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Outline

e Introduction

e Recent highlights from STAR experiment
» QCD phase transition and QGP property

- QCD phase transition, Critical-End-Point, QGP property, small system
» Spin physics in heavy ion collisions

- Global polarization, spin alignment, local polarization, UPC, CME
» Polarized proton-proton collision

- Spin structure of nucleon

¢ Summary and outlook
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STAR Detector with BES-Il and FWD upgrades

B, B WX, X, EB
ETOF (1.6 <n<-1.1, iTPC (-1.5<n < 1.5) k. 8K

-2.1<n<-1.5in FXT)

FST, sTGC (25<n<4.0)

FCS, ECAL (2.5 <n <4.0)

FCS, HCAL
(2.5 <n<4.0)

EPN
EPD (2.1 <Inl <5.1)

¢ STARFTEA: £4HK. PEAAKR, LERHAI. EHH. L2, FF. LARF AMNTR, FRITK,
SOOI K, FRASE, RAR, BHA, MRS
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A+A collisions: QCD phase transition & QGP property

ivisti iai final detected
Relativistic Heavy-TIon Collisions inal detecte

Kinetic
freeze-out

Hadronization

l

'&“ j,‘J “_“d‘

Initial energy
density

Iz

collision
overlap zone

23
~
:
7

pre-
equilibrium vis s hydrodynamics
namics cous hydrodynamic free streaming
collision evolution

t~0fm/c T~1fm/c

T ~ 10 fm/c T ~ 101% fm/c

stributions

» QCD phase transition
» Critical End Point
» QGP property

» Small system
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QCD phase transition and Critical-End-Point

-RHIC Beam Energy Scan (BES) program
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Search for Critical-End-Point: fluctuations & cumulants

-E|M 15:30
- TEBEIE 16:00

e Enhanced fluctuations expected near CEP,
CEP search
correlation length: ¢ :
- expected to diverge
susceptibilities: y,! P 5 C,/Cy( = )

baseline

1 Vs

Related to correlation length: C, ~ £2,C, ~ &’
Finite size/time effects reduces &
Higher order —» more sensitivity

I
C _ xg C6q _ Xg M. A. Stephanov, PRL 107 (2011) 052301

q=B,0,§

Related to susceptibilities: Assumption: Thermodynamic equilibrium

C2q qu’ C2q )(g
Direct comparison with lattice QCD, Nonsionotonic \/WV dependence of

HRG, QCD-based model calculations
C,/C, of conserved quantity -

existence of a critical region

R.V. Gavai and S. Gupta, PLB696, 459(11)

S. Ejiri, F. Karsch, K. Redlich, PLB633, 275(06) . A

A. Bazavov et al., PRL109, 192302(12) (9 | p/T*] _B.0.S

B. S.Borsanyietal., PRL111,062005(13) Xy o ) 1= 5%
q
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Search for CEP: Net-proton cumulants whiFk. Bk

® High precision data from BES-Il measurement from 7.7-27 GeV - FhtlE 16:00
STAR: arXiv:2504.00817
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—  Deviations: (data - Reference)/o,,,, —
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¢ C,/C, shows minimum around ~20 GeV comparing to models without CEP and peripheral data

> Maximum deviation: 2~50 at ~20 GeV

Overview of STAR LA KT, BRE 7



Search for CEP: Net-proton cumulants

e New results from FXT energies v/snyn = 3.2, 3.5 and 3.9 GeV- -

0-5% Au+Au Collisions at RHIC

Collider -0.5<y<0.5
@ BES-L,lI

FXT -0.5<y-y_, <0
—1 [m] This analysis

m 3 GeV
(PRL 126 092301)

=== Hydro EV

UrQMD -0.5<y-y_ <0

UrQMD -0.5<y<0.5 |

4 5 678910

20 30

Collision Energy Ys,y (GeV)

T HELIE 16:00

C,/Cy( = ko?)

I I \/g

¢ In3.2-3.9GeV, C4/C2is
consistent with values from
UrQMD

¢ Analysis of 4.5 GeV and
2 billion events from Run21

3 GeV are ongoing
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Baryon - Strangeness correlations

fermR. TAlhK

e B-S correlation proposed as a sensitive

probe of deconfinement

C

Cc

=-3(BS) /(S?
N

CBS
—

w b

Cgs

(BS)

= -3 c—_3

(5%)

(o

(BS) = (B)(S)

(-0.5 <y <0)

] L} ] L] LI I 1 1 L} L] L] L L
- Au+Au Central Collisions (0-5%)

- Au+Au Peripheral Collisions (70-80%)
- p(P),K"A(A): 0.4 < p, (GeV/c) < 1.6, ly| < 0.57

@ BEsi =

@ BEsI

== Ideal QGP | STAR Preliminary
-------- QM-HRG

I LQacD PRD 110, 054519 (40-50%)

] FRG, W. Fu et al., in preparation
3 uramp, pE)K AR ZE)

1 lllllll

1 1 11 1 1.1
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Collision Energy |s,,, (GeV)

20 30

(52) — (S)?

net-B : 6p + IN(+I=")

net-S: 0K — 6A(—26=")

¢ Css in central collisions agree with FRG and LQCD at higher energies, with UrQMD at
lower energies, deviate from both in-between

¢ Agree with UrQMD at all energies in peripheral

Overview of STAR

LA KT, BRE



Other observables for CEP £ oh i

. . : : ' -Z=K B
Yield Ratio of Light Nuclei Intermittency 757
-XI| & —— S — .
26H 11:55 0 6'_ Au + Au Collisions (a) 0%-10% > E STAR Au+Au, h*
I @STAR 0.6F ® 0-5% :
| Common syst. err. m 10-40% ]
N T 0.55¢ 2 ]
Z Lo 'y $ C . & b ; = ]
\Q.. g L1 C + * = - !
Z. I sk 0.5] + . 5
X QLSS o s ol T« ¢ £ i - = -
2 - SN u. XK, R T [ w gt 1
7 N\ “§| 0450 = o g ) ™ -
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STAR, PRL 130, 202301 (2023) STAR, PLB 845, 138165 (2023)
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NCQ scaling of elliptic flow

e 5

e Partonic collectivity at 7.7 GeV and above
e NCQ scaling for v2 breaks completely at 3.2 GeV and below, indicates dominance of

