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Evolution of our Nucleon Picture

2

Nucleon consists of three (up 
and down) quarks whose spins 
add up to 1/2)

1960/70’s :

1970/80’s : Gluons are important 
as well!

1990/2000’s : Don’t forget 
orbital angular 
momentum!!

only ~50% of proton mass steming 
from quarks
quark spin only adds up to a fraction of 
1/2
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proposed in 1988 to solve the “spin crisis”

commissioned in 1995 at HERA

data taking ended in 2007 because of closing of HERA

however, many more exciting results to be expected 
from data on discs

3

hermes
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The HERMES Experiment

.

hermes HERMES at DESY

27.5 GeV e+/e− beam of HERA

forward-acceptance spectrometer

⇒ 40mrad< θ <220mrad

high lepton ID efficiency and purity

excellent hadron ID thanks to dual-radiator RICH

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 14/50
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Beam Polarization at HERA

.

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

5



Gunar Schnell JPS Meeting,  26-March-2008

HERMES Polarized Target

.

hermes HERMES Internal Gas Target

• Storage cell with atomic beam source

• Pure target (NO dilution)

• Polarized or unpolarized targets possible

• Different gas targets available (H, D, He, N, Kr ...)

~~ T
<P  > 0.90

e’

polarimeter

3%

against synchrotron radiation

(movable) collimators

thin exit window

0.35 Tesla

electron beam

coil

coil

solenoid
source for

polarized gas

d
et

ec
to

r
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d = 0.3 mm SS
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Polarization:
longitudinal: ~85%
transversal: ~75%
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Deep-Inelastic Scattering
Probing the Structure of the Nucleon 

7



Gunar Schnell JPS Meeting,  26-March-2008

Deep-Inelastic Scattering

8

.

hermes Semi-Inclusive Deep-Inelastic Scattering

use well-known probe to study hadronic structure:

e

!
q

*

(E, p)

(E’, p’)

K

h

"

"

d

u

u

Q2 lab
= 4EE′ sin2(

Θ

2
)

ν
lab
= E − E′

W 2 lab
= M2 + 2Mν − Q2

y
lab
=

ν

E

x
lab
=

Q2

2Mν

z
lab
=

Eh

ν

Factorization ⇒ σep→ehX =
∑

q DF p→q ⊗ σeq→eq ⊗ FF q→h

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

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

               some fragments
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Inclusive DIS

9

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

!

"

#

$

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
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where ∆CMS
NS (αs(Q2)) and ∆CMS

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

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

Γp
1(Q

2) − Γn
1 (Q2) =

1
6
a3∆CMS

NS (αs(Q2)), (12)

while their sum is given by:

Γp
1(Q

2) + Γn
1 (Q2) =

1
18

[
a8∆CMS

NS (αs(Q2))

+4a0∆CMS
S (αs(Q2))

]
. (13)

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

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

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

∆CMS
NS (αs(Q2)) = 1 −αs

π
−3.583

(αs

π

)2
−20.215

(αs

π

)3

(14)

∆CMS
S (αs(Q2)) = 1 −

(αs

π

)
− 1.096

(αs

π

)2
, (15)

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

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

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

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

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

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

1 are
obtained.

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

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

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

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

II. FORMALISM

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

d2σ(s, S)
dx dQ2

=
2πα2y2

Q6
Lµν(s)Wµν(S) , (16)

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

Lµν(s) = 2(kµk′
ν + kνk′

µ − gµν(k · k′ − m2
l ))

+ 2iεµναβ(k − k′)αsβ . (17)

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

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

Lepton Tensor Hadron Tensor
parametrized in terms of 

Structure Functions
d3σ

dxdydφ
∝ y

2
F1(x,Q2) +

1− y − γ2y2/4
2xy

F2(x, Q2)

−PlPT cos α

[(
1− y

2
− γ2y2

4
g1(x,Q2)− γ2y

2
g2(x,Q2)

)]

+PlPT sinα cos φγ

√
1− y − γ2y2

4

(y

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

)
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Parton-Model Interpretation of 
Structure Functions

10

F1(x) =
1
2

∑

q

e2
qf

q
1 (x)

F2(x) = x
∑

q

e2
qf

q
1 (x)

g1(x) =
1
2

∑

q

e2
qg

q
1(x)

g2(x) = 0

quark-spin constribution to nucleon helicity 
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Polarized Structure Function g1

11
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Saturation 
➠ close to full integral?

