy eTe™, lepton-hadron, and
hadron-hadron collisions. Jets have been instrumental in establishing quantum chromodynamics (QCD)
as the correct theory of the strong interactions and, in particular, its concepts of asymptotic freedom and
confinement 23, A classic example of it is 3-jet events observed in ete™ annihilation, which has proved
the existence of gluons. In perturbative QCD (pQCD), measurements of jets are commonly used to test
validity of the QCD collinear factorization theorem, determine the strong coupling constant a, +°, and
provide complementary information on parton distribution functions (PDFs) %7,

In particular, since in electron-proton (ep) deep-inelastic scattering (DIS) and hard hadron scatter-
ing, jet cross sections are sensitive to quark and gluon distributions of the target at the same order of
the perturbation series in powers of ay, jet data provide additional constraints on the gluon distribu-
tion, which complement those from the total DIS cross section. Global QCD fits of proton PDFs take
advantage of it by including data on jet production in ep DIS at HERA, proton-antiproton scattering at
Tevatron and proton-proton (pp) scattering at the Large Hadron Collider (LHC) 3910, Extending this to
nuclear targets, essential constraints on the nuclear gluon distribution have been obtained by employing
data on dijet production in proton-nucleus scattering at the LHC '!. Similarly, HERA data on dijet
photoproduction on the proton enables one to determine the gluon distribution in the real photon more
reliably compared to the case, when one only uses the data on the Fy (z, Q?) structure function measured
in ete™ annihilation 2.

In addition, it has been discussed in the literature that measurements of forward dijet production
may aid in searching for small-z Balitsky-Fadin-Kuraev-Lipatov (BFKL) and saturation physics at the
LHC '3 and the planned Electron-Ion Collider (EIC) in USA . Finally, jets present a Standard Model
background for many new physics processes.

Focusing on production of jets by real photons, we notice that while all experimental information on
jet photoproduction comes from ep scattering at HERA 6716 there is preliminary ATLAS data on dijet
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Figure 1 — Typical LO pQCD diagrams for inclusive dijet photoproduction in AA UPCs: (a) direct and (b)
resolved photon contributions. The corresponding momentum fractions are given in parenthesis.

photoproduction in Pb-Pb ultraperipheral collisions (UPCs) at the LHC!718. In UPCs, colliding ions pass
each other at large impact parameters and interact via emission of quasi-real photons, which effectively
makes the LHC a high-energy and high-intensity photon-nucleus collider !°. So far the emphasis of UPC
measurements has been coherent and incoherent production of light and heavy vector mesons. Notably,
it has been argued that exclusive photoproduction of charmonium J/v¢ mesons in pp UPCs allows one
to probe and constrain the gluon density in the proton down to z, ~ 3 x 107% at the resolution scale of
the order of the charm quark mass2°. In the nucleus case, the data on coherent .J/¢ photoproduction
in Pb-Pb UPCs have discovered a large nuclear suppression, which can be interpreted in terms of strong
gluon nuclear shadowing 2!:2? at x4 =~ 1072 and all the way down to x4 =~ 107°. These findings have
nicely confirmed predictions of the leading twist approach (LTA) to nuclear shadowing 3.

Measurements of inclusive and diffractive dijet photoproduction in Pb-Pb UPCs at the LHC allow
one to expand the scope of the UPC physics program. Compared to J/¢ production, the theoretical de-
scription of the dijet cross section in perturbative QCD is cleaner since it does not involve the charmonium
wave function and complications associated with the kinematics of exclusive reactions and generalized
parton distributions. In the case of inclusive dijet production, A+ A — A 4 2jets + X, where X denotes
the hadronic final state resulting from nucleus dissociation, the dijet cross section probes nuclear and real
photon PDF's at large energy scales, which are determined by the jet transverse momentum and, thus, ex-
plores the kinematic region complementary to the one in vector meson photoproduction. Requiring that
the target nucleus is intact, one can study diffractive dijet photoproduction, A+ A — A+ 2jets+ X'+ A,
which gives an access to novel nuclear diffractive PDF's and which may also shed new light on the mech-
anism of QCD factorization breaking in hard diffraction.

