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We derive the gluon transverse-momentum-dependent (TMD) operator structure of back-to-back quark-
antiquark dijet production in deep inelastic scattering at arbitrary Bjorken-x to twist-3 accuracy. Working at
leading order in the strong coupling and in the kinematic regime where the transverse momentum
imbalance of the jets is much smaller than their individual transverse momenta, we perform a systematic
gradient expansion of the quark propagator in a background gluon field. This expansion organizes multiple
interactions with the target in terms of longitudinal Wilson lines and gauge-invariant field-strength
insertions, yielding a TMD description valid beyond the strict high-energy eikonal (x — 0) approximation.
We obtain explicit cross sections for longitudinally and transversely polarized virtual photons, identifying
all contributing gluon TMD operators up to twist-3, including structures involving F~, F%/, and three-
gluon correlators. The full longitudinal phase " %" associated with Bjorken-x is retained throughout. In
the small-x limit, our results reproduce the known subeikonal expressions obtained in the color glass
condensate framework, establishing a direct connection between the general-x TMD expansion and high-
energy factorization. We further reduce the operator basis using equations of motion, minimizing the
number of independent nonperturbative matrix elements entering the cross section. This work provides a
systematic foundation for extending TMD analyses of dijet production beyond leading twist, establishing a
unified operator framework valid at arbitrary Bjorken-x that smoothly interpolates between moderate- and

LT

small-x descriptions of gluon TMDs.

DOI: 10.1103/nnhn-jvz7

I. INTRODUCTION

Accessing gluon dynamics in nucleons and nuclei, par-
ticularly at moderate and small Bjorken-x, is a central
scientific motivation of the future Electron-lon Collider
(EIC) [1]. Achieving this objective requires identifying
processes that are directly sensitive to the transverse-momen-
tum-dependent (TMD) structure of gluons across a wide
kinematic range. Quark-antiquark dijet production in deep
inelastic scattering (DIS) has emerged as one of the most
promising channels for accessing gluon TMDs at the EIC
[2-6]. In this process, a virtual photon with virtuality
Q? = —¢” splitsinto a quark-antiquark pair that subsequently
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interacts with the gluon field of the target nucleon or nucleus.
The sensitivity of the dijet cross section to the transverse
momentum imbalance of the final-state jets provides direct
access to the intrinsic transverse structure of gluons [4],
making this observable central to the broader program of
nucleon and nuclear tomography [7-9].

In general kinematics, dijet production in DIS probes
gluon TMD distributions that formally receive contribu-
tions from all twists. A key simplification occurs in the
back-to-back limit, where the transverse momentum imbal-
ance of the dijet system |k, + k, | is much smaller than
the individual jet momenta k;,, . In this regime, the dijet
cross section admits a TMD-factorized description, and at
leading power in 1/k}, ~1/k3, provides access to the
Weizsicker-Williams gluon TMD [2-4,10-13]. The back-
to-back limit has consequently been studied extensively as
a theoretically clean setting for extracting gluon TMDs
from dijet observables.

Building on earlier studies of dijet and heavy quarko-
nium production [14,15], TMD factorization for dijet
production in DIS at large-x was performed [12] within

Published by the American Physical Society
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the soft-collinear effective theory (SCET) framework at
next-to-leading order and leading-twist approximations.
Within high-energy (small-x) factorization, dijet production
in DIS was analyzed based on the color glass condensate
(CGC) effective theory [16-20]. Back-to-back dijet pro-
duction in DIS, including leading-order (LO) as well as
next-to-leading-order (NLO) quantum corrections, was
calculated in the strict eikonal limit corresponding to x = 0
in Refs. [6,11,21-23].

For realistic EIC kinematics, however, the accessible
values of x are typically 21072 at perturbatively large
k2, ~ k3, (see, e.g., Ref. [4]). In this regime, subeikonal
corrections associated with nonzero x can become significant.
This raises the question of how NLO quantum corrections
compare in importance to finite-x power corrections in the
phenomenologically relevant kinematic region.

Leading subeikonal corrections to dijet production in DIS at
LO in quantum fluctuations were investigated within the CGC
framework [24]. In the back-to-back limit, these corrections
are found to be suppressed by 1/ kiz | and involve both
kinematic power corrections and genuine twist-3 gluon
operators [25]. While these studies provide important insights,
they rely on the high-energy expansion inherent to the CGC
framework and are therefore restricted to the small-x regime.

To firmly establish the structure of higher-twist contri-
butions and assess their relevance for EIC phenomenology,
it is desirable to obtain these effects within a factorization
framework valid for general Bjorken-x. Such an approach
would permit transparent identification of operator struc-
tures, retains the full longitudinal phase factors appearing in
standard TMD definitions, and, simultaneously, enables
controlled comparison with the small-x limit.

In this work, we address this issue using the TMD
factorization framework recently proposed in Refs. [26,27],
hereafter referred to as the MSTT framework. This frame-
work is based on the background-field method [28], in
which QCD degrees of freedom are separated into quantum
and background modes. Importantly, unlike TMD factori-
zation, the background gluon field in the MSTT framework
carries both longitudinal and transverse momentum com-
ponents without assuming any a priori ordering between
them. Depending on the kinematic regime, the background
gluons can be nearly on-shell (the partonic limit), highly
off-shell (the small-x regime), or in intermediate configu-
rations. Consequently, the formalism retains the full
x-dependent longitudinal phase factor e™**"*", where P*
is the large light-cone momentum of the target and z~ is the
light-cone separation between the gluon fields. By contrast,
subeikonal corrections in CGC calculations rely on expan-
sions in inverse powers of the collision energy and hence on
expanding the phase factor ¢*” "¢ in powers of x [29,30].

We apply the MSTT framework to back-to-back quark-
antiquark dijet production in DIS at leading order in a;.
Going beyond leading twist, we incorporate all kinematic
and dynamic twist-3 gluon operators contributing to the

process. Since the framework is valid for general x, our
results enable a direct and systematic comparison with
eikonal and subeikonal expressions obtained from CGC
framework. In the appropriate limit, we find full agreement
with existing subeikonal CGC results [24,25], while
providing a unified description valid for an arbitrary
Bjorken-x. Furthermore, we improve upon Ref. [25] by
expressing results in terms of a reduced set of independent
twist-3 operators related through equations of motion,
facilitating future phenomenological applications.

The remainder of this paper is organized as follows. In
Sec. II, we introduce the dijet production process in DIS,
establish our conventions, and identify the quark propaga-
tor in a background color field as the central object of
interest. In Sec. III, we evaluate this propagator using the
background-field method in the TMD kinematic limit,
systematically organizing multiple interactions with the
target field. In Sec. IVA, we construct the scattering
amplitude from these results. In Sec. IV B, we compute
the dijet cross sections for longitudinally and transversely
polarized virtual photons, compare with existing leading-
twist calculations, and discuss the extension to higher twist.
Finally, Sec. VI summarizes our findings and outlines
directions for future work.

II. GENERAL STRUCTURE OF THE DIJET
AMPLITUDE AND CROSS SECTION

In the dijet process illustrated in Fig. 1, the virtual photon
splits into a quark-antiquark pair that interacts with the
background gluon field of the target hadron. Within the
background-field approach, this interaction is represented by
multiple gluon insertions on the quark and antiquark lines,
resummed into the background-field quark propagator i/P
with P, = p, +A,, where A,(x) = 1?Aj(x) is the back-
ground gauge field and * are the generators in the

ki

7" (q)

k2

/

FIG. 1. Diagrammatic representation of a virtual photon y*
splitting into a quark-antiquark pair, which interacts with the
target hadron through multiple gluon exchanges. These gluon
lines represent the background-field expansion, with each line
corresponding to one insertion of the background gluon field in
our calculation. The vertical cut separates the amplitude from its
complex conjugate; the dijet momenta are identical on the two
sides of the cut.
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fundamental representation.1 We perform the calculation
using Schwinger notation |x) and |p), which provides a
compact notation for background-field calculations (see
Appendix B for details). In this section, we establish our
conventions, define the relevant kinematic variables, and
outline the structure of the scattering amplitude and cross
section.

The amplitude for producing a quark-antiquark pair with
momenta k; and k, from a virtual photon of momentum ¢
and polarization €,(qg) is

iM = —iec,(q) lim [ d*ye " Va(k;)
k2 k2—>

"2

< (g ) (o] g = e ot )

where (k) and v(k,) are the quark and antiquark spinors,

and i/P is the quark propagator in the background gluon

field that resums all interactions with the target to all orders.
To facilitate the subsequent gradient expansion, we

rewrite the amplitude in terms of the squared Dirac operator

in the background field. Using the identity

|

iM= ieep(q)/d4ye‘iq'y lim @(k,)k? <k1

k%.k%—ﬂ)

This form makes the propagator structure explicit in terms
of the covariant kinetic operator (P*+1¢*F,,)”" and
serves as the starting point for the systematic gradient
expansion in powers of the field-strength tensor F,.

To compute observables from the amplitude in Eq. (4),
we express the differential cross section in terms of the
light-cone momenta of the final-state jets. In light-cone
variables, the Lorentz-invariant phase space measure for
particle i is

dk7d*k;,
2% (27)7

so that the two-particle phase space contributes a factor
(2k7)7'(2k5)~". The differential cross section is then

do

ki ks 2,
Y2 @y dPky  dh; d%ky |

=nq 6(ki +k; —q7)[iM

(5)

where the 6 function enforces minus-momentum conser-
vation, and factors of 2z from the phase space integration

"The corresponding field-strength tensor is F w(X) = 1°F5,(x).

1
P2 + %O'”UFW

o) (Kol ) = (k) (1o Py
= u(k;)k? <k1

i
). (2
P rlovE,, " ) @

where the last step uses on-shell reduction for the external
leg, with the factor k3 implementing the standard Lehmann-
Symanzik-Zimmermann (LSZ) reduction of the external
leg in the on-shell limit [31].> The condition of the zero
background field in the asymptotic past is assumed. The
second equality in Eq. (2) follows from the squared Dirac
operator identity [32]

1
PP =P,P (4" — ic") = P* + 57" Fuw: (3)

where 6#* = £ [y#, y*] and we used the commutator relation
given in Eq. (E7). The additional term %o—”"F w (or in
shorthand notation, %GF ) represents the standard Pauli-type

spin-field coupling. Applying the same manipulation to the
antiquark leg, the amplitude becomes

1
)’)Yﬂ (Y‘W —k2>k%”(k2)- (4)
2 I

|
were absorbed into the definition of & [see also Eq. (B4)] in
the differential cross section on the left-hand side.