∆Σ MS=
1

∆CS

[
9Γd

1

1− 3
2ωD

− 1
4
a8∆CNS

]

theory theory

hyperon-decay data
0.05±0.05

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

most precise result; only 1/3 of nucleon spin from quarks
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Flavor Separation using SIDIS

Remember:

use different hadron flavors in 
final state to tag quark flavor

13

∆Σ =
∑

q

∫
dx gq

1(x) ≈ 1/3

gu
1 (x) ≡ ∆u > 0 and large

gd
1(x) ≡ ∆d < 0 and smaller

gs
1(x) ≡ ∆s ≈ 0

A. Airapetian et al., PRL 92 (2004)  
A. Airapetian et al., PRD 71 (2005)
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Distribution of Strange Quark

strange quarks carry no isospin, thus the same in proton 
and neutron

use isoscalar probe and target to extract strange-quark 
distributions

only need inclusive asymmetries and K++K- asymmetries, 
i.e.,                      and                                 , as well as K++K- 
multiplicities

strange-quark fragmentation function either directly from 
data or from parametrizations

14

AK++K−

1,d (x, z,Q2)A1,d(x,Q2)
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Unpolarized Strange Quarks
S(x) non-zero for x<0.1

vanishes for x>0.1

apparent discrepancy with 
CTEQ6L

S(x) not an average of an 
isoscalar non-strange sea
➠ violation of SU(3) symmetry

HERMES data provides 
extremely valuable input to 
extraction of unpolarized 
PDFs

15
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Polarized Strange Quarks

results consistent with 
previous flavor decomposition

no sizeable negatively 
polarized strange sea as 
expected from inclusive DIS 
results

➠ sign of violation of SU(3) 
symmetry or of substantial 
contributions from low-x 
region!
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Quark Structure of the Nucleon

.

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
th
, 2008 – p. 3/50

The “Trouble” with Transversity

19

Transverse-spin states written in terms of helicity states:

+ +

+ +

+ +

− −

+ −

− +

Fig. 9. The three quark-nucleon helicity amplitudes.

Two of the amplitudes in (4.5.6), A++,++ and A+−,+−, are diagonal in
the helicity basis (the quark does not flip its helicity: λ = λ′), the third,
A+−,−+, is off-diagonal (helicity flip: λ = −λ′). Using the optical theorem we
can relate these quark-nucleon helicity amplitudes to the three leading-twist
quark distribution functions, according to the scheme

f(x) = f+(x) + f−(x)∼ Im(A++,++ + A+−,+−) , (4.5.7a)

∆f(x) = f+(x) − f−(x)∼ Im(A++,++ −A+−,+−) , (4.5.7b)

∆T f(x) = f↑(x) − f↓(x) ∼ ImA+−,−+ . (4.5.7c)

In a transversity basis (with ↑ directed along y)

| ↑〉 = 1√
2

[
|+〉 + i|−〉

]
,

| ↓〉 = 1√
2

[
|+〉 − i|−〉

]
,

(4.5.8)

the transverse polarisation distributions ∆T f is related to a diagonal ampli-
tude

∆T f(x) = f↑(x) − f↓(x) ∼ Im(A↑↑,↑↑ −A↑↓,↑↓) . (4.5.9)

Reasoning in terms of parton-nucleon forward helicity amplitudes, it is
easy to understand why there is no such thing as leading-twist transverse
polarisation of gluons. A hypothetical ∆T g would imply an helicity flip gluon-
nucleon amplitude, which cannot exist owing to helicity conservation. In fact,
gluons have helicity ±1 but the nucleon cannot undergo an helicity change
∆Λ = ±2. Targets with higher spin may have an helicity-flip gluon distribu-
tion.

If transverse momenta of quarks are not neglected, the situation be-
comes more complicated and the number of independent helicity amplitudes
increases. These amplitudes combine to form six k⊥-dependent distribution
functions (three of which reduce to f(x), ∆f(x) and ∆T f(x) when integrated
over k⊥).

4.6 The Soffer inequality

From the definitions of f , ∆f and ∆T f , that is, ∆f(x) = f+(x) − f−(x),
∆T f(x) = f↑(x)−f↓(x) and f(x) = f+(x)+f−(x) = f↑(x)+f↓(x), two bounds

41

➠Transverse-spin asymmetries involve helicity-flip amplitudes

.
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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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Transversity Measurement

20

!

