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Abstract We investigate the single transverse-spin asym-
metry with a sin(¢, — ¢s) modulation in the charged Kaon
produced and in A hyperon produced SIDIS process within
the theoretical framework of transverse momentum depen-
dent (TMD) factorization at the next-to-leading-logarithmic
order. The asymmetry is contributed by the convolution of
Sivers function and the unpolarized fragmentation function
D for the produced hadron. The parametrization for the pro-
ton Qiu-Sterman function, which is closely related to the
Sivers function, is adopted to numerically estimate the Sivers
asymmetry at the kinematical region of Electron Ion Col-
lider (EIC) and Electron Ion Collider in China (EicC). The
TMD evolution of the TMD parton distribution functions
are considered by employing the non-perturbative Sudakov
form factor. It is found that the predicted Sivers asymmetries
A?}I}(‘ph_%) as functions of x, z and P,7 are sizable at the
kinematical configurations of both EIC and EicC. The strange
constituent of the produced charged Kaon and A hyperon in
the final state can be a promising probe of the sea quark Sivers
function as well as the flavor dependence in the proton target.
Therefore, it is important to utilize the future EIC facilities to
constrain the sea quark distribution functions as well as the
validity of the generalized universality of the Sivers function.

1 Introduction

Since the measurement by the European Muon Collabora-
tion [1,2] showed that the spin fraction carried by the internal
quarks is much smaller than the spin of the proton, which con-
tradicts the conventional theoretical prediction that the con-
stituent quark spin contributes the total proton spin, numer-
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ous studies have been carried out to explore the nucleon spin
structure from both theoretical and experimental aspects.
Among the spin-related observables, the transverse single
spin asymmetries (TSSAs) can be the key access to the infor-
mation of transverse momentum structure of nucleon, which
is encoded in the transverse momentum dependent parton
distribution functions (TMD PDFs). In leading twist there
are eight TMD PDFs, each one describes a distribution of
three-dimensional motion of partons with specified polariza-
tion inside the nucleon. Particularly, the time-reversal odd (T-
odd) Sivers function fliT (x, pr) [3.4] denotes the asymmet-
ric distribution of unpolarized quarks inside a transversely
polarized nucleon, which arises from the correlation between
the quark transverse momentum and the nucleon transverse
spin. Due to its T-odd property, Sivers function as well as
its chiral-odd partner the Boer—Mulders function has been
assumed to be forbidden by the naive time-reversal invari-
ance of QCD [5], the very existence of the two T-odd dis-
tribution functions was not so obvious. However, the sit-
uation has changed since the calculations in Refs. [6-8],
which showed that the T-odd distributions can actually sur-
vive using spectator model calculations incorporating gluon
exchange between the struck quark and the spectator. In
Ref. [9], the time-reversal-invariant argument was reexam-
ined and showed the gauge-link in the operator definition of
the correlators guarantee the T-odd distribution functions to
be nonzero. More importantly, the presence of the gauge-link
indicates that Sivers function or the Boer—Mulders function
has opposite sign between semi-inclusive deeply inelastic
scattering (SIDIS) and Drell-Yan processes [6,7,9]

fir &, prsmis) = = fir (. pr)py] - (1)

which is a significant prediction by QCD. The verification of
the sign change is one of the most fundamental tests of QCD
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prediction, and it is also the main pursue of the existing and
future Drell-Yan facilities.

The transverse single spin asymmetry can be utilized
to extract the information of the Sivers function, and has
been intensively investigated in the past two decades from
both experimental and theoretical aspects. The first non-zero
Sivers asymmetry was measured by the HERMES Collabo-
ration at DESY in electroproduction of charge pions off the
transversely polarized hydrogen target [10]. Updated mea-
surements on the Sivers asymmetry in pion produced as well
as those in Kaon and p/p produced in three-dimensional
kinematic bin and enlarged phase space were reported in
Refs. [11,12]. The COMPASS Collaboration at CERN also
measured the Sivers asymmetries in charged hadrons pro-
duced SIDIS process through muon beam scattering off the
transversely polarized proton and deuteron targets [13—18].
In addition, the data on the weighted Sivers asymmetry are
also released in Ref. [19], allowing for the extractions of the
Sivers function and its first transverse moment. The Hall A
Collaboration at Jefferson Lab presented the measurement
of TSSA in charged pion produced SIDIS process with a
transversely polarized He target [20,21]. Besides the SIDIS
process, COMPASS also measured the Sivers asymmetry in
Drell-Yan process via N collision [22]. Future opportuni-
ties will open up at CERN with the LHCspin project [23].
Measurement of TSSAs sensitive to Sivers function in the
W= boson produced in proton-proton collisions has also been
performed by the STAR experiments at RHIC [24]. The data
from these measurements have been applied to extract the
Sivers function using parametrizations and phenomenolog-
ical approaches [25-36]. Particularly, In Ref. [37], for the
first time the 3-dimensional quark density in a fully con-
sistent way within the TMD framework has been utilized
to extract the Sivers function, which provide an important
parametrization to constrain as well as to cross check the
theoretical model calculation and the lattice QCD.

From the theoretical aspect, intensive studies on the
quark Sivers function were performed using the QCD-
inspired models, such as the spectator model [6,8,38]. Then,
Ref. [39] separated the diquak spectators into isoscalar
(ud-like) and isovector (uu-like) spectators to perform the
model calculation and obtained all of the leading-twist
TMD parton distribution functions. Also the light-cone quark
model [40,41], the light-front quark-diquark model [42,43],
the non-relativistic constituent quark model [44], the MIT
bag model [45,46], and the Holographic QCD [47] have been
developed and applied to estimate the valence quark Sivers
function. The sea quark Sivers function has been estimated
from the light-cone wave function in Refs. [48—50]. However,
so far only the valence quark Sivers functions are constrained
in the valence region with relatively large uncertainties in
the transverse momentum space. One of the reasons is that
it is difficult to describe the corresponding physical observ-

@ Springer

ables since there are complicated TMD effects. The TMD
evolution effects are encoded in the Sudakov-like form fac-
tor which also includes details of the non-perturbative QCD
dynamics. Therefore, this part of the Sudakov-like form fac-
tor can not be calculated from the perturbative QCD and is
mostly unknown. Another reason is that the knowledge of the
scale dependence of the TSSAs is very limited since the mea-
surements are mostly performed in the fixed-target experi-
ments with similar hard scales. With the expected high energy
and high precision of the Electron Ion Collider (EIC) [51—
53] and the Electron Ion Collider in China (EicC) [54,55],
the precise knowledge on the TMD distribution functions
may be gained, not only for the valence quarks, but also for
sea quarks and gluons. Concerning the sea quark TMDs, the
charged Kaon produced or the Lambda hyperon produced in
SIDIS can be recognized as an ideal probe to the sea quark
distribution of the proton due to the strange constituent quark
inside the Kaon and the Lambda hyperon. Therefore, through
the Sivers asymmetry in K* produced and in Lambda pro-
duced off transversely polarized nucleon at EIC and EicC,
there might be an opportunity to obtain the information of
the Sivers distribution function of the sea quark as well as its
flavor dependence.

