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We investigate the sin(¢, — ¢s) single-spin asymmetry in the transversely polarized A production in
semi-inclusive deeply inelastic scattering process within the transverse momentum dependent (TMD)
factorization. The asymmetry is contributed by the convolution of the polarizing TMD fragmentation
function D7 of the A hyperon and the unpolarized TMD distribution function f; of the proton target.

We adopt the spectator diquark model result and the available parametrization for DILT'AT/  to numerically
estimate the sin(¢, — ¢5) asymmetry at the kinematical region of the electron ion collider (EIC). To
implement the TMD evolution formalism, we apply two different parametrizations on the nonperturbative
Sudakov form factors associated with the distribution function of the proton and the fragmentation function

of the A. It is found that the two sets of DILT‘AT/ 7 lead to different sin(¢, — ¢p5) asymmetry, particularly in

sign. We also discuss the impact of the assumptions and approximations applied in the calculations, which
may bring large uncertainties to the results in the EIC. Future measurements on the sin(¢, — ¢g)
asymmetry with high precision at the EIC can provide important cross checks on the available A polarizing

fragmentation functions, as well as constrain them more stringently.

DOI: 10.1103/PhysRevD.104.034020

I. INTRODUCTION

Understanding the internal partonic structure of hadrons
and the fragmentation mechanism of partons are among the
main goals in QCD and high energy physics. Once the
production of a polarized lambda hyperon from unpolar-
ized pp collisions had been observed [1,2], it has become a
long-standing challenge [3,4] in QCD spin physics since
such polarization should be small in leading twist in the
collinear picture [3]. The traditional theory expects that the
single spin asymmetries should be forbidden in the partonic
level, and the averaged polarization of A should be zero [4].
Thus, the production of a transversely polarized A provides
an opportunity not only to study the spin structure [5] but
also the fragmentation mechanism [6—10] of partons.

After introducing the intrinsic transverse momentum into
the collinear picture, the transverse single spin asymmetry
can originate from the correlation of the transverse motion
of the parton and the transverse spin of the hadron. It is
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suggested [11] that a polarizing fragmentation function
(FF) [12], denoted by Di;(x,k2), can account for the
polarization of the A production. D+ is a time-reversal-odd
(T-odd) and transverse momentum dependent (TMD) FF,
which describes the fragmentation of an unpolarized quark
to a transversely polarized hadron, and reflects the corre-
lation of the transverse spin of the produced A and the
transverse momentum of the parent quark. Sometimes it is
viewed as the analog of the Sivers function [13,14], which
is a T-odd TMD parton distribution function (PDF)
describing the asymmetric density of unpolarized quarks
inside a transversely polarized nucleon. Furthermore, D1
may play an important role in the spontaneous polarization,
such as the process g — ATX [15]. Thus, the study on the
production of polarized A could also provide the informa-
tion on the spin structure of the hyperon. This is intriguing
since the A hyperon can not serve as a target in high energy
scattering processes.

Experimentally, the single inclusive e'e™ annihilation
(SIA) experiment performed by OPAL at the Large Electron-
Positron collider has not observed a significant signal on the
transverse polarization of the A hyperon [16]. As an
alternative to SIA, the processes ete” = AT +h+X
[17-19] and semi-inclusive deep inelastic scattering
(SIDIS) #p—¢'+A"+X have been suggested [17] to
study the A spin asymmetry, where Di; contribute to the
transverse polarization of A. Those measurements could
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provide a further understanding of the origin of the sizable
transverse polarization of hyperons observed in different
processes [2,10-12,20-25]. Recently, a nonzero transverse
polarization of A production in SIA and semi-inclusive
ete™ — A(A) + K*(n%) + X processes were measured by
the Belle Collaboration [19], making the extraction [26—28]
of the polarizing FF of A possible. On the other hand, model
calculations may also provide an approach to acquire
knowledge of the Lambda polarizing FF D{;. A calculation
of D for light flavors based on a spectator-diquark model
has been performed in Ref. [29], and the result was used to
make predictions on physical observables.

The main purpose of this work is to study the role of
the polarizing A FF D1; in the transverse-spin dependent
sin(¢pp — ¢ps) asymmetry in SIDIS. Particularly, we
apply the TMD factorization [30-34] to estimate the
spin-dependent cross section in [+ p — I' + AT + X, as
well as the unpolarized cross section. The asymmetry can
be expressed as the ratio of the two cross sections. In the
last two decades, TMD factorization has been widely
applied in various high energy processes [34—47]. Within
the TMD factorization, the differential cross section in the
small transverse momentum region Pj;/z, < Q (P is
the transverse momentum of the final-state hadron, and Q is
the virtuality of the photon) can be expressed as the
convolution of the hard scattering factors and the well-
defined TMD distributions and fragmentation functions. In
our case, the sin(¢, — ¢bg) asymmetry is contributed by the
convolution of f, Di: and the hard scattering factors. The
TMD formalism also encodes the evolution information of
TMD PDFs and FFs, governed by the so-called Collins-
Soper equation [30,31,34,48]. The solution of the equation
is usually expressed as an exponential form of the Sudakov-
like form factor [31,34,37,49], which determines the scale
dependence of TMDs. Therefore, in this work, we will
consider the TMD evolution effect of the polarizing FF
D, which is not usually included in the previous
calculation for the semi-inclusive A  production
[26,27,50]. In the literature, several TMD evolution for-
malisms have been developed [31,34,37,40,42,44,51-58].
Particularly, the nonperturbative parts of the Sudakov form
factor for the TMD PDFs and FFs have been extracted from
experimental data based on different parametrizations. In
this work, we will adopt two parametrizations on the
nonperturbative part to estimate the asymmetry [42,44]
for comparison.