"#$%#& Transversity Measurements

︸ ︷︷ ︸

'()*+, -.-/

(01 234 04# %#3&5$# 6$34&7#$&869:

/##; 3406"#$ 2"8$3<=0;; 0>?#26@

⇒ A#%8=)42<5&87# B)A

σep→ehX =
∑

q

hq
1 ⊗ σeq→eq ⊗ FF q→h

⇓ ⇓
!"#$%&'()) !"#$%&'())

BC CC

→ 2"8$3<=0;; CC 3& 3 D0<3$8%#6#$ 0E 6$34&7! F53$G D0<3$8H36804
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2-Hadron Fragmentation

only relative momentum of hadron pair relevant  
⇒  integration over transverse momentum of hadron
      pair simplifies factorization and Q2 evolution
however, cross section becomes quite complex 
(differential in 9 variables)

21

.

hermes

2-Hadron Fragmentation
in Semi-Inclusive DIS

polarized 2-hadron cross section:
(Unpolarized beam, Transversely pol. target)

σ
UT

∼ sin(φR⊥ + φS)
∑

e2
q hq

1 H!
1

H!
1 = H!

1 (z, ζ,M2
ππ)

(ζ ∼ z1/(z1 + z2))

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 39/50
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hermes

2-Hadron Fragmentation
in Semi-Inclusive DIS

polarized 2-hadron cross section:
(Unpolarized beam, Transversely pol. target)

σ
UT

∼ sin(φR⊥ + φS)
∑

e2
q hq

1 H!
1

H!
1 = H!

1 (z, ζ,M2
ππ)

(ζ ∼ z1/(z1 + z2))

only relative momentum of hadron pair relevant

⇒ integration over transverse momentum of hadron pair
simplifies factorization and Q2 evolution

however, cross section becomes more complex (differ-
ential in 9 variables)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 39/50
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Model for 2-Hadron Fragmentation

22

.

hermes Interference Fragmentation – Models

⇒ AUT might depend strongly on Mππ

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

first evidence for T-odd 2-hadron fragmentation 
function  in SIDIS!
invariant-mass dependence rules out Jaffe model 

23

A
U
!

"x
#

"z
#

"M
$
$
#
!G

e
V
"

"x
#

s
in

(%
R
!
+
%

S
)s

in
&

M$$
z
x

8
.1

%
 s

c
a

le
 u

n
c

e
rt

a
in

ty '0

M$$ !GeV" x z

0

0.02

0.04

0.06

0.06

0.07

0.08

0.2 0.4 0.6 0.8 1

0.4

0.45

0.5

0.55

0.05 0.1 0.15

0.6

0.65

0.7

0.2 0.4 0.6 0.8

0.06

0.07

0.08

HERMES

A. Airapetian et al.,  arXiv:0803.2367



Gunar Schnell JPS Meeting,  26-March-2008

.

hermes

SIDIS Cross Section
(up to subleading order in 1/Q)

dσ = dσ0
UU + cos 2φ dσ1

UU +
1

Q
cos φ dσ2

UU + λe

1

Q
sin φ dσ3

LU

+SL

{

sin 2φ dσ4
UL +

1

Q
sinφ dσ5

UL + λe

[

dσ6
LL +

1

Q
cosφ dσ7

LL

]}

+ST

{

sin(φ − φS) dσ8
UT + sin(φ + φS) dσ9

UT + sin(3φ − φS) dσ10
UT

1

Q

+
1

Q

(

sin(2φ − φS) dσ11
UT + sinφS dσ12

UT

)

+λe

[

cos(φ − φS) dσ13
LT +

1

Q

(

cos φS dσ14
LT + cos(2φ − φS) dσ15

LT

)

]}

σXY

↙ ↘
Beam Target
Polarization

x

y

z

φS

φ

$phad

$S⊥

$k

$k′

$q

uli

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

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

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

Bacchetta et al., JHEP 0702 (2007) 093

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

1-Hadron Production (ep➙ehX)

24

Collins Effect:
sensitive to quark transverse spin

.

Collins Fragmentation Function

!

z

y
x

!