The purpose of this work is to evaluate the Sivers asymme-
try in ep? — eK*X and in ep? — e¢A X at the kinematical
region of EIC and EicC. The theoretical tool adopted in this
study is the TMD factorization formalism [56-59], which
has been widely applied to various high energy processes,
such as SIDIS [56,58,60—66], eTe™ annihilation [58,67,68],
Drell-Yan [58,64-66,69,70], and W /Z produced in hadron
collision [57,58,64,71]. In this framework, the differential
cross section can be written as the convolution of the well-
defined TMD PDFs and/or fragmentation functions (FFs) at
the small transverse momentum region with P,r/z < Q
as the constraint to guarantee the TMD factorization valid-
ity. The energy dependence of the TMD PDFs and FFs is
encoded in the TMD evolution equations, their solutions are
usually given in b space, which is conjugate to the transverse
momentum space [57,58] through Fourier transformation.
After solving the TMD evolution equations, the scale depen-
dence of the TMDs may be included in the exponential form
of the so-called Sudakov-like form factor [57,58,61,72]. The
Sudakov-like form factor can be further separated into pertur-
batively calculable part and the non-perturbative part, the lat-
ter one can not be calculated through perturbative theory and
may be obtained by fitting experimental data. We will con-
sider the TMD evolution effects of the corresponding TMDs
to obtain the numerical results for the Sivers asymmetry in
charged Kaon K* and A hyperon produced SIDIS process.

The rest of the paper is organized as follows. In Sect. 2,
we provide the theoretical framework of Sivers asymmetry

Agnr((pr%) in the charged Kaon produced and A hyperon
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produced in SIDIS process within the TMD factorization
formalism. In Sect. 3, we perform the numerical estimation
of the Sivers asymmetry at the kinematical region of EIC
and EicC. In Sect. 4, we summarize the work and discuss the
results.

2 Formalism of the sivers asymmetry in SIDIS process

In this section, we will set up the detailed formalism of the
Sivers asymmetry with a modulation of sin(¢, — ¢s) in the
charged Kaon or Lambda produced SIDIS process with an
unpolarized electron beam scattered off a transversely polar-
ized proton target

e(€) + p(P)! — e (t) + K*/A (Py) + X, 2

where ¢ and ¢’ represent the four-momenta of the incoming
and outgoing electrons, P is the four-momentum of the target
proton, the up-arrow represents the proton is transversely
polarized, Pj, stands for the four-momentum of the final-state
hadron, which can be charged Kaon K * or Lambda hyperon.
The four-momentum of the exchanged virtual photon is ¢ =
¢ — ¢ and the usual defined energy scale is Q> = —g°.
We denote the masses of the proton target and the final-state
hadron by M and M},. To express the differential cross section
as well as the physical observables, we adopt the following
Lorentz invariants

S=(P+0?* x= , y=—*t, 7=
PO =0y YT C

where S is the squared center of mass energy, x represents
the Bjorken variable, y represents the lepton energy momen-
tum transferring fraction, and z represents the longitudinal
momentum fraction of the final fragmented hadron to the
parent quark.

The reference frame applied in our study is shown in
Fig. 1. According to the Trento convention [73], the z-axis is
defined by the direction of the virtual photon momentum. The
azimuthal angle ¢, of the outgoing hadron (charged Kaon or
Lambda) is defined by

L Pigh”
[2 p2
ETPhT

with ¢ = g|"¢, and P}, = g'" Py, being the transvi:rse
components of £ and P, respect to z-axis. The tensor gj‘_ is

“

cos¢pp =

g g 4UPUEPGT R (qtg"  PEPY
+ PA+y?  1+y2\ 0> M2 )
&)

with y = 2% The azimuthal angle ¢g of the proton spin
vector S is defined by replacing Py, by S in Eq. (4), and the
transverse component of S is S? = giv Sy, similar to the
definition of P,7.

Assuming one photon exchange, the model-independent
differential cross section can be written as a set of structure
functions with the general form as [74]

do o2, y

2
a0 5)
dxdydzdgsdgpd PP, xyQ?2(1 —e€) 2x
x {Fuu.r +180lsin (90 = ) g7 4+ ]

(6)

where Fyy 7 stands for the unpolarized structure function,
F, 3%?”705‘) is the transverse spin-dependent structure func-
tion contributed by the Sivers function, € is the ratio of
the longitudinal flux and the transverse flux of the pho-
% and the

—y+ay vy
ellipsis denotes other structure functions, which will not be
considered in this work. The three subscripts in the struc-
ture functions Fxy,z stand for the polarization of the lepton
beam (X), the target proton (Y) and the virtual photon (Z)
with U being unpolarized, T being transversely polarized.
The Sivers asymmetry is defined as the ratio of the differ-
ence between the spin-dependent differential cross sections

and the unpolarized differential cross section

ton which has the definition € =

: sin(¢n —¢s)
ASin(‘Ph—d)g) _ dot —do? _ sin (¢, — Ps) FUT’Th -
ur dot +dot Fyu.r

)

The structure functions in Eq. (7) can be expressed as the
convolution of the corresponding TMD PDFs and FFs as [74]

Fyyr =ClfiDi], (8

o h.
Ford ™ =C[— - fﬁTDl] ©

M

Here, f1(x, pZT) is the unpolarized TMD PDF, and flLT (x, p%)
is the Sivers function. D;(z, k%) is the unpolarized TMD
FF, which depends on the longitudinal momentum fraction
z and the transverse momentum k7 of the final-state quark.
h = lg:? I is the unit vector along Pp,7. The notation C rep-
resents the convolution among the transverse momenta

Clof D] =x Zeé/dszdszS(z) (pr —kr — Pur/2)
q

x w(pr, kr) f(x, p3) D(z, k3). (10)

@ Springer
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Fig. 1 The reference frame in
SIDIS process

Substituting Eq. (10) into Eq. (8), we can expand the unpo-
larized structure function Fyy,7 as
Fyu,r (Q; Phr) = C[f1D1]

=x Zeé f d*prd*kr8® (pr — kr — Pur/2)
q

x fi (x, P%) Df (Z’ k%)

K,
=x Zeé/deszz—er(z) (pr +K1/z— Pnr/2)
q

> K3
x fi (vaT> DY |z, 2

Kl d*b
_ d2 d2 eI (pr+KL/2=Pur/2)b
xZ / pr @m?°

K2
1t () ot (- —)
2 [ d*b by ~h/q
=)CZ€q We fl (-va)Dl (va)9
q
(11)

where K| represents the transverse momentum of the final
state hadron with respect to the fragmentation quark, which
has the relation K| = —zk7 with k7 being the final-state
quark transverse momentum respect to z axis. The §-function
Fourier transformation was performed in the fourth line. The
TMD distribution function fj (x, ) and TMD fragmentation
function ﬁl (z, b) in the b space can be obtained by perform-

