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Heavy ion collision: mini-big bang

e In1970’s, T.D. Lee proposed to study a new state of matter — Quark Gluon Plasma

(QGP), with relativistic heavy ion collisions in the laboratory TD. Lee & G.C. Wick 1974

- deconfinement of quarks, restoration of symmetry T.D. Lee, 1975
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Key facilities of heavy ion collisions

e Relativistic Heavy lon Collider (RHIC) e Large Hadron Collider (LHC) at CERN
at Brookhaven Laboratory

» Colliding beam: A+A, pt+A, p+p

> Collison energy Vs: 2.76~5.36TeV(A+A)

» In operation since 2009

> Colliding beam: A+A, p+A, p'+p!
> Collison energy Vs: 3~200GeV(A+A)
» In operation since 2000

N ceos TR The Large Hadron Collider (LHC)
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A+A collisions: QCD phase transition & QGP property

ivisti iei final detected
Relativistic Heavy-Ton Collisions el

particle distributions
Kinetic
freeze-out

Hadronization

l

QCD phase transition

Initial energy
density

|

Critical End Point

\

o ‘»“HL‘”‘
A 8w

QGP phase e

l

/

collision
overlap zone

Hard probe: heavy flavor, jet

|
vV V VvV Vv

prer,
equilibrium . )
namics viscous hydrodynamics

Small system

free streaming
collision evolution

t~0fm/c T ~1fm/c T ~ 10 fm/c T ~ 10!° fm/c

ST BT AT LA kE Rk 6



QCD phase transition and Critical-End-Point

THE /MeV

-RHIC Beam Energy Scan (BES) program
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e QCD Phase Structure
v" QGP and hadronic phase
v Transition temperature Tc
v" Crossover at small yg
? 1st order phase transition at large pg

? Critical End Point
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QCD phase transition and Critical-End-Point

-RHIC Beam Energy Scan (BES) program
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Thermal dilepton & QGP temperature |H®& EBETHS

B4 10:25
% 350 * IMR* LMR STAR -  Temperature by fitting Boltzmann function:
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STAR, arXiv: 2402.01998

€ Direct access to temperature of QGP phase and phase transition
» Temperature extracted from low mass region: T"MR |s close to both T, and T,
» Temperature extracted from intermediate mass region: TMR STIMR  gemperature of QGP
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Search for Critical-End-Point: fluctuations & cumulants

THlE EBTOS
. JE]PU8:30
e Enhanced fluctuations expected near CEP, o YU
CEP search S L ERTOR
correlation length: ¢ o JE8:55
susceptibilities: y,! expected to diverge 2
: X C,/ Cy( = ko”)
Related to correlation length: C, ~ £2,C, ~ &’ - baseline
Finite size/time effects reduces &
Higher order —» more sensitivity \/g
q=B,0,8 | |
C4q _ Xf C6q _ Xg M. A. Stephanov, PRL 107 (2011) 052301

Related to susceptibilities: Assumption: Thermodynamic equilibrium

Cyy za Cy X3

Direct comparison with lattice QCD N .
./ on-monotonic /s ndence of
HRG, QCD-based model calculations ny dependence

C4/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) 0 " p/T*] 1=B.0.S
B. S.Borsanyietal., PRL111, 062005(13) a a( U /T)” ’ T

q
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Search for CEP: Net-proton cumulants

I 1 I 1 1 L I I I 1 I I LI | I
Au+Au Collisions at RHIC Centrality: Refmult3
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Q
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€ Observed hint of non-monotonic trend in BES-I, statistics limited
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Search for CEP: Net-proton cumulants

THlE, EEfNES
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Au+Au Collisions at RHIC
Net-proton, lyl < 0.5
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Phase I of BES program (BES-I)
Phase Il of BES program (BES-II) Collider mode

Fixed Target program (FXT)

€ New high precision BES-Il measurement from 7.7-27 GeV
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Search for CEP: Net-proton cumulants | Zeig, E575%

FE M 8:30
I 1 I I I LI I I 1 1 I I LI I I '_| T T T T T | T T T T T T | T ]
ol AutAu Colisions at RFIC ® BES-II: 0-5% a Au+Au Collisions at RHIC 51265 b.a 2 s m50 (Gevie)
Net-proton, lyl < 0.5 O BES-I: 0-5% 3+ i _|
04<p_<20GeVi -1I: 70-80% al s B UrQMD (5% collisions)
~ | T P BESAE70 8(1/ 1 O 2 i no-critical A HRG-CE NPA1008(2021) —
(\{r is\\TAR O BES-1:70-80% < @ Hydro PRC105(2022)
@) @) 1
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> (Vp] '3 “‘.'.,/
O = Hydro D i
B S ; = HEGGE N CE _4 J data _ I ref. g
§ \ UrQMD: 0-5% C4 C2 C4 C2
o g HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021) -5 O Data: 70-80% collisions —
_1—- - Hydro: V. Vovchenko et al, PRC 105, 014?04 (2022) — | | ; GI‘IOt-l Ty : : SPETEE T
3 10 30 100 2 a 10 20 50 100 200
Collision Energy |s,, (GeV) Collision Energy V SNN (GeV)

