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SPIN PHYSICS PROGRAM AT RHIC

Goals:

 Using spin as a unique probe to unravel the internal structure of the proton
» Understanding QCD processes in cold nuclear matter

Questions:
1 1
S = 5 = §AZ+AG+LQ+LG

* How do gluons contribute to the proton spin?

« What is the landscape of the (un)polarized quark-sea
in the nucleon?

« What do transverse-spin phenomena teach us about
the structure of the nucleon and nucleus and properties of QCD?

* What is the initial state in nuclear collisions?
Probing the cold nuclear matter via strong interactions in pA and pp collisions

Cold-QCD Highlights: See talks on 06/08 by B. Mulilo (9:00 AM), H. Menjo (9:25), X. Chu (9:50 AM)
Future Cold-QCD prospects with pp and pA: See talks on 06/08 by J. Huang (10:55), T. Lin (11:20)
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GLUON HELICITY
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GLUON HELICITY

P+ p — jet/dijet /hadrons + X
0~ =-Q= A, O+ 04— EA®Afy®0aiL ®D

LL ~
: _VerSl_’S : : 0'_|__|_—|—0'_|__ Zfa®fb®0'®D
LO for illustration

* At RHIC energies: sensitivity to qg and gg - Access to Ag(x)/g(x)
» Cross-section measurement to support the NLO pQCD interpretation of asymmetries

PRL 113 (2014) 1, 012001

= IBREARRRRRE ! ! 7 STARinclusive jet A from 2009 data at Vs = 200 GeV
3 [ NEwET 1 PRL115(2015)9, 092002
X [ omopssve 1 Included in global pQCD analysis provided evidence for
g'__,g 90% C.L. regionj : o e o o 2 =
§—3 . BT . positive gluon polarization for x > 0.05 at Q2= 10 GeV
05 : .
S
e Low-x range
_ ey Extend sensitivity to smaller x:
o -“ ”_\‘ . F d d
: . o E orward rapidity x, o< exp(—n)
= « Vs=510 GeV data z, 1/\/?5)
o5k q2_ 3 i :
- Q =10GeV | | | g High-x range
02 01 0 —TT———ea— 03 Further precision from:
[ dx Ag(x) — * Jetand neutral pion probes
0:05 * Complementary probes (dijets)
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INCLUSIVE JETS AT 200 GEV

Towards higher precision at x > 0.05

New result on jet and dijet A from STAR from 2015 data

0.06 — STAR, Vs =200 GeV » Consistent with 2009 data, which
- p+p > Jet+ X provided first evidence for
- Anti-k; R=0.6, Inl <1 positive gluon polarization for
004 0 STAR 2015, This work d | x> 0.05
s _A Sggsffog, PhL- 1124012 09e002 Al L] * Twice larger figure-of-merit (LP?)
<:j " < NNPDFpol1.i skl with improved systematics
0.02 | » Will significantly reduce
il uncertainty on Ag(x) for x > 0.05
, once included in global fits
Rel. Lumi. Sys.
i _ 2015 2009
000 ] -]} el s ewaa para w R = = = = ===

— +6.1% (2015) and + 6.5% (2009) scale uncertainty from polarization not shown

1 | 1 1 | 1 ] 1 ] | | 1 | ] I | 1 | 1 | 1 | 1 I | 1 | 1 | | | 1 | 1

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Parton Jet x; = 2p_/Vs

The most precise dataset likely to conclude the 200 GeV longitudinal spin program with jets
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DIJETS AT 200 GEV

Towards higher precision at x > 0.05

STAR, Phys. Rev. D 103, L091103 (2021)
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Dijets give stricter constraints to underlying partonic kinematics

« Better constraints on functional form of Ag(x) - narrow ranges of initial state partonic momentum tested
* More-forward production - lower x (down to 0.01 with STAR Endcap PRD 98 (2018), 032011)
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X, - likely gluon, x, - likely quark
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CENTRAL 1, JETS, AND PHOTONS AT 510 GEV