The remaining content of the paper is organized as
follows. In Sec. II, we present the formalism of the
sin(¢ — ¢ps) asymmetry in the process Ip — e"ATX
within the TMD factorization. In Sec. III, we investigate
the evolution effect for the TMD PDFs and FFs.
Particularly, we discuss the parametrization of the non-
perturbative Sudakov form factors associated with the
studied TMD functions in details. In Sec. IV, we present
the numerical estimate on the sin(¢, — ¢bg) asymmetry in

the e~ p — e~ AT X process at the kinematical region of the
EIC with different choices on the nonperturbative part
associated with the TMD evolution effect. Finally, we
summarize the paper in Sec. V.

II. THE sin(¢, - ¢s) ASYMMETRY IN THE
Ip — IATX PROCESS

The process under study is the semi-inclusive deep
inelastic scattering process,

(£) + p(P) = U(£') + AT(Py) + X, (1)

in which the lepton beam with momentum £ scatters off an
unpolarized proton target p with momentum P. In the final
state, the scattered lepton momentum £’ is measured
together with a transversely polarized A hyperon, with
P, being the momentum of the A hyperon. We define the
spacelike momentum transfer ¢ = # — ¢’ and Q> = —¢°.

The usual invariants in the SIDIS process are introduced as

Xp = Q2 :—Pq:Q—2
E=aop. g VTP xgs’

P-Py

= = (P + ¢)? 2
=R = (PP, 2)

where s is the total center of mass energy squared, xp is
the Bjorken variable, y is the inelasticity, and z is the
momentum fraction of the final state A hyperon. The
corresponding six-fold (xg, ¥, z, ¢, ¢s and P%;) differ-
ential cross section (for a transversely polarized A pro-
duction) in the y*N collinear frame can be given as [59-61]

d°c
dxgdydzdpdpsdP%,

= o X 1 —I—l 2\F
_XB)’Q2 y 2)’ vuuu

1 sin(¢pp—
+S [Sin(¢A —gs) (1 —y+§y2> FU[E?A ¢S>} } (3)

In the y*N collinear frame, the momentum direction of the
virtual photon is defined as the z-axis, the hadron plane is
determined by the z-axis and the momentum direction of A,
and the lepton plane is given by £ and . Hence, ¢, stands
for the azimuthal angle between the lepton and hadron
planes, while ¢g is the azimuthal angle of the transverse
spin vector of A, P,r is the component of P, transverse to
q with P,y = —zqy [62]. Here, P,y is the characteristic
transverse momentum detected in the SIDIS process, the
value of which determines the validity of TMD factoriza-
tion, i.e., if PX;/z*> < Q2, then TMD factorization can be
applied, and the process is sensitive to the TMD PDFs/FFs

[34]. Fyyy and FSLi,'g"TjA_%) are the spin-averaged and
transverse spin-dependent structure functions, with the

034020-2



sin(¢, — ¢,) AZIMUTHAL ...

PHYS. REV. D 104, 034020 (2021)

first, second, and third subscripts denoting the polarization
of the lepton beam, proton target, and the final-state
hadron (A hyperon), respectively (U = unpolarized, L =
longitudinally polarized, T = transversely polarized).

We can define the single transverse-spin asymmetry with
a sin(¢, — ¢pg) modulation as follows [60]:

AP (xg.y. 2. PAy)

1 (1—y+ ;yz)Fsin( A—¢s)
=07 2 UuT
=22 . )

ﬁ(l -y +%y2)FUUU

According to TMD factorization, the structure functions

Fyyy and F 2‘5?"_%) can be expressed as the convolution
of the TMD PDF and TMD FF as [60,61]

FUUU(Q§P3\T) = C[f\D1], (5)
sin(pp—ps il -k
Foup ™" (0:Pyy) —C[M—ATle%T] (6)

where the unit vector f is defined as h = f;—’A‘; [36,63], and

the notation C denotes the convolution of the transverse
momenta

ClwfD] = xZe?] / d’prdkr& (pr —kr + qr)o(pr.kr)
q
x f1(x.p7) D (2. k), (7)

with @(py, ky) being an arbitrary function of p; and k.
Note that f,(xg,p%) is the unpolarized TMD PDF of
the proton. Also note that D, (z,k%) and Di;(z.k7) are
the unpolarized FF and the transversely polarizing FF. The
transverse momentum k; is related to the transverse
momentum of the produced hadron with respect to the
quark through K|, = —zk;.