hadronic inte

ractions

STAR, arXiv: 2504.02531
Particles _ _
of o T > Number of constitute quark scaled vz ratios
00, | i °p +K27 P oQme ;.“f i
Faad | gl TPl T (@) é | | ®
M e ’ | mE B BRBE
2 " 3'GeV(FXT) 3.2 GeV(FXT) 3.5 GeV(FXT) 3.9 GeV(FXT) =15 Tr------- 50 @ O] T $ ®---8-& @ —
i;o.m | | ; ‘ 4 1 o i g (@) 1
he QY | R S A 0.5 % T |
& il ‘?QS' 'é' X =
Soo] lgf' 4 gf ' ;E‘ ’  F § e STAR Preliminary |
Z | & a5GeV(FxT o 170eV(COL) J 92Gev(COL) # 115Gev(coL) o Au+Au 10-40% collisions - |
on | | Z3° Au+Aucollision Ovy/ngof p/K*at KE/n,=0.4 1 O PK atKE/n,=04 -
P R MR » o _0.5- Ovy/ngof /K" at KEy/ng=0.4| O w/K atKE/ng=04 |
o A . ot ' Avy/ngof A/Ksat KE;/n,=0.4 A R/KS at KE/n, = 0.4
& ﬁ;" Particles o T ¥ @K atKE/n,=0.4 -
] i{ms GeV(COL) f 17.3GeV(COL) # 19.6 GeV(COL) STAR Preliminary : | L :
l 0 0.5 1 0 0.5 1 0- 0.5 1 3 5 7 1 0 = _ = 7 1 0 20
NCQ Scaled E ; [(m -mg)/n (GeV/c?)] Collision Energy 1S_NN (GeV)
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p-Q correlations

AT PN

e Use correlation femtoscopy to study Y-N interactions (Suy = 200 GeV Isobar Collisions
¥\ — —> 7% 2 33— _ Nsame(k") i 1'21$.\:.:::.. 1 L
C(k) = [S@IP(E, PP = Reame) e
Nmixea(k*) - 08 == ‘
S(F) Sourcefunction 3\‘, 2-‘\ - B | 60 80 100 120 o 60 80 100 120 140
= (@] _— b i
lI’(k"i 7): Pair wave function 5 ~ _ff“:f_e; . eg_’gﬂ":;yirs % ) HAL QCD Rl ) _;I;:I';mb ol
k* = =P - Pp|, relative momentum L e e ————e e A nmme M e
- B 0-10% 10-30% 30-80%
7 : relative distance : L - : . .

1 1 1 1
0 50 100 150 200 0

-Lednicky-Lyuboshitz fit to extract strong interaction parameters

Flk") = [fi +2dok*2 — ik*]~* (No Coulomb )

1 1
50 100 150

1 1 1
200 0 50 100 150 200

Relative Momentum k* (MeV/c)

£ = [ + 2dok' = Zh(n) — th*A ()] (Tnc —_—
fo 2 ac gy (a) \/— ) b lisi (b) F -
1 [ 24, ,§ Syn =200 (_;eV Iso Jar Co. isions STAR Preliminary
BEpﬂ=m(1_ 1+f_0)2 \; 41 p-Q @ p- Q pairs ] —@——— | Spin average
. . = ® @ BestFit
¢ Negative scattering length © 3| o HALacDW-2) |
(fo) for p - Q interactions S o e IS Cuintet state(J=2)
o o| 30 / i ‘
. . o 5 W | HALQCD(J=2)
& First eXperImental E 4 Phys. Lett. B 792, 284 (2019)
: O
evidence for strange QO 17 ‘
- = QDCSM(J=2
dl'baryon bound state LLI | _ arXi :2408(1549%v1
. -8 -7 -6 -5 -4 -3 0 1 2 3 4 5 6

Scattering Length fy (fm)

Binding Energy (MeV)
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p-Q correlations

AT PN

e Use correlation femtoscopy to study Y-N interactions (Suy = 200 GeV Isobar Collsions
C(k*) = fS(?)lW(E*, ?)lde;,’ - Nsame(k *) sk 1:@.::::? 1
Nonixed(K*) - | 08 El ‘
S(7): Source function g, o Rl 60 80 100 120 - 6080 Lﬁ:-tm T -
¥(k*,7): Pair wave function p _ff“:f_e; . eg’g’;":;'yirs % HAL QCD Rl ) _Coullomb ol
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-Lednicky-Lyuboshitz fit to extract strong interaction parameters Relative Momentum k™ (MeVc)
Flk") = [fi +2dok*2 — ik*]~* (No Coulomb )
)= [fi + %dok*2 - aih(r)) — ik*A.(m)]~(Include Coulomb ) = N
0 Cc 1
' S | \syy =200 GeV Isobar & Au+Au Collisions
§ 20 STAR Preliminary E |
S !
% 15~ ! . —
! [1]
g R Y
£ 10;//////////‘5> 7
¢ Positive fo for p-= and p-Acorrelations _—— 5} | < J‘ .
o . e | &%
-> \Weakly attractive interaction oL | V= Gev Ao cotons |
L e e DR
Scattering Length f0 (fm)
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Light nuclei femtoscopy 4 th K

e Y-N interactions important to understand neutron star
EoS and structure of hyper-nuclei

e High-statistics BES-II data at high s

Radius(fm) 118 83 68 59 53
_ 1o i ~STAR
c 26 : Estimated from |
2 X d-A %Our;e'zﬁ“on & Doublet spin state d-A in pair
L | | \ ! o T | 2e0ccee leecee seeee leeesee 2ecee jeeesee 2eeee leeeee 2000 hypertriton
This study; H@—+— World average
ALICE 2023 _ .
5 = = STAR 2020 ¢ Most accurate extraction of
' NPB I I I -
_ pRD: 1970 - 52 1973 hypertnton Blndmg Energy
NPBM%B _ using d-A correlations
. = E NPB1 1967
02 01 b ~01 02 03 04 05 y?
A-separation Energy of 3H (MeV) By = 2

Overview of STAR L FE K, Rk 14



Hypernuclei measurements g#fr. ERIA. BIK. fhifkx

e Hypernuclei production valuable tool to study Y-N interactions

- Au+Au 0-40% collisions  STAR Preliminary
1:_ | STAR, PRL 128, 202301 (2022) € Extensive measurements of
D E e different hypernuclei from BES-II
V a1 & o
2 107 /% = g :
= = . @ First measurement of A=5
3 102L e - AH(x4) hypernuclei
> =S ® o
o C S 4 3H (x1 :
oL /o8 aHe AH(x10) ® Thermal model over-predicts
= ] SHe Thermal-FIST (CE) yields for most of the measured
- T A O Published . : :
107 e STAR preliminary hypernuclei in the high us region
_ 1 l ] l oo 1 l 1 ]
3 4 5678910 20 30 4050

Collision Energy \'s\, (GeV)
V. Vovchenko et al., PRC 93, 064906 (2016)
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Strange hadron production at BES-ll &%, «4mx. ERX

e Strangeness production at high baryon density is a good probe to study medium properties
e Strange hadron yield ratios deviate from GCE(Grand Canonical Ensemble) for collision energies

below ~ 5 GeV 2 : Central Collisions
; : STAR preliminary
= 1
- :
o -
o~ N
% ______ Q-D ----- [Je===s
107 = ra Jppare O
S
Y KYA Alp E/A (Mid-rapidity)
102 @,"IEI EIJ ¥ e m This analysis
= ' E‘ % O O Published data
C oy e GCE
B CE,rc=(2.9, 3.9)fm
10_3 = 1 L 1 1 L L 1 1 l 1 1
2 3 5 10 30

