UCLA
UCLA Previously Published Works

Title
Probing transverse momentum dependent structures with azimuthal dependence of
energy correlators

Permalink
https://escholarship.org/uc/item/2qv1s7rj

Journal
Journal of High Energy Physics, 2024(3)

ISSN
1126-6708

Authors

Kang, Zhong-Bo
Lee, Kyle

Shao, Ding Yu

Publication Date
2024-03-01

DOI
10.1007/jhep03(2024)153

Copyright Information
This work is made available under the terms of a Creative Commons Attribution
License, available at https://creativecommons.org/licenses/by/4.0

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/2qv1s7rj
https://escholarship.org/uc/item/2qv1s7rj#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

PUBLISHED FOR SISSA BY 4) SPRINGER

1

RECEIVED: November 1, 2023
ACCEPTED: February 9, 202/
PUBLISHED: March 27, 2024

Probing transverse momentum dependent structures
with azimuthal dependence of energy correlators

Zhong-Bo Kang @,%%¢ Kyle Lee™,%¢ Ding Yu Shao™/9 and Fanyi Zhao©*®
@Department of Physics and Astronomy, University of California,
Los Angeles, CA 90095, U.S.A.
®Mani L. Bhaumik Institute for Theoretical Physics, University of California,
Los Angeles, CA 90095, U.S.A.
¢Center for Frontiers in Nuclear Science, Stony Brook University,
Stony Brook, NY 11794, U.S.A.
dNuclear Science Division, Lawrence Berkeley National Laboratory,
Berkeley, California 94720, U.S.A.
¢Center for Theoretical Physics, Massachusetts Institute of Technology,
Cambridge, MA 02139, U.S.A.
f Department of Physics, Center for Field Theory and Particle Physics and
Key Laboratory of Nuclear Physics and Ion-beam Application (MOE), Fudan University,
Shanghai 200433, China
9Shanghai Research Center for Theoretical Nuclear Physics, NSFC and Fudan University,
Shanghai 200438, China

E-mail: zkang@ucla.edu, kylel@mit.edu, dingyu.shao@cern.ch, fanyi®@mit.edu

ABSTRACT: We study the azimuthal angle dependence of the energy-energy correlators
(E(R1)E(N2)) in the back-to-back region for ete™ annihilation and deep inelastic scattering
(DIS) processes with general polarization of the proton beam. We demonstrate that the
polarization information of the beam and the underlying partons from the hard scattering
is propagated into the azimuthal angle dependence of the energy-energy correlators. In the
process, we define the Collins-type EEC jet functions and introduce a new EEC observable
using the lab-frame angles in the DIS process. Furthermore, we extend our formalism to
explore the two-point energy correlation between hadrons with different quantum numbers S;
in the back-to-back limit (&, (711)Es, (N2)). We find that in the Operator Product Expansion
(OPE) region the nonperturbative information is entirely encapsulated by a single number.
Using our formalism, we present several phenomenological studies that showcase how energy
correlators can be used to probe transverse momentum dependent structures.
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1 Introduction

The energy-energy correlator (EEC) [1, 2] is one of the earliest infrared and collinear (IRC)
safe observables [3, 4]. It measures the energy correlations as a function of the angle § between
two detectors. This allows EEC to be represented in terms of the correlation function of
energy flow operators [5—12] defined as

r—00

E(n) :/ dt lim r2n'Ty;(t, rit) (1.1)
0

making them a subject of extensive study in conformally invariant A" = 4 super-Yang-Mills
(SYM) theory [9-11, 13, 14]. The EEC as event shape observables has been extensively
measured in ete” collisions [15-28] and most recently has been a target of study in electron-
hadron scatterings for the future Electron-Ion Collider (EIC) [29, 30]. In hadron-hadron
collisions, a generalization of the EEC called transverse EEC (TEEC) has been measured and
studied at the Large Hadron Collider (LHC) kinematics [31-35]. The study of EEC has played
a crucial role in advancing our understanding of fundamental particles and their interactions.
For example, these measurements of EEC provide one of the sharpest determination of the
strong coupling constant for both hadron and lepton collider environments [35-39].

Over the last several decades, with particularly reinvigorated efforts in recent years, there
have been significant advances in the theoretical studies of the EEC. There have been rigorous
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Figure 1. Illustration of EEC for ete™ annihilation. Here  is the angular separation between the
two detectors pointing along 71 and fis and ¢ is the azimuthal angle between the plane formed by
these detectors (referred to as “detector plane”, shown as yellow) and the plane generated by the
direction 7 and the beam (referred to as “lepton plane”, shown as gray).

computations at fixed orders for arbitrary 6 angles [10, 11, 40-49], where the state-of-the-art
computations provide an analytical expressions up to NLO [50, 51] and numerical results at
NNLO accuracy [52] in QCD, and analytical evaluations at both NLO [13] and NNLO [53]
for N' = 4 SYM. There has also been many important works to better understand the
nonperturbative structure of the EEC [7, 54-56]. Furthermore, the factorization structure
of the singular regions of the EEC in the back-to-back (0 — 7) [37, 49, 57-63] and collinear
limits (0 — 0) [64-67] have been better understood in recent years using the soft collinear
effective field theory (SCET) [68-70], allowing them to be studied to unprecedented accuracy
in both regions.! In particular, connection to the Transverse-Momentum Dependent (TMD)
observables [79] in the back-to-back limit has been observed and studied in the context of
unpolarized processes in both ete™ and appropriately modified definition of the EEC for
the ep collisions. With the state-of-the-art computation of the 4-loop rapidity anomalous
dimension [61, 80], the EEC in the back-to-back limit has been calculated at very impressive
N“LL accuracy [61]. Within the N' = 4 SYM, even the subleading power resummation in
the back-to-back limit has been carried out [81] using techniques from conformal bootstrap.
Many developments of EEC like this in the context of ' =4 SYM give hope of importing
valuable techniques from the CFTs to improve and better our understanding for QCD as well.

While significant progress has been made for the EEC, almost all the existing work
concentrate on studying the EEC as a function of the angle § only.? However, as shown
already in the original paper where the EEC was first introduced [1, 2], when considering the
incoming beam direction in eTe™ collisions, there would be two additional independent angles
one has to introduce in order to fully describe the EEC. As shown in figure 1, in addition to

'The collinear limit has been computed at NNLL accuracy. For rich interplay and wide-ranging applications
of EEC in the collinear limit with the jet substructure program, see [71-78].

2Refer to [82-84] for several important recent examples that are exceptions, notably considering the
azimuthal angle dependence in the collinear limit of the EEC, as well as for the nucleon EEC.



the usual angle 6 between the two detectors, one also has an azimuthal angle difference ¢
between the plane formed by the detectors (referred to as “detector plane”, shown as yellow)
and the plane generated by 72 and the beam (referred to as “lepton plane”, shown as gray).
The very first proposal of energy correlators in [1] included an LO calculation of the EEC as
a function of the angle 6 and the azimuthal angle ¢. However, at the end of the paper, the
authors decided to integrate over the azimuthal angle ¢, indicating that the importance of
this azimuthal dependence in the EEC was not realized back then. Since then, higher-order
computations of energy correlators have consistently integrated such azimuthal dependence.

In recent years, spin asymmetries have been widely studied in the hadron physics
community. Because these asymmetries provide nontrivial quantum correlations and imaging
for the hadron structure, their studies have been one of the most important scientific thrusts
for the future EIC [85-87]. Motivated by the fact that many spin asymmetries arise from
the azimuthal correlations, we study the azimuthal dependent EEC. We will develop the
theoretical formalism to demonstrate the full potential of such azimuthal dependent EEC
observables, in particular in terms of exploring the nucleon structure.

In this paper we concentrate on the EEC in the back-to-back region where the angle
between the detectors approaches 8 — 7 and study its azimuthal angle dependence. For
convenience, we also often use the variable 7 defined as?®

1+ cost
’]’:7

et (1.2)

and thus the back-to-back region corresponds to 7 — 0. Then the azimuthal dependent
EEC in the eTe™ collisions is defined as

BEC,-(r.0)= 225 = 0 [domimd (= 55202 56— 60). (1)
1,2

drdg 2 2

where the weighted sum over pairs of hadrons produced in the final state give correlation
between the energy flown into the detectors in the form of hadrons detected. We also use
212 = 2E12/Q to denote the energy fractions of the final-state hadrons 1,2 flown into the
detectors 1,2, where Q = /s is the center-of-mass (CM) energy of the e*e™ collisions. This
definition of the EEC can also be recasted using the operator definition of the energy flow
given in eq. (1.1) as

| dS..,  (O€(@)EGiz) OF)
Otor drdp (00) ’

(1.4)

where O is a source operator that creates the excitation that is detected in the form of energy
carried by the hadrons in the asymptotic detector.

