
PUBLISHED VERSION 

 

Hrayr H. Matevosyan, Aram Kotzinian, Elke-Caroline Aschenauer, Harut Avakian, and 
Anthony W. Thomas 
Predictions for Sivers single spin asymmetries in one- and two-hadron 
electroproduction at CLAS12 and EIC 
Physical Review D, 2015; 92(5):054028-1-054028-17 
 
 
© 2015 American Physical Society 
 

Originally published by American Physical Society at:- 
http://dx.doi.org/10.1103/PhysRevD.92.054028 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

  http://hdl.handle.net/2440/100598 

PERMISSIONS 

http://publish.aps.org/authors/transfer-of-copyright-agreement 

Permission 4.11.2015 

 

“The author(s), and in the case of a Work Made For Hire, as defined in the U.S. 
Copyright Act, 17 U.S.C. §101, the employer named [below], shall have the following 
rights (the “Author Rights”): 

3. The right to use all or part of the Article, including the APS-prepared version without 
revision or modification, on the author(s)’ web home page or employer’s website and to 
make copies of all or part of the Article, including the APS-prepared version without 
revision or modification, for the author(s)’ and/or the employer’s use for educational or 
research purposes.” 

 

 

 

22 August 2016 

http://dx.doi.org/10.1103/PhysRevD.92.054028
http://hdl.handle.net/2440/100598
http://publish.aps.org/authors/transfer-of-copyright-agreement


Predictions for Sivers single spin asymmetries in one- and two-hadron
electroproduction at CLAS12 and EIC

Hrayr H. Matevosyan,1 Aram Kotzinian,2,3 Elke-Caroline Aschenauer,4 Harut Avakian,5 and Anthony W. Thomas1
1ARC Centre of Excellence for Particle Physics at the Tera-scale,
and CSSM, Department of Physics, The University of Adelaide,

Adelaide, South Australia 5005, Australia
2Yerevan Physics Institute, 2 Alikhanyan Brothers Street, 375036 Yerevan, Armenia

3INFN, Sezione di Torino, 10125 Torino, Italy
4Physics Department, Brookhaven National Laboratory, Upton, New York 11973, USA

5Thomas Jefferson National Accelerator Facility, 12000 Jefferson Avenue Suite 5, Newport News,
Virginia 23606, USA

(Received 13 February 2015; published 23 September 2015)

The study of the Sivers effect, describing correlations between the transverse polarization of the nucleon
and its constituent (unpolarized) parton’s transverse momentum, has been the topic of a great deal of
experimental, phenomenological and theoretical effort in recent years. Semi-inclusive deep inelastic scattering
measurements of the corresponding single spin asymmetries (SSA) at the upcoming CLAS12 experiment at
JLab and the proposed Electron-Ion Collider will help to pinpoint the flavor structure and the momentum
dependence of the Sivers parton distribution function describing this effect. Here we describe a modified
version of the PYTHIA6Monte Carlo event generator that includes the Sivers effect. Then we use it to estimate
the size of these SSAs, in the kinematics of these experiments, for both one and twohadron final states of pions
and kaons. For this purpose we utilize the existing Sivers parton distribution function (PDF) parametrization
extracted fromHERMESandCOMPASS experiments. Using thismodified version of PYTHIA6, we also show
that the leading order approximation commonly used in such extractions may provide significantly
underestimated values of Sivers PDFs, as in our Monte Carlo simulations the omitted parton showers and
non-DIS processes play an important role in these SSAs, for example in the COMPASS kinematics.

DOI: 10.1103/PhysRevD.92.054028 PACS numbers: 13.88.+e, 13.60.-r, 13.60.Hb, 13.60.Le

I. INTRODUCTION

The study of the structure of the nucleon has long
been a focus of both theory and experiment within the
medium and the high energy hadronic physics commu-
nity, mostly concentrating on the distributions of the
longitudinal momentum fraction of partons within
nucleon described by the transverse momentum inte-
grated (“collinear”) parton distribution functions (PDF).
Lately, exploring the transverse structure of the nucleons
in momentum space via transverse momentum dependent
(TMD) PDFs and the generalized parton distribution
functions in impact parameter space has attracted great
interest. The spin of the nucleon and its constituent
partons plays an important role when describing the
transverse structure of the nucleon. Here we will focus
on the so-called Sivers TMD PDF that describes the
modification of the fully unpolarized TMD PDF when
considering unpolarized partons inside of a transversely
polarized nucleon [1]. The knowledge of the Sivers PDF
is crucial in our understanding of the spin structure
of the nucleon. It can be accessed in a variety of
experiments in the so-called deep inelastic scattering
(DIS) regime, where the probes intact directly with a
parton inside of the target, such as the Drell-Yan process
and semi-inclusive hadron production in polarized

hadron-hadron collisions, or semi-inclusive DIS
(SIDIS) of a lepton off a transversely polarized nucleon.
In a SIDIS process with a single detected final state

hadron, the Sivers PDF can be accessed through a term in
the single spin asymmetry (SSA) modulated with the sine
of the so-called Sivers angle [2], defined as the azimuthal
angle between the transverse momentum of the detected
hadron and the transverse spin of the nucleon. The
amplitude of this modulation is given as a convolution
of the Sivers PDF with the TMD unpolarized fragmentation
function (FF) divided by a convolution of the unpolarized
TMD PDF and TMD FF. Experimental measurements of
these asymmetries have been performed by several collab-
orations: HERMES [3,4], COMPASS [5,6] and JLab
HALL A [7], extracting sizable effects for both pion and
kaon final states. The Sivers PDF has then been extracted in
Ref. [8] using phenomenological parametrizations of the
involved TMD PDFs and TMD FFs to fit the experimen-
tally measured SSAs, and more recently with the inclusion
of the TMD QCD evolution [9] in Refs. [10,11].
Unfortunately these parametrizations suffer from relatively
large uncertainties arising from both theory and experi-
ment. These uncertainties come from the experimental
measurements themselves, the lack of knowledge of
unpolarized TMD FFs (especially those for the unfavored
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channels [12], as well as those involving the strange quark
[13]), and assumptions about the shape and the flavor
dependences of both unpolarized and Sivers PDFs and
unpolarized FFs. This is relevant, as in calculating SSAs
one integrates over the transverse momentum and then
sums over the type of struck parton. Moreover, in such
extractions there are unquantified uncertainties associated
with using the leading order expressions for the SSAs that
ignore any parton showering (note that TMD evolution
partially accounts for this effect) or non-DIS process
contributions (such as vector-meson-dominance) to the
cross section of the inclusive hadron production in lepton
scattering off a polarized nucleon target.
Recently, it has been suggested that the Sivers PDF can