In this work, we retain operator structures up to
dynamical twist-3 in the cross section. This includes the
leading twist-2 gluon operators involving the field-
strengths F_;F_;, as well as genuine twist-3 components.
The latter comprise three-gluon (three-body) operators,
terms containing the transverse field-strength tensor
F;jF_j, and dynamical target effects encoded in F,_F_;.

In addition to this operator classification, we now specify
the kinematic setup and power counting employed in our
calculation. We work in a frame where the target hadron
carries a large light-cone momentum P, while the incom-
ing virtual photon has no transverse momentum, g, = 0,
so that 2¢g* ¢~ = —Q?. We introduce the relative transverse
momentum P of the quark-antiquark pair, defined in the
Appendix C, which sets the hard scale of the back-to-back
configuration. With this definition, the plus and minus
components of the quark and antiquark momenta scale
parametrically as k1, ~ ¢~ ~ P and k1+,2 ~qgT ~P,.The
individual transverse momenta are hard, k; | ~k,| ~ P,

*The term @(k, (k| pA 12% |y) vanishes due to the equations of
motion ii(k)k = 0. The pole i/ p*> does not go on-shell in this case
due to the presence of the background-field A between (k]|
and rﬁ
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while their imbalance is parametrically small,
A| =k + ky < P,. This hierarchy allows for a sys-
tematic expansion in the small parameter A, /P associ-
ated with the back-to-back limit. For dynamical twist-2
operators, this expansion generates both kinematic twist-2
and kinematic twist-3 contributions. In other words, the
power correction linear in A | /P originating from twist-2
operators is identified as kinematic twist-3.

Throughout this work, we consistently retain contribu-
tions up to twist-3 in both the dynamical and the kinematic
senses, while neglecting terms that are simultaneously
subleading in both power countings.

III. BACKGROUND-FIELD PROPAGATORS

As discussed in Sec. II, the key object in our calculation
is the quark propagator in the background field, expressed
in mixed momentum-position representation  as
(k|(P* + 10" F,, + ie)~'|y), evaluated in the on-shell limit
which is for massless quarks reduces to k> — 0. In this
section, we develop a systematic approach to compute this
propagator using a gradient expansion in the background
field. First, we compute the scalar part of the propagator
(k|(P? + ie)~!|y). We then systematically include the spin-
field coupling term % o F . Both contributions include the
full longitudinal phase structure and capture contributions
from the field-strength tensor through the gradient expan-
sion. Finally, we impose the on-shell condition k> — 0,
which implements the L.SZ reduction for external quarks
and yields the amputated propagator entering the produc-
tion amplitude in Eq. (4).

|

A. Scalar propagator

The main technical challenge is evaluating the propa-
gator (k|(P?+ ie)~'|y) in the presence of a nontrivial
background field. Working in a frame where the target
carries momentum dominated by P*, with PT > P~, we
approximate the background field as independent of light-
cone time, A,(y) =A,(y",y,). This approximation is
justified by the factorization between different kinematic
modes in the high-energy limit and allows us to treat the
background field as static in y*. The independence of the
background field on the plus coordinate implies that the
minus-momentum operator commutes with P#, namely
[p~,P#] = 0. Taking this into account and imposing the
gauge condition A, = 0 (the so-called “wrong” light-cone
gauge [33] A~ =0 for a hadron moving with large plus
momentum PT), we obtain

(k‘%“e y> :% / & x(k]) <x

1

Pt — Pl e
2%

)

(6)

where k= denotes the minus component of the outgoing
quark momentum (k= > 0).
We now focus on

(x|(Pt — L ie)_l|y). Expanding it formally in powers

evaluating the operator

of P2, we obtain

1 1 P2 1 P o1

<‘ 1
X|——F
P*—ZPT{—I—I'G

1 1 P2
)=ttt o o
P™+ie PT+ie2k P +ie PT+4+ie2k PT 4+ ie2k™ PT +ie

) o

To evaluate these terms, we insert complete sets of states in the minus coordinate between each operator. Using the
resolution of identity [ dz~|z7)(z7| = 1, the expansion can be rewritten as

1

Pt — 2L+ e
%

(x

1
y><x‘P++ie

) fae (s

1
P +ie

NP
S\ 2P+ e

!

P
2k~ P +ie

1
P +ie

p2 1
+ / dzydz; (x Zl_) (Zl_'ﬁm ZE) <ZE y) + - (8)

Since the minus momentum operator does not enter into the right-hand side, we get an overall factor of
(xT|y*) = 8(x" — y™). The minus-coordinate integrations are performed in the Appendix E 1 and lead to the string of
Wilson lines which resum the interactions with A_ background field to all orders. Thus, the above expression simplifies to

(x

1

pr— Pl e
2k~
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where the square bracket denotes the Wilson line

[x7,y7],, = Pexp [i /x dZ_A_(Z_,yL):|. (10)

V-

Throughout this work, we consider the zero background
gauge potential at the asymptotic future A(x~ — 4o00) = 0.
In the back-to-back limit, where no finite transverse
separation is involved, transverse Wilson lines at infinity
simplify to unity and therefore do not appear explicitly in
our final expressions.

The expansion in Eq. (9) admits, in principle, an all-order
resummation in insertions of PZL, as discussed in Ref. [34].
Such a resummation, however, lies beyond the scope of the
present work. Our objective is to systematically isolate

|

D) = [ debe g )

N /vx “ (Pi(x_>[x_’ a P;(If—_) =yl = /Zx dzy [ F () e 27—,

leading- and subleading-twist contributions to the cross
section, including both kinematic corrections and genuinely
dynamic higher-twist effects. Within consistent twist power
counting, higher-order insertions of P3 correspond to
operators of higher twist; retaining them would introduce
contributions beyond the accuracy of our analysis. As
demonstrated explicitly in Sec. IV B, it therefore suffices
to keep only the terms shown in Eq. (9) and neglect the
higher-order contributions represented by the ellipsis. We
proceed by systematically commuting all insertions of P3 in
Eq. (9) to the left, rewriting the resulting structures in terms
of gauge-invariant field-strength tensors and their covariant
derivatives. This reorganization allows us to clearly identify
the leading- and subleading-twist operator structures enter-
ing the cross section. We begin by considering

Pi(z7)

o).

where we commuted the covariant momentum operator P; through the Wilson line [x~, z7] using Eq. (E9). Repeated
application of this identity allows us to move all factors of P; to the leftmost coordinate x~, yielding

Pl (x7)

Dy(x7y7) = (" =)

= [x—,y‘]—/y_ dey (2 = y7) =,

2P;(x7)

X7, 2y [ F_i(z7) [z, v

i [ e [T st =yl el )
1

-
T

dzy (z7 = y7)[x7, 7 liDi F_i(z7)[z7, v~ (12)

where the difference in the minus coordinate (e.g., z7 — y~) arises from performing the z~ integration.
We apply the same strategy to the double le insertion. The resulting expression can be written conveniently as a

convolution of the single-insertion result,

2 P3 (z7)
Dy(x~,y~ =/ dzylx™, 7] =2~
2( ) - 1[ 1] 2k

Pl (z7)
2k~

= / dz; Dy (x7,23)
y

P (z7)
d_ _7 5 _7 B
[ s 53

[z, y7]- (13)

Substituting the explicit expression for D; and commuting the P2 insertions to the leftmost coordinate x~ using Egs. (ES)
and (E9), we isolate the operator structures relevant at twist-3 accuracy. As shown in Secs. IVA and IV B, only specific
operator combinations in D,(x~, y~) contribute to the cross section at this order. Retaining only these terms, we obtain®

(x" =y )?PL(x)
2 (k)

P [ et [ ez ar =)z e I e )

2 (x7)P;(x~ X
PO [ o =57 =3 ) el

DZ(X_’y_) = <2k_)2 -

X7,y =

3For the double-insertion contributions, we neglect terms containing covariant derivatives acting on the field strength in mixed DFF
structures, as they are twist-suppressed. We also discard terms involving D?F, which correspond to higher-order kinematic twist.

036022-5



MUKHERIJEE, SKOKOV, TARASOV, TIWARI, and YAO PHYS. REV. D 114, 036022 (2026)

F Y

<
<
<

FIG. 2. Diagrammatic representation of Eq. (15). Horizontal dotted lines denote Wilson lines along the light-cone minus direction,
while the thick vertical lines represent the transverse propagation given by (x| exp[—iP2 (x7)(x~ — y~)/(2k7)]|y.) and its transverse
derivatives. We do not further decompose the transverse exponential into Wilson links and field-strength tensors, as such transformation
becomes irrelevant after taking the on-shell limit in Sec. IIT C.

2 X~ X~ Z]_
+2(lek—(—)2)/y dzy /y dzy (x™ =y )z =y gy [Foi(ey)[er. &2 1 Foi(23) 25, 7]
2 X~ X~
I(%/E-)g /y dzy (" = y7) (& =y )T G liDF ()l v

2P )P(x7) [
s T

+

= PPl iDL (e ar vl (14)
Collecting the contributions from the single- and double-insertion terms Dy (x~, y~) and D,(x~, y~) in Eq. (9), we observe a
notable simplification: the local surface terms proportional to PZ (x~) combine order by order into an overall exponential

factor. This exponentiation reflects the geometric-series structure of the underlying P2 expansion. The scalar propagator can
thus be cast into the compact form

1
(lyea)
Pt -5t +ie
4 4 _ _ —i( —_,-)M ol 1 o -
=8(xT —y")O(x~ —y7) | x  |e” ) | —ilx ,y]+§ dz (z7—=y7)
-

T /yx_dm_ ),Z'_dzm—y-><z;—y->Pk<x->Pl<x->[x-,zf]F-AzrﬂziZE}F—*Z?M’Y*
)’¢>v

B. Quark propagator

— s [ (e =y PRORGO) b DTy ]

(15)

I
as can be verified by computing higher orders. The
structure of Eq. (15) admits a useful diagrammatic inter-
pretation. The propagator consists of three elements: (i) a
kinematic exponential factor encoding transverse momen-

Having derived the scalar propagator, we now generalize
to the quark propagator.’ This generalization amounts
to replacing P> > P> +16F in Eq. (6) and repeating

tum propagation, (ii) light-cone Wilson lines connecting
different longitudinal positions, and (iii) field-strength
insertions at intermediate points capturing dynamic
twist corrections. This structure is illustrated in Fig. 2,
which displays the organization of longitudinal and trans-
verse separations, Wilson line connections, and field-
strength insertions. The thick vertical lines represent ex-
ponential propagation in the transverse plane, while the
horizontal structure encodes the longitudinal Wilson line
resummation.

