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Abstract

We review our transverse momentum dependent factorization and resummation formal-
ism for heavy flavor dijet production at the EIC. In this formalism, we have calculated
the heavy flavor mass corrections in the collinear-soft and jet functions, and in the re-
summed expression for the cross section. By establishing this formalism, we then study
the effects of the mass corrections by providing predictions at the EIC for the massive
case and for the case where the mass is neglected. We find that the heavy flavor mass
effects can give sizable corrections to the predicted asymmetry.
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1 Introduction

Transverse-momentum-dependent parton distribution functions (TMD PDFs) encode the three-
dimensional motion of confined partons in the nucleon. These distributions further also allow
us to understand correlations between the parton’s transverse momentum and the spin of par-
ent nucleon [1]. The main focus of this study is the gluon Sivers function, which provides
information on the correlation between a bound gluon’s transverse momentum and the spin
of the parent nucleon. A PYTHIA reweighting analysis was performed for the Sivers asymme-
try in [2] for open heavy flavor production, D meson pair production, di-hadron production,
and dijet production at the future Electron-Ion Collider (EIC). These authors found that the
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dijet process provided the cleanest probe of the parton level asymmetry. However, while dijet
production at the EIC can be used to probe gluon TMD PDFs, this process also contains contam-
ination from quark TMDs at leading order (LO). In this paper, we consider heavy flavor (HF)
dijet production to further reduce background from the quark-initiated dijet process, see [3]
for our full paper. In this paper, we establish the factorization and resummation formalism for
the Sivers asymmetry in HF dijet production. Furthermore, we also study in detail the impact
of the HF mass corrections.

2 Factorization and resummation formula

We now review our factorization and resummation formalism for HF dijet production in po-
larized proton-electron scattering

e(`) + p(P,ST )→ e(`′) + JQ(pJ ) + JQ̄(pJ ) + X . (1)

For this process, ST represents the transverse spin of the polarized proton while Q and Q̄
represent the HF quark and antiquark, which initiate the jet JQ and JQ̄ jets. For this analysis,
we work in the Breit frame so that both the virtual photon and the beam proton move along
the z-axis. In order to study TMDs, the measured total transverse momentum of the observed
final state particles must be much smaller than the relevant hard scale for the interaction. For
this process, two final state HF jets are detected. As a result, the transverse momentum scale
is the dijet imbalance, which is defined as qT = pJ T + pJ T where the T subscript denotes
the transverse component. The relevant hard scale for this process is the average transverse
momentum of the jets. Therefore, the TMD region is valid for back-to-back jet production, ie
qT � pJ T ∼ pJ T ≡ pT . In addition, we also consider the HF mass, mQ, which introduces an
additional scale. In this study, we focus on the kinematic region where qT ® mQ ® pT R� pT
where R denotes the jet radius. Using this power counting, the factorized expression for the
unpolarized and polarized differential cross sections are given by

dσUU

dQ2d yd2pT d yJ d2qT
=H(Q, y, pT , yJ ,µ)

∫

d2 b
(2π)2

eib·qT S(b,µ,ν) fg/N

�

x , b,µ,ζ/ν2
�

× JQ(pT R, mQ,µ)Sc
Q(b, R, mQ,µ) JQ̄(pT R, mQ,µ)Sc

Q̄(b, R, mQ,µ) , (2)

dσU T (ST )
dQ2d yd2pT d yJ d2qT

=H(Q, y, pT , yJ ,µ)

∫

d2 b
(2π)2

eib·qT S(b,µ,ν)

×
i
2

�

εαβ SαT bβ
�

f ⊥, f
1T,g/N (x , b,µ,ζ/ν2)

× JQ(pT R, mQ,µ)Sc
Q(b, R, mQ,µ) JQ̄(pT R, mQ,µ)Sc

Q̄(b, R, mQ,µ) . (3)

