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HERHERaa MEMEasurementasurement of of SSpinpin

Collaboration of 140 physicistsCollaboration of 140 physicists
24 Institutions24 Institutions
12 Countries12 Countries

Original goal:Original goal:
Understand the spin structure Understand the spin structure 

of the nucleonof the nucleon

Present goal:Present goal:
Understand the nucleonUnderstand the nucleon
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OUTLINEOUTLINE

Introduction to polarized DISIntroduction to polarized DIS
→→ Also a bit of historyAlso a bit of history

The HERMES DetectorThe HERMES Detector
The longitudinal spin Structure of the nucleonThe longitudinal spin Structure of the nucleon
Going beyond the quark Going beyond the quark helicityhelicity
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History of SpinHistory of Spin
SternStern--GerlachGerlach Experiment  1922Experiment  1922
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JGG
Expectation from Classical PhysicsExpectation from Classical Physics

m m magnetic moment vectormagnetic moment vector
the magnetic fieldthe magnetic field
the projection of m on Bthe projection of m on BBm

B
JG
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History of SpinHistory of Spin
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UhlenbeckUhlenbeck KramersKramers GoudsmitGoudsmit

UhlenbeckUhlenbeck and and GoudsmitGoudsmit 19261926

The hydrogen spectrumThe hydrogen spectrum
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Is Spin Important?Is Spin Important?
PauliPauli principle …principle …

Particle Particle wavefunctionwavefunction is is antisymmetricantisymmetric under under 
interchange of identical particles.   interchange of identical particles.   

Two particles cannot occupy the same quantum state.Two particles cannot occupy the same quantum state.

Half integer SPIN Half integer SPIN 
→→ Obey Obey PauliPauli principleprinciple
→→ FermiFermi--DiracDirac statistics  statistics  

FermionsFermions
Integer SPIN Integer SPIN 
→→ Don’t care about Don’t care about PauliPauli principleprinciple
→→ BoseBose--Einstein statistics:Einstein statistics:

BosonsBosons
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Is Spin Important?Is Spin Important?
PauliPauli principle …principle …

Half integer SPIN Half integer SPIN 

MatterMatter

Integer SPINInteger SPIN

Forces Forces 
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How to study the nucleon spin?How to study the nucleon spin?
Deep Inelastic ScatteringDeep Inelastic Scattering

HERMESHERMES

E

E′

θ
HERAHERA
BEAMBEAM

TargetTarget

HERMES is a Fixed target experiment. HERMES is a Fixed target experiment. 
The measured quantities in the lab The measured quantities in the lab 
system are E,E system are E,E ̷ ̷ ,,andand θ. θ. 
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From  From  E,E E,E ̷ ̷ ,,andand θθ three scaling three scaling 
variables can be computed Qvariables can be computed Q22, , 
x, and y. Two are independent.x, and y. Two are independent.

νν is the energy of the virtual photon in the lab frameis the energy of the virtual photon in the lab frame
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Deep Inelastic ScatteringDeep Inelastic Scattering

2Q is the squared 4is the squared 4--momentum of the virtual photon.momentum of the virtual photon.
x The The BjorkenBjorken scaling variablescaling variable

→→ The fraction of the total nucleon momentum carried by the struckThe fraction of the total nucleon momentum carried by the struck quark.quark.
y The inelasticity.The inelasticity.

→→ The fraction of the incoming momentum carried by the virtual The fraction of the incoming momentum carried by the virtual 
photon.photon.
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““Deep” Deep” ↔↔ high resolution: high resolution: QQ22 >1GeV>1GeV2 2 

Inelastic Inelastic ↔↔ MM22
x x ≠≠ MM22 implying  x<1implying  x<1

Quark Parton ModelQuark Parton Model
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DIS Cross SectionDIS Cross Section
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Lμν leptonic part of the cross sectionleptonic part of the cross section
Independent of the proton structureIndependent of the proton structure
Purely electromagnetic  Purely electromagnetic  →→ Calculable in QED Calculable in QED 

h

h

π

π

u

d

u

(E, k )’ ’

P

e

γ*
q

(E, k)

