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We study the Collins function Hi of the A hyperon, which describes the fragmentation of a
transversely polarized quark into an unpolarized A hyperon. We calculate Hi for light quarks of
the A hyperon, in the diquark spectator model with a Gaussian form factor for the hyperon-quark-
diquark vertex. The model calculation includes contributions from both the scalar diquark and vector
diquark spectators. Using the model result, we estimate the azimuthal asymmetry A;,, which appears in
the ratio of unlike-sign events to like-sign events contributed by double Collins effects, in the processes
ete” - AAX and ete” — AzX. The QCD evolution effects for the half k; moment of the Collins
function and the unpolarized fragmentation function D,(z) are also included. The results show that the
asymmetries are sizable and measurable at the kinematical configurations of Belle and BABAR
experiments. We also find that the evolution effects play an important role in the phenomenological

analysis.
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I. INTRODUCTION

The Collins function [1] Hi (z, k%) is a novel transverse
momentum dependent (TMD) fragmentation function that
encodes the correlation between the transverse spin of the
fragmenting quark and the transverse momentum of the
unpolarized final-state hadron. As a time-reversal-odd
(T-odd) function, the Collins function can be served as a
quark spin analyzer and can also be used to explore the
nonperturbative fragmentation mechanism of hadrons. The
experimental measurements of the pion Collins function
came from several single transverse spin asymmetries in
semi-inclusive deep inelastic scattering (SIDIS) [2—8] from
the HERMES and the COMPASS Collaborations, and
the azimuthal asymmetry in the e™e™ annihilating process
[9-13] from the BABAR and Belle Collaborations.
Combining the experimental data from SIDIS and e"e™
annihilating processes, one can extract the Collins function
as well as the transversity distribution function [14-17],
which makes the Collins function a useful tool to inves-
tigate the internal structure for hadrons. Recently, the
azimuthal asymmetry of charged kaon pair production
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in eTe” annihilation was measured by the BABAR
Collaboration [18], making the extraction [19] of the kaon
Collins function possible. In addition, several model
calculations of the Collins functions of the pion and kaon
have been presented in Refs. [20-25] and used to make
predictions on the physical observables [22,26,27].
Although in the past a lot of experimental data and
theoretical analyses have provided information about
the Collins functions for pion and kaon mesons, knowl-
edge about the Collins function of the A hyperon is
much more limited. Meanwhile there is increasing interest
in the novel fragmentation mechanism of the A hyperon,
as it is partly responsible to the observed spin polari-
zation or spin transfer of the spin-1/2 A hyperon
produced in the high-energy inclusive process [28-36].
A T-odd spin-dependent TMD fragmentation D15 (z, k%),
which describes the number density of a transversely
polarized A hyperon fragmented from an unpolarized
quark, is found to play an important role in this aspect and
has been studied intensively [1,37-42]. As the chiral-
odd partner of the fragmentation function Di;(z, k%),
the Collins function of the A hyperon also contains
complementary information of the A fragmentation and
can give rise to the azimuthal asymmetries in the high
energy process. To understand the underlying mechanism
of the transversely polarized quark fragmenting to the
unpolarized A, we resort to a model calculation to acquire
the knowledge of the corresponding nonperturbative
quantity, which is the main goal of this work. For this
purpose, for the first time to our knowledge, we calculate
the A Collins function for the up, down, and strange
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quarks, using a spectator model [43,44]. The spectator
model has been applied to calculate the Collins functions
of the pion and kaon mesons [20], as well as the twist-3
collinear fragmentation function of the pion [45,46], with
a pseudoscalar pion-quark coupling and Gaussian form
factors at the pion-quark/antiquark vertex. In these cases
the quark or antiquark is taken as the spectator system.
The calculation presented in Ref. [20] showed that the
model resulting pion Collins function is in reasonable
agreement with the available parametrization [47].
Recently, the spectator model has also been extended
to calculate the fragmentation function Di; of the A
hyperon in Ref. [48]. In this case the spectator system is a
diquark, and the calculation includes contributions from
both the scalar diquark and vector diquark.

The Collins function can enter the description in
SIDIS, e*Te™ annihilation, and inclusive hadron produc-
tion in the hadron collision. To test the feasibility of
measuring the A Collins function in experiments, we will
study the unpolarized e*e™ — AAX and ete™ — AznTX
processes, in which only fragmentation functions are
involved. In this process, the convolution of two
Collins functions can generate at leading order (in the
expansion of 1/Q) an azimuthal asymmetry with a
cos(¢py + ¢h,) or cos2¢, modulation [49,50], depending
on the chosen reference frame. However, hard gluon
radiation eTe~™ — ggg also gives rise to a Collins-like
asymmetry [50,51], which is the dominant background
contribution. Thus, to access the A hyperon Collins
function in e*e~ annihilation, one has to separate the
false asymmetry from the true double Collins effects.
To do this, we exploit the fact that QCD radiative
corrections can be canceled by making ratios of the
asymmetries in unlike-sign events over that in like-sign
events [10,14,16]. Using this methodology, we will
calculate the cos(¢; + ¢,) angular dependent asymmetric
ratio (denoted by A,) in the processes e*e™ — AAX and
ete™ — AnX, which can be measured by the Belle and
BABAR experiments. The asymmetry A;, can be
expressed as the product of the half k; moments of

two Collins H; L072) We also take into account the QCD

evolution effect of Hll“/ 2 as the energy scale at those

experiments is much larger than the model scale.

The remaining content of this paper is organized as
follows. In Sec. II, we calculate the 7-odd Collins function
H{ in the diquark spectator model by including both the
scalar diquark and the vector diquark spectators. The QCD
evolution effect of the half k; moment of Collins function

Hll(l/ 2)(z) is also studied. In Sec. III, we numerically
estimate the azimuthal asymmetry A;, for the processes
ete™ = AAX and eTe™ — AzX at the energy scale around
the Belle and BABAR kinematics including the QCD
evolution effects of both Hll(l/ 2)(z) and D;(z). We sum-
marize this work in Sec. IV.

