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““Proton Spin CrisisProton Spin Crisis””
EMC PLB & NP (1988)EMC PLB & NP (1988)

Proton Spin carried Proton Spin carried 
by Quark Spin is by Quark Spin is 
ZERO??ZERO??
–– Gluon SpinGluon Spin？？

–– Orbital MotionOrbital Motion？？
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DIS of Lepton from NucleonDIS of Lepton from Nucleon
Structure Probed by PhotonStructure Probed by Photon
–– Function of Function of xx and and QQ22==--qq22

–– ∝∝Charge SquaredCharge Squared
Not distinguish Down and StrangeNot distinguish Down and Strange
Insensitive to GluonInsensitive to Gluon

Objective isObjective is

Observables areObservables are
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PartonParton Distribution FunctionsDistribution Functions
Quark DistributionQuark Distribution

q(x,Q2)=

∆q(x,Q2)=

δq(x,Q2)=

=
unpolarized distributionunpolarized distribution

helicity distributionhelicity distribution

transversity distributiontransversity distribution

g(x,Q2)=

∆g(x,Q2)=
No Transverse Gluon Distribution

Gluon DistributionsGluon Distributions



HelicityHelicity Amplitudes and Amplitudes and PDFsPDFs
PartonParton Distribution is connected to Forward Distribution is connected to Forward 
Scattering Amplitude of Proton and Scattering Amplitude of Proton and PartonParton by by 
Optical TheoremOptical Theorem

For Proton (spin=1/2) there are 3 possibilities For Proton (spin=1/2) there are 3 possibilities 
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Precision Data from DISPrecision Data from DIS
Precision Data in Precision Data in 
Wide Kinematical Wide Kinematical 
RangeRange
–– QQ22 evolution evolution 

agrees with agrees with pQCDpQCD
NotesNotes：：

–– Only Fixed Target Only Fixed Target 
Spin Experiments Spin Experiments 
so farso far……

–– Need a Need a ColliderCollider to to 
extend kinematical extend kinematical 
coverage

Q2 (GeV2)

g1

coverage



From From gg11((xx,,QQ22)) to to ∆Σ∆Σ

Proton

Deuteron = Proton + Neutron

3He=Neutron

Proton

Deuteron = Proton + Neutron

3He=Neutron
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PolarisedPolarised PartonParton DistributionsDistributions
Global QCD Analysis to Extract Polarized Global QCD Analysis to Extract Polarized 
Quark and Gluon Distributions Quark and Gluon Distributions 
–– ((a laa la MRST, CTEQ)MRST, CTEQ)
Four Independent Distributions are often Four Independent Distributions are often 
extracted extracted –– e.g. e.g. ∆∆UU((xx,,QQ22)),,∆∆DD( ),( ),∆∆S S ( ),( ), ∆∆g g ( )( )
–– In In unpolarisedunpolarised case, even more case, even more 

We have ONLY TWO independent We have ONLY TWO independent 
measurements measurements gg11

pp((xx, , QQ22) and ) and gg11
nn((xx,,QQ22))

–– QQ22 evolution helps?evolution helps?

gtbcssdduu ,,,,,,,,,



Separation of Separation of PolPol’’ Quark Quark DistDist’’ss
Only two independent measurements     Only two independent measurements     
gg11

pp((xx, , QQ22) and ) and gg11
nn((xx,,QQ22))

Separation into 3 quark Separation into 3 quark distdist’’ss relies on relies on 
–– 11stst moments (employ moments (employ ββ--decay decay constconst’’ss), ), unless unless 

direct measurement of seadirect measurement of sea--quarkquark
–– Different coupling with Different coupling with ∆∆gg((xx)) thru thru QQ22 evolution evolution 
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How much do we know about ∆g(x)?



PolarisedPolarised PDFPDF
AAsymmetrysymmetry AAnalysis nalysis CCollaboration ollaboration 

M. Hirai, S. Kumano and N. Saito, PRD (2004)M. Hirai, S. Kumano and N. Saito, PRD (2004)
Valence Valence DistDist’’ss
are determined are determined 
wellwell
Sea DistSea Dist’’ is is 
poorly poorly 
constrainedconstrained
Gluon can be Gluon can be 
either >0, =0, <0either >0, =0, <0
Even if we Even if we 
assume assume ∆∆gg((xx))=0, =0, 
ChiChi--square square 
changes only changes only 
2.5%2.5%
–– Sea quark error Sea quark error 

is reducedis reduced

Error size in the 
previous plot

Error size in the 
previous plot



Accelerate and Collide Polarized Proton Accelerate and Collide Polarized Proton 
Beams with HiBeams with Hi--Polarization and LuminosityPolarization and Luminosity