@ Springer

ing Fourier transformation from momentum space to b space

/dZPTe—lpT bfl (x pT) _ fq/p(x’ b), (12)
K : -
/d27;€71Kl/Z'bD?(Z, Ki) — D{’/q (Z7 b) . (13)

hereafter, the term with a tilde denotes it is in the b space. Sim-
ilarly, substituting Eq. (10) into Eq. (9), we can obtain ex qspan-

sions for the spin-dependent structure function Fy; ;(4},,

F = (0; Pur)
i"PT 1 2 2 2

=C|:— i Jir D1 =x2q:€q/d prdkr

8P (pr +Ki/z— Pyr/2) [—

« 15 (. 03) DY (= kz)]

K,
= x Zeﬁ / @ prd®—8% (pr + Ki/z = Pir/2)

X[ hpr1r< )D?(z,lj—;”

Kl d?*b
_ 42 dz e~ (Pr+KL/z=Pyr /)b
xZ / pr @m)?°

i"PT 1 2 q Ki
X[_TflT(x’pT)D] L2

~

h-pr
M
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X 2 d*b iPpr-b/z; 0 pa
— _EZeq We lhab Tq,F (_X,.X)
q

x DM (z,b). (14)

The Sivers function in b space can also be obtained from
momentum space flJ- (x, p%) to b space by Fourier Transfor-
mation as

1 1 Zipy. L
f1Tq(a>(x7b) = MdeIue 'PL bl’oifnq (Lpi)

ib*
:7 q,F(-xv-x)’ (15)

where « is the uncontracted spatial index of the momentum
space and b vectors, the T r (x, x) is the Qiu—Sterman (QS)
function. Therefore, the Sivers asymmetry can be rewritten
as

sin(gn—¢s) _
AUT

2 . . Ao ~h
—3 Yg b [ e P ik - bsin (¢ — ¢) Ty p (x,2) DY (2, b)

while the u dependence is given by the renormalization group
equation

dK _ 18

T =k e, (1)

dInF (x,b; ju, 2

RS (as(u);{—’;>, (19)
npu 1

dInD (z,b; u, 2

e (as(m; i’;) 20)
nu m

with g being the running strong coupling at the energy scale
w, K being the CS evolution kernel, and yx, yr and yp
being the anomalous dimensions. Hereafter, we will assume
w = +/Cr = /Cp = Q, then the TMD PDFs and FFs can
be written as I:"(x, b; Q) and ﬁ(z, b; Q) for simplicity.

(2m)

¥ Y, & [ et/ {17 (x b) D} (z. b)

(16)

One should note that the energy dependence of the TMD
structure functions were not encoded in the above formalism,
which will be studied in details in the following subsections.

2.1 TMD evolution effects

In this subsection, we set up the basic formalism of the TMD
evolution effects for TMD PDFs and FFs, which mainly
serves to solve the energy dependence of the TMD PDFs
fix, p3), fi5(x, p7) and the TMD FF D (z, k2. Since
the complicated convolution among the transverse momenta
can be transformed into a simple product after performing the
Fourier Transformation, it is convenient to solve the energy
dependence in b space.

Particularly, there are two different energy dependencies
w and ¢p (¢p) of the TMD PDF F(x, b) and the TMD FF
D(z,b)inb space according to TMD factorization. w is the
renormalization scale related to the corresponding collinear
PDFs/FFs, and ¢f (¢p) is the energy scale serving as a
cutoff to regularize the light-cone singularity in the opera-
tor definition of the TMDs. The p and ¢ ({p) dependen-
cies are encoded in different TMD evolution equations. The
energy evolution for the ¢ (¢p) dependence is encoded in
the Collins—Soper (CS) equation[57,58,75]

dInF (x,bip,¢p)  dInD(z,b; 1, Ip)
dln\/¢F B dln/¢p

= K(b; ),
(17)

Solving these TMD evolution equations, one can obtain
the solution of the energy dependence for TMD parton distri-
bution functions and the fragmentation functions, of which
the solution has the general form as

Fyip(x,b; Q) = Fx ¢S x Fyyp(x,bs ug),  (21)
Dhjg(z,b; Q) =D x €75 x Dyjy(z, b; up),  (22)

where F and D is the factor related to the hard scattering and
depend on the factorization schemes, S is the Sudakov-like
form factor. Equations (21) and (22) show that the energy
evolution of TMD PDFs and TMD fragmentation functions
from an initial energy wp to another energy Q is encoded
in the Sudakov-like form factor S by the exponential form
exp(—S).

By performing the reverse Fourier transformation of the
TMDs in b space, the TMDs in momentum space can be
obtained, thus it is of great importance to study the b space
behavior of the TMDs. In the small b region (b < 1/Aqcp),
the b dependence of TMDs is perturbative and can be calcu-
lated by perturbative QCD. However, the dependence in large
b region turns to be non-perturbative, since the operators are
separated by a large distance. To include the evolution effect
in this region, a non-perturbative Sudakov-like form factor
Snp is introduced and is usually given in a parameterized
form. The parameters of Sxp can be determined by analyzing
experimental data, given the lack of non-perturbative calcu-
lations. In order to combine the information from both the
small b region and the large b region, a matching procedure

@ Springer
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is applied with a parameter byax serving as the boundary
between the two regions. Furthermore, one can define a b-
dependent function b,, which has the property b, = b in
small b region and b, & bpax in large b region

b

VI+ 02 /bh,

as given in the original CSS prescription [57]. The prescrip-
tion also allows for a smooth transition from perturbative to
non-perturbative regions and avoids the Landau pole singu-
larity in o (e g). The typical value of byax is chosen around
1.5 GeV~! to guarantee that b, is always in the pertur-
bative region. With the constraint of b,, we can calculate
TMDs within a small b region. While, one should notice that,
although the original CSS prescription can provide an effec-
tive way to perform the calculation at small b region, there
can be an issue at very small b — 0 region, the value of up
may be larger than Q, which will lead to problems of Fourier
Transformation as well as the computation of Sudakov form
factor. It can be resolved by introducing the lower limit of
by [64,66,70].

