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O Brief introduction on orbital angular momentum and polarization
O Global polarization analysis process

0 Recent STAR experiment results
» Hyperon global polarization

» Hyperon polarization along beam direction

O Summary
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Orbital angular momentum and polarization

PROJECTILE
SPECTATORS

Orbital angular momentum

v o

Local fluid VOI'tiCity W = EVXU —

The most vortical fluid ~ 10%° — 10?1571
(Au+Au@RHIC at b=10 fm)

A rest frame

Leads to global polarization along L though
spin-orbit coupling

Z.-T. Liang and X.-N. Wang, PRL 94, 102301 (2005)
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polarization measurement

O “Self-analyzing”, parity-violating weak decay channel of hyperons
[0 Daughter baryon is preferentially emitted in the direction of the

hyperon spin

dN
d)*

A rest frame

1
= — 1+ ayPycosO™)
4 Aoptm

ay - hyperon decay parameter (BR:63.9%,c7~7.9cm )

Py : hyperon polarization
0" : polarization angle
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Global polarization measurement

O “Self-analyzing”, parity-violating weak decay channel of hyperons

[0 Daughter baryon is preferentially emitted in the direction of the

hyperon spin

0 Measured via the distribution of the azimuthal angle of the A rest frame

hyperon decay baryon (in the hyperon rest frame) with respect A—>p+m

: BR:63.9%,ct~7.9
to the reaction plane. ( 0,cT~7.9cm )

~ 8 1 (sin(¥; — ¢y))
map A, Res(¥,)

Beam-beam
counter J

Py

Beam-beam
counter

ap = —az = 0.732 £ 0.014

Ay Acceptance correction factor
Y, : First-order event plane angle
Res(¥;) : Event plane resolution

STAR, PRC76, 024915 (2007)

Quark-gluon
plasma

Forward-going
beam fragment
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STAR detector and event plane reconstruction

2024/11/10
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vent Plane Detector

/
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Event plane resolution
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0 Event plane reconstruction:
» Time Projection Chamber
» Event Plane Detector
» Zero Degree Calorimeters




STAR detector and A/A ,Z~ /Z* reconstruction
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. . Track A — + =) A
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 Background fraction <3%  * Background fraction < 8%

Primary A Decay

Vertex Length
’ - Em N = . -:'

- -
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A “track”

Proton to
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Track
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Observation of A global polarization

Acta Phys. Sin. Vol. 72, No. 7(2023) 072401 O STAR, first measurement in AuAu 200 GeV, Py<2%
ﬁ _ STAR Au+Au 20%—50% PRC 76, 024915 (2007)
e A 0 A Nature548.62 (2017) : : _
eh o PROTE.024915 (2007) 0 STAR, first observation in BES-I
e A 0A PRC98.014910 (2018) Nature 548, 62 (2017)
| A SREA UL LOGEI0L (202 O STAR, high precise Py at 200 GeV
5 F ! ALICE PRC101.044611 (2020) PRC 90, 014910 (2018)

+ A=A Pb+Pb 15%—50%
HADES PLB835.137506 (2022)

O ALICE, LHC energy region

3 A Au+Au 20%—40% PRC 101, 044611 (2020)
o A Ae-tae207%6—40% O STAR, Py at 3 GeV
. PRC 104, L061901 (2021)
Ol e ______ P O HADES energy region, consistent with STAR
PLB 835,137506(2022)
I AMPT, A apr = —apj =0.732
- Primary Primary +feed-down > Possible difference between A and A due to magnetic field effect?
UrQMD +vHLLE, A
—iEmen ==amamseaesdowy L O STAR, Py at 19.6 and 27 GeV BES-II, no splitting
10° 10 10° PRC108,014910(2023)
SNN/GGV

O STAR, new results
* A, E global polarization
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Energy dependence of A global polarization

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

_ STAR Au+Au 20%—50% O Significant collision energy dependence, described well
SN ol INSTSSS62 (@01 by various theoretical models
e A 0A PRC76.024915 (2007)
e A 0 A PRC98.014910 (2018) * Liang and Wang, PRL 94,102301(2005),
] °A PRC104.1.061901 (2021) * Gao, Chen, Deng, Liang, Wang, Wang, PRC 77, 044902(2008)
5 — "y L . .
ALICH PROZOT0ESEIT(202D) * L. Karpenko and F. Becattini, EPJC(2017)77:213, UrQMD+vHLLE