the calculation. The derivation simplifies considerably
because only a single insertion of oF is required at the
accuracy we work, yielding a perturbative correction to the
scalar propagator. Explicitly, the quark propagator takes the
form

“By quark propagator we mean (
Eq. (4).

x| m |y) appearing in

036022-6
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1 1 1 oF 1 1 le 1 oF 1
o cP el T e s k) T I e P rie TP ek BT+ ek P A
P+—ﬁ+‘;’?+l€ P+—ﬁ+l€ ie ie ie ie ie
1 oF 1 P2 1 1 oF 1 oF 1
+ + .—_ + n—J; + . - + -—_ + -—_ + . +...y (16)
PT +iedk P" 4+ ie2k P" +ie PT +icdk PT +icdk P +ic

1

P2 .
A

The simplification proceeds in close parallel to the scalar case. Using the results of Appendix E 1, we rewrite the right-hand
side of Eq. (16) as
Y> = ()C p2
Pt -5t +ie

" 2(211—)2 /) dzy /;1— dz; [, P ()7, 2o F () 1237

y> =0T —y")O(x" —y7) ()u

_ ‘”lc_/x_ dz7[x",z7]oF(z7)[z7,y7]

v

+2(2li€_)2[_x dzr /Z] dz; [x7, 7)o F(20) 7, 2 P (22) 3, 7]

i X~ fw o L
_m/y_ dz [_ dzy[x". z7]oF (z7) 21, 220 F [z . y7]

yJ.)- (17)

We follow the same strategy as for the scalar propagator: terms involving Pi enclosed between Wilson lines are rewritten
in terms of insertions of D;, and the resulting covariant momenta are commuted to the leftmost coordinate using Eqs. (E8)
and (E9). Retaining only operators at twist-2 accuracy, the quark propagator takes the form

!

y | +o(xt =y")om —y7){ xL
) (

1
(s
Pt — s+ 25 4+ e

2
P+—ﬁ+i€

_|_
~
|~
e
‘ﬁ\x
1
QU
2
T
Q,

25 (27 =y )P () [x 7, 7 [ F (27 27, 22 ]0F (23) [z, 7]

by [ dar [ deztez -y o o) P G ez o

+4(2li<—)2 /y" dzy /yzn dzi[x_,ZT]GF(ZI)[ZI,ZQ]UF(zg)[ZE,y_]] yl). (18)

C. On-shell limit

The results in Eqs. (15) and (18) can be combined into the compact form

1 : - I R
<x pr_PL Lo, y) = —i5(xt = y")O(x™ — y7) (xL|e O IETO(x . y )y L), (19)
T Tam T
where the operator O(x~, y™) satisfies
O(x",x7)=1.

To incorporate this propagator into the dijet amplitude, we evaluate it in the on-shell limit. In this limit, the operator
O(x~,y~) organizes the surviving twist-2 contributions, while subleading terms are either power-suppressed or vanish
identically. The detailed derivation is presented in the Appendix F I; here we quote only the final result:
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k2
y> —lm / dx(k|) (x y>

= /YY) (ke |0(00,y7)|y L) ’k- i 2

=5

1
P2 F
o ta-tie

1
lim k2 <k‘ -1 .
=0 P —|—§6F+ i€ P+

where we used the asymptotic behavior P2 (x~ — c0) — k3. Substituting the explicit form of O(co,y~) completes the
resummation of background-field effects and yields the amputated quark propagator through twist-2:

1
=0 P*+50F +ie

!

= jetky —ifeo,y7], + oodz_[oo,z_]y L (7 =y )F_(z7y1) +
{teors ] ¢

=
i .o kiky
—%(z -y )<5lk—l(2 -y )= =

kiky

DiF_ (27, y)) +——
Z,Y1 =

ke
(2k™)?
2

Fo(zoys) + (e - y->2(f;)2F+_

oF(z7,y.) — (z7=y7)Di(oF(z7,y1))

1
4k~

(7o) |27y,

—_/_ dzy <5kz—l - )k—> /_Z1 dzy(z5 = y7)[eo, 7]y Foi(zr,y)lzrs 22 ly, Foi(z, vy )lz5. v7ly,

dZ1 de (27 = y7)ky[oo, Zl]

. dzl‘

_|_
N
—~
o

where we included the twist-2 effects of a dynamic target
by incorporating the F,_ insertion arising from the z*
dependence. The details of this calculation are given in the
Appendix G. We also changed the order of integration:

o) [e%) (o] C_
/ dz” déf_---—/ dC‘/ dz=---,
v z v v

followed by renaming variables to obtain a more symmetric
expression. In the amplitude above, we ordered the terms
by increasing the leading twist. It is worth emphasizing that
the last term, to twist-2 accuracy, can only involve 6~/ F_;
combinations. However, such a term vanished in the dijet
production cross section.

For completeness, we quote the corresponding antiquark
propagator. In the on-shell limit, the antiquark contribution

lim k2 21—
k=0 P*+30F +ie

- k) (22)

is obtained from the quark result by charge conjugation,
which amounts to replacing k& — —k* and i — —i. The
twist expansion proceeds analogously to the quark case.

IV. DIJET PRODUCTION

Having established the structure of the background-field
propagators, we now apply these results to dijet production.

(2 y)lar 2]y, 0F (25, y 1)z 57],,
i dZE(ZE =y )k[oo, 2]y oF (27, y)[zT. 31y, Fal(z3, y1)[z5, y7ly,
y

i oo 7
7 / dzy / dZE[‘X”ZT]M"F(ZT’)’L)[ZT»ZE]MGF(ZE’)’L)[Z}y_]yl}’ (21)
y y

|
The quark and scalar propagators derived in the previous
section provide the building blocks for constructing the
amplitude. We then evaluate the corresponding cross
section, enabling direct comparison with existing results
in the literature.

A. Amplitude

Using the quark propagator in the background field
given in Eq. (21), together with the corresponding anti-
quark propagator, we compute the dijet production ampli-
tude defined in Eq. (4). All remaining integrations over the
light-cone minus coordinates can be carried out analyti-
cally; the detailed calculations are collected in the
Appendix D. The amplitude then reduces to a single
integration over the spacetime coordinate x. Moreover,
since the background field is assumed to be independent of
the light-cone time xT, the integrand carries no x*
dependence beyond the exponential phase. The x* inte-
gration therefore yields the overall minus-momentum-
conserving delta function, and the phase factor reduces to

/d“xe”‘fz"‘:2ﬂ5(k1‘+k5—q‘)/dx‘d2xLei("3x‘k.vﬂ‘i),
(23)

where ki =k} + k5 —g" denotes the momentum
transferred from the background field. The factor
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276(ky + k3 —¢~) is a direct consequence of x"-trans-
lation invariance and sets the overall normalization of the
scattering amplitude. It cancels against the corresponding
factor arising from the standard normalization of external
states and phase space; we therefore absorb it into the
normalization and suppress it henceforth, with the under-
standing that it is restored in the final cross section.

The resulting amplitude can be expressed in terms of
field-strength insertions dressed by fundamental Wilson
|

lines along the same lightlike path. For compactness, we
introduce the parallel-transported field-strength tensor,

Fﬂl/('x_’xJ_) = [OO,X_]XLF”U(X_,XL)[X_, 00] ’ (24)

X1

which appears throughout the following results. It is also
convenient to package the double field-strength insertions
into the tensors Dy;:

dk* G
Dy (I, x7,x1) = l/m/ dx'=e™ (oo, x7], F (W x )W 7] Fo(xm x ), eo] o (25)
|
This representation naturally reproduces the phase structure ) dk* i (=27) il (=) g y~ — 26
appearing in the definition of triple-gluon correlators in the ! k=1t +ie ¢ (7 =a7). (26)

cross section [35,36]. In our calculation, however, the
double field-strength insertions enter in an equivalent form,
obtained by evaluating the k* integral to produce a step
function:

dx~d’x,
—e

iM= —eep(q)/ =

Retaining the contributions relevant for the cross section
at twist-3 accuracy, we arrive at the following expressions
for the amplitude. For clarity, we organize these results
according to their distinct Dirac and tensor structures’:

ik =B (k) ) {ClyP Fi(x™,x 1) + i(S10™y” + SayP o), (x7, x )

+ CiyPF_(x7,x1) + [(THy? +iClo*y? + iCho™ly + iClyPo™ "Dy (I, x7, x1 )

+ (T&ly? + iCLo~*y» + iClyro=* + iC’gyf’a_l)[DL(—ﬁ, x7,x 1)) tv(ky),

where CH (u = +, i), T" with i, k, [ = 1, 2, and S multiply
the corresponding Dirac structures, and we included an
overall normalization factor of 2g~. The “DF” structures
appearing in the propagators of Eq. (21) were expressed in
the basis adopted in this work (single F' and double F
insertions); for the details see Appendix F 2.

Below, we provide the coefficients (C#, T, and S, ) for
the generic kinematics and also near the back-to-back
(correlation) limit (A, /P, < 1) detailed in the
Appendix C. Near the back-to-back kinematics, the dijet
pair is characterized by the total transverse momentum

o K-k (K + &)

(27)

|
P, =zky, —7Zk,;, and the momentum imbalance
Ay =k;, +ky . It is also convenient to define the
longitudinal momentum fractions z = ky/q~ and Z =
ky/q~ =1 —z for the quark and antiquark, respectively.
We also express our results in terms of the commonly used
combination 6} = zzQ? and adopt the shorthand notation
A-P=A, - P, for the transverse momentum scalar prod-
uct. For the expansion near the back-to-back limit, we
retain twist-1 operator structures up to O(A, /P, ) while
keeping twist-2 structures at O(1); see Eq. (27):

27z2q9~

|
Lo D)y
ki ks

<k’1k’i _ ki
bo2(ky ) (ky)* (ky)?
= (5 8) s 4
22k \ky k3) 2(k5)? \(kT)?

(kg)°

kB
(k7 )?

