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The HERMES experiment

.

hermes
HERMES at DESY

27.5 GeV e+/e− beam of HERA

forward-acceptance spectrometer

⇒ 40mrad< θ <220mrad

high lepton ID efficiency and purity

excellent hadron ID thanks to dual-radiator RICH

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 14/50
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 transversely/longitudinally 
polarized as well as unpolarized 

internal gas targets
(H, D, He, N, …, Xe)
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The (original) quest: proton spin
our understanding of the proton changed 
dramatically with the finding of EMC that the 
proton spin hardly comes from spin of quarks

½ = ½ ΔΣ

       + ΔG

       + Lq + Lg

quark spin

gluon spin

orbital angular 
momentum
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hermes

Longitudinal Spin/
Momentum Structure, 

Hadronization

Strange-Baryon 
Production 

Exclusive Meson 
Production

DVCS

GPDs
“Nucleon Tomography”

Transverse Spin/
Momentum  
Structure

Transversity
TMDs
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Deep-Inelastic Scattering

6
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hermes Semi-Inclusive Deep-Inelastic Scattering

use well-known probe to study hadronic structure:
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Factorization ⇒ σep→ehX =
∑

q DF p→q ⊗ σeq→eq ⊗ FF q→h

exploit strong correlation between flavor structure of leading hadron and struck quark

Gunar Schnell, Universiteit Gent QNP’06 – Madrid, June 6
th
, 2006 – p. 3/21
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inclusive DIS: detect scattered lepton
semi-inclusive DIS: detect scattered lepton and         

               some fragments
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Inclusive DIS
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INTRODUCTION

e↔ + p" → e′ + X
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1 < Q2 < 15 GeV2

W2 > 4 GeV2

0.023 < x < 0.7

0.1 < y < 0.85

03c0 + 04c1 + 05c1: 6.9 mln DIS events

A.Ivanilov HERMES Collaboration Meeting, 05. 03. 2008 – p. 2
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where ∆CMS
NS (αs(Q2)) and ∆CMS

S (αs(Q2)) are the first
moments of the non-singlet and singlet Wilson coefficient
functions, respectively.

The difference of the g1 moments for proton and neu-
tron leads to the Bjorken Sum Rule [15, 16], which in
leading twist reads:

Γp
1(Q

2) − Γn
1 (Q2) =

1
6
a3∆CMS

NS (αs(Q2)), (12)

while their sum is given by:

Γp
1(Q

2) + Γn
1 (Q2) =

1
18

[
a8∆CMS

NS (αs(Q2))

+4a0∆CMS
S (αs(Q2))

]
. (13)

This sum equals twice the deuteron moment apart from
a small correction due to the D-wave admixture to the
deuteron wave function (see Eq. (23)). The measurement
of Γd

1 hence allows for a straightforward determination of
a0 using only a8 as additional input.

In the MS scheme, the non-singlet (singlet) coefficient
has been calculated up to third (second) order in the
strong coupling constant [17]:

∆CMS
NS (αs(Q2)) = 1 −αs

π
−3.583

(αs

π

)2
−20.215

(αs

π

)3

(14)

∆CMS
S (αs(Q2)) = 1 −

(αs

π

)
− 1.096

(αs

π

)2
, (15)

for Nq = 3 [18]. Estimates exist for the fourth (third)
order non-singlet (singlet) term [19].

The first determination of ∆Σ was a moment anal-
ysis of the EMC proton data [20], using Eq. (11) and
the moments of the Wilson coefficients in O(α1

s). It re-
sulted in ∆Σ = 0.120 ± 0.094(stat) ± 0.138(sys), much
smaller than the expectation (∆Σ ≈ 0.6) [21, 22] from the
relativistic constituent quark model. This result caused
enormous activity in both experiment and theory. A se-
ries of high-precision scattering experiments with polar-
ized beams and targets were completed at CERN [23–25],
SLAC [26–28], DESY [29] and continue at CERN [30] and
JLAB [31]. Such measurements are always restricted to
certain x and Q2 ranges due to the experimental con-
ditions. However, any determination of ∆Σ requires an
‘evolution’ to a fixed value of Q2 and an extrapolation of
g1 data to the full x range and substantial uncertainties
might arise from the necessary extrapolations x → 0 and
x → 1. This limitation applies also to recent determina-
tions of ∆Σ based on NLO fits [32–36] of the x and Q2

dependence of g1 for proton, deuteron, and neutron, us-
ing Eq. (10) and the corresponding evolution equations.

This paper reports final results obtained by the HER-
MES experiment on the structure function g1 for the pro-
ton, deuteron, and neutron. The results include an anal-
ysis of the proton data collected in 1996, a re-analysis of
1997 proton data previously published [37], as well as the
analysis of the deuteron data collected in the year 2000.

While the accuracy of the HERMES proton data is com-
parable to that of earlier measurements, the HERMES
deuteron data are more precise than all published data.
By combining HERMES proton and deuteron data, pre-
cise results on the neutron spin structure function gn

1 are
obtained.

For this analysis, the kinematic range has been ex-
tended with respect to the previous proton analysis, to
include the region at low x (0.0041 ≤ x ≤ 0.0212) with
low Q2. In this region the information available on g1

was sparse. As will be discussed in Sect. VI, the first
moment Γd

1 determined from HERMES data appears to
saturate for x < 0.04. This observation allows for a de-
termination of a0 with small uncertainties and for a test
of the Bjorken Sum Rule, as well as scheme-dependent
estimates of ∆Σ and the first moments of the flavor sep-
arated quark helicity distributions, ∆u + ∆ū, ∆d + ∆d̄
and ∆s + ∆s̄.

The paper is organized as follows: the formalism lead-
ing to the extraction of the structure function g1 will
be briefly reviewed in Sect. II, Sect. III deals with the
HERMES experimental arrangement and the data anal-
ysis is described in Sect. IV. Final results are presented
in Sect. V and discussed in Sect. VI.

II. FORMALISM

In the one-photon-exchange approximation, the differ-
ential cross section for inclusive deep-inelastic scattering
of polarized charged leptons off polarized nuclear targets
can be written [38] as:

d2σ(s, S)
dx dQ2

=
2πα2y2

Q6
Lµν(s)Wµν(S) , (16)

where α is the fine-structure constant. As depicted in
Fig. 1 the leptonic tensor Lµν describes the emission of
a virtual photon at the lepton vertex, and the hadronic
tensor Wµν describes the hadron vertex. The main kine-
matic variables used for the description of deep-inelastic
scattering are defined in Tab. I. The tensor Lµν can
be calculated precisely in Quantum Electro-Dynamics
(QED) [15]:

Lµν(s) = 2(kµk′
ν + kνk′

µ − gµν(k · k′ − m2
l ))

+ 2iεµναβ(k − k′)αsβ . (17)

Here the spinor normalization s2 = −m2
l is used. In the

following the lepton mass ml is neglected. For a spin-1/2
target the representation of Wµν requires four structure
functions to describe the nucleon’s internal structure. It
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ysis of the EMC proton data [20], using Eq. (11) and
the moments of the Wilson coefficients in O(α1

s). It re-
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dependence of g1 for proton, deuteron, and neutron, us-
ing Eq. (10) and the corresponding evolution equations.

This paper reports final results obtained by the HER-
MES experiment on the structure function g1 for the pro-
ton, deuteron, and neutron. The results include an anal-
ysis of the proton data collected in 1996, a re-analysis of
1997 proton data previously published [37], as well as the
analysis of the deuteron data collected in the year 2000.

While the accuracy of the HERMES proton data is com-
parable to that of earlier measurements, the HERMES
deuteron data are more precise than all published data.
By combining HERMES proton and deuteron data, pre-
cise results on the neutron spin structure function gn

1 are
obtained.

For this analysis, the kinematic range has been ex-
tended with respect to the previous proton analysis, to
include the region at low x (0.0041 ≤ x ≤ 0.0212) with
low Q2. In this region the information available on g1

was sparse. As will be discussed in Sect. VI, the first
moment Γd

1 determined from HERMES data appears to
saturate for x < 0.04. This observation allows for a de-
termination of a0 with small uncertainties and for a test
of the Bjorken Sum Rule, as well as scheme-dependent
estimates of ∆Σ and the first moments of the flavor sep-
arated quark helicity distributions, ∆u + ∆ū, ∆d + ∆d̄
and ∆s + ∆s̄.

The paper is organized as follows: the formalism lead-
ing to the extraction of the structure function g1 will
be briefly reviewed in Sect. II, Sect. III deals with the
HERMES experimental arrangement and the data anal-
ysis is described in Sect. IV. Final results are presented
in Sect. V and discussed in Sect. VI.

II. FORMALISM

In the one-photon-exchange approximation, the differ-
ential cross section for inclusive deep-inelastic scattering
of polarized charged leptons off polarized nuclear targets
can be written [38] as:

d2σ(s, S)
dx dQ2

=
2πα2y2

Q6
Lµν(s)Wµν(S) , (16)

where α is the fine-structure constant. As depicted in
Fig. 1 the leptonic tensor Lµν describes the emission of
a virtual photon at the lepton vertex, and the hadronic
tensor Wµν describes the hadron vertex. The main kine-
matic variables used for the description of deep-inelastic
scattering are defined in Tab. I. The tensor Lµν can
be calculated precisely in Quantum Electro-Dynamics
(QED) [15]:

Lµν(s) = 2(kµk′
ν + kνk′

µ − gµν(k · k′ − m2
l ))

+ 2iεµναβ(k − k′)αsβ . (17)

Here the spinor normalization s2 = −m2
l is used. In the

following the lepton mass ml is neglected. For a spin-1/2
target the representation of Wµν requires four structure
functions to describe the nucleon’s internal structure. It

Lepton Tensor
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ing Eq. (10) and the corresponding evolution equations.

This paper reports final results obtained by the HER-
MES experiment on the structure function g1 for the pro-
ton, deuteron, and neutron. The results include an anal-
ysis of the proton data collected in 1996, a re-analysis of
1997 proton data previously published [37], as well as the
analysis of the deuteron data collected in the year 2000.

While the accuracy of the HERMES proton data is com-
parable to that of earlier measurements, the HERMES
deuteron data are more precise than all published data.
By combining HERMES proton and deuteron data, pre-
cise results on the neutron spin structure function gn

1 are
obtained.

For this analysis, the kinematic range has been ex-
tended with respect to the previous proton analysis, to
include the region at low x (0.0041 ≤ x ≤ 0.0212) with
low Q2. In this region the information available on g1

was sparse. As will be discussed in Sect. VI, the first
moment Γd

1 determined from HERMES data appears to
saturate for x < 0.04. This observation allows for a de-
termination of a0 with small uncertainties and for a test
of the Bjorken Sum Rule, as well as scheme-dependent
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be briefly reviewed in Sect. II, Sect. III deals with the
HERMES experimental arrangement and the data anal-
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II. FORMALISM

In the one-photon-exchange approximation, the differ-
ential cross section for inclusive deep-inelastic scattering
of polarized charged leptons off polarized nuclear targets
can be written [38] as:

d2σ(s, S)
dx dQ2

=
2πα2y2

Q6
Lµν(s)Wµν(S) , (16)

where α is the fine-structure constant. As depicted in
Fig. 1 the leptonic tensor Lµν describes the emission of
a virtual photon at the lepton vertex, and the hadronic
tensor Wµν describes the hadron vertex. The main kine-
matic variables used for the description of deep-inelastic
scattering are defined in Tab. I. The tensor Lµν can
be calculated precisely in Quantum Electro-Dynamics
(QED) [15]:

Lµν(s) = 2(kµk′
ν + kνk′

µ − gµν(k · k′ − m2
l ))

+ 2iεµναβ(k − k′)αsβ . (17)

Here the spinor normalization s2 = −m2
l is used. In the

following the lepton mass ml is neglected. For a spin-1/2
target the representation of Wµν requires four structure
functions to describe the nucleon’s internal structure. It

Lepton Tensor Hadron Tensor
parametrized in terms of 

Structure Functions
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where ∆CMS
NS (αs(Q2)) and ∆CMS

S (αs(Q2)) are the first
moments of the non-singlet and singlet Wilson coefficient
functions, respectively.

