
a selective review
hermes

Gunar.Schnell @ desy.de

[aka Schäfer Fest]
G

.S
. a

ck
no

w
le

dg
es

 s
up

po
rt 

by
 th

e 
EU

 v
ia

 S
TR

O
N

G
-2

02
0 

(g
ra

nt
 N

o.
 8

24
09

3)
 a

nd
 t

he
 Q

ua
nt

ER
A 

pr
oj

ec
t 

T-
N

iS
Q

 
(g

ra
nt

 P
C

I2
02

2-
13

29
84

), 
as

 w
el

l a
s 

th
e 

Sp
an

is
h 

M
in

is
try

 o
f 

Sc
ie

nc
e 

an
d 

In
no

va
tio

n 
(g

ra
nt

 P
ID

20
22

-1
36

51
0N

B-
C

33
). 



 


the physics of        



Hartmut	Wittig

Connec$ng	hadron/nuclear	community	with	LaKce	QCD

2

“LaKce	Forum”	(LatFor)	Ini$a$ve	(2001–2006)
• Procure	significant	compu$ng	resources	for	hadron	and	par$cle	physics	
in	Germany	

• Hardware	pla[orms	under	discussion:		QCDOC,	apeNEXT,	PC	clusters	
• Several	mee$ngs	involving	the	laKce,	hadron	and	nuclear	communi$es		
• Strong	link	to	FAIR:	PANDA,	CBM

©	Altro

Nucleon	Structure	in	LaKce	QCD		(1997	—	…)
• Structure	func$ons	
• Nucleon	spin	
• Strangeness	in	the	nucleon	
• Form	factors,	charges	
• Generalised	Parton	Distribu$ons	
• Large-momentum	Effec$ve	Theory	—	LaMET

EIC Physics



Hartmut	Wittig

Connec$ng	hadron/nuclear	community	with	LaKce	QCD

2

“LaKce	Forum”	(LatFor)	Ini$a$ve	(2001–2006)
• Procure	significant	compu$ng	resources	for	hadron	and	par$cle	physics	
in	Germany	

• Hardware	pla[orms	under	discussion:		QCDOC,	apeNEXT,	PC	clusters	
• Several	mee$ngs	involving	the	laKce,	hadron	and	nuclear	communi$es		
• Strong	link	to	FAIR:	PANDA,	CBM

©	Altro

Nucleon	Structure	in	LaKce	QCD		(1997	—	…)
• Structure	func$ons	
• Nucleon	spin	
• Strangeness	in	the	nucleon	
• Form	factors,	charges	
• Generalised	Parton	Distribu$ons	
• Large-momentum	Effec$ve	Theory	—	LaMET

EIC Physics



HERA measurement of spin
[C. Papanicolas (1989)]
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the (original) quest: proton spin

The understanding of the proton changed dramatically 
with the finding of EMC that the proton spin hardly comes 
from spin of quarks.

4

½ = ½ ΔΣ 

       + ΔG 

       + Lq + Lg

quark spin

gluon spin

orbital angular 
momentum

[Jaffe & Manohar (1990)]

“You think you understand something?  Now add spin …”  [Jaffe] 

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

8



hermes
Schäfer Fest - Regensburg - Sept. 20th, 2023gunar.schnell @ desy.de

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 

8



hermes
Schäfer Fest - Regensburg - Sept. 20th, 2023gunar.schnell @ desy.de

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?

9

self-polarized leptons in 
storage rings -> HERA

highly polarized  
gas targets
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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) 

head 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  ...

9

self-polarized leptons in 
storage rings -> HERA

highly polarized  
gas targets
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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 

10
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 beam polarization
tiny asymmetry in spin-flip amplitude 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

11
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 beam polarization
tiny asymmetry in spin-flip amplitude 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
11
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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

14

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

14

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 

✓

✓
✓

☛ 1
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hermes The HERMES Spectrometer

1
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LUMINOSITY

CHAMBERS

DRIFT

FC 1/2

TARGET

CELL
DVC

MC 1-3

HODOSCOPE H0

MONITOR

BC 1/2

BC 3/4 TRD

PROP.
CHAMBERS

FIELD CLAMPS

PRESHOWER (H2)

STEEL PLATE CALORIMETER

DRIFT CHAMBERS

TRIGGER HODOSCOPE H1

0 1 2 3 4 5 6 7 8 9 10

RICH
270 mrad

270 mrad

MUON HODOSCOPE

WIDE ANGLE

FRONT

MUON

HODO

MAGNET

m

IRON WALL

e+

27.5 GeV

140 mrad

170 mrad

170 mrad

140 mrad

MUON HODOSCOPES

SILICON

• 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

16

two (mirror-symmetric) halves 
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HERMES (1998-2005) schematically

16

two (mirror-symmetric) halves 
 

Particle ID detectors allow for 
- lepton/hadron separation 
- RICH: pion/kaon/proton discrimination in 
momentum range of 2 GeV < p < 15 GeV



bread & butter physics
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inclusive DIS (one-photon exchange)

18

INTRODUCTION

e↔ + p" → e′ + X

φ = (!k×!SN)·!k′

|(!k×!SN)·!k′|
arccos (!k×!k′)·(!k×!SN)

|!k×!k′||!k×!SN|

Spin Plane

Scattering Plane

SN

→

φ

θ

α

k′
→

k ,
→

Sl

→
‘

!SN(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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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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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 
-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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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 
-0 .013  4- 0.033 4- 0.003 

0.4 
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c ~  0 
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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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contributed to useful tools, like PEPSI Computer Physics Communications 71(1992) 305—318 Computer Physics
North-Holland Communications

PEPSI — a Monte Carlo generator for polarized leptoproduction

L. Mankiewicz 1

Institut für Theoretische Physik der Universität Heidelberg, Philosophenweg 16, W-6900 Heidelberg, Germany

A. Schafer
Institutfür Theoretische Physik, Universitdt Frankfurt, Postfach 11 19 32, W-6000 Frankfurt, Germany

and

M. Veltri
Max-Planck Inst itut für Kernphysik, Postfach 10 39 80, W-6900 Heidelberg, Germany

Received 20 December 1991; in revised form 18 February 1992

We describe PEPSI (Polarized Electron Proton Scattering Interactions) a Monte Carlo program for polarized deep
inelastic leptoproduction mediated by electromagnetic interaction, and explain how to use it. The code is a modification of
the LEPTO 4.3 Lund Monte Carlo for unpolarized scattering. The hard virtual gamma—parton scattering is generated
according to the polarization-dependent QCD cross-section of the first order in a~.PEPSI requires the standard
polarization-independent JETSET routines to simulate the fragmentation into final hadrons.

