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Jets in QCD 
• Jets are collimated sprays of hadrons (𝜋, K, p, …) produced in 
high-energy e+e-, lepton-hadron, and hadron-hadron collisions, 
Salam, arXiv:1011.5131; Sapeta, arXiv:1511.09336; Laenen, arXiv:1708.00770
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q

Fig. 34: Left: an e+e− event that can be interpreted as having a 2-jet, qq̄-like structure; middle: an event that can
be interpreted as having a 3-jet, qq̄g, structure; right: the same event reinterpreted as having a 4-jet structure, qq̄gg.
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Fig. 35: The application of a jet definition to a variety of events that differ just through soft/collinear branching
(and hadronization), should give identical jets in all cases.

two interpretations means choosing just how hard and separated in angle an emission has to be in order
for it to be considered a separate jet (cf. the angular and energy parameters, δ and ε, in our discussion of
the 2-jet cross section in Section 2.3.2).

In making this choice, it would be highly painful to visually inspect each of the O
(

109
)

events
written to disk every year at the LHC. Instead one uses a set of rules, a ‘jet definition’, by which a
computer can take a list of particle momenta for an event (be they quark and gluons, or hadrons, or even
calorimeter deposits), and return a list of jets. If one modifies an event just through soft and collinear
emission, then the set of jets should not change, i.e., the result of applying the jet definition should be
insensitive to the most common effects of showering and hadronization, as illustrated in Fig. 35.

Jets are central to collider physics: both theory and experimental results are often presented in
terms of jet cross sections, and thus jets provide the meeting point between the two. As we saw in
Section 4.4.1, jets are also used to assemble together different kinds of theory predictions. And jets are
an input to almost all physics analyses: to new physics searches (since new particles may decay to quarks
or gluons, giving jets), in Higgs searches, top physics, Monte Carlo validation, fits of PDFs, etc.

5.1 Jet definitions
The construction of a jet involves different considerations:

– Which particles are grouped together into a common jet? The set of rules that one follows for
deciding this is usually known as a jet algorithm, and it comes with parameters that govern its exact
behaviour. A common parameter is R which determines the angular reach of the jet algorithm.

45

• Jets have been instrumental is establishing QCD and concepts af 
asymptotic freedom (factorization) and confinement (hadronization).  
• Classic example: 3-jet events in e+e- annihilation → existence of 
gluons.

• Studies of jet production remain an active field of QCD studies at colliders: 
- precision extraction of 𝛼S(MZ) from HERA data on ep DIS, H1 Coll. EPJC 75 (2015) 2, 65; 
ZEUS Coll., NPB 864 (2012) 1 

- global QCD fits of parton distribution functions (PDFs) of the proton using ep 
DIS@HERA, anti-pp@Tevatron, and pp@LHC, NNPDF4.0, EPJC 82 (2022) 4, 428; CT18, PRD 103 
(2021) 1, 014013, nuclear PDFs using dijets in pA@LHC, EPPS21, EPJC 82 (2022) 5, 413, and 
photon PDFs, Slominski, Abramowicz, Levy, EPJC 45 (2006) 633. 

- search for small-x BFKL and saturation physics using forward dijet production at LHC, 
2022 Snowmass Summer Study, arXiv:2203.08129 and at EIC, Boussarie, Mäntysaari, Salazar, Schenke, JHEP 
09 (2021) 178 

- Standard Model background for many new physics processes.

e+ e–

q

q̄

hadrons

hadrons

Fig. 15: Two jets of hadrons arising from quark-antiquark production in an e+e− collision. The blobs represent
the hadronization process.

think that one does not need to integrate over all possible gluon emission energies and angles; if we
only integrate the gluon emission rate over a small angle close to the quark or antiquark direction the
collinear divergence should already cancel with the divergence contained in the virtual contribution,
leaving a contribution depending on the size of the angular range. Also, if we allow a (very) soft gluon
to be emitted and add this contribution to that from the virtual contribution we expect that the infrared
divergences will cancel too. The result will then still depend on one angle and one energy. One could
therefore define a two-jet event as one where almost all of the energy, namely (1 − ε)

√
s, is contained

in two small cones of semi-angle δ, where ε and δ are fixed, and can be reasonably large, as shown in
Fig. 16. An explicit calculation of the corrections to the (anti)quark angular distribution shows that the

δ

δ

Fig. 16: Two jets defined by an opening angle δ

angular distribution is still proportional to 1 + cos2 θ but the coefficient in front is modified by the factor

1−
αs(q2)C2(R)

π

[

(4 ln 2ε+ 3) ln +.π
2/3− 5/2 + 0(ε) + 0().

]

. (80)

As one would expect, if one would take the limit ε and δ → 0 divergences the divergences show up again
in this factor, so one must be careful to choose ε or δ small but large enough that the αs correction in
(80) is still relatively small. In this way, due to Sterman and Weinberg [22], the jet angular distribution
is well-defined and has been successfully compared with experiment.

26
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Jet 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.

p
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γ

p

e+

γ

(a) (b)

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 :

10

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

p

γ

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 jet photoproduction: 

- Cross section is sensitive to quark and gluon structure at the same order. When 
combined DIS cross section, provides of 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; Slominski, 
Abramowicz, Levy, EPJC 45 (2006) 633 

direct-photon resolved-photon

xp

x𝛾

y
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Dijet photoproduction in NLO pQCD 
• In photoproduction, jet transverse momentum provides hard scale µR=µF=ET 

• In framework of collinear factorization of perturbative QCD, cross sections are 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 

• Dijet cross section in NLO pQCD:

γ

e

p

∗)(

IP

Jet

Jet

Remnant

Y

γ

γ

x

zIP

xIP

p

e

(v)

(u)

Jet

Jet

Remnant

Remnant

Y

X}

( )∗

M12

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 to be supplemented with hadronization corrections from Monte Carlo     
(LO + parton showers), Helenius, arXiv:1806.07246 and arXiv:1811.10931; Helenius and Rasmusen, EPJC 79 
(2019) 413.

Photon flux in Weizsäcker-Williams approx. Photon PDFs for 
resolved photon; 
in b=𝛾 case,        
fb/𝛾=𝛿(1-x𝛾) for Born 
and virtual corr.