[ + A=A Pb+Pb 15%—50%

HADES PLB835.137506 (2022) * H. Lietal.,, PRC 96, 054908 (2017), AMPT

§ A Au+Au 20% —40% * Becattini, Lisa, Ann. Rev. Nucl. Part. Sci. 70, 395 (2020).
o A Ag+Ag 20%—40% * Huang, Liao, Wang, Xia, Lect. Notes Phys. 987, 281 (2021).
*  Becattini, Rept. Prog. Phys. 85, No.12, 122301 (2022)
obccccee e R e ___ - *  Wang, Liang, Ma, ActaPhys. Sin. 72, No. 7 & 11 (2023)

* Lv, Yu, Liang, Wang, Wang, PRD 109 (2024) 11, 114003
apr = —apj =0.732

AMPT, A « Zhang, Lv, Yu, Liang, 2406.03840(2024)
I Primary Primary +feed-down
UrQMD+vHLLE, A * Sun,etal., 2405.12015(2024). -------
[ Primary --- Primary-+feed-down
16t 102 103
SNN/GGV
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Energy dependence of A global polarization

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

e A 0 A Nature548.62 (2017)

e A 0 A PRC76.024915 (2007)

e A 0 A PRC98.014910 (2018)

| o A PRC104.L061901 (2021)

5 || @ ALICE PRC101.044611 (2020)
[ + A=A Pb+Pb 15%—50%

HADES PLB835.137506 (2022)
A Au+Au 20%—40%
A Ag+Ag 20% —40%

ﬁ STAR Au+Au 20%—50%

Py/%

apr = —apj =0.732

[ AMPT, A
I Primary Primary +feed-down
UrQMD+vHLLE, A
[ Primary --- Primary-+feed-down
16t 102 103
SNN/GGV
2024/11/10

BES-1(2010-2017) and BES-II (2018-2021) statistics

10% £ ¥ e S TSRS 3 LY § I _ Sy (GeV)
i Bees- EBES- [FxT ;
= 10°F ¥
2} - 2
€ 102 FY .
LLI i @B

O Greatly improved precision from Beam Energy Scan
phase-Il at 7.7, 9.2, 11.5, 14.6, 17.3 GeV
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Energy dependence of A global polarization : from BES-II

1OIIII| T T IIIIII| T

STAR Au+Au collisions
i ) 20-50% Centrality ]
- Nature548.62(2017) e A oA
B PRC108.014910(2023) + A ¢ A
o BES-II STAR Preliminary -
'z' L A 0O A _
.°_.I ap=—a, = 073240014 |
al

primary primary+feed-down ﬁ ]

- UrQMD+VvHLLE, .
| — primary - - - primary+feed-down i

10 10°
Energy [GeV]

O New STAR preliminary results at /syy = 7.7-17.3 GeV from BES-II
O Significant improvement in precision was achieved, collision energy dependence
consistent with BES-I
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Splitting of A and A global polarization : from BES-II

6 T T DI | T T T T T T 17T | T
. B I STAR Au+Au collisions |
B L I 20-50% Centrality |
ne = A -A STAR Preliminary B
i + A-APRC108.014910 (2023)_
I o A-A Nature548.62 (2017) |
'o\? i i
D_I 2 - |
P-IE  Pill-B _ |
. Sl | al o ++;i‘%.+ _____ % _______ Vo] ]
1_\ 6 %/1 : e) :

1 111 | 1 1 1 1 1 111 | 1

10 10°
Energy [GeV]

O No obvious splitting between A and A global polarization with high precision

O Upper limit on late stage magnetic field +  95% confidence level ~ STAR, PRC 108,014910(2023)

e B <94x10'2 T at19.6 GeV
e B <14x108Tat27 GeV
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System size dependence of A global polarization

S. Alzhrani et al., PRC 106.014905

S.Z, Shi, K.L. Li, J.F. Liao, PLB 788 (2019) 409413

1,0 T T T I T T T I T T T T T T [ T T T | I T T | T T T I I
I — Au+Au
- nT/(e+ P)=0.08 — 20-50 % -
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08 - €sw=0.5GeV/fm | i = 0= Cu-Cu
L w=08"fm B O0+0 | N |
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-~ B
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S [ 05<pr<3Gev Py 4 2
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- i 1 B ]
02— — :
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O Longer system lifetime dilutes the vorticity/polarization

O Collision system size dependence of global polarization?
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Measurements of A global polarization 1n 1sobar collisions

