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Outline

* Why do we need RHIC spin?

* What enables RHIC spin?

 What have we learned from RHIC spin?

* What remains to be explored with RHIC spin data?

* How does RHIC spin impact the EIC era?



Proton spin crisis

EMC, PLB 206, 364 (1988)
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 First polarized DIS over a broad kinematic region was performed by EMC
iIn the mid-"80s
* Found that quarks contribute only (14 + 9 + 21)% of the proton spin

« Many follow-up fixed target pDIS experiments, one ~25% of the proton
spin arises from quarks and antiquarks



What about gluons?

HERAYF,
s e =i Leader et al, PRD 75, 074027 (2007)
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Extraction of gluon polarization needed large Q2 arm,

Q*(GeV?)
Kinematic region of fix-target

Polarized DIS measurements

and fixed target experiments did not allow



Motivation of RHIC spin

Gluon polarization Sea quark polarization
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QCD Compton  Quark-gluon, gluon-
scattering gluon scattering

Tree-level sub-processes directly W production and A spin transfer
sensitive to gluon: jet, direct-y sensitive to flavor separated sea
quark

Transverse spin physics

LEFT 100GeV

100GeV

il W
Proton RIGHT

Severe need for investigations of
the puzzling transverse spin effects



Prospects for RHIC Spin Physics in 2000
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Polarized RHIC

Absolute Polarimeter (H1 jet C Polarimeters
H1 i_,)\ ] //./P
Accelerate polarized
protons with Siberian Siberian Snakes ___
Snakes ®¢ Manipulate spin direction
,‘ with spin rotator
Spin Rotators Spin flipper

Lol Spin Rotators

(longitudinal polarization)
(longitudinal polarization)

5.9% Helical Partial Siberian Snake

Fa e
Pol. H' Source / '« Internal Polarimeter
200 MeV Polarimeter x "«— pC Polarimeter
: . 10-25% Helical Partial Siberian Snake 106 ns bunch crossing with
High current polarized . . .
pre-determined spin directions

proton source



Data accumulation for spin physics

Integrated polarized proton luminosity L [pb-!]
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Time [weeks in physics]

Year Vs (GeV) L (pb') <P> (%)
2006 o0 es &7
ow B
Long 2011 500 12 48
2012 510 82 56
2013 510 256 56
2015 200 52 53
2006 000 ss &7
2008 200 7.8 45
2011 500 25 55
Trans 2012 200 22 60
2015 200 52 53
2017 510 350 55
2022 508 400 52
2024 200 164 55

by STAR



Clear evidence for a positive gluon polarization

STAR, PRL115 (2015) 092002
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* First evidence of non-zero contributions

from gluon spin at Q2~

10 GeV?



Precision constraints on gluon polarization

STAR, PRD 105, 092011 (2022)
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Impact of W results

Al

- Now we know: Azt > 0and Ad < 0

- Flavor asymmetry Ati — Ad similar size but opposite sign to the unpolarized case.
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TMD W AL results

A [BpoWoe
LIPTP > W e +V STAR Preliminary
0.5_\/§=510GeV 25<E;<50GeV
-1.0<n <1.0 -
' : ’
O .
Rel lumi
- syst
o ® ‘+ + w
—0.5- .
TNT2025 Preliminary
- 3.3% beam pol scale uncertainty not shown
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1

0o 5 10

15
\\ p, [GeV/c]

v TMD W= A, expected to provide unique
constraints for TMD helicity distributions.
v’ A, has been extracted as the function of W* p;,..
« As W p, increases, magnitude of 4, for
W= decreases slightly.
« Significant difference between data and

TNT2025 predictions, especially for W .

K.Yang et al., PRL 134, 121902 (2025)

12



Strange quarks polarization via Lambda spin transfer

STAR, PRD109, 012004 (2024) Spin transfer:
" A2009+2015 O<n <12 A _ do(pTp - ATX) —do(pTp - A7X) dAc®
0.05~ o X200 + 2015 D} = — =
E do(p*p — A*X) +do(p*p » A"X)  do®
Q %%

dAc™ = z JdxadxbdzAﬁl(xa)fb(xb)AG(ab — cd)AD\(2)

LL
S
IIIIIII:IIIIIII

Polarized PDFs Polarized FFs
0.05
3 o $ Access polarized FFs and PDFs of strange quarks
- — DSV A+Ascenl « Final state polarization accessible via weak decay
E T TASERS (b) « Lambda’s spin is expected to be carried mostly by its
1 2 3 4 5 6 7 8

