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Overview
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• HERMES @ HERA
• Longitudinal nucleon structure
‣ Spin-dependent structure function g1

‣ Strange quark distribution s(x) and Δs(x)
• Transverse structure of the nucleon
‣ Transversity and transverse momentum dependent 

distribution functions
• 3D picture of the nucleon
‣ Accessing Generalized Parton Distributions (GPDs) 

via Deeply Virtual Compton Scattering (DVCS)



Achim Hillenbrand Photon09, DESY,  Hamburg

The Quest: Spin Structure of the Proton
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The Quest: Spin Structure of the Proton
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EMC (1988):

= 0.120± 0.094(stat)± 0.138(syst)
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HERMES @ HERA
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• Fixed target experiment
➡only using HERA lepton (e+/e-)

beam
• HERA lepton beam self-

polarizing
➡cross section asymmetry in 

synchrotron radiation 
emission leads to build-up of 
transverse polarization 
(Sokolov-Ternov effect)

• Spin-rotators ➡longitudinal 
polarization at HERMES 
interaction region

• Beam polarization measured by 
two independent polarimeters

<PB> up to 55%



Achim Hillenbrand Photon09, DESY,  Hamburg

The HERMES Target
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B B

Storage Cell

1

2

3

2
H

Features:
• Pure target (no dilution)
• Unpolarized targets:

variety of nuclear targets
‣ H, D, He, Ne, Kr, ...

• Polarized targets:
‣ Longitudinal pol. (<=2000)

H, D, He
‣ Transverse pol. (2002-2005)

H
‣ Rapid reversal of 

polarization direction 
within 0.5s (every 90s)

Gaseous target in storage cell aligned with lepton beam

Polarization:
longitudinal: ~85%
transversal: ~75%
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HERMES Spectrometer
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• Forward acceptance spectrometer: 40 mrad ≤ Θ ≤ 220 mrad
• Kinematic coverage: 0.02 ≤ xBj ≤ 0.8 for Q2 > 1 GeV2 and W > 2 GeV
• Tracking: δP/P = 0.7% - 2.5%, δΘ ≤ 1 mrad
• PID: TRD, Preshower, Calorimeter, Cherenkov (RICH after 1997)
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Particle Identification
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excellent lepton/hadron separation

RICH: two radiators allow 
hadron separation 
between 2-15 GeV

Aerogel; n=1.03

C4F10; n=1.0014
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The spin-dependent structure function g1



Achim Hillenbrand Photon09, DESY,  Hamburg

g1: Inclusive DIS
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HERA:
e± @ 27.6 GeV
PB ~ 53%

long. pol. undiluted
gas target:

H (Pz~ 76%, 85%)
D (Pz~ 84%)

Cross section ➡ structure functions






F1, F2
 unpol
g1, g2
 pol
b1 … b4
 pol (spin-1)

∆q = q→⇒ − q→⇐

in LO QCDg1(x,Q
2) =

1

2

∑

q

e2q
[
∆q(x,Q2) + ∆q̄(x,Q2)

]
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Measured Inclusive Asymmetries
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meas. param.param.
kin. 
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measured DIS cross section
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Deuterium

inclusive asymmetry:

Pzz = 0.83± 0.03 Azz ∼ 0.01 ➟
bd
1

F d
1

= −3
2
Azz

(measured by HERMES)

g1(x,Q
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4y
2γ
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dx dQ2
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2
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g1 : Results for p and d
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• Proton data:
‣ Stat. precision comparable to 

previous data

• Deuteron data:
‣Most precise data in valence x 

region

• <Q2> lower compared to SMC/
COMPASS

•HERMES points: stat. and syst. errors 
added in quadrature
‣Stat. uncertainties are correlated 
from unfolding of bin-to-bin 
migrations (shown are the diagonal 
elements of the cov. matrix)
‣ Syst. uncertainties dominated by 

target and beam polarization
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g1 : Integrals
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Assuming saturation in the deuteron integral:

Use only deuteron data!➟

Q2 = 5GeV2,NNLO in MS scheme

in central uncertainties
NNLO value theor. exp. evol.

