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Outline

o Polarized p-p 

o Observation of Large AN and TMD Mechanisms
 AN of inclusive hadrons
 AN for forward neutrons at RHIC

o The Sivers effect

o Constraining Transversity
 Transverse spin dependent hadron fragmentation
 Collins in jets and di-hadrons 
 Measurements with Lambdas



Polarized Source
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AGSLINAC
BOOSTER

Spin Rotators
Partial Snake

Siberian Snakes

200 MeV Polarimeter

Rf Dipole

RHIC pC PolarimetersAbsolute Polarimeter (H jet)

(sPHENIX)
STAR

Siberian Snakes

AGS pC Polarimeter

Helical Partial
Snake

Spin Flipper

o STAR in operation, including     
forward upgrade

o sPHENIX being assembled

Technology from a Happy Past: Polarization in
RHIC as US-Japanese-Russian Technology Development
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Example: Siberian Snakes

Field rotates by 180o

Snake like p-trajectories
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First Siberian Snake, July 1999
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RHIC Versatile Polarized p-p and Heavy Ion Collider
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RHIC Runs 2001 to 2022
Energies – Particle Species and Luminosities         

Polarized Protons:
Integrated Luminosity

vs Time         



Single Transverse Spin 
Asymmetries AN in

Hadron-Hadron Collisions
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Origin of Large SSA  Inspect Factorized               
Components of Cross Section 
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fragmentation

pQCD

Initial state –
proton structure

Kane, Pumplin, 
Repko  aLL~10-4

Can initial and/or final state effects 
generate large transverse spin 
asymmetries? (AN ~10-1)
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AN for Pions for ZGS to RHIC
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RHIC Cold QCD Plan 2017-23 arXiv:1602.03922
STAR, PRD 103, 092009 (2021)
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JAM, PHYSICAL REVIEW D 102, 054002 (2020)JAM fit to AN
h
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STAR AN
jet(EM) is small

-> small Sivers contribution

Compare different final state topologies to 
discriminate between different mechanisms 
leading to SSA

AN : inclusive Jets, inclusive π0s, isolated π0s, Collins π0s 
STAR  PRD 103, 092009 (2021)

STAR Collins for π0s in jets is small
-> small Collins ?

limitations from EM-Jets: resolution of jet-axis 
fluctuations

 STAR 2022 run + forward upgrades



AN for neutrons , η>6.8
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PHENIX PRD 105, 032004 (2022)

Compare samples with enhanced UPC (BBC veto) to 
events with lower UPC contributions (BBC Tag)



AN for neutrons , η>6.8
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PHENIX PRD 105, 032004 (2022)

Compare samples with enhanced UPC (BBC veto) to 
events with lower UPC contributions (BBC Tag)



AN for neutrons , η>6.8

13May 22nd  TMD Measurements in hadron-hadron and e+-e- Collisions

PHENIX PRD 105, 032004 (2022)

Compare samples with enhanced UPC (BBC veto) to 
events with lower UPC contributions (BBC Tag)

Competing mechanisms contributing to AN !



The Sivers Effect
in h-h Collisions
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Constraining Sivers Functions
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JAM, PHYSICAL REVIEW D 102, 054002 (2020)



Sign Change of Sivers-Function 
Between SIDIS and Drell-Yan
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COMPASS 2015+2018 π-p Drell-Yan
DIS 2022: Bakur Parsamyan

Sign Change preferred, 
also compatible with zero.

Data taking complete.
More data to come!!

STAR W-> lν
PRL, 116, 132301 (2016) 



Constraining
Transversity



Transversity, δq(x)
Tensor Charge

Th
eo

ry
SIDIS
~ δq(x) x CFF(z)
~ δq(x) x IFF(z)

e+e-

~ CFF(z1) x CFF(z2)
~ IFF(z1) x IFF(z2)

pp  jets
~ G(x1)xδq(x2) x CFF(z)

pp  h+ + h- + X
~ G(x1)xδq(x2) x IFF(z)

pp  Λ + X
~ G(x1)  x  δq(x2) x ΛFF(z)