Collision Energy sy, (GeV)
STAR, PRCT110, 054911 (2024); JHEP 2024, 139 (2024)
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Strangeness production in different systems 1L

e Strangeness

0-35_]IIIIIIIIlIIIIIIIIlIIIII|[l||||ll|||||l|l||| 0-35llll|||ll||||||[lll|llII[IIIIIIIIIIIIII|IIII~
enhancement and [+ 0+0 200 GeV (0-5%) ] [ 4 0+0 200 GeV (20-30%) ]
- v 0O+0 200 GeV (5-10%) 5 03— _ X s
baryon/meson %%« isobar 200 GeV (40-60%) E B[ @ Ieobar200GeV (60-60%) ]

enhancement in QGP RS T

0'25:_ Hwa&Yang Model (0-5%) 0'25:_ Hwa&Yang Model (0-5%)
: : S [ Toticontrbutions S [ Tl contibutions

e (/¢ yield ratio enhanced Zoz- b = 02f b

in both O+0O and isobar 'g | STAR Preliminary l’g: - STAR Preliminary
collisions from peripheral 2"} 1 E =10 E
to central collisions ot % % : ot 4 =
| ; \ i
e Enhancement similar in 0.05; Lom B . olos- .8 B
Central O+O and Similar o_lllllllflllgilllllllllIIIIIIII|IIII|I¢iIIIIIII o1111|||E||nllai|1|lllllllllllllllllllllfll|||||—
multiplicity isobar 0 056 1 15 2 25 3 35 4 45 0 05 1 15 2 25 @8 85 4 45
collisions Py (GeVic) p. (GeVic)
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Thermal dilepton & QGP temperature  «wgmix. Lx. Bk
-#4 265 9:00

S E S ] Temperature by fitting Boltzmann function:
O 350F = —
Dilepton Emission = F [] M STAR (AutAu) - Excess = data - cocktail
- 300 - %‘5 5L ) STAR (RuRu + ZrZr) - T —+— STAR RuRu + ZrZr 200 GeV (0-80%)
- [ ] W —=s— STAR Au+Au 54.4 GeV (0-80%)
250 - é O 4 NA60 (In+In) 3 Z —o— STAR Au+Au 27 GeV (0-80%)
- 3 = 106 —— NAG0 IntIn 17.3 GeV (dN  /dn>30)
200F- = ® HADES (AutAu) S i
- *&— "+)** STAR Preliminary 3 z STAR Preliminary
150 = > = %-5
100F- : e = o T -
F | T.LQcD ° ] S s R o
50 — -] = ?“ e T
L 0T, SH T, GCE «T,SCE 3 & v e
0 :I il 1 1 L 1 aaaal |: 3 Solid Line: TLI\IR ﬁt Y  { IY \~~"~::~"~—. -
10 102 1 03 % Dashed Line: T, fit [ v !
e (MeV) V10—10 PRI DR B R R T L
B 0.5 1 15 2 2.5
. M, (GeV/c
STAR (54.4, 27 GeV), arXiv: 2402.01998 (SN

¢ Direct access to temperature of QGP phase and phase transition
» Temperature extracted from low mass region: T"MR js close to both T, and T,
» Tuwwvr in isobar 200 GeV shows higher values than Tpc (199 + 6 [stat] + 13 [sys] MeV)
» Temperature extracted from intermediate mass region: TMR STIMR = temperature of QGP

Overview of STAR LA KT, BRE g



Direct virtual photon production PPN

- 268 9:00

e Direct photon carry information on energy density, temperature, collective motion of QGP

2 - : + + . .
D, | STAR, Aurhm 10<p, <30 Gevie ¢ Yield of direct photons vs.
Z>-“10§— — A(dN_ /dn)” Fit to STAR Data ( =10) '- multiplicity from 14.6 to 200
= [+ 200GeV g V
; " STAR Preliminary Ge
= = 544 GeV
S e i o & The measured yields follow a
101 + 146Gev * ,@/@ common scaling from 14.6 to
- : 200 GeV:
. . ALICE,Pb+Pb, 10 <p_<50 GeV/c
1072 | —=— 2.76 TeV
g 5.02 TeV
- PHENIX, Au+Au, 1.0 <p_<50 GeV/c a=143+0.04 £0.04
103 —s— 200 GeV
g —— 624 GeV
= —=— 39 GeV
[ - Cu+Cu 200 GeV |
10— | | | 11 1 11 | | | I I I
10° 10°
dN_,/dn
Overview of STAR LA KT, BRE 19



Small system - flow

e Small collision system : p+p, p+A, He+A 2 3 ' :
p-@g\o/ : =
et

STAR, PRL 130, 242301 (2023)

Nucleon & Subnucleon — 1 T 1 — 1 T _ T 1
Fluctuation 1.5 (@)  UC,+AuN,)=341 1 (b) Vo€ Fit '
> ° _ —
$ L ommtmn T e Herau 20
< e e lﬁﬁh>_ Tl + O —p+Au
o
&= 1.0F ol - E ---------------- Al M
— | DN pT— = —15
d 2 ' |
E B ---
< 050 110
Al
>
[ N 1 L 1 1 [ ] 1 1 1 0 5
0.0 0.5 1.0 1.5 2000 0.5 1.0 1.5 2.0

¢ Precision & systematic measurements of v, ; in p+Au, d+Au & He+Au at STAR
> Reveal the importance of sub-nucleonic fluctuation in small systems

Overview of STAR L FE K, Rk
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Small system - flow

]
|

e A better geometry scan with d+Au and O+O
e Similar-sized systems, but large difference in €2 in the small systems d+Au and O+0O

T

0.12-b) Nucleon Glauber — — c) Sub-Nulceon Glauber

. 0+0 o1 s ¢ f s ¢
dAu 0 oo ! '

Vv, /€,

L 0.2 <pr<2GeV/c
0.04f

0-06__ e O0+0:¢ (NLEFT) = / o
- : 1r ni 1.5, |1A 1 A
[ t‘ o diAU | 1 8 Va:[n|<1.5, |An|> :

STAR Preliminary — - Nen: n| <1.5, 0.2 <pr <2 GeV/c]
L L L L L 1 " L L

+ T v 1
0.05 f) Sub-Nulceon Glauber

" €) Nulceon Glauber

» Both v2 and vs scale well with

. g 0.04 1 ' 4
eccentricities from sub-nucleon o | ¢ ot ; of
fluctuation between d+Au and O+0O S |" 10 ¢ L ]
collisions sl “ 1L “# ]

