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Fundamental Questions Regarding Proton Spin

* How do quarks and gluons conspire to provide the
proton’s spin 72 ?
 What is the role of gluons and sea quarks?

 What is the size of the orbital angular momentum?

* What is the dynamic structure of the proton?

 How do we go beyond longitudinal parton distribution

functions to map out the 3D structure?

 Can we visualize color interactions in QCD?

Qingdao 2026 Ting Lin - Shandong University 3



Wertasassa,, ,

AL,

£ Bk Y

, i

L L 3L
o B

P e




Relativistic Heavy lon Collider (RHIC)

Absolute Polarimeter (HT jet) RHIC pC Polarimeters
\ //. /
PHOBOS e BRAHMS

Siberian Snakes

<«—— Siberian Snakes

sPHENIX/PHENIX

Spin Rotators Spin flipper
(longitudinal polarization)
) _ R Spin Rotators
Pol. H™ Source Solenoid Partial Siberian Snake (longitudinal polarization)

LINAC

BOOSTER Helical Partial Siberian Snake

AGS Internal Polarimeter

200 MeV Polarimeter )
| AGS pC Polarimeters

Strong Helical AGS Snake

Rf Dipole

*  Spin pattern changes from fill to fill with little depolarization;
* Siberian snakes preserve the polarization;
*  Spin rotators select spin orientation;

* proton-Carbon (pC) polarimeters and hydrogen gas jet (H-Jet) measure the polarization.
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Solenoidal Tracker At RHIC (STAR)
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Spin of the Proton

* For helicity distributions (collinear terms) in ‘canonical’

approach, the proton’s spin can be decomposed into:

1 1
(S;) = S =5AL+AG + (L)

R. L. Jaffe and A. Manohar, NPB 337, 509 (1990)

+ AZ = [ (Au+Ad + As + Al + Ad + AS)dx
e AG = [ Ag(x)dx

* Helicity PDF, Af(x) = * Unpolarized PDF, f(x) =

@-- 0~ @&

ffe = 7 ffeo 4+ 7@
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Probing the Gluon Helicity at STAR

STAR, PRD 103, L091103 (2021) What we measured
STAR, PRD 105, 092011 (2022)

What we hope to learn

Inclusive Jet A
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g Anti-k_ R=0.6
Parton Jet x; (=2p_/ Is) g 0z <1
* Quark spin contribute 30% to the total spin of proton; a
«  HERMES: AX(Q2 = 3GeV) = 0.330 = 0.011 (theo) + 0.025 (exp) + 0.028 (evol) 01 Solid:  {5=200 GeV
- Dotted: {s=500 GeV
¢ COMPASS: AX(Q? = 5GeV) = 0.32 + 0.02 (stat) + 0.04 (syst) + 0.05 (evo) C Loyl Lo ool il I
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e At RHIC energy, gg and qg dominate, making A;; for jets sensitive to gluon polarization. Jetx (=2p /is)
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Dijet ALL

STAR, PRD 103 L091103 (2021)

<010 STAR, Vs = 200 Gev
| ptp = Jet+Jet+ X
| Anti-k, R=0.6
| sign(n) = sign()
0.05—
B b Y ppasStT Lumi. Sys.
0:00 feseawiti:? I e s 20152000, il
| £6.1% (2015) and + 6.5% (2009) scale uncertainty from polarization not shown
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Parton Dijet M,/ Vs

Dijet captures more information from the hard

scattering and provide a more direct link to the

initial kinematics than inclusi
Qingdao 2026
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STAR, PRD 112 012003 (2025)
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Impact of the New STAR Results

BDSSV PRL 133, 151901 (2024)
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. AG =[], Ag(x)dx =0.27 +0.03

. AT = [ Aq(x)dx =0.38+0.01

. AG +§Az = 0.46 + 0.03

NNPDF JHEP 07(2025)168
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* When combining the two contributions, one finds a result approaching 1/2 toward lower x, indication of a small

contribution by orbital angular momenta to the proton spin.
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TMD Parton Distribution Functions

