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ABSTRACT: We compute the differential yield for quark anti-quark dijet production in
high-energy electron-proton and electron-nucleus collisions at small z as a function of the
relative momentum P, and momentum imbalance k; of the dijet system for different
photon virtualities @2, and study the elliptic and quadrangular anisotropies in the relative
angle between P, and k;. We review and extend the analysis in [1], which compared
the results of the Color Glass Condensate (CGC) with those obtained using the transverse
momentum dependent (TMD) framework. In particular, we include in our comparison
the improved TMD (ITMD) framework, which resums kinematic power corrections of the
ratio k| over the hard scale ;. By comparing ITMD and CGC results we are able to
isolate genuine higher saturation contributions in the ratio Qs/@Q) which are resummed
only in the CGC. These saturation contributions are in addition to those in the Weizsécker-
Williams gluon TMD that appear in powers of Qs/k;. We provide numerical estimates
of these contributions for inclusive dijet production at the future Electron-Ion Collider,
and identify kinematic windows where they can become relevant in the measurement of
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dijet and dihadron azimuthal correlations. We argue that such measurements will allow
the detailed experimental study of both kinematic power corrections and genuine gluon
saturation effects.
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1 Introduction

In the past decades, high energy collider experiments have successfully verified that quan-
tum chromodynamics (QCD) is the theory of strong interactions of quarks and gluons
(partons) inside hadrons and nuclei. A systematic program to uncover the structure of
hadrons began with the introduction of parton distributions functions (PDFs) which de-
scribe the parton densities as functions of the longitudinal momentum fraction . Beyond
this one-dimensional picture, transverse momentum dependent (TMD) PDFs have been
introduced to characterize the three-momenta of partons inside hadrons [2-4]. Comple-
mentarily, generalized parton distributions (GPDs) have been defined by furnishing PDFs
with the two dimensional transverse spatial distribution of partons resulting in a tomo-
graphic picture of hadrons and nuclei [5-7].

While a partonic description is appropriate at moderate values of z, at sufficiently high
energies (or small x), gluon densities grow quickly resulting in a large parton occupation
number. At sufficiently small x this growth is expected to eventually be tamed by non-
linear QCD effects [8, 9] (see also [10, 11] for a recent discussion on the transition between
non-linear evolution at small-z and linear evolution moderate-z for gluon distributions).
An appropriate description of the fundamental degrees of freedom of hadrons and nuclei in
this regime is in terms of classical strong gluon fields. The Color Glass Condensate (CGC)
is a semi-classical effective field theory (EFT) for small-z gluons in this regime [12-22].
The CGC has been applied for a variety of processes in proton-nucleus collisions as well as
DIS: structure functions (inclusive [23, 24] and diffractive [25]), semi-inclusive production
(photon [26-29], inclusive single hadron [30-34], dihadron/dijet [35-38], quarkonia [39-
42]), and exclusive processes (deeply virtual Compton scattering and vector meson [43-51],
dijet [52-55], trijet [56-58] production) to name a few (for a recent review see [59]).

Among these various processes, forward particle azimuthal angle correlations are pow-
erful observables to access the small-z structure of hadrons and nuclei at current and future
collider experiments [60]. A paradigmatic example is that of inclusive dihadron production
in d+ Au collisions at RHIC, where a suppression in the back-to-back peak relative to p+p
collisions [61, 62] might signal the presence of gluon saturation [35, 63, 64].! At the future
Electron-Ton Collider (EIC) [66-68] and at the LHeC/FCC-he [69] a similar measurement
has been proposed where a depletion of the back-to-back peak in forward (electron-going)
dihadron production is expected to be observed when going from proton to nuclear deeply
inelastic scattering (DIS) [37, 70]. This measurement at the EIC offers two advantages:
i) there is no need to assume a hybrid dilute-dense factorization in which one convolutes
with PDFs of the proton since in DIS the projectile is a virtual photon whose kinematics
can be reconstructed by measuring the scattered electron, ii) in the correlation (back-to-
back kinematics) limit, it is only sensitive to one type of gluon TMD distribution:? the
Weizsicker-Williams (WW) type. Furthermore, measurements of the azimuthal distribu-

! Another mechanism that could provide a suppression of the back-to-back peak is the momentum broad-
ening due to cold nuclear matter energy loss and coherent power corrections, which has been studied for
dihadron production in p + p and d + Au in [65].

2Unlike p/d + p/Au, which is sensitive to eight different types of gluon TMDs [64, 70, 71].



tion of the momentum imbalance k; of the dihadron/dijet system provide the opportunity
to access the linearly polarized WW gluon TMD. In particular, the elliptic anisotropy in
the angle between the momentum imbalance k; and the relative dijet momentum P is
proportional to the ratio of linearly polarized to unpolarized gluon pairs [72-74]. Both un-
polarized and linearly polarized WW gluon TMD are expected to be sensitive to saturation
effects at small x as they resum contributions in powers of Qs/k,, making the studies of
dihadron and dijet anisotropies promising channels to investigate gluon saturation [37, 38].

While the TMD framework for inclusive dijet production is expected to hold near back-
to-back kinematics, there are important higher twist corrections that must be resummed for
more controlled phenomenological predictions. At small z, the CGC EFT approach to high-
energy QCD [18-20, 22] encodes these higher order corrections in the dipole and quadrupole
correlators of light-like Wilson lines.® In [1], we computed the inclusive dijet production
differential cross section in the CGC formalism employing the Gaussian approximation [70,
75, 76] and at realistic energies for the future EIC, and observed deviations from the
TMD framework at large momentum imbalance k; ~ P;. In addition, we also found
differences at small momentum imbalance if also Qs ~ P, which were enhanced in nuclear
DIS due to the enhanced nuclear saturation scale Q2 oc A'/3. These genuine saturation
contributions are different than those existing in the WW gluon TMD at small  which
scale as Qs/k, [70, 74].

When studying power corrections to semi-inclusive processes with several hard and
semi-hard scales involved, it is necessary to distinguish terms according to the ratios they
resum. Indeed, the presence of a semi-hard &k, and a saturation scale (s in addition to the
hard scale @ implies that power-suppressed terms can scale as k| /@ or Qs/Q 1, which
can be significantly enhanced when compared to the simpler Aqcp/Q 1 twist corrections.
This approach has been recently applied to the production of quark anti-quark dijets in
p+p and p + A collisions in [77]. The present manuscript follows the same spirit of [77]
combined with the results in [78, 79], which allow us to make the distinction of higher
twists into kinematic (k) /@) and genuine (Qs/Q ) saturation contributions for the elec-
troproduction of a quark anti-quark dijet. On the level of the differential cross section they
can be schematically identified as follows:

kinematic genuine
k s
docac :dUTMD‘f'O(CQj_) +O<§L>, (1.1)
dorrmp

where the hard scale Q| of the process is built from the relative momentum P, and the
virtuality of the photon @, both controlling the dipole size 7 .

In practice, the so-called genuine saturation terms correspond to the contribution of
genuine higher twist operators. At small z, they correspond to operators with higher pow-
ers of the gluon field strength tensor in the form of gF*¥ insertions along with gauge links
that maintain gauge invariance. As we will prove in this article, these corrections yield

3Note that only the higher order corrections that are leading in powers of the center-of-mass energy W
are resummed in the CGC EFT.



powers of Qs/Q in the CGC because of semi-perturbative gluon loops whose internal
transverse momenta peak around ). The ITMD framework resums only the kinematic
power corrections (kinematic twists) leaving aside the genuine saturation contributions.
This framework was originally introduced to study dijet production in proton-nucleus col-
lisions [71, 80, 81], and recently extended for DIS and photo-production ([78, 79]). By
comparing TMD, ITMD and CGC frameworks, we are able to identify the separate roles
of kinematic and genuine higher twists in the production of quark anti-quark dijets at the
EIC, which is the goal of the present manuscript.

This manuscript is organized as follows. In section 2 we begin by briefly reviewing the
results in [82] relating the product of two light-like Wilson lines to a transverse gauge link.
This allow us to generalize the small dipole size expansion in [70], and isolate kinematic
and genuine higher twists. In section 3, we discuss the inclusive production of dijets
in high energy (small-z) DIS. We start with the computation in the CGC formalism
in momentum space, where we also take the opportunity to set up the notations. We
choose to express the differential cross-section in terms of the momentum imbalance k|
and the relative momentum P, of the dijet pair. Then, we review the derivation of the
TMD limit for back-to-back dijets (ki,Qs < @) and introduce the WW gluon TMD.
Next, we study the ITMD framework which resums the kinematic twists (in powers of
k1/Q1), and obtain analytic expressions for the hard factors. We briefly discuss genuine
higher twists and argue that these are parametrically of the order Q;/@ . In section 4,
we discuss the setup for our numerical computation: the initial conditions, the small-
x evolution, the Gaussian approximation for high energy CGC correlators and the WW
gluon TMD, and the computation of the harmonics of the differential cross-section in the
angle ¢ = ¢p, — ¢, . Our numerical results for the production of quark anti-quark
dijets at realistic EIC kinematics are presented in section 5. We focus on the hadronic
sub-amplitudes 7 i p/Au — qq + X, and compare the results in the TMD, ITMD
and CGC formalisms. We first present the angle averaged yield (over ¢p, and ¢, ) as a
function of momentum imbalance k| at different values of P, and virtuality (). Then, we
focus on the production close to back-to-back kinematics at various values of virtuality and
relative jet momentum. Finally, we present our results for the elliptic and quadrangular
azimuthal anisotropies in the angle ¢. In section 6 we summarize our main results and
comment about their implications to the measurements of azimuthal dijets and dihadron
correlations at the EIC.

2 Kinematic and genuine higher twists in the Wilson line pairs

In the CGC, the scattering of a colored particle moving along the minus light-cone direction
through the background field A* of a nucleus propagating in the plus light-cone direction
can be characterized (in the eikonal approximation) as a color rotation of the particle given
by the light-like Wilson line:

V(z1) =Pexp <z’g /_O:O dz” AT (27, zﬂt“) , (2.1)



where t* are the generators of SU(3) in the fundamental representation, and A" is in
Lorenz gauge 0,A" = 0. Here P stands for path ordering such that the operator at
7z = —o0 is in the rightmost position, while that at z = +oc is in the leftmost position.*
For the sake of clarity, we will decorate the gauge field with a tilde A when working in
At = 0 light-cone gauge as opposed to Lorenz gauge OuA* = 0.

At the level of the amplitude, the inclusive production of a quark anti-quark dijet
in the CGC will contain the product of two Wilson lines V(x| )V(y ) corresponding to
the color rotation of the quark and the anti-quark, respectively. The seminal work in [70]
established the connection between CGC and TMD amplitudes (cross-sections) by noting
that the first term in the expansion in powers of 7| = x; — gy, of this product produces

the transverse gauge field Aj_ in light-cone gauge AT = 0:

1V (e) Vi(y,) =igri AL +0 (1), (22)
TMD

where A’ = éV@’VT (see sections 3.1 and 3.2). Such transverse gauge fields can be written
in terms of the field strength tensor F'*, which constitute the building blocks of small-x
gluon TMDs (see appendix F).

