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spin can be tricky

it could have been so simple:

constituent quark model (Ỏq = q↑ - q↓  … helicity contribution):

             Ỏu =  4/3
             Ỏd = -1/3   

➡  all the proton spin coming from up and down quarks
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“You think you understand something?  Now add spin …”  [Jaffe]
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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
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½ = ½ ΔΣ

       + ΔG

       + Lq + Lg

quark spin

gluon spin

orbital angular 
momentum

[Jaffe & Manohar (1990)]

https://doi.org/10.1016/0550-3213(90)90506-9
https://doi.org/10.1016/0550-3213(90)90506-9


Deep-Inelastic Scattering
probing the structure of the nucleon
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spin asymmetries 

exploit spin correlations (e.g., virtual photon couples only to 
spin-1/2 quarks with opposite spin)

cross-section difference provides access to quark polarization

in praxis form asymmetries to cancel systematics:
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polarized lepton beams

polarized targets

large-acceptance spectrometer

good particle identification (PID)
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experimental situation in the 1980s
polarized beams

polarized electron beam at SLAC 

polarized at source; high intensity

tertiary polarized muon beam at NA of SPS at CERN

highly polarized (weak meson decays); low intensity
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experimental situation in the 1980s
polarized beams

polarized electron beam at SLAC 

polarized at source; high intensity

tertiary polarized muon beam at NA of SPS at CERN

highly polarized (weak meson decays); low intensity

polarized targets

solid (e.g. NH3) targets -> high density, but large dilution

statistical precision:   ~                                 (f… dilution factor)

solid targets f≈0.2 -> directly scales uncertainties (as do PB & PT)  
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new developments

why not combine for double-polarization experiment with 
excellent figure of merit?

1987: two groups with similar ideas 
(North America … R. Milner &  Europe … K. Rith)

heades to DESY to measure spin asymmetries at HERA

two separate LOIs beginning of 1988

DESY management sympathetic, but …

common effort -> 12/1988 common collaboration
1990 proposal)  and  ...

10

self-polarized leptons in 
storage rings -> HERA

highly polarized 
gas targets



hermes
SPIN 2018 - Ferrara - Sept. 12th, 2018gunar.schnell @ desy.de

… conditions for approval

demonstration of high longitudinal electron beam polarization

demonstration of transverse self-polarization of HERA e±

successful spin rotation to obtain longitudinal polarization

demonstration of high flux with high polarization from 
polarized sources … 

… and demonstration of storage-cell technique 

no compromises for HERA flagship colliders H1 and Zeus 

11
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 beam polarization
tiny asymmetry in spin-flip by emission of synchrotron radiation 
-> build-up of self polarization

degree of transverse polarization depends critically on machine 
energy and magnet alignment

longitudinal polarization through (movable) spin rotators in front / 
behind experiment (installed winter 1993/94)  -> both helicities

12
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hermes
SPIN 2018 - Ferrara - Sept. 12th, 2018gunar.schnell @ desy.de

 beam polarization
tiny asymmetry in spin-flip by emission of synchrotron radiation 
-> build-up of self polarization

degree of transverse polarization depends critically on machine 
energy and magnet alignment

longitudinal polarization through (movable) spin rotators in front / 
behind experiment (installed winter 1993/94)  -> both helicities

HERA polarization

11/1991:   8% … first demonstration of self-polarization at HERA

9/1992: 60% … polarization sufficient for HERMES

5/1994: 60% longitudinal polarization

12

☛ previous talk



hermes
SPIN 2018 - Ferrara - Sept. 12th, 2018gunar.schnell @ desy.de

 beam polarization
tiny asymmetry in spin-flip by emission of synchrotron radiation 
-> build-up of self polarization

degree of transverse polarization depends critically on machine 
energy and magnet alignment

longitudinal polarization through (movable) spin rotators in front / 
behind experiment (installed winter 1993/94)  -> both helicities

HERA polarization

11/1991:   8% … first demonstration of self-polarization at HERA

9/1992: 60% … polarization sufficient for HERMES

5/1994: 60% longitudinal polarization

two independent Compton polarimeters at East and West Hall

12

☛ previous talk
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hermes Polarized Beam at HERA

Beam
Direction

Polarimeter

Transverse
Polarimeter

Spin Rotator

Spin Rotator

pe

Spin RotatorSpin Rotator

Spin Rotator

Spin Rotator

Longitudinal

• 27.5 GeV e+/e− beam

• Self-polarizing through Sokolov-Ternov-Effect

• Average beam polarization of about 55%
Gunar Schnell, HERMES Collaboration Warsaw, May 25

th
, 2004 – p. 9/36
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novel pure gas target:

internal to HERA lepton ring

longitudinally polarized: 1H, 2H, 3He  

transversely polarized: 1H

rapid spin reversal every 60...180s

unpolarized (1H … Xe) 
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… conditions for approval

demonstration of high longitudinal electron beam polarization

demonstration of transverse self polarization of HERA e±

successful spin rotation to obtain longitudinal polarization

demonstration of high flux with high polarization from 
polarized sources … 

… and demonstration of storage-cell technique 

no compromises for HERA flagship colliders H1 and Zeus 
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… conditions for approval

demonstration of high longitudinal electron beam polarization

demonstration of transverse self polarization of HERA e±

successful spin rotation to obtain longitudinal polarization

demonstration of high flux with high polarization from 
polarized sources … 

… and demonstration of storage-cell technique 

no compromises for HERA flagship colliders H1 and Zeus 
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hermes The HERMES Spectrometer
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• Forward acceptance spectrometer: 40 mrad ≤ Θ ≤ 220 mrad

• Kinematic coverage: 0.02 ≤ x ≤ 0.8 for Q2 > 1 GeV2 and W > 2 GeV

• Tracking: 57 tracking planes: δP/P = (0.7 − 2.5)%, δΘ ≤ 1 mrad

• PID: Cherenkov (RICH after 1997), TRD, Preshower, Calorimeter

Gunar Schnell, HERMES Collaboration Warsaw, May 25
th
, 2004 – p. 11/36

HERMES (1998-2005) schematically

17
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two (mirror-symmetric) halves
 

Particle ID detectors allow for
- lepton/hadron separation
- RICH: pion/kaon/proton 
discrimination 2GeV<p<15GeV
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Particle identification
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Figure 2.2: Cerenkov angles vs momentum for aerogel and C4F10 [3].

with a momentum P ⇥ [2, 15]GeV , as we can see in picture 2.2. The response of
the RICH is studied under the hypothesis of a particle a pion, a kaon, or a proton
in order to try to determine the type of the detected particle.

The TRD approaches the electromagnetic radiation (X-rays) emitted by highly
relativistic charged particles, with � > 1000 1 that cross the boundary between
two dielectric media [17]. It consists of 6 modules containing each a radiator and
a proportional wire chamber where the electrons and hadrons deposit energy due
to ionisation of the chamber gas. However, at the HERMES energy regime only
electrons (positrons) produce transition radiation. Since the radiation is emitted at
very small angles of the order of ⇥ � 1/� it is not possible to separate the transi-
tion radiation from other processes by which positrons loos energy in the detector.
In order to obtain a usable higher signal, several layers are needed, since when a
positron crosses the TRD only a very small number of photons is radiated.

1Here � = 1⇤
1� v

c

aerogel

C4F10
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inclusive DIS (one-photon exchange)

20

INTRODUCTION

e↔ + p⇕ → e′ + X

φ = (k⃗×S⃗N)·k⃗′

|(k⃗×S⃗N)·k⃗′|
arccos (k⃗×k⃗′)·(k⃗×S⃗N)

|k⃗×k⃗′||k⃗×S⃗N|

Spin Plane

Scattering Plane

SN

→

φ

θ

α

k′
→

k ,
→

Sl

→
‘

S⃗N(0,−1,0)

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

4

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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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
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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
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ries of high-precision scattering experiments with polar-
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JLAB [31]. Such measurements are always restricted to
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‘evolution’ to a fixed value of Q2 and an extrapolation of
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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.
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By combining HERMES proton and deuteron data, pre-
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Table 1 
Results 

HERMES Collaboration/Physics Letters B 404 (1997) 383-389 

on A~(x) and ~ ( x )  at the measured Q2 

x-range (x) (Q2) [ (GeV/c)2l  A~4-stat.4-syst. ~4-stat.4-syst. 

0.023-0.040 0.033 1.22 -0 .111 4- 0.048 4- 0.018 
0.040-0.055 0.047 1.47 -0 .117  4- 0.052 4- 0.013 
0.055-0.075 0.065 1.73 -0 .077  4- 0.055 4- 0.011 
0.075-0.10 0.087 1.99 -0 . 126  4- 0.064 4- 0.014 
0.10-0.14 0.119 2.30 -0 .097  4- 0.068 4- 0.015 
0.14-0.20 0.168 2.65 -0 .158  4- 0.085 4- 0.020 
0.20-0.30 0.244 3.07 -0 .078  4- 0.113 4- 0.019 
0.30-0.40 0.342 3.86 +0.146 4- 0.219 4- 0.052 
0.40-0.60 0.464 5.25 -0 .149  4- 0.374 4- 0.103 

-0 .367  -4- 0.157 -4- 0.052 
-0 .263  -4- 0.124 -4- 0.028 
-0 .135  4- 0.100 4- 0.016 
-0 .172  4- 0.088 -t- 0.015 
-0 .096  4- 0.069 4- 0.012 
-0 .104  4- 0.057 4- 0.010 
-0 .031 4- 0.046 4- 0.005 
+0.031 -t- 0.046 q- 0.005 
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Fig. 2. The spin asymmetry A~ (a) and the spin structure function 
(b) of the neutron as a function of x. The values are given 

for the measured (Q2). The error bars are statistical uncertainties. 
The error bands show the systematic uncertainties. The data points 
from E-142 have been displaced slightly in x for comparison with 
the present experiment. 

mean Q2 value of  the data (2.3 (GeV/c )2 ) ,  the as- 
sumption that Al is independent of  Q2 over the limited 
Q2 range of  our data has been used. This assumption 
is consistent with existing data [ 34].  Next-to-leading- 
order (NLO) QCD evolution [3,35] gives a slightly 
different result that changes the integral of  g~' over the 
measured x range by < 5%. Including this difference 
in the systematic error yields f°o623gT(x, Q2)dx  = 
- 0 . 0 3 4  ± 0.013(stat.) ±0.005(syst . ) .  

For the large x extrapolation, we used a parametriza- 
tion for F~ [32] and assumed several models for the 
behavior of A~' for x > 0.6. Since A~ is expected [36] 
to approach unity for x ~ 1, we considered a linear 
increase for A~' from 0 at x = 0.6 to 1 at x = 1 as well 
as the parameterization of  Ref. [ 37]. These studies in- 
dicate that f016 g~(x) dx = 0.002 + 0.003. For the low 
x extrapolation there is no clear prediction. For com- 
parison with previous measurements [ 7-9,11,12 ], we 
quote the integral F~' assuming a simple Regge param- 
eterization at low x [38,39] o fg l  ~x x -'~ with cr in the 
range - 0 . 5 - 0  fitted to the data for x < 0.1. This gives 
fo.023 ~ ( x )  dx = -0 .005  ± 0.005, where a 100% un- 
certainty has been assigned to the value. However, it 
should be noted that recent work [ 3 ] indicates that a 
NLO treatment of  the low x region could yield dif- 
ferent results for the low x extrapolation. Combin- 
ing the contributions from different x regions leads 
to a total integral of  fd ~(x,Q 2) dx = - 0 . 0 3 7  ± 
0.013 (stat.) ± 0.005 (sys.) ± 0.006 (extrapol.) in good 
agreement with the value from experiment E-142 [ 7] 
using 3He and the SMC [14,15] and E-143 [13,10] 
experiments using the difference of deuteron and pro- 
ton. 

In summary, the neutron spin structure function 
has been measured with a polarized 3He target. The 
results are in agreement with those of  the SLAC E- 
142 experiment, but have been determined with an en- 
tirely new technique - a windowless polarized internal 
target with pure atomic species in a positron storage 
ring. Semi-inclusive asymmetries extracted from the 
present data set will be presented in a future publica- 
tion. 
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on A~(x) and ~ ( x )  at the measured Q2 

x-range (x) (Q2) [ (GeV/c)2l  A~4-stat.4-syst. ~4-stat.4-syst. 

0.023-0.040 0.033 1.22 -0 .111 4- 0.048 4- 0.018 
0.040-0.055 0.047 1.47 -0 .117  4- 0.052 4- 0.013 
0.055-0.075 0.065 1.73 -0 .077  4- 0.055 4- 0.011 
0.075-0.10 0.087 1.99 -0 . 126  4- 0.064 4- 0.014 
0.10-0.14 0.119 2.30 -0 .097  4- 0.068 4- 0.015 
0.14-0.20 0.168 2.65 -0 .158  4- 0.085 4- 0.020 
0.20-0.30 0.244 3.07 -0 .078  4- 0.113 4- 0.019 
0.30-0.40 0.342 3.86 +0.146 4- 0.219 4- 0.052 
0.40-0.60 0.464 5.25 -0 .149  4- 0.374 4- 0.103 

-0 .367  -4- 0.157 -4- 0.052 
-0 .263  -4- 0.124 -4- 0.028 
-0 .135  4- 0.100 4- 0.016 
-0 .172  4- 0.088 -t- 0.015 
-0 .096  4- 0.069 4- 0.012 
-0 .104  4- 0.057 4- 0.010 
-0 .031 4- 0.046 4- 0.005 
+0.031 -t- 0.046 q- 0.005 
-0 .013  4- 0.033 4- 0.003 
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Fig. 2. The spin asymmetry A~ (a) and the spin structure function 
(b) of the neutron as a function of x. The values are given 

for the measured (Q2). The error bars are statistical uncertainties. 
The error bands show the systematic uncertainties. The data points 
from E-142 have been displaced slightly in x for comparison with 
the present experiment. 

mean Q2 value of  the data (2.3 (GeV/c )2 ) ,  the as- 
sumption that Al is independent of  Q2 over the limited 
Q2 range of  our data has been used. This assumption 
is consistent with existing data [ 34].  Next-to-leading- 
order (NLO) QCD evolution [3,35] gives a slightly 
different result that changes the integral of  g~' over the 
measured x range by < 5%. Including this difference 
in the systematic error yields f°o623gT(x, Q2)dx  = 
- 0 . 0 3 4  ± 0.013(stat.) ±0.005(syst . ) .  

For the large x extrapolation, we used a parametriza- 
tion for F~ [32] and assumed several models for the 
behavior of A~' for x > 0.6. Since A~ is expected [36] 
to approach unity for x ~ 1, we considered a linear 
increase for A~' from 0 at x = 0.6 to 1 at x = 1 as well 
as the parameterization of  Ref. [ 37]. These studies in- 
dicate that f016 g~(x) dx = 0.002 + 0.003. For the low 
x extrapolation there is no clear prediction. For com- 
parison with previous measurements [ 7-9,11,12 ], we 
quote the integral F~' assuming a simple Regge param- 
eterization at low x [38,39] o fg l  ~x x -'~ with cr in the 
range - 0 . 5 - 0  fitted to the data for x < 0.1. This gives 
fo.023 ~ ( x )  dx = -0 .005  ± 0.005, where a 100% un- 
certainty has been assigned to the value. However, it 
should be noted that recent work [ 3 ] indicates that a 
NLO treatment of  the low x region could yield dif- 
ferent results for the low x extrapolation. Combin- 
ing the contributions from different x regions leads 
to a total integral of  fd ~(x,Q 2) dx = - 0 . 0 3 7  ± 
0.013 (stat.) ± 0.005 (sys.) ± 0.006 (extrapol.) in good 
agreement with the value from experiment E-142 [ 7] 
using 3He and the SMC [14,15] and E-143 [13,10] 
experiments using the difference of deuteron and pro- 
ton. 

