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Figure 2.22. Results for the (1)-moments of the quark Sivers (upper panels) and Boer-Mulders (lower
panels) functions as function of x. The different curves correspond to the results after (approximate)
evolution from the model scale to Q2 = 2.5 GeV2. Solid curves: light-cone constituent quark model
of ref. [298]. Dashed curves: spectator model of ref. [337]. Dotted curves: bag model of ref. [339, 436].
In the case of the Sivers function, the lighter and darker shaded areas indicate statistical uncertainties
of the parameterizations of ref. [332] and [328, 331]. For the Boer-Mulders function the dashed-dotted
curves are the results of the phenomenological parametrization of refs. [366, 367].

tions [328, 332, 331], valid at an average scale of Q2 = 2.5 GeV2, extracted by a fit to
available experimental data for pion and kaon production in semi-inclusive deep inelastic
scattering. The model results are evolved from the corresponding hadronic scale toQ2 = 2.5
GeV2, by employing those evolution equations which seem most promising to be able to
simulate the correct evolution, which is presently not available. In particular, we evolved
the (1)-moment of the Sivers function by means of the evolution pattern of the unpolarized
parton distribution, while for the (1)-moment Boer-Mulders function we used the evolution
pattern of the chiral-odd transversity. Within the large error bar, the results of both the
LCCQM and spectator model for the Sivers function are compatible with the parameter-
izations for both up and down quark, although the shapes of the distributions and the
magnitude of the up- and down-quark contributions are quite different. On the other hand,
the bag model predicts much smaller results, for both the Sivers and Boer-Mulders func-
tions. In all the models the Boer-Mulders function has the same sign for both the up and
down contributions, confirming theoretical expectations [334, 448]. Furthermore, the up
and down contributions to the Boer-Mulders function are expected to have the same order
of magnitude within the available parametrizations [366, 367, 370, 449]. This is confirmed
from the predictions of the LCCQM and bag model, while it is at variance with the specta-
tor model where the up distribution is more than twice bigger than the down distribution.
However, we note that the available data do not allow yet a full fit of h⊥1 with its x and k2⊥
dependence and the available phenomenological parameterizations are only first attempts
to extract information on this distribution. New experimental data will play a crucial role
to better constrain these analyses.
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[D. Boer et al., arXiv:1108.1713, Fig. 2.22]  
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Figure 2.22. Results for the (1)-moments of the quark Sivers (upper panels) and Boer-Mulders (lower
panels) functions as function of x. The different curves correspond to the results after (approximate)
evolution from the model scale to Q2 = 2.5 GeV2. Solid curves: light-cone constituent quark model
of ref. [298]. Dashed curves: spectator model of ref. [337]. Dotted curves: bag model of ref. [339, 436].
In the case of the Sivers function, the lighter and darker shaded areas indicate statistical uncertainties
of the parameterizations of ref. [332] and [328, 331]. For the Boer-Mulders function the dashed-dotted
curves are the results of the phenomenological parametrization of refs. [366, 367].

tions [328, 332, 331], valid at an average scale of Q2 = 2.5 GeV2, extracted by a fit to
available experimental data for pion and kaon production in semi-inclusive deep inelastic
scattering. The model results are evolved from the corresponding hadronic scale toQ2 = 2.5
GeV2, by employing those evolution equations which seem most promising to be able to
simulate the correct evolution, which is presently not available. In particular, we evolved
the (1)-moment of the Sivers function by means of the evolution pattern of the unpolarized
parton distribution, while for the (1)-moment Boer-Mulders function we used the evolution
pattern of the chiral-odd transversity. Within the large error bar, the results of both the
LCCQM and spectator model for the Sivers function are compatible with the parameter-
izations for both up and down quark, although the shapes of the distributions and the
magnitude of the up- and down-quark contributions are quite different. On the other hand,
the bag model predicts much smaller results, for both the Sivers and Boer-Mulders func-
tions. In all the models the Boer-Mulders function has the same sign for both the up and
down contributions, confirming theoretical expectations [334, 448]. Furthermore, the up
and down contributions to the Boer-Mulders function are expected to have the same order
of magnitude within the available parametrizations [366, 367, 370, 449]. This is confirmed
from the predictions of the LCCQM and bag model, while it is at variance with the specta-
tor model where the up distribution is more than twice bigger than the down distribution.
However, we note that the available data do not allow yet a full fit of h⊥1 with its x and k2⊥
dependence and the available phenomenological parameterizations are only first attempts
to extract information on this distribution. New experimental data will play a crucial role
to better constrain these analyses.
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panels) functions as function of x. The different curves correspond to the results after (approximate)
evolution from the model scale to Q2 = 2.5 GeV2. Solid curves: light-cone constituent quark model
of ref. [298]. Dashed curves: spectator model of ref. [337]. Dotted curves: bag model of ref. [339, 436].
In the case of the Sivers function, the lighter and darker shaded areas indicate statistical uncertainties
of the parameterizations of ref. [332] and [328, 331]. For the Boer-Mulders function the dashed-dotted
curves are the results of the phenomenological parametrization of refs. [366, 367].

tions [328, 332, 331], valid at an average scale of Q2 = 2.5 GeV2, extracted by a fit to
available experimental data for pion and kaon production in semi-inclusive deep inelastic
scattering. The model results are evolved from the corresponding hadronic scale toQ2 = 2.5
GeV2, by employing those evolution equations which seem most promising to be able to
simulate the correct evolution, which is presently not available. In particular, we evolved
the (1)-moment of the Sivers function by means of the evolution pattern of the unpolarized
parton distribution, while for the (1)-moment Boer-Mulders function we used the evolution
pattern of the chiral-odd transversity. Within the large error bar, the results of both the
LCCQM and spectator model for the Sivers function are compatible with the parameter-
izations for both up and down quark, although the shapes of the distributions and the
magnitude of the up- and down-quark contributions are quite different. On the other hand,
the bag model predicts much smaller results, for both the Sivers and Boer-Mulders func-
tions. In all the models the Boer-Mulders function has the same sign for both the up and
down contributions, confirming theoretical expectations [334, 448]. Furthermore, the up
and down contributions to the Boer-Mulders function are expected to have the same order
of magnitude within the available parametrizations [366, 367, 370, 449]. This is confirmed
from the predictions of the LCCQM and bag model, while it is at variance with the specta-
tor model where the up distribution is more than twice bigger than the down distribution.
However, we note that the available data do not allow yet a full fit of h⊥1 with its x and k2⊥
dependence and the available phenomenological parameterizations are only first attempts
to extract information on this distribution. New experimental data will play a crucial role
to better constrain these analyses.
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tions [328, 332, 331], valid at an average scale of Q2 = 2.5 GeV2, extracted by a fit to
available experimental data for pion and kaon production in semi-inclusive deep inelastic
scattering. The model results are evolved from the corresponding hadronic scale toQ2 = 2.5
GeV2, by employing those evolution equations which seem most promising to be able to
simulate the correct evolution, which is presently not available. In particular, we evolved
the (1)-moment of the Sivers function by means of the evolution pattern of the unpolarized
parton distribution, while for the (1)-moment Boer-Mulders function we used the evolution
pattern of the chiral-odd transversity. Within the large error bar, the results of both the
LCCQM and spectator model for the Sivers function are compatible with the parameter-
izations for both up and down quark, although the shapes of the distributions and the
magnitude of the up- and down-quark contributions are quite different. On the other hand,
the bag model predicts much smaller results, for both the Sivers and Boer-Mulders func-
tions. In all the models the Boer-Mulders function has the same sign for both the up and
down contributions, confirming theoretical expectations [334, 448]. Furthermore, the up
and down contributions to the Boer-Mulders function are expected to have the same order
of magnitude within the available parametrizations [366, 367, 370, 449]. This is confirmed
from the predictions of the LCCQM and bag model, while it is at variance with the specta-
tor model where the up distribution is more than twice bigger than the down distribution.
However, we note that the available data do not allow yet a full fit of h⊥1 with its x and k2⊥
dependence and the available phenomenological parameterizations are only first attempts
to extract information on this distribution. New experimental data will play a crucial role
to better constrain these analyses.
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Figure 2.22. Results for the (1)-moments of the quark Sivers (upper panels) and Boer-Mulders (lower
panels) functions as function of x. The different curves correspond to the results after (approximate)
evolution from the model scale to Q2 = 2.5 GeV2. Solid curves: light-cone constituent quark model
of ref. [298]. Dashed curves: spectator model of ref. [337]. Dotted curves: bag model of ref. [339, 436].
In the case of the Sivers function, the lighter and darker shaded areas indicate statistical uncertainties
of the parameterizations of ref. [332] and [328, 331]. For the Boer-Mulders function the dashed-dotted
curves are the results of the phenomenological parametrization of refs. [366, 367].

tions [328, 332, 331], valid at an average scale of Q2 = 2.5 GeV2, extracted by a fit to
available experimental data for pion and kaon production in semi-inclusive deep inelastic
scattering. The model results are evolved from the corresponding hadronic scale toQ2 = 2.5
GeV2, by employing those evolution equations which seem most promising to be able to
simulate the correct evolution, which is presently not available. In particular, we evolved
the (1)-moment of the Sivers function by means of the evolution pattern of the unpolarized
parton distribution, while for the (1)-moment Boer-Mulders function we used the evolution
pattern of the chiral-odd transversity. Within the large error bar, the results of both the
LCCQM and spectator model for the Sivers function are compatible with the parameter-
izations for both up and down quark, although the shapes of the distributions and the
magnitude of the up- and down-quark contributions are quite different. On the other hand,
the bag model predicts much smaller results, for both the Sivers and Boer-Mulders func-
tions. In all the models the Boer-Mulders function has the same sign for both the up and
down contributions, confirming theoretical expectations [334, 448]. Furthermore, the up
and down contributions to the Boer-Mulders function are expected to have the same order
of magnitude within the available parametrizations [366, 367, 370, 449]. This is confirmed
from the predictions of the LCCQM and bag model, while it is at variance with the specta-
tor model where the up distribution is more than twice bigger than the down distribution.
However, we note that the available data do not allow yet a full fit of h⊥1 with its x and k2⊥
dependence and the available phenomenological parameterizations are only first attempts
to extract information on this distribution. New experimental data will play a crucial role
to better constrain these analyses.
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Figure 5. The transversity distribution functions
for u and d flavours as determined by our global
fit, at Q2 = 2.4 GeV2; we also show the Sof-
fer bound [46] (highest or lowest lines) and the
(wider) uncertainty bands of our previous extrac-
tion [20].

