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FIG. 1: Schematic picture of Deep-Inelastic Scattering for
one photon exchange. The kinematic variables are defined in
Tab. I.

can be written as [15, 39, 40]:
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Here, F1 and F2 are polarization-averaged structure func-
tions (in the following also called ’unpolarized’), while
g1 and g2 are spin structure functions, all depending on
both x and Q2, which have been suppressed here for sim-
plicity. The sensitivity of the cross section to g1 and g2

arises from the product of the anti-symmetric parts of
the Lµν and Wµν tensors, which is non-zero only when
both target and beam are polarized.

For a spin-1 target such as the deuteron, the hadronic
tensor has four additional structure functions arising
from its electric quadrupole structure [41, 42]. Only three
appear at leading-twist level: b1, b2 and ∆. In the scaling
(Bjorken) limit the structure function b2 is related to b1

by b2(x) = 2xb1(x); ∆ describes the double helicity-flip
(virtual) photon-deuteron amplitude [43]. The structure
function b1 appears in a product with the tensor polar-
ization of the target, which can coexist with the vector
polarization in spin-1 targets. The influence of the ten-
sor polarization on the g1 measurement is discussed in
Sect. IVC. In this analysis the unmeasured function ∆
is neglected since its contribution is suppressed for lon-
gitudinally polarized targets.

The structure function g1 is related directly to the cross
section difference:

σLL ≡ 1
2
(σ

→⇐ − σ
→⇒) , (19)

where longitudinally (L) polarized leptons (→) scatter on
longitudinally (L) polarized nuclear targets with polar-
ization direction either parallel or anti-parallel (→⇒, →⇐)

TABLE I: Kinematic variables used in the description of deep-
inelastic scattering.

ml
Mass of incoming lepton
(considered as negligible)

M Mass of target nucleon

k = (E,!k), k′ = (E′, !k′)
4–momenta of the initial and
final state leptons

s, S Lepton’s and target’s spin
4-vectors

θ, φ
Polar and azimuthal angle of the
scattered lepton

P
lab
= (M, 0)

4–momentum of the initial target
nucleon

q = (E − E′,!k − !k′)
4–momentum of the virtual
photon

Q2 = −q2

lab
≈ 4EE′ sin2 θ

2

Negative squared 4–momentum
transfer

ν =
P · q
M

lab
= E − E′ Energy of the virtual photon in

the target rest frame

x =
Q2

2P · q =
Q2

2Mν
Bjorken scaling variable

y =
P · q
P · k =

ν
E

W 2 = (P + q)2

= M2 + 2Mν −Q2
Squared invariant mass of the
photon–nucleon system

to the spin direction of the beam. The relationship to
spin structure functions is:

d2σLL(x,Q2)
dxdQ2

=
8πα2y

Q4

×
[(

1 − y

2
− y2

4
γ2

)
g1(x,Q2) − y

2
γ2 g2(x,Q2)

]
, (20)

where γ2 = Q2/ν2. The spin structure function g2(x,Q2)
does not have any probabilistic interpretation in the
QPM. It will not be discussed further in this paper, but
it is taken into account in the extraction of g1 by using a
parameterization of the published data. The second term
is small compared to the first. Averaged over all (x,Q2)
bins of this analysis it is of order 0.54% for the proton
and 1.9% for the deuteron. Therefore the existing preci-
sion for g2 has only a marginal effect on an extraction of
g1.

For only the purely technical reason that absolute cross
sections are difficult to measure, asymmetries are the
usual direct experimental observable:

A|| ≡
σLL

σUU
, (21)
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The description of inclusive deep inelastic scattering64

of longitudinally polarized charged leptons off polarized65

nucleons requires two nucleon structure functions g1(x,Q2)66

and g2(x,Q2) in addition to the well-known spin-indepen-67

dent structure functions F1(x,Q2) and F2(x,Q2). Here,68

Q2 is the negative squared four-momentum of the ex-69

changed virtual photon with laboratory energy ν, x =70

Q2/2Mν is the Bjorken scaling variable, and M is the71

nucleon mass. In the quark-parton model (QPM), the72

spin-dependent structure function g1(x,Q2) can be in-73

terpreted as a charge-weighted sum of the quark helicity74

distributions inside a longitudinally polarized nucleon,75

g1(x,Q2) =
1
2

∑

q

e2
q∆q(x,Q2). (1)

The spin-dependent structure function g2(x,Q2) does76

not have a probabilistic interpretation in the QPM. Its77

properties can be interpreted in the framework of the op-78

erator product expansion analysis within non-perturbative79

QCD [1–3]. Ignoring quark mass effects, g2(x,Q2) can be80

written as a sum of two terms81

g2(x,Q2) = gWW
2 (x,Q2) + ḡ2(x,Q2) . (2)

Here, gWW
2 (x,Q2) is the twist-2 part derived by Wandzura82

and Wilczek [4]:83

gWW
2 (x,Q2) = −g1(x,Q2) +

∫ 1

x
g1(y, Q2)

d y

y
. (3)

The second term in Eq. (2), ḡ2(x,Q2), is the twist-3 part84

of g2(x,Q2). It measures quark-gluon correlations in the85

nucleon.86

The spin-dependent structure functions g1(x,Q2) and87

g2(x,Q2) can be related to the virtual photon-absorption88

asymmetries A1 and A2:89

A1 =
σT

1/2 − σT
3/2

σT
1/2 + σT

3/2

=
g1 − γ2g2

F1
, (4)

A2 =
2σLT

σT
1/2 + σT

3/2

= γ
g1 + g2

F1
. (5)