II. MODEL CALCULATION OF THE COLLINS
FUNCTION FOR A HYPERON

In this section, we calculate the Collins function
Hi(x,k%), which describes the number density of an
unpolarized A hyperon fragmented from a transversely
polarized quark [52],

D1 (2. Par) = D gt (2. =Par)

(IACXPAT)'Sq

_ 2
= ADA/qT (z.Pir) M,

: (1)
where P,7 is the transverse momentum of the A hyperon
with respect to the quark momentum k, S, is the spin
vector of the fragmenting quark, and z and M, are the
light-cone momentum fraction and the mass of the pro-
duced A hyperon, respectively. Either Hi or AD, /q!

may be referred to as the Collins function defined in
Refs. [52-54]. The relation between them is

AD, 41 (2. k7) = (2 = (2 ),

(2)

2Pyr|
M

20ker|
A M

where k; is related to Py by ky = —Ppp/z.
The Collins function can be calculated from the follow-
ing trace:

ek 1
L HE = S TH(AG ky Sa) + AR kri=S5))io™s):
A
(3)

Here, the quark-quark fragmentation correlation function
A(z, kp; Sy) is defined as [55,56]

Az, kps Sy) = o / Ak A(K, Py: Sy
_Z/df d’Er pike
27 271)3
X (01U, W (&) Py Sni X)
X (PrSh X OUfy o 0)] .+ (4)
with k= = P%. The Wilson line I/ is used to ensure gauge

invariance of the operator [57,58]. The final state
|P A, Sa; X) describes the outgoing A hyperon with momen-
tum P, and spin S, together with the intermediate
unobserved states. In this paper we perform the calculation
in a diquark spectator model [43,44], which includes both
the spin-0 (scalar diquark) and the spin-1 (vector diquark)
spectator systems [55,59]. The quark fragmentation process
(taking up quark as an example) can be modeled as
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One loop corrections to the fragmentation of a quark to a A hyperon in the spectator model. The double lines in (c) and

(d) represent the eikonal lines. Here “H.c.” stands for the Hermitian conjugations of these diagrams.

u — A(uds) + D(d5), with D denoting a diquark. The
matrix element appearing in the right-hand side of Eq. (4)
has the following form:

(Pa, Sx; X[(0)[0)
U(PA1 S/\)Ts y_lm
U(Py, SA)Y% 5/—;;”[18” vector diquark.

scalar diquark,

Here Yp (D = s or v) is the hyperon-quark-diquark vertex
and ¢, is the polarization vector of the spin-1 vector
diquark. In our work, the vertex structure is chosen as
follows [44,48]:

: P,
Ts = lgw TI; = g_yS <yﬂ + M_A> ) (6)
A

V3

where gp (D = s or v) is the suitable coupling for the
hyperon-quark-diquark vertex. In this work we assume that
g, and g, are the same: g, = g, = gp, and we adopt the
Gaussian form for gp:

(7)

where ¢},, A, @ and f are the model parameters.

In the diquark model, the nonvanishing Collins function
comes from the one-loop corrections that provide the
necessary imaginary phases in the scattering amplitude
[60,61]. At one-loop level, there are four diagrams that can
generate imaginary phases, as shown in Fig. 1. In Figs. 1(b)
and 1(d), the notation I' is used to depict the gluon-diquark

vertex, and we apply the following rules for the vertex
between the gluon and the scalar diquark (I'y) or the vector
diquark (T",):

T = igT®(2k — 2P, — 1), (8)

DY = —igT?[(2k = 2Py = 1P g" = (k= Py = g
- (k= Py ©)

Here, T“ is the Gell-Mann matrix, and g is the coupling
constant of QCD. Since the A hyperon is colorless, it is
expected that the spectator diquark should have the same
color as that of the parent quark. The Feynman rules for the
eikonal line as well as the vertex between the eikonal line
and the gluon can be found in Refs. [20,57,62].

Following the previous work [48] in which the frag-
mentation function Di; for the A hyperon has been
calculated in the same model, we perform the integration
over the loop momentum [ with the help of the Cutkosky
cutting rules. In the left-hand side of Figs. 1(b) and 1(d), in
principle the momentum / enters the form factor for the
hyperon-quark-diquark vertex with the form g, ((k — 1)?).
To simplify the integration we choose that in any case the
form factor g, depends only on the initial quark momentum
k, since the main effect of the form factor is to introduce a
cutoff in the high k7 region. The same choice has also been
used in Refs. [20,45].

The expression for Hy of the A hyperon, coming from
the scalar diquark component, is as follows:
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2—2k2
a
ngCF er =

HY (z.13) = a2 _:) (k2—1m§,) (Hy) (2. 18) + Hy ) (2. 18) + Hy ) (2. 18) + By ) (2. 63)). (10
where
Hi (2. 1) :%(3—2’—3)5, (11)
H1L<(z:>)(zv k7) = Mp{my (21, — A) = MA(B =21, +-2A)}, (12)
Hy ) (2. 43) =0, (13)
Hy ) (2. 1) = % (2(1 = 2)(m,CP;; = MADP;) — 2(MA\B — m,A)}. (14)

Similarly, using the gluon vertex given in Eq. (9), we can also calculate the expression for Hll contributed by the vector
diquark component

HAO) (o, g2 = BBCr T 1 (HED o 03) + HE (2 0) + HED (2. 18) + HEG) (2 43)).  (15)
1 »Rr) = (271)4 Z2(1—Z)(k2—mé) 1(b) \*» *T (c) \&* T L(d) \** T/ />

where

) | 3 2_k2 k2_ 2
H O (p) = g{zzuA[MA(Mz—M B) +2myLy] = 2k - P(I, - 2A) + mzkz J+ zmq (’2‘“)}’
" (e) =0,

i My

1 2M,
TN {4MA(m My +k-P)A—=""2[2m My + k- P)CP~ — M3DP"]
A Z

2

I, K-
My "4 (m,cP — MADP‘)} }

2 2

Here A, B, C, and D are functions of k2, my, mp, and My,

I I 2k? k2 + m2 — M
=—1 (2K =-mi-M)Z2+ (R+M2—m3)), B=-— [ [1+——2 AL,
A J(MA,mD)< ( mp, A)ﬂ_+( + My mD)) WMy, mp) | I+ T 2

1

s~ o (1= 22k 4 M3~ mb ).
T T

1 1
CP, = 234 27k3 (—=zk? + (2 — 2) M3 + zm3)1,, DP; =

The functions I; in the above equations are defined as

= [ 6Pk =1 = 3) = 55 42 - ) )
_ 5([2)5((/( - 1)2 _ m?]) B T N ~ 7 /1(MA, mD)
b= | R, = (-5 M+ + 4<MA,mD>>’ )
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I3 = ﬂln@, (18)
with A(My.mp)=(k*=(Mpy+mp)?)(k* =(My—mp)?).

