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1 Introduction

In recent years, one of the most important forefronts of hadron physics has been the
exploration of the three-dimensional (3D) partonic structure of nucleons in momentum
space. Such 3D information is encoded in the so-called transverse-momentum-dependent
parton distribution functions (TMD PDFs), which can further inform us about the confined
motion of partons in the nucleon, as well as the correlation between their spins, momenta,
and the spin of the nucleon [1]. Thanks to semi-inclusive deep inelastic scattering (SIDIS),
a great deal of progress has been made in probing and extracting the TMD PDFs of quarks
— however, information regarding those of gluons is still largely unknown experimentally.
Exploring and measuring gluon TMD PDFs is one of the primary goals for the future
Electron Ion Collider (EIC).

Among the gluon TMD PDFs, the so-called gluon Sivers function is regarded as one of
the “golden measurements” at the future EIC [1]. The gluon Sivers function encapsulates
the quantum correlation between the gluon’s transverse momentum inside the proton and
the spin of the proton, thus providing 3D imaging of the gluon’s motion. Quite a few
processes have been proposed to probe the gluon Sivers function at the EIC, including
heavy quark pair production [2], heavy quarkonium production [3–7], and quarkonium-jet
production [8], as well as back-to-back dihadron and dijet production [9]. The feasibility
of measuring the gluon Sivers function in the above scenarios has been studied in [10],
where the authors use the PYTHIA event generator [11] and the reweighting method
of [12] to investigate the spin asymmetry. They conclude that dijet production is the most
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promising channel for probing gluon Sivers effects, where the selection of a sufficiently
small-x value suppresses the contribution of the quark channel and the corresponding
quark Sivers function. In this paper, we discuss spin asymmetry in the process of heavy
flavor (HF) dijet production, where the contribution of the quark Sivers function is further
suppressed compared to that of the light flavor dijet case.

An intriguing feature common to both quark and gluon Sivers functions is that they
depend non-trivially on the processes in which they are probed. A well-known example
of the process-dependence of the quark Sivers function is its sign change between SIDIS
and Drell-Yan processes [13–15]. Similarly, it has been demonstrated that the gluon Sivers
function for the process of back-to-back diphoton production in p + p collisions, p↑p →
γγX, carries a sign opposite to that of dijet production in e + p collisions, ep↑ → e′jjX:
f
⊥[ep↑→e′jjX]
1T,g (x, kT ) = −f⊥[p↑p→γγX]

1T,g (x, kT ) [2]. In [16], it was demonstrated that the
gluon Sivers function in any process can be expressed in terms of two “universal” functions
with calculable color coefficients for each partonic subprocess. We briefly discuss such a
process-dependence for HF dijet production below. For a comprehensive review on gluon
TMD PDFs, see [17, 18].

So far, studies of the gluon Sivers function at the EIC are mostly performed within
the leading-order (LO) parton model, without considering the impact of QCD evolution.
The effects of resummation for back-to-back light flavor dijet production in the unpolar-
ized DIS process have been investigated in [19], where the authors apply the pT -weighted
recombination scheme [20] in defining the jet axis to avoid the theoretical complexity aris-
ing from non-global logarithm (NGL) resummation [21]. A similar idea is used to study
single inclusive jet production in the Breit frame at the EIC in [22, 23]. Recently, following
the same Soft-Collinear Effective Theory (SCET) framework utilized in [24–28], the TMD
factorization formula for light flavor dijet production at the EIC has been derived [29],
where the azimuthal-angle-dependent soft function, describing the interaction between two
final-state jets through the exchange of low-energy gluons, is analytically calculated at
one-loop order. For HF jet production in the kinematic region of comparable jet and heavy
quark masses, a new effective theory framework is needed. In this work, we provide such
a framework and derive the TMD factorization formula.

The remainder of this paper is organized as follows. In section 2, we detail the factor-
ization framework required to carry out resummation in the back-to-back region where the
transverse momentum imbalance of the HF dijet is small. In section 3, we present numer-
ical results for charm and bottom dijet production in both unpolarized and transversely-
polarized-proton-electron scattering. We summarize our findings and give an outlook for
future investigations in section 4.

2 Factorization and resummation formula

In this section, we start with the kinematics for HF dijet production in e+p collisions. We
then provide the TMD factorization formalism with explicit expressions for all the relevant
factorized ingredients.
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Figure 1. HF dijet production in electron-proton collisions, as stated in eq. (2.1).

2.1 Kinematics

As shown in figure 1, we consider HF dijet production in the polarized-proton-electron
scattering process

e(`) +N(P,ST )→ e(`′) + JQ(pJ) + JQ̄(pJ) +X , (2.1)

where ST is the transverse spin of the polarized proton with momentum P and ` (`′) is
the momentum of the incoming (outgoing) electron. At LO, HF dijets are produced via
the γ∗g → QQ̄ process. The HF quark Q and antiquark Q̄ initiate the observed HF jets
JQ and JQ̄ with momentum pJ and pJ , respectively. In this paper, we choose to work
in the Breit frame so that both the virtual photon (with momentum q = ` − `′) and the
beam proton scatter along the z-axis. For convenience, we define the following variables
commonly used in DIS,

Q2 = −q2 , xB = Q2

2P · q , y = P · q
P · `

. (2.2)

We may further note that Q2 = xB y S`P , where S`P = (` + P )2 denotes the electron-
proton center-of-mass energy. In a fashion analogous to SIDIS, we also define the kinematic
variable z = P · pJ/P · q, which gives the momentum fraction of the photon carried by the
jet JQ. At LO, the four-momenta of the incoming and outgoing particles are expressed as

qµ = Q

2 (nµ − n̄µ) , P µ = Q

xB

n̄µ

2 ,

`µ = Q

y

nµ

2 +Q
1− y
y

n̄µ

2 + `µt , `′µ = Q
1− y
y

nµ

2 + Q

y

n̄µ

2 + `µt ,

pµJ = zQ
nµ

2 + p2
T

zQ

n̄µ

2 + pµt , pµ
J

= (1− z)Qn
µ

2 + p2
T

(1− z)Q
n̄µ

2 − p
µ
t , (2.3)

where we have introduced two light-like vectors, nµ = (1, 0, 0, 1) and n̄µ = (1, 0, 0,−1),
and define pµt such that pµt ptµ = −p2

T with pT = pT (cosφJ , sinφJ). We denote transverse
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momenta relative to the photon-proton beam by the subscript T , while that relative to the
jet direction is given the subscript ⊥. Here, we assume p2

T � m2
Q and take p2

J = p2
J

= 0.
This allows us to derive the factorized cross section in the following section. Lastly, the
parton-level Mandelstam variables can be defined as