PROGRAM SUMMARY

Title ofprogram: PEPSI version 1.1 RISC under UNIX.

Catalogue number: ACJF Programming language used: FORTRAN 77

Program obtainable from: CPC Program Library, Queen’s Memory required to execute with typical data: 57000 words
University of Belfast, N. Ireland (see application form in this
issue) No. of bits in a word: 32

Licensing provisions: none No. of lines in distributed program, including test data, etc.:
2950

Computer: any computer with FORTRAN 77 compiler (RISC
DEC station, VAX, ...); the program has been tested on Keywords: perturbative quantum chromodynamics (QCD),

QCD improved parton model, polarized deep inelastic scat-
tering, structure functions, cross sections

Correspondence to: M. Veltri, Max-Planck Institut für Kern-
physik, Postfach 103980, W-6900 Heidelberg, Germany. Nature ofphysical problem
E-mail: vltCcvdxnhdl.mpi-hd.mpg.de and (decnet) 13612::VLT. Deep inelastic scattering of longitudinally polarized leptons
Permanent address: Nicolaus Copernicus Astronomical off polarized nucleons or nuclei are the ideal tools to
Centre, Bartycka 18, PL-00-716, Warsaw, Poland. determine the spin distributions of partons inside such

00l0-4655/92/$05.00 © 1992 — Elsevier Science Publishers By. All rights reserved
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Years Target DIS (Milion) Polarization 

Years Target DIS (Milion) Polarization

1996-1997 H|| 3.5 0.851 ± 0.033

1998-2000 D|| 10.2 0.845 ± 0.028

2001-2005 H⊥ ~6 0.74 ± 0.06
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unpolarized DIS: F2  & σd/σp

tensor structure function b1
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tensor structure function b1

transverse: g2
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unpolarized DIS: F2  & σd/σp

tensor structure function b1

transverse: g2

2-photon exchange in incl. DIS
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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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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

28
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using all polarized data 1996–2000:

No evidence of antiquark polarization,
or flavor-asymmetry thereof

         

5

Andreas’ interest in hadron structure goes back a long way:

The insight that model building no longer suffices, if there exists a systematic method to rigorously 
solve hadron structure in QCD, formed the basis for the hugely successful effort to form a world-class 
Lattice-QCD group in Regensburg. Congratulations to all who contributed!
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charge-difference double-spin asymmetries

use charge-conjugation symmetry to extract, 
at LO(!), valence distributions

π
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FIG. 7. Ah,cos�
k (Ph?) in two x ranges for charged pions (and kaons) from protons (deuterons) as labelled. The inner error

bars represent statistical uncertainties while the outer ones statistical and systematic uncertainties added in quadrature. Data
points for the first x slice are plotted at their average kinematics, while the ones for the second x slice are slightly shifted
horizontally for better legibility.

A vanishing cos 2� asymmetry as found here can be
expected because in the one-photon-exchange approxi-
mation there is no Ah,cos 2�

LL contribution to the cross

section [cf. Eq. (1)] and thus a non-zero Ah,cos 2�
k can

arise in this approximation only through the very small
transverse component of the target-spin vector in a con-
figuration where the target is polarized along the beam
direction [18].

D. The hadron charge-di↵erence asymmetry

The hadron charge-di↵erence asymmetry

Ah+�h�

1 (x) ⌘

⇣
�h+

1/2 � �h�

1/2

⌘
�

⇣
�h+

3/2 � �h�

3/2

⌘

⇣
�h+

1/2 � �h�

1/2

⌘
+

⇣
�h+

3/2 � �h�

3/2

⌘ (12)

provides additional spin-structure information and is
not trivially constructible from the simple semi-inclusive
asymmetries. The di↵erence asymmetries for pions from
the hydrogen target and pions, kaons, and undi↵eren-
tiated hadrons from the deuterium target are shown in
Fig. 8, together with results from the COMPASS Collab-
oration for unidentified hadrons from a 6LiD target [6].
A feature that might be unexpected is that the uncer-
tainties for the kaon asymmetry are considerably smaller
than those on the pion asymmetry despite the smaller
sample size. This is a result of the larger di↵erence be-
tween yields of charged kaons compared to that of the

charged pions (as K� shares no valence quarks with the
target), which causes a significantly larger denominator
of Eq. (12).
Under the assumption of leading-order (LO), leading-
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FIG. 8. Hadron charge-di↵erence asymmetries for pions
from the hydrogen target and pions, kaons, and all hadrons
from the deuterium target. Error bars represent statistical
uncertainties. Systematic uncertainties are given as bands.
Data from COMPASS [6] for undi↵erentiated hadrons using
a 6LiD target are also shown.
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FIG. 9. Helicity distributions for valence quarks computed
using pion charge-di↵erence asymmetries and Eqs. (14) and
(16) compared with valence-quark densities (as indicated)
computed from the HERMES purity extraction [5]. Error
bars represent statistical uncertainties. Systematic uncer-
tainties from the di↵erence-asymmetry (purity) extraction are
shown as filled (open) bands.

twist (LT) QCD, and charge-conjugation symmetry of
the fragmentation functions, i.e.,

Dq!h+

1 = Dq̄!h�

1 , (13)

the di↵erence asymmetry on the deuteron may be
equated to a certain combination of parton distribu-
tions [33]:

Ah+�h�

1,d
LO LT

=
guv
1 + gdv

1

fuv
1 + fdv

1

. (14)

Here, fqv
1 ⌘ fq

1 � f q̄
1 (gqv1 ⌘ gq1 � gq̄1) is the polarization-

averaged (helicity) valence-quark distribution of the pro-
ton, and “LO LT” is a reminder of the assumptions men-
tioned previously. This is equivalent to assuming a well
di↵erentiated current and target region; a scenario in
which the struck quark has no memory of the hadron
variety to which it previously belonged.