>N

2 _ 2
>%(Z_Z)((PL—J‘)

<2Pi —Ai(z—2)+ 4A-P)P'(z - Z)>,

T (PR +e2)? (P2 +€%)

P2+ 6%)2’

Here we also include the twist-2 contributions arising from the product of twist-1 terms in the quark and antiquark propagators in

Eq. 21).
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lz_ii_(kll""kﬂ) ky 1 (Z
4k ki 4(kf)* (k7)? 2(P3 + efc) P2 + ef
U1 (ky+ky) ky 1
S, = s T ki SR - 2
9 4(kS)* (k) 2(Pl + ef) P + ef
1 [k /1 1 Kkl KAKE kkk’
Tkl = 3 9 — ] - 1_ 12 4 2_ 22 72— k;r
(k) L 2 \ki K (kr)* (k) 01* kik
TH = 7k 4 iox™ kikl W 4PkP’ PkP i
(k) ()~ (PL+ e UM (P +e "ol
Th i 10X k5ky  222q” 5 4pkpl 2PkP/
2 (k)2 (k)2 (PL+ e Y (PY —l—ef zq~ ot
oo L (kR 2zP p__ k1o 9
YUk \K k) T (P T 2(k) kol T (P’i +ef>zq‘ o’
g () R Lo (s L)
Y2 (k)P \kT k) 2kiky kg olt T (PR 4+ed) \(PL+€3) 2¢olt)
Cl - 1 <kll k’2>+ K, 1 0 2P! ( z 1 6)
6 2k (kf)? \ky Ky 2ki ks k+ oI+ (le + e]%) (P% + e]%) 2qg=alt)’
ol — K1 0 Pz o0 , 1 kK 2zP* (28)
T2k ) k) o~ C(PEre)zg ot N 2k (k)P \k Ky (Pi +e1)?
B. Cross section physical states 4 = +1 yields the projector
To obtain the differential cross section, we square the
amplitude in Eq. (27) and perform the Dirac traces for each 1 PN 1
independent y-matrix structure. We present results sepa- B Zek(Q)e (q) = —Egkl» (30)
A=—%1

rately for longitudinally and transversely polarized virtual
photons. For longitudinal polarization, we adopt the con-
vention

0
——Gu+t»

J (29)

ei(q) =

while for transverse polarization, summing over the two

|
iMp = |

dx~d?x, dy~d*y Sk (
(297)?

+CH(Cy +28; =28y (F_i(x~, x )F

+ CH(THF_(x~, x )DL, (I, y~,y1)

where the trace over fundamental indices can be rewritten
as a sum over adjoint indices. Indeed, using the standard
relation between Wilson lines in the fundamental and
adjoint representations, we get

with k, [ = 1, 2 labeling the transverse directions.

1. Longitudinally polarized photon

For the longitudinal polarization of the virtual photon,
the squared amplitude takes the following form:

XY =AL )Rk kg Tr [C’iC{ F_i(x ., x)F_;(y".y1)

(Vo) FF (e x ) F_(y7. )

+ TDy (I x~ x ) F (v v 1)) 1o

+ Ci(vélF—i(x_vxL)Dkz(—ﬁ’y_»yi) + -H—IZCI[DZZ(_Z+5)C_1XL)F (O Yo ]

W

6Any choice of longitudinal polarization vector Eﬁ satisfying
€ = ef; + g, yields the same result after contraction with the

leptonic tensor.

~L
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[oo.x7], #9F 2 (x7,x ) [x7, 00] = £P[x7, 00X FY,(x7. xy ),

(32)

where [x~, 00]%* denotes the Wilson line in the adjoint
representation. Consequently, the color trace appearing in

the cross section produces color factors involving Tr[¢#?]
for double-F operators and Tr[*#°1¢] for triple-F operators.
We prefer to work in the fundamental representation.

Performing the expansion near the back-to-back limit
A /P, and retaining all relevant contributions to the twist-
3 precision we get

R 16z212€% AZL
|lM|% ~ e? / dx_szldy_JzyLe’kﬂ (7 —y7)—idL (xu-yy) WTI‘[OI + 0, 4+ O3 + 04} +0 —2 (33)
Py
where the operator structures are classified according to their field content. Specifically,
- - A-P)PPI _ -
Oy = [2P'P/ — (2= 2)(P'A) + PIAT) + 8(2 - 2) (zi)z]F—i<x_7xJ_>F—j(y_’YJ_),
Pl +e;
(Z - Z) ip2 [T _ = _ = _ = _
0, = e PPIF i (x x )F (v7,y) + Fo (7 x )F (7. vl
O3 = P'[Hu(2)F_i(x™, x)By (I, y7, y1) + Hig(2) B (I x7, x ) F (v, v )] o
04 = P'[H(2)F_i(x™,x 1 )Dy =1+, y~.y1) + Hu QD) (=1, x™, x 1 )F i (y™. y )l o (34)

where we defined

2PkpPL 9
zg~ ol

4pkp!

H =6, —
w(2) ki le*’?%

(35)

Note that the gluon momentum component k; entering the
Fourier phase should also be expanded; its explicit ex-
pression is given in Eq. (C3). Substituting the squared
amplitude into Eq. (5), we obtain the differential cross
section for longitudinally polarized virtual photons.

In Sec. V, we compare our general-x factorization
framework result with the one obtained in the small-x
approach.

2. Transversely polarized photon

For transverse polarization, the squared amplitude is
more involved due to additional tensor structures; in
particular, the o' term now contributes. The result can
nevertheless be organized systematically as a sum of
operator structures multiplied by kinematic coefficients:

dx~d’x dy~d? + N o -
iM|%:4e2/ X X ay Y1 eiks (7 =y )"AL(M‘M)Tr[A’JF_i(x‘,xL)F_j(y‘,yL)

(297)?
+ B (F_j(x~,x )F,_
+Ci(Fij<.x_,.x
+ (EMF_(x~,x,)D}
+ (GMF_i(x7,x )

with

Al = (ki ks + kTk§)CiC] — 8gUkT k5 (S? + S2)

B =—k5(2(S, +S))
C' = 8(Skik; — SHKKT)(S) = S)).
D' = 2(Sikik; — S,kiky) + Ci (ki k3 + kT k7).

- C)(2Sik

EM = —[4k7 k3 (9%S,C} + ¢'S,Cf + ¢S, CE) -
G = —[4kik; (91 C + ¢S$,C5 + ¢"S,CF) + € (ky (K5C) + K5 CF)

(v"oyi) + Fi(x . x) )F
)F_,-(y— yi) 4+ F_j(x x ) Fy(y

(1))
JU.))

(Y™ y ) + EMDy (I, y= y D F (67, y 1) 2o

D (= Ity M) + G’HDT ( l+7x_’xL)F—i(y_vyL))ﬁ:o]’ (36)
= 2[kyS,(Cik} + Clkb) — k3 S (Cik] + Cik} )]
+ kT CY) = k7 (2(S1 + S2) 4+ CF)(2S$2kh — k3 CY),
C' (k3 (KYC5 + K1 Cf) — kyk5C5)] + D'TY,
— ky KfCf)] + D'TA. (37)
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In the back-to-back limit, the expansion in A /P, the coefficient functions reduce to

=2 o (14 2608,
(P1 +¢€7) (P +¢€7)
(z=2)
(P1 +€5)(+72%)
(P1+e;+ (2 +2)0%) (P —¢})
(P1 +¢€7)"

Biy, = —222(z - 2)

JCikl — 2(q)*zz

2)(A- p)) ~ 4P'Ple;
(P1 +€7)?

P, C{th ==

86%(22 + ZZ)PiPkPI

2(z = 2)€;
(P1 +¢7)

4(z-7)(A - P) .
(E=TR R

((PAT 4+ ATPT) —2(A - P>6ff’>] (@

2(z-2)(z> +2?)
(P1 +¢€7)?

’

<—2(z25ﬂP’< + 226 P!) +

(P1 +¢€7)’ (P? +¢7)?
s 2 pi pk pl
T < e B e 1) s it JCA
tl (P2+€2)2 (P2+€2)2 alJr’
f f
e 2 pi pk pl
Gikl :,Cikz_zq 2(Z+2%) _sikp! 4 P'PP K
bb (P2+e%)2 (P2+e%)2 o

According to Appendix H, the twist-3 operator F;;F_;
can be traded for F_;F_; multiplying a kinematic higher-
twist correction

(P'A) — (A - P)ST)F_iF_; (39)
and an additional genuine twist-3 contribution involving
|

5k1(22 + ZZ)Pi(PZ _ 6;)
P2+ 61% ’

(38)

the three-gluon operator F_;F_;F_,. This type of relation-
ship between kinematic and dynamic twist operators is well
established for quarks (see Refs. [37,38]). It follows from
equations of motion (which includes the Bianchi identity)
and was used to reduce the number of operators in the cross

section. Therefore, the above expression can be rewritten as

dx~d’x  dy~d* N N S -
i./\/l|%:4€2/ X ax,ay ay, ik (7 =y )—'Aim‘M)Tr[A’JF_,-(x‘,xL)F_j(y_,yL)

(297)*

—I—Bi(F_i(x XL)F
+ (EMF_y(x~,x,)D]
+ (GMF_i(x, x)Dy(=1F,y7,y1) +
with
Al = AV - C (P’AJ (A P)6if)

Etkl Elkl + C(Pk5tl

In the back-to-back limit, C simplifies to

_ 4zz(z—z2)?
btb (Pi+6‘12c)3

(q7)% (42)

The obtained Eqgs. (40)-(42) provide the factorized ex-
pression for the dijet cross section for the transversely
polarized photon in the back-to-back limit up to twist-3
accuracy.

Pléik)’ Gtkl

STy HF (L x ) FL(vTay )
( a )’J_) + Eik[Dk!(ﬁ,x_,xL)F—i(y_’yl))ﬁ:o

GileZl(_l+,x_axJ_)F—i(y_v J’L))l+:0]’ (40)
C =8(S1ky — SHk7)(S) = o) /K,
Gkl 4 C(P*sil — Pl5ik). (41)

[

Our TMD-factorized results are not limited to DIS
kinematics with large Q2. In the back-to-back limit, the
hard scale can be set by the relative transverse momentum
P, of the dijet system rather than by the photon virtuality.
Consequently, the TMD-factorized cross section and twist
expansion remain well defined even as Q2 — 0, as relevant
for photoproduction or ultraperipheral collisions. In this
limit, one sets e]% = zz0? — 0 in the expressions above,
and the longitudinal photon contribution becomes negli-
gible, leaving only nonzero transverse polarization.
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The structure of the cross section further exhibits a useful
simplifying pattern. Near the symmetric point z ~ 1/2, the
cross section simplifies [see Egs. (33)—(35) and (36)—(42)],
leaving only contributions involving F_;. This provides a
clean starting point for isolating that component. Moving
away from z = 1/2 activates additional operator structures,
allowing, in principle, for a systematic separation of the
remaining gluon TMDs.

