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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?
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Relativistic Heavy lon Collider (RHIC)

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

Siberian Snakes

<«—— Siberian Snakes

—  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 pC Polarimeters
Strong Helical AGS Snake

GS Internal Polarimeter
200 MeV Polarimeter

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

ICNFP 2024

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

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

1 1
(SP) = S =5A%+AG + (L1 + (L7)

« AL = [(Au+ Ad + As + AU + Ad + AS)dx

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

e AG = [ Ag(x)dx

AOppjet+x = ZJfa(xpQz)fb(xz»Qz)d6a+b—>jet+x(x1:x2;Qz)dx1dx2
ab
* Helicity PDF, Af(x) = * Unpolarized PDF, f(x) =

e e o &

ffre = 7 fr) fm(x)
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Probing the Gluon Helicity at RHIC

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

What we hope to learn

Inclusive Jet A

0.2 <1

e Consistent with 2009 data, which provided first evidence for positive AG for x > 0.05;

0.1 Solid:  Vs=200 GeV

* Improved statistical and systematics uncertainties; Dotted: (52500 GeV
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L 004 = ?015, PRD 103 L091103 (2021)
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0oaf.  * 2012, PRD 100 052005 (2019) Measured by others Calculable
"7 % 2013, this work _ _ _ _
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e Will significantly reduce uncertainty on gluon polarization once included in global fits. Jetx; (=2p /13
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STAR, PRD 103 L091103 (2021)

<010 STAR, Vs = 200 Gev
| ptp = Jet+Jet+ X
| Antik; R=06
L sign(n) = sign(n )
0.05

0.00

| £6.1% (2015) and + 6.5% (2009) scale uncertainty from polarization not shown
| IR RS R S S R |

o0

[ sign(n) # sign(n,)
| 0 STAR 2015, This work
| 2 STAR 2009, PRD 95 (2017) 071103 ...
| - DSsV14
0.05/— = NNPDFpol1.1

0.00

YRR N YO T GO N PR P NN VSN PO Y| [N Y VY VO W [ TSN S (U |

PRI R

0.05 0.10

0.15 0.20 0.25 0.30 0.35

Parton Dijet M,/ Vs

Dijet captures more information from the hard
scattering and provide a more direct link to the

initial kinematics than inclusive probes.
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STAR 2013 @ 510GeV
p+p— Jet + Jet + X
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Impact of the New STAR Results

DSSV, PRL 113, 012001(2014) The RHIC Cold QCD Program, White Paper, arXiv:2302.00605
1 I 1 1 L 1 I L 1 1 Ll ! 1 1 L 1 I 1 1 L Ll I 1 1 1 L I -I 1 I L L I | L L L ! L L L L I LI L L I I. 1 I.I I 1 I-
® T | i [« DSSV08 . DSSV Preliminary]
&0 | L 5% NEW FIT | N | e DSSV14 ! 1
| RO LR | 1 {88 DSSV 14+RHIC 5, -
> L DSSV# ~ (90% C.L. limit contours) ] -
gzé i 90% C.L. region | i L i
< S | a DSSV | i i
92 R N on0- [ B
5 < 7 ! .
I i I =t | _
i i SE ot s -
N : i ) AR -
I 5 ] - E :
- | _ : , _
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I ] 1 05F ) z —
05 - Q*=10GeV”! - - Q=10GeV' ]
-l l L 1L L I | I . | i 1 [l [ ! I [ | [l l [ T A | I- -I 1 I L1 1 1 I L1 1 1 i L1 1 1 I L1 1 1 I L1 1 1 I 1 I-
-0.2 -0.1 -0 0.1 , 02 0.3 -0.2 -0.1 ] -0 0.1 02 03
|| dx Ag
[ dx Ag(x) |
DSSV14. 0.05 DSSV14 + RHIC (<£2022):
1 1
e AG = [} Ag()dx = 0207535 o AG = fo588()dx = 0227553
0.05 _ 0.05
e AG = [, Ag(x)dx = 0.1502 « AG = [j o Ag(x)dx = 0.175535
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TMD Parton Distribution Functions

TMD Handbook, arXiv:2304.03302 [hep-ph]

i Nucleon Spin Quark Spin
X f1(X, k1, S1) Leading Quark TMDPDFs (-~ pn (o= ) Quarcsp

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
, g1=(r - | hiL =D~~~
" Helicity Worm-gear
- -0
fi%l" = (b _ glJ’_I‘ - @ _ é) Transversity
-0.5 0 0.5 -0.5 0 0.5 B @
kx(GeV) kx(GeV) Wormgesr | AT LD~
Ky
* 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
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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).
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Ay for Z% and W= Boson Production

STAR, PLB 854 (2024) 138715

>

- STAR
< 0.4
47

NeLL Bury et al. NLL Bacchetta et al.