Pioneering leading-order (LO) pQCD calculations of photoproduction of heavy flavor (bottom) jets?*
and heavy quarks 2 (see also 2627) in UPCs have demonstrated feasibility and large rates of such mea-
surements in the LHC kinematics..

The rest of this contribution is organized as follows. Section 2 summarizes NLO pQCD predictions for
the cross section of inclusive dijet photoproduction in Pb-Pb UPCs at 5.02 TeV, their comparison to the
ATLAS data and the magnitude of nuclear modifications as well as the potential of this process to provide
additional constraints on nuclear PDFs at small x. In Sec. 3, we present NLO pQCD predictions for
diffractive dijet photoproduction in Pb-Pb UPCs at the LHC and discuss sensitivity of the x., dependence
to the mechanism of the QCD factorization breaking in hard diffraction. We also quantify the diffractive
contribution to the cross section of inclusive dijet photoproduction in UPCs. We draw conclusions in
Sec. 4.

2 Inclusive dijet photoproduction in Pb-Pb UPCs at the LHC

In the framework of collinear factorization of pQCD, the formalism for calculation of the cross section of
inclusive dijet photoproduction is well-established, and results of calculations performed at next-to-leading
order (NLO) accuracy successfully describe the available HERA data28:29:30:31 " Applying it to UPCs, one
can write the cross section of inclusive dijet photoproduction in Pb-Pb UPCs, A + A — A + 2jets + X,
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Figure 2 — The cross section of inclusive dijet photoproduction in Pb-Pb UPCs at /syn = 5.02 TeV as a function
of Hr = pr,1 + pr,2 in different bins of x4 (left) and as a function of x4 in bins of Hr (right). The NLO pQCD
predictions with the nCTEQ15 nuclear PDFs are compared with the ATLAS preliminary data, see text for details.

as the following convolution 32,

do(aA— A 2jets + X) = Y [dy [do, [ deafya)fun i fiaoa idus e, (1)
a,b

where f,,4(y) is the flux of equivalent photons, f,,~ (2, u) are photon PDFs, fy/4(x4,u) are nuclear
PDFs, and d6ap—jets is the elementary cross section to produce jets in hard scattering of partons a and
b. The longitudinal momentum fractions are y for the photon, z., for parton a in the photon, and x4 for
parton b in a target nucleus. The PDFs are evaluated at the resolution scale u, which is usually identified
with the jet transverse momentum pr.

Figure 1 illustrates Eq. (1) by showing typical LO pQCD diagrams for the direct contribution (graph
a), where the photon as a whole takes part in the hard reaction, and the resolved contribution (graph b),
where a parton of a hadronic fluctuation of the photon (photon PDF's) participates in the hard scattering
reaction. The corresponding momentum fractions are given in parenthesis. Separation of the direct and
resolved contributions is unambiguous only at LO, where fq/ (2, 1) = d(1 — ) for the direct term.
At NLO, due to renormalization of standard collinear divergences of pQCD, the definition of the direct
and resolved terms begins to depend on a choice of the factorization scheme and scale. Nevertheless, the
notion of the direct and resolved contributions remains useful.

The photon flux N,,4(y) is usually calculated using the Weizséicker-Williams equivalent photon
approximation combined with the probability for the nuclei not to interact strongly at small impact
parameters. However, for purposes of the present analysis, the exact expression can be approximated by
the photon flux produced by a relativistic point-like charge Z passing a target at the minimum impact

parameter by,
200 m. 2% 1
N _ =
v/A (y) T y

where . is the fine-structure constant, Ky ; are modified Bessel functions of the second kind, and
¢ = yMypbmin With m,, the proton mass and by, = 14.2 fm for Pb-Pb UPCs 3.