In summary, the neutron spin structure function 
has been measured with a polarized 3He target. The 
results are in agreement with those of  the SLAC E- 
142 experiment, but have been determined with an en- 
tirely new technique - a windowless polarized internal 
target with pure atomic species in a positron storage 
ring. Semi-inclusive asymmetries extracted from the 
present data set will be presented in a future publica- 
tion. 
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mated using a PYTHIA6 event generator [53] that has been
tuned for the HERMES kinematics [54]. The results range
from 2% (3%) at large x to 10% (6%) at small x for pions
(kaons) for both proton and deuteron targets. Although
some data of limited precision for double-spin asymme-
tries in !0 and " production have been measured by
HERMES [55], no information is available on the effects
of target polarization on the angular distributions for the
production and decay of vector mesons. Therefore it was

not possible at this time to estimate the effect of the decay
of exclusively produced vector mesons on the semi-
inclusive asymmetries.

The measurement of asymmetries as opposed to total
cross sections has the advantage that acceptance effects
largely cancel. Nevertheless, the forward acceptance of the
spectrometer restricts the topology of the DIS electron and
the SIDIS hadron in the final state. It was suggested [56]
that a resulting cutoff in transverse hadron momentum
leads to a bias in the contributions of photon gluon fusion
(PGF) and QCD Compton (QCDC) processes to the total
DIS cross section. This bias could lead to an incorrect
measurement of the polarizations of the quarks using
SIDIS asymmetries. The momentum cut (4 GeV< p<
13:8 GeV) on the coincident hadron tracks for particle
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FIG. 14. The inclusive and semi-inclusive Born level asymmetries on the deuteron. One data point at x ! 0:45 for the K" asymmetry
including its large error bar is outside the displayed range; all data points are listed in Table XIII. See Fig. 13 for details.

TABLE VI. The fractional systematic uncertainties on A1

averaged over x.

Source Hydrogen dataDeuterium data

Beam polarization 4:2% 2:3%
Target polarization 5:1% 5:2%
Azimuthal acceptance (SIDIS) 3:0% 3:1%
QED radiative correction (DIS) 2:0% 2:0%
QED radiative correction (SIDIS) 1:0% 1:0%
Detector smearing 2:0% 2:0%
R 1:1% 1:1%
g2 0:6% 1:4%
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FIG. 15. The semi-inclusive Born asymmetries for positive and
negative pion production on the proton as a function of z. The
error bars indicate the statistical uncertainties and the error band
represents the systematic uncertainties. The solid line is the z
dependence from the Monte Carlo simulation of the asymme-
tries.

A. AIRAPETIAN et al. PHYSICAL REVIEW D 71, 012003 (2005)

012003-18

Ah
1 =

�

i

Ph
i

gi
1

f i
1

<latexit sha1_base64="gbTqFREw477bmZJPIIWUL2Z3Aek=">AAACCXicdVDNSgMxGMzWv1r/Vj16CRZBPJRssdoehKoXjxVsK3Trkk2zbWj2hyQrlKVP4MVX8SLiRcGLr+DbmN2uh4p+EDLMzEcy40acSYXQl1FYWFxaXimultbWNza3zO2djgxjQWibhDwUty6WlLOAthVTnN5GgmLf5bTrji9TvXtPhWRhcKMmEe37eBgwjxGsNOWYR+eOdTeCZ9CWse8wCGHLYZqwPYFJMtQimyZedjlmGVVQNhBVqjXUqKeghqzGiQWtXCqDfFqO+WkPQhL7NFCEYyl7FopUP8FCMcLptGTHkkaYjPGQJlmSKTzQ1AB6odAnUDBj53zYl3Liu9rpYzWSv7WU/Evrxcqr9xMWRLGiAZk95MUcqhCmtcABE5QoPtEAE8H0DyEZYd2B0uWVdPSffPB/0KlWLFSxro/LzYu8hCLYA/vgEFjgFDTBFWiBNiDgETyDN/BuPBhPxovxOrMWjHxnF8yN8fENA92Ydg==</latexit><latexit sha1_base64="gbTqFREw477bmZJPIIWUL2Z3Aek=">AAACCXicdVDNSgMxGMzWv1r/Vj16CRZBPJRssdoehKoXjxVsK3Trkk2zbWj2hyQrlKVP4MVX8SLiRcGLr+DbmN2uh4p+EDLMzEcy40acSYXQl1FYWFxaXimultbWNza3zO2djgxjQWibhDwUty6WlLOAthVTnN5GgmLf5bTrji9TvXtPhWRhcKMmEe37eBgwjxGsNOWYR+eOdTeCZ9CWse8wCGHLYZqwPYFJMtQimyZedjlmGVVQNhBVqjXUqKeghqzGiQWtXCqDfFqO+WkPQhL7NFCEYyl7FopUP8FCMcLptGTHkkaYjPGQJlmSKTzQ1AB6odAnUDBj53zYl3Liu9rpYzWSv7WU/Evrxcqr9xMWRLGiAZk95MUcqhCmtcABE5QoPtEAE8H0DyEZYd2B0uWVdPSffPB/0KlWLFSxro/LzYu8hCLYA/vgEFjgFDTBFWiBNiDgETyDN/BuPBhPxovxOrMWjHxnF8yN8fENA92Ydg==</latexit><latexit sha1_base64="gbTqFREw477bmZJPIIWUL2Z3Aek=">AAACCXicdVDNSgMxGMzWv1r/Vj16CRZBPJRssdoehKoXjxVsK3Trkk2zbWj2hyQrlKVP4MVX8SLiRcGLr+DbmN2uh4p+EDLMzEcy40acSYXQl1FYWFxaXimultbWNza3zO2djgxjQWibhDwUty6WlLOAthVTnN5GgmLf5bTrji9TvXtPhWRhcKMmEe37eBgwjxGsNOWYR+eOdTeCZ9CWse8wCGHLYZqwPYFJMtQimyZedjlmGVVQNhBVqjXUqKeghqzGiQWtXCqDfFqO+WkPQhL7NFCEYyl7FopUP8FCMcLptGTHkkaYjPGQJlmSKTzQ1AB6odAnUDBj53zYl3Liu9rpYzWSv7WU/Evrxcqr9xMWRLGiAZk95MUcqhCmtcABE5QoPtEAE8H0DyEZYd2B0uWVdPSffPB/0KlWLFSxro/LzYu8hCLYA/vgEFjgFDTBFWiBNiDgETyDN/BuPBhPxovxOrMWjHxnF8yN8fENA92Ydg==</latexit><latexit sha1_base64="gbTqFREw477bmZJPIIWUL2Z3Aek=">AAACCXicdVDNSgMxGMzWv1r/Vj16CRZBPJRssdoehKoXjxVsK3Trkk2zbWj2hyQrlKVP4MVX8SLiRcGLr+DbmN2uh4p+EDLMzEcy40acSYXQl1FYWFxaXimultbWNza3zO2djgxjQWibhDwUty6WlLOAthVTnN5GgmLf5bTrji9TvXtPhWRhcKMmEe37eBgwjxGsNOWYR+eOdTeCZ9CWse8wCGHLYZqwPYFJMtQimyZedjlmGVVQNhBVqjXUqKeghqzGiQWtXCqDfFqO+WkPQhL7NFCEYyl7FopUP8FCMcLptGTHkkaYjPGQJlmSKTzQ1AB6odAnUDBj53zYl3Liu9rpYzWSv7WU/Evrxcqr9xMWRLGiAZk95MUcqhCmtcABE5QoPtEAE8H0DyEZYd2B0uWVdPSffPB/0KlWLFSxro/LzYu8hCLYA/vgEFjgFDTBFWiBNiDgETyDN/BuPBhPxovxOrMWjHxnF8yN8fENA92Ydg==</latexit>



hermes
SPIN 2018 - Ferrara - Sept. 12th, 2018gunar.schnell @ desy.de

semi-inclusive DIS asymmetries
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mated using a PYTHIA6 event generator [53] that has been
tuned for the HERMES kinematics [54]. The results range
from 2% (3%) at large x to 10% (6%) at small x for pions
(kaons) for both proton and deuteron targets. Although
some data of limited precision for double-spin asymme-
tries in !0 and " production have been measured by
HERMES [55], no information is available on the effects
of target polarization on the angular distributions for the
production and decay of vector mesons. Therefore it was

not possible at this time to estimate the effect of the decay
of exclusively produced vector mesons on the semi-
inclusive asymmetries.

The measurement of asymmetries as opposed to total
cross sections has the advantage that acceptance effects
largely cancel. Nevertheless, the forward acceptance of the
spectrometer restricts the topology of the DIS electron and
the SIDIS hadron in the final state. It was suggested [56]
that a resulting cutoff in transverse hadron momentum
leads to a bias in the contributions of photon gluon fusion
(PGF) and QCD Compton (QCDC) processes to the total
DIS cross section. This bias could lead to an incorrect
measurement of the polarizations of the quarks using
SIDIS asymmetries. The momentum cut (4 GeV< p<
13:8 GeV) on the coincident hadron tracks for particle
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FIG. 14. The inclusive and semi-inclusive Born level asymmetries on the deuteron. One data point at x ! 0:45 for the K" asymmetry
including its large error bar is outside the displayed range; all data points are listed in Table XIII. See Fig. 13 for details.

TABLE VI. The fractional systematic uncertainties on A1

averaged over x.

Source Hydrogen dataDeuterium data

Beam polarization 4:2% 2:3%
Target polarization 5:1% 5:2%
Azimuthal acceptance (SIDIS) 3:0% 3:1%
QED radiative correction (DIS) 2:0% 2:0%
QED radiative correction (SIDIS) 1:0% 1:0%
Detector smearing 2:0% 2:0%
R 1:1% 1:1%
g2 0:6% 1:4%
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FIG. 15. The semi-inclusive Born asymmetries for positive and
negative pion production on the proton as a function of z. The
error bars indicate the statistical uncertainties and the error band
represents the systematic uncertainties. The solid line is the z
dependence from the Monte Carlo simulation of the asymme-
tries.
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first 5-flavor extraction of Δq 

no hint for sea quark pol’s 
-> in contrast to incl. DIS 

helicity density - flavor separation

29
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using all polarized data 1996–2000:

No evidence of antiquark polarization,
or flavor-asymmetry thereof
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  Hadron charge difference asymmetry
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Separation of quark contributions into

   valence and sea quark contributions

 LO parton model
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 The contribution of fragmentation functions drop out
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FIG. 3. Target-spin analyzing powers in the sinf moment as
a function of transverse momentum, for p1 (squares) and p2

(circles). Error bars show the statistical uncertainties and the
band represents the systematic uncertainties.

In summary, single-spin azimuthal asymmetries of pions
produced in deep-inelastic scattering of polarized positrons
from a longitudinally polarized hydrogen target have been
measured. The analyzing power involving the sinf mo-
ment of the cross section is found to be significant for p1

production with unpolarized (spin-averaged) positrons on
a longitudinally polarized hydrogen target, while for p2 it
is found to be consistent with zero. In addition, the analyz-
ing powers involving the sin2f moments of both p1 and
p2 are consistent with zero. The sinf target-related an-
alyzing power for p1, averaged over the full acceptance,
is found to be 0.022 6 0.005 6 0.003, and there are indi-
cations that this analyzing power increases with increasing
x, and also with P! up to !0.8 GeV. The appearance
of this single-spin asymmetry can be interpreted as an ef-
fect of chiral-odd spin distribution functions coupled with
a time-reversal-odd fragmentation function. This fragmen-
tation function offers a means to measure transversity in
future experiments using a transversely polarized target.
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to a specific single-spin-dependent moment of the pion
yield distribution in f.
The kinematics of the process are illustrated in Fig. 1.

The relevant variables are the 4-momentum transfer
squared 2Q2 ! q2 ! !k 2 k0"2, the energy transfer
n ! E 2 E0, the virtual photon fractional energy y !
n#E, the invariant mass of the photon-proton system
W !

p

2Mn 1 M2 2 Q2, the Bjorken variable x ! Q2#
2Mn, and the pion fractional energy z ! Ep#n. Here k
and k0 are the 4-momenta and E and E0 are the laboratory
energies of the incoming and outgoing leptons, respec-
tively. Ep is the pion laboratory energy and M is the
proton mass. The transverse momentum !P!" of the pion
is defined with respect to the virtual photon direction in
the initial photon-proton center-of-mass frame.
This Letter reports the first observation of a single-spin

azimuthal asymmetry for semi-inclusive pion production
in deep-inelastic scattering. The data were recorded
during the 1996 and 1997 running periods of the
HERMES experiment using both unpolarized and longi-
tudinally nuclear-polarized hydrogen internal gas targets
[10] in the 27.6 GeV HERA polarized positron stor-
age ring at DESY. Longitudinal beam polarization is
obtained by using spin rotators [11] located upstream
and downstream of the HERMES experiment. The
scattered positrons and associated pions are detected by
the HERMES spectrometer [12] in the polar angle range
0.04 , u , 0.22 rad. Positron and hadron identification
is based on information from four detectors: a threshold
gas Čerenkov counter, a transition-radiation detector, a
preshower scintillator detector, and a lead-glass electro-
magnetic calorimeter. The particle identification provides
an average positron identification efficiency of 99% with
a hadron contamination that is less than 1%.
The kinematic requirements on the scattered positron

used in this analysis are 1 , Q2 , 15 GeV2, W .
2 GeV, 0.023 , x , 0.4, and y , 0.85. Pions were
identified in the energy range 4.5 , Ep , 13.5 GeV.
Acceptance effects were minimized and exclusive pro-
duction was suppressed by imposing the requirement
0.2 , z , 0.7. The limit P! . 50 MeV was applied

FIG. 1. Kinematic planes for pion production in semi-inclusive
deep-inelastic scattering.

to the pions to allow an accurate measurement of the
angle f.
Measurements were performed with all combinations of

beam and target helicities, giving the possibility of measur-
ing single- and double-spin terms in the cross section. The
average hydrogen target polarization in the 1996 and 1997
HERMES running periods was 0.86 with a fractional un-
certainty of 5%. The average beam polarization for the an-
alyzed data was 0.55 with a fractional uncertainty of 3.4%.
The various contributions to the f-dependent spin

asymmetry are isolated by extracting moments of the
cross section weighted by corresponding f-dependent
functions. The analyzing powers for beam (target) longi-
tudinal polarization are evaluated as

AW
LU!UL" !

L"

L"
P

N "
P

i!1
W!f"

i" 2
L#

L#
P

N #
P

i!1
W!f#

i"

1
2 $N " 1 N #%

, (1)

where the " # # denotes positive/negative helicity of the
beam (target). Each summation is over the number N "## of
selected events involving a detected pion for each beam
(target) spin state corresponding to the dead-time cor-
rected luminosities L"## and L

"##
P , the latter being aver-

aged with the magnitude of the beam (target) polarization.
All of these quantities are effectively averaged over the
two target (beam) helicity states to arrive at single-spin
asymmetries. The weighting functions W!f" ! sinf and
W!f" ! sin2f are expected to provide sensitivity to the
Collins fragmentation function discussed above, in com-
bination with different spin-distribution functions [3,4].
Analyzing powers were extracted by integrating over the
spectrometer acceptance in the kinematic variables y and
z. Corrections were applied for the effects of the spec-
trometer acceptance, based on a Monte Carlo simulation.
The values of A

sinf
UL , A

sin2f
UL , and A

sinf
LU extracted from

the data according to Eq. (1) and averaged over x and P!

are given in Table I. For both p1 and p2 the beam-related
analyzing powers A

sinf
LU are consistent with zero. This is in

agreement with the small contributions to A
sinf
LU predicted

to arise from higher-twist and O!a2
S" QCD effects [13,14].

The target-related term A
sin2f
UL is also consistent with zero

within errors, both for p1 and p2.
The other target-related analyzing power A

sinf
UL is

consistent with zero for p2, while it is significantly
different from zero for p1. The appearance of such an

TABLE I. Target- and beam-related analyzing powers, aver-
aged over x and P!, for the azimuthal sinf and sin2f moments
of the pion production cross section in deep-inelastic scattering.

p1 p2

A
sinf
UL 0.022 6 0.005 6 0.003 20.002 6 0.006 6 0.004

A
sin2f
UL 20.002 6 0.005 6 0.010 20.005 6 0.006 6 0.005

A
sinf
LU 20.005 6 0.008 6 0.004 20.007 6 0.010 6 0.004
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FIG. 3. Target-spin analyzing powers in the sinf moment as
a function of transverse momentum, for p1 (squares) and p2

(circles). Error bars show the statistical uncertainties and the
band represents the systematic uncertainties.

