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Some transparencies are stolen from 
Aschenauer, di Nezza, Hasch, Nowak, Ji, …
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FascinatedFascinated by spin by spin ……
“You think you understand something? Now add spin…” -- R. Jaffe

W. Pauli

N. Bohr
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FascinatedFascinated by spin by spin …… an analogyan analogy

Planets have an orbital angular
momentum around the sun and 
a spin angluar momentum
around their own axis…

Just like electrons in 
an atomic orbit!??
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What is Spin ?What is Spin ?
[http://www.markusehrenfried.de/science/physics/hermes/whatisspin.html

• Stern-Gerlach (1921):

• Uhlenbeck, Goudsmit:
(1925)
explanation of atomic spectra 
quantum number: ms=1/2
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What is Spin ?What is Spin ?

Spin and Symmetry: [S.Hawkins: A brief history of time]

180ο 360ο

spin:    ?
2
1

2x360ο

math:
antisymmetric
wave function

spin: 2             spin: 1   
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Is spin important ?Is spin important ?

half  integer SPIN

obey Pauli principle

antisymmetric under exchange

of identical particles

Fermi-Dirac statistics:
Fermions 

integer SPIN
don’t care for Pauli principle

symmetric

Bose-Einstein statistics:
Bosons

Pauli principle …
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Is spin important ?Is spin important ?

half  integer SPIN

MATTER 

integer SPIN

FORCES  

Pauli principle …
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The proton spin structure The proton spin structure …… (1987)(1987)

( )
444 3444 21

1  Σ
svv ∆q∆d∆u

2
1

2
1

=∆
++=

Quark parton model

Spin Puzzle

58.03 =−=∆Σ DF

The quarks carry 58% 
of the proton spin!

Prediction by Ellis and Jaffe
(based on SU(3)f and 
the assumption that strange quarks 
do not play an important role)

Measurement by the 
European Muon Collaboration (CERN) ‘87

...123.0 ±=∆Σ
The quarks do not dominate

the proton spin!
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The proton spin structure The proton spin structure …… todaytoday
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QPM:

Spin Puzzle

gluons are 
important !
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don’t forget the 
orbital angular 
momentum!
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SLAC, CERN, DESY: 0.2-0.4

Proton 
spin

quark
spin

gluon
spin

quark orb. 
angular mom.

gluon orb. 
angular mom.

HERMES physicsHERMES physics
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Why HERMES?Why HERMES?
A historical reviewA historical review

In 1987 In 1987 EMCEMC discovered discovered 
the the ““spin puzzlespin puzzle””::
–– Violation of the Violation of the Ellis Ellis 

Jaffe sum ruleJaffe sum rule
–– A large negative A large negative 

strange seastrange sea polarizationpolarization
Both results were based Both results were based 

on on inclusive DISinclusive DIS data data 
and validity of and validity of SU(3)SU(3)ff

Original physics program of Original physics program of HERMESHERMES::
In 1989 we decided to solve the In 1989 we decided to solve the 
““spin puzzlespin puzzle”” with a with a semisemi--inclusive inclusive 
DISDIS experiment doing a experiment doing a flavor flavor 
decomposition of the quark spindecomposition of the quark spin
ReRe--measure measure inclusive polarized inclusive polarized 
DISDIS on proton and neutron: on proton and neutron: 
–– EllisEllis--Jaffe sum ruleJaffe sum rule
–– BjorkenBjorken sum rulesum rule
–– gg11, g, g22

Measure Measure semisemi--inclusive polarized inclusive polarized 
DISDIS on p and n: on p and n: 
–– ∆∆u(xu(x), ), ∆∆d(xd(x), ), ∆∆s(xs(x) ) 
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Why HERMES?Why HERMES?
A historical reviewA historical review

Results (in short):Results (in short):
EllisEllis--Jaffe sum rule: Jaffe sum rule: 
is really brokenis really broken
BjorkenBjorken sum rule: sum rule: 
is fine (fortunately)is fine (fortunately)
gg11, g, g22 are well known nowadaysare well known nowadays
∆∆u(xu(x) ) is large and positiveis large and positive
∆∆d(xd(x) ) is smaller and negativeis smaller and negative
∆∆s(xs(x)) is approx.  zerois approx.  zero
i.e. i.e. 
–– SU(3)SU(3)f f is (probably) is (probably) 

broken and broken and 
–– only ~30% of the spin of only ~30% of the spin of 

the nucleon is due to the the nucleon is due to the 
spin of the quarksspin of the quarks
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Latest results!Latest results!
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Physics program at HERMES today:Physics program at HERMES today:

Flavor decomposition of Flavor decomposition of 
quark spin (done)quark spin (done)
Gluon spin contribution Gluon spin contribution 
(first result but large (first result but large 
errors)errors)
Transversity, Collins and Transversity, Collins and 
SiversSivers functions functions 
(first non(first non--zero results)zero results)
Orbital angular momentum Orbital angular momentum 
of quarks (first results, of quarks (first results, 
but model dependent)but model dependent)
Generalized parton Generalized parton 
distributions (first results distributions (first results 
on BCA, BSA, TTSA,on BCA, BSA, TTSA,……))

Fragmentation process in Fragmentation process in 
vacuum and nuclear mediumvacuum and nuclear medium
Spin Spin matrixmatrix elementselements of of 
vector meson vector meson productionproduction
Positive Pentaquark signalPositive Pentaquark signal
......