It is convenient to deal with the TMD evolution effect in
the b, space that is conjugate to the transverse momentum
space through Fourier transformation since it can turn the
complicated convolution in the transverse momentum
space into simple product. Therefore, we perform a trans-
formation for the delta function

1 .
P oy —kr +ar) =5 [ et (s)

(27)

and obtain the following explicit form of the spin-averaged
structure function Fpp:

ClfD\] = x) e / &prd*ky 8 (pr —kr +qr) f17 (xp.p3: Q) DY (2. K3 Q)
q

1
Z

~5 Y06 [ Epr Ky + Koz P/ 0 QD] K O
q

1 d’b, . ~ -
e > / ﬁ ePrbi 2P (xg, b1 0)DY (2,615 Q)
9

1 dbb ~ -
= X;Zeé / gfo(PArb/Z)f‘f/p(xB, b; QDY (2, b; Q). (9)
q

with PAT = ‘PAT

vb:|bJ_

, Jo the zeroth-order Bessel function of the first kind. The unpolarized PDF and FF in b, space

can be defined as (hereafter the tilde terms represent the ones in b space)

}i]/p(xB’bL; Q) = /dZPTe_iPT‘bLf?/P(XB,P%Q 0),

DY (z.b,50) = / K e Kt /2D (7, K3 Q). (10)

Similarly, the transverse spin-dependent structure function F i%?rm

can be written as
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h-k
[ TlelLT} xZeq/leszkTé pr —kr +qr)

~

h-k
a1, 1 i QD (2 ki Q)

h-K,

d*h, .
_ _x_ze / deL/(2ﬂ_)L2 e_l(pT+Kl/Z—PAT/Z)'b < o )f‘I/P(xB’pT’Q)DJ-A/CI(Z K2 : Q)

Ayl

where the polarizing FF of A hyperon in b, space is
defined as

D\*Mi(2,b,; Q)
. K{l
— / dZKLe"Ki"’i/ZM—iDlLTA/q(Z,Ki;Q)- (12)

After performing all of the approaches above, the next
important issue is the energy dependence of the TMDs,
which is encoded in the TMD evolution equations and will
be discussed in detail in the following section.

III. THE EVOLUTION OF TMD PDFS AND FFS

In this section, we set up the formalism of the TMD
evolution for the unpolarized TMD PDF f, of the proton,
the unpolarized TMD FF D, as well as the polarizing FF
Di; of the A hyperon. As mentioned in the previous
section, it is more convenient to express the differential
cross section of the process in the b, space than in the
transverse momentum space. Therefore, the TMD evolu-
tion of these TMDs is usually performed in the b space.
Generally, the TMDs F(x,b;pu.(r) and D(z.b;pu.(p)
depend on two energy scales [30,31,34,37,39,55]. One is
the renormalization scale y, related to the corresponding
collinear PDFs or FFs; the other one is the energy scale {f
(or {p) used as a cutoff to regularize the light-cone
singularity in the operator definition of TMD PDFs and
FFs. The {-dependence is encoded in the Collins-Soper
(CS) equation as

OInF(x,b;p.Cr)  OnD(z,b;pu.8p)
NCr B NCp

with K being the CS evolution kernel, which can be
computed perturbatively for small values of b with the
form (up to order ay)

=K(bip).  (13)

- C

R(bin) = = 5E n(28?) — Ind + 274] + O(d).  (14)
Here, y;=~0.577 is the Euler’s constant [30]. The u
dependence is driven by the renormalization group

equations as

P Sy FUP (.05 Q)D N (2,815 0), (1)

T = —rela). (15)

dinF(x,b;pu,¢r)
dinyu

~re(awii). a9

dinD(z,b;p.{p)
dlinpu

=7p <0‘x(ﬂ)§i—%), (17)

where 7k, 7r, and yp are the anomalous dimensions of K,
F, and D, respectively,

A CF

(a3). (18)

w=rr=a (3-1(%)) +0@). (9

Solving the equations in Egs. (15)-refeq:evol3), one can
obtain the general solution for the energy dependence of F
and D as follows:

YK =

F(x,b; Q) = F(Q) x 5@ x F(x,b;p;), (20)

D(z.b; Q) = D(Q) x e 5@ x D(z,b;p;), (21)
where F and D are the hard factors related to the hard
scattering, and S(Q,b) is the Sudakov form factor.
Hereafter, we will set u = /{r = /Cp = O and express
F(x,b;u = Q,¢p = Q%) and D(z,b;u = Q,¢p = Q?) for
simplicity. Equations (20) and (21) demonstrate that
the TMDs F and D at the arbitrary scale Q can be
determined by the same TMDs at an initial scale u;
through the evolution encoded by the exponential form,
exp(=S(Q, b)) [30-34,48,64].