The difference of the g1 moments for proton and neu-
tron leads to the Bjorken Sum Rule [15, 16], which in
leading twist reads:

Γp
1(Q

2) − Γn
1 (Q2) =

1
6
a3∆CMS

NS (αs(Q2)), (12)

while their sum is given by:

Γp
1(Q

2) + Γn
1 (Q2) =

1
18

[
a8∆CMS

NS (αs(Q2))

+4a0∆CMS
S (αs(Q2))

]
. (13)

This sum equals twice the deuteron moment apart from
a small correction due to the D-wave admixture to the
deuteron wave function (see Eq. (23)). The measurement
of Γd

1 hence allows for a straightforward determination of
a0 using only a8 as additional input.

In the MS scheme, the non-singlet (singlet) coefficient
has been calculated up to third (second) order in the
strong coupling constant [17]:

∆CMS
NS (αs(Q2)) = 1 −αs

π
−3.583

(αs

π

)2
−20.215

(αs

π

)3

(14)

∆CMS
S (αs(Q2)) = 1 −

(αs

π

)
− 1.096

(αs

π

)2
, (15)

for Nq = 3 [18]. Estimates exist for the fourth (third)
order non-singlet (singlet) term [19].

The first determination of ∆Σ was a moment anal-
ysis of the EMC proton data [20], using Eq. (11) and
the moments of the Wilson coefficients in O(α1

s). It re-
sulted in ∆Σ = 0.120 ± 0.094(stat) ± 0.138(sys), much
smaller than the expectation (∆Σ ≈ 0.6) [21, 22] from the
relativistic constituent quark model. This result caused
enormous activity in both experiment and theory. A se-
ries of high-precision scattering experiments with polar-
ized beams and targets were completed at CERN [23–25],
SLAC [26–28], DESY [29] and continue at CERN [30] and
JLAB [31]. Such measurements are always restricted to
certain x and Q2 ranges due to the experimental con-
ditions. However, any determination of ∆Σ requires an
‘evolution’ to a fixed value of Q2 and an extrapolation of
g1 data to the full x range and substantial uncertainties
might arise from the necessary extrapolations x → 0 and
x → 1. This limitation applies also to recent determina-
tions of ∆Σ based on NLO fits [32–36] of the x and Q2

dependence of g1 for proton, deuteron, and neutron, us-
ing Eq. (10) and the corresponding evolution equations.

This paper reports final results obtained by the HER-
MES experiment on the structure function g1 for the pro-
ton, deuteron, and neutron. The results include an anal-
ysis of the proton data collected in 1996, a re-analysis of
1997 proton data previously published [37], as well as the
analysis of the deuteron data collected in the year 2000.

While the accuracy of the HERMES proton data is com-
parable to that of earlier measurements, the HERMES
deuteron data are more precise than all published data.
By combining HERMES proton and deuteron data, pre-
cise results on the neutron spin structure function gn

1 are
obtained.

For this analysis, the kinematic range has been ex-
tended with respect to the previous proton analysis, to
include the region at low x (0.0041 ≤ x ≤ 0.0212) with
low Q2. In this region the information available on g1

was sparse. As will be discussed in Sect. VI, the first
moment Γd

1 determined from HERMES data appears to
saturate for x < 0.04. This observation allows for a de-
termination of a0 with small uncertainties and for a test
of the Bjorken Sum Rule, as well as scheme-dependent
estimates of ∆Σ and the first moments of the flavor sep-
arated quark helicity distributions, ∆u + ∆ū, ∆d + ∆d̄
and ∆s + ∆s̄.

The paper is organized as follows: the formalism lead-
ing to the extraction of the structure function g1 will
be briefly reviewed in Sect. II, Sect. III deals with the
HERMES experimental arrangement and the data anal-
ysis is described in Sect. IV. Final results are presented
in Sect. V and discussed in Sect. VI.

II. FORMALISM

In the one-photon-exchange approximation, the differ-
ential cross section for inclusive deep-inelastic scattering
of polarized charged leptons off polarized nuclear targets
can be written [38] as:

d2σ(s, S)
dx dQ2

=
2πα2y2

Q6
Lµν(s)Wµν(S) , (16)

where α is the fine-structure constant. As depicted in
Fig. 1 the leptonic tensor Lµν describes the emission of
a virtual photon at the lepton vertex, and the hadronic
tensor Wµν describes the hadron vertex. The main kine-
matic variables used for the description of deep-inelastic
scattering are defined in Tab. I. The tensor Lµν can
be calculated precisely in Quantum Electro-Dynamics
(QED) [15]:

Lµν(s) = 2(kµk′
ν + kνk′

µ − gµν(k · k′ − m2
l ))

+ 2iεµναβ(k − k′)αsβ . (17)

Here the spinor normalization s2 = −m2
l is used. In the

following the lepton mass ml is neglected. For a spin-1/2
target the representation of Wµν requires four structure
functions to describe the nucleon’s internal structure. It

Lepton Tensor Hadron Tensor
parametrized in terms of 

Structure Functions
d3σ

dxdydφ
∝ y

2
F1(x,Q2) +

1− y − γ2y2/4
2xy

F2(x, Q2)

−PlPT cos α

[(
1− y

2
− γ2y2

4

)
g1(x,Q2)− γ2y

2
g2(x,Q2)

]

+PlPT sinα cos φγ

√
1− y − γ2y2

4

(y

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

)
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Parton-Model Interpretation of Structure 

9
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structure function     ↔     parton distribution
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Why measure F2 at HERMES?

10

Collider experiments

Fixed target experiments

HERMES

• complementary kinematic 
coverage compared to colliders

• higher statistics compared to 
other fixed target experiments:
‣ HERMES: 58 million DIS (P+D)
‣ NMC: 9 million DIS (P+D)
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World data on σd/σp

Many systematic errors 
common to proton and 
deuteron cross sections 

cancel in ratio
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Polarized Structure Function g1

14

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

10
-2

10
-1

1x!!

x
g

1

                p

                d

!Q2"< 1 GeV
2 !Q2"> 1 GeV

2

HERMES

x!!

!Q
2
"(

G
e
V

2
)

1

10

10
-2

10
-1

1

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

-0.01

0

0.01

0.02

0.03

10
-4

10
-3

10
-2

10
-1

1

HERMES (Q
2
 < 1 GeV

2
)

HERMES (Q
2
 > 1 GeV

2
)

SMC (low x - low Q
2
)

SMC

E 143

E 155

x
g

1p
 

x  

x
g

1d
  

COMPASS

A. Airapetian et al., PRD 75 (2007)



HEDT - 2nd anniversary - July 7th, 2009G. Schnell - DESY Zeuthen

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

10
-1

1

x!!

! x
 g

1
d

x
!!

0
.9

p
d
n
NS

Q
2
=5 GeV

2

Integral of g1(x)

15

A. Airapetian et al., PRD 75 (2007)



HEDT - 2nd anniversary - July 7th, 2009G. Schnell - DESY Zeuthen

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

10
-1

1

x!!

! x
 g

1
d

x
!!

0
.9

p
d
n
NS

Q
2
=5 GeV

2

Integral of g1(x)

15

Saturation 
➠ close to full integral?

∆Σ MS=
1

∆CS

[
9Γd

1

1− 3
2ωD

− 1
4
a8∆CNS

]

theory theory

hyperon-decay data
0.05±0.05

A. Airapetian et al., PRD 75 (2007)



HEDT - 2nd anniversary - July 7th, 2009G. Schnell - DESY Zeuthen

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

10
-1

1

x!!

! x
 g

1
d

x
!!

0
.9

p
d
n
NS

Q
2
=5 GeV

2

Integral of g1(x)

15

Saturation 
➠ close to full integral?

∆Σ MS=
1

∆CS

[
9Γd

1

1− 3
2ωD

− 1
4
a8∆CNS

]

theory theory

hyperon-decay data
0.05±0.05

∆Σ MS= 0.330± 0.011theory ± 0.025exp ± 0.028evol

A. Airapetian et al., PRD 75 (2007)



HEDT - 2nd anniversary - July 7th, 2009G. Schnell - DESY Zeuthen

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

10
-1

1

x!!

! x
 g

1
d

x
!!

0
.9

p
d
n
NS

Q
2
=5 GeV

2

Integral of g1(x)

15

Saturation 
➠ close to full integral?

∆Σ MS=
1

∆CS

[
9Γd

1

1− 3
2ωD

− 1
4
a8∆CNS

]

theory theory

hyperon-decay data
0.05±0.05

∆Σ MS= 0.330± 0.011theory ± 0.025exp ± 0.028evol

most precise result; only 1/3 of nucleon spin from quarks

A. Airapetian et al., PRD 75 (2007)



HEDT - 2nd anniversary - July 7th, 2009G. Schnell - DESY Zeuthen

Extraction of g2   

16

where
γ = 2Mx/

√
Q2 . (12)

Double asymmetry with longitudinal polarization of leptons (→) and transverse polariza-
tion of nucleons (⇑ (⇓)) allows one to access structure function g2(x):

σ→⇓(φ) − σ→⇑(φ)

σ→⇓(φ) + σ→⇑(φ)
=

∆σT

σ
=

=

−γ

√
1 − y−γ2y2

4

(
y

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

)

[
y

2
F1(x,Q2) +

1

2xy

(
1 − y − γ2y2

4

)
F2(x,Q2)

]

︸ ︷︷ ︸

cosφ . (13)

AT

Denoting in (13) the prefactor before the cosφ as AT and deducing similar equation for the
negative lepton helicity the following relations were obtained:

ATcosφ =
σ→⇓ − σ→⇑

σ→⇓ + σ→⇑ =
σ←⇑ − σ←⇓

σ←⇑ + σ←⇓ =
∆σT

σ
. (14)

This relation together with analogous relation for double asymmetry with longitudinaly
polarized leptons and longitudinal target polarization

A‖ =
σ→⇐ − σ→⇒

σ→⇐ + σ→⇒ =
σ←⇒ − σ←⇐

σ←⇒ + σ←⇐ =
∆σ‖

σ
(15)

gives an access to the virtual photon-proton asymmetries A1 and A2:

A‖ = D(A1 + ηA2) , AT = d(A2 − ξA1) , (16)

where A1 =
g1 − γ2g2

F1
, A2 = γ

g1 + g2

F1
. (17)

In Eqs. (16) the depolarization factor D depends on y and on the ratio R = σL/σT:

D =
y(2 − y)(1 + γ2y/2)

y2(1 + γ2) + 2(1 − y − γ2y2/4)(1 + R)
, (18)

while d, η and ξ are the kinematic factors:

d =

√
1 − y − γ2y2/4

1 − y/2
D, (19)

η =
γ(1 − y − γ2y2/4)

(1 − y/2)(1 + γ2y/2)
, (20)

ξ =
γ(1 − y/2)

1 + γ2y/2
. (21)

From Eqs. (16) and (17) one can express the A2 and g2 in terms of AT and
g1

F1
:

A2 =
1

d(1 + γξ)
AT +

ξ(1 + γ2)

1 + γξ

g1

F1
, (22)
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fit to double-spin asymmetry
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ATcosφ =
σ→⇓ − σ→⇑

σ→⇓ + σ→⇑ =
σ←⇑ − σ←⇓

σ←⇑ + σ←⇓ =
∆σT

σ
. (14)