Below, we will demonstrate the similarity between the azimuthal dependent EEC and the
usual TMD factorization formalism. In particular, we show in the back-to-back region that a
new term o< cos(2¢) will arise for EEC,+ .- (7, ¢), which is related to the Collins fragmentation
function [88], one of the most extensively discussed polarized transverse momentum dependent
functions (TMDs), describing the fragmentation of a transversely polarized quark into an

3Note that z variable defined as z = 1 — 7 is also often used in the literature [59, 60].



unpolarized hadron. This fragmentation process correlates the transverse momentum of the
outgoing hadron with the transverse polarization of the quark, giving rise to non-trivial
azimuthal angular asymmetries. For the eTe™ annihilation, two transversely polarized quarks
can be produced from the unpolarized e*e™ without violating spin conservation. The Collins
asymmetries then manifest itself with the azimuthal asymmetry cos(2¢) in the azimuthal
dependent EEC observable.

In addition, we introduce a similar version of azimuthal dependent EEC in deep inelastic
ep scattering (DIS), extending the unpolarized case considered in [29] using the Breit frame.
We show that the azimuthal dependence in the EEC would allow us to probe the transverse
momentum dependent parton distribution functions (TMD PDFs). In particular, in the
context of ep collisions employing polarized electron and/or proton beams, the EEC in DIS
in the back-to-back region exhibits a remarkable correlation between the EEC jet functions
defined below and the polarized and unpolarized TMD PDFs, highlighting the immense
potential of azimuthal dependent EEC as a novel tool for probing TMD PDFs and advancing
our knowledge of the internal structure of nucleons. Furthermore, building on the insights
presented in [89], we introduce a new EEC observable in DIS defined using the lab-frame
angle ¢.. By solely relying on angles defined within the Lab frame, this observable offers an
order-of-magnitude improvement in the anticipated experimental resolution at the EIC.

The rest of the paper is structured as follows. Section 2 presents a comprehensive analysis
of the factorization framework governing azimuthal dependent energy-energy correlators in
ete™ and ep collisions. We introduce the Collins-type EEC jet function, which has a close
relation to the Collins fragmentation function. In section 3, we study the properties of the
unpolarized and Collins-type EEC jet functions. Section 4 presents our phenomenological
study to demonstrate the potential of azimuthal dependent EEC observables for probing
nucleon structures. Finally, we conclude our work in section 5.

2 Factorization formalism for azimuthal dependent EEC

In this section, we study the azimuthal dependent EEC observables for both e™e™ annihilation
and DIS processes. We show that in the back-to-back region, they can be related to the TMD
factorization framework. We demonstrate that in the factorization formalism, beside the
usual unpolarized EEC jet function which is related to the unpolarized TMD fragmentation
functions, the Collins-type EEC jet function arises that is closely connected with the Collins
fragmentation functions. We write down all the azimuthal angle dependent correlations for the
EEC(7, ¢) observables for both ete™ and DIS processes. In our study of the EEC in DIS, we
extend the version adapted from the Breit frame as cited in [29]. Drawing inspiration from [89)],
we also introduce a new EEC utilizing lab-frame angles. Furthermore, we demonstrate the
applicability of EEC in DIS in probing both polarized and unpolarized nucleon structures.

2.1 Azimuthal dependent EEC for eTe~ annihilation

We will first discuss the azimuthal dependent EEC for the ee™ annihilation. Let us start
with specifying the details of the coordinate frame in which the observables will be measured,
shown already in figure 1. As often done in the TMD factorization for e*e™, we adopt the



so-called Gottfried-Jackson (GJ) frame [90, 91] by aligning the detector 2 along the fig = 1.
Therefore, the angle 6 between the two detectors is the polar angle of the detector 1 in the GJ
frame. With this setup, we can easily measure the azimuthal angle of the detector plane with
respect to the lepton plane, as mentioned already in the Introduction and shown clearly in
figure 1. This coordinate frame is slightly different from what was introduced in the original
EEC paper [1] where the +z axis is defined to be along the incoming lepton e~ beam, while
the azimuthal angle ¢ is kept the same. In general, one can also parameterize the difference
between the two frame choices by keeping track of the angle between the e~ beam and the
detector 2. However, as we integrate over this angle and only measure 6 and ¢, the two
coordinate frame choice give the same results. This demonstrates that our choice of using
GJ frame was not unique, though it is useful to visualize the measurements.

In the back-to-back limit of the two detectors where the angle approaches § — 7 (or
7 — 0), we find up to power corrections,

2
r= PhlL
= — ,
23Q?

for a given pair of hadrons in the two detectors. Here, P, | is the transverse momentum

(2.1)

of the hadron h; in the GJ frame, namely with respect to fi2 in the pair production. The
azimuthal angle associated with P}, | is simply ¢ in the GJ frame, as shown in figure 1.
The energy fractions z;—12 are given by

2Ppi-q  2E;
Z: = = , (2.2
' Q? Q )
where ¢ = (.« + £, with Q? = ¢%. For convenience, we also introduce q7 = — P}, /21.

With the relation between 7 and gr at hand in the back-to-back region, the azimuthal
dependent EEC for eTe™ defined in eq. (1.3) can then be related to the gp-differential
cross section as
dY gt o

drdg

do q>
2 Z/d qr dadz 2122 s dz1dzod?qr g (T Q2> 09 = d1a), (2:3)

EEC +.-(1,0) =

where the standard TMD factorization for the back-to-back di-hadron process in eTe™ is
given by [91, 92]

do

1 ] P

Z2

u " R 1
[D§ ;zl/q(zlvphymC/V2)D§,;22/7(Z2,p§b#,C/VQ)+COS(2¢12) <QT,aQT,5— 29J.,a,8>

p 1 1(w) P 1 (w) 2 2
zl}\l Hi (i ¢ /v?) ﬁzHl,hQ/q(Zz,ng,mC/V )}- (2.4)

Here we have integrated over the angle between the hadron hs and the incoming beam
direction from the conventional TMD factorization expression. It is natural to concentrate



on the dependence on the angle § and ¢ only from the EEC perspective as it is an inclusive
measurement over all the hadron pairs as a function of angular separation of detectors in which
they are found. The born cross-section is given by oq = 47 N.a2,,/3Q%. On the other hand,
ng’g/q(z,pi,u, ¢/v?) and Hié%(z,pi,,u,(/lﬂ) are the unsubtracted (u) unpolarized and
Collins transverse momentum dependent fragmentation functions (TMD FFs) [79], with p, the
hadron transverse momentum with respect to the fragmenting parton. As we have mentioned
already, Collins fragmentation function describes the process where a transversely polarized
quark fragments into an unpolarized hadron with the quark transverse spin correlated with
the hadron transverse momentum. Here y and v are the usual renormalization and rapidity
renormalization scales, and ( is the Collins-Soper scale, for details see ref. [79]. We also have
H(Q, p), the hard function, which at the next-to-leading order is (see e.g. [93])

3an—2—12Q—278+7i : (2.5)

(QM)—lJr*CF 2 5

Finally, S(A?, u,v) is the soft function with A; describing the soft recoil of the fragment-
ing partons from being exactly back-to-back. The TMD factorization formalism can be
transformed into the coordinate b-space as

. H ib-qr g(p2
ledZQdQQT =00 Q /"L Z@ / ) € S( ,,u,y)

u o A 1
{Di,z 1g(21,b,1,¢/v*) D 7}32/(1(2275,MaC/V2)+COS(2¢12) (QT,QQT,5—29L,QB>

x H; f(ff}?(zl,b,u,C/V )H; ;(Jj)/q (22,b,u,C/V2)} ; (2.6)
where the TMD FFs in the b-space are defined as
f)ﬁ‘z/q(z,b,u, C/v?) = /dQPLefib-PJ_/zDg }3/ (202, 1, /12, (2.7)
D0 b, () = [pre B g /o), (2.8)
= (—?) FIIL’}(Z;;(,Z, b, i, C) (2.9)

and likewise for the soft function S(b% u,v) in the b-space, which has been computed to
the three-loop order in [94]. To simplify the notation, here we introduce the “subtracted”
TMD FFs as,

F(z,b,11,¢) = F®(z,b, 1, ¢ /vy /S (02, 1, v) (2.10)
where F' can be unpolarized or the Collins TMD FFs. As a result, eq. (2.6) is further written as

o
le dz2d2qT

et {Dl,hl/q('zla b, u, C)Dl,hz/q(ZQ’ b, 1, C)

1 -
gL,a,B) Hl% /(217 y Ky C) 1h/q(22ab7/«‘>€.) .