095 50 100 1850 0 B0 100 150
Number of Tracks (Nch) Number of Tracks (Nch)
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Small system - Jet quenching in O+0O 1ipN
RER 2780 11:10
e Do we see jet quenching in small systems? _ S Neg > Y i [ = cenal
¥ <N, coll >central Yperipheral i Y, peripheral

E_J1-8—IIIIIIIIIIIIIIIIIIIIIIIIIIIIIL

o

1.6

1.4F -

0.4} 0-10%/60-80%
: anti-k; R, =0.2

Inclusive hadrons and jets

- STAR Preliminary = ¢ch. hadron 1
[ 0+0 |5y =200 GeV - ch. jet

5 10 15 20 25 30
h h
pi : p%jet (GeV/c)

lep

2.5

Semi-inclusive h triggered jets

1.5

0.5¢

I T T I | L E | | S O | | 1T I LI I T T | T I
0+0 |/s,,, =200 GeV i
~ hijet 7< p:ig <30 GeV/c i
- anti-k. R._=0.2 _

T jet

" STAR Preliminary

llllllllll llllllllllll

lllllll

6 8 10 12 14 16 18
ch
Pr . (GeVl/c)

¢ Indication of high-pt jet suppression in O+O collisions

Overview of STAR
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Observation of the Antimatter Hypernucleus ‘H Nz}

The heaviest anti-hypernucleus observed by STAR, with a significance of 4.7 o

STAR, Nature 632, 1026 (2024)

%ﬁe He + &t*

» History of Anti-matter Discovery

- STAR Ng;y: 15.644.7
157 45 Ng,: 6.4+0.4 :
: K ZCOUI\(: 4'8
[} B Zosoes &7
t 10 o
= i
Q #
& !
5_ l
- R W
""I L i . : + +| + H 1. = Dirac, PAM.,  awo 1960 1980 2000 2020 R
0 ) 39 395 4 The Quantum Theory of the Electron. Discovery year CERN-LEAR

4T K i 2 Proc. Roy. Soc. Lond. A117, 610 (1928).
He + ©* invariant mass (GeV/c?)
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Nuclear imaging with high energy HIC g8

-Ik AR 14:30 -

. . STAR: Nature 635, 67 (2024)
e Nuclear structure leaves imprints on vn and vn- p1 ) . f

. 5 o — )
correlations = N

e Compare similar-sized systems U+U, Au+Au or

Ru+Ru, Zr+Zr to gain insights on nuclear structure
wd =a,+b,p,
(6pp)® = ay + by,

(vF6p;) = as=bs B, cos(3p).

Time scale: 7~ 2Ry/I" ~ 0.1 fm/c 7~ 10 fm/c 7~ 10" fm/c
exposure expansion detection

a | STAR 0-0.5% centrality
: @ U+U
e Extracted U+U shape parameters 2 and y o +# S Au+Au
B2U = 0.297 +/- 0.015; yU = 8.50 +/- 4.80 E '
—~ 6
L
¢ Large quadrupole deformation, consistent with : —- i
low-energy measurements and indication of I M
T i 0.2<p;<3GeV/c
small triaxiality in U+U ground state R
-0.10 -0.05 0 0.05 0.10

: op+/([p+]) e
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Baryon number carrier: quarks or junctions?

BR. FERImR. WX

e What carries the baryon number?

o .
@ :

X. Artru, NPB 85, 442 (1975).

G.C. Rossi, G.Veneziano, NPB 123, 507(1977).

Valence Quarks: Junctions:
B A B A
-~ m—>-
Q Z Q  Z

Q: Net charge
B: Net baryon number

Q = (Nz+ + Ng+ + N,) — (Nx- + Ng- + Np)

B = (N, + N,) — (N, + Ny).

K 26H 14:25

e (B)/AQXxAZ/A vs. centrality in isobar collisions

AQ = QRu—i—Ru - QZr—i—Zr

STAR, arXiv: 2408.15441

STAR Ru+Ru, Zr+Zr
20 F VSw =200 GeV, |y| <0.5 —
7 A
Y
3 _ 4
x —_
o B
< 10 5 |
)
051 o ¥ Data T HERWIG 7.2
EEm TRENTO 3  PYTHIA 8.3
B84 UrQMD > PYTHIA 8.3 CR
0.0 . L 1 L
Q ol o\ o ol ol
< < < » N>
¥ o by > N o
Q\O

Centrality

¢ (B)/AQXAZ/A ~ 2 in central collisions
—higher than model calculations with valence quarks

carrying baryon number
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Observation of proton-antiproton pairs from vacuum BMA. BB

e Breit-Wheeler process has been observed, how about higher excitation of QED _== o265 1155
vacuum ?

T I T T T  J I T T T T '] T T T T I T T ] T I 7§ -
Nothing 1 F N (a) ¥  Data: Au+AuUPC 3
L™ ]
— B l L8 Theory for yy— e*e:
% 104 .""‘..“}t — — QED for UPC
(9} | R -~ STARLight
re) E O
g Il R
- B ~..$
E 10—2:l .'\i‘ =
g H i
o) i e
° H 3
H Background: 4
10°4 _— Photonuclear p° & T
. 4 1l [\ ' NP P P | BT SR TR LR TS| KT
Particle Anti-PARTICLE 0.5 1 EF 5 2 25

M,. (GeV)
Breit-Wheeler process

e Proton-antiproton pa|r production in in Au+Au ultra-peripheral collisions at 200 GeV

vy — hh ?

!

§ 80 E T T T T T T T T ; — 104 3 ‘
> L & © i ]
8 70 I —e— PP.0.05< |f5| <0.5,2< M < 2.4 GeVIc? . % 103 B + Measurements ~ =====* YY — pp, Shao [2] 4
E 60 5 { &) F —— vy > pp, Pu[3] - YAu — ppAu, Wu et al* 3
= STAR Preliminary g o) 102 b :]
= ] =, F p P 3
& 50 3 = i p° > 0.2 GeVic, n’| < 0.9 ;
k=] ] — E——t—— 7
S Au+Au UPC |5, = 200 GeV ] % 10 — 3
o 40 ] =) i — ]
30 p’ > 0.2 GeV, || <09 4 i
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Spin in heavy ion collisions

Hyperon global polarization
Local polarization
Vector meson spin alignment

Spin in ultra-peripheral collision (UPC)

v VWV VY VYV V

Chiral Magnetic Effect

IR

Acta Physica Sinica

2023 Vol.72
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Global spin polarization in heavy ion collisions _sz#2 1030

e Globally polarized quark gluon plasma (QGP) in non-central relativistic heavy ion collisions
Zuo-tang Liang & Xin-Nian Wang, PRL94, 102301(2005); PLB629, 20(2005).