It seems natural to wonder what is the behavior of the higher terms in powers of
r, in the expansion in eq. (2.2). This is the approach followed in [83], where part of
the quadratic term in 7, has been isolated. However, one quickly realizes that order by
order in the r | expansion, the resulting terms are cumbersome to organize in a way which
preserves explicit QCD gauge invariance for the involved operators. Recent developments
on the CGC/TMD correspondence rely on the possibility to express the product of two
Wilson lines as a transverse gauge link at = = —oo [82]:

T

V(z )Vi(y,) =Pexp l—ig . dziAi(ZL)] - (2.3)

YL
One can then show (see appendix A for details) that as a consequence of recursive relations
satisfied by the transverse gauge link, it is possible to re-organize all terms beyond the linear
expansion in gAi as follows:

T .~
1-V(e)Viy,)=ig dz" A (z1)
Y1

ITMD
T . Z11 S~ s

g / dzt | / dzd A (21 WV (z1)VT(200) A% (221) . (2.4)
Yy Yy

1 1

genuine higher twists (g.h.t.)

We note that this is an exact relation, and that it is organized in a gauge invariant way
circumventing the difficulty introduced by the naive expansion in the dipole size 7 .

The infinite series obtained via iteration of the right-hand side of eq. (2.4) re-expresses
the multiple scattering of a quark anti-quark pair as a combination of gluon saturation

4Other authors may use the opposite convention for the path ordering. In that case, an additional —
sign would appear in the exponent of the Wilson line.



(embodied in the strong transverse gauge field Ai(z 1) ~ 1/g) and multiple scattering
in light-cone gauge.® In section 3.3 we will show explicitly that when the linear term
in eq. (2.4) is used to calculate the amplitude for quark anti-quark dijet production, it
will only involve the WW gluon TMD (single scattering) but with a modified hard factor
that resums all kinematic power corrections in k), /Q; (ITMD). On the other hand, the
higher order terms in the quadratic term (gA)? (higher order operators in gF**) resum
contributions in powers of Qs/Q | , corresponding to double scattering (and beyond through
iteration), which will be discussed in section 3.4.

3 Inclusive dijet production in high energy DIS

In this section, we review the computation of the differential cross section for the production
of a forward quark anti-quark dijet in DIS within the CGC EFT

e(ke) + A(Pa) — e(kl) + q(k1) + q(k2) + X, (3.1)

where A can be proton or a nucleus. The kinematic variables are detailed in table 1.
The leptonic and hadronic parts of this process can be separated by expressing the
production cross-section as follows:

d O.e+A—>e'+q(j+X

= w2, Q? 2
dW2dQ?d?ky | d?ko ) dmidne /\:ZLTf/\( Q )koud%udmdm’ (32)

do+A—a+X

where ) is the polarization of the exchanged virtual photon, Q? is its virtuality, and W? is
the center of mass energy per nucleon of the v* — A system. The leptonic part is contained
in the photon fluxes:

1 (W2 Q%) = 5 (1-) (3:3)
o (W) = g 1 -] (3.4)
W2+Q%*—m3

where the inelasticity is given by y = and /s is the center of mass energy per

s—m2
nucleon in the e + A collision.
In the present work, we focus on the hadronic content of the scattering encoded in the

sub-process:
Y2(9) + A(Pa) — q(k1) + q(k2) + X. (3.5)

We will work in light-cone coordinates,® and in a frame where the proton or nucleus prop-
agates in the plus light-cone direction and the virtual photon in the minus light-cone

5We note that the physical picture of gluon saturation is gauge dependent. In Lorenz gauge 0, A" =0,
high gluon-density manifests as multiple scattering encoded in the Wilson lines. On the other hand, in light-
cone gauge AT = 0 the phenomenon of gluon saturation becomes manifest in the WW gluon distribution,
which represents the gluon number density (see e.g. Sections 2.5 and 2.6 in the review article [18]).

SWe follow the convention a® = %(ao + a®), such that a*b, = a*b™ 4+ a b —ay - by, where ay
and b, are the 2-dimensional transverse vectors. We will denote the magnitude of transverse vectors as

aL:(aL-ai)lﬂ.



Py nucleus four-momentum

P, nucleon four-momentum

ke (KL) incoming (outgoing) electron four-momentum
q="ke— Kk, virtual photon four-momentum

k12 quark (anti-quark) four-momentum

21,2 quark (anti-quark) longitudinal momentum fraction
71,2 quark (anti-quark) rapidity

ki21 quark (anti-quark) transverse momentum

ki =k +koy
P, =2k —zn1koy

quark anti-quark dijet transverse momentum imbalance
quark anti-quark dijet relative transverse momentum

s = (P + ke)? nucleon-electron system center of momentum energy squared
W? = (P, +q)? nucleon-virtual photon system center of momentum energy squared
m2 = P2 nucleon invariant mass squared
Mq%j = (k1 + k2)? invariant mass squared of the dijet system.
Q*=—¢° virtuality squared of the exchanged photon
Table 1. Kinematic variables.
direction:
L om
Py=|P;,—=,0 , 3.6
Q>
=|-—=—,9,0 , 3.7
q ( a4 01 (3.7)

with m4 the proton (nucleus) mass. The momenta of the produced ¢ and ¢ are given by

k2,
kl - (2;71?1_71{311_) ) (38)
1
k2,
ko = (2? 5 ,ku> : (3.9)
2

respectively. We will denote the longitudinal momentum fractions z12 = k5 /q~, and we
will neglect the quark masses.

3.1 Inclusive quark anti-quark production in the CGC

In the CGC EFT, the large-x degrees of freedom in the nucleus are treated as stochastic
color sources p% which generate the strong classical gluon field A", characterizing the
small-z gluon content of the nucleus.

For a fast moving nucleus along the plus light-cone direction, the color sources generate

a current of the form
JH(x",x) =0T pa(z™,zy), (3.10)

which is independent of light-cone time 7.



It can be easily verified that the Yang-Mills equations [D,,, F*] = J" are satisfied by
the gauge field

AT(z) =alz™,z), A~ =A"=0, (3.11)
where a(z™, 2 ) solves the Poisson equation
Via(z™,xy) = —pa(z™,x1). (3.12)

The solution in eq. (3.11) is in Lorenz gauge 9, A* = 0.
An infinite set of solutions A can be found by application of gauge transformations

- 1
Ar(z) = Q(z)AH () N (z) — —Q(2)0"Q (). (3.13)
tg
One notable choice is the light-cone gauge AT = 0, which can be obtained from the gauge
transformation

+
QwJ_ (-T_) = Pexp (Zg/

T At (e azl)> . (3.14)

In such a case one obtains a solution in terms of a purely transverse gauge field:

A (z7,2,) = égu (7)o’ (™), At =4 =0, (3.15)

Note that this choice relies implicitly on the boundary condition A’ (400, 2 ) = 0 which
is allowed by the freedom of the residual subgauge condition in light-cone gauges. It will
be useful to denote the transverse gauge field at x= = —oo by simply suppressing the
light-cone argument:

Al(a1) = AL (~0.1) = L V(@)0VI (@), (3.16)

where we used Qg (z7 = —o00) = V(x)).

The expectation value of any observable in the CGC is then computed in perturbation
theory in the presence of the background field A* for a given configuration of sources p4,
and then averaging over all possible configurations:

(©lpally = [ Dpal Wy p410pal (317)

where Wy [p4] is a gauge invariant weight functional for the configuration of pa, at the

rapidity scale Y = log(1/x) (see also ref. [84] for a discussion of different evolution rapidity

variables). Here x is the typical longitudinal momentum fraction probed by the observable.
Following this prescription, the differential cross-section reads:

do-’yf\-i-A—)qq-i-X 1 1

= - - - At A
kolJ_koﬂ_dnld"?Q - 4(27‘()6 2q~ (27T)6(k1 + k2 —4q ) <MCGC[pA]MCGC[pA]>Y )
(3.18)

where MéGC[pA] is the CGC amplitude for the production of quark anti-quark in the
collision of a virtual photon v* with the external classical background field (shock-wave)
produced by the source configuration p4 characterizing the nucleus A.
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Figure 1. CGC EFT diagram for the production of a quark anti-quark pair in DIS. The red
rectangle and crosses represent the effective interaction of the quark and the anti-quark with the
background field representing the small-z content of the nucleus.

3.1.1 Amplitude

At leading order in the CGC, the forward production of a dijet pair proceeds by the splitting
of the virtual photon +* into a quark anti-quark dipole that subsequently scatters off the
field A*, and then fragments into two jets (see figure 1).”

The result for the computation of quark anti-quark production in DIS within the CGC
is well-known and has been obtained in [70, 72]. Here we briefly review the computation
of the amplitude for this process following momentum space Feynman rules [86]. The
expression for the amplitude is

dfl .
SMpal = /Wu(kl)Tq(kl, 1)S%(1) (—ieesd(q, ) SO — )T — q, —k2)v(ka), (3.19)
where we followed the standard momentum space Feynman rules of QCD+QED in 0, A" =
0 gauge for QCD, supplemented by the effective CGC vertex for quark interaction with the
back-ground field. The Feynman propagator for a free massless quark reads

0 il
)= 5—— 2

S0 = (3:20)

and the effective CGC vertex for the eikonal multiple scattering of a quark (anti-quark) off

the color field A* [87, 88]:
TAAV) = (2m)8(1" — I )y sen(l”) / A2z e~ il=l) =1 vi;.g““’)(zl), (3.21)

where i, j represent the color indices, and [ and I’ are the outgoing and incoming momenta of
the quark, and the light-like Wilson line in the fundamental representation was introduced
in eq. (2.1). The superscript sgn(p) in eq. (3.21) denotes matrix exponentiation: V*1(z,) =
V(z1) and V7(z) = VI(21), where the latter follows from the unitarity of V(z,).

It is convenient to work in AE)ED = 0 light-cone gauge for the QED part of the ampli-
tude and in a frame where the transverse momentum of the photon is 0. The polarization

"We expect that the contribution from the quark initiated channel v* + ¢ — ¢ + g to be negligible in
low-x kinematics because of the dominance of gluon exchanges. For a recent study of this process and the
impact of gluon saturation and multiple parton scattering see [85].



vectors for the virtual photon read®

=0H = (Q,o,og : (3.22)
q
A=E = (0,0,€1) (3.23)
where efl = %(1, +i), A = 0 denotes the longitudinal polarization, and A = £1 the two
transverse polarizations.