+ COS(2§Z512) <qT,aqT,ﬁ - 9
(2.11)



To proceed, we will also have a “subtracted” TMD Collins FF Hth /q(z, b, i, ¢) following
eq. (2.9),

7l o _ 1b” e

Hij g2, Q) = ( == ) Hijyyg2:0,00,0) (2.12)

Next, we carry out the Lorentz contractions on a and 8 and then perform the energy-fraction-
weighted integrals in eq. (2.3) to obtain the azimuthal-dependent EEC in the back-to-back
limit and arrive at
A+~

drde

aoHQuZe/bdb[ (b7 Q) Ty b, 1) Jgby 1)

EEC6+ e~ (Ta (Z))

+eos(26) = J2<bf Q) T3 (b, Q)T (b)) (213)

This is one of the key results of our paper, which shows that a new term o cos(2¢) arises
in the azimuthal dependent EEC observable for eTe™ annihiliation. Here it is important
to emphasize that beside Jy (b, i, ¢), the so-called unpolarized EEC jet function introduced
previously in [59], we have defined a new EEC jet function JqL (b, 11, ¢). The unpolarized EEC
jet function has a close relation to the unpolarized TMD FFs, while JqL(b, i, C) is closely
connected with the Collins fragmentation functions:

T, (b, ,0) = / dz Dy pjq(2b, 1), (2.14)
(b 11, €) EZ / dz 2 Aty (25, 1) (2.15)
h 0

Because of this close connection, we name the new EEC jet function J;-(b, i, ¢) as the
“Collins-type” EEC jet function. Note that the left-hand side in egs. (2.14) and (2.15) no
longer carries hadron label as we sum over the final state hadrons as appropriate from the
inclusive nature of the EEC. We will defer the discussion on the properties of these jet
functions, especially the Collins-type EEC jet function in section 3. We will now study the
azimuthal dependent EEC in ep collisions.

2.2 Azimuthal dependent EEC in DIS

A modified version of EEC in the deep inelastic ep scattering was first introduced in [29] in
the Breit frame. It measures the energy correlation as a function of the angle 6 (we also often
use 7 defined similarly as eq. (1.2) for convenience) between a detector and the incoming
proton p beam, as shown in the left panel of figure 2.* As in [29], we begin by generalizing
the DIS version of EEC in the Breit frame, which we define using the Trento conventions. In
this frame, the exchanged virtual photon has no temporal component and points along the
+z direction and the proton beam moves along the —z axis. We can then form two planes:

4Technically, since we detect energy flowing into only a single detector, calling it an ‘energy-energy’

correlator is somewhat of a misnomer.
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Figure 2. Left: illustration of EEC for DIS in the Breit frame using the Trento conventions. Here
the exchanged virtual photon is along the 4z direction and the incoming proton moves along the —z
axis, together with the incoming lepton, they form the lepton plane (shown as gray in the figure).
The detector direction 7 and the initial proton forms the detector plane (shown as yellow), which
has an azimuthal angle ¢ with respect to the lepton plane. The angle between the detector and the
proton p is given by 6. Right: EEC for DIS in the EIC lab frame. Here the incoming proton is along
the +2'2P direction and the incoming electron is along the —z'*" direction.

the detector plane that is generated by the detector direction and the initial proton p and the
lepton plane that is formed by the incoming (outgoing) leptons and the initial proton. We
denote the azimuthal angle difference between these two planes as ¢. We will be particularly
interested in studying the consequence of such an azimuthal dependent EEC for DIS process,
especially when both the incoming lepton and proton beams can be polarized.

Let us start with the kinematics. Since the EEC will be closely related to the TMD
factorization for producing a final-state hadron, e(¢) + p(P) — e(¢') + h(Py) + X, we define
the usual semi-inclusive DIS kinematic variabbles,

@ A P-B,

prng = == 2.1
2P -q’ y xBS’ “h P.q’ (2.16)

B

where ¢ = ¢/ — ¢ is the momentum of the exchanged virtual photon with Q? = —¢* and
S = (£ + P)? is the electron-proton center-of-mass energy. Denoting the corresponding
opening and azimuthal angles of a given final-state hadron measured in the detector as 0y,
and ¢y, we generalize the EEC definition in [29] to include the azimuthal angle dependence as

dXpis
EE = 2.1
do 1+ cosby,
= dby, doy, d 1) — W) §(h—
Zh:/ hp dPn dzp, 2, d pdydendBpdon < 5 ) (¢ — o),

where we have suppressed zp and y dependence in the azimuthal dependent EEC definition,
EECD[S (7’, qb)
Similar to the discussion above for ete™ collisions, in the back-to-back limit of the
incoming proton and the detector, i.e. §# — 7 (or 7 — 0), we find
_ Pir
= 207

(2.18)



for a given outgoing hadron inside the detector up to power corrections. Here Pjp is the
transverse momentum of the final hadron h, measured using the Trento convention [95] with
azimuthal angle ¢,. For convenience, we introduce the shorthand notation gr = — Py /2y,
which corresponds to the virtual photon’s transverse momentum in the center-of-mass frame
where the initial proton and final hadron align along the z-axis. In the Breit frame used in our
analysis, the transverse momentum gr serves as a useful auxiliary variable. Additionally, this
momentum scale facilitates the distinction between perturbative and non-perturbative regions:

o In the region where Agcp < ¢r S @, known as the fixed-order region, perturbative
approaches, including fixed-order and collinear calculations, are appropriate.

o For Aqcp < qr < Q, termed the resummation region, resummation is crucial for
summing large logarithms and avoiding divergences.

o In the range Aqep S gr < @, identified as the non-perturbative region, it is vital to
account for non-perturbative Sudakov effects, and the influence of non-perturbative
power corrections becomes more pronounced.

With the relation between 7 and hadron’s transverse momentum, we can then relate
the azimuthal dependent EEC in eq. (2.17) in the back-to-back limit to the gp-differential
cross section as

dx
EECpis(T, ¢) = m
_Z/d2 dzzd—aéT ai (¢ — &n) (2.19)
T4 = G pdydzndqr Q2 h |

where ¢y, is the azimuthal angle of Pyp. The standard TMD factorization in the Breit frame
tells us that the transverse momentum can be sourced from different contributions as [96, 97]

qT:_%—kL—M, (2:20)
where p is the hadron transverse momentum with respect to the fragmenting parton (quark
or anti-quark, in this case), k, is the transverse momentum of the parton inside the incoming
proton, and A is the soft-radiation describing the recoil and is measured with respect to
the photon-beam axis.

Then in the back-to-back limit, using this known TMD factorization in the Breit frame
(e.g. see [98-102]), the azimuthal angle dependent EEC for DIS defined in the eq. (2.17)

can be presented in the back-to-back limit as

dY¥piIs db b
EECprs(7, ¢) = m /d ard (T— ) 5(¢ — ¢h)/ {fUU
2 0s h 2(1 — sin h
+ cos(26n) T — o +( q _y)) o) 15 sm(2¢h)7( a _y;)QfUL(% )
1 [sinen - 0 FHOT 4 sin(o + 0.2 O
2(1 — in (3¢5 —bs
+ Sin(3¢h - ¢S) Jr((l y;)g ‘FISJT(3¢ ¢ ):|
2 05 h—®Ps
+ Ae [S”lj/_((l)]:LL + [S1| cos(opn — ¢s)F, (=0 )] } ; (2.21)

-9 -



where the indices A and B of the structure functions F4p represent the polarization of the
incoming electron and incoming proton, respectively. The born cross-section is given by

2ma2, 1+ (1 —y)?
Q? y

Also, S| and |S | respectively denote the helicity and transverse spin of the incoming proton,

oy —

(2.22)

whereas \. denotes the helicity of the incoming electron. The angle ¢ is the azimuthal
angle of the transverse spin of the beam. The exact expression of each structure functions
in terms of different nuclear TMDs and the EEC jet functions defined above in egs. (2.14)
and (2.15) are given in appendix A. Unlike the EEC in eTe™ annihilation, the DIS version
of the EEC has only one EEC jet function per term as it measures correlation between
one outgoing hadron and the beam.