0.2

Vs =510 GeV, L=340 pb™

p+p—Z% +X, 2o —e'e
-0.2 ,
73<M,,<114 GeV/c?, pZ <10 GeV/c

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 -
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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)

ICNFP 2024

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

< © STAR jet, _
+ o 0035 piip wjeterax (P =13.3 GeVic
£ 5 0.02F s=200Gev [§ (2)=0.14

Ay tfor m= in Jets

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

[ owpi2013  SESE KPRY: o

T IR

0 045_ STAR =-0.03E Lo DMP42013  =55=== KPRY:w X:>0
' é T —_ i . x - 1
5 b + Z)=0.24
0.02f Vs =200 GeV 003F ° ™ @
0.01E oot : 0.02 "
e e e B Lk e T iy CEPE 0.01
~0.01F ] ‘ e o _
—0.02F ; _; i
_0.03f 7 = hrvax 0.01
O3E ety jet, _ jety _ -0.02
~0.04F (P;)=6.7GeV/c (p,')=9.0 GeV/c L'y =107 Gevrc
E 1 1 N L | . | [

1 L
0085 [N DMP42013: n+ $58%8% KPRY: n*

-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

0.05f T DMP+2013: v 8555 KPRY: o 0.04 (2)=0.35
0.04F ; '
0.02F- 0.02 .

L o e R R - - - —f (PR - - o 0 R
-0.02F ; — . - - P m ............
-0.04f © _0-02:_ XX
-0.06f " T + (p'T°')=17.5 GeV/c + IS 7','\ - s
—0.08;— (p!l',’t Y =13.6 GeV/c 3.2% Scale Uncertainty Not Shown (Pl:t)=22-0 GeV/c ' _0'04:_ 3.2% 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-
. . . . S —y Ph _004:_

* Both assume universality and factorization. = = D C

b jet 107

jT [GeV/c]
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See Yixin Zhang’s talk
27t August, 12:00am, Room 2

Comparison with pp 510 GeV

< ,.04ESTAR Preliminary
& 0035_pf+p jet+ n* + X 0.1<z<0.2
- £ 5 = Xg>0
< - STAR Preliminary < %%21‘5— @ g
&’ C pl+p —jet+ 1+ X = - . *
£ 5004 OF—-----n- - gremmrommmemmn oo S B i -------- -
< - X>0 oo FlO% s g
B -0.02E-
0.02}— gj -0.03E- \s =510 GeV, R=0.5, (p") = 31.9 GeV/c
B % -0.04E- Vs = 200 GeV, R=0.6, (p*') = 13.3 GeV/c
=3 — T
: o -@.c¢ ¢ i E ! .
OF—----- " :'z'g "!f """""""""""""""""""""""""""""""" - 0.04 :— 02<z<03
L » -E.@. o —
- c=h 0.02—
- te t - Fo#
~0.02— & | === T (S S i S s S :
- o xn*510 GeV Preliminary — $
— m « 510 GeV Preliminary ~0.02— ? @)
| o =200 GeV (PRD 106, 072010) UeE $
_0.04— O = 200 GeV (PRD 106, 072010) ooab-
| 1.4%/3.2% Scale Uncertainty Not Shown -
Ceoco b oo o b o b b e b o o o, :
0 0.05 01 0.15 0.2 0.25 0.3 0.04__1.4/(:/3.2& Scale Uncertainty Not Shown 03<2<0.8
Jet x, (2p_/Vs) : #}
T 0.02—
T ; + ot
e The asymmetries agree at 0.06 < x; < 0.2, Q2 differ by a factor of 6; e o S -
. . . . . ~0.02~ w x*510 GeV Preliminary Ce B +
e Collins asymmetry has a weak energy dependence in hadronic collisions; - o 510 GeV Preliminary ?
-0.04— 0 x*200 GeV (PRD 106, 072010)
. : - 200G ,
 zand j; dependences of the Collins FF are closely related. p, 0w 2005V (Prb 1k oo .
107

jT [GeV/c]
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£ —+ :
Ay tor K+-and Proton in Jets
STAR, PRD 106, 072010 (2022)
=~ 0.1E S F [l] F
0 008;_ p' +p—>|et+K +X 3 3
- ggi; s = 200 GeV 3 3
o:ozi—x >0 3 t » T — ## * [] ‘ ¢ * ¢
R T e e B S £ | sk L et R EE S T T e
_o.og;_ b ¢ 3 + # 3 { .[.‘[' ¥
:g:g:; 0.1<2<0.8 ° K T §:<P'et>—133GeV/° : (P}") =13.3 GeV/c
_008;_ leax.I...I...I...I....KI-...I...I ..I.;_..i:rufuiT’.M.alxu...I....I....I....I..-.I.-..I-.E_ I0.1<z<.0.8. 1
0-082_ p'+p —jet+p/p+X ‘ -
0.06F — —
0.042— — + —
ug#? N O Y o ﬁ* --------- S ST T T
00d + p o
-0.06f = P - 3
‘0-08;_ 3% Scale Uncertainty Not Shown 3 =
_04 | EFEPEP BPEPET BPEPEPE BPEPETS EPTEPE AUV EPETEP AUV EPETETE PPETE P oA IS NI AT TN INETAC A A e A EPErErEr C Ml | " " " PR SRR R A |