Here, σT
1/2 and σT

3/2 are the transverse virtual photo-ab-90

sorption cross sections for total photon and nucleon an-91

gular momentum of 1/2 and 3/2 respectively, and σLT is92

the interference term between the transverse and longi-93

tudinal photon-nucleon amplitudes.94

The measurement of the structure function g2 requires95

a longitudinally polarized beam and a transversely polar-96

ized target. The inclusive cross section, σ, in this case can97

be represented as a sum of two terms, the polarization-98

averaged part, σUU , and the polarization-dependent part,99

σLT . Here, the subscript UU indicates that both the beam100

and target are unpolarized, while the subscript LT indi-101

cates a longitudinally polarized beam and a transversely102

polarized target. The polarization-dependent part of the103

cross section at Born level, i.e. in the one-photon approx-104

imation, is given by [2]:105

d3σLT

dxdydφ
= −hl · cosφ · 4α2

Q2
· γ ·

√
1 − y − γ2y2

4

×
(y

2
g1(x,Q2) + g2(x,Q2)

)
. (6)

Here, hl = +1 (−1) for a lepton beam with positive (nega-106

tive) helicity, α is the fine-structure constant, y is the frac-107

tional energy transferred to the nucleon, γ = 2Mx/
√

Q2.108

The angle φ is the azimuthal angle about the beam di-109

rection between the lepton scattering plane and the “up-110

wards” target spin direction. The polarization-dependent111

cross section, σLT , is significantly smaller than the po-112

larization-averaged part, σUU , in particular due to the113

suppression by the factor γ ∝ M/Q, and therefore its114

measurement requires a very high statistics experiment.115

Extraction of the function g2 requires a subtraction of116

the function g1. As a result, the functions g2 and A2 have117

been measured [5–7] with poor accuracy in comparison118

to g1 and A1.119

A measurement of the inclusive cross sections at an-120

gles φ and φ + π allows one to construct the asymmetry121

ALT122
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one photon exchange. The kinematic variables are defined in
Tab. I.

can be written as [15, 39, 40]:

Wµν
1
2

(S)=
(
−gµν − qµqν

Q2

)
F1

+
(

Pµ +
P · q
Q2

qµ

) (
P ν +

P · q
Q2

qν

)
F2

P · q

−iεµνλσ qλ

P · q

[
Sσg1 +

(
Sσ−

S · q
P · qPσ

)
g2

]
.(18)

Here, F1 and F2 are polarization-averaged structure func-
tions (in the following also called ’unpolarized’), while
g1 and g2 are spin structure functions, all depending on
both x and Q2, which have been suppressed here for sim-
plicity. The sensitivity of the cross section to g1 and g2

arises from the product of the anti-symmetric parts of
the Lµν and Wµν tensors, which is non-zero only when
both target and beam are polarized.

For a spin-1 target such as the deuteron, the hadronic
tensor has four additional structure functions arising
from its electric quadrupole structure [41, 42]. Only three
appear at leading-twist level: b1, b2 and ∆. In the scaling
(Bjorken) limit the structure function b2 is related to b1

by b2(x) = 2xb1(x); ∆ describes the double helicity-flip
(virtual) photon-deuteron amplitude [43]. The structure
function b1 appears in a product with the tensor polar-
ization of the target, which can coexist with the vector
polarization in spin-1 targets. The influence of the ten-
sor polarization on the g1 measurement is discussed in
Sect. IVC. In this analysis the unmeasured function ∆
is neglected since its contribution is suppressed for lon-
gitudinally polarized targets.

The structure function g1 is related directly to the cross
section difference:

σLL ≡ 1
2
(σ

→⇐ − σ
→⇒) , (19)

where longitudinally (L) polarized leptons (→) scatter on
longitudinally (L) polarized nuclear targets with polar-
ization direction either parallel or anti-parallel (→⇒, →⇐)

TABLE I: Kinematic variables used in the description of deep-
inelastic scattering.

ml
Mass of incoming lepton
(considered as negligible)

M Mass of target nucleon

k = (E,!k), k′ = (E′, !k′)
4–momenta of the initial and
final state leptons

s, S Lepton’s and target’s spin
4-vectors

θ, φ
Polar and azimuthal angle of the
scattered lepton

P
lab
= (M, 0)

4–momentum of the initial target
nucleon

q = (E − E′,!k − !k′)
4–momentum of the virtual
photon

Q2 = −q2

lab
≈ 4EE′ sin2 θ

2

Negative squared 4–momentum
transfer

ν =
P · q
M

lab
= E − E′ Energy of the virtual photon in

the target rest frame

x =
Q2

2P · q =
Q2

2Mν
Bjorken scaling variable

y =
P · q
P · k =

ν
E

W 2 = (P + q)2

= M2 + 2Mν −Q2
Squared invariant mass of the
photon–nucleon system

to the spin direction of the beam. The relationship to
spin structure functions is:

d2σLL(x,Q2)
dxdQ2

=
8πα2y

Q4

×
[(

1 − y

2
− y2

4
γ2

)
g1(x,Q2) − y

2
γ2 g2(x,Q2)

]
, (20)

where γ2 = Q2/ν2. The spin structure function g2(x,Q2)
does not have any probabilistic interpretation in the
QPM. It will not be discussed further in this paper, but
it is taken into account in the extraction of g1 by using a
parameterization of the published data. The second term
is small compared to the first. Averaged over all (x,Q2)
bins of this analysis it is of order 0.54% for the proton
and 1.9% for the deuteron. Therefore the existing preci-
sion for g2 has only a marginal effect on an extraction of
g1.