P & (GeV/c) constituent strange quark
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Possible origins of puzzling TSSA

Sivers effect Collins effect

S
-
. Ph
3) -
quark s

transversity

Due to transverse motion of quarks Asymmetry in the fragmentation
in the nucleon: initial state effect hadrons: final state effect
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Weak bosons Ay — Sivers

 Universality test of Sivers function: sign-change from DIS to DY/W/Z
PLB 854, 138715 (2024)

_ STAR2017data . _ | & [STAR
< 08F pip 5> W @ Vs=510GeV AR < 0.8 * 4% polarization uncertainty not shown 0-4F4 2 & NULLBuryetal. &' NLL Bacchetta et al.
06F Liy=350 pb* inaly 06F 2
o (e\‘m o 0.2 -
0.4F B 04F 2f :
02F 4 02F W 3
o _E___,,—.r-—-"'_ e L ey
of AARRRRREESEEEEEE G 0 & :
C é # I \s=510 GeV, L=340 pb"
02 02 E C e
E 02 3 p+p—>Z°y +X, Z°ly »e'e
04 04 E 73<M,,<114 GeV/c?, 0.5 <p? <10 GeVie
o E L. Adamczyk et al. (STAR), PRL 116 (2016) 132301 Y * 05525 GeVic, i<t
iy E_ | I Elsury, Proll<udin, Vlaldimirov, II’RL 126 f2021)11Izooz | o8 E_ | | | | | | | | | —0-43 14% berlm- pol. um'lerwinly nollshvwn | |
-0.8 =06 -04 -02 O 02 04 06 08 -08 -06 -04 -02 O 02 04 06 038 -1.5 -1 -0.5 0 0.5 1 1.5
Z°
yW,reco yW,rcco y

» Theoretical (PRL126,112002): extraction includes SIDIS, DY and 2011 STAR data with N3LO and
NNLO accuracy of the TMD evolution assuming sign-change
« STAR preliminary with 2017 data with much improved precision, expect big impact in Sivers function

at high-x in next global TMD fit
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Dijet Ay — Sivers

arXiv: 2305.10359 (accepted by PRD Letter)

— T X +ta
0.15:-a) | STAR 2012+2015 p-p 200 GeV r ok 3‘;. g
0.1 y 0" tagging
g’ _ ﬂ ] b = _tagoing STAR 2012+2015 p-p 200 GeV -+ u-quark
proton g 005 _*IT L ¥ ] : 150 — +z & -z beam combined : 3'_‘;:’::%
o> °F H R Tt f - dijetp > 6 GeV/c & 4 GeV/e __ stat.uncert.
E -0.05— 1 FA l 100— [Isyst.uncert.
T -0.1 i— . ‘ (average) -
E ) sl 50—
-0.15— [ -
E b) +z & -z beam ¢ mb ed ‘ I ‘ 7 stat.uncert = N rﬂ] %
‘\ 201 dijetp, > 6 GeV/e & 4 GeV/e : : 0
E [Jsyst.uncert. < C
n T 10r + -
ppro ton 2 F + T + 50—
= 0 C
= F —ﬂ L & L + - - (average)
< _10f m S B ) -100—
T (average) - 3.2% bean polarization uncertainty not shown
-20 3 3.2% beam pola ization uncer tamty not shown '
3 2 1 0 1 2 3 a f tal
total
n

Spin-dependent dijet opening angle sensitive to Sivers
First observation of non-zero Sivers asymmetries in dijet production
In polarized p+p collisions
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Forward Ay °, EM-jet

STAR, PRD 103, 092009 (2021)

0.25

A. [ STAR P +p-> 0+ X ¢ Isolated n° 200 GeV 0047 STAR p'+p->EM-jet+X ¢ 200 GeV
N 02-p,>2GeVic 4 Isolated 7° 500 GeV Ay [ Jetalgorithm: anti-k_ R=0.7 b 200 GeV Multiplicity>2
I 277 - ¢ Non-isolated n° 200 GeV o T 4 500 GeV 0.05=
- - sNs9 A Non-isolated Tto 500 GeV 0.03? pl-r > ZISeV/C 4 500 GeV MUltIp|ICIIy>2 2 2 r e ny = 2 p+pT@200 EGM?IX
0.153.0/3.4% beam pol. scale uncertainty not shown C 29<n"<38 + ADY 500 GeV < - en, =3 15GeV< E " < 100 GeV
E 0.02— 3.0/3.4% beam pol. scale uncertainty not shown 0.04 on>=4 2.8 ¢ fF™e¢ 3.8
= []Theory 200 GeV = ¢ F v EM-jet
0= ] Theory 500 GeV _ /T C ‘ - pE"e > 2.0 Gevie
C - ol ¢ 0.01— ' - : - & o
0.05— ‘i % . b o o o : - : « * w . ”
C ° e g L - 0.02—
0:4 L l 5 v ] 17-[0 — E s e
-1 [ :J 1 | 1 1 1 = -
= ) 0.01—+ -»
PR RS R S PR S  N  S ST S BN SN ST SRS R F L E

