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We study the production, in deep inelastic scattering at high energy, of a quark-gluon dijet induced by t-
channel quark exchange with the target, which goes beyond the eikonal approximation. Throughout this
study we follow the color glass condensate approach, keep full dependence on the quark mass and consider
the target to be unpolarized. We focus on the correlation limit in which the produced jets fly almost back-to-
back and find a factorized expression for the cross section, for both longitudinal and transverse photons,
involving the unpolarized quark transverse momentum dependent distribution. Quark-gluon dijets can be
distinguished from other types of dijets at least in the heavy quark case, thanks to heavy flavor tagging. In
that case, the dominant background is expected to come from the eikonal production of a quark-antiquark-
gluon system. We propose experimental cuts to suppress that background contribution, making the process
of quark-gluon dijet production in deep inelastic scattering a new method to probe the quark transverse
momentum dependent distribution at the Electron Ion Collider.
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I. INTRODUCTION

Understanding the high-energy behavior of quantum
chromodynamics (QCD) is one of the key missing aspects
in our knowledge of the strong interaction. Such under-
standing, intrinsically linked with that of the structure of
hadrons in the region where their partons carry a small
fraction x of the hadron momentum, is essential for precise
predictions of the production of Standard Model (SM)
particles at hadronic colliders. Besides, QCD processes are
the largest background in the determination of SM param-
eters and searches for physics beyond the SM.
On general grounds, it is expected that at high energies

QCD enters a regime where the linear approximation to
QCD radiation breaks and nonlinear effects dominate [1].
Such nonlinear effects, leading to the saturation of parton
densities, are enhanced at small values of x and for nuclei.

The color glass condensate (CGC) effective field theory [2]
offers a weak coupling but nonperturbative realization of
parton saturation.
ln recent years it has been realized that the objects

describing hadrons in CGC calculations (namely, ensem-
bles of Wilson lines averaged over the color configurations
of the hadron) can be related, considering a certain
kinematic situation called correlation limit, to the parton
distributions discussed in the frame of transverse momen-
tum dependent (TMD) factorization [3,4]. Such relation for
dijet [5–9] and trijet [10–12] production have been estab-
lished for the gluon TMD parton distribution functions at
leading order (LO) in the coupling constant at leading
twist.1 Recently, this relation is studied at next-to-leading
order (NLO) [15,16] and also at LO but beyond the
kinematic leading twist approximation [17–24] for dijet
production.
On the other hand, in CGC calculations and, in general,

in high-energy QCD the eikonal approximation is used,
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1The sea quark contribution to the quark TMD stemming from
gluon splitting was also studied within the CGC in the eikonal
limit [13,14].
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which results in discarding terms subleading in energy. In
recent years, there have been a lot of efforts to go beyond
the eikonal approximation and account for the subeikonal
contributions [25–58] in various processes. It has been
shown that in some observables, such as the ones sensitive
to spin, see, e.g., [47], the terms subleading in energy
dominate the cross section. Computations at subeikonal
accuracy require the consideration of quarks, and not only
gluons, exchanged in the t-channel (see, e.g., [35,49]).
The study of hadron and nuclear three-dimensional

structure and the search for the nonlinear regime of
QCD are, together with the understanding of nucleon spin,
the physics pillars of the Electron Ion Collider (EIC)
[59,60]. The very large luminosity, together with modern
large acceptance detectors, offer unprecedented opportu-
nities for QCD studies. The center-of-mass energyffiffiffiffiffiffiffiffi
sNN
p ≃ 40–140 GeV=nucleon, similar to those at the
Relativistic Heavy Ion Collider at BNL and lower than
at the Large Hadron Collider at CERN or the Hadron-
Electron Ring Accelerator at DESY, together with the spin
program, require a careful consideration of subeikonal
effects.
In this context, here we establish for the first time the

relation at small x between CGC and TMD calculations
including quark t-channel exchanges that are subdominant
in energy and thus can be considered subeikonal. We
examine a process determined by the t-channel exchange of
a quark: the LO production of a quark-gluon dijet in deep
inelastic scattering (DIS) on an unpolarized target. We first
compute the scattering amplitudes for transverse and
longitudinal virtual photons within the CGC framework.
Calculations are done keeping the quark mass. We then go
to the correlation limit and compute the cross section. In
this limit, the CGC average of the Wilson lines obtained for
this process, characterizing the target, can be related to the
quark TMD distribution in the hadron target at small x. The
cross section shows explicit suppression with the energy
compared to gluon exchange. Finally, we discuss how to
disentangle this mechanism for qg dijet production
from the contributions that do not involve quark TMD
distributions.