a0 0.330 0.011 0.025 0.028
∆u + ∆ū 0.842 0.004 0.008 0.009
∆d + ∆d̄ -0.427 0.004 0.008 0.009
∆s + ∆s̄ -0.085 0.013 0.008 0.009

Γd
1 =

∫
dx gd

1

Γd
1 =

(
1− 3

2
ωD

)
1
36

[
4a0∆CMS

S + a8∆CMS
NS

]

a0
MS= ∆Σ D-wave contribution to 

deuteron

Phys. Rev. D 75
(2007) 012007



Achim Hillenbrand Photon09, DESY,  Hamburg

theory theory

g1 : Integrals
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Assuming saturation in the deuteron integral:

Use only deuteron data!➟

Q2 = 5GeV2,NNLO in MS scheme

from hyperon beta decay
(a8=0.586±0.031)

in central uncertainties
NNLO value theor. exp. evol.

a0 0.330 0.011 0.025 0.028
∆u + ∆ū 0.842 0.004 0.008 0.009
∆d + ∆d̄ -0.427 0.004 0.008 0.009
∆s + ∆s̄ -0.085 0.013 0.008 0.009
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(2007) 012007



Achim Hillenbrand Photon09, DESY,  Hamburg

theory theory

g1 : Integrals
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Assuming saturation in the deuteron integral:

∆u + ∆ū =
1
6
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∆d + ∆d̄ =
1
6

[2a0 + a8 − 3a3]

∆s + ∆s̄ =
1
3

[ a0 − a8]

Use only deuteron data!➟

Q2 = 5GeV2,NNLO in MS scheme

from hyperon beta decay
(a8=0.586±0.031)

from neutron beta decay
(a3=1.269±0.003)

in central uncertainties
NNLO value theor. exp. evol.

a0 0.330 0.011 0.025 0.028
∆u + ∆ū 0.842 0.004 0.008 0.009
∆d + ∆d̄ -0.427 0.004 0.008 0.009
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Strange quark distributions
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Semi-inclusive DIS
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h

h

π

π+

(E, k )’ ’

P

e

γ*
q

(E, k)

u

d

u

Q2 = −q2 = −(k − k′)2

ν
lab= E − E′

x =
Q2

2Mν

z
lab=

Ehad

ν

σep→eh ∼
∑

q

p→q ⊗ σeq→eq ⊗ q→h

Ulrike Elschenbroich, Transverse Spin Structure of the Proton Studied in Semi–inclusive DIS – p.6

Cross section contains Distribution Functions and Fragmentation Functions:

σep→eh ∼
∑

q

DFp→q ⊗ σeq→eq ⊗ FFq→h

DF: distribution of quarks in the nucleon
FF: fragmentation of (struck) quark into hadronic final state

Targets:
H: <Ptrans>~74±6%
D: <Plong>~84.5 ±3.5%

e± @ 27.6 GeV (HERA)
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Strange PDFs with isoscalar target
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• strange quarks carry no isospin ⇒ S(x)Proton = S(x)Neutron

• deuteron target (isoscalar!):
fragmentation process in DIS can be described by isospin 
independent FFs

• Charged kaon multiplicity in LO:

Assumptions: •isospin symmetry between proton and neutron
•charge conjugation invariance in fragmentation

dNK(x)
dNDIS(x)

=
Q(x)

∫
DK

Q(z)dz + S(x)
∫

DK
S (z)dz

5Q(x) + 2S(x)

S(x) ≡ s(x) + s̄(x)

Q(x) ≡ u(x) + ū(x) + d(x) + d̄(x) DK
Q ≡ 4DK

u (z) + DK
d (z)

DK
S (z) ≡ 2DK

s (z)
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Fitting dNK(x)/dNDIS(x)

16

0

0.05

0.1

0.15

d
N

K
/d

N
D

IS

0.02 0.1 0.6

X

<
Q

2
>
 G

e
V

2

1

10

Assuming S(x)=0 for x>0.15:

CTEQ6L

de Florian et al., PRD75, 114010 (2007):

dNK(x)
dNDIS(x)

