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Sivers function describes the anisotropy of parton distributions inside a transversely polarized
nucleon in the momentum space. The study of the largely unexplored gluon Sivers function
(GSF) is important to obtain a complete picture of the 2+1D momentum structure of nucleons.
It is proposed that the GSF can be studied through dihadron single spin asymmetry (SSA) with
collisions of electrons on transversely polarized protons at a future high energy, high luminosity
Electron-Ion Collider (EIC). In this work, a detailed study on the feasibility of measuring the
dihadron SSA arising from the GSF is presented. Due to significantly larger statistics, we find
final states with charged dihadron pairs are more sensitive to GSF as compared to K+K− and DD̄

final states.
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1. Introduction

In recent years, an important quest in hadron physics is to explore the multi-dimensional struc-
ture of the nucleon based on the partonic degrees of freedom. Beyond rather sophisticated studies
on collinear parton distribution functions, the current forefront of hadronic structure research has
led us to a three-dimensional tomographic view of the nucleon structure by including parton trans-
verse momentum and space information. These extensions can provide unique ways of connecting
underlying parton dynamics with the nucleon properties.

The transverse momentum extensions to the longitudinal parton momentum distributions can
be utilized in the transverse momentum dependent (TMD) factorization framework. With the infor-
mation of confined parton motion in TMD, correlations between parton transverse momentum and
their spin, as well as the spin of their parent nucleon can be matched to a group of TMD parton dis-
tributions (TMDs) [1]. The Sivers function f⊥1T [2], which describes the azimuthally asymmetric
distribution of unpolarized partons in transverse momentum space inside a transversely polarized
nucleon, has received the widest attention both phenomenologically and experimentally among all
TMDs.

The Sivers effect arises due to the color exchanges between the struck parton and the nucleon
remnant during the initial- and final-state interactions. It was found that, due to the gauge invari-
ance in QCD, the Sivers function is not universal in different high energy scattering processes [3].
Measuring the transverse spin phenomena related to the quark and gluon Sivers function offers
an opportunity to test this process dependence deeply connected to our understanding of QCD
factorization.

Experimentally, the quark Sivers function has been measured in the semi-inclusive DIS data
by the HERMES, COMPASS, and JLab Hall A collaborations [4, 5, 6] and the polarized proton-
proton data by the STAR and PHENIX collborations over the years. There is a prospective hint
that the W boson measurement [7] at STAR favors a sign change for the Sivers function relative to
that in SIDIS, which represents an important proof for the non-universality of the Sivers function.
However, due to the large uncertainties and limited low Q2 coverage of the SIDIS experimental
data, only valence quark Sivers function at high x can be constrained with the phenomenological
studies [8]. No solid constraint can be drawn on the low x or sea quark Sivers function till this
moment. With the coming of the future high energy, high luminosity Electron-Ion Collider [9], the
unexplored sea quark region could be ideally studied with dramatical improvement to the current
data situation.

The gluon Sivers function (GSF), on the other hand, is poorly known at the current stage [10].
Fits to the Sivers asymmetry for SIDIS data favors a 30% gluon to quark Sivers ratio based on
the theoretical expectation from large Nc considerations for x ∼ 1/Nc [8]. It has been shown in
Ref. [11, 12] that gluon transverse momentum distribution can be mapped through quark-antiquark
jet correlation in deep inelastic scattering (DIS). The open charm production in electron-proton
scattering ep↑→ e′cc̄X , for instance, is supposed to be a direct probe to the gluon Sivers effect [9].
A model study has been carried out in [1] and the related experimental considerations are discussed
in [13]. Besides, we can also utilize the charged K meson pair or high pT charged dihadron pair
measurements, which are more statistically favored than the charm production channels. In this
work, we will illustrate the detailed information on the EIC projections for these measurements.
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Based on a TMD framework that treats the dihadron pairs in the back-to-back correlation limit,
we will estimate the size of single spin asymmetry (SSA) arising from the gluon Sivers effect.
Within the current design of a future EIC, we will perform a systematic study on the feasibility
of measuring gluon Sivers effect with the D0 meson pair, K+K− pair and charged dihadron pair
measurements. The D0 meson can be reconstructed through the D0 → πK decay channel. The
PYTHIA Monte Carlo generator [14] has been employed to determine the event rates expected at
an EIC with the lepton-proton beam energy configuration 20 GeV × 250 GeV.