Towards smaller x and complementary probes
PHENIX PRD 102 (2020) 032001

STAR, PRD 100 (2019), 052005
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PHENIX, DIS2021
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+ Isolated direct photon A

L p+p Vs=

510 GeV, | < 0.25

| 3.9e-4 shift uncertainty from
| relative luminosity not included

| 6.6% scale uncertainty from
| polarization not included

PHENIX
prellmlnary

H++ [Doavie
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Higher Vs pushes sensitivity to lower x (down to ~ 0.004 with STAR Endcap dijets at 510 GeV)
» Consistent results from both energies and both experiments
« Pion A  ordering connected to the gluon polarization sign

» Direct photon sensitive to gq — yqg LO process; clean access to Ag(x) (no hadronization)

- Further precision with jet A, from Run 2013 data at Vs = 510 GeV - x 3.5 statistics w.r.t. Run 2012
and dijets with Endcap from Run 2015 - x 2 statistics w.r.t Run 2009

RHIC concluded the data taking with longitudinally polarized protons in 2015
The data are anticipated to provide the most precise insights in Ag(x) well into the future
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QUARK-SEA DISTRIBUTIONS
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SEA-QUARK HELICITIES

Single spin asymmetry and cross sections for W production

Xy X,

@ @ T =@ @

@ @ 4 =@ —@—

+ o
AV (yw) x —

AY (yw)

LO for illustration

ﬁ(fﬁl)d(fﬂg)

Separation of quark flavor

« W*W): predominantly u(d) and d(u)

Maximal parity violation

* W couples to left-handed particles or right-
handed antiparticles

The decay process is calculable

* Free from fragmentation function

Access both to sea and valence quarks
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W+~ and Z cross section

« Agreement between theory and experiment

« Support for the NLO pQCD interpretation of
asymmetry measurements
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QUARK HELICITIES

Single spin asymmetry for W production at STAR
PHENIX, PRD 98 (2018), 032007 STAR, PRD RC 99 (2019), 051102
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* STAR A[(PRL 113 (2014) 072301) 2
------ DSSV E;>25 GeV

- (}‘ i
- w -
T Q2= 10 (GeVic)?
L -0.02—
& STAR 2011-2013 [ EEaEs NNPDFpol1.1
- T BS15 CHE NLO _0.04— 5% NNPDFpoll.lrw
B © DSSV14 CHE NLO : ‘
B NNPDFpoll.1 - DSSV14 RHICBOS 2 1
-~ GRSV STD [ 1 B % K
-0.5 - DSSV == DSSV06 -'- DSSV0.5 1 [ @ s NNPDFpol1.1 CHE NLO & = X
il ] - 4434 NNPDFpol1.1rw CHE NLO
fezet 1 3.3% beam pol scale uncertainty not shown
. 1 () 1 1 1 1 1 ] -_']-7_ | I L I | 1 L | I L
R ) -1 0 1 2 -1 0 1
n

n
Covered lepton n: 0.05 < x, < 0.25

 Full available data set analyzed 2011- 2013 data (300 pb-") - most precise data to date
* First evidence for a polarized flavor asymmetry
 Significant preference for Au over Ad

— Opposite to the spin-averaged quark-sea distributions

Evaluations from DSSV and NNPDF agree with data in sea and valence quark region
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UNPOLARIZED SEA-QUARK DISTRIBUTIONS

Cross-section ratio for W production

Sensitivity to the unpolarized d(x)/u(x) quark distribution

12

~ STAR Preliminary

10  P*P s =510 GeV, L = 350 pb"’
- 25 GeV < E5 < 50 GeV

—— STAR 2017 prel.
—+— STAR 2011+2012+2013
-~ CT14 NLO (FEWZ): 90% CL
-~ NNPDF 3.1 NLO (FEWZ)
- MMHT 2014 NLO (FEWZ)
CJ15 NLO (FEWZ)

8 I~ W BS15 (CHE)
i W —ev JAM19 (FEWZ)
-3—303 - > e Y
;‘ + 6 | '
=b; :

4 -

2 -

0

1.5 -1

N WA 0100 N oo

STAR, DNP 2020

W*/W- cross section ratio at STAR complementary to the Drell-Yan data
- Data cover overlapping region of ~0.1 <x<~0.3, |[n_| <1 at higher Q?=M,?