ŝ ≡ (pg + q)2 = (pJ + pJ)2 = p2
T

z(1− z) , (2.4)

t̂ ≡ (pg − pJ)2 = (q − pJ)2 = −Q
2x z

xB
, (2.5)

û ≡ (pg − pJ)2 = (q − pJ)2 = −Q
2x (1− z)
xB

, (2.6)

where x is the momentum fraction of the proton carried by the gluon, and is given by

x = xBD

Q2z(1− z) , with D = Q2z(1− z) + p2
T . (2.7)

2.2 Factorization formula

In the Breit frame, we define the dijet imbalance as qT = pJT + pJT . For this paper, we
examine the back-to-back configuration where qT � pJT ∼ pJT ≡ pT . Furthermore, we
work in the kinematic regime where mQ . pTR � pT , with R denoting the jet radius.
Overall, in the region with the scale hierarchy as qTR � qT . mQ . pTR � pT , the
factorized expression for the proton-spin-independent cross section is given by

dσUU

dQ2dyd2pTdyJd2qT
= H(Q, y, pT , yJ , µ)

∫
d2λT d

2kT d
2lQT d

2lQ̄TS(λT , µ, ν) (2.8)

× δ(2)
(
λT + kT + lQT + lQ̄T − qT

)
fg/N

(
x, kT , µ, ζ/ν

2
)

× JQ (pTR,mQ, µ) ScQ (lQT , R,mQ, µ) JQ̄ (pTR,mQ, µ) ScQ̄
(
lQ̄T , R,mQ, µ

)
.

Above, yJ is the rapidity of the HF jet JQ and is related to the kinematic variable z
through the relation z = eyJpT /Q. In the factorization formula eq. (2.8), S denotes the
soft function while fg/N is the unpolarized gluon TMD PDF. Their perturbative one-loop
expressions can be found in section 2.4. In the third line of eq. (2.8), JQ and ScQ are
the massive quark jet and collinear-soft functions, which differ from the corresponding
functions utilized in light jet production [24–28]. In sections 2.5 and 2.6, we present their
explicit calculations at next-to-leading order (NLO). The variables kT , λT , and lT label the
transverse momenta associated with the collinear, soft, and collinear-soft modes. Finally,
µ and ν are the factorization and rapidity scales, respectively, while ζ is the Collins-Soper
parameter [30, 31]. In the derivation of the above factorization formula we apply the narrow
jet approximation with R � 1. However, as shown in [32–35] this approximation works
well even for fat jets with radius R ∼ O(1), and the power corrections of O(R2n) with
n > 0 can be obtained from the perturbative matching calculation.
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Fourier transforming to b-space, the factorized cross section becomes

dσUU

dQ2dyd2pTdyJd2qT
= H (Q, y, pT , yJ , µ)

∫
d2b

(2π)2 e
ib·qTS (b, µ, ν) fg/N

(
x, b, µ, ζ/ν2

)
× JQ (pTR,mQ, µ) ScQ (b, R,mQ, µ) JQ̄ (pTR,mQ, µ) ScQ̄(b, R,mQ, µ) , (2.9)

where soft function S and the gluon TMD PDF fg/N both depend on the rapidity scale ν.
However, the soft function can be written as

S(b, µ, ν) =
√
Snn̄(b, µ, ν)S(b, µ) , (2.10)

where Snn̄(b, µ, ν) is the soft function for Higgs production in p+ p collisions [36, 37], and
the function S(b, µ) on the right-hand side no longer depends on the rapidity scale ν. Upon
making this replacement, the factorized expression for the cross section can be written in
terms of the properly-defined TMD gluon distribution [30] by noting that

fg/N
(
x, b, µ, ζ/ν2

)
S(b, µ, ν) = fTMD

g/N (x, b, µ, ζ)S(b, µ) . (2.11)

Here, fTMD
g/N (x, b, µ, ζ) on the right-hand side is defined as

fTMD
g/N (x, b, µ, ζ) = fg/N

(
x, b, µ, ζ/ν2

)√
Snn̄(b, µ, ν) . (2.12)

This is the properly-defined gluon TMD PDF probed in Higgs production in p + p col-
lisions [37] and is thus the counterpart of the quark TMD PDF as probed in Drell-Yan
lepton pair production. Finally, eq. (2.9) can be expressed in the following form

dσUU

dQ2dyd2pTdyJd2qT
= H (Q, y, pT , yJ , µ)

∫
d2b

(2π)2 e
ib·qTS (b, µ) fTMD

g/N (x, b, µ, ζ) (2.13)

× JQ(pTR,mQ, µ)ScQ(b, R,mQ, µ) JQ̄(pTR,mQ, µ)ScQ̄(b, R,mQ, µ) .

In the following sections we calculate the one-loop expressions for all the above functions.
An important physical requirement is that the factorized cross section must be independent
of the scale µ — we verify this factorization-scale-independence in section 2.7.

Next, if one considers the scattering of an electron with a transversely-polarized proton
with spin ST , eq. (2.8) can be generalized. In this case, the spin-dependent cross section
is given by the sum

dσ(ST ) = dσUU + dσUT (ST ) , (2.14)

where dσUT depends on the gluon Sivers function. The full expressions for the leading twist
gluon distributions are given in [38]. Using these results, we can obtain the expression for
the polarized cross section by simply replacing the unpolarized gluon TMD PDF in eq. (2.8)
with the gluon Sivers function, namely

fg/N
(
x, kT , µ, ζ/ν

2
)
→ 1

M
εαβ S

α
T k

β
T f
⊥,f
1T,g/N

(
x, kT , µ, ζ/ν

2
)
. (2.15)
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Here, it is important to note that there exist both f - and d-type gluon Sivers functions,
which are associated with different color configurations in the three-gluon correlator, i.e.,
involving the antisymmetric fabc and symmetric dabc structure constants of SU(3), respec-
tively. For details, see for instance [16, 39]. In eq. (2.15), we have denoted the gluon Sivers
function with the superscript f , which is used to indicate that it is f -type. We note that
at LO, this process is only sensitive to the f -type function. Further details on this matter
are provided in section 2.3. After making this substitution, the factorized cross section
then reads

dσUT (ST )
dQ2dyd2pTdyJd2qT

= HSivers (Q, y, pT , yJ , µ)
∫
d2λT d

2kT d
2lQT d

2lQ̄TS (λT , µ, ν)

× δ(2)
(
λT + kT + lQT + lQ̄T − qT

) 1
M
εαβ S

α
T k

β
T f
⊥,f
1T,g/N

(
x, kT , µ, ζ/ν

2
)

