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Explorlng QCD phase diagram:

- Signs of 1st order phase transition => HBT, v1 analyses
QCD critical point => Fluctuation analyses

- Signature of QGP => Collective flow & NCQ scaling
Vorticity => A-Hyperon global s

nin polarization & ¢o-meson global spin alignment
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Spin-Orbit Interaction e

In quantum physics, the spin—orbit interaction (8 - (E X }_5)) a relativistic interaction of a
particle's spin with its motion inside a potential.
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Barnett Effect and Einstein-de Haas Effect

Barnett Effect Einstein-de Haas Effect
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Rotation = Polarization Polarization = Rotation

- Spontaneous magnetization

- Magnetic field causes polarization of electrons
- Polarization (spin-orbital coupling)

- ALmechanical — _ALelectron

Barnett, Phys. Rev. 6 (4) 239, (1915) Einstein, de Hass, DPG, Vanhandlungen 17, 152 (1915)
Barnett, Rev. Mod. Phys. 7, 129 (1935)
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Global Spin Polarization in HIC g

- Non-central HICs have large angular momentum and
magnetic field

- OAM (~10%*H) can polarize quarks due to “spin-orbit”
Interaction

- B field (~101® Gauss) can also polarize quarks => can
Induce opposite spin polarization for particles and anti-
particles due to opposite sign of magnetic moment

- Observerbals:
- A-hyperon (JP = 1/27) global spin polarization
- Vector meson (J© = 17) global spin alignment

- Provide the unigue opportunity to probe the spin
degrees of freedom of the QGP
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How Everything Started...

STAR, PRC 76, 024915 (2007)
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STAR Detector at BESI ciip

-1 <n <1 coverage
Uniform acceptance for all beam energies
Excellent PID

© Maria & Alex Schmah
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Particle ldentification
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- TPC use energy loss information to identify particles
- ToF measures time of flight to calculate particle mass
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¢-meson Reconstruction ik
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E

d°N_ 1 d°N =
= 1+ ) 2v_cos|[n(p—
dp> 2w ppoTdy( ,; [®=))

Spatial anisotropy €

Momentum anisotropy Y/

n

- Pressure gradient driven evolution
- Sensitive to the early stage evolution

Phys. Rev. C58,1671 (1998)
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Different Flow & Event Plane Harmonlcséf;éﬁ?

arxiv:0809.2949

Spetator
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Experimental Observables:
Polarization

STAR, Nature 548, 62 (2017)

A-hyperon (J = 1/2%):
1. Reveal polarization by preferentially emitting

daughter proton in spin direction Beam—t;eam ,\
2. Polarization sign is measurable Cf)-u .n " Joys P’ P A
3. Need reaction plane direction \5 e s p R 6
—_ St | |
use 15 order event plane 2) T o o

counter

dN
dcos % 1+ ayPycoso * Quark-gluon
plasma
P;;: Hyperon polarization Forward-going
ay . Hyperon decay parameter beam fragment

= _ 8 (sin(¥; — ¢p))

Py = , L
A Tap Res(¥;) 9_ IS t_he gngle between_ decay daughter and polarization
direction in mother particle rest frame

2024/10/18 XU Sun — UCAS Seminar 16



Py (%)

2024/10/18

8

A Global Polarization iz

STAR, Nature 548, 62 (2017)

[ ll | | IIIIIII |

Au+Au 20-50% Parity-violating weak decay of hyperons (“self-analyzing®)
: % A(uds) > p+m~
’é’ % Daughter baryon Is preferentially emitte_d In the direction
of hyperon’s spin (opposite for anti-particle)
dN
ol 1+ ayPycosO *

E&;ﬁ # o B w = kgT(Pp + Px)/h ~ 10%%s~1

|B| = Ts|Pg — Ppl/2|pual~7?

— '1'0 e '1'(')2 ' Most Vortical Fluid!

ISy (GeV)

XU Sun — UCAS Seminar

17



A Global Polarization at BES-II i

STAR, PRC 108, 14910 (2023)

12
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[] i —0.2
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- About 10 times increases In statistics than BES-|

- Upper limit on late stage magnetic field (95% confidence level)
- B<9.4x1012 T at 19.6 GeV
- B<1.4%101 T at 27 GeV
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A Global Polarization i

Acta Phys. Sin. Vol. 72, No. 7(2023) 072401

2 | | | | | | | |
_ STAR Au+Au 20%—50% B L L] _
ﬂ eA O /_\ Natureb48.62 (2017) STAR Pre/iminary A
e A 0 A PRC76.024915 (2007) "~ (S, = 200 GeV 30 -
e A oA PR(C98.014910 (2018) - .N:; s T4 )
A PRC104.L061901 (2021) i bl | |
5 ALICE PRC101.044611 (2020) 1 Bcter __
+ A& A Pb+Pb 15%—50% - AuEAU B 1 F—
HADES PLB835.137506 (2022) 9 20-50%
N A Au+Au 20%—40% 2. i ] i
£ 0 A Ag+Ag 20% —40% 0.< - - -
; - T
[ O ‘ s i 4 o
0___________________________\‘_1!@_ _____________ - _ l -‘- ] |
D ?
" AMPT, A ar = —aj = 0.732 - AMPT+MUSIC | T v
- Primary Primary+ feed-down - =Ahyperon - S-quark -+ 7
UrQMD+vHLLE, A - 2 T -
| —— Primary --- Primary+feed-down _qL L& 1 ¢ B 4 1 g b g 1 9 |
0 02 103 0O 10 20 30 40 50 60 70 80
\,SNN/GGV Centrallty [O/O]

