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Hadronic structure of the “resolved” photon from LQCD

QCD allows photon to exhibit a hadronic structure due to quantum fluctuations

Well controlled parametrization when photon appears as an active, partonic constituent of the proton.

Not so for “resolved” photon’s parton contents

direct resolved

(a) (b) hadron-like (c) point-like

ω ω → V(JCP = 1→→) ω → f f̄

Figure 1: The direct photon (a) interacts as a whole quantity. The structure of the photon
originates from quantum fluctuations – resolved photons: (b) hadron-like (c) point-like.

|ω〉 = cdirect|ωdirect〉 +
∑

V =ω0,ω,...

cV |ωV 〉 +
∑

q=u,d,...

cq|ωq〉 +
∑

l=e,µ,τ

cl|ωl〉 (1)

The coefficients cV , cq and cl depend on the factorization scale used to probe the photon
and can be found e.g. in [5]. The coefficient cdirect is given by unitarity: c2

direct = 1−
∑

c2
V −

∑

c2
q −

∑

c2
l , and in practice is always close to unity. For the rich structure of the photon

developed through quantum fluctuations its investigation represents a fundamental test of
predictions of both QED and QCD.

Most of the experimental results in the field of particle physics are today obtained from
experiments performed at accelerators where beams of high energy elementary particles
are collided head on or with stationary targets. However, at present we do not have at our
disposal photon beams and most of our knowledge on the structure of the photon comes from
e+e→ or ep colliders where the lepton beams serve as sources of high energy photons (the
proton due to its large mass is a much weaker source of photons). The photons are emitted
by the lepton beams in the bremsstrahlung process. Consequently the ‘photon beams’ have
no well defined energies, but rather are characterized by broad, continues spectra. The other
limitation is that due to the four momentum conservation it is not possible for a beam lepton
to emit a real photon in the bremsstrahlung process (although the distribution is peaked at
very small virtualities). Therefore in the present day experiments only the structure of quasi-
real or virtual photons has been studied.

The main aim of this paper is to present and summarize the results on the structure of
the photon and its interactions obtained from the LEP experiments. The classical way to
investigate the structure of the photon at e+e→ colliders is the measurement of the process:

e+(p1)e
→(p2) → e+(p ′

1)e
→(p ′

2) X, (2)

proceeding via the interaction of two photons, which can be either quasi-real (ω) or virtual
(ω$). The terms in parentheses in Eq. 2 represent the four-vectors of the particles as shown
in Fig. 3a and X is a given leptonic or hadronic final state. The subdivision of the photon
wave function presented in Eq. 1 corresponds to six main event classes in ωω → hadrons
interactions, characterized by some transverse momentum scale kT of the qq̄ fluctuation and
an unphysical scale k0 (of order 0.5 GeV) which divides the phase space into perturbative
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sharply peaked at very small virtualities). As a result, current experiments have only been able
to probe the structure of quasi-real or virtual photons, and extrapolating to real-photon structure
involves significant complications and systematic uncertainties. On the other hand, our lattice
QCD calculation can be associated with the hadronic structure of a real photon, which can be
significantly advantageous.

Understanding the hadronic structure of the photon will be crucial for studying jet photo-
production at the upcoming Electron-Ion Collider (EIC) [5] and it will also play a key role in
constraining the gluon PDF, as the cross-section of this process exhibits enhanced sensitivity to
the gluon distribution. In photoproduction at the EIC, the total cross-section can be decomposed
into direct and resolved contributions:

dω = dωdirect + dωresolved . (1)

Here, a nearly on-shell photon can either interact directly with partons or resolve into its partonic
content, necessitating the introduction of nonperturbative parton-in-photon PDFs. Additionally,
the study of di!ractive dijet photoproduction at the EIC o!ers the possibility of providing new and
more precise information on di!ractive parton density functions (PDFs) in the pomeron, surpassing
the constraints previously obtained at HERA.

Moreover, a precise understanding of the resolved photon structure in di!ractive dijet photo-
production at the EIC o!ers a unique opportunity to shed light on the unresolved issue of QCD
factorization breaking [6], which arises when resolved photons participate in the scattering along-
side pointlike photons. For dijet photoproduction, while factorization is expected to hold for
DIS-like direct-photon processes, there is evidence that it is broken by a factor of approximately
0.34 for resolved-photon processes [7] (also see [8–10]). Factorization breaking in di!ractive dijet
photoproduction is attributed to soft inelastic photon interactions with the proton, which populate
and partially destroy the final-state rapidity gap. Understanding the mechanism of factorization
breaking in photoproduction has been a key goal of di!raction studies at HERA and could be-
come a central physics objective at the EIC, where planned luminosities exceed those at HERA
by up to two orders of magnitude. The crucial question is whether factorization remains valid for
pointlike photons, similar to its established validity in DIS [11], and is only violated for resolved
photons [10]. Additionally, it is possible that the suppression factor for resolved photons exhibits
a parton-flavor dependence [12]. While there exist several parametrizations of parton distributions
in the photon [13–21], it is desired that one can obtain the resolved photon’s x-dependent hadronic
structure from lattice QCD calculations.