Ph⊥

Ph⊥quark

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

direction of outgoing hadron

Originally proposed by Collins (& Heppelman)

T-odd ⇒ need interference of amplitudes

Schäfer-Teryaev Sum Rule:
∑

h

∫

dzH⊥,h
1 = 0

first data from Belle supports non-zero H⊥
1

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

Sivers Effect:

correlates hadron’s transverse 
momentum with nucleon spin

requires orbital angular momentum
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The HERMES Collins Results

non-zero Collins 
effect observed!

both Collins FF and 
transverity sizeable

25
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hermes Collins Amplitudes 2002-2005
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8.1% scale uncertainty

published† results confirmed with much

higher statistical precission

overall scale uncertainty of 8.1%

positive for π+ and negative for π− as

maybe expected (δu ≡ hu
1 > 0

maybe expected (δd ≡ hd
1 < 0)

unexpected large π− asymmetry

⇒ role of disfavored Collins FF

most likely: H⊥,disf
1 ≈ −H⊥,fav

1

isospin symmetry among charged and

neutral pions fulfilled

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

012002]
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published† results confirmed with much

higher statistical precission

overall scale uncertainty of 8.1%

positive for π+ and negative for π− as

maybe expected (δu ≡ hu
1 > 0

maybe expected (δd ≡ hd
1 < 0)

unexpected large π− asymmetry

⇒ role of disfavored Collins FF

most likely: H⊥,disf
1 ≈ −H⊥,fav

1

isospin symmetry among charged and

neutral pions fulfilled

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

012002]
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published† results confirmed with much

higher statistical precission

overall scale uncertainty of 8.1%

positive for π+ and negative for π− as

maybe expected (δu ≡ hu
1 > 0

maybe expected (δd ≡ hd
1 < 0)

unexpected large π− asymmetry

⇒ role of disfavored Collins FF

most likely: H⊥,disf
1 ≈ −H⊥,fav

1

isospin symmetry among charged and

neutral pions fulfilled

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

012002]

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



Gunar Schnell JPS Meeting,  26-March-2008

First Glimpse at Transversity

26
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FIG. 6: The experimental data on two different azimuthal cor-
relations in unpolarized e+e− → h1h2 X processes, as mea-
sured by Belle Collaboration [7], are compared to the curves
obtained from Eqs. (44) [A12] and (60) [A0] with the param-
eterizations of Eqs. (14), (16) and (17). The solid lines corre-
spond to the parameters given in Table I, obtained by fitting
the A12 asymmetry; the shaded area corresponds to the the-
oretical uncertainty on these parameters, as explained in the
text. The dashed lines correspond to the parameters given in
Table II obtained by fitting the A0 asymmetry. The agree-
ment between the results obtained from the two fits shows
the consistency between the two sets of Belle data and the
solidity of our analysis.
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(lower plot), as defined in Eq. (13), as functions of k⊥ at
a fixed value of x. Notice that this k⊥ dependence is not ob-
tained from the fit, but it has been chosen to be the same
as that of the unpolarized distribution functions: we plot it
in order to show its uncertainty (shaded area), due to the
uncertainty in the determination of the free parameters.
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Collins Amplitudes for Kaons

none of the kaon amplitudes 
significantly nonzero

K+ amplitudes not really 
different from π+ 
amplitudes

K- amplitudes slightly 
positive, contrary to large 
negative π- amplitudes

K- is pure “sea object”
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hermes

Collins Amplitudes
(2002-2005 data)
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8.1% scale uncertainty

none of the kaon amplitudes
significantly non-zero

however, K+ amplitudes not
different from π+ amplitudes

K− amplitudes slightly
positive, contrary to large
negative π− amplitudes

K− pure sea object

⇒ production dominated by
u-quark scattering

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 23/50



Gunar Schnell JPS Meeting,  26-March-2008

HERMES Sivers Results

first observation of 
T-odd Sivers effect in 
SIDIS!

u-quark dominance 
suggests sizeable 
u-quark orbital 
motion

28
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hermes

Sivers Amplitudes
(2002-2005 data)
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8.1% scale uncertainty

published† results confirmed with much

higher statistical precission

overall scale uncertainty of 8.1%

π+: positive; π−: consistent with zero

⇒ first evidence for non-zero Sivers fct.:

f⊥,u
1T < 0 (u-quark dominance)

⇒ non-zero orbital angular momentum

Isospin symmetry for Sivers amplitudes

fulfilled

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

012002]

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 27/50
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The Intriguing Kaon Amplitudes
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hermes Sivers Amplitudes 2002-2005
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comparison with model   in PRD72, 094007 (2005)
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Non-trivial role of sea quarks!
Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
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Non-trivial role of sea quarks!
Gunar Schnell, Universiteit Gent Jefferson Lab, January 11

th
, 2008 – p. 29/50

prediction using fit to pion data

non-trivial role of sea quarks!