V. SMALL-x LIMIT

In Ref. [25] back-to-back quark-antiquark dijet produc-
tion was studied at leading order in strong coupling within
the high-energy CGC framework, valid in the eikonal
x — 0 limit, and results for the cross section were obtained
up to kinematic and dynamic twist-3 through leading

|

liM]|? = e? / dx~d?x dy~d*y, e ™0 (1 + ik (x~ = y7))

where the leading term contributes at both eikonal and
subeikonal order, while the linear term contributes only at
subeikonal order. In the small-x limit, we find exact
agreement with the results of Ref. [25]. Specifically, the
two-body structures in O; and O, reproduce the corre-
sponding terms at subeikonal order: the leading-twist

|iM|%.eik =é / dx_dledy_d2yle_iAi<xL—yl)

subeikonal expansion around x = 0. In contrast, our results
obtained through the MSTT TMD framework are valid for
any general values of x. We, thus, can establish a direct
connection between the two approaches by taking the
small-x limit of our general expressions. In this section,
we demonstrate that our cross section expressions for both
longitudinally and transversely polarized virtual photons in
the small-x limit reproduce the known CGC results
of Ref. [25].

A. Longitudinally polarized photon

For concreteness, we first consider the cross section for a
longitudinally polarized virtual photon, given in Eq. (43).
To connect with the CGC formulation, we expand the phase
factor e’*s @) around ki =xPt - 0:

162%7%€? A2
f 1

Tr[O 4+ Oy + O3+ 04] + (9(—) (43)
(PT +ep)? P

|
contribution  proportional to  F_;(x™,x,)F_;(y~,y1)
matches Eq. (115), while the twist-3 term involving
F_j(x~,x)F,._(y~,y.) agrees with Eq. (117).

The correspondence between our result in the small-x
limit and Ref. [25] for the three-body operators in O3 and
0, is less direct. Considering first the eikonal limit,

16z%7%¢2 A2
f 1
——— = L Tr[0, + 05+ 04 + O(—). (44)
(PL+ep)t Pl

In the eikonal limit, all longitudinal phase factors vanish, including those in the three-body operators. The three-body

contribution O3 + O, then becomes

O3+ 04 = PH[F_i(x™,x)Dp,(0,y7,y1) + Dy (0,x7,x ) F_;(y™,y1) + F_i(x™.x)Dy (0,57, y,)

+ D027, x ) F_ (v y1)]

= 2Py Re[F_;(x~, x )D(0,y~,y,) + F_i(x~, x,)DL,(0,y~,y,)] (45)
with
- 4pkp!
H =0, ———=. 46
kl(z) kl Pi + €% ( )

In Eq. (45), the O-function contributions from D;; and [D,L [see Eq. (26)] cancel pairwise.

The relevant (involving three-body TMDs) subeikonal contribution to longitudinal polarization is given by
162%7%€?
L Tr[O5 + 0] + - -. (47)

] 2 =2 -2 -2 —iA L (X =y) (it (v — v
|1M‘L,Selk e /dx d*x, dy~dy, e (zkg (x~—y ))(Pi—i—ej%)

At subeikonal order, O5 and O, decompose into two independent tensor structures proportional to §;; and P*P!. We treat
these separately, beginning with the &;; term’:

"For clarity, we suppress the “2Re” projection, the transverse convolution (the associated x,,y, integrations), and the overall
kinematic coefficients in the intermediate steps.
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I, = /dx—dy—Piékl(x_ =y )(F_i(x,x)D(0, 7.y, ) + F_i(x.x)D}, (0,57, y1)).

(48)

Expanding the definitions of Dy;(0,y™,y,) and IDZI (0,y~,y.1), and performing a change of integration variables in the

latter, we obtain

7, = / dx~dy=dy'~(x~ —min(y~, ")) P8 F_;(x~, x ) F (", y L )F (v, y1)-

(49)

We now turn to the second tensor structure, proportional to PXP. Its explicit form can be written as

o APkPL
12:—/dx dy~P P ia (F_i(x ,xL)/y

Ly

Vv

. 4Pkp! ( -
— [ dxdy PP—5—— ZF_,»(x‘,xl)/
/ P? + ej% y

+ zF_i(x7.xy) /m dy'~(y~ =y F_(y, YJ_)F—Z(}’/_’)’J_)>‘

y

dy~(x =y ) F (" y )F (v y1)

HFr) [Ty - y->F_k<y—,yl>F_1<y/-,m)

dy'~(y~ =Y )F_ (Y y )Fo(y".y1)

(50)

The first contribution originates from the expansion of the Fourier phase associated with k", while the second one arises
from taking the derivative of the exponential factor involving /™. Adding these two contributions, we obtain

4Pkpl [ % ) _ )
I, = —/dx_dy‘P’ e (F_,-(x"xl)/ Ay~ (x" =y + 2007 =Y ) F_ (VT y ) F (. yy)
y

L1 f

) [T -y - y’->>F_k<y-,mF_l(y/-,m).

(51)

In the second term, we perform a change of integration variables, which allows us to rewrite the integration range in a
symmetric form. Combining the two terms and rearranging the integration variables, we arrive at

I,=- / dx~dy=dy'~(x~ —zy~ = Z2y'")P'

. 4pkp!
P+ ej%

Foi(xm o x )F_ (Y y ) F (™. y0) (52)

Collecting the two contributions, the complete eikonal and subeikonal three-body result for longitudinal polarization is

given by

M7 s subl e = 2e2Re/ dx—dy—dy,_aﬂxldzyle_mi(XL_M)ﬁpi{&d {1 +i
(P1+ €f>

(PT +¢€7)
2zz2q9~

4pPkp!
Pl +e;

This expression is in exact agreement with the result
obtained in Ref. [25].

B. Transversely polarized photon

For transverse photon polarization, the comparison pro-
ceeds similarly. At the level of individual operator structures,
only the F,_F_; contribution in Eq. (55) reproduces Ref. [25]
directly. In that work, part of the kinematic twist-3

(x~—zy” - Zy")} }Tr[F—i(x‘,xL)F—k(y", yOF_(v7y1))-

(P2 + ej%)

162°7¢;
2 2229~

(x™ —min(y~, y"7))

(53)

contributions are reexpressed in terms of dynamic twist-3
operators, whereas in our formulation these kinematic effects
remain embedded in the leading-twist sector. To make the
correspondence explicit, we reorganize the kinematic twist-3
terms into F;;F_; and F_;F_; F'_; structures using Eq. (H3).
Specifically, the second line of A}, can be recast in terms of
the coefficient functions C!; and K. The coefficients in
Eq. (55) then become
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- = = = ipj2 - 2

Al = 2(q7)*2z(2? +22) [5:’/ <1 + 2(2-2)(A- P)) | 4P'Pley <1 _Az-2)(A- P)) 2(z - 2)e;

! (P +¢€7)? (P +€7) (P +¢€7)? (P +¢€7) (P +¢€7)?

2(z-12)zZ pig- ikl 2(q7)%zz(2 4+ 22) 8¢7 P! PEP! . sHpi(p? — e;)>
(PL+ep” (PL+ ) P g

(PIAT + A’P/)],

o
Cbtb_

(—(5“P" + 6Py + (54)

It is straightforward to reproduce A,’;{b and Cl,. We therefore concentrate on the triple-F contribution, which is not as trivial.
At the eikonal level, the triple-F term reads

dx~d’x dy d’y, _ v ) Fi F _ = _ 7 _
(2; 4 L e ORM T [F_(xm, x ) F (v v )F (7 y )]+ (55)

Beyond the eikonal approximation, the subeikonal contribution decomposes into four independent tensor structures
proportional to 8Pk, 5% P!, PIP*P!, and §*'P'. The contributions proportional to 8P’ and P! P¥P! coincide with those in
the longitudinal case, differing only in their coefficient functions, and therefore require no further discussion. The remaining
nontrivial contributions are those proportional to 8 P* and §*P!. We first consider the §P* term,

|1M|T61k - 862R /

2 2
7, :—/dx‘dy‘((z#ozﬂ_i(x‘,xﬁ/_ dy=(x= =y ) F_ (Y y ) F (v y1)

F_
Pi—i—ef)2
— - —
+F—i(x_vxL)/ dy'~(x" =y )F_ (Y7 y ) Fo(y™ YL)
22+ 2%) (- o _
—/dx‘dy‘%GF-i(xixL)/ ay'=(y= =y~ (y/_’)’J_)F—I(y_’YJ_))- (56)
(P +e€p) ¥

The former contribution follows from the k; expansion of the Fourier phase, whereas the latter is produced by
differentiating the exponential with respect to /™. The associated k; factors are absorbed into the coefficients. Using
(x> =y7)=(x"—=y7) 4+ (y~ —y'7) in the first term of Eq. (56), and combining the two pieces proportional to (x~ — y~),
we can rewrite

7. o FE+D) (- o = -
3=— [ dx~dy m F_i(x™,xy) _oody (T =y ) F_ (Yoy ) FL(y"y1)

P x)) / g

—00

@707 =P )F0m0) )
L2+ . _
— [ dxdy ® ey ZF_i(x~ n) dy " =Y )F 7y )F (L) ) (57)
Repeating the above manipulations, i.e., recombining the integration regions and reorganizing the kernels, we obtain

=2 2
Iy=- / dx~dy~dy'~ ((Z 2 =y T = (@ =) =)0 T =y )F (7 x ) F (YT y ) F (v v (58)

P: + ejzf)2

One proceeds with the 5% P! along the same lines.
Collecting the eikonal and subeikonal pieces, we obtain the full three-body contribution to the transverse photon
polarization,
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| iM |%",eik+sub FFF

2z7(z2 + 22)

(P +¢€3)

2 o= = A2 g2 piA (x =y
=2e Re/dx dy=dy'~d*x  d*y e A1(xmy1) (P2L+€%)3

8e2 P pkp! (P2 +€%) _
+(Pj;+7€2)2 |: ?q_f(x‘ -2y —Zy")} — 5t pk |:1 +
f
(P +¢€7)

—5ikPl[1+l —
27Zq

This result agrees with the corresponding expression of
Ref. [25].

