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We study the beam spin asymmetryAsinφh
LU in semi-inclusive electroproduction of neutral pion

contributed by theT -odd twist-3 distribution functiong⊥(x,kkk2
T ). The distributions for theu and

d quarks inside the proton are calculated in a spectator modelincluding the scalar and the axial-

vector diquark components. Using the model results, we estimate the asymmetryAsinφh
LU in ep →

e′π0X process in which the lepton beam is longitudinally polarized. The model prediction is

compared with the data measured by the CLAS and HERMES Collaborations, showing that our

numerical results agree with the experimental data reasonably. We also make a prediction on the

beam spin asymmetry inπ0 electroproduction at CLAS12 using the same model calculation.
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1. Introduction

Recently substantial single spin asymmetries (SSAs) have been measured in semi-inclusive
deep inelastic scattering(SIDIS). In the particular case of a longitudinally polarized beam colliding
on an unpolarized target [1, 2, 3], an asymmetry with sinφh modulation, the so-called beam SSA,
emerges. A new source contributing to the beam SSA has been identified, either from the model
calculations [4] or from the updated decomposition of the unpolarized quark-quark correlator [5],
where the twist-3 TMDg⊥(x,kkk2

T ) plays a crucial role. We present an analysis on the beam SSA
Asinφh

LU in neutral pion production, based on the effect fromg⊥. To this end we calculateg⊥ for the
u andd quarks inside the proton, using a spectator model includingboth scalar and axial-vector
diquarks. We adopt a specific model given in Ref. [6]. Using the calculatedg⊥u and g⊥d, we
estimate the beam SSA in neutral pion production at the kinematics of CLAS, which has measured
the beam SSA recently with high precision [3]. We also make a comparison between our calculation
and theπ0 data measured by the HERMES Collaboration [2] for further testing. Finally, we present
the prediction ofAsinφh

LU for π0 production at CLAS12.

2. g⊥ of the proton in spectator model with an axial-vector diquark

The starting point to calculateg⊥(x,kkk2
T ) is the gauge-invariant quark-quark correlator for the

unpolarized nucleon

Φ[+](x,kT ) =

∫

dξ−d2ξT

(2π)3 eik·ξ 〈P|ψ̄ j(0)L [0−,∞−]×L [0T ,ξT ]L [∞−,ξ−]ψi(ξ )|P〉 , (2.1)

where[+] denotes that the gauge link appearing inΦ is future-pointing, corresponding to the SIDIS
process. The distributiong⊥ can be deduced fromΦ[+](x,kT ) by taking the trace with proper Dirac
matrices

−
εαρ

T kTρ

P+
g⊥(x,kkk2

T ) =
1
2

Tr[Φ[+]γαγ5]. (2.2)

Here, we extend the calculations in Ref. [8] using the spectator model with an axial-vector
diquark to obtaing⊥ for both theu andd quarks. We perform the calculation following the way
used in [6] and choose the form for polarization sum of the axial-vector diquarkdµν adopted in
[7]. After performing the integrations overk− and the momentum of the exchanged soft gluon to
obtain the correlator in the spectator model, we arrive at the expressions [9] for the distributiong⊥

from the scalar (denoted bys) and the axial-vector diquark components (denoted byv) by using
Eq. (2.2),

g⊥s(x,kkk2
T ) =−

N2
s (1− x)2

(32π3)

eseq

4π

[

(1− x)Λ2
s +(1+ x)M2

s − (1− x)M2

L2
s (L2

s + kkk2
T )

3

]

, (2.3)

g⊥v(x,kkk2
T ) =

N2
v (1− x)2

(32π3)

eveq

4π

[

(1− x)(xM +m)2+(1− x)2M2−M2
v + xL2

v

(1− x)L2
v(L2

v + kkk2
T )

3

−
x

(1− x)kkk2
T (L2

v + kkk2
T )

2
ln

(

L2
v + kkk2

T

L2
v

)]

. (2.4)
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Figure 1: Left panel: model results forxg⊥u (solid line) andxg⊥d (dashed line) as functions ofkT atx = 0.3;
right panel: model results forxg⊥u (solid line) andxg⊥d (dashed line) as functions ofx at kT = 0.3GeV .

