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We study the transverse single-spin asymmetry with a sinϕS modulation in semi-inclusive deep inelastic
scattering. In particular, we consider the case in which the transverse momentum of the final state hadron is
integrated out. Thus, the asymmetry is merely contributed by the coupling of the transversity distribution

function h1ðxÞ and the twist-3 collinear fragmentation function ~HðzÞ. Using the available parametrization

of h1ðxÞ from SIDIS data and the recent extracted result for ~HðzÞ, we predict the sinϕS asymmetry for
charged and neutral pion production at an electron ion collider. We find that the asymmetry is sizable and
could be measured. We also study the impact of the leading-order QCD evolution effect and find that it
affects the sinϕS asymmetry at an electron ion collider considerably.
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I. INTRODUCTION

Transverse single-spin asymmetry (SSA) in semi-inclu-
sive processes has been recognized as a useful tool to probe
the spin structure of nucleons. One of the fundamental
observables encoding the nucleon structure is the trans-
versity distribution of quarks, denoted by hq1ðxÞ, which
describes the transverse polarization of the quark inside a
transversely polarized nucleon: hq1ðxÞ ¼ fq↑=p⇑ − fq↓=p⇑ .
As a chiral-odd distribution, transversity is rather difficult
to probe, compared to the other two lead-twist collinear
distribution functions: the unpolarized distribution and the
helicity distribution, which have been extensively studied
and measured. To manifest the effect of transversity in a
process, another chiral-odd function is needed to couple
with transversity to ensure chirality conservation. It has
been shown that two promising processes may be applied to
measure the transversity distributions. One is the semi-
inclusive deeply inelastic scattering (SIDIS) [1], and the
other is the Drell-Yan process [2].
Under the framework of the transverse-momentum-

dependent (TMD) factorization [3], in SIDIS the chiral-
odd probe can be the Collins function H⊥

1 ðz; p2TÞ [1], a
TMD fragmentation function that describes the fragment-
ing of a transversely polarized quark to an unpolarized
hadron. The corresponding observable is the Collins
asymmetry with a sinðϕh þ ϕSÞ modulation. Here ϕS
and ϕh are the azimuthal angles of the transverse spin of
the nucleon and the outgoing hadron, respectively. The
Collins asymmetry has been measured by the HERMES
Collaboration [4], the COMPASS Collaboration [5], and
the Jefferson Lab Hall A Collaboration [6]. The SIDIS data
combined with the eþe− annihilation data were applied to
extract [7,8] the transversity of the up and down quarks.

Another probe in SIDIS is the chiral-odd dihadron frag-
mentation function, which will give rise to a sinðϕR þ ϕSÞ
asymmetry based on the collinear factorization formalism.
In this approach, two hadrons fragmented from a projectile
quark should be detected. The idea was used to extract the
transversity in Ref. [9]. In the Drell-Yan process, the
transversity may be accessed by measuring the double
transverse spin asymmetry, which is contributed by the
convolution of the quark transveresity and the antiquark
transversity.
In this work, we propose an alternative approach to

access transversity in SIDIS. We will show that the twist-3
chiral-odd fragmentation function, denoted by ~HðzÞ, can
serve as a “spin analyzer” to probe the transversity
distribution. As demonstrated in Ref. [10], within the
collinear picture (or, equivalently, the transverse momen-
tum of the outgoing hadron is integrated out), only the
coupling between the function ~HðzÞ and the transversity
remains as a contribution to the sinϕS azimuthal modula-
tion in the leptoproduction of a single hadron off a
transversely polarized nucleon. The advantage of this
approach is that the transverse momentum of the final-
state hadron is not necessarily to be measured, in contrast to
the Collins effect. However, the feasibility of this approach
has never been tested, partly because of the very limited
knowledge of the almost unknown function ~HðzÞ. This
situation may be changed, since recent phenomenological
studies [11,12] of the transverse SSA in pp↑ → π þ X
provide very useful constraints on ~HðzÞ. In particular, the
authors in Ref. [12] have adopted the SSA data at STAR
[13–16] and BRAHMS [17] of RHIC to extract the
function Ĥℑ

FUðz; z1Þ within the framework of collinear
twist-3 factorization. The function Ĥℑ

FUðz; z1Þ is the imagi-
nary part of the twist-3 fragmentation function HFUðz; z1Þ,
which involves the F-type quark-quark-gluon correlation
[11,18,19], and it can be connected to ~HðzÞ by the integral*zhunlu@seu.edu.cn
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~Hh=qðzÞ ¼ 2z3
Z