» Cross sections ratio measured vs the decay lepton n and the W rapidity (from recoil)

C p+p — WX — e*+X —+— STARprel. [ L=360pb"

- [ systematic'uncertainty

- [ MCFM-CT10

- [ CT14 NLO (FEWZ)

— (s=500/510 GeV NNPDF 3.1 NLO (FEWZ)

A N RHICBOS-BBS

— RHICBOS-CT10

: 3] & eI @ —

E--""'--..........:::-...'.:'.'.'.'.'.'.'.:'.u“'.‘.'.'.'.'.'.-.-.'._.. --------------

E | |

-0.5 0 0.5

yW

Will provide insights into unpolarized light quark distributions d(x) and u(x) at x > 0.05
Further opportunities with run 2022 at 510 GeV: x 2 statistics
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SIVERS FUNCTION
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ASYMMETRY FOR W*- AND Z PRODUCTION

Sivers function - describes correlation between Sproton y
parton’s transverse momentum inside the proton X
with proton transverse spin (initial state TMD) ET
z
= . —> = &
(Sproton (pproton X kT)) 0 —
pproton

Test of nonuniversality of Sivers function: Sivers_. = - Sivers and TMD evolution effects

DY/W/Z
STAR, RAUM 2021 STAR, RAUM 2021 STAR, RAUM 2021
Z n Z " . - Z Ui
< 0.8 p+p — W@ {s=510GeV Y 0.8F + 1.4% polarization uncertainty not shown <0 42 STAR preliminary p+p 510 GeV (L = 340 pb'1)
C L — 0
0.6F L;,=350 pb" 0.6F “*0.5<PZ <10 GeVie
04F ﬁﬂn 04 0-3;_
021 02F W 0.2
0F : of ; : 0.1
—02F 4 —02F ¢ | AR R A S S St
: L. Ad k et al. (STAR), PRL 116 {2016) 132301 _0‘4;_ ﬁﬂﬁ (eY\ﬁ‘lmaﬂ _01;_
. Adamczyk et al. [ 1, {2018) ~06 :_ p _0 2:_ _+_ z° i |"’ I_
- Blury, Prollcudin. \.I'Ialdirniro\', THL% faoznoalaae; | 08 f_ | | | | | | | | | ; |:| arXiv:2103.03270
-08 06 -04 =02 0 02 04 06 08 -0.8 =06 -04 =02 0 02 04 06 08 _035_
W.reco Y reco -0.4 ;_ 1.4% beam pol. uncertainty not shown
1 | Il 1 | | = |

L . 5 = R0 o0 o

« Improved uncertainties from run 2017 preliminary results v

* Bury, Prokudin, and Vladimirov PRL 126, 112002 (2021) - extraction includes SIDIS, DY and 2011
STAR data with N3LO and NNLO accuracy of the TMD evolution assuming sign-change

« 2x more statistics from run 2022 at 510 GeV with STAR iTPC (expec. ~350 pb )
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ASYMMETRY FOR THE DI_]ET OPENING-ANGLE

Sivers function - describes correlation between proton y
parton’s transverse momentum inside the proton X
with proton transverse spin (initial state TMD)

5 . — Z

(Sproton ) (pproton X kT)) + 0

pproton
. . STAR, BNL Seminar 2020
 Non-zero k. leads to spin-dependent tilt of 150 quark STAR Preliminary
.o . . — -« d-quark 2012+2015
dijet opening angle in transverse plate 100+ alhonessa "o Combina
~ stat.uncert. only
« Expect no effect on average: . Dijet pT > 6 GeV/c & 4 GeV/c
enhancing contribution of u or d quarks by < 20 % } [ﬂvegagel
sorting jets by their net charge > I8 # I :
= 0 : !
: T = I
« Tilt unfolded for the k. of individual partons > F l
50—
- k. for d opposite in sign, twice as large as 3 l +
average k_for u quarks 100 . l 1
 Constraints for the Sivers function at a high Q2 L e e S e I maae e
scale (Q%? > 160 GeV?) potal
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ASYMMETRY FOR DIRECT PHOTONS AND HEAVY
FLAVOR ELECTRONS

