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We study the transverse-momentum-dependent (TMD) evolution of the Collins azimuthal asymmetries
in eTe™ annihilations and semi-inclusive hadron production in deep inelastic scattering processes. All
the relevant coefficients are calculated up to the next-to-leading-logarithmic-order accuracy. By applying
the TMD evolution at the approximate next-to-leading-logarithmic order in the Collins-Soper-Sterman
formalism, we extract transversity distributions for # and d quarks and Collins fragmentation functions
from current experimental data by a global analysis of the Collins asymmetries in back-to-back dihadron
productions in e*e~ annihilations measured by BELLE and BABAR collaborations and semi-inclusive
hadron production in deep inelastic scattering data from HERMES, COMPASS, and JLab HALL A
experiments. The impact of the evolution effects and the relevant theoretical uncertainties are discussed. We
further discuss the TMD interpretation for our results and illustrate the unpolarized quark distribution,
transversity distribution, unpolarized quark fragmentation, and Collins fragmentation functions depending
on the transverse momentum and the hard momentum scale. We make detailed predictions for future

experiments and discuss their impact.
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I. INTRODUCTION

The transversity distribution function is one of the three
leading-twist quark distributions of a nucleon that describe
completely a spin-1/2 nucleon [1-4]. Different from the
other two, unpolarized and helicity distributions, the quark
transversity is difficult to measure in experiment because of
its chiral-odd nature [2]. In order to study it in a physical
process, one has to couple it to another chiral-odd function.
The first moments (integral over the longitudinal momen-
tum fraction) of the quark transversity distributions lead to
the quark contributions to the nucleon tensor charge, which
is a fundamental property of the nucleon.

An important channel to investigate the quark trans-
versity distribution is to measure the Collins azimuthal spin
asymmetries in semi-inclusive hadron production in deep
inelastic scattering (SIDIS) [5]. Measurements have been
made by the HERMES Collaboration [6,7], the COMPASS
Collaboration [8], and JLab HALL A [9] experiments.
However, the extraction of the quark transversity distribu-
tions requires knowledge of the Collins fragmentation
functions, which are different from the usual unpolarized
fragmentation functions. It was further suggested to mea-
sure the Collins fragmentation functions from the azimuthal
angular asymmetries of two back-to-back hadron
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productions in e*e~ annihilations [10]. Recently both
the BELLE and BABAR collaborations have studied these
asymmetries at the B-factories at a center of mass energy
around /s = 10.6 GeV [11-13]. Thanks to the universal-
ity of the Collins fragmentation functions [14], we will be
able to combine the analyses of these two processes to
constrain the quark transversity distributions. The effort to
extract

the transversity distributions and Collins fragmentation
functions has been carried out by the Torino-Cagliari-
JLab group extensively in the last few years [15-17].
Transversity coupled to the so-called dihadron interference
fragmentation functions is employed to study transversity
in its collinear version in Ref. [18]. These results have
demonstrated the powerful capability of the Collins asym-
metry measurements in constraining the quark transversity
distributions and hence the nucleon tensor charge in high
energy scattering experiments. In this study we will imple-
ment, for the first time, the appropriate QCD evolution for
the phenomenological studies of Refs. [15-17] and thus
improve significantly our understanding of transversity
distribution and Collins fragmentation functions. We will
also show the consistency with previous phenomenological
results. A brief summary of our results has been published
in Ref. [19].

The appropriate QCD evolution for these low transverse-
momentum hard processes is the so-called transverse-
momentum-dependent (TMD) evolution, which follows
from factorization theorems and has been well developed
in recent years, following the pioneering works by Collins-
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Soper-Sterman (CSS) [20,21]. In particular, the Collins
2011 formalism of Ref. [22] constructs a well-defined
universal Transverse Momentum Dependent distribution
(TMD) that “absorbs” effects of soft gluon radiation which
was traditionally signed out in a separate factor in
Refs. [20,21] and defines a hard part function that contains
the process dependence. This allows for an explicit uni-
versality of the TMD evlolutions in the phenomenological
applications of the hard scattering processes men-
tioned above.

The TMD evolution effects in the Collins asymmetries
in the above processes have been estimated in Refs. [23].
The TMD factorization is an important step to derive the
results for the physical observables we are interested in
and has been shown to be valid for processes with two
separate measured momentum scales Oy < O, such as
SIDIS, Drell-Yan and e™e~ annihilation into back-to-back
hadrons. Here the small scale Q7 corresponds to the
measured transverse momentum of, for instance, produced
hadron in SIDIS or lepton pair in Drell-Yan. TMD
factorization is formulated in such a way that one can
calculate cross sections up to the values Q7 ~ Agep and
thus incorporates nonperturbative information on the
hadron structure. Schematically the TMD factorization
expresses the transverse-momentum-dependent differential
cross section as a convolution of a so-called hard part H,
which is specific for the process and thus process depen-
dent, and universal TMD parton distributions and/or TMD
parton fragmentation functions, collectively called TMDs.
These TMDs are universal (for the “naively time reversal
odd” functions such as the Sivers function [24,25] and
Boer-Mulders function [26], the universality is generalized
[27,28]) and can be associated with properties of specific
hadrons. In this sense TMDs represent the three-
dimensional partonic structure of the incoming nucleons
as well as outgoing hadrons. Evolution equations are used
to calculate the dependence of TMDs on the hard scale Q.
Since the definition of TMDs contains the so-called light-
cone singularity [20], the detailed calculations depend on
the scheme to regulate this singularity [20-22,29-35],
which leads to the scheme dependence in the TMD
factorization. Although there are different ways to formu-
late the TMD factorization and to define the TMD
distribution and fragmentation functions, the energy evo-
lution (historically called “resummation”) for the physical
observables  (including the transverse-momentum-
dependent differential cross sections and spin asymmetries)
will take the same form in all schemes. In particular, after
solving the evolution equations, the final results are
identical to each other in all TMD factorization schemes,
where the TMDs are expressed in terms of their collinear
counterparts with perturbatively calculable coefficients,
and the evolution effects are included in the exponential
factor—the so-called Sudakov-like form factors [36].
Therefore, in terms of a phenomenological study, all
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TMD factorization and evolution calculations will be
identical to that originally proven in the form of CSS
[21]. Interpretation of results and individual functions
depends of course on the scheme, and one should be very
careful when giving interpretations.

TMD evolution is performed in coordinate b space,
where b is conjugate to the k;, in momentum space
through the Fourier transformation and corresponds to
the transverse distance separating the quark/gluon fields.
The usage of b space highly simplifies the expressions for
the cross sections which become simple products of b-
dependent TMDs in contrast to convolutions in k| space.
In order to calculate the measured cross sections (and
individual TMDs) one performs a two-dimensional
Fourier transform to the physical Q7 (or k) space. A
very unique feature of TMD/CSS formalism is the fact
that the evolution kernel becomes nonperturbative at large
separation distances b; while at small b < 1/Agcp it is
perturbative and can be calculated order by order in strong
coupling constant a,(1/b). Over short transverse distance
scales, 1/b becomes a legitimate hard scale, and the b
dependence of TMDs can be calculated in perturbation
theory and related to their collinear counterparts, such
as collinear parton distribution (PDFs), fragmentation
functions (FFs), or multiparton correlation functions.
The important nonperturabrive part of the so-called soft
factor that corresponds to the vacuum expectation value of
Wilson loops is predicted [22] to be process independent,
soft factor is also universal for distribution and fragmen-
tation TMD and independent of the particular value of
momentum fractions xp or z;, measured. It may depend on
the parton type, quark, or a gluon; in this paper we are
going to consider only quark distribution and fragmenta-
tion TMDs. The information on the intrinsic nonpertur-
bative motion of partons associated with the hadron wave
function is encoded in nonperturbative inputs for TMD
PDFs and FFs and in turn universal in different processes
but in principle dependent on the parton/hadron type and
on the value of xz or z,,.

The implementation of the TMD formalism requires
parametrization of the nonperturbative inputs [37-43] for
the TMDs. The growth of a,(1/b) at large values of b can
be tamed by the so-called b, prescription (which we will
follow in this paper) originally introduced in the CSS
formalism [21] that allows one to avoid the Landau pole
in the strong coupling constant and provides a smooth
transition from perturbative to nonperturbative regimes.
Fits of experimental data utilizing the b, prescription have
been well developed in the literature, in particular, in the
publications of the Brock-Landry-Nadolsky-Yuan (BLNY)
type of parametrizations [37,44]. Other choices have been
made in the literature; see, for example, Refs. [38,45-48].
However, in all these implementations of the TMDs in the
CSS formalism, an important step is to verify that they
provide a robust method of treating nonperturbative physics
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and can describe well
data [39,41].

For the Collins asymmetries studied in this paper, we
extend the CSS formalism to the azimuthal angular
asymmetries and in the relevant hard processes. This
involves the Collins-Soper (CS) evolution equation for
the k| -odd distribution and fragmentation functions, which
were derived in Refs. [40,49-54]. In our calculations, we
apply the TMD evolution at the approximate next-to-
leading-logarithmic order (NLL) as specified below. The
formalism follows the CSS procedure for the unpolarized
cross section and is similar to that of Sivers asymmetries in
SIDIS and Drell-Yan processes [40—42,55]. We will derive
the perturbative coefficients at one-loop order as well.

There exists a freedom (scheme dependence) to separate
out the so-called hard factor from the splitting function
contribution in the CSS formalism [46]. This provides a
useful way to interpret the final results in terms of the
TMDs [22,56,57]. It allows one to interpret a part of the
splitting functions in CSS as a universal TMDs splitting
functions, and the difference in the coefficients can be
regarded as a part of hard factors. Once rigorously defined,
we shall have a unique interpretation of the CSS formalism
in terms of TMDs. We will elaborate this interpretation in
detail in our paper.

In applying the CSS evolution at the NLL order, we
relate transversity TMD and Collins FF to the collinear
quark transversity distribution and the collinear twist-3
fragmentation function and include the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP)-type scale evolution of
the latter two collinear distributions. The evolution of the
transversity distribution is very well known [58-61], while
the evolution of the twist-3 fragmentation function involves
multiparton correlation functions [52,62], as a common
feature of higher-twist correlation functions. In the follow-
ing calculations, we will only keep the homogenous terms
in the splitting kernel, which is an approximation to the
complete evolution equation. To differentiate from the
complete NLL computation, we denote it as NLL' (an
approximate NLL). To achieve this precision, we include
the most recent developments from both the theory and
phenomenology sides [22,40—42,44,52,54,62—-64].

The quark transversity distributions are important ingre-
dients for several other spin related asymmetries. For
example, they contribute to the azimuthal asymmetries
of two-hadron fragmentation processes in SIDIS and e™ e~
annihilations [65] and single inclusive hadron production
at large transverse momentum in pp collisions [66—68].
Future Relativistic Heavy Ion Collider measurements [69]
are going to explore more phenomena related to
the transverse spin and ultimately to the partonic three-
dimensional structure of the nucleon. Our results will
provide important cross checks and a step further toward
a global analysis to all these spin asymmetries associated
with the quark transversity distributions.

the existing experimental
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The rest of the paper is organized as follows. In Sec. II,
we review the theoretical framework for the Collins
azimuthal asymmetries in SIDIS and e* e~ annihilations
and derive the associated TMD evolution results and the
relevant perturbative coefficients. We also reformulate the
resummation formalism in an appropriate way to better
connect to the recently developed TMD formalism in
Sec. Il F. In Sec. III, we perform the phenomenological
studies and focus on the global fit of the quark transversity
distribution and Collins fragmentation functions from the
existing experimental data. We make predictions for future
experiments and compare our results with previous analy-
ses. Finally, we conclude our paper in Sec. I'V.

II. COLLINS AZIMUTHAL ASYMMETRIES
IN SIDIS AND e*e~ ANNIHILATION

In this section, we discuss the asymmetries generated
by transversity and Collins fragmentation functions in
SIDIS and e*te™ annihilation. We apply TMD evolution
and represent the differential cross sections, spin-dependent
and spin-independent ones, in a compact form.

A. Collins azimuthal asymmetries in SIDIS

In the SIDIS, see Fig. 1, a lepton scatters on the nucleon
target and produces a hadron in the final state,

e(?) +p(P) = e() + h(Py) + X, (1)

by exchanging a virtual photon g, = £, — ¢}, with invariant
mass Q%> = —g*. We adopt the usual SIDIS variables [70],

Q2
Sep:(P_Ff)z B_2P'q,
Pg PP,
— — = 2
Y £ xpSep “h P.-q’ )

with §,, = (¢ + P)? the center of mass energy square.
The differential SIDIS cross section that includes the

FIG. 1.

SIDIS in the y*P center of mass frame.
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Collins effect, the sin (¢, + ¢,) modulation, can be written

as [71,72]
do(S,)

- 2 9 2 F i
dxgdydz,d®Py, oo(xp.y. 0 )[ vu + sin(gy, + @)

2(1=y)  rsin(y+e,)
X For " 4|, (3
T4 (12 ur + (3)
where oy = %% and ¢, and ¢, are the azimuthal
angles for the nucleon spin and the transverse momentum

of the outgoing hadron, respectively. Fyy and Fy; S'"("’”‘ﬁf)

are the spin-averaged and transverse spin- dependent struc-
ture functions. The latter is related to the convolution of
transversity distribution and the Collins fragmentation
function. Ellipses in Eq. (3) denote other structure functions
that we do not consider in this paper.

The Collins asymmetry measured experimentally are
related to the structure functions as follows:

A =2(sin (¢, + ¢,))
_ O-O(Xva7 Q2> 2(1 _y)
00(x5, v, 07) 1+ (1)’

Note that sometimes experimental results (for instance for
the COMPASS Collaboration) are presented by factoring
out the so-called depolarization factor Dyy:

sin (¢ +ebs)
Fyr e

(4)

FUU

2(1-y)
Dyy = : 5
Both structure functions, i.e., Fyr and Fy; s ({/)”H/) ) , depend

on kinematical variables and on the hard scale Q2 in the
reaction. It is important to realize that in order to have
reliable calculations of corresponding structure functions
one needs to take into account appropriate scale depend-
ence which is generated by QCD evolution of TMD
distribution and fragmentation functions.

Historically the solution of TMD evolution equa-

tions [21] is presented in the b space, where in SIDIS b

is the Fourier conjugate variable to I?’h 1/zp. The P -
dependent structure functions can be formulated in terms of
the TMD factorization, and they can be (omitting xz, z
dependencies) written as

Fyy(Q; Pyy)
d2

N / (2r)?

Fgollins(Q;PhJ_)

1 d*b
B z_z/ memu /o s (Q: B) +
h

lP/u_ b/ZhFUU(Q b) + YUU(Q PhJ_) <6)

Y ttins (@5 Pho)s

(7)
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where F“ Collins is related to the spin-dependent structure

sin (1)

function F7; as follows,

— st

with the unit vector ¢, defined in Fig. 1. In Egs. (6) and (7),
the first TMD term dominates in the P;,; < Q region, and
the second so-called Y-factor term dominates in the region
of P;,| 2 Q and assures the accuracy of the formula in the
wide region of P ;. We will neglect the corresponding Y

Sin(¢h + ¢s>F;,1/I;‘((/)h+{/) 2@xé§] collins’ (8)

factors as we will consider only the region of low P, /z,
and thus for spin-averaged and transverse spin-dependent
structure functions, one has

d*b
Fyy(Q; Py ) = /( eiPrublan vu(Q:Db), )

2r)?

i d*b
Fsm (¢h+¢x> ;P —_ /
ur (Q hJ_) (2”)2

lPhL'b/Zh

colhns ( Q b)
(10)

and one notices that while spin-independent structure
function is a scalar quantity, the spin-dependent structure
function depends on the transverse direction a = 1, 2; see
Egs. (8) and (10).

1. Unpolarized structure function with evolution
The factorization formula for unpolarized structure
function F;;(Q; Py, ) is well known and has the following
interpretation (we choose the Ji-Ma-Yuan [29,73] scheme
for the moment) in terms of unpolarized distribution and
fragmentation functions in the b space [49],

Fuy(Q:b) = e f{(xp. bip.C. ) Dy (2. bip. & pr)
q

x H(Q/u,p)S(b, p; p), (11)

where f‘f is the unpolarized TMD distribution; Dh/q is
the unpolarized TMD fragmentation function; and (> =
2(v-Py)2 /12, % = (20 - P;)? /%, and p? = (20 - §)2/v??
represent the light-cone singularity regulation parameters.
H is the hard factor associated with hard scattering, and S is
the so-called soft function associated with the emission of
soft gluons. The renormalization group scale y is arbitrary
in full QCD; however, in truncated perturbative series, it is
chosen to optimize the convergence in such a way that H
does not have large logarithmic contributions, log(Q/u),
and generically y = C;Q with Cy a parameter of order of 1.
We will utilize C; = 1 and thus g = Q in our calculations.
Depending on different schemes, such as Ji-Ma-Yuan
[29,73], CSS [20,21], or Collins-11 [22], the dependence
on these parameters will be different. However, the final
results for the structure functions are independent of the
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schemes, as the actual cross sections do not depend on the
auxiliary parameters. Note that historically the H factor is
absorbed in the CSS formulation into the definition of
Wilson coefficient functions that relate TMDs to the
corresponding collinear distributions. The final results
for the cross sections are the same in all schemes.
However, a slight difference stems from the fact that H
functions contain a,(¢) with renormalization group scale u
while coefficient functions, as will be explained below,
contain a,(u,) with a dynamical scale ;. At each order of
perturbation series, these differences are of a higher order in
a,. We will dedicate the separate Sec. III F where we will
discuss the TMD interpretation of our results and give
explicit TMD formulas in TMD Collins-11 [22] formu-
lation for all functions and structure functions considered in
this paper.