Given some set of experimental data available and future opportunities to explore the hadronic
properties of the photon in the e

+
e
→ and ep collider and many unresolved questions associated

with the resolved photon’s hadronic structure, it is appropriate to ask how they can be understood
from the fundamental theory— quantum chromodynamics within the lattice QCD framework. As
we know, lattice QCD calculation is in particular suitable for calculating x-dependent structure
function in the mid-to-moderately large x-region, and we have the opportunity to test fundamental
aspects of QED and QCD through the study of the photon structure function. This proposal

aims to investigate the hadronic structure of the resolved photon using first-principles

lattice QCD calculations. Consequently, a lattice QCD calculation of the hadronic structure
of the photon has the potential to significantly impact EIC physics. With the successful completion
of this lattice QCD calculation of PDFs, it will also open up the future possibility to determine
the generalized parton distributions (GPDs) of the photon [22].
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QCD factorization is the cornerstone that connects hadronic scattering measurements into quantitative information  
on the quark and gluon structure of matter.
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Hadronic structure of the “resolved” photon from LQCD

Test of QCD factorization “breaking” (or lack of understanding of resolved photon structure) 
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Fig. 3. Differential cross sections for diffractive dijet photoproduction as measured by H1 and
compared to NLO QCD without (R = 1) and with (R = 0.42) global suppression (color online).

times larger for R = 1. In particular, the third data point agrees with the R = 1
prediction. This means that the suppression decreases with increasing Ejet1

T . Such
a behavior points in the direction that a suppression of the resolved cross section
only would give better agreement with the data, as we shall see below. The same
observations can be made by looking at dσ/dM12 in Fig. 3e. The survival proba-
bility R = 0.42± 0.06 agrees with the result in 25, which quotes R = 0.50 ± 0.10,
determined by a fit to the double ratio of measured to predicted cross section in
photoproduction by the corresponding ratio in DIS given as a function of W . In this
double ratio many experimental errors and theoretical scale errors cancel to a large
extent. This double ratio is also insensitive to the detailed shape of the diffractive
gluon density. From our comparison we conclude that the H1 data show a global
suppression of the order of two in complete agreement with the results 20,21 and

Differential cross sections for dijet photo production measured  
by H1 and ZEUS [Phys. Lett. 2008] 
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Review of factorization breaking in diffractive photoproduction of dijets 3
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Fig. 2. Diffractive 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.

calculable in perturbative QCD. This question is the subject of the current debate
in diffractive physics and is of particular interest for the prospects of discovery of
new particles such as the Higgs boson in diffractive reactions at the LHC 7,8,9.

For the inclusive DIS process, factorization has indeed been proven to hold 10,
and on this basis DPDFs have been extracted at Q2 →= 0 3,4,5 from high-precision
inclusive measurements of the process ep → eXY using the usual DGLAP evolution
equations. The proof of the factorization formula, usually referred to as the validity
of QCD factorization in hard diffraction, also appears to be valid for the production
of specific final states in DIS, as e.g. the production of jets or heavy-flavor particles,
and for the direct part of photoproduction (Q2 # 0) or low-Q2 electroproduction of
jets 10. However, factorization does not hold for hard processes in diffractive hadron-
hadron scattering. The problem is that soft interactions between the ingoing hadrons
and/or their remnants occur in both the initial and the final state. This agrees with
experimental measurements at the Tevatron 11. Predictions of diffractive dijet cross
sections for collisions as measured by CDF using DPDFs determined earlier by the
H1 collaboration 12 at HERA overestimate the measured cross section by up to
an order of magnitude 11. This large suppression of the CDF cross section can be
explained by the rescattering of the two incoming hadron beams, which, by creating
additional hadrons, destroy the rapidity gap 13.

Jet production with real photons involves direct interactions of the photon with
quarks or gluons originating from the proton or pomeron, respectively, as well as
resolved photon contributions leading to parton-parton interactions with an addi-
tional remnant jet coming from the photon as reviewed in 14 (see Fig. 2). For the
direct interactions, we expect factorization to be valid as in the case of inclusive
DIS, as already mentioned, whereas we expect it to fail for the resolved process
as in hadron-hadron scattering. For this part of photoproduction we would there-
fore expect a similar suppression factor (sometimes also called rapidity-gap survival

Critically important for EIC and constraining gluon PDF [Chu, Aschenauer, Lee 2017]

Experiments are only able to probe the structure of quasi-real or virtual photons, 
extrapolating to real-photon structure involves significant complications and systematic uncertainties
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Hadronic structure of the “resolved” photon from LQCD
LQCD calculation of moment

X. Ji, C. Jung [PRL 2001, PRD 2001] 

Using LSZ reduction formula

processes involving space-like virtual photons, such as transition ωω→ → π [6] and the virtual-
photon-nucleon forward Compton scattering ω→N → ω→N , can be studied in lattice QCD.
The amplitude for the latter process is the key for generalizing the well-known Drell-Hearn-
Gerasimov and Bjorken sum rules for the spin-dependent structure function of the nucleon
[7].

We start with a simple but instructive discussion about what is meant by the hadronic or
QCD structure of the photon. If Ô(0) is a quark-gluon operator at the spacetime point 0, its
matrix element in the photon state can be defined from the standard Lehmann-Symanzik-
Zimmermann (LSZ) reduction formula,

〈ω(kλ′)|Ô(0)|ω(kλ)〉 = − lim
k′µ→kµ

∫

d4xd4ye−ik′(y−x)k′2〈0|T ε→(λ′) ·A(x) Ô(0) ε(λ) · A(y)|0〉k′2 ,

(1)

where kµ is the on-shell (k2 = 0) photon momentum, λ and λ′ are the photon helicities,
and k′µ on the right-hand side is taken to be on-shell after cancelling the photon poles.
The normalization for the photon states are taken to be covariant, i.e., 〈ω(k′λ′)|ω(kλ)〉 =
2k0(2π)3δ(&k′ − &k)δωω′ . The renormalization constant Z3 = 1 +O(αem) has been omitted for
simplicity. Evaluating the electromagnetic part of the Green’s function in the lowest-order
perturbation theory (this is allowed because of the small electromagnetic coupling), we find

〈ω(kλ′)|Ô(0)|ω(kλ)〉 = −e2
∫

d4xd4ye−ik(y−x)ε→µ(λ′)〈0|TJµ(x)Ô(0)Jν(y)|0〉ε
ν(λ) , (2)

where e is the renormalized electric charge unit and Jµ is the electromagnetic current op-
erator of the quarks. According to the above equation, the matrix element of interest is a
Minkowski-space correlation function in QCD. This is in contrast to an analogous nucleon
matrix element, 〈p|Ô|p〉, which has no explicit reference to the Minkowski time.