As it is well known, in a non relativistic the-
ory the helicity and the transversity distributions
should be equal. We then show in Fig. 7 the
extracted transversity distribution together with
the helicity distribution of Ref. [38] at Q2 = 2.4
GeV2. It results that, both for u and d quarks,
we have |∆T q| < |∆q|.

Another interesting quantity, related to the
first x-moment of the transversity distribution,
is the tensor charge:

δq =

∫ 1

0
dx (∆T q − ∆T q̄) =

∫ 1

0
dx∆T q (20)

where the last equality is valid for zero antiquark
transversity, as assumed in our approach. From
our analysis we get, at Q2 = 0.8 GeV2,

δu = 0.54+0.09
−0.22 δd = −0.23+0.09

−0.16 . (21)

Such values are quite close to various model pre-
dictions [47–50] for tensor charges which span the
ranges 0.5 ≤ δu ≤ 1.5 and −0.5 ≤ δd ≤ 0.5 (see
Fig. 8). In this context it is worth mentioning a
subtle point concerning the strong scale depen-
dence of the tensor charge, recently addressed in
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obtained in Ref. [20].
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Figure 7. Comparison of the extracted transver-
sity (solid line) with the helicity distribution
(dashed line) at Q2 = 2.4 GeV2. The Soffer
bound [46] (blue solid line) is also shown.

Ref. [51]. For the effective models of baryons, as
those referred to above, the choice of their start-
ing energy scale and their Q2 evolution could play

M. Anselmino et al. / Nuclear Physics B (Proc. Suppl.) 191 (2009) 98–107104

[Anselmino et al., Nucl.Phys.Proc.Suppl.191 (2009) 98]
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Figure 6. Favoured and unfavoured Collins frag-
mentation functions as determined by our global
fit, at Q2 = 2.4 GeV2; we also show the positiv-
ity bound and the (wider) uncertainty bands as
obtained in Ref. [20].
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Ref. [51]. For the effective models of baryons, as
those referred to above, the choice of their start-
ing energy scale and their Q2 evolution could play

M. Anselmino et al. / Nuclear Physics B (Proc. Suppl.) 191 (2009) 98–107104

[Anselmino et al., Nucl.Phys.Proc.Suppl.191 (2009) 98]

☛ R. Seidl



INT 12-49W, February 10th, 2012Gunar Schnell 

.

hermes

SIDIS Cross Section

(up to subleading order in 1/Q)

dσ = dσ0
UU + cos 2φ dσ1

UU +
1

Q
cos φ dσ2

UU + λe

1

Q
sin φ dσ3

LU

+SL

{

sin 2φ dσ4
UL +

1

Q
sinφ dσ5

UL + λe

[

dσ6
LL +

1

Q
cosφ dσ7

LL

]}

+ST

{

sin(φ − φS) dσ8
UT + sin(φ + φS) dσ9

UT + sin(3φ − φS) dσ10
UT

1

Q

+
1

Q

(

sin(2φ − φS) dσ11
UT + sinφS dσ12

UT

)

+λe

[

cos(φ − φS) dσ13
LT +

1

Q

(

cos φS dσ14
LT + cos(2φ − φS) dσ15

LT

)

]}

σXY

↙ ↘
Beam Target
Polarization

x

y

z

φS

φ

$phad

$S⊥

$k

$k′

$q

uli

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197

Boer and Mulders, Phys. Rev. D 57 (1998) 5780

Bacchetta et al., Phys. Lett. B 595 (2004) 309

Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504

1-Hadron Production (ep➙ehX)

10



INT 12-49W, February 10th, 2012Gunar Schnell 

.

hermes

SIDIS Cross Section

(up to subleading order in 1/Q)

dσ = dσ0
UU + cos 2φ dσ1

UU +
1

Q
cos φ dσ2

UU + λe

1

Q
sin φ dσ3

LU

+SL

{

sin 2φ dσ4
UL +

1

Q
sinφ dσ5

UL + λe

[

dσ6
LL +

1

Q
cosφ dσ7

LL

]}

+ST

{

sin(φ − φS) dσ8
UT + sin(φ + φS) dσ9

UT + sin(3φ − φS) dσ10
UT

1

Q

+
1

Q

(

sin(2φ − φS) dσ11
UT + sinφS dσ12

UT

)

+λe

[

cos(φ − φS) dσ13
LT +

1

Q

(

cos φS dσ14
LT + cos(2φ − φS) dσ15

LT

)

]}

σXY

↙ ↘
Beam Target
Polarization

x

y

z

φS

φ

$phad

$S⊥

$k

$k′

$q

uli

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197

Boer and Mulders, Phys. Rev. D 57 (1998) 5780

Bacchetta et al., Phys. Lett. B 595 (2004) 309

Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504

1-Hadron Production (ep➙ehX)

10



INT 12-49W, February 10th, 2012Gunar Schnell 

Cross section without polarization

11

FXY,Z = FXY,Z(x, y, z, Ph⊥)

target
polarization

beam
polarization

virtual-photon
polarization

d5σ

dxdydzdφhdP 2
h⊥

∝
(
1 +

γ2

2x

)
{FUU,T + εFUU,L}

J
H
E
P
0
2
(
2
0
0
7
)
0
9
3

the fundamental tenet of universality of PDFs and FFs was revised [7 – 9]. New factoriza-

tion proofs for the process under consideration here were put forward [10, 11], updating past

work [12]. Some relations proposed in ref. [1] turned out to be invalid [13, 14], and three

new PDFs were discovered [15, 16]. In the meanwhile, several experimental measurements

of azimuthal asymmetries in semi-inclusive DIS were performed [17 – 26].

We consider it timely to present in a single, self-contained paper the results for one-

particle-inclusive deep inelastic scattering at small transverse momentum, in particular

including in the cross section all functions recently introduced. In section 2 we recall the

general form of the cross section for polarized semi-inclusive DIS and parameterize it in

terms of suitable structure functions. In section 3 we give the full parameterization of

quark-quark and quark-gluon-quark correlation functions up to twist three and review the

relations between these functions which are due to the QCD equations of motion. The

structure functions for semi-inclusive DIS at small transverse momentum and twist-three

accuracy are given in section 4, and section 5 contains our conclusions. The relation of the

structure functions in the present paper with the parameterization in ref. [27] is given in

appendix A, and results for one-jet production in DIS are listed in appendix B.

2. The cross section in terms of structure functions

We consider the process

!(l) + N(P ) → !(l′) + h(Ph) + X, (2.1)

where ! denotes the beam lepton, N the nucleon target, and h the produced hadron, and

where four-momenta are given in parentheses. Throughout this paper we work in the one-

photon exchange approximation and neglect the lepton mass. We denote by M and Mh

the respective masses of the nucleon and of the hadron h. As usual we define q = l− l′ and

Q2 = −q2 and introduce the variables
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Q
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where α is the fine structure constant and the structure functions on the r.h.s. depend

on x, Q2, z and P 2
h⊥. The angle ψ is the azimuthal angle of &′ around the lepton beam

axis with respect to an arbitrary fixed direction, which in case of a transversely polarized

target we choose to be the direction of S. The corresponding relation between ψ and φS

is given in ref. [27]; in deep inelastic kinematics one has dψ ≈ dφS . The first and second

subscript of the above structure functions indicate the respective polarization of beam and

target, whereas the third subscript in FUU,T , FUU,L and F sin(φh−φS)
UT,T , F sin(φh−φS)

UT,L specifies

the polarization of the virtual photon. Note that longitudinal or transverse target polar-

ization refer to the photon direction here. The conversion to the experimentally relevant

longitudinal or transverse polarization w.r.t. the lepton beam direction is straightforward

and given in [27]. The ratio ε of longitudinal and transverse photon flux in (2.7) is given

by
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[see, e.g., Bacchetta et al., JHEP 0702 (2007) 093



INT 12-49W, February 10th, 2012Gunar Schnell 

Cross section without polarization

11

!

"#$%&'()*+, -+.)/0#1&23)4+560-5

),,,(...... ⊥= hPzyxFF

{ }hh

UUhUUh FyBFyC φφ φφ 2coscos 2cos)(cos)( ++ h

UUF φ2cosh

UUF φcos

{ }LUUTUU

hh

FyBFyA
xxyQdPddzdydx

d
,,

2

2

2

2

5

)()(
2

1 +!!
"

#
$$
%

&
+=

⊥

γα

φ

σ
TUUF , LUUF ,

FXY,Z = FXY,Z(x, y, z, Ph⊥)

target
polarization

beam
polarization

virtual-photon
polarization

d5σ

dxdydzdφhdP 2
h⊥

∝
(
1 +

γ2

2x

)
{FUU,T + εFUU,L

+
√
2ε(1− ε)F cosφh

UU cosφh + εF cos 2φh

UU cos 2φh}

J
H
E
P
0
2
(
2
0
0
7
)
0
9
3

the fundamental tenet of universality of PDFs and FFs was revised [7 – 9]. New factoriza-

tion proofs for the process under consideration here were put forward [10, 11], updating past

work [12]. Some relations proposed in ref. [1] turned out to be invalid [13, 14], and three

new PDFs were discovered [15, 16]. In the meanwhile, several experimental measurements

of azimuthal asymmetries in semi-inclusive DIS were performed [17 – 26].