2.3 Azimuthal dependent EEC in DIS using the lab-frame angles

As demonstrated in [89], a new angular observable ¢, defined in the Lab frame was proposed
for precisely extracting the transverse momentum distribution of hadrons in DIS experiments,
by taking advantage of the near-perfect resolution on the angles of charged particle tracks
as opposed to momentum. Although energy correlators are inherently angular observables,
boosting to the Breit frame in section 2.2 requires precise determination of the virtual photon
momentum, which compromises precision. To this end, we study how energy correlator in DIS
can be formulated using the angle defined in the lab frame using the proposed ¢, observable.

More specifically, as discussed in [89], a high-precision reconstruction of polar and

EIC

azimuthal angles in the EIC lab frame was developed to exploit the acoplanarity angle ¢aco,

as a precision probe of hadron transverse momentum Pj,7 measured in Trento convention
discussed above. In the EIC lab frame as given in right panel of figure 2, the acoplanarity
angle ngCIOCp are defined as P}E}C / P}IE,BIC, where PhEmIC and P,]LE;C is the = and y component of

the produced hadron momentum in the EIC frame. At the leading power kinematics, with
P2, = Pyr, one can relate this angle with quantities in the Breit frame as

tangf15, = ~ IO 4 0 (B /() = — [T smen + OG22

where Q? = —¢?> = —(I — I')?, and y and 2, have been defined in eq. (2.16). To probe Pyt
more straightforwardly with quantities that can be directly measured in the EIC frame, an
optimized observable ¢, is constructed and given by

enh C
qx = 2P]glcm tan ¢E§Op . (224)

Here PEO)ICa np and 7, are energy and pseudorapidities measured in the EIC frame. At

EIC
acop

in eq. (2.23) and obtain the approximation ¢, &~ —P,rsin¢, to simplify the analytical

the leading-power limit P, < z,@Q, one can apply the relation between ¢ and Py

calculation. An illustration of ¢ in the z-y plane of figure 2 is shown in figure 3. Although

¢p, here, the azimuthal angle of Py, is measured in the Trento frame, the observable g, itself
is purely a measurable observable in the lab frame and designed to be maximally resilient
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Figure 3. Illustration of ¢ in the x — y plane of the left panel in figure 2.

against resolution effects while delivering the same sensitivity to TMD dynamics as P < Q.
Moreover, this resolves the issue of accurately reconstructing small transverse momentum
P, in 3d measurements of confinement and hadronization.

Now we will construct a new EEC observable called EECiyg as a function of ¢,

dYp1s do

EEChHs(g«) = depdyda. zh:/dzhzhmmd(q* —qM. (2.25)
Using the factorization theorem presented for dmyfli‘;hdqf given in [89], the EECT)q(gx) is
given as
dxddiyIcSlq* - / db{ cos (ban) {C[f VIt 1—2r((11_—(yy))20l 428, 11((21_—?)26@1LJ]
185 (bg.) cosn[—CLFEY 14 12 =D
142_((11__yy))2 ECL [’NﬁT(Q)JL] +Ae| S |sin (bgy) sin ¢sc[§§lT) J]} ’ (2.26)

where the f (M) ig m-moment TMD PDFs in the Fourier b-space “subtracted” with squared root
of the soft function \/S(b?, u, ), similar to the “subtracted” TMD FFs defined in eq. (2.10).
J and J+ are the “subtracted” unpolarized and Collins-type EEC jet function, respectively,
given in eq. (2.14) and (2.15). For convenience, we define the notations CH[f(™) J()] as

CLF™T) =" eg H(Q, 1) Ty (b, s, OV M™ f{™ (, b, 11, ) (2.27)
q
- pm+l -
CHMTH =32 G H(Q, 1) Ty (b, 1 == M™ (= M) f™ (2,6, 1,0) . (2:28)
q

Using the new EEC observable defined in eq. (2.26), one can get access to probing 7 leading-
twist TMD PDFs with ¢, measured, which is constructed as a high-precision probe in the
EIC lab frame. Note that the reason ﬁfL(l) is not present in eq. (2.26) is that its coefficient
sin(2¢y,) has an odd symmetry thus the contribution vanishes after integrating over ¢p,.

3 Properties of Collins-type EEC jet functions

In this section, we derive the intricate behavior of the EEC jet functions using the operator
product expansion (OPE) as done for the unpolarized case in [59], and extend their analysis

— 11 —



to the Collins-type EEC jet function defined in eq. (2.15). We find that the Collins-type EEC
jet function becomes null in the OPE region upon neglecting the off-diagonal matching terms,
which is a suppressed relative to the diagonal terms. Finally, we conclude by discussing the
application of considering less inclusive EEC jet function by restricting to a subset of hadrons.

3.1 Operator product expansion region

In order to elucidate the OPE of the EEC jet functions, we start with the concept of
“subtracted” TMD FFs as defined in eq. (2.10), which absorbs the square-root of the soft-
function. This serves as a vital starting point for our analysis, enabling us to uncover
the intricate interplay between the OPE and the azimuthal angle dependence of the EEC
jet functions.

The OPE of the subtracted unpolarized and Collins TMD FFs then gives [79, 102-106]

Dy pyg(z,b,1,¢) = {C]X—q ® D h/j} (2,b,1,C) + O(b*Adycp) (3.1)
ﬁﬁh/q(%b, Q) = [50](33%“15 ® H, l(z/) +AjH;r(gi’I:IF,h/g} (2,b,1,C) + O(*Adcp) . (3:2)

where the usual convolution ® is given by

Ldx
[Cj<—q ® Fh/j} (2,0, 1, ) Z/ - Cita ( b, i, C) Fyyj(z, 1) (3.3)
and the convolution & is a double convolution

[Aj<_q®f{F h/]} (Zy b, , C)

Ydx [dz 2 -
—/ / - P ( — 1) Ajq <x721,b,/h§> Hppyj(x, 21, 1) (3.4)

21
where Ay 4 (2, 21, 11, ¢) starts at the order O(c,) and will be ignored in our analysis relative
to the 5C]C£Iéms term. Also, PV represents pArinciple value and eq. (3.4) comes from the
two-variable twist-3 fragmentation function Hp},/4(21, 22, 1) that appears in the collinear
factorization region in b < 1/Aqcp [104]. Such two-variable dependence arise from different
longitudinal momentum flow on the amplitude and conjugate amplitude side.

Here, D 5/;(2, 1) in eq. (3.1) describes the unpolarized collinear fragmentation functions.

On the other hand, H 1J‘ }(13;)](2, @) is a twist-3 fragmentation function, which can be related to
the first k| -moment of the Collins TMD FF through an equation of motion relation [102, 104].
Matching of the unpolarized TMD FF and the Collins TMD FF given in egs. (3.1) and (3.2)
can be derived through the usual OPE in the small-b region, 1/b > Aqcp. To one-loop, these
matching coefficients of egs. (3.1) and (3.2) are given by (see e.g. [102, 105-107])

Qg L% Ly (3 w2 72
Cq/eq (Z,b,,U,C):(Sqq/{(S(l—Z)—'—7T|:OF6(1—Z) (—4—|— 9 ( +1 C2 _ﬂ

C L
+;(l—z)—i-(lnz—;)Pw—q()]}—i-(’)( 5, (3.5

2
505&“;“(2,b,u,<>=5qqf{6(1z>+ﬂCF6<1z) (ZMI;” <3+1 “);)

+<lnz—L>ch<_q( )H+c9(a§), (3.6)
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where L, = In(p?/ui) with up = 2e772 /b. The splitting functions Py 4(z) and 15;<_q(z)
is given as

Z2
Prea2) = Cr | 5+ 5301 - z>] 7 (37)
e () = Cp [(132)+ + gaa _ z)] . (3.8)

The matching coefficients 50;;‘;“}1“3 from (anti-)quark to gluon or different flavored (anti-
)quark are zero at 1-loop for the Collins TMD FFs. And other matching coefficients for the
unpolarized TMD FFs have been provided in [102].