Subtracting the non-interacting piece and factoring out an overall delta function 27d(ky +
k3 —q~), the amplitude can be organized as follows

Micelpal = “L [ @a dty e bmms e\ @y~ y,) [1- V@)Vi()] |
(3.24)
with the perturbative factor:
oo dM N2 (et (k=1
Noor(r1) = —i(2q )/ 2n)? (‘Egi)ie)((q_(l)QHE)), (3.25)
1 _ _
N () = (o2 [Ty 14@ N (g = D v (o) (3.26)

where o and ¢’ are the helicities of the quark and anti-quark respectively.
The computation of the perturbative factors is straightforward, we briefly outline it in
appendices C and D. We find

N0 (r 1) = 2(2122)Y 2QKo (67 1) 0, (3.27)

. A
N (rs) = (m122) 2 [(1 = 22) = N L K (7)o (3.28)
1

where €2 = 2120Q>.

3.1.2 Differential cross-section

The color structure obtained by squaring the amplitude, summing over the colors of the
quark and the anti-quark in the final state, and averaging over the different color charge
configurations p4 is given by

EY (mLayJ_;y/L$IL) =1- 8(2) (wiayj_) - 5(2) (ylvml) + 5(4) (vayJ_;y/L’m,L) ) (329)

where we define the CGC average of the dipole and quadrupole operators respectively as

$O(@1y1) = 3 (B[VEe)Viw)]), (3:30)
S (w1, y 15y, 2)) = ; (V@ VigOVEOViE)]) - 631

8In the Lorenz gauge 0, A" = 0 for QED, the longitudinally photon polarization takes the form H=0n =

o
(s % 00).



The impact factor is obtained by squaring the perturbative factor in eq. (3.25) and summing
over the helicities of the quark and the anti-quark in the final state:

ao"

R (ro, 7)) ZNT* N (r1) (3.32)

The differential cross-section for quark anti-quark production in the CGC is then

Vi +A—=qq+X
do C)GC _ aemefN 0 /dSH etk (L—a')) —ika1 (v —Y'))
d?ky ) A2k dmde (2m)°
x By (z1,y ;91 @) ) RN (x1 —y.,2 —y)),
(3.33)
where aen = €2/(47) is the electromagnetic coupling constant, 0, = §(1 — 21 — z3) is

an overall minus light-cone momentum conserving delta function, and for convenience we
defined the measure:

d®1l = d%x, d?y | d*y/ A%/, . (3.34)

The impact factors corresponding to longitudinally and transversely polarized photons can
be easily obtained by inserting egs. (3.27) and (3.28) in eq. (3.32):

RE (v, 7)) = 8(2122)° QKo (e71) QKo (7)) , (3.35)
)

R (ry, 7)) =2(2122) {z% + zg} %dﬁ (ery)eKy (er)) . (3.36)
L7

For transversely polarized photon contributions we averaged over both polarizations A =
41. The obtained differential cross section agrees with the previous calculations presented
in refs. [70, 72, 73].

A convenient choice of momentum variables to characterize the production of dijets is

ki=Fki +kot, (3.37)
PJ_ = ngu_ — ZleJ_ N (3.38)

which are conjugate to the coordinate variables:

b = 21T + 22Y |, (3.39)

r,=T1 —Y,, (340)

respectively the dipole impact parameter and the dipole relative vector.

The momentum imbalance k| measures the deviations of the dijet system from being
back-to-back in the transverse plane, while the relative momentum P is closely related
to the invariant mass of the dijet pair

P2
Mz = (k1 + kg)® = —=. (3.41)

2122

~10 -



This pair of momentum variables is also useful to establish the relation between the CGC
EFT and the TMD framework as will be shown in the next section.
With this alternative choice of coordinates, the differential cross-section is written as

Vi +A—qa+ X

2
docee _ Qem €} N /dSﬁ o iPL(r =) =ik (b b))
d?2P, A%k dnidne (2m)6

éy(T‘J_,bJ_,Tﬁ_,b/J_)R)‘(’I‘J_,Tﬁ_), (3.42)

where the measure is defined as
d®II = d%b, d?r, 42V d% | (3.43)

and

éy (’I"L, bL, ’I"l, bi) ==y (bL + 297 |, bL — 217 b/i — Zl’l"l, bl + Zz’l"l) , (3.44)

with the right-hand side defined in eq. (3.29).

3.2 The TMD limit

The transverse momentum dependent (TMD) framework for the inclusive production of a
quark anti-quark pair is expected to hold when the momentum imbalance is small relative
to the typical transverse momenta of the ¢ and g, i.e., k; < P,. In coordinate space, this
condition is expected to be equivalent to the small dipole expansion r; < b, (see [70]),
although this assertion will be corrected in section 3.4. Such an expansion applied to the
Wilson line correlators in the CGC amplitude (eq. (3.24)) results in:

[1-V(@) Vi) =-rl [Vnovien]+0(r?) . (3.45)

The correlator appearing on the right hand side is the pure gauge transverse gauge field
one would obtain if working in the A* = 0 gauge [89]:

Al (by) = [V(b)'VI(by)] . (3.46)

Q | .

as introduced in section 3.1.
Inserting the result of eq. (3.45) in eq. (3.24) and ignoring higher order terms in 7
(or equivalently in 1/@Q ), we obtain the amplitude in the TMD framework:

M = 2geerq™ TV (PL)A (kL ), (3.47)

where
(P = [T P R (i (3.48)
A (k) = / A2b e * b A% (b)) (3.49)
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The perturbative factors in eq. (3.48) for longitudinally and transversely polarized photons
are given respectively by:

0 Pt
A=0,i _ 3/2 1
155 (P1) = 4(z122) / Qéa,—a’mv (3.50)
1 . 2P P’ ,
A=+1,i 1/2 ) 141 A,
(P L) = (2120) 2 [(22 — 21) + 0] ) (5] - pz+€2> e’ (3.51)
Then the differential cross-section reads:
d TatA—q+X
™MD sQeme2 NG, HIN (P Uz, k 52
TP, A2k, dndn, = QsQeme Heivp (P1)zGY (z, k), (3.52)
where the hard factor is
N ZIJ?J %(PL), (3.53)

and the soft factor is the Weizsdcker-Williams [70, 90] gluon TMD defined as (see ap-
pendix F for more details):

4
(27)3

While at large k| , one expects a power tail 2G%(x, k) ~ 1/k? from perturbative QCD, at

2G(z k) = (e[ AY (k1) A ()] >x : (3.54)

smaller momentum imbalance k; < Qs(x) the saturation framework predicts logarithmic
behavior G%(z,k ) ~ log(Q*(z)/k%) [72]. This behavior at low momentum imbalance
results in a nuclear suppression of back-to-back dihadron production in DIS [37].

The differential cross-section for quark anti-quark production in DIS within the TMD
limit is given by [70, 72, 73]:

do MN+HA—=q+X 2P2
3 TM2D = asaemeﬁch(sz (2122)3 LU
d*P d*k dmpdn (132L +52)
X [:L‘GO (z,ky) +zh° (z,k,) cos 2¢>} , (3.55)
A—qq+X 4 4
do E\;D 2 o 2] Pite
= gllem Ncéz - 4
d?P | A%k dnidns laGomCy (2122) [Zl + 22} (132l + 52)4
2¢2P3
| 2G0 (2, k1) — oSl 2RO (2, k1) cos 28] | (3.56)
(P‘i - €4>

where ¢ is the angle between P and k;, and the WW correlator has been decomposed
into trace and traceless parts:

2k’ k:]

xGY (337 kjL) 5131'G0 (x kL) B < k2

5'i> zh® (z, k1) . (3.57)
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The trace and traceless parts are known as unpolarized and linearly polarized gluon WW
TMD distributions, respectively. They obey the inequality

ah®(z, k1) < 2G%(z, k), (3.58)

which renders the cross-sections in egs. (3.55) and (3.56) positive [3].
Note that in the TMD framework the elliptic anisotropy defined as

d d 2i(ép, b, ) doaTA=9a+X d d dotA—ea+X
““‘/ P A0k, T BB Pk dndn, / op, ¢’“d2PLd2demdn2
(3.59)

is proportional to the ratio of the linearly polarized to the unpolarized distribution [72, 74]:

xzh® (2, k)
'U27L - $GO (CC, kL) 9 (360)
26°P] zh® (z,k
V2T = — P zh (@ k) (3.61)

P4+t 2GO (2, k)’

3.3 The improved TMD framework: resumming kinematic twists
While the CGC EFT takes into account all possible twist corrections that are not sup-
pressed by a factor of 1/W, the so-called small-z improved TMD framework (ITMD for

short) [80] only resums specific power corrections which correspond to kinematic corrections
in the hard sub-amplitude: while the TMD framework expresses the observable as

do ~ HTMD ( J—) xGU (iE, k;L) 3 (362)
the ITMD framework rewrites it as
do ~ Hip (P L, k1 )2GY (z,k L), (3.63)

with HITMD(P 1,01) = Hfgi\j‘[D(P 1). Tt is crucial that the distribution 2G% is the same
for both schemes. Indeed, the ITMD framework neglects higher order corrections gAi in
the operators that appear in the CGC EFT. Unlike the TMD approximation, where one
expands in 7 , our starting point is the truncation of the expansion introduced in section 2
(see eq. (2.4)):

|

L V@ovigy] =i /y Az A’ (z1). (3.64)

1

This expression can be cast into the following form (see appendix A):

o d2£ e ~ eiEJ_-:I:J_ _eiZJ_-yJ_
L= V@OV =it [ dPor [ S5e it oA (o) ( )

(271’)2 iEJ_ AR
(3.65)
When plugged into the amplitude from eq. (3.24), it yields:
Mirup = 2geerq” TV (PL k)AL (kL) (3.66)
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where fll(k: 1) has been defined in eq. (3.49) and the hard factor is defined as

kl“l'L) . e—iZ1(kL-'l’l)

) iza(
TP k) /d TLo=iPLri A () g (6 ) . (3.67)

ik 1T
Note that by neglecting powers of k| - (or equivalently powers in k| /Q)|) one recovers
eq. (3.48) and thus eq. (3.66) reduces to the TMD limit in eq. (3.47).