be also measured in SIDIS production of two hadrons in the
fragmentation of the same struck parton [14–16]. Here the
SSA has two terms involving the Sivers PDF, modulated
with respect to the sine of the Sivers angles of the total and
the relative transverse momenta of the pair. In each of these
terms, the Sivers PDF is convoluted with a corresponding
unpolarized dihadron fragmentation function (DiFF), that is
not yet known. LEPTO Monte Carlo (MC) generator was
modified to study these SSAs by using the Sivers PDF
parametrizations of [8,10] and the Lund string fragmenta-
tion model employed in LEPTO to describe the semi-
inclusive production of two hadrons. Using this MC
generator, it was shown that the corresponding SSAs are
of a similar size to those for the single hadron production in
the kinematics of the COMPASS experiment. In addition,
the two hadron final state provides a larger basis than the
single hadron case for disentangling the flavor dependence
of the Sivers PDF, since for N types of detected hadrons we
can measure N single hadron SSAs compared with N ·
ðN þ 1Þ=2 dihadron SSAs (including those with the same
type of hadrons in the pair). Typically, due to the design
constraints of a particular detector, N is not large enough to
determine the flavor dependences. On the other hand, as
shown in Sec. III and Sec. IV, a particular choice of hadrons
in a pair may allow one to gain more sensitivity to the
contributions of a quark with given flavor.
Thus the measured dihadron SSAs will help to put

additional constraints on the flavor dependence of the
Sivers PDFs, and ideally extract them from their convoluted
sums in SSAs without any assumptions on their flavor
dependences. Moreover, SSA measurements in two-hadron
SIDIS will be actively pursued in the upcoming CLAS12
and proposed SoLID experiments for accessing the trans-
versity PDF through the interference fragmentation channel
[17,18], making Sivers two-hadron studies a relatively easy
addition to the analysis program. Together with the one
hadron SIDIS and other measurements this will help to map
out the full momentum and flavor dependence of Sivers
PDFs. This is, of course, critically hinged on our detailed
knowledge of unpolarized TMD PDFs, TMD FFs and
DiFFs, that also need to be mapped out in future

experiments. Finally, dihadron measurements will help to
investigate the correlations in the hadronization process that
have been discussed recently [19].
The exploration of the transverse structure of the

nucleon, and the Sivers function in particular, is one of
the main focuses of the CLAS12 experiment at the soon to
be operational JLab at 12 GeV and the proposed Electron
Ion Collider (EIC) [20]. Thus it is important to make
projections for the sizes of the expected SSAs using the
current information on the Sivers PDF extracted from
experiment, as well as to analyze what are the important
physics questions that can be posed in different center-of-
mass energy regimes. Here, we use a modified version of
the PYTHIA6 (mPYTHIA) MC event generator that incorpo-
rates the Sivers effect (as described in Sec. III) to make such
projections for the CLAS12 experiment at JLab and for two
sets of beam energies for EIC.
This paper is organized in the following way. In Sec. II

we will give a brief overview of the SIDIS production of
one and two hadrons including the Sivers effect. In Sec. III,
we present our predictions for one hadron Sivers SSAs for
both CLAS12 and EIC experiments, while in Sec. IV we
present the similar results for the two hadron production.
Finally, in Sec. V we present our conclusions and outlook.

II. THE SIVERS EFFECT IN SIDIS

In the SIDIS process a high energy lepton with momen-
tum l, scatters off a nucleon target, N, producing several
final state particles along with the scattered lepton with
momentum l0

lðlÞ þ NðPN; SÞ → lðl0Þ þ X; ð1Þ

where PN and S denote the momentum and the spin four-
vectors of the nucleon. The leading-order DIS process in
the factorized framework, where the lepton hard scatters of
a single parton inside of a nucleon via single virtual photon
exchange γ�, is schematically depicted in Fig. 1. Here the
momenta and the spin four-vectors of the initial and the
scattered partons are denoted by k; s and k0; s0.
In describing the relevant kinematic variables and cross

section, we adopt the γ� − N center of mass frame depicted
in Fig 2. The z axis is taken along the direction of the virtual
photon three-momentum q, and the x axis is along the

FIG. 1 (color online). The leading order diagram for one hadron
production in the current fragmentation region of SIDIS.
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component of the lepton’s momentum transverse to q. The
transverse components of the momenta in this frame are
defined with respect to the z axis with subscript T and the
transverse momenta with respect to the fragmenting quark’s
direction with subscript ⊥.
The usual DIS variables are defined as:

q ¼ l − l0; Q2 ¼ −q2; x ¼ Q2

2PN · q
;

y ¼ PN · q
PN · l

; W2 ¼ ðPN þ qÞ2; ð2Þ

where PN is the momentum of the nucleon and x is the
Bjorken variable. It is also straightforward to see that in the
γ� − N system the transverse momenta of the initial and
fragmenting quarks are the same, k0T ¼ kT , and qT ≡ 0, by
definition.
The Sivers effect describes the modification of the TMD

PDF of unpolarized partons inside a transversely polarized
nucleon, fq↑ðx; kTÞ, with respect to that for the unpolarized

nucleon fq1ðx; kTÞ (we omit the Q2 dependence of these
PDFs for notational convenience). This modification is
quantified by the Sivers PDF, f⊥q

1T ðx; kTÞ, which arises from
the correlation between the active quark transverse momen-
tum, kT , and the transverse polarization of the nucleon, ST .
The polarized PDF is then expressed as (see e.g., [2,14])

fq↑ðx; kTÞ ¼ fq1ðx; kTÞ þ
½ST × kT �3

M
f⊥q
1T ðx; kTÞ; ð3Þ

where M denotes the nucleon mass and the subscript 3
denotes the z component of the vector.

A. The Sivers effect in single hadron production

In the single hadron production in SIDIS,

lðlÞ þ NðPN; SÞ → lðl0Þ þ hðPÞ þ X; ð4Þ

one of the final state hadrons, h, with momentum, P, is
detected along with the scattered lepton, l, carrying
momentum l0, as schematically depicted in Fig. 1. Here
two of the frequently used scaling variables are

z ¼ PN · P
PN · q

; ð5Þ

describing the fraction of the virtual photon’s energy
carried by the produced hadron in the target rest frame, and

xF ≡ 2Pz

W
; ð6Þ

the fraction of the maximum possible longitudinal momen-
tum of the produced hadron in the γ� − N center-of-mass
CM system (Feynman x). In QCD factorized approach in
the so-called current fragmentation region (CFR) defined as
xF > 0, this hadron is primarily produced by the fragmen-
tation of the scattered parton. Although, within a dynamic
string fragmentation picture, it is hard to make a strict
distinction between the hadrons produced by the scattered
parton’s fragmentation and those by the nucleon remnant’s
fragmentation, especially for hadrons with relatively small
momentum components along the lepton-nucleon axis in
the γ� − N CM system. Nevertheless, a formal distinction is
assigned by considering hadrons with xF > 0 in the CFR
and those with xF < 0 in the target fragmentation
region (TFR).
Then, in the leading order approximation of QCD

factorized approach for hadrons produced in the CFR,
the relevant cross section can be expressed as [21]

dσh

dxdQ2dφSdzd2PT
¼ Cðx;Q2ÞðσhU þ σhSÞ; ð7Þ

σhU ¼
X
q

e2q

Z
d2kTf

q
1D

h
q; ð8Þ

σhS ¼
X
q

e2q

Z
d2kT

STkT
M

sinðφk − φSÞf⊥q
1T D

h
1q; ð9Þ

Cðx;Q2Þ ¼ α2ð1þ ð1 − yÞ2Þ
Q4

; ð10Þ

where φk and φS are the azimuthal angles of the quark’s
transverse momentum, kT , S the nucleon spin and α the
fine-structure constant. Dh