o FEERL
PH :PITI = Pq = Pﬁ

L L BEUSH, | o XBATHHEIEHT
(4AE) (spin alignment)

“‘ ——— 05’ 1 >
Q @ - HEFRSK 2
0 05 1 15 2 | 1_Pq
Poo

5&5&2@5’&2&}? EHEXERE | “global quark polarization’ ; | 3+ P2 )

4 -

ERE— e

/ 15-

k endi . . ; L.
PRL 94, 102301 (2005) PHYSICAL REVIEW LETTERS 18 MARCH 2005 Spin alignment of vector mesons in non-central A + A collisions
Globally Polarized Quark-Gluon Plasma in Noncentral A + A Collisions Zuo-Tang Liang?, Xin-Nian Wang *° (270+Cltat10n)
s 1 ) . 2,1
. Zug»Tang Liang arAld X}H_Nlan Wang ) & Department of Physics, Shandong University, Jinan, Shandong 250100, China
) ) _D‘fl’_‘"’ tment of Physics, Shandong University, Jman, Shandong 250100, Chmq ) b Nuclear Science Division, MS 70R0319, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
Nuclear Science Division, MS 70R0319, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
(Received 25 October 2004; published 14 March 2005) PHYSICAL REVIEW LETTERS week ending
Produced partons have a large local relative orbital angular momentum along the direction opposite to PRL 109’ 232301 (2012) 7 DECEMBER 2012

the reaction plane in the early stage of noncentral heavy-ion collisions. Parton scattering is shown to

polarize quarks along the same direction due to spin-orbital coupling. Such global quark polarization will

lead to many observable consequences, such as left-right asymmetry of hadron spectra and global Chiral Anomaly and Local POlarization Effect from the Quantum Kinetic Approach
transverse polarization of thermal photons, dileptons, and hadrons. Hadrons from the decay of polarized

resonances will have an azimuthal asymmetry similar to the elliptic flow. Global hyperon polarization is

studied within different hadronization scenarios and can be easily tested. Jian-Hua Gao,"? Zuo-Tang Liang,” Shi Pu,> Qun Wang,” and Xin-Nian Wang*’ (260+C1tat10n)
. . ISchqol of Space Science and Physics, Shandong University at Weihai, Weihai 264209, China
(580+citation)
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Global spin polarization in heavy ion collisions

e A global polarization, ¢ spin alignment observed in non-central Au+Au collisions at STAR

STAR, Nature 548, 62(2017) STAR, Nature 614, 244 (2023)
L J J I L L ! ! ! UL I ! TT | T T T T T T 1T I T T T T T T 7171 | T T T
Au+Au 20-50% : %0 (yl<1.08&1.2<p_<5.4GeVic) -
= # A this study = 0.4 o K°(ly|<1.0& 1.0 <p_<5.0 GeV/c) |
@ A this study ] | —cY=464+073m" i
¥r A PRC76 024915 (2007) - ° "’ -
B O A PRC76 024915 (2007) | - y
0.35— -
& i o b AT ]
= B S
= g O_ | B
SUBATY #%ﬁfm# - :
- e B - filled: STAR (Au+Au & 20% - 60% Centrality) :
~ I 0-25[~ pen: ALICE (Pb+Pb & 10% - 50% Centrality) |
1 | ] O
11 | 1 1 1 L1111 | 1 1 1 | I |
10 Jﬁ 10 102 10°
S,y (GeV)
NN
\'syn (GeV)

» Open a new direction in high energy nuclear physics
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Recent results on global polarization

R

P, [%]

T | T | T | T | T | T | T | T
| STAR Preliminary A

B Ru+Ru
+ Zr+Zr
O Au+Au

| Centrality |

" [Syy = 200 GeV (I-‘ T
NN

0

10 20 30 40 50 60 70 80
Centrality [%]

T | T | T | T | T | T | T | T
| STAR Preliminary A

I + Zr+Zr
O Au+Au H

B Ru+Ru

(S = 200 GeV 4

| Centrality _|
20-50%

0

10 20 30 40 50 60 70 80
Centrality [%]

¢ Hyperon polarization in isobar collisions: system size dependence
> No difference observed in Ru+Ru and Zr+Zr
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Recent results on global polarization

R

10

T 1T T T IIIIIII

STAR Au+Au collisions
j 20-50% Centrality
Nature548.62(2017) e A
PRC108.014910(2023) + A
BES-I| STAR Preliminary
O A

T 6 T
oA 1 I
& A 4
| =,
D.< L
i D ool
i K
& —

- UrQMD+vHLLE, .
| — priﬁnary - - - primary+feed-down | i
10 10°
Energy [GeV]

T T |
STAR Au+Au collisions

20-50% Centrality
= A-A STAR Preliminary

+ A-APRC108.014910 (2023)

o A-ANature548.62 (2017)

i pri’mary primary+feed-down I O N + +§¥%‘% % N e

2

1
Energy [GeV]

-H>¢Es 26H 17:40

¢ Precision BES-II data (10 times more statistics than BES-I): further confirm
the energy dependence

& BES-Il data found no splitting between A(A) polarization
» No magnetic effect?

Overview of STAR
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New results on £, 2 global polarization IR, EHFr
-B>¢Em 26H 17:40

A(uds) A-p+mn~ 0.732 1/2 . Au+Au collisions at BES-II
=~ (dss) - > A+ -0.401 112 3 + 20-50% Centrality o i SUASFIN—
Q-(dss) e 0.0157 3 i Inl <1.5,0.5<p_<6[GeV/c] i 10— Au+Au collisions at BES-Il  —
i + « = +Z, PRL 126(2021) - p 20-50% Centrality
- ¥  Z>A+Z ->A, PRL126(2021) - " +
. L. . m 4% . - + +
» Direct measuremer)t L via < | o ZoA+ToR . < |
daughter A angle distribution %3 | o AvR S oL T ——
. = o [ o
in =,Q rest frame 1 — !
s Inl < 1.5, 0.5<pT<6[GeV/c]
» Indirect measurement : via i ! Z i . gj->A+g->§ R 1262021
. . . L. A 2 Q->A+Q DA,
daughter A polarization with O b — : o A+R
spin transfer factor T T uma— : 10}~ l AMPT: -0 -A -
(Cz7~0.944,Cy_,,~1.0 is assumed) 10 102 10 102

(5 [GEV] (5 [GeV]
Model: H. Li et al Phys. Lett. B 827, 136971 (2022)

¢ First measurement of =, 2 polarization with BES data, significant polarization
observed, decrease trend with collision energy