) .. A. Pandav @CPOD24, Y. Zhang @SQM24
€ New high precision BES-Il measurement from 7.7-27 GeV

€ (,/C, shows minimum around ~20 GeV comparing to models without CEP and 70-80% data
» Maximum deviation: 3.2~4.7¢0 at ~20 GeV
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Search for CEP: Independent observables |zmig, ss754

[E1H8:30
Baryon- Strangeness Correlatlons Yield Ratio of Light Nuclei Intermittency
i Au+Au Central CoII|S|0ns (0- 5/) : 0.6 Au + Au Collisions (@) 0%-10% - - STAR AU+AU h—
2 @K, A CJuramp, p, k7, A, x° T ’ - @ STAR 0.6} 7 @ 0-5%
" B E:::(:: :re“mlnafy 4 - ] Common syst. err. i m 10-40%
s , W. Fu et al,, in preparation} A 0 55 r .
2 05 o YL
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STAR, CPOD2024) STAR, PRL 130, 202301 (2023) STAR, PLB 845, 138165 (2023)

BES-II : high statistics, better acceptance and systematics
1. Understand the reason lead to the peaks or dips around 20 GeV

2. Continue to search for QCD critical point between 3 — 20 GeV

3. Need reliable dynamical modeling and non-CP baselines
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Hard Probe: Heavy quark energy loss and flow

Nuclear modification factor:f
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— Strong HQ-medium interactions

ALICE:
JHEP 12,126 (2022)
JHEP 05, 220(2021)
EPJC 83, 1123(2023)

STAR:
EPJC 82, 1150(2022)

¢ R,, of D, e from HF decays suppressed.

€ Charm flows significantly but beauty seems imperceptive
€ Theoretical progress on heavy flavor, for example

F.L. Liu, X.Y. Wu, S. Cao, G.Y. Qin, X.N. Wang, PLB848,138355(2024)
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Hard Probe: Jet structure and in-medium transport

&K, BEBEfNS
[E=17:40

ALICE, PRL133,022301(2024), PRC110, 014906 (2024)
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Groomed jets

AS: PRC 107,054909 (2023)

€ Recaolil jet yield enhancement and low py jet away-side broadening in central Pb-Pb collisions to p+p

€ High p; jet energy loss primarily depends on groomed jet radius.

€ Recent theoretical study on jet energy-energy correlator:
Z. Yang, YY. He, I. Moult, X.N. Wang, PRL132, 011901 (2024)

RIE ERTHE
JE1=16:15
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Small system - flow GEF, EETHS

A 14:25
e Small collision system : p+p, p+A, d+A y 9 é" £
STAR, PRL 130, 242301 (2023) G T
T T T T T 1 © i R
NUCIegrui‘tf:t?g:CIeon 5 1.5 a) UC p+Au (N )=34.1 7 '\V 03 ALICE Preliminary o hi o nt_ ~
’_‘l_C 0-10% d+Au (N_ )=35.6 g | p-Pb VS_NN =502TeV. Kk #p@)
~ 10-20% *He+Au (N, )=33.1 | v [ 20H40%(V0A) Ko xAR) ]
(®) —- 02F Template fit _
913‘I.LE$IHEK$Z‘ G T R +
s ! AN + ]
S, | g F o o8 : \ -
5 o8 " T
5F - 2%
i STAR | i , | , ,
1 l ] ] 1 l 1 |
00 05 1.0 15 20 ° . ) ° ° v
p_ (GeVic) Py (GeYI0
.

€ Precision & systematic measurements of v, 5 in p+Au, d+Au & He+Au at STAR
» Reveal the importance of sub-nucleonic fluctuation in small systems

€ Precision measurements of identified particle collective flow in p+Pb at ALICE
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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 VWV VY 'V

Chiral Magnetic Effect

- -~ - 2023 Vol.72
Acta Phy5lca Sinica ISSN 1000-3290
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Global spin polarization in heavy ion collisions

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).

Au+Au at 200AGeV

unit of 105

QCDE E—#iE
|

BT HEH
|

o BT EMARL
Py=Pg=P,=P;

o X &4/ TE kB neH

(spin alignment)
1-P;

HEERSHE (HE)

0 0.5 1 15 2

AR EESS HNE XS E AR

Poo =
“global quark polarizationy 3+ Ptzl

week ending

PHYSICAL REVIEW LETTERS 18 MARCH 2005

Spin alignment of vector mesons in non-central A + A collisions

(230+citation)

PRL 94, 102301 (2005)

Globally Polarized Quark-Gluon Plasma in Noncentral A + A Collisions Zuo-Tang Liang *, Xin-Nian Wang *°
Zuo-Tang Liang' and Xin-Nian Wang?!
'Department of Physics, Shandong University, Jinan, Shandong 250100, China

*Nuclear Science Division, MS 70R0319, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
(Received 25 October 2004; published 14 March 2005)

& Department of Physics, Shandong University, Jinan, Shandong 250100, China
Y Nuclear Science Division, MS 70R0319, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

week endin;

PHYSICAL REVIEW LETTERS 7 DECEMBER 2012

Produced partons have a large local relative orbital angular momentum along the direction opposite to PRL 109’ 232301 (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
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.