1qðz; P2⊥Þ denote the TMD frag-
mentation functions (FF), where P⊥ is the transverse
momentum of the hadron with respect to the fragmenting
quark, acquired in the hadronization process.
The Sivers SSA for this process can be expressed as

Ah
Siv ≡ 2

R
dφSdφhσ

h
S sinðφh − φSÞR

dφSdφhσ
h
U

: ð11Þ

Note, that the Sivers SSA of Eq. (11) is calculated using
the cross section formulas (7),(8) entail that we only use the
leading order approximations (in twist expansion and αs
expansion for the hard scattering, etc.). This approach

z

xy

p
h

k
T

P

P
T

k
T

k

q Nucleon

FIG. 2 (color online). γ� − N center of mass frame.
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considers corrections from gluon radiation by the initial or
scattered quark, or when the virtual photon interacts with
the nucleon via vector-meson-dominance (VMD) type
processes, to be small. These assumptions might not strictly
hold for real world experiments, and we will explore this
issue using MC generators for COMPASS and EIC
energies in the next section.

B. The Sivers effect in two hadron production

Here we consider the SIDIS process, where along with
the scattered lepton we also detect two of the produced
hadrons h1 and h2, with momenta P1 and P2

lðlÞ þ NðPN; SÞ → lðl0Þ þ h1ðP1Þ þ h2ðP2Þ þ X: ð12Þ

The leading order factorized schematic diagram for this
process is depicted in Fig. 3, where we assume both
hadrons are produced in CFR.
In the experimental and phenomenological analysis of

two hadron SIDIS, the transverse components of the two
hadron momenta, P1T and P2T , are often replaced by their
linear combinations [22–24]

PT ¼ P1T þ P2T; ð13Þ

R ¼ 1

2
ðP1T − P2TÞ; ð14Þ

where the corresponding azimuthal angles are denoted as
φT and φR. The cross section terms relevant to the Sivers
effect in this process can then be expressed as [14,15]

dσh1h2

dxdQ2dφSdz1dz2d2PTd2R
¼ Cðx;Q2Þðσh1h2U þ σh1h2S Þ;

ð15Þ

σh1h2U ¼
X
q

e2q

Z
d2kTf

q
1D

h1h2
q ; ð16Þ

σh1h2S ¼
X
q

e2q

Z
d2kT

½ST × kT �3
M

f⊥q
1T D

h1h2
1q ; ð17Þ

where the virtual photon energy fractions z1 and z2 carried
by two hadrons are defined similarly to the one hadron
case. Dh1h2

1q is the fully unintegrated unpolarized dihadron
fragmentation function. The terms σU and σS depend on
x;Q2; z1; z2; PT; R and PT · R ¼ PTR cosðφT − φRÞ. The
Sivers term can be expressed as

σS ¼ ST

�
σT

PT

M
sinðφT − φSÞ þ σR

R
M

sinðφR − φSÞ
�
: ð18Þ

The cross section in Eq. (15) is usually measured after
integrating over the azimuthal angle (and often magnitude)
of the relative or total transverse momentum, φR or φT,
respectively:

dσh1h2

d2PTRdR
¼ Cðx;Q2Þ

�
σU;0

þ ST

�
PT

M
σT;0 þ

R
2M

σR;1

�
sinðφT − φSÞ

�
;

ð19Þ
dσh1h2

PTdPTd2R
¼ Cðx;Q2Þ

�
σU;0

þST

�
PT

2M
σT;1 þ

R
M

σR;0

�
sinðφR − φSÞ

�
;

ð20Þ
where σU;i; σT;i and σR;i are the zeroth (i ¼ 0) and the first
(i ¼ 1) harmonics of the cosðnðφT − φRÞÞ Fourier expan-
sions of the corresponding structure functions. The super-
scripts h1h2 are omitted.
Then the relevant Sivers SSA can be obtained for the sine

modulation of the cross section with respect to φT;R − φS

Ah1h2
Siv ≡ 2

R
dφSdφσ

h1h2
S sinðφ − φSÞR

dφSdφσ
h1h2
U

: ð21Þ

III. MONTE CARLO PREDICTIONS FOR ONE
HADRON SSA

The Monte Carlo (MC) event generators are immensely
valuable tools for both phenomenology and experiment in
hadronic and high energy physics. They allow one to
understand various features in the complicated DIS proc-
esses that are induced by the strong nonperturbative as well
as perturbative effects, kinematical limitations coming from
both underlying process and detector performance used in a
particular experiment. Another advantage provided by MC
event generators, versus simply employing the analytical
expressions for the relevant cross sections, is the full
coverage of the available phase space for produced par-
ticles. Furthermore, the dynamical full hadronization
models employed in MC generators provide a unified

FIG. 3 (color online). The leading order diagram for two hadron
production in the current fragmentation region of SIDIS.
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description of the process in all regions of xF, where the
formalism for SIDIS in CFR for xF > 0 involves different
functions (PDFs and FFs) to those in TFR for xF < 0
(Fracture Functions [25–27]).
Here we start with the well-established MC generator