In summary, single-spin azimuthal asymmetries of pions
produced in deep-inelastic scattering of polarized positrons
from a longitudinally polarized hydrogen target have been
measured. The analyzing power involving the sinf mo-
ment of the cross section is found to be significant for p1

production with unpolarized (spin-averaged) positrons on
a longitudinally polarized hydrogen target, while for p2 it
is found to be consistent with zero. In addition, the analyz-
ing powers involving the sin2f moments of both p1 and
p2 are consistent with zero. The sinf target-related an-
alyzing power for p1, averaged over the full acceptance,
is found to be 0.022 6 0.005 6 0.003, and there are indi-
cations that this analyzing power increases with increasing
x, and also with P! up to !0.8 GeV. The appearance
of this single-spin asymmetry can be interpreted as an ef-
fect of chiral-odd spin distribution functions coupled with
a time-reversal-odd fragmentation function. This fragmen-
tation function offers a means to measure transversity in
future experiments using a transversely polarized target.
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FIG. 3. Target-spin analyzing powers in the sinf moment as
a function of transverse momentum, for p1 (squares) and p2

(circles). Error bars show the statistical uncertainties and the
band represents the systematic uncertainties.

In summary, single-spin azimuthal asymmetries of pions
produced in deep-inelastic scattering of polarized positrons
from a longitudinally polarized hydrogen target have been
measured. The analyzing power involving the sinf mo-
ment of the cross section is found to be significant for p1

production with unpolarized (spin-averaged) positrons on
a longitudinally polarized hydrogen target, while for p2 it
is found to be consistent with zero. In addition, the analyz-
ing powers involving the sin2f moments of both p1 and
p2 are consistent with zero. The sinf target-related an-
alyzing power for p1, averaged over the full acceptance,
is found to be 0.022 6 0.005 6 0.003, and there are indi-
cations that this analyzing power increases with increasing
x, and also with P! up to !0.8 GeV. The appearance
of this single-spin asymmetry can be interpreted as an ef-
fect of chiral-odd spin distribution functions coupled with
a time-reversal-odd fragmentation function. This fragmen-
tation function offers a means to measure transversity in
future experiments using a transversely polarized target.
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• Measurement of AN in p p-scattering for different center of mass energies:

1976 2002 1991 2008

4.9 GeV 6.6 GeV 19.4 GeV 62.4 GeV

3

NR - NL

NR + NL
AN = 

• Only two models consistently describing the data:
* TMDs (Transverse Momentum Dependent) distributions
* high-twist correlations

• Interpretation not yet completely satisfactory

• All available models predict AN goes to zero at 
high pT  values.

• BUT: not yet DATA at such kinematic region

• all available data coming from p p scattering

MOTIVATION
Alejandro López Ruiz

Universiteit Gent
Florence/DIS 10

SSA in inclusive hadron production 

at HERMES

ANL BNL FNAL RHIC

�
s =

�+

��

p p

large left-right 
asymmetries that 
persist even to RHIC 
energies
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 what’s the origin of these SSA?

fragmentation effect?

correlating transverse quark spin 
with transverse momentum

34

�+

��

p p

+π

u
u

[J.C. Collins, NPB 396 (1993) 161]

“naive T-odd”

S⋅(P×Ph)
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 what’s the origin of these SSA?

fragmentation effect?

correlating transverse quark spin 
with transverse momentum

34

�+

��

p p

+π

u
u

quark-distribution effect?

correlating transverse quark 
momentum with transverse spin 
of nucleon

π+

uv

d

[D.W. Sivers, PRD 41 (1990) 83]

+π

u
u

[J.C. Collins, NPB 396 (1993) 161]

“naive T-odd”

S⋅(P×Ph)
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a short history of naive time reversal
1978: Kane, Pumplin & Repko: transverse-spin asymmetries 
suppressed in pQCD

1990: Sivers introduces transverse spin-momentum correlation 
for quark distributions

1993: Collins dislikes (& disproves) idea, introduces similar 
correlation in fragmentation

1996: Mulders&Tangerman: compendium of azimuthal 
asymmetries

1998: Boer&Mulders: naive T-odd observables -> BM distrib.

2002: Brodsky, Hwang & Schmidt: resurrection of Sivers idea

35
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quark pol.
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U f1 h�1

L g1L h�1L

T f�1T g1T h1, h�1T

Twist-2 TMDs

each TMD describes a particular 
spin-momentum correlation

functions in black survive integration 
over transverse momentum

functions in green box are chiral-odd

functions in red are naive T-odd
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the “trouble” with transversity

37

chiral-odd transversity involves quark helicity flip
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need to couple to chiral-odd fragmentation function:
transverse spin transfer (polarized final-state hadron)
2-hadron fragmentation
Collins fragmentation
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transversely polarized 
protons

PT ≈ 74%

data taking: 2002-2005

smaller beam polarization 
during HERA II
-> impact on double-spin
   asymmetries

39

disclaimer: originally planned mainly to measure g2     

transverse target magnet
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[A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002]
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

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

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

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

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

tributions to the fragmentation function H!

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

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

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

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

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

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

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

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

behavior.

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

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

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

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

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

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

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

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

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

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

relative momentum of the hadron pair.

– 3 –

transversity
(2-hadron FF)

only relative transverse momentum needed -> DGLAP
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first observation of chiral-odd 2-hadron FF
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For each produced hadron type h, and for each bin in
either x or z or for the entire data set, the asymmetry was
evaluated in two dimensions ! and !S, where !S always
indicates the spin direction of the " state. Defining
N"!#"h !!;!S" as the semi-inclusive luminosity-normalized
yield in that target spin state, the asymmetry is

Ah
UT!!;!S" #

1

jST j
$N"h!!;!S" % N#h!!;!S"&
$N"h!!;!S" ' N#h!!;!S"&

: (1)

The Collins azimuthal moment h sin!!'!S"ihUT and
Sivers moment h sin!!%!S"ihUT of the virtual-photon
asymmetry are extracted in the fit

Ah
UT!!;!S"

2
# h sin!!'!S"ihUT

B!hyi"
A!hxi; hyi" sin!!'!S"

' h sin!!%!S"ihUT sin!!%!S": (2)

Here B!y" ( !1% y", A!x; y" ( y2

2 ' !1% y")
$1' R!x; y"&=$1' "!x; y"2&, R!x; y" is the ratio of longitu-
dinal to transverse DIS cross sections, "!x; y"2 (
2Mpx=!Ey". The values for R!hxi; hyi" [34] cannot be ne-
glected here as they fall in the range 0.1–0.34. The
reduced-#2 values for the fits are in the range 0.74–1.89.
The statistical correlations between the Sivers and Collins
moments fall in the range %0:5 to %0:6. The addition of
terms for sin!3!%!S", sin!S, and sin!2!%!S" resulted
in coefficients that are negligible compared to their uncer-
tainties, and in negligible changes to the Collins and Sivers
moments. Effects of acceptance, instrumental smearing
and QED radiation were all found to be negligible in
Monte Carlo simulations [35]. The largest contribution to
the systematic uncertainties is due to the target
polarization.

When the azimuthal moments are averaged over the
experimental acceptance, the selected ranges in x and z
are 0:023< x< 0:4 and 0:2< z < 0:7, and the corre-
sponding mean values of the kinematic parameters are
hxi # 0:09, hyi # 0:54, hQ2i # 2:41 GeV2, hzi # 0:36,
and hP$?i # 0:41 GeV. The dependences of the charged
pion moments on x and z are shown in Fig. 2. Also shown
are simulations based on PYTHIA6 [36], tuned for HERMES
kinematics, of the fractions of the semi-inclusive pion yield
from exclusive production of vector mesons, the asymme-
tries of which are poorly determined.

The averaged Collins moment for $' is positive at
0:021* 0:007(stat), while it is negative at %0:038*
0:008(stat) for $%. Such a difference is expected if the
transversity densities resemble the helicity densities to the
extent that %u is positive and %d is negative and smaller in
magnitude, as models predict [37]. However, the magni-
tude of the negative $% moment appears to be at least as
large as that for $'. The left panel shows that this trend
becomes more apparent as the magnitudes of these trans-

verse moments increase at larger x where valence quarks
tend to dominate, as did the previously measured longitu-
dinal asymmetries. However, the large negative $% mo-
ments might be considered unexpected as neither quark
flavor dominates $% production like the up quark domi-
nates $', and one expects j%dj< j%uj in analogy with
j!dj< j!uj. This expectation is reflected in model pre-
dictions [13,14] based on the interpretation of those longi-
tudinal asymmetries. This failure of those predictions
could be due to the neglect of T-odd distributions such as
the Sivers function, the contribution of sea quarks or dis-
favored Collins fragmentation.

One explanation of the larger negative $% azimuthal
moments could be a substantial magnitude with opposite
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function of x and z, multiplied by two to have the possible range
*1. The error bars represent the statistical uncertainties. In
addition, there is a common 8% scale uncertainty in the mo-
ments. The lower panel shows the relative contributions to the
data from simulated exclusive vector meson production.
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For each produced hadron type h, and for each bin in
either x or z or for the entire data set, the asymmetry was
evaluated in two dimensions ! and !S, where !S always
indicates the spin direction of the " state. Defining
N"!#"h !!;!S" as the semi-inclusive luminosity-normalized
yield in that target spin state, the asymmetry is

Ah
UT!!;!S" #

1

jST j
$N"h!!;!S" % N#h!!;!S"&
$N"h!!;!S" ' N#h!!;!S"&

: (1)

The Collins azimuthal moment h sin!!'!S"ihUT and
Sivers moment h sin!!%!S"ihUT of the virtual-photon
asymmetry are extracted in the fit
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2
# h sin!!'!S"ihUT

B!hyi"
A!hxi; hyi" sin!!'!S"

' h sin!!%!S"ihUT sin!!%!S": (2)

Here B!y" ( !1% y", A!x; y" ( y2

2 ' !1% y")
$1' R!x; y"&=$1' "!x; y"2&, R!x; y" is the ratio of longitu-
dinal to transverse DIS cross sections, "!x; y"2 (
2Mpx=!Ey". The values for R!hxi; hyi" [34] cannot be ne-
glected here as they fall in the range 0.1–0.34. The
reduced-#2 values for the fits are in the range 0.74–1.89.
The statistical correlations between the Sivers and Collins
moments fall in the range %0:5 to %0:6. The addition of
terms for sin!3!%!S", sin!S, and sin!2!%!S" resulted
in coefficients that are negligible compared to their uncer-
tainties, and in negligible changes to the Collins and Sivers
moments. Effects of acceptance, instrumental smearing
and QED radiation were all found to be negligible in
Monte Carlo simulations [35]. The largest contribution to
the systematic uncertainties is due to the target
polarization.

When the azimuthal moments are averaged over the
experimental acceptance, the selected ranges in x and z
are 0:023< x< 0:4 and 0:2< z < 0:7, and the corre-
sponding mean values of the kinematic parameters are
hxi # 0:09, hyi # 0:54, hQ2i # 2:41 GeV2, hzi # 0:36,
and hP$?i # 0:41 GeV. The dependences of the charged
pion moments on x and z are shown in Fig. 2. Also shown
are simulations based on PYTHIA6 [36], tuned for HERMES
kinematics, of the fractions of the semi-inclusive pion yield
from exclusive production of vector mesons, the asymme-
tries of which are poorly determined.

The averaged Collins moment for $' is positive at
0:021* 0:007(stat), while it is negative at %0:038*
0:008(stat) for $%. Such a difference is expected if the
transversity densities resemble the helicity densities to the
extent that %u is positive and %d is negative and smaller in
magnitude, as models predict [37]. However, the magni-
tude of the negative $% moment appears to be at least as
large as that for $'. The left panel shows that this trend
becomes more apparent as the magnitudes of these trans-

verse moments increase at larger x where valence quarks
tend to dominate, as did the previously measured longitu-
dinal asymmetries. However, the large negative $% mo-
ments might be considered unexpected as neither quark
flavor dominates $% production like the up quark domi-
nates $', and one expects j%dj< j%uj in analogy with
j!dj< j!uj. This expectation is reflected in model pre-
dictions [13,14] based on the interpretation of those longi-
tudinal asymmetries. This failure of those predictions
could be due to the neglect of T-odd distributions such as
the Sivers function, the contribution of sea quarks or dis-
favored Collins fragmentation.

One explanation of the larger negative $% azimuthal
moments could be a substantial magnitude with opposite
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addition, there is a common 8% scale uncertainty in the mo-
ments. The lower panel shows the relative contributions to the
data from simulated exclusive vector meson production.
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For each produced hadron type h, and for each bin in
either x or z or for the entire data set, the asymmetry was
evaluated in two dimensions ! and !S, where !S always
indicates the spin direction of the " state. Defining
N"!#"h !!;!S" as the semi-inclusive luminosity-normalized
yield in that target spin state, the asymmetry is
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The Collins azimuthal moment h sin!!'!S"ihUT and
Sivers moment h sin!!%!S"ihUT of the virtual-photon
asymmetry are extracted in the fit
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$1' R!x; y"&=$1' "!x; y"2&, R!x; y" is the ratio of longitu-
dinal to transverse DIS cross sections, "!x; y"2 (
2Mpx=!Ey". The values for R!hxi; hyi" [34] cannot be ne-
glected here as they fall in the range 0.1–0.34. The
reduced-#2 values for the fits are in the range 0.74–1.89.
The statistical correlations between the Sivers and Collins
moments fall in the range %0:5 to %0:6. The addition of
terms for sin!3!%!S", sin!S, and sin!2!%!S" resulted
in coefficients that are negligible compared to their uncer-
tainties, and in negligible changes to the Collins and Sivers
moments. Effects of acceptance, instrumental smearing
and QED radiation were all found to be negligible in
Monte Carlo simulations [35]. The largest contribution to
the systematic uncertainties is due to the target
polarization.

When the azimuthal moments are averaged over the
experimental acceptance, the selected ranges in x and z
are 0:023< x< 0:4 and 0:2< z < 0:7, and the corre-
sponding mean values of the kinematic parameters are
hxi # 0:09, hyi # 0:54, hQ2i # 2:41 GeV2, hzi # 0:36,
and hP$?i # 0:41 GeV. The dependences of the charged
pion moments on x and z are shown in Fig. 2. Also shown
are simulations based on PYTHIA6 [36], tuned for HERMES
kinematics, of the fractions of the semi-inclusive pion yield
from exclusive production of vector mesons, the asymme-
tries of which are poorly determined.

The averaged Collins moment for $' is positive at
0:021* 0:007(stat), while it is negative at %0:038*
0:008(stat) for $%. Such a difference is expected if the
transversity densities resemble the helicity densities to the
extent that %u is positive and %d is negative and smaller in
magnitude, as models predict [37]. However, the magni-
tude of the negative $% moment appears to be at least as
large as that for $'. The left panel shows that this trend
becomes more apparent as the magnitudes of these trans-

verse moments increase at larger x where valence quarks
tend to dominate, as did the previously measured longitu-
dinal asymmetries. However, the large negative $% mo-
ments might be considered unexpected as neither quark
flavor dominates $% production like the up quark domi-
nates $', and one expects j%dj< j%uj in analogy with
j!dj< j!uj. This expectation is reflected in model pre-
dictions [13,14] based on the interpretation of those longi-
tudinal asymmetries. This failure of those predictions
could be due to the neglect of T-odd distributions such as
the Sivers function, the contribution of sea quarks or dis-
favored Collins fragmentation.

One explanation of the larger negative $% azimuthal
moments could be a substantial magnitude with opposite
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picture [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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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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For each produced hadron type h, and for each bin in
either x or z or for the entire data set, the asymmetry was
evaluated in two dimensions ! and !S, where !S always
indicates the spin direction of the " state. Defining
N"!#"h !!;!S" as the semi-inclusive luminosity-normalized
yield in that target spin state, the asymmetry is
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$N"h!!;!S" % N#h!!;!S"&
$N"h!!;!S" ' N#h!!;!S"&

: (1)

The Collins azimuthal moment h sin!!'!S"ihUT and
Sivers moment h sin!!%!S"ihUT of the virtual-photon
asymmetry are extracted in the fit
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Here B!y" ( !1% y", A!x; y" ( y2

2 ' !1% y")
$1' R!x; y"&=$1' "!x; y"2&, R!x; y" is the ratio of longitu-
dinal to transverse DIS cross sections, "!x; y"2 (
2Mpx=!Ey". The values for R!hxi; hyi" [34] cannot be ne-
glected here as they fall in the range 0.1–0.34. The
reduced-#2 values for the fits are in the range 0.74–1.89.
The statistical correlations between the Sivers and Collins
moments fall in the range %0:5 to %0:6. The addition of
terms for sin!3!%!S", sin!S, and sin!2!%!S" resulted
in coefficients that are negligible compared to their uncer-
tainties, and in negligible changes to the Collins and Sivers
moments. Effects of acceptance, instrumental smearing
and QED radiation were all found to be negligible in
Monte Carlo simulations [35]. The largest contribution to
the systematic uncertainties is due to the target
polarization.

