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Outline

O Introduction
O Recent spin highlights in p+p collisions from RHIC:

v’ Gluon polarization (Jet, n° production): gluon polarization Ag
v’ Quark/Anti-quark polarization (W/Z): sea quark Aii/Ad

v Hyperon spin transfer (A): strange quark polarization

v’ Transverse spin asymmetry (W/Z, jet): Sivers function

v’ Transverse spin asymmetry (Hadron in jet): Collins & transversity

O Summary & outlook




RHIC- 1st polarized proton-proton collider
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» Spin direction changes from bunch to bunch, longitudinal or transverse
« Two main experiments: sPHENIX (PHENIX) & STAR




Spin structure of nucleon

« Spin sum rule (longitudinal case):

— —AZ + AG+ <L,
2 ?
Quark spin, Orbital Angular Momenta

(~30%)-DIS - Little known

AY = Aut A+ Ad+Ad+As+A5  [Aq = [Aq(x)da]

* Polarized parton densities:

Aq(x,0Y) = q*(x,0%) -q (x,0%) @’_@
9(x,0%) = q"(x,0°) + ¢ (x,2%) @>+@*




RHIC performance with p+p collisions

Long runs with long.
pol. at 200 GeV in
2005, 2006, 2009,
2015.

Collisions at 500 GeV
with long. pol. in 2009,
2012 and 2013.

Long runs with trans.
pol. in 2006, 2008,
2012, 2015 at 200GeV
and 2011, 2017, 2022
at 500 GeV.

Integrated polarized proton luminosity L [pb]
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» Run24 with transversely polarized p+p at 200GeV is ongoing!




Accessing Ag(x) in pp collision

Longitudinal spin asymmetry: Af; Af> (LL—
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STAR inclusive jet A | from run9

STAR, Phys. Rev. Lett. 115(2015) 92002

F « 2009 STAR data is a factor of 4
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STAR inclusive jet A | from run9

007 = STAR 2009

STAR, Phys. Rev. Lett. 115(2015) 92002
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« 2009 STAR data is a factor of 4
more precise than 2006.

* The A asymmetry is small, but
clearly non-zero !

 Impact of STAR data in NNPDF:
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A, results on jet/nY at 510 GeV from RHIC

o Further measurements to improve our knowledge on Ag(x)

PRD 105, 092011 (2022)
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» PHENIX n° A at 510 GeV, which
Is also sensitive to Ag in small x
region

| .
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STAR jet A  at 510 GeV,

access small x region down to

x~0.015.

Most precision A, | results at

200GeV from STAR 2015.
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Correlation measurements with partonic kinematics

o Access to partonic kinematics

through di-jet production o ff  STAR2009 Diret Cross Section
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Central di-jet A at 200 GeV at STAR

Di-jet A, for two topologies,
allowing for constraints on the

Normalized Yield
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Central-forward di-jet at 200 GeV at STAR

STAR, PRD98,032011(2018)
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Recent STAR di-jet A | results

ALL
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Most recent updates from DSSV group on Ag

o The impact of RHIC 2014+
data in constraining gluon
polarization Ag :

0.25 s

zAg(z,Q? = 10 GeV?)
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DSSV Preliminary
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T

> 1st Lattice calculation:

j dxAg(x)=0.251+0.047(stat.)£0.016(syst.)
xQCD, PRL118,102001(2017)

RHIC Cold QCD White paper, arXiv2302.00605
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Recent progress on the sign of Ag

o Could Ag be negative?
STAR, PRD105, 092011(2022)

Y STAR p+p —>]Ct+]et +X (2013) Y STAR p-;p —;jet'+j'ct'+ X (2IOl3

004 Vs=510Gev (fwd-fwd) l Vs =510 GeV (fwd-ctrl) X PHENIX, PRL130, 251901(2023)
.. JAM, PRD105, 074022 (2022)
! dijet
0.02 + | . . ' ' , . '
Arp v ! 000l :
ol = Y - direct y

v v
) — DSSV14 1L -
002 &= DSSV14 +RHIC ;) 0.01F

— JAM22
( cg. a g) MR |

VSTAR p+p—>]et+3et+X(2013) VSTAR p+p—>Jet+Jet+X(2 13) q
004 v5=510GeV (ctrlctrl) - Vs=510GeV (fwd-bwd) ]7 < 0.00}
002 _