More specifically, the exponential exp(—S(Q, b)) has the
following explicit form (taking the one for F as example):
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exp(=S(Q. b))

= exp{lngk(b*;u)
u

[ et )= m(2)ratotm) |}

X exp{gj/p(x,b) + gx(b) ango} (22)

The exponential in the first line of Eq. (22) comes from the
solutions of Egs. (13), (15), and (16) in the perturbative region
(the small b region 1/Q < b < 1/A). It contains K (b,; u),
the CS evolution kernel in the small b region, and the
anomalous dimension y, yx. However, in the nonperturba-
tive region (large b region), the evolution kernel K (b; ) is not
calculable. In order to access the contribution in the large b
region, the exponential in the second line of Eq. (22) is usually
included. Here, the function g;/p(x,b) parametrizes the
nonperturbative large b behavior that is intrinsic to the proton
target, while gy parametrizes the nonperturbative large b
behavior of the evolution kernel K(b; u).

A matching procedure must be introduced with a
parameter b,,,, serving as the boundary between the small
b and large b regions. The prescription should also allow
for a smooth transition from perturbative to nonperturbative
regions and avoid the Landau pole singularity in o (u).
There are different choices on the b, prescription in the
literature. A frequently used one is the Collins-Soper-
Sterman (CSS) prescription [31]

b, = b/ 1+ bz/bmaxs bmax < 1/AQCD’ (23)
which guarantees the feature that b, ~ b at small b value
and b, = by, at large b value. To ensure that b, is always
in the perturbative region, the typical value of b, is
chosen around 1 GeV~!.

Therefore, the complete result for the Sudakov form
factor appearing in Egs. (20)—(22) can be sketched as
follows:

S(Q.b) = Sp(Q.b.) + Sxp(Q. b), (24)

where Sp(Q, b,) and Sxp(Q, b) corresponds to the pertur-
bative part and the nonperturbative part of the Sudakov
form factor, with the boundary of two parts set by by
The perturbative part Sp(Q,b,) has been studied
[39,42,55,56,58] in detail and has the same result for
different TMD PDF and FFs,

0? dﬁz Q2
se(0.0)= [* % [A@mm S+ b)) (9
v i IS

where the A and B coefficients in Eq. (25) can be expanded
as perturbative series of a,/,

A= f:w (%) (26)

B= iB(”) <%> (27)

In this work, we will take A" up to A®) and B up to B(1)
in the accuracy of next-to-leading-logarithmic (NLL) order
[31,37,39,53,56,65],

A =y, (28)
C 67 =%\ 10
AP = 7F [CA <E - g) iy TR”f:| . (29)
3
B = ~5Cr (30)

In the perturbative region 1/Q < b < 1/A, other
important elements are TMD PDFs and FFs at a fixed
scale [F (x, b; ) and D(x, b; u)], which can be expressed as
the convolution of the perturbatively calculable coefficients
C and the corresponding collinear counterparts of TMDs

[FZ/H(E’ﬂ) and DH/](&?/")L

F(x,bip) = Z/

q<—z X/f b; M) 1/H(§?”)7 (31)

D(z.byp) = Z/

j«—q Z/f b; /’l)DH/](é Iu) (32)

Here, u is a dynamic scale related to b, by u=c/b,,
with ¢ = 2e772. The parameter ¢ is chosen to optimize
the perturbation expansion such that, in this choice,
the order-O(ay) result of K(b,;u) vanishes. Note that

q<—t(x/€ b’/’l) q<—[( s/”) and Cj%q(z/g’ b’/’l) =

® 0 C§e g las/ 7z) are the perturbatively calculable coef-
ficient functions.

The nonperturbative part Syp can not be calculated
from perturbative QCD. They may be parametrized
and extracted from experimental data. There are several
different parametrizations on Syp in the literature
[31,34,37,40,42,44,51-58]; we will discuss two of them

in detail.

A. Approach I

One of the approaches applied in this study is the
Echevarria-Idilbi-Kang-Vitev (EIKV parametrization) non-
perturbative Sudakov Syp for the unpolarized TMD PDFs
and TMD FFs, which has the following form [42]:

034020-5
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k.0 = (A +Znl) @

2( o 4 2)

tol0.0) = 2 (o + Fn 2 (34)
Here, g, includes the information on the large b behavior of
the evolution kernel K. (gx(b) = g,b*.) This function is
universal for different types of TMDs and is spin inde-
pendent [34,37,42,43]. On the other hand, g; contains
information on the intrinsic nonperturbative transverse
motion of bound partons. It could depend on the type of
TMDs and can be interpreted as the intrinsic transverse
momentum width for the relevant TMDs at the initial

scale Q, [37,57,65-67]. Furthermore, g‘fdf and ¢if are
parametrized as follows:

pdf _ <k%‘>Q0

; T (35)
(P%Q
g = 2 (36)

where (k7)o and (p7),, are the averaged intrinsic trans-

verse momenta squared for TMD PDFs and FFs at the
initial scale Q,, respectively. In Ref. [42] the authors tuned
the current extracted ranges of three parameters <k%>QO,

(p%) o, and g, with Qg = v/2.4 GeV in Refs. [68-70] and
further found that the following values of parameters can
reasonably describe the SIDIS data together with the Drell-
Yan lepton pair and W/Z boson production data:

(K30, = 038 GeV?,
g, = 0.16 GeV?,

(P2)g, = 0.19 GeV2,
Brax = 1.5 GeV~1. (37)

Since the information of the nonperturbative Sudakov form
factor for the polarizing FF of the A hyperon still remains
unknown, we assume it to be the same as that for the
unpolarized TMD FF ST,

It is straightforward to rewrite the scale-dependent
TMDs F and D in b, space as

~ 1 _Fqm
Fyn(x,b; Q) = e @P)=S0T Q@I E (x,p),  (38)

- i PH/q
Dijqz.b; Q) = eBr@0)=SwQODy (2. ). (39)
Hereafter, we apply the leading order (LO) results for the

hard coefficients C, F, and D for f;, D, and DllT, i.e.,
¥, =5,801-x), ¥ =5,801-2z), F(Q)=1 and

qei Jea
D(Q) = 1. The factor of 1 in front of Sp comes from the
fact that Sp is equally distributed to the initial-state quark

and the final-state quark [71].

With all the above ingredients, we can write down the
evolved TMDs explicitly as

- df
FUP (x5, b; Q) = e7$5v(Q0)=SK QD) p9/P x4y (40)

DMz, b; Q) = e 3¢ (Qb)=SW(@L) DMz 1y (41)

D1 (a)/\/q( b, Q) = e—%SP(Q,b*) —SIT.(0, b)D SN )(Z Z ).
(42)
Here, lA)llT<3> (z,z,p) is the twist-3 FF of quark flavor ¢ to A

hyperon, which satisfies the following relation with the

polarizing FF Dl /9 and the first transverse moment of the

polarizing FF DIT [72]:
DEG)(Z,Z,/J) _ /de | |Dih/fl( ’Ki’/‘)
= 2M,D! >(Z,,M)- (43)

Thus, the TMDs in the transverse momentum space can
be obtained by performing the Fourier transformation,

f’f/”(xB,pT;Q)

dbb ar
:L 2 Jolprb)eBr QOISR £ (),

(44)
DY(z.K 13 Q)
dbb .
:/ . Jo(K1b/2)e s (@P) @D (2 ),
0
(45)

K{l <A
2 DK 15 0)
A

:f"

where pr = |pr|, K| = |K,|.

2
dbb Jl(KJ_b/Z>e_%SP(Q’b*) Sff (Qb)D ()<Z Z /'t)

(46)

B. Approach II

Besides the traditional parametrization [53,54,73] and
the EIKV parametrization, some other forms have been also
proposed [44,57,64,74] recently. Particularly, a new evo-
lution formalism was proposed by Bacchetta, Delcarro,
Pisano, Radici, and Signori (BDPRS parametrization) in
Ref. [44] for f¢ and D",

fi(x, b%0%)

:f7(x;ﬂ2)e—S(u2.Q2)e%gx< )In(Q?/Q3) ¥ (X, b2), (47)

034020-6
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Dy~ (z,6%0%)
= D (g u2)em W e INIRIDIGE (2, 5%), - (48)

where  gx = —g,b%/2, following the choice in
Refs. [53,54,73]. Note that fiyp(x,b?) and DIt (z, b?)
are the intrinsic nonperturbative part of the PDFs and FFs
respectively, which are parametrized as

g b
2 4

N 1
finp(x.0%) = 2_e_g‘%<1 -

T

f14

_ 22
gze M+ (%)9421(1 94472 e

Digl(z, b?) = e + ) . (50)
with

nl) =N G (51)

93,4(2) = N34 (Zﬁ o2y (52)

(& +6)(1=2)"

Here, X = 0.1 and Z = 0.5 are fixed, and «, o, f3, 7, 9,
N = g1(&), N34 = g34(2) are free parameters fitted to the
available data from SIDIS, Drell-Yan, and W/Z boson
production processes. Besides the b, (b) prescription in the
original CSS approach [31], there are also several different
choices on the form of b, (b) [44,75]. In Ref. [44], a new b,
prescription different from Eq. (23) was proposed as

1 - e_bA/bﬁmx 1/4
b, = byax <W> . (53)

Again, b, is the boundary of the nonperturbative and
perturbative b space region with fixed value of b, =
2¢77t GeV~! ~ 1.123 GeV~!. Furthermore, the authors in
Ref. [44] also chose to saturate b, at the minimum
value by, o 2e775/Q.

We note that the above two approaches can reasonably
describe the SIDIS, Drell-Yan, and W/Z boson production
data, with the values of introduced free parameters. In this
work, we will adopt both the EIKV evolution formalism
and the BDPRS evolution formalism to estimate the
sin(¢pp — ¢ps) asymmetry in SIDIS. The goal is to inves-
tigate the impact of the different evolution formalisms on
the asymmetry.

IV. NUMERICAL CALCULATION

Using the framework set up above, we perform the
numerical calculation on the sin(¢, — ¢5) azimuthal asym-
metry in the process e”p — e”A'X at the kinematical
region of the EIC. To do this we need to know the collinear

functions appearing in Egs. (40)—(42). For the unpolarized
PDF f,(x,u) of the proton target, we apply the next-to-
leading-order set of the CT10 parametrization (central PDF

set) [76]. For the DILT@) (z,p) and D (z, u) of the A hyperon,
we adopt two different sets for comparison.

