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²  Good news 

²  Questions and opportunities? 

²  “Golden” measurements 

²  Challenges 



Good news 

From our colleagues at CAD: 
M. Blaskiewicz, F. Karl  

W. Fischer, V. Ranjbar, 
S. Tepikian  



Non-trivial nuclear effects 

Cronin 
effect 

HERA 
discovery 

EMC 
discovery 

200	  GeV	  

39	  GeV	  

19	  GeV	  

=	  X1	  –	  X2	  

 Phys. Rev. Lett. 107, 142301 (2011) 
Leitch, … 



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 

BNL – 200 GeV 

Kang, Makdisi, … 

q  Nuclear dependence: 



Proton-nucleus collisions 

q New era: 

q Forward region: 

x1 >> x2 
Well-known valence distribution from the proton 
Less-known small-x distribution from the nucleus 

where the spin physicists meet with the small-x physicists  

q Polarization – “single” spin: 

Probe the dynamics that cannot be “seen” by spin-averaged x-sections 

Venugopalan, … 



Venugopalan, … 



Forward region and coherence 

q Dominated production channel is similar to DIS: 

DIS T-channel of  pA 

q  “Snapshot” does not have a “sharp” depth at small x 

Probe size:      transverse -                    , longitudinal size -  
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T         0  

U        -S  

Probe interacts with 
all soft partons at the  

same impact parameter 
coherently 



Venugopalan, … 



Venugopalan, … 



Predictions for pA at RHIC? 



Strikman 



Transverse momentum broadening 

q  Transverse momentum distribution  
    at low pT is ill-defined in fixed order  
    perturbative calculation 

v  All order resummation (CSS formalism) 

q  Multiple scattering in medium: 

v  Each scattering is too soft  
    to calculate perturbatively 

v  Resummation + multiple scattering (not yet achieved) 

q  Moment of  pT-distribution is less sensitive to low pT region: 

q  Momentum broadening: 

v  based on observed particles only 

v  Sensitive to the medium properties 
v  Perturbatively calculable 



Vector boson production 

q  Data from fixed targets: 

Final-state interaction for  
Quarkonium formation 

 
Calculated in both NRQCD 

and color evaporation model 

q  Quarkonium cannot be formed 1/mc: 

Kang, Qiu, PRD77(2008) 

Energy dependence 



A-dependence of PT spectrum 

q  Ratio of  x-sections: Guo, Qiu, Zhang, PRL, PRD 2000 
Mike Leitch’s talk 

Similar formula for J/ψ 

q  Spectrum and ratio: 



SSA in the forward region of pA collisions 

Excellent probe for distinguishing 
various contributions to SSA   

Excellent probe for studying small-x 
Physics 

SSA increases as xF (or y) increases 



Polarized proton and AN 

q  Definition: 

Difference of  x-sections! 

q  AN proportional to the kT slop of  TMD: 

Kang, Yuan, … 



Saturation scale depenence 

q  Nuclear TMD is broadened: 

Smaller slop in kT 
 
Smaller contribution to AN 

q  Expectation: 



Sources of contribution to AN 

Kang 



Separation of various sources 

q  polarized p+p: 

Jet, photon, vs single hadron  - Sivers vs Collins 

q  polarized p+A: 

Magnitude + peak location 
 
Interesting test: 

Kang 

→ 0 Kovchegov  



Another critical test of TMD factorization 

q  Predictive power of  QCD factorization: 

If  there is a factorization/invariance, there is an evolution equation 

q  Collinear factorization – DGLAP evolution: 

σphy(Q,ΛQCD) ≈
�

f

σ̂f (Q,µ)⊗ φf (µ,ΛQCD) → d

dµ
σphy(Q,ΛQCD) = 0

Scaling violation of  nonperturbative functions  

²  Infrared safety of  short-distance hard parts 

²  Universality of  the long-distance matrix elements 

²  QCD evolution or scale dependence of  the matrix elements 

q  QCD evolution: 

Evolution kernels are perturbative – a test of  QCD 



Evolution equations for TMDs 

q  Collins-Soper equation: 
      – b-space quark TMD with γ+ 

Boer, 2001, 2009, Idilbi, et al, 2004 
Aybat, Rogers, 2010 
Kang, Xiao, Yuan, 2011 
Aybat, Collins, Qiu, Rogers, 2011  

q  RG equations: 

q  Evolution equations for Sivers function: 

CS: 

RGs: 



Scale dependence of Sivers function 

q  Up quark Sivers function: 
Aybat, Collins, Qiu, Rogers, 2011  

Very significant growth in the width of  transverse momentum 



Importance of the evolution 

q  SSAs – Sivers function: 
Aybat, Rogers, 2012  

Q2 dependence – effectiveness of  the probe?  