Let us review the definition and the need of different
factors. The TMD quark distributions in SIDIS is defined
through the following matrix,

& oo [ &b e
aff _ P+ o5 —ixEP ib-k,
M / 27 ¢ /(271)2 ¢

x (PS|pP (£7.0.b) L} (003 €) L, (005 0)yr(0)[PS),
(12)

with the gauge link

L, (005 &) = exp (—ig/oDo div-A(dv + f)) (13)

This gauge link goes to +co, indicating that we adopt the
definition for the TMD quark distributions for the SIDIS
process. The unpolarized quark distribution is projected out
from the above matrix as

= A kP ] (14
Fllk,) = %Tr[ M. (15)

However, the above definition of the quark distribution
contains a soft gluon contribution, which has to be
subtracted from the naive definition. In addition, there is
light-cone singularity if we take the gauge link along the
light-front direction » with v> = 0. The way to regularize
this singularity and subtract soft gluon contribution defines
the scheme for the TMD factorization.

In the Ji-Ma-Yuan scheme, the gauge link in the TMD
definition is chosen to be slightly off light cone, n =
(17,07,0,) » v = (v",v",0,) with v~ > v™. Similarly,
for the TMD fragmentation function, » was introduced,
v=(v7,0",0,) with " > ™. Because of the additional
directions v and @, there are additional invariants:
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2= Q2u-P?2/v?, = (20-P,)*)1%, and p?=
(2v - 9)?/v*¥%. Accordingly, the soft factor is defined as

S 0(B) = (01L] (D)L, () L1 (0) L35 (0)[0). ~ (16)

With soft factor subtraction, the TMD factorization for the
unpolarized structure function can be rewritten as

sub
FUU Q b Zeq\f{l]JMY vab;p7€7M)

(sub)

Xqumy(zh,b;ﬂ,ﬁ,u)H%Y(Q/u,p), (17)

where the subtracted quark distribution and fragmentation
functions are defined as

74 (sub) Fl(zp bip, &)
xg, b; L R 18
IJMY( 5. b;p. ¢, ﬂ) S(b,p;y) ( )
(¢ > D (Z J’hﬂ&ﬂ)
DU (@nbip bop) = =22 (19)

S(b,p; )

with the soft factor S subtracted from the original TMDs.
After solving the evolution equations and expressing the
TMDs in terms of the integrated parton distributions,
the final expressions for TMDs are obtained by setting
2 =8 = pQ* Note that in Eqs. (18) and (19) we
understand the square root in the perturbative sense;

i.e., for any quantity A = 1 + @@, + ..., one has 1//A =
1-1/2ay05 — ....

On the other hand, as explained in the Introduction the
new Collins-11 approach [22] is an important improvement
of the original CSS formalism and includes now the
operator definition of TMDs, and the soft factor subtraction
is taken to ensure the absence of light-cone singularities in
the TMDs and the self-energy divergencies of the soft
factors. According to this new scheme, the TMD distribu-
tion is defined as

(20)

FHCC(x, by Cpo ) = f1(x, b3 Cpo )

where (% = x?(2v - P4)?/v? = 2(xP})*e > with y, the
rapidity cutoff in the Collins-11 scheme. Fragmentation
functions are defined analogously. The unpolarized struc-
ture function takes the form

> e (xp bl p)

q

FUU(Q§b) =

X DICC(2, b, Eps ) HISS (/). (21)
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One can see from Egs. (17) and (21) that the formal
expression for structure functions takes a very simple
“parton model”’-like form. The underlying TMDs, however,
unlike the parton model expression are computed with
an appropriate QCD evolution procedure. In spite of
differences in the schemes to define TMDs in Egs. (17)
and (21), the final result for the structure functions and the
cross sections is scheme independent and reduces to that
of the original CSS. One of the advantages of the TMD
schemes, such as the Collins-11 [22] or Ji-Ma-Yuan
approaches [29,73], is a possibility to define process-
independent unpolarized TMDs or account for process
dependence in k | -odd TMDs directly and study individual
TMD functions. Important process-independent universal
nonperturbative contributions [43] can be also studied,
and global TMD fits that include different processes are
possible.

The corresponding TMDs depend on two scales, {f
(or {p) and p, with their dependence encoded in the TMD
evolution equations. The rapidity evolution with respect
to ¢ is given by the CS equation [20],

OInf,(xg.b:C.;u) 0D, (z).b.0pip)
onvZ: oG,

where k(b,u) is the so-called CS kernel [20]. It can
be computed perturbatively for small values of b. The
dependence on the scale y arises from renormalization

group equations for fq, D,, and K,

—kba).  (22)

dK (b, )

T = =1l (). 23)

dn f(xp, b3 ¢, p)

dinu = J/F(as(,u),CF/qu)’ (24)

dln lN)q(Zhv b» gD?M)

dlnp = yplas(u).Cp/u?). (25)

where functions y, yr, and yp are anomalous dimensions
of K, }q, and bq, respectively. Note that the solution of
these evolution equations does not depend on the scheme to
define TMDs.

The equations and solutions are discussed at length in
Refs. [20-22,29,43,73]. Here we will present and discuss
the final solution. At low values of b < 1/Aqgcp, 1/b
becomes a legitimate hard scale. One introduces [20] an
auxiliary scale i, = cy/b, with ¢q = 2e77¢ and y; = 0.577
the Euler constant. The b dependence of TMDs can be
computed in the perturbative 1/Q < b < 1/Agcp region
in terms of the collinear parton distribution and
fragmentation functions. This region corresponds to the
transverse momentum which is large compared to hadronic
scale but still small compared to the hard scale
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(e, Agcp <k, < Q). That is, TMDs in this region
are expressed in terms of collinear distributions. This sort
of relation will be explained later in the paper. Let us
mention that the usage of such a relation helps to obtain a
reliable description of the experimental data.

The energy evolution of TMDs from the scale u,, to the
scale Q is encoded in the exponential factor, exp[—S], with
the so-called Sudakov-like form factor, the perturbative part
of which can be written as

2 =2 2
Sn(@.8) = [ % a0+ B )|

Hp

(26)

where the A- and B-coefficients can be expanded as
perturbative series A =>° AW (a;/7)" and B=
>®  B"(a,/7)". In our calculations, we will take A(),
A®@ and BY for the NLL accuracy. Because this part is
spin independent as explained in the Introduction, these
coefficients are the same as those in unpolarized cross
sections [21] and are given by [21,37,38,40,56,74]

A = Cp,
c 67 72\ 10
A =Lic (=-=)-—=T
2 [T\1876) 9 K|
3
B = _ECF' (27)

One can see from Eqgs. (9) and (10) that in order to
reconstruct the measured cross section one needs to
perform the Fourier transform over all values of b. The
accuracy of the perturbative solution will deteriorate for
large values of b. In fact a,(u;,) will hit the so-called
Landau pole, which is a good indication of the presence of
the nonperturbative physics. Thus, one needs to take into
account the nonperturbative behavior of TMDs. The
original CSS approach [21] proposed the so-called b,
prescription that introduces a cutoff value b,,,, and allows
for a smooth transition from perturbative to nonperturbative
regions and avoids the Landau pole singularity in o (u;),

bib*:b/ 1+b2/b[2nax’ bmax<1/AQCD’ (28)
where by, is a parameter in the prescription. From the
above definition, b, is always in the perturbative region
where b, is normally chosen to be around 1 GeV~!.
With the introduction of b, in the Sudakov form factor, the
total Sudakov-like form factor can be written as the sum
of perturbatively calculable part and nonperturbative
contribution

Ssud(Q; b) = Spen(Q; b*) + SNP(Q; b)’ (29)
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where Syp(Q;b) is defined as the difference from the
original form factor and the perturbative one. This differ-
ence should vanish as b — 0, i.e., in the perturbative region,
and thus Syp(Q; b) has the following generic form:

Sxe(Q5b) = g2(b)In Q/ Qg + g1(b). (30)

The nonperturbative generic functions g, and g; have very
unique interpretations. In particular g, includes the infor-
mation on the large b behavior of the evolution kernel K.
This function does not depend on the particular process; it
does not depend on the scale and has no dependence on
momentum fractions xp, z. This contribution should be
parametrized phenomenologically, and an often-used para-
metrization is

9 (b) = 9252, (31)

which proved to be very reliable to describe Drell-Yan data
and W, Z boson production in the BLNY type of para-
metrizations [37]. This Gaussian-type parametrization
suggests that the large b region is strongly suppressed
[39] and in principle can be unreliable to describe data from
lower energies which are more sensitive to moderate-to-
high values of b. Other parametrizations were proposed in
Refs. [39] and [44]. For instance that of Ref. [44] has the
form

|
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mu»—whm(ﬁj, (32)

and allows us to describe simultaneously unpolarized
multiplicities from SIDIS measurements by HERMES,
low energy Drell-Yan as well as Z boson production up
to LHC energies. In this paper we will follow the para-
metrization of Ref. [44] for g, (D).

The function g, (b) contains information on the intrinsic
nonperturbative transverse motion of bound partons; in
case of a distribution TMD, it depends on the type of
hadron and quark flavor as well as potentially on xp. In case
of a fragmentation TMD, it can depend on z;, and the type
of the hadron produced and quark flavor. In other words,
g1(b) is tied to the particular TMD. Parameters in functions
9>(b) and g (b) depend on the cutoff value b, in case b,
prescription is used. The nonperturbative factors could
be also defined using different prescriptions, such as, for
example, matching to perturbative form factors of Ref. [75]
or using the complex b plane integration method of
Ref. [76]. In this paper we use the standard CSS b,
prescription method that allows us to compare easily with
existing phenomenology.

Therefore, with the TMD evolution, TMDs can be
expressed as [22,56,57],

FIS) (e, b 02, Q) = e Bmn(Q0)SHQIF (a,(0))Cpy ® f1 (X5 pp), (33)

DqSUb ( 2, b; Q Q) = ¢ PSpn(QD:)- SNé(Q’b)@q(as(Q))éjeq ® Dh/j(Z;an), (34)

where we explicitly embed the scheme dependence of
TMDs from Egs. (18) and (19) in the coefficients F q and
f)q. Details on these functions are given in Ref. [57]. In the
Ji-Ma-Yuan scheme,

~ ag L, 7

~ a; 1 7
Dq—1+ZCF|:1np—zln2p—7—2:|, (36)

while in the Collins-11 scheme, F =1+ 0(ai) and
ﬁq =1+ O(a?). The final result for the structure function
is p independent for the Ji-Ma-Yuan scheme, so we set
p = 1. In Egs. (33) and (34), ® represents the convolution
in the momentum fraction of x or z,

q<—1 ®f ('xB /"b) = Z/ _Cq<—t< J"b)fli (x’ﬂb>7

(37)

ldz &
Ciq®Dyyj(znpp) = 7/417 Dy, (z.pp).-
(38)

The same convolutions will be used for transversity and
Collins fragmentation functions with appropriate coeffi-
cient functions later in the paper. The above coefficient
functions are

Cyeg (Xotty) =84, [5(1 —x)+- (C;a —x)ﬂ (39)

a
Cq<—g(xnub) = ;TRX(I —X), (40)
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~

Cyqlz.pp)

=6, [6(1 -z)+ % (% (1-2)+Puy(2) lnzﬂ :
(41)

Coeylzopmpy) = % (%Z + P, (z)In z) (42)

with the usual splitting functions P, and P,_, given by

Py y(2)=Cp Mf—;h + %5(1 - z)] L 43)
Preyfe) = ¢ L= (44

The C-functions are chosen to be universal among different
TMD schemes, whereas the functions F q and @q depend
on the schemes. In Collins-11 schemes, both factors are
equal to 1 up to one-loop order. In the Ji-Ma-Yuan scheme,
they will depend on p. Again, this p dependence in
individual TMDs will be cancelled out by the associated
p dependence in the hard factor H in Eq. (17) when we
calculate the structure function Fyy (b, Q).

Substituting the results of Eqgs. (33) and (34) into the
factorization formula Eq. (17), we can write down the
structure function F yy in the b space as

PHYSICAL REVIEW D 93, 014009 (2016)

resummaton which we will follow in this paper, together
with the hard factor in the TMD factorization of Eq. (17),
the functions F g and f)q are absorbed into the C-functions
by applying the renormalization group equation for the
running coupling constant in these two factors [46]. With
that, we can write down Fy;(b,) as

Fuu(b,) =3 "e2(CE0™ @ fi(xp.15))
q

x (CE @ Dy (25 ). (47)

where ) - runs over both quark and antiquark flavors and
fi(xg.pp) and Dy, ;(zy,pp) are the usual unpolarized
collinear parton distribution function and fragmentation
function at the scale p;, = ¢y/b,. We emphasize that the
above C-coefficients are the same for all TMD schemes if
hard factors H, F ¢» and f)q are absorbed in their definition.
In particular, in the Ji-Ma-Yuan scheme, the p dependence
in H of Eq. (17), F, in Eq. (33), and D, in Eq. (34) are
cancelled out. In the Collins-11 scheme when the hard
factor H is absorbed in the definition of C-functions,
C-functions become process dependent and equal to those
of the standard CSS scheme. The final expressions for
CS™PIS and CS™P'S do not depend on p, and they are the same
in the Collins-11 scheme, which are also the same as those
used in the CSS literature [77-79],

C(SIIS) (%, )

Fyy(Q:b) = e=Sml@b)=SW QO Fy(b,),  (45) anl
Ay CF
with the nonperturbative form factor decomposed into the =044 {5(1 —x)+ T (? (1=x) =2Cr5(1 - x))} ’
distribution and fragmentation contributions, (48)
SIS (0, b) = SLp(Q. b) + Sep(Q,b),  (46) siois) o,
Coy (%, pp) = —Tgx(1 — x), (49)
which should be determined from the global fit to the d
SIDIS, ete~, and Drell-Yan data. In the standard CSS
|
~(SIDIS a, (C
C:(u_q N(zop) = 844 {5(1 -2) +— ({(1 —2) =2Cp8(1 —2) + Py y(2) lnzﬂ, (50)

~ A c
ey =% (Lot Pyng). 1)

Of course, there is a freedom to have a separate hard factor
in Eq. (45), so that the above C-coefficients will be
modified accordingly; compare to Egs. (39), (40), (41),
and (42). This is referred to as scheme dependence [46] in
the CSS resummation.

|
For the nonperturbative form factors, we will follow the
parametrization of Ref. [44],

SUPS(0.b) = gy In (bﬁ) ln(Q%> + <gq +Z—§> b2, (52)

where Q3 = 2.4 GeV?, for the spin-averaged contribution.
In the above parametrization, the parameters g, = g,/2 =

0.106, g, = 0.84, and g, = 0.042 (GeV?) have been
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determined from the analysis of SIDIS and Drell-Yan
processes in Ref. [44]. In the fit of Ref. [44], it was found
that the nonperturbative form factors do not depend on x.
We will use the nonperturbative factor of Eq. (52) in
this paper.

2. Collins structure function with evolution

Now, we turn to the Collins effects contribution to the
single transverse spin asymmetry in SIDIS. We start again
from the factorized TMD expression in the b space [49,80],

o 7 q(sub
Fco]lins(Q; b) = Ze?]h?( )<xB, b;/ﬁ QM)
q

x Hif ™ (2, by p. C)H p. O /). (53)

where iz? is the TMD quark transversity distribution and
H, /4 1s the Collins fragmentation function in the b space
and is defined (omitting scale dependence) as

I:I_tha/q(Zh?b) :/JzPle_ipi'bPi’Hth/q(Zh,PL)- (54)

Here Hy, y ;(2ns p1) s the quark Collins function as defined

in Ref. [52], which differs by a factor of (—1/z;,) from the
so-called “Trento convention” [81],

1
Hllh/j(zh’pl_) = __Hllh/j(zhva_NTrento? (55)
Zh

PHYSICAL REVIEW D 93, 014009 (2016)

with p | the transverse component of the hadron with
respect to the fragmenting quark momentum.