The first set (set 1) is the polarizing FF of lambda D1 for
light flavors from the spectator diquark model calculatlon
[29], in which the contributions from both the scalar
diquark and the axial-vector diquark spectators are
included. Assuming the SU(6) spin-flavor symmetry, the
fragmentation functions of the A hyperon for light flavors
satisfy the relations between different quark flavors and
diquark types as

1 3 1w
DllTu:DlLTd:_DlT()‘F Dlrl)v

s L(s

where u, d, and s denote the up, down, and strange quarks,

respectively. ,T” and D represent the contribution
from the axial-vector dlquark and scalar diquark, and their
expressions, as well as the values of the parameters, can be
found in Refs. [29]. One should notice that in this model
only the valence quarks contribute to the A fragmentation
function, while the sea quark contribution is zero. For

consistency, in this set, we apply the FF D'l\/ ?(z) from the
same model in Ref. [29]. Furthermore, we apply the
QCDNUM package [77] to perform the Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi evolution of the unpolar-

ized FF D“(z, ;) and the polarizing FF IA)ILTB)(z,z,ﬂ,,)
from the model scale Q, to another energy since the
evolution kernel for the diagonal piece of lA)lLTG)(z,Z,,ub)
is the same as that for the unpolarized FF [78].

The second set (set IT) of the FFs is the parametrization of
the A polarizing FF in Ref. [26], extracted from the Belle
experimental data on the A/A polarization in the e*e”
annihilation process, in which the inclusive (plus a jet) A
and associated production of a light charged hadron is
measured. In Ref. [26], the first transverse-moment of DILT
is given by

2

L) e 11 (Kl
D Z)= \/: AD 1 Z), 55
1T ( ) ZZMAMpo] <Ki> A /q( ) ( )

with
M?

K? —L— , 56
< J_>pol M§01+<Kﬁ_>< J_> ( )

where the unpolarized Gaussian width (K%) = 0.2 GeV?
[68] and the z-dependent part of the polarizing FF
AD,1),(z) was parameterized as
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(aq + bq)aq+bq

AD 1, (2) = Ngzte(1=2)"——
/q q a, qbqbq

DA/q(Z)- (57)

Here, the Albino-Kniehl-Kramer 08 [79] set for unpolar-
ized AFF D, ,(z) is adopted. Since the A FF sets are given

for A + A, the two contributions are separated as [26]

D/_\/q(zp) = DA/(}(ZP) = (1 - Zp)DA/q(Zp)’ (58)

where the scaling variable z, is related to z by z,~
z[1 = M%/(z2Q?)]. The corresponding collinear twist-3
fragmentation function of quark flavor g to A hyperon
IA)ILT@) (z, z, up) can also be obtained by using Eq. (43). The
best fit of the parameters in Eq. (57) are obtained as

N, =04720%2  N;,=-03240,13,

Ny=-0579%3, a,=0, a;=0,
a, =230 . b,=350"75 b, =0,
by =0,  (K%)py =0.1£0.02 GeV>. (59)

We apply the kinematical ranges of the EIC as
follows [80]:

0.001 <x <04, 0.07 <y <0.9, 0.2<z<0.75,
1GeV2<Q?  W=>5GeV,
Vs =45 GeV, Pxr < 0.5 GeV, (60)

with W? = (P + q)* ~ 1=* 0? being the invariant mass of
the virtual photon-nucleon system. Using the above kin-
ematical configurations and applying Eqs. (4), (9), and
(11), we numerically estimate the sin(¢, — ¢s) asymmetry
in the electroproduction of transversely polarized A at the
EIC. The corresponding numerical results are plotted in
Figs. 1 and 2, in which the left, middle, and right panels

show the sin(¢, — ¢5) azimuthal asymmetry as functions
of P,r, x, and z, respectively. In order to estimate, the
predicted asymmetry are also plotted as red points with the
statistical error bars in the figures. The statistical errors 6A
are obtained from the unpolarized cross section ¢ and the
integrated luminosity £ through the relation [81]

1
o = . (61)

In this work, the integrated luminosity is adopted as
L = 100 fb~! for the EIC [82]. Since the statistical errors
are too small to be depicted, the error bars in the figures are
enlarged by a factor 10. It can be found that the statistical
errors are quite small, which will make the measurement
possible, however, we should note that there are no
systematic errors being estimated in the figures.