- Significant global polarization of A and A observed at RHIC FXT and HADES
- Global polarization of A and A are consistent in isobar and Au+Au collision systems
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First Measurement of Pz g
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STAR Preliminary  STAR Au+Au 20%-50%

5y

Nature548.62 (2017)
eA OA

PRC76.024915 (2007)
AA AA

PRC98.014910 (2018)
mA OA

ALICE Pb+Pb 15-50%
PRC101.044611 (2020)
+A A

STAR Au+Au 20%-80%

Phys. Rev. Lett. 126. 162301 (2021)

At 200 GeV

- P, =0.24 + 0.03(stat.) + 0.03(syst. )%

- Pz =047 £0.10(stat.) £ 0.23(syst. )%

- Po =1.114+0.87(stat.) + 1.97(syst. )%

- Non-zero polarization for P
- P- o follows global trend of P,

. * E + §: (via daughter A P
* ¢ =+ §_+(2o-50% for 27 GeV)
o o & Q + Q (viadaughter A P)
EF
' || RSP S ———— o o e ) ¢’_
¢ ‘
AMPT PRC99, 014905 (2019) %= Uiide 50,04
KK =0 a_=-0.758 = 0.012
o = o =-a_=-0.401+ 0.010
. ag =t
_1llll| | | lllllll | | ld-lllll | | I
3
10 10° 10
\/ syn [GeV]

Mass (GeV/c?) Spin MN
A (uds) 1.116 1/2 0.613
= (dss) 1.322 1/2 -0.6501
() (sss) 1.672 3/2 -2.02

New P= o measurements confirm the global nature of spin polarization

XU Sun — UCAS Seminar

20



A Local Polarization &

STAR, PRL 131 (2023) 202301

— 1 —
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% oooosb % i * Ru+Ru&Zr+Zr, A+A
2 : & e Au+Au, A+A
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B | | I (I TR S | 1 | I T B
g o < 0 20 40 60 80
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_0.0005 , ) o ~0.0005 f .
] it: p +2p sin(2¢ - 2¥ i it: p_+2p sin(3¢ - 3¥ . A . .
L sA p,=0020£0.002 %] [ A p,=0.006:0.002[%] - Significant local polarization w.r.t 2nd & 3rd-order
AR WK BORHOBRIN. oL B BOMERAELS event plane observed in isobar collisions
0 2 4 6 0 2 4 6 _ . i
20 - ¥ [rad 3(0- ) [rac Energy dependence is not obvious between 200

GeV Au+Au and 5.02 TeV Pb+Pb collisions
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Spin Hall Effect

Spin Hall Effect in Condensed matter: P < +p X E

Spin-Orbit Spi itting |

o pin splitting In
—

Electric filed (E) nteraction opposite directions

Spin Hall Effect in hot QCD matter: P < +p X Vug
Baryon density ~ SPIN-Orbit . Spin splitting between A &
gradient (Vug) Interaction A local spin polarization

PICt = (PF°t(¢)sin2¢)  pret(ghy = pA(d) — PA(h)

S.Y.F. Liuand Y. Yin PRD 104 054043 (2021)

S. Ryu, V. Jupic and C.Shen PRC 104 054908 (2021)

X-Y Wu, C. Yi, G-Y Qin and S. Pu PRC 105 064909 (2022)
B.Fu, L-G Pang, H. Song and Y. Yin arXiv 2201.12970 (2022)
Q. Hu for STAR, Chirality 2023, Beljing.

Hints of sign change with decreasing energy

2024/10/18 XU Sun — UCAS Seminar
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E P,-P_ PP

- — with SHE with SHE

: ---w/o SHE ---- w/o SHE

3 ; :

= Centrality:20~50%

i l ! 1 l | 1 1 1 l 1 1 1 1 l | 1 1 1 l 1 1 1 1 l
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| Sy (GeV)
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Experimental Observables: Alignment<2-

¢-mesons (J = 1):

1.
2.

3.

2024/10/18

Cannot measure polarization sign

Do not need reaction plane direction — use 2nd
order event plane

Some mesons, like ¢, are expected to originate
predominantly from primordial production => less
decay contributions If compared to hyperons, more
sensitive to early dynamics

new physics?

dN
d cos 6*

~ (1 — poo) -I- (3p00 — 1) COS2 0*

Poo = 1/3 ——> NoO spin alignment

pPoo * 1/3 =——> spin alignment

Lﬁ"\ ‘.A"-:‘ 4
%« (; " "!

— Lr’_

9*
\ Quark-GIuon

‘Nuclear > (")
p\ <+ Fragments l X\b

0” is the angle between decay daughter and polarization
direction in mother particle rest frame

Poo = 1/3 Poo > 1/3 Poo < 1/3

O
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Global Spin Alignment: Early Efforts at RHIC&%@

STAR, PRC 77 061902 (R) (2008)

{ Q;{:, ‘ * A:y, ‘ T T T ] l. 1 1 ] r T 11 1 1 1 T 1 T 111
S g = ; fragmentation: ° & (20-60%)

4 - — PP =-03 : =
B = N T | — -0.03<P_,P <0.15 » K7 (20-60%)

B B ‘ - < AN PR T : Ay
x i BOSTER(y  AGSLeentilr SN ENER o )
= 5 ‘o ‘.:\:_-A s ’-v, .;_ ) : : X W Feiee I I