The following model-independent relation of Collins
fragmentation function H7;, / q(zh, p.) and a twist-3 frag-

mentation function of quark flavor ¢ to hadron £, H f/q (zn),
can be obtained [52]:

2
i) = [ep a0, 56)

One often defines the following so-called first moment of
the Collins fragmentation function:

L Pl
th(/J) (Zh) Trento — / dzpj_ ZZ%,M%, Hf_h/j (Zh? pJ_) |Trent0'
(57)
We thus find that
£73 1(
Hﬁl/é(zh) - _ZZMhth(/j' (Zh)|Trento' (58)

It is straightforward to show that & 23/)](@1) can be written as

H® o [dE e ] at D e pat (- -
nj(an) = n'zy [ et s o Tro® (0] D] + . d¢=gF** (&7) |y (§)1PyX) (P X[ (0)[0) + Hee. o, (59)

where we have chosen the gauge link in Eq. (59) going
to +oo and F* is the gluon field strength tensor and we
have suppressed the gauge links between different fields
and other indices for simplicity. Since the Collins function
is the same under different gauge links [14,82,83], we shall
obtain the same result if we replace +oco by —co in the
above equation.

|

|

The TMD evolution for the quark transversity and
Collins fragmentation functions have been derived in the
literature [21,29,40,49,54]. When expressed in terms of
the collinear transversity distribution h{(xz) and the

twist-3 fragmentation function I:If/)q(zh) they can be

written as

~ g(sul 1 _ hy ~ /
7O (xg. b.p; Q. Q) = e Hwn(@LISHCIH, (a,(0))5C .y ® h (x5 115). (60)
ry(sub) La —ib” _1 _¢P ~ N PN
H(lh/bq)l (Zh, b,p, QZ’ Q) — ( 2Z )e éspcn<st*) SNllz (Q’b)HC (aS(Q))éch—q ® H](:’/)q/(zh’”b)v (61)
h

where again the scheme dependence is in the functions H; 4(as(Q)) and H, (a,(Q)). They equal 1 up to one-loop order in
the Collins-11 scheme. The C-coefficient functions are found to be

5Cq<—q’ (x»,ub) = 5q’q[5<1 - x) + O(“?)]? (62)
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5CS) (2, py) = 5, [5(1—z)+ (Péeq()an)}
(63)

where the function P¢

4—q(2) has the following form, see
Eq. (A6):

R 2z 3

P =Cp|l————+=6(1 —-2)|. 64
@) = Ce [+ 300 -0 (6
Substituting the above results into the factorization

formula, we obtain the final result for F%; = as
[21,29,40,49,54]

. —ib® .
F?ollins(Q; b) - < 2Zh )e_spe"(g'b o SI%I]PS”‘"S(Q b)FCOHins<b*),

(65)

with Fcollins(b*> given by

Zeg (6C

q

SIDIS ~(3
x (5C) @ 1Y) (2o my)). (66)

Fcollins(b*> = q<i ® hl] (vaﬂb>)

The convolutions are defined in Eqs. (37) and (38), and the
relevant coefficient functions up to the first order in a;
[compare to Eq. (63) to determine the relation to hard factor
H] are given by [52,54,64,79]

a?
SCL (@t (e t) = 3,14 | (1 =) = (=2C o1 ‘x))} :
(67)
5y (2. mp)
=6,,|6(1-72) +& (P;<_q( )Inz = 2Cps(1 - Z))]’
(68)

where again the above C-coefficients contain the contri-
butions from the hard factors in the TMD factorization. The
hard factor is given in Eq. (A19) for the Ji-Ma-Yuan scheme
and in Eq. (A20) for the Collins-11 scheme.

To achieve the evolution at the NLL order, we have to
evaluate both the transversity h{(xp, u;) and twist-3 frag-

mentation function H Ef/)q (z, 1p) up to the scale p;, = ¢/ b.,.

The evolution for the quark transversity is well known
[84-87], and we will use the leading-order result

PHYSICAL REVIEW D 93, 014009 (2016)
9 ax , . .
Oln y? hi(xp. 1) = 2,,/ — Pelg(R)n{ (xp/% 1), (69)

where the splitting kernel

Pl = G| 2+ 300-0]. 0

%)

Note that, since gluon transversity distribution for nucleons
does not exist [3], the quark transversity 47 does not mix
with gluons in its evolution and it evolves as a nonsinglet

quantity. On the other hand, the evolution equation for A f/}

was derived in Refs. [52,62] and has a more complicated
form. However, if we keep only the homogenous term, we
can write down the evolution equation as [52,62]

0 A0 dz .
SHY) (2, Spe_(2)
Finge ok 2;:/@ 14 (%)

) (24/2. ).
(71)

where the splitting kernel Pq<_q of the homogenous term
is given in Egs. (A6) and (64) and is the same as that for
the evolution of the quark transversity function, as pointed
out in Ref. [62]. We will take this approximation in our
numerical studies below. In order to differentiate from the
complete NLL accuracy, we will call it NLL' or approxi-
mate NLL.

For the nonperturbative form factors, we follow the
parametrizations of Ref. [44],

b 0 In = Ye
SIS\IIIPCISIImS(Q’ b) =0 In (b—) In (Q_0> + <gq + hzi ) bz’
(72)

where we assume that the quark transversity follows the
same parametrization as unpolarized TMD but introduce an
additional parameter to constrain the p | dependence in the
Collins fragmentation. Therefore, g. will be a free param-
eter in the fit. It is also worthwhile to emphasize that
the In Q/Qy-dependent part [i.e., g, In(b/b,) in our for-
malism above] is universal for all processes in the initial
CSS formalism [20,21] as well as in the recent TMD
formalism of Ref. [22]. The other contributions in the
nonperturbative Sudakov form factor are Q independent
and can be associated with corresponding TMD distribu-
tion and fragmentation functions at an initial scale; see,
e.g., Refs. [22,42].

Finally performing Fourier transforms in Egs. (9) and
(10), we obtain the expressions for both spin-averaged
and spin-dependent structure functions in the transverse-
momentum space as
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1
Fuy(Q:Pyy) = Z—g/o

h

 dbb
(27)

; 1 1  dbb?
Fm (n+bs) P _ (_ _) /
o P =22 e

with J; the usual Bessel functions.

Let us comment at this point about the usage of relations
to collinear distributions in the structure functions F in
Egs. (47) and (66). One could in principle solve evolution
equations starting at a particular scale Q, instead of
introducing dynamical scale y;, « 1/b and try to extract
unknown functions, such as the Collins fragmentation
function or transversity, directly from the data without
relying on collinear or twist-3 functions. However, such a
method has certain difficulties, both theoretically and
phenomenologically. The theoretical difficulty consists in

the fact that if one starts from a fixed scale Q, then the F
function will have potentially large logarithms of the type
In(bQ,) which are obviously not present in the y;, method
due to the choice of y;, ~ 1/b. Phenomenologically it might
also be difficult to model the unique x, z, and b dependence
as contained in the collinear function f(x,pu,), which
further builds in some dependence on the collision energy
[38]. Presently there are no successful descriptions of
experimental observables simultaneously at both low and
high energies that use the method with fixed starting scale
Qp- The method with the fixed starting scale can be applied
for processes where the measured scale Q is similar to Q,,
namely for processes where the most important contribu-
tion in the cross section comes from b ~ 1/Q ~ 1/Q,. An
example of such a description is a fit of Sivers functions in
Refs. [41,88]. In our case, the characteristic scales of SIDIS,
0% ~2.4 GeV?, and ete™, Q% ~ 110 GeV?, are substan-
tially different. It means that the regions of b explored are
different and one needs to accurately take into account the
correct b dependence of TMDs. That is why in this
extraction we will use relations to collinear distributions,
fragmentation functions, and twist-3 functions.

By applying the CSS formalism, we utilize the well-
established framework of the collinear parton distribution
and fragmentation functions to parametrize the TMDs at
the input scale. For the unpolarized case, this is an obvious
advantage because of the existing global fits for the
integrated PDFs. For the Collins fragmentation function
case, it is also easier to parametrize TMDs in terms of the
collinear twist-3 function, for which the usual DGLAP
evolution can be applied. Another important point we want
to emphasize is that there are DGLAP-type logarithms in
the TMD formalism when b is small. The CSS formalism is
the best way to resum these logarithms, by applying the
relevant scales (u;) in the associated integrated parton
distribution and fragmentation functions. This is an

Ji (Phj_b/Z]1)€_Spen<Q~,b*)

PHYSICAL REVIEW D 93, 014009 (2016)

Jo(Phlb/zh)e_S"“"(Q'b*)_szlgls(Q'b)FUU(b*)’ (73)

_gsIDIs

NPcollins(Q’b)Fcollins(b*), (74)

important step to help the theory convergence in the
perturbative calculations.

B. Collins azimuthal asymmetries in e*e~

In this section we present the formulas for the Collins
azimuthal asymmetries in back-to-back dihadron produc-
tions in ete~ annihilations,

et +e > hy +hy+X, (75)

with center of mass energy S = Q> = (P,+ + P,-)? and the
two final state hadrons with momenta P,; and P,
respectively. We further identify the longitudinal momen-
tum fractions: z;,; = 2|Py,;|/ Q. Therefore, z,,; represent the
momentum fractions in the fragmentation functions which
describe the fragmentation processes. Ideally, at leading
order these two hadrons are produced in a back-to-back
configuration. However, the gluon radiation and transverse-
momentum dependence in the fragmentation processes will
generate a nonzero imbalance between the two hadrons.
To describe the near-back-to-back imbalance between
the two hadrons in e"e~ annihilations, the TMD factori-
zation can be used to calculate the differential cross
sections. In particular, the Collins fragmentation function
will lead to cos 2¢p azimuthal angular asymmetries between
these two hadrons. In the literature, there are two proposed
experimental methods to investigate the Collins effects in
this process: (1) one is to define a thrust axis in eTe”
annihilation and measure the relative azimuthal angular
correlation between the two hadrons in the two back-to-
back jets, which is referred to as A, asymmetries; (2) the
other is to use one hadron as a reference to define the
azimuthal angle of another hadron (in the back-to-back
configuration), which is referred to as A, asymmetries. In
the former case, we will have to measure two azimuthal
angles ¢; and ¢,, and the Collins effects lead to an
azimuthal asymmetry proportional to cos(¢; + ¢),
whereas in the latter case only one azimuthal angle ¢ is
measured, and the Collins asymmetry appears as cos(2¢y).
In the naive TMD factorization (Born level), both asym-
metries can be formulated in terms of the Collins frag-
mentation functions for the hadrons. However, only for the
second case, we can immediately generalize a QCD
factorization in terms of the TMDs. For the first case, a
certain modification has to be made to have a QCD
factorization formula. The reason for this complication is
that, in order to describe the case of method 1, one has to
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FIG. 2.
method 2.

*+e” = h +h,+X process in the frame of

define the jet direction, which is beyond the usual situation
of the TMD factorization such as the TMD factorization in
SIDIS and Drell-Yan lepton pair production.

In this paper, as a first step, we only consider the second
case for the Collins asymmetries in e e~ annihilations. In
this measurement, see Fig. 2, the transverse-momentum
dependence is measured for the hadron (%) relative to the
direction of hadron (4,). The total transverse-momentum
dependence comes from the TMD fragmentation functions
for hadron £, and hadron #,, plus the soft factor generated
from the soft gluon radiation. Again, we focus on the low
transverse-momentum region, where TMD factorization is
appropriate and reads [89,90]

d506+e‘—>h|h2+X
dz;,dz;,d* P, d cos 0

N IO,

20°

[(1 4 cos20)Zu" + sin0 cos(2¢) Z112 ],

collins

(76)

where 6 is the polar angle between the hadron £, and the
beam of eTe™; ¢, is defined as the azimuthal angle of
hadron 7, relatlve to that of hadron #4,, i.e., of the plane
containing hadrons &; and h, relative to the plane con-
taining hadron /4, and the lepton pair (see Fig. 2); and P, |
is the transverse momentum of hadron /4, in this frame. We

can rewrite the contribution corresponding to chﬁfm in
Eq. (76) in the following form,

sin’0 COS(2¢0)ZhlhA2 = sin 9(2611"/j giﬁ)zhlhgaﬁ (77)

collins collins *

where the unit vector ¢, represents the transverse direction
of the hadron in the hadron frame and is defined in Fig. 2.
The tensor structure of this term leads to cos 2¢), azimuthal
asymmetries between the two hadrons.

PHYSICAL REVIEW D 93, 014009 (2016)

The structure functions Zu,‘, > and Z""  have the

collins
following form,

h h d2b hih
1 z(Q PhJ.) / zP,u b/z”Z 2(Q b)
o) (2n)?
+ Yuu(Q;PhJ_)v (78)

1 d*b
h h hih
colhzr?sﬁ(Q PhJ.) / (27[> elPhL b/ZhIZcolhzriﬂ(Q; b)

+ Y ehine(Q3 Pyr), (79)

where the first term depends on the TMD fragmentation
functions for the two hadrons and dominates in the
P, /7 < Q region and the second term dominates in
the region of P, /z,; 2 Q. For cos2¢, asymmetries, we
have an additional contribution from gluon radiation [89]
associated with spin-averaged fragmentation functions.
This contribution does not depend on the Collins fragmen-
tation function and is proportional to P37, /Q?. It will
become important at relatively large transverse momentum
and should be included in the above Y terms. However,
in the following, we only consider the low transverse-
momentum region P;,; <« Q, where this contribution is
power suppressed as compared to the Collins contributions.
In addition, in the experimental measurements, the double
ratio of the cos2¢ asymmetries are reported for dihadron
correlations in e" e~ annihilations, where this contribution
is cancelled out. Therefore, in the following analysis, we
will include neither the contribution from gluon radiation
independent of the Collins FF nor the Y term.

1. Experimentally measured Collins azimuthal
asymmetries in e*e”

Let us now discuss the definitions of the asymmetries
associated with Collins fragmentation functions in the
actual experimental measurements. The Collins function
generates cos 2¢) modulation in the et e~ cross section; let
us rewrite Eq. (76) as follows:

d566+€_—>h1 hy+X
dzhldzh2d2Phldcos6’
ﬂNL em

_T(H'COS Q)Zﬁbhz'Rh‘hz(ZM,thﬁ,PhL), (80)

22 hihy
sin“0 Zcollins

1 +cos?0 zhh
(81)

R (thth,e, Phj_) =1 +COS(2¢0)

One could also define analogously the P, -integrated
modulation
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sin?@ [ dP, Py Zi
1 +cos’0 [dP,, P, Zu"

RMM (21, 210, 0) = 1 4 cos(2¢h)

(82)

In order to eliminate false asymmetries, BELLE and BABAR consider the ratios of unlike-sign “U” (z*z~ + 7~z ") over
like-sign “L” (z*zt + z~7~) or charged “C” (z*z" + n~n~ + n"n~ + n~x") pion pairs. In our formalism, they can be

written as follows,

RY(zp1. 22, 0. Pp1) - (sin’0) Zgoting _ Zotins
7 1 + cos(2¢y) 3 g llins ),
R*(zp15 22, 0, P (1+cos?0) \ ZY, zE,

RY(zp1, 22, 0. Pi1) - (sin’0) [ Zioing chollm
¢ 1 + cos(2¢y) > > lins |,
R (zp1, 2n2, 0, Pp1) (1 +cos“0) \ Z., 4

uu
and likewise for the P -integrated modula,

RU(Zhl,thﬁ)

=14 cos(2¢
R™(zp1. 212, 0) (20)

<Si1’129> (f dPhJ_PhJ_Zcolhns fdPhJ-PhJ-Zcolhns>
<1 + cos?6 fdPhlPhLZuu fdPhLPhLZuu

RU(ZM, Zh2s 9)
RC(Zm,th,e)

in”0) dP Py, ZY dP, P, 7Z
21‘|‘COS(2¢)O) <S1n > (f hLl” hl%collins f hif hl colhns)

(1+cos?0) \ [dP,, P, Z5, [dP,, Py, ZE,

where the relevant functions are given by

U — 7nn~ nat L — 7atnt T C — 7U L
Zuu = Zuu =+ Zuu s Zuu = Zuu =+ Zuu s Zuu = Zuu + Zuu’
U atn 7t L atnt T o — 7U
Zcollins - Zcolhns Zcolhns’ Zcollins - Zcolhns + Zcolhns’ Zcolhns - Zcollins + Zcol]ms‘

Experimentally measured asymmetries AYL and A€ are then given by

(sin’9) [(ZY zZE
AV (zn1+ 22,0, Pry) (1 + cos20) ;’;}'m - ;ihm ,
uu uu

(sin’0) [(ZU ZE s
A(I)jC(Zhl,th,G,PhL) {1 + cos20) ;’B““— ;’2“‘5 )
uu uu

(sin® 0) <f dPy Py Zyys [ dPuLP hlZcolhns)

AUL , ’9 =
0 (Zhl <h2 ) <1 + COS2 9> fdPhLPhLZuu fdPhLPhLZuu

(sin” ) <f APy PhiZins [ dPiLP hLZcoums)

A (zp1 2z, 0) =
0 (n-242:9) (1+cos?0) \ [dP, Py, ZY, [dP, Py, ZE,

2. Structure functions in e*e~ with QCD evolution

hihy

; ; hyhy 1
Corresponding structure functions Zy;, > and Z_} 2 o

2
2@ Pu) = - [ e P2t @)