( )ep eXσ →

W μν hadronichadronic part of the cross sectionpart of the cross section
Contains info on the proton structureContains info on the proton structure
Not Calculable in QCD Not Calculable in QCD 
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HadronicHadronic Tensor Tensor 

Parameterized by structure functionsParameterized by structure functions
((LorentzLorentz invariance, current conservation, parity, invariance, current conservation, parity, ectect.).)
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F F
momentum distribution of quarksmomentum distribution of quarks
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f fe e+ −+ =∑ ∑1 f f ff f

1 1F  = q x q x q x
2 2

QPM:QPM:

= Distribution Function= Distribution Function
connected to the probability to connected to the probability to 
have a struck quark with the have a struck quark with the 
fraction x of the nucleon fraction x of the nucleon 
momentum.momentum.

( )fq x= Polarized Distribution Function= Polarized Distribution Function
connected to the probability to have a struck connected to the probability to have a struck 
quark with the fraction x of the nucleon quark with the fraction x of the nucleon 
momentum momentum and spin in the same direction and spin in the same direction 
as the nucleonas the nucleon..
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Why do polarized leptons measure quark Why do polarized leptons measure quark 
helicityhelicity distributions?distributions?

Look at the virtual photon cross section.Look at the virtual photon cross section.

••Virtual photon can only couple to quarks of opposite helicityVirtual photon can only couple to quarks of opposite helicity
••Select quark helicity by changing target polarization directionSelect quark helicity by changing target polarization direction
••Different targets give sensitivity to different quark flavors Different targets give sensitivity to different quark flavors 

NS S 1 1/ 2 3 / 2γ + = + =

3/2 ~ q (x)σ -

1/2 ~ q (x)σ +
N qS S= − N qS S=

NS S 1/ 2γ + =

Photon and nucleon spins alignedPhoton and nucleon spins aligned Photon and nucleon spins antiPhoton and nucleon spins anti--alignedaligned

3/2σ 1/2σ
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Cross section Cross section AsymmetriesAsymmetries

Both beam and target Both beam and target helicitieshelicities are reversed as often as possible.are reversed as often as possible.
→→ Changes to the beam, target, and detector on time scales Changes to the beam, target, and detector on time scales 

longer than the flipping time cancel!longer than the flipping time cancel!
Enables measuring the effect of very small cross section Enables measuring the effect of very small cross section 
differences.differences.
→→ HERMES few percentHERMES few percent
→→ CP violation 10CP violation 10--66

As the cross section differences are small large statistics are As the cross section differences are small large statistics are 
needed. needed. 
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A =&

3/2σ1/2σ and        are roughly the same size so you cannot measand        are roughly the same size so you cannot measure ure 
both separately and subtract the results. What you measure is thboth separately and subtract the results. What you measure is the e 
ratio of sums and differences of cross sections called asymmetriratio of sums and differences of cross sections called asymmetries.es.
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Structure Functions and Measured AsymmetriesStructure Functions and Measured Asymmetries
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Momentum distribution of the QuarksMomentum distribution of the Quarks HelicityHelicity distribution of the Quarksdistribution of the Quarks
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N
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ΔΣ

The spin structure of the nucleonThe spin structure of the nucleon

Constituent quark modelConstituent quark model
4
3Δ =vu 1

3Δ = −vd Unpolarised structure Unpolarised structure fctfct..
Gluons are important !Gluons are important !

Sea quarksSea quarks ΔΔqqss

ΔΔGG Full description of Full description of JJqq and and JJgg
needsneeds

orbital angular momentumorbital angular momentum
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BUTBUT
1989 EMC measured1989 EMC measured
ΣΣ = 0.120   0.094   0.138= 0.120   0.094   0.138± ±

Spin PuzzleSpin Puzzle

Include relativistic Include relativistic 
wavefunctionwavefunction

0.75ΔΣ ≈
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The HERMES Experiment  The HERMES Experiment  

Necessary ingredients Necessary ingredients 
Polarized beamPolarized beam
Polarized targetPolarized target
Particle identificationParticle identification
→→ Lepton hadron separationLepton hadron separation

Large acceptance spectrometerLarge acceptance spectrometer

Additional capabilitiesAdditional capabilities
Hadron identificationHadron identification
Acceptance at large anglesAcceptance at large angles
Unpolarized heavy targetsUnpolarized heavy targets
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Hermes at HERAHermes at HERA

Beam Energy: 27.5 GeV

Electrons and positrons

Beam current

~50mA start of fill

~10mA end of fill

Polarized (<P>~53%)

P~45%  2007

Beam helicity reversable

Can be set at each expt.

