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Nucleon Spin: QCD picture 

½ = ½ ΔΣ + ΔG + L
(Orbital angular momenta)

(Quark spins) (Gluon spins)
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Quark and gluon helicity distributions
Experiments

Spin-dependent structure function g1(x), ΔΣ

Quark helicity distributions

Gluon polarisation, ΔG

Transverse-momentum-dependent distribution functions

Transversity – Collins fragmentation function

Sivers distribution function, Lq

Generalised parton distributions, DVCS, Jq

Summary
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Outline  



Hard Scattering  
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Internal gas targets 

polarized :   1H,1H ,2H, 3He
unpolarized: 1H, 2H, 3He, 4He, 

N, Ne, Kr,  Xe

HERMES Experiment  
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polarisation ≤ 60 %

Data taking: 1995-2007



COMPASS spectrometer
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Quark helicity distributions Δq(x)

q+(x) = q↑↑ q-(x) = q↓↑

Δq(x) = q+(x) – q-(x)

More precisely: „helicity weighted longitudinal-momentum distributions“

Proton
Quark

8
Other convention: g1

q(x)



Asymmetries in polarized DIS

A1(x) ≅ σ↑⇓ - σ↑⇑

σ↑⇓ + σ↑⇑

eq
2Δq(x)∑q

eq
2q(x)∑q

≅
g1(x)
F1(x)

=

beam target
From W. Vogelsang

L.O.

CERN SLAC DESY JLAB
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ΔΣ = Δq

∫
1

0

Γ1 =   g1(x) dx

Δq(x) = q  (x) – q  (x)

g1(x) = ½ eq
2Δq(x)∑q

∑q

∫
1

0

Δq =  Δq(x) dx

g1(x), ΔΣ
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ΔΣ = Δq

∫
1

0

Γ1 =   g1(x) dx

Δq(x) = q  (x) – q  (x)

g1(x) = ½ eq
2Δq(x)∑q

∑q

∫
1

0

Δq =  Δq(x) dx
ΔΣ = 0,330 ± 0,025 ± 0,011 ± 0,028 (from Γ1

d)
MS (exp)              (theory)          (evol.)

HERMES, P.R. D75 (2007) 012007

g1(x), ΔΣ

ΔΣ = 0,33 ± 0,03 ± 0,05 (from Γ1
d)

COMPASS, P.L. B647 (2007) 8
MS (stat)           (sys)          

ΔΣ = 0,12 ± 0,09 ± 0,14 (from Γ1
p)

EMC, P.L. B206 (1988) 364
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Leading hadron originates with large probability from struck quark

Dq
h(z):= Fragmentation function (FF) z = Eh/(E – E‘)

eq
2Δq(x) Dq

h(z)
ALL (x,z) ≅

eq
2 q(x) Dq

h(z)

∑q

∑q

Measure hadron asymmetries

Quark Distributions from SIDIS  

Flavor tagging
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Semi-inclusive Asymmetries  

COMPASS 
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arXiv:1007.4061

Phys. Rev. D 71 (2005) 012003
HERMES (p + d): 

Proton

Deuteron

Phys. Lett. B 680 (2009) 217

SMC (h±, p+d):
Phys. Lett. B 420 (1998) 180

p:
d:

pions kaons
new



PRD 71 (2005) 012003

u quarks: 

large positive polarisation

d quarks: 

negative polarisation

x

Sea quarks (u, d, s): 

polarisation compatible with 0.

Quark Helicity Distributions Δq(x)  

HERMES
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Quark Helicity Distributions Δq(x)  
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arXiv:1007.4061

Δs  = -0.01 ± 0.01 ± 0.01

DSSV, Phys. Rev. D 80 (2009) 034030

new



Valence-quark helicity distributions
L.O. L.O.

Phys. Lett. B 660 (2008) 458

Δu + Δd = 3Γ1
N - ½Γ1

v + a8/12

Flavor asymmetric polarized sea (Δu = - Δd) favoured

COMPASS
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unpol.

u

Δd + u  → W −

Δu + d → W −

Δd + u → W +

Δu + d → W +

Δq & Δq at RHIC via W± production

Expectation
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unpol.

u

Δd + u  → W −

Δu + d → W −

Δd + u → W +

Δu + d → W +

Δq & Δq at RHIC via W± production

Expectation
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First glimpse:

new



Gluon helicity distribution

N

Photon-gluon fusion

e e‘

Charm production

Hadrons with high pt
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Measurements are compatible with 0, 
large values of ΔG excluded

But: sign and shape still unknown

HERMES: Δg/g = 0.045±0.034±0.126



De Florian et al.: P.R.L. 101 (2008) 072001
π°

jets

ΔG from pp →π0 (jet) X

NLO analysis of world data 
(without data from previous slide)

