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Outline 

Â QCD factorization and hadronic spin  

 

Â 2 faces of spin structure 

 

Â Single Spin Asymmetries in QCD 

 

Â From hadrons to heavy ions: Vorticity 
and hyperon polarization  

   Polarization data has often been the  graveyard of 
fashionable theories.                                                                  
If theorists had their way, they might  just ban such 
measurements altogether  out of self -protection.  

 J.D. Bjorken  
St. Croix, 1987  

 



QCD 



QCD like QED 



QCD unlike QED 



Applying Asymptotic Freedom 



Appearance of subprocess 



Quarks in hadrons=hadronic matrix 
element of quark operator  



Twist 



Spin İ quarks 



Density matrix of quarks 
inside hadrons 



Flavours and gluons 



Constraining lowest moments 



Momentum and spin ï Axial 
Anomaly appears 



Two faces of spin structure 

Â Conserved Angular Momentum ï non-
local operators  

Â xi -> d/dp i ï non-forward matrix 
elements ï Generalized Parton 
Distributions  

ÂJiôs sum rules: from Generalized Parton 
Distributions to Energy-Momentum 
Tensor (Gravitational) Formfactors  



Gravitational Formfactors 

 

Â Conservation laws - zero Anomalous 
Gravitomagnetic Moment :                 (g=2)  

 

 
Â May be extracted from high-energy 

experiments/NPQCD calculations  

Â Describe the partition of angular momentum between 
quarks and gluons 

Â Describe interaction with both classical and TeV 
gravity  

 



Generalized Parton Diistributions (related to 

matrix elements of non local operators ) ï 
models for both EM and Gravitational 
Formfactors (Selyugin,OT ô09) 

Â Smaller mass square radius (attraction 
vs repulsion!?) 



Gravitational FFs 

Â C=+ parity: possible role in Pomeron 
coupling 

 

Â For pions in the time-like region may be 
extracted from pion pair production in 
collisions of real and virtual photons 
(Kumano, Song,OT, in progress) 



Electromagnetism vs Gravity  

Â Interaction ï field vs metric deviation 

 

Â Static limit  

 

 

 

Â Mass as charge ï equivalence principle 



Gravitomagnetism 

Â Gravitomagnetic field  (weak, except in gravity 
waves) ï   action on spin  from  

                       

                                     spin dragging twice  

                                     smaller than EM 

Â Lorentz force ï similar to EM case: factor İ 
cancelled with 2 from                           Larmor 
frequency same as EM  

 

Â Orbital and Spin momenta dragging ï the same - 
Equivalence principle        



Equivalence principle 

Â Newtonian ï ñFalling elevatorò ï well known and 
checked (also for elementary particles) 

Â Post-Newtonian ï gravity action on SPIN ï known 
since 1962 (Kobzarev and Okunô ); rederived from 
conservarion laws - Kobzarev and Zakharov   

Â Anomalous gravitomagnetic (and electric-CP-odd) 
moment iz ZERO or 

Â Classical and QUANTUM rotators behave in the SAME 
way  

Â  - not checked on purpose but in fact checked in 
atomic spins experiments  at % level (Silenko,OTô07)  

 



Cosmological implications of 
PNEP 

Â Necessary condition for  Machôs Principle (in the spirit 
of  Weinbergôs textbook) - 

Â Lense-Thirring inside massive                                
rotating empty shell                                     
(=model of Universe)  

Â For flat ñUniverseò -                                     
precession frequency                                              
equal to that of shell rotation  

Â Simple observation-Must be the                                
same for  classical and quantum                           
rotators ï  PNEP! 

Â More elaborate models - Tests for cosmology ?!                                                                                  



Equivalence principle for 
moving particles  

Â Compare gravity and acceleration: 
gravity provides EXTRA space 
components of metrics  

Â Matrix elements DIFFER  

 

Â Ratio of accelerations:                 - 
confirmed by explicit solution of Dirac 
equation (Silenko, OT, ó05) 

Â Arbitrary fields ï Obukhov, Silenko, OT 
ô09,ô11,ô13 



Generalization of Equivalence 
principle   

Â Various arguments: AGM   0 separately 
for quarks and gluons ï most clear from 
the lattice (LHPC/SESAM) 

                                

 

º



Recent lattice study (M. Deka et 
al.  arXiv:1312.4816 , PRDô14) 

Â Sum of u and d for Dirac (T1) and Pauli 
(T2) FFs 

http://arxiv.org/abs/arXiv:1312.4816


Extended Equivalence 
Principle 

Â Always Ǵ Bi=0; separately B i=0 - equipartition of 
momentum and total angular momentum  

Â Conjectured (OTô01) prior to lattice data due to Chiral 
Symmetry Breaking  

Â Interpretation: synchronous rotation of quark and 
gluon contributions to nucleon spin in arbitrary strong 
(Black Hole!?) gravitational field : gravity -proof 
confinement?  

Â New lattice tests are of interest  

Â Has yet another manifestation for spin 1 
particles(deuterons)  



 2nd face of spin structure: role 
of axial anomaly  

Â (Global) Symmetry -> conserved 
current (          )  

Â Exact: 

Â U(1) symmetry ï charge conservation - 
electromagnetic (vector) current  

Â Translational symmetry ï energy 
momentum tensor  

 

0Jm mµ =

0Tm mnµ =



Massless fermions (quarks) ï 
approximate symmetries 

Â Chiral symmetry (mass flips the helicity) 

 

 

Â Dilatational invariance (mass introduce 
dimensional scale ï c.f. energy-
momentum tensor of electromagnetic 
radiation )  

5 0Jm mµ =

0Tmm=



Calculation of anomalies 

Â Many various ways  

Â All lead to the same operator equation 

 

 

 

Â UV vs IR languages- 

understood  in physical  

picture (Gribov, Feynman,                            
Nielsen and Ninomiya)                                  
of Landau levels flow (E||H)   



Degeneracy of Landau levels 
and  Chirality 

Â Degeneracy rate of Landau levels 

ÂñTransverseò      HS/(1/e)              
(Flux/flux quantum)  

ÂñLongitudinalò   Ldp= eE dt L   
(dp=eEdt)  

Â Anomaly ï coefficient in front of          
4-dimensional volume  - e2 EH                                     



Topological current 

Â Anomaly implies new current conservation  

Â ‬Õ (J-K)Õ=0  

Â Preserved by QCD evolution 

Â Controls the anomalous gluon contributions 
to nucleon spin structure:  

Â J~ quark spin; K~gluon spin  

Â GI decomposition of gluon angular 
momentum: Wakamatsu, Hattaé.  



Single and double spin 
asymmetries 



Simple example 