Figure 1 plots the asymmetries calculated from the
spectator diquark model result (set I) of the A polarizing
FF [29]. Here, two different approaches for the non-
perturbative Sudakov form factor in the TMD evolution
formalism are adopted for comparison. The dashed lines
correspond to the asymmetry from the EIKV parametriza-
tion [42] (approach I) on Syp combined with the b,
prescription in Eq. (23). The shaded areas show the
uncertainty bands due to the uncertainties of the parame-
ters. The solid lines show the asymmetry calculated from
the BDPRS parametrization (approach II) [44] on the
nonperturbative Sudakov form factor. In this calculation,
the b, prescription in Eq. (53) is used, which is different
from the CSS prescription. As depicted in Fig. 1, in all
cases the sin(¢, — ¢bg) azimuthal asymmetries are negative
and sizable. The minus sign of the asymmetry comes from
the negative results of A polarizing FFs in our model
calculation. In addition, the magnitude of asymmetry
decreases with increasing x, while it increases with increas-
ing P,y or z. Moreover, we find that different approaches

0.0 : — : 0.0 —— : 0.0 : . :
~ ~ 2 EIC 100fb™" with stat. errors enlarged (x 10) + EIC 100fb™" with stat. errors enlarged (x 10) - EIC 100fb" with stat. errors enlarged (x 10)
- -0.1 ha <
T s
< 0.2 AN
€5 N
® > N
< -0.3} S L
0.001<x<0.4) .. Pnr<0.5 P1<0.5
0.4110.07<y<0.9 N -0.4f 0.07<y<0.9| -0.8{0.001<x<0.4
0.2<z<0.75 0.2<z<0.75 0.07<y<0.9
_0_5 T T " " _0_5 " n _1 _0 " " "
00 01 02 03 04 05 0.001 0.01 0.1 02 03 04 05 0.6
P X r4

AT

FIG. 1. The sin(¢, — ¢s) azimuthal asymmetry in SIDIS process Ip — A" 4+ X. The solid lines correspond to the results from the
BDPRS parametrization [44] [Egs. (47) and (48)] on the nonperturbative form factor, while the dashed lines correspond to the results
calculated from the EIKV parametrization [42] [Eqgs. (33) and (34)]. The shaded areas show the uncertainty bands determined by the
uncertainties of the parameters. In this calculation the spectator model result for the A polarizing FF is adopted. The statistical errors
from experimental measurements at the EIC (£ = 100 fb™!) are depicted with red bars for several points. Since the statistical error bars
are too small, they are enlarged by a factor of 10 to make them visible.
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82 I + EIC 100! with sta. errors enlarged (X 1) gi i -7 EIC 1001 with stat. errors enlarged 10)1 ;g L - EIC 100" with stat. errors enlarged (x 10)1
= 03[ = 0.3p é 0.6[
alé” 0.2[ ] < 0.2} L 04}
&5 01p ’!”,—I—" 1 _§_< 0_1:———.--__,____1____1____ .g.'_ 0.2’\*‘~
£5 0.0 @i L ) R St
<n<:-0.1 L U’<3 0.1 :’/_.———I———{—_— < _0.2_7 I——_
-0:210.001<x<0.4 -0.2F Pn7<0.5 -0.4[[P;<0.5 ]
'8'3'°-°7<y<°-9 03¢ 0.07<y<0.9] -0.6}0.001<x<0.4
:0.5 'O.2<ZI<0.75 . . . ] -gg r 0.2<2<0.75]] -22 -M I I ]
00 01 02 03 04 05 0.001 0.01 0.1 0.2 0.3 0.4 0.5 0.6
P X z

AT

FIG. 2. Comparison between the asymmetry from the set I result (spectator model result [29]) and that from the set II result
(parametrization in [26]) for the A polarizing FF, depicted by the solid lines and dashed lines, respectively. The shaded areas show the
uncertainty bands determined by the uncertainties of the parameters. In this calculation the BDPRS parametrization [44] for the TMD
evolution is adopted. The statistical errors from experimental measurements at the EIC (£ = 100 fb~") are depicted with red bars for
several points. Since the statistical error bars are very small, they are enlarged by a factor of 10 to make them visible.

dealing with the nonperturbative part of evolution lead to
the same signs and the tendencies of the asymmetries,
although the size of x-dependent and P,r-dependent
asymmetries are somewhat different. For the z-dependent
asymmetry, it is found that the two approaches lead to very
similar results.

To investigate the dependence of the asymmetry on
different choices of the A polarizing FFs, we also adopt the
parametrization in (55) [26] to calculate the sin(¢, — ¢s)
asymmetry in SIDIS. The results are plotted by the dashed
lines in Fig. 2. The solid lines denote the results (solid lines
in Fig. 1) from the spectator model calculation for the A
polarizing FF for comparison. In this calculation, we utilize
the BDPRS parametrization (approach II) on the nonper-
turbative part of the TMD evolution formalism. Again, the
shaded areas in Fig. 2 show the uncertainty bands deter-
mined by the uncertainties of the parameters in the extraction
of the polarizing FF. We find that the magnitude of the
P,r- and x-dependent asymmetries calculated from the
parametrization for A polarizing FF in Ref. [26] is similar to
the results using the A polarizing FF from the spectator
model, however, the sign of the asymmetry is opposite to that
from the spectator model result. Furthermore, the results
calculated from the parametrization shows a node in the
z-dependent asymmetry. This is because the extracted A
polarizing FF for the up quark in Ref. [26] is positive, while
that for the down quark is negative. Thus, future exper-
imental data on the sin(¢, — ¢g) asymmetry of A produc-
tion in SIDIS with high precision at the EIC can discriminate
different results for the A polarizing FF. We also note there is
a relatively large uncertainty band since in this calculation
the errors of the parameters of the A polarizing FF have also
been included.