∞

z

dz1
z21

1
1
z −

1
z1

Ĥh=q;ℑ
FU ðz; z1Þ: ð1Þ

A calculation using the spectator model also shows that
the size of ~HðzÞ is substantial [20]. Therefore, it is
intriguing to study the consequence of sizable ~HðzÞ in
the sinϕS asymmetry in SIDIS. Moreover, the study of
the asymmetry in SIDIS may provide a check of whether
~HðzÞ can cause the target SSAs in proton-proton colli-
sions. Since the SSA data used to extract Ĥℑ

FUðz; z1Þ are
collected in the rather high-energy region (mainlyffiffiffi
s

p ¼ 200 GeV) for which typically Ph⊥ > 1 GeV, where
the collinear twist-3 factorization is applicable, we present
the prediction of the sinϕS asymmetry in SIDIS at a
future electron ion collider (EIC) [21]. We calculate the
sinϕS asymmetry of charged and neutral pion production
at the energy

ffiffiffi
s

p ¼ 45 GeV, which is comparable to the
RHIC energy. To do this, we adopt the available para-
metrization of the transversity for up and down quarks [8]

and the recent extraction for Ĥπþ=u;d;ℑ
FU ðz; z1Þ [12].

Furthermore, we include the leading-order (LO) QCD
evolution of the transversity distribution and ~HðzÞ and
compare the corresponding results to those without
evolution.
The remained content of the paper is organized as

follows. In Sec. II, we set up the formalism of the sinϕS
asymmetry in SIDIS in the collinear picture. In Sec. III, we
present the numerical calculation of the asymmetries in the
leptoproduction of charged and neutral pions at EIC. The
conclusion is provided in Sec. IV.

II. FORMALISM OF THE sinϕS
ASYMMETRY IN SIDIS

The process we study is the pion electroproduction off a
transversely polarized proton target,

eðlÞ þ p↑ðPÞ → eðl0Þ þ πðPhÞ þ XðPXÞ; ð2Þ

where l and l0 stand for the momenta of the incoming and
outgoing leptons, and P and Ph denote the momenta
of the target nucleon and the final-state hadron (in our
case, the hadron is the pion meson), respectively. The
reference frame of the process under study is shown in
Fig. 1, in which the momentum of the virtual photon
defines the axis of z, ϕh denotes the azimuthal angle
of the final hadron around the virtual photon, and ϕS stands
for the angle between the lepton scattering plane
and the direction of the transverse spin of the nucleon
target.
The invariants used to express the differential cross

section are defined as

x ¼ Q2

2P · q
; y ¼ P · q

P · l
; z ¼ P · Ph

P · q
;

γ ¼ 2Mx
Q

; Q2 ¼ −q2; s ¼ ðPþ lÞ2:

As usual, q ¼ l − l0 is defined as the momentum
of the virtual photon, and M denotes the proton mass.
Up to twist-3 level, the sixfold (x, y, z, ϕh, ϕS and PhT)
differential cross section in SIDIS with a transversely
polarized target has the general form [10]

d6σ
dxdydzdϕhdϕSdP2

hT

¼ α2

xyQ2

y2

2ð1−εÞ
�
1þ γ2

2x

�

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εð1þ εÞ

p
fsinϕSF

sinϕS
UT ðx;z;PTÞ

þ sinð2ϕh−ϕSÞFsinð2ϕh−ϕSÞ
UT ðx;z;PTÞ

þ leading twist termsg; ð3Þ

where ε is the ratio of the longitudinal and transverse
photon flux

ε ¼ 1 − y − 1
4
γ2y2

1 − yþ 1
2
y2 þ 1

4
γ2y2

: ð4Þ

In Eq. (3), FsinϕS
UT and Fsinð2ϕh−ϕSÞ

UT are the twist-3
structure functions which contribute to the sinϕS and
the sinð2ϕh − ϕSÞ azimuthal asymmetries, respectively.
Particularly, FsinϕS

UT ðx; z; PhTÞ can be expressed as [10]

FIG. 1. The definition of the azimuthal angles in SIDIS. Ph
stands for the momentum of the produced hadron, S⊥ is the
transverse component of the spin vector S with respect to the
virtual photon momentum.
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FsinϕS
UT ðx; z; PhTÞ ¼

2M
Q

C
��

xfTD1 −
Mh

M
h1

~H
z

�

−
kT · pT
2MMh

��
xhTH⊥

1 þMh

M
g1T

~G⊥
z

�

−
�
xh⊥T H⊥

1 −
Mh

M
f⊥1T

~D⊥
z

���
; ð5Þ

where kT and pT are the transverse momenta of the
incoming and outgoing quarks, Mh is the mass of the
outgoing hadron, and the notation C½ωfD� defines the
convolution:

C½ωfD� ¼ x
X
q

e2q

Z
d2pTd2kTδð2ÞðpT − kT − PhT=zÞ

× ωðpT; kTÞfqðx; k2TÞDqðz; p2TÞ: ð6Þ

Equation (5) contains convolutions of the twist-3 distribu-
tions and the twist-2 fragmentation functions, as well as
convolutions of the twist-3 fragmentation functions and the
twist-2 distribution functions.
In Ref. [22], the role of the twist-3 TMD distributions

hTðx; k2TÞ and h⊥T ðx; k2TÞ in the sinϕS asymmetries as
functions of x, z and PhT ¼ jPhT j was studied. In this
work, however, we will consider the particular case in
which the transverse momentum of the outgoing pion
meson is integrated out or, equivalently, the case in which
only the longitudinal momentum fraction z of the pion is
measured. Thus, after

R
d2PhT is performed, the differential

cross section in Eq. (3) turns to the form

d4σ
dxdydzdϕS

¼ 2α2

xyQ2

y2

2ð1 − εÞ
�
1þ γ2

2x

�

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εð1þ εÞ

p
sinϕSF

sinϕS
UT ðx; zÞ: ð7Þ

Here the structure function FsinϕS
UT ðx; zÞ is the collinear

counterpart of the original structure function
FsinϕS
UT ðx; z; PhTÞ [10],

FsinϕS
UT ðx; zÞ ¼

Z
d2PhTF

sinϕS
UT ðx; z; PhTÞ

¼ −
Z

d2PhT
2Mh

Q
C
�
h1

~H
z

�

¼ −x
2Mh

Q

X
q

e2q

Z
d2kTz2

×
Z

d2pTh
q
1ðx; k2TÞ

~Hqðz; p2TÞ
z

¼ −x
X
q

e2q
2Mh

Q
hq1ðxÞ

~HqðzÞ
z

; ð8Þ

where only the convolution of the transversity and the
twist-3 collinear fragmentation function ~HqðzÞ remains. In
Eq. (8), we have used the integration

Z
d2PhTδ

ð2ÞðpT − kT − PhT=zÞ ¼ z2; ð9Þ

and the collinear fragmentation function is connected to the
TMD function by

~HqðzÞ ¼ z2
Z

d2pT ~Hqðz; p2TÞ: ð10Þ

Therefore, the experimental investigation of the sinϕS
azimuthal asymmetry without detecting PhT may provide
an alternative opportunity to measure the transversity.
To test the feasibility of this approach, we define the
x-dependent sinϕS asymmetry,

AsinϕS
UT ðxÞ

¼
R
dy

R
dz α2

xyQ2

y2

2ð1−ϵÞ ð1þ γ2

2xÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ϵð1þ ϵÞp

Fsinϕs
UT ðx; zÞR

dy
R
dz α2

xyQ2

y2

2ð1−ϵÞ ð1þ γ2

2xÞFUUðx; zÞ
;

ð11Þ
where FUU is the unpolarized structure function,

FUUðx; zÞ ¼ x
X
q

e2qf
q
1ðxÞDq

1ðzÞ; ð12Þ

with fq1ðxÞ and Dq
1ðzÞ as the unpolarized distribution

function and fragmentation function, respectively. In a
similar way, the sinϕS asymmetry as a function of z can
be written as

Asinϕs
UT ðzÞ

¼
R
dx

R
dy α2

xyQ2

y2

2ð1−ϵÞ ð1þ γ2

2xÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ϵð1þ ϵÞp

Fsinϕs
UT ðx; zÞR

dx
R
dy α2

xyQ2

y2

2ð1−ϵÞ ð1þ γ2

2xÞFUUðx; zÞ
:

ð13Þ

The function ~HðzÞ appearing in Eq. (8) is related to the
imaginary part of the twist-3 fragmentation function
Ĥqðz; z1Þ via Eq. (1). Useful information for Ĥq;ℑ

FUðz; z1Þ
may be obtained from Ref. [12], in which the authors have

extracted Ĥðπ=u;dÞ;ℑ
FU ðz; z1Þ from the data [13–17] of pp↑ →

πX using the ansatz (at the scale Q2 ¼ 1 GeV2):