(520+citation)
ST B TiriginiE

Chiral Anomaly and Local Polarization Effect from the Quantum Kinetic Approach

(250+citation)

Jian-Hua Gao,'” Zuo-Tang Liang,3 Shi Pu,” Qun Wa.ng,2 and Xin-Nian Wangd"5
1.S‘chr;l_o.l' of Space Science and Physics, Shandong University at Weihai, Weihai 264209, China
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Global spin polarization in heavy ion collisions

e A global polarization observed in non-central Au+Au collisions at STAR (Nature cover)
STAR, Nature 548, 62(2017)

— T | T T T | L |
() Au+Au 20-50%
— 8 - A this study —
== @ A this study |
|E“1 +r A PRC76 024915 (2007)
6 O A PRC76 024915 (2007) |
4 4 .
SUBATOMIC SWIRLS 2#%&iﬁh$i i
e L g | I I I I L | I -
10 10°
m (GeV)

» Open a new direction in high energy nuclear physics
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Global spin polarization in heavy ion collisions

e A global polarization observed in non-central Au+Au collisions at STAR (Nature cover)
STAR, Nature 548, 62(2017)

T T T LA B N T STAR Au+Au 20%—50%

505 7 HADES e A 0A Nature548.62 (2017)
Au+Au 20-50% e A oA PRC76.024915 (2007)
- ¥ Athis study u e A 0A PRC98.014910 (2018)
@ X this study | A PRC104.L061901 (2021)
4 A PRC76 024915 (2007) 51 ALICE PRC101.044611 (2020)

+A&A Pb+Pb 15%—50%
HADES PLB835.137506 (2022)
A Au+Au 20% —40%

A Ag+Ag 20% —40%

O A PRC76 024915 (2007) |

ALICE

B # — Of====--mmmmmmmmmm st S -
i i'# I# 1 AMPT, A ap = —ax =0.732

ﬁ) Primary Primary+feed-down
. = S UrQMD+vHLLE, A
Primary --- Primary-+feed-down
] e . o7 107 107
10 10° S/ GV
Sy (GEV)

» Open a new direction in high energy nuclear physics
€ Measurements from STAR, ALICE, HADES € Remaining questions:

> Energies Vs : 5.02 TeV -> 2.4 GeV » Energy dependence: peak around 3.0 GeV?

» Collision system: Au+Au, Pb+Pb, Ag+Ag » Splitting between A(A) due magnetic field?

> Hyperons: A(A) , E%,07,07F

N I A A /B LA kE Rk 21



Recent new results on global polarization

X, ERTOR

1 centrality L | Centrality | 5 — BES-II STAR Preliminary ]
ﬁ 0 | 2050% | ¥ | 1 2050% < i = A oA .
—_— [=)
+ . < A + - T - i
@ % o !) 1 1 o ]

A F9:10
2 T | T | T ‘ T ‘ T ‘ T | T I T 2 T | T | T | T l T | T | T I T 10 T T T T T 17T I
 STAR Preliminary A | | | STAR Preliminary A i ] STAR Au+Au collisions
| ®Ru+Ru 1 ] | ™ Ru+Ru 20-50% Centrality
|+ ZreZr i | |+ ZrZr 1 Nature548.62(2017) e A oA
S0 Auray 1 1 Sl O AurAu H 1 PRC108.014910(2023)+ A ¢ A 1

P, [%]

I 1 | i : i primary primary+feed-down
" {Syn =200 GeV T | I {Sy = 200 GeV H 1 . - UrQMD+VHLLE,
Ll s o] | [P I N IR N IR PO RO B A - —— primary - - - primary+feed-down
10 10 20 30 40 50 60 70 80 0O 10 20 30 40 50 60 70 80 10 107
i 0,
- Centrality [%] ‘ Centrality [%] Energy [GeV]
' v
L

€ Hyperon polarization in isobar collisions: system size dependence
€ High statistics STAR BES-II data confirm the energy dependence

€ BES-II data found no splitting between A(A) polarization
» No magnetic effect?
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Hyperon polarization along beam direction

X, ERTOR

B F9:10

e Local vorticity due to collective flow -> local hyperon polarization

J.H. Gao, Z.T. Liang, S. Pu, Q. Wang, and X.N. Wang, PRL109, 232301 (2012)
F. Becattini, I.Karpenko, PRL120, 012302 (2018)
S. Voloshin, SQM2017

2 ¥ T v ue: 124
STAR  Au+Au |s, =200 GeV s-quark Scenario Sign puzzle
20%-60% [ e T Ot - == Grad T

vorticity =—SIP

fit: p0+2p1sin(2¢—211'2)
*A P, =0.016=0.003 [%]

- Particle rest frame

-0.001~ A P, =‘|3-01510.0|03 [%] | , | Au+Au, 200 GeV, AMPT+MUSIC, 20 - 60%
0 1 2 3 0 1 2 3
-, [rad] ¢ [rad]
STAR, PRL123, 132301 (2019) B. Fu, S. Y. F. Liu, L. Pang, H. Song, and Y. Yin,

PRL127, 142301 (2021)
€ Some models give opposite sign (sign puzzle), but inclusion of a shear term can explain
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Hyperon polarization along beam direction