¢ No significant difference between A and = global polarization within uncertainties
¢ A hint of larger 2 polarization than A and = in low energies
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Hyperon polarization along beam direction K

e Recent hyperon local polarization measurements in Ru+Ru, Zr+Zr

OF STAR, PRL131, 202301(2023)
1
- Ru+Ru&Zr+Zr /s, = 200 GeV _ Ru+Ru&Zr+Zr, A+X
~ Centrality: 20%-60% -
- . " Hydro Ru+Ru, nT/(e+P)=0.08
i § B n=2 (o, +SIP_..) B
i ~ 05 B n=2 (0, +SIP,.) ideal hydro| L]
i = | -e=n=2(0, +SIP,) J I
- i B n=3 (0, *SIP,,)
i T | %ﬂ il
i % i & ¢
- = S 4
i fit: p_+2p sin(3¢ - 3% ) S —3'?7__ T —TT
- *A  p, =0.006+0.002 [%] T Tt 4]
- _ 1 - STAR s, =200GeV ~ "TTTrmeee-eeett
~0.001- #A P,=0.010£0.002 [%] i o.5<pT<g'23eV/c, Y I<1 @, =-a.=0.732+0.014!
Loy ] '
O 2 4 6 0 | | | 2|0 | | | 4|O | | | 6|0 | | | 8|O
3(d - ‘Ps) [rad] Centrality [%]

¢ First observation of local polarization w.r.t. the 39-order event plane

¢ Hydrodynamic models with shear term reasonably describes the data for central collisions,
but not for peripheral
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Result of local Polarization from BES-I|

E¥Fr. WX

Model: X. Wu et al., PRC 105 (2022) 064909

== P2,z(X)
T l:,2,z,ampt(A)

0 6‘_STAR preliminary % P,,(A)

B _p n
- Au+Au collisions Z’Z’ampt( )

0'4__ o P2,z,smash(A) _"_'Pz,z,smash(X)
~ 02f
32 -
N OF
o -
-0.2
0.4
~-0.6 Centrality:20~50%
[ v b oy oy by oy by by
5 10 15 20 25 30
\'syy (GEV)
b (cosfysin[2(dr — Us)])
2E ay {(cosb))?)

# Hints of sign change of P, , at 7.7 GeV, baryon diffusion
with A—scenario predicts sign change opposite to data

—

Py, (%

-#A5% 27H 9:40

Model: X. Wu et al., PRC 105 (2022) 064909

1.2FSTAR preliminary  —=- P, ,(A) +P2,y(X)
1:_Au+Au collisions _Pz’y’ampt(A) o P2,yyampt(Al

o %  Paysmashld) 7Py cmasn(A)

o6- ..

0.4 * $ Tl

0.2

(=)
I|IIIIIIIlIIIIIIIIIIIlIIIIIIIlII

R ptE[OS,S]GeV/C
0.2 27 GeV: n [<1.0
0.4 |

" . Other energies:
—0.6 Centrality:20~50%  inl<15

- 1 1 1 | 1 1 1 | 1 1 1
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\/sNN (GeV)

_ 8{sin (¥, — @) cos[2(py — Uy) )

O g
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Y

® P, , of A increase with decreasing energy and
current models cannot describe the results

Overview of STAR

LA KT, BRE 34



Result of Baryonic Spin Hall Effect i/ NN

® Spin polarization by the SHE depends on momentum: P ocp X(gzViiz) -#5& 27H 9:40

Shuai Y. F. Liu, YiYin, PRD104 , 054043 (2021)

1'253TAR preliminary ~ Model prediction 1'5:STAR preliminary  Model prediction
- Au+Au collisions P,-P_ P -P_ 1: Au+Au collisions P,-P P -P
il 'S n A s
gz — with SHE -~ with SHE n — with SHE - with SHE
_ 06 ---wlo SHE -~ w/io SHE _ 0.5 + -~ wlo SHE -~ wio SHE
X 04r 2 -
2" bl 2y F
_0.2;_ Lastt” —0-5:_
-0.45 =
_0-62_ Centrality:20~50% N Centrality:20~50%
_0.8_||||||||||||||||||||||||| _15_| | P SR N NN TR TN S T SR SN SN
10 15 20 25 30 '

1 1 I 1 1 1 1 1 1
10 15 20 25 30
\/SNN (GeV) Model: B. Fu et al., arXiv:2201.12970v1 \/SNN (GeV)

¢ Obtained the net polarization P;'5* and P;¢*

N

¢ No significant energy dependence are observed within uncertainties
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Vector meson spin alignment S8 . SEYFF

e \Vector mesons’ py, from Au+Au at STAR: pgo (P) > 1/3 STAR, Nature 614, 244 (2023)

! T x0 (y|<108&12 '<'p'T' <5.4 Gevic) | -another observables proposed by Z.T. Liang, X.N. Wang, PLB 629(2005)
0.4 o K°(ly| <1.0& 1.0 <p_<5.0 GeV/c) | AN
—GY=464+073m* . = N,y((1 — + (3pyy — 1) cos?H*
: | Jcosh™ ()(( Po()) ( £0o0 ) )
0.35— | Vi ~ ~
L — ] for g} +q5 > V two folded average
O_ - 1 —
o _— ,_1-(prq)_1-(pyrg) | (PaPa) = ((PaPa),).
i | P00 " 35 (PPy) 3+ (PP | 5
i ] inside the mesons/
- filled: STAR (Au+Au & 20% - 60% Centrality) 1 over the system
0.251 5pen: ALICE (Pb+Pb & 10% - 50% Centrality) | \ J
Ll . Ll M
10 10? 10° o _ ] .
[Sue (GeV) STAR Data indicate: (P,P;) # (P,)(P;) simply means correlation!
e Polarization by a strong force field of vector meson can J.P Lv, Z.H.Yu, Z.T. Liang, Q. Wang,

produce large deviation for ¢ spin alignment: X.N. Wang, PRD 109, 114003 (2024)
X. Sheng, L. Oliva, Z.T. Liang, Q. Wang and X.N. Wang, PRL131,042304(2023)

X. Sheng, L. Oliva, and Q. Wang, PRD101,096005(2020)

X. Sheng, Q. Wang, and X.N. Wang, PRD102,056013 (2020)

Overview of STAR LA KT, BRE 36


https://www.nature.com/

Global spin alignment of J/y

X, EE. BX

e Global spin alignment for J4) : heavy quarkonium, different mechanism as ¢

Decay channel : J/i) —ete”™ W(0) (1+2gcos’8), Ao=(1-3p00)/ (1+poo)

3+ Ag
W(8) o [(1+ pgo) + (1—3pgp)cos?6]

e Measurements of J4) spin alignment in A+A w.r.t. reaction plane at STAR:

0.5 0.6

045- —— STAR, ZrZr+RuRu@200GeV -1<y<1, 0.3<pr<6 GeVic I —e— STAR, ZrZr+RuURu@200GeV,-1<y<1, 0.3<pT<6 GeVic