For only the purely technical reason that absolute cross
sections are difficult to measure, asymmetries are the
usual direct experimental observable:

A|| ≡
σLL

σUU
, (21)
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The description of inclusive deep inelastic scattering64

of longitudinally polarized charged leptons off polarized65

nucleons requires two nucleon structure functions g1(x,Q2)66

and g2(x,Q2) in addition to the well-known spin-indepen-67

dent structure functions F1(x,Q2) and F2(x,Q2). Here,68

Q2 is the negative squared four-momentum of the ex-69

changed virtual photon with laboratory energy ν, x =70

Q2/2Mν is the Bjorken scaling variable, and M is the71

nucleon mass. In the quark-parton model (QPM), the72

spin-dependent structure function g1(x,Q2) can be in-73

terpreted as a charge-weighted sum of the quark helicity74

distributions inside a longitudinally polarized nucleon,75

g1(x,Q2) =
1
2

∑

q

e2
q∆q(x,Q2). (1)

The spin-dependent structure function g2(x,Q2) does76

not have a probabilistic interpretation in the QPM. Its77

properties can be interpreted in the framework of the op-78

erator product expansion analysis within non-perturbative79

QCD [1–3]. Ignoring quark mass effects, g2(x,Q2) can be80

written as a sum of two terms81

g2(x,Q2) = gWW
2 (x,Q2) + ḡ2(x,Q2) . (2)

Here, gWW
2 (x,Q2) is the twist-2 part derived by Wandzura82

and Wilczek [4]:83

gWW
2 (x,Q2) = −g1(x,Q2) +

∫ 1

x
g1(y, Q2)

d y

y
. (3)

The second term in Eq. (2), ḡ2(x,Q2), is the twist-3 part84

of g2(x,Q2). It measures quark-gluon correlations in the85

nucleon.86

The spin-dependent structure functions g1(x,Q2) and87

g2(x,Q2) can be related to the virtual photon-absorption88

asymmetries A1 and A2:89

A1 =
σT

1/2 − σT
3/2

σT
1/2 + σT

3/2

=
g1 − γ2g2

F1
, (4)

A2 =
2σLT

σT
1/2 + σT

3/2

= γ
g1 + g2

F1
. (5)

Here, σT
1/2 and σT

3/2 are the transverse virtual photo-ab-90

sorption cross sections for total photon and nucleon an-91

gular momentum of 1/2 and 3/2 respectively, and σLT is92

the interference term between the transverse and longi-93

tudinal photon-nucleon amplitudes.94

The measurement of the structure function g2 requires95

a longitudinally polarized beam and a transversely polar-96

ized target. The inclusive cross section, σ, in this case can97

be represented as a sum of two terms, the polarization-98

averaged part, σUU , and the polarization-dependent part,99

σLT . Here, the subscript UU indicates that both the beam100

and target are unpolarized, while the subscript LT indi-101

cates a longitudinally polarized beam and a transversely102

polarized target. The polarization-dependent part of the103

cross section at Born level, i.e. in the one-photon approx-104

imation, is given by [2]:105

d3σLT

dxdydφ
= −hl · cosφ · 4α2

Q2
· γ ·

√
1 − y − γ2y2

4

×
(y

2
g1(x,Q2) + g2(x,Q2)

)
. (6)

Here, hl = +1 (−1) for a lepton beam with positive (nega-106

tive) helicity, α is the fine-structure constant, y is the frac-107

tional energy transferred to the nucleon, γ = 2Mx/
√

Q2.108

The angle φ is the azimuthal angle about the beam di-109

rection between the lepton scattering plane and the “up-110

wards” target spin direction. The polarization-dependent111

cross section, σLT , is significantly smaller than the po-112

larization-averaged part, σUU , in particular due to the113

suppression by the factor γ ∝ M/Q, and therefore its114

measurement requires a very high statistics experiment.115

Extraction of the function g2 requires a subtraction of116

the function g1. As a result, the functions g2 and A2 have117

been measured [5–7] with poor accuracy in comparison118

to g1 and A1.119

A measurement of the inclusive cross sections at an-120

gles φ and φ + π allows one to construct the asymmetry121

ALT122

2

The description of inclusive deep inelastic scattering64

of longitudinally polarized charged leptons off polarized65

nucleons requires two nucleon structure functions g1(x,Q2)66

and g2(x,Q2) in addition to the well-known spin-indepen-67

dent structure functions F1(x,Q2) and F2(x,Q2). Here,68

Q2 is the negative squared four-momentum of the ex-69

changed virtual photon with laboratory energy ν, x =70

Q2/2Mν is the Bjorken scaling variable, and M is the71

nucleon mass. In the quark-parton model (QPM), the72

spin-dependent structure function g1(x,Q2) can be in-73

terpreted as a charge-weighted sum of the quark helicity74

distributions inside a longitudinally polarized nucleon,75

g1(x,Q2) =
1
2

∑

q

e2
q∆q(x,Q2). (1)

The spin-dependent structure function g2(x,Q2) does76

not have a probabilistic interpretation in the QPM. Its77

properties can be interpreted in the framework of the op-78

erator product expansion analysis within non-perturbative79

QCD [1–3]. Ignoring quark mass effects, g2(x,Q2) can be80

written as a sum of two terms81

g2(x,Q2) = gWW
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2 (x,Q2) + ḡ2(x,Q2) . (2)

Here, gWW
2 (x,Q2) is the twist-2 part derived by Wandzura82

and Wilczek [4]:83

gWW
2 (x,Q2) = −g1(x,Q2) +

∫ 1

x
g1(y, Q2)

d y

y
. (3)
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can be written as [15, 39, 40]:

Wµν
1
2

(S)=
(
−gµν − qµqν

Q2

)
F1

+
(

Pµ +
P · q
Q2

qµ

) (
P ν +

P · q
Q2

qν

)
F2

P · q

−iεµνλσ qλ

P · q

[
Sσg1 +

(
Sσ−

S · q
P · qPσ

)
g2

]
.(18)

Here, F1 and F2 are polarization-averaged structure func-
tions (in the following also called ’unpolarized’), while
g1 and g2 are spin structure functions, all depending on
both x and Q2, which have been suppressed here for sim-
plicity. The sensitivity of the cross section to g1 and g2

arises from the product of the anti-symmetric parts of
the Lµν and Wµν tensors, which is non-zero only when
both target and beam are polarized.