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

®: 1
3 000 Ru+Ru&Zr+Zr \s,, = 200 GeV - RUtRWBZrZr A+R
= L . * n=2
/7"‘P3 x4  Centrality: 20%-60% T e n=3
D _ i
;7 B 0.0005— _ Hydro Ru+Ru, nT/(e+P)=0.08
| 8 ' - X i n=2 (o, *SIPg.)
v ~ i = 05 EEIn=2(0,+SIP,,)ideal hydro
—~ i = | ===n=2(0,*SIP,) } ‘
3 0— 9;,% == n=3 (0, +SIP__)
c - = i
(@) - =
7 ; c
L »n
~0.0005~ o
i fit: po+2p1sin(3¢ - 3‘113) ~ 0 TlETL
i *A  p, =0.006+0.002 [%] I STAR \(s—-:;.ob'éé\} ______________________ 4]
— B NN
~0.001 #A P, =0.010£0.002 [%] | 05<p_<6GeVie, [y |<1 o, = 0= 0.732:0.014
| 1 1 L | ! L L | L L L | ! ! | ! ! ! | ! |} ! | ! ! ! |
0 2 4 6 0 20 40 60 80
3(¢ - ‘P3) [rad] Centrality [%)]

STAR, PRL131, 202301(2023)
€ First observation of local polarization w.r.t. the 3"-order event plane

€ Hydrodynamic models with shear term reasonably describes the data for central collisions,
but not for peripheral
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New hot topic: vector meson spin alignment

HEL, EEFHS
B #8:30

e \Vector mesons’ py, from Au+Au at STAR: pyy (¢) > 1/3 (published in Nature)

T I| T T T TTT I T T T L I| T T T
i ¥¢ (yl<1.0&1.2<p_<5.4GeVlc) 1
0.4— *0 -

i ° K( )(Iyl <1.0&1.0<p_<5.0GeV/c) | AN
—G. =464+073m

-another observables proposed by Z.T. Liang, X.N. Wang, PLB 629(2005)

= Ny((1 = pgo) + Bpyy — 1) cos’6*)

i dcos@*
0.35— % — - -
o & ... for gl +G5 -V two folded average
a” 1 _
0.3 GJ | plo = 1- (Pqpﬁ) " 1- (Pq)(Pﬁ) (Pqpﬁ> _ (<Pqpﬁ)y)s
ol STAR, Nature 614, 244 (2023 0= 31 (P P.) 3+ (P, )P 4’
j (_ ) (PaPa) (Pa)(Pa) inside the mesonS/
- filled: STAR (Au+Au & 20% - 60% Centrality) 1 over the system
0-251~ 4pen: ALICE (Pb+Pb & 10% - 50% Centrality) = | \ J
| Lol Lo | L
10 10° 10° o ] _
/Sun (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, ZT Liang, Q. Wang, X.N.

produce large deviation for ¢ spin alignment:

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)

s, EEfNS
B £9:40
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Global spin alignment of J/i

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

Decay channel : J/p —ete” W(0)« (14 Agcos”0), Ao =(1-3po0)/ (1+poo)

3+ g
W(0) o< [(1 + pyy) + (1-3py,)cos?0]

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

, 0.6
& 0.5 —— 7T 0.5
. ALICE, Pb—Pb 1||3NN =502 TeV ] 045 —— STAR ZiZrtRURU@200GeV.1<y<1,0.3<p <6 GeVlo | —=— STAR, ZrZr+RuRu@200GeV,-1<y<1, 0.3<p_<6 GeVic
04F . 3 ’ sk
C  Inclusive Jhy — pp- ] —o— ALICE,PbPb@5.02TeV 2 5<y<4, 2<p <6 GeVic, PRL2023 0.5 —o— ALICE PbPb@5.02TeV,2.5<y<4, 2<p_<6 GeVic, PRL2023

{}_32- 2<pT<:BGeWc,2.5<y<:4 _ 0.4

o o g A - ﬂ] ; b by |

s s
oN aN
0.1F - . _ )
- ] 0.25- ‘}
Of . 0.2
- ] 0.2 i
_01E ¢ Stat. uncert. h TPC second-order event plane 0.1- TPC second-order event plane
r 1 0.15 '
{}2: DISYSt-IU"CEI”- | | | | Ew?nt pI:’;lne: STAR Preliminary [ STAR Preliminary
"0 10 20 30 40 50 60 70 80 90 100 %10 20 30 40 S50 60 70 80 % 50 100 150 200 250 300 350 400
Gentrality (%) Centrality(%) <Npare™
» The at RHIC energy 1s comparable to LHC results, despite of very different
ALICE, PRL131, 042303 (2023 Poo gy p p Ty

collision energy, systems and rapidity
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Spin observables probing quark spin quantities

Hadron Measurables Sensitive quantities
Spin 1/2 Hyperon polarization Py average quark polarization (Pg)
H . : . .
(hyperon H) Hyperon spin correlation ¢y, y,,Cq. g, long range spin correlations cgq, Cgg
Spin 1 Spin alignment pgo local spin correlations c45
(Vector mesons) . . .
Off diagonal elements p,.m local spin correlations cg;
Hyperon polarization Py or S, average quark polarization (P,)
Spin 3/2
~ Rank 2 tensor polarization S;; local spin correlations ¢4,
JP = (—) baryons
2
Rank 3 tensor polarization S, local spin correlations cg4,

Z. Zhang, J.P. Lv, Z.H. Yu, and Z.T. Liang, arXiv: 2406.03840

:> Systematic studies of quark spin correlations in QGP!