By further assuming isospin symmetry in fragmenta-
tion, that is

Du!⇡+

1 = Dd!⇡�

1 and Du!⇡�

1 = Dd!⇡+

1 , (15)

a second valence-quark expression using charge-di↵erence
asymmetries from a hydrogen target is given by

Ah+�h�

1,p
LO LT

=
4guv

1 � gdv
1

4fuv
1 � fdv

1

. (16)

It follows that the charge-di↵erence asymmetries
should be independent of the hadron type, a feature con-
sistent with the results shown in Fig. 8. Valence-quark
helicity densities computed using Eqs. (14) and (16) are
presented in Fig. 9 alongside the same quantities com-
puted from the previous HERMES purity extraction [5].
The results are largely consistent using two methods that
have very di↵erent and quite complementary model as-
sumptions. Whereas the method presented here depends

on leading-order and leading-twist assumptions to pro-
vide the clean factorization, which ensures that fragmen-
tation can proceed without memory of the target con-
figuration, the purity method depends on a fragmenta-
tion model subject to its own uncertainties related to
the model tune and the believability of its phenomeno-
logically motivated dynamics. The lack of dependence
on hadron type of the charge-di↵erence asymmetries and
the consistency of the derived valence-quark helicity dis-
tributions with the results of the purity analysis suggest
that there is no significant deviation from the factoriza-
tion hypothesis.

IV. CONCLUSION

Several longitudinal double-spin asymmetries in semi-
inclusive deep-inelastic scattering have been presented.
They extend the analysis of the previous HERMES
publications to include also transverse-momentum de-
pendence. Within the precision of the measurements,
the virtual-photon–nucleon asymmetries Ah

1 (x, z) and
Ah

1 (x, Ph?) display no significant dependence on the
hadron variables. Azimuthal moments, Ah,cos�

k , are
found to be consistent with zero. The hadron charge-

di↵erence asymmetry Ah+�h�

1 (x) yields valence-quark
helicity densities consistent with the result of the prior
HERMES purity extraction. A common thread among
these results is that within the available statistical preci-
sion the longitudinal sector shows no deviation from the
leading-order, leading-twist assumption. In addition to
this interpretation, these data are expected to provide an
essentially model-independent constraint for theory and
parameterization as they provide the first ever longitudi-
nal double-spin semi-inclusive dataset binned in as many
as three kinematic variables simultaneously. They point
the way to future precision tests of models of nucleon
structure that go beyond a collinear framework.
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FIG. 9. Helicity distributions for valence quarks computed
using pion charge-di↵erence asymmetries and Eqs. (14) and
(16) compared with valence-quark densities (as indicated)
computed from the HERMES purity extraction [5]. Error
bars represent statistical uncertainties. Systematic uncer-
tainties from the di↵erence-asymmetry (purity) extraction are
shown as filled (open) bands.

twist (LT) QCD, and charge-conjugation symmetry of
the fragmentation functions, i.e.,

Dq!h+

1 = Dq̄!h�

1 , (13)

the di↵erence asymmetry on the deuteron may be
equated to a certain combination of parton distribu-
tions [33]:

Ah+�h�

1,d
LO LT

=
guv
1 + gdv

1

fuv
1 + fdv

1

. (14)

Here, fqv
1 ⌘ fq

1 � f q̄
1 (gqv1 ⌘ gq1 � gq̄1) is the polarization-

averaged (helicity) valence-quark distribution of the pro-
ton, and “LO LT” is a reminder of the assumptions men-
tioned previously. This is equivalent to assuming a well
di↵erentiated current and target region; a scenario in
which the struck quark has no memory of the hadron
variety to which it previously belonged.

By further assuming isospin symmetry in fragmenta-
tion, that is

Du!⇡+

1 = Dd!⇡�

1 and Du!⇡�

1 = Dd!⇡+

1 , (15)

a second valence-quark expression using charge-di↵erence
asymmetries from a hydrogen target is given by

Ah+�h�

1,p
LO LT

=
4guv

1 � gdv
1

4fuv
1 � fdv

1

. (16)

It follows that the charge-di↵erence asymmetries
should be independent of the hadron type, a feature con-
sistent with the results shown in Fig. 8. Valence-quark
helicity densities computed using Eqs. (14) and (16) are
presented in Fig. 9 alongside the same quantities com-
puted from the previous HERMES purity extraction [5].
The results are largely consistent using two methods that
have very di↵erent and quite complementary model as-
sumptions. Whereas the method presented here depends

on leading-order and leading-twist assumptions to pro-
vide the clean factorization, which ensures that fragmen-
tation can proceed without memory of the target con-
figuration, the purity method depends on a fragmenta-
tion model subject to its own uncertainties related to
the model tune and the believability of its phenomeno-
logically motivated dynamics. The lack of dependence
on hadron type of the charge-di↵erence asymmetries and
the consistency of the derived valence-quark helicity dis-
tributions with the results of the purity analysis suggest
that there is no significant deviation from the factoriza-
tion hypothesis.

IV. CONCLUSION

Several longitudinal double-spin asymmetries in semi-
inclusive deep-inelastic scattering have been presented.
They extend the analysis of the previous HERMES
publications to include also transverse-momentum de-
pendence. Within the precision of the measurements,
the virtual-photon–nucleon asymmetries Ah

1 (x, z) and
Ah

1 (x, Ph?) display no significant dependence on the
hadron variables. Azimuthal moments, Ah,cos�

k , are
found to be consistent with zero. The hadron charge-

di↵erence asymmetry Ah+�h�

1 (x) yields valence-quark
helicity densities consistent with the result of the prior
HERMES purity extraction. A common thread among
these results is that within the available statistical preci-
sion the longitudinal sector shows no deviation from the
leading-order, leading-twist assumption. In addition to
this interpretation, these data are expected to provide an
essentially model-independent constraint for theory and
parameterization as they provide the first ever longitudi-
nal double-spin semi-inclusive dataset binned in as many
as three kinematic variables simultaneously. They point
the way to future precision tests of models of nucleon
structure that go beyond a collinear framework.
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A vanishing cos 2� asymmetry as found here can be
expected because in the one-photon-exchange approxi-
mation there is no Ah,cos 2�

LL contribution to the cross

section [cf. Eq. (1)] and thus a non-zero Ah,cos 2�
k can

arise in this approximation only through the very small
transverse component of the target-spin vector in a con-
figuration where the target is polarized along the beam
direction [18].