Finally, we would like to comment on the uncertainties
and assumptions applied in the calculations, which lead to
the uncertainties of the asymmetry. From the theoretical
point of view, there are several sources which will con-
tribute to the uncertainties of the predicted asymmetry in
Figs. 1 and 2, as listed in the following:

(1) The uncertainties from the collinear PDF f/(x, u)
and the collinear polarizing fragmentation function

(PFF) DllTB)(z,ﬂ) of the A hyperon. As f(x,u)
appears in both the numerator and the denominator,
and we calculate the ratio, the uncertainty from
f1(x, u) to the asymmetry almost cancels. In the case
of the spectator model result (set I) for the FFs, the
parameters in the model calculation are fixed and
uncertainties are not provided in Ref. [29], therefore,
in the asymmetry predicted from set I FFs, the
uncertainties from the PFF is not included. In the
case of the parametrization for the FFs (set II), the
errors for the parameters are given in Ref. [26].
Thus, in this case we include the uncertainties from
the FFs of set II in the calculation.

(2) The uncertainty from the nonperturbative evolution
of TMDs, i.e., the nonperturbative Sudakov form
factors. In the case of EIKV parametrization, the
errors for the parameters g; and g, are also unknown.
Furthermore, in both the EIKV and BDPRS para-
metrizations we assume a universal intrinsic trans-
verse momentum dependence for the fragmented

hadron (g{f in EIKV parametrization and Dnp in
BDPRS parametrization), as there is no information
for the A hyperon. Therefore, in calculation of the
asymmetry from EIKV parametrization, the uncer-
tainties on the parameters for the nonperturbative
Sudakov form factors are not considered.
(3) The uncertainty from the order of perturbative
calculations, which include the hard coefficient
C,; and the perturbative Sudakov form factor Sp.
In our calculation we apply the LO results for C,_;
and the NLL result for Sp. We note that higher order
corrections to C,.; and Sp may also bring uncer-
tainties to the asymmetry.
Therefore, the uncertainty bands shown in Figs. 1 and 2
only represent the errors from the known nominal errors on
the extracted parameters, and they (particularly the band in
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Fig. 1 and the one around the solid line in Fig. 2) should be
much larger if all the uncertainties mentioned above are
considered. However, we expect these uncertainties will not
change the sign of the asymmetries. Further studies are
needed in order to provide more precise phenological
analysis on the sin(¢, — ¢5) asymmetry of electroproduc-
tion of the A hyperon.

V. CONCLUSION

In this work, we have applied the TMD factorization
approach to study the sin(¢, — ¢b) azimuthal asymmetry
in the e"p — e~ AT X process at the kinematical region of
the EIC. The asymmetry arises from the convolution of the
polarizing FF D7 for A hyperon and the unpolarized PDF
f1 for the proton. We have taken into account the TMD
evolution effects of the unpolarized FF and the transversely
polarizing FF D+ of A hyperon. In practical calculation we
have taken into account two approaches for the TMD
evolution for comparison. One is the EIKV approach, the
other is the BDPRS approach. Their main difference is the
treatment on the nonperturbative part of evolution, while
the perturbative part in the two approaches is the same and
has been kept at NLL accuracy in this work. As the
nonperturbative Sudakov form factor associated with the
A polarizing FF is still unknown, we assume that it has
the same form as that of the unpolarized fragmentation
function. The hard coefficients associated with the corre-
sponding collinear functions in the TMD evolution for-
malism are kept at leading-order accuracy. For the A
polarizing FF at fixed scale, the model result from the
diquark spectator model and the extraction from the Belle
eTe™ data have been adopted to estimate the asymmetry.

The numerical calculations show that different choices of
nonperturbative Sudakov form factors in the TMD evolu-
tion formalism lead to similar results for sin(¢, — ¢s)
asymmetry at the energy scale of the EIC, particularly in the
z-dependent asymmetry. The asymmetry utilizing the
spectator model for the A polarizing FF is negative in
the entire kinematical region since the polarizing FFs of A
for u and d quarks are both negative, due to the assumption
of SU(6) spin-flavor symmetry. As a comparison, the x-
dependent and P,r-dependent asymmetries calculated
from the parametrization for the A polarizing FF show
positive values, and there is a node in the z-dependent
asymmetry. Our study demonstrates that a different choice
on the A polarizing FF can lead to a very different
asymmetry in SIDIS. We have also provided detailed
discussion on the assumptions and approximations applied
in the calculation, which can lead to large uncertainties of
the asymmetry. However, we expect these uncertainties will
not change the sign of the asymmetries. As a contrast, the
projected statistical errors are rather small at the EIC with
high luminosity, which will make the future measurement
on the asymmetry possible. Thus, future experimental data
on the sin(¢, — ¢5) asymmetry of A production in SIDIS
with high precision at the EIC can discriminate different
results for the A polarizing FF.
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