How collinear factorization generates SSA? 

q  Collinear factorization beyond leading power: 

Efremov, Teryaev, 82;  
Qiu, Sterman, 91, etc. 

∆σ(sT ) ∝ T (3)(x, x)⊗ σ̂T ⊗D(z) + δq(x)⊗ σ̂D ⊗D(3)(z, z) + ...

Qiu, Sterman, 1991, … 

T (3)(x, x) ∝

Kang, Yuan, Zhou, 2010 

D(3)(z, z) ∝

– Expansion   

Too large to compete! Three-parton correlation 

σ(Q,�s) ∝ + + + · · ·

2

p,�s k

← t ∼ 1/Q

q  Single transverse spin asymmetry: 

Integrated information on parton’s transverse motion! 

Kanazawa, Koike, 2000 

T (3σ)(x, x) ∝



SSAs generated by twist-3 PDFs 

q  First non-vanish contribution – interference:  

q  Dominated by the derivative term – forward region:  

Qiu, Sterman, 1998, … 

q  Complete leading order contribution:  
Kouvaris, Qiu,  
Vogelsang, Yuan, 2006  



AN of heavy quarkonium 
Yuan 

spin asymmetry behavior as,
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where the last approximation follows from Q2
s � ∆

2
. The above result indicates that the

asymmetry vanishes when Ph⊥ → 0, and it also depends on the transverse momentum width

in the fragmentation function. Certainly, if there is no transverse momentum dependence,

the whole effects will vanish. Furthermore, the spin asymmetry also decreases with the

saturation scale. This is also due to the suppression of the fragmentation effects by increasing

the transverse momentum effects from the saturation from the target.

From the above simple analysis, we find that the spin asymmetry in general will have

broader distribution as function of Ph⊥. This may explain the observations found by the

STAR and PHENIX collaborations at RHIC.

Moreover, it is interested to note that the double ratio of the spin asymmetry comparing
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ApA→h
N

App→h
N

|Ph⊥�Q2
s
≈

Q2
sp

Q2
sA

e
P2
h⊥δ2

Q4
sp , (12)

at small transverse momentum, where we have assumed that the saturation scale for nucleus

is much larger than that for the nucleon at the same kinematics. This is the most interesting

result from the scaling analysis. The ratio of the spin asymmetry is proportional to the

inverse power of the saturation scale when in the limit of Ph⊥ → 0. This can be used as an

important signal for the saturation scale of the gluon distribution in the target.

Similarly, we can estimate the large transverse momentum behavior for the spin asymme-

tries, where the unintegrated gluon distribution behavior as Q2
s/q

4
⊥. If we still assume that

the fragmentation function can be parametrized as a Gaussian function, we will find out,
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where the factor 6 comes from the power of the UGD at large transverse momentum. The

asymmetry decreases as 1/Ph⊥ at large transverse momentum as expected. However, the rate

of the decreasing is strongly affected by the relative size between P 2
h⊥ and∆

2
. This additional

modification compared to the usual power counting results comes from the effects of the

fragmentation function to the spin-average cross section which was neglected previously.

Furthermore, we notice that the saturation scale dependence cancels out between the

spin average cross section and the spin-dependent cross section, and the asymmetry does

not depend on the saturation scale. As a consequence, the double ratio will approaches
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Low pT:  High pT:  



Summary 

q  SSA in pA is an excellent observable to study small-x physics 
     in a nucleus 

Dynamics cannot be accessed by unpolarized x-section 

q  Polarized pA at RHIC provides a completely new testing  
    ground for QCD 

Thank you! 

QCD is much richer than the leading power! 

q  Let’s make it real! 



Backup slices 