This comparison clarifies the relationship between our
back-to-back expansion and the back-to-back limit of the
CGC subeikonal expansion. In Ref. [25], results are
obtained via an eikonal expansion. At leading eikonal order,
one captures twist-2 and part of the twist-3 operator
structures, but without the plus-momentum phase.
Subeikonal terms can be used to reconstruct the phase for
twist-2 operators; however, the expansion does not allow
systematic reconstruction of the phases for twist-3 operators,
including both two-body and three-body contributions.

In contrast, within our back-to-back gradient expansion,
the leading term generates the complete set of two-body
operators together with the full plus-momentum phase to all
orders in the eikonal approximation. Subleading terms then
produce the three-body operators with their complete phase
structure. This organization makes the formalism well-
suited for extensions to twist-4 and four-body operators.

We emphasize, however, that our approach assumes
back-to-back kinematics from the outset; extensions
beyond this limit would require a genuine eikonal expan-
sion along the lines of Ref. [24] at small-x or resummation
of higher twists at arbitrary x. The latter can be done for
specific TMD operators to arbitrary kinematic twist order,
as demonstrated by the iTMD formalism [39-42].

VI. CONCLUSION

We computed the dijet cross section in deep inelastic
scattering at leading order in a; using the background-field
method, working in the back-to-back limit A;| < P, .
Restricting to gluon background fields, we obtain a
TMD-factorized expression valid through twist-3 accuracy
in both dynamic twists and kinematic twists. While our
main focus in this work is dijet production in DIS, the
factorized structure derived here relies only on the back-to-
back kinematics and does not assume any ordering in
Bjorken-x. It can therefore be applied across the broad
kinematic range accessible at the EIC, from moderate to
small-x, provided the hard transverse scale P, remains
perturbative. In particular, in the small-x limit our expres-
sions systematically reproduce the eikonal and subeikonal

Pi(skl PZ —62
{ ( f) [I—H

e (= min(y~.)|

2z2z2q9~
l.(Pi +€7)

P =y = = =y =)

<fﬂw@%m:wmyﬂwﬂmnwﬂmmhmmw%»<w

|
results of the CGC framework, while at moderate x they
retain the full longitudinal phase structure characteristic of
standard TMD factorization. The same formalism can also
be extended to photoproduction and ultraperipheral colli-
sions, where the virtuality Q*> may become small, but the
hard scale is set by P |, allowing a consistent description of
back-to-back dijet production beyond the strict DIS regime.

Our approach employs a gradient expansion of the quark
propagator in the transverse covariant momentum P ; while
retaining all powers of the longitudinal momentum P*. At
leading order, the expansion yields longitudinal Wilson
lines, with field-strength insertions appearing at subleading
order in 1/P3. This expansion is naturally motivated by
back-to-back kinematics: the small transverse momentum
imbalance implies that the quark traverses the hadron at a
nearly fixed transverse position, with transverse displace-
ment occurring only at light-cone infinity. This structure is
consistent with the operator definition of TMDs, where the
transverse gauge link resides at positive light-cone infinity
(our gauge choice permits zero A, at asymptotic infin-
ity, X~ — o0).

A key advantage of this framework is that it retains the
full longitudinal phase ¢ <" in the TMD matrix elements
without requiring an eikonal expansion. Our results agree
with the back-to-back limit of CGC calculations x — 0
[11,25], while providing a systematic determination of the
Fourier phase for twist-3 TMDs—information that was not
accessible in the subeikonal approach of Ref. [25].

We further reduce the operator basis using equations of
motion. As shown in the Appendix H, matrix elements
involving F;; can be rewritten in terms of kinematic and
dynamic twist contributions, consistent with earlier obser-
vations for quark TMDs [37,38]. This reduction of possible
operator structures might be crucial for the extraction of
TMDs via global analyses [43].

The methods developed here provide a foundation for
extending MSTT framework [26,27] through systematic
inclusion of higher-twist contributions, such as yFy and
FFF. This is particularly relevant at small-x, where a
correspondence between CGC and higher-twist formalisms
is expected [44].

Several extensions remain for future work. Inclusion of
quark background fields will allow treatment of
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quark-gluon dijet production (this was considered at small-
x in Ref. [45]), involving operators such as yy*y and wFy
at twist-3 accuracy. This requires careful treatment of quark
equations of motion, with nontrivial implications for gauge
invariance [27].

A key phenomenological extension of this work involves
comparing e +p and e+ A dijet cross sections. By
analyzing these processes in near back-to-back kinematics,
one can extract specific twist contributions and examine
how nuclear shadowing manifests across the P, and A
phase space [46]. In the small-x regime, saturation effects
and the associated nonlinear QCD dynamics in nuclei may
provide an important direction for future study once
contributions beyond tree level are incorporated [47-50].

Finally, this work sets the stage for an NLO calculation
of dijet production at arbitrary x. At NLO, one encounters
numerous diagrams with UV, collinear, soft, and rapidity
divergences. Known cancellation mechanisms should
eliminate UV and soft divergences, while collinear and
rapidity divergences are expected to match those in NLO
TMD matching [26,27]. Under this framework, a compari-
son with small-x CGC calculations at one loop [6,22,23]
would provide a valuable consistency check. Relating the
two factorizations will be essential to understanding the
range of validity for the CGC effective theory. At least for
leading-twist operator F;_F;_ such a comparison can be
made immediately. Judging by the agreement/disagreement
with the cross sections, we can then set the stage for a
comparison beyond leading twist at NLO.
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APPENDIX A: GAUGE FIELD CONVENTIONS

For completeness, we collect here the conventions and
definitions for the most common objects appearing in the
main text:

XY =X'Y, =X'Y, +XY_-X,Y,, (Al
X, Y, =X, (A2)
D, =0,—ilA,]. (A3)

(D D) = =ilFyy. ], (A4)
where the field-strength tensor is defined as
F, =0A,-0A,—i[A, A (A5)

Throughout this work, the background gauge field was
rescaled to absorb the coupling constant g.

APPENDIX B: SCHWINGER NOTATION

In this paper, we use the Schwinger notation (see
Ref. [32] and application to the background-field method
in Refs. [26,27,51-57]), in which the coherent states |x) and
|p) are eigenstates of the position and momentum oper-
ators, respectively:

(B1)

)Ac/dlx) = ﬂ|x); i)ﬂ|p) = pﬂ|p>'

Both sets of states form a complete and orthonormal basis
in the corresponding Hilbert spaces, yielding two resolu-
tions of identity:

/d4x|x) (x| =1, (B2)

[ olp)ol =1, (83)
where

dlp = d’p/(2r)d. (B4)

The scalar product between position and momentum
eigenstates is given by

(xlp) = e

Using the resolution of identity, we can express matrix
elements of functions of the momentum operator as

(D)) = / (I f(P)p) (ply) = / & pe=int=) £ p)
(B5)

for an arbitrary function f(p).
Additionally, we have the usual canonical commutation
relation

[P, f] = i0,f. (B6)

For brevity, we will typically omit the hat notation for
operators and use the letter p to denote the momentum
operator. Capital letters are reserved for the covariant
momentum operator:

P,=p,+A,. (B7)
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APPENDIX C: BACK-TO-BACK KINEMATICS

We introduce the total and relative transverse momenta
of the outgoing quark-antiquark pair via

Al =k +kay, kyy =zA; +P,,

_ = _ (C1)
PL:ZkIL_ZkZL’ kZL:ZAl_PL-

Here, A | denotes the transverse momentum imbalance

in the quark-antiquark system, while P represents

|

kZ:(XP+:kT+k;—q+,O,AL)%<

klll _ <(PJ_ + ZAJ_>2
2zq

P, —zA)?
ké‘: (g’zq—,zAl_PL> z(

2zq~

Here the approximate equalities correspond to expanding
the kinematics in the back-to-back limit where the trans-
verse momentum imbalance A is parametrically small
compared to the hard transverse scale P, i.e.,
|A|| < |P,|. The equations listed above follow from the
on-shell conditions for the outgoing quark and antiquark,
together with the light-cone momentum parametrization
appropriate for high-energy scattering in the background-
field framework.

We want to warn the reader that P denotes the total
light-cone momentum of the hadron and P, denotes the
total transverse momentum of the dijet; both P and P, are
c-numbers. They should be distinguished from the covar-
iant momentum operator P, = p, + A, defined in the
Appendix B.

APPENDIX D: USEFUL INTEGRALS

The following plus momentum integral is ubiquitous in
our calculations:

ikt x~ 1 : -\ ,—ix"a"
/dk+e_lk x m = —19()6 )e s (Dl)

where € > 0 is an infinitesimal regulator.

3 o B [ iy = _ — & - eik;Z;
[ a1 o s
y y z g
oo Z ot o0 - (i(z5 — 77 1
/dy‘ /_ dzy /_1 dZZelk;y (z7—y7) = /dzz /_ dzyels <1<Z2k+ ) - (k+)2>’
y y <y g9 g9

— .29, A +P¢> R (

the relative transverse momentum. The longitudinal
momentum fractions are defined as z=k;/gq~ and
i=k/qg =1-z

With these definitions, the momenta of the photon,
background gluon, and the produced quark and antiquark
can be written as

g =(q".q7.0,), (C2)
P+t A2
S 1
710’ A ) C3
272q~ + 2q~ i) (C3)
P? A-P A2
2Z;_+(q—_)+§?,zq_,zAl+Pl>, (C4)
P? A-P) A2
22;_ ! = )4 ;?,Zq‘,ZAl - Pl). (C5)

To evaluate the dijet production amplitude, we must
perform nested integrations over the light-cone minus
coordinates. For double integrations with the ordering
y~ < z7, we find

- . . eika’
/dy— /_ dz_el 9y _—l/dZ_ k+ ’ (Dz)
y g9
N o POk
/dy_/ dzme* (z7 —y7) = —/dz_ 7 (D3)
)

0o N i 20
/dy‘/ dz=e™ (27 —y7)? Z/dz_e’k"Z et
Yo (kg>

(D4)

These formulas are obtained by applying the derivative
identity (z~ —y~)" — (—id/0dk; )" acting on the exponen-
tial factor. For triple integrations with the ordering
¥y~ < z; < zj, the reduction procedure yields
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Ny
/ dy~ / dz; / dzz e (27 —y7) (25 - / @z | dzl i (2l S (D7)
- 3 (k) (kg )

In the last two equations, the integration over y~ was performed, but explicit dependence on the remaining coordinates z;
and z, persists. These residual double integrals appear naturally in the structure of the amplitude and must be evaluated in
conjunction with the specific color and spinor traces of the diagrams.