When the azimuthal moments are averaged over the
experimental acceptance, the selected ranges in x and z
are 0:023< x< 0:4 and 0:2< z < 0:7, and the corre-
sponding mean values of the kinematic parameters are
hxi # 0:09, hyi # 0:54, hQ2i # 2:41 GeV2, hzi # 0:36,
and hP$?i # 0:41 GeV. The dependences of the charged
pion moments on x and z are shown in Fig. 2. Also shown
are simulations based on PYTHIA6 [36], tuned for HERMES
kinematics, of the fractions of the semi-inclusive pion yield
from exclusive production of vector mesons, the asymme-
tries of which are poorly determined.

The averaged Collins moment for $' is positive at
0:021* 0:007(stat), while it is negative at %0:038*
0:008(stat) for $%. Such a difference is expected if the
transversity densities resemble the helicity densities to the
extent that %u is positive and %d is negative and smaller in
magnitude, as models predict [37]. However, the magni-
tude of the negative $% moment appears to be at least as
large as that for $'. The left panel shows that this trend
becomes more apparent as the magnitudes of these trans-

verse moments increase at larger x where valence quarks
tend to dominate, as did the previously measured longitu-
dinal asymmetries. However, the large negative $% mo-
ments might be considered unexpected as neither quark
flavor dominates $% production like the up quark domi-
nates $', and one expects j%dj< j%uj in analogy with
j!dj< j!uj. This expectation is reflected in model pre-
dictions [13,14] based on the interpretation of those longi-
tudinal asymmetries. This failure of those predictions
could be due to the neglect of T-odd distributions such as
the Sivers function, the contribution of sea quarks or dis-
favored Collins fragmentation.

One explanation of the larger negative $% azimuthal
moments could be a substantial magnitude with opposite
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FIG. 2 (color online). Virtual-photon Collins (Sivers) moments
for charged pions as labeled in the upper (middle) panel, as a
function of x and z, multiplied by two to have the possible range
*1. The error bars represent the statistical uncertainties. In
addition, there is a common 8% scale uncertainty in the mo-
ments. The lower panel shows the relative contributions to the
data from simulated exclusive vector meson production.
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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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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.
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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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Fig. 6  The transverse-momentum distribution may be different for quarks of 
different flavors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.
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Fig. 7  Polarization-averaged distributions, as in figs. 4 and 5, are cylindrically 
symmetric. But when the spin of the nucleon is taken into account (indicated 
by the white arrow in the plots), the distribution can be distorted. These 
images are elaborated starting from real data and show that the distortion for 
up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still affecting these pictures.
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For each produced hadron type h, and for each bin in
either x or z or for the entire data set, the asymmetry was
evaluated in two dimensions ! and !S, where !S always
indicates the spin direction of the " state. Defining
N"!#"h !!;!S" as the semi-inclusive luminosity-normalized
yield in that target spin state, the asymmetry is

Ah
UT!!;!S" #

1

jST j
$N"h!!;!S" % N#h!!;!S"&
$N"h!!;!S" ' N#h!!;!S"&

: (1)

The Collins azimuthal moment h sin!!'!S"ihUT and
Sivers moment h sin!!%!S"ihUT of the virtual-photon
asymmetry are extracted in the fit

Ah
UT!!;!S"

2
# h sin!!'!S"ihUT

B!hyi"
A!hxi; hyi" sin!!'!S"

' h sin!!%!S"ihUT sin!!%!S": (2)

Here B!y" ( !1% y", A!x; y" ( y2

2 ' !1% y")
$1' R!x; y"&=$1' "!x; y"2&, R!x; y" is the ratio of longitu-
dinal to transverse DIS cross sections, "!x; y"2 (
2Mpx=!Ey". The values for R!hxi; hyi" [34] cannot be ne-
glected here as they fall in the range 0.1–0.34. The
reduced-#2 values for the fits are in the range 0.74–1.89.
The statistical correlations between the Sivers and Collins
moments fall in the range %0:5 to %0:6. The addition of
terms for sin!3!%!S", sin!S, and sin!2!%!S" resulted
in coefficients that are negligible compared to their uncer-
tainties, and in negligible changes to the Collins and Sivers
moments. Effects of acceptance, instrumental smearing
and QED radiation were all found to be negligible in
Monte Carlo simulations [35]. The largest contribution to
the systematic uncertainties is due to the target
polarization.

When the azimuthal moments are averaged over the
experimental acceptance, the selected ranges in x and z
are 0:023< x< 0:4 and 0:2< z < 0:7, and the corre-
sponding mean values of the kinematic parameters are
hxi # 0:09, hyi # 0:54, hQ2i # 2:41 GeV2, hzi # 0:36,
and hP$?i # 0:41 GeV. The dependences of the charged
pion moments on x and z are shown in Fig. 2. Also shown
are simulations based on PYTHIA6 [36], tuned for HERMES
kinematics, of the fractions of the semi-inclusive pion yield
from exclusive production of vector mesons, the asymme-
tries of which are poorly determined.

The averaged Collins moment for $' is positive at
0:021* 0:007(stat), while it is negative at %0:038*
0:008(stat) for $%. Such a difference is expected if the
transversity densities resemble the helicity densities to the
extent that %u is positive and %d is negative and smaller in
magnitude, as models predict [37]. However, the magni-
tude of the negative $% moment appears to be at least as
large as that for $'. The left panel shows that this trend
becomes more apparent as the magnitudes of these trans-

verse moments increase at larger x where valence quarks
tend to dominate, as did the previously measured longitu-
dinal asymmetries. However, the large negative $% mo-
ments might be considered unexpected as neither quark
flavor dominates $% production like the up quark domi-
nates $', and one expects j%dj< j%uj in analogy with
j!dj< j!uj. This expectation is reflected in model pre-
dictions [13,14] based on the interpretation of those longi-
tudinal asymmetries. This failure of those predictions
could be due to the neglect of T-odd distributions such as
the Sivers function, the contribution of sea quarks or dis-
favored Collins fragmentation.

One explanation of the larger negative $% azimuthal
moments could be a substantial magnitude with opposite
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FIG. 2 (color online). Virtual-photon Collins (Sivers) moments
for charged pions as labeled in the upper (middle) panel, as a
function of x and z, multiplied by two to have the possible range
*1. The error bars represent the statistical uncertainties. In
addition, there is a common 8% scale uncertainty in the mo-
ments. The lower panel shows the relative contributions to the
data from simulated exclusive vector meson production.
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θγ∗

φPh

Ph⊥
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l′

q

S
S⊥

Experiment: Target Polariza-
tion w.r.t. Beam Direction (l)!
Theory: Polarization along virtual photon di-

rection (q)

⇒ mixing of “experimental” and “theory”

asymmetries via:

[Diehl and Sapeta, Eur. Phys. J. C41 (2005)]
⎛

⎜
⎜
⎜
⎜
⎜
⎝

⟨ sinφ⟩
l

UL

⟨ sin(φ−φS)⟩
l

UT

⟨ sin(φ+φS)⟩
l

UT

⎞

⎟
⎟
⎟
⎟
⎟
⎠

=

⎛

⎜
⎜
⎜
⎝

cos θγ∗ − sin θγ∗ − sin θγ∗

1
2 sin θγ∗ cos θγ∗ 0

1
2 sin θγ∗ 0 cos θγ∗

⎞

⎟
⎟
⎟
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⎛

⎜
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⎝

⟨ sinφ⟩
q

UL

⟨ sin(φ−φS)⟩
UT

⟨ sin(φ+φS)⟩
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⎞

⎟
⎟
⎟
⎟
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(cos θγ∗ ≃ 1 , sin θγ∗ up to 15% at HERMES energies)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 31/50
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For each produced hadron type h, and for each bin in
either x or z or for the entire data set, the asymmetry was
evaluated in two dimensions ! and !S, where !S always
indicates the spin direction of the " state. Defining
N"!#"h !!;!S" as the semi-inclusive luminosity-normalized
yield in that target spin state, the asymmetry is

Ah
UT!!;!S" #

1

jST j
$N"h!!;!S" % N#h!!;!S"&
$N"h!!;!S" ' N#h!!;!S"&

: (1)

The Collins azimuthal moment h sin!!'!S"ihUT and
Sivers moment h sin!!%!S"ihUT of the virtual-photon
asymmetry are extracted in the fit

Ah
UT!!;!S"

2
# h sin!!'!S"ihUT

B!hyi"
A!hxi; hyi" sin!!'!S"

' h sin!!%!S"ihUT sin!!%!S": (2)

Here B!y" ( !1% y", A!x; y" ( y2

2 ' !1% y")
$1' R!x; y"&=$1' "!x; y"2&, R!x; y" is the ratio of longitu-
dinal to transverse DIS cross sections, "!x; y"2 (
2Mpx=!Ey". The values for R!hxi; hyi" [34] cannot be ne-
glected here as they fall in the range 0.1–0.34. The
reduced-#2 values for the fits are in the range 0.74–1.89.
The statistical correlations between the Sivers and Collins
moments fall in the range %0:5 to %0:6. The addition of
terms for sin!3!%!S", sin!S, and sin!2!%!S" resulted
in coefficients that are negligible compared to their uncer-
tainties, and in negligible changes to the Collins and Sivers
moments. Effects of acceptance, instrumental smearing
and QED radiation were all found to be negligible in
Monte Carlo simulations [35]. The largest contribution to
the systematic uncertainties is due to the target
polarization.

When the azimuthal moments are averaged over the
experimental acceptance, the selected ranges in x and z
are 0:023< x< 0:4 and 0:2< z < 0:7, and the corre-
sponding mean values of the kinematic parameters are
hxi # 0:09, hyi # 0:54, hQ2i # 2:41 GeV2, hzi # 0:36,
and hP$?i # 0:41 GeV. The dependences of the charged
pion moments on x and z are shown in Fig. 2. Also shown
are simulations based on PYTHIA6 [36], tuned for HERMES
kinematics, of the fractions of the semi-inclusive pion yield
from exclusive production of vector mesons, the asymme-
tries of which are poorly determined.

The averaged Collins moment for $' is positive at
0:021* 0:007(stat), while it is negative at %0:038*
0:008(stat) for $%. Such a difference is expected if the
transversity densities resemble the helicity densities to the
extent that %u is positive and %d is negative and smaller in
magnitude, as models predict [37]. However, the magni-
tude of the negative $% moment appears to be at least as
large as that for $'. The left panel shows that this trend
becomes more apparent as the magnitudes of these trans-

verse moments increase at larger x where valence quarks
tend to dominate, as did the previously measured longitu-
dinal asymmetries. However, the large negative $% mo-
ments might be considered unexpected as neither quark
flavor dominates $% production like the up quark domi-
nates $', and one expects j%dj< j%uj in analogy with
j!dj< j!uj. This expectation is reflected in model pre-
dictions [13,14] based on the interpretation of those longi-
tudinal asymmetries. This failure of those predictions
could be due to the neglect of T-odd distributions such as
the Sivers function, the contribution of sea quarks or dis-
favored Collins fragmentation.

One explanation of the larger negative $% azimuthal
moments could be a substantial magnitude with opposite
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FIG. 2 (color online). Virtual-photon Collins (Sivers) moments
for charged pions as labeled in the upper (middle) panel, as a
function of x and z, multiplied by two to have the possible range
*1. The error bars represent the statistical uncertainties. In
addition, there is a common 8% scale uncertainty in the mo-
ments. The lower panel shows the relative contributions to the
data from simulated exclusive vector meson production.
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FIG. 3. Target-spin analyzing powers in the sinf moment as
a function of transverse momentum, for p1 (squares) and p2

(circles). Error bars show the statistical uncertainties and the
band represents the systematic uncertainties.

In summary, single-spin azimuthal asymmetries of pions
produced in deep-inelastic scattering of polarized positrons
from a longitudinally polarized hydrogen target have been
measured. The analyzing power involving the sinf mo-
ment of the cross section is found to be significant for p1

production with unpolarized (spin-averaged) positrons on
a longitudinally polarized hydrogen target, while for p2 it
is found to be consistent with zero. In addition, the analyz-
ing powers involving the sin2f moments of both p1 and
p2 are consistent with zero. The sinf target-related an-
alyzing power for p1, averaged over the full acceptance,
is found to be 0.022 6 0.005 6 0.003, and there are indi-
cations that this analyzing power increases with increasing
x, and also with P! up to !0.8 GeV. The appearance
of this single-spin asymmetry can be interpreted as an ef-
fect of chiral-odd spin distribution functions coupled with
a time-reversal-odd fragmentation function. This fragmen-
tation function offers a means to measure transversity in
future experiments using a transversely polarized target.
We thank M. Anselmino, J. Collins, A.M. Kotzinian,

and P. J. Mulders for many interesting discussions. We
gratefully acknowledge the DESY management for its sup-

port, the staffs at DESY and the collaborating institutions
for their significant effort, and our funding agencies for
financial support.
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For each produced hadron type h, and for each bin in
either x or z or for the entire data set, the asymmetry was
evaluated in two dimensions ! and !S, where !S always
indicates the spin direction of the " state. Defining
N"!#"h !!;!S" as the semi-inclusive luminosity-normalized
yield in that target spin state, the asymmetry is

Ah
UT!!;!S" #

1

jST j
$N"h!!;!S" % N#h!!;!S"&
$N"h!!;!S" ' N#h!!;!S"&

: (1)

The Collins azimuthal moment h sin!!'!S"ihUT and
Sivers moment h sin!!%!S"ihUT of the virtual-photon
asymmetry are extracted in the fit
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UT!!;!S"

2
# h sin!!'!S"ihUT

B!hyi"
A!hxi; hyi" sin!!'!S"

' h sin!!%!S"ihUT sin!!%!S": (2)

Here B!y" ( !1% y", A!x; y" ( y2

2 ' !1% y")
$1' R!x; y"&=$1' "!x; y"2&, R!x; y" is the ratio of longitu-
dinal to transverse DIS cross sections, "!x; y"2 (
2Mpx=!Ey". The values for R!hxi; hyi" [34] cannot be ne-
glected here as they fall in the range 0.1–0.34. The
reduced-#2 values for the fits are in the range 0.74–1.89.
The statistical correlations between the Sivers and Collins
moments fall in the range %0:5 to %0:6. The addition of
terms for sin!3!%!S", sin!S, and sin!2!%!S" resulted
in coefficients that are negligible compared to their uncer-
tainties, and in negligible changes to the Collins and Sivers
moments. Effects of acceptance, instrumental smearing
and QED radiation were all found to be negligible in
Monte Carlo simulations [35]. The largest contribution to
the systematic uncertainties is due to the target
polarization.

When the azimuthal moments are averaged over the
experimental acceptance, the selected ranges in x and z
are 0:023< x< 0:4 and 0:2< z < 0:7, and the corre-
sponding mean values of the kinematic parameters are
hxi # 0:09, hyi # 0:54, hQ2i # 2:41 GeV2, hzi # 0:36,
and hP$?i # 0:41 GeV. The dependences of the charged
pion moments on x and z are shown in Fig. 2. Also shown
are simulations based on PYTHIA6 [36], tuned for HERMES
kinematics, of the fractions of the semi-inclusive pion yield
from exclusive production of vector mesons, the asymme-
tries of which are poorly determined.

