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Cold QCD at RHIC

What is the nature of the spin of the proton?
* Gluon polarization

* Sea quark polarization

 What do transverse spin phenomena teach us about the
proton structure?

 How can we describe the multi-dimensional landscape of
nucleons and nuclei?

 How do quarks and gluons hadronize into final state particles?

RHIC Spin Plan for 2024 to 2028: Completing the RHIC Science Mission



Integrated polarized proton luminosity L [pb-]
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The Relativistic Heavy lon Collider

S 103000
Syy = 200 — 510 GeV

Hydrogen Jet Carbon Polarimet
Polari t arpon rolarimeters
* September 30: o e,
. . Siberi
RHIC Run 24 is concluding as we speak o

Snakes

* Delivered luminosities as per last Tuesday S
(RHIC Run Coordinator Kiel Hock)

(s)PHENIX

Siberian

Snakes
FY24 Delivered FoM to STAR FY24 Delivered Luminosity to sPHENIX
100 GeV p~ x 100 GeV p~ 100 GeV p~ x 100 GeV p~
1607 —+— STAR Integrated FoM P2 —+— sPHENIX Integrated Lumi — otators
— - STAR FoM Projected L s Ve — - Lumi Projected Lpmin - ~
1401 — . STAR FoM Projected L max P - 5001 — - Lumi Projected Lmax - Rotators

g™ T 7

A P ~ S o Booster
£ 100 —~ o

- -1 — 3

H - - £

5 504 ~ -~ H

2 =

w °

= 2 100
2 & g

H )

é £

AGS
Polarimeter

through fill 35130: "09/24/2024"
0.0 2.5 5.0 7.5 100 125 15.0 175 20.0
Weeks in Physics




PHENIX STAR
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sPHENIX

-11<n<11
Precision tracking
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Helicity Measurements

* Double helicity asymmetries in proton collisions

Subprocess Fraction
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Polarized Gluons in the Proton
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Polarized Gluons in the Proton
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o Transverse Spin Effects
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Transverse Spin Effects
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Polarization Effects in Nucleons / Partons

Leading twist transverse momentum dependent (TMD) parton distribution functions
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Initial and Final State Effects

Sivers function fit

quark transversity hy
& Collins fragmentation function Hi-

Q) interference fragmentation Hf
gluon linear polarization hlg

& Collins-like fragmentation HiL’g
quark-gluon correlator Ty, ¢
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Initial and Final State Effects
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e B4+p, B+AL D+ Au-syy = 200 GeV

Inclusive Measurements

Sensitive to gluon TG(f’d)

Midrapidity pions:

very high precision, consistent with zero

charged pions limited by trigger efficiency

Phys. Rev. D103 (2018) 052009
Phys. Rev. D103 (2021) 052009
Phys. Rev. D105 (2022) 032003

Indication of charge dependence

Heavy flavor

inclusive muons, 1.2 <n < 2.2
midrapidity electrons

Phys. Rev. D95 (2017)112001
arxiv:2204.12899
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RHICT Experiment

Longitudinally segmented calorimeter for n, y,

and 1t° reconstruction
n > 6.0,+/s = 510 GeV

Low luminosity with radial polarization

On-going analysis in combination with other

STAR detectors
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Interference Fragmentation Functions

Dipion correlation at mid-rapidity
Improved statistics at 200 and 510 GeV

Measurement of cross section (200 GeV) for
model-independent extraction of transversity
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Direct Photons

Phys. Rev. Lett. 127 (2021) 162001
* First measurement from PHENIX 0.02

- pl+p = y°+X, s =200 GeV, |<0.35

* Constrains twist-3 ETQS function - PHENIX
« Dominated by ggg correlator 001
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0._

e Related to Sivers-TMD
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e Larger asymmetries expected at forward rapidity

-0.01 5 ggg Contrlbutl?n Modlel 2, mlnfmax |
5 6 7 8 9 10 1 1 12
| | P; [GeV/c]
2 L q
0 ]
fl#q: Sivers TMD function oo
Ty r: Efremov-Teryaev-Qiu-Sterman correlator
, < _0.04 —
<
-0.06 —
~0.08 PRL 110, 232301 (2013)
0.1 | \ | \ |
0.2 0.3 0.4 0.5 0.6

XF



Fundamental Test of QCD Framework

Test universality of ’ Drell-Yan
Sivers effect < oo

SIDIS vs. Drell-Yan 01 Gamberg, Kang, Prokudin

PRL 110, 232301 (2013)
with HERMES data
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19 W -Boson Production in pT + v

e Test of universality of Sivers effect & [STAR
W b d 0‘4;?¢-z° NLL Bury etal. ~ NLL Bacchetta et al.
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° 1 i
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Unpolarized TMDs

p+p->Z°—oet+e”