ALL + . i _0.01+- DSSV Preliminary\ -
Or ; - —— DSSV14
l : BN DSSV14 + RHIC <0z T

0.02 - —0.02f T IAMPace ) I |

DSSV Preliminary t PHENIXp+p — / +X\/_ 510 GeV

' E— ) ' — 2 50 75 10.0 125 15.0 17.5 20.0
M. 10 M. 10 pr
mv mv .
RHIC, arXi1v2302.00605

> JAM global QCD fit indicate possible negative Ag with inclusive jet A, data only
» STAR dijet + PHENIX direct photo data disfavor negative Ag

» New results with pion tagged jet also support positive Ag
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Recent progress on the sign of Ag

o New results with pion tagged jet A, also support positive Ag

n=-tagged A, ; withz > 0.3
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Probing sea quark polarization via W production

Unique quark polarimetry with W-bosons at RHIC:
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W A, results— STAR 2013

- Dp+p->WEE X et + X
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STAR, PRD99, 051102R(2019)

Combined STAR 2011-2013
results in comparison with
theoretical predications

A, of W- shows indication that
data are larger than the DSSV
predictions

A, of W* is consistent with
theoretical predictions using
global fits based on DIS data

-> universality
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Impact of STAR 2013 W A, results

SU(2) flavor asymmetry observed in the polarized sea quark

0.8 Sea Asymmetry
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Impact of STAR 2013 W A, results

o The polarized flavor asymmetry is
opposite to the unpolarized case !

SU(2) flavor asymmetry observed in the polarized sea quark

distribution, confirmed by JAM and reweighting NNPDF, DSSV:
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Longitudinal spin transfer (D) in p+p collisions

* D, measurements from STAR 2009 data, which is expected to
provide sensitivity to strange quark polarization As.

01" oA 4R -STAR, PRD98, 112009 (2018)
0.05
=4 0
Q
-0.05
DSV A+A, scen. 1 e XLS A, SU6
-0 DSV A+A, scen. 2 XLS A, SU6

—— DSV A+A, scen. 3
| | |

2 4
P, [GeV/c]
- D.de Florian, M.Stratmann, and W.Vogelsang, PRL81,530(1998)
- Q. Xu, Z.T. Liang, E. Sichtermann, PRD 73, 077503(2006)

» Statistics uncertainties are comparable to the spread of models calculations.
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D, results of (anti-)Lambda at STAR

» Theoretical studies show impact on asymmetry of strange and
anti-strange quark polarization:

X.N. Liu, B. Q. Ma, Eur.Phys.J. C79 (2019) 409

0.10 f oy =-1.20 + 1.31 0.10 o, = -0.24 +0.49
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: : i :
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(a) Longitudinal spin transfer to A. (b) Longitudinal spin transfer to A.

Table 1 Fitting results of ¢ and calculated results of As and A§

coefficient value As AS Ximin

o —1.20+1.31 —0.014+£0.015 0.37
o0 —0.24+0.49 —0.003£0.005 2.48




New D, results with STAR 2015 data

o« New results with twice statistics

o Results in agreement with various model predictions, except “DSV”

calculation with “scen. 3" of polarized fragmentation function.

STAR, PRD109, 012004 (2024)
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D, vs z results with STAR 2015 data

First measurements of D, vs z in polarized p+p collisions, directly
probing the polarized fragmentation functions.