PYTHIA6 and modify it (mPYTHIA) to include the Sivers
effect, which yields a modulation of the azimuthal angle of
the struck quark’s transverse momentum with respect to the
nucleon’s spin. For this we use the phenomenological
parametrization of the Sivers PDF of Refs. [8,10] extracted
from fits to SIDIS SSAs measured in the HERMES [3,28]
and COMPASS [29,30] experiments. The modified version
of the LEPTO MC generator, mLEPTO, has already been used
in previous work [14–16,31,32] to estimate the SSAs in
both single and dihadron SIDIS production, mostly in the
COMPASS kinematics. For the present study PYTHIA6 has
been chosen as a more modern generator that among other
new features uses double precision to operate with the
particle momenta which is better suited for EIC studies.
The Sivers effect has been implemented in mPYTHIA by

modifying the part of the PYTHIA6 code that generates the
azimuthal angle of the struck quark in the γ� − N CM
system, where the x and kT have already been selected
according to the cross section formula for the lepton-
nucleon DIS scattering and the selected intrinsic transverse
momentum parametrization (we chose Gaussian), respec-
tively. Here, instead of the uniform distribution for the case
of an unpolarized nucleon, we sample the azimuthal angle
according to the Eq. (3). We use one of the standard
parametrizations for the unpolarized PDF accessible in
PYTHIA6. We take the Sivers function parametrization from
Refs. [8,10] (“DGLAP evolution” set) and slightly modify
it to best reproduce COMPASS measurements of the
corresponding asymmetries. The latter is expressed as a
product of the unpolarized PDF and two functions, where
one depends only on x and the other only on kT . The
parametrization actually involves only these two multipli-
cative functions. Further, we use a Lorentz transform to
determine ST in the γ� − N CM system in order to calculate
the Sivers term. These modulations of the struck quark
azimuthal angle are then transferred to the final state
hadrons by the hadronization process. Moreover, these
azimuthal modulations are also transferred to the nucleon
remnant via momentum conservation. Note that here we
only study the Sivers effect for the light quarks, as currently
there are no available parametrizations for the Sivers PDFs
of a gluon or for heavy flavor quarks.
Here we use mPYTHIA to study the Sivers SSAs for single

hadron production in SIDIS at the soon to be operational
CLAS12 and planned EIC experiments. In this initial study,
we do not include the TMD evolution of the Sivers PDF, as
it would require major rewrites of these MC codes to also
include the TMD evolution in the unpolarized PDFs and the
hadronization model. Moreover, here we only use some
basic kinematics limits coming from the angular coverage

of the detectors in each experiment, without taking into
account the realistic acceptance effects in these experi-
ments. Nonetheless, one should keep in mind that our
results are aimed at establishing order-of-magnitude esti-
mates for the observables.
First we performed a cross-check between mPYTHIA and

mLEPTO for the COMPASS kinematics, where a trans-
versely polarized proton asymmetry has been measured
using Eμ ¼ 160 GeV muon beam [5]. In MC simulations
we allowed only the leading order DIS process and
excluded any parton showering effects. The results of this
simulation, along with the COMPASS data [5] and mLEPTO

results are depicted in Fig. 4. We see that there is
overall good agreement between mLEPTO and mPYTHIA,
with both describing the experimental data reasonably well.
The small differences arising in z-dependence between the
two MC generators are due to the differences in the
hadronization modeling and parameters.

(a)

(b)

(c)

FIG. 4 (color online). Sivers SSAs versus (a) x, (b) y and (c) PT
from COMPASS data, and calculated with mLEPTO and mPYTHIA.
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A. The experimental kinematics

We use the kinematic limits and cuts for CLAS12
described in Ref. [33], where an 11 GeV electron beam
scatters from transversely polarized proton target. The
relevant ranges for the kinematical variables are 1 GeV2 <
Q2 < 6.3 GeV2 and 0.075 ≤ x ≤ 0.532. The polar angle
(in the lab frame) of the scattered electron 7° ≤ θe0 ≤ 35°
and the polar angles of the hadrons 7° ≤ θh ≤ 100° are
imposed by the detector coverage. We additionally apply a
cut W2 > 4 GeV2 to select mostly DIS events. For single
hadron SSAs, we impose 0.2 < z < 0.8. For dihadron pairs
we impose 0.4 < z < 0.8 for the total energy fraction of the
pair. Additionally, to exclude the exclusive baryon reso-
nance production region, we require the missing mass for
both one- and two-hadron production, MðeþpÞ−ðe0þhÞ and
MðeþpÞ−ðe0þh1þh2Þ, to be larger than 1.5 GeV.
The EIC [20] proposal has several possible implemen-

tations at different existing and planned facilities. Here we
choose the kinematics of the experiment based on the RHIC
facility [34], where electron and polarized proton beams
collide. The predictions for EIC have been carried out for
two sets of electron l and proton PN beam momenta, thus
we will denote the corresponding energies in the text below
as l × PN and skipping the units always taken to be in GeV
(for example 5 × 50). The following kinematic cuts are
used:

0.01 < y < 0.95; Q2 > 1 GeV2; W > 5 GeV;

ð22Þ
as well as those described in Ref. [34] for SIDIS.
Additionally, we identify the hadrons in the CFR as those
with xF > 0 in the γ� − N CM system.

B. EIC toy model studies

We employ a toy model for the Sivers PDF to study the
general features of the generated SSA. In particular, it is
interesting to study the relative contributions of the sea and
valence quarks to Sivers SSAs in various regions of x and z.
This will help to identify the most relevant experimental
regimes for studying sea or valence Sivers PDF. For a toy
model Sivers PDF, we choose it proportional to the
unpolarized PDF of the corresponding quark flavor, with
a large coefficient to maximize the generated SSA while
satisfying the positivity of the polarized PDF. The plots in
Fig. 5 depict the results for 5 × 50 SSAs’ dependence on
(a) x and (b) z. Here the label “Full” denotes the
calculations where we set the Sivers terms using the toy
model expression ðSTkT=MÞf⊥q

1T ðx; kTÞ ¼ 0.9f1ðx; kTÞ for
all the light flavored quarks, while for calculations with the
label “Val” we only use the toy model Sivers terms for the
valence u and d quarks and set them to zero for the sea
quarks. Finally, the label “Sea” denotes the scenario where
we use the toy model Sivers terms for the sea quarks and set

them to zero for the valence quarks. It is apparent that the
valence quarks produce the predominant part of the signal
in the large-x region, while the sea does in the small-x
region, as one would naturally expect. Also, for all the
cases, the SSAs increase as a function of z, as one naturally
expects that the hadrons with a large fraction of the
fragmenting quark’s energy also carry a large fraction of
its transverse momentum. Thus their azimuthal modula-
tions become larger. Finally, the plots labeled “Valþ Sea,”
indicating the simple sum of the results when we have sea-
only and valence-only contributions. These coincide with
the “Full” simulations, serving as a simple cross-check.
Next, we study the dependence of the valence and sea

