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• Main goal of QCD spin physics:

To understand the spin structure of 
 hadrons in terms of quarks and gluons

• The way to do it:

Hard probe



• Early history of spin
• Early nucleon structure
• Deeply-inelastic scattering
• Polarized DIS
• Current goals in QCD spin physics

∗  quark & gluon polarization
∗  parton orbital angular momentum

∗  transverse polarization

Outline:

• Conclusions & outlook



Early history of spin 



Goudsmit & Uhlenbeck 1925:  propose “self-rotating” electron

“This is a good idea. Your idea may be wrong,
  but since both of you are so young without any
  reputation,  you would not lose anything by making
  a stupid mistake.”                    (Ehrenfest)



1927:  the proton spin is 1/2

•  Hund, Hori &  Dennison’s  conclusion 

•  Heisenberg had previously entertained this
idea



Early structure of the Nucleon 



Structure of the nucleon in  1933: 



•  early attempts by Yukawa’s theory:
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•  heavier mesons ?   divergencies ?



•  Basic  idea:  scatter off nucleon with simple probe

How to get deeper insight ?

electron

form factor



• compare point-like, but with anomalous magnetic moment: 

•  for spin-1/2 proton:

where  

• cross section: 



Structure of the nucleon in the  ‘50s McAllister, Hofstadter



•  fit hadrons with similar properties into  SU(3) multiplets:   
    Gell-Mann; Ne’eman; Nishijima

• fundamental representation of SU(3):  triplet   →  u d s   quarks
   Gell-Mann; Zweig



•  the proton wave function is:

•  from this,  magnetic moments:

✔

•  quarks carry the proton spin  -  entirely: 



•  from now on:  

•  simple quark model has limitations:  predicts

✘

•  also, expect higher Fock states in nucleon:
             

β decay

•                         becomes                            in rel. theory 



•  what can be said in terms of SU(3) symmetry alone?
F+D

F-D

F+D

F+D/3

• no prediction for total quark spin contribution: 

Measure in deeply-inelastic processes! 

•  find: Bjorken; Ellis, Jaffe



Structure of the Nucleon from 
      the late ‘60s:  the inelastic era 







q(x)

Parton Model :                           Feynman; Bjorken, Paschos

(spin 1/2 !)



•  this opened the door to the development of a comprehensive 
   theory of quarks and gluons and their  interactions:
   Quantum Chromo-Dynamics   (QCD)

∗  quarks come in  3  colors

u =  
u
u
u

∗ 

∗  color charge couples to 8 generalized “photons”:  gluons

∗  non-abelian gauge group  ⇒  gluons carry color






“DGLAP”  evolution



The essence:  DIS  “factorizes”

*parton-γ 
cross sec.

perturbative

parton distrib.

LO NLO





Polarized deeply-inelastic scattering







•  also for         scaling violations predicted in QCD:

−=Lg1

−=Lg1





Hirai, Kumano, Saito

gluon polarization ?

x

very weak constraint from
 scaling violations

x



•  experiments have determined 

•  have 

•  recall



So, what carries the proton spin ?

In QCD:

spin + OAM



→  How to measure ?



Current goals in QCD spin physics









Soon after DIS  & parton model :

µ+

µ-

q(x1)
q(x2)

Drell,  Yan

Then extension to many other reactions :
 pp →  jet X,  pp →  π X,  pp →  γ X,  pp → QQ X, …



perturbation theory

•  this is formalized in “factorization theorems”

universal  pdf’s



Compare the probes :

Polarized DIS

a powerful probe of quarks
(but sees gluons, too!)

a powerful probe of gluons
(but sees quarks, too!)

SLAC, CERN, DESY, Jlab,  eRHIC RHIC

pp scattering







at RHIC



→  A good probe of gluons !





Δ



Example : 

first prel. data from PHENIX !

  ■
  ■

  ■

  ■



Spin asymmetry for jet production at  STAR:

Jäger, Stratmann, WV

(de Florian, Frixione, Signer,  WV)



Mid / long-term at RHIC:
•  gluon polarization from  pp → γ X

“rare probes”

L=100/pb
Frixione,WV



@ 200 GeV

typically,   0.025 < xg   < 0.3    @    √s = 200 GeV  
                  0.01 < xg   <  0.1     @    √s = 500 GeV  





most models predict 

+ …



HERMES



unpol.

u

parity violating

at RHIC: 
W boson production



Access to orbital angular momentum ?



where  

• recall, in elastic scattering we had 

•  on the other hand, magnetic moment is

•  measurement of                  requires non-zero momentum transfer

↑



•  operators for angular momentum involve explicit factor 

•  → need an off-forward process!

• DIS isn’t like that:

q q

P P



•  X. Ji:  “Deeply-virtual Compton scattering”

•  and                           are related to both
ordinary pdf’s and to form factors:  
                                    “Generalized parton distributions”



•  measurements have begun: HERMES, H1, ZEUS, CLAS

•  theory:     Belitsky,Müller; Frankfurt,Freund,Strikman; Ji,Osborne …



•  exclusive processes in QCD

•  orbital angular momentum

• spatial distributions of partons in proton

Burkardt; Ralston,Pire; Diehl; Belitsky,Ji,Yuan



 Transverse polarization
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•  the simplest idea:  transverse nucleon polarization carried
   by quark

Ralston,Soper; Jaffe,Ji; …

−=Lg1

Helicity :

−=1h

Transversity :



•  a little more precisely …

•  in helicity basis:

helicity-flip, 
 χSB, …



•  back to single-spin asymmetry:

transversity





STAR



Much theoretical activity:

“Sivers effect”



•  realized if

•  steeply falling cross sections → large effects possible

•  correlation 

•  thought of as arising from interaction of struck quark with
   gluon field  



transversity



•  yet another possibility :
     “quark-gluon correlation functions”      

•  still a lot to learn about the origins of single-spin asymmetries !

Qiu, Sterman; Efremov, Teryaev; Koike …

•  nonperturbative  models : Boros, Liang, Meng;  Ostrovsky, Shuryak; …



Some observables are directly sensitive to         :





at  RHIC:

jet

jet



Conclusions & Outlook:

•  one can address & answer the question 
   “What carries the proton spin?”

• future promises to be as exciting as past was: 

•  spin will continue to provide challenges to theory and
    experiment





Gluon polarization             

•   a key contributor to the proton spin ? 

•                                                                    in QCD

•   some model predictions  (Q ≈ 0.5 GeV) :

…