In many areas HERMES 
contributed as a 

pioneering experiment



HERMES technologyHERMES technology
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HERHERaa MEMEasurementasurement ofof SSpinpin

CollaborationCollaboration of ~180 of ~180 PhysPhys., 33 ., 33 InstInst., 12 ., 12 CountriesCountries

HERMES
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Polarization and novel techniques Polarization and novel techniques 

HERMES requires:HERMES requires:
Large polarization of beam Large polarization of beam 
and target; pure targetand target; pure target
Relatively large luminosity Relatively large luminosity 
(Much larger than EMC)(Much larger than EMC)
Relatively high beam energy Relatively high beam energy 
(Q(Q²²>1 GeV>1 GeV²²; larger than ; larger than 
JlabJlab))
Relatively large acceptance Relatively large acceptance 
(Much larger than SLAC)(Much larger than SLAC)
Strangeness identification Strangeness identification 
(kaons)(kaons)
Recoil protons Recoil protons 
(for exclusive reactions)(for exclusive reactions)

Solution:Solution:
High HERA beam polarization High HERA beam polarization 
(pushed by HERMES) and ABS(pushed by HERMES) and ABS
Storage cell technique Storage cell technique 
(new at that time)(new at that time)
HERA fixed targetHERA fixed target

RICH upgrade in 2000 RICH upgrade in 2000 
(well working RICH)(well working RICH)
Recoil upgrade in 2006 Recoil upgrade in 2006 
(for GPD program)(for GPD program)

Standard open spectrometerStandard open spectrometer

Beam polarizationBeam polarization
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HERA HERA tunneltunnel
(6.3 km)(6.3 km)

920 GeV protons; super 
conducting magnets

27 GeV positrons; normal 
conducting magnets

Helium transfer pipe

35
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HERAHERA

superconducting
cavities
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HERAHERA

Laser beam:
Transport in tunnel (180 m)
collision head on positron

beam (0.3 mm)
Observation of Compton 

back scattering (15 GeV) 

27 GeV Positrons
M. Düren, Univ. Giessen 24

PolarizationPolarization at HERAat HERA

!

Vertical electron
polarization due to 
Sokolov-Ternov effect
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Polarization at HERAPolarization at HERA
Sokolov Ternov effect:
emission of synchrotron 
radiation leads to electron 
polarization 
Probability for a spin flip of 
the electron during the 
emission of a synchrotron 
photon is 10-11

The probability to flip the spin 
parallel or antiparallel to the 
magnetic field is different 
(96:4)
The polarization will slowly 
increase according to an 
exponential curve with an 
initial slope of 2.5%/min at 
27.5 GeV
This is a very slow process 
compared to betatron
oscillations or even to the 
revolution time of 21 µs.
The equilibrium polarization 
is 92.38% 

Depolarizing resonances will usually reduce 
the equilibrium polarization significantly
(e.g. the quardupole fields precess the
electron spin direction)
Many complicated schemes have been 
invented to compensate the resonances 
(e.g. the harmonic bumps are tuned to 
compensate individual harmonics of 
depolarizing frequencies)
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Spin Spin rotatorrotator at HERAat HERA
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Spin rotatorSpin rotator
•The spin precesses in the magnetic field of the dipole magnets
•Only the vertical direction is stable due to the dipole magnets of the storage ring
•To obtain longitudinal polarization one needs spin rotators
•The spin rotator is based on two effects:

•The spin precession angle is larger by a factor 62.5 compared to the beam 
deflection (depends on the energy and the anomalous magn. moment)
•Rotations are not commutative
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HERA HERA polarizationpolarization
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PolarizationPolarization at HERAat HERA

M. Düren, Univ. Giessen 30

Bunch dependence of polarizationBunch dependence of polarization

M. Düren, Univ. Giessen 31

BeamBeam polarimetrypolarimetry
OpticalOptical systemsystem

Focus <1mm at 190 m

Right/left-handed polarized circular light
Produced by switched Pockels cell Target polarizationTarget polarization
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The The HERMES HERMES 
Target: Target: 

a storage cella storage cell

Positron
beam

Cloud of 
polarized
atoms

Low density:
no external rad. corrections,         
no rescattering of hadronic final 
state
No dilution, high polarization:
50% (3He)  - 95% (H, D) 
Nuclear targets: H, D,3He, N, Ne, 
Kr  (13 Mio DIS in 2000)
Unpolarized targets at high lumi: 
5*1033/s cm2

Semi-inclusive and 
exclusive physics!