The momentum fractions z, and x4 in Eq. (1) can be estimated using the measured jet rapidities
and transverse momenta. In particular, one can use the following relations

CQ

5 (KG() = KT(O)] (2)

CKo(O)K1(C)

Myjets : Miets .
Ty = J eYiets TA = ) e Yiets (3)
SNN SNN

where mjets is the invariant mass of the jet system and yjes its rapidity 17,
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Figure 3 — (Left) NLO pQCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs at 5.02 TeV
as a function of x 4 using the nCTEQ15 nuclear PDFs and ATLAS experimental cuts. The curves show separately
the direct (dashed) and resolved (dot-dashed) photon contributions as well as their sum (solid). (Right) Relative
uncertainties of the nCTEQL5 gluon distribution in 2°®Pb as a function of z4 at Q% = 400 GeV? before (outer
pink shaded band) and after (inner blue band) the reweighting using pseudo-data on dijet photoproduction in
Pb-Pb UPCs at 5.02 TeV.

Note that Eq. (1) gives the cross section at the level of massless partons and for a comparison with
data needs to be supplemented with hadronization corrections. They are usually estimated using Monte
Carlo generators, which involve LO matrix elements and include the effects of parton showers 3432,

Figure 2 presents a comparison of the NLO pQCD predictions 2 for the cross section of inclusive
dijet photoproduction in Pb-Pb UPCs at /syny = 5.02 TeV with the preliminary ATLAS data'?. The
calculation used the nCTEQ15 nuclear PDFs 3¢, whose uncertainty propagation is shown by the shaded
bands, GRVHO photon PDFs37, and the ATLAS experimental cuts, importantly, pr; > 20 GeV for the
leading jet and pr > > 15 GeV for other jets. The left panel shows the distribution in Hr = pr1 + pr2
in different bins of z 4; the right panel shows the distribution in x 4 in bins of Hp. One can see from the
figure that the NLO pQCD results correctly reproduce the shape and normalization of the data, which
have not been corrected for detector response. Note that in the considered kinematics, the coverage in
x4 extends down to x4 ~ 5 x 1073 at u? = (Hr/2)?, which provides a certain sensitivity to nuclear
PDFs at small z and large p, see the discussion below.

It is instructive to examine an interplay of the direct and resolved photon contributions to the dijet
cross section. The left panel of Fig. 3 shows separately the direct and resolved terms as well as their sum
as a function of 4. One can see from the figure that the resolved contribution dominates for x4 > 0.01,
while the two contributions are compatible in size for z4 < 0.01. This trend is generally expected because
the direct photon contribution increases in the z, — 1 limit (the values of z, and x4 are anti-correlated,
see Eq. (3)) and agrees with the expectations based on PYTHIA 8 Monte Carlo framework 34:35.

The cross section of dijet photoproduction in Pb-Pb UPCs in Fig. 3 is sensitive to nuclear modifi-
cations of nuclear PDF's: its ~ 10% suppression for x4 < 0.01 compared to the impulse approximation
estimate is caused by nuclear shadowing and =~ 20% enhancement around z4 < 0.1 by antishadowing
of the gluon distribution; it is followed by a 5 — 10% suppression for x4 > 0.05 due to the EMC effect,
which is built in most of nuclear PDF's.

One can turn this around and quantitatively investigate the potential of this process to further
constrain nuclear PDFs using the technique of Bayesian reweighting 38. In short, using Nyep, = 10,000
random replicas of nCTEQ15 error PDFs, f/ 4, Q?) with i the parton flavor, one can calculate the dijet
cross section for each replica k = 1,2, ..., Ny, and then determine the statistical weights wy, for replicas
to reproduce observables. The latter was taken to be the dijet cross section calculated using the central
nCTEQ15 PDFs, which was assigned a 5 — 15% uncertainty playing the role of experimental errors. After
this procedure, the new reweighted central values (f;/4(2, Q?))new and uncertainties 6(f;/(x, Q%)) new of

4
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Figure 4 — Typical LO pQCD diagrams for diffractive dijet photoproduction in AA UPCs: (a) direct and (b) re-
solved photon contributions. The diffractive exchange is denoted by the Pomeron contribution. The corresponding
momentum fractions are given in parenthesis.