IE— p00= 1/3 . o 2

UNDERWAY
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®,

|

SR

=i =t @ =]
- — ==
1 | Bt S el | == |

I‘-—'hJJ |||
|

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

] oo h
— | recombination: —

— ——-0.03<P,,P <0.15
— P,P =-0.3

The Solenoid "racker At “HIC (STAR)

0 1 2 3 4 5
P (GeV/c)

No significant results reported, due to limited statistics
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Global Spin Alignment : ALICE Results-*

g

2024/10/18

Inner Tracker System

VHMPID

Forward Calorimeter

Muon Forward Tracker

ALICE

0.5F Event plane (a)+ Event plane (b)-40.5 0.5k Ex)ent plane i Event plane  ALICE 0.5
KO 0 | K e0.8<p_<1.2(GeVlc) lyl < 0.5 '
0.4} -+ 410.4 i . j
5 H:B i : & & ﬂ H 0.4 #3.0<p_<5.0(GeV/c) % ‘& 0.4 ]
R E i I L LB S I AN TR N I T T ]
80.3F -+ 10.3_ 8 X g3} 0:3~
Q H i Q
0.2 H + H0.2 0.2F * ﬂ 0.2
H Poo=1/3 | ©0.5<p_<0.7 (GeV/c)
0.1F -+ —0.1 0.1F 3.0 < p < 5.0 (GeV/c) 0.1
i 2 3 4 5 i1 2 3 4 5 0 100 200 300 0 100 200 300
p_(GeV/c) p..(GeV/c) (N o Lo I

ALICE, PRL 125 012301 (2020)

Evidence of Spin-Orbital Angular Momentum interaction
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Global Spin Alignment at STAR BES-I-

STAR, Nature 614, 233-248 (2023)

I I | | TP T I | R | |
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0.35 _— | % @$ . I i
T L — ;
03 | b > K* K™
RS K*(ds) » Kt + 7~ !
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0.25 __ open: ALICE (Pb+Pb & 10% - 50% Centrality) __

Q
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10 10° 10°
|Syy (GeV)
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° ~- Nuclear
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¢ possesses surprisingly large global spin alignment
while K* possesses little

T
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Global Spin Alignment at STAR BES- ICIMD

STAR, Nature 614, 233-248 (2023)

ll| | | lllllll | IlllIll | |

) 4"_ *¢* (Iyl <1 0812+ Py <54 GeV/c) 1. Liang et., al., Phys. Lett. B 629, (2005);
' o K’ (lyl<1.0&1.0< p. <5.0 GeV/c) _ Yang et., al., Phys. Rev. C 97, 034917 (2018);
- . d Xia et., al., Phys. Lett. B 817, 136325 (2021);
- ; Beccattini et., al., Phys. Rev. C 88, 034905 (2013)
H i - 2. Sheng et., al., Phys. Rev. D 101, 096005 (2020);
0.35 #t = Yang et., al., Phys. Rev. C 97, 034917 (2018)
i Liang et., al., Phys. Lett. B 629, (2005)
1 Xia et., al., Phys. Lett. B 817, 136325 (2021);
- @ 1 Gao, Phys. Rev. D 104, 076016 (2021)
0 3'_ 19 i 5. Muller et., al., Phys. Rev. D 105, L011901 (2022)
: T Sheng et., al., Phys. Rev. D 101, 096005 (2020);
I | Phys. Rev. D 102, 056013 (2020):
| | Phys Rev. Lett. 131, 042304 (2023);

- filled: STAR (Au+Au & 20% - 60% Centrality) g arXiv:2206.05868 (2022)
0.25— open: ALICE (Pb+Pb & 10% - 50% Centrality) 5 /. A. Kumar, B. Muller and D.-L Yang, PRD 108 016020 (2023)

|
> W

o

lll | | lllllll | | lllllll | H |

10 10 10°
Sy (GeV)
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Global Spin Alignment at STAR BES-I-

STAR, Nature 614, 233-248 (2023) Poo(P) = § +CpA+Cc+Cp+Cp+CL+Cy+Cyp + C
I I [ | T LR | I T 1T I |
0 4; - ¢* U O L it GeV/c) Physics Mechanisms (poo)
: o K°(lyl<1.0&1.0< p. < 5.0 GeV/c) |
i 1 cA. Quark coalescence vorticity & |< 1/3
e 1 magnetic field!! (Negative ~ 10°)
x M @ . < 1/3
- I W - . E- 1]
035l | Ea . ] Ce. E-comp. of Vorticity tensor (Negative ~ 10
. PX¢
L ol & [ g ) | .o o > 1/3
8 '_""<'> """"" ] % """"""""""""""""""""""""" il ce: Electric field (Positive - 105)
Q_ - LU m il
- | @ . cr: Fragmentation!®! g ?j 1<O'15;3
03— Ul =
) 1 cL: Local spin alignments!“! <1/3
I ] - ield!s!
- filled: STAR (Au+Au & 20% - 60% Centrality) | - Ca: Turbulent color field <13
0.251~ open: ALICE (Pb+Pb & 10% - 50% Centrality) o Ce. Vector meson strong force
B O il . 6] > 1/3
ll| | | lllllll | | lIlIllI | | | fleld[
2 3 . - -
10 10 10 Cg. Gla_lsma flelds + effective could be significant
V S ( G eV) potential
NN
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Global Spin Alignment at STAR BES-I-#

STAR, Nature 614, 233-248 (2023) 000 (B) = § +Ch+C. +Cp+ Cp + C, + Cy +.+ C,

ll] | | Illlll' | | lllllll |

= * (Iyl<10&12<p <54GeV/c)
0.4 o K (lyl <1.0& 1.0 <p_<5.0 GeV/c)
- —G) =464+073m ]