II. SCATTERING AMPLITUDES FOR QUARK-
GLUON DIJET PRODUCTION AT NEXT-TO-

EIKONAL ACCURACY IN DIS

With the previously mentioned motivation, we are
interested in studying the production of a quark and a
gluon (to be interpreted as separate jets) from the inter-
action of a virtual photon with a nucleus target. More
precisely, we focus on the contribution from a single
t-channel quark exchange at the amplitude level which is
subeikonal. But we resum multiple interactions with the
gluon background field. The two relevant diagrams in this
case correspond to two different orderings between the
photon and radiated gluon vertices along the quark line as

shown on Fig. 1. At high scattering energies, due to the
large boost of the target, the quark background field is
effectively localized in a parametrically small support along
the xþ direction. This forces one of the two vertices to be
inside the small support of the target. By contrast, the other
vertex has to be outside of the target in order to avoid
further power suppression at high energy. The leading
power contributions are shown in Fig. 1. In the first one
(called before contribution), the photon splits into quark-
antiquark before the target like in the standard dipole
picture of DIS [61] and then the antiquark is converted to a
gluon via interaction with the t-channel quark. In the
second one (called in contribution), the photon is converted
to a quark which then radiates a gluon after exiting the
target. At S-matrix level, these two contributions can be
written as2

Sbefγ→q1g2 ¼ lim
xþ;yþ→þ∞

Z
x;y

Z
x−;y−

eip1·xūð1Þγþeip2·yελ2ν ðp2Þ�

× ð−2pþ2 Þ
Z
w;z

e−iq·wελμðqÞGνρ
F ðy; zÞa2bSFðx; wÞ

× ð−ieefÞγμSFðw; zÞð−igÞγρtbΨðzÞ; ð1Þ

Sinγ→q1g2 ¼ lim
xþ;yþ→þ∞

Z
x;y

Z
x−;y−

eip1·xūð1Þγþeip2·yελ2ν ðp2Þ�

× ð−2pþ2 Þ
Z
w;z

e−iq·zελμðqÞGνρ
F;0ðy; wÞa2bSF;0ðx; wÞ

× ð−igÞγρtbSFðw; zÞð−ieefÞγμΨðzÞ; ð2Þ

for arbitrary polarization λ of the photon. Here, ΨðzÞ is the
quark background field, SF and GF are the Feynman quark
and gluon propagators in the gluon background field of the
target at eikonal accuracy, whereas SF;0 and GF;0 are the
corresponding vacuum propagators. The scattering ampli-
tude is defined from the S-matrix element as follows:

SγT;L→q1g2 ¼ ð2qþÞ2πδðpþ1 þ pþ2 − qþÞiMγT;L→q1g2 : ð3Þ

In order to define the power counting associated with the
eikonal approximation and to classify subeikonal correc-
tions, we follow the approach from Refs. [32–34], based on
scaling properties under a large boost of the target along x−.
In particular, components of vector and tensor quantities
associated only with the target have simple scaling proper-
ties in light-cone coordinates, determined by their number
of upper and lowerþ and − indices. In the case of a current

2Throughout this paper, we use the light cone basis for
momenta p ¼ ðpþ; p−;pÞ with p� ¼ ðp0 � p3Þ= ffiffiffi

2
p

. Moreover,
in what follows m is the quark mass and Q2 ¼ −q2 is the photon
virtuality, and subindices in integrals denote integration variables,
i.e.,

R
x ¼

R
dx,

R
x ¼

R
d2x.
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associated with the target (for example a color, or flavor or
baryon number current), the components should scale as

J−ðzÞ ∝ γt; JjðzÞ ∝ ðγtÞ0; JþðzÞ ∝ ðγtÞ−1; ð4Þ
under a large boost of the target along the x− direction, with
boost factor γt.
In order to setup our calculation, we also need to specify

the scaling behavior of the quark background field ΨðzÞ of
the target. It is convenient to introduce the projections

Ψð−ÞðzÞ≡ γþγ−

2
ΨðzÞ;

ΨðþÞðzÞ≡ γ−γþ

2
ΨðzÞ; ð5Þ

respectively, on the so-called good (or partonic) compo-
nents of ΨðzÞ of the target and on the bad (or nonpartonic)
components of ΨðzÞ of the target. Then, currents con-
structed as bilinears of ΨðzÞ have components depending
on these two types of components as

Ψ̄ðzÞγ−ΨðzÞ ¼ Ψð−ÞðzÞγ−Ψð−ÞðzÞ;
ΨðzÞγjΨðzÞ ¼ Ψð−ÞðzÞγjΨðþÞðzÞ þ ΨðþÞðzÞγjΨð−ÞðzÞ;
ΨðzÞγþΨðzÞ ¼ ΨðþÞðzÞγ−ΨðþÞðzÞ: ð6Þ
Such currents associated with the target have to follow the
scaling behavior (4), so that the components of the quark
background field scale as