- Z. T. Liang
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Angular modulation in dilepton production in UPC

e Small x gluons, and photons from nuclear are highly linearly polarized

A. Metz & J. Zhou, PRD84, 051503(2011)

Ay ..

QCD: QED: ; B
gg = qq yy - U7 ‘

Ap = 917 — 7 AP = ¢ — ¢! . et

Avey & L ...

e Angular modulation observed at STAR in ultra-
peripheral collision (UPC), as predicted from linearly
polarized quasi-real photon

C. Li, J. Zhou, Y-J. Zhou, PLB795, 576 (2019)
C. Li, J. Zhou, Y-J. Zhou, PRD101, 034015 (2020)

- “Evidence that magnetism can bend polarized
photons along different paths in a vacuum”

= ok & W A i LR ks Rk

counts /(n/20)

—F --B ®z 16 | By

‘IAZ

f:l I 52 — —(cos4A¢)
& L & — +(cos4A¢)

b .
STAR, PRL 127, 052302 (2021)

1M0———————————————————————

- STAR 045<Mm,,<076GeV, P <0.1GevV ]
12000 & AUAUUPC % Au+Au 60%-80% x 0.65 B
1000:_ —— Fit: Cx( 1 + AZAOcos 2A0 + Amcos 4A¢) t1o _:

8001
1
600 2k
400
200 * , : -
r Polarized yy — e*e: Without Polarization : ]
of- — -~ QED mimn STARLight T
B 1 R -I- SuperChicl I 1 1 1 B
T
2 2 AV=0_ 0, T



Linearly polarized yg collision: angular modulation in UPC

B, EBTNS

. - 1 . : H ”
e Tomography of atomic nuclei via “new double-slit experiment at Fermi scale JEH14:00
A + A collision A1 M STAR: Signal n*n pairs with P._ <60 MeV .
. = | « Au+Au s =200 GeV
A= s = E: AN 5 o4 - fo
2 B ‘§1‘2ka‘ M f B HE N e Model I: R=6.38 fm, a=0.535 fm
= r : ;&* 3 re "%
4 'Y; ° e 1?_1:_#{?.«—%{-——4-1 -—-;;--*—*‘-‘—1—-*4- ~ "JT " = Model II: R=6.9 fm, a=0.535 fm
2= £ ' B )
= f \ _ 02 X
~, o~ h L
i S *§o.6—f<¢) 1+ Acos(29) Syst. uncert. SN N
i = o ¥EAU+AU: A = (29.2 £0.4 +0.4) x 1072 N A
3 5 Ooal-mmU+U + 4= (23.7£0.6 10.4) x 10 O ———— g — — —eeRleersteagys
i = .y.p+AuI:A=(—0 5 +1.2.+0. 9) x 1072 ! B ! !
A= 0 005 01 015 02 025

5 n P, (GeV)
STAR, Science Advances 9, eabg3903 (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

Y.-G. Ma Nucl. Sc: & Tech. 34: 16(2023)
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Strong magnetic field: evidence from directed flow

Z A

E ——

-

Faraday induction and

Coulomb effect Sy

\
Faraday induction and jL\ Py

Coulomb effect

3= =

=1

Hall effect

Hall effect

';: T I T 1T T I T T 7T I T T l T LI ] LI I T T T ] T T T T T T T I T T T I L ] T T T l T
f_ [ (a) 200 GeV Au+Au 1 () 200 Gev Ru+Ru and zr+zr (c) 27 GeV Au+Au ]
Z0.01+ - x 0.2 7
< + p-p p, > 0.4 GeVic, p <2 GeVic Ap —_ (p — 5)
A K'-K, p, > 0.2 GeVic, p < 1.6 GeVic
L @® n'-w,p >0.2GeVic,p <1.6 GeVic
0.005 + + -t o, s
L + ar
L 4 + * 'i Py A A 4
0 *#0 * ffffff oo o & & e 2 ]
A _ A ®
Z + * + A
-0.005 -1 'L + .
L _ + _ _
_ | A(dvy /dy) = [dvi /dy — dv /dy) t
I = IEBE-VISHNU + EM-Field
—0.01 L . P P A T B ISR BTSN SRS RS B R SRR BT SR S
0 20 40 60 80 0O 20 40 60 80 0 20 40 60 80

Centrality (%)

Centrality (%)

STAR, PRX 14, 011028 (2024)

€ Electromagnetic field could introduce charge-dependent directed flow

Centrality (%)

@ 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

ST BT AT

L AR ks

A e
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FEEE, ER TS

Strong magnetic field: Chiral Magnetic Effect
FEr110:50

STAR, PRL128, 092301(2022) STAR, PRR6, L032005 (2024) ALICE, JHEP 12, 067(2023)