Brief HistoryBrief History
–– 1990: Polarized 1990: Polarized ColliderCollider WS in PennWS in Penn--State UState U
–– 1991: RHIC Spin Collaboration Formed1991: RHIC Spin Collaboration Formed
–– 1993: PHENIX and STAR integrated Spin 1993: PHENIX and STAR integrated Spin 

ProgramProgram
–– 1995: RIKEN1995: RIKEN--BNL Collaboration (~$20M) BNL Collaboration (~$20M) 
–– 2002: First Polarized Proton Collision!2002: First Polarized Proton Collision!
–– Additional support from DOE and NSF  Additional support from DOE and NSF  

1232
max scm102,GeV500,200%,70 −−×=== LsPB

RHIC Spin Physics ProgramRHIC Spin Physics Program



What Do We Measure at RHIC?What Do We Measure at RHIC?
We measure spin asymmetries for cross sectionsWe measure spin asymmetries for cross sections
AALLLL: double : double helicityhelicity asymmetryasymmetry
–– Useful in extracting Useful in extracting ∆∆gg((xx)), , ∆∆qq((xx)) etc.etc.
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AN:Twist-3 ATT: TransversityAL:Parity Violation



STARSTAR

RHIC:TheRHIC:The First First PolarisedPolarised pp pp ColliderCollider



RHIC Spin Run2RHIC Spin Run2
Dec 2001Dec 2001--Jan 2002Jan 2002

RunRun33
AprApr--May 2003May 2003

RunRun44
Apr 2004Apr 2004

BRAHMS & PP2PP

STAR

AGS
BOOSTER

Pol. Proton Source
500 µA, 300 µs

Partial Siberian Snake

Siberian Snakes
Spin Rotators

200 MeV Polarimeter
AGS Internal Polarimeter

Rf Dipoles

0.5 × 1011 Pol. Protons / Bunch

PHOBOS

RHIC
PHENIX

Local Polarimeter

Local 
Polarimeter

0.7 x1011

AGS pC CNI Polarimeter

Absolute Polarimeter
(Pol-Jet Tgt)

AGS Warm Snake

RHIC pC CNI Polarimeter

LINAC



2.5 weeks

RHIC Spin: RHIC Spin: LL and and PP ImprovementsImprovements
Run 2: Run 2: AANN
–– ~7nb~7nb--11/day/day
–– PPBB~20% ~20% 

RunRun--3:3:AALLLL
–– 10nb10nb--11/day/day
–– PPBB~26%~26%
–– (AGS) 40%(AGS) 40%

RunRun--4:4:AALLLL
–– Only Machine Only Machine 

StudiesStudies
–– 30nb30nb--11/day/day
–– PPBB~40%~40%
–– (AGS) 50%(AGS) 50%

RunRun--5 :5 :AALLLL
–– Long pp Run Long pp Run 

plannedplanned

>4 weeks

>4 weeks

4 days

4 days



RunRun--4 Achievements (5+1 weeks)4 Achievements (5+1 weeks)
Improved Improved PolarisationPolarisation at AGS at AGS 
–– With a new Helical Snake: 40% With a new Helical Snake: 40% 50 %50 %
–– Further improvement with additional snake is expected Further improvement with additional snake is expected 

in Runin Run--55
Established a better working point at RHICEstablished a better working point at RHIC
–– Previous tune ~ 0.22 Previous tune ~ 0.22 ~ 0.70~ 0.70
–– Better beam life time and Better beam life time and polarisationpolarisation observedobserved

Established a vacuum improvement with NEG Established a vacuum improvement with NEG 
coatingcoating
–– Significantly higher beam current can be expected in Significantly higher beam current can be expected in 

RunRun--55
Commissioned Commissioned PolarisedPolarised Gas Jet TargetGas Jet Target
–– Need for absolute beam Need for absolute beam polarisationpolarisation

Commissioned Commissioned ExpExp’’ss for Hifor Hi--LuminosityLuminosity
–– Luminosity Monitor, DAQ, etc.  Luminosity Monitor, DAQ, etc.  