We consider it timely to present in a single, self-contained paper the results for one-

particle-inclusive deep inelastic scattering at small transverse momentum, in particular

including in the cross section all functions recently introduced. In section 2 we recall the

general form of the cross section for polarized semi-inclusive DIS and parameterize it in

terms of suitable structure functions. In section 3 we give the full parameterization of

quark-quark and quark-gluon-quark correlation functions up to twist three and review the

relations between these functions which are due to the QCD equations of motion. The

structure functions for semi-inclusive DIS at small transverse momentum and twist-three

accuracy are given in section 4, and section 5 contains our conclusions. The relation of the

structure functions in the present paper with the parameterization in ref. [27] is given in

appendix A, and results for one-jet production in DIS are listed in appendix B.

2. The cross section in terms of structure functions

We consider the process

!(l) + N(P ) → !(l′) + h(Ph) + X, (2.1)

where ! denotes the beam lepton, N the nucleon target, and h the produced hadron, and

where four-momenta are given in parentheses. Throughout this paper we work in the one-

photon exchange approximation and neglect the lepton mass. We denote by M and Mh

the respective masses of the nucleon and of the hadron h. As usual we define q = l− l′ and

Q2 = −q2 and introduce the variables

x =
Q2

2P · q
, y =

P · q
P · l

, z =
P ·Ph

P · q
, γ =

2Mx

Q
. (2.2)

Throughout this section we work in the target rest frame. Following the Trento conven-

tions [28] we define the azimuthal angle φh of the outgoing hadron by

cosφh = −
lµPhν gµν

⊥
√

l2⊥ P 2
h⊥

, sin φh = −
lµPhν εµν

⊥
√

l2⊥ P 2
h⊥

, (2.3)

where lµ⊥ = gµν
⊥ lν and Pµ

h⊥ = gµν
⊥ Phν are the transverse components of l and Ph with respect

to the photon momentum. The tensors

gµν
⊥ = gµν −

qµP ν + Pµqν

P · q (1 + γ2)
+

γ2

1 + γ2

(

qµqν

Q2
−

PµP ν

M2

)

, (2.4)

εµν
⊥ = εµνρσ Pρ qσ

P · q
√

1 + γ2
(2.5)

– 2 –

J
H
E
P
0
2
(
2
0
0
7
)
0
9
3

+ S‖λe

[

√

1 − ε2 FLL +
√

2 ε(1 − ε) cos φh F cos φh

LL

]

+ |S⊥|

[

sin(φh − φS)
(

F sin(φh−φS)
UT,T + εF sin(φh−φS)

UT,L

)

+ ε sin(φh + φS)F sin(φh+φS)
UT + ε sin(3φh − φS)F sin(3φh−φS)

UT

+
√

2 ε(1 + ε) sin φS F sinφS

UT +
√

2 ε(1 + ε) sin(2φh − φS)F sin(2φh−φS)
UT

]

+ |S⊥|λe

[

√

1 − ε2 cos(φh − φS)F cos(φh−φS)
LT +

√

2 ε(1 − ε) cos φS F cos φS

LT

+
√

2 ε(1 − ε) cos(2φh − φS)F cos(2φh−φS)
LT

]}

, (2.7)

where α is the fine structure constant and the structure functions on the r.h.s. depend

on x, Q2, z and P 2
h⊥. The angle ψ is the azimuthal angle of &′ around the lepton beam

axis with respect to an arbitrary fixed direction, which in case of a transversely polarized

target we choose to be the direction of S. The corresponding relation between ψ and φS

is given in ref. [27]; in deep inelastic kinematics one has dψ ≈ dφS . The first and second

subscript of the above structure functions indicate the respective polarization of beam and

target, whereas the third subscript in FUU,T , FUU,L and F sin(φh−φS)
UT,T , F sin(φh−φS)

UT,L specifies

the polarization of the virtual photon. Note that longitudinal or transverse target polar-

ization refer to the photon direction here. The conversion to the experimentally relevant

longitudinal or transverse polarization w.r.t. the lepton beam direction is straightforward

and given in [27]. The ratio ε of longitudinal and transverse photon flux in (2.7) is given

by

ε =
1 − y − 1

4 γ2y2

1 − y + 1
2 y2 + 1

4 γ2y2
, (2.8)

so that the depolarization factors can be written as

y2

2 (1 − ε)
=

1

1 + γ2

(

1 − y + 1
2 y2 + 1

4 γ2y2
)

≈
(

1 − y + 1
2 y2

)

, (2.9)

y2

2 (1 − ε)
ε =

1

1 + γ2

(

1 − y − 1
4 γ2y2

)

≈ (1 − y), (2.10)

y2

2 (1 − ε)

√

2 ε(1 + ε) =
1

1 + γ2
(2 − y)

√

1 − y − 1
4 γ2y2 ≈ (2 − y)

√

1 − y, (2.11)

y2

2 (1 − ε)

√

2 ε(1 − ε) =
1

√

1 + γ2
y

√

1 − y − 1
4 γ2y2 ≈ y

√

1 − y, (2.12)

y2

2 (1 − ε)

√

1 − ε2 =
1

√

1 + γ2
y

(

1 − 1
2 y

)

≈ y
(

1 − 1
2 y

)

. (2.13)

– 4 –

[see, e.g., Bacchetta et al., JHEP 0702 (2007) 093



INT 12-49W, February 10th, 2012Gunar Schnell 

… possible measurements

12

d5σ

dxdydzdφhdP 2
h⊥

∝
(
1 +

γ2

2x

)
{FUU,T + εFUU,L

+
√
2ε(1− ε)F cosφh

UU cosφh + εF cos 2φh

UU cos 2φh}



INT 12-49W, February 10th, 2012Gunar Schnell 

… possible measurements

12

normalize to inclusive DIS 
cross section 

hadron multiplicity:

d5σ

dxdydzdφhdP 2
h⊥

∝
(
1 +

γ2

2x

)
{FUU,T + εFUU,L

+
√
2ε(1− ε)F cosφh

UU cosφh + εF cos 2φh

UU cos 2φh}



INT 12-49W, February 10th, 2012Gunar Schnell 

… possible measurements

12

d2σincl.DIS

dxdy
∝ FT + εFL

d4Mh(x, y, z, P 2
h⊥)

dxdydzdP 2
h⊥

∝
(
1 +

γ2

2x

)
FUU,T + εFUU,L

FT + εFL

normalize to inclusive DIS 
cross section 

hadron multiplicity:

MhMhMhMhMh

d5σ

dxdydzdφhdP 2
h⊥

∝
(
1 +

γ2

2x

)
{FUU,T + εFUU,L

+
√
2ε(1− ε)F cosφh

UU cosφh + εF cos 2φh

UU cos 2φh}



INT 12-49W, February 10th, 2012Gunar Schnell 

… possible measurements

12

d2σincl.DIS

dxdy
∝ FT + εFL

d4Mh(x, y, z, P 2
h⊥)

dxdydzdP 2
h⊥

∝
(
1 +

γ2

2x

)
FUU,T + εFUU,L

FT + εFL

≈
∑

q e
2
q f

q
1 (x, p

2
T )⊗Dq→h

1 (z,K2
T )∑

q e
2
q f

q
1 (x)

normalize to inclusive DIS 
cross section 

hadron multiplicity:

MhMhMhMhMh

d5σ

dxdydzdφhdP 2
h⊥

∝
(
1 +

γ2

2x

)
{FUU,T + εFUU,L

+
√
2ε(1− ε)F cosφh

UU cosφh + εF cos 2φh

UU cos 2φh}

✗
✗



INT 12-49W, February 10th, 2012Gunar Schnell 

… possible measurements

12

d2σincl.DIS

dxdy
∝ FT + εFL

d4Mh(x, y, z, P 2
h⊥)

dxdydzdP 2
h⊥

∝
(
1 +

γ2

2x

)
FUU,T + εFUU,L

FT + εFL

≈
∑

q e
2
q f

q
1 (x, p

2
T )⊗Dq→h

1 (z,K2
T )∑

q e
2
q f

q
1 (x)

normalize to inclusive DIS 
cross section 

hadron multiplicity:

MhMhMhMhMh

d5σ

dxdydzdφhdP 2
h⊥

∝
(
1 +

γ2

2x

)
{FUU,T + εFUU,L

+
√
2ε(1− ε)F cosφh

UU cosφh + εF cos 2φh

UU cos 2φh}

normalize to azimuth-
independent cross-section

moments:

✗
✗



INT 12-49W, February 10th, 2012Gunar Schnell 

… possible measurements

12

d2σincl.DIS

dxdy
∝ FT + εFL

d4Mh(x, y, z, P 2
h⊥)

dxdydzdP 2
h⊥

∝
(
1 +

γ2

2x

)
FUU,T + εFUU,L

FT + εFL

≈
∑

q e
2
q f

q
1 (x, p

2
T )⊗Dq→h

1 (z,K2
T )∑

q e
2
q f

q
1 (x)

normalize to inclusive DIS 
cross section 

hadron multiplicity:

MhMhMhMhMh

2〈cos 2φ〉UU ≡ 2

∫
dφhcos 2φ dσ∫

dφhdσ
=

εF cos 2φ
UU

FUU,T + εFUU,L

d5σ

dxdydzdφhdP 2
h⊥

∝
(
1 +

γ2

2x

)
{FUU,T + εFUU,L

+
√
2ε(1− ε)F cosφh

UU cosφh + εF cos 2φh

UU cos 2φh}

normalize to azimuth-
independent cross-section

moments:
〈cos 2φ〉UU〈cos 2φ〉UU〈cos 2φ〉UU〈cos 2φ〉UU

✗
✗



INT 12-49W, February 10th, 2012Gunar Schnell 

… possible measurements

12

d2σincl.DIS

dxdy
∝ FT + εFL

d4Mh(x, y, z, P 2
h⊥)

dxdydzdP 2
h⊥

∝
(
1 +

γ2

2x

)
FUU,T + εFUU,L

FT + εFL

≈
∑

q e
2
q f

q
1 (x, p

2
T )⊗Dq→h

1 (z,K2
T )∑

q e
2
q f

q
1 (x)

normalize to inclusive DIS 
cross section 

hadron multiplicity:

MhMhMhMhMh

2〈cos 2φ〉UU ≡ 2

∫
dφhcos 2φ dσ∫

dφhdσ
=

εF cos 2φ
UU

FUU,T + εFUU,L

≈ ε

∑
q e

2
q h⊥,q

1 (x, p2T )⊗BM H⊥,q→h
1 (z,K2

T )∑
q e

2
q fq

1 (x, p
2
T )⊗Dq→h

1 (z,K2
T )

d5σ

dxdydzdφhdP 2
h⊥

∝
(
1 +

γ2

2x

)
{FUU,T + εFUU,L

+
√
2ε(1− ε)F cosφh

UU cosφh + εF cos 2φh

UU cos 2φh}

normalize to azimuth-
independent cross-section

moments:
〈cos 2φ〉UU〈cos 2φ〉UU〈cos 2φ〉UU〈cos 2φ〉UU

✗
✗

✗



INT 12-49W, February 10th, 2012Gunar Schnell 

… possible measurements

d2σincl.DIS

dxdy
∝ FT + εFL

d4Mh(x, y, z, P 2
h⊥)

dxdydzdP 2
h⊥

∝
(
1 +

γ2

2x

)
FUU,T + εFUU,L

FT + εFL

d4Mh(x, y, z, P 2
h⊥)

dxdydzdP 2
h⊥

∝
(
1 +

γ2

2x

)
FUU,T + εFUU,L

FT + εFL

≈
∑

q e
2
q f

q
1 (x, p

2
T )⊗Dq→h

1 (z,K2
T )∑

q e
2
q f

q
1 (x)

normalize to inclusive DIS 
cross section 

hadron multiplicity:

MhMhMhMhMh

2〈cos 2φ〉UU ≡ 2

∫
dφhcos 2φ dσ∫

dφhdσ
=

εF cos 2φ
UU

FUU,T + εFUU,L

≈ ε

∑
q e

2
q h⊥,q

1 (x, p2T )⊗BM H⊥,q→h
1 (z,K2

T )∑
q e

2
q fq

1 (x, p
2
T )⊗Dq→h

1 (z,K2
T )

2〈cos 2φ〉UU ≡ 2

∫
dφhcos 2φ dσ∫

dφhdσ
=

εF cos 2φ
UU

FUU,T + εFUU,L

d5σ

dxdydzdφhdP 2
h⊥

∝
(
1 +

γ2

2x

)
{FUU,T + εFUU,L

+
√
2ε(1− ε)F cosφh

UU cosφh + εF cos 2φh

UU cos 2φh}

normalize to azimuth-
independent cross-section

moments:

✗
✗

✗

d5σ

dxdydzdφhdP 2
h⊥

∝
(
1 +

γ2

2x

)
{FUU,T + εFUU,L

+
√
2ε(1− ε)F cosφh

UU cosφh + εF cos 2φh

UU cos 2φh}



INT 12-49W, February 10th, 2012Gunar Schnell 

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

14

Momentum density

plenty of data available

but only for integrated 
version of f1 



INT 12-49W, February 10th, 2012Gunar Schnell 

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

14

Momentum density

plenty of data available

but only for integrated 
version of f1 

spin asymmetries involve 
unintegrated f1 in 
denominator!



INT 12-49W, February 10th, 2012Gunar Schnell 

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

14

Momentum density

plenty of data available

but only for integrated 
version of f1 

spin asymmetries involve 
unintegrated f1 in 
denominator!

need multiplicities and 
fragmentation functions not 
only binned in z but also in Ph⊥



INT 12-49W, February 10th, 2012Gunar Schnell 

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

Ph⊥-integrated multiplicities ideal input for FF fits and tests

kaons difficult to describe
15

Hadron multiplicities

0.2 0.4 0.6 0.8

M
u

lt
ip

li
c

it
y

-110

1

0.2 0.4 0.6 0.8

-1

1

0.2 0.4 0.6 0.8

-3
10

-210

-110

z
0.2 0.4 0.6 0.8

-3

-2

-1

+!+!
-!-!

+
K

+
K

-
K

-
K

proton
CTEQ6L+DSS
CTEQ6L+Kretzer
HERMES LundMC

proton
CTEQ6L+DSS
CTEQ6L+Kretzer
HERMES LundMC

HERMES PRELIMINARYHERMES PRELIMINARY

!!!!!!!!!!!!!!!!!!!!!!!"#$%&'()#*!+#!%&'&$,+'()&+(#*)!

!"#$$$$$$$$$$$$$##$

hermes



INT 12-49W, February 10th, 2012Gunar Schnell 

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

study Ph⊥-dependence -> access to TMDs

16

Disentangle z and Ph⊥-dependence 

April 12, 2011 Claude Marchand - DIS 2011 9 

Hadron pT
2 distributions  

H. Mkrtchyan et al. / Physics Letters B 665 (2008) 20–25 23

that we allow separate widths for up and down quarks, and sep-
arate widths for favored and unfavored fragmentation functions.
The widths of the up and down distributions are given by µu
and µd , respectively, and the favored (unfavored) fragmentation
widths are given by µ+ (µ−). Following Cahn [11] and more re-
cent studies [6], we assume that only the fraction z of the quark
transverse momentum contributes to the pion transverse momen-
tum (see Fig. 1). We assume further that sea quarks are negligible
(typical global fits show less than 10% contributions at x = 0.3). To
make the problem tractable, we take only the leading order terms
in (kt/Q ), which was shown to be a reasonable approximation for
small to moderate Pt in Ref. [6]. The simple model can then be
written as

Fig. 4. The P2
t dependence of differential cross-sections per nucleus for π± produc-

tion on hydrogen (H) and deuterium (D) targets at 〈z〉 = 0.55 and 〈x〉 = 0.32. The
solid lines show the result of the seven-parameter fit described in the text. The er-
ror bars are statistical only. Systematic errors are typically 4% (relative, see text for
details). The average value of cos(φ) varies with P2

t (see Table 1).

σπ+
p = C

[
4c1(Pt)e−b+

u P2
t + (d/u)

(
D−/D+)

c2(Pt)e−b−
d P2

t
]
,

σπ−
p = C

[
4
(
D−/D+)

c3(Pt)e−b−
u P2

t + (d/u)c4(Pt)e−b+
d P2

t
]
,

σπ+
n = C

[
4(d/u)c4(Pt)e−b+

d P2
t +

(
D−/D+)

c3(Pt)e−b−
u P2

t
]
,

σπ−
n = C

[
4(d/u)

(
D−/D+)

c2(Pt)e−b−
d P2

t + c1(Pt)e−b+
u P2

t
]
, (4)

where C is an arbitrary normalization factor, and the inverse of the
total widths for each combination of quark flavor and fragmenta-
tion function are given by

b±
u =

(
z2µ2

u + µ2
±
)−1

,

b±
d =

(
z2µ2

d + µ2
±
)−1

(5)

and we assume σd = (σp + σn)/2. The Cahn effect [6,11] is taken
into account through the terms:

c1(Pt) = 1+ c0
(
Pt ,

〈
cos(φ)

〉)
µ2

ub
+
u ,

c2(Pt) = 1+ c0
(
Pt ,

〈
cos(φ)

〉)
µ2

db
−
d ,

c3(Pt) = 1+ c0
(
Pt ,

〈
cos(φ)

〉)
µ2

ub
−
u ,

c4(Pt) = 1+ c0
(
Pt ,

〈
cos(φ)

〉)
µ2

db
+
d ,

c0
(
Pt ,

〈
cos(φ)

〉)
= 4z(2 − y)

√
1− y

√
Q 2[1+ (1− y)2]

√
P2
t
〈
cos(φ)

〉
. (6)

We fit for the four widths (µu , µd , µ+ , and µ−), C , and the ra-
tios D−/D+ and d/u, where the fragmentation ratio is understood
to represent the data-averaged value at z = 0.55, and the quark
distribution ratio is understood to represent the average value
at x = 0.3. The fit describes the data reasonably well (χ2 = 78
for 73 degrees of freedom), and finds the somewhat low ratio
d/u = 0.30 ± 0.03 (the LO GRV98 fit [21] has about 0.40 for va-
lence quarks), and the more reasonable ratio D−/D+ = 0.42±0.01
(a fit to HERMES results [22], D−/D+ = 1/(1 + z)2, predicts 0.42
at z = 0.55). Both d/u and D−/D+ are largely uncorrelated with
other fit parameters. Since the data are at fixed z, the main con-
tributions that distinguishes large fragmentation widths from large
quark widths are the φ-dependence Cahn-effect ci terms. While
there is a significant inverse correlation between the two most
important quark and fragmentation widths, (µu and µ+ , respec-
tively), the fit finds a clear preference for µu to be smaller than
µ+ as shown in Fig. 5(a). On the other hand, the fit finds µd and

Table 1
Differential cross-sections per nucleus for π± production on hydrogen and deuterium versus P2

t . The error bars are statistical only. The values of cos(φ) and cos(2φ) averaged
over the experimental acceptance are also indicated (see Fig. 2)