This relation together with analogous relation for double asymmetry with longitudinaly
polarized leptons and longitudinal target polarization

A‖ =
σ→⇐ − σ→⇒

σ→⇐ + σ→⇒ =
σ←⇒ − σ←⇐

σ←⇒ + σ←⇐ =
∆σ‖

σ
(15)

gives an access to the virtual photon-proton asymmetries A1 and A2:

A‖ = D(A1 + ηA2) , AT = d(A2 − ξA1) , (16)

where A1 =
g1 − γ2g2

F1
, A2 = γ

g1 + g2

F1
. (17)

In Eqs. (16) the depolarization factor D depends on y and on the ratio R = σL/σT:

D =
y(2 − y)(1 + γ2y/2)

y2(1 + γ2) + 2(1 − y − γ2y2/4)(1 + R)
, (18)

while d, η and ξ are the kinematic factors:

d =

√
1 − y − γ2y2/4

1 − y/2
D, (19)

η =
γ(1 − y − γ2y2/4)

(1 − y/2)(1 + γ2y/2)
, (20)

ξ =
γ(1 − y/2)

1 + γ2y/2
. (21)

From Eqs. (16) and (17) one can express the A2 and g2 in terms of AT and
g1

F1
:

A2 =
1

d(1 + γξ)
AT +

ξ(1 + γ2)

1 + γξ

g1

F1
, (22)

4g2 =
F1

γd(1 + γξ)
AT − F1(γ − ξ)

γ(1 + γξ)

g1

F1
(23)

where

F1 =
1 + γ2

2x(1 + R)
F2 (24)

In the following, parametrizations ALLM07 [10] and R1998 [11] are used for F2(x,Q2) and

R(x,Q2), respectively. The
g1

F1
was taken from parameterization [12] of the world data

which includes early HERMES results [13]. Finally, one may note that having measured the
AT, the A2 and g2 can be obtained from Eqs. (22) and (23).
To extract the AT one have to fit the experimental asymmetries (14) with the function

f(φ) = ATcosφ . (25)

3. EXPERIMENTAL DATA

Data of productions 03c0, 04c1, and 05c1 were used for present analysis.

The quality of the data was controlled with using the corresponding pol burstlists. Good
bursts are selected using the mask 0xFFFFFFFF .

Tracks were accepted for the analysis if they satisfy to requirements:

|rVertZ| < 18 cm (26)

and

| Xpos + Xslope · 108 | < 100

| Ypos + Yslope · 108 | < 54

| Xpos + Xslope · 463 | < 175

30 < | Ypos + Yslope · 463 | < 108 (27)

| rxOff + 175 · tanθcosφ | < 31

| ryOff + 181 · tanθsinφ | > 7

| ryOff + 383 · tanθsinφ | < 54

where rVertZ = g1Track.rVertZCor1, θ = g1Track.rTheta, φ = g1Track.rPhi and
all other track parameters are taken from table smTrack.

Positrons and electrons are identified by requiring 1 < PID3 + PID5 < 100. In a case of
two leptons in the event, a lepton with highest momentum was selected as a scattered lepton.

The polar and azimuthal angles of particles were taken from g1Track.rThetaCor1 and
g1Track.rPhiCor1. Events were required to be in the kinematic region:
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where
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√
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where
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F2 (24)

In the following, parametrizations ALLM07 [10] and R1998 [11] are used for F2(x,Q2) and

R(x,Q2), respectively. The
g1

F1
was taken from parameterization [12] of the world data

which includes early HERMES results [13]. Finally, one may note that having measured the
AT, the A2 and g2 can be obtained from Eqs. (22) and (23).
To extract the AT one have to fit the experimental asymmetries (14) with the function

f(φ) = ATcosφ . (25)

3. EXPERIMENTAL DATA

Data of productions 03c0, 04c1, and 05c1 were used for present analysis.

The quality of the data was controlled with using the corresponding pol burstlists. Good
bursts are selected using the mask 0xFFFFFFFF .

Tracks were accepted for the analysis if they satisfy to requirements:

|rVertZ| < 18 cm (26)

and

| Xpos + Xslope · 108 | < 100

| Ypos + Yslope · 108 | < 54

| Xpos + Xslope · 463 | < 175

30 < | Ypos + Yslope · 463 | < 108 (27)

| rxOff + 175 · tanθcosφ | < 31

| ryOff + 181 · tanθsinφ | > 7

| ryOff + 383 · tanθsinφ | < 54

where rVertZ = g1Track.rVertZCor1, θ = g1Track.rTheta, φ = g1Track.rPhi and
all other track parameters are taken from table smTrack.

Positrons and electrons are identified by requiring 1 < PID3 + PID5 < 100. In a case of
two leptons in the event, a lepton with highest momentum was selected as a scattered lepton.

The polar and azimuthal angles of particles were taken from g1Track.rThetaCor1 and
g1Track.rPhiCor1. Events were required to be in the kinematic region:
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Results on A2 and xg2
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P

p

k l

k′

Figure 1: Two-photon exchange contribution to inclusive DIS in the parton model. The Hermitian
conjugate diagram, not shown in the figure, has to be considered as well. A diagram where the
ordering of the lower vertices of the two photons is interchanged (crossed box graph) does not
contribute to the transverse SSA.

When performing the calculation we ignore a term proportional to m3 in the lepton tensor Lµνρ

and also the mass in the denominator of the lepton propagator in the loop. Both effects are
suppressed for large Q2. The quark is treated as massless particle. On the other hand, to avoid a
potential IR divergence, a mass λ is assigned to the photon.
It turns out that in the collinear parton model only the imaginary part of the loop-integral in (6)
survives as soon as one adds the contribution coming from the Hermitian conjugate diagram. This
imaginary part can be conveniently evaluated by means of the Cutkosky rules. Here we avoid giving
details of the calculation and just quote our final result for the spin dependent part of the single
polarized cross section,

k′0 dσL,pol

d3#k′

=
4α3

em

Q8
m xy2 εµνρσ SµP νkρk′σ

∑

q

e3
q xf q

1 (x) . (7)

At this point several comments are in order. The result in Eq. (7) is the leading term in the Bjorken
limit (Q2 → ∞, x fixed). Corrections to this formula are suppressed at least by a factor M/Q. The
sign of the spin dependent part of the polarized cross section depends on the charge of the lepton
which enters to the third power. The result in (7) holds for a negatively charged lepton. (It is
interesting to note that in one of the early measurements of the target SSA [6] there is evidence for
the expected sign change when switching from an electron to a positron beam.) We have taken the
convention ε0123 = 1 for the Levi-Civita tensor. The spin dependent part of the single polarized
cross section behaves like αem m/Q relative to the unpolarized cross section given in Eq. (1) (and
relative to the dominant term of the double polarized DIS cross section). In this context note that
the correlation (3) showing up in Eq. (7) is given by

εµνρσ SµP νkρk′σ ∝
Q3

x y

√

1 − y (8)

in the Bjorken limit.
We emphasize that the expression in Eq. (7) is IR finite. Terms proportional to ln(Q2/λ2) ap-
pearing at intermediate steps of the calculation cancel in the final result. In related studies of

4

Two-Photon Exchange
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interference between one- 
and two-photon exchange 
amplitudes leads to SSAs 
in inclusive DIS off transversely polarized targets

interference sensitive to beam charge due to odd 
number of e.m. couplings to beam

proportional to S(kxk’) - either measure left-right 
asymmetries or sine modulation 

two-photon exchange best candidate to explain 
discrepancy in form-factor measurements
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Any Sign of Two-Photon Exchange?
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Quark Structure of the Nucleon

.

hermes
Quark Distribution Functions

1
f =
q

g =
1L

-q

1
h = -
q
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Unpolarized quarks
and nucleons

f
q
1
(x): spin averaged
(well known)

⇒ Vector Charge

〈PS|Ψ̄γµΨ|PS〉=
∫

dx(fq
1 (x) − f q̄

1 (x))

Longitudinally
polarized quarks
and nucleons

g
q
1
(x): helicity

difference (known)

⇒ Axial Charge

〈PS|Ψ̄γµγ5Ψ|PS〉=
∫

dx(gq
1(x) + gq̄

1(x))

Transversely
polarized quarks
and nucleons

h
q
1
(x): transversity
(hardly known!)

⇒ Tensor Charge

〈PS|Ψ̄σµνγ5Ψ|PS〉=
∫

dx(hq
1(x) − hq̄

1(x))

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 3/5021

(integrated over transverse momentum)
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Fig. 1. The multiplicity corrected to 4π of charged kaons in semi-inclusive DIS from
a deuterium target, as a function of Bjorken x. The continuous curve is calculated
from the curve in Fig. 2 using Eq. (3). The dashed (dash-dotted) curve is the non-
strange (strange) quark contribution to the multiplicity for this fit. The dotted curve
is the best fit to

∫
DK

S (z)dz using Cteq6l PDFs. The error bars are statistical. The
band represents the systematic uncertainties. The values of 〈Q 2〉 for each x bin are
shown in the lower panel.

Combining Eqs. (1), (2) and neglecting the term 2S(x) compared to
5Q (x), it follows immediately that

S(x)
∫

DK
S (z)dz # Q (x)

[
5

d2NK (x)
d2NDIS(x)

−
∫

DK
Q (z)dz

]
. (3)

Eq. (3) is the basis for the extraction of the quantity S(x)
∫
DK

S (z)dz.
The data were recorded with a longitudinally nuclear-polarized

deuteron gas target internal to the E = 27.6 GeV Hera positron
storage ring at Desy. The self-induced beam polarization was mea-
sured continuously with Compton backscattering of circularly po-
larized laser beams [22,23]. The open-ended target cell was fed
by an atomic-beam source based on Stern–Gerlach separation with
hyperfine transitions. The nuclear polarization of the atoms was
flipped at 90 s time intervals, while both this polarization and
the atomic fraction inside the target cell were continuously mea-
sured [24]. The average value of the deuteron polarization was
0.845 with a fractional systematic uncertainty of 3.5%.

Scattered beam leptons and coincident hadrons were detected
by the Hermes spectrometer [25]. Leptons were identified with an
efficiency exceeding 98% and a hadron contamination of less than
1% using an electromagnetic calorimeter, a transition–radiation
detector, a preshower scintillation counter and a ring-imaging
Čerenkov (RICH) detector [26]. The dual-radiator RICH was also
used to identify charged kaons. Events were selected subject to
the kinematic requirements Q 2 > 1 GeV2, W 2 > 10 GeV2 and
y < 0.85, where W is the invariant mass of the photon–nucleon
system, and y = ν/E . Coincident hadrons were accepted if 0.2 <
z < 0.8 and xF ≈ 2pL/W > 0.1, where pL is the longitudinal mo-
mentum of the hadron with respect to the virtual photon direction
in the photon–nucleon center of mass frame. The Bjorken x range
of measurement was 0.02–0.6.

The charged kaon multiplicity was extracted by summing over
the kaon yields for the two beam-target polarization states. An
event weighting procedure was used to correct for RICH kaon iden-
tification inefficiencies. The effects of QED radiation, instrumental
resolution, and acceptance were simulated [27–29], and correc-
tions were applied to the data for each polarization state using
a technique that unfolds kinematic migration of events [20]. The
results are presented in Fig. 1. The trends in the data were not
reproduced (see dotted curve in Fig. 1) by fitting the points us-
ing the Cteq6l [30] strange quark PDFs in Eqs. (1) and (2), with∫
DK

Q (z)dz and
∫
DK

S (z)dz as free parameters. In view of the
paucity of reliable data on S(x), it was assumed instead that it is
unknown, and the analysis was carried out extracting the product

Fig. 2. The strange fragmentation product S(x, Q 2)
∫
DK

S (z)dz obtained from the
measured Hermes multiplicity for charged kaons at the 〈Q 2〉 for each bin. The curve
is a least squares fit of the form x−0.863e−x/0.0487(1 − x). The band represents sys-
tematic uncertainties.