The averaged Collins moment for $' is positive at
0:021* 0:007(stat), while it is negative at %0:038*
0:008(stat) for $%. Such a difference is expected if the
transversity densities resemble the helicity densities to the
extent that %u is positive and %d is negative and smaller in
magnitude, as models predict [37]. However, the magni-
tude of the negative $% moment appears to be at least as
large as that for $'. The left panel shows that this trend
becomes more apparent as the magnitudes of these trans-

verse moments increase at larger x where valence quarks
tend to dominate, as did the previously measured longitu-
dinal asymmetries. However, the large negative $% mo-
ments might be considered unexpected as neither quark
flavor dominates $% production like the up quark domi-
nates $', and one expects j%dj< j%uj in analogy with
j!dj< j!uj. This expectation is reflected in model pre-
dictions [13,14] based on the interpretation of those longi-
tudinal asymmetries. This failure of those predictions
could be due to the neglect of T-odd distributions such as
the Sivers function, the contribution of sea quarks or dis-
favored Collins fragmentation.

One explanation of the larger negative $% azimuthal
moments could be a substantial magnitude with opposite
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FIG. 2 (color online). Virtual-photon Collins (Sivers) moments
for charged pions as labeled in the upper (middle) panel, as a
function of x and z, multiplied by two to have the possible range
*1. The error bars represent the statistical uncertainties. In
addition, there is a common 8% scale uncertainty in the mo-
ments. The lower panel shows the relative contributions to the
data from simulated exclusive vector meson production.
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FIG. 3. Target-spin analyzing powers in the sinf moment as
a function of transverse momentum, for p1 (squares) and p2

(circles). Error bars show the statistical uncertainties and the
band represents the systematic uncertainties.

In summary, single-spin azimuthal asymmetries of pions
produced in deep-inelastic scattering of polarized positrons
from a longitudinally polarized hydrogen target have been
measured. The analyzing power involving the sinf mo-
ment of the cross section is found to be significant for p1

production with unpolarized (spin-averaged) positrons on
a longitudinally polarized hydrogen target, while for p2 it
is found to be consistent with zero. In addition, the analyz-
ing powers involving the sin2f moments of both p1 and
p2 are consistent with zero. The sinf target-related an-
alyzing power for p1, averaged over the full acceptance,
is found to be 0.022 6 0.005 6 0.003, and there are indi-
cations that this analyzing power increases with increasing
x, and also with P! up to !0.8 GeV. The appearance
of this single-spin asymmetry can be interpreted as an ef-
fect of chiral-odd spin distribution functions coupled with
a time-reversal-odd fragmentation function. This fragmen-
tation function offers a means to measure transversity in
future experiments using a transversely polarized target.
We thank M. Anselmino, J. Collins, A.M. Kotzinian,

and P. J. Mulders for many interesting discussions. We
gratefully acknowledge the DESY management for its sup-

port, the staffs at DESY and the collaborating institutions
for their significant effort, and our funding agencies for
financial support.
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the sensitivity to the cross section used in the integration
described in the previous paragraph, plus the additional
uncertainty added by excluding some bins from the pro-
jection. The Monte Carlo production modified to repro-
duce the measured azimuthal distribution (described in
Sec. IVA) was used to evaluate the effect of the bins
excluded from the integration. The difference between
including or excluding these bins in the integration of the
simulated moments was added to the other systematic
contributions. Each systematic contribution was indepen-
dently projected onto the single variable before the
smoothing described in Sec. IVC. After the projection,
the systematic contributions were smoothed with a 1D
linear fit and then added in quadrature.

A. Results for charged pions

The cosine modulations for charged pions, projected in
the kinematic range A (Table III), are presented in this
section. All pion samples are projected only including bins
that provide a measurement in every data sample, which
restricts the integration to those bins with a measurement in
the statistically poorest data sample, i.e., the sample for
negative pions produced from the deuterium target.

1. Pion cos2! amplitudes

Figure 4 shows the cos2! amplitudes 2hcos2!iUU for
pions extracted from hydrogen and deuterium data, pro-
jected versus x, y, z, and Ph?. Different magnitudes and
opposite signs of the amplitudes are observed for oppo-
sitely charged pions. In particular, positive cos2! ampli-
tudes are extracted for negative pions, while for positive

pions the moments are compatible with zero, but tend to be
negative in some kinematic regions. The amplitudes for
positive and negative pions also exhibit different kinematic
dependences. This is particularly evident in their depen-
dence on z: in the integrated kinematic region presented
here, the magnitudes for positive pions have no clear kine-
matic dependence, while they rise with z for negative
pions. The amplitudes increase in magnitude with Ph?
for both "þ and "", but with opposite signs.
Up to a kinematic suppression of ð1=QÞ, the cos2!

amplitudes only contain a single, unsuppressed term, the
Boer-Mulders-Collins effect, i.e., the convolution of
the Boer-Mulders distribution function h?1 ðx; p2

TÞ and the
Collins fragmentation function H?

1 ðz; k2TÞ discussed in
Sec. I. For a hydrogen target, scattering off up quarks is
expected to dominate the reaction (u dominance), both
because the proton consists of more up quarks than
down quarks, and because the elementary lepton-quark
cross section is proportional to the squared quark electric
charge (e2q), which gives an additional factor of 4 for up
quarks compared to down quarks. The Collins function was
recently found to have a similar magnitude but opposite
sign for fragmentation of up quarks into positive ( favored
fragmentation) and negative pions (disfavored fragmenta-
tion) [65–69]. This would result in different signs for pions
of opposite charge, which is in agreement with the data.
The similarity between hydrogen and deuterium results

seems to indicate that the Boer-Mulders distribution func-
tion has the same sign for up and down quarks, as shown in
Ref. [70] and in Ref. [71], and anticipated in Refs. [72,73].
Although they are similar, for positive pions the deuterium
results seem to be systematically closer to zero with respect
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quadrature of statistical and systematic uncertainties. Points have been slightly shifted horizontally for visibility.
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the sensitivity to the cross section used in the integration
described in the previous paragraph, plus the additional
uncertainty added by excluding some bins from the pro-
jection. The Monte Carlo production modified to repro-
duce the measured azimuthal distribution (described in
Sec. IVA) was used to evaluate the effect of the bins
excluded from the integration. The difference between
including or excluding these bins in the integration of the
simulated moments was added to the other systematic
contributions. Each systematic contribution was indepen-
dently projected onto the single variable before the
smoothing described in Sec. IVC. After the projection,
the systematic contributions were smoothed with a 1D
linear fit and then added in quadrature.

A. Results for charged pions

The cosine modulations for charged pions, projected in
the kinematic range A (Table III), are presented in this
section. All pion samples are projected only including bins
that provide a measurement in every data sample, which
restricts the integration to those bins with a measurement in
the statistically poorest data sample, i.e., the sample for
negative pions produced from the deuterium target.

1. Pion cos2! amplitudes

Figure 4 shows the cos2! amplitudes 2hcos2!iUU for
pions extracted from hydrogen and deuterium data, pro-
jected versus x, y, z, and Ph?. Different magnitudes and
opposite signs of the amplitudes are observed for oppo-
sitely charged pions. In particular, positive cos2! ampli-
tudes are extracted for negative pions, while for positive

pions the moments are compatible with zero, but tend to be
negative in some kinematic regions. The amplitudes for
positive and negative pions also exhibit different kinematic
dependences. This is particularly evident in their depen-
dence on z: in the integrated kinematic region presented
here, the magnitudes for positive pions have no clear kine-
matic dependence, while they rise with z for negative
pions. The amplitudes increase in magnitude with Ph?
for both "þ and "", but with opposite signs.
Up to a kinematic suppression of ð1=QÞ, the cos2!

amplitudes only contain a single, unsuppressed term, the
Boer-Mulders-Collins effect, i.e., the convolution of
the Boer-Mulders distribution function h?1 ðx; p2

TÞ and the
Collins fragmentation function H?

1 ðz; k2TÞ discussed in
Sec. I. For a hydrogen target, scattering off up quarks is
expected to dominate the reaction (u dominance), both
because the proton consists of more up quarks than
down quarks, and because the elementary lepton-quark
cross section is proportional to the squared quark electric
charge (e2q), which gives an additional factor of 4 for up
quarks compared to down quarks. The Collins function was
recently found to have a similar magnitude but opposite
sign for fragmentation of up quarks into positive ( favored
fragmentation) and negative pions (disfavored fragmenta-
tion) [65–69]. This would result in different signs for pions
of opposite charge, which is in agreement with the data.
The similarity between hydrogen and deuterium results

seems to indicate that the Boer-Mulders distribution func-
tion has the same sign for up and down quarks, as shown in
Ref. [70] and in Ref. [71], and anticipated in Refs. [72,73].
Although they are similar, for positive pions the deuterium
results seem to be systematically closer to zero with respect
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quadrature of statistical and systematic uncertainties. Points have been slightly shifted horizontally for visibility.
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the sensitivity to the cross section used in the integration
described in the previous paragraph, plus the additional
uncertainty added by excluding some bins from the pro-
jection. The Monte Carlo production modified to repro-
duce the measured azimuthal distribution (described in
Sec. IVA) was used to evaluate the effect of the bins
excluded from the integration. The difference between
including or excluding these bins in the integration of the
simulated moments was added to the other systematic
contributions. Each systematic contribution was indepen-
dently projected onto the single variable before the
smoothing described in Sec. IVC. After the projection,
the systematic contributions were smoothed with a 1D
linear fit and then added in quadrature.

A. Results for charged pions

The cosine modulations for charged pions, projected in
the kinematic range A (Table III), are presented in this
section. All pion samples are projected only including bins
that provide a measurement in every data sample, which
restricts the integration to those bins with a measurement in
the statistically poorest data sample, i.e., the sample for
negative pions produced from the deuterium target.

1. Pion cos2! amplitudes

Figure 4 shows the cos2! amplitudes 2hcos2!iUU for
pions extracted from hydrogen and deuterium data, pro-
jected versus x, y, z, and Ph?. Different magnitudes and
opposite signs of the amplitudes are observed for oppo-
sitely charged pions. In particular, positive cos2! ampli-
tudes are extracted for negative pions, while for positive

pions the moments are compatible with zero, but tend to be
negative in some kinematic regions. The amplitudes for
positive and negative pions also exhibit different kinematic
dependences. This is particularly evident in their depen-
dence on z: in the integrated kinematic region presented
here, the magnitudes for positive pions have no clear kine-
matic dependence, while they rise with z for negative
pions. The amplitudes increase in magnitude with Ph?
for both "þ and "", but with opposite signs.
Up to a kinematic suppression of ð1=QÞ, the cos2!

amplitudes only contain a single, unsuppressed term, the
Boer-Mulders-Collins effect, i.e., the convolution of
the Boer-Mulders distribution function h?1 ðx; p2

TÞ and the
Collins fragmentation function H?

1 ðz; k2TÞ discussed in
Sec. I. For a hydrogen target, scattering off up quarks is
expected to dominate the reaction (u dominance), both
because the proton consists of more up quarks than
down quarks, and because the elementary lepton-quark
cross section is proportional to the squared quark electric
charge (e2q), which gives an additional factor of 4 for up
quarks compared to down quarks. The Collins function was
recently found to have a similar magnitude but opposite
sign for fragmentation of up quarks into positive ( favored
fragmentation) and negative pions (disfavored fragmenta-
tion) [65–69]. This would result in different signs for pions
of opposite charge, which is in agreement with the data.
The similarity between hydrogen and deuterium results

seems to indicate that the Boer-Mulders distribution func-
tion has the same sign for up and down quarks, as shown in
Ref. [70] and in Ref. [71], and anticipated in Refs. [72,73].
Although they are similar, for positive pions the deuterium
results seem to be systematically closer to zero with respect
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quadrature of statistical and systematic uncertainties. Points have been slightly shifted horizontally for visibility.
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the sensitivity to the cross section used in the integration
described in the previous paragraph, plus the additional
uncertainty added by excluding some bins from the pro-
jection. The Monte Carlo production modified to repro-
duce the measured azimuthal distribution (described in
Sec. IVA) was used to evaluate the effect of the bins
excluded from the integration. The difference between
including or excluding these bins in the integration of the
simulated moments was added to the other systematic
contributions. Each systematic contribution was indepen-
dently projected onto the single variable before the
smoothing described in Sec. IVC. After the projection,
the systematic contributions were smoothed with a 1D
linear fit and then added in quadrature.

A. Results for charged pions

The cosine modulations for charged pions, projected in
the kinematic range A (Table III), are presented in this
section. All pion samples are projected only including bins
that provide a measurement in every data sample, which
restricts the integration to those bins with a measurement in
the statistically poorest data sample, i.e., the sample for
negative pions produced from the deuterium target.

1. Pion cos2! amplitudes

Figure 4 shows the cos2! amplitudes 2hcos2!iUU for
pions extracted from hydrogen and deuterium data, pro-
jected versus x, y, z, and Ph?. Different magnitudes and
opposite signs of the amplitudes are observed for oppo-
sitely charged pions. In particular, positive cos2! ampli-
tudes are extracted for negative pions, while for positive

pions the moments are compatible with zero, but tend to be
negative in some kinematic regions. The amplitudes for
positive and negative pions also exhibit different kinematic
dependences. This is particularly evident in their depen-
dence on z: in the integrated kinematic region presented
here, the magnitudes for positive pions have no clear kine-
matic dependence, while they rise with z for negative
pions. The amplitudes increase in magnitude with Ph?
for both "þ and "", but with opposite signs.
Up to a kinematic suppression of ð1=QÞ, the cos2!

amplitudes only contain a single, unsuppressed term, the
Boer-Mulders-Collins effect, i.e., the convolution of
the Boer-Mulders distribution function h?1 ðx; p2

TÞ and the
Collins fragmentation function H?

1 ðz; k2TÞ discussed in
Sec. I. For a hydrogen target, scattering off up quarks is
expected to dominate the reaction (u dominance), both
because the proton consists of more up quarks than
down quarks, and because the elementary lepton-quark
cross section is proportional to the squared quark electric
charge (e2q), which gives an additional factor of 4 for up
quarks compared to down quarks. The Collins function was
recently found to have a similar magnitude but opposite
sign for fragmentation of up quarks into positive ( favored
fragmentation) and negative pions (disfavored fragmenta-
tion) [65–69]. This would result in different signs for pions
of opposite charge, which is in agreement with the data.
The similarity between hydrogen and deuterium results

seems to indicate that the Boer-Mulders distribution func-
tion has the same sign for up and down quarks, as shown in
Ref. [70] and in Ref. [71], and anticipated in Refs. [72,73].
Although they are similar, for positive pions the deuterium
results seem to be systematically closer to zero with respect
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the sensitivity to the cross section used in the integration
described in the previous paragraph, plus the additional
uncertainty added by excluding some bins from the pro-
jection. The Monte Carlo production modified to repro-
duce the measured azimuthal distribution (described in
Sec. IVA) was used to evaluate the effect of the bins
excluded from the integration. The difference between
including or excluding these bins in the integration of the
simulated moments was added to the other systematic
contributions. Each systematic contribution was indepen-
dently projected onto the single variable before the
smoothing described in Sec. IVC. After the projection,
the systematic contributions were smoothed with a 1D
linear fit and then added in quadrature.

A. Results for charged pions

The cosine modulations for charged pions, projected in
the kinematic range A (Table III), are presented in this
section. All pion samples are projected only including bins
that provide a measurement in every data sample, which
restricts the integration to those bins with a measurement in
the statistically poorest data sample, i.e., the sample for
negative pions produced from the deuterium target.