TMD Handbook, arXiv:2304.03302 [hep-ph]
X f1 (X, kT’ ST) Leading Quark TMDPDFs O" Nucleon Spin @ Quark Spin

Quark Polarization

EIC White Paper arXiv:1212.1701

Un-Polarized Longitudinally Polarized Transversely Polarized
(u) (L) (T)
L _ —
fi=() ht=(0)-O
Unpolarized Boer-Mulders
i
| 1= -G | My =P
" Helicity Worm-gear
f_L = C:) _ L _ é @ Tran}i\}ers:ityé_ @
-0.5 0 0.5 -0.5 0 0.5 1T 9T =) = B @
ky(GeV) ky(GeV) Sivers Worm-gear . rege’-{;s:y -
S
* Image the transverse and longitudinal (2+1d) structure of the nucleon and nuclei; p
 Tomography of the nucleon;
* Access to transverse momenta at non—perturbative scales;
* Probe at the confinement scale;
* Exhibit correlations arising from spin-orbit effects. N

Qingdao 2026 Ting Lin - Shandong University 13



Initial and Final State Effect

Sivers Effect Collins Effect

g)p / jet
/

\p

* Correlations of initial-state parton transverse momentum . Correlation between the polarization of a scattered quark and

with proton’s spin and momentum: ~ §proton  (Pyroton X k) the momentum of hadron fragment transverse to the scattered

«  Non-universality exhibits the process dependence. quark direction: ~Sg « (By Xj7);
. Chiral-odd, should couple with another chiral-odd distributions.

Qingdao 2026 Ting Lin - Shandong University 14



Transverse Single-Spin Asymmetry

p'+p-Jet+nt +X

jet

N
SBeamﬁS::..

- -

A = do'(¢s, dn) — do*(ds, bn)
N7 Aol (¢s, py) + dot (s, dr)

_ Ais}ijyers sin(¢s) + A(C]%llins sin(¢ps — py)

 Each TMD PDF is convoluted with a fragmentation function and appears with a independent harmonic

modulations (azimuthal asymmetry amplitudes).

Qingdao 2026 Ting Lin - Shandong University 15



Ay for Z° and W2 Boson Production

STAR, PLB 854 (2024) 138715

>

- STAR
< 0.4
47

NeLL Bury et al. NLL Bacchetta et al.

0.2
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p+p—Z% +X, 2o —e'e
-0.2 ,
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C p;>25 GeVie, In'I<t

—0.4 1.4% beam pol. uncertainty not shown
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ptp > W@ vs=510 GeV R
L,,=350 pb’! Th

L. Adamczyk et al. (STAR), PRL 116 (2016) 132301

Bury, Prokudin, Vladimirov, PRL 126 (2021) 112002

-0

. N -
8 -06 -04 -02 0 02 04 06 038

e e TR N Y g reco
y?
e Test the nonuniversality nature of Sivers function:
Siversg;p;s = —Sivers(Drell — Yan or W /Z)

Qingdao 2026

e A fundamental prediction from the gauge invariance of QCD.
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sin(o,)
uT

Ay for Inclusive Jet

STAR, PRD 97, 032004 (2018)

0.02

[ pT+pojet+X

:_ | Vs=500 GeV +

4t |

R1FLF% & SRR N TSP S S

+++ l]i'l"l‘++ +++*# +-+. 1
—0.02:— -1.0<njet<-0.5 :— -0.5<nje‘<0.0
—

I I H

| to L T

°++* .{i;**++ - ++ _____ +i++++ _____
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STAR, PRD 106, 072010

(2022)
- STAR Jet
- pT+p —jet+X
= s =200 GeV
- X:>0
?‘""-1-""*"'*""‘1‘""* """ ++[]
2_ anti-k; R=0.6
5
- 3.2% Scale Uncertainty Not Shown
I T R SO AN S SN SO TR N T SO SN SN ENNT SN SR TR SR AN SR S ST S
5 10 15 20 25 30
Particle jet P, [GeV/c]

(P, [GeVic]

* Inclusive jet Ay are sensitive to the Sivers function via the twist-3 correlators;

* Free of final-state contributions.