Proton 
PDFs

2→2 and 2→3 
hard parton scattering 
cross section
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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

p

γ

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

• Parton momentum fractions are  determined using 
their hadron-level estimates based on measured jet 
transverse energies ET1,2 and 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,

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).

5
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Dijet photoproduction in UPCs@LHC 
• The focus of UPC measurements@LHC has been exclusive (coherent) 
photoproduction of charmonia (J/𝜓, 𝜓’) and light vector mesons (ρ) → new 
constraints on the gluon density at small x down to хp ~ 6×10-6 and хA ~ 10-5.

• Nuclear and photon PDFs can also 
be studied in inclusive dijet 
photoproduction in Pb-Pb UPCs, 
ATLAS-CONF-2017-011, ATLAS-CONF-2022-021
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γ
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• Requiring intact nuclear target → 
diffractive dijet photoproduction in 
Pb-Pb UPCs → access to novel 
nuclear diffractive PDFs and 
mechanism of QCD factorization 
breaking, Guzey, Klasen, JHEP 04 (2016) 158
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IP IP

direct resolved

• First LO pQCD calculations of heavy-
flavor jets in UPCs, Strikman, Vogt, White, PRL 
96 (2006) 082001  → very large rates for 
inclusive and diffractive (~20%) dijets. 
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Jet

Jet

Jet

X
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X
B B

A A

A

γ

γ

(a () b)

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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•  Cross section of dijet photoproduction 
using collinear factorization and NLO 
pQCD, which is successful for HERA data 
on dijet photoproduction in ep scattering, 
Klasen, Kramer, Z.Phys. C 72 (1996) 107, Z. Phys. C 76 (1997) 
67; Klasen, Rev. Mod. Phys. 74 (2002) 1221; Klasen, Kramer, 
EPJC 71 (2011) 1774

Photon flux from QED:  
- high intensity ~ Z2 
- high photon energy ~ 𝛾Lproduced by a relativistic point-like charge Z:

f�/A(y) =
2↵e.m.Z

2

⇡

1

y


⇣K0(⇣)K1(⇣)�

⇣
2

2
(K2

1 (⇣)�K
2
0 (⇣))

�
, (2.2)

where ↵e.m. is the fine-structure constant; K0,1 are modified Bessel functions of the second

kind; ⇣ = ympbmin with mp being the proton mass and bmin the minimal distance between

two nuclei. For Pb-Pb UPCs, Eq. (2.2) with bmin = 14.2 fm reproduces very well the

photon flux calculated taking into account the nuclear form factor and the suppression of

strong interactions at impact parameters b < bmin, see the discussion in [49].

3 Predictions for the cross section of dijet photoproduction in Pb-Pb
UPCs at the LHC

Using the formalism outlined in Sec. 2, we calculate the cross section of inclusive dijet

photoproduction in Pb-Pb UPCs at
p
sNN = 5.02 TeV in the kinematics of the ATLAS

measurement at the LHC [37]. The ATLAS analysis was performed using the following

conditions and selection criteria:

• the anti-kT algorithm with the jet radius R = 0.4

• the leading jet has pT > 20 GeV, while other jets have pT > 15 GeV, which corre-

sponds to 35 < HT < 400 GeV, where HT = E
jet1
T + E

jet2
T

• all jets have the rapidity |⌘| < 4.4

• the combined mass of all reconstructed jets is 35 < mjets < 400 GeV

• the parton momentum fraction on the photon side z� = yx� , 10�4
< z� < 0.05

• the parton momentum fraction on the nucleus side xA, 5⇥ 10�4
< xA < 1.

The ATLAS results are presented as distributions in terms of the total jet transverse

energy HT = E
jet1
T + E

jet2
T and the photon z� and nucleus xA light-cone momentum frac-

tions:

z� =
mjets
p
sNN

e
yjets , xA =

mjets
p
sNN

e
�yjets , (3.1)

where

mjets =

2

4
 
X

i

Ei

!2

�

�����
X

i

~pi

�����

2
3

5
1/2

, yjets =
1

2
ln

✓P
iEi + pi,zP
iEi � pi,z

◆
. (3.2)

In Eq. (3.2), the index i runs over all measured jets; Ei and ~pi denote the jet energy and

momentum, respectively. Note that at LO, the kinematics of 2 ! 2 parton scattering and

the momentum fractions z� and xA can be exactly reconstructed from the dijet measure-

ment. At NLO, Eq. (3.1) serves as hadron-level estimators of the momentum fractions

entering Eq. (2.1); for brevity, we use the same notations in Eq. (2.1) and (3.2).

– 4 –

Photon PDFs (GRVHO)  
(resolved photon), from 
e+e- data

Nuclear PDFs 
(nCTEQ15, EPPS16)

Hard parton 
cross section
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•  Shape and normalization of ATLAS data, ATLAS-CONF-2017-011 reproduced well (data not 
corrected for detector response).  

•  We haven’t compared to the more recent unfolded data, ATLAS-CONF-2022-021.
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correlated with the low-xA gluons and sea quarks in Pb that
present one of the points of interest of the present study.
For nuclear PDFs fb/B(xA, µ2), we employed the nCTEQ15
parametrization [34]. The photon flux fγ /A(y) produced by
a relativistic point-like charge Z is given by the standard
expression

fγ /A(y) = 2αe.m.Z2

π

1
y

[
ζK0(ζ )K1(ζ )− ζ 2

2

[
K2

1 (ζ ) − K2
0 (ζ )

]]
,

(2)

where αe.m. is the fine-structure constant; K0,1 are modified
Bessel functions of the second kind; ζ = ympbmin with mp
being the proton mass and bmin the minimal distance between
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 suppression of strong
interactions at impact parameters b < bmin; see the discussion
in [52].

The NLO calculation of the dijet photoproduction cross
section using Eq. (1) is numerically implemented in an
NLO parton-level Monte Carlo generator [45,47–49], which
has been successfully tested in many different environments
(HERA, LEP, Tevatron). It implements the anti-kT algorithm
(but we have at most two partons in the jet) and all the
kinematic conditions and cuts used in the ATLAS analysis
[38] that are explicitly explained in the following section.
Hadronization corrections and underlying event (UE) subtrac-
tions are not part of our analysis, but they are expected to be
performed with PYTHIA simulations by the experiment once
the data are final (as has been done at HERA).