Indirect constraint on the Sivers function via integral relationship with the Twist-3 trigluon correlator

PHENIX, arXiv:2102.13585 PHENIX, DIS2021

z

0.02 . £ 0.08-
) pT +p — V' + X, s =200 GeV, n|<0.35 [ BOp-S0 e e In[<0.35
_ 006" pPHTENIX :
B - . —e— Open Heavy Flavor e
= C preliminary PRD7S. 1
001~ PHENIX sl | — TR
B C i Ay = kg = 0.07 GeV (D’ — e*
B 0.02/— — — A= hy=0.00 GeV (D _,e*;
i OE' ---- ‘—--—% - B RO Wil el Pallell % 7 N - -
s o 7] SRR S
| zzeee ggq Contribution :
| — — ggg Contribution Model 1, min/max 0.04— 3.4% polarization scale uncertainty not included
— [ Contribution Model 2, min/max E
0.Oll I 1 i 4 1 1 Iglglgl 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 : l l l I I I
5 6 7 8 9 10 11 12 _0‘061I1|JlI2l111311I14J1115111161l

P, [GeV/c]

» SPHENIX capabilities in mid-rapidity: direct photons and D® meson asymmetries

- STAR capabilities with forward upgrade: jet, °, charged hadrons, photons A;:
- constraint onthe evolution and flavor dependence of the Twist-3 ETQS function
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TRANSVERSITY
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TRANSVERSITY

» Net density of quarks with spin aligned with the transversely

polarized nucleon (leading twist)
- Two asymmetries A, provide sensitivity at RHIC

Spin-dependent modulation of hadrons in jets

Collins function (TMD FF)
Correlation of transverse spin of fragmenting quark and
transverse momentum kick given to fragmentation hadron

STAR, DIS2021

=== Parton spin

===> Nucleon spin

Di-hadron correlation measurements

“interference FF” (collinear framework)
Correlation of transverse spin of fragmenting quark
and momentum cross-product of di-hadron pair

STAR, DIS2021 and PRL 115 (2015) 242501

[~ STAR Preliminary 2015 [ Radici et. al.
%E i p'+p—onT+Xat {5=200 GeV @ Run 15, Cone < 0.7
(p,)=525GeVic
=@ Run 06, Cone < 0.3
{ pT) =6 GeV/e

< 0.04Z STAR 20122015 Preliminary
2" 003;* pT+p—>jet+Tti+X
-Eq‘s "V V5=200 GeV +
0.02= y 50
0.01—
O e J_

_0.01=— *

0.015 . !
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0.03=- %< £ DMP+2013:
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003 "

_0.04= 3-2% Scale Uncertainty Not Shown
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OVERLAP WITH KINEMATIC REACH OF EIC

28 . LN R u LB ) | L LS
" current data for Collins and Sivers asymmetry:

- @ COMPASS h*:P,; <16 GeV YYVYYVYOVYY
- O HERMES %%, K“:P,;<1GeV

JLab Hall-A 7" P, < 0.45 GeV

> JLab 12

10° = @ STAR 500 GeV -1 <n < 1 Collins
- O STAR 200 GeV -1 <n < 1 Collins
| ™ STAR 500 GeV 1 < <4 Collins
- O STAR 200 GeV 1 <1 < 4 Collins
10 2| Y STARW bosons

Q° [GeV?