Towards Design LuminosityTowards Design Luminosity
Higher beam current and tune control are the keysHigher beam current and tune control are the keys

Run-3 Run-4 Goal Gain Remark
# of bunches 55 55 120 2.2
beam intensity 0.6 0.8 2.0 2.5 NEG coating to reduce e-cloud
beta* (m) 1.3 1.3 1.0 1.3
emittance 10π 20π 20π 1.0
useful vertex (%) 50 50 100 2.0 200 MHz storage RF cavity
Net Gain 35.5

Uptime (%) 10 50 70 1.4 improve stability
Lavg/Lpeak 0.5 0.7 1.0 1.43
Net Gain 2.00

Total Gain 70.91





Constraints on Constraints on ∆∆gg((xx)) w/ w/ ππ00 ProductionProduction
pppp ππ00 XX is sensitive to is sensitive to gggg gggg and  and  gqgq gqgq

GeV 200at   on tocontributi fractional 0 =→ sXpp π GeV 200at  for   :PHENIX 0 =→ sXppALL π

gqgq → G
G

q
q ∆∆

∝

qqqq →
q
q

q
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∝

gggg →
G
G

G
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∝

ALL

PHENIX Results from Run-3
Submitted to PRL



What Do We Learn?What Do We Learn?
We need more statistics! We need more statistics! 
pp collisions are so sensitive to pp collisions are so sensitive to ∆∆gg((xx)) so that it so that it 
already provides similar constraints to two decades already provides similar constraints to two decades 
of of polarisedpolarised DIS experimentsDIS experiments
–– (yes, our preparation also taking a decade)(yes, our preparation also taking a decade)

Caveats:Caveats:
–– Applicability of Applicability of pQCDpQCD: : 

some confirmation with some confirmation with xsectionxsection measurement DONEmeasurement DONE
IntrinsicIntrinsic--kkTT, fragmentation functions, fragmentation functions

–– AALLLL((ππ00)/)/AALLLL(jet)(jet) are sensitive to are sensitive to 
((∆∆gg22++αα ∆∆qq∆∆gg+ + ββ ∆∆qq∆∆qq)  ; what about sign?)  ; what about sign?

It is very important to have both lepton and It is very important to have both lepton and hadronhadron
scattering data to reveal possible scattering data to reveal possible systematicssystematics
involved.involved.



Precision QCD test for Precision QCD test for HadronHadron PrdctnPrdctn
pppp ππ00 X @ X @ 
200 200 GeVGeV
(PHENIX)(PHENIX)
Cross Section is Cross Section is 
well described well described 
by the by the pQCDpQCD
over 8 order of over 8 order of 
magnitude!magnitude!
Sensitivity for Sensitivity for 
Fragmentation Fragmentation 
Function 

PHENIX PRL (2004)

Good agreement
with NLO pQCD

Function 



Single Transverse Spin AsymmetriesSingle Transverse Spin Asymmetries
FermilabFermilab EE--704 reported 704 reported 
Large AsymmetriesLarge Asymmetries AANN
in in pionpion productionsproductions
Could be explained asCould be explained as
–– TransversityTransversity x Spinx Spin--depdep

fragmentation (Collins fragmentation (Collins 
effect), or effect), or 

–– IntrinsicIntrinsic--kkTT imbalance imbalance 
((SiversSivers effect) , oreffect) , or

–– HigherHigher--twist effectstwist effects
–– Or combination of above Or combination of above 

GeV 4.19at  =→ sXpp π
Left Right



PHENIX Results: Central RapidityPHENIX Results: Central Rapidity
ZERO asymmetry:ZERO asymmetry:

Charged hadrons

Neutral pions

h- h+

Polarization scaling error 
~30% not included

π0
PHENIX Preliminary

PHENIX Preliminary

AN for both 
charged 
hadrons and 
neutral pions  
consistent 
with zero.



STAR Results: Forward RapiditySTAR Results: Forward Rapidity
Large Asymmetry Large Asymmetry 
MeasuredMeasured
To distinguish models, To distinguish models, 
jet axis reconstruction jet axis reconstruction 
is requiredis required
ProbablyProbably……AANN requires requires 
large large xxBJBJ, which is only , which is only 
achievable in hiachievable in hi--ppTT in in 
Central rapidity (small Central rapidity (small 
xsectionxsection))
Global Analysis with Global Analysis with 
HERMES results HERMES results 
would be beneficialwould be beneficial
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Prompt Photon ProductionPrompt Photon Production
Gluon Compton DominatesGluon Compton Dominates
–– 10% Contamination from 10% Contamination from 

Annihilation Annihilation 
–– No fragmentation contribution in No fragmentation contribution in 