Ψð−ÞðzÞ ∝ ðγtÞ12;
ΨðþÞðzÞ ∝ ðγtÞ−1

2; ð7Þ

under a large boost of the target. In our calculation at next-to-
eikonal (NEik) accuracy, only the components Ψð−ÞðzÞ
matter in Eqs. (1) and (2), whereas the components
ΨðþÞðzÞ would contribute only to corrections which are
further suppressed at high energy (next-to-next-to-eikonal
(NNEik) and beyond).
Therefore, at S-matrix level, both contributions (1) and (2)

have an overall scaling as ðγtÞ−1
2 under a large boost of the

target along the x− direction, resulting from the enhancement
as ðγtÞ12 ofΨð−ÞðzÞ and from the suppression as ðγtÞ−1 due to
the integration in zþ over the Lorentz contracted support of
ΨðzÞ, representing thewidth of the target (seeRefs. [32–34]).
Hence, at cross section level, a suppression as ðγtÞ−1 is
obtained, corresponding indeed to NEik order.
As a remark, from Eqs. (1) and (2), one obtains as well

contributions induced by the instantaneous part of the
intermediate quark propagator SFðw; zÞ (see Eq. (17) in
Ref. [32]). In that case, the photon annihilation and the gluon
emission happens simultaneously (meaning wþ ¼ zþ).
However, due to the Dirac structure of the instantaneous
part of the quark propagator and to the light-cone gauge
polarization vectors for QCD and QED, the enhanced
components Ψð−ÞðzÞ of the quark background field are
projected out, and only the suppressed components
ΨðþÞðzÞ survive. For that reason, the diagrams with simulta-
neous photon annihilation and gluon emission contribute
only atNNEik accuracy at cross section level instead ofNEik
for the terms calculated in the present paper.
In order to evaluate the “in” contribution, corresponding

to Eq. (2) and represented on the right panel of Fig. 1, one
needs the quark propagator from the point y inside the
target to the point x after the target at eikonal accuracy. It is
derived in Ref. [34] and the final result reads

SFðx; yÞjIA;qEik ¼
Z

d2p
ð2πÞ2

dpþ

ð2πÞ
θðpþÞ
2pþ

e−ix·pðpþmÞ

× UFðxþ; yþ; yÞ
�
1 −

γþγi

2pþ
iDF

yi
 ��

eiy
−pþe−iy·p;

ð8Þ

where p− ≡ ðp2 þm2Þ=ð2pþÞ.
The Wilson lines that account for the multiple scattering

of the projectile partons off the target gluon field are
defined in the standard way as

URðxþ; yþ; zÞ≡ Pþ exp
�
−ig

Z
xþ

yþ
dzþTR ·A−ðzþ; zÞ

�
;

ð9Þ

FIG. 1. Diagrams with photon splitting before (left) or interacting inside (right) the target. Momenta, color, and polarization indices,
and coordinates separated by a semicolon, are indicated. The target hadron is shown as an orange band.
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where Pþ denotes ordering of color matrices along
zþ direction. The subscript R denotes the representation
of the SUðNÞ generators, either fundamental (R ¼ F)
or adjoint (R ¼ A), and ta ¼ Ta

F and Ta ¼ Ta
A.

Moreover, we also introduce the following shorthand
notation:

URðzÞ≡ URðþ∞;−∞; zÞ: ð10Þ

The covariant derivatives in representation R are
defined as

DR
zμ

�!≡ ∂zμ
�!þ igTR ·AμðzÞ; ð11Þ

DR
zμ
 � ≡ ∂zμ

 � − igTR ·AμðzÞ: ð12Þ

In a similar way, in order to evaluate the “before”
contribution, corresponding to Eq. (1) and represented on
the left panel of Fig. 1, one needs the quark propagator
from the point y inside the target to the point x before the
target and the gluon propagator from the point y inside
the target to the point x after the target. These can be
calculated at eikonal accuracy [62] and the final results
read

SFðx; yÞjIB;qEik ¼
Z

d2p
ð2πÞ2

dpþ

ð2πÞ
θðpþÞ
2pþ

eix·pðp −mÞð−1Þ

× U†
Fðxþ; yþ; yÞ

�
1þ γþγi

2pþ
iDF

yi
 ��

e−iy
−pþeiy·p

ð13Þ

and

Gμν
F ðx; yÞjIA;gEik ¼

Z
d2p
ð2πÞ2

dpþ

ð2πÞ
θðpþÞ
2pþ

e−ix·p
�
−gμj þ pj

pþ
gμþ

�

× UAðþ∞; yþ; yÞ
�
gνj þ

gνþ

pþ
ðpj þ iDA

yj
 �Þ

�

× eiy
−pþe−iy·p: ð14Þ

Moreover, we also need the well known expression for
the quark eikonal propagator from the point y before the
target to the point x after the target which reads

