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Outline 

 TMDs 

 Sivers function is NOT universal: sign change from SIDIS to DY 

 Collins function is universal: same in SIDIS, e+e-, and pp 

 AN in pA 

 Jet radius resummation for jet production and ALL 

 Summary 
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TMDs: rich quantum correlations 
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Sivers vs Collins: non-universal vs universal 

 Sivers function: unpolarized quark distribution inside a transversely polarized 

proton 

 

 

 

 

 

 Collins function: unpolarized hadron from a transversely polarized quark 
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Spin-independent Spin-dependent 



TMD evolves 

 Just like collinear PDFs, TMDs also depend on the scale of the probe 

= evolution 

5 

Collinear PDFs 

 

 DGLAP evolution 

 

 Resum 

 

 Kernel: purely perturbative 

TMDs 

 

 Collins-Soper/rapidity evolution 

equation 

 

 Resum 

 

 Kernel: can be non-perturbative 

when  



TMD evolution in b-space 

 

 We have a TMD above measured at a scale Q. So far the evolution is written 

down in the Fourier transformed space (convolution → product) 

 

 In the small b region (1/b >> ΛQCD), one can then compute the evolution to this 

TMD, which goes like 
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Collins-Sopoer-Sterman papers 

Kang, Xiao, Yuan, PRL 11, Echevarria, Idilbi, Kang, Vitev, 14, Kang, Prokudin, Sun, Yuan, 15, 16,  

Aybat, Rogers, Collins, Qiu, 12,  

Aybat, Prokudin, Rogers, 12, Sun, Yuan, 13, Echevarria, Idilbi, Schafer, Scimemi, 13, … 

calculable  for small b with pQCD 



 Fourier transform back to the momentum space, one needs the whole b 

region (large b): need some non-perturbative extrapolation 

 Many different methods/proposals to model this non-perturbative part 

 

 

 

 

 

 Eventually evolved TMDs in b-space 

TMD evolution contains non-perturbative component 
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longitudinal/collinear part transverse part  Non-perturbative: fitted from 

data 

 The key ingredient – ln(Q) piece 

is spin-independent 

Since the polarized scattering data is still limited kinematics, we can 

use unpolarized data to constrain/extract the key ingredient for the 

non-perturbative part 



TMD global analysis 

 Outline of a TMD global analysis: numerically more heavy 
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yes 

Model ansatz for TMDs 

with initial set of parameters 

Evolve TMDs to relevant scale 

with TMD evolution 

Model ansatz for non-

perturbative evolution kernel 

calculate the cross 

section/asymmetry as well as χ2 

no 
χ2 minimum? 

Fourier transform back to 

momentum space 



Very active field 

 Available fits for unpolarized TMDs 

 

 

 

 

 

 

 

 

 Similar for polarized TMDs 
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Bacchetta, QCD Evolution 2016 



Example: Sivers function 

 Example of the fit: JLab, HERMES, COMPASS 
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Uncertainty in the evolution formalism 

 Even the evolution formalism itself has large room to improve – non-

perturbative Sudakov needs further improvement 
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Experimental evidence of sign change 

 STAR measurements: the data favors sign change 

 Both theory and experiment has large uncertainty: hope to be 

improved in the near future (2017 run) 
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Collins asymmetry from SIDIS and e+e- 

 SIDIS and e+e-: combined global analysis 
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transversity Collins function 

Collins function 



Collins asymmetry: global analysis 

 Fitting of SIDIS data 

 

 

 

 

 

 Fitting of e+e- data 
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HERMES COMPASS 

Kang, Prokudin, Sun, Yuan, PRD 15 & 16 
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Fitted TMDs 

 Fitted quark transversity and Collins function: x (z) -dependence 

 

 

 

 

 

 Collins function: pt-dependence 
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 Collins asymmetry can also be studied through the azimuthal 

distribution of hadrons inside a jet in p+p collisions 

 

 

 

 

 

 

 Such an asymmetry has been measured by STAR at RHIC 

 Could be used to test the universality of the Collins functions 

Collins asymmetry in p+p 
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Hadron azimuthal distribution in a jet 

 Indicate the universality of the Collins function in pp collisions 

 w/o TMD evolution 

17 
Collins function from a Gaussian fit: Anselmino, et.al., arXiv: 1510.05389 

Kang, Prokudin, Ringer, Sun, Yuan, 16, in preparation 

STAR preliminary data 



Single spin asymmetry in p+A collisions 

 Parton density increases dramatically in forward pA collisions 

 

 

 

 

 

 If one shoots a transversely polarized proton to such a dense system 

(heavy nucleus in high energy), what happens? 

 Saturation scale Qs = typical kT for partons in the dense system 
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Reasoning behind 

 kt-odd TMDs pick up the slope of unintegrated gluon distribution from 

the nucleus, which is controlled by saturation scale 

 

 

 

 

 

 

 Similar to the final-state Collins function 
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Recent STAR measurements 

 No apparent suppression from pp to pA 
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What could be the reasons? 

 Two possibilities 

 The mechanisms (e.g. Sivers/Collins) to generate the SSAs could be completely 

wrong, maybe other mechanism such as diffractions 

 We are not yet at the saturation region 

 We will need more data to pin down the mechanisms, right now let us 

not give up our current understanding/pQCD formalism yet 

 If we are not in the saturation region, then to describe the single hadron SSAs, we 

use the collinear twist-3 formalism 

 The only change from pp to pA will be simply the proton PDFs to nuclear PDFs 
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Aschenauer, 2016 



We know already the ratio not change much 

 For example: SIDIS multiplicity distribution 

 

 

 

 

 

 

 

 

 The change from nuclear PDFs is very small  
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Jet ALL is important in constraining Δg(x) 

 Jet ALL is important 

 

 

 

 

 

 Jet is defined through a jet radius R 

 When R is small, it leads to large logarithms of  
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New development 

 Semi-inclusive jet function 

 

 

 

 Purely perturbative calculable, follows DGLAP evolution equation 

 

 

 Natural scale for jet function: pT*R 

 Evolve from this scale to the hard interaction scale pT, one resums the log(R) 
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Kang, Ringer, Vitev, 2016, to appear 

more details, see, Ringer’s talk  

at QCD evolution 2016 



Nice properties using jet function 

 The short-distance hard functions are 

the same for single hadron/jet 

production 

 

 

 

 Effect for jet production in unpolarized 

pp 

 Stay tuned for polarized pp and ALL 

effect 
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Summary 

 Study on TMDs are extremely active in the past few years, lots of 

progress have been made 

 AN for hadron seems still puzzling, not give up pQCD framework yet 

 New development on jet radius resummation might affect our analysis 

of Δg 
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Thank you! 