For a spin-1 target such as the deuteron, the hadronic
tensor has four additional structure functions arising
from its electric quadrupole structure [41, 42]. Only three
appear at leading-twist level: b1, b2 and ∆. In the scaling
(Bjorken) limit the structure function b2 is related to b1

by b2(x) = 2xb1(x); ∆ describes the double helicity-flip
(virtual) photon-deuteron amplitude [43]. The structure
function b1 appears in a product with the tensor polar-
ization of the target, which can coexist with the vector
polarization in spin-1 targets. The influence of the ten-
sor polarization on the g1 measurement is discussed in
Sect. IVC. In this analysis the unmeasured function ∆
is neglected since its contribution is suppressed for lon-
gitudinally polarized targets.

The structure function g1 is related directly to the cross
section difference:

σLL ≡ 1
2
(σ

→⇐ − σ
→⇒) , (19)

where longitudinally (L) polarized leptons (→) scatter on
longitudinally (L) polarized nuclear targets with polar-
ization direction either parallel or anti-parallel (→⇒, →⇐)

TABLE I: Kinematic variables used in the description of deep-
inelastic scattering.

ml
Mass of incoming lepton
(considered as negligible)

M Mass of target nucleon

k = (E,!k), k′ = (E′, !k′)
4–momenta of the initial and
final state leptons

s, S Lepton’s and target’s spin
4-vectors

θ, φ
Polar and azimuthal angle of the
scattered lepton

P
lab
= (M, 0)

4–momentum of the initial target
nucleon

q = (E − E′,!k − !k′)
4–momentum of the virtual
photon

Q2 = −q2

lab
≈ 4EE′ sin2 θ

2

Negative squared 4–momentum
transfer

ν =
P · q
M

lab
= E − E′ Energy of the virtual photon in

the target rest frame

x =
Q2

2P · q =
Q2

2Mν
Bjorken scaling variable

y =
P · q
P · k =

ν
E

W 2 = (P + q)2

= M2 + 2Mν −Q2
Squared invariant mass of the
photon–nucleon system

to the spin direction of the beam. The relationship to
spin structure functions is:

d2σLL(x,Q2)
dxdQ2

=
8πα2y

Q4

×
[(

1 − y

2
− y2

4
γ2

)
g1(x,Q2) − y

2
γ2 g2(x,Q2)

]
, (20)

where γ2 = Q2/ν2. The spin structure function g2(x,Q2)
does not have any probabilistic interpretation in the
QPM. It will not be discussed further in this paper, but
it is taken into account in the extraction of g1 by using a
parameterization of the published data. The second term
is small compared to the first. Averaged over all (x,Q2)
bins of this analysis it is of order 0.54% for the proton
and 1.9% for the deuteron. Therefore the existing preci-
sion for g2 has only a marginal effect on an extraction of
g1.

For only the purely technical reason that absolute cross
sections are difficult to measure, asymmetries are the
usual direct experimental observable:

A|| ≡
σLL

σUU
, (21)
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The description of inclusive deep inelastic scattering64

of longitudinally polarized charged leptons off polarized65

nucleons requires two nucleon structure functions g1(x,Q2)66

and g2(x,Q2) in addition to the well-known spin-indepen-67

dent structure functions F1(x,Q2) and F2(x,Q2). Here,68

Q2 is the negative squared four-momentum of the ex-69

changed virtual photon with laboratory energy ν, x =70

Q2/2Mν is the Bjorken scaling variable, and M is the71

nucleon mass. In the quark-parton model (QPM), the72

spin-dependent structure function g1(x,Q2) can be in-73

terpreted as a charge-weighted sum of the quark helicity74

distributions inside a longitudinally polarized nucleon,75

g1(x,Q2) =
1
2

∑

q

e2
q∆q(x,Q2). (1)

The spin-dependent structure function g2(x,Q2) does76

not have a probabilistic interpretation in the QPM. Its77

properties can be interpreted in the framework of the op-78

erator product expansion analysis within non-perturbative79

QCD [1–3]. Ignoring quark mass effects, g2(x,Q2) can be80

written as a sum of two terms81

g2(x,Q2) = gWW
2 (x,Q2) + ḡ2(x,Q2) . (2)

Here, gWW
2 (x,Q2) is the twist-2 part derived by Wandzura82

and Wilczek [4]:83

gWW
2 (x,Q2) = −g1(x,Q2) +

∫ 1

x
g1(y, Q2)

d y

y
. (3)

The second term in Eq. (2), ḡ2(x,Q2), is the twist-3 part84

of g2(x,Q2). It measures quark-gluon correlations in the85

nucleon.86

The spin-dependent structure functions g1(x,Q2) and87

g2(x,Q2) can be related to the virtual photon-absorption88

asymmetries A1 and A2:89

A1 =
σT

1/2 − σT
3/2

σT
1/2 + σT

3/2

=
g1 − γ2g2

F1
, (4)

A2 =
2σLT

σT
1/2 + σT

3/2

= γ
g1 + g2

F1
. (5)

Here, σT
1/2 and σT

3/2 are the transverse virtual photo-ab-90

sorption cross sections for total photon and nucleon an-91

gular momentum of 1/2 and 3/2 respectively, and σLT is92

the interference term between the transverse and longi-93

tudinal photon-nucleon amplitudes.94

The measurement of the structure function g2 requires95

a longitudinally polarized beam and a transversely polar-96

ized target. The inclusive cross section, σ, in this case can97

be represented as a sum of two terms, the polarization-98

averaged part, σUU , and the polarization-dependent part,99

σLT . Here, the subscript UU indicates that both the beam100

and target are unpolarized, while the subscript LT indi-101

cates a longitudinally polarized beam and a transversely102

polarized target. The polarization-dependent part of the103

cross section at Born level, i.e. in the one-photon approx-104

imation, is given by [2]:105

d3σLT

dxdydφ
= −hl · cosφ · 4α2

Q2
· γ ·

√
1 − y − γ2y2

4

×
(y

2
g1(x,Q2) + g2(x,Q2)