The differential cross-section for the production of an quark anti-quark pair in the
ITMD framework reads:

dofivp """ ;
d2P d2k  dndns Oéso‘emefN 0 HITMD(PL’ ki )zGY(z, k1), (3.68)
where
/H?Fi\\/ID Pk )= Z ciy P, k)T, ’j(PiJﬂ) (3.69)

The computation is almost identical to that in the TMD framework, except for the hard
factor in eq. (3.69), whose dependence on k| resums kinematic power corrections in k, /@ .
The hard factor in the ITMD framework (eq. (3.67)) can be computed fully analytically
(see appendix E for details). When the virtual photon is longitudinally polarized, we find

kL K
(k:u—i-s ) (kzL—i-E)

‘70%\001 (Plﬁkl> - 2(2122>3/ Q(So,a’ {

[kﬁPi —(Py k1) kﬂ

ki ki ki kot
+ Y3 arctan (2(') -+ arctan (2(')
[kziPl — (P k1) k’ﬂ —ki1 ko + €2
- 2 - , (3.70)
(le —+ 52) (k 21 + 52)

and for the transversely polarized photon, we have

jj\aill(P kJ_) (21z2)1/2 [(z2 _Zl) —|—O‘)\] 50-0-/61 +1,5

&2 (§UK3 — KiLK) ) kKol ky kol
X arctan T + arctan | —————

X3 X

2 (&jkz _ iki) k’i( K Kk, )

+ —
ki XQ ku_-l—e’:‘ k?J_+€2

1 /. - y kr Kk
o (KL 4 K6 — K 0) ( Ly )} . (37D
€L

k2 42 ki +e?

where we used k1, = P + 21k, koy = —P, + 29k, (see eqgs. (3.37) and (3.38)), and
we defined:

X?=P3 k3 — (P -k))* 4+ %2 . (3.72)
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These expressions will be the ones used in our numerical evaluation of the ITMD differential
cross-section.? Some interesting limits are discussed in appendix E.

3.4 Genuine higher twists

In the landmark article on the equivalence between CGC observables and TMD-factorized
observables [70], the notion of the correlation limit was introduced as a means to justify
taking the Taylor expansion from which TMD distributions emerge as correlators of Wilson
lines and derivatives of Wilson lines. While this limit does correspond to the TMD limit,
there is an additional subtlety worth discussing. Indeed, it is common to identify the corre-
lation limit with the back-to-back kinematic limit. Given that =, and b, are respectively
Fourier conjugated to P, and k, in the k£, < P, limit one can justify assuming r| < b} .
More recent insights on the CGC/TMD correspondence [79] have revealed the limit of this
hypothesis. Because in CGC observables dipole sizes appear both in the non-perturbative
correlators and in the hard subamplitudes, powers of 7| can actually be enhanced by pow-
ers of the saturation scale (s via non-perturbative effects in the target. Assuming that the
k; < P) limit (or more precisely k| < @) and the r; < b limit are indistinguishable is
tantamount to neglecting all powers of Qs/Q 1. As we will show in this section, there is ac-
tually a non-zero contribution from genuine higher twists even in the k; — 0 limit. These
Qs/Q 1 corrections are taken into account neither in the TMD nor ITMD framework.

The quadratic term in eq. (2.4) can be cast into the following form (see appendix A):

[1-V (@) V(Y

. / d2l]_J_ d2l2J_
(2m)? (2m)°
(ei(l1L+l2L)'mL — otllirt+21)y,

X

g.h.t

ri v
i(lay -71)

. iliiwy) _ ilisyy)
—_ el(l2l'yL) € €

i(lu_—l—lzj_)-’rj_ Z‘(lu_-rl)

/dQUILdZUQLe—i(lu'vu)—i(lu'vu)

X P AT (v11) V (v11) VT (w21) A7 (va1) - (3.73)

The last line in the r.h.s. of this equation is a building block to construct genuine higher
twist TMD distributions, e.g. gauge invariant distributions with 4 field strength tensors
carrying non-zero transverse momenta, but it is worth noting that the V(v1)VT(vay)
operator could also be recursively expanded in powers of g;lll ad nauseam. When plugged
into the CGC amplitude from eq. (3.24), we obtain the following (gQAi)—suppressed

9While this work was in progress, the hard ITMD factors were computed independently in [91]. We have
verified that both results are equivalent.

10Recall the saturation scale Qs appears in the TMD (and ITMD) framework only as powers Qs/ky in
the WW gluon TMD.
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contribution:

-2 2
M}\ht — eefq g / d EJ— /d2vlld2v2Le_i(£l.vll)_i(kL_zl)'UQL
g.n.t. T (271')2

X Ai (Uu_) |4 (Uu_) V]L (’UQJ_) Aj ('UQJ_) (3.74)

X /d2m_e*i(ku'“)/\/3‘gl (ry)

'ri'r] eilkrry) 1 gillrry) _q
Z'(kJ_—ZJ)-TJ_ i(kJ_-TJ_> i(ZJ_‘TJ_)

We can now see the mechanism through which a Qs/P, correction emerges from such a
contribution. The 2 gluons in the amplitude both carry transverse momenta, whose sum is
k. The momentum difference £ | , which is Fourier conjugated to the difference in positions
v1, and vo, provides an additional loop variable. In CGC descriptions for the target, the
momentum integral will typically peak around [€;| ~ Qs, while due to the hard factors
the dipole sizes peak around r; ~ 1/Q ;. Overall, every power of (£, -r ) yields a Qs/Q 1
correction, regardless of the magnitude of k. Taking the limit k; — 0, (back-to-back)
in the hard subfactor, we get the non-zero correction

-2 2
A _ eefq g d ’eJ_ / 2 2 _i(lL'vlL)_i(kL_ZL)'UQL
Mg . kL0, - / (27r)2 d“vyd%vy e

x A (v11) V (v11) VT (v21) A7 (va1)
X /d2rle*i(PL'“)Ng‘al (ry)

rirj RUCAR D —1—i(€L 7))
i(El-rL) i(ZJ_'TJ_> ’

(3.75)

We finally see the difference between the so-called correlation (small dipole) limit and the
kinematic back-to-back limit: genuine higher twists contribute in the latter but not in
the former. Let us illustrate this more concretely by taking the leading power of ()| in
eq. (3.75). From the previous discussion, we know that each power of (£, - 7)) yields a
power correction. From the leading term of such an expansion, we get

M|, o ST a2 em it 4o )40 (by) [ dr e Prmrt ] N ().

k| —)OI
(3.76)
It is particularly revealing to compare this to the TMD amplitude, given by
Myp = eeff 9 / d%b e " kib) Al(p ) / A% e M Pl N (1)), (3.77)

We immediately see that in Mg‘.h_t., the hard factor is enhanced by a power of | hence
suppressed by a power of the hard scale after the integral is taken. This additional power
is compensated by the fact that the operator now has its dimension (hence its twist)
increased by 1 due to the presence of an additional gA7 insertion. The action of a higher
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twist operator on target states will be one higher power of the typical target scale: Qs in
the CGC or Aqcp in dilute schemes.

To sum up this section: genuine higher twist corrections are suppressed by a power of
the ratio between a target scale and a hard scale, and they contribute to the observable
regardless of how k) compares to P or ). In the CGC, we expect the ratio to be linear
in s, which means comparing CGC predictions to TMD predictions for dense targets in
the exact back-to-back limit would provide a probe for genuine saturation effects.

4 Numerical setup

4.1 Initial conditions and small-z evolution

The CGC target average of the dipole and quadrupole operators, egs. (3.30) and (3.31),
are necessary ingredients to evaluate the dijet production cross section (3.33), and are
defined as correlators of Wilson lines V(2 ). The Weizsicker-Williams gluon distribution,
eq. (3.54), can also be written in terms of the dipole operator (and its derivatives) as
we will show explicitly below. The energy (or momentum fraction ) dependence of the
Wilson lines is given by the JIMWLK evolution equation [15-17, 89, 92-94]. In the so-called
planar limit where the number of colors N, is considered large enough to neglect 1/(N2—1)
corrections, it reduces to the Balitsky-Kovchegov (BK) evolution equation [95, 96], which
is a closed equation to describe the energy evolution of the dipole operator.

The JIMWLK evolution of Wilson lines on a transverse lattice can be solved numer-
ically [97-100], which would allow one to directly evaluate the 2- and 4-point correlators,
egs. (3.30) and (3.31). However, this is computationally demanding, and instead we will
employ the Gaussian approximation discussed in section 4.2 which allows one to express
higher point correlators in terms of the dipole correlator only.!!

We use the dipole-target scattering amplitude obtained in ref. [32] (see also ref. [23]).
Here, at the initial x = 0.01 the functional form of the dipole operator (in case of proton
targets) is obtained from a McLerran-Venugopalan model [12] based parametrization and
written as (see also refs. [101, 102])

(4.1)

,,,2 Q2 1
SO (g , o= —exp | -0y +e
(1,9, )e=0.01 p 1 " Aqon

0.01
xX
units of rapidity, including running coupling corrections [103]. The free parameters (Qio,

The dipole amplitude at x < 0.01 is obtained by solving the BK equation over Y = In

the scale of the running coupling in coordinate space and the proton transverse area S| )
are determined in ref. [32] by performing a fit to the proton structure function data from
HERA [104]. We note that there has recently been progress to promote the structure
function calculations to next-to-leading order accuracy [24, 105-111], but for consistency
we use the leading order result from ref. [32] in our leading order calculations.

"The calculation of WW gluon distribution has been done beyond the Gaussian approximation in [74].
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To generalize the dipole-proton operator S ) to describe the interaction with a heavy
nucleus, we again follow ref. [32]. At the initial condition, the dipole operator is written as

@) i Q%o 1
S (:131_, yL)I:().()l = exp —SJ_ATA<bJ_) 1 In +e , (4.2)

r1Aqcp

with S| = 18.81 mb, and T4 is the spatial density profile obtained from the Woods-
Saxon distribution. To obtain the dipole amplitude at smaller z, the BK equation is
solved at fixed impact parameter. This approach results in vanishing nuclear effects in
the dilute region and successful phenomenology, see e.g. refs. [42, 112, 113]. Since the
determination of the impact parameter is subtle in electron-nucleus collisions (see however
refs. [114, 115]), in this work (as in ref. [1]) we use an impact parameter independent
dipole amplitude, obtained by evaluating the dipole at the median impact parameter (b )
defined as (b, ) = [d?b b, Ta(b,) with the normalization [d?b; T4(b,) = 1, as a proxy
for minimum bias collisions. This results in a nuclear oohmp factor of the effective initial
nuclear saturation scale

Q2 a0 = SLATA((b1)) @0 (43)
relative to the proton saturation scale. For gold nuclei, we find S| AT4((b1)) ~ 3.1.

4.2 (Gaussian approximation for high energy correlators

Assuming that the color charges in the target are Gaussian distributed both at the initial
condition and after the small-x evolution, it becomes possible to express all higher point
correlators in terms of the two-point correlator only. This is referred to as a Gaussian
approximation or Gaussian truncation [70, 75, 76], and is used in this work to express
the quadrupole operator (3.31) in terms of the dipole operator (3.30) satisfying the BK
evolution as discussed in the previous section. The validity of the Gaussian approximation
has been numerically confirmed in ref. [116] by comparing the approximatively calculated
quadrupole operator to the one obtained from JIMWLK-evolved Wilson lines, and analyt-
ically justified in [117]. It has also been used for example in phenomenological analyses of
multi particle production [35, 118, 119] and to evaluate the higher point correlators in the
next-to-leading order BK evolution equation [110, 120] in ref. [121]. Following ref. [70], the
quadrupole operator in the Gaussian approximation can be written as

S (@, y v, @)

= exp (—Fy (acL — yl) —TI'y (yl - ml))

K\/AHFY (zL,vy,2)) Fy (ch,yL;yLwl)) exp (NC\/FY)

WAy VAy 4

VAy — F ! ! Fr cyx N,
+ ( Y Y2(foLayL>xL) + Y (ml’yz;yL7mi)> exp <_m)]

1
TMFY (1, y,; y’mxl)) . (4.4)

N
X exp (—;Fy (z1,yy.,2)) +
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Here we used the following definitions:

2
I'y(x, —y,) = Cr InS®(z,,y,) (4.5)

4
Ay = Fp(er, 415y, @0) + 5 By (@ L,y 560 @) Py (21,2059, y)),
C

(4.6)

2) —_ ' )S®) —x
L [S (1 — )P (y, wﬁ]’ (4.7)

F(zi,yy),2)) =+
Y Or SO —2)SP(y, — )
where Cp = (N2 — 1)/(2N,) = 4/3 is the fundamental Casimir. Note that we assumed
that the dipole only depends on its relative vector and not the impact parameter.