End-of-fill running: Killing the
HERA beam in a gas cloud
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Target regionTarget region
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The source of atomsThe source of atoms

Atomic beam
source (H&D)

Breit-Rabi
polarimeter

Storage cell
and 
superconducting
magnet

Positron beam

Transverse
Magnet
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Atomic beam sourceAtomic beam source

Stern-Gerlach separation
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SelectSelect indvidualindvidual hyperfinehyperfine statesstates
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ABSABS

The HERMES detectorThe HERMES detector
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The spectrometerThe spectrometer
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Particle identificationParticle identification
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double radiator RICH for π / K / p separation
aerogel: n=1.03
C4F10: n=1.0014

Cherenkov light emission:

2c
β1

mcβp
βn
1cos

−
=⇒=ϑ

Particle identificationParticle identification
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Recoil detectorRecoil detector



M. Düren, Univ. Giessen 45

Scintillating fiber detectorScintillating fiber detector
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Novel technologies (at time of proposal)Novel technologies (at time of proposal)
Unique facility (energy, luminosity, precision, Unique facility (energy, luminosity, precision, ……))
PolarizationPolarization (that is where one can falsify models)(that is where one can falsify models)
Flexibility for upgradesFlexibility for upgrades

HERMESHERMES’’ guide to success:guide to success:
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The spin crisis (1987)The spin crisis (1987)
We measured the We measured the quark spin distributionsquark spin distributions
in the EMC experimentin the EMC experiment

The The results violated naive expectationsresults violated naive expectations
(Ellis Jaffe sum rule)(Ellis Jaffe sum rule)
Most of the proton spin is Most of the proton spin is not not due to the quark due to the quark 
spinsspins

Magnetic moments:
Great  success of 
the quark model!

Comment by Frank Close:
If the violation would 

have been discovered in 
the sixties, the quark 
model would have been 

discarded

Comment by Bjorken:
If my sum rule is wrong 

then QCD is wrong as well

Today we do not understand 
any more why the magnetic 
moments come out so well in 

the naive quark model
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Unpolarized structure Unpolarized structure 
functionsfunctions

)()(2 21 xFxxF ≠ Callan-Gross-relation holds only approximately: 
R(x,Q²) small but not equal to zero in QCD

Hadronen

P'

Proton

P = (M,0)q = (v,q)

p'

p

Elektron
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Hadronen

P'

Proton

P = (M,0)q = (v,q)

p'

p

Elektron

Polarized structure functionsPolarized structure functions

Cross section is as usual the product of 
a leptonic and a hadronic tensor:

leptonic tensor lepton spin vector

hadronic tensor

Unpolarized structure functions

Polarized structure functions

Target 
polarization

Beam
polarization
longitudinal
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            )(2 1 xxF

Polarized structure functionsPolarized structure functions

Polarized part of cross section

Experimentally, asymmetries are measured:

Interpretation of 
structure functions in the 

simple quark model:

Quark distribution with 
quark spin parallel to 

proton spin

ditto, but 
anti-parallel

Helicity
distribution

Target 
polarization

fff qqq ∆=− −+ M. Düren, Univ. Giessen 52

g2 is NOT zero. 
Moments of g2

can be calculated 
in QCD



M. Düren, Univ. Giessen 53

How are spin distributions of quarks measured?How are spin distributions of quarks measured?
Principle: Principle: HelicityHelicity conservation in polarized DISconservation in polarized DIS

Polarized beamPolarized beam
Exchanged Exchanged photon (spin 1)photon (spin 1)
is polarizedis polarized
It is absorbed by It is absorbed by 
quark (spinquark (spin½½) ) 
with opposite spinwith opposite spin

Target spin is flipped Target spin is flipped 
experimentallyexperimentally
Measured asymmetry Measured asymmetry 
is related to quark is related to quark 
polarizationpolarization

Hadron 
tagging 
selects 
quark 
flavor
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These relations 

take the non-zero 
angles into account

M. Düren, Univ. Giessen 55

The spin structure functionThe spin structure function

HERMES is a precision experiment

( ) ( ))()()()()()()( 18
1

36
5

1 xsxsxdxuxdxuxgd ∆+∆+∆+∆+∆+∆=
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The spin structure functionThe spin structure function

HERMES/DESY: electron/positron
scattering off a polarized gas target

SMC/CERN: muon scattering off a 
polarized solid state target

SLAC: electron scattering off 
a polarized solid state target

<x> and <Q²> are correlated
in all experiments due to 
experimental acceptance

<Q2> differs by factor 10
between SMC and HERMES

( ) ( ))()()()()()()( 18
1

36
5

1 xsxsxdxuxdxuxgd ∆+∆+∆+∆+∆+∆=
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KinematicsKinematics and and cutscuts in DISin DIS
x and Q² are correlated
in all experiments due to 
experimental acceptance

beam energy
defines smallest

possible x
Q²>1 GeV² cut

allows to 
interprete data in 

quark model

Cut at large y 
reduces radiative

corrections

At large Q² the
number of 

events dies out

Fixed
angle
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Kinematics and cuts in DISKinematics and cuts in DIS

Averaged 
values for SMC 
and HERMES. 

SLAC measures 
at fixed Q²

(angles)
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The spin structure functionThe spin structure function
( ) ( ))()()()()()()( 18

1
36
5

1 xsxsxdxuxdxuxgd ∆+∆+∆+∆+∆+∆=

g1/F1 is almost 
Q²independent!