2 T | T | T | T l T | T | T | T 2 T | T | T | T | T | T | T | T
| STAR Preliminary A | STAR Preliminary A
| sy = 200 GeV \Sun = 200 GeV
" m Ru+Ru | m Ru+Ru
T+ Zr+Zr T + Zr+Zr
1+ W -
1— o Au+Au T 7 © Au+Au
B - Centrality | — r 1 Centrality
- & | 2050% | 2 | 20-50% |
<
_ - Ir x| m 5 S e : @ n- i
[ AMPTMUSIC $ 1 : fi\\ﬂi;;xgnsmns- uark -
- =Ahyperon - S-quark T I a H
- | | | | | | | |" [P T N R NI BT BN B |
S 0O 10 20 30 40 50 60 70 80

0O 10 20 30 40 50 60 70 80

Centrality [%] Centrality [%]

O Significant global polarization observed in isobar collisions, P, and Pz increase with centrality

O Global polarization of A + A are consistent between Ru+Ru, Zr+Zr and Au+Au collisions within
uncertainty
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=~ 4+ ET global polarization measurement

O Possible difference between Z global polarization and A due to earlier production and vorticity evolution

0 Two measurement methods

* Via daughter A angle distribution in Z rest frame
* Via daughter A polarization with spin transfer factor(Cz-_5 = 0.944)

A R — B dN *
T 3 oi of -=— 1+ ayPycosO™)
B PRC76.024915 (2007) dﬂ. 1T
AA AR
B PRC98.014910 (2018) p
21— =Ao|n ay : hyperon decay parameter
B ALICE Pb+Pb 15-50% . .
- PRC101 044611 (2020) A rest frame Py : hyperon polarlzatlon
- +A @ . .
- ﬁ I 1 0* : polarization angle
11— STAR Au+Au 20%-80%
- ; *x E+E " (via daughter A P,)
B ¢ =+ :
- = ¥ 0 T (via daughter A Py,
N L R Hyperon | Deacy mode | ay Spm
i _ 4
a, = 0732 0.014
B '|°‘:'\|"[F\’IAPRCQQ %4305 (F005) a=-0.758 = 0.012 A(uds) A - P + T 0.732
L =1 . \({x:z—‘](xg_ -0.401+ 0.010
_1_| |||I 1 1 1 11 |||| |I_l 1 IQl 1 |||| 1 1 1 | | E—(dss) E— H A+7T_ -0.401 1/2
10 10? 10°
\'Sny [GeV]
STAR, PRL126, 162301 (2021) PDG2021
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=~ 4+ ET global polarization measurement

O Possible difference between Z global polarization and A due to earlier production and vorticity evolution

0 Two measurement methods

* Via daughter A angle distribution in Z rest frame
* Via daughter A polarization with spin transfer factor(Cz-_5 = 0.944)

| lomrssan | TR AN *
T 3 oi of -=— 1+ ayPycosO™)
: PRC76.02191 5 (2007) d Q TL—
AA  AA

: PRC98.014910 (2018)

21— =Ao|n ay : hyperon decay parameter
B ALICE Pb+Pb 15-50% . N
- ER/?1014;0%4611 (2020) P H * hyperon polarlzatlon
- ﬁ I 1 0* : polarization angle

1 STAR Au+Au 20%-80%
- " *x E +E (via daughter A Pp)
- * ¢ =+ E_+
- e + Q +Q (via daughter A P,)

N L N R Hyperon | Deacymode | _ay i
- a, = 0.732 = 0.014
[ AMPT_PRC99, 014905 (2019) o = -0758 = 0.012 A(uds) A->p+mn~ 0.732
B %g”\ o= “ al=ia2=:0401:0010

_1_IIIII | 1 11 I|||| II_l | IYQI_Illll 1 1 11 1 E—(dss) E— HA+7T_ -0.401 1/2

10 10 10°
\'Sny [GeV]
STAR, PRL126, 162301 (2021) PDG2021
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Energy dependence of 2~ + ET global polarization

3
- Oz- = —-0.401
[ [ [ az+ =0.401
25 20-50% STAR Prelln‘vl‘nary R
— Centrality Au+Au collisions ay = —0.758
- Czp = 0.944
2 — . ay - decay parameter
— . Cz, - transfer factor
— - ' : Pp = CzpPz
1 5 _— i L.
= i 20-80%
L i Centrality
11— il
05— )
— 3
O
— e —+— A + A, PRC 98(2018)
055 —%— A + A, Nature, 2017 *— £ +EZ,PRL126(2021) oA+ A,BES||
Y . B —%— =4 T (via A daughter), PRL 126(2021)
— - AMPT: A + A PRC99, 014905 (2019) .
1 — i —®— =" 4 T, this analysis
B AMPT: =° PRC99, 014905 (2019) P, N T~
| | Il l | | | | L | L | I |
10 102
s\ (GeV)