× JQ (pTR,mQ, µ) ScQ (lQT , R,mQ, µ) JQ̄ (pTR,mQ, µ) ScQ̄
(
lQ̄T , R,mQ, µ

)
, (2.16)

where HSivers denotes the hard function for the polarized process, and this expression can
once again be written as a Fourier transform by defining

ibβ

2 f⊥,f1T,g/N

(
x, b, µ, ζ/ν2

)
=
∫
d2kT e

−ib·kT
kβT
M
f⊥,f1T,g/N

(
x, kT , µ, ζ/ν

2
)
. (2.17)

Finally, the factorization formula for the polarized differential cross section becomes

dσUT (ST )
dQ2dyd2pTdyJd2qT

= HSivers (Q, y, pT , yJ , µ)
∫

d2b

(2π)2 e
ib·qTS (b, µ) (2.18)

× i

2
(
εαβ S

α
T b

β
)
f⊥,f1T,g/N (x, b, µ, ζ)

× JQ (pTR,mQ, µ) ScQ (b, R,mQ, µ) JQ̄ (pTR,mQ, µ) ScQ̄ (b, R,mQ, µ) .

Here, we have applied the redefinition eq. (2.10) to obtain the rapidity-scale-independent
gluon Sivers function

f⊥,f1T,g/N (x, b, µ, ζ) ≡ f⊥,f1T,g/N

(
x, b, µ, ζ/ν2

)√
Snn̄(b, µ, ν) . (2.19)

2.3 Hard function

In the unpolarized process, the LO hard function is determined by the tree-level cross
section for dijet production in DIS, which is expressed as [40, 41]

H(Q, y, pT , yJ , µ) =
α2

emαsQ
2
fCFCA

4πQ2y2S`P

{ [
1 + (1− y)2

]
HU,U+L − y2HU,L (2.20)

− (2− y)
√

1− y HU,I + 2(1− y)HU,T
}
,

where αem is the fine structure constant and Qf denotes the fractional charge of the HF
quark. On the right-hand side, the first superscript U indicates that the incoming gluon

– 6 –
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is unpolarized, while the second superscripts {U + L,L, I, T} correspond to the different
helicity states of the off-shell photon. Explicitly, the functions HU,i are expressed as

HU,I = cos(φJ)HU,I
cos(φJ ), HU,T = cos(2φJ)HU,T

cos(2φJ ),

HU,I
cos(φJ ) = 2z(1− 2z)pTQ

D2

(
−1 + 2p2

T

D

)
, HU,T

cos(2φJ ) = 2z p2
T

D2

(
1− p2

T

D

)
,

HU,U+L = 1
D

( 1
2− 2z − z

)
+ 2zp2

T

D2 −
zp2
T

D3

(
2p2
T +Q2(1− 2z)2

)
,

HU,L = 4zp2
T

D2

(
1− p2

T

D

)
. (2.21)

One immediately sees that the functions HU,I and HU,T vanish upon integrating out the
azimuthal angle φJ of the jet. As such, these contributions do not play a role in our
numerical calculations.

The expression for the hard anomalous dimension can be obtained from the calculation
of the 3-jet process γ∗ → qq̄g at lepton collisions [42, 43]. The hard anomalous dimension
can also be read from the general structures in [44, 45] and is given as

Γh(αs) = CAγ
cusp(αs) ln

(
û t̂

ŝ µ2

)
− 2CFγcusp(αs) ln

(
µ2

ŝ

)
+ 4γq(αs) + 2γg(αs) , (2.22)

where γcusp is the cusp anomalous dimension, while γq and γg represent the single loga-
rithmic anomalous dimensions for the quark and gluon, respectively. With this anomalous
dimension, one can then perform resummation by solving the following renormalization
group (RG) equation for the hard function

d

d lnµ lnH(µ) = Γh(αs) , (2.23)

where, for brevity, we maintain only the scale µ-dependence in the hard function. We note
that in order to perform the evolution at next-to-leading logarithmic (NLL) accuracy, the
cusp anomalous dimension is needed at two-loop order and the single logarithmic anomalous
dimensions are needed at one-loop order. The values of these expressions are

γcusp
0 = 4 , γcusp

1 =
(

268
9 − 4π2

3

)
CA −

40
9 CFnf ,

γq0 = −3CF , γg0 = −β0, β0 = 11
3 CA −

4
3TFnf , (2.24)

where we have organized the perturbative expansion of each anomalous dimension as

γ(αs) = αs
4πγ0 +

(
αs
4π

)2
γ1 +O

(
α3
s

)
. (2.25)

For the polarized process, we must consider the process-dependence of the correspond-
ing gluon Sivers functions [16]. Such process-dependence can be computed via the at-
tachment of an additional gluon originating from the gauge link in the definition of the
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a c

= Cu δ
ac h(Q, y, pT , yJ , µ)

a cb

+

a cb

= (C1 + C2)
(
−ifabc

)
h(Q, y, pT , yJ , µ)

Figure 2. Top: unpolarized hard Feynman diagram for HF dijet production. Bottom: polarized
hard diagram for HF dijet production. The red lines in the polarized case indicate the location of
a soft pole.

Sivers function. This additional gluon is responsible for the soft pole that generates Sivers
asymmetry. This method is widely used in computing the process-dependence of the quark
Sivers function, see e.g. [46], which gives the same results as shown in [16, 47]. In figure 2,
the soft poles are represented by red lines. We note that for both the polarized and unpo-
larized cases, the hard functions can be expressed as matrices in color space [28]. For more
complicated processes, the relationship between the polarized and unpolarized hard matri-
ces is non-trivial. However, for the γ∗q → QQ̄ process, the color space is one-dimensional
and, therefore, the polarized hard function can be simply written as

HSivers(Q, y, pT , yJ , µ) = (C1 + C2) h(Q, y, pT , yJ , µ) . (2.26)

Here, C1 and C2 are the color factors for the polarized hard process associated with the
attachment of the additional gluon to the HF quark and anti-quark [3, 48, 49], respec-
tively. The function h(Q, y, pT , yJ , µ) is the kinematic part of the hard function. For the
unpolarized case, the hard function can be written as

H(Q, y, pT , yJ , µ) = Cu h(Q, y, pT , yJ , µ) , (2.27)

where factor Cu is the color factor associated with the unpolarized hard process. We find
that at LO for this process, the attachment of this additional gluon originating from the
gauge link in the definition of the Sivers function produces color configurations which are
proportional to (−ifabc). This analysis indicates that while there are both d- and f -type
gluon Sivers functions [16], this process at LO is only sensitive to the f -type gluon Sivers
function. In addition to this, while the term (−ifabc) in figure 2 appears in the hard
function, this term should be absorbed into the definition of the gluon Sivers function as
it originates from the Wilson line in the adjoint representation. Similarly, the term δac in
that figure should be absorbed into the definition of the unpolarized TMD PDF. For this
process, we find that (C1 + C2) = Cu. As a result, the polarized and unpolarized hard
functions are equal and the hard anomalous dimension is unchanged for the polarized case.