Exclusive Reactions

Accessing Generalized Parton Distributions
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Angular Momentum and GPDs

“Ji’s Recipe” provides way to measure angular momenta

involves moment over new class of PDFs: Generalized PDFs

at leading twist there are 8 GPDs:

but only 2 of them needed for Ji’s sum-rule recipe: 

GPDs provide info about transverse position and long. mom.
31

1997: Ji Relation for Nucleon Spin 

1
2

! = lim
t→0

∑

q

∫
dx [Hq(x, ξ, t) + Eq(x, ξ, t)] + lim

t→0

∫
dx [Hg(x, ξ, t) + Eg(x, ξ, t)]

︸ ︷︷ ︸ ︸ ︷︷ ︸
Jq Jg

E,H, Ẽ, H̃, ET ,HT , ẼT , H̃T

E,H
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Q2

t

GPDs in Exclusive Reactions

GPDs involve off-forward matrix elements

moments give Form Factors, e.g.,

Forward limit give ordinary PDFs, e.g.,

at HERMES accessed in exclusive reactions:

Deeply Virtual Compton Scattering (DVCS)

Exclusive Vector-Meson Production

Exclusive Pseudoscalar-Meson 
Production

32

Hq(x, 0, 0) = fq
1 (x)

∫
dxHq(x, ξ, t) = F q

1 (t)
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Deeply Virtual Compton Scattering
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.

hermes Deeply Virtual Compton Scattering

P’P

q q’

GPDs  (x, !, t, Q )

x+ ! x- !

2

t

• x: long. momentum fraction

• ξ = x
2−x : “skewedness”

parameter

• t = (q − q′)2: momentum
transfer γ∗ → γ

• Q2 = −q2

e + p → e′ + p′ + γ clean & simple exclusive process:

Gunar Schnell, DESY Workshop on Orbital Angular Momentum – Albuquerque, Feb. 24
th
, 2006 – p. 9/34
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hermes Deeply Virtual Compton Scattering

• DVCS and Bethe-Heitler
(BH) indistinguishable

• BH cross section much
larger at HERMES

• access DVCS amplitudes
through DVCS-BH
interference

• interference leads to char-
acteristic azimuthal asym-
metries

e’e

!

p  

!"

p

e
e’

!!"

p p’ 

e + p → e′ + p′ + γ clean & simple exclusive process:

Gunar Schnell, DESY Workshop on Orbital Angular Momentum – Albuquerque, Feb. 24
th
, 2006 – p. 9/34
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.

hermes Azimuthal Asymmetries in DVCS

Interference DVCS & BH cause azimuthal asymmetries in
cross-section:

• Beam-charge asymmetry AC(φ) :
dσ(e+,φ) − dσ(e−,φ) ∝ Re[F1H] · cos φ

• Beam-spin asymmetry ALU (φ) :

dσ(
→
e ,φ) − dσ(

←
e ,φ) ∝ Im[F1H] · sin φ

• Long. target-spin asymmetry AUL(φ) :

dσ(
⇐
P ,φ) − dσ(

⇒
P ,φ) ∝ Im[F1H̃] · sin φ

• Transverse target-spin asymmetry AUT (φ,φs) [TTSA]:

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

+ Im[F2H̃− F1ξẼ ] · cos (φ − φS) sin φ
(F1, F2 are the Dirac and Pauli form factors, calculable in QED)

( eH, eE , . . . Compton form factors involving GPDs H, E, . . .)
Gunar Schnell, DESY Workshop on Orbital Angular Momentum – Albuquerque, Feb. 24

th
, 2006 – p. 10/34

.

hermes Azimuthal Asymmetries in DVCS

Interference DVCS & BH cause azimuthal asymmetries in
cross-section:

• Beam-charge asymmetry AC(φ) :
dσ(e+,φ) − dσ(e−,φ) ∝ Re[F1H] · cos φ

• Beam-spin asymmetry ALU (φ) :

dσ(
→
e ,φ) − dσ(

←
e ,φ) ∝ Im[F1H] · sin φ

• Long. target-spin asymmetry AUL(φ) :

dσ(
⇐
P ,φ) − dσ(

⇒
P ,φ) ∝ Im[F1H̃] · sin φ

• Transverse target-spin asymmetry AUT (φ,φs) [TTSA]:

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

+ Im[F2H̃− F1ξẼ ] · cos (φ − φS) sin φ
(F1, F2 are the Dirac and Pauli form factors, calculable in QED)

( eH, eE , . . . Compton form factors involving GPDs H, E, . . .)
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y
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A
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to

E
!

Gunar Schnell, DESY Workshop on Orbital Angular Momentum – Albuquerque, Feb. 24
th
, 2006 – p. 10/34
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Constraining E - Transverse TSA

35

Transverse Target Spin Asymmetries AUT(φ, φs)

BH-DVCS interference term in
ep → e ′p′γ

induces azimuthal asymmetries
⇒ GPDs

x

y

z φ

#pγ

#k

#k′

#q
φS

uli

AI
UT(φ, φs) ∝

[
dσ+(φ, φs)−dσ−(φ, φs)

]
−

[
dσ+(φ, φs+π)−dσ−(φ, φs+π)

]

AI
UT(φ,φs) ∝ Im (F2H− F1E) sin(φ − φs) cos φ

+ Im
(
F2H̃− (F1 + ξF2)Ẽ

)
cos(φ − φs) sinφ

F1, F2: Pauli, Dirac form factors
H, eH, E , eE : Compton form factors

= convolutions of hard scattering amplitude and twist-2 GPDs H, eH , E resp. eE
C. Riedl (DESY) Hermes TTSA and Recoil DPG Freiburg 2008 6 / 13

e± p⇑ −→ e± p γ

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

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

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

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

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

with zero.

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

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

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

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

UT,I . The asymmetry amplitudes related

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

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

A. Airapetian et al.,  arXiv:0802.2499
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Model-Dependent Extraction of Ju vs. Jd
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Figure 10: Model-dependent constraints on u-quark total angular momentum Ju vs d-quark total
angular momentum Jd, obtained by comparing DVCS experimental results and theoretical calcula-
tions. The constraints based on the HERMES data for the TTSA amplitudes Asin (φ−φS) cos φ

UT and

Asin(φ−φS)
UT,I use the double-distribution (HERMES DD) [32, 39] or dual-parameterisation (HER-

MES Dual) [49] GPD models. The additional band (JLab DD) is derived from the comparison
of the double-distribution GPD model with neutron cross section data [55]. Also shown as small
(overlapping) rectangles are results from lattice gauge theory by the QCDSF [52] and LHPC [47]
collaborations, as well as a result for only the valence quark contribution (DFJK) based on zero-
skewness GPDs extracted from nucleon form factor data [53, 54]. The sizes of the small rectangles
represent the statistical uncertainties of the lattice gauge results, and the parameter range for
which a good DFJK fit to the nucleon form factor data was achieved. Theoretical uncertainties are
unavailable.

DVCS data. Both constraints are consistent with results, also shown in figure 10, from

unquenched lattice gauge simulations by the QCDSF [52] and the LHPC [47] collaborations.

The statistical uncertainties of the lattice gauge results are comparable to the size of the

plotted symbols. The QCDSF calculation of the first moments of the GPDs, the so-called

generalized form factors, is based on a simulation using dynamical Wilson fermions with

pion masses down to 350 MeV. The dynamical LHPC calculation is based on a hybrid

approach of rooted staggered sea and domain wall valence quarks. In both calculations the

generalized form factors have been simultaneously extrapolated in t and m2
π to t = 0 and the

physical point, respectively, using the same results from chiral perturbation theory. Both

calculations include only contributions from connected diagrams. The uncertainties are

– 18 –

Ju and Jd are free param’s 
in GPD models:

Double Distribution (DD):
(Phys.Rev. D60 (1999) 094017)

Dual Parameterization:
(hep-ph/0207153 and Phys.Rev. D74 
(2006) 054027)