Qingdao 2026
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STAR, PRD 103, 092009

(2021)

- STAR p'+p->EM-jet+X
~ Jetalgorithm: anti-k_R=0.7
C d:‘ >2GeV/c
- 29<n*<3.8

'_IIYlI\II'III

¢ 200 GeV

$ 200 GeV Multiplicity>2
4 500 GeV

4 500 GeV Multiplicity>2
+ A\DY 500 GeV

:— 3.0/3.4% beam pol. scale uncertainty not shown g

1 ||

T

[ ] Theory 200 GeV

4o [ ] Theory 500 GeV
B A
ast e © o o ° ¢
L At o © b4
| T I - | T ) S T S S N WY
0.1 0.2 0.3 0.4 0.5 0.6
Xg
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A(C) [Deg]

Transverse Single-Spin Asymmetries for Dijet

STAR, PRD 114, L011504 (2026) transverse plane
0.15E-(a)| STAR 2012+2015 p-p 200 GeV > otggg‘i:g C STAR 2012+2015 p-p 200 GeV -+ u-quark
0.1 ) 0" tagging 150— . -+ gluon+sea
oo = I N + —tagging 50 - +ﬁ& -z beam combined = d-quark
0F vy ? 100 — []syst.uncert.
~0.05F- w # + i ¥ { -
- i ;I N
04 ‘ ‘ (average) o O
015 . , , = - - [é rl? { %
- (b) +z & -z beam combined __ stat.uncert ;\l- 0 H i J T
200" dijetp, > 6 GeVie & 4 GeVie : : < L
—_ C []syst.uncert. =
% oF I E}B E“E T -0}~ dl]
C I %+ -
% of i -{r 1 o I | : - | (average)
< oE T + Pt 1 T * -100~
< - (average) - 3.2% beain polarization uncertainty|not shown
—20;— | 3.2‘7:; beamlpolarizlation llmcertalinty nolt showTi = '_I3' ' '_|2' = '_I1' == (I) = .II = 2| = :|; = A =
-3 -2 - 0 1 2 3 4 ch _ ptrack T]total
total _ | X1 Jet Charge tagging: Q = Z W |
n X, p>0.8GeV/c

e First observation of non-zero Sivers asymmetries in dijet production in polarized p+p collisions;

« (k¥)=19.3 +£7.6 2.6 MeV/c, (k%) = —40.0 +22.9 + 9.3 MeV/c, (kI7°*) = 5.3 + 9.2 + 3.8 MeV/c.
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sin(o, - ,)

G STAR ety _

;}‘,, 0.03 pl4+p —jet+ 7 +X (pT )=13.3 GeV/c
g

7}

5 0.02F (s=200Gev [ (2)=0.14

Ay for Tt in Jets

1
STAR, PRD 106, 072010 (2022) ANNhl ® H]_ -0.02

[ owpi2013  SESE KPRY: o

T IR

0 042_ STAR —003 .............. DMP+2013 % KPRY: xF > 0
2 E 1 . + 1 L
- E p'+p —jet+ "+ X -
4 g'gg E Vs =200 GeV 0.03F * = (2)=0.24
Veg = [
0.01F e : 0.02 i
Of - Eseg oo - - T e - [Wl---- - -EEERCOUTTL 4= == 0.01
-0.01F Ry | : | e BRI s B i}
—0.02F ;: _: i
0.03F T~ trmax 0.01
_o0.04F (P)=6.7Gevic (P =9.0 Gevic (¢ = 10.7 GeVre -0.02
E 1 1 " 1 N N 1 " 1 1 1

1 L
0085 I DMP4+2013: ot $38%8% KPRY: o

-0.03F

LR R R L N N R R R Rl Ly L) L) R LA LAEY LAY LLLES LA LA
LR LA RN RN LN R RN RN RS R LAY AL LLLL) LLLLY LLLLY LLLLI LLLLY LLLLY LELLY LA

0.06f DMP+2013: ' $5555% KPRY: 0.04 (2)=0.35
0.04F
0.02F ¢ 0.02 .