s °F . T of [ | Theory 200 Gev = > & s @ - STAR Preliminary
L ¢ S : Of-----4----- R TR S, SRR .
% 4 4 A ﬁ 4 8 E M -J et = |:| Theory 500 GeV E %) l l i 3.0% poIariza{ion scale uncer|1a1'nty not shoer)
S fat o o S sia R 0.2 0.3 0.4 0.5 0.6 0.7
/Q\.,_ ® & < e o ® 8 0 ad o« o ° X
b ¢ [i ¢ ¢4 ¢ £35 5% ¢85 i p5 5 ¢4 ¢ p5 § 0§ &G ¢omi e

E . e ey 0.1 0.2 0.3 0.4 0.5 0.6

0.2 0.3 04 0.5 0.6 Xp
Xg

. Ay with forward EM-jets and 7 in 200/500 GeV pp collisions
« Decreasing Ay as “jet-ness” increasing (high multiplicity)
« Run2022 and 2024: improved statistic for various objects using Forward Upgrades
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Hadron in Jet Ay — Transversity + Collins

STAR, PRD 106, 072010 (2022) STAR, PRL 135, 261902 (2025)

E ~ 0.1
0.04 - - E STAR ~
oosz—:TTfT»aieun%x 3”._8'825_ p'+p —jet+K +X b4 - STAR
E Vs =200GeV t “g UF Vs=200GeV 4 " pl+p —jet+ 1+ X
0.02f . + =L 0.04F y 5o + € = 0.04
001F > - M o SR : 0.02F g -*_ "’<3 - Xg>0
O - 02-1;'4" '*".F" R Vi | == DFZfor510 GeV :
_0.01F _0.02F = --- DFZfor 200 GeV =
T * 4 0.02— JAM3D-22 for 510 GeV p L e CEENS
-0.02E" AR, > 0.05 L ~0:04E — o 2 JAM3D-22 for 200 GeV it
~ -003F 01<2<08 , 1+ mpMP.+2013: = + =0.08F °1<< s 04 . B
T _0.04E bt <lrma = =DMP+2013: 1 —0~05:‘| b < e =K 0—
£ E I I L L. 1 =T ISP S B S P EPEPS APS P TP B N DTS TIRRI 5 500 s o s ks 93340 SRS R F 8D B R h AR RS H 0SS F R n Y R A AR S SRR NS SN AN I SRR O HIPHP
5o 0.04 5 anti-k; R=0.6 0.085 pt4p — jet+p/F+X o :
003, Lo 0.06f i ‘
0.02 ;— 0‘04;— 0 02_
0.01F 0.02F - e i :
E . + E - e =n*510 GeV (This paper) -
0?"""";”' S i i """" EL OF & #- ool '2 B 'é' B S0 e g - m 510 GeV (This paper) SRR CTtoooeoooooooo
-0.01F ET; -0.02 L. o =*200 GeV (PRD 106, 072010)
—002F -0.04} o p _0.04— O = 200 GeV (PRD 106, 072010)
E -0.06| = P - <
-0.03 - E ) . 1.4%/3.2% Scale Uncertainty Not Shown
_0.04 E- 3-2% Scale Uncertainty Not Shown -0.08E 3% Scale Uncertainty Not Shown EEEERERFENAEEEEN SRR, AR A
|||||||||||||||||||||||||| 401 1 1 ] 1 1 1 1 1 1 1
5 10 15 20 25 30 -0-75="g" 70 12 14 16 18 20 22 24 26 0 0.05 0.1 0.15 0.2 0.25 0.3
Particle jet P, [GeV/c] Particle jet P, [GeV/c]
Jet x;

« Significant Collins asymmetries have been observed in 200 and 500 GeV
* New results show weak energy dependence and provide important constraints on the
scale evolution for Collins asymmetry
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Energy correlators within Jets
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« Significant asymmetries and jet p; dependence observed for one- and two-point EEC

« Establishes EECs as new observables for transverse spin physics
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Lambda transverse spin transfer — Transversity + FFs