S(x)
∫
DK

S (z)dz in LO. For x > 0.15 the multiplicity is constant at a
value of about 0.080, implying that S(x)/Q (x) is constant. For this
analysis S(x) is assumed to be negligible at large x from which
it follows that S(x) = 0 for x > 0.15 and that

∫ 0.8
0.2 DK

Q (z)dz =
0.398±0.010, in excellent agreement with the value 0.435±0.044
obtained for Q 2 = 2.5 GeV2 from the most recent global analysis
of fragmentation functions [31]. The value 0.398 was then used in
Eq. (3) together with values of Q (x) from Cteq6l and the mea-
sured multiplicities to obtain the product S(x)

∫
DK

S (z)dz shown in
Fig. 2. A small iterative correction was made to account for the
neglect of the 2S(x) term in Eq. (1). The result for the product to-
gether with a fit of the form x−a1e−x/a2(1 − x) is shown in Fig. 2,
and leads to the continuous curve in Fig. 1.

The improved fit (continuous curve in Fig. 1) to the multiplicity
is an indication that the actual distribution of S(x) is substantially
different from the average of those of the nonstrange antiquarks.
To explore this point, the Hermes result for S(x)

∫
DK

S (z)dz has
been evolved to Q 2

0 = 2.5 GeV2. The Q 2 evolution factors were
taken from Cteq6l and the fragmentation function compilation
given in [31]. Consideration of corrections to the evolution due
to higher twist contributions is not necessary, since higher twist
effects are expected to be significant [32] only for larger values
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tribution of xS(x) was obtained from S(x)

∫
DK

S (z)dz by dividing
by

∫
DK

S (z)dz = 1.27 ± 0.13, the value at Q 2 = 2.5 GeV2 given
in [31]. The results are presented in Fig. 3 together with (as an ex-
ample) parameterizations of xS(x) and x(ū(x) + d̄(x)) from Cteq6l.
The normalization of the Hermes points is determined by the value
of

∫
DK

S (z)dz assumed. However, whatever the normalization, the
shape of xS(x) implied by the Hermes data is incompatible with
xS(x) from Cteq6l and other global QCD fits of PDFs as well as the
assumption of an average of an isoscalar nonstrange sea. The ab-

Fig. 3. The strange parton distribution xS(x) from the measured Hermes multiplic-
ity for charged kaons evolved to Q 2

0 = 2.5 GeV2 assuming
∫
DK

S (z)dz = 1.27±0.13.
The solid curve is a 3-parameter fit for S(x) = x−0.924e−x/0.0404(1 − x), the dashed
curve gives xS(x) from Cteq6l, and the dot–dash curve is the sum of light anti-
quarks from Cteq6l.
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Fig. 4. Lepton–nucleon polarized cross section asymmetries A‖,d for inclusive DIS
and AK

‖,d for semi-inclusive DIS by a deuteron target as a function of Bjorken x, for
identified charged kaons. The error bars are statistical, and the bands at the bottom
represent the systematic uncertainties.

sence of strength above x ≈ 0.1 is clearly discrepant with Cteq6l,
while deviations from the Cteq6l prediction at low x could be, in
part, a manifestation of higher order processes.

In the isoscalar extraction of the helicity distribution !S(x) =
!s(x) + !s̄(x), only the double-spin asymmetry AK

‖,d(x, Q
2) for all

charged kaons, irrespective of charge, and the inclusive asymmetry
A‖,d(x, Q 2) are used. In LO, the inclusive and the charged kaon
double-spin(LL) asymmetries are determined by the relations

A‖,d(x)
d2NDIS(x)
dxdQ 2 =KLL

(
x, Q 2)[5!Q (x) + 2!S(x)

]
, (4)

where KLL is a kinematic factor, and

AK±
‖,d (x)

d2NK (x)
dxdQ 2

=KLL
(
x, Q 2)

[
!Q (x)

∫
DK

Q (z)dz + !S(x)
∫

DK
S (z)dz

]
. (5)

Eqs. (4), (5) permit the simultaneous extraction of the helicity dis-
tribution !Q (x) = !u(x)+!ū(x)+!d(x)+!d̄(x) and the strange
helicity distribution !S(x) = !s(x) + !s̄(x). The nonstrange inte-
grated fragmentation function needed for a LO extraction of !S(x)
was extracted from the multiplicity analysis of the same data.

The semi-inclusive asymmetries AK
‖,d were derived from the

kaon spectra measured for each target polarization. The target po-
larization was corrected for the D-wave admixture in the deuteron
wave function by applying the correction term (1 − 1.5ωD) in ex-
tracting the helicity distributions from the asymmetries, where
ω = 0.05 ± 0.01 [33]. The corrected asymmetries are shown in
Fig. 4. The inclusive asymmetries A‖,d(x) were corrected for effects
of QED radiation and instrumental smearing with the same proce-
dures described above for the spin dependent kaon multiplicities.
Contributions to the systematic uncertainties in the asymmetries
include those from the beam and target polarizations, and the ne-
glect of the transverse spin structure function g2(x) ≈ 0 [34], and
for AK

‖,d from those of RICH kaon identification.
The quark helicity distributions were extracted from the mea-

sured spin asymmetries A‖,d(x) and AK
‖,d(x) in an analysis based

on Eqs. (4), (5). The value of
∫
DK

S (z)dz = 1.27 ± 0.13 was used
to extract !S(x). The results are presented in Fig. 5. The strange
helicity distribution also agrees well with the less precise results
of [21], and is consistent with zero over the measured range.

The first moments of the helicity densities in the measured
region are presented in Table 1. The result for !Q over the mea-
sured range is consistent with the value 0.381 ± 0.010(stat.) ±
0.027(sys.) for the full moment previously extracted from Hermes
g1,d data [20]. The value of !S measured here is not in serious
disagreement with −0.0435 ± 0.010(stat.) ± 0.004(sys.) extracted
from the inclusive Hermes measurements. The value for the par-
tial moment of the octet combination !q8(x) = !Q (x) − 2!S(x),

Fig. 5. Nonstrange and strange quark helicity distributions at Q 2
0 = 2.5 GeV2, as a

function of Bjorken x. The error bars are statistical, and the bands at the bottom
represent the systematic uncertainties. The curves are the LO results of Leader et al.
[39] from their analysis of world data.

Table 1
First moments of various helicity distributions in the Bjorken x range 0.02–0.6 at a
scale of Q 2

0 = 2.5 GeV2

Moments in measured range

!Q 0.359± 0.026(stat.) ± 0.018(sys.)
!S 0.037± 0.019(stat.) ± 0.027(sys.)
!q8 0.285± 0.046(stat.) ± 0.057(sys.)

included in Table 1, is substantially less than the value of the ax-
ial charge a8 ≡ !q8 =

∫ 1
0 !q8(x)dx = 0.586± 0.031 extracted from

the hyperon decay constants by assuming SU(3) symmetry [35].
Possible explanations for the deficit observed for !q8 include vio-
lation of SU(3) symmetry or missing octet strength at values of x
below the measured range. The substantial deviation observed in
the shape of S(x) from that of the light sea quarks is a clear man-
ifestation of violation of SU(3) symmetry [36–38] in the strange
quark sector.

In conclusion, inclusive and semi-inclusive-charged-kaon spin
asymmetries for a longitudinally polarized deuteron target have
been analyzed to extract the LO parton distributions of the strange
sea in the proton. The partial moment of the nonstrange frag-
mentation function needed for the LO analysis has been extracted
directly from the same data. The values for the PDFs presented
in this Letter are available at the Hermes web site (http://www-
hermes.desy.de). The momentum densities are softer than previ-
ously assumed. The helicity densities are consistent with zero and
the partial moment of the octet axial combination is observed to
be substantially less than the axial charge extracted from hyperon
decays under the assumption of SU(3) symmetry.
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2-hadron fragmentation
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spin-dependent 2-hadron production:
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Ph

θ
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π+π− CM
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P

φSq

k k′

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.

– 3 –
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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.
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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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the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
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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
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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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Model for two-pion fragmentation

.

hermes Interference Fragmentation – Models

⇒ AUT might depend strongly on Mππ

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 40/50
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HERMES results (complete data) 
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HERMES results (complete data) 

first evidence for T-odd 2-hadron fragmentation 
function  in semi-inclusive DIS!
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HERMES results (complete data) 

first evidence for T-odd 2-hadron fragmentation 
function  in semi-inclusive DIS!
invariant-mass dependence rules out Jaffe model 
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Collins fragmentation function 
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.

Collins Fragmentation Function

!

z

y
x

!

Ph⊥

Ph⊥quark

Collins function H⊥
1
describes left-right asymmetry in the

direction of outgoing hadron

Originally proposed by Collins (& Heppelman)

T-odd ⇒ need interference of amplitudes

Schäfer-Teryaev Sum Rule:
∑

h

∫

dzH⊥,h
1 = 0

first data from Belle supports non-zero H⊥
1

Gunar Schnell Genties Group Meeting, February 17
th
, 2006 – p. 9/21
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provides a correlation between spin of quark and transverse 
momentum of produced hadron
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1 = 0

first data from Belle supports non-zero H⊥
1

Gunar Schnell Genties Group Meeting, February 17
th
, 2006 – p. 9/21

provides a correlation between spin of quark and transverse 
momentum of produced hadron

example of transverse-momentum-dependent (“unintegrated”) 
parton distribution/fragmentation functions
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Unintegrated PDFs

28

TMDs and their probabilistic interpretation

f1 =

g1 =

h1 =

f⊥1T =

h⊥1 =

h⊥1T =

h⊥1L =

g1T =

parton with transverse or longitudinal spin

parton transverse momentum

nucleon with transverse or longitudinal spin

Wednesday, May 27, 2009

Courtesy of A. Bacchetta
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Sivers Effect:

correlates hadron’s transverse 
momentum with nucleon spin

requires orbital angular momentum
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The HERMES Collins amplitudes

non-zero Collins 
effect observed!