—o— ALICE PbPb@5.02TeV,2.5<y<4, 2<pT<6 GeV/c, PRL2023 0.51- —o— ALICE PbPb@5.02TeV,2.5<y<4, 2<pT<6 GeV/c, PRL2023
04+ -
04
0.35f-
g g H
Q (X 0 3 - |}Y

0022 i %#] % 0.2'_ poon %

TPC second-order event plane 0.1- TPC second-order event plane
0.15 '
STAR Preliminary I STAR Preliminary
0.1 P U R B R B 0 1 1 ! ! L ! I
0 10 20 30 40 50 60 70 80 0 50 100 150 200 250 300 350 400
Centrality(%) <Npare™

» The pyo at RHIC energy is comparable to LHC results, despite of very different

collision energy, systems and rapidity
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STAR, Science Advances 9, eabqg3903 (2023)

“Entanglement Enabled Spin Interference”

» cos(2A¢) due to quantum interference & photon polarization

H. Xing, C. Zhang, J. Zhou, Y.J. Zhou, JHEP10, 64 (2020)

» Sensitive to nuclear geometry — strong interaction radius

Overview of STAR

LA KT, BRE

Linearly polarized yg collision: angular modulation in UPC k. Bk
, C : : : . S
e Tomography of atomic nuclei via “new double-slit experiment at Fermi scale EXIH
27H15:00
A + A collision A STAR: Signal = pairs with P, < 60 MeV P
A 14 = |7 S AutAu 5,200 GeV
s B SOA4R da',

. e c 9 _* X T Model I: R=6.38 fm, a=0.535 fm
A:Y_ *2 [ ~ 'J;‘ 'Y:;,‘----'Modelllz R=6.9 fm, a=0.535 fm
Aél > + 208 o2 ﬁ gk

g ‘%O.G Syst. uncert. : ‘#.3 _4_—*‘___ *_\ )

: So4 016 0.4)x 10° o ———— " —— Ny
4 C 1.240.9) x 1072 ! B ! .
Ag= i T . 0 005 01 015 02 025
2
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~

/
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e £ o

Y.-G. Ma, Nucl. Sci. & Tech. 34:16 (2023)
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Coherent J/y production and polarization Sy TN

L . 25
e J/Y production in photo-nuclear collisions 27_53:1?500
e Linearly polarized photons, along impact parameter _ls*;i;ﬂrl_lrét Vsxx = 200GeV |
. . relimina
direction - . L

A=In| <0.8,p]>0.5GeV/c|y, | <08
E Py <0.2 GeV/c
- —e— 0.2<p <1.5GeVic

VM (J/l/} p 0.2 [ —— p.}’ < 0.2 GeV/c sub hadronic

- == EPA-VMD, Wu et al.

a2
\'\

o]

1/ RO
L ~0.6F
(EL1LB. v B | |

F 0%~30% 30%~50% 50%~80% 30 % ~80%
Centrality (%)

¢ Polarization of photo produced J/, correlated with reaction plane
(impact parameter direction)

¢ Could be used to access initial geometry in photon induced processes
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Strong magnetic field: evidence from directed flow SB. YT

EE ‘=
- B E T
73 STAR, PRX 14, 011028 (2024) 27818:00
F t: & t ’; -I T T T I T T T I T T T I T 1 T I T --I I 1 1 I 1 1 I | 1 1 1 | 1 I I I 1 --I 1 1 I I I 1 1 | 1 I I I 1 I I I | ’
— )
:.. | (a) 200 GeV Au+Au 1 (b) 200 GeV Ru+Ru and Zr+Zr 1l (c) 27 GeV Au+Au i
Faraday induction and 20.01- T = T x 0.2 7]
Coulomb effect Hall effect <0 1 * p-Pp >04GeVic,p<2GeVic ¢ Ap = (p — P) 1
A K -K, p,>0.2GeVic,p <1.6 GeVic |
L ® -7, p,>0.2GeVic,p<1.6GeVic 1
0.005 [ -+ + —— + * * ]
v <0 v; >0 ; IE; +
X + A + T
. 4 [ak & 4
® B 0 #o‘o*f‘*‘ :_ﬂ‘oooo‘tx..
i +
Faraday induction and Hall effect i + * | +
Coulomb effect -0.005 . - + T " .-
: i _ TdvF /dy — dy- g
‘ .§ —— -~ [ — iEBE-VISHNU + EM-Field 1 A(dvy/dy) = [dvy /dy — dvy /dy]
—H E | 1 +
ooqllv— v b by ] L v v v v v v by v by v v by By v by v v by by oy
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Centrality (%) Centrality (%) Centrality (%)

¢ Electromagnetic field could introduce charge-dependent directed flow

¢ Significant negative values in peripheral events are consistent with the electromagnetic field
effects with the dominance of the Faraday induction + Coulomb effect

¢ Positive value in central collisions attributed to the transported-quark contributions
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Proton spin structure study at RHIC

e Goal of RHIC spin program: spin structure of nucleon

RHIC- world’s first polarized proton-proton collider

Absolute Polarimeter (H jet) RHIC pC Polarimeters
» — //. /
g ‘42 S :\
Js =200,500GeV
Pb ~60% Siberian Snakes

<«— Siberian Snakes

——  PHENIX

——

Spin Rotators
(longitudinal polarization)

Spin flipper

'\\ Spin Rotators

Pol. H Source  Solenoid Partial Siberian Snake (longitudinal polarization)

LINAC Helical Partial Siberian Snake

<A

Ay AGS pC Polarimeters
Strong Helical AGS Snake

BOOSTER

GS Internal Polarimeter
200 MeV Polarimeter
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Recent updates on gluon polarization pN

e Dijet A clearly support positive gluon
polarization Ag :
STAR, arXiv:2411.18976

RHIC Cold QCD White Paper, arXiv2302.00605

Y — ey [ %/ DSSV08 i
0.06f - B samz2: ag>0 $=200Gev 7 | e DSSV14 . ]
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e E e 5005 —
R o o SO < [ ]
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_0'02:_ 08 < n,,< 11’8’““”‘“" = =
fo o u o Bmnaes € Gluon spin accounts for ~40% of proton spin!
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Nucleon 3d-structure & TMD distribution

and fragmentation functions (FF):

Leading Quark TMDPDFS Q—v Nucleon Spin @ Quark Spin
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e Transverse momentum dependent distribution (TMD) parton distribution function (PDF)

Q—» Hadron Spin @ Quark Spin
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TMD handbook: ariXiv-2304.03302

Overview of STAR

43



Transverse Single Spin Asymmetry of Jet

R
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» Sensitive to twist-3 correlators associated with the gluon Sivers function
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Collins asymmetries in p+p collision Lk

e Collins asymmetry observed in p+p collisions = testing TMD universality from SIDIS
e Stiriking comparison between 200 and 500 GeV = critical constraints TMD evolution
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A(A) Spin Transfer D;; and Dy