nuclear PDFs become

1 Nrep

<fi/A(x,Q2)>new = N. Zwkfik/A(xaQQ)v

P =1

1 Nrep

N. Z Wk ( ik/A(m7Q2) - <fi/A($,Q2)>new)2. (4)

rep k=1

5<f2/A(m> Q2)>new

The right panel of Fig. 3 illustrates the result of the Bayesian reweighting of the nCTEQ15 gluon
distribution in 2°®Pb at Q2 = 400 GeV? using the procedure outlined above. It presents the relative
uncertainty of the gluon nPDF, 1 + §ga(za,Q?)/ga(ra,Q?), as a function of x4 before (outer pink
shaded band) and after (inner blue band) the reweighting. One can see from the figure that assigning
a 5% uncertainty to the pseudo-data leads to a reduction of uncertainties in the gluon distribution for
x4 < 0.005 by approximately a factor of 2.

3 Diffractive dijet photoproduction in Pb-Pb UPCs at the LHC

The considerations of the previous section can be extended to diffractive jet photoproduction in heavy-
ion UPCs, where one imposes the additional condition that the target nucleus remains intact and recoils
elastically. Figure 4 shows typical LO pQCD diagrams for the direct (graph a) and resolved (graph
b) photon contributions, where the vertical double lines denote the diffractive exchange (Pomeron flux)
labeled “IP”.

Unlike the inclusive case, UPC cross sections corresponding to coherent underlying photon-nucleus
scattering receive contributions from both left-moving and right-moving colliding ions, which introduces
a well-known two-fold ambiguity between the photon energy and rapidity of the final dijet system. Gen-
eralizing Eq. (1), the contribution of the right-moving photon source to the cross section of diffractive
dijet photoproduction in Pb-Pb UPCs, A + A — A + 2jets + X’ + A, where X’ includes hadronic debris
of the “Pomeron” and photon, can be written in the following form 3°

do(AA — A+ 2jets + X' + ) = Z/dt/dgclp/d,z,p/dy/dx7
a,b

< FyyaW) fapy (g ) o) (@, 20, 1) 60 sjers - (5)

The contribution of the left-moving photon source is obtained from Eq. (5) by inverting signs of the
jet rapidities. In Eq. (5), fbD/f)(mP,zp,t, 1) denote the nuclear diffractive PDFs, which represent the
conditional probability to find parton b with the momentum fraction zp with respect to the diffractive
exchange (Pomeron) carrying the momentum fraction zp, provided that the nucleus remains intact and
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Figure 5 — NLO pQCD predictions for the cross section of diffractive dijet photoproduction in Pb-Pb UPCs at
5.1 TeV as a function of x. The results are obtained using LTA predictions for nuclear diffractive PDFs (“high
shadowing” and “low shadowing” versions) and assuming either no QCD factorization breaking in hard diffraction
(left) or two scenarios of it realized through the suppression factors Rgion and Ryes (right), see text for details.

recoils elastically with the momentum transfer ¢. The momentum fractions involved in Eq. (5) are shown
in parenthesis in Fig. 4.

Similarly to usual nuclear PDF's, nuclear diffractive PDFs are subject to nuclear modifications, no-
tably, due to nuclear shadowing. The leading twist approach to nuclear shadowing 23 makes definite

predictions for ff/)f), which are characterized by their strong suppression at small x. It can be quantified

by introducing the suppression factor Ry, with respect to flf/)f) evaluated in the impulse approximation,

Fo@p, 2.t p) = Ro(wp, 2p, ) A2F3(8) £y (e, 2p .t = 0, 1) (6)

where F4(¢) is the nucleus form factor and f£;4) is the diffractive PDFs of the proton. An examination
of Ry shows that it rather weakly depends on flavor b, the light-cone momentum fractions zp and zp
(provided that zp is sufficiently small), and the resolution scale u. Hence, for the purpose of estimating
yields of this process, one can approximate R; by a single number 39-40

Ry(zp, zp, 1v) = 0.08 — 0.16, (7)

where the upper and lower values correspond to the “high shadowing” and “low shadowing” scenar-
ios, respectively. This spread in the values for Ry reflects a significant theoretical uncertainty of LTA
predictions for nuclear diffractive PDF's, for a detailed discussion, see “°.

