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Abstract

We calculate the cross section of inclusive dijet photoproduction in ultraperipheral col-
lisions (UPCs) of heavy ions at the CERN Large Hadron Collider using next-to-leading
order perturbative QCD and demonstrate that it provides a good description of the AT-
LAS data. We study the role of this data in constraining nuclear parton distribution
functions (nPDFs) using the Bayesian reweighting technique and find that it can reduce
current uncertainties of nPDFs at small x by a factor of 2. We also make predictions for
diffractive dijet photoproduction in UPCs and examine its potential to shed light on the
disputed mechanism of QCD factorization breaking in diffraction.
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1 Introduction

In ultraperipheral collisions (UPCs), ions in colliding beams intersect at large impact param-
eters (large transverse separations), b � RA + RB, where RA and RB denote the radii of the
involved ions. In this case, the short-range strong hadron interactions are suppressed and
the reaction proceeds through emission of quasi-real photons, which is usually treated in the
Weizsäcker–Williams equivalent photon approximation [1]. Since the intensity of the flux of
these photons scales as Z2, where Z is the electric charge of the photon-emitting ion, and
the maximal photon energy in the laboratory frame is proportional to γL , where γL is the
ion Lorentz factor, UPCs in the kinematics of the Large Hadron Collider (LHC) allow one to
study photon–photon, photon–proton, and photon–nucleus interactions at unprecedentedly
high energies [2–4]. In particular, studies of UPCs at the LHC enable one to can address open
questions of the proton and nucleus structure in QCD and also search for signs of new physics.
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Figure 1: Typical leading-order Feynman graphs for dijet photoproduction in UPCs.
Graphs (a) and (b) correspond to the direct and resolved photon contributions, re-
spectively.

The focus of UPC measurements at the LHC has been exclusive photoproduction of char-
monia (J/ψ, ψ′) and light ρ vector mesons. The former provided new constraints on the
gluon density at small momentum fractions x down to xp ∼ 6× 10−6 in the proton case and
down to xA ∼ 6×10−4 in the case of lead (Pb) nuclei [5]. In addition, the presently poorly con-
strained nuclear parton distribution functions (PDFs) [6, 7] and photon PDFs [8] can also be
accessed using complimentary processes such as, e.g., inclusive dijet photoproduction in Pb-Pb
UPCs [9,10]. Besides, requiring that the nuclear target remains intact, one can study diffractive
dijet photoproduction in Pb-Pb UPCs, which measures novel nuclear diffractive PDFs and may
help to determine the mechanism of QCD factorization breaking in diffractive scattering [11].

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

Inclusive dijet photoproduction on the proton was extensively studied at the Hadron–Electron
Ring Accelerator (HERA) [12] and various measured distributions were successfully described
in the framework of collinear factorization and next-to-leading order (NLO) perturbative QCD
[13, 14]. Generalizing this to the case of heavy ion UPCs, the cross section of dijet photopro-
duction in Pb-Pb UPCs (see Fig. 1) can be written in the following form [9]

dσ(AA→ A+ 2jets+ X ) =
∑

a,b

∫

d y

∫

d xγ

∫

d xA fγ/A(y) fa/γ(xγ,µ
2) fb/A(xA,µ2)dσ̂(ab→ jets) , (1)

where a, b are parton flavors; fγ/A(y) is the flux of equivalent photons; fa/γ(xγ,µ2) and
fb/A(xA,µ2) are PDFs of the photon [8] (in the resolved photon case) and the target nu-
cleus [6, 7], respectively; y , xγ, and xA are longitudinal momentum fractions carried by the
photon, partons in the photon, and partons in the nucleus, respectively; finally, dσ̂(ab→ jets)
is the elementary cross section for production of jets in hard scattering of partons a and b. The
sum over a involves quarks and gluons for the resolved photon contribution and the photon
for the direct photon contribution dominating at xγ ≈ 1.

In our analysis, for the photon flux fγ/A(y) we used the standard expression

fγ/A(y) =
2αe.m.Z

2

π

1
y

�

ζK0(ζ)K1(ζ)−
ζ2

2
(K2

1 (ζ)− K2
0 (ζ))

�

, (2)

where αe.m. is the fine-structure constant; Z is the electric charge; K0,1 are modified Bessel
functions of the second kind; ζ= ymp bmin with mp being the proton mass and bmin the mini-
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Figure 2: (Left) NLO QCD results for the cross section of dijet photoproduction in
Pb-Pb UPCs at

p
sNN = 5.02 TeV as a function of xA for different bins of HT [9].

The crosses are the ATLAS data points extracted from [15]. (Right) The relative
uncertainty bands of the nCTEQ15np gluon distribution in Pb at Q2 = 400 GeV2

as a function of xA before (outer shaded band) and after (inner shaded band) the
re-weighting assuming a 5% error on the pseudo-data [10].

mal distance between the two nuclei. For Pb-Pb UPCs, Eq. (2) with bmin = 14.2 fm reproduces
very well the photon flux calculated taking into account the nuclear form factor and the sup-
pression of strong interactions for impact parameters b < bmin.