In the small b region, the TMDs can be expressed as
the convolutions of the perturbatively calculable hard coeffi-
cients and the corresponding collinear counterparts at fixed
energy /p, which could be the collinear PDFs/FFs or the
multiparton correlation functions [56,76]

by = bmax < 1/AqcD, (23)

q(—i ® Fijp(x, up), (24)
Cjeyg ® Dpyj(z, B), (25)

~q/p(x b; up) =
Dhyq (z,b; up) =

where up = co/bsx and ¢y = 2¢~VE and the Euler constant
£ ~ 0.577 [56], the ® stands for the convolution in the
momentum fraction x

]d%-
Cq(—i ® Fijp(x, up) = § / _S Cq(—i
— Jx
i

X(f
%_’MB

dé‘ .
CJHJ ® Dnyj(z, ) = Z/ Cjeq

> Fiyp(§, wB), (26)

X (g MB) Dpjj (6, pnB),  (27)

where C coefficients in the formula has different values in
different processes, and its specific value will be given in the
subsequent calculation. In addition, the sum Zi runs over all
parton flavors. Now we can combine all the above informa-
tion to get the expression for TMD distribution function and
the fragmentation function in b space as

@ Springer

Fupx,b; Q) =Fx e x Cpi ® F,~/,,(x B)
=Fxe XZ/ q(—l( MB)
x Fi/p(§, 1Lp), (28)
Dijg(z.b; Q) =D x e x Cqi ® Dyyj(z, 115)

dé 4
=D xe” XZ/ j<_q< P«B)
X Dpyj (&, uB) . (29)
The Sudakov-like form factor S can be separated into the

perturbatively calculable part Spert(Q; bs) and the non-
perturbative part Sxp(Q; b)

S(Q; b) = Spert (Q; by) + Snp(Q; D). (30)
The perturbative part Spert (Q; bs) has a general form and can

be expanded as the series of (%) [32,63,77-79].

Spert(Q§ by) = /

W

0? di? 2
el [A(a (i) In ( 9 ) + B(as (u))]
2 2 2

€1y

Also the coefficients A and B can be expanded as following

S ()

n=I
o0 a n
B=Y B® (_S) ) (33)
b
n=1

In our calculation we take A™ up to A® and B™ up to BV
[57,61,63,77,80,81],

AV =y, (34)
C 67 n? 10
A(2)=7F|:CA (E—F>—E Rnf:|7 (35)
3
B = ~5Cr. (36)

For the non-perturbative Sudakov-like form factor
Snp(Q; b), it cannot be obtained from perturbation calcu-
lation, and it is usually extracted from the experimental data.
Inspired by Refs. [80,82], a widely used Gaussian form
parametrization of Syp for TMD PDFs or fragmentation
functions was proposed [32,64,66,70,76,80,82—84]

Spdf/ff b2 gllodf/ff L8 o ’ 37)
2 Qo
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where the initial energy is Q% = 2.4 GeV?, and the factor
1/2 in front of g» comes from the fact that only one hadron
is involved for the parametrization of Spdf/ " The parameter
glf Wiy Eq. (37) depends on the type of TMDs, which can be
regarded as the width of the intrinsic transverse momentum
for the relevant TMDs at the initial energy scale Q¢ [30,61,
81]. Assuming a Gaussian form with a constant width for the

dependence on the transverse momentum, we obtain

ot (P1) 0o
g] = 4 )

, (38)

where ( pi)QO and (ki)Q0 represent the averaged intrinsic
transverse momenta squared for TMD PDFs and FFs at the
initial scale Qg, respectively. The value of g» is different
in the different TMD analyses, here we follow Ref. [32] to
choose go = 0.16.

As the information on the Sudakov-like form factor for
the Kaon fragmentation functions can not be determined, we
assume that the evolution of the TMD distribution function
and the fragmentation function for producing the K meson
from the initial energy scale u to another energy scale Q
follows the Gaussian form of g>(b) in Eq. (37), so we can
obtain the non-perturbative Sudakov-like form factor for the
PDF and FF for the production of the K mesons as

SY(Q; b) = (%) b* 4+ gM'p?, (39)
Stp(0: ) = £1n (%) b* + g, (40)

Combining all the steps mentioned above together, the
scale-dependent TMD PDFs and FFs in b space as functions
of x (or z), b, and Q can be rewritten as

Fyyp(x, by Q) = ¢35 @b0=5%0 (@) 7y ()

X[ e

Dijg(z.b; Q) = ¢ 2 SPen (@00 =S QD) D (0))

<[ o

2.2 The solution of the unpolarized structure function

B> Fijp(§, up), (41)

B) Dy (&, uB) - (42)

In the following we solve the denominator of the Sivers asym-
metry in details, which is the unpolarized structure function
Fyu,r inEq. (8). Since we have expanded Fyy r inEq. (11),
we will directly follow Eq. (11) to give the complete expres-
sion for Fyyy 7. According to Eqgs. (41) and (42), £/ (x, b)

and Dil/ “(z, b) can be expanded as

flq/l’(x b: Q) =e — 4 Sper (Q:104)— s% p(Q b)]'—(a (0)

XZ/ ot o) 17 6 ), (43)

DMz, by Q) = ¢~ 5 (@ib=SG (@D Dy ()

d N .
Z/ gwq( MB>D?/’<5,MB>, (44)

substituting Eqgs. (43) and (44) into the unpolarized structure
function in Eq. (8), one can have the following expression

d*b e Pt b/2
Fyu,r (Q; Phr) = x Fyu,r(Q; b)

2m )2
* dbb Pyrb ~
=x/0 — Jo( h YFyu,T(Q; b),

2
(45)

where JO(P"TTb) represents the Bessel function, F vu.T(Q; b)
has the expression as

Fyu,r(Q:b)
= ¢~ Sien (Q:D)=SP Q) 57 2 F(g (0))Dlers (Q))
q

(] et mirven)
dE . )
Z/ E 553;15) <57MB> Diz/./ & up) |, @o

where the Sudakov-like form factor is expressed in Egs. (31),
(39) and (40). The hard scattering coefficients F(a;(Q)) and
D(as(Q)) can be set equal to 1. In addition, the C and ¢
coefficient in Egs. (43) and (44) can be expressed as [85]

SIDIS o Cr
c;g )(x, up) = aqq[a(l —x)+ ;S<7(1 —x)

—2Cp8(1 — x))] , 47

(0%
C (e, ) = ZTpr(1 =) (48)

A (SIDIS) as (Cr
Cpy @up) = 8q/q|:5(1 -2+ ;(7(1 —2)

—2CF8(1 —2) + Pyy(2) lnzﬂ :
(49)

as (C
Celd @ ) = — <7Fz + Py y(2) lnz> . (50)
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where o represents the strong coupling, and the expansion
at the next-to-leading order can be written as follows

2\ 127
o (Q ) - (33— 2ns)In (QZ/AQCD)
6 (153 — 19n ) Inln (Q /AQCD)

(33-2n7)" In(0%/A}ep)
D

In Eq. (51), Q7 is the running energy scale and ng =5,
Aocp = 0.225 GeV. The splitting functions P, ., and
Py 4 in Egs. (49) and (50) have the general form

I+z 3
Pyey(2) = [— + 6(1 — z)} (52)
(I =2+
1+ (1 —2)?
Pecy() = Cr—————. (53)
where Cr = 4/3, Tr = 1/2, and the subscript symbol “+”
denotes the following prescription
1 1
- fa
/dz /(@) Z/dzf(Z) f(). (54)
o (@T=2+ Jo (I=2)

Combining the above information, we can obtain the final
expression of the unpolarized structure function Fyy, r
(Q; Pyr) as follows

Fyu,r(Q; Pur)

bdb Pyrb  _ 5 y_ ¢SIDIS ().
Z’CZ%/ o i (M) Spert(Q:b,)—~SIVS(0:)