D. The hadron charge-di↵erence asymmetry

The hadron charge-di↵erence asymmetry

Ah+�h�

1 (x) ⌘

⇣
�h+

1/2 � �h�

1/2

⌘
�

⇣
�h+

3/2 � �h�

3/2

⌘

⇣
�h+

1/2 � �h�

1/2

⌘
+

⇣
�h+

3/2 � �h�

3/2

⌘ (12)

provides additional spin-structure information and is
not trivially constructible from the simple semi-inclusive
asymmetries. The di↵erence asymmetries for pions from
the hydrogen target and pions, kaons, and undi↵eren-
tiated hadrons from the deuterium target are shown in
Fig. 8, together with results from the COMPASS Collab-
oration for unidentified hadrons from a 6LiD target [6].
A feature that might be unexpected is that the uncer-
tainties for the kaon asymmetry are considerably smaller
than those on the pion asymmetry despite the smaller
sample size. This is a result of the larger di↵erence be-
tween yields of charged kaons compared to that of the

charged pions (as K� shares no valence quarks with the
target), which causes a significantly larger denominator
of Eq. (12).
Under the assumption of leading-order (LO), leading-
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FIG. 8. Hadron charge-di↵erence asymmetries for pions
from the hydrogen target and pions, kaons, and all hadrons
from the deuterium target. Error bars represent statistical
uncertainties. Systematic uncertainties are given as bands.
Data from COMPASS [6] for undi↵erentiated hadrons using
a 6LiD target are also shown.
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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
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financial support.
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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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… remembering puzzling asymmetries 

32

• 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

33

�+

��

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

33

�+

��

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 proposes 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 -> Boer-Mulders distribution 

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

34
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quark pol.

U L T

nu
cl

eo
n
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l.

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

35
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Spin-momentum structure of the nucleon
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the “trouble” with transversity

36

chiral-odd transversity involves quark helicity flip
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the “trouble” with transversity

36

chiral-odd transversity involves quark helicity flip

.

hermes Quark Distribution Functions

1
f =
q

g =
1L

-q

1
h = -
q

⇓ ⇓ ⇓
Unpolarized quarks
and nucleons

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

⇒ Vector Charge

〈PS|Ψ̄γµΨ|PS〉=
∫

dx(fq
1 (x) − f q̄

1 (x))

Longitudinally
polarized quarks
and nucleons

g
q
1
(x): helicity

difference (known)

⇒ Axial Charge

〈PS|Ψ̄γµγ5Ψ|PS〉=
∫

dx(gq
1(x) + gq̄

1(x))

Transversely
polarized quarks
and nucleons

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

⇒ Tensor Charge

〈PS|Ψ̄σµνγ5Ψ|PS〉=
∫

dx(hq
1(x) − hq̄

1(x))

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 3/50
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Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
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, 2008 – p. 3/50

the “trouble” with transversity

36

chiral-odd transversity involves quark helicity flip

need to couple to chiral-odd fragmentation function:
transverse spin transfer (polarized final-state hadron) 

2-hadron fragmentation 
Collins fragmentation
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  A. & A. 
in 2002, Alessandro Bacchetta joins Andreas’ 
group as a young researcher and later AvH Fellow 

beginning of a remarkably successful program on 
transverse-spin physics at HERMES

37

Probing the transverse spin of quarks
in deep inelastic scattering

Alessandro Bacchetta



hermes
Schäfer Fest - Regensburg - Sept. 20th, 2023gunar.schnell @ desy.de

quark pol.

U L T
nu

cl
eo

n
po

l.
U f1 h�1

L g1L h�1L

T f�1T g1T h1, h�1T

Twist-2 TMDs

38

probing TMDs in semi-inclusive DIS

in SIDIS*) couple PDFs to:

*) semi-inclusive DIS with unpolarized final state
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Twist-2 TMDs

38

probing TMDs in semi-inclusive DIS

in SIDIS*) couple PDFs to:

ordinary FF:

Collins FF: H
?,q!h
1

Dq!h
1

gives rise to characteristic azimuthal dependences

�+

��

u

*) semi-inclusive DIS with unpolarized final state
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transversely polarized quarks?
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transverse polarization of quarks 
leads to large effects!

39

[A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002]

2005: First evidence from HERMES 
          SIDIS on proton  
  
          Non-zero transversity  
          Non-zero Collins function 
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transverse polarization of quarks 
leads to large effects!

opposite in sign for charged pions

39

[A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002]

2005: First evidence from HERMES 
          SIDIS on proton  
  
          Non-zero transversity  
          Non-zero Collins function 

-0.1

0

0.1

0.2

-0.2

-0.1

0

0.1 0.2 0.3

2
 !

s
in

("
 +

 "
S
)#

U
T

$

$+

x

$-

z

0.3 0.4 0.5 0.6 0.7

transversely polarized quarks?



hermes
Schäfer Fest - Regensburg - Sept. 20th, 2023gunar.schnell @ desy.de

transverse polarization of quarks 
leads to large effects!

opposite in sign for charged pions

disfavored Collins FF large and 
opposite in sign to favored one 
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transverse polarization of quarks 
leads to large effects!

opposite in sign for charged pions

disfavored Collins FF large and 
opposite in sign to favored one 
 
 

leads to various cancellations in 
SSA observables 
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transverse polarization of quarks 
leads to large effects!

opposite in sign for charged pions

disfavored Collins FF large and 
opposite in sign to favored one 
 
 

leads to various cancellations in 
SSA observables 
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Was Collins then right about Sivers?

40
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Was Collins then right about Sivers?

40

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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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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UT!!;!S" #
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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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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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ments. The lower panel shows the relative contributions to the
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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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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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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"&
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: (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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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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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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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.

