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Based on presentations at Workshop 4 – RHIC and the spin of  the proton, … 



Proton spin 

q  Proton is NOT elementary, but, a composite particle: 

²  Proton-spin  =  Proton’s angular momentum when it is at rest   

S(µ) =
1

2 µ ⇒ ∞

²  Proton-spin  =  One number touches every part of  the quantum world 

from the quantum mechanics to the quantum field theory and QCD 

²  Proton-spin  =  One number carries every secrets of  QCD dynamics 

from the “unknown” confinement to the “well-known” asymptotic freedom 
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q   Quark Model: 
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²  Wave function: 

Skyrmion Model, MIT Bag Model, Chiral Bag Model, … 



Proton spin in QCD 

q  Complexity of  the proton in QCD: 

S(µ) =
�

f
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≡ Jq(µ) + Jg(µ)

q  Asymptotic limit: 

Jq(µ → ∞) ⇒ 1
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Ji, 2005 

Known from QCD 

From QCD, But, unknown 

§  Matrix elements of  quark and gluon fields are NOT physical observables! 
§  Infinite possibilities of  decompositions – connection to observables? 

q  Spin sum rule – not unique! 

Intrinsic parton’s spin:     

dynamical parton motion:     
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How to probe quarks and gluons? 

q  From cross sections to quarks and gluons – QCD factorization: 

Boost 
Time-dilation 

Hard probe:  t ~ 1/Q < 1/10 fm 
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²  Elementary particles’ spin – helicity: 

      (intrinsic effect – longitudinal motion) 

                                       + 

²  Motion of  the particles – projection of  orbital angular momentum 

      (dynamical – fundamental interaction – transverse motion) 

Σ(Q2) =
�

q

�
∆q(Q2) +∆q̄(Q2)

�

∆G(Q2)

q  Contribution to proton’s helicity: Proton is NOT at rest! 



RHIC spin program 



Goals of RHIC spin program 

q  Determination of  polarized gluon distribution (ΔG) over  
     a large range of  momentum fraction x, using multiple probes 

q  Determination of  flavor identified quark and anti-quark  
     polarization using parity violating production of  W± 

q  Transverse spin phenomena in QCD:   
     transversity (δq), parton orbital angular momentum (Lq),   
     and etc. 



What has RHIC delivered? 

q  Learning curve: 

q  Maturity and discovery: 

What a year of  2013! 



What have we learned? 



Recent helicity PDF fits @ NLO 

Stratmann’s talk 



RHIC Measurements on ΔG 

Stratmann’s talk 



Consistency between PHENIX and STAR data 
Stratmann’s talk 



Impact of  RHIC measurements 
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Role of  DIS measurements 
Stratmann’s talk 



Quark flavor decomposition 

q  Single longitudinal spin asymmetries: 

Parity violating weak interaction 

q  Early RHIC results: 

PHENIX - Mikhail Stepanov  STAR - Xuan Li 



Impact of  preliminary 2012 STAR data 

2

u(x,Q2) dx
1

0.05

DSSV
DSSV++
w/ STAR W data

DSSV
2=8

0

5

10

15

-0.06 -0.04 -0.02 0 0.02 0.04 0.06

2

d(x,Q2) dx
1

0.05

DSSV
DSSV++
w/ STAR W data

Q2 = 10 GeV2

DSSV
2=8

0

5

10

15

-0.08 -0.06 -0.04 -0.02 0 0.02

∆ū
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Stratmann’s talk 



Future RHIC measurements on ΔG 

²  Expect to reduce ΔG uncertainty by a factor of  2 by end of  run-15 

²  Expect to expand the x-coverage from mid rapidity jet data to [0.01-0.2]  

Talks by Li, Stratmann 



Expectation from 2013 data on AL 

+ other observables 



Potential impact from 2013 data 

Stratmann’s talk 



Future on proton spin - eRHIC  



Transverse single-spin asymmetry (SSA) 

q  Consistently observed for over 35 years! 
ANL – 4.9 GeV BNL – 6.6 GeV FNAL – 20 GeV BNL – 62.4 GeV 

sp Left 

Right 

BNL – 200 GeV q  Definition: 

Do we understand this? 



Do we understand it? 

A direct probe for parton’s transverse motion,  

Spin-orbital correlation, QCD quantum interference 

q  Early attempt: 

q  What do we need? 

σAB(pT ,�s) ∝ + +...