In the assumption of the SU(6) spin-flavor symmetry of
octet baryons, the Collins function of the A hyperon for
light quarks satisfies the following relations between
different quark flavors and diquark types [63-65]:

1 3
HLu—»A HLd—>A 4Hf-< 5) 4Hf-( )’
S 1(s
H{=A = B, (19)

where u, d, and s denote the up, down, and strange quarks,
respectively. The contributions to the Collins function Hy-
from the scalar diquark and the vector diquark are given in
Egs. (10) and (15).

It is necessary to point out that the Collins function
should obey the following positivity bound [24,66], which
is a useful theoretical constraint,

k
S )] < Dy (2. (20)

After performing the integration over k%, we can obtain the
following approximated relation:

2172 (2)] < Dy (2). (21)

where Hll“/ 2)(z) is the half k; moment of the Collins

function defined as

k
{0 =2 [
A

(z.2%k7)  (22)

and D|(z) = 2> [ d*kyD,(z,z°k%) is the collinear unpo-
larized fragmentation function. In this work we would like
to check whether the Collins function of the A hyperon in
our model satisfies the positivity bound, particularly, the
weaker version (21).

For the unpolarized fragmentation function D, (z) of the
A hyperon needed in the comparison, we apply the result
from the same model in Ref. [48] as

TABLE 1.

6 = g e {0 =)y M =)
72
xexp(&%) +((1-2)A2
212 2 2
oo 2o )
(23)

To obtain this result, the mass differences among the up,
down, and strange quarks are neglected, and the SU(6)
spin-flavor symmetry is also applied,

Du—»A Dd—)A

D~ =D}, (24)
that is, the light quarks fragment equally to A for the
unpolarized fragmentation function D).

In Table I, we list the parameters [48] used to calculate
the A Collins function. The values of the parameters
were obtained by fitting the model result of D} in the
same model to the de Florian-Stratmann-Vogelsang
(DSV) parametrization for D?* [67] at the model scale
Q0 = 0.23 GeV?. The strong coupling constant a, at this

scale is chosen as 0.817. 13/2)
In Fig. 2, we plot the numerical result of H; (2)

(multiplied by a factor of 2) of the A hyperon (sohd lines),
compared with the unpolarized A fragmentation function
D (z) (dashed lines) in the same model. The left panel
shows the result for the up/down quarks, while the right
panel depicts the result for the strange quark. The shaded
areas correspond to the error bands caused by the uncertainty
of the model parameters. From the curves, one can find that

the size of H ]L(]/ 2 (z) for the up and down quarks is around

several percent. Particularly, the sign of HILE\I//E)(z) is

negative in the small z region (0 < z < 0.5), while it turns
to be positive in the large z region (0.5 < z < 1). That is,
there is a node in the z dependence of the A Collins function
for the up and down quarks. This is different from the Collins
function of the pion for which no node appears. We also find

that H f(l/ 2 (z) for the strange quark is consistent with zero.
Finally, our model result of Hy- for the up and down quarks
does not always satisfy the positivity bound; i.e., in the large
zregion (z > 0.82) the positivity bound is violated. We note
that similar violations of the positivity bound were also
observed in Refs. [48,68,69]. An explanation was given in
Ref. [70], stating that the violation may arise from the fact
that T-odd TMD distributions or fragmentation functions

Values of the parameters used in the spectator diquark model [48]. The values of the last three parameters are fixed.

» [GeV] 4 [GeV] 9p

m, [GeV] a s

074505 596915360 19821017

0.36 (fixed) 0.5 (fixed) 0 (fixed)
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FIG. 2. Leftpanel: the H IL“/ 2 (z) (multiplied by 2) (solid line) for the up quark compared with D, (z) (dashed line) for the up quark at

the model scale. Right panel: the H f'(l/ 2) (z) (multiplied by 2) (solid line) and D(z) (dashed line) for the strange quark at the model
scale. The shaded areas correspond to the uncertainty on the model parameters.

are evaluated to O(a;), while in model calculations T-even
TMD functions are usually truncated at the lowest order.

Since the energy scale in experiments is much higher than
the model scale, it is important to include the QCD evolution
of fragmentation functions to obtain reliable results for
physical observables. In Refs. [71,72], the evolution equa-
tion for the twist-3 fragmentation function H(z) has been
studied. This fragmentation function is proportional to the
first k; moment of Collins function via the relation

A

k2
A(z) =2 / Pl H k) = 2MH (). (25)

The evolution kernel for A (z) has a rather complicated form.
Following Ref. [73], in this work we only consider the
homogenous terms [72] in the kernel, which have the same
form of the evolution kernel for the transversity distribution
function h,:

0.010 + [__Jerror band ]
— Q=023 GeV’ ]
- - Q’=1GeV’

0005 - Q=(10527GeV? ]

U-sA)

L(12)
[{
o
(=)
o
o

-0.005

-0.010 1 1 1 1 1 1 1 1 1
00 01 02 03 04 05 06 07 08 09 10

z

2z
Pl =Cp ——— 26
q9 F<(1 _ Z)+ ( )

+%5(1 - z)>.

