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

o Sea quark polarization

arxiv:1602.03922

 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?

» The RHIC Cold QCD Program, arxiv:2302.00605
» Upcoming RHIC Spin Plan for 2024 to 2028: Completing the RHIC Science Mission



p+p/p+A/A+ A
SNN — 77 - 510 GeV

RHIC energies, species combinations and luminosities (Run-1 to 22)

llll RutRu
llll AutAu
U+

8 9 12 15 17 20 23 27 39 54 56 62 130193200410500510

Center-of-mass energy \u"sm( [GeV] (scale not linear)




RHIC as a Polarized Proton Collider
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PHENIX

High resolution

High rate
DC / Pad Chambers / Muon Arms
EMCal
Forward EMCal, 3 < |n| < 4

— talk by Jeongsu Bok
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Large acceptance
—-1<n<?2
TPC+TOF
EMCal
Forward EMCal, 2.5 <n <4

— talk by Bassam Aboona




SPHENIX

-11<n<11
Precision tracking
Ecal + Hcal

MAGNET

o
sPHEQRIUIX

EMCAL

iHCAL

MinBIAS

STAR

Forward detectors
25<n<4
Si & sTGC trackers
Ecal & Hcal
with EPD (preshower)

Forward Silicon Tracker (FST)
Forward sTGC Tracker (FTT)
Forward Calorimeter System (FCS)



Sea Quark Polarization
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Parity violating single-spin asymmetry
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Flavor Composition of the Sea
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Unpolarized TMDs
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Gluon Polarization

Subprocess Fraction

-' O ' Double helicity asymmetries in proton collisions:
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Polarized Gluons in the Proton
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Gluon Helicity at RHIC
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Transverse Spin Effects
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Transverse Spin Effects

0.25
A — A STAR 500 GeV, 2.7 < n < 4.0, This Paper
N — ¢ STAR 200 GeV, 2.7 < n < 4.0, This Paper
02§ STAR200GeV, ()= 3.7
- ®  STAR 200 GeV, () = 3.3 [
0.15/— ¢  RHICf510 GeV, n>6 T :
E 4 PHENIX 62.4 GeV,3.1 << 3.8 E{] I L
01— ©  E70419.4 GeV [ l I
- g g7 v
| T [T -
0.05 — A —L L‘é 80 I. o ®
- 0 LA ﬁ-ﬁr’o ) S
0 L 4 o'w o
:l 1 1 1 l 1 1 1 L 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1
O - A
- 4 A
> . LA Al 0
G | o * °5 %, o °
— ® O (
— 2 o 8]
- . o) _
3 i o - 0 O
| O O 0, - . v v
0 PR T TR S N SN S T B |_| AV |:‘ || L1 } ‘.|' IR BT | .J. Ly
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

X¢

10

10

Q° [GeV]

10

10

13

- current data for Collins and Sivers asymmetry:

® COMPASS h* P, <1.6GeV
O HERMES  p”* K" P, ;<1GeV

JLab Hall-A  p*: P,; <0.45 GeV
552 JLab 12 (upcoming)

® RHIC 500 GeV -1 <h <1 Collins
O RHIC 200 GeV -1 < h <1 Collins
B RHIC 500 GeV 1 < h <4 Collins
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Inclusive Meaurements
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* Sensitive to gluon T,

e Very high precision, consistent with zero

e Phys. Rev. D103 (2018) 052009

Phys. Rev. D105 (2022) 032003
* Indication of charge dependence
» Statistics limited by trigger efficiency



Heavy Flavor
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Direct Photons

e First measurement from PHENIX

e Constrains twist-3 ETQS function
 Dominated by ggg correlator
* Small contribution from gqgq correlators
* Related to Sivers-TMD

e Larger asymmetries expected at forward rapidity

_f dzk_l_| l|f1 q( kJ_) = q,F(xrx)

flqu: Sivers TMD function
Ty r: Efremov-Teryaev-Qiu-Sterman correlator

Phys. Rev. Lett. 127 (2021) 162001
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W -Boson Production in pT TP