quark contributions to SSAs for several different energies,
as depicted in Fig. 6. The results where we set all the light
quarks’ Sivers PDF to be the model value show little energy
dependence, as only the increase in charm sea quark PDFs
at higher CM energies slightly reduces the corresponding
SSAs (here we do not allow a Sivers effect for the charm
quarks). The valence and sea quarks, as expected, trade
strength as the CM energy increases, and naturally the two
results 5 × 250 and 30 × 50 with very similar CM energies
also produce very close results for the corresponding SSAs.
Thus one can conclude, that the high energy collision runs
at EIC would be much more sensitive to sea quark (and by
the same to the logic gluon) Sivers PDF, while the relatively
low energy ones will most effectively probe the valence
quark region.
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FIG. 5 (color online). EIC toy model SSAs versus (a) x and
(b) z for 5 × 50 SIDIS kinematics for πþ. Comparison of sea and
valence quark contributions in pure DIS events.
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Studying the Sivers asymmetry in SIDIS in the TFR,
xF < 0, provides yet another avenue for accessing the spin-
orbit correlations in the nucleon via so-called fracture
functions [26,27]. Note, that in the leading order QCD
factorized approach, based on the fracture functions for-
malism, the only single spin asymmetry allowed in the TFR
is the Sivers-like one. Thus, by measuring both this and the
Collins-like [sinðφh þ φSÞ� asymmetries (the latter pre-
dicted to be vanishing) one can probe factorization for
SIDIS in TFR. Within the string model for hadronization
adopted in the MC event generators, the inclusively
measured hadron can be considered as originating from
the target remnant side of the string. If the struck quark’s
transverse momentum is modulated by the Sivers effect,

then so should be the transverse momentum of the remnant
with a relative phase π via momentum conservation. These
modulations will be then transferred to the transverse
momenta of the hadrons produced by the remnant, man-
ifesting in the corresponding SSAs. Moreover, measuring
the average transverse momentum square of the hadrons in
the negative region, xF ≲ −0.2, allows greater sensitivity to
accessing the quark average transverse momentum than in
region xF ≳ 0.2 [35]. The plot in Fig. 7 depicts the Sivers
SSA for charged pions and kaons as a function of xF. We
notice that the Sivers SSA is also nonvanishing in the target
fragmentation region. Moreover, it changes sign when xF
crosses zero, as expected from the arguments about the
relative signs of the target remnant and struck quark’s
transverse momenta. Thus we have demonstrated that the
Sivers SSA measurements in TFR are as viable as in CFR,
modulo any specific experimental setup limiting the hadron
detection at negative xF.

C. The effects of non-DIS processes and parton
showering on ASiv

In this article we adopt the leading order approximations
for calculating the Sivers SSAs predictions for CLAS12
and EIC, where we ignore any possible non-DIS processes
or gluon radiation corrections either by struck or fragment-
ing quarks (the initial- and final-state parton showering).
Moreover, the same approach has been adopted when
fitting the experimentally measured SSAs to extract the
Sivers PDF [8,10,36]. Thus it is very important to at very
least make a qualitative study of the accuracy of this leading
order treatment. A rigorous treatment of this problem
would require that one include all the terms in the cross
section for all the relevant processes, which would require
the calculation of both unpolarized and polarized QCD and
QED radiative corrections to DIS process to several orders
in the corresponding couplings and take into account
possible interference. Such an approach will additionally
require extensive modifications of the existing MC

(a)

(b)

(c)

FIG. 6 (color online). EIC toy model SSAs for πþ for a range of
beam energies. Comparison of (a) the full, (b) valence-only and
(c) sea-only Sivers effect induced SSAs are shown for various
energies versus z, where we only allow for the DIS process.

FIG. 7 (color online). EIC toy model SSAs for 5 × 50 SIDIS
kinematics for charged pions and kaons versus xF. The Sivers
asymmetry is present both in the current and target fragmentation
regions.
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generators to incorporate all of the new physics. Here we
choose to use the less strict but more practical approach of
using the PYTHIA6 generator with its built-in capabilities for
treatment of the above effects to test the applicability of the
leading order approximation. In PYTHIA6, the polarized
parton showering is not included, while the unpolarized
showering is assumed to occur either before or after the
hard photon-parton scattering, with no interference effects.
Nevertheless, we think that a first step needs to be taken and
the current machinery would suffice for an initial estimate.
We start with the COMPASS kinematics and study four

different cases. First we allow only the DIS single photon
exchange process. Then, we also allow either parton
showering (labeled “þShow”) or non-DIS processes
(labeled “þNonDIS”) such as VMD and resolved photon
contributions. Finally, we allow both parton showering and
non-DIS processes alongside the DIS process. The details
of the particular methods used in PYTHIA6 to model all these
processes can be found in Ref. [37].
The plots in Fig. 8 depict the x, z and PT dependence of

the Sivers asymmetry as we include various contributions.
Also depicted are the COMPASS measurements and the
results obtained from the mLEPTO generator. Here we see
that the non-DIS and parton showering contributions
significantly decrease both the x and z dependence of
the SSAs, as the denominators of the SSAs, Eq. (11), with
the “unpolarized” terms increase. It is also curious, that the
parton showering effects shift the strength of the SSAs from
the low to high PT region. Intuitively, this can be under-
stood as the fragmenting quark being given an additional
kick, uniform in φ, in the transverse direction by emitting a
gluon or a photon, thus increasing the average PT of the
produced hadrons. Nevertheless, all of the results describe
the current data reasonably well since it has significant
uncertainties. On the other hand, there might be a potential
impact from these findings on the phenomenological
extractions of the Sivers PDF [8,10,36] from experimen-
tally measured SSAs by HERMES and COMPASS. One
can readily see from the Eq. (35) in [10], that the LO
expression for the Sivers SSA is used in the fits would
underestimate the relative contribution of the Sivers term in
the cross section. Thus we deduce that the current extrac-
tions of the Sivers PDFs are most likely to significantly
underestimate the true values because of the effects
described. The reevaluation of these parametrizations might
pose a significant challenge, similar to those described
earlier in this subsection. On the other hand, here our goal is
to predict the SSAs to be measured at the future experi-
ments. Thus we need to first understand what is the relative
contribution of these processes at the kinematics of interest.
The plots in Fig. 9 are the analogues of those in Fig. 8,

calculated for EIC 5 × 50 kinematics. Here we see trends in
the behavior of the SSAs similar to those in COMPASS
kinematics. This hints that the relative changes of the SSAs
might be very similar at both COMPASS and EIC

kinematics. To test this hypothesis we have calculated
the ratios of both hadron count rates and SSAs calculated
including all the non-DIS and parton showering processes
to those calculated only including the DIS process.
The plots in Fig. 10 depict the ratios of full and DIS-only

results versus (a) x, (b) z and (c) PT for EIC (πþ at 5 × 50)
and COMPASS (hþ). We can see striking similarities for
both COMPASS and EIC results, if we do not take into
account the small-x region for the SSAs, where in the ratios
of two very small numbers the small statistical uncertainties
create a large spread of results. These results are encourag-
ing, as we can still use the Sivers PDF parametrization [10]
to obtain good estimates of the SSAs using only the DIS
process. The reason is that, to obtain the COMPASS SSA
induced by the DIS-only contributions to both unpolarized
and Sivers terms, the measured SSA should be divided by

(a)

(b)

(c)

FIG. 8 (color online). COMPASS SSAs for hþ versus (a) x,
(b) z and (c) PT when various contributions beyond the DIS
process are included.
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the ratio of the full to DIS contributions for COMPASS
depicted in Fig. 10. On the other hand, to predict the size of
the SSAs at EIC, the estimates that include only the Sivers
PDF contributions should be multiplied by the ratio of the
full to DIS contributions for EIC, also depicted in Fig. 10.
We can readily see from Fig. 10 that these two factors cancel
each other to a very approximation. Moreover, our initial
calculations [15] that only included the leading order DIS
process were reproducing the measured COMPASS data
well. A rigorous study of the effect of polarized and
unpolarized parton showering, as well as TMD evolution
of the Sivers PDF in MC simulations for calculating the
observable SSAs is left for future work.