The results are comparable to model prediction within uncertainties.
- STAR 2015 STAR, PRD109, 012004 (2024)

> -
005 7 +p > A+X, Vs=200GeV
K =10.732, pjT‘" >5 GeV

= —— KLZ A + A scen.l
-0.05- e KLZ A + A scen2

[ 0< 77]'5:, <10 e KLZ A + A scen.3 (a)
| = A
0.05_— N
+ + 7 = Pa - Djet
i - 2
S SRURL R PRSURS! B STTLTLIE 1 MR, Ao |p-et|
Sof + o i j
ook z: Jet momentum fraction
[ -10<7, <0 (b) carried by hyperon
e
> F
< 10F d
s‘; : IIIII " 1 - 1 (C)
- 0”“01.“.07””03””04””05””06”“07“”08

- Z.-B. Kang, K. Lee, F. Zhao, Phys. Lett. B 809, 135756 (2020). Y



Nucleon 3d-structure & TMD distribution

» Transverse momentum dependent distribution (TMD):

O—o Nucleon Spin @ Quark Spin

Quark Polarization

Longitudinally Polarized  Transversely Polarized
(L)

a I 0. (=) 7 @

Boer-Mulders

Helicity

8 2@ = @
2 i f,rlgésw; @ g =© & @ @ansvem%

h ‘= -

17

» Sivers, Transversity, Collins related measurements at RHIC




First W, Z Ay results at 500 GeV from STAR

» QCD predicts there is Sivers sign change in DIS and W/Z process in pp

 First Ayfor W*and Zresults . 4, — do! — do*

F STAR p-p 500 GeV (L = 25 pb™) [ STAR p-p500 GeV (L=25pb")

08F0.5 <P} <10 Gevie 0.5 <P~ <10 GeVie
0.6 I
0.4F o =
02k i
= OO
<
0.2 I
04f E WSy S o205 1
:_ KQ (assuming “‘sign change”) _ o KQ (no “sign change™) [
0.6 -~ Global y2/DOF = 7.4/6 -0.6 Global ¥2/DOF = 19.6/6 -1
-0.8 - 3.4% beam pol. uncertainty not shown -0.8 - 3.4% beam pol. uncertainty not shown _ 3.4% beam pol. uncertainty not shown
—1l l L N | 2 I N 1 N L l —1- l N N L N ' M | M \ l lllllllllllllllllllllllllllll
0.5 0 0.5 0.5 0 o5 15 -1 -05 0 05 1 15
yY yw yz"

STAR, PRL116,132301(2016)

» Sivers sign-change scenario preferred over no-sign change scenario.
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Coming measurements of W/Z Ay at STAR

08 _ pip W @ (52510 GeV T A& < 0.8;— +1.4% polarization uncertainty not shown
06F L, =350 pb! 1/ m'maﬂ 0.6F
b p(e\\ N

04F
’_,_W[ 02F

-02F -02F

=)
TTT T T

; : R
~04F -04F ST Am'ma
iy [ L. Adamczyk o a. (STAR), PRL 116 (2016 132301 Yy F pfe“

X Bury, Prokudin, Viadimirov, PRL 126 (2021) 112002 C
-0 -0
ri I I I I N B N | i I I N e

] |

-08 -06 -04 -02 0 02 04 06 08
yerr-n

» 2017 results have much improved precision over those from the initial

measurement

» New STAR data will have biggest impact on high-x region of the quark

Sivers function.

-08 -06 -04 -02 0 02 04 06 08

yW recn

<

STAR results with a much larger data sample taken in 2017:

= i
- STAR
4-2° o N’LLBuryetal.  NLL Bacchetta et al.

0.4

0.2 w

- Vs =510 GeV, L=340 pb"

E p+p—>Z°/y.+X, Z°/y'—>e’e'

£ 73<M,,<114 GeV/c?, 0.5 <p? <10 GeVic
E pe>25 GeVie, i<t

—0.41 1.4% beam pol. uncertainty not shown

STAR, PLB 854, 138715(2024)
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Transverse spin asymmetry & TMDs

STAR EM Jet Ay - sensitive to the initial state effect, Sivers effect

0.04C_ STAR p'+p->EM-jet+ X ¢ 200 GeV
Ay [ Jetalgorithm: anti-k_R=0.7 ¢ 200 GeV Multiplicity>2
0.03— p’_':‘ >2GeV/c 4 500 GeV

p.) [GeV/c]

- 29<1n"<38

4 500 GeV Multiplicity>2
+ ADY 500 GeV

| 3.0/3.4% beam pol. scale uncertainty not shown $

PRI B (|

Ij Theory 200 GeV
A D Theory 500 GeV

=
- N e © o o ¢
of At e e °
| TR | L | |
0.1 0.2 0.3 0.4 0.5 0.6
Xg

STAR, Phys. Rev. D103, 92009 (2021).