SFðx;yÞjBA;qEik ¼
Z

d2p
ð2πÞ2

dpþ

ð2πÞ
θðpþÞ
2pþ

Z
d2k
ð2πÞ2

dkþ

ð2πÞ
θðkþÞ
2kþ

×e−ix·peiy·k2πδðpþ−kþÞðpþmÞγþð=kþmÞ

×
Z

d2ze−iz·ðp−kÞUFðþ∞;−∞;zÞ: ð15Þ

Following the formalism developed in [32–34,62], and
using the propagators given in Eqs. (8), (13), and (14),

Eqs. (1) and (2) can be evaluated and lead to the following
contributions to the scattering amplitudes3

iMbef
γT;L→q1g2 ¼

ieefg

2qþ

Z
v;z

e−iv·p1−iz·p2

×
Z

d2K
ð2πÞ2

eiðv−zÞ·K

½K2 þm2 þ pþ
1
pþ
2

ðqþÞ2 Q
2�

× uð1Þ γ
þγ−

2
Γbef
T;L

Z
zþ
UAðþ∞; zþ; zÞa2b

× UFðvÞU†
Fðzþ;−∞; zÞtbΨðzþ; zÞ; ð16Þ

iMin
γT→q1g2 ¼

ieefg

2qþ
1h�

p1 −
pþ
1

pþ
2

p2

	
2 þm2

i

×
Z
z
e−iz·ðp1þp2Þuð1Þ γ

þγ−

2
Γin
T

×
Z
zþ
ta2UFðþ∞; zþ; zÞΨðzþ; zÞ; ð17Þ

with

Γbef
L ¼ 2

pþ1 p
þ
2

ðqþÞ2 Qϵj�λ2 γ
j;

Γbef
T ¼ ϵiλϵ

j�
λ2

�
Kl

�

pþ1 − pþ2

qþ

�
δil −

½γi; γl�
2

�
þmγi

�
γj;

ð18Þ

Γin
T ¼ ϵl�λ2ϵ

j
λ

��
pi
1 −

pþ1
pþ2

pi
2

��
−


2pþ1 þ pþ2

pþ2

�
δil þ ½γ

i; γl�
2

�

þmγl
�
γj: ð19Þ

III. PRODUCTION CROSS SECTION IN GENERAL
DIJET KINEMATICS

The quark-gluon dijet production cross section in DIS
for the longitudinal photon case at next-to-eikonal accuracy
can be written in general dijet kinematics (without assum-
ing the correlation limit) as

ð2πÞ6ð2pþ1 Þð2pþ2 Þ
dσγL→q1g2

dpþ1 d
2p1dp

þ
2 d

2p2

¼ ð2qþÞð2πÞδðpþ1 þ pþ2 − qþÞ
X
h1;λ2

X
col

jMbef
γL→q1g2 j2:

ð20ÞUsing Eq. (16), one gets

3In the case of longitudinal polarization of the photon, the
contribution with photon splitting inside the target (2) is found
to vanish at NEik accuracy. Indeed, in light-cone gauge,
=εLðqÞΨðzÞ ¼ ðQ=qþÞγþΨðzÞ, and the γþ projects the quark field
onto its subleading components, see Eq. (5).
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X
h1;λ2

X
col

jMbef
γL→q1g2 j2 ¼

e2fαemαs
ð2qþÞ 16Q2z3ð1 − zÞ2

Z
b;b0;r;r0

e−ik·ðb−b0ÞeiP·ðr−r0ÞK0ðjrjQ̄ÞK0ðjr0jQ̄Þ
Z
zþ;z0þ

× h½tb0UFðz0þ;−∞;b0 þ zr0ÞU†
Fðb0 − ð1 − zÞr0ÞUFðb − ð1 − zÞrÞU†

Fðzþ;−∞; bþ zrÞtb�β0β
× ½U†

Aðþ∞; z0þ;b0 þ zr0ÞUAðþ∞; zþ;bþ zrÞ�b0bΨ̄β0 ðz0þ;b0 þ zr0Þγ−Ψβðzþ;bþ zrÞi: ð21Þ

The quark-gluon dijet production cross section in DIS for the transverse photon case at next-to-eikonal accuracy can be
written as