Online measurement of beam Online measurement of beam 
polarization with two Compton polarization with two Compton 
polarimeterspolarimeters..

1.8 3.4%= −B

B

ΔP
P
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BreitBreit--RabiRabi
PolarimeterPolarimeter

Atomic Atomic 
Beam Beam 
SourceSource

HeraHera

Holding fieldHolding field
and and 

target celltarget cell

The Polarized TargetThe Polarized Target
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The HERMES The HERMES polarisedpolarised gas targetgas target

BRP
ABS

TGA

1st sexp. magn. syst.

collimator

discharge tube

SFT
MFT

2nd sexp. magn. syst.

SFT / WFT
QMS

chopper

storage cell

HERA beam

sample tube
extension tube

beam shutter

SFT
MFT

QMS

chopper
sexp. magn. syst.

beam blocker
nozzle

injection tube

Atomic Beam SourceAtomic Beam Source BreitBreit Rabi Rabi PolarimeterPolarimeter

ADVANTAGES:ADVANTAGES:
no dilution; all the material is no dilution; all the material is polarisedpolarised
no radiation damage no radiation damage 
rapid inversion of rapid inversion of polarisationpolarisation direction every 90s in less than 0.5sdirection every 90s in less than 0.5s

Pz+ = |1> + |4>

Pz- = |2> + |3>
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The HERMES target cellThe HERMES target cell

Material:Material: 7575μμmm Al with Al with DrifilmDrifilm coating + icecoating + ice
Size:Size: length 40cm, elliptical cross section (21mm x 8.9 mm)length 40cm, elliptical cross section (21mm x 8.9 mm)
Working temperature:Working temperature: 100K (variable 35k 100K (variable 35k –– 300K)300K)
Increase of density to free jet ~100 (3 Increase of density to free jet ~100 (3 –– 5*105*103131 nucl/cmnucl/cm22/s)/s)
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Target PerformanceTarget Performance

PPT T = total target polarization= total target polarization
  αα00 = = atomic fraction in absence of recombinationatomic fraction in absence of recombination
  ααrr = = atomic fraction surviving recombinationatomic fraction surviving recombination
PPaa = polarization of atoms= polarization of atoms
PPmm = polarization of recombined molecules= polarization of recombined molecules

0 0 1T mar rα α α ( α P)P P= + −

Longitudinal Polarization:Longitudinal Polarization:
19961996--1997 Hydrogen   |P1997 Hydrogen   |PTT| = 85%         | = 85%         ρ=7.6 x 1013 nucl./cm2

19991999--2000 Deuterium  |P2000 Deuterium  |PTT|| = 85 %= 85 %

Transverse Polarization:Transverse Polarization:
20022002--2005 Hydrogen |P2005 Hydrogen |PTT| = 0.75%| = 0.75%

Unpolarized  Gases:Unpolarized  Gases:
→H2,D2,He,N2,Ne,Xe
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The HERMES SpectrometerThe HERMES Spectrometer

Magnetic spectrometer for Magnetic spectrometer for 
momentum measurement.momentum measurement.
Electromagnetic calorimeter Electromagnetic calorimeter 
for energy measurement for energy measurement 
and photon detection.and photon detection.
Relatively large acceptance.Relatively large acceptance.
Excellent particle Excellent particle 
identification.identification.