�f�q
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�u = 1.67

�d = �2.03only 2002 data!
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the center than the down-quarks. The above pictures are compatible with 
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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 a!ecting these pictures.
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Figure 12. Sivers SFA for charged mesons (left: pions; right: kaons) presented either in bins of x,
z, or Ph?. Data at large values of z, marked by open points in the z projection, are not included
in the other projections. Systematic uncertainties are given as bands, not including the additional
scale uncertainty of 7.3% due to the precision of the target-polarization determination.

zero even at the lowest x values probed in this experiment. The rise with z and Ph? is
much more pronounced. However, while the rise continues throughout the semi-inclusive z

range, it is leveling off at larger values of Ph?.
The ⇡

� Sivers asymmetry in the one-dimensional x projection is consistent with zero.
While ⇡

+ electroproduction off protons is dominated by up-quark scattering, ⇡� receives
large contributions from down quarks. The vanishing Sivers asymmetry for negative pions
can thus be understood as a cancelation of a Sivers effect that is opposite in sign for up and
down quarks. This may also explain the peculiar behavior of the z dependence: at low values
of z disfavored fragmentation plays a significant role and thus contributions from up quarks
can push the asymmetry towards positive values. At large values of z, however, disfavored
fragmentation dies out and the favored production off down quarks prevails leading to a
negative asymmetry. Some caution with this argumentation is deserved as at large values of
z, the contribution from the decay of exclusive ⇢

0 electroproduction to both the ⇡
+ and ⇡

�

samples becomes sizable, as can be concluded from a Pythia6.2 Monte Carlo simulation
(cf. figure 4), even more so for ⇡� than for ⇡+. Charge-conjugation dictates that the decay
pions from the ⇢

0 exhibit the same asymmetry regardless of their charge.v Examining
the large-z behavior of the charged-pion asymmetries, indeed a clear change of trend can
be observed for positive pions. Still, the significant difference between the charged-pion
asymmetries over most of the kinematic range suggests that the non-vanishing asymmetries
observed are not driven merely by exclusive ⇢

0 electroproduction.
The K

+ Sivers asymmetry follows a similar kinematic behavior as the one for ⇡
+,

but is larger in magnitude, as can be seen in figure 13. While u-quark scattering should
dominate production off protons of both positive pions and kaons, various differences be-

vThis is also one motivation for looking at the charge-difference asymmetry in ref. [40] in which such
contributions cancel.
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Figure 14. Sivers SFA for ⇡
0 presented either in bins of x, z, or Ph?. Data at large values of z,

marked by open points in the z projection, are not included in the other projections. Systematic
uncertainties are given as bands, not including the additional scale uncertainty of 7.3% due to the
precision of the target-polarization determination.

As is the case for K
�, the ⇡

0 results, presented in figure 14, have poor statistical
precision but still indicate a positive asymmetry. This can be expected from the results for
charged pions due to isospin symmetry in semi-inclusive deep-inelastic scattering. In the
high-z range, the ⇡

0 asymmetries remain positive around 5–10%, thus not following the
strongly falling trend of the ⇡

+ asymmetries. Also here the contribution from exclusive
vector-meson production is much smaller than for ⇡+ (cf. figure 4); thus, an interpretation
in terms of ordinary fragmentation is likely much more applicable, leading to a positive
asymmetry due to u-quark dominance.

Figure 15 shows, as an illustrative example, the Sivers asymmetry for ⇡
+ mesons in

the three-dimensional binning, compared to a phenomenological fit [147]. The latter, being
based on previous versions of these data (as well as data from COMPASS), describes the
overall behavior well. The multi-dimensional binning as well as the much reduced system-
atics of the data presented here should help to better constrain future phenomenological
analyses.

In figure 16, the first measurement of Sivers asymmetries for proton and antiprotons is
presented. A clearly positive Sivers asymmetry is observed for protons. Also the less precise
antiproton data favor a positive Sivers asymmetry. Baryon production is a less understood
process at lower center-of-mass energies. Therefore, care must be taken when interpreting
those in the usual factorized way. Leaving this warning aside and assuming quark fragmen-
tation as the dominant process here, u-quark fragmentation prevails proton production,
and — having no valence quark in common with the target proton — antiprotons as well
are likely to originate from u-quarks, in particular at these values of x, where sea quarks
are still scarce in the target proton. Dominance of u-quarks in proton and antiproton lep-
toproduction is supported by results from global fits of fragmentation functions [159]. The
Sivers effect is sometimes referred to as a “quark-jet effect”, e.g., already before forming
the final hadron, the transverse-momentum distribution of the fragmenting quark exhibits
the Sivers signature of a left-right asymmetry with respect to the direction of the target
polarization. It is thus natural to expect similar asymmetries for “current-fragmentation”
protons and antiprotons as those for the other hadrons whose electroproduction off the
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additional scale uncertainty of 7.3% due to the precision of the target-polarization determination.

tween pion and kaon production might point to the origin for the larger K
+ asymmetry:

(i) differences in the relative strengths of the disfavored d-quark fragmentation compared
to the favored u-quark fragmentation for positive pions and kaons might lead to a reduced
canceling contribution from the d-quark Sivers function; (ii) in general, differences in the
role of sea quarks; (iii) differences — as hinted in a phenomenological analysis [157] of
HERMES multiplicity data [92] — in the transverse-momentum dependence of hadroniza-
tion for different quark flavors that enters the convolution over transverse momentum in
eq. (2.6); (iv) and also higher-twist effects as it was observed in ref. [40] that the ⇡

+–K +

difference was more pronounced at lower values of Q 2. Notwithstanding those differences,
acknowledging u-quark dominance in both ⇡

+ and K
+ production and relating their pos-

itive Sivers asymmetries to eq. (2.6) leads immediately to the conclusion that the u-quark
Sivers function, f ?,u

1T , must be negative. Adding the ⇡
� data, as argued before, results in

a positive f
?,d
1T .

