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Transverse spin: a tool for imaging a proton

= |magine of the proton

e

* Nucleon 1D and 3D imaging

Collinear PDFs: Longitudinal motion

TMDs: Longitudinal + transverse motio




Hadron measurements: PDFs and TMDs

= QCD factorization frameworks
= PDFs: RHIC process with single hard scale, e.g. p+p— h(pr) +X

=  TMDs: processes with two scales, e.g. SIDIS, Drell-Yan/W/Z, and dihadron in
ete-

= However, they are closely related to each other
= |n parton model, related via naive equation of motion
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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)
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= Collins function and collinear twist-3 fragmentation function
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Early naive test

= Extracting Qiu-Sterman function from p+p — h(pr) + X
= Assuming Ay is fully generated from Qiu-Sterman mechanism
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= Extracting Sivers function from SIDIS process

do(S1) 5 : sin(¢n—¢s)
= oo(x Q°) | Fyuy H<in(¢n, — ¢5) F; i




Sign mismatch

= Seems not being consistent with parton model relation
Kang, Qiu, Vogelsang, Yuan, 2010
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Towards solving sign mismatch puzzle

= People quickly realized that twist-3 fragmentation functions also
contribute to pp Ay (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 Ay data

= |t 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

transversity
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Remaining issue: TMD evolution or sea contribution?

= Qur recent fit shows some difficulties in describing STAR Ay for W/Z boson
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Another global fit

Large sea quark Sivers functions can seemly resolve the issue
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Keep In mind

= There are two contributions for single spin asymmetry of W/Z
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= Yellow term: Sivers function fi
= Green term: transversal helicity function 91T

= Better to separate them via azimuthal angular dependence




Be careful in measuring Ay of W/Z

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




Using jets for TMDs: LHC—RHIC—EIC
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Renaissance of jet physics

= They are most common at the LHC
= At the LHC, 609% of ATLAS & CMS papers use jets in their analysis!
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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 (g7) in a dijet or photon+jet production
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= Construction of the theory formalism is nontrivial

=  Multiple scales in the problem Kang, Lee, Shao, Terry, 20

—— Buffing, Kang, Lee, Liu, 18
= We would rely on effective field theory ULIDE, Bang seei
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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 Kang, Lee, Shao, Terry, 20

Buffing, Kang, Lee, Liu, 18
o(s1)+0o(—=s1) X folTa, kar) @ fo(xp, kvr) >|
® Tr[Suy (g7)Hap—ca(Pr)| @ S (qrR)SG (qrR) JJ.(PrR) Ja(PrR

= 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?

[ Brainsto rm Kang, Liu, Mantry, Shao, 20

jet charge

uord

counting particle charges reconstructs initiating quark charge

Nuclear Physics B136 (1978) 1-76
© North-Holland Publishing Company

A PARAMETRIZATION OF THE PROPERTIES OF QUARK JETS *
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Jet charge: a flavor prism

Recall: light prism (University Physics)
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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
= Sjvers 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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TMDEFF: 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 ot

= Jet fragmentation function

(ph7 S h)
ﬂ h : hadron
g : quark /{5(((( N jet
~ i > . uark
(P, Sq) ! bJ 2 = Pr/Pr 1
E j1 : hadron transverse momentum
E with respect to the jet

= measures only the zy, distribution (integrated over jT), one probes

collinear FFs
= measures both zh and jT distribution (3D), one probes TMD FFs




Factorization for jet substructure

= Involving only collinear PDFs, but TMD FFs Kang, Lo, Ringer, xing, 17~

= ]ststep: the production of the jet [collinear fact.] RN WS WITD 1o
= 2ndstep: 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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= Only sensitive to collinear transersity distribution
= Universality of Collins function between e+p, e+e, and p+p
= Test TMD evolution

Kang, Prokudin, Ringer, Yuan, 1707.00913




Inclusive jet: polarized jet fragmentation

= |n 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)

Kang, Kyle, Zhao, arXiv:2005.02398

Collins effect
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Other possible measurements

= Hadron polarization
= [ambda transverse polarization in unpolarized pp collisions

= |[ambda transverse spin transfer in single transversely polarized pp collisions
= Recent COMPASS measurement (2021): transversity fragmentation function

= Longitudinal polarization is also possible

05 | 0<ny <1 Scenario 1
1<y <22

Scenario 2
9 | RHIC kinematics Scenario 3
Vs =200 GeV, R=0.4

4 F Insl <1.2,10 < pjr < 15 GeV

Py (%)
jetA (%)

B,

LL

RHIC kinematics
Vs =200 GeV, R=04

[ 10 < py7 < 15 GeV

0<ji <1GeV

-2.5 -

0.15 0.

2 025 03 035 04 045 0.5 0.55 0 0.2 0.4 0.6 0.8 1




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
= et charge, TMD factorization breaking

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