– 8 –
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2.4 TMD PDFs and the global soft function

In order to regulate the rapidity divergences in the TMD PDFs and the global soft function,
we use the η regulator of [36]. The expression for the unsubtracted gluon TMD in this
regularization scheme can be obtained from [50], and is given by

fNLO
g/g (x,b,µ,ζ/ν2) = δ(1−x)+ αs

4πCA

[
4
η

(
1
ε
+ln µ2

µ2
b

)
+ 2
ε

(
ln ν2

(n·pg)2 + β0

CA

)]
δ(1−x)

− αs

4π

[
2
ε
+2ln µ2

µ2
b

]
Pgg(x)+ αs

4πCA

[
ln µ2

µ2
b

(
ln ν2

(n·pg)2 + β0

CA

)
δ(1−x)

]
,

(2.28)

fNLO
g/q (x,b,µ,ζ/ν2) =−αs

4π

[
2
ε
+2ln µ2

µ2
b

]
Pgq(x)+ αs

4πCF (2x) , (2.29)

where we have set ζ = (n · pg)2 [31], the scale µb is defined as µb = 2e−γE/b, with b

being the magnitude of the two-dimensional vector transverse to the beam direction b =
b (cosφb, sinφb), and

Pgg(x) = 2CA

[
x

(1− x)+
+ 1− x

x
+ x(1− x)

]
+ β0

2 δ(1− x) , (2.30)

Pgq(x) = CF
1 + (1− x)2

x
, (2.31)

are the collinear splitting kernels. The term in the third line of eq. (2.28) and the analogous
term in eq. (2.29) contain the infrared divergences which are to be matched to the collinear
PDF. The RG equations for the gluon TMD PDF are then

d

d lnµ ln fg/N
(
x, b, µ, ζ/ν2

)
= Γfg (αs) , (2.32)

d

d ln ν ln fg/N
(
x, b, µ, ζ/ν2

)
= γfg

ν (αs) . (2.33)

Here the anomalous dimensions are given by

Γfg (αs) = CAγ
cusp (αs) ln ν2

(n · pg)2 − 2γfg (αs) , γfg
ν (αs) = αs

π
CA ln µ

2

µ2
b

+O
(
α2
s

)
,

(2.34)

with γfg

0 = γg0 , which is given in eq. (2.24).
On the other hand, we define the soft function as

SLO(b, µ, ν) = 1 , (2.35)

SNLO(b, µ, ν) = −CA2 IBJ −
CA
2 IBJ +

(
CA
2 − CF

)
IJJ , (2.36)

where the soft integrals Iij are given by

Iij = αsµ
2επεeεγE

π2

∫
ddk δ+(k2)e−i k·b ni · nj

(ni · k)(nj · k)
νη

|k+ − k−|η
. (2.37)

– 9 –



J
H
E
P
0
5
(
2
0
2
1
)
2
8
6

Here, i and j are either B, J , or J , where B denotes the beam direction while J and J

denote the directions of the jet initiated by the HF quark and anti-quark, respectively. The
expressions for the φb-dependent beam-jet soft function integrals are given in [24] as

IBJ = αs
4π

[
4
η

(
1
ε

+ ln µ
2

µ2
b

)
− 4
ε2
− 2
ε

(
−2yJ − ln ν

2

µ2 + 2 ln 2iµ cbJ
µb

)]
+ IfinBJ , (2.38)

IBJ = αs
4π

[
4
η

(
1
ε

+ ln µ
2

µ2
b

)
− 4
ε2
− 2
ε

(
−2yJ − ln ν

2

µ2 + 2 ln −2iµ cbJ
µb

)]
+ Ifin

BJ
, (2.39)

with cbJ = cos(φb − φJ) and where the rapidity of jets are

yJ = ln zQ
pT

, yJ = ln (1− z)Q
pT

. (2.40)

Here, the terms marked by “fin” in their superscripts denote the finite contributions of
their respective functions. While the divergent pieces are required for the purposes of
resummation, the finite pieces are only needed at NLO. Since we perform our analysis at
NLL accuracy, these terms are not needed for this study. Recently in [29], the authors
derive the following the jet-jet soft function integral which contains no rapidity divergence.
This integral can be written as

IJJ = αs
4π

[
− 4
ε2

+ 4
ε

(
ln ŝ

p2
T

− ln µ
2

µ2
b

− ln
(
4c2
bJ

))]
+ Ifin

JJ
. (2.41)

From eqs. (2.38), (2.39), and (2.41), we obtain the following expressions for the soft anoma-
lous dimensions

Γs (αs) = 2CF γcusp (αs) ln µ
2

µ2
b

− CA γcusp (αs) ln ν
2

µ2 + γs (αs) , (2.42)

γsν(αs) = −αs
π
CA ln µ

2

µ2
b

+O(α2
s) , (2.43)

with the one-loop single logarithmic anomalous dimension

γs0 = 8CF ln
(
4c2
bJ

)
+ 4(CA − 2CF ) ln ŝ

p2
T

+ 4CA ln ŝ

Q2 . (2.44)

As expected, we see that the one-loop rapidity anomalous dimensions of the TMD PDF
and the soft function fulfill the condition

γ
fg

ν,0 + γsν,0 = 0 . (2.45)

Thus, the product of fg/N (x, b, µ, ζ/ν2) and S(b, µ, ν) is ν-independent, and we can con-
struct the properly-defined gluon TMD PDF as in eq. (2.11).

Here we find that the soft function depends not only the magnitude but also the
direction of the vector b. As shown in section 2.6 a similar structure also shows up in the
collinear-soft function, and the φb dependence in the anomalous dimensions will cancel out
between these two functions. However, after taking into account the evolution between the
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soft and collinear-soft function, one finds that the φb integral is divergent in some phase
space region. In order to avoid such divergences we apply methods in [24, 28] where one
first performs an averaging over the φb angle in both soft and collinear-soft function. We
note that this method does not change the RG invariance as shown in eqs. (2.73) and (2.74).
In addition, as discussed in [27] no significant numerical effects between different methods
are observed in the NLL resummation calculation.