A. Adare et al.., Phys. Rev. Lett. 103 (2009) 012003
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De Florian et al.: P.R.L. 101 (2008) 072001
π°

jets

ΔG from pp →π0 (jet) X

NLO analysis of world data 
(without data from previous slide)

A. Adare et al.., Phys. Rev. Lett. 103 (2009) 012003

ΔG(0.02<x<0.3 ) ≅ 0.23 ± 0.20Δg seems to be rather small !!
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Fits to Δg(x) and Δq(x)

De Florian et al.: P.R.L. 101 (2008) 072001
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Δg = -0.1 ± 0.1



Origin of nucleon spin still unclear:

Where do the remaining ∼65% come from? 
X. Ji: ‚Dark Spin‘

What is the contribution of orbital angular momenta
L ???

Is there a substantial contribution of Δg and/or Δq
at very low x?  

EIC, ENC ?

Spin budget
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Quark and gluon helicity distributions
Experiments

Spin-dependent structure function g1(x), ΔΣ

Quark helicity distributions

Gluon polarisation, ΔG

Transverse-momentum-dependent distribution functions

Transversity – Collins fragmentation function

Sivers distribution function, Lq

Generalised parton distributions, DVCS, Jq

Summary
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Outline  



DIS in infinite momentum frame  

PpL = xP

x = fraction of nucleons longitudinal (4-)momentum P
carried  by struck quark 

Only longitudinal quark momentum  pL considered. 
Transverse quark momentum pT ignored, as pL >> pT

Consequence: σL
γ∗= 0

22

γ∗



Quark intrinsic transverse momentum  

P
pL

Consequences: - R = σL
γ∗/ σT

γ∗ ≠ 0, 2xF1(x) ≠ F2(x)  
- more distribution functions

23

Quarks are confined in nucleon‘s volume
Quarks radiate and absorb gluons pT ≠ 0

pT

Azimuthal asymmetries in SIDIS



h1

f1

g1

LO quark distribution functions

Sivers DF  

Boer-Mulders DF 

Transversity DF

Transverse Momentum Dependent DFs  

D1 ≡ Dq
h = ‚normal‘ FF,                                                           

H1
⊥ = spin-dependent Collins FF 

24

Only f1 and g1 measurable in inclusive DIS, all others in SIDIS

‘worm-gear 1‘ DF

Prezelosity DF

‘worm-gear 2‘ DF

Mulders and Tangerman, 
Nucl. Phys. B 461 (1996) 197
A. Bacchetta et al.,         
JHEP 0702 (2007)  093
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24

Only f1 and g1 measurable in inclusive DIS, all others in SIDIS

‘worm-gear 1‘ DF

Prezelosity DF

* T-odd

‘worm-gear 2‘ DF

*

*

*

Mulders and Tangerman, 
Nucl. Phys. B 461 (1996) 197
A. Bacchetta et al.,         
JHEP 0702 (2007)  093

requires FSI/ISI
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g1

LO quark distribution functions

Sivers DF  

Boer-Mulders DF 

Transversity DF

Transverse Momentum Dependent DFs  

D1 ≡ Dq
h = ‚normal‘ FF,                                                           

H1
⊥ = spin-dependent Collins FF 

24

Only f1 and g1 measurable in inclusive DIS, all others in SIDIS

‘worm-gear 1‘ DF

Prezelosity DF

* T-odd
# chiral-odd

‘worm-gear 2‘ DF

*

*

#

#

#

#

#*

Mulders and Tangerman, 
Nucl. Phys. B 461 (1996) 197
A. Bacchetta et al.,         
JHEP 0702 (2007)  093

requires FSI/ISI



φ: angle between lepton scattering plane 
and  hadron production plane

φS: angle between lepton scattering plane and 
transverse spin component S⊥ of target nucleon

25

Angular distributions in electroproduction  
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TMDs from SIDIS  

Detailed studies require: longitudinally polarised beam ( λe ), 
longitudinally and transversely polarised target ( SL, ST )

dσ ≡ d6σ
dx dy dz dφ dφs dPT

h

dσXY

Beam Target
Polarisation
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TMDs in SIDIS at LO  

LO Function Moment Convolution Name
dσ9

UT sin(φ + φs) h1 ⊗ H1
⊥ Transversity

dσ8
UT sin(φ - φs) f1T

⊥ ⊗ D1 Sivers

dσ1
UU cos(2φ) h1

⊥ ⊗ H1
⊥ Boer-Mulders

dσ10
UT sin(3φ - φs) h1T

⊥ ⊗ H1
⊥ Prezelosity

dσ4
UL sin(2φ) h1L

⊥ ⊗ H1
⊥ Worm-gear 1

Mulders-Kotzinian

dσ13
LT cos(φ - φs) g1T

⊥ ⊗ D1 Worm-gear 2

The others are subleading, i.e., suppressed by 1/Q 27



Transversity, Collins Amplitudes  

2〈sin(φ + φS)〉hUT ∝ h1
q(x) ⊗ H1

⊥q(z)