8 10 12 14 16 18 20 22 24 26 0.1 02 03 04 05 06 0.7 08 10—1

Particle jet P, [GeV/c] z jT [GeV/c] 1

e K™, with contribution from favored fragmentation of u quarks, has similar magnitude of asymmetries to ¥;
« K7, whichis produced by unfavored fragmentation, has asymmetries that are consistent with zero;

* Proton and anti-proton’s asymmetries are all consistent with zero at one sigma level.
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Sin(®g-®g)

0.06

0.04

0.02

Ay ftor Di-hadron Measurement

_ STAR Preliminary 2015 [ Radici et. al. Z L [ Radici et. al., ‘(!5 =500 GeV 1

t o = — @ Run 15. Cone < 0.7 Y, 0.08— —&— STAR 2011, V5 =500 GeV,L_ =25 pb’
L p'+p — «'w +Xat Vs=200GeV un 15, Cone ) i —&— STAR 2017, V5 =510 GeV, L, =350 pb"
— (P, )=525GeV/c &5 i AR 2011 PID Sys.
i —e— Run 06, Cone < 0.3 < i AR 2011 Trig. Bias Sys.
B ( > =6 GeV/e 0.06— ] STAR 2017 Tot Sys.
— or ’ pt+p — a'n +X

\:I Syst. Error B i B

: >0 - <p’;">=13GeV/c, "% >0
- »_H_ 0.04 B STAR Preliminary 2017
- i E ;
i PoSa i é é
— 44 = parton polarization 0.02— # B 8 *
I~ E i, j, k, | = parton flavors = # @
L C : . #
[T e X 0— ) o
— + 3% scale uncertainty fll-om beam polarization (ll()t s]:own) I +1.4% (STAR 2017), +45% (STAR 2011) scale uncertanity from beam polarization (not shown)

1 1 l 1 1 1 I 1 1 1 I 1 1 1 1 1 1 | 1 1 1 I 1 1 I 1 [~

04 0.6 08 1 12 14 16 18 o e b e e oy
i‘n ™ (GeV/c) 0.5 1 15 2 25

dAG ML"(GeV/c?)
doyr o j dxadxyh (v0)fs (25) = Hi (2, M)

* Spin dependent di-hadron correlations probe collinear quark transver5|ty coupled to the interference
fragmentation function;

* Theoretical expectations from fits to existing SIDIS and e*e ™ data, assuming the universality hold.
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See Xilin Liang’s talk
27t August, 11:00am, Room 2

Outlook

iTPC
-1.5<n<1.5

Mid Rapidity Forward R

<n<

& -1.5<n<1.5
Z8

Physics Topics:

1 Physics Topics:

Improve statistical precisi » TMD measurements at high x

*  Transversity, Collins;

» Sivers effect in dijetand W/Z
*  Sivers through DY and jets

UPC J/W GPD at forward rapidity;
Nuclear PDFs and FF;

Transversity and IFF;

[ current data for Collins and Sivers asymmetry:
10
F ® COMPASS h*:P,;<1.6GeV

[ O HERMES x°* K“: P, <1GeV

[ ¥ JLabHall-A =" P, <0.45 GeV

[ =< JLab12

C10°E o STAR500GeV -1 <n < 1 Collins
® [ © STAR200GeV-1<n<1 Colins
O, [ = STAR500GeV 1 <1 <4 Collins

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

102} Y STAR W bosons

Rpa for direct photons and DY;
» Diffractive studies for spatial

YV V VYV V

Gluon Saturation through di-
imaging of nucleon;
hadrons, y-Jets, di-jets.

> GPD E, through UPCJ/W;

All of these measurements are critical to the

> Nuclear PDF and fragmentation scientific success of EIC to test universality and

function. factorization.

* Large p+p 508 GeV sample from 2022 under analyses;

* Large p+p 200 GeV data taking ongoing now.
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P4
Summary ;,,%}5
it
e Significant progress towards understanding the internal spin structure
of nucleon at STAR:

* Confirm the previous finding of positive gluon polarization inside proton;

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

* RHIC will conclude the polarized pp collisions this year:

* Longitudinal spin program has few remaining results to be published soon;

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