The Weizsicker-Williams distribution from eq. (3.54) can be conveniently written in
terms of I and its derivatives as [70, 83, 122]

G (k) =

S1 2CF /dQRL kR, OOT(R) (4.8)

(2m)t T(R,)

Ca >
— l—exp|——=Ty(R
as Ca P ( TR
where C'4 = N, = 3 is the adjoint Casimir, and S| represents the transverse area of the
target, which factors out when the dipole is translationally invariant (impact parameter
independent). The trace and traceless components 2G° and zh? defined in eq. (3.57) can
now be written as

S| (N2—1 C
2G (z,k,) = M/RldRJ_JO (Riky) |1 —exp (_C,?FY (R¢)>
d? 1 d
LS NI . 4.
“ Ty (R)) [dRiJrRLdRJ v (BL), (4.9)
S ]\fc2 —1 Ca
a:ho(a:,ku) = (J2_7(r)3043NC) /RLdRLJg(RLkl) 1—exp <_C'FFY(RL)>
1 1 d d?
— - r : 41
“Ty(RL) [RL dR, dRQJ v(RL) (4.10)

With these results, it becomes possible to evaluate all cross sections in terms of the BK
evolved dipole operator S(2) only.

4.3 Computing harmonics

Before we proceed, we note that due to the translational invariance of the dipole, the
differential cross-section is proportional to the overall area of the target (proton/nucleus)
S| . Thus, we shall study the differential yield

ANV +HA=G+X 1 dortA—aa+X
2P| 2k dpydny Sy d2P d2k didny

(4.11)

Due to overall rotational invariance, the differential yield is independent of the angle ® =
op, + ¢, ; thus it is sufficient to characterize the transverse momenta of the jets with
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Py, k; and the relative angle ¢ = ¢p, — ¢, . It is then convenient to decompose the
differential yield in angular modes with respect to ¢:

ANV +HA=qG+X

= N (PL, k1) +2) N)PLk 4.12
2P| A2k | dydns 0(PLyky)+ Z (P, k1) cos(ng), (4.12)

n=1

where the modes are given by

LA q+X
1 /ddun APk, in(op, ~gi,) doBTATT (4.13)

NMP k)= — '
MNP kL) S| 21 27 d2P | d2k  dndns

From these quantities, we can then compute the elliptic and quadrangular anisotropies:

vg = (cos2¢) = N3 /NG, (4.14)
vy \ = (cosdp) = N /NG . (4.15)

In the TMD limit the only non-vanishing mode is vy ) for which there are explicit ex-
pressions in terms of the kinematic variables and the WW gluon TMD (see egs. (3.60)
and (3.61)). In the ITMD and CGC there are no simple expressions for the anisotropies,
thus they have to be computed numerically by first evaluating the differential yield as a
function of relative angle ¢, and subsequent integration. While this is the approach we
follow to compute these modes in the ITMD framework, for the computation in the CGC
it is advantageous to use the following identity:

eiAcosa _ Z (_i)an(A)e—ina_ (4.16)

n=—oo

Inserting the CGC differential cross-section eq. (3.42) into eq. (4.13) and using the identity
above, we can perform analytically the integrals over ¢p, and ¢y, resulting in

aeme?NcS’Léz

NMOGC (P k) =
4 (Pr, k1) (2m)

(—1)” / d2RLd2rLd2rlJn (RikL) Jn (”I"L — ’I‘,J_|PL)
Sy (r1,by,r b)) R (ri,r)). (4.17)

The computation of the modes and anisotropies for dijet production in the CGC reduces
to the 6 dimensional integration above. Our results are shown in the next section.

5 Numerical results

In this section we numerically evaluate the differential yield for the inclusive quark anti-
quark production in proton and nuclear DIS. As argued in section 4.3 (see eq. (4.12)) we
can write the differential yield as

ANV +HA=G+X

= N (P ko) [1+2 Pk k)| . 1
2P | 2k | dnidns 0 (PLoki) [142) vpa(PL ki) cos(ke) (5.1)

k=1
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Figure 2. Left: saturation scale Qs as a function of z, for proton, and gold at median impact
parameter (proxy for minimum bias collision). Right: values of x, as a function of the kine-
matic variables.

We will focus our study on the averaged angle differential yield N@‘(PJ_, k), the elliptic
anisotropy v x(Py,k ) and the quadrangular anisotropy vsx(Py,k1). The small-z BK
evolution will be carried up to ¥ =1log(0.01/z,), where

_ @+ Mgtk
SWIQom2

Tg (5.2)
is the fraction of the target plus momentum transferred to the dijet system in the t-channel
exchange.

The left panel in figure 2 shows the saturation scale )5 as a function of x4 for proton,
and for gold at median impact parameter (as a proxy of minimum bias collisions) following
our initial conditions (see section 4.1).!2 The saturation scale has been defined as

e

Q=22 SP(r,) =exp(—1/2), (5.3)

where Y = log(i—g). The right panel in figure 2 displays the value of z, as a function of

the kinematic variables. At the projected top EIC energies, requiring z, < 10~2 constrains
the transverse momenta and virtualities of the dijet system as shown.

Our results will be shown separately for transversely and longitudinally polarized pho-
tons in collisions off protons and gold nuclei at a center of mass energy W = 90 GeV.
We choose a configuration for the quark and the anti-quark in which they have identical
longitudinal momenta z; = z9 = % (note that the momentum fractions are related to pseu-
dorapidities as z; = 2F,|k;1 |e™" /W? where E, is the nucleon energy). Experimentally
it is not directly possible to determine the photon polarization in dijet production, and
as such the cross section can not be directly measured for the longitudinal and transverse

polarization states separately. As the photon flux factors f) in the electron-nucleus cross

12The modest values of the saturation scale displayed in figure 2 are a result of the parametrization of
the dipole amplitude with MV initial conditions in [32]. Other parametrizations can result in larger values
of the saturation scale.

- 21 —



section (eq. (3.2)) depend on inelasticity, some insight can in principle be obtained by doing
the same measurement at different /s resulting in different inelasticities y. Additionally,
as discussed in ref. [38], the polarization dependent cross sections and elliptic modulations
can be extracted from the data assuming that the functional form of the vy ) coefficients
is know from theory.

We will perform our computations in the TMD framework (section 3.2), the improved
TMD framework (section 3.3), and the CGC EFT (section 3.1). We remind the reader that
by comparing the TMD and the improved TMD framework we gain access to kinematic
power corrections:

k
dorrvmp — dorvp = O (L> ; (5.4)
Q1

while the comparison of the CGC with the ITMD will help us assess the role of genuine
saturation contributions:

Q

dUCGC —doyrvp = O ( s . (5.5)
QL

These saturation contributions are present in addition to those appearing in the WW gluon

TMD that resum powers of Qs/k .

5.1 Angle averaged differential yield

We start by presenting our results for the angle averaged differential yield. In figure 3 we
show our results for N&F (P1,k1) as a function of momentum imbalance k, , and at fixed
virtuality Q2 = 10 GeV? and relative momentum P; = 2 GeV.

In both proton and gold collisions, the CGC results in a suppression of ~ 20% relative
to the TMD when P; ~ k. This suppression is enhanced as the momentum imbalance
k. is increased (away from the quark anti-quark back-to-back configuration) signaling the
breakdown of the TMD framework. When kinematic power corrections in k; /P, are
resummed into the hard factors of the improved TMD framework, we observe an excellent
agreement between the CGC and I'TMD results for k; > P, and up to large values of k|
relative to P, suggesting that genuine higher twist effects are suppressed for non-back-to-
back configurations and the suppression in the yield observed in the CGC relative to the
TMD is driven by kinematic power corrections. Interestingly, the genuine saturation effects
become visible in the back-to-back regime where deviations between TMD (or ITMD!?)
and the CGC are observed, and which are enhanced from 7% in e + p to about ~ 20% in
e + Au collisions.

In figure 4, we present the ratios ITMD/CGC and TMD/CGC, and study their de-
pendence as a function of k| at different virtualities () and relative momenta P;. As
expected, increasing either ) or P, eventually reduces the kinematic twists resulting in
smaller differences between the CGC and TMD at a given k. We also observe a systematic
reduction of the genuine higher twist contributions at moderate P, and @ values. Thus we
expect that the improved TMD framework will provide good agreement with the CGC in

13Recall that TMD and ITMD match in the back-to-back limit k, < Q. .
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Figure 3. Top: differential yield (averaged over azimuthal angles ¢p, and ¢y, ) for production
of quark anti-quark pairs in 5 + p (left) and ~} 4+ Au (right) scattering. Bottom: ratio of the
differential yield in the (I)TMD to the CGC.
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Figure 4. Ratio of the averaged angle differential yield (I)TMD to CGC as a function of k; at
different values of @ (left), and at different values of P, (right).

the production of quark anti-quark pairs in DIS for kinematics in which P; or @ are signifi-
cantly larger than the saturation scale. On the other hand, genuine twist corrections have a
significant impact on the measurement of back-to-back dihadrons/dijets at low virtualities
and transverse momenta in nuclear DIS where the saturation scale is enhanced.

We now move to the differential yield NJ*(Py,k,) for the longitudinally polarized
virtual photon case, shown in figure 5 as a function of momentum imbalance k,, and
at a fixed virtuality Q2 = 10 GeV? and relative momentum P, = 2 GeV. The results
depicted are qualitatively similar to those in the transversely polarized case, but with
some notable differences. We observe deviations between the CGC and the TMD at large
momentum imbalance k| because of the importance of kinematic power corrections. Once
these contributions are resummed in the ITMD the agreement with the CGC results is
improved. We note that the agreement between CGC and ITMD at large momentum
imbalance is not as good as in the transversely polarized case, which might be caused by
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quark anti-quark pair in v{ +p/Au scattering. Bottom: ratio of the differential yield in the (I)TMD
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the bias for larger dipole size contributions in the light-cone wave-function of longitudinally
polarized photons.'® This reveals that genuine saturation corrections also appear away from
the back-to-back limit in the longitudinally polarized case.