The functiong⊥ for the u and d quarks can be constructed byg⊥s and g⊥v following the
approach in Ref. [6]. For the parameters needed in the numerical calculation, we also adopt the
fitted results from the same reference. The quark mass is chosen asm = 0.3GeV. To convert our
calculation to real QCD, we use the replacementeqeX

4π →−CFαs for the combination of the charges
of the quarkq and the spectator diquarkX , and chooseαs ≈ 0.3 in our calculation. In the left
panel of Fig. 1, we plot the functionsxg⊥u (solid line) andxg⊥d (dashed line) vskT at x = 0.3,
while in the right panel, we display thex dependence atkT = 0.3GeV. As we can see from Fig. 1,
the dominance ofu quark contribution is evident in the adopted spectator model, and thex andkT

dependencies of theu andd quark distributions are different.

3. Numerical results for beam spin asymmetry

The beam-spin asymmetryAsinφ
LU in single-pion production off an unpolarized target is ex-

pressed as

Asinφ
LU (PT ) =

∫

dx
∫

dy
∫

dz 1
xyQ2

y2

2(1−ε) ×
(

1+ γ2

2x

)

√

2ε(1− ε) Fsinφ
LU

∫

dx
∫

dy
∫

dz 1
xyQ2

y2

2(1−ε) ×
(

1+ γ2

2x

)

FUU

(3.1)

for the PT -dependent asymmetry. Thex-dependent and thez-dependent asymmetries can be de-
fined in a similar way. HereFUU andFsinφh

LU are the helicity-averaged and the helicity-dependent
structure functions, respectively. In the parton model, the two structure functions in Eq. (3.1) can
be expressed as the convolution of TMD DFs and FFs, based on the tree-level factorization adopted
in Ref. [10].

To do the calculation on the beam SSA in semi-inclusive pion electroproduction contributed
by theg⊥D1 term, we neglect the quark-gluon-quark correlators for FFsand consider merely the
beam SSA of theπ0 production. Since the favored and the unfavored Collins functions have similar

sizes but opposite signs [11], we haveH⊥π0/q
1 = (H⊥ f av

1 +H⊥un f
1 )/2 ≈ 0 for theπ0 FF. Thus, in

the following calculation, we can just take into account thetermg⊥D1 and obtain

Fsinφh
LU ≈

2Mx
Q ∑

q=u,d

e2
q

∫

d2kT

{

P̂PPT · kT

M

[

xg⊥q(x,k2
T )×Dq

1

(

z,(PT − zkT )
2)
]

}

. (3.2)

whereP̂PPT = PT
PT

with PT = |PT |. For the unpolarized TMDsf q
1 (x,k

2
T ), we adopt the results from the

same spectator model calculation [6] for consistency.
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Figure 2: Beam SSAAsinφh
LU in π0 electroproduction contributed byg⊥. The solid and the dashed lines

correspond to the results without and with the kinematical constraints onkT , respectively.
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Figure 3: The beam SSAAsinφh
LU for π0 production in SIDIS at HERMES (the left panel) and at CLAS12

(the right panel). The solid and the dashed lines correspondto the results without and with the kinematical
constraints onkT , respectively.

To perform the numerical calculation on the asymmetryAsinφh
LU in π0 production at CLAS, we

adopt the following kinematical cuts [3]:

0.4< z < 0.7, Q2 > 1GeV2, W 2 > 4GeV2, PT > 0.05GeV, Mx(eπ0)> 1.5GeV, (3.3)

whereMx(eπ0) are the missing-mass values for theeπ0 system. Finally, in our calculation, we
consider the following kinematical constraints on the intrinsic transverse momentum of the initial
quarks [12].







k2
T ≤ (2− x)(1− x)Q2, for 0< x < 1;

k2
T ≤ x(1−x)

(1−2x)2 Q2, for x < 0.5.
(3.4)

The left panel of Fig. 2 shows the results [9] of the beam SSAAsinφh
LU for π0 production as a

function ofx. In the right panel of Fig. 2, we display the same asymmetry asa functionPT . From
the comparison between the theoretical calculation and theCLAS data, we conclude that theg⊥D1

term can account for the beam SSA inπ0 production at CLAS in the regionsx andPT are not large
(x < 0.4 andPT < 0.5 GeV).