0.3 e 02
[ STAR Au+Au |s,, = 200 GeV = - STAR & HIJING ] 4 ' | ' | i
[ e 20-50% = [ Isobar, {sy, = 200 GeV, 20-50% 1 | Auce - Data (Stat. Uncert) 1
0.2F — - 95% confidence level N - Pb-Pb VS— =502 TeV % Syst. Uncert. (Correlated) i
i -~ 50-80% O 0151 iming SBYB2=15% i I NN — 0.081+ 0.055 (Constant fit)
: % F 5%? - i | Im<o08 .- Upper limit: 0.26 (95% C.L.)
“wooaf i > -1 10.3% 98% | 050 =
p= u —_ 8% I ]
< | - % $ i Sy 01 83% T i :
~ _% €O i T ) I S j ----------------------------------------------------- ]
A (- S S b [ ! S
S % $ 0.05 ' - o ______+‘__ _{__ fr_,.,.,
-0.1 s (a) i \ E . E : :
- | | M | Al Lovvw o b e b ]
&3 0o FEO 2.7 SEdrh 0 Sgd;?c: 0 0 (AY112/V2)3PC,TPC(AYI12/V2)3F'C,TPC (AYnzN?)SE,TPc (AY112/V2)SE,TPC 10 20 30 40 50 \ 60
Gea Ve Ge Ve -7 -3 Group-2 FE  Group-3FE  Group-2 SE  Group-4 SE Centrality (%)
° B 4
\ / € CME signal at STAR: with the flow background removed, consistent with zero in
Y, N -
L R /,'/4 peripheral collisions; signal indication in central collisions (upper limit~10%)

€ Chiral Magnetic Wave (CMW, f-uw): consistent with zero by ALICE measurement,
provides a upper limit of 26% at 95% confidence level.

S
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Proton spin structure study at RHIC

e Goal of RHIC spin program: flavor separation of proton spin + gluon polarization

RHIC- world’s first polarized proton-proton collider

Absolute Polarimeter (H jet) RHIC pC Polarimeters
- T~ - e e
> ~ ‘:— O :\ ‘
Js =200,500GeV
<« Siberian Snakes Pb ~60% Siberian Snakes

—_ PHENIX

——
L ——
Spin flipper
'N\ Spin Rotators

(longitudinal polarization)

“

fi* _ AGS pC Polarimeters
Rf Dipole Strong Helical AGS Snake

Spin Rotators
(longitudinal polarization)

Pol. H Source  Solenoid Partial Siberian Snake

N

LINAC

BOOSTER Helical Partial Siberian Snake

AGS Internal Polarimeter
200 MeV Polarimeter —

32



Spin structure of nucleon

NNPDFpo/l 1, NPB8S7, 276(2014)

- il ®AD{X,Q%=10 Ga'u'zj

e \Where is the proton Y2 spin from?

1 1A2+AG+<L

N ~
\ -f
X L & 1 ]
S L 4 4 ol
- | CH o y il i
~ A= -~ F f:
e = L ] 405
) '. / - il p 5 I -
4 » [ i A=
~ L o = ]
/. N ﬂ EAL
DanF ol 1 ] POFpalt. 1
DEEW =1 ] 0z B 05508 Ay=1
‘“"'_ — positiv rry Imunu =]
1 1 d a 1 I
1w’ n? ' 1 1w’ w* !
x
Quark spin . S
*AT{x, OF=10 GaVv?) 1 saal ¥AD(X,OQ7=10 GeV?)

; Orbital Angular Momenta .
(~30%)-DIS Little known (DVCS) -

AL =AutAi+Ad+Ad+As+AF  [Ag = [ Ag(x)dx] -

| EZpasves s
L i

b mutx Q= Il}Gs\u"a}

e Polarized parton densities:

2 e\
Aq(x,0%) = ¢"(x,0")-q (x,0%) @’ @" |-
¢(x,0%) = ¢"(x,0%) +q (x,0) @- +@..

» Sea quark spin? Gluon spin?

i EZAnssvos ay'=1
— posithity bow nd

N A A A B LA kE Rk
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Probing sea quark polarization via W production

e Unigque quark polarimetry with W-bosons at RHIC:

m_n

rPrﬂtDnilelicit}r ="4" Proton helicity =

P

AL

- p+p—=W X —ser+ X

- s =510 GeV 25 < E7 <50 GeV

oc Ad (x) u(x)
r
- W-deteCtIOH - o syst
via leptons L Moo
. R - +
o Spln asymmetry measurements: I W
_AM(Xl) >> 0 -0.5[ o STAR2011-2013 S
— — > Y+ S BS15 CHE NLO
AW _ 9.0 —Au(x,)d(x,) + Ad(x,)u(x,; u(x,) I DSSV14 CHE NLO
= = = = ~ T S DSSV14 RHICBOS
k O,+0._ u(x,)d(x,) +d(x)u(x,) M, y . <<0 SR NNPDFpol1.1 CHE NLO
d(x,) w B <4444 NNPDFpol1.1rw CHE NLO
Ad(xl) 0 N 3.3% beam pol scale uncertainty not shown
-, y o >> — 10 [ \ L |
AV - dx;) =" 1 0 1
Au(x,) e
—— > Y- <<0
u(x,) v STAR, PRD99, 051102R(2019)
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Flavor asymmetry of polarized sea quark

e SU(2) flavor asymmetry observed in the polarized sea quark distribution,
confirmed by JAM and reweighting NNPDF, DSSV: Au > Ad

