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Transverse spin: a tool for imaging a proton

§ Imagine of the proton

§ Nucleon 1D and 3D imaging
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Hadron measurements: PDFs and TMDs

§ QCD factorization frameworks
§ PDFs: RHIC process with single hard scale, e.g. 

§ TMDs: processes with two scales, e.g. SIDIS, Drell-Yan/W/Z, and dihadron 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
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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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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 our collaborators
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Global fit
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Extracted functions
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Remaining issue: TMD evolution or sea contribution?

§ Our recent fit shows some difficulties in describing STAR AN for W/Z boson
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w/o weight

w/ weight ~13

Extracted Sivers functions

Echevarria, Kang, Terry
2009.10710, JHEP 



Another global fit

§ Large sea quark Sivers functions can seemly resolve the issue
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Similar u/d Sivers

Large sea Sivers at large x

Bury, Prokudin, Vladimirov
2103.03270, JHEP 



Keep in mind

§ There are two contributions for single spin asymmetry of W/Z

§ Yellow term: Sivers function

§ Green term: transversal helicity function 

§ Better to separate them via azimuthal angular dependence
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Be careful in measuring AN of W/Z

§ There are two contributions for single spin asymmetry of W/Z

§ Yellow term: Sivers function

§ Green term: transversal helicity function 

§ Better to separate them via azimuthal angular dependence
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Moving forward

§ The current spin measurements
§ SIDIS, DY/W/Z, e+e-: always involve two TMDs

§ hadron in pp: involve several contributions (incoming proton + final hadron)

§ Next step:
§ Separately study TMDPDF and TMDFF via different processes

§ One TMD at a time if possible
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Using jets for TMDs: LHC→RHIC→EIC
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Large Hadron Collider (LHC)
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Renaissance of jet physics
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§ They are most common at the LHC
§ At the LHC, 60% of ATLAS & CMS papers use jets in their analysis!

§ Active study at the EIC 
§ EIC jet papers grow exponentially
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TMDPDF: jet production

§ To be more sensitive to the small parton transverse motion
§ One could further measure a small transverse momentum in the experiment, 

such as momentum imbalance (    ) in a dijet or photon+jet production

§ Construction of the theory formalism is nontrivial
§ Multiple scales in the problem

§ We would rely on effective field theory 
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TMD factorization

§ It is known that TMD factorization is broken, so what’s your 
rational here?
§ For unpolarized cross section

§ TMD factorization is broken by so-called Glauber gluons. Within SCET, people has 
derived factorization formalism by not including Glauber mode in the first place

§ Within this framework, we can easily derive the contribution of soft-gluon radiation, as 
encoded in various soft functions

§ For polarized cross section

§ A generalized TMD formalism has existed in the literature by Bacchetta, Boer, Mulders, 
Qiu, Vogelsang, Yuan, etc during 2006 or so, which is crucial for process-dependence of 
the TMDPDF, e.g. Sivers function. However, they did not address the contribution of soft-
gluon radiation, which is crucial for TMD evolution

§ We assume soft function is the same as those in the unpolarized case, a rather nature 
assumption. Implement such soft functions into the above generalized TMD formalism 
would become the most natural formalism for us to check factorization breaking
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A challenging measurement

§ The asymmetry is small, due to the cancelation between u and d 
Sivers function
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Need flavor separation, how?
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§ Brainstorm

jet charge

counting particle charges reconstructs initiating quark charge

Kang, Liu, Mantry, Shao, 20

u or d
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Jet charge: a flavor prism

§ Recall: light prism (University Physics)

§ Jet charge definition
§ A weighted sum of charges for hadrons inside the jet 
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Spin asymmetry sorted by jet charge

§ Certainly possible, due to RHIC experimentalists’ hard work 
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Photon+Jet

§ RHIC often performs back-to-back photon+jet production
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Phenomenology at RHIC

§ Prediction for Sivers asymmetry is around 1% level
§ Sivers functions in SIDIS from our earlier extraction 1401.5078

§ TMD evolution has a strong effect (suppress asymmetry), but not so much for 
unpolarized cross section
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Photon+hadron correlation

§ It is possible to make comparison with PHENIX measurement now 
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TMDFF: jet substructure of inclusive jets

§ For single inclusive jet production, it involves collinear PDFs
§ Via jet substructure to probe TMD fragmentation functions

§ Apparent advantage: only one TMD FF is probed

§ Jet fragmentation function

§ measures only the zh distribution (integrated over jT), one probes 
collinear FFs 

§ measures both zh and jT distribution (3D), one probes TMD FFs
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Factorization for jet substructure

§ Involving only collinear PDFs, but TMD FFs
§ 1st step: the production of the jet [collinear fact.]