The φb-averaged soft function can be constructed from eqs. (2.35) and (2.36) by re-
placing the soft integrals with

ĪBJ = αs
4π

[
2
(

2
η

+ ln ν
2

µ2 + 2yJ

)(
1
ε

+ ln µ
2

µ2
b

)
− 4
ε2
− 2
ε

ln µ
2

µ2
b

+ π2

3

]
, (2.46)

ĪBJ = αs
4π

[
2
(

2
η

+ ln ν
2

µ2 + 2yJ

)(
1
ε

+ ln µ
2

µ2
b

)
− 4
ε2
− 2
ε

ln µ
2

µ2
b

+ π2

3

]
, (2.47)

ĪJJ = αs
2π

[
4
(

1
ε

+ ln µ
2

µ2
b

)
ln
(
2 cosh(∆y/2)

)
− 2
ε2
− 2
ε

ln µ
2

µ2
b

− ln2 µ
2

µ2
b

+ ∆y2

− 4 ln2 (2 cosh(∆y/2)
)

+ π2

6

]
, (2.48)

where we have placed a bar over these integrals in order to distinguish them from the
φb-dependent ones and have defined ∆y = yJ − yJ . These results are the same as the soft
function calculated in [51]. Therefore, the anomalous dimensions for the averaged case are

Γ̄s (αs) = 2CF γcusp (αs) ln µ
2

µ2
b

− CA γcusp (αs) ln ν
2

µ2 + γ̄s (αs) , (2.49)

γ̄sν (αs) = −αs
π
CA ln µ

2

µ2
b

+O
(
α2
s

)
, (2.50)

where the one-loop single logarithmic anomalous dimensions is

γ̄s0 = 4(CA − 2CF ) ln ŝ

p2
T

+ 4CA ln ŝ

Q2 . (2.51)

By comparing eqs. (2.43) and (2.50), one can see the rapidity anomalous dimension is
unchanged. Therefore in the φb-averaged case, we can once again write the factorized
expression in terms of the properly defined TMD PDFs.

2.5 Massive quark jet function

In this section, we discuss the calculation of the massive quark jet function at NLO. The
massive quark jet function has been investigated in detail for various observables. For
example, the factorization formula for the massive event shape distribution involves such
a jet function, as the jet and heavy quark masses are of similar magnitude [52–55]. The
corresponding jet function has been calculated to two-loop order [56]. Furthermore, the
semi-inclusive massive quark jet fragmentation function has been calculated at NLO and
applied to inclusive jet production [57, 58]. Recently, the one-loop expression for the so-
called unmeasured massive quark jet function has been presented in [59].
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The global jet anomalous dimension can be obtained from the divergent terms of
the unmeasured massive quark jet function. As shown in figure 3, the one-loop calculation
involves two types of diagrams: JNLO,V

Q and JNLO,R
Q , where JNLO,V

Q contains only single cut
propagators and is thereby unconstrained by the jet algorithm. Explicitly, it is written as

JNLO,V
Q = αs

4πCF

[
2
ε2

+ 1
ε

(
1 + 2 ln µ2

m2
Q

)
+
(

1 + ln µ2

m2
Q

)
ln µ2

m2
Q

+ 4 + π2

6

]
, (2.52)

where the heavy quark mass mQ is the only physical scale involved. Since the real contri-
bution JNLO,R

Q is constrained by the jet algorithm, it will depend on the jet scale pTR in
addition to mQ. In this work, we define the HF quark four-momentum qµ with q2 = m2

Q,
which is known as the M-scheme [55]. We note that in the hierarchy of scales we are con-
sidering, the constraint of the anti-kT algorithm [60] is independent of the HF quark mass
mQ and is in fact identical to that for massless partons [57], namely

Θanti-kT
= θ

(q− (ωJ − q−)
ωJ

)2 (
R

2 cosh yJ

)2
− q2
⊥

 , (2.53)

where qµ = (q+, q−, q⊥) is the four-momentum of the HF quark and ωJ is the large com-
ponent of the jet four-momentum. The jet scale pTR emerges in eq. (2.53) upon noting
ωJ = 2 pT cosh yJ . In the phase space integral, we expand the integrated momentum q

along the jet direction with q+ = (m2
Q + q2

⊥)/q− given by the power counting requirement
pTR ∼ mQ. Explicitly, we have

JNLO,R
Q (pTR,mQ, ε) = αsCF e

εγEµ2ε

2πΓ(1− ε)

∫
dq−

ωJ

dq2
⊥

q2ε
⊥

[
q−

ωJ − q−
2q2
⊥ω

4
J[

q2
⊥ω

2
J +m2

Q (ωJ − q−)2
]2

+ (1− ε) ωJ (ωJ − q−)
q2
⊥ω

2
J +m2

Q(ωJ − q−)2

]
θ(ωJ − q−)Θanti-kT

= αs
4πCF

[
−2 ln

(
m2
Q + p2

TR
2

m2
Q

)
+ 2−

2m2
Q

m2
Q + p2

TR
2

]
1
ε

+ JR,fin
Q ,

(2.54)

where only a single divergence is exhibited, as the heavy quark mass mQ acts as a regulator
of the overlapping soft and collinear regions of phase space. After combining the real and
virtual contributions, the logarithmic dependence on the quark mass mQ cancels out.

The one-loop global jet renormalization constant then reads

ZJQ = 1 + αs
4πCF

[
2
ε2

+ 1
ε

(
2 ln µ2

m2
Q + p2

TR
2 + 3−

2m2
Q

m2
Q + p2

TR
2

)]
, (2.55)

where, again, we observe that the heavy quark mass mQ only affects the single pole struc-
ture. We further note that as mQ → 0, the massive quark jet renormalization constant
reduces to that of the massless jet, ZJQ → ZJq . This gives us the following expression for
the global jet anomalous dimension

ΓjQ(αs) = −CFγcusp(αs) ln
m2
Q + p2

TR
2

µ2 + γjQ(αs) , (2.56)
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q

Figure 3. Sample Feynman diagrams contributing to the massive quark jet function JQ at one-
loop order in perturbation theory. The virtual corrections JNLO,V

Q are displayed in the first two
diagrams, where each contain only a single cut propagator. The remaining diagrams involving two
cut propagators represent the real corrections JNLO,R

Q .

with the one-loop single logarithmic anomalous dimension as

γ
jQ
0 = 2CF

(
3−

2m2
Q

m2
Q + p2

TR
2

)
, (2.57)

where the first term in the brackets is shared by the massless quark jet function and the
second term constitutes the finite quark mass correction. Finally, the renormalized HF jet
function is given by the following

J ren.
Q,NLO(pTR,mQ, µ) = αs

4πCF

[(
3−

2m2
Q

m2
Q + p2

TR
2

)
ln µ2

m2
Q + p2

TR
2 (2.58)