STAR, PRD99, 051102R(2019) JAM, PRD106, 031502(2022)
0.04 0.02 N H = AR ' —
i 0.08- Sea Asymmetry _ - W IAM
i NNPDFpol1.1 [ x(AT-AQ) r(Au—Ad .
| 0.06 0.08" NNPDFpoll.1 |
0.02 0 E X .0‘"353." X o ese DSSV“S
004l g e
:;.:.;5::‘:32?3::23:5:2’:::'55?.: 5 g 8
0.02 00:§§§§§§§§§§§§£:E:§':‘:..“. %

-0.02
0 %

_0.02. @ =10 (GeV/cy

0.02 0.04 [ S NNPDFpO“ A
L _0.04 *#¥=% NNPDFpoll.1rw
1072 T ....1.0_1 I'” ....1 1072 1072 1(;“ 1
X X
1
. . 25— ks \ E866 O HERMES
e The polarized flavor asymmetry is ¢ s i * —cme -
. . 20 :_ Systematic uncertainty 075 NNPDF2.3
opposite to the unpolarized case ! [ Free _
15— _ = : i s : d(x) — a(x]
:% I o S e R o 0.5
E 0.25
05— CT18, NLO, SeaQuest kinematics
[_ == CTEQ6m, SeaQuest kinematics
00— I ' I ' 0?1 ' ‘ I ' Of2 ' ; I ' 0?3 * ’ ’ 0?4 ’ ‘ ’ 0 ; = *- ;
o] 0.2 04 0.6
- SeaQuest, Nature 590, 561(2021) N
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Accessing Ag(x) in pp collision

e Longitudinal double spin asymmetry A, :

ALL =

A N A —fX T
0,,-0,_ :Efl,fz Af1®Af2®delf2 fX'a{,lﬁh ! ®Df

>, 1® f,®dsTh—IX @ D7

STAR, PRD 103, 091103(2021)

e High precision A, results on jets from STAR: 010 sraR, Ve - 200 Gev
| prp—det+det+X
| Anti-k,. R=0.8
o STAR, PRD 105,092011(2022) o )
' - 0.05—
- STAR p+p— Jet+ X 3 -
0.05— Vs = 200 GeV: -
T+ 2009, PRL 115 092002 (2015) * | ool
4 0.04— = 2015, PRD 103 L091103 (2021) 1 s
< - s =510 GeV: SR DS i
B g3 * 2012, PRD 100 052005 (2019) T
o E  * 2013, this work oL sien(a) # sien(7,)
L | o0 STAR 2015, This work
% 002—_ - - DSSv14 |  a STAR 2009, PRD 95(2017) 071103
= UYL 22 NNPDFpoli.1 + \ . | - Dssvi4
= - o R IS0S 0.05 [~ = NNPDFpol1.1
~ 001 PO < - I
] 5 s e 0.00 [~ -
0 0 :I | 1 | | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | | 1 | | | | | | 1 | 1 i ﬁ[E;;;i%é]{r?g1f?gr?]n:i)|tagzsgz/?otr?ggtgl;ﬁgqaq!s
0.0y 0.05 0.1 0.15 0.2 0.2 0.3 P N s Ao
0.05 0.10 0.15 0.20 0.25 0.30 0.35
Parton Jet x; (=2p_/s) Parton Dijet M,/ Vs
= 4 x 2 13 SN
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Most recent updates from DSSV group on Ag

e The impact of RHIC 2014+ data Iin RHIC Cold QCD White Paper, arXiv2302.00605
constraining gluon polarization Ag :

- Fepssvos
e DSSV14 : 4
: - DSSV Preliminary | .
0.15F - é i
0.10 %DO'S [ ]
0.05 aég i i
L9 O L e —
0.00 R i
—0.05 i i
DSSV Preliminary 05k -
—0.10F — DSSV14 ] - Q=10GeV: | .
B DSSV14+RHIC(<om) R I I P I TN

B e 02 -01 -0 01 02 03

10 . 10 10 £MdX Ag
st - P 1
[ dxAg(x)=0.251+0.047(stat) £0.016(syst) 0.05
p : :
¥QCD, PRL 118,102001(2017) € Gluon spin accounts for ~40% of proton spin!