30
.

hermes Collins Amplitudes 2002-2005

0

0.05

0.1

2
 !

s
in

("
+
"

S
)#
$

  
U

T

$+

$0

$-

-0.05

0

0.05

2
 !

s
in

("
+
"

S
)#
$

  
U

T

-0.1

-0.05

0

0.1 0.2 0.3

2
 !

s
in

("
+
"

S
)#
$

  
U

T

x
0.2 0.3 0.4 0.5 0.6

z
0.2 0.4 0.6 0.8 1

Ph% [GeV]

I
HERMES PRELIMINARY 2002-2005
lepton beam asymmetry, Collins amplitudes

8.1% scale uncertainty

published† results confirmed with much

higher statistical precission

overall scale uncertainty of 8.1%

positive for π+ and negative for π− as

maybe expected (δu ≡ hu
1 > 0

maybe expected (δd ≡ hd
1 < 0)

unexpected large π− asymmetry

⇒ role of disfavored Collins FF

most likely: H⊥,disf
1 ≈ −H⊥,fav

1

isospin symmetry among charged and

neutral pions fulfilled

† [A. Airapetian et al, Phys. Rev. Lett. 94 (2005)

012002]

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 16/50

2〈sin (φ + φS)〉UT = −
∑

q e2
qh

q
1(x, p2

T )⊗H⊥,q
1 (z, K2

T )
∑

q e2
qf

q
1 (x)Dq

1(z)



HEDT - 2nd anniversary - July 7th, 2009G. Schnell - DESY Zeuthen

The HERMES Collins amplitudes

non-zero Collins 
effect observed!

both Collins FF and 
transversity sizeable
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First glimpse at transversity
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FIG. 6: The experimental data on two different azimuthal cor-
relations in unpolarized e+e− → h1h2 X processes, as mea-
sured by Belle Collaboration [7], are compared to the curves
obtained from Eqs. (44) [A12] and (60) [A0] with the param-
eterizations of Eqs. (14), (16) and (17). The solid lines corre-
spond to the parameters given in Table I, obtained by fitting
the A12 asymmetry; the shaded area corresponds to the the-
oretical uncertainty on these parameters, as explained in the
text. The dashed lines correspond to the parameters given in
Table II obtained by fitting the A0 asymmetry. The agree-
ment between the results obtained from the two fits shows
the consistency between the two sets of Belle data and the
solidity of our analysis.
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quarks as determined through our global best fit. In the left
panel, x∆T u(x) (upper plot) and x∆T d(x) (lower plot), see
Eq. (5), are shown as functions of x and Q2 = 2.4 GeV2. The
Soffer bound [20] is also shown for comparison (bold blue line).
In the right panel we present the unintegrated transversity
distributions, x∆T u(x, k⊥) (upper plot) and x∆T d(x, k⊥)
(lower plot), as defined in Eq. (13), as functions of k⊥ at
a fixed value of x. Notice that this k⊥ dependence is not ob-
tained from the fit, but it has been chosen to be the same
as that of the unpolarized distribution functions: we plot it
in order to show its uncertainty (shaded area), due to the
uncertainty in the determination of the free parameters.
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tions as determined through our global best fit. In the left
panel we show the z dependence of the p⊥ integrated Collins
functions defined in Eq. (38) and normalized to twice the cor-
responding unpolarized fragmentation functions; we compare
them to the results of Refs. [24] (dashed line) and [25] (dot-
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z. The Q2 value is 2.4 GeV2, having assumed that the Q2

evolution of ∆ND is the same as that of D. The solid lines
show the results based on the parameters of Table I, while the
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(upper lines).

Anselmino et al., 
PRD75 (2007)

Combined analysis of 
data from:

HERMES

COMPASS

BELLE



HEDT - 2nd anniversary - July 7th, 2009G. Schnell - DESY Zeuthen

First glimpse at transversity

31

10

)
2

, 
z

1
(z

0
A

)
2

, 
z

1
(z

0
A

2z 2z

0

0.05

0.1

0.15

0.2
 < 0.310.2 < z  < 0.510.3 < z

0.2 0.4 0.6 0.8
-0.05

0

0.05

0.1

0.15

0.2
 < 0.710.5 < z

0.2 0.4 0.6 0.8

 < 110.7 < z

)
2

, 
z

1
(z

1
2

A
)

2
, 

z
1

(z
1
2

A

2z 2z

0

0.05

0.1

0.15

0.2
 < 0.310.2 < z  < 0.510.3 < z

0.2 0.4 0.6 0.8
-0.05

0

0.05

0.1

0.15

0.2
 < 0.710.5 < z

0.2 0.4 0.6 0.8

 < 110.7 < z

FIG. 6: The experimental data on two different azimuthal cor-
relations in unpolarized e+e− → h1h2 X processes, as mea-
sured by Belle Collaboration [7], are compared to the curves
obtained from Eqs. (44) [A12] and (60) [A0] with the param-
eterizations of Eqs. (14), (16) and (17). The solid lines corre-
spond to the parameters given in Table I, obtained by fitting
the A12 asymmetry; the shaded area corresponds to the the-
oretical uncertainty on these parameters, as explained in the
text. The dashed lines correspond to the parameters given in
Table II obtained by fitting the A0 asymmetry. The agree-
ment between the results obtained from the two fits shows
the consistency between the two sets of Belle data and the
solidity of our analysis.

 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

0.5

-0.1

0

0.1

0.2

0.3

0.4

0.5

x = 0.1

0.2 0.4 0.6 0.8 1
-0.2

-0.1

0

0.05

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

FIG. 7: The transversity distribution functions for u and d
quarks as determined through our global best fit. In the left
panel, x∆T u(x) (upper plot) and x∆T d(x) (lower plot), see
Eq. (5), are shown as functions of x and Q2 = 2.4 GeV2. The
Soffer bound [20] is also shown for comparison (bold blue line).
In the right panel we present the unintegrated transversity
distributions, x∆T u(x, k⊥) (upper plot) and x∆T d(x, k⊥)
(lower plot), as defined in Eq. (13), as functions of k⊥ at
a fixed value of x. Notice that this k⊥ dependence is not ob-
tained from the fit, but it has been chosen to be the same
as that of the unpolarized distribution functions: we plot it
in order to show its uncertainty (shaded area), due to the
uncertainty in the determination of the free parameters.

(z
)

u
n

f
(z

)/
2

D
u

n
f

 D
N

!-
(z

)
fa

v
(z

)/
2

D
fa

v
 D

N
! 

  
)

(z
, 

p
u

n
f

 D
N

!-
  

)
(z

, 
p

fa
v

 D
N

! 

z   (GeV)p

0.2

0.4

0.6

0.8

1

0.2

0.4

0.6

0.8

1

0.2

0.4

0.6

0.8

1

0.2

0.4

0.6

0.8

1

0.2

0.4

0.6

0.8

1

0.2

0.4

0.6

0.8

1 2
 = 2.4 GeV

2
Q
z = 0.36

0.2 0.4 0.6 0.8
0

0.2

0.4

0.6

0.8

1

0.2 0.4 0.6 0.8
0

0.2

0.4

0.6

0.8

1

0.2 0.4 0.6 0.8
0

0.2

0.4

0.6

0.8

1

0.2 0.4 0.6 0.8
0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1 2
 = 2.4 GeV

2
Q
z = 0.36

FIG. 8: Favored and unfavored Collins fragmentation func-
tions as determined through our global best fit. In the left
panel we show the z dependence of the p⊥ integrated Collins
functions defined in Eq. (38) and normalized to twice the cor-
responding unpolarized fragmentation functions; we compare
them to the results of Refs. [24] (dashed line) and [25] (dot-
ted line). In the right panel we show the p⊥ dependence of
the Collins functions defined in Eq. (14), at a fixed value of
z. The Q2 value is 2.4 GeV2, having assumed that the Q2

evolution of ∆ND is the same as that of D. The solid lines
show the results based on the parameters of Table I, while the
dashed ones show the results corresponding to the parameters
of Table II. In all cases we also show the positivity bound (19)
(upper lines).

0

0.2

x!"u

-0.2

0

x!"d

-0.1

0

x!"u
–

Q
2
 = 2.5 GeV

2

GRSV2000
LO std

BB01 LO

-0.1

0

x!"d
–

-0.1

0

x!"s

0.03 0.1 0.6

x

Anselmino et al., 
PRD75 (2007)



HEDT - 2nd anniversary - July 7th, 2009G. Schnell - DESY Zeuthen

Sivers amplitudes for pions
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clear observation of 
T-odd Sivers effect 
in SIDIS!

u-quark dominance 
suggests sizeable 
u-quark orbital 
motion

Sivers amplitudes for pions
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“Chromodynamic Lensing”

.

hermes

Chromodynamic Lensing

Understanding the Sivers Moments

[hep-ph/0309269]approach by M. Burkardt:
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“Chromodynamic Lensing”

.

hermes

Chromodynamic Lensing

Understanding the Sivers Moments

[hep-ph/0309269]approach by M. Burkardt:
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Figure 8.4.6: Illustration of the scattering process off a u quark in the semi–

classical picture with the production of a π+ meson.

momentum adds to the quark momentum in the top and subtracts in the bottom. Hence,

a quark with a given momentum fraction xq is probed by the virtual photon at a higher

momentum fraction xobs > xq in the top and a smaller fraction xobs < xq in the bottom.

In the top the unpolarised DF is therefore shifted towards higher x values while in the

bottom it is shifted to smaller x values as shown in the right panel of Figure 8.4.5. Since the

unpolarised DF decreases with increasing values of x in the valence region, the increase

of the momentum on one side of the nucleon spin results in a larger number of quarks for

a certain observed momentum fraction xobs at this side. At the opposite side, less quarks

are observed at xobs due to the decrease of the quark momentum, resulting in a distortion

of the DF at xobs towards the top. For quarks with antialigned orbital angular momentum,

the DF is distorted towards the bottom. This semi–classical picture thus yields a positive

orbital angular momentum for u quarks and a negative orbital angular momentum for d

quarks.

In Figure 8.4.6 the scattering process is schematically illustrated for a nucleon spin

orientation perpendicular to the scattering plane, i.e., φS = π/2. For a positive orbital

angular momentum of the u quarks, the u quark density is enhanced in the left hemi-

sphere of the nucleon when looking along the virtual–photon direction so that it will be

absorbed more likely by a u quark in that region. After the absorption, final–state inter-

actions (FSI) (cf. Section 2.4.3) bend the quark towards the centre. The FSI are attractive

since struck quark and the spectators—the remaining quarks from the nucleon—form a

colour antisymmetric state. The outgoing positive pion that contains the struck quark is

therefore observed on the right–hand side of the nucleon spin, i.e., φ = π. Thus, the de-

scription of the quark DFs in the impact parameter space yields a positive Sivers moment

sin(φ − φS) = sin π > 0 for u quarks fragmenting into π+. This is consistent with the positive

Sivers amplitudes for π+ in the HERMES data which are dominated by the scattering off u

quarks. In case of π− production, both u and d quarks have to be taken into account

because of the quark–charge factor e2
q and the results cannot be interpreted solely in

terms of d quark scattering. Scattering from d quarks alone would yield a negative Sivers

moment so that the two quark flavours contribute with opposite sign to the Sivers moment

and their contributions might cancel.
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☛ d-quark Sivers DF > 0 
   (cancelation for π-)
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Sivers amplitudes for kaons
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Sivers amplitudes for kaons
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(+ 4 more chiral-odd functions)
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ρ0 SDMEs from HERMES 
Results on Meson SDMEs at Average Kinematics

Resulting SDMEs shown according to suggested hierarchy of helicity amplitudes:
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( NPE amplitude,
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hierarchy ‘confirmed’

p and d data consistent

vertical line: SCHC

( -channel helicity conservation)

is violated on level

this data can/will be used to

constrain helicity amplitudes

and depend. measured for all 23 SDMEs; arXiv:0901.0701[hep-ex], acc. by EPJC

Wolf-Dieter Nowak, DIS 2009, Madrid, April 28, 2009 – p. 7

target-polarization independent SDMEs
40

[A. Airapetian et al., arXiv:0901.0701]
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FIG. 4: Values of SDMEs, or combinations thereof, for a transversely polarized proton target and an unpolarized beam. The
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SDMEs containing s-channel helicity-conserving amplitudes, combinations containing at least one s-channel helicity-changing
amplitude, and SDMEs containing two s-channel helicity-changing amplitudes. Within the second category the combinations
are sorted into three groups associated with different virtual photon and ρ0 polarizations. The inner error bars represent the
statistical uncertainties. The full error bars represent the quadratic sum of the statistical and systematic uncertainties. In
addition there is an overall scale uncertainty of 8.1% due to the uncertainty in the target polarization.
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addition there is an overall scale uncertainty of 8.1% due to the uncertainty in the target polarization.
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addition there is an overall scale uncertainty of 8.1% due to the uncertainty in the target polarization.
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fraction. The uncertainty due to the angular dependence
and asymmetry of the background was taken as the dif-
ference between a fit with a background with no angular
dependence and asymmetry, and one having the same
angular dependence and asymmetry as the data. The
resulting uncertainty was found to be negligible.