D. EIC projections

Here we present the results for the EIC simulations using
the kinematical cuts given in the beginning of the section.

In simulations we only allow pure DIS scattering. We
present results for two sets of energies of the electron and
proton beams, 5 × 50 and 5 × 250, that provide a reason-
able variation in the CM energies.
The plots in Fig. 11 depict the SSAs for charged

pseudoscalars as functions of (a) x, (b) z and (c) PT for
the 5 × 50 configuration. We see that the SSAs for Kþ are
large, while those for π− and K− are relatively small for all
cases. This can be understood in terms of a significant u →
Kþ FF that has a bump at relatively large zðz ≈ 0.7Þ, while
u → πþ drops sharply with increased z (though it stays
larger in magnitude than that for the Kþ). Thus, on average
a larger portion of the fragmenting quark’s transverse
momentum is transferred to the Kþ, leading to the large
SSA. Additionally, the contribution of the s̄ quark to theKþ
asymmetry is quite large due to the parametrization of the

(a)

(b)

(c)

FIG. 10 (color online). Ratios of full to DIS-only results for
rates (N) and SSAs (ASiv) for EICð5 × 50Þ and COMPASS versus
(a) x, (b) z and (c) PT .

(a)

(b)

(c)

FIG. 9 (color online). EIC(5 × 50) SSAs for πþ versus (a) x,
(b) z and (c) PT when various contributions beyond the DIS
process are included.
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Sivers function for s and s̄, which was driven by HERMES
and COMPASS data. The contribution of the strange
quarks to πþ is negligible, as the corresponding fragmen-
tation functions are very small compared to those for the up
quark. We have checked explicitly, that when the strange
Sivers PDF is set to zero, only the Kþ SSA is affected, it is
reduced and becomes almost equal to that for the πþ.
Next we want to test how these predictions would vary

for increased CM energy, corresponding to the 5 × 250
configuration of beam energies. The plots in Fig. 12 depict
the results for the SSAs for πþ as functions of (a) x, (b) z
and (c) PT for this energy. We see that the SSAs in general
decrease as we increase the CM energy. This is because at
larger energies we sample lower x values, where the sea
quarks give the largest contributions to the SSAs. Note that
we have used the parametrizations extracted from
COMPASS and HERMES data, where the Sivers PDF
for the sea is not very well constrained and comes out small

when compared to valence. Thus we can only conclude
from these plots that if the sea Sivers PDFs are small
compared to the valence ones, then the Sivers SSAs should
become smaller and smaller as we increase the energy. On
the other hand, measurements at higher energies would
help to probe the small x region and better measure the sea
Sivers PDFs.
The plots in Fig. 13 depict the results of the SSAs for

charged pions and kaons versus xF, analogous to those
depicted in Fig. 7 for the toy model. We see that the
nonzero Sivers SSAs are also present in the TFRðxF < 0Þ,
with opposite sign to those in the CFRðxF > 0Þ except for
π−. This and the nontrivial shapes and unequal sizes of the
SSAs for the other mesons are governed by the Sivers PDF
parametrizations and the complicated hadronization
dynamics in the CFR and TFR regions. Thus, measuring
these SSAs over the entire range of xF (or rapidity)
will provide additional information to improve our
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FIG. 12 (color online). EIC SSAs versus (a) x, (b) z and (c) PT
for 5 × 250 SIDIS production of charged pseudoscalars.
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FIG. 11 (color online). EIC SSAs versus (a) x, (b) z and (c) PT
for 5 × 50 SIDIS production of charged pseudoscalars.
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understanding of the complete hadronization of both the
knocked out parton and the target remnant.
One of the important challenges in phenomenological

fits is to disentangle the flavor dependence of the Sivers
PDF from the measurements for a small set of final particle
types. The difficulty is that in the corresponding cross
section the Sivers PDF is convoluted with the fragmenta-
tion function to the specific hadron and these are summed
over the flavor of the parton. Thus having SSA measure-
ments for as large a number of final hadron types as
possible would allow us to remove some or all of the
assumptions about the flavor dependence of the corre-
sponding Sivers PDFs. In experiment though, the practical
limitations of the detectors limit this ability to only a few
hadrons, such as charged pions and kaons. Thus it is
important to gain phenomenological understanding of the
relative contributions of each of the parton flavors to
the Sivers term in the cross section. In Fig. 14 we depict
the results for the rates of struck quark flavor for the
selected events that contribute to the count rates of a given
hadron for charge pion and kaon final states and the two
different sets of energies. We see that the charm sea
becomes significant at large CM energies, though we set
the charm Sivers function to be zero. Thus this should be in
part responsible for weakening of the SSA signals with
increasing energies, as we saw earlier. We have seen in the
toy model calculations that with the increased energy there
was a slight reduction of the SSAs, even when all the light
quarks were assigned a large Sivers PDF. We should keep
in mind here that these integrated rates hide a much more
complicated picture when considering the full x, z and PT
dependences.