* Test of universality of Sivers effect

* W-boson decay

* prwislost

* Almost no azimuthal angle correlation

p+tp-oWE-oset+vy

* Measure recoil from the collision (tracks and EMC)

Prw = Pre + Ptv = PT recoil

DT recoit = 201 rPc + ET EMC)
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045 4 run 17 proj. (L=350pb", P=55%)

-0.6 — KQ- no TMD evol.
t —— EIKV - TMD evolved

-0.8 ;‘3.4% bean pol. uncertainty not shown

P S R B
105 0 0.5
yw

Z 1 STAR pap 500 GeV (L = 25 pb™)
08F 0.5 <P <10 GeVie
0.6:—
0.4
0-2-_ —Y-
oF I ¥ 4
0.2
L = W Silv
-04F 4 run17 proj. (L=350pb™", P=55%)
~0.6[- — KQ - no TMD evol.
- —— EIKV - TMD evolved
_0-8:_3.4% beam pol. uncertainty not shown
_qC 1 L 1 L 1 1 L L L 1 |
s 0 0.5
yw

Phys. Rev. Lett. 116, 132301 (2016)
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W -Boson Production in pT TP

Test of universality of Sivers effect

W-boson decay

* prwislost

* Almost no azimuthal angle correlation

Measure recoil from the collision (tracks and EMC)

Prw = Pre + Ptv = PT recoil

DT recoit = 201 rPc + ET EMC)

z 0.25¢
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Sivers Asymmetries in Dijets

* Correlation between proton spin and parton kr 3, yk I
roton X y
2 _-" ke
* Enhance quark flavor with charge tagging Pprotan | W g
* Track pr weighted charge
* Unfolded to parton (k)
« Submitted for publication, arxiv:2305.10359 - STAR 2012+2015 p-p 200 GeV *"I'q“afk
d disk 510 G 150— +z & -z beam combined :g:?‘r::ea
. p— - -
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Hadrons in Jets

e, k) fy, (o, k) 6yr (8,8, ADT, (2, j7)

uT =~

 profjet
 jrofhadronin jet

fa. (1, ker) fg, Cxz, kT)6UU1)7T+ (z,jr)

Two scales for TMD measurement

Phys. Rev. D 106, 072010 (2022)
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Collins Asymmetries

« Dataat+/s = 200 GeV (from 2012/2015)
* Multidimensional binning pr, jr, z

e Separate asymmetries for i K%, p/p

* Phys. Rev. D 106, 072010 (2022)
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* Projections for p+p 200/500 GeV
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* p+Aat 200 GeV (possibly 2024/25)

0.05

-0.05

STAR Projection

|l p+o, 5 = 200 GeV (2015+2024)
— |l p+o. 5 =510 Gev (2017+2022)

p+hu, Us = 200 GeV (2015+2024)

Closed points: n*; Open points:
| 1 1 | 1 1 1
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Forward Rapidities
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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

SIDIS+jet, GPM

T SIDIS
T W SIDIS+er, COLGPM

* Electromagnetic jets with forward calorimeter o CESTAR B eps B 20 R
UT L Jetalgorithm: anti-kT R=0.7 '
° T[O in jet e Jetp_>2 GeVic 4 500Gev
00 1i2.9< N, <38,27< 1, <40
° 2 8 < r’ < 4 0 "I 3.0/3.4% beam pol. scale uncertainty not shown
0.005—
* Phys. Rev. D103 (2021) 92009 =
0_
e Collins asymmetries are very small. -
-0.005—
* Jet asymmetries are small and consistent with - [JTheoy200Gev 4. jTheory(Evo.) 200 GeV
. -0.01— [ Theory 500 Gel\l i __ 1 Theory(Evo.) 500 GeV |
previous results RV Ze B
e Significant impact on Sivers function in global
fit: : -
0.04— STAR p’ +p->EM-jet+ X + 200 GeV 004 SIDIS
Phys. Lett. B 815, 136135 (2021) Ay detaigorthm:amk 07 200 GeV Mullpiciy-2 :
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. . . . U 4 500 GeV Multiplicity>2 = C
e Studies of possible diffractive - 29<n<as + A\DY 500 GeV =S onf
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Interference Fragmentation Functions