O Significant 2~ + % global polarization observed in Au+Au at 19.6 and 27 GeV
O

Z~ + ET global polarization measurement at lower BES-II energies underway
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Local vorticity and polarization in heavy 1on collisions

Reaction /

plane \

P A

- B
beam direction (z)

r———— =—X> — defines yy
(direction of the impact parameter)

. dN o
(cosé?p) = j 0 cosBp,d )
— *\ 2
O Elliptic flow indicates stronger expansion in-plane than out of plane = apky «COS Op) )
(cos6;)
p

m=—=> Lead to polarization along the beam direction (FP,) P, =
aA((cosé?;)z)
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Azimuthal angle dependence of P,

STAR, PRL 123, 132301 (2019) STAR, PRL 131, 202301 (2023)
0001 | _g 0_001_
" STAR  Au+Au |/, = 200 GeV 3 _ [ Ru+Ru&Zr+Zr s, = 200 GeV
i 20%-60% "C‘DQ - Centrality: 20%-60%
0.0005 — o -
- @ 0.0005¢
- o i
ER . = i
o 0 =) o
oﬁ. | C =
2 I @ [
o i L
~ - ~0.0005 , _
0.0005 fit: p +2p sin(20-2' ) : fit: p0+2p1SIn(2¢ i 2\P2)
L kA p,=0.016:0.003 [%] i *A  p,=0.020+0.002 [%]
- o s e i
0,001~ %A P,=0.015:0.003 [%] Q.00 1 *A ?1 0'021—0'1002 [%] |
i 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 o 2 4 6
0 1 2 3
¢-\I’2 [rad] 2(¢ ‘Pz) [rad]

O Clear azimuthal angle dependence observed in Au+Au and isobar collisions at 200 GeV
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Azimuthal angle dependence of P,

F. Becattini, et al., PRL127, 272302 (2021) Baochi Fu, et al., PRL 127, 142301 (2021)
x1073 -] ) [ VL S S S
e P, (1/1000) shear
4 T \ — [ ]
SN L ‘0 A hyperon
. ?/ \\\ ' ,,,,/ \\\\\
[a W ’ \
~
=
|
=
A,
10} |
A A STAR ™ - N e vorticity — — T-gradient
0 7rl/ 2 s 0 1 2 3
¢ — Wgp ¢, [rad]

O Clear azimuthal angle dependence observed in Au+Au and isobar collisions at 200 GeV

O New developments, Shear Induced Polarization(SIP), may solve the ‘P, puzzle’
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System size dependence of P,

STAR, PRL 131, 202301 (2023)

' =
o, i STAR \fsNN =200 GeV
—_— 1
AN |
B |
§ 0.5
= i s
% Db Ao L
an ol ot o :
O om0 00 i
- (Npan> ‘
- % W _ -
B S e
i * Ru+Ru&Zr+Zr, A+A
e Au+Au, A+A
B 0-5<PT<6 GeV/e, |y I<1 Pb+Pb 5.02 TeV, A+A
L | | | L L L | L L L | i L L |
0 20 40 60 80

Centrality [%)]

O P, from isobar collision comparable to Aut+Au and Pb+Pb

v No significant system size dependence observed at same energy

2024/11/10 Xingrui Gou @ PacificSpin2024 20



Measurements of P, with BES-II

0.6 STAR preliminary—=— P, ,(A) —.— P2,z(K)
~ . . - P2 z ampt(A) _ P2 z ampt(X)
- Au+Au collisions & 3 —
0'4__ T I:’2,z,smash(A) o I:,2,z,smash(A)
~ 0.2F
e -
n O
a’ -
0.2
_0.4F
—0.6 Centrality:20~50%
| 1 I 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I

N

10 15 20 25 30
\'syy (GeV)
O First measurements of P, in Au+Au collisions from 7.7 to 27 GeV with BES-II

v" No significant collision energy dependence observed
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P, from higher harmonic flow

O Measurements P, relative to higher harmonic event planes provide new insights into
polarization phenomena
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P, from higher harmonic flow

STAR, PRL 131, 202301 (2023)

= 0.001 _
3 - Ru+Ru&Zr+Zr s, = 200 GeV
* 5 ~ Centrality: 20%-60%
D _
8 0.0005_—
O i
N~
/-\I :
g o
= _
@ -
o) _
~0.0005|
- fit: p0+2p1sin(3¢ - 3‘P3)
i *A - p, =0.00640.002 [%]
-0.001 A P, =0.010x0.002 [%)]
| 1 1 1 | 1 1 1 | 1 1 1 |

0 2 4 6
3(0 - ¥, [rad]

