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We study the single-spin asymmetries with the sinϕS and sin(2ϕh − ϕS) angular dependencies
of pion production in semi-inclusive deep inelastic scattering off a transversely polarized proton
target. We investigate the role of the distributions fT , hT and h⊥T in the sinϕS asymmetry, as
well as the role of the distributions f⊥T , hT and h⊥T in the sin(2ϕh −ϕS) asymmetry. We calculate
the four twist-3 distributions fT (x,kkk2

T ), f⊥T (x,kkk2
T ), hT (x,kkk2

T ), and h⊥T (x,kkk
2
T ) in a spectator-diquark

model including vector diquarks. With the model results on these TMD distributions, for the first
time we predict the two corresponding asymmetries for π+, π− and π0 produced off the proton
target at the kinematics of HERMES, JLab, and COMPASS.
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1. Introduction

In recent years, single-spin asymmetry (SSA) in semi-inclusive deep inelastic scattering (SIDIS)
process opened a new window on the understanding of hadron structure (for reviews see Ref-
s. [1, 2, 3]). Particularly, transverse spin phenomena of the nucleon in scattering processes have
attracted growing attentions, as reflected in numerous studies from both theory and experiment,
such as the experimental measurements by the HERMES Collaboration [4, 5, 6], the Jefferson Lab
(JLab) Hall A Collaboration [7, 8] and the COMPASS Collaboration [9, 10, 11].

As shown in Refs. [12, 13], besides the leading-twist SSAs, there are two more angular mod-
ulations appearing in the the process lN↑ → l′+h+X , that is, the sinϕS and the sin(2ϕh −ϕS) mo-
ments. Most recently, there is also an attempt [14] to measure these transverse spin asymmetries.
However, there are still less systematic studies and calculations on the sinϕS and sin(2ϕh −ϕS)

asymmetries in literature, especially from the phenomenological view, although these subleading-
twist transverse spin asymmetries can shed light on the transverse spin structure of the nucleon at
twist 3. Therefore, the main purpose of this work is to give an attempt to investigate the roles of T-
MD twist-3 distributions and fragmentation functions(FFs) in the transverse SSAs, and to study the
feasibility of experimental measurements on them. In this paper, we will only focus our attention
on the contributions from the twist-3 TMDs, and set these FFs to zero in the Wandzura-Wilczek
approximation [15] in the practical calculation.

2. Model calculation on the twist-3 TMD distributions

Applying the notation from Ref. [13], at twist-3 level, the gauge-invariant quark-quark corre-
lator for a transversely polarized nucleon can be decomposed as

Φ(x,kkkT ,SSST )

∣∣∣∣
twist-3

=
M

2P+

{
−ερσ

T γρST σ f ′T +
(kT ·ST )ε

ρσ
T γρkT σ

M2 f⊥T

− kT ·ST

M
[ n/+, n/−]γ5

2
hT +

[ S/T , k/T ]γ5

2M
h⊥T + · · ·

}
, (2.1)

here · · · denotes the other twist-3 TMDs that are not relevant in this work. Using the light-cone
coordinates, the four involved twist-3 TMDs fT , f⊥T , hT , and h⊥T can be obtained from the Dirac
traces of Φ(x,kkkT ,SSST )(see Eqs. (3.23)(3.25)(3.26) of Ref. [13]).

Following the way used in Ref. [16] and choosing the form for polarization sum of the axial-
vector diquark dµν adopted in Ref. [17], we performed the calculation in a spectator model with an
axial-vector diquark, and gave the detailed calculation in Ref. [18]. Here we only give the model
results of the four TMD distributions contributed by the scalar diquark

hs
T (x,k

2
T ) =

Ns
2(1− x)2

16π3

[
(1− x)2M2 − k2

T −M2
s
]

(k2
T +L2

s )
4

, (2.2)

h⊥s
T (x,k2

T ) =
N2

s (1− x)2

16π3

[
(1− x)(M2 +2mM+ xM2)− k2

T −M2
s
]

(k2
T +L2

s )
4

, (2.3)

2



P
o
S
(
D
I
S
2
0
1
5
)
2
0
7

Transverse single-spin asymmetries AsinϕS
UT and Asin(2ϕh−ϕS)

UT in SIDIS Wenjuan MAO

0.0 0.2 0.4 0.6 0.8 1.0

-0.6

-0.3

0.0

0.3

x

kT=0.3GeV

 x h uT vs. x

 x h dT vs. x

 

 

0.0 0.2 0.4 0.6 0.8 1.0
-1.2

-0.6

0.0

0.6

1.2

kT(GeV)

x=0.3

 x h uT vs. kT

 x h dT vs. kT

  

 

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.3

0.6

0.9  x hT
u vs. x

 x hT
d vs. x

 

 

 

 

kT=0.3GeV

x
0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.8

1.6

2.4

kT(GeV)

x=0.3

 x hT
u vs. kT

 x hT
d vs. kT

 