Physics Mechanisms (Poo)

cA. Quark coalescence vorticity & [< 1/3

magnetic field!! (Negative ~ 10°)
.. <1/3
- - E- [1]
— ] Ce. E-comp. of Vorticity tensor (Negative ~ 10
' i~
S S R e ce: Electric field!? > 1/3
& - | (Positive ~ 105)
) il
| . cr: Fragmentation!®! g ?j 1<O'15;3
0.3— L =
] 1 cL: Local spin alignments!“! <1/3
I | ca: Turbulent color field!® <1/3

- filled: STAR (Au+Au & 20% - 60% Centrality) | -
0-251 open: ALICE (Pb+Pb & 10% - 50% Centrality)

— pu—

O
lll 1 | lllllll | | lllllll | | |

10 107 10° c Iam.flds + ffét.ieA
potential
Sy (GeV)
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Global Spin Alignment at STAR BES-I#

0.4

0.35

pOO

0.3

0.25

2024/10/18

STAR, Nature 614, 233-248 (2023)

II]

—

lll

1

|

lflllll'

* ¢
o K°
- GS')

|

T

| IIIITII

|

|

(lyl<1.0 & 1 2<p <54GeV/c)

(lyl<1.0&1.0< p. < 5.0 GeV/c) | J

=4.64 £0.73 m’

lllllll

I

llllllll

- filled: STAR (Au+Au & 20% - 60% Centrality)
open: ALICE (Pb+Pb & 10% - 50% Centrality)

|

P

@)

|

TP FIIIFIII I IAI e

|

10

10°

\'S

10°

(GeV)
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What do we learn?

1

1
% %
P00_§~<Pqpﬁ> Poo‘g

< Pan > F (PCI)(Pa)

» P{ ~ P

S @ S 0
/_\¢ O E,,,’ K*O
S 9:(@\5’\ —pmﬂ]ID @P‘rﬁ ¢ ° ©
Y O ;4!
\ - \WF O \\»&{7 @ O
O o0 O ol o O

Global spin alignment measures local field fluctuations,
while hyperon polarization measures the mean
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STAR Detector for BESII and Isobar

O endcap ime-of-Flight

\\

AW

> —

/77 =vent Plane Detector

inner Time Projection Chamber

- Uniform acceptance, full azimuthal coverage, excellent PID capabillity
- TPC: tracking, centrality and event plane

- EPD, ZDC, BBC: event plane

- TPC+TOF: particle identification

XU Sun — UCAS Seminar
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G. Wilks for STAR @ SQM2022 & Spin 2023

STAR Preliminary
| I I

pOO

I | I | | 1 I
m STAR Preliminary 1l
0.5 X ¢2"order (1.0< p, <5.0 GeV/c) -
B ¢1%order (1.0< p. <5.0 GeVic) &
........ Py = 1/3
M ) Einanans Theory (1.2<p_<5.4 GeVl/e, .,-'.'“'
1 20%-60%)' F L B
i i ]
04l Au+Au 19.6 GeV LI 1|
0%-80% ¥ .
0.35— - =
!.*.. SRR IR = “j‘ ..............................................
i Cl* o
0.3 I"_“"“"l‘“ | 1 1 I—
0 0.5 1

I I | | T T 1T 11 | | | 1 T 1T I | | | 0 5|_ | | | | | —I
- * ¢ (yl<1.0&1.2<p_<5.4 GeVc) - -
0.4 [ °© K’ (lyl <1.0 & 1.0 <p_<5.0 GeV/c) i i |
| i goa oo mé (Fit to BESI Only) - - * ¢ BES-II (Ilyl < 1.0, Run-2019) | -
L & o | . m ¢ BES-I (lyl <1.0, Run-2011) -
[ * R _ | T Poo =113 |
0.351 L NK | 0.4 [l —
gl g ———] R TE T I
8 LR T ' i 8 - @ .
o s % 1 & | @ | ]
B Q N i @ 1T i
0.3 * ¢ BES-II (Iyl < 1.0 & Run-19) — e heeeeee E ------------------
i © K BES-Il Stat. Error Projection 1 i T | |
1 T 0.3 -
- filled: STAR (Au+Au & 20% - 60% Centrality) g : Au+Au 19.6 GeV :
0.25 | open: ALICE (Pb+Pb & 10% - 50% Centrality) | | 20%-60%
1 1 I | | I I I I | | | N I I I | | | | | _l | | | | | | | I—
10 102 10° ° ° )
\/ GeV/c
- >10x more statistics (3.0 - 19.6 GeV), increased acceptance and better EP resolution (iTPC + EPD)
- p0O0Il, 19.6 GeV = 0.3622 + 0.0026 (stat.) = 0.0049 (sys.)
- p0O0ll, 19.6 GeV > 1/3 with 5.30
- Strong rapidity dependence
2024/10/18 Xu Sun — UCAS Seminar
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What about J/Psi? s>