Lattice QCD: Tensor Charge = Σq=u,d∫0
1δq(x)dx
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Knowledge of Transversity and Tensor Charge Requires 
Measurements in p-p, lepton-p and e+e-
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Constraining Transversity & Collins
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JAM, PHYSICAL REVIEW D 102, 054002 (2020)
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Constraining the Tensor Charge
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JAM, PHYSICAL REVIEW D 102, 054002 (2020)



q1

quark-1 
spin

Collins effect in e+e-

quark fragmentation 
will lead to azimuthal
asymmetries in di-hadron 
correlation measurements:

Nπ1,π2(ϕ1+ϕ2) ~a12cos(ϕ1+ϕ2) 

Experimental requirements:
 Small asymmetries 

very large data sample!
 Good particle ID to high 

momenta.
 Hermetic detector
 Events with back-to-back jets 

Collins Effect in di-Hadron Correlations
In e+e- Annihilation into Quarks!

electron

positron

q2
quark-2 

spin

+π−π
z2 z1

z1,2  relative pion
momenta

ϕ1
ϕ2 θ
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Good coverage, tracking and particle identification!



Super Belle: detector for SuperKEKB

New dead time free 
pipelined readout  and 

high speed  
computing systems

Faster calorimeter with 
waveform sampling 
and pure CsI  (endcap)

New particle identifier with 
precise Cherenkov device:

(i)TOP or fDIRC.

Si vertex detector with
high background tolerance

Background tolerant 
super small cell

tracking detector

KL/µ detection
with scintillator 

and next generation
photon sensors

Good coverage,     tracking and particle identification!
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Collins Asymmetries in e+e-

annihilation into hadrons
e++e- π+ + π- + X

~ Collins(z1) x Collins (z2)

R. Seidl, Belle, Phys.Rev.Lett. 96 (2006) 232002

Observation of the Collins Effect in e+e-

Annihilation with Belle
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PRELIMINARY
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JAM fit to e+e-
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JAM, PHYSICAL REVIEW D 102, 054002 (2020)
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IFF measurement at BELLE
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Artru and Collins, Z. Phys. C69, 277 (1996)
Boer, Jakob, and Radici, PRD67, 094003 (2003)

A. Vossen, Belle, Phys. Rev. Lett. 107(2011)

No double ratios needed to
cancel radiative and 
acceptance effects!
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Observation of Lambda Polarization in e+e-

Annihilation with Belle

PRELIMINARY
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Y. Guan, Belle PRL 122, 042001 (2019)



STAR: Collins in jets – 500 GeV

28TMD Measurements in hadron-hadron and e+-e- Collisions 28May 22nd 

STAR, Phys.Rev. D97 (2018) no.3, 032004

Sivers

Collins                                       

Charged pion Collins-modulations in jets

First measurement of
Collins effect in jets!



STAR: Collins in Jets – 200 GeV 
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Ting Lin, STAR, DIS 2022

Charged pion Collins-modulations in jets

Runs 2012+2015, 200 GeV
Collins in Jets



STAR: First IFF – 200 GeV
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IFF – pion pairs vs invariant mass

First measurement of
IFF at 200 GeV!

STAR PRL 115, 242501 (2015)



STAR: High Statistics IFF – 200 GeV
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IFF – pion pairs vs invariant mass

Significantly improved 
statistics from run 2015!

Navagyan Ghimire, STAR DIS 2022
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STAR: High Statistics IFF, pT dependence of AUT vs Mπ+π-
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STAR: High Statistics IFF, pT dependence of AUT vs Mπ+π-

Current DTT measurement with ∫Ldt=52pb-1
Projected P measurement 
with ∫Ldt=104pb-1
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Summary:

•Large TMD-dependent observables in e+e- and hadron-hadron.  

•Consistent description also including SIDIS, eg JAM,
resulting in extraction of tensor charge

• TMDs continue to be measured in jets with improving
statistics and sytematics: STAR, sPHENIX

• Increasingly precise measurements using di-hadron  
interference fragmentation functions!

• More data & results to come from RHIC before EIC
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Collins Effect in Quark Fragmentation
J.C. Collins, Nucl. Phys. B396, 161(1993)
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transversely polarized
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