III. PREDICTIONS FOR DIJET PHOTOPRODUCTION
IN Pb-Pb COLLISIONS AT THE LHC

The main goal of the present paper is the first NLO QCD
calculation of the cross section of inclusive dijet photoproduc-
tion in Pb-Pb UPCs and concluding whether it can describe
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FIG. 2. NLO QCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs at
√

sNN = 5.02 TeV in the ATLAS kinematics
as a function of HT for different bins of xA. The central values and the corresponding shaded uncertainty bands are obtained using nCTEQ15
nPDFs. The crosses are the ATLAS data points that we extracted from [38].
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the results of the ATLAS measurement [38]. The ATLAS
analysis was performed using the following conditions and
selection criteria:

(1) the anti-kT algorithm with the jet radius R = 0.4;
(2) the leading jet has pT,1 > 20 GeV, while the other jets

have a different cut on pT,i !=1 > 15 GeV as required
[53], which corresponds to 35 < HT < 400 GeV,
where HT =

∑
i pT,i;

(3) all jets have rapidities |ηi| < 4.4;
(4) the combined mass of all reconstructed jets is 35 <

mjets < 400 GeV;
(5) the parton momentum fraction on the photon side zγ =

yxγ , 10−4 < zγ < 0.05;
(6) the parton momentum fraction on the nucleus side xA,

5 × 10−4 < xA < 1.

The ATLAS results are presented as distributions in terms
of the total jet transverse momentum HT =

∑
i pT,i and the

photon zγ and nucleus xA light-cone momentum fractions

zγ =
mjets√

sNN
eyjets , xA =

mjets√
sNN

e−yjets , (3)

where

mjets =




(

∑

i

Ei

)2

−
∣∣∣∣∣
∑

i

%pi

∣∣∣∣∣

2



1/2

,

yjets = 1
2

ln
(∑

i Ei + pz,i∑
i Ei − pz,i

)
. (4)

In Eqs. (4), the index i runs over all measured jets; Ei and %pi
denote the jet energy and momentum, respectively. Note that,
at LO, the kinematics of 2 → 2 parton scattering and the mo-
mentum fractions zγ and xA can be exactly reconstructed from
the dijet measurement. At NLO, Eqs. (3) serve as hadron-level
estimators of the momentum fractions entering Eq. (1); for
brevity, we use the same notations in Eqs. (1) and (4).
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FIG. 3. NLO QCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs at
√

sNN = 5.02 TeV in the ATLAS kinematics
as a function of xA for different bins of HT . The crosses are the ATLAS data points that we extracted from [38].
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•  NLO pQCD vs. ATLAS data as a function of the dijet transverse momentum 
HT=ET jet1+ET jet2  and nuclear momentum fraction xA=(mjets/√sNN)e-yjets

Guzey, Klasen, PRC 99 (2019) 065202
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•  Resolved vs. direct photon 
contributions:  
- resolved photons dominate for xA>0.01 
- resolved and direct are compatible for 
xA<0.01 

- similar trend in leading order (LO) 
analysis in PYTHIA8 framework, 
Helenius, Rasmusen, EPJ C 79 (2019) 5, 413.

V. GUZEY AND M. KLASEN PHYSICAL REVIEW C 99, 065202 (2019)

103

104

105

106

107

10-3 10-2 10-1 100

Pb-Pb, 5.02 TeV

d
σ/

d
x
A
 
(
n
b
)

xA

nCTEQ15
resolved
direct

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

10-3 10-2 10-1 100n
C
T
E
Q
1
5
/
n
C
T
E
Q
1
5
(
I
A
)

xA

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

10-3 10-2 10-1 100

n
C
T
E
Q
1
5
/
E
P
P
S
1
6

xA

FIG. 7. NLO QCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs at
√

sNN = 5.02 TeV in the ATLAS kinematics
as a function of xA. Top: The resolved (green, dot-dashed) and direct (blue, dashed) photon contributions and their sum (red, solid). Middle:
The ratio to the impulse approximation. Bottom: The ratio of cross sections calculated using the nCTEQ15 and EPPS16 nPDFs. The shaded
bands show the uncertainty of nCTEQ15 nPDFs.

to look for signs of the Balitsky-Fadin-Kuraev-Lipatov and
gluon saturation dynamics in the high-energy (kT ) factoriza-
tion approach [57].

IV. CONCLUSIONS

In this work, we calculated the cross section of inclusive
dijet photoproduction in Pb-Pb UPCs at the LHC using NLO
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FIG. 7. NLO QCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs at
√

sNN = 5.02 TeV in the ATLAS kinematics
as a function of xA. Top: The resolved (green, dot-dashed) and direct (blue, dashed) photon contributions and their sum (red, solid). Middle:
The ratio to the impulse approximation. Bottom: The ratio of cross sections calculated using the nCTEQ15 and EPPS16 nPDFs. The shaded
bands show the uncertainty of nCTEQ15 nPDFs.

to look for signs of the Balitsky-Fadin-Kuraev-Lipatov and
gluon saturation dynamics in the high-energy (kT ) factoriza-
tion approach [57].

IV. CONCLUSIONS

In this work, we calculated the cross section of inclusive
dijet photoproduction in Pb-Pb UPCs at the LHC using NLO

065202-8

•  Nuclear modifications: shape of 
repeats that of Rg(x)=gA/AgN: 
-  10% shadowing for xA< 0.01 
-  20% antishadowing at xA ~0.1 
-  5-10% EMC effect for large xA →  

can be compared to predictions for 
EIC, Klasen, Kovarik, PRD 97 (2018) 114013; 
Guzey, Klasen, PRC 102 (2020) 6, 065201.

R =
d�(AA ! A+ 2jets +X)

d�IA(AA ! A+ 2jets +X)
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Figure 5. NLO pQCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs
at

p
sNN = 5.02 TeV in the ATLAS kinematics as a function of xA for di↵erent bins of z� .

with the direct contribution being approximately factor of two larger than the resolved

one. While this behavior is qualitatively similar to the results of the LO analysis in the

framework of PYTHIA 8 with EPPS16 nPDFs [50], the relative contribution of the resolved

photon term is larger is our case due to the NLO e↵ects. Therefore, the sensitivity of the

cross section to photon PDFs is larger at NLO than at LO.