M
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M
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R
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D
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C
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Target
Target
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The HERMES SpectrometerThe HERMES Spectrometer

21
175

1.0δ δ

≤ ≤ ≥ ≥
Θ ≤ ≤ Θ ≤

Θ ≤

2

x y

 0.02 x 0.8 at Q GeV  and W 2GeV
                              mrad, 4

Reconstruction :    

Kinemati
0 mrad    140 mrad

p = 1.0 - 2.0%  

c Ran

  
p

ge :

mrad

Particle Identification: TRD, Particle Identification: TRD, PreshowerPreshower, Calorimeter, Calorimeter
1997: Threshold 1997: Threshold CherenkovCherenkov 1998: RICH + 1998: RICH + MuonMuon--ID ID 

Magnetic Spectrometer: Magnetic Spectrometer: 
TopTop--Bottom symmetricBottom symmetric
1.5T1.5T⋅⋅m dipole field m dipole field -- 0.3MW0.3MW
7 drift chambers 6 planes each for track registering7 drift chambers 6 planes each for track registering
Large acceptanceLarge acceptance
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Which Particle is WhichWhich Particle is Which
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Physics requirement:Physics requirement: Need lepton hadron separation over wide momentum rangeNeed lepton hadron separation over wide momentum range

In worst case factor In worst case factor 101055 hadronhadron
suppression is neededsuppression is needed
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The HERMES TRDThe HERMES TRD
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hadron/positron separationhadron/positron separation
combining signals from: combining signals from: 
TRD, calorimeter, TRD, calorimeter, preshowerpreshower

Aerogel; n=1.03

C4F10; n=1.0014

hadron separationhadron separation
Dual radiator RICH forDual radiator RICH for ππ, KK,, pp

Which Hadron (Which Hadron (ππ,K,p,K,p) is Which) is Which

π

K

1cos c nβ
Θ =

21
m cp β

β
=

−
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HERMES Recoil Detector timelineHERMES Recoil Detector timeline

From 1996 through 2005 HERMES ran with From 1996 through 2005 HERMES ran with 
the polarized H/D target.the polarized H/D target.
→→ November 2005 the ABS was November 2005 the ABS was 

removed.removed.
In January 2006 the recoil detector was In January 2006 the recoil detector was 
installed. installed. 
February started data taking.February started data taking.
→→ Scintillating fiber detector worked Scintillating fiber detector worked 

immediately.immediately.
Full detector operations since September Full detector operations since September 
2006.2006.
→→ 20M DIS in 200720M DIS in 2007
→→ 20M DIS in 2006 20M DIS in 2006 

Recoil only for part of data.Recoil only for part of data.
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Recoil Detector OverviewRecoil Detector Overview

Photon DetectorPhoton Detector
→→ 3 layers of Tungsten/Scintillator3 layers of Tungsten/Scintillator
→→ PID for higher momentumPID for higher momentum
→→ detects detects ΔΔ++ ppππ00

Scintillating Fiber DetectorScintillating Fiber Detector
→→ 2 Barrels2 Barrels
→→ 2 Parallel2 Parallel-- and 2 Stereoand 2 Stereo--Layers in each Layers in each 

barrelbarrel
→→ 10° Stereo Angle10° Stereo Angle
→→ Momentum reconstruction & PIDMomentum reconstruction & PID

Silicon DetectorSilicon Detector
→→ 16 double16 double--sides sensorssides sensors
→→ 10×10 cm10×10 cm22 active area eachactive area each
→→ 2 layers2 layers
→→ Inside HERA vacuumInside HERA vacuum
→→ momentum reconstruction & PIDmomentum reconstruction & PID

Target CellTarget Cell

1 Tesla Superconducting Solenoid1 Tesla Superconducting Solenoid
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Back to inclusive physicsBack to inclusive physics

Measuring gMeasuring g11
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How to measure cross section asymmetriesHow to measure cross section asymmetries

→ → → →
⇐ ⇒ ⇒ ⇐

→ → → →
⇐ ⇒ ⇒ ⇐

b t

1 N L -N LA =
P P N L -N L&

( ) ( )2, E x,Qσ θ σ′ ↔

( ) ( )2
2

N x, Q
x,Q

L
σ

Δ Δ
∝

Spectrometer Spectrometer 
acceptanceacceptance

Cut: because of Cut: because of 
radiativeradiative

correctionscorrections

Cut: exclude Cut: exclude 
resonance resonance 

regionregion
Resolve quark Resolve quark 

structurestructure
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World Data on World Data on 