Ratios of ITMD and TMD to GCC for other choices of P and Q? are shown in figure 6.
We find both enhancement and suppression of the quark anti-quark production in the CGC
relative to the ITMD, depending on the virtuality @ and the relative momenta P, . Overall
we observe that the inclusion of kinematic power corrections improves the agreement with
the CGC, and that increasing @) or P, reduces genuine higher twist contributions as one
should expect. The apparent better agreement in figure 6 at P| = 3 GeV and Q? = 10 GeV?
is coincidental as the CGC is transitioning from enhancement to suppression as @ grows.

1n contrast to fully inclusive DIS, in dijet production the longitudinal momentum fractions z1 2 are
kept fixed. At the chosen values of z1 = 22 = 0.5 here (and at fixed virtuality Q?), one can verify that the
light-cone wave-function for a transverse photon ~ Ki(er1) grows more quickly than that of a longitudinal
photon ~ Ko(ery) in the limit 7, — 0.
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In order to single out the effect of genuine higher twists, we study the ratio of TMD
to CGC near the back-to-back configuration k; ~ 0, where kinematic power corrections
vanish (see section 3.4). In figure 7 we show this ratio in nuclear DIS, and observe that
if either the relative momentum P, or the virtuality @ are large enough this ratio goes
to unity, and thus the genuine twists are suppressed. However, significant differences are
observed at low to moderate values of () and P;. They amount to more than a factor of
2 difference between the CGC and the TMD framework. In particular, a suppression of
the CGC relative to the TMD prediction is observed at all back-to-back kinematics in the
case of transverse polarization, while both suppression and enhancement are seen for the
longitudinally polarized case depending on the virtuality and relative momenta.

The genuine saturation contribution to dijet production in the back-to-back limit k; —
0 (and in the light-cone gauge) is the result of multiple scattering, such that the total
transverse momentum transferred to the ¢g pair is zero (since it compensates between
several scatterings). The TMD and ITMD calculations miss this contribution as their
result is proportional to the number of gluons with zero transverse momentum

5.2 Elliptic anisotropy

In this section we study the elliptic anisotropy in the angle ¢ separately for transversely
and longitudinally polarized photons. This quantity can be accessed by measuring the
distribution of the momentum imbalance k| with respect to the relative momentum P .
In the TMD framework, the magnitude of the elliptic anisotropy is proportional to the
ratio of polarized to unpolarized Weizséicker-Williams TMD (see egs. (3.60) and (3.61)):

V2.L/T ™~ g (5.6)

The study of vs as a function of the dijet momentum imbalance k| is a promising
observable to extract the behavior of the linearly polarized gluons inside protons and nuclei.
In particular, it is expected that 2h"/zG® — 0 in the regime of small momentum imbalance
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(k1 < Qs), while the gluons are completely linearly polarized xh"/xG® — 1 for the
perturbative limit k; > Qs [72-74].

However, it is important to note that kinematic power corrections in the ITMD hard
factor also induce correlations between the P and k| (see Egs (3.70) and (3.71)). These
azimuthal correlations also couple to the linearly polarized WW. Consequently, distinguish-
ing contributions purely from kinematic twists and those solely from the linearly polarized
WW is not possible. However, we can compare the full ITMD predictions to the case where
we set the linearly polarized WW gluon distribution to zero by hand, which will show the
contribution from kinematic twists only. The comparison is shown in figure 8 as a function
of the momentum imbalance k. For both polarizations we find that the kinematic power
corrections result in positive contributions to ve, which grow with the dijet momentum im-
balance. On the other hand, in the TMD curve (which does not include kinematic power
corrections) the elliptic anisotropy is sourced only by the linearly polarized gluons; in this
case the sign of vy depends on the polarization of the photon (see egs. (3.60) and (3.61)).
This additional ve from kinematic twists should be taken into account when extracting the
linearly polarized gluon distribution in azimuthal dijet measurements [38]. In addition to
kinematic corrections, genuine higher twists contribute to azimuthal correlations through
higher body operators (see section 3.4). Our goal in this section is to quantitatively study
the different contributions to vo by comparing CGC, ITMD and TMD formalisms.

In figure 9 we present our results for the elliptic anisotropy as a function of the momen-
tum imbalance k| when the virtual photon in DIS is transversely polarized. We consider
proton and gold targets and different P, and Q2. We observe sizeable deviations between
the TMD and CGC results when P ~ k,, signaling the appearance of azimuthal correla-
tions due to kinematic power corrections and genuine higher twists. In particular, in the
CGC we observe minima in vy 1, which are absent in the TMD limit, and the anisotropies
are considerably reduced at large k) (as argued previously the contribution to v from
the intrinsic correlations due to linearly polarized gluons and those from kinematic twists
come with different signs, see figure 8).

In order to distinguish the relative importance of kinematic and genuine saturation cor-
rections, we compare the CGC to the ITMD framework. We observe that the deviations
in vor are enhanced for the nuclear DIS and for the lower scales in P and (). Interest-
ingly, our results also indicate that the contributions of kinematic and genuine saturation
contributions appear to come with different signs. In particular, we observe that at low
momentum imbalance k; this results in an apparent better agreement between the CGC
and its TMD limit despite the exclusion of kinematic power corrections.

Our results for the elliptic anisotropy for longitudinally polarized photons are shown in
figure 10. In this case we observe that kinematic power corrections in the ITMD increase
the azimuthal modulations compared to the TMD limit, which results in very large vo 7, at
large momentum imbalance. In the CGC, this enhancement is partially tamed by genuine
saturation corrections (most pronounced at low values of P; and Q2 and for nuclear DIS).

Note that in the TMD framework vy, cannot exceed 1/2, which is because of the
bound in eq. (3.58). On the other hand, in ITMD and CGC the anisotropies exceed 1/2
due to kinematic (k1 /@) and genuine (Qs/Q 1) power corrections. Since the cross-section
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Figure 10. Elliptic anisotropy v, in the angle ¢ for production of quark anti-quark pair in v} +p/Au
scattering. The grey band shows the numerical uncertainty of the CGC calculation.

must remain positive, this indicates the presence of higher azimuthal correlations, which
render the cross-section finite as we will show in the next section.

5.3 Quadrangular anisotropy

In this section we study the quadrangular anisotropy w4 in the azimuthal angle between
P and k. We note that this contribution is completely absent in the TMD framework.
Contributions to the quadrangular anisotropy have been computed for the first time in [83]
by considering the first correction to the leading power of the dipole size r; when taking
the TMD limit. Such higher powers of the dipole size can account for k; /Q; and Qs/Q |
corrections without distinction unless one is careful with the separation between kinematic
and genuine higher twists. This distinction for vy is the purpose of this section, where our
results will be presented in the ITMD and CGC frameworks.

A quadrangular anisotropy can be generated by correlations between P, and k; in
the hard factor in the ITMD (see egs. (3.70) and (3.71)) as well as correlations in the
genuine higher twists embodied in eq. (3.75). Figure 11 demonstrates in scattering on Au
targets that while the linearly polarized WW gluon distribution produces only an elliptic
anisotropy in the TMD framework, in the ITMD framework the linearly polarized WW
gluon distribution also has a contribution to vy, as it couples to higher modes. To illustrate
this, observe that using egs. (3.57) and (3.68), we can write the differential cross-section
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(left), and longitudinally polarized photons (right).

We show results in the TMD and ITMD

framework. To illustrate the effect purely from kinematic twists, we also show the result for the
ITMD in which we turn off the linearly polarized WW gluon TMD (dashed dotted).

for the ITMD as

do~HE (P, k1) 2GO (x, k) +H (P ki) xh® (2, kL) ,

where we introduced the hard factors:

HG(PJ_a kJ_) = 62]H;]T‘MD(PJ_7 kJ_) ’

HM(P L k1) = (2K1K] /KD = 87) Hipp (P k).

One could then expand H& and H" in modes in ¢:

HE(PL, k) =HS(PL ki) +HS(PL, k1) cos(2¢) + HY (PL, k1) cos(4¢) + ...
HY (P k1) =HE(PL ki) +HE(PL k1) cos(2¢) + HE(PL kL) cos(4¢) + . .. .

Then we can obtain expressions for the elliptic and quadrangular anisotropies:

; oGOz, k )HS (P, k1) + ah®(z, k)Y HA(PL, k)
27 2GO(w, k )HG(PL k1) + b0z, ky yHE(PL k)
; rGO(z, k) + zh®(z, k ) HE(PL, k)
1T 3G, k )HG(PL ky ) + b0 (x, ke yHE(PL Ky )

(5.12)

(5.13)

This implies that when H? (P, , k) is non-zero, 2h®(z, k) can contribute to v4. While

analytic expressions for these modes in the ITMD are difficult to obtain, the numerical
results in figure 11 suggest that H7 (P, k) is larger than HY (P, k).

Turning off the linearly polarized WW gluon TMD by hand in the ITMD framework
reveals the vy purely from kinematic twists. Its sign is positive for both transverse and
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Figure 12. Quadrangular anisotropy v, in the angle ¢ for production of quark anti-quark pairs in
v +p (left) and 4 + Au (right) scattering. The grey band shows the numerical uncertainty of the
CGC calculation.

longitudinal photon polarizations, while the full ITMD result has opposite signs for the

two polarizations.

We present the CGC and ITMD results for the quadrangular anisotropy as a function
of momentum imbalance k| at two different values of P; and Q? in figure 12 for the case
in which the virtual photon is transversely polarized. First, we note that the quadrangular
anisotropy vs T is negative (similar to var) and on the order of a few percent at low
momentum imbalance (k; < Py ). In the lower panels (higher P, and Q) we observe that
the results between the ITMD and CGC schemes closely agree with each other, showing
that the quadrangular anisotropy is mostly driven by kinematic power corrections. The
genuine higher twists tend to suppress vs T, this effect can be seen more clearly in the
upper right plot corresponding to nuclear DIS and at low values of P, and Q.

Our results to the quadrangular anisotropy when the photon is longitudinally polarized
are shown in figure 13. The behavior of vy, is similar to that of vy 1: it is positive and
significantly larger in magnitude than in the transversely polarized case. We observe that
the quadrangular anisotropy is mostly sourced by kinematic power corrections; except for
nuclear DIS and at small ) and P; (upper right panel). As in the transversely polarized
case, the effect of the genuine higher twists is to suppress the quadrangular anisotropy.

We close this section by pointing out that our results for v, 1, and vy 1 as a function of
momentum imbalance k| and at P =4 GeV and Q? = 10 GeV? have the same sign and
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Figure 13. Quadrangular anisotropy v, in the angle ¢ for production of quark anti-quark pairs in
v +p (left) and 4 + Au (right) scattering. The grey band shows the numerical uncertainty of the
CGC calculation.

similar magnitudes to those estimated in [74]. However, for this choice of kinematics the
ITMD seems to be sufficient to describe the quadrangular anisotropy, especially in v* + p
scattering, and thus one only needs the WW gluon TMD (supplemented with ITMD hard
factors) and no higher order derivative operators of Wilson lines.