Zhl 27 )

1 dzb iP. b S B C h hyafp
colhns(Q Phl) /(271_) elPhL bl (2P(hLP€ giﬁ) colhznls/ (Q b)
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(89)

(90)

o1

(92)

are defined as Fourier transforms of structure functions in b space,

(93)

(94)
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where we only keep the term dominant in the low transverse-momentum region. According to the TMD factorization, we
can write down

~ ub

zZhh (o E e2D;/q Zn, b, u)D h/q(zhz,b O Hi (O3 ), (95)
Shihya Laf( 5ub . ete” .
Zhb (g E 2H1h /q N(znt, b, G p)H 1;,(/— (2n2: b, $o3 1) Hoiin (O3 1) (96)

where again {; and p are parameters to regulate the light-cone singularities in the TMD fragmentation functions:
{2 = (2u; - Py;)?/v? and p* = (20, - v,)?/v}v3. One-loop calculations can be performed for the above observables, and
the relevant hard factors shall follow those in SIDIS calculations. In particular, for the Z,, term, the hard factor is the
same as that for Drell-Yan lepton pair production, which differs from SIDIS. This happens because in e™e™ annihilation,
the virtual photon is timelike g > 0, the same as that in Drell-Yan process, whereas in SIDIS, the virtual photon is
spacelike g> < 0. Because of the spin independence of hard interaction in perturbative QCD, the hard factor Z;, Will
be the same as Z,,,

eTe (JMY ete” (JMY
Hcollin(s )(Q;:u) = Hu ( )(Q;ﬂ) =

2
asz(/‘) CF |:an_+ ll'lp In Q_z_lnp2 + 1n2p + 27[2 _4:| s (97)
y/4 H

in the Ji-Ma-Yuan scheme. For the Collins-11 scheme, we will obtain similar results:

collins

o (JCC)(Q ) = Hfme (JCC)(Q W =1+ 2( )CF|:31 g—z—ln <Q2> 4 _8} (98)

|
Following the previous section, we first derive the  Again, the energy evolution effects are explicit in ex-
evolution results for the TMD unpolarized and Collins  ponential factors, and
fragmentation functions and substituting the results into

the above factorization formulas of Egs. (95) and (96) and ijuh’ Zeq il ® D, /l( Znis Hp)
obtain q :
x (EY) @ Dy, iz p 101
Zfzuhz(Q;b) = ¢~ Spen(Q:0.)=S (Qb)Zh hz(b ), (99) ( i " h2/1< 2 p)) (101)
h hap t’:loﬁins Zeq 5C1<e—; ® I:[Ei)/i(zhl’”b))
collzgs (Q b)
—ib*\ [—ibP x (617 A 102
= (21b ) (Zlb )e Pen(Qb) NPcollms(Q (}:lol}ﬁns(b ) ( ]<_CI ® hZ/j(th ﬂb)) ( )
b4 ¥4
" " where the convolution is defined in Eq. (38) and the
(100) coefficient functions read
|
ete C
) m) = 0y, 301 =)+ 2 (L1 =2+ Py ez + L2 - 90301 -2)) | (103)
~(ete™ C
CY ) (zopy) = = <7Fz +P, ,(z)In z>, (104)
ete c C
5CE1<_,]>(Zaﬂb> =6y, [5(1—z) (Pq&q( )an-i-T(ﬂ —-8)6 (l—z)>] (105)

with the functions P, P,,, and fof&q given in Egs. (43), (44), and (64), respectively. Again, the above C-coefficient
functions contain the contributions from the associated hard factors in the TMD factorization, similar to the case of SIDIS in
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the last section (see the Appendix for detailed derivations).
On the other hand, the nonperturbative form factors are
parametrized as

th

Sf\]}e 00 = 1n<b> <QQO> " (Zghhl
(106)

. b
SIe\IPecollmq(Q b) =9 ll’l< ) (QQ()>

+<g”; Je ¢ I ”)bz, (107)
Zh1 o

where we have utilized the universality arguments for these
parameters. Performing Fourier transforms in Egs. (93) and
(94), we have

- 1 [ dbb
wi (O3 Pyy) = Z%u . (27) = Jo(Prib/zn)

x e~Sn(@b)=S T (@) Zhx () - (108)
1 1 © dbb?
i
P J>(P, b/z
collms(Q hJ_) Zhl 4Zh1th/0 (271) 2( hl /Zhl)

X e_SPen(Q’b*> NPcolllm(Q b h hz (b )

colhns
(109)

with J, the associated Bessel function.

III. GLOBAL FIT WITH TMD EVOLUTION

A. Parametrizations

As we have seen in previous sections, we have two
unknown functions to be extracted from experimental data:
collinear transversity distribution AY and collinear twist-3

fragmentation function 121513/)[]. The QCD evolution of both
functions is known, and the x dependence of h‘{ and z
dependence of I:If/)q at the initial scale Q, should be

parametrized.
In the global fit, we parametrize the quark transversity
distributions as

b, (aq—l—b )a i Ty

q q
aqb

x5 (715 00) + g1 (v, ).

h(x, Qo) = NZx“q(l — x)ba

(110)

at the initial scale Q, for up and down quarks ¢ = u, d,
respectively, where f{ are the unpolarized CT10 next-to-
leading-order (NLO) quark distributions [91] and g7 are the
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NLO de Florian, Sassot, Stratmann, Vogelsang (DSSV)
quark helicity distributions [92]. In our parametrization
we enforce the so-called Soffer positivity bound [93] of
transversity distribution at the initial scale. This bound is
known to be valid [60,61] up to NLO order in pertur-
bative QCD. A possible violation of the Soffer bound
was predicted in Ref. [94], so it is very interesting to
determine phenomenologically if there are signs of such
violation in experimental data. Many extractions of
transversity, for instance those of Refs. [17,18], indeed
show saturation of the Soffer bound for d-quark trans-
versity. These possible violations happen in the region of
large x, and thus future Jefferson Lab 12 data will allow
us to shed light on the validity of the Soffer bound.

In this study, we assume that all the sea quark trans-
versity distributions are negligible. With more data avail-
able in the future, we hope we can constrain the sea quark
as well, in particular, with the Electron-lon Collider. We
leave estimates on possible nonzero sea quarks transversity
distributions for future publications.

Similarly, we parametrize the twist-3 Collins fragmen-
tation functions in terms of the unpolarized fragmentation
functions,

3)

I,\{E‘av(zﬂ QO) :N(I;Za”<1 _Z)/jan:*/u(Z’ QO)’ (111)
AS)H (2. Qp) = Noz(1 = 2Dy 14z, Qp).  (112)

which correspond to the favored and unfavored Collins
fragmentation functions, respectively. We also utilize the
newest NLO extraction of fragmentation functions [95].
The new de Florian, Sassot, Stratmann (DSS) FF set is
capable of describing pion multiplicities measured by
COMPASS and HEMRES collaborations. In fact it is the
only set of fragmentation functions that accurately
describes COMPASS and HERMES data. The quality
of the global fit improved from y?/d.o.f. =2.2 for the
previous DSS NLO fit [96] to y?/d.o.f. = 1.2 for the new
NLO fit [95]. Extractions of leading-order (LO) FFs [96]
have yielded a much less satisfactory description of the
available pion data, and thus NLO sets ought to be used in
extractions of TMDs. NLL accuracy allows us to utilize
this set at NLO. We have verified that results presented
here are in complete agreement with the previously
published extraction of Ref. [19].

The rest can be obtained by applying the isospin
relations. We also neglect the possible difference of the
favored/unfavored fragmentation function of &, d and u, d:

A

ﬁlfz:i)/ﬁ(z’ QO) = Hﬂ /u(Z QO)
= Hlf/[_l(z’ Qo)
= Huni(z. Qo). (113)
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(114)

Strange quark fragmentation deserves additional attention.
Fragmentation of strange quarks to hadrons is different
from just “unfavored” fragmentation functions, such as
D+ /5, and in order to take this into account, we will
parametrize the strange quark unfavored Collins fragmen-
tation function as

A3 (2.00) = B, (z.00)

= Ngz(1 = 2)PDye s 5(2. Qg). (115)

We would like to emphasize that in the fit, we will solve
the DGLAP evolution equations for both the transversity
and Collins FF to the scale u;, = ¢y/b., in order to be
complete at the NLL' order. The numerical solution of
DGLAP equations is performed in x space by the HOPPET
evolution package [97]. The original code of HOPPET is
modified by us so that transversity splitting functions are
included, the initial scale for the evolution is chosen to
be Q3 =2.4 GeV?. and the HOPPET code is executed
using a,(Qy) = 0.327. In our numerical calculations, we
consistently use the two-loop order result for a,(u) with
ny =5 effective quark flavors and Agcp = 0.225 GeV
such that a,(M;) = 0.118.

For the nonperturbative form factors, we use the follow-
ing parameters from Ref. [44]: g, = g,/2 = 0.106,

g» = 0.84, and g, = 0.042 (GeV?). The NLL formula
has a large negative contribution coming from
CY o« —2C8(1 —x), see Eq. (48), and H) « —8Cp,
see Eq. (139); this makes the need for potentially large
K factors in the description of the data. We assume that K
factors will be largest in the lowest Q? region where a; is
relatively large. In fact the fits of SIDIS and Drell-Yan data
of Ref. [44] revealed Kqppg~2 for COMPASS and
HERMES and Kpy ~ 1 for Drell-Yan data. In asymmetry
K factors cancel, so we will not use them in present
analysis.

The existing experimental data do not allow us to
determine precisely shapes of all polarized distributions
in coordinate space, and we make a simplifying assumption
and allow for the Collins fragmentation function to modify
its shape with respect to unpolarized fragmentation dis-
tributions and have g, as a free parameter in the fit.

Therefore, we have total of 13 parameters in our global
fit N%, N a,, a4, b,, by, NG, NS, a,, aq, Bq» B and
ge (GeV2).

PHYSICAL REVIEW D 93, 014009 (2016)

B. Experimental data

Let us also discuss available experimental data. In this
paper we extract Collins fragmentation functions for pions
and transversity distributions for u, d and favored/unfa-
vored Collins fragmentation functions for pions. Thus, we
will select the data involving pion production only.

The HERMES Collaboration measured Collins asym-
metries in electron proton scattering at the laboratory
electron beam energy 27.5 GeV in production of z*, 7™,
and 7° [98]. The data are presented in bins of xz, z;, and
P, |, respectively. Clear nonzero asymmetries were found
for both #* and #~. Large negative asymmetry for 7~
suggests that unfavored Collins fragmentation function is
big and not suppressed with respect to the favored one.

The COMPASS Collaboration uses a muon beam of
energy 160 GeV and have measured Collins asymmetries
on both NHj (proton) [99] and LiD (deuterium) [100]
targets. The data are presented as a function of xp, z;,, and
P, . Results on the proton target are compatible with
HERMES findings, and asymmetries are found to be
compatible with zero on the deuteron target. The beam
energy of COMPASS is higher than the energy of
HERMES, and thus COMPASS reaches lower values of
xp ~ 1073, For each point in xj, the scale Q7 is higher at
COMPASS as one has Q? = sxy. Both experiments con-
sider 0> > 1 GeV? in order to be in the perturbative region.
The energies of y*p are also constrained as: W? >
10 GeV? for HERMES and W? > 25 GeV? for
COMPASS in order to be outside of the resonance region.
The COMPASS Collaboration considers the z;, > 0.2
region, and the HERMES Collaboration uses 0.2 < z;, <
0.7 in order to minimize both target fragmentation effects
and the exclusive reaction contribution. All other exper-
imental cuts are described in Refs. [98—100].

Jefferson Lab’s HALL A published data of z* pion
production in 5.9 GeV electron scattering on the *He
(effective neutron) target [9]. Jefferson Lab operates at
relatively low energy and reaches higher values of xz ~ 0.35.

Information on Collins fragmentation functions is con-
tained in ete™ at the energy /s = 10.6 GeV data of the
BELLE [12] and BABAR [101] collaborations. Note that a
usual feature of TMD evolution is widening of distributions
with the increase of the hard scale. Thus, it is very
important to check our knowledge against available data
on P, distributions and corresponding P;,, dependencies
of asymmetries. For this reason, we include BABAR [101]
data on P;, dependence in our fit. We will also present
predictions of P;,; dependence of the unpolarized cross
section that will be the ultimate test of the model. As we
mentioned in Sec. II B, we will use A, data on Collins
asymmetries in ete™ in our fit. Both the BELLE and
BABAR collaborations require the momentum of the virtual
photon P;,| /z;; < 3.5 GeV in order to remove contribu-
tions from hadrons assigned to the wrong hemisphere, and
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it also helps to remove the contribution from gluon
radiation. The analysis of BELLE is performed in
(zn1,212) bins with boundaries at z,, = 0.2, 0.3, 0.5, 0.7,
and 1.0. The BABAR Collaboration chooses 6 z;; bins:
[0.15-0.2],[0.2 - 0.3],[0.3 = 0.4],[0.4 — 0.5],[0.5 = 0.7],
and [0.7 — 0.9]. A characteristic feature of the asymmetry is
growth with z,,;, which is compatible with the z;; depend-
ence of the theoretical formula, and the asymmetry should
vanish in the limit z;; — 0.

C. Fitting procedure
We proceed with a global fit of SIDIS and ete™ data
using the MINUIT package [102,103] by minimizing the
total y2,

S (T,({a}) - E;)°
Flah) =) > o (16
i=1 j=1 J
for i =1, ..., N data sets each containing N; data points.

Experimental measurement of each point is E;, experi-
mental uncertainty is AE;, and the theoretical estimate, T';,

is calculated for a given set of parameters {a} = {N", N",
a,, a4, b, by, N, NS, a,,ay,Pa. Pu. 9.} We include both
statistical and systematical experimental uncertainties in
quadrature. Normalization uncertainties are not included in
this fit. We have in total N = 26 sets, of which Nqpg = 20
sets for SIDIS and N,+,- = 6 sets in e e~. The formalism
is valid for low values of P, /z < Q, so we include
only SIDIS data for P, dependence using a conservative
choice, P,; < 0.8 GeV. We also limit P, /z;; < 3.5 GeV
from BELLE [12] and BABAR [101] data following the

experimental cuts. The number of points is Noo'S = 140

and Nf;gl_ = 122. The number of fitted parameters, 13, is
adequate for fitting the total number of data points,
Niotal = 262. More flexible parametrizations will be
explored in future publications. In the fit we use the
average values of (xp),(z).(y),(Py.) for each bin in
SIDIS and (zj,;),(zp2),(Pp.1 ), (sin? @) /(1 + cos*@) for each
bin in eTe™.

We present an estimate at the 90% C.L. interval for the
nucleon tensor charge contributions and estimate errors on
our results using the strategy outlined in Refs. [104,105].
The method consists of exploring the parameter space {a; }
by exploring possible values of y? so that

({ai}) < xmn + A2 (117)

where Ay? corresponds to the so-called fit tolerance
T = \/Ay?. In the ideal case of uncorrelated measurements
without unknown sources of error and Gaussian errors of the
measured observables, the 68% C.L. corresponds to Ay? =
1 and 90% C.L to Ay? = 2.71. In the typical measurement
of asymmetries or other observables, one encounters either

PHYSICAL REVIEW D 93, 014009 (2016)

correlated measurements or some inconsistent data sets due
to uncontrolled experimental and/or theoretical errors. In
order to deal with those issues, the tolerance is changed with
respect to the standard values.

A very rough idea of a good fit of the data set that
contains N points is the resulting > being in the range of
N ++/2N. A more precise quantification of the allowed
tolerance or Ay? can be estimated by assuming that the
calculated y? follows the y2-distribution for N degrees of
freedom with the probability density function

s (2) o [5]

The most probable value is the 50th percentile &5, (compare
to the goodness of fit):

£so 1 )(2 N/2—-1 )(2
2 — —_— —— =
A dy ATN/2) <2> exp { 2] 0.5. (119)

This percentile is of order of N. The 90th percentile, &y, is
accordingly

Eo 1 P\ V2 7
2— — —_— =
Ad){ 2F(N/2)<2> exp [~ =09, (120)

The Ay? is defined then as

(118)

Ay = &g — &so- (121)
Analogously we can define
Axgs = Ees — Esos (122)

for 68% C.L. In our particular case with 13 fitting
parameters, we have N = N, — 13 = 249, &5, = 248.3,
and &y, = 278.0, and thus Ay? = 29.7. It is comparable to
V2N = 22.3. We also have AyZ, = 10.6.

For each set of experimental data i, the 90% C.L. is
defined as in Ref. [105],

>
X i
xi < < lmm)‘f%;

123
550 ( )

note that the value of &y is renormalized by )(lz min/ €50 due
to the fact that in the total global minimum y2. = >"? .
the value of 7 . may be away from the possible
minimal value.