APPENDIX E: USEFUL IDENTITIES

1. Wilson line propagator

Our goal here is to derive the elementary propagator from y~ to x7, i.e., (x7| P%He [y™). There are numerous ways to
proceed; we follow the most straightforward approach by expanding in powers of A_ insertions:

1 1 1 1
- V= () = (& - A ). El
(x y) (x ‘p++A_+,~€y) <x ‘p++ie Pt i Tt ie 'y) (ED)

Each term in Eq. (E1) can be readily evaluated using Eq. (D1). We explicitly compute the first two terms. The zeroth-order
term gives

1 1 o 1
T —V — d+ ~|g™ +ly~ — d+_lq+(x_y) :—9 - _, E2
(x’p++l.€y> / g (x"lq")(q Iy)q++l.€ / qre pr i0(x~ —y7) (E2)
while the first-order term yields

NP 1 1
- -V = [ dr= | dotdoteiai«—)—igy (< —y7) - A
<x y > / Z / q)dqye 2 qT T ieq; T ie (Z)

— 0 [ dol =20 =)A= (P00 =) /} drA(Z).  (E3)

1
Pt +ie

1 1
A_
pT+ie T pt+ie

Higher-order terms follow the same way and can be evaluated analogously. Summing all contributions, we obtain the full
propagator in terms of a Wilson line:

(-

where [x~,y~] is the Wilson line defined in Eq. (10).

1
Pt +ie

y—> = —if(x —y") <1 +i /} dz-A_(z7) + - ) = —i0(x =y .y, (E4)

2. Transverse derivative of a Wilson line

From the definition, it is straightforward to show that the derivative of the Wilson line is given by

Oplx™y7],, = AT,z )y ], =iy A(vT zn) - i/x_ g™ x™, ] Fa&m 2 )6 y7],,. (BS)

y

3. Commutators and anticommutators The commutator of two covariant momenta yields the field-

In this appendix, we collect several basic and advanced ~ Strength tensor

operator identities that are repeatedly used in the main text.
For completeness, we list them here and briefly comment [P,.P,] = iF,,, (E7)
on their role in our derivations.
A frequently used special case of the Leibniz rule reads ~ while commuting a covariant momentum with the field-
strength tensor gives

[P1. O] = {P. [P, O}. (E6) [Py, F_;] = iDyF_,. (E8)
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Finally, we specify the identity used to commute covariant  gauge-invariant insertions of the field-strength tensor along
momenta across Wilson lines. For a straight Wilson line  the Wilson line.
extending along the minus direction, one finds

[,y ]Pi () APPENDIX F: DERIVATION OF THE
’ ! B REDUCTION FORMULA
=P;(x7)xmy7] - /_ dz=[x7, 7 ]F_(z7)[z7,y7]. (E9) 1. Derivation of the light-cone LSZ formula
y

In this appendix, we derive the on-shell limit of the quark
This relation allows us to systematically move all covariant ~ propagator given in the main text. The detailed calculation
momenta to a common coordinate and introduces  proceeds as follows:

!

Pt

K2=0 P*+30F +ie

1

2
PL

% )
D-F o

k2 A PR
= =itim (1 = 52 ) [t = 0 =) aule 06 )

k2—0
. % NG <N N 1 P

= —ilim | ¢* +/oo dx~d2x | ek Y +kx—kix) ii—ﬁ X |e"‘("_'y_)l)25£i_)0(x_ yo)ly
k2—>0 v~ L ax_ 2k_ L ’ +

o0 2 2 —
— —ilim (eiky +/ dx_dleei(k_}'++k+y_‘ki“)iai(Xl|ei2kkL(x__y_>_i(x__y_)}2é'£)0(x_’y_)|yl)>
12—0 y X~

— —ilim (efky + / = dx-eitky i) 0 (kl|e"zkk—*@"y'>‘i(x"y'>—P5£i_>O(X‘, y‘)lyl))
-0 y ox~

= e KYHY) (ke |O(c0,y7)|yy)

.. (F1)

oL
kT =5=

Here, the on-shell condition k> — 0 implies k* = k2 /(2k~). In the final step, we evaluate the x~ derivative and take the
limit x~ — oo, using the asymptotic behavior P2 (x~ — co0) — k3. The exponential factor becomes stationary in this limit,
and the first term e’® vanishes due to the on-shell condition. The result demonstrates that the on-shell propagator is
completely determined by the Wilson line operator O(co, y~) evaluated at light-cone infinity.

2. Simplification of the DF term

In the amplitude, operator insertions involving the covariant derivative D;F_; can be reduced to combinations of single-
and double-field—strength structures. Using integration by parts together with Eq. (ES), we find

/ dze™ (00, 27], DyF (e 21) e oo,
- / dze"k-z{—ik,[oo,z-}ﬂF_,-<z-,m[z-,oo]ﬂ i / 47 (o0, 7], F_j(2=20) 2 2 oi(e 1) e ool.,
Z

i [l P ) I L (F2)

This identity shows explicitly that the covariant-derivative insertion produces (i) a momentum-weighted single F
insertion and (ii) two distinct F'F structures originating from the derivative acting on the Wilson line. The same structure
applies to D;(cF) with the replacement F_; — (¢F), and we do not repeat the expression.
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APPENDIX G: DYNAMICS IN THE TARGET

In this appendix, we present a detailed derivation of the
scalar propagator in a background field with explicit z*
dependence, generalizing the discussion of the main text.
First, we have

)

|
=[x
( 2p pt+{p . A_} - P2

1

D(x.y) = <x =

!

1
N <x 2p pt +2pTA_—i0"A_—P?

y>, (G1)

where A_ acts on a Schwinger ket |z*) according to

A_|77) = A_(z7)[z"). (G2)

This definition follows the same convention as that intro-
duced in the Appendix B.
Let us now consider an operator expansion around y™*

A_RAL(YT) 4+ (ET -y ALK, (G3)

where 27 is the position operator while A_(y") and
0~A_(y") are c-numbers on the Hilbert space spanned
by |z7), i.e., [2T,A_(y")] = 0. In all expressions below, 2"
is the only operator acting on the |z*) space. We thus obtain

1

D(x.y) = <x

2p P —P3 +2p~(2" —y")o"A_ - id‘A_‘y)

(G4)

We now focus on the terms that are not included in the main text:

1
2p Pt —P3 +ie

D-(x3) =~ (¥

(p (2" =y )orA. —i07A) 5
p

1
Pt —P3 +ie

y> . (G5)

We consider the individual contributions to this expression. Focusing on the first term and inserting a resolution of the

identity in the z space, we obtain

2p
2p7Pt —P3 +ie

Diiihﬁ(x,y) — —/dZ+ <X

z+> (2" =y")o"A_(y") <z+

1
2p7Pt — P +ie

y). (G6)

Writing the longitudinal propagators in momentum space and subsequently introducing a resolution of the identity in z ™,

this expression can be cast into the form

DY (x,y) = —/dz+dz_/dp1_

X <x‘,xL

2p;
1

P*—;—zﬁ—kie
Py

z‘) 0"A_(z7,y") (z‘

dp; e~ (T =27)py =iz =y )Py (Z+ - y+)

(G7)

y‘,n)-

2
PL

L P
P 2 ie

The remaining Schwinger matrix element can be evaluated at leading order in P7 . After resumming the external transverse-

momentum insertions, we have

(x

1

Pr—L2lye
2k~

y> =06(x" =y")O(x™ —y7) (XL

P2 (x7)

[_ie-iu-—yvi?} [ y] (G8)

")

Substituting Eq. (G8) into the z*-dependent contribution, we obtain

P

: X AP ity i) e
D\rﬁhﬁ(x’ y) _ /dZ+/ dz—/dpl—zpiie—l(x —2)py =iz =y )p; (Z+ _y+)
o 2
N 10

« <xi|e"<" I e, oA ) e >T[z-,y-1|n>.

—\)—L
2,

(G9)
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Applying the LSZ prescription, we define
DY (k. y) —khg})kz/d“)ce"k"‘vafhz+ (x,). (G10)

Carrying out the x™ integral and performing the on-shell reduction, the result can be brought to the form

DY (k,y) = i(2k") /dz / dz” / el K Tl (2 — yT)

(melz oo, )0 A (e y e [z-,y—]m). (Gl1)

To facilitate the z* integration, we rewrite the factor (z* — y™*) as a derivative with respect to the conjugate momentum p;,
using

i(zt—vt)p= 0 i(7+—vt)p=
(zt —y)e &Py = | —_=ile"y)ry (G12)
ap;

In this way, the z* integration can now be performed straightforwardly, producing a delta function &(k~ — p3).
Subsequently, we carry out an integration by parts with respect to p;, which fixes p; = k= and generates two
contributions. As a result, we obtain

A S | R LK P
DY ) = = [ e et (e oo oA e )
y-

P2 - PR 1Ge!
L et B ). (61

© o k2
bi [T — et (kue’z [0, 27J0A_ (27 y)
A

Following the same strategy as above, we now consider the contribution without an explicit (z* — y™) dependence in
Eq. (G5). The corresponding term can be written as
=) ciorao) (= ))

DY = —/dz+ (x

0 1 . K P
= [ e (mw oo™, 210 AL (e u—-[z-,y-nu) (G14)

1
2p~PT —P} +ie

1
2p7PT —P} +ie

Finally, we combine the contributions from Eq. (G13) and Eq. (G14). We may now commute the transverse exponential
evaluated at z~ to the surface at infinity across 0"A_(z~,y") and the Wilson line [00o™, z7]. This procedure generates
additional transverse derivative terms, which are suppressed by higher powers of transverse momenta and therefore
correspond to higher-twist contributions. Neglecting such terms, we obtain

D, (k.y) = 0"k / dz~(ky|[e0™, z7]0"A_(z7,y")[z7, ¥ ]lyL)

y

1 K
X [—ﬁ—i—t(z -y )Z(k )2} (G15)

Using the light-cone gauge condition A, = 0, we may rewrite 0"A_(z~, y") in terms of the field-strength F,_(z7, y"). The

final result then reads

) = e [P (o 2 )

X [—%%—z(z -y )z(l]z )2} (G16)
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APPENDIX H: RELATION BETWEEN
KINEMATIC AND DYNAMIC TWISTS FROM
THE BIANCHI IDENTITY

In this appendix, following Appendix C of Ref. [25], we
show that a specific higher-order kinematic contribution
arising from the expansion of leading-twist operators can
|