→ → → →
⇐ ⇒ ⇒ ⇐

→ → → →
⇐ ⇒ ⇒ ⇐

b t

1 N L -N LA =
P P N L -N L& ( )1

2
1

g γ η
γ

⎡ ⎤
= + +⎢ ⎥

⎣ ⎦
2

A1 A
F 1+ D

&

ProtonProton DeuteronDeuteron

Data shown at measured <QData shown at measured <Q22>:0.02>:0.02--58 GeV58 GeV22

1 1g F
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Model-independent unfolding
detector smearing
QED radiative effects
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⇒⇐=

∂
∂

=
∂

∂
=

j

ji

radiative effects           detector smearing

smearing within acceptance

kinematic migration inside
acceptance for each spin state

systematic correlations between bins fully unfolded
resulting (small) statistical correlations known

j=0 bin: kinematic migration 
into the acceptance
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World Data on World Data on 

Very precise proton dataVery precise proton data
The most precise deuteron dataThe most precise deuteron data

0.0210.021--0.9 measured range:0.9 measured range:

1g 2x (x,Q )

1 1 1
p dg g g> >

3He

( )( )1 1 1
31 12 2

d p n
dg g g= − +w

1

1

0.1246 0.0032 0.0074

0.0452 0.0015 0.0017

p

d

g

g

= ± ±

= ± ±

∫
∫

ΔΣΔΣ=0.33=0.33
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World data on g1World data on g1
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SemiSemi--Inclusive Deep Inelastic ScatteringInclusive Deep Inelastic Scattering
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The cross section can be expressed as a convolution of a The cross section can be expressed as a convolution of a 

distribution function and a fragmentation function.distribution function and a fragmentation function.

ep eh eq eq

q

p qq h~  D FF F→ →→ →σ ⊗ σ ⊗∑

Flavor taggingFlavor tagging
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FragmentationFragmentation
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FragmentationFragmentation
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FragmentationFragmentation
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FragmentationFragmentation
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FragmentationFragmentation
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FragmentationFragmentation
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FragmentationFragmentation
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FragmentationFragmentation
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FragmentationFragmentation

( )FF z→q h
Fragmentation functions:Fragmentation functions:

The probability that if a quark q was struck The probability that if a quark q was struck 
that a hadron h is formed with a fraction z of that a hadron h is formed with a fraction z of 

the energy of the virtual photon.the energy of the virtual photon.

lab
hadEz =
ν
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FragmentationFragmentation

lab
hadEz =
ν

Normally Normally lundlund string model is used to simulate the string model is used to simulate the 
fragmentation process.fragmentation process.

••Need to tune the model to the data.Need to tune the model to the data.
The fragmentation process cannot be calculated The fragmentation process cannot be calculated 
theoretically.theoretically.

2( ,Q )uD z
+π 2( ,Q )uD z

+π
FavoredFavored UnfavoredUnfavored

udπ + =Favored: struck quark is in the formed hadronFavored: struck quark is in the formed hadron
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Quark PolarizationsQuark Polarizations
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Correlation between detected hadron Correlation between detected hadron 
and the struck quark allows and the struck quark allows flavor flavor 
separationseparation

Linear System in Linear System in Q
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The Measured Hadron AsymmetriesThe Measured Hadron Asymmetries

DEUTERIUMDEUTERIUM

PROTONPROTON

is an all sea 
object and   
K us− =

1,A 0K
d

−

�
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Purities Purities 
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ΚΚ++ comes comes 
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ππ-- sensitive sensitive 
to d quark to d quark 

ΚΚ-- sensitive sensitive 
to s quark to s quark 
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Polarized Quark DensitiesPolarized Quark Densities

Polarized parallel to the protonPolarized parallel to the proton

( ) ( ) ( )q x q x q xΔ = −
G H

u(x) 0Δ >

Polarized antiPolarized anti--parallel to the protonparallel to the proton

d(x)< 0Δ

Good agreement with LOGood agreement with LO--QCD fitQCD fit

u(x) and Δd(x)Δ

u(x) and d(x) ~ 0Δ Δ

s < 0ΔNo indication for No indication for 
→→0.028 ± 0.033 ± 0.009     0.028 ± 0.033 ± 0.009     
In the measured rangeIn the measured range
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Polarized SeaPolarized Sea
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CTEQ5M CTEQ4M
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HermesE866

d u 0− >
Unpolarized data on sea shows the Gottfried sum rule is broken Unpolarized data on sea shows the Gottfried sum rule is broken 