L. Gamberg, Z. Kang, A. Prokudin,
Phys.Rev.Lett.110(2013)23,232301

* The jet TSSAis a few times
smaller than the 1m° TSSA in
the same xF bin.

* The jet with photon multiplicity
minimum requirement has
significant smaller TSSA.

= The ANDY result shows the
TSSA of the full jet, and is
consistent with the result of
the EM-jet which has at least
3 photons.
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Transverse spin asymmetry & TMDs

« STAR EM Jet Ay - sensitive to the initial state effect, Sivers effect

« Impact of our data in constraining Sivers function via global analysis

004 STAR p' +p-> EM-jet + X ¢ 200 GeV M.Boglione, et al., Phys. Lett. B 815 (2021) 136135
A\ [ Jetalgorithm: anti-k_R=0.7 ¢ 200 GeV Multiplicity>2
E et T 4 500 GeV PRELSRALLE SRR T na
0.03— P°'>2Gevic . 0.04F SIDIS T SIDIS
C 2T9 et 3.8 4 500 GeV Multiplicity>2 [ B SIDIS+jet, GPM + mm SIDISHjet, CGLGPM
E e s + A\DY 500 GeV — o03f 1
0.02— 3.0/3.4% beam pol. scale uncertainty not shown % C
g L
/J ()mg

0.00F

PR ST S SR AN ST SO ST B (|

0.00F

T o [ ] Theory 200 GeVv R :

- = —0.01f
% A [:] Theory 500 GeV :Vz -
S 4 A A : ° =3 -002f

A 1 L

/Q\.’_ aAA « ¢ ¢ ° * 4 C
~ 2 A o © S —-0.03f T

I I RS RS SR : SIDIS ¥ SIDIS

0.1 0.2 0.3 04 0.5 0.6 —0.04F SIDIS+jet, GPM 1 mm SIDIS+jet, CGI-GPM

Xg 2 i T T/ B

STAR, Phys. Rev. D103, 92009 (2021).

L. Gamberg, Z. Kang, A. Prokudin,
Phys.Rev.Lett.110(2013)23,232301
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Probing Sivers effect using dijet production in p+p

o ky provides a kick to the dijet, makes it fold in the transverse momentum
o Jet charge tagging combined with unfolding to determine the quark flavor.

Parton fractions from simulation used to extract the individual parton <k+>
STAR, arXiv:2305.10359

[
Jet 1 : " | STAR 201242015 p-p 200 GeV -+ u-quark
ﬁ 1801 +z & -z beam combined ~+-gluon+sea
X I - .. -= d-quark
I = dijet p, > 6 GeVic & 4 GeVic __ statuncert.
Sp I 100 — [ |syst.uncert.
. . k T 3 50 :— |
If k1 is spin = ¢ .
-~ = { ﬁ rl-l %
dependent.. | Ol i d : i 1
I C !
I -50[— "" % ¢|
Jet2 . ; + (average)
! -100 —
E ! I3.2% beia poltlzrizatiorlt uncertlain nolt shownI

-3 -2 -1 0 1 2 3 4
I
nt°‘a o« In(x1/x5)

> Results: d-quark (k;) = —2 u-quark (k)

> For the first time, there is evidence of non-zero Sivers effect using dijets
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Jet Ay at mid-rapidity in p+p collisions

STAR, PRD106, 072010 (2022)