The influence of the net beam polarization of approxi-
mately 0.095 was estimated by including the SDMEs for
WLU and WLT in the fit. Even if the latter had large
uncertainties, the influence on the ones for WUT was
negligible. The data presented in Fig. 5 are effectively
integrated over all or two of the variables Q2, xB, and
t′ within the experimental acceptance. The effect of this
kinematic averaging was estimated by comparing the re-
sults of a Monte Carlo simulation that included a mod-
elled dependence of the asymmetry on these variables
with the model input values at the average kinematics.
Also this effect was found to be negligible.

In the extraction of the SDMEs the small longitudi-
nal component of the target polarization with respect to
the direction of the virtual photon (the average value
of |SL/PT | was 0.072) was neglected. This component
introduces a term SLWUL, which is described by 14
SDMEs. As the value of SL is small, these SDMEs can-
not be determined from the present data. A system-
atic uncertainty was estimated by using several sets of
random values obeying the positivity bounds given in
Ref. [11] for these SDMEs, and evaluating the resultant
changes. Changes of on average 55% of the statistical
uncertainty were found, with a maximum of 76% for one
SDME (Im(s−+

++ + εs−+
0 0 )). This is the main source of

systematic uncertainty.

Lastly there are systematic uncertainties arising from
misalignment of the detector, detector smearing effects,
and bending of the beam and produced charged particles
in the transverse holding field of the target magnet. The
uncertainties due to all effects together were investigated
with a Monte Carlo simulation of the possible influence
of these effects. The resultant uncertainty was found to
be negligible.

The resulting SDMEs are shown in Fig. 4. Almost
all of them are consistent with zero within 1.5σ, where
σ represents the total uncertainty in the value of an
SDME. Note that these include s-channel helicity con-
serving SDMEs. Similar SDMEs in the unpolarized case
were found [12] to be non-zero and large (0.4 - 0.5).
The SDMEs Im

(
s 0+

0+ − s−0
0+

)
, Im s−+

−+ , and Imn 0 0
0+ de-

viate more than 2.5σ from zero. The former two involve
the interference between natural (N) and unnatural (U)
parity exchange amplitudes [11]. For instance, Ims 0+

0+

contains the product N 0+
0+ (U ++

+−
)∗ and Im s−+

−+ contains
the product N −+

−+ (U ++
+−

)∗. The detailed analysis of unpo-
larized data has shown that N 0+

0+ and N −+
−+ are dominant

N amplitudes. The U amplitudes presumably are small,
as they are suppressed at large Q2. However, U ++

+−
is rel-
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FIG. 5: The extracted amplitudes of the sin(φ − φS) com-
ponent of AUT for longitudinally (top) and transversely po-
larized (bottom) ρ0 mesons. The inner error bars represent
the statistical uncertainties. The full error bars represent
the quadratic sum of the statistical and systematic uncer-
tainties. In addition there is an overall scale uncertainty of
8.1% from the uncertainty in the target polarization.

atively large [12, 20]. The SDME Imn 0 0
0+ corresponds to

a γ∗

T → ρL transition, the SDMEs of which were found
to be non-zero in the unpolarized case. The value of
−0.069 ± 0.022 measured for Imn 0 0

0+ is another indica-
tion of violation of SCHC in the γ∗

T → ρL transition.
As mentioned, the sin(φ − φS) term in the transverse

target-spin asymmetry for production of longitudinally
polarized ρ0 mesons is of special importance because of
its sensitivity to the GPD E. The amplitude of this term
is given in terms of SDMEs as [11]

ALL,sin(φ−φS)
UT =

Im
(
n 0 0

++ + εn 0 0
0 0

)

u 0 0
++ + εu 0 0

0 0

. (9)

The resultant values for all selected data and for bins in
x, Q2, and t′ are shown in Fig. 5 (top). They are all
zero within the error bars. Because the SCHC violat-
ing terms Im(n 0 0

++ ) and u 0 0
++ in Eq. 9 require a double

helicity flip (see Ref. [11] for details), they presumably

can be neglected. Then the value of ALL,sin(φ−φS)
UT =

−0.035± 0.103 2 can be compared to the results of GPD
calculations for the production of a longitudinally po-

2 This is the value for ’all’ data, which has average kinematics
< Q2 >= 1.95 GeV2, < xB >= 0.08, and < −t >′= 0.13 GeV2.

2

in the single-spin asymmetry was calculated separately for longitudinally and transversely polar-
ized ρ0 mesons. Neglecting s-channel helicity changing matrix elements, results for the former can
be compared to calculations based on generalized parton distributions, which are sensitive to the
contribution of the total angular momentum of the quarks to the proton spin.

PACS numbers: 13.60.Le, 13.88.+e, 14.20.Dh, 14.40.Aq, 12.38.Qk

Exclusive electroproduction of mesons can provide
new information about the structure of the nucleon be-
cause of its relation to generalized parton distributions
(GPDs) [1–3]. In Ref. [4] it has been proven that the
amplitude for hard exclusive electroproduction of mesons
by longitudinal virtual photons can be factorized into a
hard-scattering part and a soft part that depends on the
structure of the nucleon and the produced meson. In the
case of exclusive vector meson production, also the pro-
duced meson is longitudinally polarized (in addition to
the virtual photon being longitudinal). The amplitude
for the soft part can be expressed in terms of GPDs.

GPDs provide a three-dimensional representation of
the structure of the nucleon at the partonic level, cor-
relating the longitudinal momentum fraction of a parton
with its transverse spatial coordinates. They are related
to the standard parton distribution functions and nucleon
form factors [3, 5–7]. At leading twist, meson production
is described by four types of GPDs: Hq,g, Eq,g, H̃q,g,
and Ẽq,g, where q stands for a quark flavour and g for a
gluon. The GPDs are functions of t, x, and ξ, where t
is the squared four-momentum transfer to the nucleon, x
the average, and ξ half the difference of the longitudinal
momentum fractions of the quark or gluon in the initial
and final state. The quantum numbers of the produced
meson determine the sensitivity to the various GPDs. In
particular, at leading twist, production of vector mesons
is sensitive only to the GPDs Hq, Eq, Hg, and Eg.

φS

φ
0ρ

ST

e γ *
e´

FIG. 1: The lepton scattering and hadron production
planes together with the azimuthal angles φ and φS .

The transverse target-spin asymmetry in exclusive
electroproduction of longitudinally polarized vector
mesons by longitudinal virtual photons is an important
observable, because it depends almost linearly on the
GPD E [5]. This is in contrast to the unpolarized cross

section, where the contribution of E is generally small
compared to the contribution of H . At leading twist, the
asymmetry is proportional to sin(φ−φS), where φ and φS

are the azimuthal angles about the virtual-photon direc-
tion of the hadron production plane and the transverse
part #ST of the target spin, respectively, with respect to
the lepton scattering plane (see Fig. 1).

The cross section and asymmetry for exclusive ρ0 elec-
troproduction e + p → e′ + ρ0 + p′ can conveniently be
described using spin density matrix elements [9–11]. By
using the angular distribution of the produced vector me-
son and of its decay products, as described by the polar
and azimuthal angles ϑ and ϕ (see Fig. 2), one can sep-
arate the contributions of mesons with longitudinal and
transverse polarization to the measured asymmetries. If
s-channel helicity conservation (SCHC) holds, the helic-
ity of the virtual photon is transferred to the produced
vector meson. In that case studying the asymmetry for
the production of longitudinally polarized vector mesons
is tantamount to selecting longitudinal virtual photons.
Measurements have shown that SCHC holds reasonably
well for exclusive electroproduction of ρ0 mesons on an
unpolarized target at Hermes kinematics [12]. Thus in-
formation on the GPD E can be obtained from measure-
ments of the transverse target-spin asymmetry in exclu-
sive ρ0 electroproduction.
Ultimately, these studies will help to understand the ori-
gin of the nucleon spin, because it has been shown [3]
that the x-moment in the limit t → 0 of the sum of the
GPDs Hq and Eq is related to the contribution Jq of the
total angular momentum of the quark with flavour q to
the nucleon spin.

In this paper, measurements of exclusive ρ0 electropro-
duction on transversely polarized protons are presented.
For the first time, values of the spin density matrix ele-
ments (SDMEs) and the transverse target-spin asymme-
try for this process were determined.

The data were collected with the Hermes spectrom-
eter [13] during the period 2002 − 2005. The 27.6 GeV
Hera electron or positron beam at Desy scattered off
a transversely polarized hydrogen target [14] of which
the spin direction was reversed every 1 − 3 minutes.
The average magnitude of the target polarization was
|PT | = 0.724±0.059. The lepton beam was longitudinally
polarized, the helicity being reversed periodically. The
net polarization for the selected data was 0.095 ± 0.005,
mainly because more data were taken with positive he-
licity.

Leptons were distinguished from hadrons with an av-
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FIG. 4: Values of SDMEs, or combinations thereof, for a transversely polarized proton target and an unpolarized beam. The
SDMEs are sorted into three categories, which are separated from each other by the solid horizontal lines. From top to bottom:
SDMEs containing s-channel helicity-conserving amplitudes, combinations containing at least one s-channel helicity-changing
amplitude, and SDMEs containing two s-channel helicity-changing amplitudes. Within the second category the combinations
are sorted into three groups associated with different virtual photon and ρ0 polarizations. The inner error bars represent the
statistical uncertainties. The full error bars represent the quadratic sum of the statistical and systematic uncertainties. In
addition there is an overall scale uncertainty of 8.1% due to the uncertainty in the target polarization.
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fraction. The uncertainty due to the angular dependence
and asymmetry of the background was taken as the dif-
ference between a fit with a background with no angular
dependence and asymmetry, and one having the same
angular dependence and asymmetry as the data. The
resulting uncertainty was found to be negligible.

The influence of the net beam polarization of approxi-
mately 0.095 was estimated by including the SDMEs for
WLU and WLT in the fit. Even if the latter had large
uncertainties, the influence on the ones for WUT was
negligible. The data presented in Fig. 5 are effectively
integrated over all or two of the variables Q2, xB, and
t′ within the experimental acceptance. The effect of this
kinematic averaging was estimated by comparing the re-
sults of a Monte Carlo simulation that included a mod-
elled dependence of the asymmetry on these variables
with the model input values at the average kinematics.
Also this effect was found to be negligible.

In the extraction of the SDMEs the small longitudi-
nal component of the target polarization with respect to
the direction of the virtual photon (the average value
of |SL/PT | was 0.072) was neglected. This component
introduces a term SLWUL, which is described by 14
SDMEs. As the value of SL is small, these SDMEs can-
not be determined from the present data. A system-
atic uncertainty was estimated by using several sets of
random values obeying the positivity bounds given in
Ref. [11] for these SDMEs, and evaluating the resultant
changes. Changes of on average 55% of the statistical
uncertainty were found, with a maximum of 76% for one
SDME (Im(s−+

++ + εs−+
0 0 )). This is the main source of

systematic uncertainty.

Lastly there are systematic uncertainties arising from
misalignment of the detector, detector smearing effects,
and bending of the beam and produced charged particles
in the transverse holding field of the target magnet. The
uncertainties due to all effects together were investigated
with a Monte Carlo simulation of the possible influence
of these effects. The resultant uncertainty was found to
be negligible.