My = (PN = (A - P)§Y) / dzme™*' < / d*z e B[00, 27,
= —e""’ej’lP”A’"/dz_e_WZ/dZZJ_e_iALZl (00,27,

o I d
__ietmejnpn/dz—e—zk+z /JZZL<
Z

. . X d
:ietmejnpn/dz—e—zk+z /d2ZJ_e—tAJ_ZJ__([oo’Z—}ZLF_i(Z—’ZJ_)[Z—’QO]ZL)7

be rewritten in terms of genuine twist-3 operator structures.
In particular, we demonstrate that the linear combination
(PIAJ — (A- P)§V)F_; can be expressed as a sum of
operators involving F;; and the form F_;F_;. To this
end, we start from the following kinematic contribution
to the amplitude:

LF—i<Z_’ ZL)[Z_’ OO]ZL

iz, 0],

ﬁe_mlﬁ> [OO, Z_}ZLF—i(Z_’ Zl)[z_’ OO]ZL

H1
oz} (H1)

where §"§/" — §"¢/™ = e'/e™" and the subscript “KT” denotes a higher-order kinematic contribution originating from the
expansion of leading-twist operators. Using Eq. (ES), the above expression can be reorganized as

My = ie™el" P / dzme™*' < / dQZLe_iALzL([OO’Z_]ZJ_DmF—i(Z_vZL)[Z_’oo]z

L

i / 47 (00,27, Fom(@20)[d 2], Fsles 2l o0l
3

+ i/ dz'"[eo,z7], F_i(z7,z0)[z7, 2], Fou(Z7,20)[27, 00]“).
Z

(H2)

Using the antisymmetry of €™ together with the Jacobi identity for the adjoint covariant derivative,

DiFj+ D;Fy; + Dy Fy; =0,

(H3)

we can simplify the first term appearing in Eq. (H2). Specifically, we have

Substituting Eq. (H4) into Eq. (H2) yields

. L o ) 1
M = iemerpt [[dmei's [ oz e (—i[oo,z-kLD_Fim(z-,zg[z-, o],

(H4)

L

_; / dz~[00,2], Fop(Z=,2)e o), Foilzmz0) e o).
Z

+i/ dz/_[oovZ_]ZLF—i(Z_’ZJ_)[Z_7Z/_]ZLF—m(ZI_’ZL)[Z/_’oo]zl>'
-

Using the relation derived above, the first term can be rewritten as a total derivative with respect to z7,
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) o o , 1
M{(T — jeimeln pn / dz—e—zk z / dzzLe—lAJ_ZJ_ <—§a_([oo, Z_]ZLFim(Z_’ ZL)[Z_, OO]ZL)
. *© / !/ / /
—i / dz' 7[00, 7], F_p(Z7z)[Z 7 27], Foi(z7 z0)[z7 o]
-
+ l/_ dZ/_[OO, Z_]ZLF—i(Z_’ ZL)[Z_’ Z/_]ZLF—m(Z/_’ ZL)[Z/_’ m]zﬂ) . (H6)
Z
Performing an integration by parts with respect to z~ and acting on the Fourier phase ¢~*"*", we obtain
: o I . 1,
My = ielme""P"/dZ_e_’k ‘ /dzZM_lALZL (_Elk+([oo’z_]ZLFim(Z_’ZL)[Z_7oo]zl)
—i/ dz'"[00, 27|, F_py(27 21)[" 7. 27], Foi(z7.z1)[27 o0)
-

" i/oo de™[eo, 27 Foy(e 2) e 7] Fon(&7 227, 00]&)' (H7)

Note that the final equation has a different form compared to [25] as we retain the full exponential ¢’*" " in our calculations.
We can invert the above expression and write an equation that relates F;, to F_; and F_;F_,, as

/ dze ' / P, etz <_pfk+[oo, o, (a2l ool
— (P'A) = (A-P)§)[o0,27], F_i(z7.21)[z7, 0],

+ (P — P / d7=[00,2], (&= 2 )¢ 2], Fy(zm 1)l oo,

+ (P = PY) /_oo dz'"[eo, 7], Fi(z7z)[e, 27, Foj(Z7, z) [, °°]zL> =0. (H8)

APPENDIX I: DIRAC TRACES which allow us to convert products of amplitudes into
traces over Dirac matrices. The tables also include the
twist-4 structures, although they do not contribute to the
twist-3 cross section considered in the main text.

For a longitudinally polarized virtual photon, ¢- o« y~, so
both photon vertices reduce to y~. Consequently, all single
o~'F_; insertions vanish because y~¢~'y~ =0, leaving
Zus (ky)its (ky) = Ky, ZU (ky)v =ky, (I1) fewer independent operator structures than in the transverse

N

In this appendix, we summarize the Dirac traces required
for evaluating the dijet cross section presented in Sec. IV.
Throughout this work, we consider massless quarks and
employ the completeness relations

TABLE I. Dirac traces for a longitudinally polarized virtual photon. The twist-4 structures are included for completeness.

Longitudinal - Trlkyy~koy™] FLFj = 8kky FLF.

. All the terms proportional to ¢~'F_; vanish.

- Tr[kyy~kyoMy ™| FLiFy = Trlkyy kyy~ 6" F_iFyy = 0.

Tr{k, 6™y Kay~] FynF_; = Trlkyy~6™kyy~] FynF_; = 0.

Tr[kly_kztﬁ_ “F_F._ = Tr[klzﬁ_y_kzy_] F, F ;= -8ikjk;F,_F_;.

Trlkyy Ky 6" |F_F,_ = Trlkyy 6" kyy | F,_F_; = 8ikjk; F, _F_

- Trlky (o v )ky(oy7)|F Fy =Trlk(y o, )k(r o, )]F, _F,_=-8kik;F, F,_.
Tr[k ka(r o) FyFo_ =Trlk(y o, )ky(o,y)|F,_F,_ =8kik;F, _F, _.

®°NNU AW~

1(‘7+ 14
9. Tr[kl (amny )kZ( )] anF;w - Tr[kl (Gmny_)kZ(}/_O-;w)] anF;w = 161(1_1(2_1::mnl:mn
10. Trlk) (7~ G (0 M ) FuonF = Trlky (y~0mn K2 (y70,,)] FnFy = 16k7 k3 Fipp F™
11 Trlky (o _y" ks (omy )] = Tr[ 104y )ka(y“oumn)] = Trlki (y o)k (0,7 7)] = --- = 0.
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TABLE II.

Dirac traces for a transversely polarized virtual photon. The photon vertices are contracted with the transverse polarization

projector —% Gmn- The twist-4 structures are included for completeness and do not contribute to the twist-3 cross section.

Transverse 1. —%g,,, Trlkyy™koy"| FLF_; = 4(k{k; 4+ kyk3 )F_F_;.

2. Unlike the longitudinal case, the single 67 F_; terms are nonvanishing: —% Gun Tr[k 07y kyy "] FF_j = —4iky k| F_F
- %gmnTr[kl }/mkzj/nﬁ_‘]] F—iF—j == +4lk5kjl F_iF

— 3 G Trlkyy™ o™ koy" | FLF_; = +4ile§izF—iF—j,
- %gnlnTr[klymkza_jy“] F—iF—j = —41k1_k]2F_lF_J

_j,

_j,

3. Double o7 insertions (entering the S?, S3 part of AY):
—%anTr[kla_fmGzyné_J] FiF = —%gmnTr[kN’mG_Tsz_J}’n_] FF_ ;= =8kiky ¢"F_F_,
=2 g Trlky 067 Y™ ka0 3y FLF_ = — 4 gun Tr[k iy o~ koy 6] F_LF_; = 0.

4. =3 Gun Tr[kyy™ koo "y | FLF_ = =1 gun Tr[kykoy o1 FLF, - = 4i(kiky — Kk )F_F .

5. —EgmnTr[kla_‘y'f‘kza*'_y“} F_iF+_ = —%gmnTr[kla_‘y““kzyna*'_} F_iF+_ = _4k5k11F—iF+—’
=3 Gun Trlk 707 ka0 " FLF - = =5 gun Tr[k 07 kyy o™~ FLF, _ = —4k7kiF_F, _.

6. =3 GunTrlk 6y ™koy"| FyF_) = =3 g Tr[kyy ™0k y"] FyF_; = 0.

7. Mixed ol—o~! insertions: —%gmnTr[klaijy"szy“q‘?] F;F_, = 4k (K g — kilg”)FijF_,, .
— 2 9mn Trlk Ym0 kyy"o™!| FyF_; = 4k5 (kﬁgﬂ — kg )FiF_, =g, Trlk o ly™kyo™'y" | FyF_; = 4k7 (Kbg' — kb g )FF_,,
- %gmnTr[kﬁ’mU”sz_lJ’n} FiF_, = 4ky (Khg' — klzg]l)FijF—l-

8. F,_F,_: all four orderings coincide, —3 g, Tr[k; (6™~ y™)ky (o y")| F,_F, _ = 4(k{k; + kik; )F,_F, _.

9. F,_F;: the mixed 6"~—¢" traces vanish, —1g,,, Tr[k; (" ~y™)ky (cy")] F,_F;; = 0. )

10. FjFy;: writing K = kik; +kikd, the crossed orderings reduce to the single invariant F;FY,
=1 G Tk 6y ™Ky oM FyFyy = — 3 gnn Trlky y ™6k o'y FyFyy = 8KF;;(x)Fi(y), while the same-side orderings
reduce, after using the two-dimensional transverse antisymmetry of Fj;, to
—%gmnTr[klo'”mGzUle"] FiF = —%gmnTr[kl}’mO'”kﬂ"O'kq F;jF, = —8KF (X)FY(y).

case. The corresponding traces are listed in Table I; Items
7-10 are twist-4 and listed for completeness; i, j, k, [, m, n
denote transverse indices.

For a transversely polarized virtual photon, the photon
vertices y™ and y" (m, n = 1, 2) are contracted with the
polarization projector 3°, ., kel = —1g, . Unlike the

longitudinal case, the single 6~F_; insertions survive and

generate the additional operator structures C' and the ¢~*
components of E! and G’* appearing in Egs. (38)—(55).
Combining the traces listed in Table II with the coefficients of
Eq. (28) reproduces the coefficient functions A, B, C!, E™*/,
and G'*!, Throughout this appendix, i, j, k, [ denote transverse
indices and ki, are the transverse components of the jet
momenta. [tems 8—10 are again listed only for completeness.
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