P2
t

GeV2
〈cos(φ)〉 〈cos(2φ)〉 σπ+

p

nb/sr/GeV3
σπ−
p

nb/sr/GeV3
σπ+
d

nb/sr/GeV3
σπ−
d

nb/sr/GeV3

0.008 −0.369 0.031 2.177± 0.075 0.956± 0.021 2.912± 0.038 1.796± 0.030
0.018 −0.511 0.089 2.058± 0.077 0.951± 0.024 2.824± 0.040 1.800± 0.037
0.028 −0.533 0.105 1.885± 0.082 0.885± 0.030 2.688 ± 0.045 1.690± 0.045
0.038 −0.875 0.580 1.834± 0.089 0.863± 0.035 2.602± 0.051 1.599± 0.052
0.048 −0.892 0.623 1.815± 0.094 0.825± 0.038 2.504± 0.055 1.567± 0.056
0.058 −0.935 0.761 1.808± 0.097 0.726± 0.040 2.393± 0.060 1.491± 0.060
0.068 −0.941 0.780 1.658± 0.100 0.747± 0.047 2.307± 0.063 1.511± 0.067
0.078 −0.946 0.799 1.575± 0.101 0.683± 0.050 2.247± 0.065 1.344± 0.069
0.088 −0.952 0.818 1.507± 0.105 0.702± 0.053 2.099± 0.069 1.403± 0.074
0.098 −0.963 0.858 1.414± 0.109 0.653± 0.055 1.964± 0.071 1.398± 0.077
0.108 −0.963 0.860 1.477± 0.120 0.520± 0.050 1.980 ± 0.075 1.208± 0.073
0.118 −0.965 0.866 1.391± 0.129 0.584± 0.056 1.878± 0.079 1.196± 0.077
0.128 −0.963 0.857 1.208± 0.133 0.563± 0.060 1.789± 0.085 1.123± 0.080
0.138 −0.972 0.892 1.112± 0.150 0.589± 0.067 1.768± 0.098 1.131± 0.090
0.148 −0.972 0.892 1.146± 0.176 0.476± 0.069 1.671± 0.111 1.142± 0.105
0.158 −0.973 0.897 1.147± 0.203 0.627± 0.093 1.762± 0.133 0.967± 0.115
0.168 −0.975 0.902 0.868± 0.236 0.280± 0.095 1.316± 0.145 0.795± 0.139
0.178 −0.977 0.911 1.027± 0.307 0.324± 0.119 1.810± 0.222 0.906± 0.182
0.188 −0.977 0.911 0.771± 0.366 0.519± 0.171 1.465± 0.280 1.244± 0.303
0.198 −0.977 0.911 0.847± 0.509 0.579± 0.319 1.740± 0.398 0.357± 0.258

Mkrtchyan et al., PLB 665 (2008) 20
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More data from JLAB/EG1a @ low Q2.

B. Badelek (Warsaw ) Nucleon Spin Structure INPC 2010 13 / 33

Q2 evolution and gluon polarization

• Q2 dependence g1 data related to gluon polarization (DGLAP)

• Limited kinematic range (c.f. unpol. HERA)

JINR, Dubna, June 21, 2010
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these constants are related to the hadron SIDIS asymmetry
Ah

1,d (x) for deuterons (see below).
The dependence of the amplitudes of the φ modulation

on the kinematic variables is shown in Figs. 4–8. The bin
sizes are optimised to contain more than 106 events in each
bin. Some points are slightly shifted horizontally for clarity.
Only statistical errors are shown. Systematic uncertainties
are estimated to be much smaller then the statistical ones
(see Sect. 6).

The asymmetry parameter aconst(x) divided by the av-
erage muon polarisation and the virtual-photon depolarisa-
tion factor D0 ≈ |Pµ|

√
1 − ε2 in the corresponding x bin

Table 1 Best values of the a(φ) fit parameters for positive and nega-
tive hadrons from the five- and one-parameter fits

Fit parameters h− h+ h− h+

×104

aconst 23 ± 17 40 ± 15 23 ± 16 35 ± 15

asinφ 15 ± 23 −30 ± 21 – –

asin 2φ 30 ± 23 −24 ± 21 – –

asin 3φ 40 ± 24 −10 ± 21 – –

acosφ −4 ± 24 38 ± 22 – –

χ2/n.d.f. 6.1/5 1.0/5 10.4/9 7.0/9

is shown in Fig. 4. By definition, the value aconst(x)/D0 is
equal to the asymmetry Ah

1,d (x) published earlier [15]. The
agreement of these data with those of the present analysis
demonstrates the internal consistency of the results obtained
by different methods.

The sinφ modulation amplitudes of the azimuthal asym-
metry are shown in Fig. 5. Such a modulation is expected
as a combined effect from the twist-3 PDFs hL and f ⊥

L en-
tering dσ0L as well as from the twist-2 transversity PDF h1
and Sivers PDF f ⊥

1T entering dσ0T (see (5)), all contribut-
ing to the azimuthal asymmetries with a factor Mx/Q. The
individual PDF contributions can not be separated within a
single experiment. The observed x dependence of this am-
plitude is less pronounced in the COMPASS data than in the
HERMES [38] data.3 The latter are obtained for leading pi-
ons, while our data include all hadrons and cover a much
wider range in x, Q2 and W 2. When restricting our kine-
matic region to that of HERMES for the amplitude asinφ

compatible results are obtained.
The amplitudes of the sin(2φ) modulation shown in

Fig. 6 are small, consistent with zero within the errors. They

3The sign of HERMES data was inverted in order to match our defini-
tion of spin asymmetry by (4).

Fig. 4 Dependence of the aconst parameter on the kinematic variables. The values of Ah
(1,d)(x) from Ref. [15] are also shown

Fig. 5 Dependence of the modulation amplitude asinφ on the kinematic variables and similar data of HERMES [38] for identified leading pions
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PT at moderately small PT for π+. The slope for π−

could be positive for moderate PT (ignoring the first data
point).
A possible interpretation of the PT -dependence of the

double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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FIG. 2: The double spin asymmetry A1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].

Asymmetries as a function of the azimuthal angle φ
provide access to different combinations of TMD parton
distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1

fPt

N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
The standard procedure for the extraction of the dif-

ferent moments involves sorting AUL in bins of φ and
fitting this φ-distribution with theoretically motivated
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FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-
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these constants are related to the hadron SIDIS asymmetry
Ah

1,d (x) for deuterons (see below).
The dependence of the amplitudes of the φ modulation

on the kinematic variables is shown in Figs. 4–8. The bin
sizes are optimised to contain more than 106 events in each
bin. Some points are slightly shifted horizontally for clarity.
Only statistical errors are shown. Systematic uncertainties
are estimated to be much smaller then the statistical ones
(see Sect. 6).

The asymmetry parameter aconst(x) divided by the av-
erage muon polarisation and the virtual-photon depolarisa-
tion factor D0 ≈ |Pµ|

√
1 − ε2 in the corresponding x bin

Table 1 Best values of the a(φ) fit parameters for positive and nega-
tive hadrons from the five- and one-parameter fits

Fit parameters h− h+ h− h+

×104

aconst 23 ± 17 40 ± 15 23 ± 16 35 ± 15

asinφ 15 ± 23 −30 ± 21 – –

asin 2φ 30 ± 23 −24 ± 21 – –

asin 3φ 40 ± 24 −10 ± 21 – –

acosφ −4 ± 24 38 ± 22 – –

χ2/n.d.f. 6.1/5 1.0/5 10.4/9 7.0/9

is shown in Fig. 4. By definition, the value aconst(x)/D0 is
equal to the asymmetry Ah

1,d (x) published earlier [15]. The
agreement of these data with those of the present analysis
demonstrates the internal consistency of the results obtained
by different methods.

The sinφ modulation amplitudes of the azimuthal asym-
metry are shown in Fig. 5. Such a modulation is expected
as a combined effect from the twist-3 PDFs hL and f ⊥

L en-
tering dσ0L as well as from the twist-2 transversity PDF h1
and Sivers PDF f ⊥

1T entering dσ0T (see (5)), all contribut-
ing to the azimuthal asymmetries with a factor Mx/Q. The
individual PDF contributions can not be separated within a
single experiment. The observed x dependence of this am-
plitude is less pronounced in the COMPASS data than in the
HERMES [38] data.3 The latter are obtained for leading pi-
ons, while our data include all hadrons and cover a much
wider range in x, Q2 and W 2. When restricting our kine-
matic region to that of HERMES for the amplitude asinφ

compatible results are obtained.
The amplitudes of the sin(2φ) modulation shown in

Fig. 6 are small, consistent with zero within the errors. They

3The sign of HERMES data was inverted in order to match our defini-
tion of spin asymmetry by (4).

Fig. 4 Dependence of the aconst parameter on the kinematic variables. The values of Ah
(1,d)(x) from Ref. [15] are also shown

Fig. 5 Dependence of the modulation amplitude asinφ on the kinematic variables and similar data of HERMES [38] for identified leading pions

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

Helicity density
(unintegrated)

19

A1!p
Π#

0.0 0.2 0.4 0.6 0.8
ph!

$0.2

0.0

0.2

0.4
A1!p
Π$

0.0 0.2 0.4 0.6 0.8
ph!

$0.2

0.0

0.2

0.4

0.023 % x % 0.055

0.055 % x % 0.100

0.100 % x % 0.600

A1!D
Π#

0.0 0.2 0.4 0.6 0.8
ph!

$0.2

0.0

0.2

0.4
A1!D
Π$

HERMES Preliminary

0.0 0.2 0.4 0.6 0.8
ph!

$0.2

0.0

0.2

0.4

A1!D
K#

0.0 0.2 0.4 0.6 0.8
ph!

$0.2

0.0

0.2

0.4
A1!D
K$

0.0 0.2 0.4 0.6 0.8
ph!

$0.2

0.0

0.2

0.4

4

PT at moderately small PT for π+. The slope for π−

could be positive for moderate PT (ignoring the first data
point).
A possible interpretation of the PT -dependence of the

double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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FIG. 2: The double spin asymmetry A1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].

Asymmetries as a function of the azimuthal angle φ
provide access to different combinations of TMD parton
distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1

fPt

N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
The standard procedure for the extraction of the dif-

ferent moments involves sorting AUL in bins of φ and
fitting this φ-distribution with theoretically motivated
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FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-

Avakian et al. [CLAS], PRL 105 (2010) 262002

only weak if any dependence on Ph⊥ seen
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PT at moderately small PT for π+. The slope for π−

could be positive for moderate PT (ignoring the first data
point).
A possible interpretation of the PT -dependence of the

double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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FIG. 2: The double spin asymmetry A1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].