+ ln2 µ2

m2
Q + p2

TR
2 + 13− 3π2

2 + F(pTR,mQ)
]
,

where the function F(pTR,mQ) can be expressed as

F(pTR,mQ) = π2 − 4 Li2

(
−
m2
Q

p2
TR

2

)
+ 2

(
1− ln

m2
Q

p2
TR

2

)
ln
m2
Q + p2

TR
2

p2
TR

2

−
2m2
Q

m2
Q + p2

TR
2 ln

m2
Q

p2
TR

2 −
m2
Q

p2
TR

2 ln
m2
Q + p2

TR
2

m2
Q

− 4
[
mQ
pTR

(
1 +

m2
Q

m2
Q + p2

TR
2

)
+ Cot−1

(
mQ
pTR

)]
Cot−1

(
mQ
pTR

)
. (2.59)

This expression for the HF jet function is equivalent to the semi-analytic form presented
in [59], and one can see that as mQ → 0, we have F → 0 and, therefore, JQ → Jq. Hence,
the massive quark jet function behaves as expected in the massless limit.

2.6 Collinear-soft function

In this section, we calculate the one-loop perturbative expression for the collinear-soft func-
tion ScQ(b, R,mQ, µ). The corresponding Feynman diagrams are shown in figure 4, where
the blue and black lines represent Wilson lines along vµJ and n̄µJ directions, respectively.
Here, the massive quark velocity vµJ is defined by

vµJ = ωJ
mQ

nµJ
2 + mQ

ωJ

n̄µJ
2 , with v2

J = 1 . (2.60)
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vµJ

n̄µJ

Figure 4. One-loop Feynman diagrams of the collinear-soft function ScQ. The blue and black lines
indicate the Wilson lines along vµJ and n̄µJ directions, respectively.

Explicitly, the bare NLO collinear-soft function is given by

ScQ,NLO(b, R,mQ, ε) = 2CF wn̄JvJ − CF wvJvJ , (2.61)

where the collinear-soft integrals wαβ are defined in b-space as

wαβ = αsµ
2επεeεγE

2π2

∫
ddk δ+(k2)e−i n̄J ·k nJ ·b/2 α · β

(α · k) (β · k) θ
[
nJ · k
n̄J · k

−
(

R

2 cosh yJ

)2
]
.

(2.62)

Upon performing the k-integration, we obtain the following expressions for wαβ

wn̄JvJ =αs
4π

[
− 1
ε2
− 1
ε

(
ln µ

2

µ2
b

+ 2 ln −2icbJ
R

− ln
m2
Q + p2

TR
2

p2
TR

2

)]
+ wfin

n̄JvJ
, (2.63)

wvJvJ =αs
4π

[
−1
ε

(
2m2
Q

m2
Q + p2

TR
2

)]
+ wfin

vJvJ
. (2.64)

We see that the finite quark mass corrections only enter into the single pole structure
of the collinear-soft function. This is analogous to the observation made in section 2.5 in
analyzing the massive quark jet function, and can be understood through the same physical
reasoning. The finite terms are given by

wfin
n̄JvJ

= αs
4π

[
2
(

ln
m2
Q + p2

TR
2

p2
TR

2 − ln −2i cbJ
R

)
ln −2i cbJ

R
(2.65)

+
(

ln
m2
Q + p2

TR
2

p2
TR

2 − 2 ln −2i cbJ
R

− 1
2 ln µ

2

µ2
b

)
ln µ

2

µ2
b

+ Li2

(
−
m2
Q

p2
TR

2

)
− π2

4

]
,

wfin
vJvJ

= αs
4π

[
2 ln

m2
Q + p2

TR
2

p2
TR

2 −
2m2
Q

m2
Q + p2

TR
2

(
2 ln −2i cbJ

R
+ ln µ

2

µ2
b

)]
. (2.66)

Here, we note that wn̄JvJ reduces to the massless wn̄JnJ function [24, 27] as mQ → 0, while
wvJvJ vanishes. Given the expression for ScQ, we can calculate the renormalization constant
ZS

c
Q , which is given by

ZS
c
Q = 1+ αs

4πCF

[
− 2
ε2
− 2
ε

(
ln µ

2

µ2
b

+2ln−2icbJ
R

−
m2
Q

m2
Q+p2

TR
2−ln

m2
Q+p2

TR
2

p2
TR

2

)]
. (2.67)

– 14 –



J
H
E
P
0
5
(
2
0
2
1
)
2
8
6

This renormalization constant leads to the following formula for global collinear-soft anoma-
lous dimension

ΓcsQ(αs) = CFγ
cusp(αs) ln R

2µ2
b

µ2 + γcsQ(αs) , (2.68)

where the one-loop single logarithmic anomalous dimension is

γ
csQ
0 = −4CF

[
2 ln (−2icbJ)−

m2
Q

m2
Q + p2

TR
2 − ln

m2
Q + p2

TR
2

p2
TR

2

]
. (2.69)

The anomalous dimension for the collinear-soft function associated with the anti-quark is
given by

ΓcsQ̄(αs) = ΓcsQ(αs)|φJ→φJ +π . (2.70)

For phenomenological purposes, we utilize the φb-averaged collinear-soft function,
which can be obtained through eq. (2.63) by making use of the following integrals∫ 2π

0

dφb
2π ln (−2icbJ) = 0 ,

∫ 2π

0

dφb
2π ln2 (−2icbJ) = −π

2

6 . (2.71)

The resulting anomalous dimension for the φb-averaged collinear-soft function is denoted
by Γ̄csQ with

γ̄
csQ
0 = 4CF

(
m2
Q

m2
Q + p2

TR
2 + ln

m2
Q + p2

TR
2

p2
TR

2

)
. (2.72)

Upon integrating over φb, we find that Γ̄csQ̄(αs) = Γ̄csQ(αs) and, therefore, the two averaged
collinear-soft functions S̄cQ and S̄cQ̄ behave identically under QCD evolution.

2.7 Renormalization group consistency

Armed with the anomalous dimensions of each component, we are now positioned to demon-
strate the RG consistency of our factorization framework.

Inspection of eqs. (2.56) and (2.68) reveals that all mass corrections cancel exactly in
the sum ΓjQ + ΓcsQ , making the RG consistency of our formalism identical to the massless
case. A similar observation is made in [59]. This general physical behavior has also been
observed in the context of inclusive HF jet production [57], where the authors offer the
intuitive argument that as the heavy quark mass mQ constitutes IR information, it thus
does not affect the UV behavior of the semi-inclusive jet function. In the present context,
we see that the UV evolution behavior of the product of the jet and collinear-soft functions
is insensitive to the IR scale introduced by the heavy quark mass. However, in section 2.8,
we will see how the heavy quark mass enters non-trivially and crucially into the evaluation
of the differential cross section.