LOLO
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Prompt Photon Production Prompt Photon Production 
Gold Plated mode for Gold Plated mode for ∆∆gg((xx))

x
L. Bland

PHENIX STAR

W. Vogelsang et al. x-reconstructed using jet



Impact of PHENIX Prompt PhotonImpact of PHENIX Prompt Photon
If we include Future PHENIX Data into If we include Future PHENIX Data into 
Global AnalysisGlobal Analysis……

AAC Prel
im

inary

AAC Prel
im

inary

M. Hirai et al.



Gluon Polarization in the ProtonGluon Polarization in the Proton
Hunting for Hunting for ∆∆gg
–– Direct ProbeDirect Probe

FNAL E704 FNAL E704 
–– HighHigh--pTpT ππ00

–– HighHigh--mass Multimass Multi--γ γ pairpair
DESY HERMESDESY HERMES

–– HighHigh--pTpT hadronhadron pairpair
–– Indirect ProbeIndirect Probe

NLO Analysis by SMC

PRL 84(00)2584

NLO Analysis by SMC

PLB261(1991)197

PLB336(1994)269

PRD58(1998)112002



Dig out Dig out ∆∆g(xg(x) & ) & ∆∆g ! g ! 
Current ExperimentsCurrent Experiments
–– HERMES HighHERMES High--pTpT

hadronhadron pairpair
–– RHIC SpinRHIC Spin

Prompt Photon (+ jet) Prompt Photon (+ jet) 
JetJet
Inclusive Inclusive hadronhadron
Heavy flavor (charm, Heavy flavor (charm, 
bottom, J/y bottom, J/y ……) ) 

–– COMPASSCOMPASS
Open charmOpen charm
HighHigh--pTpT hadronhadron pairpair

Photon-gluon fusion

Gluon Compton
Gluon Fusion

Future PossibilitiesFuture Possibilities
–– EIC  EIC  
–– Polarized HERAPolarized HERA
–– TESLATESLA--NN



W Production in pp CollisionsW Production in pp Collisions
WW is produced through pure Vis produced through pure V--AA
–– ChiralityChirality is fixed is fixed ideal for spin structure studiesideal for spin structure studies

WW couples to weak charge ~ flavorcouples to weak charge ~ flavor
–– Flavor is (almost) fixed Flavor is (almost) fixed ideal for flavor structure ideal for flavor structure 

studiesstudies

Parity Violating Asymmetry Parity Violating Asymmetry AAL L ::

)()()()(
)()()()(

baba

babaW
L xuxdxdxu

xuxdxdxuA
+

∆−∆
=

+

J. Soffer et al.



Sensitivity GoalSensitivity Goal
Studies with PHENIX Studies with PHENIX 
MuonMuon ArmsArms
–– STAR STAR EndcapEndcap

Calorimeter provides Calorimeter provides 
similar sensitivitysimilar sensitivity

–– AALL~~∆∆u/u(x)~u/u(x)~0.70.7--0.9 (!) at 0.9 (!) at 
largelarge--xx

Charm associated Charm associated WW
production will probe production will probe ∆∆ss
((gsgs WcWc))
Studies for upgraded Studies for upgraded 
Energy and Luminosity Energy and Luminosity 
are underwayare underway……



RHIC Spin and HERMES SIDISRHIC Spin and HERMES SIDIS

Complementary!Complementary!
–– RHIC WRHIC W

No fragmentation No fragmentation 
ambiguityambiguity
xx--range limitedrange limited
Useless for Useless for transversitytransversity
studiesstudies

–– HERMES SemiHERMES Semi--
Inclusive DISInclusive DIS

Wide Wide xx--rangerange
Could be used for Could be used for 
transversitytransversity studiesstudies



TransversityTransversity MeasurementsMeasurements

∑
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PHENIX Muon
200 GeV

DrellDrell--YanYan Production of Lepton PairsProduction of Lepton Pairs
–– Clean, but low statistics (Clean, but low statistics (QEDQED process) process) 
–– Precision will be improved by Precision will be improved by LL upgradeupgrade

O. Martin, A. Schaefer, M. Stratmann, W. Vogelsang PRD60 (99) 117502



Transverse Jet ProductionTransverse Jet Production
Advantages:Advantages:
–– Enormous yield could Enormous yield could 

overcome the smallness overcome the smallness 
of asymmetriesof asymmetries

–– No mixture with No mixture with GluonicGluonic
contributioncontribution

Caveats:Caveats:
–– Control of Control of systematicssystematics

will be the key for the will be the key for the 
successsuccess

AATTTT~0.2% = 0.1% (if ~0.2% = 0.1% (if 
PPBB=70%)=70%)