Bands are 1σ constraint 
on Ju vs. Jd

Ju + Jd/2.8 = 0.49± 0.17

Ju + Jd/2.8 = −0.02± 0.27

χ2(Ju, Jd) =
(
Asin(φ−φs) cos nφ

UT,I |exp −Asin(φ−φs) cos nφ
UT,I |theo (Ju, Jd)

)2
/(δA2

stat + δA2
sys)
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Figure 5. Asymmetry amplitudes describing the dependence of the squared DVCS
amplitude (circles, AUT,DVCS) and the interference term (squares, AUT,I) on the
transverse target polarisation, for the exclusive sample. The filled symbols indicate
those results of greatest interest (see text). The circles (squares) are shifted right
(left) for visibility. The error bars represent the statistical uncertainties, while the top
(bottom) bands denote the systematic uncertainties for AUT,I (AUT,DVCS), excluding
the 8.1 % scale uncertainty from the target polarisation measurement. The curves are
predictions of the GPD model variant (Reg, no D) shown in Fig. 4 as a continuous
curve, with three different values for the u-quark total angular momentum Ju and fixed
d-quark total angular momentum Jd = 0 [15]. See text for details.

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

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

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

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

with zero.

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

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

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

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

UT,I . The asymmetry amplitudes related

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

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

8.1% scale uncertainty

published† results confirmed with much

higher statistical precission

overall scale uncertainty of 8.1%

π+: positive; π−: consistent with zero

⇒ first evidence for non-zero Sivers fct.:

f⊥,u
1T < 0 (u-quark dominance)

⇒ non-zero orbital angular momentum

Isospin symmetry for Sivers amplitudes

fulfilled

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

012002]

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 27/50
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Partial Moments of Polarized Quark 
Distributions
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Artru Model for Collins Effect

43

.

Collins Fragmentation - String Model
Interpretation (Artru)

L=1

transverse spin
of struck quark

(polarization component in lepton scattering

plane reversed by photoabsorption)

︸
︷︷

︸

qq̄-pair with vacuum
quantum numbers (3P0-state)

outgoing pion
deflected into page
(positive Collins FF)

Gunar Schnell Genties Group Meeting, February 17
th
, 2006 – p. 10/21
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Artru Model vs. HERMES

44

.

Artru Model vs. HERMES

φS = 0

φ = π/2

}

sin(φ + φS) > 0

!
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Artru Model vs. HERMES

φS = 0

φ = π/2

}
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φS = π/2
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}
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Artru Model vs. HERMES

φS = 0

φ = π/2

}

sin(φ + φS) > 0

φS = π/2

φ = 0

}

sin(φ + φS) > 0

!

!
Artru model and HERMES results in agreement!
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Artru Model vs. HERMES

φS = 0

φ = π/2

}

sin(φ + φS) > 0
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published† results confirmed with much

higher statistical precission

overall scale uncertainty of 8.1%

positive for π+ and negative for π− as

maybe expected (δu ≡ hu
1 > 0

maybe expected (δd ≡ hd
1 < 0)

unexpected large π− asymmetry

⇒ role of disfavored Collins FF

most likely: H⊥,disf
1 ≈ −H⊥,fav

1

isospin symmetry among charged and

neutral pions fulfilled

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

012002]
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The Sivers Effect - A QCD Challenge?

Distribution Function (DF) in handbag representation:

Soft gluons needed for color gauge invariance 

Interference of amplitudes with different numbers of soft 
gluon exchanges possible

represent color field of remnant seen by outgoing quark
45

.

Naive T-oddness for Distribution
Functions

Distribution functions in terms of handbag diagrams:

Interference of amplitudes with different numbers of soft
gluon exchanges possible!

soft gluons are needed for fulfilling color gauge invariance!

represent the color field felt by the struck quark when moving
through the target remnantGunar Schnell Genties Group Meeting, February 17

th
, 2006 – p. 12/21
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Naive T-oddness for Distribution
Functions

Distribution functions in terms of handbag diagrams:

Interference of amplitudes with different numbers of soft
gluon exchanges possible!
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quark rescattering via soft gluon 
exchange
correlates transverse spin of nucleon 
with direction of struck quark
requires orbital angular momentum!
leading twist!

.