2. Single spin asymmetry (SSA) arising from the gluon Sivers effect

The Sivers function describes the distribution of unpolarized partons with flavor a inside a
transversely polarized prton with mass Mp and can be expressed in a way following the Trento
convention in Ref. [15]:

f̂a/p↑(x,k⊥) = fa/p(x,k⊥)− f⊥a
1T (x,k⊥)

~S · (~̂P×~k⊥)
Mp

. (2.1)

The first term provides an axially symmetric contribution from the unpolarized parton distri-
bution, while the second term containing f⊥a

1T (x,k⊥) generates a distortion away from the center in
the~k⊥ plane with respect to the proton spin direction dependent on light-front momentum fraction
x and parton initial transverse momentum~k⊥. ~P and ~S represent the momentum and the normalized
transverse spin vector of the proton, respectively.

The production of high transverse momenta hadron pairs in DIS through γ∗g→ qq̄ is sensitive
to the gluon contributions, although it may have small contribution from the quark channel. If k1

and k2 are the four momenta of the outgoing quarks, one can obtain the dihadron cross section as
a generalization to the unpolarized case in [16] with the transverse momentum imbalance k⊥ =

|~k1⊥+~k2⊥| and the dijet transverse momentum scale P⊥ = |~k1⊥−~k2⊥|/2:

dσ
γ∗+p↑→h1+h2+X
tot

dzh1dzh2d2 ph1⊥d2 ph2⊥
= C

∫ 1−zh2
zh1

∑
q

dzq
zq(1−zq)

z2
h2z2

h1
d2 p1⊥d2 p2⊥ f̂g/p↑(xg,k⊥)

×Hγ∗g→qq̄
tot (zq,k1⊥,k2⊥)e2

qDh1/q(
zh1
zq
, p1⊥)Dh2/q̄(

zh2
1−zq

, p2⊥), (2.2)

where C gives the normalization factor, zq is the momentum fraction of produced quark q with
respect to the incoming virtual photon and Hγ∗g→qq̄

tot (zq,k1⊥,k2⊥) gives the combined hard factor
that incorporates both longitudinal and transverse component of the virtual photon. In our analysis,
we restrict ourselves to a kinematic configuration with k⊥�P⊥ known as the correlation limit [17].

By choosing the reference frame in which proton beam with momentum ~P is moving in z
direction and is transversely polarized along y axis, one can come to an explicit form of the mixed
vector product in Eq. 2.1 as ~S · (~̂P×~k⊥) = k⊥ cos(φk) with φk being the azimuthal angle of~k⊥. A
factorized Gaussian parameterization has been adopted for the transverse momentum dependent

unpolarized parton distribution function fg/p(xg,k⊥) = fg/p(xg)
e−k2
⊥/<k2

⊥>

π〈k2
⊥〉

with 〈k2
⊥〉 = 0.25 GeV2

and fragmentation function D(z, p⊥) = D(z) e−p2
⊥/〈p

2
⊥〉

π〈p2
⊥〉

with 〈p2
⊥〉= 0.2 GeV2.

There exists to be a strong correlation between the kinematics of a selected hadron and its
quark parent. Therefore, one can use the measurable hadron variables P

′
T = |ph1⊥− ph2⊥|/2 and
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k
′
T = |ph1⊥+ ph2⊥| to access the underlying parton kinematic variables P⊥ and k⊥. The GSF can

be studied in the dihadron single spin asymmetry (SSA) with the notation of ∆N fa/p↑(x,k⊥) =
−2k⊥

Mp
f⊥a
1T (x,k⊥) as follows:

AUT (φSk′ ,k′T ) =
dσ↑(φSk′ ,k′T )−dσ↓(φSk′ ,k′T )
dσ↑(φSk′ ,k′T )+dσ↓(φSk′ ,k′T )

∝
∆N fg/p↑(x,k⊥)

f g
1 (xg,k⊥)

, (2.3)

where subscript “U" represents the unpolarized electrion beam and “T" indicates the proton beam
is transversely polarized. φSk′ = φS− φk′T indicates the angular difference between total dihadron
transverse momentum~k′T and the polarized proton spin direction ~S⊥. The size of SSA is propor-
tional to the corresponding Sivers function divided by the unpolarized parton distributions.

We provide an estimate to the possible size of single spin asymmetry in the following studies
with three model assumptions. The maximized one can be obtained with an ansatz which saturates
the positivity bound f⊥g

1T = − 2σMp

k2
⊥+σ2 fg(x,k⊥), σ = 0.8 GeV. An intermediate size gluon Sivers

function has been set with 5% level of the positivity bound. In the end, a minimized set of gluon
Sivers parameterization has been taken from the SIDIS1 fits to the π0 AN data in pp collisions at
RHIC [18]. The corresponding Sivers functional form for quark is taken from [19].

