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Nucleon is a many body dynamical system  
of quarks and gluons   

Changing x we probe different aspects of  
nucleon wave function   

How partons move and how they are 

distributed in space is one of the directions  
of development of nuclear physics 

Technically such information is encoded into  
Generalised Parton Distributions and  
Transverse Momentum Dependent distributions 

    
    
These distributions are also referred to as  
3D (three-dimensional) distributions 

Nucleon�landscape
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Collinear PDFs

✓ DGLAP evolution

✓ Resum

✓ Kernel: purely perturbative

TMDs

✓ Collins-Soper/rapidity evolution 
equation

✓ Resum

✓ Kernel: can be non-perturbative 
when 

TMDs�evolve

slide courtesy of Z. Kang

● Just like collinear PDFs, TMDs also depend on the scale of the probe 
= evolution
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Collins-Sopoer-Sterman papers 
Kang, Xiao, Yuan, PRL 11,  
Aybat, Rogers, Collins, Qiu, 12,  
Aybat, Prokudin, Rogers, 12,  
Sun, Yuan, 13,  
Echevarria, Idilbi, Schafer, Scimemi, 13, 
Echevarria, Idilbi, Kang, Vitev, 14, 
Kang, Prokudin, Sun, Yuan, 15, 16, …

Only valid for small b

▪ 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

slide courtesy of Z. Kang

TMD�evolution�in�b-space
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Collins, Soper, Sterman 85, ResBos, Qiu, Zhang 99, Echevarria, Idilbi, Kang, Vitev, 14, 
Aidala, Field, Gamberg, Rogers, 14, Sun, Yuan 14, D’Alesio, Echevarria, Melis, Scimemi, 14, 
Rogers, Collins, 15, …

longitudinal/collinear part transverse part ✓ Non-perturbative: fitted from data 
✓ The key ingredient – ln(Q) piece is 

spin-independentSince the polarized scattering data is still limited kinematics, we can 
use unpolarized data to constrain/extract key ingredients for the non-

perturbative part

▪ 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

slide courtesy of Z. Kang

TMD�evolution�and�non-perturbative�component
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There’s plenty of evidence that TMD evolution works for unpolarized data

Evolution�in�the�data
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Distributions become wider and 
shift towards higher PT as Q grow
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Distributions spread out to larger kT due to gluon radiation  

What�TMD�evolution�does?
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Distributions decrease at low kT as Q2 grow 

Based on Echevarria, Idilbi, Kang, Vitev, 14
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Arguably TMD evolution was never observed in spin asymmetries

Evolution�in�the�data
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w/o TMD evolution

Predictions vary drastically
based on non-perturbative evolution kernel

The naive expectation: asymmetry should decrease rapidly with Q2 
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Hadron�within�a�jet
Consider a process P P scattering where jet is produced and a hadron is 
measured inside the jet 

Asymmetric Azimuthal Distribution of Hadrons inside a Jet from Hadron-Hadron Collisions

Feng Yuan
Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

RIKEN BNL Research Center, Building 510A, Brookhaven National Laboratory, Upton, New York 11973, USA
(Received 20 September 2007; published 23 January 2008)

We study the azimuthal asymmetric distribution of hadrons inside a high energy jet in the single-
transverse polarized nucleon-nucleon scattering, coming from the Collins effect multiplied by the quark
transversity distribution. We argue that the Collins function in this process is the same as that in the semi-
inclusive deep inelastic scattering. The experimental study of this process will provide us with important
information on the quark transversity distribution and test the universality of the fragmentation functions.

DOI: 10.1103/PhysRevLett.100.032003 PACS numbers: 12.38.Bx, 12.39.St, 13.87.Fh, 13.88.+e

I. Introduction.—Quark transversity distribution is one
of the most important quark distributions of nucleon that
remains unknown [1–3]. It is a quark distribution when the
nucleon is transversely polarized. Unlike the polarized
quark distribution in a longitudinal polarized nucleon, the
quark transversity is difficult to measure because it is a
chiral-odd distribution [2]. For example, it cannot be
studied in the inclusive deep inelastic scattering (DIS),
which can only probe the chiral-even parton distributions.
The Drell-Yan lepton pair production in pp scattering can
be used to study the quark transversity distributions [1,2],
but these have limited access to them at the collider ex-
periment at RHIC [4].

There have been suggestions to probe the quark trans-
versity from other processes [3]. For example, in Ref. [5], it
was proposed to study the quark transversity distributions
from the semi-inclusive hadron production in the DIS
(SIDIS) process, which can couple with another chiral-
odd fragmentation function, the so-called Collins fragmen-
tation function, to lead to a nonzero azimuthal single spin
asymmetry (SSA). This SSA has been studied by the
HERMES Collaboration at DESY [6], and a very interest-
ing result on the Collins fragmentation function was found
[7]. The Collins effect in the back-to-back two-hadron
production in e!e" annihilation has also been explored
by the BELLE Collaboration [8], and a first attempt to
extract the quark transversity distribution from the com-
bined analysis of these two experiments has been reported
recently [9]. The interference fragmentation function for
two-hadron production has also been suggested to study
quark transversity distribution in DIS and hadronic reac-
tions [10,11].