In order to estimate errors on parameters and on the
calculation of asymmetries, we will utilize a Monte Carlo
sampling method explained in Ref. [72]. We are going to
generate samples of parameters {a;} in the vicinity of the
minimum found by MINUIT {a,} that defines the minimal
value of total 2. . In order to account for correlations in
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parameters and improve numerical performance, we will
generate correlated parameter samples using CERNLIB’s'
Monte Carlo generators CORSET and CORGEN utilizing
the correlation matrix found by MINUIT. We generate 135
sets of parameters {a;} that satisfy
2 2 2
x*(ai}) < xmim + 2%, (124)
with Ay? from Eq. (121). By definition these sets corre-
spond to the hypervolume in parameter space that defines
the 90% C.L. region. Any observable then will be calcu-
lated using these sets, and the maximum and minimal value
found will define our 90% C.L. estimate. This Monte Carlo
method underestimates the errors due to the limited number
of generated parameter sets (135). The errors on asymme-
tries and functions that we quote are thus estimates, and we
will use a more robust method to estimate the errors on the
tensor charge. Errors on the tensor charge will be calculated
using the evaluation of the y2-profile by varying parameters
of the model and careful analysis of the possible values.

D. Results

The resulting parameters after the minimization pro-
cedure are presented in Table I. Only the relative sign of
transversity can be determined, and we present here
a solution with positive u# quark transversity as in
Refs. [15-17,65,106]. Indeed transversity and helicity
distributions can be related via the boost and rotation of
corresponding operators; however, boost and rotation do
not commute in quantum theory, and thus these two
distributions are independent and in principle different. It
is unlikely that they differ by sign, and thus we choose the
same sign for u-quark transversity and u-quark helicity
distribution [92], which is positive. Transversity of the d
quark is negative. Favored and unfavored Collins FFs are of
opposite signs, indeed Nj, <0, N§ > 0, and of approx-
imately the same magnitudes. It means that the favored
Collins fragmentation function is positive and the unfa-
vored Collins fragmentation function is negative; see
Eq. (58). The corresponding sum rule [107,108] for
Collins fragmentation functions reads

1
ZZA thZhHllh(/l}(Zh”Tremo =0, (125)
nos,

which suggests the compensation of favored and unfavored
Collins fragmentation functions.

We observe that parameters that define the z dependence
of Collins FFs a,, and a, are different, and thus the z-shapes
of the favorite and unfavorite Collins FFs are different. The
same is true for transversity distributions; both the large-x
region controlled by b, and b, and the low-x region
controlled by a, and a, indicate that the x-shapes of

"http://cernlib.web.cern.ch/cernlib/.
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TABLE 1. Fitted parameters of the transversity quark distribu-
tions for # and d and Collins fragmentation functions. The fit is
performed by using the MINUIT minimization package. Quoted
errors correspond to the MINUIT estimate.

Nt =085+009  a,=069+004 b, =005=0.04

Nt =-1.0+0.13 a; =1794+032 b, =7.0042.65
N¢ =—-0262+0.025 a,=1.694+001 g, =0.00=+0.54
NG =0.195+£0.007 a;=032+£0.04 f,;=0.00=£0.79

ge = 0.0236 4 0.0007 (GeV?)
72 =218.407 22 /n.d.o.f =088

transversity for u and d quarks are different. It might be
well possible that the k| -shape of transversity and Collins
fragmentation functions is also flavor dependent; however,
the current experimental data do not allow us to determine
whether it is true or not.

The total y2. =218.407, and y?/ng.; = 218.407/
249 = 0.88. We calculate the goodness of fit using the
well -known formula [109]:

Xg)in ]
P(Z%in’nd.o.f.) =1 —A dlzm
.0.1.

5 7P\ aor /2] exp |- 7
2 2]

The goodness of fit describes how well it fits a set of
observables. In principle if the model adequately describes
the data, then one would expect y?/ng.; = 1. In case
1% /ndos > 1, the model fails to describe the data, and
7 /naosr <1 means that the model starts fitting the
statistical noise in the data. Notice that in our fit we
obtained y*/n4,; = 0.88, which means that the number of
parameters is adequately chosen. An attempt to extract
more information from the data, such as flavor dependence,
etc., would lead to y?/ng.; < 1. One of course can
estimate a number of different hypotheses, and we leave
those estimates for further publications.

We obtain that the probability that the fit indeed is the
underlying mechanism for the measured asymmetries is
P(218.407,249) = 92%. This gives us full confidence in
the presented results. It is very important to note that
we have used the data from two different processes
implementing appropriate factorization and evolution.
Thus, we have also presented phenomenological proof
that these processes, SIDIS and e*te™, are consistent with
TMD factorization.

The results of the fit including partial values of >
are presented in Table II for SIDIS experiments and in
Table 111 for e* e~ experiments. One observes that y? values
are quite satisfactory and homogeneous for both SIDIS,

Ko/ NS =0.93, and ete™, y%. /NG G = 0.72. The

total total

TMD factorization approach is describing data of both
SIDIS and e"e™ adequately.

(126)
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TABLE II.  Partial y? values of the global best fit for SIDIS experiments.
Experiment Hadron Target Dependence ndata 7 y*/ndata
COMPASS [100] P LiD X 9 11.16 1.24
COMPASS [100] - LiD X 9 9.08 1.01
COMPASS [100] Ve LiD z 8 3.26 0.41
COMPASS [100] - LiD Z 8 7.29 0.91
COMPASS [100] at LiD P, 6 419 0.70
COMPASS [100] - LiD P, 6 4.50 0.75
COMPASS [99] xt NH; X 9 21.46 2.38
COMPASS [99] - NH; X 9 6.23 0.69
COMPASS [99] at NH; 4 8 7.80 0.98
COMPASS [99] - NH; Z 8 10.29 1.29
COMPASS [99] xt NH; P, 6 3.82 0.64
COMPASS [99] - NH; P, 6 3.85 0.64
HERMES [98] xt H X 7 5.37 0.77
HERMES [98] n~ H X 7 12.61 1.80
HERMES [98] a H z 7 3.04 0.43
HERMES [98] n” H z 7 3.23 0.46
HERMES [98] at H Py 6 1.60 0.27
HERMES [98] a H P, 6 4.82 0.80
JLAB [9] a SHe x 4 3.90 0.98
JLAB [9] - 3He X 4 3.11 0.78
140 130.65 0.93

The description of SIDIS data is very good. The data
span the energy range starting from P{{AB =359 to
PHERMES — 275, and to PLOMPASS — 160 GeV. The
resolution scale changes also in a relatively wide region,
1 <(Q% <6 (GeV?) for HERMES and 1<(Q?%) <
21 (GeV?) for COMPASS. One can see from Table II that
the description of the individual subsets is also very
satisfactory.

As we mentioned in Sec. I, it is very important to include
appropriate QCD evolution in order to be able to have a
controlled accuracy and adequate description of eTe™ data
that is measured at Q% = 110 GeV2. One can see from
Table III that both the BELLE [12] and BABAR [101] data
sets on A, are described well. Both methods UC and UL
from BELLE [12] and BABAR [101] appear to be consistent
with our description, and alsothe P,, dependence of

asymmetry is well described. We will give predictions
for P, -dependent unpolarized cross sections in ee™ in
the following section.

E. Transversity, Collins fragmentation functions,
and tensor charge

We plot transversity and the Collins fragmentation
function in Fig. 3 at two different scales, Q2 =10 and
1000 GeV2. In order to evaluate functions, we solve
appropriate DGLAP equations for transversity, Eq. (69),
and twist-3 collins functions, Eq. (71). Due to the fact that
neither of the functions mixes with gluons, these distribu-
tions do not change drastically in the low-x region due to
DGLAP evolution.

Transversity enters directly in SIDIS asymmetry, and we
find that the main constraints come from SIDIS data only;

TABLE III.  Partial y? values of the global best fit for e*e™ experiments.
Experiment Observable Dependence ndata Ve x*/ndata
BELLE [12] AYE z 16 13.02 0.81
BELLE [12] AY€ z 16 11.54 0.72
BABAR [101] AYE z 36 34.61 0.96
BABAR [101] A€ z 36 15.17 0.42
BABAR [101] AE P, 9 9.09 1.01
BABAR [101] A€ P, 9 4.33 0.48
122 87.76 0.72
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FIG. 3. Extracted transversity distribution (a) and Collins regimentation function (b) at three different scales, Q> = 2.4 (dotted lines),
2 = 10 (solid lines), and Q> = 1000 (dashed lines) GeV?. The shaded region corresponds to our estimate of the 90% C.L. error band

at 0% = 10 GeV?2.

its correlations with errors of the Collins FF turn out to be
numerically negligible. We thus vary only y3;ys and use
Aydips =222 for 90% C.L. and Aydp = 6.4 for
68% C.L. calculated using Eq. (123). Since the experi-
mental data have only probed the limited region
0.0065 < xp < 0.35, we define the following partial con-
tribution to the tensor charge:

dghl(0) = [ dhl(x.00). (127

In Fig. 4, we plot the y*> Monte Carlo scanning of SIDIS
data for the contribution to the tensor charge from such a

region and find [19]
160 F \

W 140

0O 01 02 03 04 05 06 0.7
& 10-0065035]

S5ul0.0065.035] — 40307008, (128)
Sdl00065.035] — _() 20028 (129)

at 90% C.L. at Q?> = 10 GeV?>. Analogously in Fig. 5, we
plot the y> Monte Carlo scanning of SIDIS data at
68% C.L. at Q> = 10 GeV? and find

Sul00065.035) — 1.0 30+004. (130)
5l00065035] — _0 204012, (131)

We notice that this result is comparable with previous TMD
extractions without evolution [15-17] and the dihadron
method [65,106].

Ve /

160 [~

e 140

1 1 1 1 1 1
-04 -03 -02 -01 0 0.1 02
& ([-0065035)

FIG. 4. y? profiles for up and down quark contributions to the tensor charge. The errors of points correspond to the 90% C.L. interval

at 0% = 10 GeV?>.

014009-20



EXTRACTION OF QUARK TRANSVERSITY DISTRIBUTION ...

140 -

130 -

0 0.1 02 03 04 05 06 0.7
& 00650351

PHYSICAL REVIEW D 93, 014009 (2016)

140 -

130 -
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-04 -03 -02 -0 O 0.1 02
& 000050351

FIG. 5. y? profiles for up and down quark contributions to the tensor charge. The errors of points correspond to the 68% C.L. interval

at 0% = 10 GeV?2.

Existing experimental data cover a limited kinematic
region, and thus a simple extension of our fitted para-
metrization to the whole range of 0 < xp < 1 will signifi-
cantly underestimate the uncertainties, in particular, in the
dominant large-xp regime. It is extremely important to
extend the experimental study of the quark transversity
distribution to both large and small xz to constrain the
total tensor charge contributions. This requires future

TV

[\
= 140t

0 01 02 03 04 05 06 07
Sul®!

experiments to provide measurements at the Jefferson
Lab 12 GeV upgrade [110] and the planned Electron-lon
Collider [4,111,112]. Nevertheless for completeness let us
present our results on the tensor charge calculated over the

whole kinematical region 6¢[*!,

sul®l = +0.391038, (132)

160 F

k(//

04 03 02 01 0 01 02
54"

FIG. 6. y? profiles for up and down quark contributions to the tensor charge in the whole kinematical region. The errors of points

correspond to the 90% C.L. interval.

140

0O 01 02 03 04 05 06 0.7
[0,1]
du

140

130

04 03 -02 01 0 01 02
54"

FIG. 7. y? profiles for up and down quark contributions to the tensor charge in the whole kinematical region. The errors of points

correspond to the 68% C.L. interval.
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8d = —0.22103 (133)
at 90% C.L. and

sul®! = +0.397507], (134)

8d = —0.227004 (135)

at 68% C.L., both at Q> = 10 GeV?, as shown in Figs. 6
and 7. The tensor charge for the u quark can have a bigger
contribution with respect to the d quark from the unex-
plored region of x according to our estimates.

Fyy(Q: Py, ) = Hsipis (Q. 1 = Q)

P (¢+4s) (Q:Py1) = —Hsipis(Q. 1 = Q)Zef,/

q ki.py

DY
0)> ¢ / (2P,

PiL,P21

hh?(Q P, ) = H,-

hih
chl)llizns(Q;PhL) = He*e‘(Q H =

where we have set the factorization scale y = Q, the
evolution effects have been fully taken into account in the
TMDs; and f{(xp,k%;0Q), hi(xp.k3;0), Diyy(2. P35 Q)
and Hy, (2, p7;Q) are the transverse-momentum-
dependent unpolarized parton distribution function, quark
transversity, unpolarized fragmentation function, and the
Collins function at the scale 4 = Q and ¢ = Q?, respec-
tively. These TMDs are also understood as the soft factor
subtracted TMDs.

The short-hand notations for the integrations have the
following explicit forms:

/ E/dszdsz(Sz(Zhiél +Z7L —i)hL)y (137)
ki.py

> > - Znl
/ = / d*pi1d*p;, & (PhJ_ —PiL— P21 —>
Pi1:P21 Zh2

(138)

As discussed in Sec. II, the TMDs and the associated hard
factors depend on the scheme to regulate the light-cone
singularities. However, in the final results for the structure
functions, this scheme dependence cancels out between the
TMDs and the hard factors. In the following, we present the
results in the Collins-11 scheme [22]. The functions that

PHYSICAL REVIEW D 93, 014009 (2016)

F. TMD interpretations of our results

As we mentioned in the Introduction and elaborated in
Sec. 11, there exists a TMD interpretation of CSS results. In
particular the equations of the previous section that
represent the solution of evolution equations are quite
complicated. One might formulate the solutions of TMD
evolution equations for TMD functions directly, in such a
way that expressions will look very much like an extension
of a simple partonlike model, for instance used in
Ref. [113].

Let us start with writing the cross sections in terms of the
individual TMDs,

83/ f(l](vaki_a Q)Dh/q(Zhv Pi,Q>’
ki.py
ﬁhl ’ PL
h?(XB,kZ;Q) Mh ]h/q(zh pJJ Q)a

Dh/q(Zhl ) P%b Q)Dh/q(th» P%ﬁ 0),

plLHl

pa
M, 1h/q(zhl’p%J_;Q)AHllh/q(Zh%p%J_;Q)’

-7
+ My,

(136)

|
encode scheme dependence from Eqgs. (33), (34), (60), and
(61) are fq(as(Q)) =1, Dq(as(Q)) =1, qu(as(Q>) =
1, and H,(a,(Q)) = 1 at one loop. For all other schemes,
the results can be obtained accordingly.

In the Collins-11 scheme, the associated hard factors can
be written using Egs. (A20) and (98) as

Hgpis(Q. = Q) =1+ 2(Q) Cr(-8),
Heolon=0=1+2c, (25, (139)

The TMDs are Fourier transformations of the relevant
expressions in b space in Sec. II, Egs. (33), (34), (60),
and (61),

dbb
ik 0) = [T SR, @ fitsm)
x @ 3Spn(0:b.)-S{h(Q.5) (140)
o dbb .
h?<x’ ki’ Q) = (2 )J (klb) q<i ® hl] (x’lub)
X @ BSpn(Q:b.) =S\ (Q:) (141)
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1 A 1 _¢b
Dy, (z,p1:0) = ?A @JO(PLb/Z)C?Lq ® Dyyi(z. py) e 25ren(Q:02) Sxp(Q:0), (142)
l oo dbb2 in ~ (3 _1 __qcollins
M H'th/q(Z, pﬁ_, Q) = Z_2/0 —(47[Z> Jq (pr/Z) Clcf)_"q '® Hé/z(z,ﬂb)e 7Spert (Q.0.)—S3p (QJV)’ (143)

where the TMD evolution has been taken into account and one-loop results of F P f?q, 7:(1(1, and 7:{6 equal to 1 in the
Collins-11 scheme have been applied, and C-functions are given in Eqgs. (39), (40), (41), (42), (62), and (63). Using the

relation to Trento conventions of Eq. (58), we can write

w db b?

Wfl (p1b/z)6

I
PLygl (2 p2:0)=——
M /g% P13 Q) ZZA

© db b*

WJ] (p1b/2)d

PL . 1
ZM Hllh/q(zﬂ pi’ Q)|Trent0 :Z_z‘/o

We can also write explicitly the nonperturbative Sudakov
form factor Syp(Q, b) for all the TMDs discussed in our

paper,

S (0.b) = Sip(0.b) = (;’) 1n<QQO> T g b,

D, _% E Q 2
w(0:) = 21“<b*>1 <Q0> 2

. b 0 9n—9
Seollins b)) = &1 Inl = Jh JC b2, 148
NP (Q ) 2 n b* n QO + Z2 ( )

where we have assumed that the nonperturbative Sudakov
form factors are the same for f{ and A as a first study
following Ref. [17]. With the expressions for individual
TMDs given in Eqgs. (140), (141), (142), and (145), and the

(146)

(147)

1~

f,(x, b)

b (GeV)
(a)

FIG. 8.

lines), Q% = 10 (solid lines), and Q2 =

G @ H 1y (2) o (2. ) 5w (@IS0 (144)
R @ Hi ) (2) Iyeno(2, e @00=SE(@0) (145

|
fitted parameters in this section, we are now ready to
present all these TMDs as a function of both the longi-
tudinal momentum fraction (x or z) and the transverse
component (k; or p ).