® =5 0.15} STAR Preliminary Vs =510 GeV
\5,_0045 S;rAR . . - pl+p —jet+ T +X
< 0. 03} p + p - let + T + X B 0015
0'02§ \{g =200 GeV 0'1—— 001
ok M T LSTR SN | y
= € ,0.05[—000s # *
OF @ _2 L _oof
- < 00}? ]
_0-01:_ [ 02 004 006 008 01 012 014 0.
wmmre b
—0035_ -0 05:_ 03<z<0.38
= —KPRY: x, (z)=0.2 anti-k.. R=0.6 YR (@ x>0
_0'04; \ | | | | | | | | | | | | | | | | | | | | | | ITI L | L L L : 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1
0.045 : : 0.15—
- %<0 KPRY: Z.-B. Kang, A. Prokudin, F. Ringer C
0.03= °F F. Yuan, Phys. Lett. B774, 635 (2017) C o
Sy i
001;_ E & ~n [ 0005 +
f_ __________________ 43 *_ _______________________________ g 0.05— -0
O: “ ¥ t + * w<(3 00t 004 006 008 01 012 [RFED
~0.01- R Y T W #
-0.02= o 7* (2)=0.40 C L M ) ¥ +
e T k& - |
—0.035— u < > 0.40 _0_05; o r (b) x_<0
—0.04;_l 3 /° ScaIeIUnlcerJtalnty NOT ShOV\{I’I Ll L - 1.4% Scale Uncertainty Not Shown | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0. 15 02 0.25
Jetx; (2p./Vs) Jet x; (2p_/s)

» Full jet Ay providing sensitivity to the twist-3 correlators associated with
the quark Sivers function
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Probing transversity via Collins asymmetry in p+p

« Study proton transversity through
its coupling to Collins function:

Ay =h(X) ® Hi(z,],)

U

* Collins asymmetries:

Collins angle: ®.=P;-®,

Collins modulation: sin(®¢-P,,)
j7: transverse momentum in jet
®.: azimuthal angle of beam spin

®,: azimuthal angle of hadron

PJET

-F.Yuan, PRL100,32003
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Collins asymmetries in p+p at STAR

0.03

0.02

0.01

Az

Figure shown
in 2023 LRP

-0.02
-0.03

0.03

°
providing access to transversity:
0.04 - STAR
0.03F P +p —sjet+ n*+X +
0.02 E {s =200 GeV
" E x>0 +
0.01F °F
O
_0.012_ ® +
-0.02F AR, >0.05 LA
~ -003F 01<2<08 , p+ mpMP+2013: n* +
T _0.04E b < Mre m T =DMP+2013: &
= ST ST RN SR N S S N SR ST SR SR BT S T S | |
£ B C
"< 004 antik, R=0.6
0035 4 Lo
0.02F
0.01F
- +
-0.01F
-0.02
-0.03F
_0.04 E- 3-2% Scale Uncertainty Not Shown
ST T TR S N T T PN SN N [N TN TN TN SN N N TR TR T (N 1
5

10

1 1|5 1 1 30 1
Particle jet P, [GeV/c]

25 30

STAR, PRD106, 072010 (2022)

0.02

sin(o, - 9,)
uT

= STAR ot,

S ep olete X ®r) =133 GeVic
F-Vs=200Gev [ (2)=0.14
E [ owe2013 2 KPRY:

% .............. DMP+2013 KPRY: - x>0
S (2)=0.24
s

anti-k; R=0.6

(z)=0.35

III|IH|III III]II||IIIIIII|IIII‘IIII|IH'

3.2% Scale Uncertainty Not Shown

(z) =0.50

-
10 i [GeVl/cl

U. D’Alesio, F. Murgia, C. Pisano, PLB 773, 300 (2013)
Z.-B. Kang, A. Prokudin, F. Ringer, F. Yuan, PLB 774, 635(2017)

High precision data on Collins asymmetry in p+p collisions at 200 GeV,

I



New Collins results from STAR

New results on Collins asymmetry in p+p collisions at 510 GeV,
in excellent agreement with 200 GeV data at same xx:

o - STAR Preliminary
@ -l +
€ . 004—P *P —jet+ 1 +X
°e  X>0
0.02— % §j
B e
: L PN -1 ¢ ®+
o LI ¥ __‘____g_ _____________________________________________________ —
et
- =oe % + A
-0.02— e* o
- e *510 GeV Preliminary
w7 510 GeV Preliminary
o 200 GeV (PRD 106, 072010)
_0.04— O 200 GeV (PRD 106, 072010)
| 1.4%/3.2% Scale Uncertainty Not Shown
| 11 I | I | I | I I | I | I | I | I | I | I I | I |
0 0.05 0.1 0.15 0.2 0.25 0.3