0.04

0.02

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

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

[ Radici et. al.
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RHICf Experiment
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05— 17— ——
E pl+p — %X at 's=510 GeV ;
 Longitudinally segmented calorimeter for n, y, and r° 02F 6<y (a) .
. r 025<x.<0.34 ]
reconstruction sl 034 <x, <044 E
L v 044<x.<0.58 ] ]
* n>60 o 0.58 <x,.< 1.00 i E
. . .y . . < s B
* Required special beam conditions in 2017 - $ o i .
00sf- % ]
° \/E = 510 GeV - * .
. - . . . ] A -
. ) -
On-going analysis in combination with other STAR detectors : Phys Rev. Lett. 124, 252501 (2020)
-0.05%— 02 ' 06 08
P, (GeWc)
. . z |+ RHICf Preliminary : . .
Light guide 40 mm < [Pl +ponsXat 5-510GeV <) - Comparison with PHENIX
‘ Qﬂ Al P g 8t %
- % g - ! B
01 H N
i # I
L g-?g <p; < 8-:122 gewc 0.00 < p, < 0.10 GeV/c —JRHICf
L ] A0 <p. <0 ev/c
'\20 mm ool 0:25 < b! < 0.40 GeVic 0.10 <p, <0.25 GeV/ic Jat 510 GeV
—u. . 0.40 < p, < 0.55 GeV/c 0.06 < P, < 0.11 GeV/c TJPHENIX
: 0.55 < p < 0.75 GeV/c i 0.16 < P, < 0.21 GeV/c Jat 200 GeVY
L 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 C 1 I 1 1 1 l 1 L 1 I 1 1 1 l 1 1 1
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J/psi Production in UPC

. . . ;
Photoproduction with polarized protons G g large photon flux = Z 2
14
do/d¢ x 1+ Ay cos¢ % a0 <
IgfEg*
AV e ImH7E pt small nucleon target, high p_
N % Pr |[HI|? - —— polarized target, A < E_
t2
7(q) o e a o=
< :pTAu—>e epAu @-ZODGeV lyl<1 = STARIight pTAu, vp'
c 04E STAR preliminary 5 ¢ A<et
>- ( ]/w(plp) 0_33_ Tp—p‘lfq;'? E :_ Aene2.2
o C +{p:"'}=0.4BGeWc ~ -1<n<2.2, 2.5<n<4
Lt b
0.1F —8— Run-24 Projection L
., .....................
4.1.13— C B
_n_z:é 10 50 s 30 wis ( Geru s 10 T 30 Ws;f (Gevj{]
£ = A2
Phys.Lett. B793 (2019) 33-40 * Expect larger asymmetry at low W,

» Expect results from p+p at 510 GeV soon
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Future Measurements

Hadron in jet
STAR measured at midrapidity, 200 — 500 GeV

Move to higher x

1
5q = j [6() — 8G(x)]dx
0

Multi-dimensional binning

0.10
0.05

ot
0.0

-0.10

p' + p(Au) — jet + 1 + X

sin(o.4,)
uT

0_

0051~ Jot x; ~0.13

Closed points: x*; Opan points: o’

| p+p. Vs = 200 GeV (proj. stat. 2012+2015)
B o+Au, Vs = 200 GeV (proj. stat. 2015)
0.05 P Pro)

| | o+p. Vs = 500 GeV (proj. stat. 2017)

®  p+p, Vs = 200 GeV (Preliminary 2012)

= p+p, Vs = 500 GV (STAR 2011)
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Torino: Phys. Rev. D87 (2013) 094019

Soffer bound

&transversity: Phys. Rev. Lett. 74 (1995) 1292




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

k2
_f dsz_ %ﬁj’]_’q(x) ka_) — Tq,F(x) X)

e Cancellation of u & d quark Sivers

H\IE'SU (Zr ZZ)

* Bias from high-z charged pion

r 3<n<4

0.05F

—0.05F

—0.10f

_oast Kanazawa et al. PRD 89, 111501 (2014)
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0.01— « A, — 0.01— « Ay alljets —
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[ /—N\ + } _ .
[ = ‘ |
=
0 A—‘\ § 0 . |
< o . | 5 —
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L ¢ L '
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: Gamberg, Kang, Prokudin: n =25 +
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0.01— —ay - -0. i
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Summary

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

e the gluon polarization,
* the sea quark polarization, and

e transverse spin effects.