The collinear functions in the matching obey the sum rules [108-110)]
1
Z/O dZZDl,h/j (Z,/L):l, (39>
h

1
rl
g /OdZHl,}(L?})q(Z’/“‘)ZO' (3.10)
h

The first sum rule is just the longitudinal momentum conservation, i.e. sum over longitudinal
momentum fraction carried by the hadron h is 1. The second sum rule for the twist-3
fragmentation function is called Schéfer-Teryaev (ST) sum rule, which is related to the
transverse momentum conservation of the Collins TMD FF [108]. A general proof of the
ST sum rule in QCD was given in [109]. It was intuitively understood as the fact that
the transverse momentum carried by the final hadron must sum to 0 as the fragmenting
parton has a 0 transverse momentum.

With the “subtracted” EEC jet function defined in egs. (2.14) and (2.15), we provide
the parameterization of our TMD FFs using the b, prescription [96, 102, 111, 112], which
ensures [, > Aqcp to include the TMD evolution in the large b region and gives

R(bvﬂb*)
~ ~ D
DLh/q(Z,b,,U,,Cf) = Dl,h/q(zvbnu’b*?Ci)eispert('u”ub*)7SNF1)(b7QO7§f) (V E—f> ) (311>

N(bvﬂb )
- ~ HL *
Hf:h/q(z,b7 M?Cf) = Hf:h/q(z,thLb*,Ci)e_spert(ﬂvub*)_SNl}’ (b,QO,Cf) (\/27> 5 (312)

where & (b, 15, ) is the Collins-Soper (CS) kernel [113], denoting the universal rapidity evolu-
tion [114] for TMDs, and can be perturbatively calculated at small b region [107]. Spert (2, 45, )
is the perturbative Sudakov factor that resums all the global logarithms and evolves TMD
FFs from their characteristic scales up, to scale p. When b is large, the CS kernel is non-
perturbative and can be computed in lattice QCD [115-118] or extracted from experimental
data [97, 119-122]. The non-perturbative Sudakov factors Sﬁﬁ, and Sgllj in general depend
on the hadron species and we will explore it in the section below.

In [59], interesting observation was made about simplification of unpolarized EEC jet
function when the non-perturbative Sudakov effects are ignored, i.e. % > Aqcp. That is,
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using the sum rule in eq. (3.9), we arrive at
(b€ Z/ 2dz Dy gy, b. . )

= Z/ zdz/ Ciq <x7b, Mm() Dy i (z, p,) e~ Spert (Httn.)

1
:/0 7d7 Cjeg(T, b, i1, ) [Z/O dzx Dy 5 (w, py,) | € Srerclioie.)
h

1
:/ Td1 Cjeq(T, b,ub*,g)e_spe"°(“”“‘b*), (3.13)
0

and thus reproduce the result from [59] that unpolarized EEC jet function is purely pertur-
bative object in the OPE region, given by the matching coefficients C}., alone.

On the other hand, the Collins-type EEC jet function can be simplified analogously
using the ST sum rule described in eq. (3.10), with the contribution from twist-3 function
H Fhy/; in eq. (3.2) neglected. By making this simplification, we can achieve the same level of
accuracy as in the previous scenario. In the OPE region, the Collins-type EEC jet functions
can be further simplified as follows:

(bﬂ< /dZZth/q(Zb,UC)
= Z/ dZ/ chﬁl}zlns <:L‘, bv Hb, <> Hl ]E/)q (‘7;7 Mb*) e_speft(ﬂﬂﬂb*)

1 A
_ / dr6CSP (2 b, C) [Z /0 da H37) (, m)*)] ¢~ Svert (it pin,)
h
- (3.14)

which demonstrates that the Collins-like EEC jet function JqL becomes 0 in the OPE region.
Both of these results only hold true when non-perturative effects can be ignored.

3.2 Collins-type EEC with subsets of hadrons

In this section, we explore a less inclusive version of EEC in the back-to-back limit that is only
sensitive to the energy flow of subset of hadrons (&s, (71)E&s,(N2)).> Here, we denote some
subset of hadron sharing some quantum number as S. By considering the 7, ¢-differential
and z-weighed cross section, while summing over this subset of hadrons S, we arrive at the
modified jet functions from egs. (2.14) and (2.15),

Toss(boii,C) = Z/ dz 2 Dy (b, 11, C) (3.15)
hes

Jq/g(b w,C) = / dz 2 Hj h/q(z b, 1, ¢) - (3.16)
hesS

5See [71, 78, 123-125] for similar consideration in the context of EEC in the collinear limit, where the track
function formalism was used to study energy correlation between hadrons with specific quantum number.
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In the OPE region, these subset jet functions can then be matched to the collinear

functions as

Jass(bs 1, C) = ZFﬁS/ dr 7 Clq(7,b, iy, (e Fpertlpbna) (3.17)
J;‘/S(b,,u, C) HS/ dr 50;]:1;“ T b, Hb, C)efspcrt(ﬂrﬂb*) . (318)

Physically, F;_,s is the average fraction of longitudinal momentum of parton j carried by
the subset S of hadrons [29], which is thus between 0 and 1. On the other hand, Fjl_>S is
related to the average transverse momentum carried by the subset S of the hadrons, which is
thus able to take any real value. These two functions are defined in terms of the moments
of NP collinear objects as

Fjos = / 422 Dy (. 0m.) - (3.19)
heS

J%S— Z/ dzth/] Z, W, ) - (3.20)
heS

It is worth noting that since 5Ccomns is only non-zero when j = ¢, the only relevant term
is F:t s+ Additionally, as demonstrated in egs. (3.9) and (3.10), when S = all hadrons, one
will obtain F;_,s = 1 and F j%S =
Although the EEC jet functions are now sensitive to the non-perturbative information
carried by the subset of hadrons, it is worth noting that all of the non-perturbative information
are captured by a single number in the OPE region. As pointed out in [29], considering EEC
with subsets of hadrons can be interesting from the point of view of considering a set of all
charged particles S = C or a set of a single hadron type S = h. From the perspective of Collins-
type EEC jet function, we are motivated to consider the so-called favored and unfavored subset
as well [102, 110, 126]. The Vanishing value of Collins-type EEC jet function in the OPE
region can be understood as F ~>fav ~— Fjgunfav, and thus it is also interesting to consider
S={rt}, {r "}, {x°}, {=F, 7 } {mn*, 77,7} for Collins-type EEC in phenomenology.

4 Phenomenology

The present study focuses on the Collins azimuthal asymmetry in eTe™ annihilation with
subsets of hadrons, namely S = {7, 7=}, {z 1}, and {7}, as the hadron component of the
EEC jet using EIC kinematics. Furthermore, we provide predictions for both the Collins and
Sivers asymmetry in the Breit frame for the DIS process. It is worth noting that the EEC
jet function is also a powerful tool for probing the internal structure of nucleons in the lab
frame, as evidenced by our example of an azimuthal asymmetry related to the worm-gear
TMD PDFs and EEC jet functions.

4.1 The EEC Collins asymmetry in eTe~ annihilation

With the EEC derived for eTe™ annihilation in the back-to-back region in terms of the
EEC jet functions in eq. (2.13), we now carry out phenomenological study of the asymmetry
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associated with EEC. To achieve this, we first rewrite the eq. (2.13) as

ax - 1 2 Z ollins
EEC +.-(1,¢) = ete” _ 700262 /dq%é (T — ZT2> Zu [1 + cos(2¢) Coll }
q

drdg 2 Zun
1
= 500 ¢ Zu [1+ c08(20) A (7Q%)] (4.1)
q
where
bdb
Zuu = 7J0(bQT)Jq(b)M7 C)‘](j(bnuﬂ C) ; (42)
bdb b2
Zeoins = | 5 g Jabar) g (b, 1 ) Jg (b, 1, C) (43)

Recall that subtracted EEC jet functions were defined in egs. (2.14) and (2.15). As pions
are the primary measurements available for the Collins-type asymmetry, we now study the
ratio AE:?Q (¢%) = AE}Q?Q (7Q?) with different subsets S; x S of produced pion pairs. This
amounts to simply using EEC jet functions with a subset in egs. (3.15) and (3.16) defined in
terms of TMD FFs of the pions. As explained in the section 3.1, TMD FFs can be matched to
the collinear functions in the OPE region. We now use the parametrization of [102] to generate
AE}FZ% (7Q?). In the case of the TMD Collins FFs as formulated in eq. (3.12), our approach
is to evolve these functions to the hard scale, denoted by up ~ ). This evolution allows for

the resummation of relevant logarithms at the next-to-leading logarithmic (NLL) accuracy.