Therefore, upon combining eqs. (2.22), (2.34), (2.42), (2.55) and (2.68), the RG con-
sistency of our formalism is established:

Γh + Γs + Γfg + 2ΓjQ + ΓcsQ + ΓcsQ̄ = 0 . (2.73)

Furthermore, we note that this consistency is preserved under the operation of φb-averaging

Γh + Γ̄s + Γfg + 2ΓjQ + Γ̄csQ + Γ̄csQ̄ = 0 . (2.74)
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2.8 Resummation formula

Utilizing our EFT framework, all-order resummation is achieved through RG evolution.
The resulting all-order expression for the HF dijet production cross section is given at
NLL1 by

dσUU

dQ2dyd2qTdyJd2pT
= H(Q, y, pT , yJ , µh)

∫ ∞
0

bdb

2π J0(b qT )fg/N (x, µb∗)

× exp
[
−
∫ µh

µb∗

dµ

µ
Γh (αs)− 2

∫ µj

µb∗

dµ

µ
ΓjQ (αs)−

∫ µcs

µb∗

dµ

µ

(
Γ̄csQ (αs) + Γ̄csQ̄ (αs)

)]

× exp [−SNP(b,Q0, n · pg)] , (2.75)

where J0 is the zeroth order Bessel function of the first kind. In this expression, µh,
µj , and µcs are the hard, jet, and collinear-soft scales, respectively. We have also per-
formed the usual operator product expansion (OPE) of the unpolarized gluon TMD PDF
fg/N (x, b, µ, ζ) in terms of the collinear gluon PDF fg/N (x, µ) at the initial scales ζi =
µ2
i = µ2

b∗, and have kept the coefficient at LO to be consistent with NLL accuracy. The
matching coefficient at higher-orders can be found in e.g. [37, 62–67]. The function SNP pa-
rameterizes the contribution from non-perturbative power corrections which are enhanced
for qT ∼ ΛQCD. Explicitly, we apply the formula given in [68], which reads

SNP (b,Q0, n · pg) = g1b
2 + g2

2
CA
CF

ln n · pg
Q0

ln b

b∗
. (2.76)

We assign the following values to the parameters: g1 = 0.106 GeV2, g2 = 0.84 and Q2
0 =

2.4 GeV2, and use the standard b∗-prescription [69]

b∗ = b√
1 + b2/b2max

, with bmax = 1.5 GeV−1 (2.77)

in order to regularize the Landau singularity as b→∞.
Moreover, the spin-dependent cross section is expressed as

dσUT (ST )
dQ2dyd2qTdyJd2pT

= sin(φq − φs)H(Q, y, pT , yJ , µh)
∫ ∞

0

b2db

4π J1(b qT )f⊥,f1T,g/N (x, µb∗)

× exp
[
−
∫ µh

µb∗

dµ

µ
Γh (αs)− 2

∫ µj

µb∗

dµ

µ
ΓjQ (αs)−

∫ µcs

µb∗

dµ

µ

(
Γ̄csQ (αs) + Γ̄csQ̄ (αs)

)]

× exp
[
−S⊥NP(b,Q0, n · pg)

]
. (2.78)

Here, we have expected a similar OPE for the gluon Sivers function f⊥1T,g/N (x, b, µ, ζ) at the
initial scales ζi = µ2

i = µ2
b∗ and simply expressed the corresponding collinear function at LO

1In our framework, we ignore contributions from NGL resummation. Such resummation could be in-
cluded multiplicatively by using the parton shower algorithm developed recently for massive particles [61].
Note that the fitting function used in [27, 28] to capture the effects of NGLs is only an approximation for
HF jet production, as finite heavy quark mass corrections are not included.
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as f⊥,f1T,g/N (x, µb∗) for simplicity. In principle, the corresponding collinear functions in the
OPE expansion would be the twist-3 three-gluon correlation functions defined in [70, 71].
To the best of our knowledge, detailed OPE calculations for the corresponding coefficient
functions are not available in the literature. An expansion of the gluon Sivers function in
terms of the collinear twist-3 quark-gluon-quark correlator, or the so-called Qiu-Sterman
function [72, 73], in transverse momentum space is performed in [3]. On the other hand, the
coefficient functions for the expansion of the quark Sivers function in terms of the three-
gluon correlation functions are provided in [74, 75]. The computation of the coefficient
functions for expanding the gluon Sivers function in terms of the three-gluon correlation
functions is essential for a full understanding of the QCD evolution of the gluon Sivers
function. We leave this to future work.

Our knowledge about gluon Sivers functions, especially in the proper TMD factoriza-
tion formalism, is rather limited. At the present moment, the only experimental constraint
on the gluon Sivers function, in the TMD framework, comes from the SIDIS measurement
of back-to-back hadron pairs off transversely-polarized deuterons and protons at COM-
PASS [76]. However, as of yet, there has been no theoretical extraction of the gluon Sivers
function from such data. On the other hand, an important theoretical constraint on the
gluon Sivers function comes from the Burkardt sum rule [77]. For the phenomenologi-
cal purposes of the next section, we adopt the non-perturbative parameterization utilized
by [78, 79].2 Specifically, for the non-perturbative Sudakov, we take

S⊥NP (b,Q0, n · pg) = g1ρ b
2 + g2

2
CA
CF

ln n · pg
Q0

ln b

b∗
, (2.79)

where the g2-dependent term is spin-independent and is, therefore, the same term occurring
in eq. (2.76), while the term ∝ g1ρ can be connected to the Gaussian width in transverse
momentum space [81] for the gluon Sivers function. For the collinear part of the gluon
Sivers function, f⊥,f1T,g/p(x, µ) in eq. (2.78), we take

f⊥f1T,g/N (x, µ) = Ng
4ρ
√

2eρ(1− ρ)g1
Mproton

xαg (1− x)βg
(αg + βg)αg+βg

α
αg
g β

βg
g

fg/N (x, µ) , (2.80)

with the parameters given by

Ng = 0.65, αg = 2.8, βg = 2.8, ρ = 0.5, Mproton = 1 GeV , (2.81)

and fg/N (x, µ) denoting the unpolarized collinear gluon PDF. For fg/N (x, µ), we use
CT14nlo [82] — specifically, CT14nlo_NF3 (CT14nlo_NF4) for charm (bottom) jet-pair
production with 3 (4) active parton flavors.