3. Monte Carlo simulation setup

In this section, we will describe the setup of our Monte Carlo simulation tool for the event
generations. We use the PYTHIA-6.4 Monte Carlo program to give a projection on the specific
dihadron production event rates that could be expected at an EIC.

The size of the asymmetry can be obtained within the framework discussed in Sec. 2. If the
number of dihadron pairs reconstructed in a kinematic bin is N, one can estimate the statistical
uncertainty of the SSA in that bin as (δAUT )

2 = 1
P2N −

A2
UT
N [20]. In the following studies, error

bars are obtained assuming a polarization P = 70%. All the simulations done in this work for the
EIC energy scale has been set up with the electron and proton beam energy configuration of 20 ×
250 GeV.

Back-to-back dihadron pairs selected by our requirements are supposed to be produced mostly
in the Photon-Gluon Fusion (PGF) γ∗g→ qq̄ process. Noticing that the quark initiated process
QCD Compton (QCDC) γ∗q→ qg contribution can not be disentangled from PGF process in K+K−

and high pT charged dihadron pair measurement, we will take into account all the information on
the quark Sivers effect. The final SSA can be expressed as a weighted sum of those from gluon and
quark initiated process:AUT = wPGFAPGF

UT +wQCDCAQCDC
UT , in which wPGF and wQCDC represents

the event fraction of PGF and QCDC process in the event sample, respectively. The quark initiated
dihadron cross section can be obtained similarly as Eq. 2.2 with the a combination of different
quark flavors.

4. Results and discussions

The laboratory coordinate system has been defined with a convention the proton beam moving
in +z and the incoming electron along −z. The event kinematics has been constrained to 0.01 <
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y < 0.95 and 1GeV2 < Q2 < 20GeV2. The selection of this kinematic range delivers the average
event properties as 〈xB j〉 = 0.0012, 〈Q2〉 = 2.5 GeV2, 〈W 〉 = 54.6 GeV. In the following studies,
we will explore the feasibility of measuring the gluon Sivers effect with the selected final states of
DD̄ pair, K+K− pair and charged dihadron pair.

4.1 gluon SSA with DD̄ pair

The D0 → πK decay channel is used in this analysis by taking the advantage of its large
branching ratio 3.87% and the capability of identifying its decay vertex with the vertex tracking
detector at an EIC. Decay products momenta are typically a few GeV in the most central region,
but extend to 10 GeV in the region away from central.

The D meson decay products are not allowed to exceed the acceptance range region |ηπ/K
Lab |<

3.5. To guarantee the decay products of D0 can reach time projection chamber for particle identifi-
cation, a transverse momenta cut pπ/K

T Lab > 0.2 GeV has been applied to the decay products. As the
kinematics of a directly generated D0 is of little difference compared to that of a heavier D meson
state generating it, we include all the D0 in our study. To select a pair of back-to-back particles in
the correlation limit, we make a cut on the reconstructed D0 and D̄0 pairs: k

′
T < 0.7P

′
T . zh > 0.1

has been applied to the decay products to eliminate contributions from the remnant fragmenta-
tions. Meanwhile, it is also found that the feed-down correction is not significant for the analysis.
The kinematics of D0 meson from D∗ is not significantly different from the directly generated D0

mesons.
For the D0 meson production, quark subscript in Eq. 2.2 represents charm quark as q = c. The

hard factor Hγ∗g→cc̄
tot is given by Ref. [17]. The fragmentation function D(z) ∝ zα(1− z)β eγz(1−z)

with α = 2.86,β = 1.57,γ = 5.66, which fairly describes the D0 spectrum in e+e− annihilation,
has been applied to estimate the D0 meson pair cross section. As suggested by Ref. [21], the
gluon momentum fraction xg can be determined as xg =

Q2

s +
(P2
⊥+m2

c)
zq(1−zq)s

, where charm quark mass
mc = 1.3GeV and s gives the center of mass energy for the γ∗p system.

With the DD̄ pair production in the final state, the quark initiated process is significantly sup-
pressed that one can have a clean probe to the gluon Sivers effect. The sensitivity of this mea-
surement to the possible gluon Sivers size has been shown in Fig. 1. The statistical uncertainty is
obtained with an assumption of the integrated luminosity Lint = 20 fb−1.

4.2 gluon SSA with high pT charged dihadron pair and K+K− pair

The gluon dynamics can also be accessed with the light flavored dihadron pair probes. To
estimate these final states, DSS fragmentation has been utilized in the numerical estimations for
the signal size. These processes will suffer the contamination in SSA from quark Sivers effects.
We can obtain the fraction of quark and gluon initiated process wPGF and wQCDC in PYTHIA
simulations.