ð2πÞ6ð2pþ1 Þð2pþ2 Þ
dσγT→q1g2

dpþ1 d
2p1dp

þ
2 d

2p2

¼ 2qþð2πÞδðpþ1 þ pþ2 − qþÞ 1
2

X
λ;λ2h1

X
col

jMbef
γT→q1g2 þMin

γT→q1g2 j2: ð22Þ

Using Eqs. (16) and (17), one obtains

1

2

X
λ;λ2h1

X
col

jMin
γT→q1g2 j2 ¼

e2fαemαsCF

½P2 þ ð1 − zÞ2m2�2
ð4πÞ2
2qþ

z½ð1þ z2ÞP2 þ ð1 − zÞ4m2�
Z

d2z
Z

d2z0e−ik·ðz−z0Þ

×
Z
zþ;z0þ

hΨ̄ðz0þ; zÞγ−U†
Fðþ∞; z0þ; z0ÞUFðþ∞; zþ; zÞΨðzþ; zÞi; ð23Þ

1

2

X
λ;λ2h1

X
col

jMbef
γT→q1g2 j2 ¼

e2fαemαs4z

ð2qþÞ
Z
b;b0;r;r0

e−ik·ðb−b0ÞeiP·ðr−r0Þ
Z
bþ;b0þ
h½U†

Aðþ∞; b0þ;b0 þ zr0ÞUAðþ∞; bþ;bþ zrÞ�b0b

× ½Ψ̄ðb0þ;b0 þ zr0Þtb0UFðb0þ;−∞;b0 þ zr0ÞU†
Fðb0 − ð1 − zÞr0Þ�

× γ−
�
½z2 þ ð1 − zÞ2� r · r

0

jrjjr0j Q̄
2K1ðjrjQ̄ÞK1ðjr0jQ̄Þ þm2K0ðjrjQ̄ÞK0ðjr0jQ̄Þ

þ ð1 − 2zÞQ̄2K1ðjrjQ̄ÞK1ðjr0jQ̄Þ
rl

jrj
r0l0

jr0j
½γl; γl0 �

2

�
½UFðb − ð1 − zÞrÞU†

F

×ðbþ;−∞;bþ zrÞtbΨðbþ;bþ zrÞ�i; ð24Þ
and

2Re
1

2

X
λ;λ2h1

X
col

ðMin†
γT→q1g2M

bef
γT→q1g2Þ ¼ −

e2fαemαs4z

½P2 þ ð1 − zÞ2m2�
ð2πÞ
ð2qþÞ 2Re

Z
b;b0;r

eik·ðb−b0Þeir·P
Z
bþ;b0þ

×
D
½Ψ̄ðb0þ;b0Þγ−U†

Fðþ∞; b0þ;b0Þta2 �
�
izPl0 r

l

jrj Q̄K1ðjrjQ̄Þγlγl0 þ zmK0ðjrjQ̄ÞPlγl

þ ið1 − zÞ3m rl

jrj Q̄K1ðjrjQ̄Þγl
�
UAðþ∞; bþ;bþ zrÞa2b½UFðb − ð1 − zÞrÞ

× U†
Fðbþ;−∞;bþ zrÞtbΨðbþ;bþ zrÞ�

E
; ð25Þ

where KαðzÞ is the modified Bessel function of the second
kind and we used the notation Q̄2 ¼ m2 þ zð1 − zÞQ2.
Moreover, the notation h� � �i stands for target averaging in
the spirit of CGC formalism.

IV. PRODUCTION CROSS SECTION IN THE
CORRELATION LIMIT

The correlation limit, in which earlier studies have recov-
ered the gluon TMDs from eikonal CGC calculations of qq̄

dijets, corresponds to the limit of quasi back-to-back jets [5].
That limit is conveniently expressed in terms of the dijet
momentum imbalancek and relativemomentumP, insteadof
the momenta p1 and p2 of the jets, which are defined as

P ¼ ð1 − zÞp1 − zp2; k ¼ p1 þ p2; ð26Þ

with the lightcone momentum fraction z ¼ pþ1 =ðpþ1 þ pþ2 Þ,
so that ð1 − zÞ ¼ pþ2 =ðpþ1 þ pþ2 Þ. In particular, one has
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pi
1 −

pþ1
pþ2

pi
2 ¼

Pi

ð1 − zÞ : ð27Þ

Then, Eq. (17) reads

iMin
γT→q1g2 ¼

ieefg

2qþ
ð1 − zÞ2

½P2 þ ð1 − zÞ2m2� ūð1Þ
γþγ−

2
Γin
T

×
Z
b
e−ib·k

Z
zþ
ta2UFðþ∞; zþ;bÞΨðzþ;bÞ;