1. Pion cos2! amplitudes

Figure 4 shows the cos2! amplitudes 2hcos2!iUU for
pions extracted from hydrogen and deuterium data, pro-
jected versus x, y, z, and Ph?. Different magnitudes and
opposite signs of the amplitudes are observed for oppo-
sitely charged pions. In particular, positive cos2! ampli-
tudes are extracted for negative pions, while for positive

pions the moments are compatible with zero, but tend to be
negative in some kinematic regions. The amplitudes for
positive and negative pions also exhibit different kinematic
dependences. This is particularly evident in their depen-
dence on z: in the integrated kinematic region presented
here, the magnitudes for positive pions have no clear kine-
matic dependence, while they rise with z for negative
pions. The amplitudes increase in magnitude with Ph?
for both "þ and "", but with opposite signs.
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amplitudes only contain a single, unsuppressed term, the
Boer-Mulders-Collins effect, i.e., the convolution of
the Boer-Mulders distribution function h?1 ðx; p2

TÞ and the
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1 ðz; k2TÞ discussed in
Sec. I. For a hydrogen target, scattering off up quarks is
expected to dominate the reaction (u dominance), both
because the proton consists of more up quarks than
down quarks, and because the elementary lepton-quark
cross section is proportional to the squared quark electric
charge (e2q), which gives an additional factor of 4 for up
quarks compared to down quarks. The Collins function was
recently found to have a similar magnitude but opposite
sign for fragmentation of up quarks into positive ( favored
fragmentation) and negative pions (disfavored fragmenta-
tion) [65–69]. This would result in different signs for pions
of opposite charge, which is in agreement with the data.
The similarity between hydrogen and deuterium results

seems to indicate that the Boer-Mulders distribution func-
tion has the same sign for up and down quarks, as shown in
Ref. [70] and in Ref. [71], and anticipated in Refs. [72,73].
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a complementary 3D picture of the nucleon
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physical point, while the extrapolation based on 1-loop ChPT tends to give an even larger
central value. Analogously to the case nucleon tensor GFF BT10 introduced in section 2.1.1, one
may define a tensor anomalous magnetic moment of the pion, κπ

T = Bπ
T10(t=0), for which a value

of κπ
T = 0.215(33) is obtained at the physical pion mass from the linear chiral extrapolation

in Fig. 108. Also based on a linear chiral extrapolation in m2
π, a value of mp = 0.756(95) GeV

was obtained for the corresponding p-pole mass at the physical point, with p = 1.6.

In the case of Bπ
T20(t=0), the result of the linear extrapolation (represented by the dark shaded

band), is Bπ
T20(0)/mπ = 0.277(71) GeV−1 at the physical pion mass and the infinite volume

limit. A value of mp = 1.130(265) GeV was found for the corresponding p-pole mass with
p = 1.6, obtained from a linear chiral extrapolation in m2

π to the physical pion mass. The fit
based on 1-loop ChPT, Eq. 159, shown by the light shaded band in Fig. 108, clearly gives a
much smaller value for Bπ

T20(t=0) at the physical point, nearly compatible with zero within
errors. We note again, however, that the results from a 1-loop ChPT fit at such large pion
masses cannot be regarded as reliable, and only provide an indication for uncertainties in the
chiral extrapolation. As we will explain in the following, the lattice results for the moments
of the pion vector and tensor GPDs may be used for a first study of the spin structure of the
pion.

It has been noted in [B+08h] that the xn−1-moments of the density of transversely polarized
quark with transverse spin s⊥ in a pion is given by

ρn(b⊥, s⊥) =
∫ 1

−1
dx xn−1ρ(x, b⊥, s⊥) =

1

2

(

Aπ
n0(b

2
⊥) −

si
⊥ϵij bj

⊥

mπ

∂

∂b2
⊥

Bπ
Tn0(b

2
⊥)

)

, (160)

where the GFFs Aπ
n0(b

2
⊥) and Bπ

Tn0(b
2
⊥) in impact parameter space are related to the momentum-

space GFFs Aπ
n0(t) and Bπ

Tn0(t) by a Fourier-transformation as in Eq. (64). A numerical evalu-
ation of the density ρn(b⊥, s⊥) using the lattice results requires representations of the GFFs as
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physical point, while the extrapolation based on 1-loop ChPT tends to give an even larger
central value. Analogously to the case nucleon tensor GFF BT10 introduced in section 2.1.1, one
may define a tensor anomalous magnetic moment of the pion, κπ

T = Bπ
T10(t=0), for which a value

of κπ
T = 0.215(33) is obtained at the physical pion mass from the linear chiral extrapolation

in Fig. 108. Also based on a linear chiral extrapolation in m2
π, a value of mp = 0.756(95) GeV

was obtained for the corresponding p-pole mass at the physical point, with p = 1.6.

In the case of Bπ
T20(t=0), the result of the linear extrapolation (represented by the dark shaded

band), is Bπ
T20(0)/mπ = 0.277(71) GeV−1 at the physical pion mass and the infinite volume

limit. A value of mp = 1.130(265) GeV was found for the corresponding p-pole mass with
p = 1.6, obtained from a linear chiral extrapolation in m2

π to the physical pion mass. The fit
based on 1-loop ChPT, Eq. 159, shown by the light shaded band in Fig. 108, clearly gives a
much smaller value for Bπ

T20(t=0) at the physical point, nearly compatible with zero within
errors. We note again, however, that the results from a 1-loop ChPT fit at such large pion
masses cannot be regarded as reliable, and only provide an indication for uncertainties in the
chiral extrapolation. As we will explain in the following, the lattice results for the moments
of the pion vector and tensor GPDs may be used for a first study of the spin structure of the
pion.

It has been noted in [B+08h] that the xn−1-moments of the density of transversely polarized
quark with transverse spin s⊥ in a pion is given by
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physicalpoint,whiletheextrapolationbasedon1-loopChPTtendstogiveanevenlarger
centralvalue.AnalogouslytothecasenucleontensorGFFBT10introducedinsection2.1.1,one
maydefineatensoranomalousmagneticmomentofthepion,κ

π
T=B

π
T10(t=0),forwhichavalue

ofκ
π
T=0.215(33)isobtainedatthephysicalpionmassfromthelinearchiralextrapolation

inFig.108.Alsobasedonalinearchiralextrapolationinm
2
π,avalueofmp=0.756(95)GeV

wasobtainedforthecorrespondingp-polemassatthephysicalpoint,withp=1.6.

InthecaseofB
π
T20(t=0),theresultofthelinearextrapolation(representedbythedarkshaded

band),isB
π
T20(0)/mπ=0.277(71)GeV

−1
atthephysicalpionmassandtheinfinitevolume

limit.Avalueofmp=1.130(265)GeVwasfoundforthecorrespondingp-polemasswith
p=1.6,obtainedfromalinearchiralextrapolationinm

2
πtothephysicalpionmass.Thefit

basedon1-loopChPT,Eq.159,shownbythelightshadedbandinFig.108,clearlygivesa
muchsmallervalueforB

π
T20(t=0)atthephysicalpoint,nearlycompatiblewithzerowithin

errors.Wenoteagain,however,thattheresultsfroma1-loopChPTfitatsuchlargepion
massescannotberegardedasreliable,andonlyprovideanindicationforuncertaintiesinthe
chiralextrapolation.Aswewillexplaininthefollowing,thelatticeresultsforthemoments
ofthepionvectorandtensorGPDsmaybeusedforafirststudyofthespinstructureofthe
pion.
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Tn0(t)byaFourier-transformationasinEq.(64).Anumericalevalu-

ationofthedensityρ
n
(b⊥,s⊥)usingthelatticeresultsrequiresrepresentationsoftheGFFsas
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form factors: 
transverse distribution
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is the probability density of quarks carrying a momentum fraction x at distance b⊥ to the center
of momentum of the parent hadron h, as illustrated in Fig. 1. Probability density interpreta-
tions, as for the PDFs discussed above, also hold for, e.g., the polarized and tensor/transversity
nucleon GPDs, H̃(x, 0, t) and HT (x, 0, t), respectively. An interpretation of the nucleon GPD
E(x, 0, t) in the framework of impact parameter densities has already been given in [Bur02], and
a comprehensive physical interpretation of the GPDs in impact parameter space can be given
based on probability densities of (longitudinally or transversely) polarized quarks in a (lon-
gitudinally or transversely) polarized nucleon [DH05]. To give an example, the corresponding
density for transverse polarization is given by

ρ(x, b⊥, s⊥, S⊥) = ⟨N⊥|
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}

,

(65)

where the nucleon states are |N⊥⟩ = |P+, R⊥ = 0, S⊥⟩, and f ′(b2
⊥) = ∂b2

⊥
f(b2

⊥). The interpreta-

tion of the different GPDs becomes now very clear: While H(x, b2
⊥) is the spherically symmetric

charge distribution, the GPD E(x, b2
⊥) is responsible for dipole-like distortions ∝ S× b of the

charge density. Similarly, the tensor GPD ET accounts for dipole-distortions of the form s×b

for transversely polarized quarks.

Finally, the tensor GPDs HT and H̃T contribute to the monopole structure ∝ S · s, and to
the quadrupole distortion given by the last term in Eq. (65). Similar expressions hold for
longitudinal polarizations [DH05], as well as for transversely polarized quarks in the pion
[B+08h].

In particular with respect to lattice QCD calculations it is interesting to study x-moments of
the density in Eq. (65). The first moment, n = 1, is then entirely given in terms of nucleon
vector, F1,2, and tensor form factors (Fourier transformed to impact parameter space) and
corresponds to the x-integrated density of quarks minus the density of anti-quarks, according
to Eqs. (54),(56). All n-even moments are given by the sum of quark and anti-quark densities
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parton distributions: 
longitudinal momentum

 of partons
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Fig. 1. Illustration of a quark distribution in impact parameter space.

is the probability density of quarks carrying a momentum fraction x at distance b⊥ to the center
of momentum of the parent hadron h, as illustrated in Fig. 1. Probability density interpreta-
tions, as for the PDFs discussed above, also hold for, e.g., the polarized and tensor/transversity
nucleon GPDs, H̃(x, 0, t) and HT (x, 0, t), respectively. An interpretation of the nucleon GPD
E(x, 0, t) in the framework of impact parameter densities has already been given in [Bur02], and
a comprehensive physical interpretation of the GPDs in impact parameter space can be given
based on probability densities of (longitudinally or transversely) polarized quarks in a (lon-
gitudinally or transversely) polarized nucleon [DH05]. To give an example, the corresponding
density for transverse polarization is given by

ρ(x, b⊥, s⊥, S⊥) = ⟨N⊥|
∞∫
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(65)

where the nucleon states are |N⊥⟩ = |P+, R⊥ = 0, S⊥⟩, and f ′(b2
⊥) = ∂b2

⊥
f(b2

⊥). The interpreta-

tion of the different GPDs becomes now very clear: While H(x, b2
⊥) is the spherically symmetric

charge distribution, the GPD E(x, b2
⊥) is responsible for dipole-like distortions ∝ S× b of the

charge density. Similarly, the tensor GPD ET accounts for dipole-distortions of the form s×b

for transversely polarized quarks.

Finally, the tensor GPDs HT and H̃T contribute to the monopole structure ∝ S · s, and to
the quadrupole distortion given by the last term in Eq. (65). Similar expressions hold for
longitudinal polarizations [DH05], as well as for transversely polarized quarks in the pion
[B+08h].

In particular with respect to lattice QCD calculations it is interesting to study x-moments of
the density in Eq. (65). The first moment, n = 1, is then entirely given in terms of nucleon
vector, F1,2, and tensor form factors (Fourier transformed to impact parameter space) and
corresponds to the x-integrated density of quarks minus the density of anti-quarks, according
to Eqs. (54),(56). All n-even moments are given by the sum of quark and anti-quark densities
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Fig. 1. Illustration of a quark distribution in impact parameter space.

is the probability density of quarks carrying a momentum fraction x at distance b⊥ to the center
of momentum of the parent hadron h, as illustrated in Fig. 1. Probability density interpreta-
tions, as for the PDFs discussed above, also hold for, e.g., the polarized and tensor/transversity
nucleon GPDs, H̃(x, 0, t) and HT (x, 0, t), respectively. An interpretation of the nucleon GPD
E(x, 0, t) in the framework of impact parameter densities has already been given in [Bur02], and
a comprehensive physical interpretation of the GPDs in impact parameter space can be given
based on probability densities of (longitudinally or transversely) polarized quarks in a (lon-
gitudinally or transversely) polarized nucleon [DH05]. To give an example, the corresponding
density for transverse polarization is given by

ρ(x, b⊥, s⊥, S⊥) = ⟨N⊥|
∞∫

−∞
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eiηxq
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(65)

where the nucleon states are |N⊥⟩ = |P+, R⊥ = 0, S⊥⟩, and f ′(b2
⊥) = ∂b2

⊥
f(b2

⊥). The interpreta-

tion of the different GPDs becomes now very clear: While H(x, b2
⊥) is the spherically symmetric

charge distribution, the GPD E(x, b2
⊥) is responsible for dipole-like distortions ∝ S× b of the

charge density. Similarly, the tensor GPD ET accounts for dipole-distortions of the form s×b

for transversely polarized quarks.

Finally, the tensor GPDs HT and H̃T contribute to the monopole structure ∝ S · s, and to
the quadrupole distortion given by the last term in Eq. (65). Similar expressions hold for
longitudinal polarizations [DH05], as well as for transversely polarized quarks in the pion
[B+08h].

In particular with respect to lattice QCD calculations it is interesting to study x-moments of
the density in Eq. (65). The first moment, n = 1, is then entirely given in terms of nucleon
vector, F1,2, and tensor form factors (Fourier transformed to impact parameter space) and
corresponds to the x-integrated density of quarks minus the density of anti-quarks, according
to Eqs. (54),(56). All n-even moments are given by the sum of quark and anti-quark densities
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is the probability density of quarks carrying a momentum fraction x at distance b⊥ to the center
of momentum of the parent hadron h, as illustrated in Fig. 1. Probability density interpreta-
tions, as for the PDFs discussed above, also hold for, e.g., the polarized and tensor/transversity
nucleon GPDs, H̃(x, 0, t) and HT (x, 0, t), respectively. An interpretation of the nucleon GPD
E(x, 0, t) in the framework of impact parameter densities has already been given in [Bur02], and
a comprehensive physical interpretation of the GPDs in impact parameter space can be given
based on probability densities of (longitudinally or transversely) polarized quarks in a (lon-
gitudinally or transversely) polarized nucleon [DH05]. To give an example, the corresponding
density for transverse polarization is given by

ρ(x, b⊥, s⊥, S⊥) = ⟨N⊥|
∞∫
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(65)

where the nucleon states are |N⊥⟩ = |P+, R⊥ = 0, S⊥⟩, and f ′(b2
⊥) = ∂b2

⊥
f(b2

⊥). The interpreta-

tion of the different GPDs becomes now very clear: While H(x, b2
⊥) is the spherically symmetric

charge distribution, the GPD E(x, b2
⊥) is responsible for dipole-like distortions ∝ S× b of the

charge density. Similarly, the tensor GPD ET accounts for dipole-distortions of the form s×b

for transversely polarized quarks.

Finally, the tensor GPDs HT and H̃T contribute to the monopole structure ∝ S · s, and to
the quadrupole distortion given by the last term in Eq. (65). Similar expressions hold for
longitudinal polarizations [DH05], as well as for transversely polarized quarks in the pion
[B+08h].

In particular with respect to lattice QCD calculations it is interesting to study x-moments of
the density in Eq. (65). The first moment, n = 1, is then entirely given in terms of nucleon
vector, F1,2, and tensor form factors (Fourier transformed to impact parameter space) and
corresponds to the x-integrated density of quarks minus the density of anti-quarks, according
to Eqs. (54),(56). All n-even moments are given by the sum of quark and anti-quark densities
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is the probability density of quarks carrying a momentum fraction x at distance b⊥ to the center
of momentum of the parent hadron h, as illustrated in Fig. 1. Probability density interpreta-
tions, as for the PDFs discussed above, also hold for, e.g., the polarized and tensor/transversity
nucleon GPDs, H̃(x, 0, t) and HT (x, 0, t), respectively. An interpretation of the nucleon GPD
E(x, 0, t) in the framework of impact parameter densities has already been given in [Bur02], and
a comprehensive physical interpretation of the GPDs in impact parameter space can be given
based on probability densities of (longitudinally or transversely) polarized quarks in a (lon-
gitudinally or transversely) polarized nucleon [DH05]. To give an example, the corresponding
density for transverse polarization is given by

ρ(x, b⊥, s⊥, S⊥) = ⟨N⊥|
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(65)

where the nucleon states are |N⊥⟩ = |P+, R⊥ = 0, S⊥⟩, and f ′(b2
⊥) = ∂b2

⊥
f(b2

⊥). The interpreta-

tion of the different GPDs becomes now very clear: While H(x, b2
⊥) is the spherically symmetric

charge distribution, the GPD E(x, b2
⊥) is responsible for dipole-like distortions ∝ S× b of the

charge density. Similarly, the tensor GPD ET accounts for dipole-distortions of the form s×b

for transversely polarized quarks.

Finally, the tensor GPDs HT and H̃T contribute to the monopole structure ∝ S · s, and to
the quadrupole distortion given by the last term in Eq. (65). Similar expressions hold for
longitudinal polarizations [DH05], as well as for transversely polarized quarks in the pion
[B+08h].