<Q2> differs by factor 10 
between SMC and HERMES

•F1 varies with Q² according 
to DGLAP equations
•g1 has a similar Q²
dependence as F1
•Q² evolution for g1 can be
calculated in QCD in a 
similar way as for F1
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QQ²² evolutionevolution gg11

•F1 varies with Q² according 
to DGLAP equations
•g1 has a similar Q²
dependence as F1
•Q² evolution for g1 can be
calculated in QCD in a 
similar way as for F1

NLO QCD fit
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QQ²² evolutionevolution of Fof F1 1 and gand g11
unpolarized polarized

NLO QCD fitNLO QCD fits
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helicity distributions

(polarised quark distributions)

The integral of  gThe integral of  g11

( )∑ −+ −=
f fff (x)q(x)qe

2
1(x)g 2

1

∑ ∆=
f f x)(qe

2
1 2
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Sum rules for gSum rules for g11

∑∫ ∆+∆⎯⎯ →⎯=Γ
q

2
q

QPMnp,
1

1

0

np,
1 )qq(e)(d xgx

26.1dduua3 ≅∆−∆−∆+∆=

58.0ss2dduua8 ≅∆−∆−∆+∆+∆+∆=

q(x)dxq
1

0
∆≡∆ ∫ related to axial charges of proton:

measured in weak baryon decays

Same symbol for
function and integral!

SU(3)f

SU(2)f
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Sum rules for gSum rules for g11

∑∫ ∆+∆⎯⎯ →⎯=Γ
q

2
q

QPMnp,
1

1

0

np,
1 )qq(e)(d xgx

Bjorken sum rule:
(isospin symmetry)

fundamental QCD prediction

21.0
6
a3n

1
p

1 ≅=Γ−Γ

Ellis-Jaffe sum rule:
∆s=0

SU(3)f symmetry
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BjorkenBjorken sumsum rulerule confirmedconfirmed @ 8% C.L.@ 8% C.L.

Sum rules for gSum rules for g11

∑∫ ∆+∆⎯⎯ →⎯=Γ
q

2
q

QPMnp,
1

1

0

np,
1 )qq(e)(d xgx

Bjorken sum rule:
(isospin symmetry)

fundamental QCD prediction

Ellis-Jaffe sum rule:
∆s=0

SU(3)f symmetry

violated

∆s=0

66

SU(3)f decomposition of first moment of structure function:

System of equations with
three variables and two
known values (F and D)

Spin Spin crisiscrisis

( ) 126.0)(4 118
1 ==∆+∆+∆ ∫ dxxgsdu p

SPIN CRISIS:     
large negative strange 

quark polarization and a 
small total quark spin!

EMC measurement allows to solve
the system of equations:

Later it was realised that the total spin carried by
quarks can be interpreted in different ways
It becomes scheme dependent in higher order 
QCD calculations (due to the Adler-Bell-Jackiw
anomaly and the mixing with the gluon spin
distribution)

Compatible
with zero!

∆s≈-10%
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∆∆qq from gfrom g11(x,Q(x,Q22))

∑ ∆=
q

22
q

LO
1 )Qq(x,e

2
1)(xg

])Q,(G)Qq(x,[e
2
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2
)( g

2
qq

22
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sLO
1

NLO
1 CxCgxg ⊗∆+⊗∆+= ∑π

α
one step further:

parameterised

∑ −
=

data 2
stat

2calc
1

meas
12 )(

σ
χ gg

minimisation : 
2χ

evaluate
parameter
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∆∆qq from gfrom g11(x,Q(x,Q22))

∑ ∆=
q
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q

LO
1 )Qq(x,e

2
1)(xg
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∆∆qq andand ∆∆G G from gfrom g11(x,Q(x,Q22))

∆uv ∆u

∆dv ∆d

∆s ∆s • ∆uv and ∆dv (quite)      
well determined 

need more direct probes 
flavour separation
∆G

• ∆q and ∆G weakly 
constraint by data 
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GGluonluon spispinn

Tricks:Tricks:
–– Use QCD evolution Use QCD evolution 

equations, which involve equations, which involve 
∆∆G(xG(x))

–– Photon gluon fusion (PGF) Photon gluon fusion (PGF) 
graph allows direct graph allows direct 
measurementmeasurement
Select PGF e.g. by charmed Select PGF e.g. by charmed 
hadrons, large hadrons, large pTpT jets,... jets,... 
(Compass, RHIC)(Compass, RHIC)

HERMES selects two hadrons HERMES selects two hadrons 
with large opposite with large opposite 

transverse momentum to transverse momentum to 
enhance event sampleenhance event sample

Virtual photons do not 
couple to gluons directly

How can the gluon polarization be measured?
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GGluonluon spispin at HERMESn at HERMES

HERMES selects two hadrons HERMES selects two hadrons 
with large opposite with large opposite 

transverse momentum to transverse momentum to 
enhance event sampleenhance event sample

SemiSemi--inclusive DISinclusive DIS
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SemiSemi--inclusive DISinclusive DIS::
extractextract thethe spinspin--flavorflavor distributionsdistributions

FactorizationFactorization ofof
1.1. Quark scattering Quark scattering 

(described by (described by quark quark 
distribution functiondistribution function))

2.2. Hadron generation Hadron generation 
(described by (described by 
fragmentation function)fragmentation function)

),( 2Qxq f

)(zDh
f

)(zD h
fFragmentation function:

Probability to produce a 
hadron h from a quark f

with energy fraction 
z=Eh/ν

Probability to find a quark 
flavor f with momentum 
fraction x in the proton

),(

)(),(1)'(1
22

22

Qxqe

zDQxqe

dz
dN

Ndz
hXeeNd

ff f

h
fff f

h

tot ∑
∑

==
→σ

σ
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How are spin distributions of quarks measured?How are spin distributions of quarks measured?
Principle: Principle: HelicityHelicity conservation in polarized DISconservation in polarized DIS

Polarized beamPolarized beam
Exchanged Exchanged photon (spin 1)photon (spin 1)
is polarizedis polarized
It is absorbed by It is absorbed by 
quark (spinquark (spin½½) ) 
with opposite spinwith opposite spin

Target spin is flipped Target spin is flipped 
experimentallyexperimentally
Measured asymmetry is Measured asymmetry is 
related to quark related to quark 
polarizationpolarization

Hadron 
tagging 
selects 
quark 
flavor
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Purity formalismPurity formalism
)(zD h

fFragmentation function:

Here one assumes that 
the fragmentation 

process is independent 
of the spin of the 

fragmenting quark! That 
should be especially true 
for the fragmentation 

into scalar mesons 
(pions, kaons,...)

Dq
h(z) = probability to 

produce a hadron h
from a quark f with 
energy fraction z

Pq
h(z) = probability that a 
hadron h with energy 

fraction z originates from 
a quark f

),(

)(),(1)'(1
22

22

Qxqe

zDQxqe

dz
dN

Ndz
hXeeNd

ff f

h
fff f

h

tot ∑
∑

==
→σ

σ
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PurityPurity formalismformalism

Matrix equation to invert and solve:
∑ ∆=

q
q
qhA h

qPAQQA
rrrr

-1PP ==
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Monte Carlo Monte Carlo extractionextraction of of puritiespurities and and quarkquark polarizationpolarization
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Tuning of Tuning of hadronhadron multiplicitiesmultiplicities in MCin MC
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PuritiesPurities fromfrom Monte CarloMonte Carlo
((invertedinverted fragmentationfragmentation functionsfunctions))
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PuritiesPurities fromfrom Monte CarloMonte Carlo
((invertedinverted fragmentationfragmentation functionsfunctions))

π+ comes
mainly from

u quark!

Κ+ comes
mainly from

u quark!
Κ+ comes

often from
s-bar quark!

Κ− in 
deuteron

comes often
from s 
quark!

π − in 
deuteron

comes
mostly from

d quark!



M. Düren, Univ. Giessen 81

SemiSemi--inclusiveinclusive spinspin asymmetriesasymmetries
((deuteriumdeuterium))

Hadron selection:

K- asymmetry is small!

→ sea asymmetry is small!
suK =−
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SemiSemi--inclusiveinclusive spinspin asymmetriesasymmetries
Results of the 5 parameter fitResults of the 5 parameter fit

∆∆u(xu(x) ) is large and positiveis large and positive
∆∆d(xd(x) ) is smaller and is smaller and 
negativenegative
∆∆s(xs(x)) is approx.  zerois approx.  zero
i.e. i.e. 
–– SU(3)SU(3)f f is broken and is broken and 
–– only ~30% of the spin only ~30% of the spin 

of the nucleon is due to of the nucleon is due to 
the spin of the quarksthe spin of the quarks

0

0.2

x⋅∆u

-0.2

0
x⋅∆d

-0.1

0

GRSV 2000
LO val

BB 01 LO
x⋅∆u

–

Q2=2.5GeV2

-0.1

0

x⋅∆d
–

-0.1

0

x⋅∆s

0.03 0.1 0.6

x

up>>0

down<0

⎯u≈0

⎯d≈0

strange
≈ 0
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XBj

∆Q
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(x
)

HERMES PRELIMINARY Q(x)=u(x)+u(x)+d(x)+d(x)- -

XBj

x.
∆Q
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)

HERMES PRELIMINARY

0
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( ) ( ) ( ) ( ) ( )Q x u x u x d x d x= + + +

∫ ±±=∆
1

02.0
01.003.029.0dxQ

∫ ±±=∆
1

02.0
007.0029.0006.0dxS

~30% up and down 
quark contribution
in valence region

<3% strange quark
contribution

Latest results!Latest results!
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Spin of the nucleonSpin of the nucleon

TransversityTransversity
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orbital angular momentum
Hard exclusive scattering

Where do we stand? Where do we stand? 
Helicity sum rule:Helicity sum rule:

quark spin quark spin 

SemiSemi--inclusiveinclusive DISDIS

½ = ½ (∆u+∆d+∆s) + ∆G + Lq + Lg

gluon spin 
Photon gluon fusion

GPDs: generalized parton 
distributions:     

HERMES recoil project

HERMES, 
Compass, Rhic

Why do we need this extra piece?
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Interesting properties:Interesting properties:
QCDQCD--evolution independent of gluon distributionevolution independent of gluon distribution
(to be tested by experiment)(to be tested by experiment)
1st moment of 1st moment of dqdq is is tensor chargetensor charge (pure valence object)                          (pure valence object)                          
predicted by lattice QCD:predicted by lattice QCD:

The almost forgotten twistThe almost forgotten twist--2 quark distribution2 quark distribution

Transversity: Transversity: ),( 2Qxq fδ

Transversity 
basisHelicity basis

Non-relativistically: The transverse quark spin distributiontransverse quark spin distribution in a 
transversely polarized protontransversely polarized proton is identical to the longitudinal spin 
distribution in a longitudinally polarized target!
In relativistic kinematics, this is NOT the case as boost and rotation do 
not commute!  