~ . A HJ_
Hf:h/q (27 b7 My g) = {5C]C£%ms ® Hlj:}(;)]} (1‘, b) Mo, ,ul%*) 67%Spcrt(u7ub*)isNé (6:Q0,) . (44)

The corresponding twist-3 collinear fragmentation functions H (3)(2, Qo) were parametrized as

(0,2 Qo) = Nz (1) Dy s (2, Qo) (4.5)
IA{'L(I,:jL)fav(z7 QO) = Ndc’zad (T)/Ble,Tr+/d(za QO) ; (46)
ﬁi?;(’% QO) = Nézad (T)/Ble,Tﬁ/sE(Z’ QO) 5 (47)

and fitting parameters NS, NS, o, a4, Bu, Ba, are provided in [102]. The collinear FFs
Dy p,/; are the NLO DSS fragmentation functions [127] and the contribution from twist-3
function Hpp,/; in eq. (3.2) has been neglected following what was done in [102]. The
coeflicient 66’5‘3_11;“5 is given in eq. (3.6). It is important to note that at a scale where p; is
comparable to Aqcp (corresponding to large b values), it becomes necessary to account for
non-perturbative contributions. To address this, we have implemented the b, prescription as
detailed in [96, 102, 111, 112]. This prescription defines b, as b/+/1 + b?/b2,., with a chosen
value of byax = 1.5 GeV~! [102]. Consequently, in the regime of small b, the behavior of b,
approximates b, whereas in the large-b region, b, asymptotically approaches by.x. Here we
also provide the parametrization of the non-perturbative Sudakov factors for unpolarized
and Collins TMD FFs,

SE0.Q0.¢) = Ztn ([ ) 1n (gf) v oy, (4.8)
1 b — ge
Sﬁxangy:%Hn(m)m<zE>+9Z29w, (49)

where g2 = 0.84, Q3 = 2.4GeV?, g; = 0.042GeV? and g. is extracted in [102].
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Figure 4. Afirﬁz for S1 xSo = {7+, 7=} x{nt, 77}, {rT} x{r~} and {7~} x {7~} as a function of
T at /s = 10.6 GeV with Collins functions fitted in [102]. The bands with lighter colors are generated
by varying the hard scale with a factor of 2 and the bands with darker colors indicate the uncertainties
given by the global fitting of the Collins function at 68% C.L.

In figure 4, we present the results for Afifz (1Q?) with different subsets of pions
S1 xSy ={n", 7=} x {nt, 77} (red curve), {7"} x {7~} (green curve) and {n~} x {7~}
(blue curve) at /s = 10.6 GeV with the model uncertainties (dark) given by the estimated
errors in the global fitting of the Collins function in [102] at 68% C.L. For the perturbative
uncertainties, we vary the hard scale pp = @ by a factor of 2 and take the envelop between
the variation curves with lighter shades. Note that we avoid varying the characteristic scale
wp, of TMD FFs since the canonical scale of fitting the non-perturbative Sudakov factor is
fixed at pp, with bpax = 1.5GeV ™! [102]. We find that at this perturbative order (NLL),
the perturbative uncertainty is on par with the non-perturbative uncertainty. However,
as we further increase the perturbative precision [29, 31, 128, 129], we should expect the
perturbative uncertainty becomes smaller than non-perturbative uncertainty. Although the
subset with Sy x So = {7", 77} x {7, 7~} is suppressed due to the sum rule, one can
have sizable asymmetries when restricting to a subset of either positively or negatively
charged pions in EEC.

4.2 The EEC Collins asymmetry in DIS
To define the asymmetry associated with EEC for DIS, we begin by rewriting eq. (2.21) as

dXpis
EEC =
o18(™29) = G dydrds
2
_ 2 ar | [dbb , 2(1-y)  rsin(¢n+os)
_Uo/d QT5 <T—Q2> /27‘(‘{fUU+Sln(¢h+¢S)1—|—(l—y)2 UT h —+-.- ,
(4.10)
where the ellipsis represents other spin-dependent structures given in eq. (2.21) and
2
_ 2 _4ar) [bdb ;
-FUU = /d qT(5 (T Q2> o J()(qu)C [flJ] s (4.11)



bdb
in(¢pn+¢s
Foinon+es) / qr(r QQ) o Tilbar) €+ [ ] | (4.12)
where the notations CP[---] has been defined in eqs. (2.27) and (2.28). Note that we
absorbed v/S to define the subtracted versions of TMD PDFs ff and B‘f as we did for the
EEC jet functions. Then we define the asymmetry as the ratio of the above structure functions

2(1 — y) f[sji;(¢h+¢s)

ADIS(TQ ) 1+ (1 _ )2 ]:UU

(4.13)

As discussed for the ete™ case, we can analogously define ASDIS for various subsets of hadrons.
We use the same parameterization of the twist-3 fragmentation functions discussed around
eq. (4.5)—(4.7). As for the TMD PDFs, we follow the b, prescription and write them as

f
Fram @b 1,0) = |Coi ® frigp| (2,6, 7, ) €725 bt ) =550 (200 (4.14)

1 h
hl,‘]/p(xv b7 , <) = [5Cq<—z & hl,i/p} (.I‘, b7 ,ub*mub*) e_ispert(mub*)_SNlp(b7Q07<) ) (415)

where the coefficients can be found in e.g. [79, 102] as

R s 2 C
qui(x,b,ub*,ﬂg*) = dgi [(5(1 —x)+ a? <_CF72T45 (1—2z)+ TF(l — :c)) + O(a3)
4.16)
0Cqi(z, b, ub*,ug*) = 0gi [5(1 — x)] + O(ag) , (4.17)

and the convolution ® has been defined in eq. (3.3). To parametrize the non-perturbative
form factors for TMD PDFs, one has [102]

Sh(0.Q0.C) = 5 (0.0, = L1 (- ) (g) T gab?, (4.18)

where go = 0.84, Q% = 2.4 GeV? and gq = 0.106 GeV2. For the quark transversity distribution
h{ (z, 1), we use the parametrization from [102]. On the other hand, we use CT10nlo [130]
for the unpolarized PDFs f; ,/, (7, 11).

In figure 5, we present the results for ADIS (1Q?) using the future EIC kinematics with
different subsets of pions S = {7, 7~} (red curve), {r*} (green curve) and {7~} (blue
curve). The darker-colored error bands represent the uncertainties associated with the global
extraction of transversity TMD PDFs h; ,/, and Collins fragmentation functions H f 7 at a
68% C.L., as detailed in [102]. Additionally, the lighter-colored error bands, which indicate
perturbative uncertainties, are generated by varying the hard scale up = @ by a factor of
2. It is noted that these perturbative uncertainty bands are slightly broader than those
representing model uncertainties. Again, as expected, we find |Ag;;’7r7}| < |A]{37g}| and
|ADIS |. The asymmetry is overall much smaller than the eTe™ case due to the cancellation
between hY and h{ as discussed in the section 3.2. And the asymmetry is measurable when
choosing a subset of 7+ or 7.
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Figure 5. Af((7Q?) for S = {n*}, {7}, and {r*, 7~} using the future EIC kinematics with

{rT, 77} {rt} {r™} . .
fittings from [102]. Here we also have |A}q | < |Aps’| and |Aps’ | and the bands with lighter
colors indicate perturbative uncertainties from scale variation while the bands with darker colors are
model uncertainties from the Collins function.

