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Proton spin structure
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Probe proton spin with polarized DIS

« Measure deep-inelastic scattering with polarized electrons or muons off
polarized protons

« Difference in cross section for like vs. unlike helicity beams provides
Information about spin orientations of the quarks inside the polarized proton
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Proton crisis!

EMC, PLB 206, 364 1988
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European Muon Collaboration at CERN 0.03

160 GeV muon beam 0

* First measurement over a broad kinematic region was performed by
the European Muon Collaboration in the mid-'80s

« Found that quarks contribute only (14 + 9 + 21)% of the proton spin



Since EMC
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Many subsequent measurements
Results are well described by “global analyses™ that find best-fit polarized PDF

Polarization of u + # and d + d quarks well determined
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DSSV, PRD 80, 034030 (2009)
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— Individual u, 1, d, d polarizations have much larger uncertainty
Only ~30% of the proton spin arises from quarks and antiquarks
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What about gluons?
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Motivation of RHIC spin

If gluons really carry the bulk of nucleon’s spin, why not use polarized
proton? (known by then to be predominantly made of gluons!)

Why A2 (quark + anti-quark’s spin) small? Are quark and antiquark spins
anti-aligned? Polarized p+p at high energy, through W+/- production could

address this

A severe need for investigations of the surprising transverse spin effects
was naturally possible and needed with the proposed polarized p+p

collider...



Prospects for RHIC Spin Physics in 2000

Jet production W+ production
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Polarized RHIC

Absolute Polarimeter (H? jet)\ pC Polarimeters
PHOBOS m—— < BRAHMS

Accelerate polarized S
protons with Siberian

Snakes < PHENIX
SPHENIX for now
\ ~

Siberian Snakes
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Spin flipper

Manipulate spin direction
with spin rotator

Spin Rotators
(longitudinal polarization) — Spin Rotators

(longitudinal polarization)

5.9% Helical Partial Siberian Snake

7 s
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



STAR detector overview
Time Projection Chamber

BEMC B - charged track momentum msmt

1<% R L“‘ =y : - particle identification dE/dx,
[Himin= - vertex reconstruction

- coverage |n| <1

TOF
[N < #

Time of Flight detector
- particle identification
- coverage |n| <1

Magnet L | &g = Barrel and Endcap E.M. Cal.

SN 2 “ - towers and Shower Maximum Det.
- neutral EM energy measurement,
- trigger (towers, patches of towers)
- coverage |n| < 1and 1<n < 2

o Only running detector
at RHIC in 2017-2022
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PHENIX Detector Overview

Sl Central arms Vertex Tracker

M
PH ENIX |n|<0.35 Inl<1.2 1_;3{;?:?_2

High resolution
High rate

Forward Vertex Tracker
1<|n|<3

Up through 2016, upgraded to sPHENIX
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SPHENIX Detector Overview

« Large acceptance

« High DAQ rate

« Excellent momentum
resolution

« Hadronic and EM
calorimetry

Outer HCAL
SC Magnet
Inner HCAL

EMCAL
TPC

INTT
MVTX
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RHIC spin data accumulation

Integrated polarized proton luminosity L [pb-]
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2012 P=52%

2022 P=50%
(Lpeak limited
by STAR)

2017 P=53%
(Lpeak limited
by STAR)

2013 P=53%

— &0,
ZOISP .SSA) 2009 P=34%

2012 P=59%

-
o
- - - -

2003 \P=34%

2011 P=48% 2006 P=55%
2009 P= 56%/2005 P=47%
/

6 8 10 12 14 16 18
Time [weeks in physics]

20

Year Vs (GeV) L (pb?) <P> (%)
000 D0 gs
oo BB
Long 2011 500 12 48
2012 510 82 56
2013 510 256 56
2015 200 52 53
006 S0 ga
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
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Probe gluon polarization

Abundant yields of = and jets at RHIC

Sub-processes directly sensitive to gluon
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Constrain gluon helicity-dependent PDFs

scattering gluon elastic scattering
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Yes, gluon spin does contribute!