One can remove the explicit time dependence by deriving a Lehmann representation of
Eq. (2): separating different time-orderings, inserting complete sets of hadronic states, and
integrating out the spacetime coordinates x and y. The result can be shown as the time-
independent perturbation diagrams in Fig. 1. Diagrams a) to f) represent contributions from
six possible time-orderings. Diagrams g) to i) are the vacuum contributions which must be
subtracted. As an example, the diagram a) corresponds to the following time-independent
matrix element,

〈ω(kλ′)|Ô(0)|ω(kλ)〉Fig. 1a = e2
∑

nn′

〈0|ε→(λ′) · J(&k)|n′〉〈n′|Ô(0)|n〉〈n|ε(λ) · J(&k)|0〉

(ω − En)(ω − En′)
, (3)

where |n〉 are the eigenstates of HQCD with momentum &k, and ω = |&k| is the on-shell photon
energy. The contributions from the other diagrams can be expressed similarly using the
rules from time-independent perturbative theory.

2
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(1)

where kµ is the on-shell (k2 = 0) photon momentum, λ and λ′ are the photon helicities,
and k′µ on the right-hand side is taken to be on-shell after cancelling the photon poles.
The normalization for the photon states are taken to be covariant, i.e., 〈ω(k′λ′)|ω(kλ)〉 =
2k0(2π)3δ(&k′ − &k)δωω′ . The renormalization constant Z3 = 1 +O(αem) has been omitted for
simplicity. Evaluating the electromagnetic part of the Green’s function in the lowest-order
perturbation theory (this is allowed because of the small electromagnetic coupling), we find
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Evaluate electromagnetic part of the Green’s function in the lowest-order perturbation theory and write
the matrix element

Our goal is to calculate quasi-PDF matrix elements associated with the photon’s hadronic structure 

Minkowski space correlation function

Quasi-PDF formalism X. Ji [PRL 2013] 
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Hadronic structure of the “resolved” photon from LQCD
Quasi-PDF hadronic matrix element with a photon state

Detailed Derivation and Explanation of the Hadronic

Matrix Element in QCD+QED

We start from the definition of a nonlocal quark bilinear operator:

Of (z, 0) = Z(z) q̄f (z) ωt U(z, 0) qf (0), (1)

where:

• Z(z) is a renormalization factor (depending on the separation z),

• q̄f (z) and qf (0) are quark fields of flavor f ,

• ωt is a Dirac matrix along the temporal direction,

• U(z, 0) is a gauge link (Wilson line) ensuring gauge invariance between points 0 and z.

Physically, this operator represents a quark of flavor f propagating from 0 to z while pre-
serving gauge invariance.

Next, we define the hadronic matrix element with a photon state |ω(εp)→:

hf (z) = ↑ω(εp)|Of (z, 0) exp
(
↓ iqfe

∫ z

0

Aµ(t)dtµ
)
|ω(εp)→ , (2)

where qf is the electric charge of the quark in units of e, and the exponential factor represents
the QED phase factor along the path from 0 to z (Wilson line in QED).

We choose the photon momentum along the z-axis:

εp = (0, 0, pz). (3)

Expressing hf(z) in terms of gauge field correlators

Using the LSZ reduction for photons, the matrix element can be written as a ratio of time-
ordered correlation functions:

hf (z) = 2|εp|L3

∑
ω=x,y

∑
εw,εv e

iεp·(εw→εv) ↑0|TAω(T,εv)Of (z, 0) exp
(
↓ iqfe

∫ z

0 Aµ(t)dtµ
)
Aω(↓T, εw) |0→QCD+QED∑

ω=x,y

∑
εw,εv e

iεp·(εw→εv) ↑0|TAω(T,εv)Aω(↓T, εw) |0→ .

(4)
Here:

• Aω are the photon fields in transverse directions ϑ = x, y,

• L
3 is the spatial volume,

• T is a large Euclidean time used to isolate the single-photon state,

• The numerator includes the operator Of (z, 0) and QED Wilson line insertion,

• The denominator normalizes the single-photon state.
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Including both QCD and QED

After integrating out QED part:

Calculable on the lattice

<latexit sha1_base64="N9odp8M02zNK0qOe0dqsxX3bmEE=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpREinosevFYwX5AG8Jmu2mXbjZhdyO0ob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMCxLOlHacb2ttfWNza7uwU9zd2z8o2YdHLRWnktAmiXksOwFWlDNBm5ppTjuJpDgKOG0Ho7uZ336iUrFYPOpxQr0IDwQLGcHaSL5dGvphZXKR+JNz1NMx8u2yU3XmQKvEzUkZcjR8+6vXj0kaUaEJx0p1XSfRXoalZoTTabGXKppgMsID2jVU4IgqL5sfPkVnRumjMJamhEZz9fdEhiOlxlFgOiOsh2rZm4n/ed1UhzdexkSSairIYlGYcmQ+nKWA+kxSovnYEEwkM7ciMsQSE22yKpoQ3OWXV0nrsupeVWsPtXL9No+jACdwChVw4RrqcA8NaAKBFJ7hFd6sifVivVsfi9Y1K585hj+wPn8ASnCSNg==</latexit>

hf (z, pz) →
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Lattice ensembles

RBC/UKQCD domain wall fermion

<latexit sha1_base64="R5MJ4SWgF8AKip5zgTHmqe3kMF4=">AAACEnicbVDLSsNAFJ34rPUVdelmsAgtSEjaUl0W3bisYB/QxDKZTtqhM0mYmYgl9Bvc+CtuXCji1pU7/8Zpm4W2HrhwOOde7r3HjxmVyra/jZXVtfWNzdxWfntnd2/fPDhsySgRmDRxxCLR8ZEkjIakqahipBMLgrjPSNsfXU399j0RkkbhrRrHxONoENKAYqS01DNLTu2u4irKiYSVsnsGi8hFcSyiB2hbjhZSV3AY8EmpZxZsy54BLhMnIwWQodEzv9x+hBNOQoUZkrLr2LHyUiQUxYxM8m4iSYzwCA1IV9MQ6Ru8dPbSBJ5qpQ+DSOgKFZypvydSxKUcc193cqSGctGbiv953UQFF15KwzhRJMTzRUHCoIrgNB/Yp4JgxcaaICyovhXiIRIIK51iXofgLL68TFply6lZ1ZtqoX6ZxZEDx+AEFIEDzkEdXIMGaAIMHsEzeAVvxpPxYrwbH/PWFSObOQJ/YHz+AO+Fmyg=</latexit>