Ĥπþ=ðu;dÞ;ℑ
FU ðz; z1Þ

Dπþ=ðu;dÞ
1 ðzÞDπþ=ðu;dÞ

1 ðz=z1Þ
¼ Nfav

2IfavJfav
zαfavðz=z1Þα0fav

× ð1 − zÞβfavð1 − z=z1Þβ0fav ;
ð14Þ
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with Nfav, αfav, α0fav, βfav, β
0
fav the parameters in the model,

and Ifav and Jfav, the forms of which are given in Ref. [12],
the functions of the above parameters. The disfavored

fragmentation functions Ĥπþ=ðd;uÞ;ℑ
FU are parametrized in full

analogy to (14) with the additional parameters Ndis, αdis,
α0dis, βdis, β0dis. The analysis in Ref. [12] shows that

Ĥq;ℑ
FUðz; z1Þ plays an important role in the transverse SSA

in the p↑p → πX process. The π− fragmentation functions
may be fixed through charge conjugation:

Ĥπ−=ðd;uÞ;ℑ
FU ðz; z1Þ ¼ Ĥπþ=ðu;dÞ;ℑ

FU ðz; z1Þ; ð15Þ

Ĥπ−=ðu;dÞ;ℑ
FU ðz; z1Þ ¼ Ĥπþ=ðd;uÞ;ℑ

FU ðz; z1Þ; ð16Þ

and the π0 fragmentation functions are given by the average
of the fragmentation functions for πþ and π−. Therefore, we
will apply the parametrization for Ĥh=q;ℑ in Ref. [12] and
use Eq. (1) to obtain ~HqðzÞ needed in the calculation.
For the transversity distribution function hq1ðxÞ, we adopt

the standard parametrization from Ref. [8] (at the initial
scale Q2 ¼ 2.41 GeV2)

hq1ðxÞ ¼
1

2
N T

qðxÞ½fq1ðxÞ þ gq1ðxÞ�; ð17Þ

with

N T
qðxÞ ¼ NT

qxαð1 − βÞβ ðαþ βÞαþβ

ααββ
: ð18Þ

The values of the parameters NT
q ; α, and β in Eq. (18) are

taken from Table II in Ref. [8]. In order to be consistent
with the choices in Ref. [8], we apply the parametrization
for the unpolarized distribution fq1ðxÞ from Ref. [23] and
that for the helicity distribution gq1ðxÞ from Ref. [24],
respectively. For the unpolarized integrated fragmentation
function Dq

1ðzÞ, we adopt the leading-order (LO) set of the

DSS parametrization [25], which is also chosen
in Ref. [12].

III. NUMERICAL RESULTS AT AN EIC

In this section, we apply the formalism introduced above
to estimate the sinϕS asymmetry at EIC. As the kinematics
at EIC covers a wide range of Q, it is necessary to consider
the QCD evolution of the distribution and fragmentation
functions, particularly, the transversity and the twist-3
function ~HðzÞ. In the present calculation, we implement
their LO QCD evolution to study the corresponding impact
on the sinϕS asymmetry. To do this, we apply the HOPPET

package [26] to perform the evolution, and we modify the
HOPPET toolkit to include the LO DGLAP evolution kernel
for the transversity distribution. Since the QCD evolution
of ~HðzÞ is still unknown, in this calculation we adopt two
different choices to evolve ~HðzÞ. In the first choice, we
evolve ~HðzÞ by employing the same evolution as the
fragmentation function D1ðzÞ, following the scheme used
in Ref. [12] for consistency. As a comparison, in the second
choice we assume that its evolution is the same as that of
the transversity. This is motivated by the fact that ~HðzÞ is
also a chiral-odd fragmentation function. In the left and
right panels of Fig. 2, we plot the z dependence of the
disfavored and favored twist-3 fragmentation functions
z ~Hπþ=dðzÞ and z ~Hπþ=u at the scales Q2 ¼ 1 GeV2 (shown
by the solid lines) and Q2 ¼ 100 GeV2 [dotted lines:
evolving the same as Dq

1ðzÞ; dashed lines: evolving the
same as hq1ðxÞ], respectively. We find that in the region
z < 0.4, the evolution from lowQ to higherQ increases the
sizes of both ~Hπþ=u and ~Hπþ=d, while it decreases their sizes
in the region z > 0.4. In addition, there is a slight difference
between the two evolved results of ~H at the small-z region.
However, if the uncertainties for the parametrization of ~H
were taken into account, the two curves calculated from
two different evolution approaches would be statistically
equivalent.

