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The Spin Structure of the Nucleon

Naive Parton Model:
∆uv + ∆dv = 1

=⇒ ∆uv =
4

3
,∆dv =

−1

3

BUT

1988 EMC measured:
∆Σ = 0.123 ± 0.013 ± 0.019

=⇒ Spin Puzzle

1

2
=

1

2
(∆uv + ∆dv)

from unpolarized data:

Gluons are important !

=⇒ sea quarks ∆qs

=⇒ ∆G

1

2
=

1

2
(∆uv + ∆dv + ∆qs

︸︷︷︸
) + ∆G

∆us,∆ds,∆ū,∆d̄,∆s,∆s̄

Full description of Jq & Jg

needs
orbital angular momentum

1

2
=

1

2
(∆uv + ∆dv + ∆qs)
︸ ︷︷ ︸

+Lq + (∆G + Lg)

∆Σ
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Deep Inelastic Scattering

Inclusive Scattering:

u

*γ

u

(E’, p’)

d

e

q

(E, p)

N

detect scattered lepton

Q2 lab
= 4EE′ sin2(

θ

2
)

x
lab
=

Q2

2Mν
y

lab
=

ν

E
=

p · q

p · k

Semi-Inclusive Scattering:

u

*γ

π+

u

(E’, p’)

d

e

q

π

(E, p)

p

KN

detect scattered lepton and

produced hadrons

Q2 lab
= 4EE′ sin2(

θ

2
)

x
lab
=

Q2

2Mν
y

lab
=

ν

E
=

p · q

p · k

z
lab
=

Eh

ν

Cross Section: d2σ
dΩdE2 = α2E′

Q2E
LµνWµν

Lµν: purely electromagnetic =⇒ calculable

Wµν ∼ F1

(
x,Q2

)
+ F2

(
x,Q2

)
+ g1

(
x,Q2

)
+ g2

(
x,Q2

)

(for spin 1) −b1
(
x,Q2

)
+ 1

6
b2

(
x,Q2

)
+1

2
b3

(
x,Q2

)
+ 1

2
b4

(
x,Q2

)

F1,F2 / g1,g2 =⇒ Unpolarized / Polarized Structure Functions

QFTHEP 2004 – p.3



Deep Inelastic Scattering

Inclusive Scattering:

u

*γ

u

(E’, p’)

d

e

q

(E, p)

N

detect scattered lepton

Q2 lab
= 4EE′ sin2(

θ

2
)

x
lab
=

Q2

2Mν
y

lab
=

ν

E
=

p · q

p · k

Semi-Inclusive Scattering:

u

*γ

π+

u

(E’, p’)

d

e

q

π

(E, p)

p

KN

detect scattered lepton and

produced hadrons

Q2 lab
= 4EE′ sin2(

θ

2
)

x
lab
=

Q2

2Mν
y

lab
=

ν

E
=

p · q

p · k

z
lab
=

Eh

ν

Cross Section: d2σ
dΩdE2 = α2E′

Q2E
LµνWµν

Lµν: purely electromagnetic =⇒ calculable

Wµν ∼ F1

(
x,Q2

)
+ F2

(
x,Q2

)
+ g1

(
x,Q2

)
+ g2

(
x,Q2

)

(for spin 1) −b1
(
x,Q2

)
+ 1

6
b2

(
x,Q2

)
+1

2
b3

(
x,Q2

)
+ 1

2
b4

(
x,Q2

)

F1,F2 / g1,g2 =⇒ Unpolarized / Polarized Structure Functions

QFTHEP 2004 – p.3



Deep Inelastic Scattering

Inclusive Scattering:

u

*γ

u

(E’, p’)

d

e

q

(E, p)

N

detect scattered lepton

Q2 lab
= 4EE′ sin2(

θ

2
)

x
lab
=

Q2

2Mν
y

lab
=

ν

E
=

p · q

p · k

Semi-Inclusive Scattering:

u

*γ

π+

u

(E’, p’)

d

e

q

π

(E, p)

p

KN

detect scattered lepton and

produced hadrons

Q2 lab
= 4EE′ sin2(

θ

2
)

x
lab
=

Q2

2Mν
y

lab
=

ν

E
=

p · q

p · k

z
lab
=

Eh

ν

Cross Section: d2σ
dΩdE2 = α2E′

Q2E
LµνWµν

Lµν: purely electromagnetic =⇒ calculable

Wµν ∼ F1

(
x,Q2

)
+ F2

(
x,Q2

)
+ g1

(
x,Q2

)
+ g2

(
x,Q2

)