At this point, it is important to note that while the mass corrections in sum of the
anomalous dimensions for the collinear-soft and massive jet functions cancel, the mass-
dependence of ΓjQ contributes to the differential cross section. By examining eqs. (2.75)

2Note that the gluon Sivers function in [78], and its updated version [80], is constrained to their study
of the p↑p→ πX process. Technically, this is not subject to a TMD factorization framework, but it serves
as a starting point for our numerical study, following [10].
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Figure 5. The normalized qT -distribution for the unpolarized cross section of charm (left plot)
and bottom (right plot) dijet production at the EIC. The solid curves are the results from using
the resummation formula eq. (2.75), while the dashed curves represent the resummation prediction
using the evolution kernel without finite quark mass corrections. The red and blue bands indicate
theoretical uncertainties from the variation of hard and jet scales as discussed in the text.

and (2.78), we see that the mass corrections enter into the evolution between the scales
µj and µcs. We will see in the following section that this can significantly affect both the
qT -distributions and spin asymmetries for HF dijet production at the EIC.

3 Numerical results

In this section, we present numerical results for HF dijet production in unpolarized and
transversely-polarized-proton-electron collisions at the future EIC. We set the energies of
the electron and proton beam to be 20GeV and 250GeV, respectively. These beam-energy
values yield a electron-proton center-of-mass energy of

√
S`P = 141GeV. For the all-order

resummation formulae in eqs. (2.75) and (2.78), the renormalization scales for each function
are chosen to be

µh =
√
Q2 + p2

T , µj = pTR, µcs = µb∗R . (3.1)

Here, note that the Landau singularity associated with the collinear-soft scale is also reg-
ularized by the b∗-prescription.

As given in the calculation of the jet function, we consider HF jets constructed using
the anti-kT algorithm with radius R = 0.6. The corresponding kinematic cuts for charm
and bottom jets in the Breit frame are

charm jets : 5 GeV < pT < 10 GeV, |yJ | < 4.5 ,
bottom jets : 10 GeV< pT < 15 GeV, |yJ | < 4.5 , (3.2)
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Figure 6. The Sivers spin asymmetry for charm (left plot) and bottom (right plot) dijet production
at the EIC is plotted as a function of qT /pT . The solid curves are the results from using the
resummation formula, while the dashed curves represent the resummation prediction using the
evolution kernel without finite quark mass corrections. The red and blue bands indicate theoretical
uncertainties from the variation of hard and jet scales.

respectively. The charm and bottom quark masses are chosen as mc = 1.5 GeV and mb =
5 GeV. The spin asymmetry from the gluon Sivers function is defined as

A
sin(φq−φs)
UT = 2

∫
dφsdφq sin(φq − φs) dσUT (ST )∫

dφsdφq dσUU
. (3.3)

In figure 5, we display the normalized unpolarized cross section, 1/σ dσ/dqT , as a func-
tion of the imbalance qT . In figure 6, the Sivers spin asymmetry Asin(φq−φs)

UT is presented
as a function of qT /pT following [83], for both charm (left panel) and bottom (right panel)
jets, respectively. For both plots, the solid curves are the results obtained using the re-
summation formula, while the dashed curves represent the resummation prediction using
the evolution kernel without finite quark mass corrections. For both the unpolarized qT
and Asin(φq−φs)

UT distributions, we find that the effects of the finite quark masses are modest
for charm jets and quite sizable for bottom jets. This can be attributed to the sizes of
the charm and bottom masses relative to their associated jet scales pTR. As discussed in
sections 2.5 and 2.6, we have that JQ → Jq and ScQ → Scq as mQ → 0, making them ana-
lytic functions of mQ in the neighborhood of zero mass. Since eqs. (2.75) and (2.78) carry
their mass-dependence through the anomalous dimensions for the jet and collinear-soft
functions, eqs. (2.56) and (2.68), one sees that the massive versions of these functions are
connected to the massless versions by the ratio mQ/ (pTR) — it is in fact this dimension-
less parameter that controls the physical size of the mass corrections. With this in mind,
one sees that eq. (3.2) naturally positions bottom dijets further (in terms of the parameter
mQ/ (pTR)) from light flavor jet-pairs than it does charm dijets. This relative positioning
is then clearly displayed in figures 5 and 6.
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In order to estimate the theoretical uncertainties, in both figures 5 and 6 we also show
the uncertainties from scale variations, which are given by the red and blue bands. Here
we vary the hard and jet scales by a factor of two around their default values as defined
in (3.1), and the total uncertainty bands are obtained by the envelope of all the variations.
Since the non-perturbative Sudakov factor in eq. (2.79) is fitted at the canonical scale µb∗ ,
we do not include theory uncertainties from µb∗ and µcs variations. We find that the scale
uncertainty is compatible with the finite quark mass corrections in charm dijet process,
while its impact on the bottom dijet process is smaller than the mass correction. Therefore
in order to identify the finite quark mass effects in the charm dijet process it is essential
to reduce the scale uncertainties. Our factorization and resummation formula provides a
clear structure to improve the perturbative accuracy, which makes scale uncertainty further
reduction possible. We leave the higher-order perturbative calculations in future work.

4 Conclusion

A major priority of the future EIC is to explore the gluon TMD PDFs. In this paper,
we have investigated the use of back-to-back HF dijet production in transversely-polarized
target DIS as a means of probing spin-dependent gluon TMD PDFs. We have calculated the
expressions for the mass-dependent jet and collinear-soft functions at next-to-leading order.
Using these expressions, as well as Soft-Collinear Effective Theory, we resum the large
logarithms associated with these expressions at next-to-leading logarithmic accuracy. We
then provide a factorization theorem for this process with QCD evolution in the kinematic
region where heavy quark mass mQ . pTR � pT , with pT and R being the transverse
momentum and the radius of the jet, respectively. Furthermore, we generate a prediction
for the Sivers asymmetry for charm and bottom dijets at the EIC, which can be used
to probe the gluon Sivers function. We carefully study the effects of the HF masses by
comparing our mass-dependent predicted asymmetry against the asymmetry in the massless
limit. We find that, in the kinematic region we consider, the HF masses generate modest
corrections to the predicted asymmetry for charm dijet production but sizable corrections
for the bottom dijet process. Furthermore, we also consider the theoretical uncertainties
from the scale variation. We find that the scale uncertainty can be compatible with the
corrections from finite quark mass effects, especially for charm dijets production. In order
to identify the mass effects and reduce the scale uncertainties one has to include higher-
order corrections in the matching coefficients and the corresponding anomalous dimensions
in eqs. (2.75) and (2.78), and we leave the detailed perturbative calculations in future work.
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