Looking at the newly explored large-z region, the similarity of ⇡
+ and K

+ Sivers
asymmetries disappears: in contrast to the drop at large z of the asymmetry values in the
case of positive pions, the K

+ Sivers asymmetry continues its trend to increase with z,
which is indeed the expected behavior. This divergence of behavior for positive pions and
kaons can also be seen in the corresponding data of the COMPASS Collaboration [116],
in particular in the x region overlapping with HERMES. As decay products from exclu-
sively produced vector-mesons contribute significantly less to K

+ production, this might
be another indication of a non-negligible role of those in the case of the pion data.

While the data on negative kaons is more limited in precision, also here a positive
asymmetry is clearly visible in the right plot of figure 12. Negative kaons and the target
proton have no valence quarks in common. While sensitive to the nucleon’s sea-quark,
u-quark scattering will still be a dominant contribution, as can be concluded from the K

�

purity in ref. [158]. However, in contrast to K
+, the u-quark contribution is suppressed

and diluted w in the case of the K
� asymmetry.

w“Diluted” in the literal sense or through competing/canceling contributions from other quark flavors,
e.g., d-quarks.
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Figure 12. Sivers SFA for charged mesons (left: pions; right: kaons) presented either in bins of x,
z, or Ph?. Data at large values of z, marked by open points in the z projection, are not included
in the other projections. Systematic uncertainties are given as bands, not including the additional
scale uncertainty of 7.3% due to the precision of the target-polarization determination.

zero even at the lowest x values probed in this experiment. The rise with z and Ph? is
much more pronounced. However, while the rise continues throughout the semi-inclusive z

range, it is leveling off at larger values of Ph?.
The ⇡

� Sivers asymmetry in the one-dimensional x projection is consistent with zero.
While ⇡

+ electroproduction off protons is dominated by up-quark scattering, ⇡� receives
large contributions from down quarks. The vanishing Sivers asymmetry for negative pions
can thus be understood as a cancelation of a Sivers effect that is opposite in sign for up and
down quarks. This may also explain the peculiar behavior of the z dependence: at low values
of z disfavored fragmentation plays a significant role and thus contributions from up quarks
can push the asymmetry towards positive values. At large values of z, however, disfavored
fragmentation dies out and the favored production off down quarks prevails leading to a
negative asymmetry. Some caution with this argumentation is deserved as at large values of
z, the contribution from the decay of exclusive ⇢

0 electroproduction to both the ⇡
+ and ⇡

�

samples becomes sizable, as can be concluded from a Pythia6.2 Monte Carlo simulation
(cf. figure 4), even more so for ⇡� than for ⇡+. Charge-conjugation dictates that the decay
pions from the ⇢

0 exhibit the same asymmetry regardless of their charge.v Examining
the large-z behavior of the charged-pion asymmetries, indeed a clear change of trend can
be observed for positive pions. Still, the significant difference between the charged-pion
asymmetries over most of the kinematic range suggests that the non-vanishing asymmetries
observed are not driven merely by exclusive ⇢

0 electroproduction.
The K

+ Sivers asymmetry follows a similar kinematic behavior as the one for ⇡
+,

but is larger in magnitude, as can be seen in figure 13. While u-quark scattering should
dominate production off protons of both positive pions and kaons, various differences be-

vThis is also one motivation for looking at the charge-difference asymmetry in ref. [40] in which such
contributions cancel.
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precision of the target-polarization determination.

As is the case for K
�, the ⇡

0 results, presented in figure 14, have poor statistical
precision but still indicate a positive asymmetry. This can be expected from the results for
charged pions due to isospin symmetry in semi-inclusive deep-inelastic scattering. In the
high-z range, the ⇡

0 asymmetries remain positive around 5–10%, thus not following the
strongly falling trend of the ⇡

+ asymmetries. Also here the contribution from exclusive
vector-meson production is much smaller than for ⇡+ (cf. figure 4); thus, an interpretation
in terms of ordinary fragmentation is likely much more applicable, leading to a positive
asymmetry due to u-quark dominance.

Figure 15 shows, as an illustrative example, the Sivers asymmetry for ⇡
+ mesons in

the three-dimensional binning, compared to a phenomenological fit [147]. The latter, being
based on previous versions of these data (as well as data from COMPASS), describes the
overall behavior well. The multi-dimensional binning as well as the much reduced system-
atics of the data presented here should help to better constrain future phenomenological
analyses.

In figure 16, the first measurement of Sivers asymmetries for proton and antiprotons is
presented. A clearly positive Sivers asymmetry is observed for protons. Also the less precise
antiproton data favor a positive Sivers asymmetry. Baryon production is a less understood
process at lower center-of-mass energies. Therefore, care must be taken when interpreting
those in the usual factorized way. Leaving this warning aside and assuming quark fragmen-
tation as the dominant process here, u-quark fragmentation prevails proton production,
and — having no valence quark in common with the target proton — antiprotons as well
are likely to originate from u-quarks, in particular at these values of x, where sea quarks
are still scarce in the target proton. Dominance of u-quarks in proton and antiproton lep-
toproduction is supported by results from global fits of fragmentation functions [159]. The
Sivers effect is sometimes referred to as a “quark-jet effect”, e.g., already before forming
the final hadron, the transverse-momentum distribution of the fragmenting quark exhibits
the Sivers signature of a left-right asymmetry with respect to the direction of the target
polarization. It is thus natural to expect similar asymmetries for “current-fragmentation”
protons and antiprotons as those for the other hadrons whose electroproduction off the
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Figure 16. Sivers SFA for protons (upper row) and antiprotons (lower row) presented either in
bins of x, z, or Ph?. Data at large values of z, marked by open points in the z projection, are
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uncertainty of 7.3% due to the precision of the target-polarization determination.
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Azimuthal modulation Significant non-vanishing Fourier amplitude

⇡
+

⇡
�

K
+

K
�

p ⇡
0

p̄

sin (�+ �S) [Collins] X X X X
sin (�� �S) [Sivers] X X X X (X) X
sin (3�� �S) [Pretzelosity]

sin (�S) (X) X X
sin (2�� �S) (X)
sin (2�+ �S) X
cos (�� �S) [Worm-gear] X (X) (X)
cos (�+ �S)

cos (�S) X
cos (2�� �S)

Table 9. The various azimuthal modulations of the semi-inclusive cross section and those hadron
species whose corresponding Fourier amplitudes are incompatible with the NULL hypothesis at
95% (90%) confidence. Antiprotons and ⇡