The left panel of Fig. 5 presents NLO pQCD predictions for the cross section of diffractive dijet
photoproduction in Pb-Pb UPCs at 5.1 TeV as a function of z, using the LTA results for nuclear
diffractive PDFs, see Egs. (6) and (7), pr,1 > 20 GeV for the leading jet and pro > 18 GeV for sub-
leading jets and other otherwise generic cuts specified in 3°. The upper and lower curves corresponds
to the “high shadowing” and “low shadowing” LTA predictions, respectively. The horizontal lines show
the width of bins in z.,, and the vertical bars quantify the effect of the variation of the hard scale of
the process in the pr1/2 < p < 2pp ;1 interval. One can see from the figure that the uncertainty due to
the scale variation is smaller than the uncertainty in the value of R;. Overall, the figure shows that the
predicted yields are significant demonstrating feasibility of such measurements.

Analyses of diffractive dijet photoproduction in ep scattering at HERA have shown that the QCD
factorization theorem for hard diffraction ! is violated and NLO pQCD calculations overestimate the
cross sections measured by the ZEUS and H1 collaborations at HERA by a approximately a factor of
2, see details in 2. The pattern of this factorization breaking is yet unknown since a good description
of the data can be achieved by introducing a global suppression factor Rgio, = 0.5 or the suppression
factor R,es = 0.34 for the resolved photon contribution only, or the flavor-dependent and z.-dependent
suppression factor interpolating between Rgion and Ry, see 43,

As a consequence, one of the most sensitive observables to various scenarios of factorization breaking
is the distribution in the momentum fraction x,. Thus, it has been argued in 39 that measurements of
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Figure 6 — NLO pQCD predictions for the ratio of the cross sections of diffractive to inclusive dijet photoproduction
in Pb-Pb UPCs at 5.02 TeV as a function of z4. The calculation uses LTA predictions for nuclear diffractive
PDFs (the shaded bands represent the theoretical uncertainty), the nCTEQ15 nuclear PDF's, and two scenarios
of the QCD factorization breaking in hard diffraction realized through the global suppression factor Rgion = 0.5
(left panel) and the direct photon suppression factor Ryes = 0.04 (right panel).

the x., dependence of the cross section of diffractive dijet photoproduction in UPCs at the LHC may help
to shed new light on this phenomenon.

The right panel of Fig. 5 illustrates the effect of the QCD factorization breaking for hard diffraction
on NLO pQCD predictions for the cross section of diffractive dijet photoproduction in Pb-Pb UPCs at
5.1 TeV as a function of x,. These predictions are obtained by rescaling the result of Eq. (5) either by
the global suppression factor of Ry, = 0.5 or by suppressing only the resolved photon term by the factor
of Res = 0.04. The latter value is estimated using the Glauber model for p meson-nucleus scattering, see
details in *3. One can see from the figure that the two prescriptions for factorization breaking result in
rather distinct shapes of the ., distribution, which supports its potential to discriminate between these
two scenarios.

The ATLAS measurement of inclusive dijet photoproduction in Pb-Pb UPCs was performed in the
so-called “OnXn” event topology, which required a particular number of forward neutrons in zero degree
calorimeters (ZDCs), namely, no neutrons in one direction and one or more neutrons in the opposite
direction. This condition has totally eliminated the contribution of coherent nuclear diffraction, which is
part of nuclear PDFs. It raises the practical question of the magnitude of the diffractive contribution to
inclusive dijet photoproduction in UPCs.