(o[ Femeg
Z/ dé CﬁquIS) <§,M3>

where the non-perturbative Sudakov-like form factor SE,IPDIS
(Q; b) receives the contribution from the unpolarized TMD
PDF and FF:

un) [P €, m)

DY (& up) |, (55)

SMDIS(Q; b) = SUp(Q; b) + SKL(Q; b)

—gln <%) b +¢? + g% (56)

Here, g "and g1 ! are obtained from Eq. (38), so g1 = g?df =

(Pl)og D1 _ g _ K] >Qo
7 81 T8 = 42

@ Springer

2.3 The solution of the transverse spin-dependent structure
function

Similar to the previous subsection, we further obtain the
expression for the transverse spin-dependent structure func-

tion F, [S]“}(‘I)T” %) We have initially expanded F; Sm(d’h o) 4

Eq. (14), we will directly follow Eq. (14) to glve the com-
plete expression for F, [sjlr}(szh és) . According to Eq. (41), the

QS function T, (x', x”) in the b space has a similar solution
form after solving the TMD evolution equations

Ty r(x,x;0) =Tx e x Ty p(x,x; up), (57)

In the small b region, the QS function can be calculated from

the convolution of the hard scattering coefficients and the
collinear counterpart utilizing the perturbative QCD

Ty r (X, u8) = AC)_; ® Ty r (x, x; 1p) , (58)
where ® denotes convolution and can be expanded as
AC,_; ® T (x,%; [tp)

- Z/ cr., (;—“ ,UvB) Tor €6 up),  (59)

substituting Eq. (59) into Eq. (58), we can obtain the expan-
sion of the QS function 7, ¢ (x’, x”') as

T, r(x,x; Q) = ei%Spe”(Q;b*)fsl{’}’(Q;b)T(as(Q))
X
Z/ i (o1a)
xTir (5,8 np). (60)

In addition, the expansions of the fragmentation function
Di'/ %(z, b) can be obtained from Eq. (44) as

~ . D .
D4z, b; Q) = e 35050 =Sw @D D(a ()

dé .
XZ/ é J(—g( HB) D/]?/j &, np),

(61)

substituting Eqgs. (60) and (61) into the transverse spin-
dependent structure function in Eq. (14), one can have

Fyp ™" (0: Pur)

.X d b lPhT b/Z
= — h b F) b
omz¢ i ur.r(Q:b)
© b2db ~ Pyrb ~ .
== ——i( YFur,7(Q:b), (62)
2 0 27
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the structure function F, uT.7(Q; b) can be expanded into

Fyr.r(Q;b)
— o Spert (Q3bs)— SYPIS (0:b) Zeélf(as(Q))D(as(Q))
q

(Z/‘ _ACngIS) (;—C, /LB) Tir(§.§&; MB))

(2 Fe (Gon)

DY (& up) |
(63)

where the Sudakov-like form factor is expressed in Egs. (31),
(39) and (40). And the hard scattering coefficient Z{as(Q))
and D(a(Q)) equal to 1. The C coefficient of D;’ (z,b) is
expressed in Egs. (49), (50), (52) and (53). The expression
of AC in Eq. (60) is [86]

ACg " (x )

=501 — )+“5(:B)<

(64)

where N, = 3. Combining the above information, we can
obtain the final expression of the transverse spin-dependent

sin(¢p, —¢s)

structure function F, UT.T as follows

sin(¢p, —os)
Fyrr

00 1,2
_ 2265/ ”zﬂjl(Ph_Tb)e—SpeMQ:b*) SSIDIS (0:0)
0 T Z
q

bd
g (Z/ LA (foun) T,-,F@,s;m))

Z/ dé Cﬁ‘ifi)ls‘) (g’“3>
J

DI (& up) |,
(65)

where the non-perturbative Sudakov-like form factor
Sff}lfl,)gvers(Q; b) is the combination of the one for the Sivers

function and the one for the unpolarized TMD FF

SNP Siers (05 b) = SR3 7 (03 £) + S\ (0 )

=g ln<QQ >b2 + gSwLme +gD|b2
0
(66)

2
Sivers _ <k§J_> D; _ (ki)gg

where g} 18 =42

1
—m(l —x) — 2CF(S(1 — x)) s

3 Numerical estimate

In this section, we present the numerical estimate for the
Sivers asymmetry in charged Kaon and A hyperon produced
SIDIS process at the kinematical configurations of EIC and
EicC.

In order to obtain the results for the Sivers asymmetry, we
shall have the collinear distribution functions and fragmenta-
tion functions as input. For the unpolarized proton collinear
distribution function fi(x, up), we apply the parametriza-
tion from MSTW2008 [87]. For the collinear unpolarized
fragmentation function D (z) of charged Kaon, the DSS
parameterization results at LO accuracy is used [88]. For
the collinear unpolarized fragmentation function Df\ (z) of
A hyperon, we adopt the model results from the diquark
spectator model [89]

Zm‘%

2 A2
g e A
o g {209 (6 + Ma)? )

—2zL%
X €X e —
Pla—oaz

D} z) =

+ (1 = 2)A? = 2((my + Mp)? — m?%))
Z2L2r0 2L 67
e (’<1—z)A2)} (67)

The values of the free parameters in Eq. (67) are taken from
Ref. [89]. Since the model result is obtained at the initial
energy of 0.23 GeV?2, to make it applicable to a more general
energy range, we use the QCDNUM evolution package [90]
to evolve the unpolarized fragmentation function D1 (z) from
the initial energy of 0.23 GeV? to another energy scale.

For the Qiu-Sterman (QS) function Ty r (x, x; up), we
adopt the extraction from the parameterization in Ref. [32]

(g + ﬂq)(aﬁﬂq)

ag B4
q Fq

x fi(x, up). (68)

Ty r(x,x, 1p) = x% (1 — x)Pa

The parameters obtained by fitting to the data in SIDIS pro-
cesses from HERMES, COMPASS and JLab [11,15,17,20],
are listed in Table 1.

In Fig. 2, we depict the QS function 7 r(x, x, upg) for u
quark, d quark and s quark in the proton target as the function
of x at the initial energy scale Q% = 2.4 GeV?, the solid
lines correspond to the results from the central values of the
parameters, the shaded area shows the uncertainty bands lead
by the parameters of Table 1. As one can see from Fig. 2, there
are still large errors in the parametrization of the QS function
due to the limited amount of the experimental data especially
in the case of s quark QS function. Thus, we emphasis the
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Fig. 2 The QS function for u quark (left panel), d quark (middle panel) and s quark (right panel). The solid lines correspond to the results from
the central values of the parameters, the shaded area shows the uncertainty bands lead by the parameters of Table 1

Table 1 Values of the parameters in the parameterization of the Qiu-
Sterman function in Ref. [32]

Parameter Value Parameter Value

a ST 0012408
aa 1.552403%2 N; —0.10570 06
08SI0W 0.103°9388

B 4.85711 %0 Ns —1.000 & 1.757
Nu 0.10679943 (k%)) 0.2827 0013 Gev?
Na 01631003

planned electron ion colliders can play an important role in
constraining Sivers function in the future.