We assume that the evolution of the half k7 moment of

Collins function H f(l/ %) is the same as that of £. We apply
the evolution package QCDNUM [74] and customize the
code to include the kernel in Eq. (26) to perform the
evolution of Hll(]/z)(z). In Fig. 3, we plot the half k;

moment of the A Collins function H ll(l/ 2 (z). The left and
right panels show the results for the up/down quarks and the
strange quark at three different energy scales. The solid
lines depict the model results at the initial scale
Q3 = 0.23 GeV?, while the dashed and dotted lines show
the results at Q% = 1 GeV? and Q2 = 10.522 GeV? after

applying the evolution equation for H ll(l/ 2 (z). From the

curves, we can see that the evolution effect for H IL(I/ 2 (z)is
significant; i.e., the evolution changes the shape and the
size of the fragmentation functions at different Q values. It

drives the peaks of H ll(l/ 2)(z) to the lower z region with

[ error band

—— Q= 0.23GeV? 1
- = Q=1GeV?
- - - Q=(10.52) GeV®

0.002 |

0001 ,°

1(172)
1 (s

0.000 [

-0.001 |

-0.002 [

00 01 02 03 04 05 06

z

FIG. 3. The Collins function of the A hyperon at three different energy scales: Q(z) = 0.23 GeV? (solid lines), 0 = 1 GeV? (dashed

lines), and Q% = (10.52)% GeV? (dotted lines). Left panel: zHll(l/z)(z) for the up and down quarks; right panel: zHll(l/Z) (z) of the
strange quark. The bands show the uncertainties from the errors of the parameters.
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T T T T
0.4} .
1(1/2) T
H, Alu ——Q*=0.23 GeV?
D - - Qo1Gey ‘ 1
> 2 2 2 . 4
02} - - - -Q’=(10.52)’ GeV’ oA
0.0 fporrsrismsms b T
02 1 1 1 1
0.2 0.3 0.4 0.5 0.6 0.7

FIG. 4. The ratio H;\/)(z.0%)/D}(z. Q%) at three different
energy scales: Q3 =0.23 GeV2 (solid lines), Q% =1 GeV?
(dashed lines), and Q2 = (10.52)% GeV? (dotted lines).

increasing Q. At a higher scale, the node of H; L1/ 2)( ) for
the up or down quark also moves to the lower z region. The
similar tendency also appeared in the transversity distri-
bution function of the nucleon for the up quark in Ref. [55].

To demonstrate the evolution effects of fragmentation
functions in the azimuthal asymmetries, in Fig. 4 we also

plot the ratio H"/?(z, 02)/D(z, 0?) for the up quark at
three scales. We find that, in the region 0.2 < z < 0.7, the

ratio H, 5\1//112 (z,0%)/D%(z, Q%) increases with the increas-
ing z at any energy scale.

III. ASYMMETRIES IN THE e*e~
ANNIHILATION PROCESS

processes, the two leptons e™ (with momentum /) and e~
(with momentum [’) annihilate into a photon with momentum
g = (I+1"); the photon then produces a quark-antiquark
pair, which fragments into the final state hadron pair and other
unobserved states. In the unpolarized process, the double
Collins effect shows up at the leading order in the differential
cross section (in the 1/Q expansion). There are two different
reference frames adopted in experimental analysis (for further
details and definitions, see Refs. [10,15,17,50]). The first one
is the second-hadron momentum frame, in which the z axis is
along the momentum of /4, [49] and ¢, is defined as the
azimuthal angle of the A hyperon in the centre-of-mass (c.m.)
frame of the incoming e™ e~ pair. In this frame a cos 2¢,
azimuthal asymmetry appears from the convolution of the two
Collins functions. The second one is a thrust reference frame,
in which the jet thrust axis is used as the Z and the et e™ — ¢g
scattering defines the Xz plane. In this frame a cos(¢; + ¢»)
asymmetry arises, where ¢; and ¢, stand for the azimuthal
angles of the two hadrons around the thrust axis in the Collins-
Soper frame.

However, perturbative calculations [50,51] show that the
hard gluon radiation process e*e™ — ggg also contributes
the same azimuthal angular dependence as the double Collins
effect does and should be separated in order to obtain the pure
Collins effect. As suggested in Refs. [10,14,16], the QCD
radiative corrections can be canceled by making the ratio of
the asymmetry in unlike-sign events Ay, (; and h, are unlike
sign) to that in like-sign events A; (h; and h, are like sign).
For the cos(¢; + ¢,) asymmetry, the ratio in the process
ete™ — AA + X can be cast to

)
A{Jz 143 cos(¢1 + ) 1«?20@2)9) Py

Using the A Collins function calculated in Sec. II, in this Ry, = = g
section, we numerically estimate the azimuthal asymme- AL 141 COS(¢1 +¢2) Ti+cos? 0) 19
tries in the processes 1 (sin 6)
21+ZCOS(¢1+¢2)W( Py)
et +e = hy 4+ hy + X, (27) (14 cos” 6)
_ = 1+ cos(¢ + ¢2)A12(21, 22), (28)
in the case the final state hadrons /; and /4, are AA or Ax atthe
energy scale of Belle and BABAR experiments. In these = with Py and P; having the form
|
P, - > 4€alAND, 1 (21) AV DR 21 (22) + AND[\/C,T (Zl)ANDA/w (22)] (29)
> y€alDi /g (21)Dya/5(22) + Dy /g (21) D1 a/5(22)]
P, = qug[ANDA/qT (Zl)ANDA/qT (z2) + AND[\/qT (Zl)ANDA/z,T (22)] (30)

> g€alD1asq(21)D1.as3(22) + Dy sy (21)D1 4/(22)]

and A|,(z, z,) the asymmetry appearing in the ratio with a cos(¢; + ¢,) azimuthal angular dependence

1
AIZ(ZIaZZ) =7

(sin 0)
4 (1 + cos 0)

(Py = Pp). (31)

Here for A pair production we define like-sign events as AA and unlike-sign events as AA. The asymmetry in the Az
production can be defined similarly by using Az" as “like-sign” events and Az" as “unlike-sign” events.
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Note that in Egs. (29) and (30),

AND, 1 (2) = / d’krAND, ) 1 (2.K3)
2|P
/dzk WPt pria, 12) = amt0/29(c),
M,
(32)

Thus the product half k7 moments of the Collins function
appear in the A, asymmetry.