0.6
—e— STAR, ZrZr+RuRu@200GeV,-1<y<1, 0.3<p <6 GeV/c dN 2
0.5 T - (1 + pgoo) + (1 —3pgo)cos=6
—o— ALICE,PbPb@5.02TeV,2 5<y<4, 2<p_<6 GeV/c, PRL2023 dcosb
0.4r - Naive expectation from fluctuating strong force field :
1 [L; Poo > 1/3 at midrapidity
o
S 03+ ) . .
< [Ij% § ¢ % - Forward J /W pyo at LHC and midrapidity J /W pgq at
” RHIC, both < 1/3
0.2 ~
J/¥(cc) » et +e” - The pyo at RHIC energy is comparable to LHC results,
0.1l TPC second-order event plane despite of very different coalescence effect contribution
- STAR Preliminary
0 I I I I I I I
0 50 100 150<1\%00 >250 300 350 400 How do we understand J /¥ pgo?
part

Q. Yang @ QPT 2023
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What about p meson? >

2
=
&l
—
"
|
|
<
e
o

>0.2 - - —~

1 = Global spin alignment of p® meson can contribute to background in

- ) P CME observables, similar to resonance v, effect
I 1 = poo > 1/3 will enhance apparent values of CME observables
. L - Poo < 1/3 will decrease apparent values of CME observables
! E - Toy model simulations of the m—m Ay;,, correlation as a function of
-0.1 p® meson p,, with various inputs of v% .

0.2 0.4 0.6
A. H. Tang, Chin. Phys. C 44 (2020) 054101 Poo To assess Its effect in CME observables, it would be

D. Shen et. al., Phys. Lett. B 839 (2023) 137777 desirable to study p® meson py,
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3
«10° 5 35000 = x10
= 260 © I —Sum o .
[ . o~ > [ 0 i s
> b 30000 o -
- ° ... oo, L =y (0 B
240 o 25000 0 700
- .o... ®e0e%se%ege, ..°o.. =y -
- o %° ..0.......... N “.....o.::oo. : fo -
220 o ents, 20000 — —a, s
- © ...‘ 00.::0.. : P ks . |
200/~ * ol 15000 | -1 600
[~ "ot i —pol(2) i
L s . Sia+b £ 10000 i
180/ . ‘. Il
- * rotate - 1t 5
.. g -;K 5000 —— Pyt 500
160 e B N SN y -
F. 1 L { I \ | L l | { \ \ y y l { y \ l \ y 1 ‘11 1 1 1 l L 1 1 l 1 L L I 1 1 1 l 1 1 1 l 1 L 1 l | | | | 1 | |
0.4 0.6 0.8 1 1.2 1.4 1.6 0.4 0.6 0.8 1 1.2 1.4 1.6 0 0.2 0.4
invariant mass of 't invariant mass of '
0.40 _— STAR Preliminary 0.40— STAR Preliminary
0.35— 0.35—
Q_g S + """" + """"" + """""""""""""""" | PSS Q_8 - + """"""" + """""" + """""""" + """"""
0.30}— 0.30|—
- Isobars(RuRu & ZrZr) 200 GeV, centrality: 60-80% ! AuAu 200 GeV(run 2023 & 2025 combined), centrality: 60-80%
—l 11 | I | N l | I l 1 1 1 1 l 11 1 1 l L1 1 1 l | N - l | N - l | I - l | I i | | 1 | l 1 | | 1 l | 1 | | l I 1 1 1 l | 1 | | l 1 1 L L l 1 L 1 1
0.5 1 1.5 2 2.5 3 3.5 4 4.5 o 2.9 0.5 1 1.5 2 2.5 3 3.5 4
p, (GeVic) p_ (GeVlc)
Complicated analysis but promising results!
2024/10/18 Xu Sun — UCAS Seminar
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=9 FTT B I R R TR ey of OF Y EREEY ROREE LR S
ALICE Pb-Pb \/sN = 5. 02 TeV : < | ALCE Pre"m'narv
0.6~ Pb-Pb, |5, = 5.02 TeV =
Inclusive JAp — ptu~ _
_ Reaction plane I
2<pT<6GeV/C,2.5<y<4 I
. g
ljJ # 04 m | 1 I i
# T
- m !
1F ¢ Stat. uncert. = Prompt D**, 0.3 < |y| <0.8 -
; Syst uncert. Event plane = 0-10%
SR R RN ITRTS YHRRT (TN STl SRS FEETE TR 0.2 1 1 5 8 310—50%1 1 1
10 20 30 40 50 60 70 8(: IS:O(O))OO 0 5 10 15 20 25 30
Centrali
' PRL 131 (2023) 4, 042303 e p, (GeV/e)
2 T RASARELAS TR R N ERLEH RS
' o - . < ALICE Preliminary
i ALICE Pb—Pb VSN = 9. 02 TeV 0.6/~ 30-50% Pb-Pb, |5, = 5.02 TeV =
- Inclusive JAp = ptu,2.5<y <4 | Reaction plane ’ ]
3t 4o = (1 —=3po0)/(1+ poo) [ 1]
0 04 D¥(cd)»DO+m
i l, k- + *
- ¢ 0-20% : et
2F  u 30-50% Event plane - 0.2 PromptD 15<p <30 GeV/c |
P S R S S P TR R s A (R [ NS S A S A A R I Lov oot bo v by
10 12 001 02 03 04 05 08 07 08

2024/10/18

P, (GeV/c)

i

X. Bai @ QPT 2023

XU Sun — UCAS Seminar

V 4

Significant polarization (~3.50)
observed in semicentral collisions (40-
60%) In 2 < p71< 6 GeV/c

The significance of the polarization

reaches ~3.90 atlow pr (2 <pr<4
GeV/c) In 30-50%

0-10% : pgo compatible with 1/3, 30-
50%: pgo > 1/3 at high pr

Significant deviation at larger rapidity
than at midrapidity

Theory guidance needed!
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Py /%

Puzzle?