In particular with respect to lattice QCD calculations it is interesting to study x-moments of
the density in Eq. (65). The first moment, n = 1, is then entirely given in terms of nucleon
vector, F1,2, and tensor form factors (Fourier transformed to impact parameter space) and
corresponds to the x-integrated density of quarks minus the density of anti-quarks, according
to Eqs. (54),(56). All n-even moments are given by the sum of quark and anti-quark densities
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is the probability density of quarks carrying a momentum fraction x at distance b⊥ to the center
of momentum of the parent hadron h, as illustrated in Fig. 1. Probability density interpreta-
tions, as for the PDFs discussed above, also hold for, e.g., the polarized and tensor/transversity
nucleon GPDs, H̃(x, 0, t) and HT (x, 0, t), respectively. An interpretation of the nucleon GPD
E(x, 0, t) in the framework of impact parameter densities has already been given in [Bur02], and
a comprehensive physical interpretation of the GPDs in impact parameter space can be given
based on probability densities of (longitudinally or transversely) polarized quarks in a (lon-
gitudinally or transversely) polarized nucleon [DH05]. To give an example, the corresponding
density for transverse polarization is given by

ρ(x, b⊥, s⊥, S⊥) = ⟨N⊥|
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(65)

where the nucleon states are |N⊥⟩ = |P+, R⊥ = 0, S⊥⟩, and f ′(b2
⊥) = ∂b2

⊥
f(b2

⊥). The interpreta-

tion of the different GPDs becomes now very clear: While H(x, b2
⊥) is the spherically symmetric

charge distribution, the GPD E(x, b2
⊥) is responsible for dipole-like distortions ∝ S× b of the

charge density. Similarly, the tensor GPD ET accounts for dipole-distortions of the form s×b

for transversely polarized quarks.

Finally, the tensor GPDs HT and H̃T contribute to the monopole structure ∝ S · s, and to
the quadrupole distortion given by the last term in Eq. (65). Similar expressions hold for
longitudinal polarizations [DH05], as well as for transversely polarized quarks in the pion
[B+08h].

In particular with respect to lattice QCD calculations it is interesting to study x-moments of
the density in Eq. (65). The first moment, n = 1, is then entirely given in terms of nucleon
vector, F1,2, and tensor form factors (Fourier transformed to impact parameter space) and
corresponds to the x-integrated density of quarks minus the density of anti-quarks, according
to Eqs. (54),(56). All n-even moments are given by the sum of quark and anti-quark densities
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Ji relation (1996)

➜Moment of GPD H and E relate directly 
to the total angular momentum of quarks

Jq =
1

2
lim
t⇥0

� 1

�1
dx x (Hq(x, �, t) + Eq(x, �, t))
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GPDs in exclusive reactions
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GPDs in exclusive reactions
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• beam polarization PB

• beam charge CB

• here: unpolarized target
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bilinear (“DVCS”) or linear in GPDs

Fourier expansion for φ:
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again a sine modulation ...

exploit HERA beam-helicity reversal for beam-spin asymmetry

Bethe Heitler has no beam-spin asymmetry -> DVCS!!!
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f. For angles larger than 70 mrad, the f acceptance is
restricted. The average f resolution in the selected ugg!

range is about 0.14 rad.
In Fig. 3, the azimuthal dependence of the measured

beam-spin asymmetry ALU is shown, which is defined as

ALU!f" !
1

#jPlj$
N1!f" 2 N2!f"
N1!f" 1 N2!f"

, (3)

where N1 and N2 represent the luminosity-normalized
yields of events with corresponding beam helicity states,
#jPlj$ is the average magnitude of the beam polarization,
and the subscripts L and U denote a longitudinally po-
larized beam and an unpolarized target. The data dis-
played in Fig. 3 were selected requiring a missing mass
between 21.5 and 11.7 GeV, i.e., 23s below and 11s
above Mx ! m, and represent 4015 events. An asymmet-
ric Mx range was chosen to minimize the influence of the
DIS-fragmentation background while optimizing the sta-
tistics. Both the proton and the D!1232" resonance are
included in the selected Mx range. However, the data
most likely originate from the exclusive final state with
one proton, since the scattering process is dominated by
the elastic contribution at kinematics relevant for the BH
process. This conclusion is supported experimentally by
Fig. 2, where the elastic BH Monte Carlo gives a good ac-
count of the photon spectrum at low Mx , and theoretically
in Ref. [16]. The comparison of the ALU data in Fig. 3 to
a simple sinf curve demonstrates that the data have the
f dependence expected from Eq. (2). The model calcu-
lation of Ref. [17] which is based on the SPD framework
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FIG. 3. Beam-spin asymmetry ALU for hard electroproduc-
tion of photons as a function of the azimuthal angle f. The
data correspond to the missing-mass region between 21.5 and
11.7 GeV. The dashed curve represents a sinf dependence
with an amplitude of 0.23, while the solid curve represents the
result of a model calculation taken from Ref. [17]. The horizon-
tal error bars represent the bin width, and the error band below
represents the systematic uncertainty.

and computed at the average kinematics of the present ex-
periment has also been displayed.

In order to be able to compare the f dependence of the
beam-spin asymmetry for various missing-mass bins, the
sinf weighted moments have been determined:

A
sinf6

LU !
2

N6

N6
X

i!1

sinfi

jPl ji
, (4)

where the superscript 6 refers to the helicity of the
positron beam. In Fig. 4 the extracted values of A

sinf6

LU
are plotted versus the missing mass Mx for the two helicity
states lbeam of the positron beam. The sign of the sinf
moment is opposite for the two beam helicities, in agree-
ment with the expectations for the helicity dependence of
the relevant DVCS-BH interference term. The beam-spin
averaged data are consistent with zero, which is in agree-
ment with the expectations for an unpolarized beam and
target. The beam-spin averaged data can be used to de-
termine an upper limit of a possible false asymmetry due
to instrumental effects which—averaged for Mx between
21.5 and 11.7 GeV— amounts to 20.03 6 0.04.

Since the data in Fig. 4 for the two beam helicity states
contain the same physics information, they are combined
when evaluating the beam-spin analyzing power A

sinf
LU :

A
sinf
LU !

2
N

N
X

i!1

sinfi

!Pl "i
, (5)

where N ! N1 1 N2. In contrast to Eq. (4), the sign
of the beam polarization is explicitly taken into account,
thus distinguishing the two helicity states. The results are
presented in Fig. 5 versus missing-mass. All bins in the
missing-mass region below Mx % 2.5 GeV show a similar
negative asymmetry, while A

sinf
LU is consistent with zero for
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FIG. 4. The sinf moment A
sinf6

LU as a function of the missing
mass for positive beam helicity (circles), negative beam helicity
(squares), and the averaged helicity (open triangles). A negative
value is assigned to Mx if M2

x , 0. The error bars are statistical
only. The systematic uncertainty is represented by the error band
at the bottom of the figure.
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f. For angles larger than 70 mrad, the f acceptance is
restricted. The average f resolution in the selected ugg!

range is about 0.14 rad.
In Fig. 3, the azimuthal dependence of the measured

beam-spin asymmetry ALU is shown, which is defined as
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, (3)

where N1 and N2 represent the luminosity-normalized
yields of events with corresponding beam helicity states,
#jPlj$ is the average magnitude of the beam polarization,
and the subscripts L and U denote a longitudinally po-
larized beam and an unpolarized target. The data dis-
played in Fig. 3 were selected requiring a missing mass
between 21.5 and 11.7 GeV, i.e., 23s below and 11s
above Mx ! m, and represent 4015 events. An asymmet-
ric Mx range was chosen to minimize the influence of the
DIS-fragmentation background while optimizing the sta-
tistics. Both the proton and the D!1232" resonance are
included in the selected Mx range. However, the data
most likely originate from the exclusive final state with
one proton, since the scattering process is dominated by
the elastic contribution at kinematics relevant for the BH
process. This conclusion is supported experimentally by
Fig. 2, where the elastic BH Monte Carlo gives a good ac-
count of the photon spectrum at low Mx , and theoretically
in Ref. [16]. The comparison of the ALU data in Fig. 3 to
a simple sinf curve demonstrates that the data have the
f dependence expected from Eq. (2). The model calcu-
lation of Ref. [17] which is based on the SPD framework
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FIG. 3. Beam-spin asymmetry ALU for hard electroproduc-
tion of photons as a function of the azimuthal angle f. The
data correspond to the missing-mass region between 21.5 and
11.7 GeV. The dashed curve represents a sinf dependence
with an amplitude of 0.23, while the solid curve represents the
result of a model calculation taken from Ref. [17]. The horizon-
tal error bars represent the bin width, and the error band below
represents the systematic uncertainty.

and computed at the average kinematics of the present ex-
periment has also been displayed.

In order to be able to compare the f dependence of the
beam-spin asymmetry for various missing-mass bins, the
sinf weighted moments have been determined:
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where the superscript 6 refers to the helicity of the
positron beam. In Fig. 4 the extracted values of A

sinf6

LU
are plotted versus the missing mass Mx for the two helicity
states lbeam of the positron beam. The sign of the sinf
moment is opposite for the two beam helicities, in agree-
ment with the expectations for the helicity dependence of
the relevant DVCS-BH interference term. The beam-spin
averaged data are consistent with zero, which is in agree-
ment with the expectations for an unpolarized beam and
target. The beam-spin averaged data can be used to de-
termine an upper limit of a possible false asymmetry due
to instrumental effects which—averaged for Mx between
21.5 and 11.7 GeV— amounts to 20.03 6 0.04.

Since the data in Fig. 4 for the two beam helicity states
contain the same physics information, they are combined
when evaluating the beam-spin analyzing power A

sinf
LU :
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where N ! N1 1 N2. In contrast to Eq. (4), the sign
of the beam polarization is explicitly taken into account,
thus distinguishing the two helicity states. The results are
presented in Fig. 5 versus missing-mass. All bins in the
missing-mass region below Mx % 2.5 GeV show a similar
negative asymmetry, while A

sinf
LU is consistent with zero for

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

-1 0 1 2 3 4 5 6 7

λBeam = +1
λBeam = -1
Average

Mx (GeV)

A
LUsi

n 
  φ±

e
→+p → e+γ X

FIG. 4. The sinf moment A
sinf6

LU as a function of the missing
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value is assigned to Mx if M2
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again a sine modulation ...

exploit HERA beam-helicity reversal for beam-spin asymmetry

Bethe Heitler has no beam-spin asymmetry -> DVCS!!!
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The Race for PRL

ALU(φ) = 1
<|Pb|>

−→
N (φ)−

←−
N (φ)

−→
N (φ)+

←−
N (φ)

The “word” crossed the Atlantic, the race against CLAS is started
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f. For angles larger than 70 mrad, the f acceptance is
restricted. The average f resolution in the selected ugg!

range is about 0.14 rad.
In Fig. 3, the azimuthal dependence of the measured

beam-spin asymmetry ALU is shown, which is defined as

ALU!f" !
1

#jPlj$
N1!f" 2 N2!f"
N1!f" 1 N2!f"

, (3)

where N1 and N2 represent the luminosity-normalized
yields of events with corresponding beam helicity states,
#jPlj$ is the average magnitude of the beam polarization,
and the subscripts L and U denote a longitudinally po-
larized beam and an unpolarized target. The data dis-
played in Fig. 3 were selected requiring a missing mass
between 21.5 and 11.7 GeV, i.e., 23s below and 11s
above Mx ! m, and represent 4015 events. An asymmet-
ric Mx range was chosen to minimize the influence of the
DIS-fragmentation background while optimizing the sta-
tistics. Both the proton and the D!1232" resonance are
included in the selected Mx range. However, the data
most likely originate from the exclusive final state with
one proton, since the scattering process is dominated by
the elastic contribution at kinematics relevant for the BH
process. This conclusion is supported experimentally by
Fig. 2, where the elastic BH Monte Carlo gives a good ac-
count of the photon spectrum at low Mx , and theoretically
in Ref. [16]. The comparison of the ALU data in Fig. 3 to
a simple sinf curve demonstrates that the data have the
f dependence expected from Eq. (2). The model calcu-
lation of Ref. [17] which is based on the SPD framework
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FIG. 3. Beam-spin asymmetry ALU for hard electroproduc-
tion of photons as a function of the azimuthal angle f. The
data correspond to the missing-mass region between 21.5 and
11.7 GeV. The dashed curve represents a sinf dependence
with an amplitude of 0.23, while the solid curve represents the
result of a model calculation taken from Ref. [17]. The horizon-
tal error bars represent the bin width, and the error band below
represents the systematic uncertainty.

and computed at the average kinematics of the present ex-
periment has also been displayed.

In order to be able to compare the f dependence of the
beam-spin asymmetry for various missing-mass bins, the
sinf weighted moments have been determined:

A
sinf6

LU !
2

N6

N6
X

i!1

sinfi

jPl ji
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where the superscript 6 refers to the helicity of the
positron beam. In Fig. 4 the extracted values of A

sinf6

LU
are plotted versus the missing mass Mx for the two helicity
states lbeam of the positron beam. The sign of the sinf
moment is opposite for the two beam helicities, in agree-
ment with the expectations for the helicity dependence of
the relevant DVCS-BH interference term. The beam-spin
averaged data are consistent with zero, which is in agree-
ment with the expectations for an unpolarized beam and
target. The beam-spin averaged data can be used to de-
termine an upper limit of a possible false asymmetry due
to instrumental effects which—averaged for Mx between
21.5 and 11.7 GeV— amounts to 20.03 6 0.04.

Since the data in Fig. 4 for the two beam helicity states
contain the same physics information, they are combined
when evaluating the beam-spin analyzing power A

sinf
LU :
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, (5)

where N ! N1 1 N2. In contrast to Eq. (4), the sign
of the beam polarization is explicitly taken into account,
thus distinguishing the two helicity states. The results are
presented in Fig. 5 versus missing-mass. All bins in the
missing-mass region below Mx % 2.5 GeV show a similar
negative asymmetry, while A

sinf
LU is consistent with zero for
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FIG. 4. The sinf moment A
sinf6

LU as a function of the missing
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value is assigned to Mx if M2
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only. The systematic uncertainty is represented by the error band
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… beam-charge asymmetry … 

unique to HERA: 

sensitive to the real part of the Compton form factor 
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d�(e+) � d�(e�)

d�(e+) + d�(e�)
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As the recoiling proton remains undetected, t is inferred
from the measurement of the other final-state particles. For
elastic events, kinematics relate the energy with the direc-
tion of the real photon, opening the possibility to omit the
real-photon energy, which is the quantity subject to larger
uncertainty. Thus the value of t in the exclusive region is
calculated as

 t ! "Q
2 " 2!#!"

!!!!!!!!!!!!!!!!!!
!2 $Q2

p
cos"#%#&

1$ 1
Mp
#!"

!!!!!!!!!!!!!!!!!!
!2 $Q2

p
cos"#%#&

: (5)

The error caused by applying this expression to inelastic
events ( ' 17% in the exclusive region) is accounted for in
the MC simulation that is used to calculate the fractional
contribution of background processes per kinematic bin in
"t (see Ref. [17] for details).

Figure 4 shows the cos$ amplitude derived from the
four-parameter fit in each of four bins in "t. In each bin,
this result is corrected for the semi-inclusive background,
which is treated as a dilution since the background asym-
metry can only be nonzero at next-to-leading order in
QED. The total background contribution is about 6% as
derived from the MC simulation, wherein the elastic and
associated BH contributions are scaled down by the 20%
described above. The resulting cos$ amplitudes are ex-
pected to originate from only elastic and associated pro-
duction. The associated BH processes contribute about 5%,
11%, 18%, and 29% to the yields in the four "t bins, or
11% in the full t-range, with an estimated fractional un-
certainty of 10%. The dominant contribution to the total
systematic uncertainty of the cos$ amplitudes stems from
effects due to possible deviations of the detector and/or the
beam from their nominal positions. These effects can be as

large as 0.02 per bin. Based on the models in Ref. [20],
acceptance and smearing effects can contribute up to 20%
of the cos$ amplitude, and thus dominate the systematic
uncertainty in the last"t bin. The other sources of system-
atic uncertainties are due to a possible difference in the
calorimeter calibration between the two data sets, the un-
certainties from the semi-inclusive background correction
described above, and the dilution of the asymmetry due to
exclusively produced %0 mesons misidentified as photons.
These contributions are combined quadratically in the total
systematic uncertainty per bin in"t, given in Table I.1 Not
included is any contribution due to additional QED verti-
ces, as the most significant of these has been estimated to
be negligible, at least in the case of polarization asymme-
tries [26].