Some words about Sivers Effect
Thanks to Brodsky, Hwang, Schmidt:

quark rescattering via soft gluon
exchange

correlates transverse spin with
direction of outgoing hadron

requires Lz of quarks

Thanks to Collins, Ji, Yuan, Belitzky ...:

Soft gluon is model for gauge link needed for gauge invariance

Gauge links provide necessary complex phase for interference

T-Symmetry of QCD requires opposite sign of Sivers function in DIS and DY

slightly different approach by Burkardt using impact parameter dependent

PDF’s (“chromodynamic lensing”)
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, 2006 – p. 13/21

Thanks to Brodsky, Hwang & Schmidt:

➠
➠
➠
➠

.

Some words about Sivers Effect
Thanks to Brodsky, Hwang, Schmidt:

quark rescattering via soft gluon
exchange

correlates transverse spin with
direction of outgoing hadron

requires Lz of quarks

Thanks to Collins, Ji, Yuan, Belitzky ...:

Soft gluon is model for gauge link needed for gauge invariance

Gauge links provide necessary complex phase for interference

T-Symmetry of QCD requires opposite sign of Sivers function in DIS and DY

slightly different approach by Burkardt using impact parameter dependent

PDF’s (“chromodynamic lensing”)
Gunar Schnell Genties Group Meeting, February 17

th
, 2006 – p. 13/21



Gunar Schnell JPS Meeting,  26-March-2008

“Chromodynamic Lensing”

47

.

hermes

Chromodynamic Lensing
Understanding the Sivers Moments

[hep-ph/0309269]approach by M. Burkardt:
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hermes Azimuthal Asymmetries in DVCS

Interference DVCS & BH cause azimuthal asymmetries in
cross-section:

• Beam-charge asymmetry AC(φ) :
dσ(e+,φ) − dσ(e−,φ) ∝ Re[F1H] · cos φ

• Beam-spin asymmetry ALU (φ) :

dσ(
→
e ,φ) − dσ(

←
e ,φ) ∝ Im[F1H] · sin φ

• Long. target-spin asymmetry AUL(φ) :

dσ(
⇐
P ,φ) − dσ(

⇒
P ,φ) ∝ Im[F1H̃] · sin φ

• Transverse target-spin asymmetry AUT (φ,φs) [TTSA]:

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

+ Im[F2H̃− F1ξẼ ] · cos (φ − φS) sin φ
(F1, F2 are the Dirac and Pauli form factors, calculable in QED)

( eH, eE , . . . Compton form factors involving GPDs H, E, . . .)
Gunar Schnell, DESY Workshop on Orbital Angular Momentum – Albuquerque, Feb. 24

th
, 2006 – p. 10/34
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(extracted from same data set as used for TTSA)

Constraining GPD H

HERMES: DVCS On Transversely Polarised Hydrogen 14
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Figure 4. Asymmetry amplitudes describing the dependence of the interference term
on the beam charge (AC), for the exclusive sample. The squares represent the results
from the present work, while data represented by triangles (shifted right for visibility)
were reported in Ref. [12]. The filled symbols indicate those results of greatest interest
(see text). The error bars (bands) represent the statistical (systematic) uncertainties.
The curves are predictions of variants of a double-distribution GPD model [29, 36],
with profile parameters given in Table 3. See text for details.

Of special interest in this work are the amplitudes Asin(φ−φS) cos(nφ)
UT,I , n = 0, 1,

presented in the top two rows of Fig. 5. Equations 10 and 9 show that these amplitudes

are sensitive to the GPD E and hence to the total angular momenta of quarks. These
amplitudes are found to have substantial magnitudes with opposite signs but little

kinematic dependence, possibly increasing in magnitude with −t. Their opposite signs

are expected from Eq. 10. Also of interest is the amplitude Asin(φ−φS)
UT,DVCS , shown in the top

row of Fig. 5, which Eq. 6 suggests is also sensitive to the GPD E. The overall result is

non-zero by 2.8 times the total uncertainty. These data tend to increase in magnitude

at larger values of Q2. (In fixed-target experiments, xB and Q2 are strongly correlated.)
They provide the first experimental evidence for an azimuthal harmonic in the squared

clearly favored:
- double distribution
- factorized (Regge-
  inspired) Ansatz for
  t-independent part
- no “D-term”

  (cf. PRD60 (1997))

A. Airapetian et al.,  
arXiv:0802.2499