E. Predictions for CLAS12

In this subsection we study the single hadron SSAs for
the upcoming CLAS12 experiment [17], again using the
mPYTHIA MC event generator with the parameters slightly
tuned to best suit the kinematics for the CLAS12

experiment at 11 GeV, that has been described in the
beginning of this section.
The mPYTHIA result for the one hadron Sivers SSAs for

charged pions and kaons as functions of x, z and PT are
presented in Fig. 15(a), 15(b) and 15(c), respectively. In
Fig. 16 (drawn in the log scale) we show the analogous
plots to Fig. 14 with the rates of the produced hadrons after
all the relevant cuts have been applied. We note that the
Sivers SSA for πþ is large and positive, but the SSA for Kþ
is even bigger. On the other hand, the rates for Kþ
production are about an order of magnitude smaller than
for πþ. Thus much higher statistics would be required to
measure Kþ SSAs versus those for πþ. The SSAs for π−

and K− are relatively smaller, with the latter being
produced at a rate that is much less than even Kþ, making
it very challenging to measure at CLAS12.
Finally, the plots in Fig. 17 depict the results of the SSAs

for charged pions and kaons versus xF. It is interesting to note
that the SSAs here are larger in magnitude than those plotted
for EIC in Fig. 13, thus they should be easier to access in the
experiment. Additionally, we notice here that the kinematical
cuts employed for CLAS12 (on the missing mass, etc.) limit
the xF region of these mesons to about �0.75.
Here we would underline the importance of the new,

higher-statics measurements of the Sivers effect in one
hadron SIDIS. This will allow us to improve the extractions
of Sivers PDFs, especially in the valence region, as well as
allowing us to shrink the error bars of the corresponding
parametrizations coming from the current experimental
uncertainties. Further, development and testing on real
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FIG. 13 (color online). EIC model SSAs for 5 × 50 SIDIS
kinematics for charged pions and kaons versus xF. The Sivers
asymmetry is present both in the current and target fragmentation
regions.
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the selected events in SIDIS productions of charged pions and
kaons for (a) 5 × 50 and (b) 5 × 250 energies.
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world data of a complete analysis tool chain for extracting
the Sivers PDF, that accounts for all the non-DIS and parton
showering effects for CLAS12, would be of high impor-
tance both for CLAS12 and future EIC experiments.

IV. MONTE CARLO PREDICTIONS FOR TWO
HADRON SSA

The one hadron, SIDIS production off a transversely
polarized target has been long established as one of the
principal processes for measuring the Sivers PDF.
Nonetheless, the phenomenological extractions of the
Sivers PDF still remain challenging. This is especially true
for the flavor dependence, where we can only measure a
limited number of different hadron types in the final state.
Two hadron SIDIS production [14–16] provides a compli-
mentary approach to extract the Sivers function with very
different systematic errors both from theory and experi-
ment. Here again the relevant term of the cross section is a
convolution of the Sivers PDF with an unpolarized diha-
dron fragmentation function, summed over the type of the
parton. This approach is promising, because with two
detected hadrons in the final state we have a much wider
basis for extracting the flavor dependence of the Sivers
PDF. For a given number of types of the detected hadrons
Nh, the number of possible dihadron pairs is given by
Nh · ðNh þ 1Þ=2, as we can have pairs with the same types
of hadrons. Thus it would be important to estimate the
viability of such dihadron SSA measurements at both
CLAS12 and EIC using our MC generators. Here we
can measure SSAs corresponding to modulations with
respect to φSiv;T ¼ φT − φS and φSiv;R ¼ φR − φS [see
Eqs. (19),(20)], that we will simply refer to as “T” and
“R” modes.

A. Predictions for CLAS12

1. Dihadron SSAs

Here we consider the dihadron pairs of pions and kaons.
In identical pairs (e.g., πþπþ), we choose h1 as the hadron
with the larger value of zi in the pair. Figures 18 show the
results for both “T” and “R” type SSAs for dihadron pairs
as functions of x. We see that the pairs involving Kþ have
the largest SSAs. Further, the modulations involving the
φSiv;T are larger in magnitude than those for the same pair
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FIG. 15 (color online). Predictions for the Sivers asymmetry in
charged hadron production at CLAS12 versus (a) x, (b) z
and (c) PT .
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involving φSiv;R. Both SSAs, but especially those for φSiv;R,
can be enhanced significantly be choosing asymmetric cuts
on the momenta of the pair, as has been already shown in
COMPASS kinematics in [15] and for EIC kinematics later
in this section. The dependences of these SSAs on the total
energy fraction z and invariant mass Mh1h2 of the pairs are
presented in Figs. 19 and 20. It is interesting to note that for
the same charged pion pairs, the “T” and “R” SSAs trade
strength as we increase Mh1h2 .
Again, we can learn about the relative rates of the

different hadron pair production and their dependence on
the struck quark’s flavor from the plots in Fig. 21, that are
the analogues of those for the single hadron production in
Fig. 16. Here we note that πþπ− pairs are produced at the
highest rate, while the rate for KþK− pairs is about 100
times smaller. Thus measuring kaon pairs would be more
challenging than the pion pairs, but would be very
important in understanding the flavor structure of the
Sivers PDF.

B. Predictions for EIC

Here we present the dihadron SSAs for EIC kinematics.
First, we study the x dependence of “R” and “T” type SSAs
for various charged hadron paris for 5 × 50 kinematics, as
depicted in Fig. 22(a) and 22(b), respectively. Here again
the SSAs involving the Kþ are the largest ones. Moreover,
we see the different behaviors of these SSAs that would be
very important in extracting the Sivers PDF from them.

In Fig. 23(a) and 23(b) we present the 5 × 250 results for
both “R” and “T” type SSAs as functions of x for the same
pairs as in Fig. 22. Again, similar to the one hadron case,
we see decrease of the SSAs as we increase the CM energy.
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FIG. 20 (color online). Predictions for Sivers SSA for charged
(a) pion and (b) kaon-inclusive pair production off proton target at
CLAS12 versus Mh1h2 .
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FIG. 18 (color online). Predictions for Sivers SSA for charged
(a) pion and (b) kaon-inclusive pair production off proton target at
CLAS12 versus x.
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FIG. 19 (color online). Predictions for Sivers SSA for charged
(a) pion and (b) kaon-inclusive pair production off proton target at
CLAS12 versus z.
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The asymmetric cuts on the momenta of hadron in the pairs
should enhance these SSAs (especially in “R” mode), as
demonstrated for πþπ− pairs in the next subsection.
The plots in Figs. 24 and 25 depict the analogous results

for both energies, but now as functions of z. Here the rise
of most SSAs with z can be interpreted by simplistic

arguments that the hadrons (and pairs) with larger z carry
larger fractions of the struck quark’s transverse momentum.
Finally, it would be important to once again examine the

relative rates of the different hadron pair production and
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FIG. 23 (color online). EIC 5 × 250 results versus x for (a) “R”
and (b) “T” type SSAs.
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FIG. 22 (color online). EIC 5 × 50 results versus x for (a) “R”
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FIG. 24 (color online). EIC 5 × 50 results versus z for (a) “R”
and (b) “T” type SSAs.
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FIG. 21 (color online). Predictions for the relative rates for the
flavor of the struck quark that produces charged (a) pion and
(b) kaon-inclusive pair in MC events at CLAS12, with all the
relevant kinematical cuts.
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their dependence on the struck quark’s flavor, as depicted
on the plots in Fig. 26. Here we notice a significant increase
in the rates of production from all the quarks compared to
CLAS12 results shown in Fig. 21. Thus EIC should provide
a higher precision measurements for the relevant SSAs than
CLAS12 for the same number of DIS events. This is of
course due to the higher average multiplicities and energies
of the produced hadrons.