We should notice that in Ref. [32], the QS function is
assumed to be proportional to the collinear unpolarized dis-
tribution function fi(x, up) in which the DGLAP evolution
effect is not included. To investigate the impact of the QS
function DGLAP evolution effect on the Sivers asymmetry,
we take Q(z) = 2.4 GeV? as the initial energy and evolve
the QS function in Eq. (68) into another energy. We adopt
two different approaches to evolve the QS function: one is
to assume the QS function follows the same evolution effect
as that for unpolarized distribution function, the other one is
to change the evolution kernel in the QCDNUM evolution
package to include the QS evolution kernel by considering
the homogenous terms [the terms containing T, r (x, X, it g)]
in the evolution kernel as an approximation [91]:

. 4(1+22 3

PSIVCI‘S%_ Z85(1 —
a1 3((1—z>++2( ”)
31472
21—z

—38(1 — 2). (69)

In Egs. (37) and (38), the free parameter g; and the uni-
versal parameter g, contain information about the evolution
of TMDs and are the key parameters that determine the
evolution of TMDs from one initial energy p to another
Q. Here we adopt the results given in Ref. [32] for the
mean transverse momentum squared ( pi) = 0.38 GeV? and

@ Springer

(ki) = 0.19 GeV?>. For the universal parameter g, in the
non-perturbative Sudakov-like form factor, the specific value
g2 = 0.16 is also given in Ref. [32].

The kinematical region that is available at EIC is chosen
as follows [52]

0.001l <x <04, 007<y<09, 02<z<038,
1GeV? < 0%, W > 5GeV,
Vs =100GeV, P, < 0.5GeV. (70)

As for the EicC, the following kinematical cuts are adopted

0.005 <x <05, 007<y<09, 02<z<0.7,
1GeV? < 0% < 200GeV?,
W > 2GeV, /s =16.7GeV, Pyr <0.5GeV, (71)

where W2 = (P + q)2 ~ I%QZ is invariant mass of the
virtual photon-nucleon system. Since TMD factorization is
proved to be valid to describe the physical observables in the
region Py7/7 < Q, Ppr/7zQ < 0.5 is chosen to guarantee
the validity of TMD factorization. Combining Egs. (7), (55)
and (65) and the kinematical regions of EIC and EicC, we
can calculate the single-spin dependent Sivers asymmetry of
charged Kaon and A hyperon produced SIDIS process within
the EIC and EicC kinematical region.

The numerical results are shown in Fig. 3. The six rows
in the figure depict the results of Sivers asymmetry of KT
production, K~ production, and A hyperon production in the
EIC and EicC kinematical region, respectively. The predicted
experimental observable Sivers asymmetry are plotted with
the statistical error bars (enlarged in the figure), which are
estimated as

1
VLo

where o is the unpolarized cross sections of the correspond-
ing process, and L is the integrated luminosity, for which
£ =10fb~" for EIC and 50 fb~! for EicC. The left, central
and right panels denote the Sivers asymmetry as the function

AA (72)
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of x, z and Pyr, respectively. In the figure, the black solid
line represents the Sivers asymmetry that is obtained when
the QS evolution kernel is included to evolve Eq. (68). The
red dashed line represents the Sivers asymmetry obtained
by using the evolution kernel for the unpolarized distribu-
tion function from QCDNUM evolution package to evolve
Eq. (68).

As can be seen from Fig. 3, the central values of Sivers
asymmetries in the charged Kaon produced and in A hyperon
produced SIDIS process are sizable in the EIC and EicC kine-
matical region. Thus, the measurements of the Sivers asym-
metry in these facilities provide an ideal tool to obtain the
sea quark Sivers function as well as the flavor dependence
of the Sivers function. Also, it seems that the magnitude of
the asymmetry in EicC is larger than that in EIC. In addi-
tion, Fig. 3 shows that the value of the solid line is larger
than the dashed line, which indicates that the Sivers asym-
metry obtained using the evolution kernel of QS function
is greater than that obtained using the unpolarized distri-
bution function evolution kernel. One should note that the
DGLAP evolution in the TMD effects may play some role in
the future phenomenological analysis of the Sivers asymme-
try. Besides, in Fig. 3, the shaded area shows the uncertainty
bands of the Sivers asymmetry caused by the parametriza-
tion of QS function, which still show large errors. Since we
focus on the effect of the QS function on the result, here
we don’t include the source of uncertainly coming from the
DSS parametrization of the collinear unpolarized fragmen-
tation function D (z).

We can also find from Fig. 3 that the central values of the
Sivers asymmetries about z-dependent and Pj,7-dependent
in KT produced SIDIS process at the kinematical region of
EIC and FEicC are negative, and the magnitude of the cen-
tral values of the Sivers asymmetry increases with increas-
ing z or increasing Py7. While for the central values of the
Sivers asymmetries about x dependent of K+ production in
the EIC and EicC kinematical region, there is a node around
x = 0.15. On the other hand, for the central values of the
Sivers asymmetries of K~ production, it is always posi-
tive in all cases. The central values of the Sivers asymmetry
increases with x at small x region and decreases along x at
large x region, and gradually increases with z and Pyr. In
addition, by comparing the magnitudes of the central values
of the Sivers asymmetry of KT produced with that of K~
produced, we can see that the former one is larger than the
latter one, since for K meson the constituent quarks are u
and s, and for K~ meson are u and s quarks. Therefore there
is relatively larger contribution of valence u quark Sivers
function for K*, while the contributions for K~ are both
from sea quark Sivers function. It is known from Ref. [32]
that the QS function of the valence quark is larger than the
that of the sea quarks, so the Sivers asymmetry in KT pro-
duced process is greater than that in K~ produced process.

In addition, we can clearly see from Fig. 3 that when we con-
sider the uncertainty bands of the QS function, the sign as
well as the trend of the asymmetry for K* production will
become blurred. Therefore, it is important that more precise
experimental measurements are needed in the future to fur-
ther constrain the Sivers function. Finally, the central value of
Sivers asymmetry for A hyperon production in both the EIC
and EicC kinematical region is positive, and the tendency of
x,z and Pp7 dependent asymmetry is generally consistent
with that of K~ meson. In addition, the Sivers asymmetry
in A hyperon produced process is larger than that in charged
Kaon K produced process with much smaller uncertainty
bands. Thus, the future higher precision EICs may provide
a unique opportunity to extract the proton Sivers function of
valence quark and sea quark, to investigate the flavor depen-
dence from the A hyperon produced SIDIS process, as well
as to deeper understand sea quark Sivers function through
the analysis with the charged Kaon KT production SIDIS
process. Combining the experimental data from Drell-Yan
process, it may also provide a tool to study the sign change
of the Sivers function and the generalized universality of the
T-odd distribution functions.