Reanalyze polarized data: Reanalyze polarized data: 

Polarized data favor a symmetric sea                       ,but Polarized data favor a symmetric sea                       ,but large uncertaintieslarge uncertaintiesd uΔ − Δ

u d u- d s= , ,Fit ,
u d u-d
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qΔ

Lq

ΔG

δq
Lg

The Spin PuzzleThe Spin Puzzle
Measured both in Measured both in 

inclusive and inclusive and 
semisemi--inclusive  inclusive  
polarized DISpolarized DIS

Leading order Leading order 
measurement measurement 
using high pt using high pt 

hadronshadrons

Indications Indications 
ΔΔG smallG small

Both transverse Both transverse 
target data and target data and 
GPDsGPDs sensitive sensitive 

to Lto L

TransversityTransversity
Unmeasured!Unmeasured!
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Distribution FunctionsDistribution Functions

)()()( xqxqxq HG += )()( xqxqq HG −=Δ

− −

)()( xqxqq ↓↑ −=δ

HERMES 1996HERMES 1996--20002000 20022002--20052005

Leading TwistLeading Twist

3 distribution functions survive the integration over transverse3 distribution functions survive the integration over transverse quark momentumquark momentum

unpolarizedunpolarized DFDF Helicity DFHelicity DF TransversityTransversity DFDF

1F (x) 1g (x)

5 5
1 1 1( ) ( ) ( ) ( )
2 2 2

x q x P q x P q x P S⊥Φ = / + λΔ γ / + δ / γ /

vector charge axial charge tensor charge

TransversityTransversity
basisbasis

Quark Quark 
Correlation Correlation 

MatrixMatrix
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Properties of the Properties of the TransversityTransversity DFsDFs
For nonFor non--relativistic quarks relativistic quarks δδq(xq(x)=)=ΔΔq(xq(x))
→→ δδq(xq(x) probes the relativistic nature of the ) probes the relativistic nature of the 

quarksquarks
Due to Angular Momentum ConservationDue to Angular Momentum Conservation
→→ Different QCD evolutionDifferent QCD evolution
→→ No gluon componentNo gluon component

→→ Predominately sensitive to valence quarksPredominately sensitive to valence quarks
BoundsBounds

SofferSoffer Bound: Bound: 
TT--eveneven
ChiralChiral oddodd
→→ Not measurable in inclusive DISNot measurable in inclusive DIS

[ ]( ) ( ) ( )
q

x q x q xδΣ = δ − δ∑

( ) ( )q x q xδ ≤
[ ]( ) ( ) ( )q x q x q xδ ≤ + Δ
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Measuring Measuring TransversityTransversity

Need a Need a chiralchiral odd fragmentation function:    odd fragmentation function:    
‘Collins FF’‘Collins FF’
Transverse quark polarization affects transverse Transverse quark polarization affects transverse 
hadron momentumhadron momentum
Observed asymmetry in azimuthal angle about Observed asymmetry in azimuthal angle about 
lepton scattering plane lepton scattering plane 

ep eh eq eq

q

p hq q~  D FF F→ → →→σ ⊗ σ ⊗∑

••ForbiddenForbidden ••Need Need chiralchiral odd odd 
fragmentation functionfragmentation function
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Azimuthal angles and asymmetriesAzimuthal angles and asymmetries

Beam and scattered Beam and scattered 
lepton define the lepton define the 
scattering planescattering plane Target spin transverse to Target spin transverse to 

the beamthe beam

Measure azimuthal angles Measure azimuthal angles 
around around qq referenced to the referenced to the 

scattering planescattering plane

Hadron production Hadron production 
plane defined from q plane defined from q 

and the hadron and the hadron 
momentummomentum

φφss angle between angle between 
proton spin and proton spin and 
scattering plane scattering plane 

