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Imaging a proton

§ Imagine of the proton

§ Nucleon 1D and 3D imaging
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PDFs and TMDs

§ They are usually probed in different QCD factorization framework
§ PDFs: process with single hard scale, e.g. 

§ TMDs: processes with two scales, e.g. SIDIS, Drell-Yan, and dihedron in e+e-

§ However, they are closely related to each other
§ In parton model, related via naïve equation of motion

§ In pQCD, they are related via operator product expansion

3

<latexit sha1_base64="4B0zDpq2goA9g4XNYY4SwML98rw=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIlUJJiqjHohePFfoFbQib7aZdukmW3Y1QS3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFwjOlHacbyu3sbm1vZPfLeztHxwW7aPjtkpSSWiLJDyR3QAryllMW5ppTrtCUhwFnHaC8d3c7zxSqVgSN/VEUC/Cw5iFjGBtJN8uioro6wSNysJvXlS6vl1yqs4CaJ24GSlBhoZvf/UHCUkjGmvCsVI91xHam2KpGeF0VuinigpMxnhIe4bGOKLKmy4On6FzowxQmEhTsUYL9ffEFEdKTaLAdEZYj9SqNxf/83qpDm+8KYtFqmlMlovClCPz6TwFNGCSEs0nhmAimbkVkRGWmGiTVcGE4K6+vE7atap7Va09XJbqt1kceTiFMyiDC9dQh3toQAsIpPAMr/BmPVkv1rv1sWzNWdnMCfyB9fkDFJ+SEQ==</latexit>

p+ p ! h(pT ) +X

<latexit sha1_base64="9Ax2Hf4BWzIxWlC5BbmC6TU2hHg="></latexit>

f(x, kT )
kT � ⇤QCD��������! C(x, kT )⌦ f(x)

<latexit sha1_base64="mnm+ddL6V8BJtj4gRUBvmWkoLuM=">AAACIHicbVDLSgMxFM3UV62vUZcuDBahhVJmiqgboejGZYW+oB2HTJppQzOTIcmIpXTpj7h1q//gTlzqJ/gVZtpZ2NYDgcM595XjRYxKZVlfRmZldW19I7uZ29re2d0z9w+akscCkwbmjIu2hyRhNCQNRRUj7UgQFHiMtLzhTeK3HoiQlId1NYqIE6B+SH2KkdKSax77hccivIJdGirYu68M3TrslrRYgpoWc66Zt8rWFHCZ2CnJgxQ11/zp9jiOAxIqzJCUHduKlDNGQlHMyCTXjSWJEB6iPuloGqKASGc8/cgEnmqlB30u9NP3TNW/HWMUSDkKPF0ZIDWQi14i/ud1YuVfOmMaRrEiIZ4t8mMGFYdJKrBHBcGKjTRBWFB9K8QDJBBWOru5LclsxTmTk1wSjr0YxTJpVsr2eblyd5avXqcxZcEROAEFYIMLUAW3oAYaAIMn8AJewZvxbLwbH8bnrDRjpD2HYA7G9y+dQqCk</latexit>

f(x) =

Z
d2kT f(x, kT )

e
p p p

h

h1

h2

p p

h



Applying to all relevant TMDs and corresponding collinear functions
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Examples: parton model

§ Sivers function and Qiu-Sterman function (collinear twist-3)

§ Collins function and collinear twist-3 fragmentation function
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Early naïve test

§ Extracting Qiu-Sterman function from
§ Assuming AN is fully generated from Qiu-Sterman mechanism

§ Extracting Sivers function from SIDIS process
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Sign mismatch

§ Seems not being consistent with parton model relation
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Kang, Qiu, Vogelsang, Yuan, 2010



Towards solving sign mismatch puzzle

§ People quickly realized that twist-3 fragmentation functions also 
contribute to pp AN (besides Qiu-Sterman contribution)
§ Early results by Kang, Yuan, Zhou, Koike, Metz, Pitonyak, Gamberg, Prokudin, …