Furthermore, we also compare our calculation of theAsinφh
LU with the data measured by the

HERMES Collaboration using a 27.6 GeV positron beam. In addition, the following kinematics
are applied in the calculation [2]

0.023< x < 0.4, 0< y < 0.85, 1GeV2 < Q2 < 15GeV2,

W 2 > 4GeV2, 2GeV< Ph < 15GeV, (3.5)
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wherePh is the energy of the detected final-stateπ0 in the target rest frame. In the left panel
of Fig. 3, we show the asymmetry and compare it with the HERMESdata [2]. It is found that
the theoretical curves agree with the experimental data within the statistical uncertainty, and the
calculation without the constraints describes the data in the smallerx region better.

Finally, we present the prediction for the asymmetryAsinφh
LU at CLAS12 (shown in the right

panel of Fig. 3). The kinematical cuts applied in the calculation are

0.08< x < 0.6, 0.2< y < 0.9, 0.3< z < 0.8,

Q2 > 1GeV2, W 2 > 4GeV2, 0.05GeV< PT < 0.8GeV. (3.6)

Our calculation shows that the beam SSA at CLAS12 is smaller than that at CLAS, but is still
sizable. Also, our result indicates that there is no obviousz dependence of the asymmetry inπ0

production. Therefore, the precision measurement of thez dependence ofAsinφh
LU in π0 electropro-

duction at CLAS12 can verify the role ofg⊥ in beam SSA.

4. Conclusion

In this work, we have performed a calculation on theT -odd twist-3 TMD distributiong⊥(x,kkk2
T )

for u andd quarks inside the proton in a spectator model with scalar andaxial-vector diquarks.
We found thatg⊥u and g⊥d have differentx and kT dependencies. Using the model results, we
analyzed the beam SSAAsinφh

LU in semi-inclusive pion electroproduction. The comparisonbetween
our theoretical calculation and the data indicates that theg⊥D1 term can account for the beam SSA
in π0 production measured by the CLAS Collaboration in the regionx < 0.4 andPT < 0.5GeV,
where our theoretical curves describe the data fairly well.In addition, our calculated asymmetry
at the HERMES kinematic region is consistent with the HERMESmeasurements after the error
bars of the data are considered. Our study suggests that theT -odd twist-3 distributiong⊥ plays an
important role in the beam SSA in SIDIS, especially in the case of neutral pion production.

References

[1] H. Avakianet al. (CLAS Collaboration), Phys. Rev. D69 112004 (2004).

[2] A. Airapetianet al. (HERMES Collaboration), Phys. Lett. B648, 164 (2007).

[3] M. Aghasyanet al., Phys. Lett. B704, 397 (2011).

[4] A. Metz and M. Schlegel, Eur. Phys. J. A22, 489 (2004).

[5] A. Bacchetta, P.J. Mulders, and F. Pijlman, Phys. Lett. B595, 309 (2004).

[6] A. Bacchetta, F. Conti, and M. Radici, Phys. Rev. D78, 074010 (2008).

[7] S. J. Brodsky, D. S. Hwang, B. -Q. Ma, and I. Schmidt, Nucl.Phys.B593, 311 (2001).

[8] Z. Lu and I. Schmidt, Phys. Lett. B712, 451 (2012).

[9] W. Mao and Z. Lu, Phys. Rev. D87, 014012 (2013)

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

[11] A. V. Efremov, K. Goeke, and P. Schweitzer, Phys. Rev. D73, 094025 (2006).

[12] M. Boglione, S. Melis, and A. Prokudin, Phys. Rev. D84, 034033 (2011).

5