* The STAR Forward Upgrade and sPHENIX still have exciting years
ahead.

e 2022p+ pat+s =508 GeV

® 2024 ﬁ + p/A at \/E — 200 Gev Outerl-.|Ca| =

Inner HCal

« Measurements are complementary to and will inform experimental EMCal
requirements for the future electron-ion collider.

Tracking
TPC

INTT
MVTX

July 28, 2020 SPHENIX at RHIC
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Hadrons in Jets

Two scales for TMD measurement

o
* pgofjet g
. . a 1
* jrofhadronin jet el
Jet reconstruction (anti-kr) G
t
e PYTHIA + GEANT a
 Kinematics corrected to
particle level and parton jgf
level matching o

* Trigger bias
Pion purities / hadron contamination

Leak through from other asymmetries

Jet direction

Geant

do' — do' < dAc, sin ¢ + dAa; sin(pg + ¢y) + dAcst sin(¢ps + 2¢y)
+dAoq sin(¢ps — ¢py) + dAo; sin(¢ps — 2¢y)

/

Collins TMD & transversity

\

Collins-like (linear gluon polarization)
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Collins Asymmetries
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Collins Asymmetries

EC
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204 02 20408 08 1 12 14 |
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AN,pure = (Ag, Ak, Ap)
— -1
AN,pure — AN M
T T T
fn'rich fKrich fprich
K K
M = fn'rich fKrich fprich
fn'rich fKrich fprich

arxiv:2205.11800
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Collins-Like Asymmetries
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W-Boson Reconstruction

-+ + Prw = f(pT,meas) =A+ C
p+p-oWT-oet+v e | (Prmeas)
H | é j 1000
o T _
* W-boson decay 2 AW o= 4 = 1286+ 0.005 |
e b = 2.557 + 0.035 —800
° pT,W is Iost c = 1.698 + 0.027

* Almost no azimuthal angle correlation

 Measure recoil from the collision (tracks and EMC)

Prw = Pr,e + Prtv = PTrecoil
DT recoit = 2 (O1rPc + ET EMC)

IIIII]IIIIIIIIIIIII|IIII[IIII TTTT IIII|IIII|IIII

e Limited barrel acceptance

. . . . e el
e Comparison with simulation N 3
 Recoil py correction N oF |
Pz is more problematic I - 1o
MZ — (E + E )2 _ (—) + - )2 A= M2 5 N . —mng- —mn%
w e v Pe T DPv = My /2 + Per  Dvr ~200F ~200-
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pv,z = 2 pe,z i De \/1 - - - AZ S0 ”—nlﬁl I—Ienlf.' '—Ienl:tl '—Inlzl ) |1|1” In.lzII In.|4I I In.lf.I I In.lﬁ” S0 ”—nlﬁl I—Ienlf.' '—Ienl:tl '—Inlzl ' |1|1” In.lzII In.|4I I In.lf.I I In.lﬁl 3
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Azimuthal Angle Smearing

o Transverse spin asymmetries are measured through azimuthal modulations:
do(¢p) = 0y4[1 + PAy cos(¢)]

_do(¢) —do(¢p +m) A - lNd, — Nt
N do(¢) + do(¢p + ) N PNy + Ngpir
o Toy Monte Carlo study — determine asymmetry dilution
= 100k MC samples based on input distribution from embedding (per n-bin)

D = AN,meas/AN,input

PT recoil 1—2GeV

'

Agp Adp

A = by — Drecoil Asymmetry correction: Ay = AN,meaS/D



Transverse Spin Asymmetriesinp + A/p + p
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