=
Q(x)

∫
DK

Q(z)dz + S(x)
∫

DK
S (z)dz

5Q(x) + 2S(x)

∫ 0.8

0.2
DK

Q(z)dz = 0.398± 0.010

∫ 0.8

0.2
DK

Q(z)dz = 0.435± 0.044
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S(x) at Q2=2.5 GeV2
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x

x
S
(x
)

0.02 0.1 0.6

CTEQ6L

Fit

x(u
–
(x)+d

–
(x))

0

0.2

0.4

• Shape incompatible with CTEQ6L and with average of the 
isoscalar non-strange sea

de Florian et al., PRD75, 114010 (2007)

∫ 0.8

0.2
DK

S (z)dz = 1.27± 0.13

• xS(x) obtained by evolution of data to Q2=2.5 GeV2

using
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Extraction of ΔQ(x) and ΔS(x)
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1Double spin 
asymmetries from long. 
pol. deuteron target

A(h)
|| =

σ
→⇐,(h) − σ

→⇒,(h)

σ
→⇐,(h) + σ

→⇒,(h)

A||,d(x)
d2NDIS(x)

dx dQ2
= KLL(x, Q2) [5∆Q(x) + 2∆S(x)]

AK
||,d(x)

d2NDIS(x)
dx dQ2

= KLL(x, Q2)
[
∆Q(x)

∫
DK

Q(z)dz + ∆S(x)
∫

DK
S (z)dz

]

∆Q(x) = ∆u(x) + ∆ū(x) + ∆d(x) + ∆d̄(x)
∆S(X) = ∆s(x) + ∆s̄(x)

(from S(X) extraction)
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Helicity distributions at Q2=2.5 GeV2
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x!Q(x)

Leader et al., PRD73, 034023 (2006)

X

x!S(x)

0.02 0.1 0.6
-0.1

0
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0.2

Moments in measured range
∆Q 0.359± 0.026(stat.)± 0.018(sys.)
∆S 0.037± 0.019(stat.)± 0.027(sys.)
∆q8 0.285± 0.046(stat.)± 0.057(sys.)

• 0.02 < xBj < 0.6
• Δq8=ΔQ-2ΔS
• from hyperon decay constants 

(assuming SU(3) symmetry):
a8 = 0.586± 0.031 ! ∆q8

Phys. Lett.. B 666
(2008) 446
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Transverse Structure
of

the Nucleon
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basis of transv. spin 
eigenstates

3 DFs survive integration over transverse quark momenta

Distribution functions (I)

21

momentum
distribution

helicity
distribution

transversity
distribution

q(x) ∆q(x) δq(x) = hq
1(x)

Leading twist:

helicity basis
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Transversity δq

22

• δq: helicity-flip of the quark ⇒chiral-odd

⇒ q(x) ⇒ ∆q(x) δq(x)
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Transversity δq

22

• δq: helicity-flip of the quark ⇒chiral-odd

⇒ q(x) ⇒ ∆q(x)

• Collins-FF H1⊥ describes correlation between transverse 
polarisation of fragmenting quark and the transverse 
momentum Ph⊥ of the produced (unpolarised) hadron

δq(x)

h

h

q q
Ph⊥

Ph⊥
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Distribution functions (II)

23

5 other sets of distribution functions exist which do not 
survive integration over transverse momentum

‘unintegrated’ or ‘transverse momentum 
dependent’ distributions (TMDs)

Sivers function:
correlates quark’s transverse 
momentum with transverse nucleon 
spin

Boer-Mulders function:
correlates quark’s transverse 
momentum with transverse quark spin

non-zero Sivers and Boer-Mulders functions require non-
vanishing orbital angular momentum in nucleon wave function!
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1-Hadron Production (ep➞ehX)