0 are given separated in the last two columns to indicate
that the statistical test of those is based on the one-dimensional projections and hence restricted
to using only seven data points.

the latter two should significantly increase the reliability of uncertainties resulting from763

phenomenological fits to combined data of one-dimensional projections as the latter have764

an unspecified degree of statistical and systematic correlation.765

Due to the more limited precision of the antiproton and neutral-pion data, such three-766

dimensional kinematic binning was not feasible. They were thus analyzed as functions of x,767

z, and Ph? individually (cf. tables 7 and 8), integrating over the corresponding remaining768

kinematic variables.769

Asymmetries in one overall kinematic bin are not presented as their extraction suffers770

from the largest acceptance effects. They are also of limited value for phenomenology.771

Instead, the results for all asymmetries were tested against the NULL hypothesis using the772

two-sided Student’s t-test. The asymmetry results binned in three dimensions were used,773

where available, to increase the robustness of the Student’s t-test by using 64 data points774

and avoiding cancelation effects from integrating over kinematic dependences. In the case of775

⇡
0 and antiprotons, where results in only the one-dimensional binning are available, they776

are considered to be inconsistent with zero if the Student’s t-test established this for at777

least one of the three projections (versus x, z, or Ph?).p It is found that most asymmetry778

amplitudes are consistent with zero in the semi-inclusive region 0.2 < z < 0.7 used here.779

Those asymmetry amplitudes that are found to be inconsistent with zero at 95% (90%)780

confidence level are listed in table 9. Significantly non-zero results were neither found781

for the pretzelosity 2 hsin (3�� �S)ihU? Fourier amplitudes nor for the M/Q-suppressed782

2 hcos (�+ �S)ihL? and 2 hcos (2�� �S)ihL? Fourier amplitudes. For the 2 hsin (2�� �S)ihU?783

Fourier amplitude, only antiprotons were found to be inconsistent with the NULL hypothesis784

pIt has to be kept in mind that the Student’s t-test becomes less reliable when using a small number of
data points as, e.g., the case for the one-dimensional binning.
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Table 9. The various azimuthal modulations of the semi-inclusive cross section and those hadron
species whose corresponding Fourier amplitudes are incompatible with the NULL hypothesis at
95% (90%) confidence. Antiprotons and ⇡

0 are given separated in the last two columns to indicate
that the statistical test of those is based on the one-dimensional projections and hence restricted
to using only seven data points.

the latter two should significantly increase the reliability of uncertainties resulting from763

phenomenological fits to combined data of one-dimensional projections as the latter have764

an unspecified degree of statistical and systematic correlation.765

Due to the more limited precision of the antiproton and neutral-pion data, such three-766

dimensional kinematic binning was not feasible. They were thus analyzed as functions of x,767

z, and Ph? individually (cf. tables 7 and 8), integrating over the corresponding remaining768

kinematic variables.769

Asymmetries in one overall kinematic bin are not presented as their extraction suffers770

from the largest acceptance effects. They are also of limited value for phenomenology.771

Instead, the results for all asymmetries were tested against the NULL hypothesis using the772

two-sided Student’s t-test. The asymmetry results binned in three dimensions were used,773

where available, to increase the robustness of the Student’s t-test by using 64 data points774

and avoiding cancelation effects from integrating over kinematic dependences. In the case of775

⇡
0 and antiprotons, where results in only the one-dimensional binning are available, they776

are considered to be inconsistent with zero if the Student’s t-test established this for at777

least one of the three projections (versus x, z, or Ph?).p It is found that most asymmetry778

amplitudes are consistent with zero in the semi-inclusive region 0.2 < z < 0.7 used here.779

Those asymmetry amplitudes that are found to be inconsistent with zero at 95% (90%)780

confidence level are listed in table 9. Significantly non-zero results were neither found781

for the pretzelosity 2 hsin (3�� �S)ihU? Fourier amplitudes nor for the M/Q-suppressed782

2 hcos (�+ �S)ihL? and 2 hcos (2�� �S)ihL? Fourier amplitudes. For the 2 hsin (2�� �S)ihU?783

Fourier amplitude, only antiprotons were found to be inconsistent with the NULL hypothesis784

pIt has to be kept in mind that the Student’s t-test becomes less reliable when using a small number of
data points as, e.g., the case for the one-dimensional binning.
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Figure 25. The 2hsin (�S)/
p

2✏(1 + ✏) ihU? amplitudes for charged mesons (left: pions; right:
kaons) presented either in bins of x, z, or Ph?. Data at large values of z, marked by open points
in the z projection, are not included in the other projections. Systematic uncertainties are given
as bands, not including the additional scale uncertainty of 7.3% due to the precision of the target-
polarization determination.

of 0.2 < z < 0.7, without presenting data binned in z or for z > 0.7. Likewise, pre-
liminary COMPASS data, both for the semi-inclusive z region and for large z, do not
exhibit a sizable 2 hsin (2�)ihUk asymmetry [165]. Only the CLAS collaboration reported
non-vanishing 2 hsin (2�)ihUk asymmetry amplitudes for charged pions [166], however, not
for the z > 0.7 range considered here. In contrast to the earlier HERMES measure-
ment of 2 hsin (2�)ihUk, the CLAS data are on average at larger z since they are integrated
over the range 0.4 < z < 0.7. Thus, the non-zero CLAS data might be a hint of an in-
crease in magnitude of these asymmetry amplitudes with increasing z. On the other hand,
the negative values of these asymmetry amplitudes are not compatible with the positive
2hsin (2�� �S)/

p
2✏(1 + ✏) i⇡+

U? amplitudes presented here. Last but not least, positive
sin (2�� �S) modulations have been observed in exclusive ⇡

+ electroproduction off trans-
versely polarized protons [167], which suggests a smooth transition from the semi-exclusive
high-z region studied here to exclusive ⇡