)
. (6)

Here, hl = +1 (−1) for a lepton beam with positive (nega-106

tive) helicity, α is the fine-structure constant, y is the frac-107

tional energy transferred to the nucleon, γ = 2Mx/
√

Q2.108

The angle φ is the azimuthal angle about the beam di-109

rection between the lepton scattering plane and the “up-110

wards” target spin direction. The polarization-dependent111

cross section, σLT , is significantly smaller than the po-112

larization-averaged part, σUU , in particular due to the113

suppression by the factor γ ∝ M/Q, and therefore its114

measurement requires a very high statistics experiment.115

Extraction of the function g2 requires a subtraction of116

the function g1. As a result, the functions g2 and A2 have117

been measured [5–7] with poor accuracy in comparison118

to g1 and A1.119

A measurement of the inclusive cross sections at an-120

gles φ and φ + π allows one to construct the asymmetry121

ALT122
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2 (x,Q2) + ḡ2(x,Q2) . (2)

Here, gWW
2 (x,Q2) is the twist-2 part derived by Wandzura82

and Wilczek [4]:83

gWW
2 (x,Q2) = −g1(x,Q2) +

∫ 1

x
g1(y, Q2)

d y

y
. (3)
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The second term in Eq. (2), ḡ2(x,Q2), is the twist-3 part84

of g2(x,Q2). It measures quark-gluon correlations in the85

nucleon.86

The spin-dependent structure functions g1(x,Q2) and87

g2(x,Q2) can be related to the virtual photon-absorption88

asymmetries A1 and A2:89

A1 =
σT

1/2 − σT
3/2

σT
1/2 + σT

3/2

=
g1 − γ2g2

F1
, (4)

A2 =
2σLT

σT
1/2 + σT

3/2

= γ
g1 + g2

F1
. (5)

Here, σT
1/2 and σT

3/2 are the transverse virtual photo-ab-90

sorption cross sections for total photon and nucleon an-91

gular momentum of 1/2 and 3/2 respectively, and σLT is92

the interference term between the transverse and longi-93

tudinal photon-nucleon amplitudes.94

The measurement of the structure function g2 requires95

a longitudinally polarized beam and a transversely polar-96

ized target. The inclusive cross section, σ, in this case can97

be represented as a sum of two terms, the polarization-98

averaged part, σUU , and the polarization-dependent part,99

σLT . Here, the subscript UU indicates that both the beam100

and target are unpolarized, while the subscript LT indi-101

cates a longitudinally polarized beam and a transversely102

polarized target. The polarization-dependent part of the103

cross section at Born level, i.e. in the one-photon approx-104

imation, is given by [2]:105

d3σLT

dxdydφ
= −hl · cosφ · 4α2

Q2
· γ ·

√
1 − y − γ2y2

4

×
(y

2
g1(x,Q2) + g2(x,Q2)

)
. (6)

Here, hl = +1 (−1) for a lepton beam with positive (nega-106

tive) helicity, α is the fine-structure constant, y is the frac-107

tional energy transferred to the nucleon, γ = 2Mx/
√

Q2.108

The angle φ is the azimuthal angle about the beam di-109

rection between the lepton scattering plane and the “up-110

wards” target spin direction. The polarization-dependent111

cross section, σLT , is significantly smaller than the po-112

larization-averaged part, σUU , in particular due to the113

suppression by the factor γ ∝ M/Q, and therefore its114

measurement requires a very high statistics experiment.115

Extraction of the function g2 requires a subtraction of116

the function g1. As a result, the functions g2 and A2 have117

been measured [5–7] with poor accuracy in comparison118

to g1 and A1.119

A measurement of the inclusive cross sections at an-120

gles φ and φ + π allows one to construct the asymmetry121

ALT122

2

The description of inclusive deep inelastic scattering64

of longitudinally polarized charged leptons off polarized65

nucleons requires two nucleon structure functions g1(x,Q2)66

and g2(x,Q2) in addition to the well-known spin-indepen-67

dent structure functions F1(x,Q2) and F2(x,Q2). Here,68

Q2 is the negative squared four-momentum of the ex-69

changed virtual photon with laboratory energy ν, x =70

Q2/2Mν is the Bjorken scaling variable, and M is the71

nucleon mass. In the quark-parton model (QPM), the72

spin-dependent structure function g1(x,Q2) can be in-73

terpreted as a charge-weighted sum of the quark helicity74

distributions inside a longitudinally polarized nucleon,75

g1(x,Q2) =
1
2

∑

q

e2
q∆q(x,Q2). (1)

The spin-dependent structure function g2(x,Q2) does76

not have a probabilistic interpretation in the QPM. Its77

properties can be interpreted in the framework of the op-78

erator product expansion analysis within non-perturbative79

QCD [1–3]. Ignoring quark mass effects, g2(x,Q2) can be80

written as a sum of two terms81

g2(x,Q2) = gWW
2 (x,Q2) + ḡ2(x,Q2) . (2)