24

dσ = dσ0UU + cos 2φ dσ
1
UU +

1

Q
cosφ dσ2UU + λe

1

Q
sinφ dσ3LU

+ SL

{
sin 2φ dσ4UL +

1

Q
sinφ dσ5UL + λe

[
dσ6LL +

1

Q
cosφ dσ7LL

]}

+ ST

{
sin(φ− φS) dσ8UT + sin(φ+ φS) dσ9UT + sin(3φ− φS)σ10UT

+
1

Q

(
sin(2φ− φS) dσ11UT + sinφS dσ12UT

)

+λe

[
cos(φ− φS) dσ13LT +

1

Q

(
cosφS dσ

14
LT + cos(2φ− φS) dσ15LT

)]}

x

y

z

φS
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"Ph
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"k

"k′

"q

uli

σXY
Beam Target
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1-Hadron Production (ep➞ehX)

24

dσ = dσ0UU + cos 2φ dσ
1
UU +

1

Q
cosφ dσ2UU + λe

1
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sinφ dσ3LU
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Q
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(
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δq-DF ⊗ Collins-FFSivers-DF ⊗ unpol FF

Boer-Mulders-DF ⊗ Collins-FF



Achim Hillenbrand Photon09, DESY,  Hamburg

Boer-Mulders Amplitudes
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Extraction challenging: azimuthal moments also possible due to e.g. 
acceptance effects

Fully differential analysis, unfolding in 5D (z,y,z,phT,ϕ)

Evidence of transversely polarized quarks in unpolarized nucleons!
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Azimuthal Single-Spin Asymmetries
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Measurement of cross-section asymmetries depending on the azimuthal 
angles Φ and ΦS 

convolution integral over 
initial (pT) and final (kT) 
quark transverse momenta

I [. . . ] :

Collins Amplitude

Sivers Amplitude

AUT (φ, φS , . . . ) =
1

S⊥

σ⇑ − σ⇓

σ⇑ + σ⇓

∼ . . . sin(φ + φS)

∑
q e2

q I
[
. . . δq(x, $p 2

T ) · H⊥q
1 (z,$k 2

T )
]

∑
q e2

q q(x) · Dq
1(z)

+ . . . sin(φ− φS)

∑
q e2

q I
[
. . . f⊥q

1T (x, $p 2
T ) · Dq

1(z,$k 2
T )

]

∑
q e2

q q(x) · Dq
1(z)

+ . . .

x

y

z

φS

φ

"Ph

"S⊥

"k

"k′

"q

uli
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Collins Amplitudes for Pions
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IHERMES PRELIMINARY 2002-2005
lepton beam asymmetry, Collins amplitudes
8.1% scale uncertainty • positive amplitudes for π+

• large negative π- amplitude
u→ π+ ⇒ H⊥,fav

1

u→ π− ⇒ H⊥,unfav
1

⇒ H⊥,fav
1 ≈ −H⊥,unfav

1

• isospin symmetry in π-
fragmentation is fulfilled

• information from another 
process on Collins FF 
(BELLE) allows extraction 
of δq (eg. Anselmino et. al. 
Phys.Rev.D75:054032,2007)

AC ∝ δq ⊗H⊥
1
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Sivers Amplitudes for Pions

28

• significantly positive for π+

• implies non-zero orbital 
angular momentum of 
quarks

• consistent with zero for π-

• isospin symmetry of π-
mesons fulfilled 
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lepton beam asymmetry, Sivers amplitudes
8.1% scale uncertainty

AS ∝ f⊥1T ⊗Dq
1
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Sivers Amplitudes for Kaons

29

• significantly positive for K+

• implies non-zero orbital 
angular momentum of 
quarks

• consistent with zero for K-

• K+ amplitude larger than
π+ amplitude

AS ∝ f⊥1T ⊗Dq
1
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sea quark contribution 
to Sivers mechanism 
may be important

π+ = |ud̄〉 K+ = |us̄〉
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Accessing Generalized Parton Distribution Functions (GPDs) 
via

Deeply Virtual Compton Scattering (DVCS)
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∫
dxHq(x, ξ, t) = F q1 (t)

∫
dxEq(x, ξ, t) = F q2 (t)

Hq(x, ξ = 0, t = 0) = q(x)