Asymmetries as a function of the azimuthal angle φ
provide access to different combinations of TMD parton
distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1

fPt

N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
The standard procedure for the extraction of the dif-

ferent moments involves sorting AUL in bins of φ and
fitting this φ-distribution with theoretically motivated
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FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-

Avakian et al. [CLAS], arXiv:1003.4549

Lattice

CLAS data hints at width µ2 of g1 
that is less than the width µ0 of f1

New CLAS data will allow multi-D binning 
to study Ph⊥ dependence for fixed x

11 April 2011 DIS 2011

A1 ! g1/F1 for eg1-dvcs

29

•eg1-dvcs data (25%) of total

•PT dependence ! µ0 " µ2

•For "+, "- and "0

!WG6PST3: Sucheta Jawalkar Spin azimuthal asymmetries on longitudinally polarized proton

CLAS

CLAS



INT 12-49W, February 10th, 2012Gunar Schnell 

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

Helicity density
(unintegrated)

20

4

PT at moderately small PT for π+. The slope for π−

could be positive for moderate PT (ignoring the first data
point).
A possible interpretation of the PT -dependence of the

double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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FIG. 2: The double spin asymmetry A1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].

Asymmetries as a function of the azimuthal angle φ
provide access to different combinations of TMD parton
distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1

fPt

N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
The standard procedure for the extraction of the dif-

ferent moments involves sorting AUL in bins of φ and
fitting this φ-distribution with theoretically motivated
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FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-
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Measuring azimuthal spin asymmetries

.

hermes Azimuthal Single-Spin Asymmetries
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"phad

"S⊥

"k

"k′

"q
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AUT (φ,φS) =
1

〈|S⊥|〉
N↑

h(φ,φS) − N↓
h(φ,φS)

N↑
h(φ,φS) + N↓

h(φ,φS)

∼ sin(φ + φS)
∑

q

e2
q I

[
kT P̂h⊥

Mh

hq
1(x, p2

T )H⊥,q
1 (z, k2

T )

]

+ sin(φ − φS)
∑

q

e2
q I

[
pT P̂h⊥

M
f⊥,q
1T (x, p2

T )Dq
1(z, k

2
T )

]

+ . . . I[. . .]: convolution integral over initial (pT )

and final (kT ) quark transverse momenta

⇒ 2D Max.Likelihd. fit of to get Collins and Sivers amplitudes:

PDF (2〈sin(φ ± φS)〉UT , . . . , φ, φS) = 1
2{1 + PT (2〈sin(φ ± φS)〉UT sin(φ ± φs) + . . .)}

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 11/50
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Transversity distribution
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Fit of Collins amplitudes
Milos, 27-29 September 2009

• Collins effect in SIDIS: Best Fit

Anselmino, Boglione, UD, Kotzinian, Melis, Murgia, Prokudin, Turk, NP Proc. Suppl. 2009

) Sφ
 +

 
hφ

si
n 

(
UTA

) Sφ
 +

 
hφ

si
n 

(
UTA

) Sφ
 +

 
hφ

si
n 

(
UTA

x z  (GeV)TP

0 0.1 0.2 0.3 0.4 0.5 0.6

−0.1

0

0.1 0π

0 0.1 0.2 0.3 0.4 0.5 0.6

0

0.05

0.1 +π

0 0.1 0.2 0.3 0.4 0.5 0.6

−0.1

−0.05

0

−π

0 0.2 0.4 0.6 0.8 1

−0.1

0

0.1 HERMES
preliminary

0 0.2 0.4 0.6 0.8 1

0

0.05

0.1

0.2 0.4 0.6 0.8

−0.1

−0.05

0

0 0.2 0.4 0.6 0.8 1 1.2

−0.1

0

0.1 2002−2005

0 0.2 0.4 0.6 0.8 1 1.2

0

0.05

0.1

0.2 0.4 0.6 0.8 1

−0.1

−0.05

0

)π
 +

 
Sφ

+ hφ
si

n 
(

UTA
)π

 +
 

Sφ
+ hφ

si
n 

(
UTA

x z  (GeV)TP

−210 −110 1

−0.1

0

0.1 +π

−210 −110 1

−0.1

0

0.1 −π
0 0.2 0.4 0.6 0.8 1

−0.1

0

0.1 COMPASS

0.2 0.4 0.6 0.8 1

−0.1

0

0.1 0 0.5 1 1.5

−0.1

0

0.1 2003−2004

0.5 1 1.5

−0.1

0

0.1

[left] HERMES data [Diefenthaler et al. 2007] (deuteron target)
(hydrogen target) [right] COMPASS data [Alekseev et al. 2008].
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a significant role and, eventually, mask the true
nature of the model. Consequently, the results
shown in Fig. 8, where our LO phenomenologi-
cal extraction seems in better agreement with the
quark-diquark model of Ref. [47] than with other
models, should be taken with some care. A safer
quantity, totally scale independent, and therefore
easy to compare with, would be the ratio of two
tensor charges. From our fit, for instance, we ob-
tain δd/δu = −0.42+0.0003

−0.20 , and all model pre-
dictions considered above would fall within our
uncertainty band, as shown in Fig. 7 of Ref. [51].

0 0.5 1 1.5

our result

1

2

3

4

−0.6 −0.4 −0.2 0

 uδ  dδ

Figure 8. Tensor charge from different models
compared to our result. 1: Quark-diquark model
of Ref. [47], 2: Chiral quark soliton model of
Ref. [48], 3: Lattice QCD [49], 4: QCD sum
rules [50].

4. Predictions

We now use the extracted transversity and
Collins functions to give predictions for new mea-
surements performed or planned at COMPASS
and JLab. The transverse single spin asymme-

try Asin(φh+φS)
UT has been recently measured by

the COMPASS experiment operating with a po-
larized hydrogen target (rather than a deuterium
one). In Fig. 9 we show our predictions compared
with these preliminary data. The agreement is
excellent.
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Figure 9. Predictions for the single spin asymme-

try Asin(φh+φS+π)
UT compared to preliminary data

by the COMPASS experiment operating with a
transversely polarized hydrogen target [40].

In Fig. 10 we present our estimates for JLab
operating with a proton target at 12 GeV. Notice
that JLab results will give important information
on the large x region, which is left basically un-
constrained by the present SIDIS data from HER-
MES and COMPASS. In this region our estimates
must be taken with some care. We recall that
the large x behaviour of our parameterization is
controlled by the same β parameter for ∆T u and
∆T d (since present data do not cover the large
x region). The same is true for the Collins frag-
mentation functions, whose large z behaviour is
driven by the same parameter δ for favoured and
unfavoured Collins FFs. On the other hand for
the small to medium x region, well constrained by
SIDIS measurements, data support the choice of
a universal behaviour xα for ∆T u and ∆T d. The
future JLab measurements, which will extend to
larger x values, will test the validity of this ap-
proximations.

M. Anselmino et al. / Nuclear Physics B (Proc. Suppl.) 191 (2009) 98–107 105

 d
(x

)
T∆

x
 u

(x
)

T∆
x

  )
 d

(x
, k

T∆
x

  )
 u

(x
, k

T∆
x

x   (GeV)k

−0.1

0

0.1

0.2

0.3

0.4

0.2 0.4 0.6 0.8 1
−0.2

−0.15

−0.1

−0.05

0

0.05

0.1

−0.1

0

0.1

0.2

0.3

0.4

x = 0.1

0 0.2 0.4 0.6 0.8 1
−0.2

−0.15

−0.1

−0.05

0

0.05

0.1

x = 0.1

Figure 5. The transversity distribution functions
for u and d flavours as determined by our global
fit, at Q2 = 2.4 GeV2; we also show the Sof-
fer bound [46] (highest or lowest lines) and the
(wider) uncertainty bands of our previous extrac-
tion [20].

As it is well known, in a non relativistic the-
ory the helicity and the transversity distributions
should be equal. We then show in Fig. 7 the
extracted transversity distribution together with
the helicity distribution of Ref. [38] at Q2 = 2.4
GeV2. It results that, both for u and d quarks,
we have |∆T q| < |∆q|.

Another interesting quantity, related to the
first x-moment of the transversity distribution,
is the tensor charge:

δq =

∫ 1

0
dx (∆T q − ∆T q̄) =

∫ 1

0
dx∆T q (20)

where the last equality is valid for zero antiquark
transversity, as assumed in our approach. From
our analysis we get, at Q2 = 0.8 GeV2,

δu = 0.54+0.09
−0.22 δd = −0.23+0.09

−0.16 . (21)

Such values are quite close to various model pre-
dictions [47–50] for tensor charges which span the
ranges 0.5 ≤ δu ≤ 1.5 and −0.5 ≤ δd ≤ 0.5 (see
Fig. 8). In this context it is worth mentioning a
subtle point concerning the strong scale depen-
dence of the tensor charge, recently addressed in
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Figure 6. Favoured and unfavoured Collins frag-
mentation functions as determined by our global
fit, at Q2 = 2.4 GeV2; we also show the positiv-
ity bound and the (wider) uncertainty bands as
obtained in Ref. [20].
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Figure 7. Comparison of the extracted transver-
sity (solid line) with the helicity distribution
(dashed line) at Q2 = 2.4 GeV2. The Soffer
bound [46] (blue solid line) is also shown.