The middle panel of Fig. 6 presents the ratio of the cross section calculated using

nCTEQ15 nPDFs in lead to the one calculated in the impulse approximation (IA), where

nuclear PDFs are assumed not to include any nuclear modifications and given by a sum

of free proton and neutron PDFs, f IA
b/A = Zfb/p + (A � Z)fb/n. One can see from this

– 8 –

See talk I. Helenius
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•  Potential of inclusive dijet photoproduction in Pb-Pb UPCs to constrain nPDFs 
can be assessed using Bayesian reweighting used for pA data, Armesto et al. JHEP 1311 
(2013) 015; Paukkunen, Zurita, JHEP 1412 (2014) 100; Kusina et al., EPJC 77 (2017) 488.

•  Using error nPDFs, one generates N (N=10,000) replicas:  

fk
j/A(x,Q

2) = f0
j/A(x,Q

2) +
1

2

NX

i=1

h
f i+
j/A(x,Q

2)� f i�
j/A(x,Q

2)
i
Rki
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central value error PDFs random numbers

•  Calculate the cross section for each replica:  

d�k

dxA
=

X

a,b

Z ymax

ymin

dy

Z 1

0
dx�f�/A(y)fa/�(x� , µ

2)fk
b/B(xA, µ

2)d�̂(ab ! jets)
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•  𝝌2 for each k using our calculations with central nPDFs as pseudo-data (need 
to assign some error eps=5-15%) 

wk =
e�

1
2�

2
k/T

1
Nrep

PNrep

i e�
1
2�

2
i /T

<latexit sha1_base64="OaQO4xXBKK06lCei8g3c36gY7k4="></latexit>

•  →  statistical weights wk for replicas to 
reproduces the pseudo-data with tolerance T



Constraints on nPDFs from dijet photoproduction (2) 

10

•  Re-weighted PDFs 
and their uncertainties:

hfj/A(x,Q2)inew =
1

Nrep

NrepX

k=1

wkf
k
j/A(x,Q

2) ,

�hfj/A(x,Q2)inew =

vuut 1

Nrep

NrepX

k=1

wk

⇣
fk
j/A � hfj/A(x,Q2)inew

⌘2

<latexit sha1_base64="ihu5fb0fE0fkipMX5MhP440pPNM="></latexit>

•  This quantifies the effect of the pseudo-data on nPDFs and their uncertainties.
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Fig. 5 The dijet photoproduction cross section as a function of xA
with (blue solid circles and error bands) and without (red crosses and
error bands) the Bayesian reweighting calculated using the nCTEQ15np

nPDFs; the cross section used as pseudo-data is calculated with
nCTEQ15 (open black squares). Different panels show the results for
the four considered cases of the assumed error ε
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•  Assuming 5% error → reduction of uncertainties by factor 2 at xA=0.001.

Guzey, Klasen, EPJ C 79 (2019) 5, 396
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Diffractive dijet photoproduction in Pb-Pb UPCs@LHC 
•  In framework of collinear factorization & NLO 
pQCD, it probes novel nuclear diffractive PDFs. 

•  Contribution of right-moving photon source:

A

Jet

Jet

Jet

Jet

Remnant

Remnant

Remnant

B B B B

A A

A

γ

γ

(a) (b)

IP IP
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d�(AA ! A+ 2jets +X +A)(+) =
X

a,b

Z
dt

Z
dxP

Z
dzP

Z
dy

Z
dx�f�/A(y)fa/�(x� , µ

2)fD(4)
b/A (xP , zP , t, µ

2)d�̂ab!jets

•  Nuclear diffractive PDF fb/AD(4)= conditional probability to find parton b with 
mom. fraction zP with respect to the diffractive exchange (pomeron) carrying 
mom. fraction xP provided the nucleus remained intact with mom. transfer t. 

y

•  fb/AD(4)  is subject to nuclear modifications. The leading twist nuclear shadowing 
model predicts strong nuclear suppression (shadowing), Frankfurt, Guzey, Strikman, Phys. 
Rept. 512 (2012) 255

xP

zP

x𝛾

<latexit sha1_base64="Ui+CpELl2av0gEHqS/M3R6w92yg="></latexit>

fD(4)
b/A (xP , zP , t, µ

2) = Rb(xP , zP , µ
2)A2F 2

A(t)f
D(4)
b/p (xP , zP , t = 0, µ2)

⇡ 0.15A2F 2
A(t)f

D(4)
b/p (xP , zP , t = 0, µ2)



Leading twist approach to nuclear shadowing  
•Combination of Gribov-Glauber theory with QCD factorization theorems for 
inclusive and diffractive DIS → prediction for small-x nPDFs at input scale Q0, 
Frankfurt, Guzey, Strikman, Phys. Rept. 512 (2012) 255 
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— +
diffractive  
exchange

N=2 term: proton diffractive PDFs from QCD 
analysis of HERA data            

N ≥ 3 terms: model-dependent 
effective cross section

• Main feature: connects shadowing in eA with diffraction in ep. 
• Can also be generalized to incoherent (quasi-elastic diffraction).

j=q or g
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a b c

Fig. 68. The multiple scattering series for the � ⇤A ! XA scattering amplitude. Graphs a, b, c correspond to the interaction with one, two, and three
nucleons of the nuclear target, respectively. Graph a is the impulse approximation; graphs b and c contribute to the shadowing correction.

Note thatwe expressed the longitudinalmomentum transfer�� ⇤X in terms of xP,�� ⇤X = xPmN . Using the QCD factorization
theorem for diffraction (163) in the right-hand and left-hand sides of Eq. (168), we obtain the expression for the nuclear
diffractive PDFs f D(3)

j/A :

�f D(3)
j/A (�,Q 2, xP) = 4⇡A2�f D(4)

j/N (�,Q 2, xP, tmin)
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2

. (169)

Finally, assuming the exponential t dependence of f D(4)
j/N , i.e., using Eq. (59), we obtain our final expression for the nuclear

diffraction parton distribution �f D(3)
j/A [26,210]:

�f D(3)
j/A (�,Q 2, xP) = 4⇡A2Bdiff�f D(3)

j/N (�,Q 2, xP)
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z dz0⇢A(b,z0)⇢A(b, z)
����
2

. (170)

The structure of the answer resembles the case of the diffractive productions of vector mesons (after the generic diffractive
state X is replaced by a single vector meson), see e.g., Ref. [80].