In principle one may also adopt the cos(2¢,) method to
study the ratio of unlike-sign events to like-sign events.
However, in this case, only in the Gaussian model [14,75]
for the k; dependence of Hi can the asymmetry be

expressed as the product of two H ll(l/ 2>(z). Thus in the
following we choose to estimate the asymmetry Aj,.

In the following we calculate the asymmetry A, instead
of calculating directly the azimuthal angular dependence
appearing in the cross section. Since our model in Ref. [48]
does not distinguish favored fragmentation functions and
disfavored fragmentation functions for D;, in a practical
calculation we rescale them with (14 z) for favored
fragmentation and (1 —z) for disfavored fragmentation
functions according to the assumption in Refs. [10,76].
For the Collins functions, the Schifer-Teryaev sum rule
shows that [77]

Z/ dzH

0 2
" (2) = 22 / dk} L Hi(z k). (33)
0

We adopt the same assumption in Ref. [20] that the sum
rule holds in a strong sense; i.e., for the A hyperon, it
satisfies

FL2) _

L1(1/2)
1(u—A) —H

H(u—A)" (34)
The other disfavored Collins functions are related to the
above result by isospin and charge symmetries.

Using the framework setting above, we estimate the
azimuthal asymmetry A, in the process e*e™ — AAX at
0 = 10.52 GeV, which is the scale of the Belle measure-
ment [10] and which is also close to the kinematics
available at BABAR. As the energy scales in these experi-
ments are much higher than the model scale, we need to take
into account the QCD evolution effects of the fragmentation
functions. To study the impact of the evolution effect, we
adopt two different ways to calculate the azimuthal asym-
metry A, in ete” — AAX. One is to assume that all the
fragmentation functions do not evolve with the energy
scale, which is an extreme condition. The other is to apply

the evolution kernel in (26) for Hll(l/ J(z) and the

0.05 T T T T

0.04 F e'e—>AAX process 3
003 | — evolution

0.01 | N
\
-0.02 F b
-0.03 N 1 N 1 N 1 N 1 N
0.2 0.3 0.4 0.5 0.6 0.7
z

FIG. 5. The azimuthal asymmetry A,(z;) for the ee™ — AAX
process as the function of z; with z, integrated out. The dashed line
represents the asymmetry assuming the fragmentation functions do
not evolve with energy scales. The solid lines denote the asymmetry

considering the evolution effects of both D; and H f‘“/ 2,

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evo-
lution for D, (z). For the factor (sin?@)/(1 + cos® @) in
Eq. (31), the mean value in each (z;,z,) bin is given in
Ref. [10], and here we take 0.7 as a rough estimate.

In Fig. 5, we plot the azimuthal asymmetry A, of the A
pair production in e*e” annihilation contributed by the
double Collins effect as functions of z;. The variable z, is
integrated over 0.2 < z, < 0.7 since the Collins function in
our model violates the positivity bound at the large z region
(z > 0.8). The dashed line in Fig. 5 shows the asymmetry
under the extreme assumption in which the evolution of the
fragmentation functions are ignored, while the solid lines
denote the asymmetry in case the evolution effects of both

D(z) and H (W 2)( ) are included. From the curves, one
can find that the azimuthal asymmetry A,(z;) increases
with increasing z and is several percent in size. Similar
results were also find in the case of pion pair production in
e e annihilation [9,20]. Comparing the solid lines and the
dashed line, we can also see that the evolution effects

0.08 ——F——— T
0.06 | ]

S
oosb € €A X process ]

A12

0.02}

0.00 |

_002 L 1 1 1 1
0.2 0.3 0.4 0.5 0.6 0.7

FIG. 6. The azimuthal asymmetries A;,(z;) for the ete™ —
AnX process as the function of z; with z, integrated out.
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significantly alter the asymmetry in the ete™ — AAX
process; thereby it should not be neglected.

We also estimate the azimuthal asymmetry A, at the
energy Q = 10.52 GeV in the process e*e” — Ax + X,
which could be measured at Belle and BABAR more easily.
In this case, we adopt the leading-order (LO) de Florian-
Sassot-Stratmann (DSS) parametrization for the unpolar-
ized fragmentation functions of the pion [78], and we
choose the parametrization of the pion Collins function
from Ref. [16] at the initial scale Q%> = 2.41 GeV?. In the
calculation we consider the evolution of both the A and the
pion Collins functions. The result is plotted in Fig. 6. We
find that in Az production, the shape of the asymmetry is
similar to the case of A pair production, while the size of
the asymmetry at large z; is several times larger than that of
A pair production.

IV. CONCLUSION

In this work, we investigated the T-odd Collins function
Hi of the A hyperon for light quarks. In particular, we
studied its contribution to azimuthal asymmetries A, as the
ratio of unlike-sign events to like-sign events in e*e™ —
AAX and eTe™ — AzX processes. We calculated the
Collins function of the A hyperon in the diquark spectator
model by considering both the scalar and the vector diquark
components. In the calculation we adopted a Gaussian form
factor for the hyperon-quark-diquark vertex, and we applied
the values of the model parameters fitted from the DSV
parametrization at the initial scale Q3 = 0.23 GeV?. The
numerical result shows that the Collins function of the A
hyperon for the up and down quarks dominates over that for
the strange quark. We also calculated the QCD evolution of

the half k7 moment of the A Collins function and found that
the evolution effects significantly alter H f(l/ 2 (z). Applying

the model results for H IL(I/ ?)(z), we estimated the azimuthal
asymmetry A, contributed by the Collins effect in the
unpolarized eTe™ — AAX process at Q = 10.52 GeV in
two scenarios: one is to take into account the evolution of

both H IL(I/ ?(z) and D (z); the other is to neglect any scale
dependence of fragmentation functions. The asymmetry is
around several percent, and it increases with increasing z;.
We also estimated the asymmetry A, in the process ete™ —
ArX and found that the shape of the asymmetry is similar to
the one in e*e~ — AAX, while the size of the asymmetry is
larger than that in A pair production. Therefore it is feasible
to measure these azimuthal asymmetries through the Belle
and BABAR experiments. We also found that the evolution
effects significantly change the shape and size of the
asymmetry. Our study may provide useful information on
the A fragmentation function as well as the nonperturbative
origin of the azimuthal asymmetry in e" e~ annihilation.