Figure 2 (left) shows the results of the NLO pQCD formalism outlined above for the cross
section of dijet photoproduction in Pb-Pb UPCs at

p
sNN = 5.02 TeV as a function of xA in

different bins of HT = pT,1 + pT,2 and implementing the cuts of the ATLAS measurement [15]
(pT,1 > 20 GeV for the leading jet and pT,i 6=1 > 15 GeV for sub-leading ones; the rapidity
interval of |ηi|< 4.4). The shown results are obtained using the anti-kT algorithm with the jet
radius R = 0.4, nCTEQ5 nuclear PDFs [6], and µ = 2ET,1 to have numerical stability against
higher-order corrections. They are compared to the preliminary ATLAS data, which have not
been corrected for detector response. One can see from the figure that NLO pQCD reproduces
well the shape and normalization of the ATLAS data. A similarly good description of other
kinematic distributions, e.g., the distributions in HT and zγ = y xγ has also been achieved [9].

The potential of inclusive dijet photoproduction in Pb-Pb UPCs to provide complementary
constraints on nPDFs can be quantified using the statistical method of Bayesian reweighting
[10]. An example of such an analysis is presented in Fig. 2 (right), which shows the relative
uncertainty bands of the nCTEQ15np gluon distribution in Pb at Q2 = 400 GeV2 as a function
of xA before (outer shaded band) and after (inner shaded band) the reweighting. Assuming
a 5% error on the data (ε = 0.05), one can see from the figure that the sufficiently precise
measurement of inclusive dijet photoproduction in Pb-Pb UPCs in the LHC kinematics can
reduce current uncertainties of nPDFs at small x by a factor of 2.

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

Requiring that the target nucleus in Fig. 1 remains intact, one can study diffractive dijet
photoproduction in heavy ion UPCs. Since in this case both ions can serve as a source of
photons and as a target, the UPC cross section is given by a sum of right-moving and left-
moving photon sources

dσ(AA→ A+2jets+X+A) = dσ(AA→ A+2jets+X+A)(+)+dσ(AA→ A+2jets+X+A)(−) , (3)
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Figure 3: NLO pQCD predictions for the cross section of diffractive dijet photopro-
duction in Pb-Pb UPCs at 5.1 TeV as a function of xγ for different scenarios of factor-
ization breaking [11].

where the two terms are related by inversion of the signs of the jet rapidities. Applying the
framework of collinear factorization and NLO pQCD, one obtains [11]

dσ(AA→ A+ 2jets+ X + A)(+) =
∑

a,b

∫

d t

∫

d x IP

∫

dzIP

×
∫

d y

∫

d xγ fγ/A(y) fa/γ(xγ,µ
2) f D(4)

b/A (x IP , zIP , t,µ2)dσ̂(ab→ jets) , (4)

where f D(4)
b/A are nuclear diffractive PDF, which represent the conditional probability to find in

a nucleus parton b with the momentum fraction zIP with respect to the diffractive exchange
(pomeron), which itself carries the momentum fraction x IP provided the nucleus remained
intact and experienced the momentum transfer t.

As usual nPDFs, nuclear diffractive PDFs are subject to nuclear modifications. In particular,
the model of leading twist nuclear shadowing [16] predicts their strong suppression (shadow-
ing) with respect to the impulse approximation (IA) estimate,

f D(4)
b/A (x IP , zIP , t,µ2) = RbA2F2

A(t) f
D(4)
b/p (x IP , zIP , t = 0,µ2) , (5)

where FA(t) is the nuclear form factor; the suppression factor of Rb ≈ 0.15 weakly depends
on the parton flavor, the momentum fractions x IP and zIP , and the scale µ.

Analyses of diffractive dijet photoproduction in electron–proton scattering at HERA have
shown that QCD factorization in diffractive dijet photopropduction is broken, i.e., NLO cal-
culations overestimate the data by approximately a factor of 2. The pattern of this factor-
ization breaking is unknown and is characterized either by a global suppression factor of
R(glob.) = 0.5 or by the resolved-only suppression R(res.) = 0.34. Figure 3 shows NLO
pQCD predictions [11] for the cross section of diffractive dijet photoproduction in Pb-Pb UPCs
at 5.1 TeV as a function of the momentum fraction xγ, which correspond to different as-
sumptions about the pattern of factorization breaking: no-factorization breaking (dashed),
the global suppression with R(glob.) = 0.1 (dot-dashed), and the resolved-only suppression
with R(res.) = 0.04 (solid). As one can see from the figure, the xγ distribution is sensitive to
different scenarios of factorization breaking.
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Note that the diffractive contribution to inclusive dijet photoproduction in Pb-Pb UPCs in
the ATLAS kinematics does not exceed 5% and, hence, does not affect the analysis of nPDFs
at small xA [17].

4 Conclusion

We calculated the cross sections of inclusive and diffractive dijet photoproduction in UPCs
of heavy ions at the LHC using NLO perturbative QCD. We demonstrated that our approach
provides a good description of the ATLAS data, which exhibits 10-20% nuclear modifications.
We studied the role of this data in constraining nuclear PDFs using the Bayesian reweighting
technique and found that it can reduce current uncertainties of nPDFs at small x by a factor of
2. We also quantified the potential of diffractive dijet photoproduction in UPCs to shed light
on the disputed mechanism of QCD factorization breaking in diffraction.
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