STAR, PRL115 (2015) 092002

0.07
0.06
0.05
0.04

=
=0.03

0.02F
0.01

-0.01—

STAR 2009
p+p — Jet+X
's=200 GeV

0.07
0.06
0.05
0.04F-
£ 0.03
0.02F
0.01f

"0101:—

+6.5% scale uncertainty
from polarization not shown

q0 15 20 25
Parton Jet P, (GeV/c)

T35

DSSV, PRL113 (2014) 012001

0.8

0.6

NNPDF, NPB887 (2014) 276

xAg(x,Q?=10 GeV?) =

_I I L I T T | T LI I LI I LI I ]
= %% NEW FIT _
<] 90% C.L. region :

x [ ZmZDSSv: |
Oz T 90% C.L. region' iy
s : 4

s [ a DSSV ]
05+ —
0 ERARRRRRRR - o —
05 Q*=10GeV?. y
1 I 11 1 | I 11 11 | 1 11 1 I 11 1 1 I 11 1 1 I

-0.2 -0.1 -0 01 (TZ 0.3

dx Ag(x

0{)5 g(x)

-0.8/~ [ ] NNPDFpol1.1

1; [ ]1DSSV08 Ax*=1
I — positivity bound

-1.2

10° 10?

1 | Ll
10 1

* First evidence of non-zero contributions
from gluon spin at Q2~10 GeV?
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A big wave of precision results

STAR, PRD 105, 092011 (2022)
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STAR di-jet preliminary results
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Longitudinal data taking concluded at RHIC, PHENIX and STAR released the full statistics results.

16



A big wave of precision results
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The RHIC Cold QCD Program,
White Paper, arXiv:2302.00605
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Flavor separation with W boson

Elegant way to study proton spin-flavor structure:

- W boson selects quarks/antiquarks with specific helicity.

- W bosons are measured via leptonic decay.

s
p =+ i(~=} : : :
[ Parity violating
single-spin asymmetry:
6T —o0
5

A, =
Vv L ot + o0~
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Impact of W results

STAR, PRD99, 051102 (2019)

AL = + -
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- Now we know: Al > 0 and Ad < 0

- The flavor asymmetry Ati — Ad similar size but opposite sign to the unpolarized case.
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Strange guarks polarization via Lambda spin transfer

STAR, PRD109, 012004 (2024)

Spin transfer:
= A2009+2015 O< nA(K)<1.2

005 & 2009+ 2015 DA = do(p™p - A™X) —do(p™p - A°X) _ dAc™
E Y™ do(ptp - A*X) + do(ptp - A-X)  do?

3 ol-.h®

Q YL

_0.053_ o dAc™ =) JdxadxbdzAﬁl(xa)ﬁ,(xb)Ao(ab — cd)ADA(z)
L Polarized PDFs Polarized FFs

0.05F

Sl ﬁ Access polarized FFs and PDFs of strange quarks
- —— DSV A + A scen.1

_005~ '~ DSVA+Ascen2 » Final state polarization accessible via weak decay
r ----DSV A + A scen.3 (b)
T . « Lambda’s spin is expected to be carried mostly by its

P am (GeVic) constituent strange quark

See Yi Yu’s talk
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Another longstanding spin puzzle

LEFT 100GeY Transverse single spin asymmetry:

Ny O
Ly T Proton NL . NR

- 1
Y7 Np+ Ng

Proton

Transverse spin effect expected to be small at high energies...

--- but FNAL came with a big surprise: it is very large!
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Remains mystery after 40+ years

RHIC Cold QCD plan, arXiv: 1602.03922

= [ + = | B = | ﬂ
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0.4 0.2~ 9 PHENIX, ¥z = 62.4 GeV

-02

= E704, {5 = 22 GeV [ L |« STAR, V& =200 GeV
| @ BRAHMS, = =624 GeV i . "}. .} " L & STAR, Vs = 200 GeV, <>=1.5
oal ® BRAHMS, V= = 200 GeV ol § 045 © PHENIX, & = 200 GeV, <n>=0.
l ' ] STAR, V& = 500 GeV
0.2 ﬁ } + n & %