In Fig. 8 we present the unpolarized u-quark distribution
f1atx = 0.1 as a function of b (left) and k| (right). We plot

b : 1 .
Fi0.5:0) = ol ® e @500

(149)

while the &k, dependence is defined in Eq. (140). The
distribution is calculated at three different scales: Q% = 2.4
(dotted lines), Q%> =10 (solid lines), and Q2 = 1000
(dashed lines) GeV?. As one can see, at large scale
0? = 1000 GeV?, the distribution is highly dominated
by the perturbative region of b < b, while at lower
scales Q> = 2.4 and 10 GeV?, the distribution is shifted

fx, k)

102

(=] HH‘
-
N
w
IN

k, (GeV)

(b)

Unpolarized u-quark distribution as a function of b (a) and as a function of k| (b) at three different scales, Q% = 2.4 (dotted
1000 (dashed lines) GeVZ.
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FIG.9. Transversity u-quark distribution as a function of b (a) and as a function of k, (b) at three different scales, Q> = 2.4 (dotted

lines), 0% = 10 (solid lines), and Q% = 1000 (dashed lines) GeVZ.

toward large values of b ~ 2 +3 GeV~!; in this region of b,
one needs to carefully account for nonperturbative effects
of the TMD evolution and intrinsic motion of quarks.
The distribution in &, space is becoming wider with the
growth of Q2 and has developed a perturbative tail, while at
low values of Q?, it resembles Gaussian-type parametriza-
tion used in tree-level extractions, for instance that of
Refs. [17,113].

The same observation is true for transversity distribution.
We present transversity u-quark distribution 4, at x = 0.1
as a function of b and &k, in Fig. 9. We plot

b . hy
hi(x,b;0) = macqﬂ ® hi (x, up) e 25on(Qb)=S53p (),

(150)

while k| distribution is defined in Eq. (141). Note that
coefficient functions for transversity distribution 6C,;
are different from those of unpolarized distribution. This
difference affects the shape of distributions in b and &k
space. Moreover the width of transversity can be different
from that of unpolarized distribution as well; however,

0.5

D,(z, b)

b (GeVh)
(a)

features of TMD evolution are very similar in both cases.
Generic results on the transversity TMD evolution were
also presented in Ref. [64].

Unpolarized fragmentation TMD as a function of b is
defined as

Dh/q(z’b; Q)
ELL@PI

D,y i(zopy ) e $Son(Q5)=S5h(Q.D),
2027 irq ®Dyyi(z,pp) e NP

(151)

and as function of p |, it can be calculated using Eq. (142).
In Fig. 10 we present an unpolarized TMD FF at z = 0.4
and at three different scales, Q> =2.4 (dotted lines),
0% =10 (solid lines), and Q2 = 1000 (dashed lines)
GeV?. Again as in the case of other TMDs above, one
observes the widening of distributions in p; and shift
toward lower values b of the maximum of the distribution
with the increase of Q2. In the relatively low Q2 region, the
effects of TMD evolution are quite moderate.

The Collins fragmentation function with evolution is
presented for the first time in this paper. The b-dependent
function can be defined as

-
T

T T T TTOw
'

<}
I
o
-
-
&)

FIG. 10. Unpolarized FF u — 7" as a function of b (a) and as a function of p, (b) at three different scales, Q% = 2.4 (dotted lines),

0? = 10 (solid lines), and Q2 = 1000 (dashed lines) GeV?.
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FIG. 11.
(solid lines), and Q2 = 1000 (dashed lines) GeV?2.

L . — 1 v Acollins
Hl h/q(Z’ b; Q)|Trent0 = _2—5Ci<—q

72 (27)

and the p -dependent function is in Eq. (145). In Fig. 11
we present the TMD Collins FF at z = 0.4 and at three
different scales, Q* = 2.4 (dotted lines), Q% = 10 (solid
lines), and Q% = 1000 (dashed lines) GeV?2. One observes
the widening of distributions in p; and shift toward lower
values b of the maximum of the distribution with the
increase of Q2. Note that the TMD Collins FF has a
kinematical zero due to the prefactor p | /zM),.

It is very important to make results of global fits

available for usage in various applications. Some progress
has been made, for example, by the TMDIib project; see

® FITL1)(2) rveno (2. ) e H5n Q0 )=SH™(0),

PHYSICAL REVIEW D 93, 014009 (2016)

p, (GeV)

(b)

Collins FF u — 7+ as a function of b (a) and as a function of p | (b) at three different scales, Q> = 2.4 (dotted lines), Q% = 10

(152)

Ref. [114]. The results of this analysis will be available in a
form of a computer package.

G. Description of the experimental data

The description of the HERMES data [98] is shown in
Fig. 12. One can see that the description is good for all xp,
z, and P;, dependencies. The formalism that we use is
appropriate in the region of low P, |, and we limit our
description by P, < 0.8 GeV. The data are in the region
of 1 £(0Q?) <6 (GeV?). The estimate of the error band is
presented as the shaded region.

0.06 F [
TC+
0.04F -
A,.: +
+_ 002f + L
3 .
o B
.5<D 0 T ll- T
20.02F , -
0.02F =
0
== 002r B
é"’ 0.04F L
s B . L L
£ 5 -006
< 008t L
1
10" 0.2
Xp

04 06 08 0.5 1
z P,, (GeV)

FIG. 12. Description of Collins asymmetries measured by the HERMES Collaboration [98] as a function of xp, z, and P, on the
proton target. The shaded region corresponds to our estimate of the 90% C.L. error band.
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Description of Collins asymmetries measured by the COMPASS Collaboration as a function of xp, z, and P, on (a) NH;

proton [99] and (b) LiD deuterium [100] targets. The shaded region corresponds to our estimate of a 90% C.L. error band.

One can see from Fig. 12 that both the data and the
model obey the kinematical suppression of asymmetries at
low z, and Pj,,. Additionally the data indicate that
asymmetry becomes smaller in the region of small xp,
and thus transversity becomes small in the small-xz region
as well, as can be seen in Fig. 3(a). Positive asymmetry of
't production implies that the product of u-quark trans-
versity and the favored Collins fragmentation function is
positive. We choose the solution with positive u-quark
transversity (the same sign as u-quark helicity distribution)
and obtain that the favored Collins fragmentation function
is positive; see Fig. 3(b). Large negative asymmetry of 7~
production indicates that the so-called unfavored Collins
fragmentation function is large and negative, and indeed it
is the case; see Fig. 3(b). Measurements on proton targets
are dominated by u-quark functions as far as e2/e? = 4,
and thus we have better precision for the extraction of the
u-quark transversity and tensor charge u.

The COMPASS data [99,100] extend the region of the
resolution scale by a factor of 3, (Q?) <21 (GeV?). We
present results of our description in Fig. 13. Again we
exclude the region of P;,; > 0.8 GeV where the relation
P, /(z) < Q is not satisfied. The COMPASS data extend
the region of xz up to xz~ 1072, and the measured
asymmetry indicates that transversity is rather small in
the small-x region. Indeed the extracted transversity
shown in Fig. 3(a) becomes small in the small-x region.
The COMPASS data on the effective deuterium target,
Fig. 13(b), indicate that the sum of u-quark and d-quark
transversities is small, and thus both functions are approx-
imately of the same size, as can be seen in Fig. 3(a).

A description of JLab’s HALL A data [9] is shown in
Fig. 14. The data extend the region of xp toward large x,
and one can see that our fit is compatible with the data.
The measurement on the effective neutron target (*He)
is sensitive to d-quark functions; however, the current

experimental errors are too big to allow a better extraction
of d-quark transversity.

Both the BELLE [12] and BABAR [101] collaborations
measured the Collins asymmetries in eTe™ at /s =
10.6 GeV. Comparison of the BELLE data [12] on A,
asymmetries for both the UL and UC methods is presented
in Fig. 15. The data are measured in four different bins of
Zn» 22> and one can see that the description of the data is
very good. The asymmetry becomes small when z;;, 2,
become small due to kinematical suppression, and one can
see from Fig. 15 that our calculations are compatible with
this behavior.

In Fig. 16 we present a description of the BABAR data
[101] on A( asymmetries for both the UL and UC methods.
The data are in six bins of z,;, z;, with six points in each
bin. This allows for better extraction of the shape of Collins
fragmentation functions. One can see that also in this case
the description is very good. The large-z region deserves a
special comment. One expects that the formalism will

0.1 +
T

-0.1—
-0.21—
-0.3—

sin (¢S+ (l)h)

UT

A

0.1

0 01 02 03 0.4
X

FIG. 14. Description of Collins asymmetries measured by the
JLab’s HALL A [9] as a function of xp on the effective neutron
target. The shaded region corresponds to our estimate of a
90% C.L. error band.
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Collins asymmetries in e™e™ at /s = 10.6 GeV measured by the BELLE Collaboration [12] as a function of z;, in different
bins of z;,;, (a) UL and (b) UC. Calculations are performed with parameters from Table I. The shaded region corresponds to our estimate
of a 90% C.L. error band.
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FIG. 16. Collins asymmetries in e™e™ at /s = 10.6 GeV measured by the BABAR Collaboration [101] as a function of z,, in different
bins of z;,;, (a) UL and (b) UC. Calculations are performed with parameters from Table I. The shaded region corresponds to our estimate

of a 90% C.L. error band.

become unreliable when z;,; — 1 and/or z;,, — 1 due to the
influence of exclusive pion production. Indeed one can see
from Figs. 15 and 16 that in large-z bins the quality of the
description deteriorates. Nevertheless both the magnitude
and the shape of the data are reproduced perfectly in the
plot. It is achieved by allowing parameters that describe the
shape of favored and unfavored Collins fragmentation
functions be different and independent of each other.
Additionally the correct Q2 evolution reproduces the shape
much better compared to the case of the absence of the
evolution. Note that we have not attempted to fit the data
without TMD evolution, and thus our conclusion is valid
only for a comparison of results with and without evolution
using parameters of the NLL fit.

Even though a priori it is very difficult to expect a perfect
description of the data in the whole z region, our fit indeed is
capable of reproducing the data very well. Both AYL and AY ¢
are described very well and we observe no tension between
the measurements, which indicates the robustness of the
method. AYL and AJ€ have slightly different sensitivity to
different combinations of Collins fragmentation functions as
can be seen from Eq. (8), and the usage of both measure-
ments helps to constrain the functions better. We believe that
favored Collins fragmentation functions are well determined
and future experimental data could test our findings.

Finally we present a comparison of our calculations with
the P, dependence of e™e™ asymmetries in Fig. 17. Both
AJ* and AYC are described very well.
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FIG. 17. Collins asymmetries in e*e™ at /s = 10.6 GeV measured by the BABAR Collaboration [101] as a function of P,
(a) UL and (b) UC. Calculations are performed with parameters from Table I. The shaded region corresponds to our estimate of

90% C.L. error band.

From the comparisons of the data and theoretical
computations, we can deduce that the TMD evolution at
NLL' can describe both the eTe~ and SIDIS data
adequately well. The highest resolution scale in our
analysis is quite big, Q> = s = 110 GeV?, and we found
that using appropriate QCD evolution was essential in
order to describe the data. It allows us to have a controlled
theoretical precision of our computations. Let us study the
sensitivity of our results to the theoretical precision of
computations. We will fix the parameters to the NLL' fit
results presented in Table I and calculate asymmetries in
different kinematical configurations using tree-level
approximation, i.e., without TMD evolution, leading log-
arithmic accuracy (LL), and NLL' accuracy. As far as
parameters are defined by fitting at NLL’, we expect that

NLL’ will describe the data better than the LL or tree
approximation. We will not attempt to fit data at either the
tree approximation or LL, even though such fits can be well
performed and may give reasonable descriptions of the
data. By computing results with three different precisions
with fixed parameters, we will be able to answer two
different questions:

(1) How big are the effects of inclusion of higher orders
in the calculation of a particular asymmetry in a
particular kinematical region?

(2) How sensitive are experimental data to the inclusion
of higher orders in perturbative expansion?

We show NLL/, LL, and no TMD evolution results for

asymmetry as a function of xp, z, and P;,; for HERMES in
Fig. 18. The computation at LL is done by using only A()
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FIG. 18. Collins asymmetries measured by the HERMES Collaboration [98] as a function of x, z, and P;, in the production of z*

(left panels) and z~ (right panels). The solid line corresponds to the full NLL' calculation, the dashed line to the LL calculation, and the
dotted to the calculation without TMD evolution. Calculations are performed with parameters from Table I. The shaded region

corresponds to our estimate of a 90% C.L. error band.
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FIG. 19. Description of Collins asymmetries measured by the COMPASS Collaboration on the NH; proton [99] as a function of xg, z,
and P, in the production of zt (left panels) and z~ (right panels). The solid line corresponds to the full NLL' calculation, the dashed
line to the LL calculation, and the dotted line to the calculation without TMD evolution. Calculations are performed with parameters
from Table I. The shaded region corresponds to our estimate of a 90% C.L. error band.

in the perturbative Sudakov form factor and C(©)-coefficient
function. No TMD evolution implies that the perturbative
Sudakov form factor and parameter g, are set to zero;
accordingly we use DSS LO for fragmentation functions
and CTEQG6LO for distribution functions and set the scale
to Q3 = 2.4 GeV?. The dotted line in Fig. 18 shows the
result without TMD evolution. One can see that at low
energy the results are quite similar for all three calculations.
This happens due to the fact that in ratios most of the
numerical effects of evolution cancel out. The precision
of existing SIDIS experimental data is such that it does
not allow us to distinguish among different theoretical

0.05

0.04 —

0.03 —

0.02 —

P )

Ul
0

accuracies used to calculate TMDs. It happens due to the
fact that both the energy and Q? are quite low for SIDIS.
The difference grows as we consider COMPASS data in
Fig 19, and the data become sensitive to the choice of
accuracy. One can also see from Fig. 18 that the difference
in different precisions (no evolution, LL, NLL’) is com-
parable with the error band of the NLL’ extraction. One
can conclude that results of phenomenological extraction
using different precisions will be very similar if low energy
experiments are used. In fact low energy experimental data
are dominated by nonperturbative physics, and even tree-
level approximation (no TMD evolution) grasps well the

0.025
0.02
~, 0015
&
Jg_ oot
<
0.005 —
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FIG. 20. Collins asymmetries measured by the BABAR [101] Collaboration as a function of Py, in the production of unlike sign “U”
over like sign “L” (a) and charged “C” (b) pion pairs at Q%> = 110 GeV?2. The solid line corresponds to the full NLL' calculation, the
dashed line to the LL calculation, and the dotted line to the calculation without TMD evolution. Calculations are performed with fixed
parameters using the NLL' fit from Table I; note that parameters are fixed and were fitted neither with LL nor without TMD evolution
calculations. Fits of the data with LL. or no TMD evolution approximation may well be possible.
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features of the underlying physics. We will in fact see that
our results compare very well to the results of the Torino-
Cagliari-JLab group [17].

In Fig. 20 we show theoretical computations for e e~
without TMD evolution (dotted line), LL accuracy (dashed
line), and the complete NLL' accuracy (solid line). The
difference between these computations diminishes when
we include higher orders, which means that the theoretical
uncertainty improves. We conjecture that the difference
between NLL’' and next-to-next-to-leading-logarithmic
(NNLL) will be smaller than the difference between
NLL' and LL and thus be comparable to experimental
errors. One can also observe that asymmetry at Q% =
110 GeV? is suppressed by a factor 2-3 with respect to
tree-level calculations due to the Sudakov form factor. One
can also conclude that NLL accuracy is essential for e e~
data. Notice that we present calculations with fixed
parameters determined by the NLL' fit. The difference
between different curves shows sensitivity to the theoretical
accuracy and to the inclusion of higher order. The obser-
vation that calculation without TMD evolution or LL
cannot describe the data with these parameters does not
mean that a fit of the data without TMD evolution or LL is
impossible. In fact such fits are most probably possible and
could yield results of similar quality of the description of
the data. There is no doubt, however, that higher-order
computations such as NLL have the advantage of having
better control of theoretical uncertainty. The fact that we
utilize NLO collinear distributions is very encouraging,
and these distributions describe inclusive data sets much
better than LO distributions. We also observe that ete”

PHYSICAL REVIEW D 93, 014009 (2016)

experiments are very sensitive to the inclusion of higher-
order corrections. This can be clearly seen from Fig. 21
where we compute Collins asymmetries measured by the
BABAR [101] Collaboration as a function of z;,, in different
bins of z;,;. One can see that the importance of higher
orders increases with the increasing value of z,.