4 Conclusion

In this work, we apply the TMD factorization formalism to
study the Sivers asymmetry with sin (¢; — ¢5) modulation
in charged K* produced and A hyperon produced in SIDIS
process at the kinematical configurations of EIC and EicC.
We take into account the TMD evolution effects of distri-
bution functions as well as fragmentation functions. In our
calculation we adopt the Gaussian form parametrization with
constant width for the non-perturbative Sudakov-like form
factor, the accuracy of the perturbative Sudakov-like form
factor as well as the hard coefficients is kept at the NLL
order. Two different ways to deal with the energy dependence
of Qiu-Sterman function associated with the Sivers function
are applied. The first approach is to assume the Qiu—Sterman
function evolves as the same way as the unpolarized dis-
tribution functions fi(x, Q%). The second one is to evolve
Qiu—Sterman function considering an approximate evolution
kernel for the Qiu—Sterman function containing the homoge-
nous terms by customising the DGLAP kernel. The Sivers
asymmetries are calculated as the functions of x, z, and Py7.
Our numerical results demonstrate that the Sivers asymme-
tries of charged Kaon production and A hyperon production
are measurable at the kinematics of EIC and EicC, with the
magnitudes of around few percents. The results show that the
Sivers asymmetry in A hyperon production in SIDIS process
might serve as a tool to extract the information of sea quark
Sivers function as well as to constrain the flavor dependence
of Sivers function together with K* production process by
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Fig. 3 The Sivers asymmetry in semi-inclusive charged Kaon and A
hyperon produced SIDIS process at the kinematics of EIC and EicC as

The shaded area shows the uncertainty bands of the Sivers asymmetry
functions of x (left panels), z (middle panels), and Ppr (right panels).

caused by the parametrization of QS function
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utilizing future high energy and high luminosity EICs. In
addition, the difference between the Sivers asymmetries from
considering two different evolution kernels suggests that the
DGLAP evolution of the Qiu—Sterman function in the TMD
evolution schemes will play a role in the phenomenological
calculation, which should be considered in the future inter-
pretation of experimental data as well as theoretical studies.

Acknowledgements This work is partially supported by the NSFC (China)

grants 11905187, 11847217 and 12150013. X. Wang is supported by the
China Postdoctoral Science Foundation under Grant No. 2018M640680.

Data availability This manuscript has no associated data or the data
will not be deposited. [Authors’ comment: All data generated during
this work are contained in the published paper.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP3. SCOAP? supports the goals of the International
Year of Basic Sciences for Sustainable Development.

References
1. J. Ashman et al. (European Muon), Phys. Lett. B 206, 364 (1988)
2. J. Ashman et al. (European Muon), Nucl. Phys. B 328, 1 (1989)
3. D.W. Sivers, Phys. Rev. D 41, 83 (1990)
4. D.W. Sivers, Phys. Rev. D 43, 261 (1991)
5. J.C. Collins, Nucl. Phys. B 396, 161 (1993)
6. S.J.Brodsky, D.S. Hwang, I. Schmidt, Phys. Lett. B 530, 99 (2002)
7. S.J. Brodsky, D.S. Hwang, I. Schmidt, Nucl. Phys. B 642, 344

(2002)
8. D.Boer, S.J. Brodsky, D.S. Hwang, Phys. Rev. D 67, 054003 (2003)
9. J.C. Collins, Phys. Lett. B 536, 43 (2002)

10. A. Airapetian et al. (HERMES), Phys. Rev. Lett. 94, 012002 (2005)

11. A. Airapetian et al. (HERMES), Phys. Rev. Lett. 103, 152002
(2009)

12. A. Airapetian et al. (HERMES), J. High Energy Phys. 12, 010
(2020)

13. V.Y. Alexakhin et al. (COMPASS), Phys. Rev. Lett. 94, 202002
(2005)

14. E.S. Ageev et al. (COMPASS), Nucl. Phys. B 765, 31 (2007)

15. M. Alekseev et al. (COMPASS), Phys. Lett. B 673, 127 (2009)

16. M.G. Alekseev et al. (COMPASS), Phys. Lett. B 692, 240 (2010)

17. C. Adolph et al. (COMPASS), Phys. Lett. B 717, 383 (2012)

18. C. Adolph et al. (COMPASS), Phys. Lett. B 770, 138 (2017)

19. M.G. Alexeev et al. (COMPASS), Nucl. Phys. B 940, 34 (2019)

20. X. Qian et al. (Jefferson Lab Hall A), Phys. Rev. Lett. 107, 072003
(2011)

21. Y.X. Zhao et al. (Jefferson Lab Hall A), Phys. Rev. C 90, 055201
(2014)

22.
23.

24.
25.

217.

28.
29.

30.

31.
32.

33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.

50.
51.

52.
53.
54.

55.
56.

57.
58.
59.
60.

61.
62.

M. Aghasyan et al. (COMPASS), Phys. Rev. Lett. 119, 112002
(2017)

C.A. Aidala et al., (2019). arXiv:1901.08002

L. Adamczyk et al. (STAR), Phys. Rev. Lett. 116, 132301 (2016)
M. Anselmino, M. Boglione, U. D’ Alesio, A. Kotzinian, F. Murgia,
A. Prokudin, Phys. Rev. D 72, 094007 (2005). [Erratum: Phys. Rev.
D 72, 099903 (2005)]

. A.V. Efremov, K. Goeke, S. Menzel, A. Metz, P. Schweitzer, Phys.

Lett. B 612, 233 (2005)

J.C. Collins, A.V. Efremov, K. Goeke, S. Menzel, A. Metz, P.
Schweitzer, Phys. Rev. D 73, 014021 (2006)

W. Vogelsang, F. Yuan, Phys. Rev. D 72, 054028 (2005)

M. Anselmino, M. Boglione, U. D’ Alesio, A. Kotzinian, S. Melis,
F. Murgia, A. Prokudin, C. Turk, Eur. Phys. J. A 39, 89 (2009)
M. Anselmino, M. Boglione, S. Melis, Phys. Rev. D 86, 014028
(2012)

A. Bacchetta, M. Radici, Phys. Rev. Lett. 107, 212001 (2011)
M.G. Echevarria, A. Idilbi, Z.-B. Kang, 1. Vitev, Phys. Rev. D 89,
074013 (2014)

M. Anselmino, M. Boglione, U. D’ Alesio, F. Murgia, A. Prokudin,
J. High Energy Phys. 04, 046 (2017)

A. Martin, F. Bradamante, V. Barone, Phys. Rev. D 95, 094024
(2017)

M. Boglione, U. D’ Alesio, C. Flore, J.O. Gonzalez-Hernandez, J.
High Energy Phys. 07, 148 (2018)

M. Bury, A. Prokudin, A. Vladimirov, J. High Energy Phys. 05,
151 (2021)

A. Bacchetta, F. Delcarro, C. Pisano, M. Radici, Phys. Lett. B 827,
136961 (2022)

A. Bacchetta, A. Schaefer, J.-J. Yang, Phys. Lett. B 578, 109 (2004)
A. Bacchetta, F. Conti, M. Radici, Phys. Rev. D 78, 074010 (2008)
Z. Lu, B.-Q. Ma, Phys. Rev. D 70, 094044 (2004)