163 → 32 (a ↑ 0.12 fm)
<latexit sha1_base64="7twD/nLl8CYDLqqCU4llz/oQY1s=">AAACE3icbVDLTsJAFJ3iC/FVdelmIjFBQ0gLBF0S3bjERB4JrWQ6TGHCTNvMTI2k4R/c+CtuXGiMWzfu/BsH6ELBk9zk5Jx7c+89XsSoVJb1bWRWVtfWN7Kbua3tnd09c/+gJcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdDX12/dESBoGt2ocEZejQUB9ipHSUs88q5TvKo6inEhYqzpFWEAOiiIRPkCrZNUqTjFxBIc+n5z2zLyWZoDLxE5JHqRo9Mwvpx/imJNAYYak7NpWpNwECUUxI5OcE0sSITxCA9LVNED6CDeZ/TSBJ1rpQz8UugIFZ+rviQRxKcfc050cqaFc9Kbif143Vv6Fm9AgihUJ8HyRHzOoQjgNCPapIFixsSYIC6pvhXiIBMJKx5jTIdiLLy+TVrlk10rVm2q+fpnGkQVH4BgUgA3OQR1cgwZoAgwewTN4BW/Gk/FivBsf89aMkc4cgj8wPn8Aduibaw==</latexit>

323 → 64 (a ↑ 0.063 fm)

Ensemble-1:

Ensemble-2:

Ensemble-3:
<latexit sha1_base64="Blqh9Lj4E9kbM6bqaDZabwfYuDI=">AAACEnicbVDLTsJAFJ36RHxVXbqZSExgQ1ogyJLoxiUm8khoJdNhChNm2mZmaiQN/IIbf8WNC41x68qdf+MAXSh4kpucnHNv7r3HixiVyrK+jbX1jc2t7cxOdndv/+DQPDpuyTAWmDRxyELR8ZAkjAakqahipBMJgrjHSNsbXc389j0RkobBrRpHxOVoEFCfYqS01DML5dJdGTqKciJhtTLNI+igKBLhA7SKVq02TRzBoc8nhZ6Z08occJXYKcmBFI2e+eX0QxxzEijMkJRd24qUmyChKGZkknViSSKER2hAupoGSJ/gJvOXJvBcK33oh0JXoOBc/T2RIC7lmHu6kyM1lMveTPzP68bKr7kJDaJYkQAvFvkxgyqEs3xgnwqCFRtrgrCg+laIh0ggrHSKWR2CvfzyKmmVina1WL2p5OqXaRwZcArOQB7Y4ALUwTVogCbA4BE8g1fwZjwZL8a78bFoXTPSmRPwB8bnD2W8m3Y=</latexit>

323 → 64 (a ↑ 0.088 fm)

Qlattice: https://github.com/jinluchang/Qlattice

<latexit sha1_base64="/TLNtTjG+SGT/8+fHx7Owse79og=">AAACCHicbVC7SgNBFJ31GeNr1dLCwSDYGHZNjJZBGxshgnlAdllmJ5NkyMzuMDMrhiWljb9iY6GIrZ9g5984SbbQxAMXDufcy733hIJRpR3n21pYXFpeWc2t5dc3Nre27Z3dhooTiUkdxyyWrRApwmhE6ppqRlpCEsRDRprh4GrsN++JVDSO7vRQEJ+jXkS7FCNtpMA+4IEnKPSQEDJ+gOUz56RUcmDqSQ5vSGMU2AWn6EwA54mbkQLIUAvsL68T44STSGOGlGq7jtB+iqSmmJFR3ksUEQgPUI+0DY0QJ8pPJ4+M4JFROrAbS1ORhhP190SKuFJDHppOjnRfzXpj8T+vnejuhZ/SSCSaRHi6qJswqGM4TgV2qCRYs6EhCEtqboW4jyTC2mSXNyG4sy/Pk8Zp0a0UK7flQvUyiyMH9sEhOAYuOAdVcA1qoA4weATP4BW8WU/Wi/VufUxbF6xsZg/8gfX5A92ql/o=</latexit>

mω → 450↑ 330MeV

Light- and strange-quark propagators already generated by the RBC and UKQCD collaborations with  
O(1,000) randomly chosen point sources per configuration

~50 configurations per ensemble
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Preliminary matrix elements
Different diagrams

       The incoming photon converts through      into a QCD eigenstate ∣n⟩. 

       The operator acts between hadronic states and the second current converts 

       the hadronic state back into the outgoing photon. 

<latexit sha1_base64="iuDxtnstMaV7ZXJRFHmVYqjEQok=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF/FU0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPpg4PHeDDPzgkRwbVz3yymsrK6tbxQ3S1vbO7t75f2Dlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G1zO//YhK81g+mEmCfkSHkoecUWOl+9u+1y9X3Ko7B/lLvJxUIEejX/7sDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUpOrDIgYaxsSUPm6s+JjEZaT6LAdkbUjPSyNxP/87qpCS/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWX/5LWWdWrVWt355X6VR5HEY7gGE7Bgwuoww00oAkMhvAEL/DqCOfZeXPeF60FJ585hF9wPr4ByR+NfQ==</latexit>

J1

The operator first acts on the vacuum sector. Subsequent electromagnetic interactions

generate and then remove the hadronic component associated with the photon.