Fundamental twist-2 
distribution function!

Transversity is chiral odd (i.e.does not contribute to inclusive DIS cross section!)

Soffer bound:

)()( xqxq ∆≠δ

22 GeV 2at  088.0562.0 =±=Σ Qδ

( ))()()( 112
1

1 xgxfxh +≤ ∑=
i

ii xqexh )(
2
1)( 2

1 δ
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TransverseTransverse spinspin distributiondistribution of of quarksquarks

ThereThere areare threethree leadingleading--twisttwist structurestructure functionsfunctions::

Quark density

Helicity distribution

Transversity

M. Düren, Univ. Giessen 88

TransverseTransverse spinspin distributiondistribution of of quarksquarks
TheThe azimuthal azimuthal angularangular distributionsdistributions of of hadronshadrons fromfrom a a 
transverselytransversely polarizedpolarized target target showshow twotwo effectseffects::

–– Collins Collins asymmetryasymmetry in in φφ++φφss

–– SiversSivers asymmetryasymmetry in in φφ--φφss

Target spin
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TransverseTransverse spinspin distributiondistribution of of quarksquarks
TheThe azimuthal azimuthal angularangular distributionsdistributions of of hadronshadrons fromfrom a a 
transverselytransversely polarizedpolarized target target showshow twotwo effectseffects::

–– Collins Collins asymmetryasymmetry in in φφ++φφss
PProductroduct of of thethe chiralchiral--oddodd
transversity transversity distributiondistribution hh11(x)(x)
and and thethe chiralchiral--oddodd
fragmentationfragmentation functionfunction HH11

⊥⊥(z)(z)
→→ relatedrelated to to thethe transversetransverse
spinspin distributiondistribution of of quarksquarks

–– SiversSivers asymmetryasymmetry in in φφ--φφss

Target spin

First 
results
from Belle
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TransverseTransverse spinspin distributiondistribution of of quarksquarks
TheThe azimuthal azimuthal angularangular distributionsdistributions of of hadronshadrons fromfrom a a 
transverselytransversely polarizedpolarized target target showshow twotwo effectseffects::

–– Collins Collins asymmetryasymmetry in in φφ++φφss
PProductroduct of of thethe chiralchiral--oddodd
transversity transversity distributiondistribution hh11(x)(x)
and and thethe chiralchiral--oddodd
fragmentationfragmentation functionfunction HH11

⊥⊥(z)(z)
→→ relatedrelated to to thethe transversetransverse
spinspin distributiondistribution of of quarksquarks

–– SiversSivers--AsymmetrieAsymmetrie in in φφ--φφss::
ProductProduct of of thethe TT--oddodd
distributiondistribution functionfunction ff1T1T

⊥⊥(x)(x)
and and thethe ordinaryordinary
fragmentationfragmentation functionfunction DD11(z)(z)
→→ relatedrelated to to thethe orbital orbital 
angularangular momentummomentum of of quarksquarks

Target spin

First 
results
from Belle
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Collins Collins asymmetriesasymmetries

at at HERMESHERMES (H)(H) significantlysignificantly
positive/negativepositive/negative forfor ππ++//ππ--

at at COMPASSCOMPASS (D)(D)
compatiblecompatible withwith zerozero

92

SiversSivers asymmetriesasymmetries

at at HERMESHERMES (H)(H)
positive/positive/zerozero forfor ππ++//ππ--

at at COMPASSCOMPASS (D)(D)
compatiblecompatible withwith zerozero

The results are unexpected
but not inconsistent
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Collins and Collins and SiversSivers
Kaon Kaon asymmetriesasymmetries

at at HERMES (H) HERMES (H) 
andand

at at COMPASS COMPASS (D)(D)
areare similarsimilar
exceptexcept forfor thethe
SiversSivers KK+ + asymmetryasymmetry

Hard exclusive reactionsHard exclusive reactions

Quantum phaseQuantum phase--space space „„tomographytomography““
of the nucleonof the nucleon
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Quantum phaseQuantum phase--space space 
Wigner distributionWigner distribution

A classical particle is defined by its coordinate and A classical particle is defined by its coordinate and 
momentum (x,p): momentum (x,p): phasephase--spacespace
A state of classical identical particle system can be A state of classical identical particle system can be 
described by a described by a phasephase--space distribution f(x,p).space distribution f(x,p). The time The time 
evolution of f(x,p) obeys the evolution of f(x,p) obeys the BoltzmannBoltzmann equation.equation.
In quantum mechanics, because of the uncertainty principle, In quantum mechanics, because of the uncertainty principle, 
the phasethe phase--space distributions seem useless, butspace distributions seem useless, but……
Wigner introduced the first phaseWigner introduced the first phase--space distribution space distribution 
in quantum mechanics (1932)in quantum mechanics (1932)
Wigner function: Wigner function: 
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Wigner functionWigner function
When integrated over When integrated over x,x, one gets the one gets the momentummomentum density. density. 
When integrated over When integrated over p,p, one gets the one gets the probabilityprobability density. density. 
Any dynamical variableAny dynamical variable can be calculated from it!  can be calculated from it!  