ð28Þ

renaming z into b. The phase factor appearing in the before
contribution (16) to the S-matrix becomes

e−iv·p1−iz·p2þiðv−zÞ·K → e−ik·bþir·ðP−KÞ ð29Þ

after defining

b ¼ zv þ ð1 − zÞz; r ¼ z − v: ð30Þ

The correlation (or back-to-back) limit is defined asP2 ≫ k2.
Because of the phase factor (29), this implies r2 ≪ b2. In that
limit, the color structure appearing in Eq. (16) simplifies as

UAðþ∞; zþ; zÞa2bUFðvÞU†
Fðzþ;−∞; zÞtbΨðzþ; zÞ

→ UAðþ∞; zþ;bÞa2bUFðbÞU†
Fðzþ;−∞;bÞtbΨðzþ;bÞ

¼ ta2UFðþ∞; zþ;bÞΨðzþ;bÞ: ð31Þ

Using the approximation (31), the integration over r can
be performed trivially and setsK ¼ P. All in all, the before
contribution (16) to the scattering amplitude reduces to

iMbef
γT;L→q1g2 ≃

ieefg

2qþ
1

½P2 þ Q̄2� ūð1Þ
γþγ−

2
Γbef
T;L

Z
b
e−ib·k

×
Z
zþ
ta2UFðþ∞; zþ;bÞΨðzþ;bÞ ð32Þ

in the correlation limit P2 ≫ k2. Note that Eqs. (28) and
(32) contain the same P-independent color structure, and
differ only by a P-dependent kinematical factor.
The quark-gluon dijet production cross sections are

defined in Eqs. (20) and (22). Evaluating the cross sections
in the correlation limit by using the expressions for the
scattering amplitudes given in Eqs. (28) and (32), one finds
an expression of the form

ð2πÞ6ð2pþ1 Þð2pþ2 Þ
dσγT;L→q1g2

dpþ1 d
2p1dp

þ
2 d

2p2

����
corr lim

¼ 2πδðpþ1 þ pþ2 − qþÞð4πÞ2αemαsCFe2fHT;L

× ðP; z; QÞT ðkÞ; ð33Þ

where the hard factors for the longitudinal and the trans-
verse photon polarizations are4

HL ¼
4Q2z3ð1 − zÞ2
½P2 þ Q̄2�2 ; ð34Þ

HT ¼ z

�ð1þ z2ÞP2þð1− zÞ4m2

½P2þð1− zÞ2m2�2 þ ½z
2þð1− zÞ2�P2þm2

½P2þ Q̄2�2

−
2z2P2

½P2þ Q̄2�½P2þð1− zÞ2m2�
�
: ð35Þ

The target-averaged color operator T ðkÞ reads

T ðkÞ ¼
Z
b;b0

e−ik·ðb−b0Þ
Z
zþ;z0þ

hΨ̄ðz0þ;b0Þγ−U†
F

× ðþ∞; z0þ;b0ÞUFðþ∞; zþ;bÞΨðzþ;bÞi: ð36Þ

In general, following the spirit of the CGC formalism,
we have calculated the considered scattering process on a
semi-classical background field representing the target, and
the physical cross section is then obtained after averaging
over the target background field, with a suitable probability
distribution, see Eqs. (33) and (36). In the context of
eikonal scattering in the CGC, only the A− component of
the background is relevant, and the probability distribution
is the solution of the JIMWLK evolution with, in the case of
a large nucleus, initial conditions given by the MV model.
By contrast, in the example considered in this study,
beyond eikonal accuracy, the quark background field of
the target is crucial. Two options are in principle possible.
Either one could try to generalize the CGC target average,
by including the quark background field as well. But no
such model is available at the moment. Or one can go back
to the quantum expectation value that the CGC target
average is supposed to emulate. This is the approach used
in this study.
For a given color operator O, the CGC-like target

average hOi should be proportional to the quantum expect-
ation value hPtarjÔjPtari in the state jPtari of the target with
momentumPμ

tar. In order to ensure the proper normalization
h1i ¼ 1 and avoid ill defined expressions, one is led to the
relation (see for example Refs. [5,7,20,65])

hOi ¼ lim
P0tar→Ptar

hP0tarjÔjPtari
hP0tarjPtari

: ð37Þ

4The hard factors for light dijets have been computed in the
standard TMD factorization in Refs. [63,64]. After performing
the change z ↔ ð1 − zÞ and setting m ¼ 0 in Eqs. (34) and (35),
and noting that the different definitions of the relative transverse
momentum P here and in [63,64] coincide at leading power
accuracy in the correlations limit P2 ≫ k2, one can show that the
hard factors, HL and HT , computed here match the correspond-
ing hard factors computed in Refs. [63,64].
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We choose target states normalized as

hP0tarjPtari ¼ 2P−
tarð2πÞ3δðP0−tar − P−

tarÞδð2ÞðP0tar − PtarÞ;
ð38Þ

following the usual conventions from light-front quanti-
zation.5 In general, in quantum field theory, the translation
of any local operator ÔðxÞ is obtained by the action of the
momentum operator P̂μ as