Jetx; (2p./ Vs)

» Striking comparison indicating weak energy dependence,
» Provides important constraints on TMD evolution of Collins function
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New Collins results at 510 GeV & comparison to 200 GeV

+ Collins results as a function of jt:

sin(g, - ¢,)

[
)

<

0.04E

0.03
0.02
0.01

0
-0.01
-0.02
—-0.03
-0.04

0.04

0.02

0

-0.02

-0.04

0.04

0.02

-0.02

—-0.04

0.1<z<0.2

{s = 510 GeV, R=0.5, (p‘:‘> =31.9 GeV/c
S = 200 GeV, R=0.6, (p") = 13.3 GeV/c

02<z<03

b1

1.4%/3.2% Scale Uncertainty Not Shown

II|||JI‘III 1T

03<z<0.8
L . +

CTTTTTTTTTTTTTTTTTTTTT ey == G
:_ m n* 510 GeV Preliminary o -D+— +
C e w510 GeV Preliminary ?
— O = 200 GeV (PRD 106, 072010)
- O w200 GeV (PRD 106, 072010)

- L L L L L L M|

107 , 1

. [GeV/c]

jt: pion’s transverse
momentum relative to the
jet axis

» Indication of weak energy dependence again!
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o New measurements of di-pion asymmetries

Di-hadron spin asymmetries at STAR

in p+p collisions at 200 and 510 GeV

o First measurement of unpolarized di-pion

cross section at 200 GeV

» model independent extraction of transversity =t

Radici & Bacchetta, PRL120,192001(2018)

[ STAR Preliminary 2015 [ Radici et. al. 2
L pt+p — n'n +Xat Vs=200GeV —e— Run 15, Cone < 0.7 é
— (p, )=525GeVic | £5
i —e— Run 06, Cone < 0.3 <
= } ( P, }=6GeV/e

B [ | Syst.Error

i N7 >0

i .

- %@ . £

_ # g ’

[ gt pi o Toaicestmaty o R mola: featisn (ocshow)

06 08 1 12 14 16 18
M " (GeV/c?)
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8 [ g
10" g [ --:-. Pythia 6.4.28 @ Perugia 2012,
E [ PARP(90)=0.213, CTEQ6 PDFs
~ 10k | —+— Data ]
o > E v.cin E=3 Syst. Unc. 3
2% .F B =3 JAM DiFF Prediction
— w0k -
j3 F Fe——
:?E 10° — E
10° e N E
103 g_ _E
v b b b b b b b B
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e C EEFEE R ]
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|

[ Radici et. al., Vs =500 GeV
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—&— STAR 2017, V5 =510 GeV,L,_ =350 pb"

STAR 2011 PID Sys.
STAR 2011 Trig. Bias Sys.
(] STAR 2017 Tot Sys.
p'+p = ' +X
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L
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o
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1 |
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Transverse spin transfer D7 results at STAR

o First Dy measurements in p+p collision at 200 GeV at RHIC:
-STAR, PRD98, 091103R (2018)
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New Dt results from STAR

e New Dy, results from 2015 with twice statistics. Most precise
data up to date.

o D is consistent with the model predictions within uncertainties.
STAR, PRD109, 012004 (2024)

L STAR
. STAR 2015 - pT+p = AT+ X, {5=200 GeV
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Q 0_ + & # [*] [l’] S i s ## .#Iﬂ’ $
Jet B
py >35GeV —0.05 = A 2015 oA 2012
—0.05[- 0< N g <12 (a) [ ©A2015 ©A 2012 (a)
U T T S N T TR T W T ST T N T TN TN ST NN TSN TN WY NN N SN SN NN NN MU S N1 rao vy v by v b v by oy v by by
1 2 3 4 5 6 7 8