6 Conclusions

The uncovering of the small-z structure in protons and nuclei is one of the major goals
of the Electron-lIon Collider. The study of azimuthal dihadron and dijet anisotropies
can shed light both on the emergence of gluon saturation as well as the nature of the
Weizsicker-Williams gluon TMD at small x (both linearly polarized and unpolarized). In
this manuscript, we explicitly computed the production of quark anti-quark dijets at lead-
ing order in the ITMD scheme and the CGC EFT, extending the results in [1]. We briefly
reviewed the origin of kinematic twists and genuine higher twist corrections by expressing
the product of Wilson lines as a transverse gauge link at = = —oo [82], generalizing the
small dipole size expansion in [70]. The genuine higher twists (genuine saturation effects)
enter with powers of Q5/Q 1, and these are present in addition to the saturation contribu-
tions Qs/k) in the WW gluon TMD at small z. Meanwhile, the ITMD resums kinematic
power corrections to all orders in k) /@ .
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We found that for kinematics where either P| (dijet relative momentum) or @ (vir-
tuality of the DIS photon) is sufficiently larger than the saturation scale @5, the ITMD
framework provides a good approximation to the CGC quark anti-quark differential cross-
section and its anisotropies in the azimuthal angle ¢ between P, and k. Compared to
the standard TMD framework, we observe that the resummation of kinematic power cor-
rections in the ITMD hard factors result in additional azimuthal correlations between P |
and k| ; in particular, we observe a non-zero quadrangular anisotropy. Thus, we expect
that a proper extraction of the linearly polarized WW gluon TMD xhg(x, k) from dijet
azimuthal asymmetries [38] will require the implementation of the ITMD hard factors that
have been computed analytically in this manuscript. An advantage of the ITMD framework
is that it only depends on the WW gluon TMD in contrast to the CGC, which requires the
computation of the quadrupole. This drastically simplifies the complexity of the computa-
tion of the differential cross-section for a wide set of kinematics, and makes it suitable for
coupling to Monte-Carlo based hadronization and fragmentation routines. Efforts in this
direction can be found in [123] where projections for the EIC have been made using the
ITMD*,'® framework coupled to the event generator in [124].

On the other hand, genuine higher twists effects which are absent in the ITMD frame-
work, are most significant for scattering off a heavy target, as expected due to the en-
hancement of the nuclear saturation scale Q% ~ AY3. The genuine higher twist contribu-
tions suppress both the differential yield (near the back-to-back configuration) as well as
the anisotropies (elliptic and quadrangular) in the angle ¢ for realistic EIC kinematics.'6
These genuine saturation effects may be accessed in the back-to-back measurement of low
transverse momentum dihadrons and at low photon virtualities, and could be an important
experimental tool for the gluon saturation searches at the EIC [37]. For non back-to-back
configurations, it might be possible to probe genuine saturation effects when the virtual
photon is longitudinally polarized as figure 6 showed deviations between CGC and ITMD
across a wide range in k. In figure 7 we observed that in e+ Au collisions the back-to-back
peak for quark anti-quark production in the CGC is suppressed by a factor of 2 relative
to the TMD framework for P;,Q ~ 1 GeV, whereas when either P, or ) ~ 4 GeV both
frameworks agree to a less than a few percent difference.

To go towards more phenomenological applications, we plan to incorporate in our
analysis the effect of Sudakov resummation [125, 126] and final state soft gluon radia-
tion [127, 128], which have been shown to significantly impact the measurement of az-
imuthal dihadron and dijet anisotropies at the EIC [37, 123, 129]. Furthermore, recent
progress towards next-to-leading order computations for DIS at small-z [58, 105-107, 109—
111, 130-133] will allow us to extend our computation to higher accuracy (for a recent
computation of NLO contributions for dijet production in the CGC see [134]). The inclu-
sion of parton showers, hadronization, full jet reconstruction, and appropriate background

5The ITMD* framework is equivalent to the ITMD framework in the abscense of linearly polarized
gluons, see appendix E.

15Except for the angle averaged differential yield for the longitudinally polarized photon, where we observe
an enhancement of the CGC relative to the TMD when the dijet momenta are large and the virtualities
are small (see figure 7).
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processes will be necessary to fully assess the impact of our study on future EIC phe-
nomenology. Finally, it would be interesting to compare the results of the suppression
of the back-to-back peak due to gluon saturation with those caused by the momentum
broadening due to cold nuclear matter energy loss and coherent power corrections [135]
(see also [136] for a recent computation in the CGC).
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A Wilson lines and transverse gauge links

The goal of this section is to briefly summarize the derivation of eq. (2.3) which relates the

product of two Wilson lines to a transverse gauge link at = = —oc:
x| .~
V(z)Vi(y,) =Pexp l—ig dZZLAL(zJ_)] : (A.1)
Y

As discussed in section 2 this relation is helpful to establish the relation between CGC and
TMD amplitudes rigorously since it allows for a systematic expansion in powers of gA | .
More details and generalizations of the presented derivations can be found in [78, 79, 82].

To begin we recall that the gauge transformation (introduced in eq. (3.14)) going from
O0uA* = 0 Lorenz gauge to At = 0 light-cone gauge is given by

Qz, (27) =Pexp (ig /J:OO dz" AT (27, mL)) : (A.2)

It follows by comparing eq. (A.2) with the definition of the light-like Wilson line in
eq. (2.1) that

V(ey) =Qz, (—00). (A.3)

Similarly, the product of two Wilson lines can be expressed as the product of two gauge
rotations at the x— = —oo boundary

V(@ )Vi(y,) = Qu, (—00)2, | (—o00). (A.4)
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In order to connect this result with that in eq. (A.1) we shall express the product of these
gauge rotations as a transverse gauge link. This follows by first noting

€T

Q1 (—o0) = Q1 (~ " Az 007 (—
(—o0) (—o0) + 24 0/, [ (—00),

T Y
Y,
| . ~
= Q! (~00) +ig : Az} ;1 (—o0)A' (21), (A.5)
i

where in the second equality we related the derivative of the gauge rotation to the gauge
field in At = 0 gauge by igA' (z1) = Q. (—00)8Q; [ (—o0) (see eq. (3.15)). From
eq. (A.5) then we find the recursive relation

T . ~q
QmL(—oo)Q;i(—oo) =1—1g dziQwL(—oo)Q;i(—oo)Al(zL) ) (A.6)
YL
and in a similar fashion one can show
TLo i .
le(—oo)Q;i(—oo) =1- ig/ dzﬂ_AJ_(zJ_)QZL(—oo)Qyi(—oo) . (A.7)
Yo
These two recursive relations are satisfied by
T .~
Qg (—oo)Q;l1 (—o0) = Pexp l—ig/ dzZLAL(zJ_)] , (A.8)
Y

combining this expression with eq. (A.4) results in the desired relation in eq. (A.1).

The integral is independent of the choice of path connecting the transverse points y |
and x| due to the non-Abelian Stokes’ theorem and the fact that the transverse components
of the field strength are zero F*/ = 0 (at a given x7, A'| (=, ) is a pure gauge field in two
dimensions), more precisely P exp (fc dziAi(z J_)) = 1 for any closed path C contained
in the transverse plane.!”

It follows from eq. (A.6) that the product of two Wilson lines satisfy an identical

recursive relation

Vi@ )Vig) =1 [

Y.

T

Az} A (z )V (z)Viy,). (A.9)

After the application of the recursive relation in eq. (A.7) we find

1=V (@) Vi) =[1-V@) Vi) o+ - VeE)Vie)] . a0

ITMD

where we define

T

1— V(e )Vt :i/ Az A’ (z)), Al
1= VE@IVI WD) gy =9 ), 421 AL (=) (A11)
t o ("L [P t 17
[IL_V(QU_)V (?ﬂ)}g'h_t‘zg /y dzi, g dzy, A (211)V(211)V(221) A (221) -
1 1
(A.12)

""The non-Abelian Stokes’ theorem reads P exp(§, dz,A*) = Pexp( [ dou, UF*U') where doy., is
the surface measure on S and U denotes a Wilson line connecting the point « € S enclosed by the surface
measure to an arbitrary base point O on C (see [137]).
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We would like to obtain a tractable expression for eq. (A.11) which will be the starting point
for our study of the production of quark and anti-quark pairs in the ITMD framework.

Since the choice of path connecting y; and ) in eq. (A.11) is arbitrary, we choose a
straight line path

z(s)=y, +sry, se€]0,1], (A.13)

where r) = x; —y,. Then we have

1= V(z)Viy,)]

o
=i /0 ds gA' (y, +sr1). (A.14)

The integral over s is easily done in momentum space using the identity

A’ d2l il -z il v, Al
AL(zL):/(%)ge Ly L/d%w vl 2 (), (A.15)

and the simple integral over the phase

. il ey _ iy,
/ds ezlL(yJ_-I—srL) _ <€ i :J_ ) . (A.lﬁ)

We find

d2lJ— —illml %t
We gA | (vy)

w ey _ iy
[]1 - V(mL)VT(yL)LTMD =r) /d2'UL/

Z.lj_ T
(A.17)

Despite the fact that this expression might look more formidable than eq. (A.11), we will
show in section 3.3 that the resultant differential cross-section for quark and anti-quark
dijet production has a relatively simple analytic expression.

Following the same procedure and with some algebra we find a similar expression for
eq. (A.12)

d?1y, A1y, J

V@)Vl :/ (2m)? (2m)?