(for spin 1) −b1
(
x,Q2

)
+ 1

6
b2

(
x,Q2

)
+1

2
b3

(
x,Q2

)
+ 1

2
b4

(
x,Q2

)

F1,F2 / g1,g2 =⇒ Unpolarized / Polarized Structure Functions
QFTHEP 2004 – p.3



The HERMES Detector at DESY
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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

SILICON

270 mrad

270 mrad

MUON HODOSCOPE
WIDE ANGLE

FRONT
MUON
HODO

MAGNET

m

IRON WALL

MUON HODOSCOPES

e+

27.5 GeV

140 mrad

170 mrad

170 mrad

140 mrad

Kinematic Range: 0.02 ≤ x ≤ 0.8, 1GeV2 ≤ Q2 ≤ 15GeV2 at W ≥ 2GeV
Θx ≤ 175 mrad, 40 mrad ≤ Θy ≤ 140 mrad

Reconstruction: δp/p 1.0 - 2.0%, δΘ ≤ 0.6mrad

Internal Gas Target:
−→
He ,

−→
D ,

−→
H , H↑ unpol: H2, D2, He, N2, Ne, Ar, Kr, Xe

Particle ID: TRD, Preshower, Calorimeter
⇒ 1997: Čerenkov 1998 ⇒: RICH
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Semi-inclusive DIS
Correlation between detected hadron and struck qf

=⇒ ’Flavor - Separation’

Inclusive DIS: ∆Σ =
∑

i(∆qi(x) + ∆q̄i(x))

Semi-inclusive DIS: ∆u, ∆ū, ∆d, ∆d̄, ∆s, ∆s̄

In LO-QCD:

Ah
1(x,Q2) =

σh
1/2 − σh

3/2

σh
1/2 + σh

3/2

∼

∑

f e2
f ∆qf (x,Q2)

∫
dzDh

f (z,Q2)
∑

f e2
f qf (x,Q2)

∫
dzDh

f (z,Q
2)

∼
∑

q

e2
qq(x)

∫
dzDh

q (z)
∑

q′ e
2
q′q′(x)

∫
dzDh

q′(z)
︸ ︷︷ ︸

∆q(x)

q(x)

Ph
q(x, z)

• Solve linear system for ~Q with

Ã = (A1,p(x),A1,d(x),Aπ±

1,p(x),Aπ±

1,d(x),AK±

1,d (x))

Q̃ = (
∆u

u
,
∆d

d
,
∆ū

ū
,
∆d̄

d̄
,
∆s

s
)

~A = P ~Q

QFTHEP 2004 – p.5



Hadron Asymmetries on the Deuteron
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• AK−

1 (x) ≈ 0 !! =⇒ K− = (ūs) is an all–sea object
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1 (x) ≈ 0 !! =⇒ K− = (ūs) is an all–sea object

• statistics sufficient for 5-parameter fit Q̃ = (
∆u

u
,
∆d

d
,
∆ū

ū
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Polarized Quark Densities

0

0.2

10
-1

x⋅∆u

-0.2

0

10
-1

x⋅∆d

-0.1

0

10
-1

x⋅∆u
–

Q2 = 2.5 GeV2

GRSV2000
LO std
BB01 LO

-0.1

0

10
-1

x⋅∆d
–

-0.1

0

10
-1

x⋅∆s

0.03 0.1 0.6

x

∆qf (x) := q+
f (x) − q−f (x)

• ∆u(x) > 0

=⇒ polarized parallel to the proton
• ∆d(x) < 0

=⇒ polarized anti-parallel to the proton

• ∆u(x) and ∆d(x)
good agreement with NLO-QCD fit

• ∆ū(x),∆d̄(x) ∼ 0

• No indication for ∆s(x) < 0
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Access to Transversity

Single spin azimuthal asymmetries on a transverse polarized Target

ep↑ −→ e′πX

x

y

z

φS

φ

~phad

~S⊥

~k

~k′

~q

uli

Distribution-
function

h1

Fragmentat.-
function

H⊥1 (Collins)