Ref. [51]. For the effective models of baryons, as
those referred to above, the choice of their start-
ing energy scale and their Q2 evolution could play

M. Anselmino et al. / Nuclear Physics B (Proc. Suppl.) 191 (2009) 98–107104

tensor charge:
δq ≡

∫ 1

0
dx

[
hq

1(x)− hq̄
1(x)

]

[8]
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty infp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the!þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty infp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.
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lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the!þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty infp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the!þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty infp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the!þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in Ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

Scattered leptons and coincident hadrons were detected by the Hermes spectrome-

ter [41]. Its acceptance spanned the scattering-angle range 40 < |θy| < 140 mrad and

relative momentum of the hadron pair.
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1,q was predicted to
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behavior.
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polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the
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Scattered leptons and coincident hadrons were detected by the Hermes spectrome-
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1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in Ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

Scattered leptons and coincident hadrons were detected by the Hermes spectrome-

ter [41]. Its acceptance spanned the scattering-angle range 40 < |θy| < 140 mrad and

relative momentum of the hadron pair.
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considering the errors on the parametrization and taking
the upper and lower limits for the combination of interest.
Our data points seem not in disagreement with the extrac-
tion. However, a word of caution is needed here: while the
error bars of our data points correspond to 1! deviation
from the central value, the uncertainty on the parametriza-
tion [32] corresponds to a deviation !"2 ! 17 from the
best fit (see Ref. [33] for more details). In any case, to draw
clearer conclusions more data are needed (e.g., from the
COMPASS Collaboration [18]).

In summary, we have presented a determination of the
transversity parton distribution in the framework of collinear
factorization by using data for pion-pair production in deep-
inelastic scattering off transversely polarized targets, com-
bined with data of eþe# annihilations into pion pairs. The
final trend of the extracted transversity seems not to be in
disagreement with the transversity extracted from the
Collins effect [32]. More data are needed to clarify the issue.
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tracted from HERMES [13] and Belle [37] data, are plot-
ted as filled bands in Fig. 4. The kinematic dependence
of the SSA for π+ from the CLAS data is roughly consis-
tent with these predictions. The interpretation of the π−

data, which tend to have SSAs with a sign opposite to ex-
pectations, may require accounting for additional contri-
butions (e.g. interference effects from exclusive ρ0p and
π−∆++ channels). This will require a detailed study with
higher statistics of both double and single spin asymme-
tries from pions coming from ρ-decays.
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FIG. 4: The measured x-dependence of the longitudinal tar-
get SSA Asin 2φ

UL (triangles). The squares show the existing
measurement ofAsin 2φ

UL from HERMES. The lower band shows
the systematic uncertainty. The upper band shows the exist-
ing theory predictions with uncertainties due to the Collins
function [28, 50].

The sin 2φ moment of the π+ SSA at large x is domi-
nated by u-quarks; therefore with additional input from
Belle measurements [37] on the ratio of unfavored to fa-
vored Collins fragmentation functions, it can provide a
first glimpse of the twist-2 TMD function h⊥

1L.
In summary, kinematic dependencies of single and dou-

ble spin asymmetries have been measured in a wide kine-
matic range in x and PT with CLAS and a longitudi-
nally polarized proton target. Measurements of the PT -
dependence of the double spin asymmetry, performed for
the first time, indicate the possibility of different average
transverse momentum for quarks aligned or anti-aligned
with the nucleon spin. A non-zero sin 2φ single-target
spin asymmetry is measured for the first time, indicat-
ing that spin-orbit correlations of transversely polarized
quarks in the longitudinally polarized nucleon may be
significant.
New, higher statistics measurements of SSAs in SIDIS

at CLAS [51] will allow us to examine the Q2, x, and PT

dependences of azimuthal moments in multi-dimensional
bins and investigate the twist nature of different observ-
ables.
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ted as filled bands in Fig. 4. The kinematic dependence
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tent with these predictions. The interpretation of the π−

data, which tend to have SSAs with a sign opposite to ex-
pectations, may require accounting for additional contri-
butions (e.g. interference effects from exclusive ρ0p and
π−∆++ channels). This will require a detailed study with
higher statistics of both double and single spin asymme-
tries from pions coming from ρ-decays.
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nated by u-quarks; therefore with additional input from
Belle measurements [37] on the ratio of unfavored to fa-
vored Collins fragmentation functions, it can provide a
first glimpse of the twist-2 TMD function h⊥

1L.
In summary, kinematic dependencies of single and dou-

ble spin asymmetries have been measured in a wide kine-
matic range in x and PT with CLAS and a longitudi-
nally polarized proton target. Measurements of the PT -
dependence of the double spin asymmetry, performed for
the first time, indicate the possibility of different average
transverse momentum for quarks aligned or anti-aligned
with the nucleon spin. A non-zero sin 2φ single-target
spin asymmetry is measured for the first time, indicat-
ing that spin-orbit correlations of transversely polarized
quarks in the longitudinally polarized nucleon may be
significant.
New, higher statistics measurements of SSAs in SIDIS

at CLAS [51] will allow us to examine the Q2, x, and PT

dependences of azimuthal moments in multi-dimensional
bins and investigate the twist nature of different observ-
ables.
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vored Collins fragmentation functions, it can provide a
first glimpse of the twist-2 TMD function h⊥
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In summary, kinematic dependencies of single and dou-

ble spin asymmetries have been measured in a wide kine-
matic range in x and PT with CLAS and a longitudi-
nally polarized proton target. Measurements of the PT -
dependence of the double spin asymmetry, performed for
the first time, indicate the possibility of different average
transverse momentum for quarks aligned or anti-aligned
with the nucleon spin. A non-zero sin 2φ single-target
spin asymmetry is measured for the first time, indicat-
ing that spin-orbit correlations of transversely polarized
quarks in the longitudinally polarized nucleon may be
significant.
New, higher statistics measurements of SSAs in SIDIS
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ables.
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3

polarized 5.9 GeV electron beam with an average cur-
rent of 12µA. Polarized electrons were excited from a
superlattice GaAs photocathode by a circularly polar-
ized laser [31] at the injector of the CEBAF accelerator.
The laser polarization, and therefore the electron beam
helicity, was flipped at 30 Hz using a Pockels cell. The
average beam polarization was (76.8± 3.5)%, which was
measured periodically by Møller polarimetry. Through
an active feedback system [32], the beam charge asym-
metry between the two helicity states was controlled to
less than 150 ppm over a typical 20 minute period be-
tween target spin-flips and less than 10 ppm for the entire
experiment. In addition to the fast helicity flip, roughly
half of the data were accumulated with a half-wave plate
inserted in the path of the laser at the source, providing
a passive helicity reversal for an independent cross-check
of the systematic uncertainty.

The ground state 3He wavefunction is dominated by
the S-state, in which the two proton spins cancel and the
nuclear spin resides entirely on the single neutron [33].
Therefore, a polarized 3He target is the optimal effective
polarized neutron target. The target used in this mea-
surement is polarized by spin-exchange optical pumping
of a Rb-K mixture [34]. A significant improvement in tar-
get polarization compared to previous experiments was
achieved using spectrally narrowed pumping lasers [35],
which improved the absorption efficiency. The 3He gas of
~10 atm pressure was contained in a 40-cm-long glass ves-
sel, which provided an effective electron-polarized neu-
tron luminosity of 1036 cm−2s−1. The beam charge was
divided equally among two target spin orientations trans-
verse to the beamline, parallel and perpendicular to the
central !l-!l′ scattering plane. Within each orientation, the
spin direction of the 3He was flipped every 20 minutes
through adiabatic fast passage [36]. The average in-beam
polarization was (55.4± 2.8)% and was measured during
each spin flip using nuclear magnetic resonance, which
in turn was calibrated regularly using electron paramag-
netic resonance [37].

The scattered electron was detected in the BigBite
spectrometer, which consists of a single dipole magnet
for momentum analysis, three multi-wire drift cham-
bers for tracking, a scintillator plane for time-of-flight
measurement and a lead-glass calorimeter divided into
pre-shower/shower sections for electron identification
(ID) and triggering. Its angular acceptance was about
64 msr for a momentum range from 0.6 GeV to 2.5 GeV.
The left High Resolution Spectrometer (HRS) [38] was
used to detect hadrons in coincidence with the Big-
Bite Spectrometer. Its detector package included two
drift chambers for tracking, two scintillator planes for
timing and triggering, a gas Cerenkov detector and a
lead-glass calorimeter for electron ID. In addition, an
aerogel Čerenkov detector and a ring imaging Čerenkov
detector were used for hadron ID. The HRS central mo-
mentum was fixed at 2.35 GeV with a momentum accep-
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Figure 1. 3He A
cos(φh−φS)
LT azimuthal asymmetry plotted

against x for positive (top left) and negative (top right)
charged pions. The ALL correction (see text) that was ap-
plied and its uncertainty are shown in the bottom panels.

tance of ±4.5% and an angular acceptance of ∼6 msr.
The SIDIS event sample was selected with particle

identification and kinematic cuts, including the four mo-
mentum transfer squared Q2 > 1 GeV2, the virtual pho-
ton-nucleon invariant mass W > 2.3 GeV, and the mass
of undetected final-state particles W ′ > 1.6 GeV. The
kinematic coverage was in the valence quark region for
values of the Bjorken scaling variable in 0.16 < x < 0.35
at a scale of 1.4 < Q2 < 2.7GeV2. The range of measured
hadron transverse momentum Ph⊥ was 0.24-0.44 GeV.
The fraction z of the energy transfer carried by the ob-
served hadron was confined by the HRS momentum ac-
ceptance to a small range about z ∼ 0.5-0.6. Events
were divided into four x-bins with equivalent statistics.
At high x, the azimuthal acceptance in φh−φS was close
to 2π, while at lower x, roughly half of the 2π range
was covered, including the regions of maximal and mini-
mal sensitivity to Acos(φh−φS)

LT at cos (φh − φS) ∼ ±1 and
zero, respectively. The central kinematics were presented
in Ref. [30].