B. Pasquini, F. Yuan, Phys. Rev. D 81, 114013 (2010)

T. Maji, D. Chakrabarti, A. Mukherjee, Phys. Rev. D 97, 014016
(2018)

T. Maji, D. Chakrabarti, O.V. Teryaev, Phys. Rev. D 96, 114023
(2017)

A. Courtoy, F. Fratini, S. Scopetta, V. Vento, Phys. Rev. D 78,
034002 (2008)

F. Yuan, Phys. Lett. B 575, 45 (2003)

A. Courtoy, S. Scopetta, V. Vento, Phys. Rev. D 79, 074001 (2009)
V.E. Lyubovitskij, I. Schmidt, S.J. Brodsky, Phys. Rev. D 105,
114032 (2022)

H. Dong, D.-X. Zheng, J. Zhou, Phys. Lett. B 788, 401 (2019)

F. He, P. Wang, Phys. Rev. D 100, 074032 (2019)

X. Luan, Z. Lu, Phys. Lett. B 833, 137299 (2022)

D. Boer, M. Diehl, R. Milner, R. Venugopalan, W. Vogelsang, A.
Accardi, E. Aschenauer, M. Burkardt, R. Ent, V. Guzey, et al.,
(2011). arXiv:1108.1713

A. Accardi et al., Eur. Phys. J. A 52,268 (2016)

R. Abdul Khalek et al., Nucl. Phys. A 1026, 122447 (2022)

X. Cao, X. Chen, L. Gui, C. Han, L. Kaptari, M. Li, Y. Liang, L.
Liu, F. Ma, L. Mao et al., He Jishu 43, 020001 (2020)

D.P. Anderle et al., Front. Phys. (Beijing) 16, 64701 (2021)

J. C. Collins, D. E. Soper, Nucl. Phys. B 193,381 (1981). [Erratum:
Nucl. Phys. B 213, 545 (1983)]

J.C. Collins, D.E. Soper, G.FE. Sterman, Nucl. Phys. B 250, 199
(1985)

J. Collins, Foundations of perturbative QCD, vol. 32 (Cambridge
University Press, 2013) (ISBN 978-1-107-64525-7, 978-1-107-
64525-7, 978-0-521-85533-4, 978-1-139-09782-6)

X.-D. Ji, J.-P. Ma, F. Yuan, Phys. Lett. B 597, 299 (2004)

X.-D. Ji, J.-P. Ma, E. Yuan, Phys. Rev. D 71, 034005 (2005)

S.M. Aybat, T.C. Rogers, Phys. Rev. D 83, 114042 (2011)

J.C. Collins, T.C. Rogers, Phys. Rev. D 87, 034018 (2013)

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/1901.08002
http://arxiv.org/abs/1108.1713

1148 Page 14 of 14

Eur. Phys. J. C (2023) 83:1148

63.
64.
65.
66.

67.
68.
69.
70.

71.
72.
73.
74.
75.

76.

M.G. Echevarria, A. Idilbi, A. Schifer, I. Scimemi, Eur. Phys. J. C
73,2636 (2013)

A. Bacchetta, F. Delcarro, C. Pisano, M. Radici, A. Signori, JHEP
06, 081 (2017). [Erratum: JHEP 06, 051 (2019)]

I. Scimemi, A. Vladimirov, JHEP 06, 137 (2020)

A. Bacchetta, V. Bertone, C. Bissolotti, G. Bozzi, M. Cerutti, F.
Piacenza, M. Radici, A. Signori (MAP Collaboration), JHEP 10,
127 (2022)

D. Pitonyak, M. Schlegel, A. Metz, Phys. Rev. D 89, 054032 (2014)
D. Boer, Nucl. Phys. B 806, 23 (2009)

S. Arnold, A. Metz, M. Schlegel, Phys. Rev. D 79, 034005 (2009)
A. Bacchetta, V. Bertone, C. Bissolotti, G. Bozzi, F. Delcarro, F.
Piacenza, M. Radici, JHEP 07, 117 (2020)

M. Lambertsen, W. Vogelsang, Phys. Rev. D 93, 114013 (2016)
J.C. Collins, F. Hautmann, Phys. Lett. B 472, 129 (2000)

A. Bacchetta, U. D’ Alesio, M. Diehl, C.A. Miller, Phys. Rev. D 70,
117504 (2004)

A. Bacchetta, M. Diehl, K. Goeke, A. Metz, P.J. Mulders, M.
Schlegel, JHEP 02, 093 (2007)

A. Idilbi, X.-D. Ji, J.-P. Ma, F. Yuan, Phys. Rev. D 70, 074021
(2004)

A. Bacchetta, A. Prokudin, Nucl. Phys. B 875, 536 (2013)

@ Springer

7.
78.
79.
80.
81.
82.
83.
84.
85.

86.
87.

88.
89.

90.
91.

Z.-B. Kang, B.-W. Xiao, F. Yuan, Phys. Rev. Lett. 107, 152002
(2011)

S.M. Aybat, J.C. Collins, J.-W. Qiu, T.C. Rogers, Phys. Rev. D 85,
034043 (2012)

M.G. Echevarria, A. Idilbi, I. Scimemi, Phys. Rev. D 90, 014003
(2014)

F. Landry, R. Brock, P.M. Nadolsky, C.P. Yuan, Phys. Rev. D 67,
073016 (2003)

J.-W. Qiu, X.-F. Zhang, Phys. Rev. Lett. 86, 2724 (2001)

A.V. Konychev, PM. Nadolsky, Phys. Lett. B 633, 710 (2006)
C.T.H. Davies, B.R. Webber, W.J. Stirling, 1, 1.95 (1984)

R.K. Ellis, D.A. Ross, S. Veseli, Nucl. Phys. B 503, 309 (1997)
Z.-B. Kang, A. Prokudin, P. Sun, F. Yuan, Phys. Rev. D 93, 014009
(2016)

P. Sun, F. Yuan, Phys. Rev. D 88, 114012 (2013)

A.D. Martin, W.J. Stirling, R.S. Thorne, G. Watt, Eur. Phys. J. C
63, 189 (2009)

D. de Florian, R. Sassot, M. Stratmann, Phys. Rev. D 75, 114010
(2007)

Y. Yang, Z. Lu, I. Schmidt, Phys. Rev. D 96, 034010 (2017)

M. Botje, Comput. Phys. Commun. 182, 490 (2011)

Z.-B. Kang, J.-W. Qiu, Phys. Rev. D 79, 016003 (2009)



	The Sivers asymmetry in charged Kaon and Λ hyperon produced SIDIS process at electron ion colliders
	Abstract 
	1 Introduction
	2 Formalism of the sivers asymmetry in SIDIS process
	2.1 TMD evolution effects
	2.2 The solution of the unpolarized structure function
	2.3 The solution of the transverse spin-dependent structure function

	3 Numerical estimate
	4 Conclusion
	Acknowledgements
	References