     The incoming photon interacts twice before the operator insertion. At the time when 
      the operator acts, the state can contain a QCD excitation and/or a photon-hadron mixture  
      generated by the two electromagnetic interactions.
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Preliminary matrix elements

<latexit sha1_base64="iQXfCqXu4IKnfUOmMMroFMlhY6w=">AAAB+3icbVDLTsJAFJ3iC/FVcelmIjFxgaRVg25IiG5cYiKPBJpmOkxhwnTazEwN0MCnuHGhMW79EXf+jQN0oeBJbnJyzr259x4vYlQqy/o2MmvrG5tb2e3czu7e/oF5mG/IMBaY1HHIQtHykCSMclJXVDHSigRBgcdI0xvczfzmExGShvxRjSLiBKjHqU8xUlpyzXzkjit2cTquXBanQ1dVzm3XLFglaw64SuyUFECKmmt+dbohjgPCFWZIyrZtRcpJkFAUMzLJdWJJIoQHqEfamnIUEOkk89sn8FQrXeiHQhdXcK7+nkhQIOUo8HRngFRfLnsz8T+vHSv/xkkoj2JFOF4s8mMGVQhnQcAuFQQrNtIEYUH1rRD3kUBY6bhyOgR7+eVV0rgo2eVS+eGqUL1N48iCY3ACzoANrkEV3IMaqAMMhuAZvII3Y2K8GO/Gx6I1Y6QzR+APjM8fNSSTRQ==</latexit>

pz = 1, z = 3, xt = →1
<latexit sha1_base64="zUqrzqXCfupNimnhPMV97Ydfw10=">AAAB+nicbVDLTsJAFJ3iC/FVdOlmIjFxQUiLBt2QEN24xEQeCTbNdJjChOm0mZmqUOFP3LjQGLd+iTv/xgG6UPAkNzk5597ce48XMSqVZX0bmZXVtfWN7GZua3tnd8/M7zdlGAtMGjhkoWh7SBJGOWkoqhhpR4KgwGOk5Q2upn7rnghJQ36rhhFxAtTj1KcYKS25Zj5yR1W7OBlVT4uTR1dVy65ZsErWDHCZ2CkpgBR11/y664Y4DghXmCEpO7YVKSdBQlHMyDh3F0sSITxAPdLRlKOASCeZnT6Gx1rpQj8UuriCM/X3RIICKYeBpzsDpPpy0ZuK/3mdWPkXTkJ5FCvC8XyRHzOoQjjNAXapIFixoSYIC6pvhbiPBMJKp5XTIdiLLy+TZrlkV0qVm7NC7TKNIwsOwRE4ATY4BzVwDeqgATB4AM/gFbwZT8aL8W58zFszRjpzAP7A+PwBx5iTDw==</latexit>

pz = 1, z = 3, xt = 2

<latexit sha1_base64="mvsXJ2M0+u+6Cui4QQWrKwVGy/8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xCzhfkSHSoSCUbTSQ9bHfrniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugP6EaBZN8WuqlhieUjemQdy1VNOLGn8xPnZIzqwxIGGtbCslc/T0xoZExWRTYzojiyCx7M/E/r5tieO1PhEpS5IotFoWpJBiT2d9kIDRnKDNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwB2VI3v</latexit>yt
<latexit sha1_base64="mvsXJ2M0+u+6Cui4QQWrKwVGy/8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xCzhfkSHSoSCUbTSQ9bHfrniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugP6EaBZN8WuqlhieUjemQdy1VNOLGn8xPnZIzqwxIGGtbCslc/T0xoZExWRTYzojiyCx7M/E/r5tieO1PhEpS5IotFoWpJBiT2d9kIDRnKDNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwB2VI3v</latexit>yt

Ensemble-3:
<latexit sha1_base64="Blqh9Lj4E9kbM6bqaDZabwfYuDI=">AAACEnicbVDLTsJAFJ36RHxVXbqZSExgQ1ogyJLoxiUm8khoJdNhChNm2mZmaiQN/IIbf8WNC41x68qdf+MAXSh4kpucnHNv7r3HixiVyrK+jbX1jc2t7cxOdndv/+DQPDpuyTAWmDRxyELR8ZAkjAakqahipBMJgrjHSNsbXc389j0RkobBrRpHxOVoEFCfYqS01DML5dJdGTqKciJhtTLNI+igKBLhA7SKVq02TRzBoc8nhZ6Z08occJXYKcmBFI2e+eX0QxxzEijMkJRd24qUmyChKGZkknViSSKER2hAupoGSJ/gJvOXJvBcK33oh0JXoOBc/T2RIC7lmHu6kyM1lMveTPzP68bKr7kJDaJYkQAvFvkxgyqEs3xgnwqCFRtrgrCg+laIh0ggrHSKWR2CvfzyKmmVina1WL2p5OqXaRwZcArOQB7Y4ALUwTVogCbA4BE8g1fwZjwZL8a78bFoXTPSmRPwB8bnD2W8m3Y=</latexit>

323 → 64 (a ↑ 0.088 fm)
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Toward hadronic structure of the “resolved” photon from LQCDPreliminary matrix elements

<latexit sha1_base64="JiEk8ca0Oy74FieptKdQKQhBJkk=">AAAB/HicbVDLSsNAFJ3UV42vaJduBovgopSkSHVTKLpxWcE+oA1hMp20QycPZiZiGtpfceNCEbd+iDv/xkmbhbYeuHA4517uvceNGBXSNL+1wsbm1vZOcVff2z84PDKOTzoijDkmbRyykPdcJAijAWlLKhnpRZwg32Wk605uM7/7SLigYfAgk4jYPhoF1KMYSSU5Rilypo16ZT5t1CrzJ0c2LF13jLJZNReA68TKSRnkaDnG12AY4tgngcQMCdG3zEjaKeKSYkZm+iAWJEJ4gkakr2iAfCLsdHH8DJ4rZQi9kKsKJFyovydS5AuR+K7q9JEci1UvE//z+rH0ru2UBlEsSYCXi7yYQRnCLAk4pJxgyRJFEOZU3QrxGHGEpcorC8FafXmddGpVq16t31+Wmzd5HEVwCs7ABbDAFWiCO9ACbYBBAp7BK3jT5tqL9q59LFsLWj5TAn+gff4AQG6TOg==</latexit>