FIG. 2. Result of z ~Hπþ=dðzÞ (left panel) and z ~Hπþ=uðzÞ (right panel) at the initial scaleQ2 ¼ 1 GeV2 (solid lines, taken from Ref. [12])
and the evolved results at Q2 ¼ 100 GeV2 [dotted lines: evolving as Dq

1ðzÞ, dashed lines: evolving as hq1ðxÞ�.
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For the kinematical region that is available at EIC, we
adopt the following choice [21]:

Q2 > 1 GeV2; 0.001<x< 0.4; 0.01<y< 0.95;

0.2<z< 0.8;
ffiffiffi
s

p ¼ 45GeV; W > 5GeV; ð19Þ

whereW is the invariant mass of the virtual photon-nucleon
system and W2 ¼ ðPþ qÞ2 ≈ 1−x

x Q2. Using the above
kinematical configuration and applying Eqs. (11) and
(13), we predict the sinϕS asymmetry of pion production

in SIDIS at EIC after the transverse momentum of the pion
is integrated. The corresponding results are plotted in
Fig. 3, in which the upper, middle, and lower panels show
the sinϕS asymmetries at EIC for πþ, π0, and π−,
respectively. In each panel, we plot the asymmetries as
functions of x (left figure) and z (right figure). The solid
lines denote the asymmetries without considering the
evolution of the distribution and fragmentation functions
in Eqs. (11) and (13) (calculated at a fixed scale
Q2 ¼ 1 GeV2). The dotted and dashed lines correspond
to the two different treatments on the evolution of ~HqðzÞ.

FIG. 3. Transverse SSA AsinϕS
UT of πþ, π0 and π− production in SIDIS at EIC for

ffiffiffi
s

p ¼ 45 GeV. The left panels show the x-dependent
asymmetry, while the right ones show the z-dependent asymmetry.
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We find that the sinϕS asymmetries for the charged and
neutral pion production are sizable, about several percent.
Therefore, there is a great opportunity to measure the sinϕS
asymmetry in SIDIS at a future EIC. In addition, the
asymmetry for πþ is positive, whereas the asymmetries for
π− and π0 are both negative; and the asymmetry for π− is
somewhat larger than those for πþ and π0. This is because
hu1 and ~Hπþ=d are positive, while hd1 and ~Hπþ=u are negative.
The numerical results show that the asymmetry for π0 is

close to ðAsinϕS;πþ
UT þ AsinϕS;π−

UT Þ=2, which is consistent with

the assumption that ~Hπ0=q is the average of ~Hπþ=q and
~Hπ−=q. We also find that the x-dependent asymmetry has a
peak at the intermediate x region, around 0.1 < x < 0.2.
For both charged and neutral pion productions, the asym-
metry reaches the maximum magnitude at the region
z ∼ 0.6.
An important observation is that the evolution effect for

the sinϕS asymmetry is substantial in certain kinematical
regions at EIC. First of all, as shown by the dotted lines
[ ~HðzÞ evolves the same as D1ðzÞ] in Fig. 3, the magnitudes
of the x-dependent and z-dependent asymmetries for πþ,
π0, and π− are all reduced by QCD evolution. Second, at the
small-x region (x < 0.02), the evolution does not affect the
x-dependent asymmetries, while the evolution effect is
sizable in the valence-x region, especially in the case of π−

production. For the z-dependent asymmetries, the evolution
effect may be observed in the region z > 0.4. Third, the
evolution effect for π− production is stronger than that for
πþ and π0 production. Finally, the uncertainties of the
fragmentation function ~HðzÞ, which will result in the
uncertainties of the asymmetries, are not considered in
our calculation. If the uncertainties for the asymmetries
were included, the evolution effects from a statistical
viewpoint most likely would not be so dramatic in the
kinematical region of EIC. Nevertheless, the evolution

almost does not change the signs and the shapes of the
asymmetries. As a comparison, we also show the asym-
metries (the dashed lines) with ~H evolving the same as h1.
It is found that the asymmetries in this case are similar to
the results calculated from theD1 evolution for ~H, although
a slight difference is observed in the x-dependent asym-
metries for π0 and π− production.

IV. CONCLUSION

In this work, we have implemented the twist-3 collinear
fragmentation function ~HðzÞ to study the sinϕS transverse
SSA at EIC through the coupling h1ðxÞ ⊗ ~HðzÞ, in the
particular case that the transverse momentum of the final-
state hadron is integrated out. In our estimate, we applied the
standard parametrization for the transversity and the avail-
able extraction for the fragmentation function Ĥℑ

FUðz; z1Þ. In
addition, the LO evolution effects for the distribution and
fragmentation functions were included. The numerical pre-
diction shows that the asymmetries for the charged and
neutral pions are all sizable, about several percent. Therefore,
it is quite promising that the sinϕS asymmetries of meson
production in SIDIS could be measured at the kinematics of
EIC. We also found that the inclusion of the evolution effect
may be important for the interpretation of future experimen-
tal data. In conclusion, our study demonstrates that it is
feasible to access the transversity via transverse SSA of
single meson production in SIDIS within the framework of
collinear factorization.
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