ÔðxÞ ¼ eia
μP̂μÔðx − aÞe−iaμP̂μ : ð39Þ

Hence, the matrix elements of nonlocal operators behave
as

hP0tarjÔ1ðx1Þ � � � ÔnðxnÞjPtari
¼ hP0tarjeiaμP̂μÔ1ðx1 − aÞ � � � Ônðxn − aÞe−iaμP̂μ jPtari
¼ eia

μ½ðP0tarÞμ−ðPtarÞμ�hP0tarjÔ1ðx1 − aÞ � � � Ônðxn − aÞjPtari
ð40Þ

under global translations.
Using the relations (37), (38), and (40), one can calculate

target-averaged color operator T ðkÞ from Eq. (36) as

T ðkÞ ¼ lim
P0tar→Ptar

Z
b;b0

e−ik·ðb−b0Þ

hP0tarjPtari
Z
zþ;z0þ

hP0tarjΨ̄ðz0þ;b0Þγ−U†
Fðþ∞; z0þ;b0ÞUFðþ∞; zþ;bÞΨðzþ;bÞjPtari

¼ lim
P0tar→Ptar

Z
b;b0

e−ik·ðb−b0Þ

hP0tarjPtari
Z
zþ;z0þ

eiz
þðP0−tar−P−

tarÞe−ib·ðP0tar−PtarÞ

× hP0tarjΨ̄ðz0þ − zþ;b0 − bÞγ−U†
Fðþ∞; z0þ − zþ;b0 − bÞUFðþ∞; 0; 0ÞΨð0; 0ÞjPtari

¼ lim
P0tar→Ptar

Z
Δb

eik·Δb

2P−
tar

Z
Δzþ
hP0tarjΨ̄ðΔzþ;ΔbÞγ−U†

Fðþ∞;Δzþ;ΔbÞUFðþ∞; 0; 0ÞΨð0; 0ÞjPtari; ð41Þ

in which the limit P0tar → Ptar can now be taken safely.
The unpolarized TMD quark distribution is defined (up

to UV and rapidity regularization issues) as

fq1ðx;kÞ ¼
1

ð2πÞ3
Z
b
eik·b

Z
zþ
e−iz

þxP−
tarhPtarjΨ̄ðzþ;bÞ

γ−

2
U†

F

× ðþ∞; zþ;bÞUFðþ∞; 0; 0ÞΨð0; 0ÞjPtari;
ð42Þ

where we have neglected the transverse gauge link at
infinity. Comparing Eqs. (41) and (42), one finds the
relation

T ðkÞ ¼ ð2πÞ
3

P−
tar

fq1ðx ¼ 0;kÞ: ð43Þ

Hence, the differential cross section (33) in the correlation
limit becomes a factorization formula involving the quark
TMD distribution at x ¼ 0 target momentum fraction:

pþ1 p
þ
2

dσγT;L→q1g2

dpþ1 d
2p1dp

þ
2 d

2p2

����
corr lim

¼ ð2qþÞδðpþ1 þ pþ2 − qþÞ αemαsCFe2f
W2

×HT;LðP; z; QÞfq1ðx ¼ 0;kÞ: ð44Þ

Note that in the denominator of Eq. (44) we have made the
high-energy approximation W2 ¼ ðqþ PtarÞ2 ≃ 2qþP−

tar
with W being the center of mass energy of the photon-
target collision. This suppression of Eq. (44) as 1=W2 at
high energy is characteristic of a next-to-eikonal contribu-
tion, and here it is due to the exchange of quarks in the
t-channel instead of only gluons.
Alternatively, in the correlation limit we can write the

cross section in terms of k, z and the dijet massMjj defined
as M2

jj ≡ ðp1 þ p2Þ2 ¼ P2=ðzð1 − zÞÞ þm2=z, and obtain

dσγT;L→q1g2

dzdM2
jjd

2k

����
corr lim

¼ ð2πÞ αemαsCFe2f
W2

H̃T;LðMjj; z; QÞ

× fq1ðx ¼ 0;kÞ; ð45Þ

with the new hard factors

H̃LðMjj; z; QÞ ¼
4Q2zð1 − zÞ2

½ð1 − zÞðM2
jj þQ2Þ þm2�2 ; ð46Þ

5Note that the formalism that we adopt in this paper corre-
sponds to CGC only in a broad sense. More precisely, it
corresponds to the background field method in the high-energy
limit. However, we do not rely on semiclassical approximation
which is crucial for the CGC effective theory in the strict sense.
Equation (37) is then the relation between the quantities calcu-
lated in the background field method and their counter parts in the
full quantum field theory.
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H̃TðMjj; z; QÞ