§ 2nd step: jet substructure [TMD fact.]

§ Thus only involve TMD FFs

§ Different soft function
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Recent application: Collins asymmetry [inclusive jet]
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Kang, Prokudin, Ringer, Yuan, 1707.00913

§ Only sensitive to collinear transersity distribution
§ Universality of Collins function between e+p, e+e, and p+p
§ Test TMD evolution

p"
h
⇥S?(�S)

i
+ p ! [jeth(�H)] +X

STAR 2018



Inclusive jet: polarized jet fragmentation

§ In the single inclusive jet production, consider all the possible 
polarization for both incoming proton and final-state hadron in jet
§ Due to the inclusive nature of jet production, we are sensitive to collinear 

unpolarized PDFs, or longitudinal/transverse polarized collinear PDFs 
(helicity/transversity)
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zJ

<latexit sha1_base64="MpZsu57jNfdSVplhK3x+ktubTfw=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokU9Fj0Ip4q2A9IQ9lsN+3SzW7YnYg19Gd48aCIV3+NN/+NmzYHbX0w8Hhvhpl5YSK4Adf9dlZW19Y3Nktb5e2d3b39ysFh26hUU9aiSijdDYlhgkvWAg6CdRPNSBwK1gnH17nfeWDacCXvYZKwICZDySNOCVjJ7wF7hOxp2r8t9ytVt+bOgJeJV5AqKtDsV756A0XTmEmgghjje24CQUY0cCrYtNxLDUsIHZMh8y2VJGYmyGYnT/GpVQY4UtqWBDxTf09kJDZmEoe2MyYwMoteLv7n+SlEl0HGZZICk3S+KEoFBoXz//GAa0ZBTCwhVHN7K6YjogkFm1Iegrf48jJpn9e8eq1+V682roo4SugYnaAz5KEL1EA3qIlaiCKFntErenPAeXHenY9564pTzByhP3A+fwA2E5E1</latexit>

xJ

<latexit sha1_base64="DAKpGr4/ko36AAPO3SCYPRC5lBc=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokU9Fj0Ip4q2A9IQ9lsN+3SzW7YnUhL6M/w4kERr/4ab/4bN20O2vpg4PHeDDPzwkRwA6777aytb2xubZd2yrt7+weHlaPjtlGppqxFlVC6GxLDBJesBRwE6yaakTgUrBOOb3O/88S04Uo+wjRhQUyGkkecErCS3wM2gWwy69+X+5WqW3PnwKvEK0gVFWj2K1+9gaJpzCRQQYzxPTeBICMaOBVsVu6lhiWEjsmQ+ZZKEjMTZPOTZ/jcKgMcKW1LAp6rvycyEhszjUPbGRMYmWUvF//z/BSi6yDjMkmBSbpYFKUCg8L5/3jANaMgppYQqrm9FdMR0YSCTSkPwVt+eZW0L2tevVZ/qFcbN0UcJXSKztAF8tAVaqA71EQtRJFCz+gVvTngvDjvzseidc0pZk7QHzifPzMDkTM=</latexit>

yJ

<latexit sha1_base64="2Z3Vgf/4WBLfzPC4mhOPCN0unKg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoMeiF/FUwX5AG8pmu2mXbnbD7kQMoT/DiwdFvPprvPlv3LQ5aOuDgcd7M8zMC2LBDbjut1NaW9/Y3CpvV3Z29/YPqodHHaMSTVmbKqF0LyCGCS5ZGzgI1os1I1EgWDeY3uR+95Fpw5V8gDRmfkTGkoecErBSfwDsCbJ0NryrDKs1t+7OgVeJV5AaKtAaVr8GI0WTiEmgghjT99wY/Ixo4FSwWWWQGBYTOiVj1rdUkogZP5ufPMNnVhnhUGlbEvBc/T2RkciYNApsZ0RgYpa9XPzP6ycQXvkZl3ECTNLFojARGBTO/8cjrhkFkVpCqOb2VkwnRBMKNqU8BG/55VXSuah7jXrjvlFrXhdxlNEJOkXnyEOXqIluUQu1EUUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwA0i5E0</latexit>