Experimentally very clean
Differential cross section input for global analyses
STAR: 0.1 < x < 0.3
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Sivers Asymmetries in Dijets

e Correlation between proton spin and parton k

* Enhance quark flavor with charge tagging

* Track pr weighted charge

* Unfolded to parton (k)

* More data on disk, v/s = 510 GeV
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Hadrons in Jets

i hT G, k) fy, G k) 8yr (3,8, WADE, (2, jr)

Two scales for TMD measurement

* pr of jet
* jr of hadronin jet
Phys. Rev. D 106, 072010 (2022)

Multidimensional binning
pT'jT:Z
Separate asymmetries for
mt, K*,p/p

More data on disk
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Transverse Spin at Forward Rapidities

0.02

AUT
0.015

Electromagnetic jets with forward calorimeter

e 1%injet

- 2.9< N, <38,27< 1, <4.0

C STAR p'+p->EMjet+ n%+X
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C Jetp_>2 GeVic 4 500Gev

2 8 < n < 4 0 0'015 3.0/3.4% beam pol. scale uncertainty not shown
0.005—
Phys. Rev. D103 (2021) 92009 - .
o— -
Collins asymmetries are very small. - 7
-0.005—
Jet asymmetries are small and consistent with - [JTheoy200Gev  {. jTheory(Evo.) 200 GeV
) -0.01 Thelory500 Gel\l i ;"I'heory(Evo.I) 500 GevI
previous results 03 04 05 'o.ge' o7 e
Significant impact on Sivers function in global
fit: : _
0.04— STAR p'+p->EM-jet+X 4 200 GeV 0.04f
Phys. Lett. B 815, 136135 (2021) Ay - detaigorthm:amek 07 200 GeV Mullplciy-2 :
0.03— p1">2f.'ieWc + e L = 003
. . . . =t 500 GeV Multiplicity>2 -
Studies of possible diffractive - 29<n"<38 + ADY 500GV SS0nf
. . . 0.02— 3.0/3.4% beam pol. scale uncertainty not shown bt 11 )
contributions to transverse spin :

0.01

asymmetries

Comparison with

Z. Kang et al., PLB 774, 635 (2017)

L. Gamberg et al., PRL 110, 232301 (2013)
J. Cammarota et al., arxiv:2002.08384

0.00 F

T SIDIS
T B SIDIS+et, COLCPM

0.00

[ | Theory 200 GeV

= —00o1fF

9 6 .
> | 4[] Theory 500 GeV == —omf
S 4f i . < 8
—~ A A . . [ ] S —0.03f
.9,-'_ 2l Ar at e ® g ¢ C
] P ] PR R S T S ST TS S N N —0.04 E
0.1 0.2 0.3 0.4 0.5 0.6

SIDIS
EE BN SIDIStjet, CGI-GPM

“”[II)IL Lo =3 ..!_.[::l Lo

r I



Transverse Spin in Diffractive Processes

e Strong multiplicity dependence of transverse spin asymmetry of em-

jets at forward rapidities
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A Transverse Spin Transfer

- X
So far consistent with zero l m H
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X LM A

More data on disk ~0.05
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J/psi Production in UPC

 Photoproduction with polarized protons AL /“\ large photon flux o Z *
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Future Measurements

p' + p(Au) — jet + 1 + X
¢ Had ron in jet = L& p+p, ¥s = 200 GeV (Preliminary 2012}

| p+p. Vs = 200 GeV (proj. stat. 2012+2015)

Au, Vs = 200 GeV (proj. stat. 2015)
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Future Measurements

Suggested large spin dependent effects in quark fragmentation

e Collinear quark-gluon-quark correlators

* Flavor dependence

e Evolution effects of ETQS distribution functions

Test origin of large transverse asymmetries

* Compare direct photons and jets

l(z
_f dsz_ %ffi‘q(x; ka_) — Tq,F(xr x)

* Cancellation of u & d quark Sivers

Hyy(z,2;)

e Bias from high-z charged pion
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Summary

* RHIC data at mid- and forward rapidity has made significant impact on our understanding of

* the gluon polarization,
* the sea quark polarization, and
e transverse spin effects.

* Many exciting results are expected to come from data already on disk (200 GeV, 508 GeV).

 Measurements are complementary to and will inform experimental requirements for the future EIC.
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