ACKNOWLEDGMENTS

This work is partially supported by the NSFC (China)
Grant No. 11575043, by the Fundamental Research Funds
for the Central Universities of China. Y. Y. is supported by
the Scientific Research Foundation of Graduate School of
Southeast University (Grant No. YBJJ1770) and by the
Postgraduate Research & Practice Innovation Program of
Jiangsu Province (Grant No. KYCX17_0043). X. W. is
supported by the Scientific Research Foundation of
Graduate School of Southeast University (Grant
No. YBJJ1667).

[1] J.C. Collins, Nucl. Phys. B396, 161 (1993).

[2] A. Airapetian et al. (HERMES Collaboration), Phys. Rev.
Lett. 94, 012002 (2005).

[3] A. Airapetian et al. (HERMES Collaboration), Phys. Lett. B
693, 11 (2010).

[4] C. Adolph er al. (COMPASS Collaboration), Phys. Lett. B
717, 376 (2012).

[5] C. Adolph et al. (COMPASS Collaboration), Phys. Lett. B
744, 250 (2015).

[6] E.S. Ageev et al. (COMPASS Collaboration), Nucl. Phys.
B765, 31 (2007).

[7] M. Alekseev et al. (COMPASS Collaboration), Phys. Lett.
B 673, 127 (2009).

[8] M. G. Alekseev et al. (COMPASS Collaboration), Phys.
Lett. B 692, 240 (2010).

[9] K. Abe et al. (Belle Collaboration), Phys. Rev. Lett. 96,
232002 (2006).

[10] R. Seidl er al. (Belle Collaboration), Phys. Rev. D 78,
032011 (2008); 86, 039905(E) (2012).

[11] J.P. Lees et al. (BABAR Collaboration), Phys. Rev. D 90,
052003 (2014).

[12] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
116, 042001 (2016).

[13] A. V. Efremov, O. G. Smirnova, and L. G. Tkachev, Nucl.
Phys. B, Proc. Suppl. 74, 49 (1999).

[14] M. Anselmino, M. Boglione, U. D’Alesio, A. Kotzinian, F.
Murgia, A. Prokudin, and C. Turk, Phys. Rev. D 75, 054032
(2007).

[15] M. Anselmino, M. Boglione, U. D’Alesio, A. Kotzinian, F.
Murgia, A. Prokudin, and S. Melis, Nucl. Phys. B, Proc.
Suppl. 191, 98 (2009).

[16] M. Anselmino, M. Boglione, U. D’Alesio, S. Melis, F.
Murgia, and A. Prokudin, Phys. Rev. D 87, 094019
(2013).

114015-9


https://doi.org/10.1016/0550-3213(93)90262-N
https://doi.org/10.1103/PhysRevLett.94.012002
https://doi.org/10.1103/PhysRevLett.94.012002
https://doi.org/10.1016/j.physletb.2010.08.012
https://doi.org/10.1016/j.physletb.2010.08.012
https://doi.org/10.1016/j.physletb.2012.09.055
https://doi.org/10.1016/j.physletb.2012.09.055
https://doi.org/10.1016/j.physletb.2015.03.056
https://doi.org/10.1016/j.physletb.2015.03.056
https://doi.org/10.1016/j.nuclphysb.2006.10.027
https://doi.org/10.1016/j.nuclphysb.2006.10.027
https://doi.org/10.1016/j.physletb.2009.01.060
https://doi.org/10.1016/j.physletb.2009.01.060
https://doi.org/10.1016/j.physletb.2010.08.001
https://doi.org/10.1016/j.physletb.2010.08.001
https://doi.org/10.1103/PhysRevLett.96.232002
https://doi.org/10.1103/PhysRevLett.96.232002
https://doi.org/10.1103/PhysRevD.78.032011
https://doi.org/10.1103/PhysRevD.78.032011
https://doi.org/10.1103/PhysRevD.86.039905
https://doi.org/10.1103/PhysRevD.90.052003
https://doi.org/10.1103/PhysRevD.90.052003
https://doi.org/10.1103/PhysRevLett.116.042001
https://doi.org/10.1103/PhysRevLett.116.042001
https://doi.org/10.1016/S0920-5632(99)00131-0
https://doi.org/10.1016/S0920-5632(99)00131-0
https://doi.org/10.1103/PhysRevD.75.054032
https://doi.org/10.1103/PhysRevD.75.054032
https://doi.org/10.1016/j.nuclphysbps.2009.03.117
https://doi.org/10.1016/j.nuclphysbps.2009.03.117
https://doi.org/10.1103/PhysRevD.87.094019
https://doi.org/10.1103/PhysRevD.87.094019

XIAOYU WANG, YONGLIANG YANG, and ZHUN LU

PHYS. REV. D 97, 114015 (2018)

[17] M. Anselmino, M. Boglione, U. D’Alesio, J. O. Gonzalez
Hernandez, S. Melis, F. Murgia, and A. Prokudin, Phys.
Rev. D 92, 114023 (2015).

[18] J.P. Lees et al. (BABAR Collaboration), Phys. Rev. D 92,
111101 (2015).

[19] M. Anselmino, M. Boglione, U. D’Alesio, J. O. Gonzalez
Hernandez, S. Melis, F. Murgia, and A. Prokudin, Phys.
Rev. D 93, 034025 (2016).

[20] A. Bacchetta, L.P. Gamberg, G.R. Goldstein, and A.
Mukherjee, Phys. Lett. B 659, 234 (2008).