4.3 The EEC Sivers asymmetry in DIS

To define the asymmetry associated with the Sivers asymmetry, we begin by noting that
the eq. (2.21) has Sivers function dependent part

dXpis
EE -
Cons(7:9) = 7 ydrda
- db b 2(1 ) sin(¢n —ds)
002/61 qro(T Qg)/ {fUU—i—sm(% ¢s)1+( e sFur + }7
(4.19)
where the ellipsis represents other spin-dependent structures given in eq. (2.21) and
bdb =
fUU :/quT(s(T CP)/JO(qu) |:f1<]:| ) (420)
sm bdb -
(91~ / Pqri(r 7) o Tbar) € [Fi] (4.21)

Here the notation C[---] is provided in eq. (2.27). Note that we absorbed v/S to define the
subtracted versions of TMD PDFs f; and f#l)(x, b, 11, ¢) as we did for the EEC jet functions.
Then we define the asymmetry as the ratio of the above structure functions

Sivers 2\ 2(1 — y) flsjl;(¢h—¢s)
Apis S (7Q7) = . ‘
L+ (1 - y) fUU
Sivers

Now we can study ADNS™ for the final hadron subset {7, 7~} as an example. As for the
TMD PDFs, we follow the b, prescription and write them as [131]

(4.22)

FL(1) _ 1 Lde, d$2
flT,q/p('Tvb’,ua ¢)=-— ), T e Coei (x/Z1,2/T2,b, 11, C)
fJ‘
X Tpi/p (21,295 1) 6_%Spert(/i7/-‘b*)_SNlPT(beO,C) , (4.23)
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where

_ as 1
qui (zl,mg,b,,ub*,,ug*) :(5(1@' {5 (1 — 1'1) 6(1 — 372) - %72]\706 (1 - -T2/5L'1) (1 - 1'1)
Qg 2
— —Cp—0(1— 1-— . 4.24
52 Crs0 (1= 21) 8 ( :c2)} (4.24)

And the non-perturbative form factors of TMD PDFs are given by

L b L
Slj\;lg (b’ QOa Q2) = % In (b) In (520> + gngb2 y (425)

L
where go = 0.84, Q3 = 2.4 GeV? and the value of gng given by the fitting in [131], where the
Qiu-Sterman function Tp g/, (7, 2, 1) has the following parametrization form

(aq + 5q)(aq+’8q)
ag’By"
where all fitting parameters are presented in [102], f , /p are the NLO unpolarized PDF set

from HERAPDF20_NLO_ ALPHAS 118 [132], which is applied in the Sivers fitting in [131].
In figure 6, we present the results for the Sivers asymmetry ASDif’g’rS(TQQ) in terms of

EEC jet functions convoluted with TMD PDFs using the parametrization of the twist-3
Qiu-Sterman function fittings from [131], using the future EIC kinematics with all pions

xaq(l - .%')ﬁquq/p({B, M) ) (4'26>

TFq/p(xw:Ua:u) = Nq

measured in the final state. The magnitude is about a few percents and indicates that this
asymmetry is a reasonable measurement for constraining the Sivers function. Here the error
bands correspond to the perturbative uncertainty (light-red) from hard scale variation by a
factor of two around pp ~ @ and the model uncertainty (red) from the global extractions
of Sivers function in [131]. We note that the scale variation leads to a much larger error
band than the parameter errors, indicating the necessity of reducing scale uncertainties to
improve the perturbative accuracy in studying the Sivers asymmetry.

4.4 The azimuthal asymmetry in DIS using the lab-frame angles

In this subsection, we provide an azimuthal asymmetry prediction related to the worm-gear
function g7, which has been recently extracted from experimental data (see e.g. [133, 134]).
In the factorization formalism, one has the EEC defined using the lab frame angular observable
s [89] as we have introduced in section 2.3. As we have shown in eq. (2.26), the two structure
functions for unpolarized and double-spin polarized (worm-gear) incoming proton are given by

/ db cos (bg.) C[ 1] = / dbcos (bg.) 3" 2H(Q, 1) Jy(b 11, C) Fig(w, b, 1,C), (4.27)
q

[ dvsin(ba) Claii T = [ dbsin (ba.) Y e2H(Q. ) (b1, Q) 0M Y6y as ) (428)
q

For numerical results, using the b, prescription [135] as we have applied in previous sections,
we combine TMD evolution with the recent Gaussian fit [133] for the worm-gear function,

90 (@.b,18,0) = gi7,, (@, 1y, ) € 3Swert (v )=SHE 0:20.0) (4.29)
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Figure 6. A$Yes(7Q?) for S = {7F, 7~} using the future EIC kinematics with fittings from [131].
The error bands correspond to the uncertainties from scale variation as indicated in the context and
the global extractions of Sivers function in [131] for lighter and darker colors, respectively.

where Spert (1, ttp, ) is the same as in eqgs. (4.14) and (4.15). The parametrization of the
non-perturbative Sudakov factor is given by

E2)Y| o

and the fitted function g%{q has the following functional form
N,
91 (2.Q%) = el h (2,0%) (4.31)
a

with the same DGLAP evolution as fi(z, Q%) as adopted in the fitting [133]. Here <ki>’ng’

Ny, a4 and B, are provided in [133], Nq is defined in terms of the unpolarized collinear
PDFs fi(z,Q3) with Qp = 2GeV,

N, = /01 dzx®a (1 — )P f1 (2, Q3) . (4.32)

In the upper panel of figure 7, we present the unpolarized structure function in eq. (4.27)
with a blue curve as a function of g,.. The light-blue shade corresponds to the perturbative
uncertainty given by scale variation as introduced in the context. We choose the central fit
for the unpolarized TMDPDFs, with the collinear PDFs f;(x, Q?) given by CT10nlo [133]. In
the middle panel, we present the structure function depending on the worm-gear functions as
given in eq. (4.28), plotted as a green curve along with 2 error bands, which correspond to the
uncertainties from scale variation and the global extraction of the worm-gear functions [133]
for lighter and darker colors, respectively. In the lower panel of figure 7, we use eq. (4.28)
divided by eq. (4.27) and plot the ratio AYE (curves in the middle panel over upper panel)
as a function of g.. As given by the extraction in [133], the worm-gear functions of u quark
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Figure 7. The EEC related to unpolarized TMD PDFs f; (blue) and worm-gear TMD PDFs g¢;7
(green) for all pions in the final state at the EIC kinematics are shown as a function of ¢, in the
upper panel. The ratio A%VICS; is shown at the bottom. Again, in each panel, we plot the perturbative
uncertainties with light colors by varying the hard scale. In the second and third panels, we also
include the model uncertainties given by the global extractions of worm-gear function as provided
in [133] in dark-color bands.

and d quark have opposite signs and similar magnitudes, and convoluted with unpolarized
EEC jet functions, which is always positive. Thus for the production of all pions as final
hadrons, the EEC related to worm-gear function are suppressed. This observable can be an
inspiration for us to explore new directions for studying 3-dimensional nucleon structures
encoded in TMD PDFs.

5 Conclusion

In summary, we present a comprehensive study of the azimuthal angle dependence of the
energy-energy correlators (EEC) in the back-to-back region to both ete™ and deep inelastic
scattering (DIS) processes with unpolarized hadron production. Notably, we introduce the
Collin-type EEC jet function for the first time in this context. Using the unpolarized and
the Collins-type EEC jet function, we demonstrate that all of the leading-twist Transverse-
Momentum-Dependent Parton Distribution Functions (TMD PDFs) can be extracted from the
DIS process. This finding points towards a new approach for gaining a deeper understanding
of the complex structure of nucleons. Furthermore, we introduce a new EEC observable
defined only using the lab-frame angle first introduced in [89], which offers much better
experimental resolution.
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To illustrate phenomenological applications, we provide predictions for the Collins
asymmetry in ete” annihilation and DIS, within the contexts of Belle and Electron-Ion
Collider (EIC) kinematics, respectively. Furthermore, we present predictions for the Sivers
asymmetry using the Breit frame version of the EEC, as well as the worm-gear asymmetry
using the new EEC observable based on lab-frame angles, both with future EIC kinematics.
These examples underscore the potential of azimuthal angle dependent EEC as a unique
tool for a deeper understanding of nucleon structures.
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A DIS structure functions with hadrons and EEC jets

In this appendix, we provide the relevant azimuthal-angle-dependent gr factorization in the
Breit frame and ¢, factorization in the lab frame for the DIS process as well as the structure
functions factorized with EEC jet functions.

A.1 Breit frame adaptations

As shown in [96, 98-102, 136], the differential cross section for the DIS process up to twist-2
functions is factorized by

do — bdb 2(1 - y) cos(2¢p)
dxdydzthqT - UO/ o {FUU + COS(Q(bh) 1t ( )QFUU
2(1 — sin . sln .