H. Predictions for unpolarized multiplicities
in SIDIS and e*e™

We predict an unpolarized cross section of charged pion
production to be measured by the BELLE, BABAR, and
BESIII collaborations and given by the formula

ddg _ 1 ot e ohhtX _ Ncﬂzagm Zhth
dr?, (1 + cos’0) dz; dz,dP?, 20 T

(153)

where h;, h, can be any charged pion, z; = z, = 0.3. The
prediction is given in Fig. 22. As one can see, we predict
that the measured cross section will be wider for the
BELLE and BABAR collaborations Q% = 110 GeV? with
respect to the BESIII Collaboration Q? = 13 GeV?2. At the
same time, the BESIII Collaboration Q% = 13 GeV? cross
section will be larger than that measured by the BELLE and
BABAR collaborations at Q> = 110 GeV?>. In Fig. 22 we
divide the predicted cross section for the BESIII collabo-
ration by a factor 110 in order to compare widths with the
expected cross section at the BELLE and BABAR collab-
orations. Effective widening of the cross section with the
growth of Q? is a sign of TMD evolution, and the future
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FIG. 21. Collins asymmetries measured by the BABAR [101] Collaboration as a function of zj, in the production of unlike sign “U”
over like sign “L” pion pairs at Q> = 110 GeV?. The solid line corresponds to the full NLL' calculation, the dashed line to the LL
calculation, and the dotted line to the calculation without TMD evolution. Calculations are performed with parameters from Table I. The
shaded region corresponds to our estimate of a 90% C.L. error band.
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FIG. 22. Prediction for the unpolarized cross section in e* e~
at 0> = 110 GeV? to be measured by the BELLE and BABAR
collaborations (solid line) and BESIII Collaboration at Q% =
13 GeV? (divided by a factor 110, dashed line) as a function
of P% 1

data from the BELLE and BABAR collaborations will be
crucial for our understanding of the evolution.

Similar behavior is shown in Fig. 23 of the unpolarized
cross section predicted for Electron-Ion Collider (EIC) at
V/s =70 GeV and at Q> = 10 GeV? and Q> = 100 GeV?,
choosing (z,) = 0.36 and (y) = 0.53. We plot

d*c

49 154
deddehdZPhJ_ ( )

= noy(xp,y, 0*)Fyy.

The ultimate test of the TMD evolution will be in
measurements of unpolarized cross sections. We highly
encourage the BELLE, BABAR, and BESIII collaborations
to perform the analysis of the data on unpolarized cross
sections. Such measurements will allow us to test predic-
tions of TMD evolution and will allow for a better under-
standing of unpolarized TMD fragmentation functions that
can be measured directly only at eTe™ facilities.

= 10* |
oA
= C
L \\
10° &
L 1 1 Il Il
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P (GeV?)
FIG. 23. Prediction for the unpolarized cross section for an

Electron-Ion Collider of energy +/s =70 GeV at Q% =
100 GeV? (solid line) and Q% = 10 GeV? (divided by a factor
200, dashed line) as a function of P7, .
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The universality of TMD evolution will be further tested
in future measurements at the Electron-Ion Collider. EIC
can easily span several decades in Q% and allow for a much
better understanding of the nucleon 3D structure. The data
of EIC combined with that of Jefferson Lab 12 will cover a
very wide region of x and provide multibinning data needed
for future phenomenological analysis. We plan to study
the impact of EIC and Jefferson Lab 12 data in future
publications.

I. Predictions for future experiments
in SIDIS and e"e”

BESIII is collecting data [115] in eTe™ at Q> =13 GeV?2.
The preliminary reults are compatible with bigger asym-
metries predicted by two of us in Ref. [41]. Here we present
updated predictions assuming the same binning as BABAR
and the following values of (sin? §) /(1 + cos> §) = 0.65 at
each bin; we also integrate the result in the region of
P, < 1.5 GeV. Actual values of asymmetry will depend
on the details of binning and kinematics. The predictions
are presented in Fig. 24. We give predictions for AY~
asymmetries, and we predict enhancement of the asym-
metry by a factor 2-3; compare to Fig. 16(a). Note that our
predictions from Fig. 24 will have to be scaled with actual
experimental values of (sin®@)/(1 + cos®6),,, from
BESIII. The predictions for the BESIII measurements
are compared to BESIII data in Ref. [116]; one can see
from Figs. 3 and 4 of Ref. [116] that predictions match the
data perfectly well.

Measurements of Collins asymmetries are going to be
performed at the Jefferson Lab 12 GeV upgrade [110] and
the planned Electron-lon Collider [4,111,112]. The high
precision of Jefferson Lab 12 measurements will eventually
allow for better determination of transversity distributions
in the high-x region and low-x region along with a higher
span in Q? being covered by EIC.
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FIG. 24. Predictions for UL Collins asymmetries in eTe™ at
0% = 13 GeV? to be measured by BESIII [115] as a function of
Zy in different bins of zj,;.
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Predictions for Collins asymmetry as a function of x; [left panel at Q> = 10 GeV? (solid line and vertical-line hashed

region) and O = 100 GeV? (dashed line and shaded region)] and Q? (right panel, (x;) = 0.3, (z) = 0.36 (solid line and vertical-line
hashed region) and (xz) = 0.1, (z) = 0.36 (dashed line and shaded region)] for z* production on protons in SIDIS to be by EIC at an
energy of /s = 70 GeV. One can see that we predict rather moderate suppression of asymmetries with the growth of Q2.

The Electron-Ion Collider is going to allow studies of
evolution in Q? and energy +/s of single spin asymmetries.
It is going to provide a big leverage arm in Q” and will
have a variable center of mass energy +/s. We present
here predictions of Collins asymmetry as a function of xp
for two different values of Q? =10 GeV? and Q% =
100 GeV? in Fig. 25 (left panel). Note that x; and Q?
are correlated via Q> = sxpy; we also fix average values of
z, and Py, (z;,) = 0.36 and (P, ) = 0.4 GeV. One can
see from Fig. 25 that we predict a moderate decrease of the
asymmetry with Q. Measurements in the low-x region are
going to provide information on sea quark transversity. Our
current extraction neglects sea quarks, so the asymmetry
becomes very small in the low-x region.

Suppression of asymmetries with the growth of Q2
due to TMD evolution has been the subject of investigation
of numerous papers; see, for instance, Refs. [23,41,42,
88,117]. The choice of the nonperturbative Sudakov factor
is essential for the accurate description of the data and the
reliable prediction of the Q* dependence of the asymme-
tries. We present our predictions for the Q% dependence of
the Collins asymmetry to be measured at EIC in Fig. 25
(right panel). Note that Q2 suppression is to be studied at
fixed values of xp. The asymmetry itself depends strongly
on the value of xp. In Fig. 25 (right panel), we show our
predictions for (xz) = 0.3 and (xz) = 0.1; in both cases the
future data will constrain parameters that define nonper-
turbative input for the TMD evolution. One can see that our
choice of a nonperturbative Sudakov factor results in a
moderate Q? dependence; the asymmetry is suppressed
only by a factor of ~2 at fixed xz in a wide region of Q?
from 2.4 up to 50 GeV?. This behavior is consistent with
results of Ref. [41].

The Jefferson Lab 12 GeV program is going to extend
our knowledge of the underlying distributions in the large-x
region. Both proton and neutron (*He) targets will provide
information of distributions of u and d quarks. We present

predictions for JLab 12 at the 11 GeV incident electron
beam on proton and *He (effective neutron) targets in
Fig. 26. One can see that we predict sizable asymmetries of
the order of 10%; future data are going to highly improve
the knowledge of transversity in the large-x region.
Currently the error band is very big; see Fig. 26. In order
to give predictions in Fig. 26, we fixed the average
kinematical ~variables, (y) =0.57, (z,)=0.5, and
<PhL> =0.38 GeV.

J. Comparison to other extractions

Tree-level extraction of transversity and Collins frag-
mentation functions was performed by the Torino-Cagliari-
JLab group in papers [15-17]. In Fig. 27(a) we present a
comparison of extracted transversity at NLL and the
result of Ref. [17]. We also compare to the extraction of
transversity via the dihadron fragmentation method [18]
Fig. 27(b). One can see that all three extractions give
consistent results in the explored region of xz. Within error
bands of each extraction, results are compatible with each
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FIG. 26. Predictions for Collins asymmetry as a function of xp
for #* production at Jefferson Lab 12 GeV on proton target (solid
line and vertical-line hashed region) and effective neutron target
(dashed line and shaded region).
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(a) Comparison of extracted transversity (solid lines and vertical-line hashed region) Q%> = 2.4 GeV? with the Torino-

Cagliari-JLab 2013 extraction [17] (dashed lines and shaded region). (b) Comparison of extracted transversity (solid lines and shaded
region) at Q%> = 2.4 GeV? with Pavia 2015 extraction [18] (shaded region).

other. One can see that the experimental data indeed show
some tension with the Soffer bound for the d quark in the
high-x region as predicted in Ref. [94]. This saturation
happens in the region not explored by the current exper-
imental data, so future data from Jefferson Lab 12 will be
very important to test the Soffer bound and to constrain the
transversity and tensor charge.

The functions themselves are slightly different as can be
seen by comparing solid and dashes lines in Fig. 27(a). In
fact Ref. [17] uses the tree-level TMD expression (no TMD
evolution) for extraction, and we use the NLL TMD
formalism. Results should be different even though in
asymmetries, as we saw, at low energies results with NLL
TMD are comparable with the tree level. At higher energies
and Q2, the situation changes, and extracted functions
must be different. At the same time, one should remember
TMD evolution does not act as a universal Q> suppression
factor. A complicated Fourier transform should be per-
formed that mixes Q2 and b dependence, and thus the
resulting functions are different in shape but comparable in
magnitude. It is also very encouraging that tree-level TMD
extractions yielded results very similar to our NLL extrac-
tion. This makes the previous phenomenological results
valid even though the appropriate TMD evolution was not
taken into account. It also means that we need to have
experimental data on unpolarized cross sections differential
in P; . As we have seen, the effects of evolution should be
evident in the data, and those measurements will help to
establish the validity of the modern formulation of TMD
evolution.

We compare extracted Collins fragmentation functions
—zH®)(z) in Fig. 28 at Q> = 2.4 GeV? with the extraction
of Torino-Cagliari-JLab 2013 [17]. The resulting Collins
FFs have the same signs, but shapes and sizes are slightly
different. Indeed one could expect it as far as Q% of e*e™ is
different, and the evolution effect must be more evident. At
the same time, those functions for both tree-level and NLL

TMD give the same (or similar) theoretical asymmetries
that are well compared to the experimental data of SIDIS
and ete™. The favored Collins fragmentation function is
much better determined by the existing data, as one can
see from Fig. 28 that the functions at Q> = 2.4 GeV? are
compatible within error bands. The unfavored fragmenta-
tion functions are different; however, those functions are
not determined very well by existing experimental data.
We also compare the tensor change from our and other
extractions in Fig. 29. The contribution to the tensor charge
of Ref. [18] is found by extraction using the so-called
dihadron fragmentation function that couples to the col-
linear transversity distribution. The corresponding func-
tions have DGLAP-type evolution known at LO and were
used in Ref. [18]. The results plotted in Fig. 29 correspond
to our estimates of the contribution to the u quark and d
quark in the region of x[0.065,0.35] at Q*> = 10 GeV? at
68% C.L. (label 1) and the contribution to the u# quark and
d quark in the same region of x and the same Q? using the

Kang et al (2015)
--------- Anselmino et al (2013)

0 02 04 06 08 1
VA
FIG. 28. Comparison of extracted Collins fragmentation func-
tions (solid lines and vertical-line hashed region) at Q2 =
2.4 GeV? with the Torino-Cagliari-JLab 2013 extraction [17]
(dashed lines and shaded region).
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FIG. 29. Comparison of tensor charge 50033 for the u quark and d quark from this paper at 68% C.L. and the result from

Ref. [18] at 68% C.L. Both results are at Q> = 10 GeV?2.

so-called flexible scenario, a,(M%) = 0.125, of Ref. [18].
One can see that our extraction has excellent precision for
both the u quark and d quark. The fact that the central
values and errors of extracted tensor charges are in good
agreement in both methods, ours and Ref. [18], is very
positive and allows for future investigations of transversity
including all available data in a global fit.

Our results compare well with extractions from
Ref. [17]. Even though correct TMD evolution was not
used in Ref. [17], the effects of DGLAP evolution of
collinear distributions were taken into account, and the
resulting fit is of good quality, y*/d.o.f. = 0.8 for the so-
called standard parametrization of Collins fragmentation
functions. In fact the probability that the model of Ref. [17]
correctly describes the data is P(0.8 - 249,249) = 99%.
The tensor charge was estimated at 95% C.L. using two
different parametrizations for Collins fragmentation func-
tions. In Fig. 30 we compare our results with calculations
from Ref. [17] at 95% C.L. at Q> = 0.8 GeV? and

fit

Anselmino et al (2013)

Anselmino et al (2013)

Radici et al (2015)

Kang et al (2015) [~

calculations at 68% at Q> = 1 GeV? of Ref. [18]. Even
though we compare the tensor charge at different values of
Q?, its evolution is quite slow, so the good agreement of all
three methods is a good sign. We conclude that the tensor
charge perhaps is very stable with respect to evolution
effects that are included in phenomenological extractions.
It also means that phenomenological results of Ref. [17]
and other extractions without TMD evolution are valid
phenomenologically. One should remember, of course,
that TMD evolution is more complicated if compared to
DGLAP evolution (even though formal solutions are
simpler in TMD case). The usage of nonperturbative
kernels makes it very important to actually demonstrate
that the proper evolution is indeed exhibited by the
experimental data. Once the correct evolution
and nonperturbative Sudakov factor are established, the
results of Ref. [17] should be improved by utilizing the
appropriate TMD evolution that we have formulated in
this paper.

Anselmino et al (2013) —

Anselmino et al (2013) [~

Radici et al (2015) |~ | L 4 |

Kang et al (2015) [~

-1 -0.5 0
5"

FIG. 30. Comparison of tensor charge 6¢*!) for the u quark and d quark in the whole region of x from this paper at 90% C.L. at
0? = 10 GeV? and the result from Ref. [18] at 68% C.L. and 0% = 1 GeV?, and Ref. [17] at the 95% C.L. standard and polynomial fit

at 0> = 0.8 GeV2.
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FIG. 31. Comparison of tensor charge 5¢!) for the u quark and d quark in the whole region of x from this paper at 90% C.L. at

0? = 10 GeV? and the results from Refs. [118—122].

In Fig. 31 we compare tensor charge ¢! for u and d
quarks from this paper at 90% C.L. at Q* = 10 GeV?
and the results from various model estimates of Refs. [118—
122]. One can see that our results are close to results of
Ref. [119] that actually used the approximate mass degen-
eracy of the light axial vector mesons [a;(1260), b (1235)
and /,(1170)] and pole dominance to calculate the tensor
charge. Dyson Schwinger Equation (DSE) calculations of
the tensor charge of Ref. [118] are also close to our results.

Finally we present our estimates for the isovector
nucleon tensor charge gr = ou — dd,

gr = +0.61752°, (155)

at 90% C.L. and

gr = +0.6179,2 (156)
at68% C.L. at Q> = 10 GeV?. This result can be compared
to lattice QCD calculations.

In Fig. 32 we compare our results on isovestor nucleon
tensor charge with extractions of Radici et al. [18] at
Q? = 4 GeV?, Anselmino et al. [17] standard and poly-
nomial at Q> = 0.8 GeV?, and a series of lattice compu-
tations. Bali et al. [123] estimate gy at m, = 150 MeV
using RQCD with two-flavor NPI Wilson-clover fermions,
Gupta et al. [124] use 2+ 1 4 I-flavor HISQ lattices
generated by the MILC Collaboration with the lowest
m, = 130 MeV, Green et al. [125] use 2+ 1-flavor
BMW clover-improved Wilson action with pion masses
between 149 and 356 MeV, Aoki et al. use gauge
configurations generated by the RBC and UKQCD col-
laborations with (2 + 1)-flavor QCD with domain wall
fermions, and Bhattacharya et al. [126] use two ensembles
of highly improved staggered quarks lattices generated by
the MILC Collaboration with 2 + 1 + 1 dynamical flavors
at a lattice spacing of 0.12 fm and with light-quark masses
corresponding to pions with masses 310 and 220 MeV.

References to other calculations of gy on the lattice can be
found, for instance, in Ref. [126]. Reference [127] uses
ny =2 lattice QCD, based on clover-improved Wilson
fermions. One can see from Fig. 32 that all phenomeno-
logical extractions indicate small values for the isovector
nucleon tensor charge compared to lattice QCD. DSE
computations of g; at Q*> = 4 GeV? were performed in
Ref. [118], and the result is different from most of the
lattice computations and closer to the phenomenological
extraction from the data. Earlier DSE calculations of the
tensor charge were performed in Ref. [128] in the QCD-like
theory with the Landau gauge, and the quark tensor charge
in the nucleon was estimated as du = 0.8 and d6d = —0.2
at O =2 GeV.