The Wigner function contains the 
most complete (one-body) info

about a quantum system.  !
A Wigner A Wigner operatoroperator can be defined that describes can be defined that describes quarksquarks in the in the 

nucleonnucleon

The reduced Wigner distribution is related toThe reduced Wigner distribution is related to
Generalized parton distributionsGeneralized parton distributions (GPD(GPDss))
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Integrating over x: Integrating over x: Parton 
momentum information is lost, 
spatial distributions = form factors 
remain

What is a GPD?What is a GPD?
A proton matrix element which is a hybrid of elastic form factorA proton matrix element which is a hybrid of elastic form factor
and Feynman distributionand Feynman distribution
Depends on Depends on 
xx: : fraction of the longitudinal momentum carried by partonfraction of the longitudinal momentum carried by parton
t=qt=q22: : tt--channel momentum transfer squaredchannel momentum transfer squared
ξξ: : skewness parameterskewness parameter

There are 4 important GPDs (among others):There are 4 important GPDs (among others):

),,(~),,,(~),,,(),,,( txEtxHtxEtxH qqqq ξξξξ

Limiting cases: Limiting cases: 

tt→→0: 0: Ignoring the impact 
parameters leads to ordinary 
parton distributions

)0,0,(~)(

)0,0,()(

xHxq

xHxq
q

q

=∆

=

∫
∫

=

=

dxtxEtF

dxtxHtF
qq

qq

),,()(

),,()(

2

1

ξ

ξ
M. Düren, Univ. Giessen 98

33--D contours of quark distributions for D contours of quark distributions for 
various Feynman x valuesvarious Feynman x values

Fits to the known form factors and parton distributions 
with additional theoretical constraints (e.g. polynomiality) and model assumptions

z

bx
by
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Conclusions: Quarks in the Conclusions: Quarks in the 
quantum mechanical phasequantum mechanical phase--spacespace

Elastic form factorsElastic form factors →→ charge distribution (space coordinates)charge distribution (space coordinates)

Parton distributionsParton distributions →→ momentum distribution of quarks momentum distribution of quarks 
(momentum space)(momentum space)

Generalized parton distributions (Generalized parton distributions (GPDsGPDs) are reduced Wigner ) are reduced Wigner 
functionsfunctions →→ correlation in phasecorrelation in phase--space space →→ e.g. the orbital e.g. the orbital 
momentum of quarks: momentum of quarks: 

Angular momentum of quarks can be extracted from GPDs: Angular momentum of quarks can be extracted from GPDs: 

JiJi sum rule:sum rule:

GPDsGPDs provide a provide a unified theoretical frameworkunified theoretical framework for various for various 
experimental processesexperimental processes

[ ]∫−
+=

1

12
1 )0,,()0,,( ξξ xExHxdxJ qqq

prL ×=
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GGeneralized eneralized PParton arton DDistributions istributions 

Quantum number of final state selects different GPDs:
Vector mesons (ρ, ω, φ): H  EH  E
Pseudoscalar mesons (π, η): H  E H  E 
DVCS (γ) depends on H,  E, H,  EH,  E, H,  E~~ ~~

~~ ~~



Hard exclusive reactions atHard exclusive reactions at
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Kinematic coverageKinematic coverage
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Experimental Access to GPDsExperimental Access to GPDs

QCD handbag diagramQCD handbag diagram

Deeply virtual Compton 
scattering (DVCS)

Hard exclusive meson 
production (HEMP)
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Deeply virtual Compton scattering Deeply virtual Compton scattering 
(DVCS)(DVCS)

DVCS is the cleanest way to access GPDs: DVCS is the cleanest way to access GPDs: γγ**NN→→ γγNN

Factorization theorem is proven! Factorization theorem is proven! 

Handbag diagram separates Handbag diagram separates 

hard scattering process hard scattering process 
(QED & QCD) and(QED & QCD) and

nonnon--pertubative structure of pertubative structure of 
the nucleon (GPDs) the nucleon (GPDs) 

GPDs = probability amplitude for N to emit a parton (GPDs = probability amplitude for N to emit a parton (xx++ξξ) ) 
and for Nand for N’’ to absorb it (to absorb it (xx--ξξ) ) 

2/12
1

B

B

x
x

−
=ξ

x+x+ξ: ξ: longitudinal momentum fraction of the quarklongitudinal momentum fraction of the quark

−−2ξ: 2ξ: exchanged longitudinal momentum fractionexchanged longitudinal momentum fraction

tt :squared momentum transfer:squared momentum transfer
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DVCS and BH Interference (DVCS and BH Interference (epep→→ee‘‘γγpp))

DVCSDVCSBetheBethe--Heitler Heitler 
(BH)(BH)

)τττ(τ

|τ||τ|dσ

BH
*
DVCSDVCS

*
BH

2
BH

2
DVCS

++

+∝
Kinematics: 

x∈[-1,1]      ξ≈xB/(2- xB)
t=(q-q‘)2        Q2=-q2

Use BH as a vehicle to 
study DVCS. 