pz = 6, z = 2, xt = 1

<latexit sha1_base64="aWQomNuKA0be8vH8iCw+1LKci28=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bp7ibsToRQ+he8eFDEq3/Im//GpM1Bqw8GHu/NMDMviKWw6LpfTmltfWNzq7xd2dnd2z+oHh51bJQYxtsskpHpBdRyKTRvo0DJe7HhVAWSd4Ppbe53H7mxItIPmMbcV3SsRSgYxVxKh1gZVmtu3V2A/CVeQWpQoDWsfg5GEUsU18gktbbvuTH6M2pQMMnnlUFieUzZlI55P6OaKm792eLWOTnLlBEJI5OVRrJQf07MqLI2VUHWqShO7KqXi/95/QTDa38mdJwg12y5KEwkwYjkj5ORMJyhTDNCmRHZrYRNqKEMs3jyELzVl/+SzkXda9Qb95e15k0RRxlO4BTOwYMraMIdtKANDCbwBC/w6ijn2Xlz3petJaeYOYZfcD6+AauwjgM=</latexit>yt

<latexit sha1_base64="sWFh0skGOLwQ09lXUZ0GkNQsSJE=">AAAB/XicbVDLTsJAFJ3iC+urPnZuJhITF0haJOiGhOjGJSbySKBppsMAE6aPzEyN0IC/4saFxrj1P9z5N06hCwVPcpOTc+7Nvfe4IaNCmua3lllZXVvfyG7qW9s7u3vG/kFDBBHHpI4DFvCWiwRh1Cd1SSUjrZAT5LmMNN3hTeI3HwgXNPDv5Sgktof6Pu1RjKSSHOModMaVUn46rlzkp4+OrJwXdd0xcmbBnAEuEyslOZCi5hhfnW6AI4/4EjMkRNsyQ2nHiEuKGZnonUiQEOEh6pO2oj7yiLDj2fUTeKqULuwFXJUv4Uz9PREjT4iR56pOD8mBWPQS8T+vHcnelR1TP4wk8fF8US9iUAYwiQJ2KSdYspEiCHOqboV4gDjCUgWWhGAtvrxMGsWCVS6U70q56nUaRxYcgxNwBixwCargFtRAHWAwBs/gFbxpT9qL9q59zFszWjpzCP5A+/wBr7+TcQ==</latexit>

pz = 4, z = 3, xt = →2

<latexit sha1_base64="aWQomNuKA0be8vH8iCw+1LKci28=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bp7ibsToRQ+he8eFDEq3/Im//GpM1Bqw8GHu/NMDMviKWw6LpfTmltfWNzq7xd2dnd2z+oHh51bJQYxtsskpHpBdRyKTRvo0DJe7HhVAWSd4Ppbe53H7mxItIPmMbcV3SsRSgYxVxKh1gZVmtu3V2A/CVeQWpQoDWsfg5GEUsU18gktbbvuTH6M2pQMMnnlUFieUzZlI55P6OaKm792eLWOTnLlBEJI5OVRrJQf07MqLI2VUHWqShO7KqXi/95/QTDa38mdJwg12y5KEwkwYjkj5ORMJyhTDNCmRHZrYRNqKEMs3jyELzVl/+SzkXda9Qb95e15k0RRxlO4BTOwYMraMIdtKANDCbwBC/w6ijn2Xlz3petJaeYOYZfcD6+AauwjgM=</latexit>yt
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Toward hadronic structure of the “resolved” photon from LQCD
Recall

<latexit sha1_base64="n5bVErC3TmNYCtxDKN0uNpeKRL0=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9SIUvXisYNpCG8pmO2mXbjZhdyPU0t/gxYMiXv1B3vw3btsctPXBwOO9GWbmhang2rjut7Oyura+sVnYKm7v7O7tlw4OGzrJFEOfJSJRrZBqFFyib7gR2EoV0jgU2AyHt1O/+YhK80Q+mFGKQUz7kkecUWMlP+0+XXvdUtmtuDOQZeLlpAw56t3SV6eXsCxGaZigWrc9NzXBmCrDmcBJsZNpTCkb0j62LZU0Rh2MZ8dOyKlVeiRKlC1pyEz9PTGmsdajOLSdMTUDvehNxf+8dmaiq2DMZZoZlGy+KMoEMQmZfk56XCEzYmQJZYrbWwkbUEWZsfkUbQje4svLpHFe8aqV6v1FuXaTx1GAYziBM/DgEmpwB3XwgQGHZ3iFN0c6L8678zFvXXHymSP4A+fzB2Uejm4=</latexit>

pz = 1
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In progress
One can do better 

Preliminary fit to matrix elements:

<latexit sha1_base64="7twD/nLl8CYDLqqCU4llz/oQY1s=">AAACE3icbVDLTsJAFJ3iC/FVdelmIjFBQ0gLBF0S3bjERB4JrWQ6TGHCTNvMTI2k4R/c+CtuXGiMWzfu/BsH6ELBk9zk5Jx7c+89XsSoVJb1bWRWVtfWN7Kbua3tnd09c/+gJcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdDX12/dESBoGt2ocEZejQUB9ipHSUs88q5TvKo6inEhYqzpFWEAOiiIRPkCrZNUqTjFxBIc+n5z2zLyWZoDLxE5JHqRo9Mwvpx/imJNAYYak7NpWpNwECUUxI5OcE0sSITxCA9LVNED6CDeZ/TSBJ1rpQz8UugIFZ+rviQRxKcfc050cqaFc9Kbif143Vv6Fm9AgihUJ8HyRHzOoQjgNCPapIFixsSYIC6pvhXiIBMJKx5jTIdiLLy+TVrlk10rVm2q+fpnGkQVH4BgUgA3OQR1cgwZoAgwewTN4BW/Gk/FivBsf89aMkc4cgj8wPn8Aduibaw==</latexit>

323 → 64 (a ↑ 0.063 fm)