§ One always wonders if it is possible to perform a global analysis to include 
SIDS, Drell-Yan, e+e-, and pp AN data

§ It took several years to get it done due to the hard work of Pitonyak, Sato, 
Prokduin, Gamberg, and others
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Global fit
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Extracted functions

10

transversity

Qiu-Sterman function
[Sivers first moment]

Twist-3 FFs
[Collins first moment]



Tensor charge
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§ Precision significantly improves by including AN data
§ Agreement with lattice, especially 

§ Uncertainty still larger (100% for d) than lattice, can 
be further improved via EIC or SoLID@JLab

�u = 0.72(19), �d = �0.15(16)
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EIC impact study

§ Pseudo-data generated by R. Seidl
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§ Polarization 70%
§ Each beam energy accumulated luminosity 10 fb-1

§ PythiaeRHIC, eic-smear package

Gamberg, Kang, Prokuin, Sato, Seidl,
arXiv: 2101.06200, PLB in press

<latexit sha1_base64="vgKRkLn+c9UroWQkqettdy/X+YM="></latexit>

0.2 < z < 0.6, Q2 > 1.63 GeV2, 0.2 < PhT < 0.9 GeV



Impact of EIC data on TMDs

§ EIC data will significantly reduce the uncertainties in the extracted 
transversity (and Collins function)
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EIC impact on tensor charge

§ EIC data would allow extraction of tensor charge to be on the 
similar precision as lattice results
§ With e+p would allow extraction of      to be closer to lattice

§ With both e+p and e+He3, the phenomenological extraction of both u and d 
tensor charges are comparable to lattice
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A few words on EIC + SoLID

§ Kinematic coverage
§ SoLID@Jlab sits in larger x and lower Q with much higher luminosity, thus 

explore TMD in the region complementary to EIC

§ Non-perturbative contribution in TMD evolution is much larger in such a region, 
thus could provide unique opportunities for TMD evolution
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Impact on the transversity

§ SoLID can reduce the relative uncertainty of transversity at large x 

§ Overall, the uncertainty improves the most with EIC + SoLID

16

0.25 0.50 0.75 1.00

u

x
0.25 0.50 0.75 1.00

d

x
0.25 0.50 0.75 1.00

u ° d

x

Q2 = 4 GeV2

10°4 10°3 10°2 10°1

10

100

±
h

1
/
h

1
(%

)

JAM20

+EIC

+SoLID

+EIC + SoLID

10°4 10°3 10°2 10°1

10

100

10°4 10°3 10°2 10°1

10

100



QCD Evolution 2021 ONLINE workshop

§ Our announcement will be sent out later this week
§ May 10 – 14, 2021 (canceled in 2020): 

https://conferences.pa.ucla.edu/qcd-evolution/

§ Presentation (ZOOM) + Social/Coffee break (Wonder.me)

§ Social medium (workshop official twitter, transfer to the next organizing chair)
§ Following us at twitter: https://twitter.com/qcd_evolution

§ Contact (Zhongbo Kang, Alexei Prokudin, Leonard Gamberg) if you want us to
post/retweet something related, or if you want us to follow you
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QCD Evolution Workshop 2021

10 May - 14 May 2021 
 UCLA (online)

Local organizers: 
Zhongbo Kang (UCLA), chair

Kyle Lee (LBL)

Dingyu Shao (UCLA/Fudan U.)

John Terry (UCLA)

Fanyi Zhao (UCLA)

Organizing committee: 
Alexei Prokudin (Penn State Berks & JLab)

Ian Cloet (ANL)

Martha Constantinou (Temple)

Leonard Gamberg (Penn State Berks)

Yoshitaka Hatta (BNL)

Simonetta Liuti (UVA)

Anatoly Radyushkin (JLab)

Ivan Vitev (LANL)

https://conferences.pa.ucla.edu/qcd-evolution/

https://conferences.pa.ucla.edu/qcd-evolution/
https://twitter.com/qcd_evolution
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