DVCS-BH interference I gives 
non-zero azimuthal asymmetry

FF
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Laser and nucleon holographyLaser and nucleon holography

(Belitsky/Mueller)
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AccessAccess to to real and imaginary partreal and imaginary part of helicity conserving amplitude Mof helicity conserving amplitude M1,11,1

(GPDs enter in linear combinations in amplitudes)(GPDs enter in linear combinations in amplitudes)

•• beam spin asymmetry (BSA)beam spin asymmetry (BSA)

•• beam charge asymmetry (BCA)beam charge asymmetry (BCA)

Azimuthal asymmetries in Azimuthal asymmetries in 
beam spin and beam chargebeam spin and beam charge

( ) ( ) 1,1
1  Imsinsinpedσpedσ MsI ⋅∝∝− φφ

sr

⎟
⎠

⎞
⎜
⎝

⎛
++±∝ ∑∑

==

2

1

3

1
0 )sin()cos(

n

I
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n

I
n

I nsnccI φλφ

Fourier decomposition of interference term:Fourier decomposition of interference term:

charge spin

( ) ( ) 1,1
1

-  Recoscospedσpedσ McI ⋅∝∝−+ φφ

HERMES is the only 
experiment which 

measures BCA
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Results: BSA and BCA on protonResults: BSA and BCA on proton

( ) ( ) 1,1
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( ) ( ) 1,1
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-  Recoscospedσpedσ McI ⋅∝∝−+ φφ

BSA:BSA:
Significant sin(Significant sin(φφ) dependence) dependence

BCA:BCA:
Significant  cos(Significant  cos(φφ) dependence) dependence
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HERMES results HERMES results 
and and projected errorprojected error--barsbars of the recoil runningof the recoil running

BCA and BSA on protonBCA and BSA on proton
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DVCS: Transverse Target Spin Asymmetry DVCS: Transverse Target Spin Asymmetry 

first model dependent extraction of first model dependent extraction of JJuu possiblepossible
Code: VGGCode: VGG
JJdd assumed to be zeroassumed to be zero
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HERMES can constrain the total angular HERMES can constrain the total angular 
momentum of up and down quarks (momentum of up and down quarks (JJuu+J+Jdd)!)!

same statistics with electron beam on tapesame statistics with electron beam on tape
independent data set to constrain independent data set to constrain (J(Juu+J+Jdd))

dJ
-1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1

uJ
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HERMES 2002-04 Preliminary <1.7 GeV)X X  (Mγ + e→ ⇑ p+e

 0.033(syst)± 0.058(stat) ± = -0.149 
φ) cos Sφ-φsin (

UTA
2> = 2.5 GeV

2
,  <x> = 0.095, <Q2<-t> = 0.12 GeV

GPD Model: LO/Regge/D-term=0
[Goeke et al., Prog.Part.Nucl.Phys.47(2001),401]

Code: VGG [Vanderhaeghen et al., priv. comm.]
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Generalized EMCGeneralized EMC--Effect in nuclear DVCSEffect in nuclear DVCS

Beam spin asymmetries in nuclear DVCS (Neon)

More to come: 2H,4He,14N,20Ne,82-86Kr,129-134Xe:

A-dependence of coherent DVCS processes 
to study quarks in nuclei
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∆∆qqPion form factorPion form factor

H~E~sinφ|S|σ T ⋅⋅∝[ ] sinφAσSσSσ sinφ
ULLT||LL ⋅+≈ ⊥

First results for Hard Exclusive Meson Production First results for Hard Exclusive Meson Production 
(HEMP) from HERMES: (HEMP) from HERMES: PseudoscalarPseudoscalar MesonsMesons

HEMP cross section
ep e’n π+ GPD Model:  

Vanderhaeghen, Guichon, Guidal
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--Clean signal without background subtraction;Clean signal without background subtraction;

--DISDIS--background well described by MC;background well described by MC;

First results for HEMP from HERMES:First results for HEMP from HERMES:
Vector Mesons Vector Mesons ((ρρ00,,φφ,,ωω))

HEMP target spin 
asymmetry ep e’p ρ0 
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Quarks in nucleiQuarks in nuclei
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Study fragmentation Study fragmentation 
in nucleiin nuclei

understanding of the space-time 
evolution of the hadron formation 
process
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22--hadron production in nucleihadron production in nuclei

D1
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A1
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22h

N
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leading hadron: z1 >0.5
subleading hadron: z2 < z1

disentangle absorption 
and energy loss models

M. Düren, Univ. Giessen 119

HERMES has done and still does HERMES has done and still does unique and unique and 
pioneering measurementspioneering measurements in the fields of in the fields of 
–– Spin structure of the nucleonSpin structure of the nucleon
–– Exclusive reactions and Exclusive reactions and GPDsGPDs
–– HadronizationHadronization studies in nucleistudies in nuclei
–– ……

We have millions of interesting events on We have millions of interesting events on 
tape that might have more surprises tape that might have more surprises 
waiting for being analyzed by YOU!waiting for being analyzed by YOU!

ConclusionsConclusions