(ei(lu-l-bﬂ'ﬂu —eilliitlz1)yy
X

T‘iT‘
Z.(lQJ_'T’J_)

, ilii®y) _gillisyy)
—_ ez(l2l'yl) € €

i(lu_—i—lu_)-?j_ i(llJ_‘TJ_)

/d2vlLd2v2J—ei7’(llLvlL)iz(l2J_U2J_)

x g2 A (01 1)V (v11) VT (va1) A7 (va1) . (A.18)
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B Useful integrals

We list some useful transverse integrals:

dz'rJ_ _iP . - 1
?e L TLKO (ETJ_) = m s (Bl)
d?ry P, iz’:‘?’i P’
——e LT — LK =+ B.2
/ o © ry 1(ery) P2 4+e2’ (B.2)
a2ty 4. 1
- ellims 2 Ko (ery), (B.3)
Pl lﬂ_ ierjL
—e" = K B4
o € li + 62 r 1 (6TL) ) ( )
d2TJ— Z'Pl T ,] 2PZJ_
——e LT K = B.5
/ 5 ¢ i’ Ko (er 1) R (B.5)
Cry iy, g (er) L (s 2PLPY (B.6)
—e ri— Er)) = ———> - . .
2 Lo e P2 4 g2 P2 4 g2

C Explicit representation of Dirac spinors

We work in the Dirac basis for gamma matrices

70:110 i oAa’i ’01201 702:(.)4 70_3:10‘
0 -1 —o' 0 10 i 0 0 -1

(C.1)
where 1 is the two-by-two identity matrix.
The helicity operator h is defined as
2%-§ 5 1][¢
po2 S g Llo0p (C.2)
k| 2100
where k = (k| , k%) is the three momentum.
It is straightforward to check that the (massless) Dirac equation
Fu(k) =0, (C.3)
has the following solutions'®
kte ik V=
1 VE~ 1 | —Vktelo
U+(k) = ’U_(I{Z) = W k+€_i¢k s U_(k}) = ’U+(k) = W _\/k—_ s (04)
NI = ket etk

18T the massless case, the spinors corresponding to particle and anti-particle are the same, but correspond
to opposite helicities.
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where the subscripts + denote the helicities,'® ¢, is the azimuthal angle of k|, and the
normalization is chosen so that

k = Zua(k)ﬂa(k) ) (05)

where the barred spinors are defined as usual by u = uf~Y.
The following identities hold:

ﬂ,g(kl)’y_’l)gf(kz) =2 kl_k2_507,g/ s (Cﬁ)
o (k1)1 Y00 (k2) = 20/ ki Ky (=07 +i0€) b5 g1 (C.7)

D Computing the perturbative factors N

To compute N2, (r ) we first perform the [~ and [T integrations. The former is done
immediately using the delta function §(k~ —[7), while the latter is performed via contour
integration using Cauchy’s theorem, we find

d2lJ_ N)\ /(l)eill-'rl
N (r)) = / oo . (D.1)
oo (2m) 2120Q2 4+ 12
To compute the transverse integration, we must first work out the Dirac algebra. We find
NSO = 2(2120)%% Qb — g (D.2)
Nogt = (2122)' 2 (11 - €2) [(21 = 22) = Ao} 0, o (D3)
where we used egs. (C.6) and (C.7), and eije)ﬁi = —Mej‘_’i. This last identity of the polar-
ization vector holds for circularly polarized states et = %(1, +i).

Egs. (3.27) and (3.28) then follow by inserting egs. (D.2) and (D.3) into eq. (D.1) and
performing the transverse integrations with the aid of identities in appendix B.

E Computing the ITMD hard factors J*

To compute the ITMD hard factors in egs. (3.70) and (3.71) we insert egs. (3.27) and (3.28)
into eq. (3.67) and find

jj:(,:/oyi (PJ_7 kJ-) =2 (ZIZ2)3/2 Q‘sa,o’Jﬁ (PJ_ + z1k |, kJ_) , (El)
ToSE (P L kL) =2 (2122) 2 (22 — 21) + 0N Gp0r€) S TE (PL + 21k1 k1), (E.2)
where
d%r eilkrry) _q

i — —iPL L)l K - E.
Ji(pL k1) 5r © ir' Ko(e[r L) i 7)) (E.3)

9Note that in this manuscript, p~ is the large component of the spinor momenta; thus p® < 0.
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and

ei(kJ_'TJ_) —1

ij Pri i) €T
Ji(p ki) = e iPL TL)TLiLKl(d’MDW

2 "I"J_|

(E.4)

The first steps to perform these integrals explicitly is to integrate the ri factors by parts
into derivatives w.r.t. pi, and to use the integral form

i / daveiotkirs), (E.5)
Ci(kloTy)

Using eq. (B.1) for J{ and eq. (B.2) for Jéj then yields:

k do E.
P ko) 8pl/ —akzL) + €2’ (E6)
and A .
.. o 1 pJ —Ozk]
T4 ,k::./d (i E.7
Let us now address the « integral. Introducing
= \/ki (P} +e2) — (py - k1)?, (E.8)
noting that
1 1
= ) (E.9)
(py —aky)?+¢e? L2 [(a_(pL.kl)>2+M
1 k72 k4
1 1
and using the standard integrals
@ d 1
/ L {arctan (m) — arctan (Oéoﬂ , (E.10)
a 2+a®  a a a
and
a1 « 1 a? + a?
da——— =-In| 23— E.11
/ao 21 a2 2n<a%+a2>> (E.11)
we have:
i 0 1 pL+ki) ko p, -k
JL(pJ_’ kL) = —@ﬁ {arctan ((J_142)) — arctan ((Jl42ﬁ>:| s (E12)
and
. 1 o [K (p, +k.)?+¢e2
Jip ki) =g |1 L E.13
T (pL. k1) k2 apl 9 n ( pi 1 g2 ( )
L kK ki) k -k
i (g; k) {arctan ((m ‘|‘A;_) J_) reton ((mA2 D)}] .
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With the help of the relation

0
op',

A2 =2 kip| —Ki(p, k1), (E.14)
and the following additional relation for Jffj :
Kipip) + LKLk, = [Pk — (p k1)’ 07 + (pL k1) (PLK) +PKL) . (B.15)

Along with tedious but straightforward algebra, we find eventually:

(K P — (P ki) K] o n(kj_~ku_>+ . n(kLkQL)
XS arcta 7‘)( arcta 7‘)(

{kiPl —(PL-ky) kﬂ ( —ki1 kot +e° )

Ji (ki1 ky) =

2 (k%l—i-s?) (k§l+52)
ki, — Kb
+ “2 = ~ (E.16)
(ku—i-s ) (ku—i-s )
and
) e (67k3 — KK ) ki kil k| koL
Jf (ki1 k1) = 3 arctan (X) + arctan (X)
R G L L A )
k2 X2 ki, +e2 k3 +e2
1 o o y Lk kF
+— (K077 4+ K 6™ — KR 67 L =, E.17
ki(L L + ) k%J_‘f‘&‘Z k%J_+€2 ( )
where
X?2=P3 K3 — (P -k))*+ %2 . (E.18)

Therefore, we find the following expressions for the ITMD hard factors in the amplitude
of quark anti-quark production:

ki — kb,
%L—FEQ) (kﬁ%L-i-EQ)

k2P, — (P, -k,)k! ko -k ki -k
+ [ . L} arctan (Lu)—karc‘can (Lu)

TSP LK) =2(2122)" 2 QO 0 { (
’ k

3
_ [kiPl - (iL k1) k’ﬂ —kiy - ’::L +e? i (E.19)
X2 (k3 +22) (BBL+e2) ) | |
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and
jA ilZ(P kJ_) (2122)1/2 [(Z2_21)+0')\] 500—/61 +1.j

. {52 (67K3 — kLK)

k| -k k| -k
arctan (LXIJ‘> -+ arctan (LXZJ‘>

X3

R (k)

_1_7
k* X2 k¥ +e2 K3 +e2

1 o o y kr Kk
+— (K 67% + K 6% — Kh 6% L . (E.20
ki ( + L L ) k 11 + 52 k%l + 52 ( )

It is illustrative to consider two interesting limits: the so-called ITMD* limit [91], and
photo-production limit Q% — 0.

The hard factors in the ITMD* scheme can be obtained in a diagrammatic approach
with off-shell gluons [80], and they can be obtained from our results by the following
projection [91]:

. .. ) kj
Hifup- (P k1) = Hifan (P ko) Zgj : (E.21)
Therefore, in the ITMD* limit it is enough to consider the projections:
A=0,i ki 1 1 1
(P, k 0, — E.22
Ty (PL L)]ﬂ 2(2122)**Qbg, v <ku ey d by (E.22)

L L ko€ ki€t 1
A==+1, 1 1/2 21 "€ 11 "€
NPk ) — = —21) + 0N b0 + —.
jU,O' ( 1 L) kL (2122) [(22 Zl) 7 ] ’ <k2i +5 k? 1L +€2> kL

(E.23)

Alternatively, the projections in eqs. (E.22) and (E.23) could have been easily obtained by
first projecting eq. (3.67) with k’, resulting in:

A . d? _ ,
KL IN(PL kL) = / % (eZku'” — e_’ku'”) N2 (rL). (E.24)
m

We refer the reader to [91] where the differences between the ITMD* and ITMD schemes
have been numerically studied for the electro-production of heavy quarks.
Finally, in the photo-production limit, we find

ki, k5
Ql%m To (P L kL) = (2122) 2 [(22 — 21) + 0N el O =) (kll + k?) ;

(E.25)

where
E_ kié]k + kiélk _ k’j_&ij7 (E26)

which is compatible with the result from [78].
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F Operator definition of the WW gluon TMD

In this appendix we briefly review the relation between the operator definition of the
Weizsicker-Williams distribution and the definition in eq. (3.54), which was fleshed out for
the first time in [70]. In what follows let us go back to the general case where we have not
fixed the gauge condition for the gauge field A*°.

The operator definition of a generic gluon TMD is constructed from the bilocal operator
field strength tensors appropriately dressed by gauge links for gauge invariance. Let us
define the finite path Wilson lines along the light-cone direction as
by

A+’“(z_,bL)t“dz_] , (F.1)

1

[bga b;]bL = Pexp [Zg/b
and that along the transverse direction (where the path is a straight line) as

bayr )
[bQL, blL]b— = Pexp [—ig/ Aj’_a(b_, zL)t“dzZL] . (F2)

b1y

The Weizsicker-Williams distribution is defined as

4 A db=d2b, A, ey b
mGJ(x’kL):<P|P>/ 2

(P [P @)U @] [P (F.3)
which involves the future pointing staple shaped infinite gauge link:
Upt), = 167, +00)b,, [ba1, b1t ] oo [+00, b7 b, , (F.4)

2,b1

To make the connection of the operator definition in eq. (F.3) with that given in eq. (3.54),
let us now work in the Lorenz gauge 9, A" = 0 and in the small z limit, in which case Al
is suppressed. We note that the (infinite) light-like Wilson line defined in eq. (2.1) can be

expressed as
V(by) = [00, =], , (F.5)
and the derivative 9" acting on the Wilson line is given by
OVI(bs) = ~ig [ b (o0 b7l PO bu)b 4o, (F.6)

where we used A" = §** AT and thus F'T(b~,b ) = 0°A*(b~,b,) in light-cone gauge.
Thus we find

Ai(kL) = /dlfd%ue*“ﬂ"M [+00,b7]p, F*H(b™, b1 )b, +cp, (F.7)

where we used Aj_(bL) = éV(bL)BiVT(bL).
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Then it follows from eq. (3.54):
.. 4 ) ,
G (x, k1) = W / db_db/_d2de2bL@_lkl'(bi_bL)

(e [FH (b=, b U R (0=, b U] (F.8)
x
where we used [b',b,]100 = 1 in §,4" = 0 gauge with the subgauge condition that
transverse fields cancel at +o0o, which is allowed for both components in the small x limit.
The equivalence to the operator definition in eq. (F.3) follows (strictly speaking) in
the limit £ — 0, and by noting the relation between the CGC average and the operator
expectation value:
(P|O|P)
(O), >~ (F.9)
v (PIP)
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