[‘] oAOIS
e A OA
e A OA

- AMPT, A

UrQMD+vHLLE, A

Primary Primary -+ feetd¢down

—— Primary --- Primary-+feed-dow

STAR Au+Au 20%—50%
Nature548.62 (2017)
PRC76.024915 (2007)
PRC98.014910 (2018)

PRC104.L061901 (2021)
ALIC”X' Deng et al., PRC 101, 064908 (2020)

0.12
Au+Au - b=5.0 fm
+ A 0.1

- b=8.0 fm

~*-b=10.0 fm

" i " i PSS | M i PE—
‘> 072 3 4567 10 20 3040
o (GEV)

0.4

0.35

0.3

0.25

Ill | | Illllll I | IIIIIII

- —GY =4.64+0.73 m’

|

|

- *¢ (lyl<1.0 1.2<pT<5.4 GeV/c) -
o K°(lyl<1.0&1.0< p. < 5.0 GeV/c)

p—
—]
—

—

—

0.4/
STAR Praliminary

0.3

M OBES-I(M<10&12<
: ¥ ¢BESI (Y1 <1.08 1.2<p <54 GoVic)
_® N ¥ — G = 4,84+ 0.73 m! (Fit 1o BES-| only)

p, <54 GeVic)'

Mt T

Au+Au (20% - 60% Centrality)

2™ Qrder

10 10°

lll | | lllllll | | lllllll

10°

\'Swy (GeV)

led: STAR (Au+Au & 20% - 60% Centrality)
open: ALICE (Pb+Pb & 10% - 50% Centrality)

(¢
L 1

|

10 10° 10°

sy (GeV)

At 39 GeV both Py and Apyq are ~ 0 within 10

Where will Py and pgq turn down?

XU Sun — UCAS Seminar
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STAR, PRC 108, 14910 (2023)

STAR Preliminary

I 1 I I |

........ Poo =13

Theory (1.2 < p, < 5.4 GeVl/c,
20%- 60%)

1

Au+Au 19.6 GeV

STAR Au+Au, /sny = 19.6 GeV
20-50% Centrality, pt > 0.5 GeV/c
OA — 0.732

0%-80%

l 1 1 I 1 [ 1 I 1 I I I

¥ ¢p2"order (1.0 < p, <5.0 GeVrc)
B ¢1%order (1.0< p.<5.0 GeVi/c)

1 l 1 1 | S| l 1 |

1 I 1 1 11 l 1 L1

—1 —0.5 0 0.5

]
1

STAR Au+Au \fsNN =200 GeV
20%-60%, 0.5<pT<6 GeV/c

STAR PRC 98, 014910 (2018)

lIIIIllIlIllllIllllIlIII

' ALICE Preliminary

_ Reaction plane

| (0 I )

.6/~ 30-50% Pb-Pb, |5,y = 5.02 TeV

lllllllllll
NEW:! |

—

lllllllllllllllllllll

|

X. Bai @ QPT 2023

Prompt D**, 15 < p, <30 GeV/c _|

Illl

—

o

—{

-1

l

[llll

01 02 03 04 O.

—1 —05 0 05
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1
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5

6 07 08
|

0.
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G. Wilks for STAR, Spin 2023
Theory curve : X.L. Sheng, et al., arXiv:2308.14038

- Pn: NO rapidity dependence

Poo- Strong rapidity dependence at both
RHIC and LHC

Theory guidance needed!
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How Did We Get Here? &

@ Ref. citations to ref. papers

@ Non ref. citations to ref. papers A Tand. Spin 2023
9, 9P
Globally Polarized Quark-Gluon Plasma in Noncentral A + A Collisions
Zuo-Tang Liang' and Xin-Nian Wang®'
40 '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)
Produced partons have a large local relative orbital angular momentum along the direction opposite to
the reaction plane in the early stage of noncentral heavy-ion collisions. Parton scattering is shown to
3 0 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.
20 DOI: 10.1103/PhysRevLett.94.102301 PACS numbers: 25.75.Nq, 13.88.4+¢, 12.38 Mh

Papers

2004 2006 2008 2010 2012 2014 2016 2018 2020 2022
Z-T Liang and X-N Wang  1st experimental attempt 1st significant signal of Py ALICE, Significant signal of pgg
PRL 94 102301 (2005)  STAR, PRC 76 024915 (2007) STAR, Nature 548 62 (2017) HADES ... STAR, Nature 614 244 (2023)
@ % B Ijz .E::I able it
cé I'?'I § FI'I) Probe xalnur«;:::)r:rn';iv,.ueri.,u;
' ooy =
Not mentioned : many theory and £ >3558
phenomenological studies between 2004-2022 SIS ="
- e - o
>
o
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STAR Detector for 2022-2025

New detectors & tracking capability in the forward
rapidity 2.5 <n <4.0

- Possible to measure global spin
/ polarization/alignment in forward rapidity

/

2024/10/18 XU Sun — UCAS Seminar
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~,/
O (fﬁ§ & 7
J;i » }',' ;

CSR External-target Experiment <2~

ZDC EfEss
B Q _eToR
.“‘ i i - Study QCD phase structure in high baryon

‘\ density region; Search QCD critical point
ikl and phase boundary

RS
- Study EOS In high baryon density region
- Study hyper-nuclel production mechanism in

e high baryon density region: extract hyperon-
nucleon interaction parameters &
iTOF
TR EHE e understand phase structure of nuclear

matter inside dense star

Beam Monitor To TPC
R ERNES RIS AfiE S =R RS

CEE started construction at 2020 & will start take data at the second half of 2024

2024/10/18 Xu Sun — UCAS Seminar 41



Feature Measurement @ HIRFL-CEE

N

FSRAEN

.