STAR, PRD109, 012004 (2024) Transverse spin transfer:

i A2012+2015 0 1.2 D4, = i i _dio

i _ * < nA(K)< ' i o(@'-A'X) 4 5 (@'p-AYX) ~ doh
005 ¢ A2012+2015

- ""ﬁf/—t@—_“ ' dsah = Z J dx, dx,,dz@fa(xa)fb(x,,)[&r(a%*“@]apg(z)]

Eole . fbm gy T T e :
S0 - &] E} abcd Transversity PDF Transversity FF
_0.05 --XLS, A, SU6 Access transversity fragmentation functions
| ---XLS, A, SU6 b (FF) and transversity distributions (PDF) of
1‘ PPN AR AR EAPR B B e strange quarks

) 3 4 5 6 7 3

Final state polarization accessible via weak
Pr a@ (GeVic) P

decay
« Lambda’s spin is expected to be carried mostly

The results are consistent with model . :
by its constituent strange quark

calculations within uncertainties.

20



One more longstanding spin puzzle

PR TH §I

Lambda transverse polarization observed g il
inc A '

In unpolarized pBe scattering in 1976

A Polarization

%&,L -
_ r _

p, > 1GeVic 5 J
pBe; p=400 Gov.rel +‘L T

pBe; p=800 GchT 3

~

-
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> R @
L

pp; Vs=62 GeV NP
pPb; p=400 GeV/c ;
PR S S SR T 1 o

6 02 04 06 08 1

Liang and Boros, PRL79, 3608 (1997)

—.—» 4—.—

P N\ P

Lambda transverse polarization is significant,
while anti-lambda is not;

Clear xg and pr dependence, while almost
independent on energy;

Weak target-mass dependence: pA = pp,

parton level reaction.
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Polarization of Lambda-in-jet

A(ZJAs j’l‘s S)

SN

polarization[%]

(N
T T

o
T T

arXiv:2509.17487

Cp+p—jet+ AVA+X
- Vs =200 GeV

$ STAR

20 25

jet P, [GeV/(]

Probing polarizing FFs via polarization of Lambda-in-jet

« Significant jet p; dependence for A in both 200 GeV and 510 GeV

Polarization [%]

—_—
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STAR, SPIN2025
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. 0 -
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Spin correlations in pp 200 GeV

Spin correlation of A/A hyperon pairs measured in
p+p collisions to study the hadronization of the
entangled s/s quark pairs from the QCD vacuum.

dN/dcos(f*) = A (1 + B cos 6%)

A: normalization, B: aqasPpipo

- Short-range AA pairs show non-zero spin correlation

- All other pairs are consistent with zero

KeKS

Ay| < 0.5, : STAR 0.5 <|Ay| < 2.0, :
AO| < /3 or > /3
Rol<m3 o i (5 =200 Gev hol>m3 1
— |~ ~ =
1 ly|<1 1
I 1
| L (pp)=135GeVic | ;
: I
| I
o ja]
L ° L PN
| I
: : -o-Data
— o —— = o
: . & PYTHIA 8.3
a) : b) :
P I U IR NPT FENEVEN INUPErE PR AP B B R R
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STAR, Nature 650, 65-71 (2026)
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T
® Data

W SU(6) quark model
W\ Burkardt-Jaffe model
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AR = | Ay?+A¢?
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STAR forward upgrade and new sPHENIX

sPHENIX

Large acceptance [ —
High DAQ rate

STAR Forward Upgrade: 2.5<n< 4 ECal

sTGC

y
AN >
\\\ \\ \\\
. - \-: J = -
| N RA J ' ~ 1B
LHSA T
_—5 g x “

-

« Successful RHIC spin run with STAR forward upgrades(2022/24) and new
sPHENIX detector (2024).
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RHIC spin: lasting contributions

Accelerator
Capability

Analysis &
Methodology

Physics
Insights

Enables precision spin control in a collider environment
— Siberian snakes, spin rotators, polarimetry

Establishes precision spin measurement techniques
— spin asymmetries at 1073 level
— robust control of systematics

Provides unique constraints on QCD spin

— gluon and sea quark helicity

— large transverse spin phenomena

— spin-dependent fragmentation and correlations



Summary

RHIC operation completed, transitioning to the construction of the US EIC
RHIC has made significant contributions to key aspects of QCD spin physics

Substantial physics potential remains in the existing data, with ongoing and
future analyses

RHIC provides both essential physics insights and the technical and
methodological foundation for the future Electron—-lon Collider

Thank you for your attention!