σep→eπX =
∑

q

fN→q ⊗ σeq→eq ⊗ Dq→π

Ah
UT(φ, φs) =

1

|ST|

N
↑

h(φ, φs) − N
↓

h(φ, φs)

N
↑

h(φ, φs) + N
↓

h(φ, φs)

ACollins
UT ∝

∑

q e2
q δq(x) H

⊥,q
1 (z)

∑

q e2
q q(x) D

q
1(z)
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Transversely Polarized Target

Transversity h1(x) Sivers function f⊥1T(x)

T-even “naïve T-odd”

χ-odd χ-even

combined with χ-odd
fragmentation function H⊥1 (z)

(Collins function)

6= 0 indicates
non-vanishing orbital angular

momentum of quarks
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Azimuthal Asymmetries

Measurement of cross section asymmetries depending on the
azimuthal angles φ and φS

x

y

z

φS

φ

~phad

~S⊥

~k

~k′

~q

uli

A(φ, φS) =
1

S⊥

N↑(φ, φS) −N↓(φ, φS)

N↑(φ, φS) + N↓(φ, φS)
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Azimuthal Asymmetries

Measurement of cross section asymmetries depending on the
azimuthal angles φ and φS

x

y

z

φS

φ

~phad

~S⊥

~k

~k′

~q

uli

A(φ, φS) =
1

S⊥

N↑(φ, φS) − N↓(φ, φS)

N↑(φ, φS) + N↓(φ, φS)

∼ . . . sin(φ + φS)
∑

q

e2
q · I

[

. . . h
q
1(x,~p2

T) ·H⊥q
1 (z,~k2

T)
]

+ . . . sin(φ − φS)
∑

q

e2
q · I

[

. . . f
⊥q
1T (x,~p2

T) ·Dq
1(z,~k2

T)
]

+ . . .
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Azimuthal Asymmetries

Measurement of cross section asymmetries depending on the
azimuthal angles φ and φS

x

y

z

φS

φ

~phad

~S⊥

~k

~k′

~q

uli

A(φ, φS) =
1

S⊥

N↑(φ, φS) − N↓(φ, φS)

N↑(φ, φS) + N↓(φ, φS)

∼ . . . sin(φ + φS)
∑

q

e2
q · I

[

. . . h
q
1(x,~p2

T) ·H⊥q
1 (z,~k2

T)
]

+ . . . sin(φ − φS)
∑

q

e2
q · I

[

. . . f
⊥q
1T (x,~p2

T) ·Dq
1(z,~k2

T)
]

+ . . .

I[. . . ] : convolution integral over
initial (~pT) and final (~kT)
quark transverse momenta

QFTHEP 2004 – p.10



Ph⊥ Weighted Asymmetries

Asin(φ+φS) ∼ h1(x)·H
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The Hermes Quest for Lq

GPDs
orbital angular

momentum

transverse localisation

form
factors

wide angle
Compton
scattering

deep inelastic
scattering

PDFs

exclusive
meson production
deep virtual/large t

deeply virtual
Compton
scattering

timelike
Compton
scattering

pp̄ annihilation

γγ → ππ, γγ → KK

Study of hard exclusive processes leads to
a new class of PDFs

Generalised Parton Distributions
Hq, Eq, H̃q, Ẽq

⇒ possible access to
orbital angular momentum

Jq = 1
2(

∫ 1

−1
xdx(Hq + Eq))t→0

Jq = 1
2∆Σ + Lq

exclusive: all products of a reaction are detected
=⇒ missing energy (∆E) and missing Mass (Mx) = 0
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GPDs Introduction

quantum numbers of final state ⇒ select different GPDs

∆
2

P +∆P -
2

x - ξ ξx +

γ∗ γ

GPD

0+

P - ∆
2

P + ∆
2

π  , π  

x - ξ ξx +

γ∗

GPD

q 0ρ  , Φ , ω
q

P + ∆
2

P - ∆
2

x - ξ ξx +

GPD

γ∗

DVCS: pseudo-scalar mesons vector mesons
Hq, Eq, H̃q, Ẽq H̃q, Ẽq Hq, Eq

What does GPDs characterize?