JMEELEm

ZDC E8EE8

’&,A\Q _ TOF
o oK T AR

K TEEN
- .
heg o

MWDC
SRS

-y
"~ SCDM
BSHEK

iTOF
SATRIEIRNRS

- CEE is under construction and will start taking data @ HIRFL in 2024 ~
- 0.5 GeV/u (Vsnn = 2.11 GeV) U beam => flow, fluctuations, HBT... Beam Mot s

T
ERCERUE  EAHETRUE  HEREERUE
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- HIAF is under construction and will start delivering beam In

Feature Measurement @ HIAF-CEE <~

ZDC ERERE

Q ¢TOF

KATRITEIERIZE

MWDC S T ’ ' -
ggm* ® 2,,.'?;: gh 9
_ : —
DR BERR AR
QR e RiEBRIR
= QBT R FLHFRS
SCDM @I FRELIR IR IR
E OBRF-ESFEZEIRIEN
: DBERESRAIR
iTOF N OBREEEEVIZAR
KITHTEERES |
| "
Beam Monitor Ty TPC —— e I8
RAMEBRNE  EANERUE  EESRyRRs D @

Ex (GeV/u) v'snn (GeV)

2025 HIAF U Beam 0.8-2.45 2.24-2.85
- 0.8-9.1 GeV/u U beam => global polarization HIAF-U U Beam 2.95-9.1 3.01-4.54
HIAF p Beam <9.3 <4.58
2024/10/18 Xu Sun — UCAS Seminar
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- CEE Is under construction and will start taking data @ HIRFL in 2025
- HIAF is under construction and will start delivering beam in 2025

2024/10/18

CEE

éﬁﬁﬁ%E§ME§

-

SCDM
RS

iTOF
JIEHRRS

b

Beam Monitor

T
RRUBRNE R

TPC
AYENE =R ES

XU Sun — UCAS Seminar

P, [%]

STAR Au+Au 20%-50%
Nature548.62 (2017) °A

ﬂ PRC76.024915 (2007) @ A

PRC98.014910(2018) @A O

PRC104.L061901 (2021) ® A

ALICE PRC101.044611 (2020)

+ A €& A Pb+Pb15-50%

O 0O
e I |

HADES PLB835.137506 (2022)
NICA ¢ A Au+Au 20-40%
STAR-FXT _ ¢ A Ag+Ag 20-40%

FAIR

HlAF CEE

HIRFL-CEE <o n BESil

AMPT A
primary primary+feed-down

UrQMD+VvHLLE, A
—— primary - - primary+feed-down
| 1 L 1 111 | 1 | | I I ! 1 ) IS ) I Y I

10 102 10°

0.45

I I | I | | | |

=0.35
S

T

0.3

| I 1 I I | l | | |

0.25

HIAF -CEE W
NICA
STAR-FXT
STAR-BESII
FAIR

| llllllll I IIIIIIII | IIIIIIII | L

STAR (Au+Au & 20% - 60%)
*(p (Iyl <1.0&1.2<p_<5.4 GeVic)

(Iy|<10&10<p < 5.0 GeV/c)
—Gsy)_464+073mT

open symbols:
ALICE (Pb+Pb & 10% - 50%)

Illlllllll'l | | 1 | | I | | I |

O

I 1 lilllll 1 Llllllll 1 | lllllll 1

,..
—

—

10 10° 10°

(Sw (GeV)

/)
Future Measurement in High Baryon Density Region<! {\Q
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S Uuimim ary CIMPD

® Spin In heavy Ion collisions Is an emerging and promising field of study that
probes the fascinating behavior of particles’ global spin feature under extreme

conditions.

®* Observed the most vortical fluid known in the world, as well as tantalizing clues
of a strongly fluctuating strong force field.

® Theory guidance needed: to understand alignment of p, K*, ¢, J /W ...

Thanks for your attention! Xu Sun
Phone Number: 18627822467

Email: xusun@impcas.ac.cn
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Backups
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LINAC _

e BSeEBIS:
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BOOGSTER
{‘é@f’ . —_\@.‘:‘ :Y-;:

_—
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Relativis

SPHENIX.

»
-

’ = = 7_’.-.5 ~? -
tic Heavy

Circumference 3.8 km
t “HIC (STAR)

The Solenoid

racker

’u&.f 7777

12 Counties 43
56 Institutions193

~600 Collaborators ~3500
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Large Hadron Collider—LHC
Circumference 27 km

Inner Tracker System

VHMPID

Forward Calorime::l

.....