Here, gWW
2 (x,Q2) is the twist-2 part derived by Wandzura82

and Wilczek [4]:83
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The second term in Eq. (2), ḡ2(x,Q2), is the twist-3 part84

of g2(x,Q2). It measures quark-gluon correlations in the85

nucleon.86

The spin-dependent structure functions g1(x,Q2) and87

g2(x,Q2) can be related to the virtual photon-absorption88
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Here, σT
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3/2 are the transverse virtual photo-ab-90

sorption cross sections for total photon and nucleon an-91

gular momentum of 1/2 and 3/2 respectively, and σLT is92

the interference term between the transverse and longi-93

tudinal photon-nucleon amplitudes.94

The measurement of the structure function g2 requires95

a longitudinally polarized beam and a transversely polar-96

ized target. The inclusive cross section, σ, in this case can97

be represented as a sum of two terms, the polarization-98

averaged part, σUU , and the polarization-dependent part,99

σLT . Here, the subscript UU indicates that both the beam100
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Here, hl = +1 (−1) for a lepton beam with positive (nega-106

tive) helicity, α is the fine-structure constant, y is the frac-107
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The angle φ is the azimuthal angle about the beam di-109
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wards” target spin direction. The polarization-dependent111

cross section, σLT , is significantly smaller than the po-112

larization-averaged part, σUU , in particular due to the113

suppression by the factor γ ∝ M/Q, and therefore its114

measurement requires a very high statistics experiment.115

Extraction of the function g2 requires a subtraction of116

the function g1. As a result, the functions g2 and A2 have117

been measured [5–7] with poor accuracy in comparison118

to g1 and A1.119

A measurement of the inclusive cross sections at an-120

gles φ and φ + π allows one to construct the asymmetry121
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DIS 2011

3He - g1, g2 versus W at constant Q2
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! Near-independence from x, as expected

! Our results agree with HERMES & EMC

! The resonant contribution at z>0.8 cancel out !  (Close & Isgur)

! Our data far exceed the Feynman and Field expectation (dashed line)
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Polarized strange quark distribution: SIDIS 

Unpolarized PDF: MRST04 

F.F: DSS parametrization, !s=!s 

PLB 693(2010)227 

Compass 

 - Claude Marchand- 
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Conclusions 

•!First absolute cross sections from COMPASS at 10% syst. level 

•!Unpolarized d!/dpT at Q2 < 0.1 (GeV/c)2 

 Test of NLO pQCD calculations at COMPASS energies 

" #G/G from single high pT hadron asym. at Q2 < 1 (GeV/c)2
 

•!pT
2 distributions for hadron production over large z and Q2 range: 

  0.2 < z < 0.8, 1 (GeV/c)2 < Q2 < 33 (GeV/c)2 

" obtention of quark intrinsic transverse momentum <k
!

> 

•!Tentative extraction of RSF=Ds
K/Du

K from K multiplicities 

" better constrain #s obtained from SIDIS 
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! A recent analysis goal at HERMES has been to explore 
more extensively additional kinematic dependences of 
observables.  Let’s look back at semi-inclusive 
longitudinal asymmetries:  Additional information 
about fragmentation process...

! Ultimately provide a dataset of semi-inclusive 
asymmetries binned simultaneously in x, z, and ph!

! 3D good for fitting, lets look at some 2D projections...

Part 1:  3D-Binned Longitudinal Asymmetries

mid-rapidity0.5<ph!<1.0

0.3<ph!<0.5
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Fits done in 2D:

! Kinematics correlated!  

Determine real 

dependence of asyms.

! Conducted at !"#$

kinematics

! Covariance included 

providing fair 

representation of 

uncertainties

! Points fit with and without 

%&! dependant term:

No significant %&!'
dependence 
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measured for the first time by the HERMES Collabora-
tion [11]. Higher-twist observables, such as longitudinally
polarized beam or target SSAs, are important for un-
derstanding long-range quark-gluon dynamics. Recently,
higher-twist effects in SIDIS were interpreted in terms of
an average transverse force acting on the active quarks in
the instant after being struck by the virtual photon [36].
Both sinφ and sin 2φ moments of the SIDIS cross sec-

tion for longitudinally polarized targets can be an impor-
tant source of independent information on the Collins
fragmentation mechanism [4], complementary to recent
Belle measurements [37]. The sin 2φ asymmetry, how-
ever, provides a cleaner measurement of Collins fragmen-
tation because it doesn’t have a Sivers type contribution
in the leading order [23].
In this Letter, we present measurements of the kine-

matic dependences of different single- and double-spin
asymmetries in semi-inclusive pion production off lon-
gitudinally polarized protons. The current analysis is
based on recently published data [38] from Jefferson Lab.
The CEBAF Large Acceptance Spectrometer [39] in Jef-
ferson Lab’s Hall B was used to measure spin asymme-
tries in the scattering of longitudinally polarized elec-
trons from longitudinally polarized protons. The data
were collected in 2001 using an incident beam of 5-nA
with E = 5.7 GeV energy and an average beam polar-
ization of PB = 70%. The detector package [39] pro-
vided a clean identification of electrons scattered at po-
lar angles between 8 and 45 degrees. Charged and neu-
tral pions were identified using the time-of-flight from
the target to the timing scintillators and the signal in
the lead-scintillator electromagnetic calorimeter, respec-
tively. Ammonia (15NH3), polarized via Dynamic Nu-
clear Polarization [40], was used to provide polarized pro-
tons. The average target polarization (Pt) was about
75%. The data were divided into 5 bins in Q2 (0.9 - 5.4
GeV2), 6 bins in x (0.12 - 0.48), 3 bins in z (0.4 - 0.7),
9 bins in PT (0 - 1.12 GeV/c) and 12 bins in φ (0 - 2π).
Cuts on the missing mass of e′πX (MX > 1.4 GeV) and
on the fraction of the virtual photon energy ν carried by
the pion z (z < 0.7), have been used to suppress the con-
tribution from exclusive processes. At large z (z > 0.7)
the fraction of π± from ρ0-decays can be fairly large and
the corrections due to pions coming from the ρ (from 5
to 20% for z < 0.7), not accounted for in the current
analysis, may be significant.
The double spin asymmetry A1 is defined as

A1 =
1

fD′(y)PBPt

N+ −N−

N+ +N−
(1)

where f ≈ 0.14 (dependent on kinematics) is the dilu-
tion factor, y = ν/E, and N± are luminosity-weighted
counts for antiparallel and parallel electron and proton
helicities. The contribution from the longitudinal photon
is accounted for in the depolarization factor D′(y):