The value of gy extracted from the data may influence
searches of Beyond the Standard Model (BSM) physics
that depend on gy [130—132]. In particular the precision of
determination of the elementary BSM tensor coupling

Pitschmann et al (2015)
Gockeler et al (2005) —
Bhattacharya et al (2013) [~
Aoki et al (2010) —
Green at al (2012) |~
Gupta et al (2014)—

Bali et al (2015) —
Anselmino et al (2013) -
Anselmino et al (2013)
Radici et al (2015) —
Kang et al (2015) -

:

FIG. 32. Comparison of the isovector nucleon tensor
charge g, from this paper at 68% C.L. at Q> = 10 GeV? and
the result from Ref. [18] at 68% C.L. and Q? =4 GeV?2, and
Ref. [17] at the 95% C.L. standard and polynomial fit at
Q? = 0.8 GeV?. Other points are lattice computation at Q% =
4 GeV? of Refs. [123-127,129]. Reference [118] is a DSE
calculation at Q% = 4 GeV2.
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er & m¥,/ A3 allows us to determine the lower limit for the
possible BSM physics scale A;. The most recent limit
[132] is |ergr| < 6.4 x 107* at 90% C.L.. An analysis of
the precision of e as a function of the precision of the
extraction of the tensor charge, the central value of g7, and
relative error Agy/gr was presented in Ref. [132].
Presently lattice QCD calculations have the best precision;
however, the tensor charge computed must be confirmed by
the extraction from the experimental data.

One can see that our determination of gy is the most
precise existing extraction from experimental data; it turns
out to be different from lattice QCD computations. Future
experimental data will allow both to improve our extrac-
tions and test the reliability of lattice QCD calculations.

The isoscalar nucleon tensor charge ¢9 = du + 8d can
be readily computed using our results. We present the result
for g9 for completeness,

g3 = +0.177057, (157)
at 90% C.L. at Q> = 10 GeV>.

References [133-135] explore the large-N,. behavior of
parton distributions in QCD and predict that

| (x) = h{(x)| > [h{(x) + h{(x)[:  (158)
we indeed observe that transversities for u and d quarks are
of similar magnitude and opposite signs and g; > ¢%, and
thus our results are compatible with large-N, predictions.

IV. SUMMARY

In this paper, we have performed a global analysis of the
Collins azimuthal asymmetries in e*e™ annihilation and
SIDIS processes, for the first time, with full QCD dynamics
taken into account, including the appropriate TMD evolu-
tion effects at the NLL' order and perturbative QCD
corrections at the NLO. The valence quark contributions
to the nucleon tensor charge were estimated based on our
analysis. Let us summarize the major results of this
comprehensive study.

First, the full QCD evolution effects are crucial to
describe the Collins asymmetries in the back-to-back
dihadron productions in eTe™ annihilations, where current
data come from the B-factories at the center of mass energy
around 10.6 GeV. At this energy range, the TMD evolution
has a significant effect on the asymmetry distributions as
functions of the transverse momentum and the longitudinal
momentum fractions carried by the hadrons in the frag-
mentation processes. These features have been clearly
demonstrated in Figs. 20-21. In particular, the trans-
verse-momentum dependence illustrates the effects coming
from the Sudakov resummation form factors where the
perturbative part plays an important role due to the large
value of the resolution scale Q =10.6(GeV). The
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associated scale evolution effects in the A®)(z) are another
important aspect in the calculations. The evolution kernel is
different from that of the unpolarized fragmentation func-
tion, and it changes the functional form dependence of z;,;
and z;,. In addition, there is cancellation between favored
and unfavored Collins fragmentation functions; not only
the shape but also the size are modified with the full
evolution effects taken into account.

Second, because of the relative narrow Q? range in the
current SIDIS data, the evolution effects are not so evident
as compared to those in e™ e~ annihilation processes. This
was shown in Figs. 18 and 19. However, we would like to
emphasize that, in order to precisely constrain the quark
transversity distributions, we need to perform the complete
QCD evolution in the theoretical calculations of the
asymmetries to compare to the experimental data. This
will become more important with high precision data from
future experiments at the Jefferson Lab 12 GeV upgrade
[110] and the planned Electron-lIon Collider [4,111,112].

Third, the quark transversity distributions from our
analysis are comparable to previous determinations, includ-
ing the leading-order analysis of the same Collins asym-
metries in SIDIS and e* e~ annihilation processes and the
dihadron fragmentation channel in DIS and ete™ proc-
esses; see Fig. 27. In particular, the consistency between the
Collins asymmetry analysis and the dihadron fragmentation
analysis is a strong encouragement toward a future global
fit to include all experimental data to constrain the quark
transversity distributions.

We observe, however, the Collins fragmentation func-
tions from our analysis are quite different from those
determined from the leading-order analysis in Ref. [17],
although they are in the same order of magnitude. To
further test the evolution effects, we emphasize the impor-
tance of future experiment measurements, in particular, in
the energy range different from B-factories, such as those
from the BEPC II at the experiment BESIII. We have made
predictions for these experiments in Figs. 22 and 24. The
recent measurement of BESIII [116] has shown a rather
good agreement with our calculations. We encourage the
BELLE, BABAR, and BESIII collaborations to perform the
analysis of the data on unpolarized cross sections as such
data are a curtail for our understanding of TMD fragmen-
tation functions.

Finally, we summarize the nucleon tensor charge con-
tribution from our analysis,

5u[0.0065,0.35] _ _;'_0301-(())?5’ (159)
8000650331 — —0. 20797 (160)

at 90% C.L. at Q?> = 10 GeV?, in the kinematic range
covered by the current experiments, and

5u[0.0065.0.35] — _~_0301L8(());4’

(161)
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800065035 — 020797 (162)
at 68% C.L. at Q%> = 10 GeV?.
If we extend to the complete x range by assuming the

model dependence in our fit, we would obtain

sull = +0.391028, (163)

8d = —0.2210% (164)
at 90% C.L. at Q> = 10 GeV? and

suldll = +0.39709] (165)

8d01 = —0.22704 (166)

at 68% C.L. at Q> = 10 GeV2. We emphasize that the
above constraints depend on the functional form in our
analysis, and the numbers quoted here should be taken
cautiously. It is, nevertheless, interesting to compare to
previous determinations. In Fig. 27 we show the compar-
isons of the nucleon tensor charges between our results and
other determinations, together with some model calcula-
tions and the lattice computations.

Many improvements can be made in the future. First,
more experimental data are on the horizon from the 12 GeV
upgrade of Jefferson Lab experiments, which actually will
cover the large-x region and is of crucial importance to
constrain the quark transversity distribution in that region.
Since the nucleon tensor charge contribution is an integral
of the quark transversity distribution, future Jefferson
Lab data will be very important to reduce the uncertainties
quoted above, and the uncertainties we cannot address
at the moment, such as the kinematic extension to
obtain g%,

The TMD evolution and the procedure to perform the
global analysis will be an important part in the future
analysis for other observables, for example, the Sivers
asymmetries in SIDIS. We plan to carry out this analysis in
a future publication.

A number of improvements can be pursued in the
theoretical part of the formalism. In this paper, we have
taken the approximate evolution kernel for the twist-3

|

1dx/ dz )
hq
/ Zn Z

ZhPhJ_ e
ﬁz )2277

P
Fcollins |PM<<Q

29 N
+6(¢ - )[25( ° hgi( )>+H§f/q

=2z,/2, and we only keep the most important diagonal contributions from Hgl /)q( ), and the

where &= xp/x, &
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quark-gluon-quark correlation contribution to the fragmen-
tation function 4 (z). For a complete analysis, we should
include other terms in this evolution equation. Although it
may not be possible to have closed evolution equations for
both A (z) and the related twist-3 fragmentation func-
tions Hp(zy,2,), one should be able to estimate the
contributions from these additional terms. Second, with
more experimental data available, we shall include the
flavor dependence in the nonperturbative form factors in
the Collins fragmentation function in the CSS resummation
formalism. In this paper, we have assumed that they are
flavor independent. The flavor dependence of distribution
and fragmentation functions will be explored in the future
analysis with more data available, in particular, the data on
the transverse-momentum dependence of the asymmetries
in e*e™ annihilation processes.

As a final remark, we would like to emphasize that our
results and the methodology in the analysis will play an
important role in phenomenological applications of per-
turbative QCD to the vast experimental data on SIDIS,
Drell-Yan, and e*e™ and in the extraction of the relevant
TMD parton distributions of the nucleon.
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APPENDIX: ONE-LOOP CALCULATION OF
THE COLLINS ASYMMETRY IN SIDIS

To study the perturbative corrections and extract the
hard factor in Eq. (53), we need to carry out a calculation

for F collins at one-loop order. The leading-order expression
and the virtual diagram contributions follow those in the
previous calculations for, e.g., the Sivers single spin
asymmetry in SIDIS [40,53]. For the real gluon radiation,
we use the results in Ref. [52],

7r(3)
o,

28 ;s 1%
m} +26(2 - 1)8(¢— DA} (2 )hﬂ%l } (A1)

(6~ 1) [%}

(z)

contributions from H p(z1,22) can be found from Ref. [52]. By applying the Fourier transform (some of the useful
integrals are listed in the Appendix of Ref. [40] and Eq. (42) of Ref. [136]), we obtain the following result for F fonins(Q, b),
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N4 %)
7 e = S Co (25 [M [N gt ) LG
Fottinglreal = §CF< ) > [C o s = eth(x)Hh/q(z) —E—Hnbz—ﬂ2

B q

x[5(1—2)< 2 )+5(1—5)< 2% +25(8—1)>}

(1-8), (1-¢).
1 1 Q2 1 Q2 2 Q2b2 2 71'2
+25(1—§)5(1—§)[—2—E1n 2+§(ln7> ——(1 C%> —12]
—28(1 - 5(1—A<—1+1 Cé)} A2
(1-¢) $) - nbz—”z . (A2)

where we have partially integrated out the derivative terms in the previous equation to simplify the above expression.
Clearly, the real diagrams contributions contain soft divergence (1/€?), which will be cancelled by the virtual diagrams
contributions. The virtual diagram contributes to a factor,

a 2 2.0 0° 0%\?
2_71'CF|:_€2 + In —2+67T +3lnﬂ—— ll’lﬂ—2 -8 (A3)

After canceling out these divergences, we have the total contribution at one-loop order,

" . [ldx [1d . b 1 3N e 2 s
Ffollins = ;Z_ﬂ'lg x/ ZZ th H )<l2 >{<_E+lnzg—’u2> (quq(g)a(l f) +Pq—>q(§)5(1 _5))

22 252\ 2
+8(1 = &)5(1 = &)Cr [31nQ (mQ > ) —8”, (A4)
< €o
where P represents the associated splitting kernels. They can be derived from the above results,
2¢ 3
P (&) =C [7+—51—§}, A5
ial8) = Cr| g 300 -9 (AS)
B (2 2 3 .

® = -] (46)

P (1-8, 2

where we only list the part we have shown in the above from the contribution from the A®)(z) term. In general, the
evolution of twist-3 correlation functions involves multiple parton correlation contributions, for which there is no
homogenous form.

To demonstrate the TMD factorization and calculate the hard factor in the TMD factorization, we have to calculate the
transverse-momentum dependence in the quark transversity distribution and the Collins fragmentation function at one-loop
order. For the transversity distribution, we have

im0l = s i [ S0 2+ o0 - ) (1) (7

for the unsubtracted distribution in the Ji-Ma-Yuan (JMY) scheme. Adding the virtual contribution,

a 1 5 x20% X321 X302 5
hl(vakLNvirtual:hl(xB)_CF|:____+ In B—+B—__1 : B—z -7 =2, (A8)

2z €2 2e u? w2 U 12

we obtain the total contribution for the unsubtracted quark transversity TMD at the one-loop order,
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dx 1 c2 , 2
ﬂ/x 7}1 (x){ <__+ lnb2 2>qu—>q(§) - Cpé(1 =¢) lnbz—
B

3 b2 2 2 1 2 2b2 2
+cp(s<1—z:)[21 LT x;i_il 2(’“Bf2 )—z—%]}, (A9)
0

™S (g, b3 8 ),

in the JMY scheme. Therefore, the subtracted TMD quark transversity distribution can be written as

MY (g, b3 p)

a, [ldx B 0 i

3 b2 2 2 1 2 2b2 2
+CF5(1—§)K—+1np>1n B xBC _1n2(x352 >—2—”—]}, (A10)
2 2 W22 e 2

where we have also applied the renormalization for the integrated transversity distribution. By setting x3¢% = pﬂl% and
# = y, as the initial scales for the TMD evolutions, we obtain the C-coefficient and the hard function H,, of Eq. (60) as

~ a; 1 7’
H%MY) =1 +§CF [Inp _Elnzp -5 2], 6Cyy(pp) = 6(1 =&)(1 + O(a?)). (A11)

Similarly, we can carry out the calculations in the Collins 2011 (JCC) scheme, for which we have the TMD quark
transversity at one-loop order,

su dx ¢ 302 1 L (2N 1, (8
hl b(cC) ()CB,b é_: ﬂ)|ax = 27[/ hl(x ){1nb2 —5 q—)q(é)_*_CFé(] _é:) |:511’1C—/;+51n2 </7> —Elnz <—2>:| }
XB

x 0 €0
(A12)

Applying the above result in Eq. (60) and setting {. = p = p;, as the initial scales for the TMD evolutions, we have

HID —14+0(@),  6C Ly (& 1) = 6(1-E)(1+ O(a?)). (A13)

lq

The above calculations can be extended to the Collins fragmentation function. The transverse-momentum dependence can
be calculated from perturbative QCD and written in terms of the twist-3 fragmentation function,

£7(3) > )
Hl (Zh» pl)|real - 271_2 CF (Pi)2/ z |: 2§<Z 82 Zz +Hh/q(z) (1 _ %)Jr + 5(1 5) In pl 2 . (A14)

Fourier transforming into » space and adding the virtual diagram contribution [similar to that in Eq. (A8)], we obtain the
unsubtracted Collins fragmentation function at one-loop order,

r7-Launsu ib” a dz ;3 1 ngz ¢ 2 2 c?
HlL " b(xB7b;Ca,u)|a; = 7% ?Hi/)q(z){ (_E"‘lnbg—z Pq—w(f) - CF5(1 _5) lnbz—;)tz

2,2 22 2 2
+CF5(1—Z‘)BI bcf: +n 5——51 2(‘5;(2?) 2—%}}, (A15)

in the JMY scheme. For the subtracted Collins fragmentation function, we have

Lasub(JMY ib* e dz ~3 f ~
H, ( >(x3,b;c,u)las— . ?HEL/L(){I bg P (&)

2 2
repat-0[ (o) w2 cnl L) 22 qaig

<t w2 €0

Similarly, we obtain the subtracted Collins fragmentation function in the JCC scheme,
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~ | asu ib* d
A gl = [ et

2 2x h/g\ b2 i?

From the above results, we derive the associated

C-functions,

2

~ ag 1 T
HIMY) — 1 +5-Cr lnp—ilnzp—7—2 ,

q_>q<§ ﬂb) - 5(1 - 5) + CFanq(é) ln§2’
HIO =1+ 0a). 5CM<«: Hp)

=5(1-9§ + CFPqﬁq(z;) né&.  (A18)
Finally, we can obtain the hard factors in both schemes. For
example, in the Ji-Ma-Yuan scheme,

DIS IMY

colhns (Q )
DIS)IMY

2 2
—1+25C, an—+lnp 0 —Inp? +In2p + 22— 4|.
u u?

27
(A19)

Note that the hard part is the same for Fy;; and F 7, which
is why we used the same notation H in Egs. (17) and (53).
Similarly, for the Collins-11 TMD scheme, we have

DIS)JCC DIS)JCC
c(:ollirzs (O:p) = HE}U ) (Osm)

=1+ CF[31nQ2—ln <Q22> —8].
JZ JZ
(A20)
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. . I3 bZ 2 . é: b2
Pe_ (B)rCro(1—-d) {51 2 +21 2(,7) —ohn 2( 2 )]}

(A17)

I
These hard factors can be calculated from the factorization
of F% .., or from simply the virtual graphs for both the
cross sections and the parton distribution and fragmentation
functions. We will get the consistent results.

In the end, the C-functions in Eq. (53) can be calculated
from the above results,

(SIDIS)

SCBII) (&) = 5C(€) x 7:(1q X\ Hegins (= Q). (A21)

SCISI) (&) = 6C(8) x H, x \/HSoS (= ), (A22)

where the scheme dependence is cancelled out between

H,, and Hg{l?;gs ) In particular, the p dependence disap-
pears in the JMY scheme when applying the above
formulas to calculate the C-functions in the standard
CSS resummation. Similarly, we can calculate the

C-functions for the ete™ annihilation processes,

CE) = C@) x Dy x \HL (= 0).  (A23)
5C N (E) = 6C(8) x T, x \/Hy (= Q). (A24)

Again, the scheme dependence is cancelled out between
the last two factors in the above equations. Comparing
the SIDIS and e*e™ processes, we also find out that the
difference comes from the hard factors.
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