Both Collins fragmentation 
function and transversity
distribution function are sizeable

Surprisingly large π- asymmetry

N/q U L T

U f1 h1

L g1 h1L

T f1T g1T h1 h1T

⊥

⊥

⊥⊥

Transversity DF

Collins FF

proton

Phys. Lett. B 693 (2010) 11

28

Possible source: large contribution 
(with opposite sign) from 
unfavored fragmentation, 
i.e. u→ π-

H1
⊥

,disf ≈ - H1
⊥

,fav

First measurement of non-zero 
Collins effectnew



Collins amplitudes d      Phys. Lett. B673 (2009) 127

29

N/q U L T

U f1 h1

L g1 h1L

T f1T g1T h1 h1T

⊥

⊥

⊥⊥

Compatible with zero over whole x-range

h1
u & h1

d  largely cancel !!

deuteron

π+:  [h1
u(x) +h1

d(x)] ⊗ [4H1
⊥
fav(z) + H1

⊥
dis(z)]

π-:  [h1
u(x) +h1

d(x)] ⊗ [H1
⊥
fav(z) + 4H1

⊥
dis(z)]



Collins amplitudes p      

30

N/q U L T

U f1 h1

L g1 h1L

T f1T g1T h1 h1T

⊥

⊥

⊥⊥

At small x asymmetries are compatible with zero
Large signal in valence region

proton

Phys. Lett. B692 (2010) 240

new



Collins amplitudes p      

30

N/q U L T

U f1 h1

L g1 h1L

T f1T g1T h1 h1T

⊥

⊥

⊥⊥

At small x asymmetries are compatible with zero
Large signal in valence region

proton

Phys. Lett. B692 (2010) 240

Nice agreement between  HERMES and COMPASS

new



Extraction of Transversity   

xδ
u(

x)
xδ

d(
x)

Fit to HERMES (ep ->ehX), COMPASS (μd ->μhX), 
BELLE (e+e- ->h+h-X) data

M. Anselmino et al., Nucl. Phys. Proc. Suppl.  191 (2009) 98

xΔu(x)

xΔd(x)
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Attractive FSI deflects quark inwards 

Impact parameter formalism (M. Burkardt hep-ph/030926)          

Orbital angular momentum of quarks                                  

Virtual photon sees different x for different b

Left-right distribution asymmetry is converted into 
right-left momentum asymmetry

Quark distributions depend on b

anti-green remnant

green quark

The Sivers effect  
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Experimental evidence for
orbital angular momentum Lq
of quarks
But: Quantitative contribution
of Lq to nucleon spin still
unclear

First observation of non-zero
Sivers DF in DIS

2〈sin(φ - φS)〉hUT ∝ f1T
⊥,q(x) ⊗ D1

q(z)

Sivers Amplitudes for Pions  
Sivers DF

N/q U L T

U f1 h1

L g1 h1L

T f1T g1T h1 h1T

⊥

⊥

⊥⊥

PRL 103 (2009) 152002

Clear rise with z

Rise at low Ph⊥, 
plateau at high Ph⊥

proton

Non-zero at low x
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N/q U L T

U f1 h1

L g1 h1L

T f1T g1T h1 h1T

⊥

⊥

⊥⊥
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Sivers amplitudes d      

Compatible with zero over whole x-range

Cancellation of f1T
⊥,u & f1T

⊥,d

Phys. Lett. B673 (2009) 127

deuteron



N/q U L T

U f1 h1

L g1 h1L

T f1T g1T h1 h1T

⊥

⊥

⊥⊥

35

Sivers amplitudes p      

Evidence for positive signal for h+ 

proton

Same sign as HERMES result  smaller by factor  ∼ 2       

Phys. Lett. B692 (2010) 240

new



Sivers  distribution

x

M. Anselmino et al., Phys. Rev. D79 (2009) 054010

Fit to HERMES (ep -> ehX) and COMPASS (μd -> μhX) data
-x

f 
1T

⊥
(x

)
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Sivers  distribution

Ld ≈ -L u ≈ 0.2 
Ld + Δd/2 ≈ 0 !??x

M. Anselmino et al., Phys. Rev. D79 (2009) 054010

Fit to HERMES (ep -> ehX) and COMPASS (μd -> μhX) data
-x

f 
1T

⊥
(x

) Orbital angular 
momenta of up and
down quarks have

opposite sign

36

Lattice



Quark and gluon helicity distributions
Experiments

Spin-dependent structure function g1(x), ΔΣ

Quark helicity distributions

Gluon polarisation, ΔG

Transverse-momentum-dependent distribution functions

Transversity – Collins fragmentation function

Sivers distribution function, Lq

Generalised parton distributions, DVCS, Jq

Summary
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Determination of Lq - GPDs