[21] D. Amrath, A. Bacchetta, and A. Metz, Phys. Rev. D 71,
114018 (2005).

[22] L.P. Gamberg, G.R. Goldstein, and K. A. Oganessyan,
Phys. Rev. D 68, 051501 (2003).

[23] A. Bacchetta, A. Metz, and J.J. Yang, Phys. Lett. B 574,
225 (2003).

[24] A. Bacchetta, R. Kundu, A. Metz, and P. J. Mulders, Phys.
Rev. D 65, 094021 (2002).

[25] A. Bacchetta, R. Kundu, A. Metz, and P.J. Mulders, Phys.
Lett. B 506, 155 (2001).

[26] P. Schweitzer and A. Bacchetta, Nucl. Phys. A732, 106
(2004).

[27] L. P. Gamberg, D. S. Hwang, and K. A. Oganessyan, Phys.
Lett. B 584, 276 (2004).

[28] K.J. Heller et al., Phys. Rev. Lett. 41, 607 (1978); 45, 1043
(E) (1980).

[29] K.J. Heller et al., Phys. Rev. Lett. 51, 2025 (1983).

[30] E.J. Ramberg et al., Phys. Lett. B 338, 403 (1994).

[31] A.M. Smith et al. (R608 Collaboration), Phys. Lett. B 185,
209 (1987).

[32] B. Lundberg et al., Phys. Rev. D 40, 3557 (1989).

[33] L. G. Pondrom, Phys. Rep. 122, 57 (1985).

[34] V. Fanti et al., Eur. Phys. J. C 6, 265 (1999).

[35] G. Agakishiev et al. (HADES Collaboration), Eur. Phys. J.
A 50, 81 (2014).

[36] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 91,
032004 (2015).

[37] D. Boer, C.J. Bomhof, D.S. Hwang, and P.J. Mulders,
Phys. Lett. B 659, 127 (2008).

[38] M. Anselmino, D. Boer, U. D’ Alesio, and F. Murgia, Phys.
Rev. D 65, 114014 (2002).

[39] M. Anselmino, D. Boer, U. D’Alesio, and F. Murgia, Phys.
Rev. D 63, 054029 (2001).

[40] H. Dong and Z. t. Liang, Phys. Rev. D 70, 014019 (2004).

[41] D. W. Sivers, Phys. Rev. D 41, 83 (1990).

[42] J. Felix, Mod. Phys. Lett. A 14, 827 (1999).

[43] M. Nzar and P. Hoodbhoy, Phys. Rev. D 51, 32 (1995).

[44] R. Jakob, P.J. Mulders, and J. Rodrigues, Nucl. Phys. A626,
937 (1997).

[45] Z. Lu and I. Schmidt, Phys. Lett. B 747, 357 (2015).

[46] Y. Yang, Z. Lu, and I. Schmidt, Phys. Lett. B 761, 333
(2016).

[47] S. Kretzer, Phys. Rev. D 62, 054001 (2000).

[48] Y. Yang, Z. Lu, and 1. Schmidt, Phys. Rev. D 96, 034010
(2017).

[49] D. Boer, R. Jakob, and P. J. Mulders, Nucl. Phys. B504, 345
(1997).

[50] D. Boer, Nucl. Phys. B806, 23 (2009).

[51] J.C. Collins, Phys. Rev. Lett. 42, 291 (1979).

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

[53] V. Barone, A. Drago, and P. G. Ratcliffe, Phys. Rep. 359, 1
(2002).

[54] M. Anselmino and F. Murgia, Phys. Lett. B 483, 74 (2000).

[55] A. Bacchetta, F. Conti, and M. Radici, Phys. Rev. D 78,
074010 (2008).

[56] A. Bacchetta, M. Diehl, K. Goeke, A. Metz, P.J. Mulders,
and M. Schlegel, J. High Energy Phys. 02 (2007) 093.

[57] J. C. Collins and D. E. Soper, Nucl. Phys. B194, 445 (1982).

[58] J. C. Collins, Phys. Lett. B 536, 43 (2002).

[59] J.J. Yang, Phys. Rev. D 65, 094035 (2002).

[60] S.J. Brodsky, D.S. Hwang, and 1. Schmidt, Phys. Lett. B
530, 99 (2002).

[61] S.J. Brodsky, D.S. Hwang, and I. Schmidt, Nucl. Phys.
B642, 344 (2002).

[62] J. C. Collins and D. E. Soper, Nucl. Phys. B193, 381 (1981);
B213, 545(E) (1983).

[63] D.S. Hwang, arXiv:1608.02734.

[64] R. Van Royen and V. F. Weisskopf, Nuovo Cimento A 50,
617 (1967); 51, 583(E) (1967).

[65] R. Jakob, P. Kroll, M. Schurmann, and W. Schweiger, Z.
Phys. A 347, 109 (1993).

[66] A. Bacchetta, M. Boglione, A. Henneman, and P.J.
Mulders, Phys. Rev. Lett. 85, 712 (2000).

[67] D. de Florian, M. Stratmann, and W. Vogelsang, Phys. Rev.
D 57, 5811 (1998).

[68] B. Pasquini and P. Schweitzer, Phys. Rev. D 90, 014050
(2014).

[69] Z. Wang, X. Wang, and Z. Lu, Phys. Rev. D 95, 094004
(2017).

[70] B. Pasquini and P. Schweitzer, Phys. Rev. D 83, 114044
(2011).

[71] F. Yuan and J. Zhou, Phys. Rev. Lett. 103, 052001 (2009).

[72] Z.B. Kang, Phys. Rev. D 83, 036006 (2011).

[73] Z.B. Kang, A. Prokudin, P. Sun, and F. Yuan, Phys. Rev. D
93, 014009 (2016).

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

[75] A.V. Efremov, K. Goeke, and P. Schweitzer, Phys. Rev. D
73, 094025 (2006).

[76] R.D. Field and R. P. Feynman, Nucl. Phys. B136, 1 (1978).