unpolarized polarized
Hq(x, ξ, t) H̃q(x, ξ, t) conserve nucleon helicity

Hq(x, 0, 0) = q , H̃q(x, 0, 0) = ∆q

Eq(x, ξ, t) Ẽq(x, ξ, t) flip nucleon helicity
not accessible in DIS
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How to Measure GPDs ?

meson production → σL @ Hermes kinematics:

vector mesons pseudoscalar mesons
σL AUT σL AUT

(nominator) (nominator)

H (1 − ξ2)
√

1 − ξ2

H̃ (1 − ξ2)
√

1 − ξ2 · ξ

E (ξ2 + t
4M2 )

√

1 − ξ2

Ẽ ξ2 t
4m2

√

1 − ξ2 · ξ

ξ ≈
xB

2 − xB

ξ ≈ 0.01 − 0.3

ξ|x=0.1 ≈ 0.05

t

4M2
≈ 0.02 − 0.1
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Exclusive π+ result

1

10

10 2

0 2 4 6 8 10

Q2  ( GeV2 )

σ to
t

   
   

   
   

   
 (

n
b

)

HERMES PRELIMINARYγ* p → π+ n

uncorrected for radiative effects

0.02 < x < 0.18

0.18 < x < 0.26

0.26 < x < 0.80

• complete new data

• cross section in 3 x-bins

• sensitivity to Ẽ at higher
x

• absolute normalization of
GPDs
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How to Measure GPDs ?

DVCS
AC, ALU AUL AUT

(twist-2 amplitudes of the interference terms only)

H F1 ξ(F1 + F2) ξ2F1 + t
4M2 (1 − ξ2)F2

H̃ ξ(F1 + F2) F1 ξ2(F1 + F2)

E t
4M2 F2

ξ2

1+ξ (F1 + F2) ξ2F1 + t
4M2 (F1 + ξ2F2)

Ẽ ξ2

1+ξF1 + ξ t
4M2 F2 ξ2 t

4M2 (F1 + F2)

F1 and F2 ...Dirac and Pauli form factor
⇒ to access E transverse target polarisation is essential
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DVCS - Exclusive Scattering

Missing Mass to select exclusive events
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Background from

• Resonances
• SIDIS

⇒ tag recoil Nucleon
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Recoil Detector

Measure the recoiling target nucleon

Photon Detector

Water 
Cooling
for Si Det.

SciFi/Lightguide
Connector Ring

C3 Collimator
(Tungsten)

Connectors

(3 layers tungsten/scintillator)

SciFi 2

Si Det. Hybrid

Thin−walled
Scattering
Chamber

SciFi 1

Si Det.

TIGRE Sensors

Si Det. Frame
(Aln)
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Target
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Silicon
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only)

• 135 to 1400 MeV/c
momentum coverage

• low p cut off due to
E-loss in target cell

• 76% acceptance in φ

• π-p separation via dE/dx

• Installation summer 2005
• DVCS with with e- and e+

beams
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Concluding

• PID essential for flavor decomposition

• Transverse polarized hydrogen data suggest Collins and
Sivers

• GPDs give access to orbital angular momentum of quarks

• transverse pol. target needed to access E

• exclusive π production access to H̃, Ẽ

• DVCS access to H

• install the Recoil Detector in sumer 2005
• focus on DVCS with e- and e+ beam

QFTHEP 2004 – p.19



DVCS γ∗p → γp

e’e

γ

p + ∆

γ∗

p

e
e’

γγ∗

p ∆p + 

DVCS Bethe-Heitler (BH)
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 s

r2 )

dσ ∝ |TBH + TDVCS |
2 =

|TBH |2 + |TDVCS |
2

+(T ∗BHTDVCS + T ∗DVCSTBH )

⇒ Interference term a tool to study DVCS

exploit azimuthal cross section asymmetries
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DVCS Azimuthal Asymmetries

z

y

x

k’

k

φ

γ∗

γ

Beam Helicity Asymmetry ∝
Imaginary Part

dσ−→e + − dσ←−e + ∝ Im (TBHTDV CS)

∝ sinφ =⇒ Hq(x, ξ, t)

Beam Charge Asymmetry ∝
Imaginary Part

dσe+ − dσe− ∝ Re (TBHTDV CS)

∝ cos φ =⇒ Hq(x, ξ, t)

e+ and e− beams unique to HERA
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