Tool: Generalised Parton Distributions (GPDs)      

Number density of quarks with longitudinal momentum 
fraction x at radial position r⊥

Generalised description of nucleon structure in 2+1 dim

38

x



Q2

t

Final state sensitive to  different 
GPDs

Vector mesons (ρ, ω, φ) H, E

Pseudoscalar mesons(π,η) H, E

DVCS (γ) H, E, H, E 

∼∼

∼ ∼

Jq =1/2ΔΣ + Lq = lim dx x [H(x,ζ,t) + E(x,ζ,t)]

H(x,ζ,t), E(x,ζ,t): Generalised Parton Distributions (GPDs)

Ji relation:

Access: exclusive processes

∫−

1

1t → 0

Determination of Lq
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Deeply Virtual Compton Scattering & GPDs 

40

Same initial and final states in DVCS and Bethe-Heitler Interference

BH calculable in QED

|TDVCS| << |TBH| @ HERMES

Access to GPD combinations 
through                     
azimuthal asymmetries



DVCS @ HERMES

Complete measurement of amplitudes in  eN → e‘N γ possible at
HERMES:

Both beam charges

Longitudinal beam polarisation (both helicities)

Unpolarised H, D and nuclear targets

Longitudinally polarised H and D targets

Transversely polarised H target

Recoil Detector

41

AXY

beam target
polarisation



DVCS: Beam-spin asymmetry 
HERMES, PRL 87 (2001) 182001

Azimuthal asymmetries

CLAS, PRL 87 (2001) 182002
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DVCS: Beam-spin asymmetry 
HERMES, PRL 87 (2001) 182001

Azimuthal asymmetries

CLAS, PRL 87 (2001) 182002

d4σ→ - d4σ←

JLAB/HALL A, PRL 97 (2006) 262002

DVCS: Longitudinal 
target-spin asymmetry 

CLAS, PRL 97 (2006) 072002
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DVCS asymmetries measured @ HERMES  

43

Beam charge asymmetry
GPD H

Beam helicity asymmetry
GPD H

H: JHEP 11 (2009) 083
D: Nucl. Phys. B 829 (2010) 1

Transverse target spin asymmetry
GPD E H: JHEP 06 (2008) 066

Longitudinal target spin asymmetry
GPD H

H: JHEP 06 (2010) 019

Longitudinal double spin asymmetry
GPD H

~

~

D: arXiv:1008.3996

H: PRL 87 (2001) 182001

new

new
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Beam charge asymmetry
GPD H

Beam helicity asymmetry
GPD H

H: JHEP 11 (2009) 083
D: Nucl. Phys. B 829 (2010) 1

Transverse target spin asymmetry
GPD E H: JHEP 06 (2008) 066

Longitudinal target spin asymmetry
GPD H

H: JHEP 06 (2010) 019

Longitudinal double spin asymmetry
GPD H

~

~

bilinear in 

~

H: PRL 87 (2001) 182001

D: arXiv:1008.3996

DVCS asymmetries measured @ HERMES  

new

new



Model: VGG with variation of Ju, while Jd=0

Proton: transverse target pol. asymmetry    

JHEP 06 (2008) 066Sensitive to GPD E

44



Model: VGG with variation of Ju, while Jd=0

JHEP 06 (2008) 066Sensitive to GPD E

With a GPD model
describing the data, one 
could in principle extract 
a constraint on Ju + k⋅Jd

44

Proton: transverse target pol. asymmetry    



Nucleon Spin Structure

Unpolarised DIS
SLAC, BCDMS, NMC, HERA…

Δg/g : small ?

Signals for GPDs Ju+Jd 

δq(x) ≠ 0

Lq ≠ 0

→ΔΣ
≅ 0.33±0.03(exp)

Collins Sivers

45

individual
quark helicity
distributions

xδ
d(

x)
xδ

u(
x)

-x
f 

1T
⊥
(x

)



Summary

We know much more about the nucleon spin
than 20 years ago, but its origin 

still remains to be somewhat mysterious

Spin experiments have provided a wealth of 
detailed information about the 

nucleon spin structure

46

There is still a lot to do for
COMPASS, JLAB12, RHIC, EIC … 
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