The theoretical calculations for the ep! ep# process
shown in Fig. 4 employ GPD models developed in
Refs. [24,27], which are based on the widely used frame-
work of double distributions [28]. The model parameters of
interest are those that change the GPD H since the impact
of the GPDs ~H and E is suppressed at small values of xB
and "t, respectively (cf. Eq. (3)). The code of Ref. [29]
was used to calculate the values for the cos$ amplitude of
the beam-charge asymmetry at the average kinematics (see
Table I) of every"t bin and not at the kinematics of every
event since it is too computationally intensive. The differ-
ence between these two approaches is strongly model
dependent: Tests [30] show differences of up to 20% using
the models in Ref. [20], which are equivalent to the fac-

TABLE I. The cos$ amplitude of the beam-charge asymmetry
per kinematic bin in "t after background correction and the
respective average kinematic values.

"t bin (GeV2) h"ti (GeV2) hxBi hQ2i (GeV2) Acos$
C ( stat:( sys:

<0:06 0.03 0.08 2.0 0:024( 0:043( 0:022
0.06–0.14 0.09 0.10 2.6 0:020( 0:054( 0:022
0.14–0.30 0.20 0.11 3.0 0:071( 0:066( 0:028
0.30–0.70 0.42 0.12 3.7 0:377( 0:110( 0:081

<0:70 0.12 0.10 2.5 0:063( 0:029( 0:028
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FIG. 3. The cos$ amplitude of the beam-charge asymmetry as
a function of the missing mass, before background correction.
Statistical uncertainties are shown.
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FIG. 4. The cos$ amplitude of the beam-charge asymmetry as
a function of "t for the exclusive region (" 1:5 GeV<MX <
1:7 GeV), after background correction. The error bars (band)
represent(s) the statistical (systematic) uncertainties. The calcu-
lations based on GPD models [24,27] use either a factorized
t-dependence with (dashed-dotted line) or without (dotted line)
the D-term contribution, or a Regge-inspired t-dependence with
(dashed line) or without (solid line) the D-term contribution.

1Note that a preliminary result of this analysis [16] with a
t-averaged value of 0:11( 0:04#stat:& ( 0:03#sys:& was derived
at a much larger mean "t value (h"ti ! 0:27 GeV2) due to
different requirements on "#%#, as described above. It thus
cannot be compared to the t-averaged result given in Table I
but approximately to the result in the third "t bin.

A. AIRAPETIAN et al. PHYSICAL REVIEW D 75, 011103(R) (2007)
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… a wealth of azimuthal amplitudes

57

 Beam-charge asymmetry: 
      GPD H

 Beam-helicity asymmetry: 
    GPD H

 Transverse target spin asymmetries: 
      GPD E from proton target

 Longitudinal target spin asymmetry: 
      GPD H 
 Double-spin asymmetry: 
    GPD H 

~ 

~ 
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HERMES detector (2006/07)
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good agreement with models

DVCS with recoil detector

60
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indication of larger amplitudes for 
pure sample

(-> assoc. DVCS in “traditional” analysis 
mainly dilution, supported by HERMES 

[JHEP 01 (2014) 077])

DVCS at HERMES

61

recoil detector: 
basically no contamination 
-> clean interpretation

Amplitude Value
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GPDs - a nice success story!

62

Goloskokov, Kroll (2007)  

exclusive meson production
modified perturbative approach -Goloskokov, Kroll (2006)-

A ∝ F (x, ξ, t; µ2) ⊗ K(x, ξ, z; log(Q2/µ2) ⊗ Φ(z, k⊥; µ2)

t

−2ξ

x + ξ x − ξ

at leading-twist: H, E, eH, eE
H and eH conserve the nucleon helicity

E and eE describe the nucleon helicity flip

quantum numbers of final state selects different GPDs

vector mesons (γ∗
L → ρL, ωL, φL): H, E

pseudoscalar mesons (γ∗
L → π, η): eH, eE

factorization for σL (and ρL, ωL, φL ) only

σL − σT suppressed by 1/Q

σT suppressed by 1/Q2

power corrections: k⊥ is not neglected

regulate the singularity in the transverse

amplitude

γ∗
T → ρ0

T transitions can be calculated

(model dependent)

-Ami Rostomyan- – p. 2

H,E, H̃, Ẽ, . . .
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GPDs - a nice success story!
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modified perturbative approach -Goloskokov, Kroll (2006)-

A ∝ F (x, ξ, t; µ2) ⊗ K(x, ξ, z; log(Q2/µ2) ⊗ Φ(z, k⊥; µ2)

t
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at leading-twist: H, E, eH, eE
H and eH conserve the nucleon helicity

E and eE describe the nucleon helicity flip

quantum numbers of final state selects different GPDs

vector mesons (γ∗
L → ρL, ωL, φL): H, E

pseudoscalar mesons (γ∗
L → π, η): eH, eE

factorization for σL (and ρL, ωL, φL ) only

σL − σT suppressed by 1/Q

σT suppressed by 1/Q2

power corrections: k⊥ is not neglected

regulate the singularity in the transverse

amplitude

γ∗
T → ρ0

T transitions can be calculated

(model dependent)

-Ami Rostomyan- – p. 2

H,E, H̃, Ẽ, . . .

Our results for the beam spin asymmetry Asinφ
LU,I are shown in Fig. 4-left and compared to

the HERMES data [97]. The agreement between predictions and data is not as good in this
case, our results differ by about 40% (≃ 0.1 in absolute value) from experiment. Recently
the HERMES collaboration has published data on the sinφ harmonic of the beam spin
asymmetry using a recoil detector and a positron beam [98]. In this experiment all three
final state particles are detected and therefore the resonant background severely reduced.
In so far the recoil data are closer to the exclusive process lp → lpγ to which our theory
applies. The data were taken at about the same average values of xB and Q2. In order
to compare to recoil data, we computed A+

LU using Eq. (49) with ALU,I and AC from the
non-recoil data and ALU,DV CS = 0 (exact at twist 2 and in agreement with experimental
results from Ref. [97]). Then the sinφ coefficient is :

A+sinφ
LU ≃

Asinφ
LU,I

1 + Acos 0φ
C

(58)

On the right hand side of Fig. 4 we therefore show both A+sinφ
LU from the non-recoil and

the recoil data. We observe that the recoil data are significantly larger in absolute value,
yielding very good agreement with our predictions. Similar effects for other DVCS ob-
servables may occur but with the exception of the beam spin asymmetry, there are no
measurements with the recoil detector available. The effect of the resonant background in
other observables is unknown. Note that Asinφ

LU vanishes for forward scattering, t = tmin.
The trend towards zero is however only visible for t of order tmin = −4m2ξ2/(1− ξ2) which
is very small, about −0.02 GeV2 for HERMES kinematics.

Figure 4: Left plot: Asinφ
LU,I as a function of −t measured by the HERMES collaboration

[97]–Tab. 5. Right plot: A+,sinφ
LU versus −t obtained from the non-recoil data on Asinφ

LU,I and

Acos 0φ
C measured by the HERMES collaboration [97] –Tab. 5 and 6 (solid circles, see text

for details) and the more recent recoil data [98] (open squares). For other notations and
the values of the averaged kinematic variables, refer to Fig. 3.

The CLAS collaboration published accurate data on the beam helicity asymmetry in a

21

[P. Kroll, H. Moutarde, F. Sabatie, 
EPJ C73 (2013) 2278]
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unpolarized semi-inclusive DIS

HERMES collected large data sets on hadron multiplicities

no FOM boost because of dilution factor

still benefit from large range of pure nuclear gas targets

success story: dedicated high-density end-of-fill running
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nuclei: a hadronization laboratory

partons in nuclear medium:
- PDFs modified 
  (e.g, EMC effect)
- gluon radiation and 
  re-scattering effects

(pre)hadron in nuclear 
medium:
- re-scattering
- absorption

observable: multiplicity ratios 

65
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HERMES Collaboration / Nuclear Physics B 780 (2007) 1–27

RAPID COMMUNICATION

11

Fig. 2. Values of Rh
A for positively charged hadrons as a function of ν, z, and Q2. The data as a function of ν are shown

for ν > 4 GeV and those as a function of z for z > 0.1. The inner error bars represent the statistical uncertainty, while the
outer ones show the total uncertainty.

loss) or hadronic (absorption) effects. Furthermore, there is a large similarity between the data
for π+, π−, and π0, and a clear difference between those for K+ and K−, and those for p and p̄.
Also here there are some simple arguments to explain these features at least qualitatively.

Since we use (almost) isoscalar targets and the production of π+ and π− on protons or neu-
trons is only slightly different, both the production and absorption of pions is in the first instance
independent of their charge. The values of Rh

A for K+ and K− show a similar behaviour as a
function of the various variables, but RK−

A is almost everywhere smaller than RK+
A . A positive

kaon can be produced directly from the struck quark (in the language of string breaking mod-

 nuclear attenuation

strong mass dependence: attenuation mainly increases with A
invaluable data set for hadronization models and nFFs fits

66

[NPB 780 (2007) 1–27 & EPJ A47 (2011) 113]

The HERMES Collaboration (A. Airapetian et al.): Multidimensional study of hadronization . . . Page 5 of 8
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Fig. 2. Dependence of Rh
A on z for positively and negatively charged hadrons for three slices in ν as indicated in the legend.

Uncertainties are shown as in fig. 1.

Fig. 3. Dependence of Rh
A on p2

t for positively charged hadrons
for three slices in z as indicated in the legend. Uncertainties
are shown as in fig. 1.

be weak, no dependences with slices in Q2 were produced.
In the following, dependences that show salient features
are discussed. In the presentation of the data, bins based

on fewer than 10 events were omitted because the large
statistical uncertainty would preclude useful conclusions.

The dependence of Rh
A on ν for three slices in z is

shown in fig. 1. For pions and K−, a global trend of steady
increase of Rh

A with increasing values of ν was observed.
Such a behaviour is explained in fragmentation models
as resulting from Lorentz dilation and/or a shift in the
argument z of the relevant fragmentation function [18].
However, at the highest z range there is an indication for
a flattening out (and possibly a reversal of this trend) at
low ν for π+ and π− independently, which is not explained
by these mechanisms.

The behaviour of Rh
A for K+ was found to be more

complicated. For krypton and xenon there is a clear in-
crease of RK+

A with ν for the lowest z-slice, but at larger
values of z the behaviour is flatter. In contrast, the results
for Rh

A for K− resemble those for pions. For antiprotons,
the ν dependence was found to be weak with a slightly
positive slope, but the statistical accuracy of the results
is too limited to draw definite conclusions. The neon data
show similar but less pronounced trends, which was a com-
mon observation in all distributions under study. This is
not unexpected due to the smaller size of the nucleus of
neon compared to krypton and xenon.

The results for protons differ significantly from those
for the other hadrons. For the heavy nuclei, Rp

A behaves
very differently for the three z-slices, considerably exceed-
ing unity at higher ν for the lowest z-slice. Part of the
explanation may be the following. Unlike the other ha-
drons, protons are present already in the target nucleus.
Therefore, apart from hadronization, residual protons can
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June 30th, 2007 (around midnight)
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June 30th, 2007 (around midnight)
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… this was not the end 

data taking finished in 2007, but work continued ...
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… this was not the end 

data taking finished in 2007, but work continued ...

final surveys, calibrations, data production

joined “Data Preservation in HEP” (DPHEP) initiative in 2009
-> “finished” work on HERMES (& HERA) archive in 2016   
--> lesson learnt: it’s never too early to start preservation!!!
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… this was not the end 

data taking finished in 2007, but work continued ...

final surveys, calibrations, data production

joined “Data Preservation in HEP” (DPHEP) initiative in 2009
-> “finished” work on HERMES (& HERA) archive in 2016   
--> lesson learnt: it’s never too early to start preservation!!!

still many analysis and publications:
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HERMES summary 
it took quite some effort to convince a HEP lab to host a bunch of 
nuclear physicists    …  it was quite worth it!

employed many novel techniques, e.g.

self-polarized lepton beam + spin rotators

polarized gas target with storage cell internal to lepton ring
-> high polarization without dilution

dual-radiator RICH; recoil detector … 

plenty surprises and pioneering measurements

too many to cover them all here

80 papers / some 8700 citations / 3rd most cited HERA paper

numerous PhDs that went on to other experiments (and elsewhere)
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kinematic fitting

HERMES detector (2006/07)

– All particles in final state detected → 4 constraints from energy-momentum conservation

– Selection of pure BH/DVCS (ep→epγ) with high efficiency (~83%)

– Allows to suppress background from associated and semi-inclusive processes to a negligible 
level (<0.2%)
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Results on A2 and xg2

74

consistent with (sparse) world data

low beam polarization during HERA II ➥ small f.o.m. 
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Results on A2 and xg2
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2) dx = 0.006± 0.024stat ± 0.017syst

d2(Q
2) ⌘ 3
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1-hadron production (ep➙ehX)

75
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1-hadron production (ep➙ehX)
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☛ d-quark Sivers DF > 0 
   (cancelation for π-)

76
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☛ u-quark Sivers DF < 0

[A. Airapetian et al., arXiv:0906.3918]

the pion Sivers amplitudes
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the kaon Sivers amplitudes



From SIDIS to inclusive hadron production 

𝑝  

SIDIS: 𝒍𝒑↑ → 𝒍 𝒉𝑿 
 

- Hadron detected in coincidence with lepton 
- DIS regime (𝑄 > 1  𝐺𝑒𝑉 ) 
- Hard scales: 𝑄 ,  𝑃  (w.r.t. 𝛾∗) 
- Factorization valid for 𝑃 ≪ 𝑄  

Inclusive hadrons: 𝒍𝒑↑ → 𝒉𝑿 
 

- Lepton is not detected  o no info on 𝑄  
- data dominated by 𝑄 ≈ 0   
   (quasi-real photoproduction regime) 
- Hard scales: 𝑃  (w.r.t. incident lepton) 
- Factorization valid for large 𝑃 ? 
- Main variables: 𝑥 = 2  , 𝑃   
- Selected events contain at least 1 charged 
  hadron track (𝜋 or K) regardless of   
  whether there was also a scattered lepton  
  in acceptance or not.  

34 L.L. Pappalardo – PSHP 2013 – LNF Frascati – Nov. 11-13 2013 
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Semi-inclusive hadrons

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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Inclusive hadron electro-production

79

ep� � hX

⇥SN ⇥ph

lepton beam going 
into the page

⇥SN ⇥ph
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lepton scattering plane

ep� � ehX

virtual photon going 
into the page
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➠ “Sivers angle”
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Inclusive hadron electro-production

80

ep� � hX

⇥SN ⇥ph
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0 d �UU

= � 2

⇡
Asin 

UT

AUT(PT , xF , ) =

A

sin 
UT (PT , xF ) sin 

scattered lepton undetected
➥ lepton kinematics unknown 

dominated by quasi-real 
photo-production (low Q2) 
➥ hadronic component of 
photon relevant?

cross section proportional to 
SN (k x ph) ~ sinѱ
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1D dependences of AUT sin! amplitude

81
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[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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1D dependences of AUT sin! amplitude
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Inclusive hadrons: 2D dependences 

82
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[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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Asymmetries of subprocesses 

at large PT significant 
contribution from DIS 
events (Q2>1)

asymmetries increase with 
larger z

large asymmetries also for "- 
in case of z>0.7
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multiplicities @ HERMES 
extensive data set on pure 
proton and deuteron targets 
for identified charged mesons
http://www-hermes.desy.de/
multiplicities

extracted in a multi-
dimensional unfolding procedure

fair agreement between DSS 
and positive mesons

poor description of negative 
mesons

p/d differences due to flavor 
dependence of fragmentation
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transverse momentum dependence

85

multi-dimensional analysis allows going beyond collinear factorization
flavor information on transverse momenta via target variation and 
hadron ID
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