D′(y) =
(1− ε)(2− y)

y(1 + εR)
≡

y(2− y)

y2 + 2
(

1− y −
y2γ2

4

)

(1+R)
(1+γ2)

,(2)

where R [41] is the ratio of longitudinal to transverse
photon contributions and ε is the ratio of longitudinal
and transverse photon fluxes.
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FIG. 1: The double-spin asymmetry as a function of x from
a polarized proton target for different pions. Open triangles
correspond to the HERMES measurement of A1 for π+ [42].
Only statistical uncertainties are shown. The solid, dashed
and dotted curves, calculated using LO GRSV PDF [43] and
Dd→π+

1 /Du→π+
1 = 1/(1 + z)2 [20] correspond to π+, π−, and

π0, respectively.

The main sources of systematic uncertainties in the
measurements of the double spin asymmetries include un-
certainties in beam and target polarizations (4%), dilu-
tion factor (5%), and depolarization factor (5%). Contri-
butions from target fragmentation, kaon contamination
and radiative corrections [44] were estimated to be below
3% each.
The dependence of the double-spin asymmetry on

Bjorken x for different pions obtained from the CLAS
data is presented in Fig. 1. The results for A1 are con-
sistent with the HERMES semi-inclusive data, and at
large x have significantly smaller statistical uncertainties.
The double spin asymmetries measured by HERMES and
CLAS at different beam energies (by a factor of ≈ 5) and
different values of average Q2 (by a factor of ≈ 3), for a
fixed x-bin are in good agreement, indicating no signifi-
cant Q2 dependence of the double polarization asymme-
try A1. Measured asymmetries are also consistent with
calculations performed using leading-order GRSV PDFs
[43] and a simple parametrization of the ratio of unfa-
vored and favored fragmentation functions [20].
A1 is shown in Fig. 2 as a function of PT , integrated

over all x (0.12–0.48) for Q2 > 1 GeV2, W 2 > 4 GeV2,
and y < 0.85. Although these plots are consistent with
flat distributions, A1(PT ) may decrease somewhat with

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 asymmetryA1 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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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 )
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FIG. 2: The double spin asymmetryA1 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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W probes sea and valence quark spin

W couple only left-handed quarks 
with right-handed anti-quarks

W program is underway

quark helicities from W production in pp
 - Rusty Towell - 

10 - Ami Rostomyan & Oleg Eyser -     DIS 2011, Newport News, USA
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probing the sea through W production
 - Joe Seele - 

11 - Ami Rostomyan & Oleg Eyser -     DIS 2011, Newport News, USA

with expected 300 pb-1 program 
STAR will provide strong constrains 
on the polarized sea pdf

Monday, August 22, 2011
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TMDs and the 3D image of the nucleon: (x, kT)
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Sivers and Collins effects

- Ami Rostomyan & Oleg Eyser -     DIS 2011, Newport News, USA

previous measurements for pions and 
kaons from          and 

Collins and Sivers effects 
observed

new results from Hall A

consistent with zero collins 
amplitude

kinematical suppressed at 
JLAB kinematics

hint for non-zero Sivers effect for !+

along with proton and 
deuteron data will help to 
constrain the d-quark Sivers 
DF
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Cahn and Boer-Mulders effects
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role of sea quarks

strange Collins FF

higher-twist effects
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2. Proton Proton collisions

Gluon-Quark + Gluon-"#$%&'()

G
G

G
G !
"

!

q
q

G
G !
"

!

RHIC : PHENIX & STAR

()

+ ()

+

1. Lepton Nucleon

Photon Gluon Fusion

!G/G(x)

SMC, HERMES, COMPASS

ALL (pT)

3. QCD evolution of spin structure function g1(x,Q2): 

Indirect determination assuming a functional form !G(x).

Global fits include polarized DIS, SIDIS and pp data 
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gluon polarization

 - Fabienne. Kunne - 

open charm production

 

high pT hadron production

   

April 12, 2011 Claude Marchand - DIS 2011 5 

Photon-Gluon Fusion process  

! 

A
LL

µN = RPGF
a
LL

PGF
"G

G

Direct measurement of !G/G at LO!

April 12, 2011 Claude Marchand - DIS 2011 5 

Photon-Gluon Fusion process  

! 

A
LL

µN = RPGF
a
LL

PGF
"G

G

Direct measurement of !G/G at LO!

Contributions to the nucleon spin 

     CQM (EJ):  

 !" ~ 0.6 
E&SMC,SLAC,HERMES 

CLAS,COMPASS g1:  

 !" ~ 0.3 

 Spin puzzle 

i r f u

yalcas
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2.  p p collisions at RHIC, channels for !G

More abundant channels

p p ! "0 X

p p ! jet  X

3 processes contribute

Other channels

p p ! jet jet proj. STAR 500 GeV, low x

p p ! # jet 

1 process! cleaner

Full kinematics reconstructed

Low statistics

p p ! # X

"

Other channels: "$%&"'%&(#$"

!G (x1) .!G (x2) 

!G (x1) .!q (x2) 

!q (x1) .!q (x2) 

!G (x1) .!q (x2)

PHENIX
STAR

High potential for !G from various channels, various kinematics

see talks of 

A.Datta, M.Walker, 

P.Djawotho
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Final gluon polarization result from open-charm in LO QCD

! 

A
measured

= fPTPb (
S

S + B
A
signal

+
B

S + B
A
B
)

Notice: signal and background asymmetries
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GPDs and the 3D image of the nucleon: (x, bT)
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• Events with one DIS lepton and one trackless cluster in the calorimeter.