The beam-helicity DSA was formed from the mea-
sured yields as in Eq. (1). The azimuthal asymme-
try in each x-bin was extracted directly using an az-
imuthally unbinned maximum likelihood estimator with
corrections for the accumulated beam charge, the data
acquisition livetime, and the beam and target polariza-
tions. The result was confirmed by an independent bin-
ning-and-fitting procedure [30]. The sign of the asymme-
try was cross-checked with that of the known asymmetry
of 3 !He(!e, e′) elastic and quasi-elastic scattering on lon-
gitudinally and transversely polarized targets [39]. The
small amount of unpolarized N2 used in the target cell to
reduce depolarization diluted the measured 3He asymme-
try, which was corrected for the nitrogen dilution defined
as

fN2
≡

NN2
σN2

N3Heσ3He +NN2
σN2

, (2)

[PRL 108 (2012) 052001]
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polarized 5.9 GeV electron beam with an average cur-
rent of 12µA. Polarized electrons were excited from a
superlattice GaAs photocathode by a circularly polar-
ized laser [31] at the injector of the CEBAF accelerator.
The laser polarization, and therefore the electron beam
helicity, was flipped at 30 Hz using a Pockels cell. The
average beam polarization was (76.8± 3.5)%, which was
measured periodically by Møller polarimetry. Through
an active feedback system [32], the beam charge asym-
metry between the two helicity states was controlled to
less than 150 ppm over a typical 20 minute period be-
tween target spin-flips and less than 10 ppm for the entire
experiment. In addition to the fast helicity flip, roughly
half of the data were accumulated with a half-wave plate
inserted in the path of the laser at the source, providing
a passive helicity reversal for an independent cross-check
of the systematic uncertainty.

The ground state 3He wavefunction is dominated by
the S-state, in which the two proton spins cancel and the
nuclear spin resides entirely on the single neutron [33].
Therefore, a polarized 3He target is the optimal effective
polarized neutron target. The target used in this mea-
surement is polarized by spin-exchange optical pumping
of a Rb-K mixture [34]. A significant improvement in tar-
get polarization compared to previous experiments was
achieved using spectrally narrowed pumping lasers [35],
which improved the absorption efficiency. The 3He gas of
~10 atm pressure was contained in a 40-cm-long glass ves-
sel, which provided an effective electron-polarized neu-
tron luminosity of 1036 cm−2s−1. The beam charge was
divided equally among two target spin orientations trans-
verse to the beamline, parallel and perpendicular to the
central !l-!l′ scattering plane. Within each orientation, the
spin direction of the 3He was flipped every 20 minutes
through adiabatic fast passage [36]. The average in-beam
polarization was (55.4± 2.8)% and was measured during
each spin flip using nuclear magnetic resonance, which
in turn was calibrated regularly using electron paramag-
netic resonance [37].

The scattered electron was detected in the BigBite
spectrometer, which consists of a single dipole magnet
for momentum analysis, three multi-wire drift cham-
bers for tracking, a scintillator plane for time-of-flight
measurement and a lead-glass calorimeter divided into
pre-shower/shower sections for electron identification
(ID) and triggering. Its angular acceptance was about
64 msr for a momentum range from 0.6 GeV to 2.5 GeV.
The left High Resolution Spectrometer (HRS) [38] was
used to detect hadrons in coincidence with the Big-
Bite Spectrometer. Its detector package included two
drift chambers for tracking, two scintillator planes for
timing and triggering, a gas Cerenkov detector and a
lead-glass calorimeter for electron ID. In addition, an
aerogel Čerenkov detector and a ring imaging Čerenkov
detector were used for hadron ID. The HRS central mo-
mentum was fixed at 2.35 GeV with a momentum accep-
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Figure 1. 3He A
cos(φh−φS)
LT azimuthal asymmetry plotted

against x for positive (top left) and negative (top right)
charged pions. The ALL correction (see text) that was ap-
plied and its uncertainty are shown in the bottom panels.

tance of ±4.5% and an angular acceptance of ∼6 msr.
The SIDIS event sample was selected with particle

identification and kinematic cuts, including the four mo-
mentum transfer squared Q2 > 1 GeV2, the virtual pho-
ton-nucleon invariant mass W > 2.3 GeV, and the mass
of undetected final-state particles W ′ > 1.6 GeV. The
kinematic coverage was in the valence quark region for
values of the Bjorken scaling variable in 0.16 < x < 0.35
at a scale of 1.4 < Q2 < 2.7GeV2. The range of measured
hadron transverse momentum Ph⊥ was 0.24-0.44 GeV.
The fraction z of the energy transfer carried by the ob-
served hadron was confined by the HRS momentum ac-
ceptance to a small range about z ∼ 0.5-0.6. Events
were divided into four x-bins with equivalent statistics.
At high x, the azimuthal acceptance in φh−φS was close
to 2π, while at lower x, roughly half of the 2π range
was covered, including the regions of maximal and mini-
mal sensitivity to Acos(φh−φS)

LT at cos (φh − φS) ∼ ±1 and
zero, respectively. The central kinematics were presented
in Ref. [30].

The beam-helicity DSA was formed from the mea-
sured yields as in Eq. (1). The azimuthal asymme-
try in each x-bin was extracted directly using an az-
imuthally unbinned maximum likelihood estimator with
corrections for the accumulated beam charge, the data
acquisition livetime, and the beam and target polariza-
tions. The result was confirmed by an independent bin-
ning-and-fitting procedure [30]. The sign of the asymme-
try was cross-checked with that of the known asymmetry
of 3 !He(!e, e′) elastic and quasi-elastic scattering on lon-
gitudinally and transversely polarized targets [39]. The
small amount of unpolarized N2 used in the target cell to
reduce depolarization diluted the measured 3He asymme-
try, which was corrected for the nitrogen dilution defined
as

fN2
≡

NN2
σN2

N3Heσ3He +NN2
σN2

, (2)
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty infp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the!þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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in part by the U. S. National Science Foundation, and by
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty infp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the!þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty infp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the!þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty infp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the!þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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FIG. 1: Comparison between HERMES [27] and preliminary COMPASS data [28] for the (a.) z and (b.) Ph⊥ dependence of
Eq. (3) with a proton target and π+ and h+ as final state hadrons respectively. The solid line is the fit from Ref. [22]. The
dashed curve is the result of evolving to the COMPASS scale using the full TMD-evolution of Ref. [16].

was not available at that time. We note that the anal-
ysis of Ref. [22] also uses deuteron data [32] from the
COMPASS experiment, which corresponds to higher val-
ues of Q2. However, the COMPASS asymmetry [32] on
deuteron target is very small due to strong cancellations
between the up and down quark Sivers functions and thus
is not heavily affected by the evolution. We have verified
that the results of the Torino fits are negligibly altered
if the deuterium data are excluded and only HERMES
data [27] are used in the fit, and the main result of our
present analysis is not affected.

Our calculations will follow the steps of Ref. [16]. For
gK , we use the functional form gK = 1

2g2b
2
T with g2 =

0.68 GeV2 [33], which was obtained by fits performed
using Drell-Yan data. In Eq. (4), this corresponds to
using C1 = 1.123 and bmax = 0.5 GeV−1. All anomalous
dimensions and K̃ are calculated to lowest non-vanishing
order as in Refs. [14, 15].

In Fig. 1(a,b), we show the evolution using the full
TMD-factorization approach as expressed in Eq. (4),
where the evolution is due to the terms in the expo-
nential. The evolution is applied to the most recent
Torino fits [22] as a function z and Ph⊥ , and use
hard scales corresponding to both HERMES data [27]
and recent preliminary COMPASS data [28]. The re-
sult of the evolution is compared with the data. The
x-dependent asymmetry is not ideal for the comparison
because there are strong correlations between x and Q2.
(Recall Q2 ! xys.) However, z or Ph⊥ dependent asym-
metries are measured at almost the same hard scales,
namely 〈Q2〉Hermes ! 2.4 GeV2 and 〈Q2〉COMPASS ! 3.8
GeV2, so we focus on the Sivers asymmetry as a func-
tion of these variables. (For the preliminary h+ COM-
PASS data that we use, 〈Q2〉 varies between 3.63 GeV2

and 3.88 GeV2, in the range of z from 0.2 to 0.7. The
corresponding variation in our calculation is negligible

relative to the variation between the HERMES and pre-
liminary COMPASS data sets.) We observe that includ-
ing QCD evolution leads to excellent consistency between
the HERMES [27] and preliminary COMPASS data [28],
without the need for further fitting. A critical point
is that the information about the non-perturbative evo-
lution contained in gK is taken from the measurement
of a totally different observable, at much higher energy
scales [33] (unpolarized Drell-Yan scattering up to Teva-
tron energies). In Fig. 1(b) we show a similar plot but
for the Ph⊥ dependence. That the same gK successfully
describes TSSA at HERMES and COMPASS is com-
pelling evidence for the universality of gK predicted by
the TMD-factorization theorem.

In Fig. 2, we show the evolution of the full asymmetry
to higher values ofQ2. The precise quantity plotted is the
asymmetry given in Eq. (3) as a function of z, integrated
over x, y and PT . Note that, although Refs. [15, 16] re-
port a strong suppression of the unpolarized TMDs and
the Sivers function itself with increasing Q2, the TSSA is
not as heavily suppressed. Therefore, it may be expected
that the Sivers SSA remains significant at the higher Q
values of experiments planned at the Relativistic Heavy
Ion Collider (RHIC) and the EIC. Still, the QCD evolu-
tion effects are clearly non-negligible and should be cor-
rectly included in future extractions. Ref. [9] predicts a
roughly ∼ 1/

√
Q suppression for the peak of the Sivers

asymmetry as a function of transverse momentum, for
large Q2 >∼ 10 GeV2. We find that, for the full asymme-
try integrated over all transverse momentum, a power-
like scaling law does not provide a good description in
the range of Q in Fig. 2. Generally, we find that the evo-
lution leads to suppression that is faster than ∼ 1/

√
Q,

but slower than ∼ 1/Q2. We caution, however, that a
completely correct treatment at large Q must include the
Y -term in Eq. (2), and it is possible that this will weaken

arXiv:1112.4423
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Summary
first round of SIDIS measurements coming to an end

transversity is non-zero and quite sizable

can be measured, e.g., via Collins effect or s-p interference in 2-
hadron fragmentation

Sivers and Boer-Mulders effects are also non-zero

direct probe of “physics of the QCD gauge links”

so far no sign of a non-zero pretzelosity distribution

first evidence for non-vanishing worm-gear functions
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