In this Letter, we investigate the possibility of exploring
the quark transversity distribution in pp collision at RHIC
by studying the azimuthal asymmetric distribution of had-
rons inside a jet [10,12]. We are interested in the hadron
production from the fragmentation of a transversely polar-
ized quark, which inherits transverse spin from the incident
nucleon through transverse-spin transfer in the hard par-
tonic scattering processes [10,13]. As we show in Fig. 1,

we will study the process,

 p#PA; S?$ ! p#PB$! jet#PJ$ ! X ! H#Ph$ ! X; (1)

where a transversely polarized proton with momentum PA
scatters on another proton with momentum PB, and pro-
duces a jet with momentum PJ (transverse momentum P?
and rapidity y1 in the laboratory frame). The three mo-
menta of PA, PB, and PJ form the so-called reaction plane.
Inside the produced jet, the hadrons are distributed around
the jet axis, and we are interested in studying the azimuthal
distribution of a particular hadron H, whose transverse
momentum PhT relative to the jet axis will define an
azimuthal angle with the reaction plane: !h, as shown in
Fig. 1. We also define the azimuthal angle of the transverse
polarization vector of the incident polarized proton: !s.

The leading order contribution to the jet production in
pp collision comes from 2! 2 subprocesses, where two
jets are produced back-to-back in the transverse plane. For
the reaction process of (1), one of the two jets shall frag-
ment into the final observed hadron. In this Letter, we study
the physics in the kinematic region of PhT % P?.
Following [14], we assume a factorization for this process,
where we can separate the jet production from the hadron
fragmentation. From our calculations, we find that there
exists a correlation between the above two azimuthal an-
gles !h and !s, coming from the quark transversity multi-
plied with the Collins fragmentation function. The study of
this azimuthal asymmetry will provide us with important
information on the quark transversity distributions, and
will also provide a crucial test for the universality of the

FIG. 1 (color online). Illustration of the kinematics for the
azimuthal distribution of hadrons inside a jet in pp scattering.

PRL 100, 032003 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
25 JANUARY 2008

0031-9007=08=100(3)=032003(4) 032003-1 © 2008 The American Physical Society

Feng Yuan (2008), D’Alesio, Murgia, Pisano (2014) 

Azimuthal modulation is related to convolution of Collins FF and 
transversity

Kang, Prokudin, Ringer, Yuan (2017) in preparation 

Kang, Prokudin, Sun, Yuan (2015) 

Asymmetry should depend on Q2
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Preliminary�STAR�data

No sign of TMD evolution?
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Compute the asymmetry without TMD evolution 

Test�of�QCD�evolution
Kang, Prokudin, Ringer, Yuan (2017) in preparation 

Compute the asymmetry with TMD evolution 
functions: Kang, Prokudin, Sun, Yuan (2015) 
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FIG. 6 (color online). Our best-fit results for the valence u and d quark transversity distributions atQ2 ¼ 2.4 GeV2 (left panel) and for
the lowest p⊥ moment of the favored and disfavored Collins functions at Q2 ¼ 2.4 GeV2 (central panel) and at Q2 ¼ 112 GeV2 (right
panel). The solid lines correspond to the parameters given in Table I, while the shaded areas correspond to the statistical uncertainty on
these parameters, as explained in the text.
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M. ANSELMINO et al. PHYSICAL REVIEW D 92, 114023 (2015)

114023-10



Compute the asymmetry without TMD evolution 

Test�of�QCD�evolution
Kang, Prokudin, Ringer, Yuan (2017) in preparation 

functions: Anselmino et al (2015) 

• Similar results for 200 GeV and 
500 GeV 

• Results are compatible with data 
within uncertainties
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Compute the asymmetry with  TMD evolution 

Test�of�QCD�evolution
Kang, Prokudin, Ringer, Yuan (2017) in preparation 

functions: Kang, Prokudin, Sun, Yuan (2015) 

• Slight reduction for 500 compared 
to 200 GeV due to TMD evolution 

• Results are compatible with data 
within uncertainties
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Results of evolution in Q depend on non-perturbative 
evolution kernel, this kernel vanishes as b goes to 0 

Why�it�happens?
Kang, Prokudin, Ringer, Yuan (2017) in preparation 
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No evolution

SNP (b) ⌘ 0

High Q evolution
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Conclusions



16

Conclusions

 Pion-in-jet data from STAR appear to be compatible with extractions of  
transversity and Collins FF thus providing an important test of factorization and    
universality 

 Experimental results from STAR at 200 and 500 GeV are compatible with both 
evolution and “no evolution” results 

 More precise data are clearly needed to test dependence of the data on the scale 
 and thus TMD evolution
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Conclusions

 Pion-in-jet data from STAR appear to be compatible with extractions of  
transversity and Collins FF thus providing an important test of factorization and    
universality 

 Experimental results from STAR at 200 and 500 GeV are compatible with both 
evolution and “no evolution” results 

 More precise data are clearly needed to test dependence of the data on the scale 
 and thus TMD evolution

Thank you!