• Recoiling nucleon/nucleus was not detected 
           Exclusivity via missing mass technique:   M2

x = (P + q − q′)2⇒

Associated cannot be resolved        defined as a part of signal.→

Event Selection 
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Longitudinal Target-Spin Asymmetry

Longitudinal Double-Spin Asymmetry 

First results with Recoil measurement: See talk by S. Yaschenko

+ BCA and BSA on nuclear targetsAmplitude Value
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hermes

• Events with one DIS lepton and one trackless cluster in the calorimeter.

• Recoiling nucleon/nucleus was not detected 
           Exclusivity via missing mass technique:   M2

x = (P + q − q′)2⇒

Associated cannot be resolved        defined as a part of signal.→

Event Selection 

Aram Movsisyan, DIS, Newport News 14.04.2011 
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Proton:
• Elastic; 

• Associated; mainly

• Semi-Inclusive; mainly

W 2 > 9 GeV 2, ν < 22 GeV

0.03 < xB < 0.35, 1 < Q2 < 10 GeV 2

−t < 0.7 GeV 2, Eγ > 5 GeV

−2.25 GeV 2 < M2
x < 2.89 GeV 2
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associated is part of the signal
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Leading amplitudes of charge-difference and charge-averaged transverse double-spin asymmetries 
are compatible with zero over all kinematic regions.  

Sensitivity to Ju is suppressed by kinematic pre-factor. 
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Re
[
−H̃E∗ − H̃∗E + ξ(HẼ∗ + ẼH∗)

]

JHEP. 06 (2008) 066                          Transverse Target-Spin Asymmetries (H)
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deeply virtual Compton scattering
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deeply virtual Compton scattering
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summary

Ideally: obtain a quantum 
phase-space distribution 

(like the Wigner function)

mission: exploring the 3-dimensional phase-space 
structure of the nucleon    

〈Ô(x, p)〉 =
∫

dx dpW (x, p) O(x, p)

in 1-dimensional QM:
∫

dp W (x, p) = |ψ(x)|2
∫

dx W (x, p) = |φ(p)|2

k⊥b

sq

S
  spin-k┴ correlations?

orbiting quarks?

intrinsic motion
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Ideally: obtain a quantum 
phase-space distribution 

(like the Wigner function)

mission: exploring the 3-dimensional phase-space 
structure of the nucleon    

〈Ô(x, p)〉 =
∫

dx dpW (x, p) O(x, p)

in 1-dimensional QM:
∫

dp W (x, p) = |ψ(x)|2
∫

dx W (x, p) = |φ(p)|2

k⊥b

sq

S
  spin-k┴ correlations?

orbiting quarks?

intrinsic motion

    Thanks to the organizers and all the 60 speakers

11 April 2011 DIS 2011
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pion charge asymmetry difference 
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beam spin asymmetries!"#$%&'!("#
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beam spin asymmetries

Results Comparison

Comparison to other data

To make the comparison the data is integrated over all PT and
0.4 < z < 0.7.
CLAS, H. Avakian et al., Phys.Rev.D69:112004,2004

HERMES, A. Airapetian et al., Phys. Lett. B648, 164 (2007), hep-ex/ 0612059

The model shown takes into account only the contribution to ALU

from e(x)⊗H⊥
1

P.Schweitzer, Phys.Rev. D67 (2003) 114010 [hep-ph/0303011]

Wes Gohn (UConn) BSSAs in SIDIS April 13, 2011 15 / 16

 - Wes Gohn (Hall B)- 

DIS 2011

3He - g1, g2 versus W at constant Q2
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Beam spin asymmetry ALU
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Real Part follows a/Q 
with a=1.11±0.03GeV

as expected! 

Imaginary Part follows bQ 
with b=0.34±0.02GeV-1

(fit has no basis in theory)
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Single spin asymmetry AUL
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H. Avakian et. al. Published in Phys Rev Lett  105 262002, 2010

Fit using p0 + p1 sin ! + p2 sin 2 ! and extract moments
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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 asymmetryA1 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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The standard procedure for the extraction of the dif-
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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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Target Single Spin Asymmetry (SSA)!
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•! Unpolarized e- beam incident on 3He target polarized normal to the !
   electron scattering plane.$

•!$However, Ay=0 at Born level, !
    !   sensitive to physics at order !2; two-photon exchange.!

•! Kinematic variable:      Q2= -q2  (Four-momentum)2 of virtual photon)!

•! low Q2 = long wavelength photon; low resolution, nucleon physics!
•! high Q2 = short wavelength photon; high resolution, quark physics!
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•! E01-012 provides precision data of Spin Structure Functions on 
neutron (3He) in the resonance region for 1.0<Q2<4.0(GeV/c)2 - 
Direct extraction of g1 and g2 from our data 

•! The resonance contribution to d2
n becoming smaller and going to 

zero by about Q2 = 3 GeV2. 

•! !2
n, evaluated without the higher-twist part from DIS is clearly 

not zero below Q2 ~ 2.5 GeV2. 

•! If we assume BC sum-rule as valid, can extract an the higher 
twist part of !2: positive and large, may be as large as !2

WW. 

•! Average         extracted from our data seems to agree with 
previous DIS data 

•! Same method applied to the proton (RSS data) reveals no HT.  

Summary 
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SDME of exclusive φ production for the

integrated data
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SDME of exclusive φ production for the

integrated data class C,D,E
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• HARs form a basis for the set of SDMEs

!  !0 SDMEs are already extracted 

• Check of HARs: extract SDMEs from HARs 
(it’s the same data set)

• More precise SDMES due to fewer fit 
parameters

SDMEs vs HARs

A. Airapetian et al, EPJC 62 (2009) 659-694

A. Airapetian et al, EPJC (in press), arXiv:1012.3676
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helicity amplitude ratio method
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TMDs and the 3D image of the nucleon: (x, kT)
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results on worm-gear DF from HERMES, COMPASS, Hall A
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