T

A T

[ . 4, iﬂ L 4 AGS, V5 =6.6 GeV {
. oi* - W E704, Vs =22 GeV ! a
ol b _04l. ® BRAHMS, vs =62.4 GeV ol m} T i a
I | s BRAHMS, ¥s = 200 GeV I '[ j’
C | | 1 | | | | B | 1 1 1 | 11 1 | 11 1 | 11 | 11 C | 11 1 1 1 | 11 | | 11 1 | 1
0 0.2 0.4 06 0.8 0 02 0.4 0.6 0.8 0 02 0.4 0.6 0.8
Xg Xg Xg

Large asymmetry over a very wide range (\s: 4.9 GeV to 500 GeV)
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Possible origins

Sivers effect Collins effect

Sp

transversity

O

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 A, — Sivers

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

. ?TAR 2017 data . - — . <2 - STAR
< 08 :_ p+p > W @ Vs =510 GeV AR < 08 :_ + 1.4% polarization uncertainty not shown 2 0'45_—0-20 5 NLL Bury et al. il L Bl
0.6f L;=350 pb" aLs 1nary 0.6F- 3
C Qfe\‘m\ i C - 0.2k .
04 04 - o
02F . 02F - E [{]
0 - B :‘:‘E‘:‘.’f‘.’f __________ 0 - w ik 0 o S
C ¥ é - C s =510 GeV, L=340 pb*
—0.2:— —0.2:— "Y AR o 22 p+p—2Z%y +X, 2y »e'e
-04F -04F S \ ﬁ"‘n‘&ﬁ e ?73<M,m<114 GeV/c?, 0.5 <p? <10 GeVic
06 :_ L. Adamczyk et al. (STAR), PRL 116 (2016) 132301 —0.6:— ?{3 \} j pl:o>25 GeVie, In*PI<t
[ S Bury, Prokudin, Viadimirov, PRL 126 (2021)112002 C ~0.41= 1.4% beam pol. uncertainty not shown
—0’8?“..1...17..1...1...|...|(..).|...|. —0'8;|...1.,.1...|...|...|...|...|...|. :}‘.,1‘p‘..1,,'.‘m“.m,ulu..
-08 -06 -04 02 0 02 04 06 08 -08 -06 -04 -02 0 02 04 06 08 -5 -1 05 0 0.5 1 1.5
yW,reco yW,reco yZ0

« 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

0.5--a) | STAR 2012+2015 p-p 200 GeV * ot‘t:gg:';g
g 01— " 0" tagging C
S _ E ﬂ | + -tagging F STAR 201242015 p-p 200 GeV -+ u-quark
pro ton g’ 0'055 ”*PITL T | i 150 — +z & -z beam combined : glnl:‘c:;::ea
o> E “ + : . dijetp > 6 GeV/e & 4 GeV/e — statuncert.
e 005 % ) ) 100— [Jsyst.uncert.
k T 4).1;— (average) -

50—
-0.15 -

if

b) +z&zb am c mb ed

(k) MeV]

=
TTTTT

20 — stat.uncert. $
‘\ ‘ C o dijetp,> 6 GeVie & 4 GeV,
= uncert.

;) : 1ok j+ [CJsyst.uncert .
ppro ton g l + T + —502— $
E 1 b & T + B (average)
10 LT ' -100—
e (average) o | 3 2/ bea polarz atmn uncermm m)l shown

(k_) [MeV/c]

T
=
T

—20;_ 3.2% be amp olarization uncertainty not shown
3 2 4 0 1 2 3 4
ntotal

.._. _2 _1 4\‘

Spin-dependent dijet opening angle sensitive to Sivers
» First observation of non-zero Sivers asymmetries in dijet production
In polarized p+p collisions

25



Forward Ay ¥, EM-jet

STAR, PRD 103, 092009 (2021)