R

e Longitudinal spin transfer D, ;
» Related to helicity g; and polarized FF G4

® Transverse spin transfer D,
» Related to transversity h; and polarized FF H4

do[p*p - A*OX] — do[p*Dp > A-PX] _ dach

do[p'®p - A'WX] — do[p"Wp » A~DX]  dseh

DA = = DA, = =
M= do[ptOp » A*OX] + do[ptrOp » A-BHX]  doh = do[p'®p » ATOX] + do[p'®p - A-DX]  doh
T STAR -
. N [ STAR
005 P+p—>A+X, 15 =200 Gev 005 pt+p — Al +X, (5=200GeV
- Ozm = 20732, pi7> 5 GeV : , , [ a _=20732, p¥'>5GeV
- i B L +Elp ............. € Direct probe of the polarized fragmentation [ “® r
S5 0: I mpEmpEm function G; and H4 &£ Of_..i;...*_ ..... . . < - 4 ++% ...............
o0 figﬁjgzgzgé @ first measurement of D;; vs. zand Dy, 4)05:_
0<n, <10 - KLZ A + A scen3 (@) vs. z of A(A) : - o< n,, < 10 @)
0:05 € D, results are consistent with 0.05- %
model calculation - +
S0 & o T g ST
-0.05 _005:_
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% 15 . s 15__. ......................................
Q 0k " ° 2 E
.%10 1 1 . 1 1 ’ 1 1 1 (C) ;\-\;10 3 ¢ ® ® (C)
T 0 01 02 03 04 05 06 07 08 = 1 T T T DU DU DA Tl T
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A(A) Polarization inside Jet

® A polarization within a jet, probing the polarizing
fragmentation functions Dy, one key source of the
transverse polarization relative to production plane
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10

¢ First measurements of polarization of A(A) within jet in pp collisions at /s =

15 20
jetp . [GeV/c]

§=ﬁjetx’p\A
p
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¢ Testing universality of polarizing FF when combined with e*e™ data
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A- A pair spin correlation in p+p BNL

* Non-zero spin correlation for short range A - anti A pairs
 Correlation consistent with zero for long range pairs and other pairs

1 dN 1 Ay| <05 '  STAR preliminary 0.5 < |Ay| < 2.0, !
Nd cos(6") = 5 [1 + a1, Pp 5, cOs(6 )] A0l <m3 1 p+p (S =200 GeV or A9l > w3 1
KOK2 |- e yl<1 B ™
. (p,)=1.35GeV/c :
0* - difference between decay proton - L DCA, < 1cm !
- AR = - =
angles in rest frames of parent A | |
STAR preliminary , I :L
C p+p {5=200GeV UL L AA — - L &
03 AR, Iyl <1 W SU) quark model | : :
- (p,)=1.35GeVic W\ Burkardt-Jaffe model 7 | | -o- Data
- & _ n) i)
02 e AR[ .- B I = PYTHIA
% 01 - a) : b) l
— - IllllllllllllllllllllllIIllllllIllllllllllllllllll
RO ST AR  A———— -04 0.2 0 0.2 0.4 06 -06 -04 -02 O 02 04 06
° :— ________ — T_ - —: PA1A2 PA1A2
o1f ~— " ARpars » Possible source: maximally entangled s - sbar spin
= | I 1 | 1 | 1 | = . R
0 1 2 3 ?
e correlation of pairs from QCD vacuum
¢ Spin correlation analysis in heavy ion collision is ongoing €82 . WUk, T HAITK
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STAR: 25 years and beyond

e 25 years of expanding the horizons on high energy nuclear physics -
e Recent highlights from STAR:

T TYEARS

» QCD phase transition and QGP property

- QCD phase transition, Critical-End-Point, QGP property, small system
» Spin physics in heavy ion collisions

- Global polarization, spin alignment, local polarization, UPC, CME
» Polarized proton-proton collision

- Nucleon spin structure: spin & TMD functions

e Run 23 -25: STAR forward upgrade (completed 2022)

> High statistics Au+Au, p+p data collection |y s Jue b e

200 | AutAu | 8B+5B / 1.2 nb™'4-20.8 nb~! | 2023+2024-+2025 (20 cryo-weeks)
200 | Aut+Au | 8B+9B / 1.2 nb~1+28.6 nb™! | 2023+2024+2025 (28 cryo-weeks)
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Thanks to many colleagues 1n help preparing the slides

Apologies for any missing topics/results !
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Search for CEP: Net-proton cumulants

CE T NES YN

® New results from FXT energies +/snyn= 3.2, 3.5 and 3.9 GeV:

0-5% Au+Au Collisions at RHIC

@ === Hydro EV
Collider —0.5<y<0.5
@BESIN HRG CE
[] AL =Dy Y UrQMD -0.5<y<0.5
[m] This analysis _ 1
S| 3 GeV
= \PRL 126, 092301) |  UrQMD -0.5<y-y,, <0
3 4 5 6 7 8910 20 30

Collision Energy Ys,y (GeV)

L L B T T =1 v T
fRG-LEFT (CE), freezeout: Andronic et al.
fRG-LEFT (CE), freezeout: STAR Fit |
fRG-LEFT (CE), freezeout: STAR Fit Il
-------- DSE-QCD (GCE), freezeout: Andronic et al.
¥  STAR BES-I (0-5%) .
@® STAR BES-Il (0-5%)
3% STAR fixed-target (0-5%)

DSE: [Lu, Gao, Liu, Pawlowski, 2504.05099] |
FRG: [Fu, Luo, Pawlowski, FR,Yin, 2308.15508]
[STAR, 2504.008 | 7H

| L |
© A Q
. N M QS
A T D (A v

— data between , /sy = 4 — 8 GeV will be crucial!

- QM2025, F. Rennecke




Baryonic Spin Hall Effect (SHE)

, S. Meyer et al., Nature Materials, 2017

SH
I

Hall effect, 1879 Spin Hall effect, (1972) 2004

® Hall effect: Pxp X FE

® Spin polarization by the SHE depends on momentum:
Poxcp X(qgsVug) — driven by Vg

® As the energy decreases, the system generates a stronger baryon
chemical potential gradient

® Sign of PJ¢" is opposite with and without SHE at BES energies

_ (cosOysin[2(ds — W) ]) _ (cosOrsin[2(pa —P2) 1)
2e ay {(cos0r)?) R ay {(cos6r)*>

Shuai Y. F. Liu, Y1 Yin, Phys.Rev.D 104 , 054043 (2021)
B. Fu et al., arXiv:2201.12970v1

P2,Z

B. Fu et al., arXiv:2201.12970v1
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