OF JEREREREEEL - - g =~ e - - - e - - -f-- - 0 SR
Y S I D e WY - - S m ____________
-0.04f ® . - -0.021— s
-0.06f " T + (') =17.5 GeV/c -
~0.08f (P") =13.6 GeV/c 3.2% Scale Uncertainty Not Shown (PL'y =22.0 Gevic + | =0.04= 3 9, Scale Uncertainty Not Shown

oz 04 06 08 02z 04 06 08 o0z oz o6 o8 — '

“ 0.04
) . 0.02
e DMP+2013 model from Umberto D’Alesio et.al., PLB 773, 300 (2017); -
oF
e KPRY model from Zhong-Bo Kang et. al.,PLB 774, 635 (2017); Jr -0.02-
. . o —— Py —o0af

* Both assume universality and factorization. = = D C

~b jet 107

jT [GeV/c]
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Comparison with pp 510 GeV

STAR, PRL 135 261902 (2025)

1.4% | 3.2% Scale UncertaiTlty Not Shole
I 1 1 1 1 I 1 1 1 1

Vs =510 GeV,R=05, (p, ) =323 GeVic
Vs =200 GeV,R=0.6, (p ) =133 GeVlc,

- STAR 0.04 - S;I'AR X > 0 .
i pT+p—>jet+ni+X e p'+p »jet+ 1 +X
0.04— L — DFZfor510 GeV
- Xg>0 0.03F --- DFzfor200 Gev
i L E T iaensey
== DFZ for 510 GeV & C == -
~ — . — — KPRY-NLL for 510 GeV
0.02— — ?{éé%-gggo??;g ge¥ 0.02 £ KPRYgI;\ILL for 200 GeV/
- -- -22 for e o RETE TS
R . S R— ~ 001 gt
I e e, & OF =
e =i PP
i °f -0.01F A= T
i - ..
-0.02(— _ C
- e m'510GeV (ThisLletter) SRR ] T 0.02 E e n*510 GeV (This Letter) [i]
Ll o0s; TS
L R ' - on* e ef.
—0.04{— O = 200 GeV (Ref.[8]) 0.04 C D200 Gev (Ref. [8])
| 1.4%/3.2% Scale Uncertainty Not Shown S YTE | [M4%13.2% Sgale Uncertainty
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.1 0.2 0.3
Jet x;

0.4
Z

0.5

2 je .
* The asymmetries agree at 0.06 < xp = % < 0.2, Q% differ by a factor of 6;

\/s

e Collins asymmetry has a weak energy dependence in hadronic collisions;

* zand jr dependences of the Collins FF are closely related.
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One-Point Energy Correlator

Theory predictions from: Mei-Sen Gao , Zhong-Bo Kang, Wanchen Li, and Ding Yu Shao PRL 136, 151902 (2026)

O\
- STAR aaannnnee
- ] N N .
- p+p—ojet+n +X RO
_ ' i N =
[ antik;, R, =0.6,00<n <09 NN S
L Vs =200 GeV R AN
— NN = NN NN\ \
- ® 1-pointx* LTI \\+
— ® dt-pointm AP
— RSS N N NN NN OO
- " = _\_ _\_\- _\_, EEEETRT X x- - (.\. R\. .k\- (-\- \-\- R R R R R
_--‘-/-, --------------------------------------------------------------------
- "- ,-'/’.5‘;_, o 3% Polarization Uncertainty Not Shown
— ’ / oy
L ’ s
| LRSS S S S S S S S S S S S S s s
b ‘ﬁ///////////////////////////////////,.
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S/ 7 //////////é;;;
[ === TMD Evolution r* 7
- S,

-?-% TMD Evolution 722
~ LSS S S S S s,
- LSS S S S S S S s
[ R R N NN PPN LD

Particle jet P [GeV/c]
,)€

* A novel probe of the nucleon’s transversity distribution using EEC
d(EjetZiZh,i)

*  OPEC(6p, ¢pn) =

* Reduces model dependence by integrating over zj, into Mellin moment;

dOpdep

Sin ¢ ° ¢h/hh)