Eq. (170) should be compared to Eq. (64): the both equations are derived in the color fluctuation approximation
characterized by the cross section �

j
soft(x,Q

2) that determines the strength of the multiple rescatterings. Note also that
the nuclear shadowing correction to �f D(3)

j/A given by Eq. (170) corresponds to the diffractive unitary cut in the language of
the AGK cutting rules, see Eq. (24) and graph a in Fig. 8.

The physics interpretation of Eq. (170) is rather straightforward: the diffractive scattering takes place on any ofAnucleons
of the target at point (Eb, z); the produced diffractive state gets absorbed on the way out with the probability amplitude
e�

A
2 (1�i⌘)�

j
soft(x,Q

2)
R

1

z dz0⇢A(b,z0).
In the limit of very small xP, the effect of the finite coherent length, i.e., the eixPmNz factor, can be neglected and Eq. (170)

can be presented in the following simplified form:

�f D(3)
j/A (�,Q 2, xP) ⇡ 16⇡Bdiff�f D(3)

j/N (�,Q 2, xP)

Z
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j
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2)TA(b)
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. (171)

In Eq. (170), we neglected the possible dependence of �
j
soft(x,Q

2) on � (the dependence on the diffractive mass MX ).
Since the total probability of diffraction changes rather weakly as one varies the rescattering cross section, see e.g., Ref. [34],
this seems to be a reasonable first approximation. At the same time, in the region of small � and small x that corresponds to
the triple Pomeron kinematics for the soft inelastic diffraction, one expects a suppression of diffraction as compared to the
color fluctuation approximation used in Eq. (170). Indeed, Eq. (170) evaluated atQ 2 = Q 2

0 = 4 GeV2 essentially corresponds
to treating diffraction as a superposition of elastic scattering of different components of the virtual photon wave function.
This is a reasonable approximation for the configurations with the masses comparable to Q 2. In the � ⌧ 1 limit (which
corresponds to M2

X � Q 2), one approaches the limit analogous to the soft triple Pomeron limit, in which case diffraction
off nuclei is strongly suppressed compared to elastic scattering, see, e.g., Refs. [211,212]. Hence, we somewhat overestimate
diffraction for small � and relatively small Q 2

0 scales. At larger Q 2, diffraction at small � is dominated by the QCD evolution
from � � 0.1 at Q 2

0 and, hence, the accuracy of our approximation improves. Thus, in our numerical studies, we neglect the
effect of the potential small-� suppression that we just discussed.

One can immediately see from Eq. (170) that the Regge factorization, i.e., the factorization of f D(3)
j/A (�,Q 2, xP) into the

product of the Pomeron flux factor fP(xP) and the PDFs of the Pomeron fj(�,Q 2), see Eq. (88), is not valid for the nuclear
diffractive parton distributions, even if it approximately holds for the nucleon case. At fixed xP, the right-hand side of
Eq. (170) depends not only on� , but also on Bjorken x since the screening factor is given by the exponential factor containing
�

j
soft(x,Q

2)which is a function of x. In addition, the right-hand side of Eq. (170) depends on the atomic mass number A since
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Fig. 68. The multiple scattering series for the � ⇤A ! XA scattering amplitude. Graphs a, b, c correspond to the interaction with one, two, and three
nucleons of the nuclear target, respectively. Graph a is the impulse approximation; graphs b and c contribute to the shadowing correction.
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Figure 1. Diagram for diffractive DIS in the single photon
approximation. The diffractive mass X is separated from the
diffractive scattered proton (or its excitation) Y by a rapidity gap.
See the text for the de!nition of the variables. Reproduced from
[17]. CC BY 4.0.

to ask if such processes are tractable within the perturbative
QCD. Veneziano and Trentadue in [14] postulated that in DIS
the semi-inclusive processes, where the hadron is produced in
the target fragmentation region, can be described within the
collinear approximation. For that purpose they introduced the
notion of the fracture functions which contain the information
about the structure function of a given target hadron once
it has fragmented into another given !nal state hadron. The
diffractive processes, which can be classi!ed as a special case
of the processes discussed in [14], were considered in [15, 16]
where it was demonstrated that they can be described within
the collinear approximation, in analogy to the standard non-
diffractive processes in DIS. The factorization proof, presented
in [15], essentially followed that of the inclusive case. Note
that, diffractive factorization can also be applied to other semi-
inclusive processes in diffractive DIS like diffractive heavy
quark production or dijet production in the direct photon case
(see discussion later in this section). Also, factorization is valid
for a more general case of production of a hadron with a !xed
momentum fraction xF and a transverse momentum pt in the
target fragmentation region.

The typical event with a rapidity gap in DIS is depicted in
a diagram shown in !gure 1. An incoming electron or positron
with four-momentum k scatters off the incoming proton with
four-momentum p. The proton is scattered into the !nal state
Y with four-momentum p′. The proton may stay intact or
alternatively it can also dissociate into a low mass excitation
with mass MY. The process proceeds through the exchange of a
single photon and there is a rapidity gap between the !nal state
Y and the diffractive system X, see the diagram in !gure 1.

As any DIS process, the diffractive event is characterized
by the standard set of variables:

q2 = −Q2, x =
Q2

2p · q
, W2 = (p + q)2, y =

p · q
p · k

,

(1)
being minus photon virtuality, Bjorken x, center-of-mass
energy squared of the photon–proton system and inelastic-
ity, respectively. In addition to these variables, there are also
diffractive ones which are de!ned as follows

t = (p− p′)2, ξ =
Q2 + M2

X − t
Q2 + W2 , β =

Q2

Q2 + M2
X − t

,

(2)

where t is the momentum transfer squared at the proton vertex,
M2

X is the mass squared of the diffractive system X, ξ is the
momentum fraction carried by the diffractive exchange, and
β is the momentum fraction carried by the struck parton with
respect to the diffractive exchange. Often ξ is denoted by xIP

in the literature. The two momentum fractions satisfy the con-
straint x = ξβ. The variable ξ can be related to the fraction xL

of the longitudinal momentum of the initial proton carried by
the !nal proton, i.e. ξ = 1 − xL. Thus typical diffractive events
are characterized by small ξ, or large xL meaning that the
!nal proton carries a large fraction of the initial momentum.
The double line in diagram in !gure 1 depicts the diffractive
exchange (often referred to as the Pomeron) between the pro-
ton and the diffractive system X, and is responsible for the
presence of the rapidity gap.