The analysis %4 has shown that the diffractive contribution to inclusive dijet photoproduction in Pb-
Pb UPCs in the ATLAS kinematics does not exceed 5 — 10% at small x4. It is illustrated in Fig. 6
showing the ratio of the cross sections of diffractive to inclusive dijet photoproduction in Pb-Pb UPCs at
5.02 TeV, (dogig/dx a)/(doinc/dx 4), as a a function of x4. The calculation uses the LTA predictions for
nuclear diffractive PDF's entering the diffractive cross section (the shaded bands quantity the theoretical
uncertainty, see Fig. 5) and the nCTEQ15 nuclear PDFs for the inclusive cross section. The effect of
the QCD factorization breaking for hard diffraction (see the discussion above) is included through either
the global suppression factor Rgion, = 0.5 (left panel) or the direct photon suppression factor Ryes = 0.04
(right panel). The two scenarios of the factorization breaking lead to different magnitudes and shapes of
the dependence of (doqgirr/dxa)/(doine/dra) on x 4.

The small value of the (dogift/dxa)/(doine/dx 4) ratio is predominantly an effect of the restricted
kinematics with large pr 1 > 20 GeV and not-sufficiently small x4 > 0.001 and large relative suppression
of nuclear diffractive PDFs by leading twist nuclear shadowing *°. Thus, the diffractive contribution and
the ensuing ambiguity in the determination of the photon-emitting nucleus (ambiguity in the invariant
photon-nucleon energy W,,,) can be safely neglected in the kinematics of the ATLAS measurement.

To enhance the diffractive signal, one needs to expand the kinematic coverage by primarily lowering pp
of jets. For instance, using pr1 > 10 GeV and pr 2 > 5—7 GeV, one can reach (dogig/dz a)/(doinc/dxa)) =
10 — 20% at 4 ~ 5 x 1074, In the case of pp UPCs at 13 TeV, where the collision energy is larger and
there is no nuclear suppression of diffractive PDFs by nuclear shadowing, the ratio of the diffractive and
inclusive cross sections of dijet production is sizable, (dogift/dxp)/(doinc/dxp) =~ 10—15% at x, ~ 5x 1074,
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4 Summary and outlook

Photoproduction of jets is a standard tool of perturbative QCD, which provides important information
on parton distributions of the proton, the real photon, and nuclei. Within the framework of collinear
factorization of pQCD, NLO calculations describe well the available data on dijet photoproduction in ep
scattering at HERA. Application of this framework to photon-nucleus scattering in heavy-ion UPCs at
the LHC can be used to obtain complementary constraints on nuclear PDFs, measure for the first time
nuclear diffractive PDFs and shed new light on the mechanism of QCD factorization breaking in hard
diffraction.

Using NLO pQCD, we calculate the cross section of inclusive dijet photoproduction in Pb-Pb UPCs
at 5.02 TeV at the LHC and demonstrate that it describes well the preliminary ATLAS data. We show
that this cross section probes nuclear PDFs down to x4 ~ 0.005 and, when used in the form of pseudo-
data in a Bayesian analysis, can reduce the current small-x uncertainties of the state-of-art nuclear PDFs
by approximately a factor of 2.

Considering coherent nuclear scattering and using predictions of the leading twist approach (LTA)
to nuclear shadowing for nuclear diffractive PDF's, we make NLO pQCD predictions for the cross section
of diffractive dijet photoproduction in Pb-Pb UPCs at 5.1 TeV. We show that its distribution in the
photon momentum fraction z., is sensitive to both the effect of nuclear shadowing in nuclear diffractive
PDF's and the mechanism of QCD factorization breaking in hard diffraction. In particular, it allows one
to discriminate between the two scenarios of factorization breaking, where its effect is introducing either
through the global suppression factor Rgio, = 0.5 or the resolved photon suppression factor Ryes = 0.04.
We also show that due to large leading twist nuclear shadowing and restricted ATLAS kinematics (large
jet transverse momentum pr and not sufficiently small z4), the diffractive contribution to the inclusive
cross section of dijet photoproduction does not exceed 5 — 10%. It means that one can expect only
small corrections of the ATLAS (and other similar) data for the excluded diffractive contribution, which
simplifies their interpretation in terms of usual nuclear PDFs.

Both inclusive and diffractive dijet photoproduction in Pb-Pb UPCs at the LHC can be viewed as
precursors of analogous measurement in photon-nucleus scattering at the planned Electron-Ion Collider
(EIC) 45,46.
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