2 i R 69 4R
JA = TF 4 14:40

STAR, arXiv: 2604.15543 [hep-ex]

E E antik,, R_ =0.6,0.0<n_ <09 . —saw
0.05¢ S;I-AR . + E A Jet “Met = E > JAM3D «
_ 0.04 p +p—jet+m +X E r—200 GeV 3 +# TMD Evolution z*
3 0. 03;— — 0.1<z,<08 ;— 43¢y, TMD Evolution 1
0.02f 3 3 \
0.01F o 3
OF--~~------ - 3
E /////// B B il E
0.0 oo Ak 3 3
_0_03§_ 1 P T] ) = 6.9 GeVic 7 (pT’jet) =8.9 GeV/c _
0-08;_ ® 1{-point t+ _ 3% Polarization Uncertainty Not Shown _
0.06F o - -
I ® 1-pointn E F
0.04F FEoo P -
E AN 3 SN F
0.02:— ________ e R 1 } e
0:___________;';';';_-_:.:___ __*________________;';'::_:_:___ CAUR PR e
E s . E L A :
-0.02f v 2 ’ - s
—0.04:— p_l_’jet) =13.1 GeV/c E (pTyjet) =15.2 GeV/c - 7
C PR | N N N PR L L L M PR | N N
0.03 0.1 0.2 03 0.03 0.1 02 0.3 0.03 0.1 0.2 03
On
y
Y
> U
T

e TMD evolution: full TMD evolution using rigorous Sudakov exponentiation;

e JAM3D: Omits full TMD evolution, relying on a simple Gaussian model; collinear parts via DGLAP.
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* Asymmetries can be as larger as about 6% at this kinematic region;

 Two-point asymmetries align with one-point ™ at low jet pr, and are about

Two-Point Energy Energy Correlators

— == JAM3D «

STAR

p'+p - jet+ " + X, Vs =200 GeV

anti-k;, R_ =0.6,0.0<n_<0.9
jet jet
0.1<z,<0.8
o 2-point ntn’
e 1-point n*
7z’

a0
N\

¢,///// 7N
A rrrrrea 1

T R

SIS TS TS S,

B T L LA LR
T it AELLILLLLLLh
Tt ARRIMN RN
B I

twice at high jet pr.
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Theory Calculations on Two Point EEC
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* New theory calculation on the polarized EEC within the dihadron fragmentation framework;

* Data favor the predictions with transversity extractions consistent with Lattice QCD tensor charges.
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Lambda Polarization in Transversely Polarized Proton

STAR, PRD 109 012004 (2024)
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* These results provide insights into the strange quark and anti-quark transversity in the proton;

* The first measurement of the Dy vs. z directly probes the polarized fragmentation functions.
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Lambda Polarization in Un-Polarized Proton
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* First measurement of transverse polarization of A-in-jet at pp 200 GeV; ~ Biec X Bajal

* These results probe polarizing fragmentation function which might contribute to A

spontaneous polarization.
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Outlook

iTPC
-1.5<p<15

[ current data for Collins and Sivers asymmetry:
10
F o COMPASS h*P,; <16 GeV YYYYYYY LAY

F O HERMES =%, K*: P, <1GeV

- JLabHal-A P, <0.45 GeV

| =5 JLab 12

1o °F o STAR500GeV -1 <n <1 Colins
@ [ © STAR200GeV-1<n <1 Collins
O, [ = STARS500GeV 1<n <4 Collins

NO I O STAR 200 GeV 1 <1 < 4 Collins

102k Y STAR W bosons

Year 2022 2024
J5 (GeV) 508 200
L (0b™Y) 432 164

Polarization 51% 55% * Large data sample from 2022 and 2024 under analysis.

* Important detector upgrade in the last few years;
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Summary

e Significant progress towards understanding the internal spin structure

of nucleon at STAR:

e Confirm previous finding of positive gluon polarization inside proton;

* New insights into transversity, Sivers and Collins effect in pp collisions;

* RHIC has conclude its polarized pp and heavy ion collisions:

* Unique transverse spin physics program with recent upgrades is ongoing;

* More results are on the way!!!
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