N A A A oy /B LA kE Rk 37



Nucleon 3d-structure & TMD distribution

e Transverse momentum dependent distribution (TMD) parton distribution function (PDF)
and fragmentation functions (FF):

Leading Quark TMDPDF's O—’ Nucleon Spin @ Quark Spin Leading Quark TMDFFs Q Hadron Spin @ Quark Spin

Quark Polarization Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized

(V) (L) (M

Un-Polarized Longitudinally Polarized Transversely Polarized

(V) (L) (T)

0 THORG D= G NONO
Unpolarized Boer-Mulders Unpolarized Collins
= — hi; = -
ol oy e @G [ B

Helicity
D=0 5
L ransversi H = —
flT =® _Q glJ'_T = é — é T N ty DIJ_T =®_@ GlJiF =®_ é Trans}ersity
Sivers Worm-gear th = @ - é‘) Polarizing FF H%T = @ _ @

Pretzelosity

TMD handbook: ariXiv-2304.03302
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Collins asymmetries in p+p collision

e First Collins asymmetry observed in p+p collisions = testing TMD universality from SIDIS

e Striking comparison between 200 and 500 GeV = critical constraints TMD evolution

0.04
0.03
0.02
0.01
0
-0.01
-0.02
-0.03
-0.04

sinlo, - 4,)

Ay
o
L]
A

0.03
0.02
0.01

(=]

-0.01
-0.02
-0.03
-0.04

STAR, PRD106, 072010 (2022)

IIII|II
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=
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= (s =200GeV
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1 1|5 1L 1 50 1
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5 - .
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E Xz <0

g_ & +

E 3.2% Scale Uncertainty Not Shown
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< 002
0.01
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-0.01
-0.02
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e p s jete 1 e X @=014 £ _ (zy=0.24
E_ [ omps2013 555 kPRY: 1 Antick, R=0.6
;_ EETEEES DMP+2013 KPRY: 1" (PJ: "} =13.3 GeVic ;_ 3.2% Scale Uncertainty Not Shown
E. 1 " i PR SR T | i = i i PR R S S | i
107" 1 107" 1
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0.02— % é
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P T YY Y
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r sce
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|
o m*200 GeV (PRD 106, 072010)
[}

'y L T

_0.04 ™ 200 GeV (PRD 106, 072010)
| 1.4%/3.2% Scale Uncertainty Not Shown
| 111 | | | | | ‘ | | | | ‘ 111 | ‘ | | | | ‘ 111 1 | |
0 0.05 0.1 0.15 0.2 0.25 0.3
Jet x; (2pTi Vs)

€ Current theoretical predictions undershoot the data -> significant constraints
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RHIC running until 2025

e Last polarized p+p run in 2024 (ongoing), unique physics opportunities before EIC
e Last RHIC run scheduled in 2025 with Au+Au collision

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

sPHENIX

STAR w/ forward upgrade




Electron-lon Collider (EIC)

e EIC will be built at Brookhaven National Laboratory after RHIC (~2030+)
e Key physics goals of EIC:

» How does the mass of the proton arise?
» How does the spin of the proton arise?

» What are the emergent properties of
dense systems of gluons?

e EIC project design goals:

» High Luminosity: L=10% - 10%* cms,
10~100 fb-l/year
» Highly Polarized Beams: 70%

E.:5..18 GeV
Ey: 41,100 ... 275 GeV
E, . 41..110 GeV/n
lons: frompto U
Pol (e,p,He, etc): >70%

» Large Center of Mass Energy Range:
E.,, =40 - 140 GeV

» Large lon Species Range:
protons — Uranium

Lum: up to 10** cm2s1

e B LR ks Rk
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Electron-ion collider China (EicC) NKE, ERTHE
JEm16:30

o HEMARF-EFXENITXIEICC i O vt woambers
ks Frontiers of vicm
v B FhE2. 5~5GeV —— o
v T/ H A E~20GeV
vV PERRX., A
v H5ZEHEICHHE LA, REES L. KT
vV PRELEEPBTAM, BESIRTIRE20245F )%
v AT ZNPHIAFE E (&9, ~2030)
10 38 | x(0F=2Gev) Sx10™ i 510
'.-;" 10 ALEIC o %“
E e - mﬂnmc : :
%mg LHeC g
a COMPASS i
E poeenet e 5
S 10| e U i
0% g
SEnkhnctial bases o Polarized Electron lon Collider in China
Center of Mass Energy Vs (GeV) (EicC)
M 14 Ei LR FEFRE (BFUE) REARLRER L. Front. Phys.16(6), 64701 (2021)
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Future heavy ion experiments

e High energy frontier: LHC (~TeV): - J. Klein
Collision systems pp, pPb, Pb-Pb XeP)F()é p;t?-,Pb Elgbpl?’b?lfi) pgb?lft? ’ pp, PA?, AA pp, PA?, AA

LHC schedule

Run 3 Run 4
2022 - 2025 2029 - 2032

e High baryon density frontier:

» STAR BES-Il 7.7-19.6 GeV

» STAR FXT 3-7.2 GeV

» NICA/MPD 4-11 GeV ~2025+
» FAIR/CBM 2-5 GeV  ~2030+
» HIAF/CEE 1-4.25 GeV ~2025

ST B TiriginiE



Summary

e New matter of state (QGP) created in relativistic heavy ion collisions

e Recent highlights in high energy nuclear physics :

» Relativistic heavy ion collisions - LHC and RHIC

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

- Global polarization, spin alignment, local polarization, UPC, CME

» Polarized proton-proton collision — RHIC

- Nucleon spin structure: gluon and sea quark polarization

e Future heavy ion experiments: NICA/MPD, FAIR/CBM, EIC/EicC, HIAF/CEE
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Thanks many colleagues in help preparing the slides

Apologies for my personal bias and the missing topics
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