Mvuon Forward Tracker
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<cos(km(*V' - ))>

—

0.8

0.6

0.4

0.2

IllIllllIllllIllll

1

1.5 2 2.5 3
vm/ c

Phys. Rev. C58,1671 (1998)

Ry, = (cos|[n(¥;, — ¥gp)])

1 1 T

19.6 GeV

80r g fuil TPC, re-cent. 7.7 GeV | xn-sub,re-cent. 11,5 GeV |
Ofull TPC, ¢-weight

Yr M-sub, ¢-weight

resolution (%)

central peripheral

centrality (%)

STAR Collaboration, Phys. Rev. C88,014902 (2013)
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A-Hyperon: Spin Probe W

In the Lambda rest frame, the total angular momentum is the spin of Lambda
Jz = 1/2, there are two possible decay channel: s12 (as) and p1/2(ap). Assuming that the initial Lambda |

f(x) = (as + a,cosB) T +a,sin Het? )

0 is the angle between proton momentum and Lambda spin direction in the Lambda rest frame

if proton momentum and Lambda spin are in same direction (State A): 9 p— 0 A — CLS _l_ a/p

if proton momentum and Lambda spin are in opposite direction (State B): 9 — 77 B — CLS — ap

decay-angular distribution of proton in Lambda rest frame:

dN
ds)
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A-Hyperon: Spin Probe 2

the definition of a:

2Re(asay)

as|? + [ap|?

a is decay parameter which characterises the degree of mixing of particles in the decay

Oy =

T.D. Lee and C.N. Yang, Phys. Rev. 108, 1645 (1957)

re-write a:
as + ap|® — las —ap|*?  A*? — B?

Y =

®* a=0.732 (PDG book) is the relative difference between State
A and State B, which means proton prefers to emit from the _ADPT
spin direction of A %

®* a=-0.732 for A => anti-proton prefers to emit from the
opposite spin direction of A

XU Sun — UCAS Seminar
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Phys. Rev. C 98, 014910 (2018) Data

STAR Au+Au \f Sy = 200 GeV
20%-60%, 0.5<pT<6 GeV/c

Au+Au \s,, =7.2 GeV

centrality 20-60%
STAR preliminary

e 0.5<pT<1 .0 GeV/c
e 1.0<pT<1.5 GeVl/c
e 1.5<pT<2.O GeV/c
e 2.0<pT<2.5 GeV/c

]llllll]lllllllllllllll]lllllllll

*

1 l 1 L 1 l

L

i STAR Au+Au, /snny = 3 GeV
- 0-50% centrality, pr > 0.7 GeV/c

op = 0.732

P

L | L 1 1 | 1 L L

-2

Nonsigniﬁcant y/n dependence

Phys Rev C 93, 064907 (2016)

. —— 200GeV

energy flow
n

1 1 l 1 1 L l 1 1
12 14

16 1.8 ‘b 2
y+ly oM

02 0 02 04 06

observed within acceptance

Phys Rev Research 1, 033058 (2019)

1.5

0.0

« thermal vorticity

«+ kinematic vorticity
- T-vorticity

+ non-relativistic

- ] ] ] Y ) ”
Rapidity dependence of p, Is different among various models STAR-FWD
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Raw Yields

Raw Yields

m [ | ‘.-!.4_‘&
Signal Extraction =

x10° x10~
L I | i 8 r— T
L a) ¢ - " b)K” |
0.6 Au+Au 27 GeV & 20-60% n L Au+Au 54.4 GeV & 20-60% ]
[ lyl<1.08&1.2<p_<1.8 GeV/c | 6~ lyl<1.0&20<p_<25GeV/lc ]
- —— BWH+res. bkg. @ ] 8 |
04 = o o |
| === res. bkg. ] = 4-_ :
c% : !
C  PooeeP 1
gl TRk, o
| — BWires.bkg. O ]
- e 108, DKQ.
0 ‘R RSy N g R RS g g S U g —
| | |

M(K*,K) (GeV/c?)

10.81 1 | 10.9 1 1 1 1 1 1 L 1

M(x=,K') (GeV/c?)

-3 -3
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[ 00 _- KLY "
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B (7)) B b
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s N Q_J N
—k— > 46F : -
= - ; N J
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| cos(67)] | cos(67)]

XU Sun — UCAS Seminar

x107°
- | 1 I ] 1 T I [ 1 1 1 ] 1 1 1 ] I 1 I -
-0
- Au+Au 27 GeV & 20-60%
IyI<1.O&1.2<pT<1.BGeV/c\ :
R
8-
” ok
dh
7.5 | e | N
E 1 1 1 l 1 1 1 1 1 1 1 l 1 1 | l 1 1 1 =]
0 0.2 0.4 0.6 0.8 1
| cos(6”)]
x107
10 5_ 1 l* I I 1 I 1 l | 1 1 ] 1 1 1 I I 1 I B
< KO |
- Au+Au 54.4 GeV & 20-60%
ol lyl<1.0&2.0<p_<25 GeVic 1
i ] o
o | — L
O i | ’ ’
o) A
S 9.5 | =
i ‘ ,(f) O 5
i i | |
o | -
i 1 1 1 l 1 1 1 l 1 1 1 l 1 1 | l 1 1 L ]
0 0.2 0.4 0.6 0.8 1
|cos(6%)|

52



2024/10/18

¢-meson Vector Field

Like electric charges in motion can generate an EM field, s and s quarks in motion
can generate an effective ¢-meson field.

The ¢-meson field can polarize s and s quarks with a large magnitude due to
strong interaction, in analogy to how EM field polarize (anti)quarks.

y 1 | o
Ps/E (t, X, Ps/E) = S, + o § - (gxps /E) <= vorticity
Qs Qs & _ <= EM field
— 2m,T By & om?rY (EXES/S
9o 9o A | B .
+ =2 Byt 59 (E¢XPS/§ <= strong force field
S S

“magnetic”’ components | % | |
Quark version of the spin-orbit

| force. Not accessible via Pa.
“electric” components

The connection to strong force fields , If fully established, opens a
potential new avenue for studying the behavior of strong force fields.

Sheng et., al., Phys. Rev. D 101, 096005 (2020)
Xu Sun — UCAS Seminar Sheng et., al., Phys. Rev. D 102, 056013 (2020)