x

<latexit sha1_base64="qt4o6cXFMptE+aIX3nJAFlDDbZE=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KokU9Fj04rGC/YA2lM120i7dbOLuRFpC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR03TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxuZ37rCbQRsXrASQJ+xAZKhIIztFK7izDGbDztlcpuxZ2DrhIvJ2WSo94rfXX7MU8jUMglM6bjuQn6GdMouIRpsZsaSBgfsQF0LFUsAuNn83un9NwqfRrG2pZCOld/T2QsMmYSBbYzYjg0y95M/M/rpBhe+5lQSYqg+GJRmEqKMZ09T/tCA0c5sYRxLeytlA+ZZhxtREUbgrf88ippXla8aqV6Xy3XbvI4CuSUnJEL4pErUiN3pE4ahBNJnskreXMenRfn3flYtK45+cwJ+QPn8wepApBi</latexit>

y

<latexit sha1_base64="yROZwmE8+zxU+27vIONWJwVaqvU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//ci1EbG6x0nC/YgOlQgFo2ilTg/5E2aTab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5vVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/8TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHq1au2uVqlf53EU4QRO4Rw8uIQ63EIDmsBAwjO8wpvz4Lw4787HorXg5DPH8AfO5w+qh5Bj</latexit>

z

<latexit sha1_base64="W+TNK2M6NF1BZDNyl6nbBlVxvG0=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fj04rGC/YA2lM120y7dbOLuRKyhf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR9dRvPXBtRKzucJxwP6IDJULBKFqp3UX+iNnTpFcquxV3BrJMvJyUIUe9V/rq9mOWRlwhk9SYjucm6GdUo2CST4rd1PCEshEd8I6likbc+Nns3gk5tUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophpd+JlSSIldsvihMJcGYTJ8nfaE5Qzm2hDIt7K2EDammDG1ERRuCt/jyMmmeV7xqpXpbLdeu8jgKcAwncAYeXEANbqAODWAg4Rle4c25d16cd+dj3rri5DNH8AfO5w+sDJBk</latexit>

�̂Sh

<latexit sha1_base64="MV5cx/Pg1hWKCAkcU4w6WN5D6YU=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeiF48V7Qc0IWy2m2bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MONMacf5tiobm1vbO9Xd2t7+weGRfXzSVWkuCe2QlKeyH2JFORO0o5nmtJ9JipOQ0144vpv7vQmViqXiSU8z6id4JFjECNZGCmzbi7EuvCxms6B4DOJZYNedhrMAWiduSepQoh3YX94wJXlChSYcKzVwnUz7BZaaEU5nNS9XNMNkjEd0YKjACVV+sbh8hi6MMkRRKk0JjRbq74kCJ0pNk9B0JljHatWbi/95g1xHN37BRJZrKshyUZRzpFM0jwENmaRE86khmEhmbkUkxhITbcKqmRDc1ZfXSfeq4TYbzYdmvXVbxlGFMziHS3DhGlpwD23oAIEJPMMrvFmF9WK9Wx/L1opVzpzCH1ifPw+Vk/E=</latexit>

�̂h

<latexit sha1_base64="pS1iGr4hOLxAf81n3HjD73fQask=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0GPRi8cK9gPaWDbbTbN0swm7E6WE/A8vHhTx6n/x5r9x2+agrQ8GHu/NMDPPTwTX6DjfVmltfWNzq7xd2dnd2z+oHh51dJwqyto0FrHq+UQzwSVrI0fBeoliJPIF6/qTm5nffWRK81je4zRhXkTGkgecEjTSwyAkmA2SkOfDLMyH1ZpTd+awV4lbkBoUaA2rX4NRTNOISaSCaN13nQS9jCjkVLC8Mkg1SwidkDHrGypJxLSXza/O7TOjjOwgVqYk2nP190RGIq2nkW86I4KhXvZm4n9eP8Xgysu4TFJkki4WBamwMbZnEdgjrhhFMTWEUMXNrTYNiSIUTVAVE4K7/PIq6VzU3Ua9cdeoNa+LOMpwAqdwDi5cQhNuoQVtoKDgGV7hzXqyXqx362PRWrKKmWP4A+vzBzQWkvo=</latexit>

Sh?