1. Dihadron SSAs with asymmetric cuts

Following Refs. [14,15], here we also impose asym-
metric cuts (z1 > 0.3 and P1T > 0.3 GeV) on the momenta
of the pair. These cuts enhance the SSAs, especially the “R”
type, but reduce the rate of detecting such pairs and
increasing the statistical noise. Thus the cuts might be
optimized to gain the maximum signal to noise ratio for the
particular experiment. Here we simply demonstrate
the effects of the sample choice of the cuts on the dihadron
SSAs.
Here we present plots analogous to those from the

previous subsection, but now with the cuts applied. The
dependences of the SSAs for various charged pairs on x and
z are depicted in Fig. 27(a) and 27(b), respectively. We note
that in general, the SSAs are significantly enhanced,
especially those for “R” type modulations. The tradeoff
here is that the rates for producing the pairs are reduced by
roughly three to four times. Thus a careful optimization
for SSA enhancement/rate decrease can be made for a
particular experiment to achieve the best signal.
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FIG. 25 (color online). EIC 5 × 250 results versus z for (a) “R”
and (b) “T” type SSAs.
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FIG. 27 (color online). EIC results for Sivers asymmetry versus
(a) x and (b) z with asymmetric cuts applied to the momenta of
the hadrons in the pair.
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FIG. 26 (color online). EIC 5 × 50 predictions for the relative
rates for the flavor of the struck quark that produces charged
(a) pion and (b) kaon-inclusive pair in MC events with all the
relevant kinematical cuts.
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V. CONCLUSIONS

The measurement of the Sivers PDF remains one of the
top priorities of the current and future experiments in
hadronic physics, with SIDIS on a transversely polarized
nucleon target being one of the most viable channels. There
are many challenges in achieving this goal, both in
measuring the SSAs and extracting the PDF from them
using phenomenological analysis of the data. Our goal was
to use the state-of-the-art knowledge of the Sivers PDF to
make predictions for the upcoming experiments at CLAS12
and the planned EIC. We used the well-established MC
event generators LEPTO and PYTHIA6, modifying them
to include the Sivers modulation of the struck quark’s
transverse momentum using the phenomenologically
extracted Sivers PDFs from HERMES and COMPASS
measurements.
First we studied the single hadron SIDIS production in

Sec. III. We used a toy model to study the relevant
contributions of sea and valence quarks to the SSAs for
EIC kinematics at various energies. At the lower CM
energies, the contributions of both sea and valence quarks
were comparable in different regions of x, while the sea
dominates the SSAs for the larger CM energies as one
would intuitively expect. Next, we explored the contribu-
tions of non-DIS and parton showering effects on the SSAs,
as in most of the phenomenological analyses these are
omitted. We found a significant dilution of the Sivers SSAs
when these processes were included in the MC simulations,
strongly suggesting that the current extraction of the Sivers
PDFs are significantly underestimated. Nevertheless,
a comparative analysis of these effects both for
COMPASS and EIC showed that these PDFs can be used
to estimate the SSAs if we only include the DIS events,
since the modifications of both unpolarized and polarized
parts of the cross sections are very similar for both
kinematics in this model. Then we presented the SSA
results for various hadron production at EIC, and also
explored their dependence on the CM energy. In the current
parametrizations, the sea quark Sivers PDFs are small and
poorly constrained, leading to decreasing SSAs with
increasing CM energy. Similar results were also presented
for CLAS12.
In Sec. IV we presented the SSA predictions for various

charged hadron pairs in both EIC and CLAS12 kinematics.
We have noticed that they are of a similar size to the single
hadron ones, thus making them accessible experimentally.
Further, asymmetric cuts on the momenta of the hadrons in
the pair allow one to significantly enhance these asymme-
tries at the cost of reduced statistics. Moreover, the
dihadron channel provides a large basis for disentangling
the flavor dependence of the Sivers PDF. The measurement
itself is complementary to the highly publicized two hadron
studies of the transversity PDF via the interference frag-
mentation mechanism, with several current analyses of the
experimental data and a number of proposals for future

experiments using CLAS12 and SoLID at JLab. In fact, the
dihadron Sivers analysis has been already included in the
SoLID proposal [18] for transversity measurements on a
neutron target, that would provide very exciting test for the
Sivers PDFs extracted from proton and deuteron data. On
the phenological side, these dihadron measurements would
complement the single hadron measurements in the global
data fits. The unknown, fully unintegrated dihadron frag-
mentation functions needed for such analysis also need
study, but a very similar challenge exists also for the
dihadron transversity measurements (there we need two
dihadron FFs). Then these dihadron FFs can be studied in a
similar fashion, such as using eþe− data on dihadron
multiplicities, MC and model studies.
The measurements of the SSAs for hadrons produced in

the TFR will allow one to study the structure of the nucleon
through the fracture functions. These objects, though more
complicated than the ordinary PDFs and FFs, will provide
important new information. The hadronization in mPYTHIA

and mLEPTOis governed by the Lund string model, that
differs from the usual QCD factorized approach that
describes the hadron production in the CFR with a
convolution of PDFs and FFs and in the TFR using two
additional independent fracture functions. In particular, in
mPYTHIAwe take into account only the correlation between
the nucleon’s transverse polarization and the transverse
momentum of the struck quark, which propagates to both
CFR and TFR hadrons by the Lund fragmentation model.
On the other hand, in the TFR factorized formalism there
are two independent fracture functions describing the
correlation of both the struck quark’s and the produced
hadron’s transverse momenta with the transverse spin of the
nucleon. Thus it would be crucial to test experimentally,
whether the unified description of Sivers SSAs in both CFR
and TFR can be achieved with mPYTHIA. Our results of the
Sivers SSAs for charged hadrons showed a sizable signal in
the TFR, comparable in size to that in the CFR.
In conclusion, we have developed a tool based on very

successful MC generators for studying the Sivers effect in
experiments. Our Sivers SSA predictions for both CLAS12
and EIC indicate that these should be accessible exper-
imentally and will provide information on the Sivers PDF
in a wide range of kinematical variables. We noted in
particular the power of dihadron studies in pinning down
the dependence of the Sivers PDF on the flavor of the struck
quark. We did not include the TMD evolution of the Sivers
PDF that would weaken the signal at EIC energies. Further,
a detailed analysis of the real world experimental limita-
tions, such as detector acceptance effects, statistics with the
specific proposed time frame of data collection, etc., will of
course create more challenges in their measurements but
these considerations are out of the scope of this article. We
have also demonstrated using the mPYTHIAMC generator,
that the current extractions of the Sivers PDF might
be significantly underestimated. Thus improvements in
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estimating the true relative size of the Sivers term in the
cross section would be needed in such future analyses.
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