+5) sm(2¢h)((y;)F (29n) 4 1SL|| sin(¢p — ¢s) Fyy (pr—s)

: ( y) sin(¢pp+os)
+sin(én + és) 7 - y)2FUT

i 20—y sin<3¢>h—¢s>]
+ SID(3¢h qbs) 1+ (1 — y)2FUT

2 cos s

+)\ S“FLL‘{"SJJCOS( ¢5) (¢n—9 ):|}, (A].)

where for structure functions Fsp, the indices A and B represent the polarization of the
incoming electron and incoming proton. S| and |S || are the helicity and transverse spin
of the incoming proton, A, is the helicity of the incoming electron. The variables x and y
represent the longitudinal momentum fraction of the incoming parton inside the beam and the
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inelasticity variable, respectively, which we will additionally be differential in. The azimuthal
angles ¢ and ¢y, are the azimuthal angles of the transverse spin of the beam and the transverse
momentum of the produced hadron, respectively. By defining the notation C| f (m)D(")] as

Clfm p Ze2bm+"Jm+n (bagr)(M)™(—zM,)"

><f N(@,b, 1, () D™ (2,6, 1, ) H(Q, ), (A.2)

where f(m™) (x,b, 1, ¢) and D(”)(z, b, 1, f) are the Fourier transform of TMD PDFs and TMD
FFs in b-space® and defined by [137, 138]

~ | m

F s 0) = e [ dorer () Jutown) (o) (A3)
~ ~ 2 k n ~

DOz, ) = s [ dbrhr (%) Jukr) Dz R .. (A4)

Thus one obtains the factorization of the spin-averaged structure function Fyy and the all
possible spin-dependent structure functions shown in eq. (A.1) as

Fyy = C[HiD], (A.5)
Feoseon) _ _ o0 oy (A.6)
F(sjiz(%h) _ C[ﬁi(l)HL(l)] (A7)

F(s]i;(%—qﬁs) _C[fllT(l)Dl] : (A.8)
Fsi;(th-‘r(ﬁs) —C[quL(l)] 7 (A.9)
prineen=s.) _ _Lopgio gl (A.10)

Frp = ClgiD], (A.11)
Feson=62) _ o0 p,) (A.12)

where we encounter unpolarized and Collins TMD FF from eq. (2.4) again. Here, summation
over ¢ includes the anti-quarks as well. Then using the EEC jet functions defined above
in egs. (2.14) and (2.15), namely

To(b,1,C) = / dz 2 Dy (2 b, 11, C) (2.14)

T (b, p1,¢) = Z/O dz z Hi, (2,6, 11, C) (2.15)
h

6To simplify the notations, we apply n = 0 by default, namely f; = 1 ) and Dy = Dﬁo).
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Then the azimuthal angle dependent EEC at DIS in eq. (2.19) can be written as’

d¥pls 2 do & B
drdydrdg Z/d quZhZhd:dedzhd2qT5 (7’ Q2> 5(¢ — dn)
db b
_UOZ /dQQT5 ) (¢ —on) | 5—H(Q,p)
27
_ b2 .
{JO(bQT)fl qdq t+ COS(Q(f)h)MJQ(qu)th((Jl)J;_

20—y
1+ (1—y)?

— sin(¢n — ¢s)J1(bar)b g o g
21—y) b 57l
T8 (1= g2 by

2(1 — M2b3 -
+ sin(3¢p, — <Z>5) ((1 _y;)Z S J3(bQT)h1LT(,2q) ij_
y(2 -

b2
+ S| sin(261) Jo(bar) S hif ) I

+ 81|

+ Sin(¢h + ¢s)

+ Ae {S|1+(:3)J (bQT)glL qJ + |SJ_’ COS(¢h - ¢S)J1 (qu)bgHE )J

where the first term appeared already in [29].

J

(A.13)

Unlike the EEC in eTe™ annihilation, DIS version of the EEC has only one EEC jet
function per term as it measures correlation between one outgoing hadron and the beam.
By defining the notation CH[f(™) J(D] similar to CH[f™) (D] in egs. (2.27) and (2.27)

but with an extra Bessel function, namely

Clfim.g) = ZéH Q, 1)y (b, 11, OO M™ FS™ (2, b, 11, €)

m—+1

CHfm ] = ZeQH Q. ) I3 (b2, 1, g)b M™(—My) f§™ (2,0, 11, €)
CLfm.J) = C[f<m>J]Jm<qu> ,

CHF™TH) = ™ T T (bar) -
Finally, we can define the structure functions Fap as

Fuou =Clf1J],
cos(2 5177 L(1
Foplon) = —¢Hpy Mt

]:[S]iz(%%) _ 7@L [ﬁi_[(/l)‘]L] ’

(2.27)

(2.28)
(A.14)

(A.15)

(A.16)
(A.17)

(A.18)

"Here the “subtracted” TMD PDFs f(")(;t, b, 1, ¢), EEC jet functions Jy(b, y1, ) and Jg- (b, u, ¢) are written

as fq ), Jq and J respectively, for simplification of the notations.
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Fop ™ = =Clhg "), (A.19)

Fogrte) = —CHh gt (A.20)
proe) = _iéL[EE@)JL] : (A.21)

Frr =Clgid], (A.22)
Fiplon=o) = ClgiaVa), (A.23)

and obtains the azimuthal angle-dependent EEC at DIS as given in eq. (2.21).

A.2 EEC using the lab-frame angles

As introduced in [89], an optimized observable g, is defined for probing the transverse
momentum of the produced hadron with respect to the photon momentum direction and
at leading power g, = grsin¢,. Namely one has

do
dxdydzpdq,

do

_— A.24
drdydz,d?qr ( )

= /d2q:r5 (g« — qrsin ¢p,)

Using the identities

Jo (bar) : / d*qrd (g — qrsin ¢p) Jo(bgr) = / qrdqr Sgﬁhé (Sij*% - QT) Jo (bar)
= su:;h O <Si§*¢h> Jo <Sil;q;h> - QCOSb(bq*) : (A.25)
J1 (bgr) : /dQQT(S (¢x — grsinép) sin (¢p) J1(bar)
_ Sﬂiﬁ;%q*@ <Siz;h> sin (én) 1 (Sil;q;h> _ QSinb(bQ*) ’ (A.26)
[ daré (a. — qr sinn) cos (6n) Ja(bar) =0, (A.27)
Jo(bar) [ ard (a. = grsiné)sin (261) Ja(bar) = 0, (A.28)

/dqu(; — qrsin ¢p) cos (2¢p,) J2(bgr)

B b 4x bg. \ _ 2cos (bgx)
mq*@ <Sln¢h> COS 2¢h JQ S1n¢h) = b y (A29)
Jy(bar): [ dqrd (a. — qrsingn) sin (361) Ja(bar)
B b Qs bg. \ _ 2sin(bg.)
sin? ¢hq <O <sm¢ ) sin (3¢n) J3 (sin <Z>h> - b ’ (A-30)
/d2QT5 (¢« — qrsin gp) cos (3¢n) J3(bgr) =0, (A.31)
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following the DIS differential cross section introduced in appendix A and eq. (A.24), one

obtains
s o0 S5 @50 ot 1
dwddehdq* /dbze (Q, 1)S(b*, p,v)4 cos (bgs) | fLDs
2(1—y) 27 L(1) 7L (1) y2-y) . =
Y MM 21 Al
1— -
+ |8 | sin (bg,) cos gbs{ MyfEV Dy + H((ly))thbthf(”

2(1—y) zM2Mpb®- 12 ~ 10
hl'l(-‘ )Hl ( )

+1+(1—y)2 4

+ Ae| S |sin (bgs) sin ¢$Mg§1T)D1} .
(A.32)

Note that as indicated in eq. (A.28), the contribution from hi; will vanish when measuring
q«. Now we define the EEC with ¢, measured as

dXpIs / 9 do .
— = d“qrd ——0(qs —
dedyda, Zh: ardanzn o gy ) e — 4T sin on)

= J()/db{ cos (bgy) [C[fqu]

+ ﬁr((ll__))c%h“ VI + Aesnmc [ﬁw@ﬂ
181 s (b0 005 - CLE ] + =i
b 2T LT ] 4 Sl s ) sl )| (A3
y)*4
where
g = ZeQHQ 1) T (b, 1, O™ M™ F5™) (2, b, 11, C) (2.27)

m—+1

I = S GH@); T O M M) T (b, ). (2.28)

Compared to C[- - -] defined in eqs. (A.14) and (A.15), the notation here C[- - -] is not equipped
with a Bessel function, since J,,(41)(bgr) has been integrated out in egs. (A.25)-(A.31) for
measuring ¢s.

Upon closer inspection of eq. (A.33) and eq. (10) in [89], the disparity in sign arises from
different definitions of the m-th order TMD PDFs in b-space. Nonetheless, one can successfully
harmonize the two works by appropriately factoring in (—1)™ for each structure function in
eq. (A.33) that corresponds to fm) and thereby cancel the divergence in convention.
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