[77] A. Schafer and O. V. Teryaev, Phys. Rev. D 61, 077903
(2000).

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

114015-10


https://doi.org/10.1103/PhysRevD.92.114023
https://doi.org/10.1103/PhysRevD.92.114023
https://doi.org/10.1103/PhysRevD.92.111101
https://doi.org/10.1103/PhysRevD.92.111101
https://doi.org/10.1103/PhysRevD.93.034025
https://doi.org/10.1103/PhysRevD.93.034025
https://doi.org/10.1016/j.physletb.2007.09.076
https://doi.org/10.1103/PhysRevD.71.114018
https://doi.org/10.1103/PhysRevD.71.114018
https://doi.org/10.1103/PhysRevD.68.051501
https://doi.org/10.1016/j.physletb.2003.09.005
https://doi.org/10.1016/j.physletb.2003.09.005
https://doi.org/10.1103/PhysRevD.65.094021
https://doi.org/10.1103/PhysRevD.65.094021
https://doi.org/10.1016/S0370-2693(01)00388-4
https://doi.org/10.1016/S0370-2693(01)00388-4
https://doi.org/10.1016/j.nuclphysa.2003.12.010
https://doi.org/10.1016/j.nuclphysa.2003.12.010
https://doi.org/10.1016/j.physletb.2004.01.054
https://doi.org/10.1016/j.physletb.2004.01.054
https://doi.org/10.1103/PhysRevLett.41.607
https://doi.org/10.1103/PhysRevLett.45.1043
https://doi.org/10.1103/PhysRevLett.45.1043
https://doi.org/10.1103/PhysRevLett.51.2025
https://doi.org/10.1016/0370-2693(94)91397-8
https://doi.org/10.1016/0370-2693(87)91556-5
https://doi.org/10.1016/0370-2693(87)91556-5
https://doi.org/10.1103/PhysRevD.40.3557
https://doi.org/10.1016/0370-1573(85)90049-3
https://doi.org/10.1007/s100520050337
https://doi.org/10.1140/epja/i2014-14081-2
https://doi.org/10.1140/epja/i2014-14081-2
https://doi.org/10.1103/PhysRevD.91.032004
https://doi.org/10.1103/PhysRevD.91.032004
https://doi.org/10.1016/j.physletb.2007.10.059
https://doi.org/10.1103/PhysRevD.65.114014
https://doi.org/10.1103/PhysRevD.65.114014
https://doi.org/10.1103/PhysRevD.63.054029
https://doi.org/10.1103/PhysRevD.63.054029
https://doi.org/10.1103/PhysRevD.70.014019
https://doi.org/10.1103/PhysRevD.41.83
https://doi.org/10.1142/S0217732399000870
https://doi.org/10.1103/PhysRevD.51.32
https://doi.org/10.1016/S0375-9474(97)00588-5
https://doi.org/10.1016/S0375-9474(97)00588-5
https://doi.org/10.1016/j.physletb.2015.06.011
https://doi.org/10.1016/j.physletb.2016.08.053
https://doi.org/10.1016/j.physletb.2016.08.053
https://doi.org/10.1103/PhysRevD.62.054001
https://doi.org/10.1103/PhysRevD.96.034010
https://doi.org/10.1103/PhysRevD.96.034010
https://doi.org/10.1016/S0550-3213(97)00456-2
https://doi.org/10.1016/S0550-3213(97)00456-2
https://doi.org/10.1016/j.nuclphysb.2008.06.011
https://doi.org/10.1103/PhysRevLett.42.291
https://doi.org/10.1103/PhysRevD.70.117504
https://doi.org/10.1016/S0370-1573(01)00051-5
https://doi.org/10.1016/S0370-1573(01)00051-5
https://doi.org/10.1016/S0370-2693(00)00519-0
https://doi.org/10.1103/PhysRevD.78.074010
https://doi.org/10.1103/PhysRevD.78.074010
https://doi.org/10.1088/1126-6708/2007/02/093
https://doi.org/10.1016/0550-3213(82)90021-9
https://doi.org/10.1016/S0370-2693(02)01819-1
https://doi.org/10.1103/PhysRevD.65.094035
https://doi.org/10.1016/S0370-2693(02)01320-5
https://doi.org/10.1016/S0370-2693(02)01320-5
https://doi.org/10.1016/S0550-3213(02)00617-X
https://doi.org/10.1016/S0550-3213(02)00617-X
https://doi.org/10.1016/0550-3213(81)90339-4
https://doi.org/10.1016/0550-3213(83)90235-3
http://arXiv.org/abs/1608.02734
https://doi.org/10.1007/BF02823542
https://doi.org/10.1007/BF02823542
https://doi.org/10.1007/BF02902203
https://doi.org/10.1007/BF01284677
https://doi.org/10.1007/BF01284677
https://doi.org/10.1103/PhysRevLett.85.712
https://doi.org/10.1103/PhysRevD.57.5811
https://doi.org/10.1103/PhysRevD.57.5811
https://doi.org/10.1103/PhysRevD.90.014050
https://doi.org/10.1103/PhysRevD.90.014050
https://doi.org/10.1103/PhysRevD.95.094004
https://doi.org/10.1103/PhysRevD.95.094004
https://doi.org/10.1103/PhysRevD.83.114044
https://doi.org/10.1103/PhysRevD.83.114044
https://doi.org/10.1103/PhysRevLett.103.052001
https://doi.org/10.1103/PhysRevD.83.036006
https://doi.org/10.1103/PhysRevD.93.014009
https://doi.org/10.1103/PhysRevD.93.014009
https://doi.org/10.1016/j.cpc.2010.10.020
https://doi.org/10.1103/PhysRevD.73.094025
https://doi.org/10.1103/PhysRevD.73.094025
https://doi.org/10.1016/0550-3213(78)90015-9
https://doi.org/10.1103/PhysRevD.61.077903
https://doi.org/10.1103/PhysRevD.61.077903
https://doi.org/10.1103/PhysRevD.75.114010
https://doi.org/10.1103/PhysRevD.75.114010