In these expressions, x , y , and Q2 are the usual DIS variables while yJ is the rapidity of JQ.
The superscripts of theσ term denote the spin of the incoming lepton and proton, respectively,
while H is the hard function. We note that in general, the polarized process can have a different
hard function than the unpolarized one [4–6]. However, we find that the hard function should
be equal for both processes for this process. The functions J and Sc are the jet and collinear-
soft functions. We note that, due to the choice of the scale hierarchy, that both the jet and
collinear-soft functions depend non-trivially on the mass of the HF quark. On the other hand,
S in Eqs. 2 and 3 is the global soft function for the process while f and f ⊥1T are the unpolarized
gluon TMD PDF and the gluon Sivers function. We see that the S as well as the TMD PDFs
depend also on the rapidity scale ν due to the appearance of rapidity divergences. Finally, we
also define µ as the renormalization scale while ζ is the Collin-Soper parameter.
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In order to generate the resummed expressions for the differential cross sections, each of
the functions in the cross section must be evolved from their initial scale up to the hard scale
by solving the RG equation dF(µ)/d lnµ = ΓF (αs) F(µ). Here ΓF represents the anomalous
dimensions for the function F which enter into Eqs. 2 and 3. This procedure requires the
explicit expression for the anomalous dimensions for each of the functions. In this paper, we
provide the results of our calculations for the anomalous dimensions of S, J , and Sc while
we note that the anomalous dimensions of H and the TMD PDFs are well-known, see for
example [7,8]

2.1 Anomalous Dimensions

By explicitly calculating the one loop expression for the global soft function, we find that the
soft anomalous dimensions are given by

Γ s(αs) = γ
cusp(αs)

�

2CF ln
µ2

µ2
b

− CA ln
ν2

µ2

�

+
αs

π

�

2CF ln
�

4c2
bJ

�

−
1
CA

ln
ŝ

p2
T

+ CA ln
ŝ

Q2

�

+O(α2
s ) ,

(4)

γs
ν(αs) = −

αs

π
CA ln

µ2

µ2
b

+O(α2
s ) . (5)

In the top expression, ŝ is the partonic COM energy, cbJ = cos (φb −φJ ) where φJ(b) are the
azimuthal angle of the jet (impact parameter b), and µb = 2e−γE/b. In order to regulate the
rapidity divergences of the soft function, we have used the η regulator of [9]. We note that

the rapidity anomalous dimension of S fulfills the RG consistency condition that γ
fg
ν + γs

ν = 0

where γ
fg
ν is the one loop rapidity anomalous dimension of the gluon TMD PDF. Because of this

relation, the product fg/N (x , b,µ,ζ/ν2) and S(b,µ,ν) is ν-independent, and we can construct
the properly-defined gluon TMD PDF

fg/N

�

x , b,µ,ζ/ν2
�

S(b,µ,ν) = f TMD
g/N (x , b,µ,ζ)S(b,µ) . (6)

In our work, we have performed the explicit one loop calculation for the HF jet and
collinear-soft functions and taken into consideration the mass dependence. We obtain the
anomalous dimension for the jet and collinear-soft function to be

Γ jQ(αs) = −CFγ
cusp(αs) ln

p2
T R2 (1+ β)

µ2
+
αsCF

2π

�

3−
2β

1+ β

�

+O(α2
s ) , (7)

Γ csQ(αs) = CFγ
cusp(αs) ln

R2µ2
b

µ2
+
αsCF

π

�

ln (1+ β)− 2 ln (−2icbJ ) +
β

1+ β

�

+O(α2
s ) , (8)

where β = m2
Q/p

2
T R2. To arrive at Eqs. 4, 7, and 8, we have promoted αs/π to γcusp in the log

terms to obtain the anomalous dimensions at NLL accuracy.

2.2 Resummation formula

Having obtained the expressions for the anomalous dimensions, the resummed expressions for
the differential cross section can be written as

dσUU

dQ2d yd2qT d yJ d2pT
= H(Q, y, pT , yJ ,µh)

∫ ∞

0

bd b
2π

J0(b qT ) fg/N (x ,µb∗)

× exp



−
∫ µh

µb∗

dµ
µ
Γ h (αs)− 2

∫ µ j

µb∗

dµ
µ
Γ jQ (αs)−

∫ µcs

µb∗

dµ
µ

�

Γ̄ csQ (αs) + Γ̄
csQ̄ (αs)

�




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× exp
�

−SNP(b,Q0, n · pg)
�

, (9)

dσU T (ST )
dQ2d yd2qT d yJ d2pT

= sin(φq −φs)H(Q, y, pT , yJ ,µh)