The diffractive cross sections can be expressed by the two
structure functions. In the one-photon approximation

σD(3)
red = FD(3)

2 (β, ξ, Q2) − y2

Y+
FD(3)

L (β, ξ, Q2), (3)

σD(4)
red = FD(4)

2 (β, ξ, Q2, t) − y2

Y+
FD(4)

L (β, ξ, Q2, t), (4)

where Y+ = 1 + (1 − y)2. In the above equations the reduced
cross sections are the rescaled differential cross sections

d4σD(4)

dξdβdQ2dt
=

2πα2
em

βQ4 Y+ σD(4)
red , (5)

or, upon the integration over t,

d3σD(3)

dξdβdQ2 =
2πα2

em

βQ4 Y+ σD(3)
red . (6)

The subscripts (3) and (4) in the above formulae denote
the number of variables that the diffractive cross sections or
structure functions depend on. Note that the structure functions
FD(4)

2,L have dimension GeV−2, whereas FD(3)
2,L are dimension-

less. The contribution of the longitudinal structure function to
the reduced cross sections is rather small, for the most part,
except in the region of y close to unity.

2.2. Collinear factorization in diffractive DIS

The standard perturbative QCD approach to diffractive cross
sections is based on the collinear factorization [14–16]. Sim-
ilarly to the inclusive DIS cross section, the diffractive cross
section can be written in a factorized form

FD(4)
2/L (β, ξ, Q2, t) =

∑

i

∫ 1

β

dz
z

C2/L,i

(
β

z
, Q2

)

× f D
i (z, ξ, Q2, t), (7)

where the sum is performed over all parton "avors (gluon,
d-quark, u-quark, etc). In the case of the lowest order parton
model process, z = β. When higher order corrections are taken
into account then z > β. The coef!cient functions C2/L,i can
be computed perturbatively in QCD and are the same as in

4
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Fig. 29. The cross sections �
j(H)
soft , �

j(L)
soft , and �

j
2(x,Q

2
0 ) as functions of Bjorken x at fixed Q 2

0 = 4 GeV2. The left panel corresponds to the ū-quark; the right
panel corresponds to gluons.

Fig. 30. The ratio R of Eq. (116) at Q 2
0 = 4 GeV2. The solid curves correspond to �max = 0.5; the dotted curves correspond to �max = 0.1; the dot-dashed

curves correspond to �max = 0.01; the short-dashed curves correspond to �max = 0.001.

To quantify the contributions of different regions of integration over � to �
j
2(x,Q

2), we introduce the ratio R defined as
follows:

R(�max, x) ⌘

R 0.1
x dxP�f D(3)

j/N (�,Q 2
0 , xP)⇥(�max � �)

R 0.1
x dxP�f D(3)

j/N (�,Q 2
0 , xP)

. (116)

The ratio R for the ū-quark and gluon channels at Q 2
0 = 4 GeV2 is presented in Fig. 30. In the figure, the solid curves

correspond to �max = 0.5; the dotted curves correspond to �max = 0.1; the dot-dashed curves correspond to �max = 0.01;
the short-dashed curves correspond to �max = 0.001.

One can infer from Fig. 30 the relative contributions of different �-regions to �
j
2(x,Q

2) and, hence, to nuclear shadowing.
For instance, for x  10�5, the �  0.001-region contributes to nuclear shadowing at most 9% in the quark channel and
16% in the gluon channel. This estimate suggests that even for such small values of Bjorken x, various small-x effects, which
are not included in the DGLAP picture, should not lead to significant corrections in the evaluation of nuclear PDFs.

Another conclusion is that the diffractively produced masses M2
X ⇡ Q 2(1 � �)/� can be large. At very high energies

(small x), one enters the regime analogous to the triple Pomeron limit of hadronic physics, which allows for � ⌧ 1. This
contribution (neglecting the large-� contribution) to the nuclear structure functions at extremely small x was evaluated in
the Color Glass Condensate framework, see, e.g., Ref. [171].

5.1.4. Nuclear antishadowing and DGLAP evolution
By construction, Eq. (64) does not describe nuclear modifications of PDFs for x > 0.1, where such effects as nuclear

antishadowing and the EMC effect take place. However, we need to know nuclear PDFs at our chosen input scale Q 2
0 =

4 GeV2 for a wide range of the values of Bjorken x0, x  x0  1, since we use those nPDFs as an input for the
Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP) evolution to higher Q 2 > Q 2

0 .
The DGLAP evolution equations for PDFs fj of any target (we use the nucleus) read [77]:

d f nsj/A(x,Q
2)

d logQ 2 =
↵s(Q 2)

2⇡

Z 1

x

dx0

x0
Pqq

⇣ x
x0

⌘
f nsj/A(x

0,Q 2),

d
d logQ 2

✓
f sA(x,Q

2)

fg/A(x,Q 2)

◆
=

↵s(Q 2)

2⇡

Z 1

x

dx0

x0

0

B@
Pqq

⇣ x
x0

⌘
Pqg

⇣ x
x0

⌘

Pqg
⇣ x
x0

⌘
Pgg

⇣ x
x0

⌘

1

CA
✓

f sA(x
0,Q 2)

fg/A(x0,Q 2)

◆
, (117)

Spread in σsoft → 
uncertainty of LTA 
predictions

See talks B. Schenke, 
M. Strikman
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•HERA analysis: perturbative Pomeron is made mostly of gluons → LTA model 
naturally predicts large gluon nuclear shadowing.
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Fig. 72. The f D(3)
j/A (�,Q 2, xP)/[Af

D(3)
j/N (�,Q 2, xP)] ratio as a function of � at xP = 2 ⇥ 10�4 (four upper panels) and xP = 10�3 (four lower panels) at

Q 2 = 4 GeV2 and for 40Ca and 208Pb. The left column of panels correspond to the ū-quark density; the right column corresponds to the gluon density. The
solid and dashed curves correspond to models FGS10_H and FGS10_L, respectively.

xP becomes larger than approximately 0.02, the coherence of the nucleus is destroyed by the eixPmNz exponent in Eq. (170)
and nuclear coherent diffraction rapidly vanishes.