H̃q(x, ξ = 0, t = 0) = ∆q(x)

unpolarized polarized

no nucleon 
hel. flip

nucleon 
hel. flip E

H H̃

Ẽ

(+ 4 more chiral-odd functions)
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∫
dxHq(x, ξ, t) = F q1 (t)

∫
dxEq(x, ξ, t) = F q2 (t)

Hq(x, ξ = 0, t = 0) = q(x)

H̃q(x, ξ = 0, t = 0) = ∆q(x)

unpolarized polarized

no nucleon 
hel. flip

nucleon 
hel. flip E

H H̃

Ẽ

Ji relation (1996)

➜Moments of certain GPDs relate 
directly to the total angular momentum of 

quarks

Jq = lim
t→0

∫ 1

−1
dx x (Hq(x, ξ, t) + Eq(x, ξ, t))

(+ 4 more chiral-odd functions)
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DVCS/Bethe-Heitler Interference

32

d4σ

dQ2 dxB dt dφ
=

y2

32(2π))4
√
1 +

4M2x2B
Q2

(
|TDVCS|2 + |TBH|2 + I

)

p p’

e e’

*!

!

p p’

e e’

*!

!

p p’

e

e’

*!
!

,t)"GPDs(x,

"x+ "x-

t

DVCS Bethe-Heitler
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Azimuthal Dependences in DVCS

33

Fourier expansion for Φ:
• beam polarization PB

• beam charge CB

• unpolarized target
x

y

z φ

"pγ

"k

"k′

"q

uli

|TBH|2 =
KBH

P1(φ)P2(φ)

2∑

n=0

cBHn cos(nφ)

|TDVCS|2 = KDVCS

[
2∑

n=0

cDVCSn cos(nφ) + PB

1∑

n=1

sDVCSn sin(nφ)

]

I =
CBKI

P1(φ)P2(φ)

[
3∑

n=0

cIn cos(nφ) + PB

2∑

n=1

sIn sin(nφ)

]
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x

y

z φ

"pγ

"k

"k′

"q
φS

uli

Azimuthal Asymmetries in DVCS

34

Cross section:

Azimuthal asymmetries:

• Beam-charge asymmetry AC(Φ):

• Beam-helicity asymmetry ALUI(Φ):

• Transverse target-spin asymmetry AUTI(Φ):

dσ(e+,φ)− dσ(e−,φ) ∝ Re[F1H] · cosφ

dσ(e→,φ)− dσ(e←,φ) ∝ Im[F1H] · sinφ

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

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

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

]
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AC on a hydrogen target

35
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ALUI on a hydrogen target

36

All data 
1996-2005

[higher twist]

ep → e∆+γ
Resonant fraction:

GPD model: VGG Phys. Rev. D60 (1999) 094017 & Prog. Nucl. Phys. 47 (2001) 401
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AIUT on a hydrogen target

37

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

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

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

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

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

with zero.

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

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

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

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

UT,I . The asymmetry amplitudes related

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

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

∝ Im[F2H− F1E ]

∝ −Asin(φ−φS) cosφUT

•Substantial magnitude
•Little kin. dependence

∝ Im[F2H̃− F1ξẼ ]

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

JHEP06
(2008) 066
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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.

helicity
distributionsunpolarized quarks

spin-dependent
structure function

GPD

orbital angular
momentum & TMDs
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g1 : Results for p and d

40
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g1 : Neutron results

41
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Collins Amplitudes for Kaons
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IIIHERMES PRELIMINARY 2002-2005
lepton beam asymmetry, Collins amplitudes
8.1% scale uncertainty

• no significant non-zero 
Collins amplitudes for both 
K+ and K-

• Collins amplitudes for K+ 
are within statistical 
accuracy consistent with 
π+

• Collins fragmentation 
function for kaons 
unknown

• Sea quark transversity 
expected to be small

AC ∝ δq ⊗H⊥
1
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Why measuring inclusive DIS cross 
sections at HERMES?

43

Collider experiments

Fixed target experiments

HERMES

• complementary kinematic 
coverage compared to colliders

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

Many systematic errors 
common to proton and 
deuteron cross sections 
cancel in ratio
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