Sum over fitted matrix elements

<latexit sha1_base64="zNnzDwjbVPWPtyYIX07tHSji6cs=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHxRHaBoEeiF4+YyCOBlcwOszBh9uFMLwkhfIcXDxrj1Y/x5t84wB4UrKSTSlV3uru8WAqNtv1tZTY2t7Z3sru5vf2Dw6P88UlTR4livMEiGam2RzWXIuQNFCh5O1acBp7kLW90O/dbY660iMIHnMTcDeggFL5gFI3klkuP5S6KgGtSrfTyBbtoL0DWiZOSAqSo9/Jf3X7EkoCHyCTVuuPYMbpTqlAwyWe5bqJ5TNmIDnjH0JCaPe50cfSMXBilT/xImQqRLNTfE1MaaD0JPNMZUBzqVW8u/ud1EvSv3akI4wR5yJaL/EQSjMg8AdIXijOUE0MoU8LcStiQKsrQ5JQzITirL6+TZqnoVIuV+0qhdpPGkYUzOIdLcOAKanAHdWgAgyd4hld4s8bWi/VufSxbM1Y6cwp/YH3+ABPykQM=</latexit>

323 → 64
<latexit sha1_base64="zNnzDwjbVPWPtyYIX07tHSji6cs=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHxRHaBoEeiF4+YyCOBlcwOszBh9uFMLwkhfIcXDxrj1Y/x5t84wB4UrKSTSlV3uru8WAqNtv1tZTY2t7Z3sru5vf2Dw6P88UlTR4livMEiGam2RzWXIuQNFCh5O1acBp7kLW90O/dbY660iMIHnMTcDeggFL5gFI3klkuP5S6KgGtSrfTyBbtoL0DWiZOSAqSo9/Jf3X7EkoCHyCTVuuPYMbpTqlAwyWe5bqJ5TNmIDnjH0JCaPe50cfSMXBilT/xImQqRLNTfE1MaaD0JPNMZUBzqVW8u/ud1EvSv3akI4wR5yJaL/EQSjMg8AdIXijOUE0MoU8LcStiQKsrQ5JQzITirL6+TZqnoVIuV+0qhdpPGkYUzOIdLcOAKanAHdWgAgyd4hld4s8bWi/VufSxbM1Y6cwp/YH3+ABPykQM=</latexit>

323 → 64

 & self renormalization [Ji, et. al. NPB 2021]Ratio-renormalization [Radyushkin 2017]Renormalization: 

Perturbative matching

PDF extraction using generative ML (earlier/ongoing examples: gluon helicity PDF, reconstruction of spectral function 
from hadronic tensor)
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FIG. 14. Reduced pseudo Io↵e time distribution �Mg(!) after removing contamination term
m2

p

p2z
!�Mpp(!) from LQCD

matrix elements �M(!) using RF, GBT, and XGB machine learning algorithms. Note that �Mg(!) has to be normalized by
gluon momentum fraction < x >g (µ) before converting to �Ig(!, µ).

FIG. 15. Polarized gluon light-cone Io↵e-time distributions from various generative models of machine learning after removing

contamination term
m2

p

p2z
!�Mpp(!) from LQCD matrix elements �M(!) using RF, GBT, and XGB machine learning algo-

rithm and the implementation of the perturbative matching kernel in the MS renormalization scheme at 2 GeV. �Mg(!) has
been normalized by the gluon momentum fraction < x >g (µ) before converting to �Ig(!, µ). We compare our results to
phenomenological ITD constructed from the polarized gluon PDFs in NNPDF3.1 global fit [60].

Here emphasize on the z  4a LQCD data points used in the ML fit.
Machine learning is a data-dependent algorithm where the decision process depends on the data pattern. Su�cient

data is one necessary condition to reveal and understand the data pattern. Because there is insu�cient data to reveal

arXiv[2409.17234]
arXiv [2311.04206]

In preparation [2026] 
<latexit sha1_base64="muzUIeYxUeBoMDCCLI2QqUEOOxU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1ekrQIe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWrV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPk8OPJg==</latexit>ω

<latexit sha1_base64="whGigMTiGleJ/L3ywtUN9CjMlx4=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBDiJeyKRI9BLx4jmAdklzA76U2GzGOZmRVCyG948aCIV3/Gm3/jJNmDJhY0FFXddHfFKWfG+v63t7a+sbm1Xdgp7u7tHxyWjo5bRmWaQpMqrnQnJgY4k9C0zHLopBqIiDm049HdzG8/gTZMyUc7TiESZCBZwiixTgpDPVSVUAkYkIteqexX/TnwKglyUkY5Gr3SV9hXNBMgLeXEmG7gpzaaEG0Z5TAthpmBlNARGUDXUUkEmGgyv3mKz53Sx4nSrqTFc/X3xIQIY8Yidp2C2KFZ9mbif143s8lNNGEyzSxIuliUZBxbhWcB4D7TQC0fO0KoZu5WTIdEE2pdTEUXQrD88ippXVaDWrX2cFWu3+ZxFNApOkMVFKBrVEf3qIGaiKIUPaNX9OZl3ov37n0sWte8fOYE/YH3+QN9jpFY</latexit> ω(
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First LQCD determination of the resolved photon’s hadronic structure is in progress
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Outlook

EIC will have the unique opportunity to explore (un)polarized photon’s structure 
(essential but hard!)

Can we investigate it on the lattice? - Yes, clear advantage over phenomenology and 
experiment

Thank you!

Preliminary data indicates existence of nonzero PDF

QCD allows photon to exhibit a hadronic structure due to quantum fluctuations



Detailed Derivation and Explanation of the Hadronic

Matrix Element in QCD+QED

We start from the definition of a nonlocal quark bilinear operator:

Of (z, 0) = Z(z) q̄f (z) ωt U(z, 0) qf (0), (1)

where:

• Z(z) is a renormalization factor (depending on the separation z),

• q̄f (z) and qf (0) are quark fields of flavor f ,

• ωt is a Dirac matrix along the temporal direction,

• U(z, 0) is a gauge link (Wilson line) ensuring gauge invariance between points 0 and z.