¼ ð1þ z2Þ
ð1 − zÞ

1

½M2
jj −m2� þ

ð1 − 2zÞ
½ð1 − zÞðM2

jj þQ2Þ þm2�

þ ð1 − zÞ½2m2 − ðz2 þ ð1 − zÞ2ÞQ2�
½ð1 − zÞðM2

jj þQ2Þ þm2�2 −
2m2

½M2
jj −m2�2

þ 2zð1 − zÞm2

½M2
jj −m2�½ð1 − zÞðM2

jj þQ2Þ þm2� ; ð47Þ

illustrated on Fig. 2 for massless and bottom quarks. For the
chosen values of the variables, H̃T is much larger than H̃L,
hard factors decrease with Mjj, and H̃T is notably flat with
Q. Overall, the influence of the quark mass m is moderate,
except in the small Mjj region close to the kinematical
limit, and for z → 1. However, these two limits are outside
of the validity region of our approach.

V. DISCUSSION

In this paper we have studied the process of quark-gluon
dijet production in DIS at high energy in the CGC. Such
process is mediated by a quark exchange in the t-channel

and thus it is subeikonal. Going to the correlation limit of
almost back-to-back jets, we have established the relation
with the unpolarized quark TMD distribution at small x.
At this stage, we would like to comment on the differ-

ence between the quark TMD appearing in our results and
the one appearing in Ref. [13]. In the present manuscript,
the operator definition of the quark TMD (up to regulari-
zation issues) is obtained from the analysis of the cross
section and therefore it is the full quark TMD distribution
containing both sea and valence contributions. By contrast,
in Ref. [13], the authors calculate SIDIS in the dipole
approach, in pure gluon background field, and interpret part
of their result as the sea contribution to the quark TMD.
This is analog to write, in the collinear factorization, the sea
contribution to the quark PDF as the gluon PDF convoluted
with a coefficient accounting for a gluon to quark extra step
of DGLAP evolution.
The determination of the quark TMD distributions pro-

posed here relies on the identification of quark-gluon jets in
DIS. In the case of light quarks, such identification is
challenging, see, e.g., [66,67] and references therein.
However, machine learning techniques might improve the
discrimination of light quarks andgluon jets in the future [68].
Another possibility would be considering heavy flavor

jets, whose discrimination from light quark or gluon jets is
better established. The expressions provided in this paper
consider quark masses so they can be applied for heavy
flavors. Of course, that would restrict the study to heavy
flavor TMD distributions in the target.
On the other hand, the process studied here competes with

the eikonal production of a quark, an antiquark and a gluon at
partonic level, where the quark and gluon fragment into
separate jets and the antiquark does not belong to these two
tagged jets. Even though this process is of higher order in αs
compared to themechanism studied in thismanuscript, in the
high energy limit it is enhanced since it is an eikonal
contribution and not a next-to-eikonal one. A proper com-
parison of bothmechanisms in the EIC kinematics requires a
dedicated effort and it is beyond the scope of this work.
Nevertheless, it is expected that the contamination by this
background mechanism can be significantly reduced by
imposing appropriate experimental cuts.
Indeed, in this background mechanism, the antiquark is

typically carrying away sizable longitudinal and transverse
momenta. The contribution (45) obeys pþ1 þ pþ2 ¼ qþ
exactly, whereas the background contribution obeys
0 < pþ1 þ pþ2 < qþ, with no expected enhancement for
pþ1 þ pþ2 → qþ. Hence, experimentally, one can impose
that the total lightcone momentum of the dijet pþ1 þ pþ2 is
close enough to the incoming photon momentum qþ in
order to significantly reduce the background contribution.
Similarly, in the background contribution the transverse
momentum of the produced antiquark is typically of the
same order as the one of the produced quark. For that
reason, imposing the back-to-back limit P2 ≫ k2 with P

FIG. 2. Hard factors, (46) and (47), versusMjj (top), z (middle,
for values such that jPj > 6 GeV) and Q (bottom), for massless
and massive (m ¼ 4.5 GeV) quarks.
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and k defined as in Eq. (26) from the quark and gluon jets
momenta should further suppress the background contri-
bution. While additional studies are required, we think that
with these experimental cuts the process of quark-gluon
dijet production in DIS at the EIC is a promising new
method to probe the quark TMD distribution in addition to
semi-inclusive DIS and Drell-Yan production, see, e.g.,
[4,69] and references therein.
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