–– AATTTT is cos2is cos2φφ moment: moment: 
statistics will be divided statistics will be divided 
into several into several φφ--binsbins



Single Transverse Spin AsymmetriesSingle Transverse Spin Asymmetries
If we have analyzer of final state quark If we have analyzer of final state quark 
polarizationpolarization……
–– We can use Spin We can use Spin 
Transfer Double Transfer Double 
Spin Asymmetry Spin Asymmetry 
to probe to probe TransversityTransversity!!

Spin Dep. Spin Dep. FragFrag. Fn.. Fn.
Can be studied in Can be studied in 
e+ee+e-- collisionscollisions

BELLEBELLE

Spin Transfer Double Spin Asymmetry
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Searches for New PhysicsSearches for New Physics
Anomalous Parity Anomalous Parity 
Violation in Jet Production Violation in Jet Production 
–– Contact Interaction (Scale Contact Interaction (Scale 

ΛΛ))
CDFCDF ΛΛ>1.8 >1.8 TeVTeV
D0  D0  ΛΛ>2.4 >2.4 TeVTeV
RHIC Spin Reach RHIC Spin Reach ΛΛ~3.3 ~3.3 TeVTeV

–– New Gauge Boson ZNew Gauge Boson Z’’
Need higher energy to Need higher energy to 
provide useful informationprovide useful information



RHIC Spin RoadmapRHIC Spin Roadmap

WW--PhysicsPhysics500 500 GeVGeV400 pb400 pb--1119 (5/14)19 (5/14)70702008/92008/9

RHIC Commissioning RHIC Commissioning 
Polarized Gas Jet TargetPolarized Gas Jet Target

200 200 GeVGeVpbpb--115(5/0) 5(5/0) 505020042004

200 pb200 pb--11

pbpb--11

10 pb10 pb--11

0.35 pb0.35 pb--11

0.15 pb0.15 pb--11

LumiLumi

Transverse Spin Transverse Spin 
Systematic StudiesSystematic Studies

200 200 GeVGeV8 (5/3)8 (5/3)202020022002

200 200 GeVGeV
500 500 GeVGeV

200 200 GeVGeV
500 500 GeVGeV

200 200 GeVGeV

CM CM 
EnergyEnergy

19(5/14)19(5/14)

17 (5/12)17 (5/12)

8 (5/3)8 (5/3)

WeeksWeeks
(Com/Ph)(Com/Ph)

Gluon PolarizationGluon Polarization
CommissioningCommissioning--2?2?

Gluon PolarizationGluon Polarization
CommissioningCommissioning--1?1?

Longitudinal SpinLongitudinal Spin
Gluon Polarization?Gluon Polarization?

Goals Goals 

70702006/72006/7

707020052005

303020032003

P(%)P(%)YearYear



Hadron Collider
Physics
TEVATRON
LHC RHIC-Spin

Gluon Polarization
Quark Polarization
Transversity
Pol. Fragmentation
Role of Strangeness

Precision Structure Studies

Ongoing Spin Experiments
COMPASS,HERMES
JLab

Ongoing Unpolarized Studies
HERA-II

Future Projects
J-Parc,GSI ν-Factory?

EIC (ep, eA)?
HERA-III?, JLab-12? 

e+e- Data
…LEP, BELLE

Dark Matter

Neutron EDM

Precision,small-xLarge-x

Large-x

Growing FieldsGrowing Fields…… Hi-E Heavy Ion Physics
RHIC, LHC

Mechanism of Confinement
Lattice-QCD、Effective Model

Strangeness Nuclear Physics



SummarySummary
After a decade of efforts, RHIC Spin started After a decade of efforts, RHIC Spin started 
to produce physics resultsto produce physics results
–– Gluon polarization by Gluon polarization by ππ00 productionproduction
–– Single transverse spin asymmetry for Single transverse spin asymmetry for hadronhadron

productionproduction
RunRun--4 machine commissioning was very 4 machine commissioning was very 
successful successful 
With further improvements on machine With further improvements on machine 
performance, exciting results are coming performance, exciting results are coming 
soon!  soon!  See our review article:

“Prospects for Spin Physics at RHIC”
G. Bunce, N. Saito, J. Soffer and W. Vogelsang

Ann. Rev. of Nucl. And Part. Science 2000
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