The resulting SDMEs are shown in Fig. 4. Almost
all of them are consistent with zero within 1.5σ, where
σ represents the total uncertainty in the value of an
SDME. Note that these include s-channel helicity con-
serving SDMEs. Similar SDMEs in the unpolarized case
were found [12] to be non-zero and large (0.4 - 0.5).
The SDMEs Im

(
s 0+

0+ − s−0
0+

)
, Im s−+

−+ , and Imn 0 0
0+ de-

viate more than 2.5σ from zero. The former two involve
the interference between natural (N) and unnatural (U)
parity exchange amplitudes [11]. For instance, Ims 0+

0+

contains the product N 0+
0+ (U ++

+−
)∗ and Im s−+

−+ contains
the product N −+

−+ (U ++
+−

)∗. The detailed analysis of unpo-
larized data has shown that N 0+

0+ and N −+
−+ are dominant

N amplitudes. The U amplitudes presumably are small,
as they are suppressed at large Q2. However, U ++

+−
is rel-
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FIG. 5: The extracted amplitudes of the sin(φ − φS) com-
ponent of AUT for longitudinally (top) and transversely po-
larized (bottom) ρ0 mesons. The inner error bars represent
the statistical uncertainties. The full error bars represent
the quadratic sum of the statistical and systematic uncer-
tainties. In addition there is an overall scale uncertainty of
8.1% from the uncertainty in the target polarization.

atively large [12, 20]. The SDME Imn 0 0
0+ corresponds to

a γ∗

T → ρL transition, the SDMEs of which were found
to be non-zero in the unpolarized case. The value of
−0.069 ± 0.022 measured for Imn 0 0

0+ is another indica-
tion of violation of SCHC in the γ∗

T → ρL transition.
As mentioned, the sin(φ − φS) term in the transverse

target-spin asymmetry for production of longitudinally
polarized ρ0 mesons is of special importance because of
its sensitivity to the GPD E. The amplitude of this term
is given in terms of SDMEs as [11]

ALL,sin(φ−φS)
UT =

Im
(
n 0 0

++ + εn 0 0
0 0

)

u 0 0
++ + εu 0 0

0 0

. (9)

The resultant values for all selected data and for bins in
x, Q2, and t′ are shown in Fig. 5 (top). They are all
zero within the error bars. Because the SCHC violat-
ing terms Im(n 0 0

++ ) and u 0 0
++ in Eq. 9 require a double

helicity flip (see Ref. [11] for details), they presumably

can be neglected. Then the value of ALL,sin(φ−φS)
UT =

−0.035± 0.103 2 can be compared to the results of GPD
calculations for the production of a longitudinally po-

2 This is the value for ’all’ data, which has average kinematics
< Q2 >= 1.95 GeV2, < xB >= 0.08, and < −t >′= 0.13 GeV2.

2

in the single-spin asymmetry was calculated separately for longitudinally and transversely polar-
ized ρ0 mesons. Neglecting s-channel helicity changing matrix elements, results for the former can
be compared to calculations based on generalized parton distributions, which are sensitive to the
contribution of the total angular momentum of the quarks to the proton spin.

PACS numbers: 13.60.Le, 13.88.+e, 14.20.Dh, 14.40.Aq, 12.38.Qk

Exclusive electroproduction of mesons can provide
new information about the structure of the nucleon be-
cause of its relation to generalized parton distributions
(GPDs) [1–3]. In Ref. [4] it has been proven that the
amplitude for hard exclusive electroproduction of mesons
by longitudinal virtual photons can be factorized into a
hard-scattering part and a soft part that depends on the
structure of the nucleon and the produced meson. In the
case of exclusive vector meson production, also the pro-
duced meson is longitudinally polarized (in addition to
the virtual photon being longitudinal). The amplitude
for the soft part can be expressed in terms of GPDs.

GPDs provide a three-dimensional representation of
the structure of the nucleon at the partonic level, cor-
relating the longitudinal momentum fraction of a parton
with its transverse spatial coordinates. They are related
to the standard parton distribution functions and nucleon
form factors [3, 5–7]. At leading twist, meson production
is described by four types of GPDs: Hq,g, Eq,g, H̃q,g,
and Ẽq,g, where q stands for a quark flavour and g for a
gluon. The GPDs are functions of t, x, and ξ, where t
is the squared four-momentum transfer to the nucleon, x
the average, and ξ half the difference of the longitudinal
momentum fractions of the quark or gluon in the initial
and final state. The quantum numbers of the produced
meson determine the sensitivity to the various GPDs. In
particular, at leading twist, production of vector mesons
is sensitive only to the GPDs Hq, Eq, Hg, and Eg.

φS

φ
0ρ

ST

e γ *
e´

FIG. 1: The lepton scattering and hadron production
planes together with the azimuthal angles φ and φS .

The transverse target-spin asymmetry in exclusive
electroproduction of longitudinally polarized vector
mesons by longitudinal virtual photons is an important
observable, because it depends almost linearly on the
GPD E [5]. This is in contrast to the unpolarized cross

section, where the contribution of E is generally small
compared to the contribution of H . At leading twist, the
asymmetry is proportional to sin(φ−φS), where φ and φS

are the azimuthal angles about the virtual-photon direc-
tion of the hadron production plane and the transverse
part #ST of the target spin, respectively, with respect to
the lepton scattering plane (see Fig. 1).

The cross section and asymmetry for exclusive ρ0 elec-
troproduction e + p → e′ + ρ0 + p′ can conveniently be
described using spin density matrix elements [9–11]. By
using the angular distribution of the produced vector me-
son and of its decay products, as described by the polar
and azimuthal angles ϑ and ϕ (see Fig. 2), one can sep-
arate the contributions of mesons with longitudinal and
transverse polarization to the measured asymmetries. If
s-channel helicity conservation (SCHC) holds, the helic-
ity of the virtual photon is transferred to the produced
vector meson. In that case studying the asymmetry for
the production of longitudinally polarized vector mesons
is tantamount to selecting longitudinal virtual photons.
Measurements have shown that SCHC holds reasonably
well for exclusive electroproduction of ρ0 mesons on an
unpolarized target at Hermes kinematics [12]. Thus in-
formation on the GPD E can be obtained from measure-
ments of the transverse target-spin asymmetry in exclu-
sive ρ0 electroproduction.
Ultimately, these studies will help to understand the ori-
gin of the nucleon spin, because it has been shown [3]
that the x-moment in the limit t → 0 of the sum of the
GPDs Hq and Eq is related to the contribution Jq of the
total angular momentum of the quark with flavour q to
the nucleon spin.

In this paper, measurements of exclusive ρ0 electropro-
duction on transversely polarized protons are presented.
For the first time, values of the spin density matrix ele-
ments (SDMEs) and the transverse target-spin asymme-
try for this process were determined.

The data were collected with the Hermes spectrom-
eter [13] during the period 2002 − 2005. The 27.6 GeV
Hera electron or positron beam at Desy scattered off
a transversely polarized hydrogen target [14] of which
the spin direction was reversed every 1 − 3 minutes.
The average magnitude of the target polarization was
|PT | = 0.724±0.059. The lepton beam was longitudinally
polarized, the helicity being reversed periodically. The
net polarization for the selected data was 0.095 ± 0.005,
mainly because more data were taken with positive he-
licity.

Leptons were distinguished from hadrons with an av-
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FIG. 4: Values of SDMEs, or combinations thereof, for a transversely polarized proton target and an unpolarized beam. The
SDMEs are sorted into three categories, which are separated from each other by the solid horizontal lines. From top to bottom:
SDMEs containing s-channel helicity-conserving amplitudes, combinations containing at least one s-channel helicity-changing
amplitude, and SDMEs containing two s-channel helicity-changing amplitudes. Within the second category the combinations
are sorted into three groups associated with different virtual photon and ρ0 polarizations. The inner error bars represent the
statistical uncertainties. The full error bars represent the quadratic sum of the statistical and systematic uncertainties. In
addition there is an overall scale uncertainty of 8.1% due to the uncertainty in the target polarization.
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fraction. The uncertainty due to the angular dependence
and asymmetry of the background was taken as the dif-
ference between a fit with a background with no angular
dependence and asymmetry, and one having the same
angular dependence and asymmetry as the data. The
resulting uncertainty was found to be negligible.

The influence of the net beam polarization of approxi-
mately 0.095 was estimated by including the SDMEs for
WLU and WLT in the fit. Even if the latter had large
uncertainties, the influence on the ones for WUT was
negligible. The data presented in Fig. 5 are effectively
integrated over all or two of the variables Q2, xB, and
t′ within the experimental acceptance. The effect of this
kinematic averaging was estimated by comparing the re-
sults of a Monte Carlo simulation that included a mod-
elled dependence of the asymmetry on these variables
with the model input values at the average kinematics.
Also this effect was found to be negligible.

In the extraction of the SDMEs the small longitudi-
nal component of the target polarization with respect to
the direction of the virtual photon (the average value
of |SL/PT | was 0.072) was neglected. This component
introduces a term SLWUL, which is described by 14
SDMEs. As the value of SL is small, these SDMEs can-
not be determined from the present data. A system-
atic uncertainty was estimated by using several sets of
random values obeying the positivity bounds given in
Ref. [11] for these SDMEs, and evaluating the resultant
changes. Changes of on average 55% of the statistical
uncertainty were found, with a maximum of 76% for one
SDME (Im(s−+

++ + εs−+
0 0 )). This is the main source of

systematic uncertainty.

Lastly there are systematic uncertainties arising from
misalignment of the detector, detector smearing effects,
and bending of the beam and produced charged particles
in the transverse holding field of the target magnet. The
uncertainties due to all effects together were investigated
with a Monte Carlo simulation of the possible influence
of these effects. The resultant uncertainty was found to
be negligible.

The resulting SDMEs are shown in Fig. 4. Almost
all of them are consistent with zero within 1.5σ, where
σ represents the total uncertainty in the value of an
SDME. Note that these include s-channel helicity con-
serving SDMEs. Similar SDMEs in the unpolarized case
were found [12] to be non-zero and large (0.4 - 0.5).
The SDMEs Im

(
s 0+

0+ − s−0
0+

)
, Im s−+

−+ , and Imn 0 0
0+ de-

viate more than 2.5σ from zero. The former two involve
the interference between natural (N) and unnatural (U)
parity exchange amplitudes [11]. For instance, Ims 0+

0+

contains the product N 0+
0+ (U ++

+−
)∗ and Im s−+

−+ contains
the product N −+

−+ (U ++
+−

)∗. The detailed analysis of unpo-
larized data has shown that N 0+

0+ and N −+
−+ are dominant

N amplitudes. The U amplitudes presumably are small,
as they are suppressed at large Q2. However, U ++

+−
is rel-
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FIG. 5: The extracted amplitudes of the sin(φ − φS) com-
ponent of AUT for longitudinally (top) and transversely po-
larized (bottom) ρ0 mesons. The inner error bars represent
the statistical uncertainties. The full error bars represent
the quadratic sum of the statistical and systematic uncer-
tainties. In addition there is an overall scale uncertainty of
8.1% from the uncertainty in the target polarization.

atively large [12, 20]. The SDME Imn 0 0
0+ corresponds to

a γ∗

T → ρL transition, the SDMEs of which were found
to be non-zero in the unpolarized case. The value of
−0.069 ± 0.022 measured for Imn 0 0

0+ is another indica-
tion of violation of SCHC in the γ∗

T → ρL transition.
As mentioned, the sin(φ − φS) term in the transverse

target-spin asymmetry for production of longitudinally
polarized ρ0 mesons is of special importance because of
its sensitivity to the GPD E. The amplitude of this term
is given in terms of SDMEs as [11]

ALL,sin(φ−φS)
UT =

Im
(
n 0 0

++ + εn 0 0
0 0

)

u 0 0
++ + εu 0 0

0 0

. (9)

The resultant values for all selected data and for bins in
x, Q2, and t′ are shown in Fig. 5 (top). They are all
zero within the error bars. Because the SCHC violat-
ing terms Im(n 0 0

++ ) and u 0 0
++ in Eq. 9 require a double

helicity flip (see Ref. [11] for details), they presumably

can be neglected. Then the value of ALL,sin(φ−φS)
UT =

−0.035± 0.103 2 can be compared to the results of GPD
calculations for the production of a longitudinally po-

2 This is the value for ’all’ data, which has average kinematics
< Q2 >= 1.95 GeV2, < xB >= 0.08, and < −t >′= 0.13 GeV2.