O First observation of P, w.r.t the third-order event plane
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P, w.r.t third order event plane

1 : :
X, | RusRuBZreZr A+K O Significant P, w.r.t third-order event plane observed
= i * nN=2
9‘ = ¢ N= 3 T
o | HydroRu+Ry 5T/(e+P)-0.08 O P, w.r.t second-order event plane increases with
= [ BWn-2(w,+SIPy) X -
T 05— 8 n=2(w,+SIPy ) ideal hydro il centrahty
» ---n=2 (0, +SIP,) @
g | EEN-3(0,+SPg) O Comparable P, w.r.t second and third order event plane,
| [%1 - indicating v3-driven polarization
& @ i
[T ] : :
ol _ T O Hydrodynamic models with shear term reasonably
s e E describe the data for central collisions, but not for
| STAR |5,,=200GaV ~~“"""=seescamus®” [l peripheral collisions
| 05<p_<6GeVic, |y I<1 «, =-0_=0.732+0.014
R R B YN Y TR s R Rt S. Alzhrani et al., PRC 106.014905

0 20 40 60 80

Centrality [%]
STAR, PRL 131, 202301 (2023)
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Spin Hall effect (SHE)

S. Meyer et al., Nature Materials, 2017

Baochi Fu et al., arXiv:2201.12970v1

(%)

£

J

A- A s—s
—a— With SHE —=— with SHE
--o-- w/o SHE - -=-- w/o SHE

HE: charge imbalance (1879) SHE: spin imbalance (2004)
P x pXE P x pxXVug

100
V sy [GeV]

O SHE driven by baryon chemical potential gradient, leads to the splitting P, , = < P,sin(2A¢) >

between A and A polarization

O Prediction of collision energy dependence of net-A polarization

2024/11/10 Xingrui Gou @ PacificSpin2024

Pra = Py2(A) — P, (A)

A = -,
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Measurements of spin Hall effect(SHE)

1'2§STAR preliminary  Model prediction
0 815_Au+Au collisions P,-P_ P.-P,
" F — with SHE - with SHE
. 0.65— ----wl/o SHE ---- wlo SHE
X 0.4 ’
0 ) | — deJ sy ananan A A P R R AT TR ETETATAY
0.2 P,, = < P,sin(2Ad) >
—-0.4
C Het -
-0.6- Centrality:20~50% Pz = Py (A) = Py (A)
. ll NP B SRT IR U S SRR
0.8 10 15 20 25 30 Iilp sl
\'sny (GeV)

O SHE driven by baryon chemical potential gradient, leads to the splitting between A and A polarization
O Prediction of collision energy dependence of net-A polarization

O No SHE effect observed within uncertainty
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Summary

[Global polarization

O Significant improvement in precision was achieved in BES-II

O No splitting observed between A and A global polarization in Au+Au collisions at 7.7 - 27 GeV and 2$Ru +
28Ru, 28Zr + 287Zr collisions at 200 GeV

O Significant 2~ + Z T global polarization observed at 19.6, 27 GeV, measurements in lower energies underway

O No collision system size dependence between Ru+Ru, Zr+Zr and Au+Au collisions at 200 GeV

[Polarization along beam direction (F,) ]

O First observation of P, w.r.t third-order event plane
O First measurements of P, in Au+Au collisions from 7.7 to 27 GeV with BES-II

O No spin Hall effect observed within uncertainty
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Summary

[Global polarization

O Significant improvement in precision was achieved in BES-II

O No splitting observed between A and A global polarization in Au+Au collisions at 7.7 - 27 GeV and 2$Ru +
28Ru, 28Zr + 287Zr collisions at 200 GeV

O Significant 2~ + Z T global polarization observed at 19.6, 27 GeV, measurements in lower energies underway

O No collision system size dependence between Ru+Ru, Zr+Zr and Au+Au collisions at 200 GeV

Thaniks Tor your attention

[Polarization along beam direction (F,)

O First observation of P, w.r.t third-order event plane
O First measurements of P, in Au+Au collisions from 7.7 to 27 GeV with BES-II

O No spin Hall effect observed within uncertainty
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Bacx Up
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Global polarization collision energy dependence
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[ Significant global polarization centrality dependence observed
O Lambda and Anti-Lambda global polarization are consistent

O No observed dependence of global polarization on pp
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STAR detector and A/A reconstruction

Event plane resolution A/A reconstructed with TPC tracks
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pr dependence of local polarization

1= O Local polarization p; dependence is observed
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Global polarization in Au+Au with BES-II data (19.6, 27 GeV)
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