∫ ∞

0

b2d b
4π

J1(b qT ) f
⊥, f

1T,g/N (x ,µb∗)

× exp



−
∫ µh

µb∗

dµ
µ
Γ h (αs)− 2

∫ µ j

µb∗

dµ
µ
Γ jQ (αs)−

∫ µcs

µb∗

dµ
µ

�

Γ̄ csQ (αs) + Γ̄
csQ̄ (αs)

�





× exp
�

−S⊥NP(b,Q0, n · pg)
�

. (10)

To arrive at these expressions, we have solved the RG evolution equations for each of the func-
tions and used the RG consistency relation. In this expression, µh, µ j , and µcs are the hard, jet,
and collinear-soft scales, respectively. For the unpolarized gluon TMD PDF, we have performed
LO collinear matching to the collinear gluon PDF fg/N (x ,µ) at the initial scales ζi = µ2

i = µ
2
b∗,

where µb∗ is the natural scale obtained using the b∗-prescription [10]. The function SNP in
Eq. 9 parameterizes the non-perturbative dependence of the unpolarized TMD PDF. To obtain
a parameterization for this function, we apply Casimir scaling to the parameterization given
in [11]. For the gluon Sivers function, we adopt the non-perturbative parameterization utilized
by [12,13].

3 Numerical results

We select the energies of the electron and proton beam to be 20 GeV and 250 GeV, respectively.
In Eqs. (9) and (10) we take the scale choices µh =

q

Q2 + p2
T , µ j = pT R, and µcs = µb∗R.

Furthermore, we take the jet radius value R = 0.6. For both charm and bottom dijet produc-
tion, we take |yJ |< 4.5. For charm jets, we also take 5 GeV < pT < 10 GeV and mc = 1.5 GeV
while for bottom dijets we take 10GeV < pT < 15GeV and mb = 5 GeV. The spin asymmetry
from the gluon Sivers function is defined as

A
sin(φq−φs)
U T = 2

∫

dφsdφq sin(φq −φs) dσU T (ST )
∫

dφsdφq dσUU
. (11)

In Fig. 1, we provide the qT distribution for the unpolarized process. In Fig. 2, the Sivers

spin asymmetry A
sin(φq−φs)
U T is presented as a function of qT/pT following [14], for both charm

(left) and bottom (right) jets, respectively. In both plots, the solid curves represent the re-
sults obtained using the resummation formula with non-zero masses, while the dashed curves
represent the resummation prediction using the evolution kernel without finite quark mass
corrections. In Figs. 1 and 2 we also provide the uncertainties originating from varying the
hard and jet scales by a factor of two around their canonical values. We find that the size of
the projected asymmetries are roughly 0.1%. We also note that the size of our predicted asym-
metry is consistent with the pseudo-data which was generated in [2] for di-hadron production
as well as dijet production. See the ‘SIDIS1’ results of Figs. 11 and 14 of that paper for com-
parison. However, we note that the size of these projected asymmetry is heavily dependent on
the non-perturbative parameterization used.

4 Conclusion

In this work, we present our factorization and resummation formalism for the Sivers asymme-
try in HF dijet production at the EIC. Using this formalism, we generate theoretical predictions
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Figure 1: The qT -distribution for the unpolarized cross section of charm (left) and
bottom (right) dijet production at the EIC. The solid curves represent our prediction
with mass corrections while we neglect mass corrections in the dashed curves. The
bands represent our theoretical uncertainties obtained by varying the hard and jet
scales.
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Figure 2: The Sivers asymmetry for charm dijet production (left) and bottom dijet
production (right) as a function of qT/pT . The solid curves represent our prediction
with mass corrections while we neglect mass corrections in the dashed curves. The
bands represent our theoretical uncertainties obtained by varying the hard and jet
scales.

with and without the HF mass corrections. We find in this analysis that the mass corrections
for charmed dijet production are close in magnitude to the theoretical uncertainties from the
scale variations. This indicates that a higher perturbative order is necessary in order resolve
the mass effect. However, we find that the mass corrections are larger than the theoretical
uncertainties for bottom dijet production. This indicates that the mass corrections could be
important for future global analyses for bottom dijet production.
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