0.
\"’\\b
N

10 F

Fixed-target DIS, RHIC-spin, and EIC are truly complementary

Transversity from the Collins and IFF

- Study factorization breaking effects for TMD observables in hadronic collisions

Sivers and Collins effect at Vs = 200 and 500 GeV

- Important input to study evolution of TMDs and essential kinematic overlap in x-Q?2 with future EIC

* Forward jet and charged hadron capabilities at STAR in Run 22 — Probing transvesity in valence region
 Increased statistics in mid-rapidity = STAR and sPHENIX in pp and pA runs in Run 24
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GOING FORWARD
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ORIGIN OF LARGE FORWARD A,

0 0 i :
A, m°in EM jets A ; Forward EM jets A
02 STAR, PRD 103 (2021) 92009 2 STAR, PRD 103 (2021}_ 22009 _ STAR, PRD 103 (2021) 92009
i " STAR p'4+p->n0+X +  Isolated 1° 200 GeV Y“ESTAR p'+p-> EMjete 104 X 0.04C_ STAR p'4p->EM-et+X $ 200 GeV B
N _F p >2GeVic 4 Isolated n° 500 GeV Ay - $ 200 GeV A, [ Jetalgorithm: anti-k_R=0.7 b 200 GeV Multiplicity>2
M i Non-isolated 7° 200 GeV | o o5 Jet algorithm: anti-k R=0.7 saiE s B0 ! 4 500 GeV
- 27<n<40 4+ Non-isolated n° 500 GeV T s 2 Gevie + 500 GeV L S 4 500 GeV Multiplicity>2
0.15—3,0/3.4% beam pol. scale uncertainty not shown FT E: Eearicdh + A,DY 500 GeV
C [ Theory 200 GeV 0.01 = 29 < nm <38,2.7T< n,< 4.0 /' 0.02— 3.0/3.4% beam pol. scale uncertainty not shown $
0.1 ] Theory 500 GeV i T "I 3.0/3.4% beam pol. scale uncertainty not shown -
- o C 0.01—
0.05— i ot sy i 0.005 F
bt el oo ] | a o
0} B r —
_'T[;r...;._.. L . [| 00— ul el e e e fo e e s g B g o L, N |
= 5,._ K C T o [ | Theory 200 GeV
3 4 o B R 0,005 E [ s [] Theory 500 Gev
F 4a & T re= = 4-
%— I : X8 5aa & 3 c [7] Theory 200 GeV t..; Theory (Evo.) 200 GeV = LaaE T & W w .
S i . 20.01— [JTheory 500 Gev  {__: Theory (Evo.) 500 GeV b & .
r N L Loy ] N P TR NN T N TN NN TN Y TN TR T T N T SO T | L1 I I T T | T e e e s Ty By B
0.2 0.3 04 0.5 0.6 0.3 0.4 0.5 0.6 0.7 0.8 0.9 i v o e ¥ -
Xg Zom Xg
Theory curves: J. Cammarota et al. PRD 102, 054002 (2020)  Theory curves : Z. Kang, et al. PLB 774, 635 (2017) Theory curves : L. Gamberg, Z. Kang, A. Prokudin,

PRL 110 23, 232301 (2013)

- Measured small A for EM-jets and Collins asymmetry for m° within EM jets

« Weak dependence on the center-of-mass energy
« A, for non-isolated m° and higher-multiplicity EM jets lower

STAR forward upgrade capabilities with jets and charged hadrons

« Study forward Sivers, Collins and Diffractive processes:
- charged-hadron enhanced jets (prediction from Twist-3 formalism), hadron in jet Collins
asymmetry, diffractive processes with rapidity gaps
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ORIGIN OF LARGE FORWARD A

Impact of forward EM jets A on u and d Sivers function

0.04F SIDIS
- BB SIDIS+jet, GPM

F s SIDIS+jet, CGLGPM

M.Boglione, et al., Phys. Lett. B 815 (2021) 136135

SIDIS

B SIDIS
—0.04F SIDIS+jet, GPM

SIDIS

T B SIDIS+jet, CGI-GPM

1072

STAR forward upgrade capabilities with jets a
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 Study forward Sivers, Collins and Diffractive processes:
- charged-hadron enhanced jets (prediction from Twist-3 formalism), hadron in jet Collins
asymmetry, diffractive processes with rapidity gaps
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STAR, PRD 103 (2021) 92009
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NUCLEAR DEPENDENCE OF A

PHENIX, PRL 123, 122001 (2019)
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* Future data taking with STAR with forward upgrade
— Capability to measure A in the complementary region 2.5 <n <4.0 for h*and h-