0.25
A | STAR P +p> 14X ¢ Isolated n° 200 GeV 004 STAR p' +p->EM-jet + X % 200 GeV
N E 2 GeV 4+ Isolated 7° 500 GeV E i
0.2[—P; > 2 GeVic »  Non-isolated 7° 200 GeV Ay - Jetalgorithm: anti-k_R=0.7 b 200 geV Multiplicity>2
- ¥ ) L o 500 GeV =
- 27<n<40 4 Non-isolated n° 500 GeV 0.03— Py'>2GeVic } 500 Gov Multiplicity>2 2 0F on <=2 P+p'@200 GeV
0.15[—3,0/3.4% beam pol. scale uncertainty not shown C 29<1”<38 + ADY 500 GeV < F en =3 15 GeV < E-"*'¢ 100 GeV
- 0.02— 3.0/3.4% beam pol. scale uncertainty not shown 0.04 on>=4 28¢< T]EM'le'< 3.8
= []Theory 200 GeV C ¢ - ' EM-jet
0.1 ] Theory 500 GeV = ’T ‘ .65 :_ pEYt> 2.0 GeVie
—~ TF ., HE o
005 o o . ] : . ® = * ¥ P
—5 L.[O 0.02F =
E « o
0 ‘ B e e
; L o [ . o o IR B M. . 001._— + " - E
- 5F T o || Theory 200 GeVv o - STAR Preliminary
-~ C > H O [ O """"""""""""""""""""""""""""""""
3 4r 8 4 E M 'J et ‘ |:| Theory 500 GeV 2 % i l i 3.0% polan'za{ion scale uncellfainty not show111
: C e - A L L = - - ~ - - - - - - - ~ - - - - - - - - -
S ) = aah o« o o o ° 0.2 0.3 0.4 0.5 0.6 0.7
- 3 8 . ‘ . o Q Ad s °* X
O . e F
— [T S S N TR TR SN NN S TR TN SN NN TR TN SO SN NN SRR SR SO SO N ST
2 E o e 0.1 0.2 0.3 0.4 0.5 0.6
0.2 0.3 0.4 0.5 0.6 X
X F
F

Ay With forward EM-jets and z° 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 (2022), 072010 STAR, SPIN2023
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 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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Di-hadron correlations — Transversity + IFF
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« Spin dependent di-hadron correlations from p+p probe collinear quark transversity

couple to the interference fragmentation function

* Ayt is enhanced around M{f;,”_~ 0.8 GeV, consistent with the previous measurement

« Significant A in the forward region, where is h; expected to be sizable.
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Lambda transverse spin transfer — Transversity + FFs

STAR, PRD109, 012004 (2024) Transverse spin transfer:
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The results are consistent with model « Lambda’s spin is expected to be carried mostly

calculations within uncertainties. by its constituent strange quark
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Polarizing fragmentation function
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Access polarizing fragmentation functions (FF) via polarization of Lambda-in-jet

* Indication of negative transverse polarization at large z and low jet p-
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Rich physics with unp

 d/u with W* cross section ratio
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* Gluon PDF with Jet cross section

Inclusive jet cross section
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Nonlinear gluon effects via
A-dependent di-° correlation
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STAR forward upgrade

STAR Forward Upgrade: 2.5<n<4 ECal

detector pp and pA AA
ECal ~10%NE ~20%NE
HCal ~50%/VE+10%

charge separation 0.2<p.<2 GeV/c

Tracking photon suppression  with 20-30% 1/p;

« Successful RHIC spin run in 2022 and 2024 with STAR forward upgrade.
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Summary

RHIC spin operation just concluded (Sep 30)

RHIC is making significant contributions to three poorly constrained
pieces of the spin puzzle

— Gluon polarization AG >0
— Flavor-separated quark and anti-quark polarizations Au > Ad

— Transverse program in progress: existing data being published/analyzed,
stay tuned

Yuji Goto’s talk

Next generation: polarized Electron lon Collider Yuxiang Zhao's talk
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Summary

RHIC spin operation just concluded (Sep 30)

RHIC is making significant contributions to three poorly constrained
pieces of the spin puzzle

— Gluon polarization AG >0
— Flavor-separated quark and anti-quark polarizations Au > Ad

— Transverse program in progress: existing data being published/analyzed,
stay tuned

Yuji Goto’s talk

Next generation: polarized Electron lon Collider Yuxiang Zhao's talk

Thank you for your attention!
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