+ production.
One of the more striking results of this analysis is the observation of large subleading-

twist 2hsin (�S)/
p

2✏(1 + ✏) ihU? Fourier amplitudes. In particular, they provide the largest
twist-3 signal in this measurement. They surprise also with a large kinematic dependence
as visible in figure 25, where they are shown for charged mesons. In the semi-inclusive
deep-inelastic scattering region, mainly the Fourier amplitudes for negative mesons are sig-
nificantly different from zero, being of order -0.02. The three-dimensional binning, depicted
in figure 26 for the ⇡

�, reveals that those non-vanishing asymmetries stem predominantly
from the large-x and large-z region, where they reach even larger magnitudes. The ampli-
tudes clearly rise with z for charged pions and positive kaons. The precision for K

� and
neutral pions in that region is insufficient for drawing a strong conclusion, though also here
an increase in magnitude with z is hinted. A noteworthy characteristic of the results is the
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versely polarized up-quarks in the
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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

129

0.6 0.4 0.2 0 0.2 0.4 0.6

bx fm

0.6

0.4

0.2

0

0.2

0.4

0.6

b
y
mf

0.6 0.4 0.2 0 0.2 0.4 0.6

bx fm

0.6

0.4

0.2

0

0.2

0.4

0.6

b
y
mf

0.6 0.4 0.2 0 0.2 0.4 0.6

bx fm

0.6

0.4

0.2

0

0.2

0.4

0.6

b
y
mf

0.6 0.4 0.2 0 0.2 0.4 0.6

bx fm

0.6

0.4

0.2

0

0.2

0.4

0.6

b
y
mf

0

1

2

3

mf
2

0

0.5

1

1.5

2

0.5

mf
2

1n = 1n =

2n = 2n =

Fig. 109. Density of transversely polarized up-quarks in the π+

(from [B+08h]).

0.60.4 0.2 0 0.2 0.4 0.6

by fm

0

0.5

1

1.5

2


n

1

mf


2


bx0.15 fm

0.60.4 0.2 0 0.2 0.4 0.6

by fm

0

0.5

1

1.5

2


n

1

mf


2


0.6 0.4 0.2 0 0.2 0.4 0.6

by fm

0

0.5

1

1.5

2
p1.6
p2
ChPT

bx0.15 fm

0.6 0.4 0.2 0 0.2 0.4 0.6

by fm

0

0.5

1

1.5

2


n

1

mf


2



n

1

mf


2


Fig. 110. Density profiles for trans-
versely polarized up-quarks in the
π+ (from [B+08h]).

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
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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.
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physicalpoint,whiletheextrapolationbasedon1-loopChPTtendstogiveanevenlarger
centralvalue.AnalogouslytothecasenucleontensorGFFBT10introducedinsection2.1.1,one
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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.

Ithasbeennotedin[B
+
08h]thatthex
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-momentsofthedensityoftransverselypolarized
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wheretheGFFsA
π
n0(b

2
⊥)andB

π
Tn0(b

2
⊥)inimpactparameterspacearerelatedtothemomentum-

spaceGFFsA
π
n0(t)andB

π
Tn0(t)byaFourier-transformationasinEq.(64).Anumericalevalu-

ationofthedensityρ
n
(b⊥,s⊥)usingthelatticeresultsrequiresrepresentationsoftheGFFsas
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Fig. 110. Density profiles for trans-
versely polarized up-quarks in the
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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

ρn(b⊥, s⊥) =
∫ 1

−1
dx xn−1ρ(x, b⊥, s⊥) =

1

2

(

Aπ
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, (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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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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wheretheGFFsA
π
n0(b

2
⊥)andB

π
Tn0(b

2
⊥)inimpactparameterspacearerelatedtothemomentum-

spaceGFFsA
π
n0(t)andB
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Tn0(t)byaFourier-transformationasinEq.(64).Anumericalevalu-

ationofthedensityρ
n
(b⊥,s⊥)usingthelatticeresultsrequiresrepresentationsoftheGFFsas
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form factors: transverse 
distribution 
 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⊥|
∞∫

−∞

dη

2π
eiηxq

(
−
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2
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)
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=
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⊥)

)
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⊥εji
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(
Si
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⊥) + si
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T (x, b2

⊥)
)

+ si
⊥

(2bi
⊥bj

⊥ − b2
⊥δij)

m2
N

Sj
⊥H̃ ′′

T (x, b2
⊥)

}

,

(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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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

(
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⊥) −
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⊥
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∂
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)

, (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

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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form factors: transverse 
distribution 
 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⊥|
∞∫

−∞

dη

2π
eiηxq

(
−

η

2
n, b⊥

)1

2

[
γ+ − sj

⊥iσ+jγ5

]
q
(η

2
n, b⊥

)
|N⊥〉

=
1

2

{

H(x, b2
⊥) + si

⊥Si
⊥

(

HT (x, b2
⊥) −

1

4m2
N

∆b⊥H̃T (x, b2
⊥)

)

+
bj
⊥εji

mN

(
Si
⊥E ′(x, b2

⊥) + si
⊥E

′
T (x, b2

⊥)
)

+ si
⊥

(2bi
⊥bj

⊥ − b2
⊥δij)

m2
N

Sj
⊥H̃ ′′

T (x, b2
⊥)

}

,

(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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GPDs in exclusive reactions
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azimuthal dependences in DVCS/BH
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• beam polarization PB 
• beam charge CB 
• here: unpolarized target 

|TBH|2 =
KBH

P1(�)P2(�)

2�

n=0

cBHn cos(n�)

Fourier expansion for φ: 

calculable in QED  
(using FF measurements)
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• beam polarization PB 
• beam charge CB 
• here: unpolarized target 

|TBH|2 =
KBH

P1(�)P2(�)

2�

n=0
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|TDVCS|2 = KDVCS
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n=1
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Fourier expansion for φ: 
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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!!!

48

HERMES, PRL 87 (2001) 182001

VOLUME 87, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 29 OCTOBER 2001

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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range is about 0.14 rad.
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beam-spin asymmetry ALU is shown, which is defined as
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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-
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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
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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

-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
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value is assigned to Mx if M2

x , 0. The error bars are statistical
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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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… 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
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 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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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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data taking finished in 2007, but work continued ...

final surveys, calibrations, data production
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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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Andreas at work

Danke für die lange, rege und fruchtbare Zusammenarbeit - There’s surely more to come!