<latexit sha1_base64="RS9ybw2G2Ikrkae3Yvss+AHK4Vc=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITFWCKsFYwcJYBH1ITRQ5jtNadezIdpCqKAu/wsIAQqx8Bht/g9NmgJYjWT46517de0+YMqq043xbK6tr6xubta369s7u3r59cNhTIpOYdLFgQg5CpAijnHQ11YwMUklQEjLSDyc3pd9/JFJRwR/0NCV+gkacxhQjbaTAPvZCwSI1TcyX3xdBPvZSItMisBtO05kBLhO3Ig1QoRPYX14kcJYQrjFDSg1dJ9V+jqSmmJGi7mWKpAhP0IgMDeUoIcrPZwcU8MwoEYyFNI9rOFN/d+QoUeWOpjJBeqwWvVL8zxtmOr7yc8rTTBOO54PijEEtYJkGjKgkWLOpIQhLanaFeIwkwtpkVjchuIsnL5PeRdNtNVt3rUb7uoqjBk7AKTgHLrgEbXALOqALMCjAM3gFb9aT9WK9Wx/z0hWr6jkCf2B9/gDxj5dI</latexit>

j?

<latexit sha1_base64="R6rG05HWmdXACM+5sHH9aVu/CGo=">AAAB/3icbVDNS8MwHE3n15xfVcGLl+AQPI1WBnocevE4wX3AWkqaZltcmoYkFUbtwX/FiwdFvPpvePO/Md160M0HIY/3fj/y8kLBqNKO821VVlbX1jeqm7Wt7Z3dPXv/oKuSVGLSwQlLZD9EijDKSUdTzUhfSILikJFeOLku/N4DkYom/E5PBfFjNOJ0SDHSRgrsIy9MWKSmsbmy+zzIPEGkyAO77jScGeAycUtSByXagf3lRQlOY8I1ZkipgesI7WdIaooZyWteqohAeIJGZGAoRzFRfjbLn8NTo0RwmEhzuIYz9fdGhmJVRDSTMdJjtegV4n/eINXDSz+jXKSacDx/aJgyqBNYlAEjKgnWbGoIwpKarBCPkURYm8pqpgR38cvLpHvecJuN5m2z3roq66iCY3ACzoALLkAL3IA26AAMHsEzeAVv1pP1Yr1bH/PRilXuHII/sD5/AElFlu0=</latexit>

ST

<latexit sha1_base64="VYhKseuvPbgIFYnpL6gXUNvLPI8=">AAAB+3icbVDNS8MwHE3n15xfdR69BIfgabQy0OPQi8eJ+4KtlDRNt7A0KUkqjtJ/xYsHRbz6j3jzvzHdetDNByGP934/8vKChFGlHefbqmxsbm3vVHdre/sHh0f2cb2vRCox6WHBhBwGSBFGOelpqhkZJpKgOGBkEMxuC3/wSKSignf1PCFejCacRhQjbSTfro8DwUI1j82VPeR+1s19u+E0nQXgOnFL0gAlOr79NQ4FTmPCNWZIqZHrJNrLkNQUM5LXxqkiCcIzNCEjQzmKifKyRfYcnhslhJGQ5nANF+rvjQzFqohnJmOkp2rVK8T/vFGqo2svozxJNeF4+VCUMqgFLIqAIZUEazY3BGFJTVaIp0girE1dNVOCu/rlddK/bLqtZuu+1WjflHVUwSk4AxfABVegDe5AB/QABk/gGbyCNyu3Xqx362M5WrHKnRPwB9bnD8qnlO8=</latexit>

Kang, Kyle, Zhao, arXiv:2005.02398

Collins effect

Lambda 
polarization



Other possible measurements

§ Hadron polarization
§ Lambda transverse polarization in unpolarized pp collisions 

§ Lambda transverse spin transfer in single transversely polarized pp collisions
§ Recent COMPASS measurement (2021): transversity fragmentation function

§ Longitudinal polarization is also possible

31
Transverse polarization in unpolarized pp Longitudinal spin transfer



Summary

§ Transverse spin has been a very useful tool for 3D imaging of the 
proton: we have often used hadron 

§ For 3D imaging, jet observables have become quite promising and  
provide interesting new opportunities
§ TMDPDF: dijet, photon+jet; TMDFF: jet substructure

§ jet charge, TMD factorization breaking

§ It would be great to perform some of these measurements at 
RHIC, to inform what we would expect for EIC

32Relativistic Heavy Ion Collider (RHIC)
Electron Ion Collider 

(EIC)

~ 2030