 

 

 

0.0 0.2 0.4 0.6 0.8 1.0

0.00

0.02

0.04

0.06

x

  x f uT vs. x

  x f dT vs. x

kT=0.3GeV

  

 

0.0 0.2 0.4 0.6 0.8 1.0

0.00

0.05

0.10

0.15  x  f uT vs. kT

 x  f dT vs. kT

x=0.3

  

 

kT(GeV)
0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6  x f T
u vs. x

 x f T
d vs. x

kT=0.3GeV

x

  

 

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.8

1.6

2.4

kT(GeV)

x=0.3

 x f T
u vs. kT

 x f T
d  vs. kT

  

 

Figure 1: Model results for x f u (solid line) and x f d (dashed line) as functions of x at kT = 0.3GeV and of
kT at x = 0.3.

f s
T (x,k

2
T ) =CFαs

Ns
2(1− x)2

32π3

(x+ m
M )(L2

s − k2
T )

L2
s (L2

s + k2
T )

3
, (2.4)

f⊥s
T (x,k2

T ) = 0, (2.5)

and by the axial-vector diquark component

hv
T (x,k

2
T ) =

N2
v (1− x)
16π3

[
(1− x)(m2 +2xmM+ xM2)+ k2

T − xM2
v
]

(k2
T +L2

v)
4

(2.6)

h⊥v
T (x,k2

T ) =
N2

v (1− x)
16π3

[
(1− x)(m2 − xM2)− k2

T + xM2
v
]

(k2
T +L2

v)
4

, (2.7)

f v
T (x,k

2
T ) = 0, (2.8)

f⊥v
T (x,k2

T ) =CFαs
N2

v (1− x)2M(m+ xM)

16π3(L2
v + k2

T )
2k2

T

[
1

k2
T

ln
k2

T +L2
v

L2
v

+
k2

T −L2
v

L2
v(L2

v + k2
T )

]
. (2.9)

We find that the above expressions of hs
T and h⊥s

T are in consistence with the results in Ref. [19],
while the expressions of f s

T and f⊥s
T have already been presented in Ref. [20]. Following the way

in Ref. [16], we construct the distributions for the u and d valence quarks from f s and f v by the
relation

f u = c2
s f s + c2

a f a, f d = c2
a′ f a′ , (2.10)

where cs, ca, and ca′ are the free parameters of the model, and a and a′ denote the isoscalar and
isovector states of the axial-diquark, respectively.

We also show the dependence of the four distributions on the flavors, Bjorken x and the active
quark transverse momentum kT in Fig. 1. As we can see, in the specified kinematic region (x = 0.3
or kT = 0.3 GeV), the T-even distributions hu

T and hd
T have similar sizes but opposite signs, while

h⊥u
T is positive and its size is much larger than that of h⊥d

T . For the T-odd distributions fT and f⊥T ,
f d
T is zero since f v

T vanishes in the model we adopt, and there is a node of the distribution f u
T in

kT . The size of fT is much smaller than that of the T-even distributions hT and h⊥T . Specially, we

3
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verify that f u
T vanishes when it is integrated over the transverse momentum [21]

∫
d2kT f u

T (x,k
2
T ) =

0. This is an expected result from the time-reversal invariance for integrated distributions, and it
indicates that the distribution fT will not give any contribution to the transverse SSA in inclusive
DIS process [22, 23]. The results for f⊥T show that f⊥d

T dominates over f⊥u
T in the chosen kinematic

regime. This may be explained by the fact that f⊥s
T is zero and only f⊥v

T contributes in our model.

3. Predictions on the transverse SSAs in SIDIS

The differential cross section of the process for an unpolarized beam scattering off a trans-
versely polarized hadron can be expressed as [13]

dσ
dxdydzdϕSdϕhdP2

T
=

α2

xyQ2
y2

2(1− ε)

(
1+

γ2

2x

)
{FUU

+ |SSST |
[√

2ε(1+ ε)
(

sinϕS FsinϕS
UT

+ sin(2ϕh −ϕS)Fsin(2ϕh−ϕS)
UT

)]
+ · · ·

}
. (3.1)

Based on the tree-level factorization adopted in Ref. [13], the structure functions FUU, FsinϕS
UT and

Fsin(2ϕh−ϕS)
UT can be expressed as the convolutions of twist-2 and twist-3 TMD distributions and FFs:

FUU = C [ f1D1], (3.2)

FsinϕS
UT ≈ 2M

Q
C

{
x fT D1 +

pT · kT

2zMMh

(
xhT H⊥

1 − xh⊥T H⊥
1

)}
, (3.3)

Fsin(2ϕh−ϕS)
UT ≈ 2M

Q
C

{
2(P̂T · kT )

2 − k2
T

2M2

(
x f⊥T D1

)
+

2(P̂T · pT )(P̂T · kT )− pT · kT

2zMMh
×
[
xhT H⊥

1 + xh⊥T H⊥
1

]}
, (3.4)

here C is the notation

C [w f D] = x∑
q

e2
q

∫
d2kkkT

∫
d2 pppT δ 2(zkkkT −PPPT + pppT )

×w(kkkT , pppT ) f q(x,kkk2
T )D

q(z, ppp2
T ), (3.5)

which is a transformation from Eq. (4.1) of Ref. [13] with our new definitions of kT , pT and PT (see
Ref. [18]).