B A2012+2015 O<np _<12
—_ A(
e A2012+2015

005 " A
L %
E + + + 0.05

DTT
o
!
+"
+
——-
DTT
(]
| T T T T ! T T T T | T T T
i
!
L¥]
$
i
- i
r Y
: 1
E:E‘k
\
HE=H
o
= -ok

- ’ AR) —005— =--=XLS, A, SU6
]-....é....’lg....LII‘....‘%....I....I....8 : ---XLS’K,SU6
p (GeVic) . | | 1 l 1 l ®
r.A&» - e
1 2 3 4 5 6




New Dt results from STAR

o First measurement of D;; vs. z for A(A) in p+p collisions, providing
constraints on transversely polarized fragmentation functions.

o Results are consistent with zero within uncertainties.

[ STAR 2015 STAR, PRD109, 012004 (2024)

005 pT+p = AT+X, V5=200GeV

= _ jet
N +0.732, pJT >5 GeV
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oI LIL
e
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A polarization within a jet in unpolarized p+p collision

o 1t measurement on polarizing fragmentation function in p+p:

polarization

0.2

- STAR Preliminary
L p+p—jet+ A+ X

0_1:_\@:200 GeV

A jet
A mjet|< 1, p. > 8 GeV/c

—0.2~

0 02 04 06

Note: z corrected to particle level
PA * Djet
7 —
[Djec| * |Pjet]

Jet momentum fraction carried by A(A)

AZps J7-S)

P

Average polarization
 A:1.72 +1.13(stat.) + 0.08%(syst.)
e A:3.42 4 1.30(stat.) + 0.32%(syst.)

Constraint for collinear fragmentation
functions

A polarization is consistent with 0

Indication of negative transverse
polarization of A (~2.60)

- Taoya Gao @SPIN2023
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RHIC p+p running until 2025

Successful p+p run in 2022 with forward detector upgrade (2.5<n<4)

Last transverse spin run in 2024 (ongoing), unique physics

opportunities in p+p and p+A before EIC

STAR w/ forward upgrade

V/SNN | Species Number Events/ Year
(GeV) Sampled Luminosity
200 p+p 142 pb~' /12w 2024
200 p+Au 0.69 pb~!/10.5w 2024
200 | Aut+Au | 18B / 32.7 nb~1/40w | 202342025
sPHENIX
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RHIC p+p running until 2025

opportunities in p+p and p+A before EIC

V/SNN | Species Number Events/ Year
(GeV) Sampled Luminosity
200 p+p 142 pb~' /12w 2024
200 p+Au 0.69 pb~'/10.5w 2024

200

Au+Au

18B / 32.7 nb~! /40w

2023+2025

Successful p+p run in 2022 with forward detector upgrade (2.5<n<4)
Last transverse spin run in 2024 (ongoing), unique physics

T

e COMPASS h*:P,; <16 GeV
[ O HERMES %% K:P, <1GeV
™ JLabHall-A =*:P,; <0.45 GeV
JLab 12
— 3
L 107E o STAR 500 GeV -1 <1 <1 Collins
[ F © STAR 200 GeV -1 <n < 1 Collins
G, [ = STAR500GeV 1 <1 <4 Collins
NO - O STAR 200 GeV 1 <n < 4 Collins
102} Y STARW bosons

I current data for Collins and Sivers asymmetry:

vvvvvvvvv

Forward jet Ay

Gamberg, Kang, Prokudin: = 2.5

STAR Projection: PYTHIA anti-k; R = 0.6, v/s = 510 GeV, jet p;> 4 GeVic, n =
2.5~4, P=60%, L=2350pb"!

0.01-
. 0.008{—
0.006— © Av
I ° A’F‘
i 0.004— o gt~
0.002—
- ¢
= — @
< U
- ¢
-0.002—
-0.004 —
C - Ay
-0.006 :— - Axp
0008 AV
. : 1 1 Il I 1 1 1 1
0.01 55

X:=P.Jp

Z " beam

» Essential x-Q? overlap with EIC, full jet reconstruction + charge-sign tagging
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Summary

Great achievements from RHIC spin program in ~20 years
Observation of positive gluon polarization from RHIC:

-probes with jets indicates sizable gluon polarization (AG~0.2)

Unique probe of sea quark polarization via W production:
- clear evidence of the SU(2) symmetry breaking: A > Ad

Hyperon spin transfer provide access to polarized strange quark
distribution and polarized fragmentation functions.