Physically, this operator represents a quark of flavor f propagating from 0 to z while pre-
serving gauge invariance.

Next, we define the hadronic matrix element with a photon state |ω(εp)→:

hf (z) = ↑ω(εp)|Of (z, 0) exp
(
↓ iqfe

∫ z

0

Aµ(t)dtµ
)
|ω(εp)→ , (2)

where qf is the electric charge of the quark in units of e, and the exponential factor represents
the QED phase factor along the path from 0 to z (Wilson line in QED).

We choose the photon momentum along the z-axis:

εp = (0, 0, pz). (3)

Expressing hf(z) in terms of gauge field correlators

Using the LSZ reduction for photons, the matrix element can be written as a ratio of time-
ordered correlation functions:

hf (z) = 2|εp|L3

∑
ω=x,y

∑
εw,εv e

iεp·(εw→εv) ↑0|TAω(T,εv)Of (z, 0) exp
(
↓ iqfe

∫ z

0 Aµ(t)dtµ
)
Aω(↓T, εw) |0→QCD+QED∑

ω=x,y

∑
εw,εv e

iεp·(εw→εv) ↑0|TAω(T,εv)Aω(↓T, εw) |0→ .

(4)
Here:

• Aω are the photon fields in transverse directions ϑ = x, y,

• L
3 is the spatial volume,

• T is a large Euclidean time used to isolate the single-photon state,

• The numerator includes the operator Of (z, 0) and QED Wilson line insertion,

• The denominator normalizes the single-photon state.
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A related important incentive to study photoproduction of jets is that
the cross section of this process has enhanced sensitivity to the gluon distri-
bution. As a result, QCD analyses of the combined data on the dijet cross
section and the total cross section of lepton-proton deep inelastic scattering
(DIS) provide additional constraints on the gluon PDF of the proton, see,
e.g. [8]. Similarly, the combination with the available data on the F γ

2 (x,Q
2)

photon structure function measured in electron-positron annihilation en-
ables one to better constrain the gluon PDF of the real photon [9]. Also, in
the case of diffractive dijet photoproduction, one can use this process to an-
alyze the poorly understood mechanism of the QCD factorization breaking
in diffractive scattering observed experimentally [10, 11, 12].

It is expected that studies of photoproduction of jets will be continued
at the future Electron-Ion Collider (EIC) in the U.S. [13] and the Large
Hadron Electron Collider (LHeC) [14] and/or a Future Circular Collider
(FCC) [15] at CERN. It will allow one not only to measure this process
in a kinematic region complimentary to that covered by HERA and with
much higher precision, but will also give for the first time an access to novel
nuclear diffractive PDFs in the case of nuclear beams.

Note that first results on inclusive dijet photoproduction on heavy nuclei
have recently been obtained by ATLAS [16] by analyzing lead-lead ultra-
peripheral collisions (UPCs) at the Large Hadron Collider (LHC). It was
shown in [17] that NLO pQCD provides a good description of these data.

2. Inclusive dijet photoproduction in eA scattering at EIC

As we explained in the Introduction, photoproduction of jets provides
complementary information on the partonic structure of hadrons and the
photon in QCD. In particular, the process of inclusive dijet photoproduction
in lepton-nucleus (eA) scattering, e+A → e′+2 jets+X, is expected to yield
new constraints on nuclear PDFs. Typical leading order (LO) Feynman
graphs for this process are shown in Fig. 1: graphs (a) and (b) represent the
so-called direct-photon and the resolved-photon contributions, respectively.
In graph (a), the photon enters the hard process of the photon-gluon fusion
directly as an elementary particle. In contrast, in graph (b), the photon
participates in hard scattering by means of its partonic content, which is
hence revealed (resolved) in this process.

In the framework of collinear factorization and NLO pQCD, the e+A →
e′+2 jets+X cross section can be written as the following convolution [18, 19]

dσ(e+A → e′ + 2 jets +X) =
∑

a,b

∫

dy
∫

dxγ

∫

dxAfγ/e(y)

× fa/γ(xγ , µ
2)fb/A(xA, µ

2)dσ̂(ab → jets) , (1)
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Fig. 1. Typical LO direct-photon (left) and resolved-photon (right) contributions
to dijet photoproduction in eA scattering. The involved momentum fractions y,
xA, and xγ are shown in parenthesis.

where fγ/e(y) is the photon flux of the electron with y being the momentum
fraction carried by the photon; fa/γ(xγ , µ

2) are the photon PDFs in the
resolved-photon case, which depend on the parton-in-photon momentum
fraction xγ and the scale µ; fb/A(xA, µ

2) are nuclear PDFs depending on
the parton momentum fraction xA and the scale µ; dσ̂(ab → jets) is the
cross section of hard scattering of partons a and b into jets. In the direct-
photon case, parton a corresponds to be the photon leading to fγ/γ(xγ , µ

2) =
δ(1−xγ) at LO. In Eq. (1), all involved hard scales have been set to be equal.
In our analysis, we identify them with the mean transverse momentum of
the two jets, µ = p̄T = (pT,1 + pT,2)/2. Note that while the separation
between the direct and resolved photons is not unique beyond LO, it is still
useful since the direct-photon contribution peaks in the xγ → 1 limit.

Our predictions [20] for the dijet photoproduction in eA scattering at
the EIC are based on the numerical implementation of Eq. (1) combined
with the anti-kT jet clustering algorithm with at most 2 partons in a jet,
which was developed in [21, 22, 23]. While the parton momentum fractions
xA and xγ are not directly measurable, they can be approximated using the
following hadron-level estimates based on the jet transverse momenta pT,1
and pT,2 and the jet (pseudo)rapidities η1 and η2,

xobsA =
pT,1eη1 + pT,2eη2

2EA
,

xobsγ =
pT,1e−η1 + pT,2e−η2

2yEe
, (2)

where EA and Ee are the energies of the nucleus and electron beams, respec-
tively. For definiteness, we take EA = 100 GeV per nucleon and Ee = 21