With Eqs. (3.2), (3.3), and (3.4), therefore the PT -dependent transverse SSAs AsinϕS
UT and Asin(2ϕh−ϕS)

UT
can be defined as

AsinϕS
UT (PT ) =

∫
dx

∫
dy

∫
dz 1

xyQ2
y2

2(1−ε)

(
1+ γ2

2x

)√
2ε(1+ ε) FsinϕS

UT∫
dx

∫
dy

∫
dz 1

xyQ2
y2

2(1−ε)

(
1+ γ2

2x

)
FUU

, (3.6)

Asin(2ϕh−ϕS)
UT (PT ) =

∫
dx

∫
dy

∫
dz 1

xyQ2
y2

2(1−ε)

(
1+ γ2

2x

)√
2ε(1+ ε) Fsin(2ϕh−ϕS)

UT∫
dx

∫
dy

∫
dz 1

xyQ2
y2

2(1−ε)

(
1+ γ2

2x

)
FUU

. (3.7)

4
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Figure 2: Prediction on the transverse SSA AsinϕS
UT (left) and Asin(2ϕh−ϕS)

UT (right) for π+ (upper panel), π−

(middle panel), and π0 (lower panel) in SIDIS at HERMES. The dashed, dotted, and dash-dotted curves
represent the asymmetries from the fT D1 or f⊥T D1, hT H⊥

1 , and h⊥T H⊥
1 terms, respectively. The solid curves

correspond to the total contribution.
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Figure 3: Similar to Figure 2, but at JLab 5.5 GeV.

The x-dependent and the z-dependent asymmetries can be defined in a similar way.
Considering the following kinematical constraints on the intrinsic transverse momenta of the

initial quarks [24] kkk2
T ≤ (2− x)(1− x)Q2, for 0 < x < 1;

kkk2
T ≤ x(1−x)

(1−2x)2 Q2, for x < 0.5,
(3.8)

and the kinematical cuts at HERMES [5]

0.023 < x < 0.4, 0.1 < y < 0.95, 0.2 < z < 0.7,

W 2 > 10GeV2, Q2 > 1GeV2,

0.05 < PT < 1.2GeV, 2GeV < Eh < 15GeV, (3.9)
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Figure 4: Similar to Figure 2, but at COMPASS.

at JLab 5.5 GeV [25]

0.1 < x < 0.6, 0.4 < z < 0.7, Q2 > 1GeV2,

PT > 0.05GeV, W 2 > 4GeV2, (3.10)

and at COMPASS [9]

0.004 < x < 0.7, 0.1 < y < 0.9, z > 0.2,

PT > 0.1GeV, Q2 > 1GeV2,

W > 5GeV, Eh > 1.5GeV, (3.11)

we perform the numerical calculation on the transverse SSAs of charged and neutral pion produc-
tion in SIDIS, using an unpolarized beam scattered off a transversely polarized proton target. The
corresponding results are respectively shown in Figs. 2, 3 and 4. As we can see, for the sinϕS

asymmetry, the fT D1 term dominates in π+, π−, and π0 production, while the hT H⊥
1 and h⊥T H⊥

1
terms are almost negligible. Also, the asymmetry from the fT D1 term tends to be positive in small
PT region, while it turns to be negative in large PT region, due to the kT shape of the distribution fT .
For the sin(2ϕh −ϕS) asymmetry, in the most cases, the main contribution is from the f⊥T D1 term;
the effects of the hT H⊥

1 and h⊥T H⊥
1 terms might be observed in the asymmetry for π− production at

JLab, according to our numerical calculation.

4. Conclusion

According to the results, one can conclude that sizable sinϕS and sin(2ϕh −ϕS) asymmetries
may be accessible at the kinematics of HERMES, JLab, and COMPASS, by performing the SIDIS
experiments on the transverse polarized proton target or analyzing the available data. The mea-
surements on the PT dependence of the asymmetry AsinϕS

UT may be employed to test the transverse
momentum dependence of the distribution fT , e.g., the existence of a node of fT in kT . Moreover,
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measuring the sinϕS and sin(2ϕh −ϕS) asymmetries for π0 production, in which the contributions
from hT and h⊥T are negligible, are viable to provide clean probes on both the distributions fT and
f⊥T . Future experiments on these effects can deepen our understanding on the role of twist-3 TMD
distributions in transverse spin asymmetries.
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