2

in the single-spin asymmetry was calculated separately for longitudinally and transversely polar-
ized ρ0 mesons. Neglecting s-channel helicity changing matrix elements, results for the former can
be compared to calculations based on generalized parton distributions, which are sensitive to the
contribution of the total angular momentum of the quarks to the proton spin.

PACS numbers: 13.60.Le, 13.88.+e, 14.20.Dh, 14.40.Aq, 12.38.Qk

Exclusive electroproduction of mesons can provide
new information about the structure of the nucleon be-
cause of its relation to generalized parton distributions
(GPDs) [1–3]. In Ref. [4] it has been proven that the
amplitude for hard exclusive electroproduction of mesons
by longitudinal virtual photons can be factorized into a
hard-scattering part and a soft part that depends on the
structure of the nucleon and the produced meson. In the
case of exclusive vector meson production, also the pro-
duced meson is longitudinally polarized (in addition to
the virtual photon being longitudinal). The amplitude
for the soft part can be expressed in terms of GPDs.

GPDs provide a three-dimensional representation of
the structure of the nucleon at the partonic level, cor-
relating the longitudinal momentum fraction of a parton
with its transverse spatial coordinates. They are related
to the standard parton distribution functions and nucleon
form factors [3, 5–7]. At leading twist, meson production
is described by four types of GPDs: Hq,g, Eq,g, H̃q,g,
and Ẽq,g, where q stands for a quark flavour and g for a
gluon. The GPDs are functions of t, x, and ξ, where t
is the squared four-momentum transfer to the nucleon, x
the average, and ξ half the difference of the longitudinal
momentum fractions of the quark or gluon in the initial
and final state. The quantum numbers of the produced
meson determine the sensitivity to the various GPDs. In
particular, at leading twist, production of vector mesons
is sensitive only to the GPDs Hq, Eq, Hg, and Eg.

φS

φ
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FIG. 1: The lepton scattering and hadron production
planes together with the azimuthal angles φ and φS .

The transverse target-spin asymmetry in exclusive
electroproduction of longitudinally polarized vector
mesons by longitudinal virtual photons is an important
observable, because it depends almost linearly on the
GPD E [5]. This is in contrast to the unpolarized cross

section, where the contribution of E is generally small
compared to the contribution of H . At leading twist, the
asymmetry is proportional to sin(φ−φS), where φ and φS

are the azimuthal angles about the virtual-photon direc-
tion of the hadron production plane and the transverse
part #ST of the target spin, respectively, with respect to
the lepton scattering plane (see Fig. 1).

The cross section and asymmetry for exclusive ρ0 elec-
troproduction e + p → e′ + ρ0 + p′ can conveniently be
described using spin density matrix elements [9–11]. By
using the angular distribution of the produced vector me-
son and of its decay products, as described by the polar
and azimuthal angles ϑ and ϕ (see Fig. 2), one can sep-
arate the contributions of mesons with longitudinal and
transverse polarization to the measured asymmetries. If
s-channel helicity conservation (SCHC) holds, the helic-
ity of the virtual photon is transferred to the produced
vector meson. In that case studying the asymmetry for
the production of longitudinally polarized vector mesons
is tantamount to selecting longitudinal virtual photons.
Measurements have shown that SCHC holds reasonably
well for exclusive electroproduction of ρ0 mesons on an
unpolarized target at Hermes kinematics [12]. Thus in-
formation on the GPD E can be obtained from measure-
ments of the transverse target-spin asymmetry in exclu-
sive ρ0 electroproduction.
Ultimately, these studies will help to understand the ori-
gin of the nucleon spin, because it has been shown [3]
that the x-moment in the limit t → 0 of the sum of the
GPDs Hq and Eq is related to the contribution Jq of the
total angular momentum of the quark with flavour q to
the nucleon spin.

In this paper, measurements of exclusive ρ0 electropro-
duction on transversely polarized protons are presented.
For the first time, values of the spin density matrix ele-
ments (SDMEs) and the transverse target-spin asymme-
try for this process were determined.

The data were collected with the Hermes spectrom-
eter [13] during the period 2002 − 2005. The 27.6 GeV
Hera electron or positron beam at Desy scattered off
a transversely polarized hydrogen target [14] of which
the spin direction was reversed every 1 − 3 minutes.
The average magnitude of the target polarization was
|PT | = 0.724±0.059. The lepton beam was longitudinally
polarized, the helicity being reversed periodically. The
net polarization for the selected data was 0.095 ± 0.005,
mainly because more data were taken with positive he-
licity.

Leptons were distinguished from hadrons with an av-
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DVCS/Bethe-Heitler interference
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Azimuthal asymmetries in DVCS
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Cross section:

Azimuthal asymmetries:

• Beam-charge asymmetry AC(Φ):

• Beam-helicity asymmetry ALUI(Φ):

• Transverse target-spin asymmetry AUTI(Φ):

dσ(e+,φ)− dσ(e−,φ) ∝ Re[F1H] · cosφ

dσ(e→,φ)− dσ(e←,φ) ∝ Im[F1H] · sinφ

dσ(φ,φS)− dσ(φ,φS + π) ∝ Im[F2H− F1E ] · sin(φ− φS) cosφ
+ Im[F2H̃− F1ξẼ ] · cos(φ− φS) sinφ

(F1, F2 are the Dirac and Pauli form factors)
(H,E ... Compton form factors involving GPDs H, E, ...)

σ(φ,φS, PB, CB, PT )=σUU(φ) ·
[
1 + PBADVCSLU (φ) + CBPBAILU(φ) + CBAC(φ)
+PTADVCSUT (φ,φS) + CBPTAIUT(φ,φS)

]
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HERMES: DVCS On Transversely Polarised Hydrogen 15
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Figure 5. Asymmetry amplitudes describing the dependence of the squared DVCS
amplitude (circles, AUT,DVCS) and the interference term (squares, AUT,I) on the
transverse target polarisation, for the exclusive sample. The filled symbols indicate
those results of greatest interest (see text). The circles (squares) are shifted right
(left) for visibility. The error bars represent the statistical uncertainties, while the top
(bottom) bands denote the systematic uncertainties for AUT,I (AUT,DVCS), excluding
the 8.1 % scale uncertainty from the target polarisation measurement. The curves are
predictions of the GPD model variant (Reg, no D) shown in Fig. 4 as a continuous
curve, with three different values for the u-quark total angular momentum Ju and fixed
d-quark total angular momentum Jd = 0 [15]. See text for details.

DVCS amplitude, in this case related to transverse target polarisation.

The amplitude Acos(φ−φS) sinφ
UT,I shown in the bottom row of Fig. 5 is sensitive mainly

to the GPDs H̃ and Ẽ, while the contribution from the GPD E is suppressed by an

additional factor of xB (see Eq. 11). The measured asymmetry amplitudes are consistent

with zero.

The amplitudes represented by the unfilled symbols are expected to be suppressed,
and are indeed found to be typically small. However, values that depart from zero by

more than twice the total uncertainty are found for the entire experimental acceptance

for two of the four amplitudes in Fig. 6 that receive a contribution from gluon helicity-

flip, which are Acos(φ−φS) sin(2φ)
UT,DVCS and Acos(φ−φS) sin(3φ)

UT,I . The asymmetry amplitudes related

to the squared DVCS amplitude in the bottom two rows of Fig. 6 correspond to

coefficients that do not appear in Eq. 4 as a consequence of the one-photon exchange
approximation. They are found to be consistent with zero.

∝ Im[F2H− F1E ]

∝ −Asin(φ−φS) cosφUT

∝ Im[F2H̃− F1ξẼ ]

GPD model: “VGG” Phys. Rev. D60 (1999) 094017 & Prog. Nucl. Phys. 47 (2001) 401

A. Airapetian et al.,  JHEP 0806:066,2008
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Figure 5. Asymmetry amplitudes describing the dependence of the squared DVCS
amplitude (circles, AUT,DVCS) and the interference term (squares, AUT,I) on the
transverse target polarisation, for the exclusive sample. The filled symbols indicate
those results of greatest interest (see text). The circles (squares) are shifted right
(left) for visibility. The error bars represent the statistical uncertainties, while the top
(bottom) bands denote the systematic uncertainties for AUT,I (AUT,DVCS), excluding
the 8.1 % scale uncertainty from the target polarisation measurement. The curves are
predictions of the GPD model variant (Reg, no D) shown in Fig. 4 as a continuous
curve, with three different values for the u-quark total angular momentum Ju and fixed
d-quark total angular momentum Jd = 0 [15]. See text for details.

DVCS amplitude, in this case related to transverse target polarisation.

The amplitude Acos(φ−φS) sinφ
UT,I shown in the bottom row of Fig. 5 is sensitive mainly

to the GPDs H̃ and Ẽ, while the contribution from the GPD E is suppressed by an

additional factor of xB (see Eq. 11). The measured asymmetry amplitudes are consistent

with zero.

The amplitudes represented by the unfilled symbols are expected to be suppressed,
and are indeed found to be typically small. However, values that depart from zero by

more than twice the total uncertainty are found for the entire experimental acceptance

for two of the four amplitudes in Fig. 6 that receive a contribution from gluon helicity-

flip, which are Acos(φ−φS) sin(2φ)
UT,DVCS and Acos(φ−φS) sin(3φ)

UT,I . The asymmetry amplitudes related

to the squared DVCS amplitude in the bottom two rows of Fig. 6 correspond to

coefficients that do not appear in Eq. 4 as a consequence of the one-photon exchange
approximation. They are found to be consistent with zero.

∝ Im[F2H− F1E ]

∝ −Asin(φ−φS) cosφUT

∝ Im[F2H̃− F1ξẼ ]

GPD model: “VGG” Phys. Rev. D60 (1999) 094017 & Prog. Nucl. Phys. 47 (2001) 401

A. Airapetian et al.,  JHEP 0806:066,2008
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HERMES detector (2006/07)
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Figure 5. Asymmetry amplitudes describing the dependence of the squared DVCS
amplitude (circles, AUT,DVCS) and the interference term (squares, AUT,I) on the
transverse target polarisation, for the exclusive sample. The filled symbols indicate
those results of greatest interest (see text). The circles (squares) are shifted right
(left) for visibility. The error bars represent the statistical uncertainties, while the top
(bottom) bands denote the systematic uncertainties for AUT,I (AUT,DVCS), excluding
the 8.1 % scale uncertainty from the target polarisation measurement. The curves are
predictions of the GPD model variant (Reg, no D) shown in Fig. 4 as a continuous
curve, with three different values for the u-quark total angular momentum Ju and fixed
d-quark total angular momentum Jd = 0 [15]. See text for details.

DVCS amplitude, in this case related to transverse target polarisation.

The amplitude Acos(φ−φS) sinφ
UT,I shown in the bottom row of Fig. 5 is sensitive mainly

to the GPDs H̃ and Ẽ, while the contribution from the GPD E is suppressed by an

additional factor of xB (see Eq. 11). The measured asymmetry amplitudes are consistent

with zero.

The amplitudes represented by the unfilled symbols are expected to be suppressed,
and are indeed found to be typically small. However, values that depart from zero by

more than twice the total uncertainty are found for the entire experimental acceptance

for two of the four amplitudes in Fig. 6 that receive a contribution from gluon helicity-

flip, which are Acos(φ−φS) sin(2φ)
UT,DVCS and Acos(φ−φS) sin(3φ)

UT,I . The asymmetry amplitudes related

to the squared DVCS amplitude in the bottom two rows of Fig. 6 correspond to

coefficients that do not appear in Eq. 4 as a consequence of the one-photon exchange
approximation. They are found to be consistent with zero.
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