Next we present our predictions for the Q 2 dependence of f D(3)
j/A /(Af D(3)

j/N ). Fig. 75 shows f D(3)
j/A /(Af D(3)

j/N ) as a function of �

at small fixed value of xP = 10�3 for 208Pb for three different values of Q 2: Q 2 = 4, 10 and 100 GeV2. As one can see from
the figure, the Q 2 dependence almost completely cancels in the ratio of the nuclear and nucleon diffractive PDFs.

A fewwords of explanation about our procedure is in order here. At fixed xP, we calculated f D(3)
j/A (�,Q 2, xP) as a function of

� at fixedQ 2
0 = 4 GeV2 using Eq. (170). The result was used as an input for the DGLAP evolution Eq. (117) to higherQ 2 scales,

Q 2 = 10 and 100 GeV2. The Q 2 evolution of the free proton diffractive PDFs, f D(3)
j (�,Q 2, xP), was performed separately.

Having the nuclear and nucleon diffractive PDFs at desired values of Q 2, we formed the f D(3)
j/A /(Af D(3)

j/N ) ratio presented in
Fig. 75.

Our predictions for f D(3)
j/A /(Af D(3)

j/N ) in Figs. 72–74 are very weakly flavor-dependent. Nevertheless, f D(3)
j/A /(Af D(3)

j/N ) is not
exactly equal to the ratio of the nuclear to nucleon diffractive structure functions, FD(3)

2A /(AFD(3)
2N ). Therefore, we separately

showour predictions for theNLOnuclear and nucleon diffractive structure functions and present an example of the resulting
FD(3)
2A /(AFD(3)

2N ) ratio in Fig. 76. As one can see in the figure, the predicted FD(3)
2A /(AFD(3)

2N ) are very similar to f D(3)
j/A /(Af D(3)

j/N ) from
Figs. 72 and 74.

Our predictions for FD(3)
2A /(AFD(3)

2N ) can be directly compared to the predictions for FD(3)
2A /(AFD(3)

2N ) made in the framework
of the color dipole model [27]. We begin with the � dependence and compare the two upper panels of Fig. 76 to Fig. 7 of
Ref. [27]. We observe that the predicted shape of FD(3)

2A /(AFD(3)
2N ) as a function of � is similar in the two approaches, especially

for 40Ca. Moreover, for model FGS10_H and 40Ca, our predictions are also close in the absolute value to those of Ref. [27]. At
the same time, for 208Pb, our prediction for FD(3)

2A /(AFD(3)
2N ) is that it mildly increaseswith increasing � and takes on the values

•Nucleus/proton ratio of diffractive PDFs is a weak function of β, xP and Q2.

•→ we approximate it by a single constant 
Rb=0.15-0.30 < (Rg)2=(0.6-0.7)2=0.4-0.5 → 
connection to strong shadowing in J/𝜓 case,
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Fig. 75. The Q 2 dependence of the f D(3)
j/A (�,Q 2, xP)/[Af

D(3)
j/N (�,Q 2, xP)] ratio as a function of � at fixed xP = 10�3 for 208Pb.

Fig. 76. Predictions for the ratio of the nuclear to nucleon diffractive structure functions, FD(3)
2A /(AFD(3)

2N ), at Q 2
0 = 4 GeV2.

in the interval 0.6  FD(3)
2A /(AFD(3)

2N )  0.7 (FGS10_H) and 0.25  FD(3)
2A /(AFD(3)

2N )  0.35 (FGS10_L), while the prediction
of [27] is that FD(3)

2A /(AFD(3)
2N ) rather rapidly changes from 0.6 to 1.2 between � = 0 and � = 0.3 and further grows and

becomes approximately 1.4 as � approaches unity.
Turning to the xP dependence of F

D(3)
2A /(AFD(3)

2N ), the two lower panels of Fig. 76 are to be compared to Fig. 11 of Ref. [27]. For
xP  0.01, the two approaches predict the similar shape of FD(3)

2A /(AFD(3)
2N ) as a function of xP. For 40Ca and model FGS_L, the

predictions of the two approaches are also close in the absolute values. At the same time, the trend of the A dependence
is opposite: our leading twist approach predicts that FD(3)

2A /(AFD(3)
2N ) for 40Ca is slightly larger than that for 208Pb, while

FD(3)
2A /(AFD(3)

2N ) for 208Pb is noticeably larger than that for 40Ca in Ref. [27]. Also, we predict smaller values of FD(3)
2A /(AFD(3)

2N )

for 208Pb compared to the curves in Fig. 11 of Ref. [27]. While the xP > 0.01 region is not shown in Ref. [27], we predict a
dramatic decrease of FD(3)

2A /(AFD(3)
2N ) for xP > 0.01 as a consequence of the decrease of the coherence length in this region

(see the discussion above).
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Fig. 75. The Q 2 dependence of the f D(3)
j/A (�,Q 2, xP)/[Af

D(3)
j/N (�,Q 2, xP)] ratio as a function of � at fixed xP = 10�3 for 208Pb.

Fig. 76. Predictions for the ratio of the nuclear to nucleon diffractive structure functions, FD(3)
2A /(AFD(3)

2N ), at Q 2
0 = 4 GeV2.

in the interval 0.6  FD(3)
2A /(AFD(3)

2N )  0.7 (FGS10_H) and 0.25  FD(3)
2A /(AFD(3)

2N )  0.35 (FGS10_L), while the prediction
of [27] is that FD(3)

2A /(AFD(3)
2N ) rather rapidly changes from 0.6 to 1.2 between � = 0 and � = 0.3 and further grows and

becomes approximately 1.4 as � approaches unity.
Turning to the xP dependence of F

D(3)
2A /(AFD(3)

2N ), the two lower panels of Fig. 76 are to be compared to Fig. 11 of Ref. [27]. For
xP  0.01, the two approaches predict the similar shape of FD(3)

2A /(AFD(3)
2N ) as a function of xP. For 40Ca and model FGS_L, the

predictions of the two approaches are also close in the absolute values. At the same time, the trend of the A dependence
is opposite: our leading twist approach predicts that FD(3)

2A /(AFD(3)
2N ) for 40Ca is slightly larger than that for 208Pb, while

FD(3)
2A /(AFD(3)

2N ) for 208Pb is noticeably larger than that for 40Ca in Ref. [27]. Also, we predict smaller values of FD(3)
2A /(AFD(3)

2N )

for 208Pb compared to the curves in Fig. 11 of Ref. [27]. While the xP > 0.01 region is not shown in Ref. [27], we predict a
dramatic decrease of FD(3)

2A /(AFD(3)
2N ) for xP > 0.01 as a consequence of the decrease of the coherence length in this region

(see the discussion above).