φφhh angle between angle between 
hadron prod. plane  hadron prod. plane  

and scattering plane and scattering plane 
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yy

ss// ss

pphh

αα αα

φφss

φφcc

φφhh

Quark photon interaction preserves Quark photon interaction preserves 
spin component out of plane and spin component out of plane and 

reverses component in planereverses component in plane
αα==αα

( )h Sϕ ϕ+ angle of hadron relative to angle of hadron relative to 
finalfinal quark spin (Collins)quark spin (Collins)

( )h Sϕ ϕ− angle of hadron relative to angle of hadron relative to 
initialinitial quark spin (Sivers)quark spin (Sivers)

( ) ( )coll 1 1A h x H z⊥∝

1 1( ) ( )Sivers TA f x D z∝ ⊥

( )h Sπ ϕ ϕ+ −

hh
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Sivers Function Sivers Function 

Distribution functionDistribution function
→→ Naïve TNaïve T--ODDODD
→→ ChiralChiral eveneven

a remnant of the quark transverse momentum a remnant of the quark transverse momentum 
can survive the photocan survive the photo--absorption and the absorption and the 
fragmentation processfragmentation process
Can be inherited in the transverse momentum Can be inherited in the transverse momentum 
component      component      
→→ influence azimuthal distributioninfluence azimuthal distribution

NonNon--vanishing Sivers function requires quark vanishing Sivers function requires quark 
orbital angular momentumorbital angular momentum
Cross section depends on the angle between Cross section depends on the angle between 
the target spin direction and the hadron the target spin direction and the hadron 
production planeproduction plane

2 (1/2)
UT 1 1siA ~ ( )( ( )n )h qqS

q
Te f x D z⊥φ − φ ∑

(1/ 2)
1Tf ⊥

ep eh eq eq

q

p hq q~  D FF F→ → →→σ ⊗ σ ⊗∑
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Single target-spin asymmetry

angle of hadron relative 
to final quark spin

angle of hadron relative 
to initial quark spin

h S h S
S

T h S h S

Collins Sivers
UT S UT S

N ( , ) N ( , )1( , )
| | N ( , ) N ( , )

A sin( ) A sin( )

S

↑ ↓

↑ ↓

φ φ − φ φ
φ φ = =

φ φ + φ φ

= φ + φ + φ − φ

h
UTA

amplitudes fit simultaneously 
(prevents mixing effects 
due to acceptance)



J Stewart

1 1( ) ( )Sivers TA f x D z∝ ⊥
Sivers momentsSivers moments

SiversSivers moment:moment:
ππ++ > 0> 0 ππ-- ~ 0~ 0

nonnon--zero orbital angular zero orbital angular 
momentum in pmomentum in p--wave fct.wave fct.

LLqq ????

KK+ + > 0          K> 0          K-- ~ 0~ 0
KK++ >> ππ++

sea quarks importantsea quarks important
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first data for Collinsfirst data for Collins--FFFF
available from Belleavailable from Belle

extraction of hextraction of h11 fromfrom
Hermes asymmetriesHermes asymmetries

( ) ( )coll 1 1A h x H z⊥∝

Collins momentsCollins moments

Collins moment:Collins moment:
ππ++ > 0           > 0           ππ-- < 0< 0
ππ-- unexpected largeunexpected large

role of unfavoured FFrole of unfavoured FF
HHfavfav = = -- HHunfavunfav

KK++ > 0           K> 0           K-- > 0> 0
KK++ andand ππ+ + consistent withconsistent with
uu--quark dominancequark dominance
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KK-- andand ππ--

complicated sea quark contr.complicated sea quark contr.
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SummarySummary

Quark Quark helicityhelicity distributions are now well measured.distributions are now well measured.
→→ Inclusive using NLO fits (sea assumption)Inclusive using NLO fits (sea assumption)
→→ SemiSemi--inclusive data using flavor tagging inclusive data using flavor tagging 

Gluon polarization extracted using leading order Gluon polarization extracted using leading order 
extraction from high pt hadrons.extraction from high pt hadrons.
TransversityTransversity data now being analyzed. Clear signal is data now being analyzed. Clear signal is 
seen. seen. 
Large DVCS data set collected for the GPD Large DVCS data set collected for the GPD 
determination.determination.
First steps toward understanding angular momentum.First steps toward understanding angular momentum.