2 

Kane, Pumplin, Repko, PRL, 1978 

Cross section: 

Asymmetry: = ∝ αs
mq

pT
σAB(pT , �s)− σAB(pT ,−�s)

Too small to explain available data! 

q  Vanish without parton’s transverse motion: 

AN ∝ i�sp · (�ph × �pT ) ⇒ i�µναβphµsνpαp
�
hβ

Need a phase, a spin flip, enough vectors 



Current understanding of  SSAs 

q  Two scales observables – Q1 >> Q2 ~ ΛQCD: 

SIDIS:  Q>>PT DY:  Q>>QT 

TMD factorization 
TMD distributions 

Talks by Liu, Drachenberg, … 

q  One scale observables – Q >> ΛQCD: 

Jet, Particle:  PT 

Collinear factorization 
Twist-3 distributions 

q  Symmetry plays important role: 

Inclusive DIS 
Single scale 

Q 

Parity 
Time-reversal 

AN = 0 

DY:  Q ~ QT 

Direct information on  
parton kT 

Information on  
moments of parton kT 



Transverse motion and TMDs 

STAR – Drachenberg’s talk 



Twist-3 correlation functions 

Efremov, Teryaev, 1982, … 
Qiu, Sterman, 1991, … 

q  Twist-3 polarized correlation functions: 

T (3)(x, x, S⊥) ∝ Moment of  Sivers function 

Kang, Yuan, Zhou, 2010 

q  Twist-3 fragmentation functions: 

D(3)(z, z) ∝
Moment of  Collins function? 

Kanazawa, Koike 2000, … 
q  Twist-3 unpolarized correlation functions: 

Moment of  Boer-Mulders 
function 

T (3σ)(x�, x�) ∝

All these correlation functions have No probability interpretation! 

Quantum interference between a single and a composite state 



Transition from low pT to high pT 

q  Two-scale becomes one-scale: 

TMD Collinear Factorization 

Two factorization are consistent in the overlap region: ΛQCD � pT � Q

Ji,Qiu,Vogelsang,Yuan, 
Koike, Vogelsang, Yuan 

AN (Q2, pT )

pT

pT ∼ QpT � Q

∼ Qs

q  TMD factorization to collinear factorization: 

AN finite  –  requires correlation of  multiple collinear partons 

                      New opportunities! 







Future transverse spin @ STAR 



Future transverse spin @ PHENIX 







Summary 

Thank you! 

q  Understanding proton spin could provide the first complete 
     example to describe the fundamental properties of  hadrons 
     at various distance scale 

q  After almost 40 years, we have learned a lot of  QCD dynamics, 
    but, only at very short-distance - less than 0.1 fm,  
    and limited information on non-perturbative parton structure 

q  RHIC spin program is rich, and has a clear path forward to  
     the future EIC. 

q  Transverse spin opens a new domain to test QCD dynamics 
     and new observables for extracting partonic structure 
     beyond PDFs 



Backup slices 



Global QCD analysis for PDFs 

Input DPFs at Q0 

!! f h x, a j{ }( )

DGLAP 

!! f h x( )  at Q>Q0 
Comparison with Data  

at various x and Q 

Minimize Chi2 
Vary { }ja

QCD calculation 

Procedure:  Iterate to find the best set of   {aj}  for the input DPFs 



Determination of ΔG  

Many NLO pQCD calculations are available 

!p+ !p!! + X
!p+ !p! jet + X

!g!g! gg
!q!g! qg

Pion or jet production  

high rates  

!p+ !p! ! + X
!p+ !p! ! + jet + X

!q!g!!q Direct photon production 

low rates 

!p+ !p!D+ X
!p+ !p! B+ X

!g!g! cc
!g!g! bb

Heavy-flavour production  

separated vertex detection 
required 

q  Physical channels sensitive to ΔG: 

q  Double longitudinal spin asymmetries: 



Integrated transverse motion 

q  Cross section with one large momentum transfer:  Q >> ΛQCD 

q  Single transverse spin asymmetry:  

AN ∝ σ(Q,S⊥)− σ(Q,−S⊥)

∝ H(Q) [ �p, S⊥|O(ψ, Aµ)|p, S⊥� − �p,−S⊥|O(ψ, Aµ)|p,−S⊥� ]

σ(Q,�s) ∝ + + + · · ·

2

p,�s k

← t ∼ 1/Q Q2
s ∼ �k2�, �k2T �

≈ H
LP ⊗ f2 ⊗ f2 +

Qs

Q
H

NLP ⊗ f2 ⊗ f3 + ... pQCD factorization  

q  Dominated by the derivative term – forward region:  
Qiu, Sterman, 1998, … 

Kouvaris, Qiu,  
Vogelsang, Yuan, 2006  



Importance of the evolution 

q  SSAs – Sivers function: 
Aybat, Rogers, 2012  

Q2 dependence – effectiveness of  the probe?  