Transverse spin physics at RHIC:

- Results on W/Z, EM-jet, n* spin asymmetries provide important information
on underlying physics mechanism: Sivers & Collins, and transversity

Future RHIC spin run until 2025
- Unique physics opportunities in pp and pA before EIC

15915 !
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New Collins results from STAR

o Collins results vs. z : comparison to theoretical calculations

< 0.0a=_STAR Preliminary Vs =510/500 GeV 2017 (p, ) = 319 GeVic
» . - 0 . + ’ —
% - - P +P —>jet+ 1 +X 2011 <pT’J_el>_ 31.0 GeV/c
"’<:’ 0.06:— Xg>0
0.04—==-DMP+2013
— ---KPRY 2
0.02= — KPRY-NLL _ E:EF+>
O: :!;i;;!;gs!éﬁ;==’==”E%é=--h>==b—-ia‘—-
— :,._j@u.e::._.....T:_.%.;TT.T:"'[:fff?"’?i?if:-.':'-.-.u +
-0.02 | ¢ E+]
—0.04f m w2017 Preliminary E%D
[ e 7 2017 Preliminary oM |
006l O 2011 (PRD 97, 032004) o
- O w2011 (PRD 97, 032004)
—0-08:_1.4%/3.5% Scale Uncertainty Not Shown
1 1 | 1 I | 1 1 | | | 1 | | I | | 1 | | | | 1 | | 1 | | 1 | | | 1 |

0 0.1 0.2 0.3 0.4 0.5 0.6 7z

U. D’Alesio, F. Murgia, and C. Pisano, Phys. Lett. B 773, 300 (2013)
Z.-B. Kang, A. Prokudin, F. Ringer, and F. Yuan, Phys. Lett. B 774, 635(2017)

» DMP, KPRY use global fit of Collins from SIDIS and e*e- data, without TMD evolution

» KPRY-NLL consider TMD evolution at next leading log
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C(A9)

C(a9)

Evidence for Nonlinear Gluon Effects & the A Dependence

« Di-n? correlation in forward region in p+p and p+A at 200 GeV

« Aclear suppression of the correlated yields of back-to-back pairs in
p+Al and p+Au compared to p+p data.

x10~°
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-A linear dependence
of the suppression
as a function of A3

-The suppression in high-activity p+Au collisions is consistent with theoretical
predictions including gluon saturation effects.
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Lambda spin correlations in pp collisions

* Py, are consistent with zero within uncertainties STAR preliminary 1
2012 p+p Vs =200 GeV i
Minimum bias }
« Hint of spin-spin correlation signal for A°A° pairs at 20 TPy e
statistical significance 05<p, <50GeV/C |
05<p ,<50GeV/c }
\
\
 Data suggest no significant spin-spin correlation of KA ;“
initial state s (anti-)quark pair |
« This measurement provides upper limit on A° hyperon i
spin-spin correlations in p+p collisions at /s = 200 GeV ok i .
\
« First experimental search for A’ hyperon spin-spin |
correlations SERHERETS FENEE VT P
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

P,

= Measure angle 6" between the two boosted protons

= The distribution of pair angle is given by: Jan Vanek @ SPIN2023

an 1+ P 0"
dCOS(Q*) a,a; AN, COS( )

= @, and a, are a, or a_, depending on A° hyperon pair
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Transverse single spin asymmetry (Ay) of W boson

« Sivers sign change in DIS and DY/W/Z process:

DIS: yq scattering PP: q/c_]alfmihila‘rion
attractive FSI repulsive IST

-------------

Siversprs = - Sivers (DY or W or Z2)

-Critical test for our understanding of TMD’s and TMD factorization

« Active experimental programs at CERN-COMPASS (DY), Fermi-
SpinQuest (E1039,DY), and RHIC (W production).
« Advantages of weak boson production

» Low background
» High Q2-scale (~ W/Z boson mass)