« SPHENIX to improve statistics in the region of 0.1 <x_<0.2

See also new results from PHENIX on very forward neutron A, PRD103, 032007 (2021)
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DI-HADRON CORRELATIONS

Motivation: Access to non-linear gluon dynamics at small x (gluon saturation)
- Saturation scale Q.: grows with A and decreases with x

e STAR preliminary
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- A dependence: at low p. more suppression in pAu than pAl in

comparison to the pp
- X dependence: at high p, range (large x) no suppression in pA

Forward jet, photon, and charged hardon capabilities with STAR forward upgrade:
» Opportunity for di-h*, photon-jet, photon-hadron and dijet correlation measurements in pp and pA
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RUN 2022 (see T. Lin's talk, 06/08/21, 11:20)

Program with p'p™ at 510 GeV with STAR forward upgrade and enhanced PID at mid-n

Forward jet capability and charge-sign discrimination: charged-particle tracking (p, and sign)

* Tracking: Si disks + small Thin Gap Chambers
« Calorimetry: hadronic and electromagnetic

» Access to highly asymmetric partonic collisions: high x-quark and low-x gluon interactions

K g U 2SR

gl TMD measurements at high x

- Sivers through tagged jets, direct photon
~ Transversity at high x + Collins/IFF

- Diffractive processes

Midrapidity -1.5<n <1.5

Improved statistical precision and the
extended acceptance with iTPC

-~ Sivers measurements with W/Z and dijet
~ Transversity + Collins/IFF

> Unpolarized W/Z cross section

Large group of STAR collaborators actively engaged in all aspects of the project:
ACU, BNL, UCLA, UCR, UIC, Indiana University CEEM, UKU, OSU, Rutgers U., Temple U., Texas A&M U., Valparaiso
U., Shandong U., NCKU, USTC

Project supported by National Science Foundation and Chinese Funds
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COLD QCD WITH sPHENIX AND STAR

Program with p'p’, p'Au at 200 GeV (sPHENIX + STAR) in 2024
* Complementary to each other in the future RHIC measurements

Together with Run 2022 important to realize the scientific promise of future EIC:
* Overlap in kinematic coverage with EIC
» Establishing the validity and limits of factorization and universality

i | [ | i * Cold QCD opportunities with SPHENIX
) i (see J. Huang 's talk, 06/08/21, 10:55)

— Utilizing the jet, heavy flavor and direct photon
strengths of the SPHENIX barrel to probe

« Sivers and Collins effect and

* Nuclear PDFs and FF in midrapidity

Capabilities of STAR with forward upgrade
(see T. Lin's talk, 06/08/21, 11:20)

» Allows exploration of low-x — gluon saturation

* Nuclear effects in the initial and final state

e Combination of Run 22 results with similar data
taken at 200 GeV
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SUMMARY

RHIC - critical and complementary role in resolving the spin structure of the proton

RHIC -spin program has provided unique insight into:
Constraints on the polarized gluon distribution
Evidence for the positive gluon polarization for x > 0.05

* The polarized and unpolarized sea quark distributions via W/Z production
Polarized sea quark shows significant preference for Au over Ad

 Sivers’ function
Initial transverse W-boson data that are consistent with the Sivers' sign-change
« 2022 with iTPC (STAR) (expected 350 pb ")
Observation of non-zero Sivers effect in dijets
« 2017 with higher Vs and forward and mid-rapidity regions from 2022/2024
Twist-3 gluon dynamics with direct photon and HF
2024 sPHENX in mid-rapidiy, 2022/2024 STAR forward rapidities for ETQS function
* Transversity through the Collins and IFF asymmetry
Non-zero asymmetries at mid-rapidity that are sensitive to quark-transversity at hard scales
« 2017 (x 12 more data) and higher statistics and better PID in fwd and mid-rapidity in runs 2022/2024

Ongoing upgrades will provide unique physics opportunities in:

- Understanding the origin on large forward A

* Testing TMD evolution

» Constraining tensor charge through transversity at high x

« Understanding nature of initial state and hadronization in pA collisions
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