Uncertainty of 
LTA predictions

See talk E. Iancu
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Diffractive dijet photoproduction in Pb-Pb UPCs@LHC (2) 
•  NLO pQCD predictions as a function of momentum fractions x𝛾 and zP, 
leading jet transverse momentum ETjet1, and photon-nucleus energy W.

N
O
T
 
F
O
R
 
D
I
S
T
R
I
B
U
T
I
O
N
 
J
H
E
P
_
1
9
8
P
_
0
3
1
6
 
v
1

 100

 1000

 10000

 0  0.2  0.4  0.6  0.8  1

AA UPCs at 5.1 TeV

dσ
/d

x γ
je
ts
, 

nb

xγ
jets

 0

 500

 1000

 1500

 2000

 2500

 3000

 0  0.2  0.4  0.6  0.8  1

dσ
/d

x P
je
ts
, 

nb

zP
jets

 0.01

 0.1

 1

 10

 100

 20  25  30  35  40  45  50  55  60

dσ
/d

E T
je
t1
, 

nb
/G

eV

ET
jet1, GeV

 0.01

 0.1

 1

 10

 0  200  400  600  800 1000 1200

dσ
/d

W,
 n

b/
Ge

V

W, GeV

 10

 100

 1000

-2 -1  0  1  2

d 
σ

/d
<η

je
ts

>,
 n

b

<ηjets>

 10

 100

 1000

 0  0.5  1  1.5  2  2.5  3

d 
σ

/d
|∆
η

je
ts

|, 
nb

|∆ηjets|

 1

 10

 100

 20  30  40  50  60  70  80  90 100

dσ
/d

M 1
2,
 n

b/
Ge

V

M12, GeV

 0
 5

 10
 15
 20
 25
 30
 35

 20  30  40  50  60  70  80  90 100

dσ
/d

M X
, 

nb
/G

eV

MX, GeV

Figure 12. The same as Fig. 11, but at
√
sNN = 5.1 TeV.
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Diffractive dijet photoproduction in Pb-Pb UPCs@LHC (3) 
•  Analyses of diffractive dijet photoproduction in ep scattering@HERA → QCD 
factorization is broken, i.e., NLO calculations overestimate data by factor of ~2, 
Klasen, Kramer, EPJ C 38 (2004) 93; PRL 93 (2004) 232002; JPhys.G 31 (2005) 1391; MPLA 23 (2008) 1885; EPJ C 70 
(2010) 91; PLB 508 (2001) 259; EPJ C 49 (2007) 957; PRD 80 (2009) 074006; Guzey, Klasen, EPJ C 76 (2016) 8, 467  
  

•  The pattern of unknown: either the global suppression factor R(glob.)=0.5 or the 
resolved-only suppression R(res.)=0.34, Kaidalov, Khoze, Martin, Ryskin, EPJ C 66 (2010) 373, or 
the flavor-dependent combination of the two, Guzey, Klasen, EPJ C 76 (2016) 8, 467 

•  One can differentiate between these scenarios by studying x𝛾 distribution in AA 
UPCs, Guzey, Klasen, JHEP 04 (2016) 158 N
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Figure 19. The same as Fig. 18, but at
√
sNN = 5.1 TeV.

LHC. Using general kinematic conditions and cuts on the final state, we found that the
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Figure 18. The effect of diffractive factorization breaking on the differential cross section of
diffractive photoproduction of dijets dσ(AA → A+ 2jets +X ′ + A) in AA UPCs at

√
sNN = 2.76

TeV.
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How large is the diffractive contribution? 
•  Diffractive contribution to inclusive dijet photoproduction in Pb-Pb UPCs in 
ATLAS kinematics does not exceed 5% at small xA, Guzey, Klasen, PRD 104(2021) 11, 
114013 
  

•  This is the effect of restricted kinematics, pT1 > 20 GeV, xA > 0.001 and large 
shadowing suppression of nuclear diffractive PDFs.  

•  → the diffractive contribution and related ambiguity with the determination of 
the photon-emitting nucleus (invariant energy W) can be safely neglected. 

•  It is not the case for pp UPCs, where the diffractive contribution can reach 
20-25% at xp ~10-4.
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Figure 1. The ratio of the cross sections of diffractive and inclusive dijet photoproduction in Pb-Pb
UPCs at

√
sNN = 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 band quantifies the
uncertainty in predictions for nuclear diffractive PDFs.
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the diffractive and inclusive cross sections of dijet photoproduction can reach 20 − 25% for

xp ∼ 5 × 10−5.
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l Photoproduction of jets is a standard tool of QCD. Its theory is well-
established in NLO pQCD and compares very well to HERA data. 

l Nuclear PDFs are poorly constrained by available fixed-target and pA LHC 
data and, hence, there is growing interest in obtaining new constraints on 
them using hard photon-nucleus scattering in heavy ion UPCs a the LHC. 

l Inclusive dijet photoproduction in Pb-Pb UPCs@LHC probes nPDFs down 
to xA ~0.005 and can reduce the current small-xA uncertainties of the gluon 
distribution by factor of ~2. 
  
l Diifractive dijet photoproduction in Pb-Pb UPCs@LHC accesses novel 
nuclear diffractive PDFs and may shed new light on mechanism of QCD 
factorization breaking in this process. 

l  Extraction of diffractive events is problematic due to ambiguity in photon 
source → can be solved by requiring MX≫Mdijet, Strikman, Vogt, White, PRL 96 (2006) 082001.   

l Both processes can be viewed as precursors of analogous measurements 
at EIC, Guzey, Klasen, PRC 102 (2020) 6, 065201; JHEP 05 (2020) 074. 

Summary and Outlook