A high pT cut for the dihadron pair is usually needed to minimize the quark channel contam-
inations. It can be found in Fig. 2 that the quark initiated process γ∗q→ q and γ∗q→ gq will be
suppressed with maximized γ∗g→ qq̄ fraction by applying a transverse momentum cut pT > 1.7
GeV. The acceptance for the charged dihadron has been designed to be |ηLab|< 4.5. The correlated
dihadron pairs are selected again with the correlation limit requirement k

′
T < 0.7P

′
T . The energy

4
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Figure 1: (Color online) Projection on the DD̄ pair single spin asymmetry dependence varying with φSk′

shown with different gluon Sivers magnitude. Vertical bar represents the statistical error obtained assuming
the kinematic cut |ηπ/K

Lab | < 3.5, pπ/K
T Lab > 0.2 GeV, zπ/K > 0.1, k

′
T < 0.7P

′
T , 0.01 < y < 0.95 and 1GeV2 <

Q2 < 20GeV2 at the electron-proton beam energy 20 GeV× 250 GeV, if the total luminosity Lint = 20 fb−1.

fraction of the involved particles taken from the exchanged virthal photon must be zh > 0.1. The
corresponding estimation of the projected statistical resolution has been shown in Fig. 3 if the total
statistics amounts to Lint = 20 fb−1.
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Figure 2: (Color online) Fraction of the charged particle cross section out of the total cross section versus
transverse momentum from different processes.

The selection of K+K− pair is employed to maximize the γ∗g→ ss̄ contribution, which is
more favored for the gluon dynamics study. The identification of charged kaon has been assumed
to be applicable only within the range of |ηLab| < 3.5. With all the experimental considerations,
the projected statistical uncertainty compared to the expected signal size can be found in Fig. 4
assuming an integrated luminosity Lint = 20 fb−1.

4.3 Discussions

By confronting the expected signal size of all three possible probes discussed above and the
EIC projections, one can compare the feasibility and signal sensitivity of these measurements to
gluon Sivers effect with a variation of statistics assumption. The gluon Sivers sensitivity largely
relies on the fraction of gluon channels contributing to the measurement. The detailed gluon chan-
nel fraction can be collected as wPGF

DD̄ = 99.4%,wPGF
K+K− = 92.7%,wPGF

dihadron = 80.0% from PYTHIA
simulation. Based on the kinematic cuts and binning method discussed in the last section, we
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Figure 3: (Color online) Projection on the charged dihadron pair single spin asymmetry dependence varying
with φSk′ shown with different gluon Sivers magnitude.Vertical bar represents the statistical error obtained
assuming the kinematic cut |ηh

Lab|< 4.5, ph
T > 1.7 GeV, zh > 0.1, k

′
T < 0.7P

′
T , 0.01 < y < 0.95 and 1GeV2 <

Q2 < 20GeV2 at the electron-proton beam energy 20 GeV× 250 GeV, if the total luminosity Lint = 20 fb−1.
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Figure 4: (Color online) Projection on the K+K− pair single spin asymmetry dependence varying with φSk′

shown with different gluon Sivers magnitude Vertical bar represents the statistical error obtained assuming
the kinematic cut |ηK

Lab| < 3.5, pK
T > 1.7 GeV, zK > 0.1, k

′
T < 0.7P

′
T , 0.01 < y < 0.95 and 1GeV2 < Q2 <

20GeV2 at the electron-proton beam energy 20 GeV× 250 GeV, if the total luminosity Lint = 20 fb−1.

can obtain the statistical error of the single spin asymmetry ordering with different probes as
δADD̄

UT ∼ 3.66δAK+K−
UT ∼ 14.71δAdihadron

UT .

5. Summary

In this work, we have performed a calculation on the magnitude of SSA for DD̄, K+K− and
charged dihadron pair production arising from the gluon Sivers effect. Expectations from different
gluon Sivers models are obtained in a transverse momentum dependent factorization framework.
Detailed experimental considerations are considered study the possible feasibilities of these mea-
surements. It is found that the DD̄ meson pair probe is less affected by the quark initiated process,
but the K+K− and charged dihadron pair probes are more favored in terms of the statistics.

This measurement will largely improve our understanding to the gluon Sivers effect. Due to
the different gauge links involved in the processes, the gluon Sivers effect extracted from electron-
proton collisions would be an independent gluon Sivers function distinct from that obtained in
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proton-proton collisions and can hardly be accessed in other collisions. Thus, gluon Sivers studies
at an EIC will provide a unique test of the fundamental non-perturbative QCD effects.
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