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Spin-Orbital coupling in heavy-ion collisions

Liang, Wang Phys. Rev. Lett. 94, 102301(2005); Phys. Lett. B o _
629, 20 (2005) - Non-central HICs have large initial Orbit Angular
B, L Momentum (OAM) and magnetic field
- OAM (~10%h) can polarize quarks due to “spin-orbit”

Interaction
- Observerbals:

- A-hyperon (JP = 1/2%) global spin polarization
- Vector meson (JlD 17) global spin alignment

Barnett effect
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Rotation = Polarization

- ' T=Yall _ Barnett, Phys. Rev. 6 (4) 239, (1915)
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Hyperon global spin polarization

N\-hyperon (J = 1/2+):

- Reveal polarization by preferentially emitting STAR, Nature 548, 62 (2017)
daughter. protpn N spin direction Beam_beam
- Polarization sign is measurable counter J
- Need reaction plane direction e P p, ko [
— st m
use 1st order event plane \% o Beam-_beam
counter
aN | P 0 * .
deosO * ~ L+ aglycos Quark—gluon
plasma
P;: Hyperon polarization Forward-going

beam fragment
oy Hyperon decay parameter

_ g8 (sin(¥; = ¢y))

A T 0" is the angle between decay daughter and polarization
TN Res(‘Pl) direction in mother particle rest frame
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Vector meson spin alignment

¢-mesons (J = 1-):
- 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 0% ~ (1 = poo) + (3po0 — 1) cos® 0
Poo = 1/3 No spin alignment
Poo F 1/3 spin alignment
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0* is the angle between decay daughter and polarization
direction in mother particle rest frame

Poo = 1/3 Poo > 1/3 Poo < 1/3
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Relativistic Heavy lon Collisions Experiments

SNN~3 - 200 GeV
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Large Hadron Collider—LHC Relativistic Heavy lon Collider—RHIC
Circumference 27 km Circumference 3.8 km

The Solenoid Tracker At RHIC (STAR)

Inner Tracker System Muon Forward Tracker
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Global polarization of A

Liang, Wang Phys. Rev. Lett. 94, 102301

STAR Col. Phys. Rev. C 76, 024915 (2007)
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STAR Col. Nature 548, 62 (2017)

2017

. First signal of Lambda global polarization was observed in the STAR Beam Energy Scan phase |.
* The quark gluon plasma with a vorticity of (9+1)x1021 s-1 - most vortical fluid in nature.

w2 kgT(Pyr+ P x1) /b
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Differential measurements of A PH

STAR, Phys.Rev.C 98 (2018) 014910
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— STAR Au+Au \/sNN =200 GeV
In|<1, 0.5<pT<6 GeV/c

- *x A

- Centrality dependence
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STAR Au+Au \/sNN =200 GeV
20%-60%, O.5<pT<6 GeV/c
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n dependence
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. STAR Au+Au \/SNN =200 GeV
| 20%-60%, m|<1

hydro, primary A
—UrQMD IC
- --Glauber+tilt IC

*x A
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= =
— =l

‘ Pr dependenc

{

0 1 2 3

e With more data collected in run10+11+14 Au+Au 200 GeV, a significant signal was observgd.

‘» Obvious centrality dependence, weak dependence on # and pr-
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System size independence

STAR, Phys. Rev. Lett. 101 (2008) 252301

STAR, Phys. Lett. B 870 (2025) 139891
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. System size independence?
* Both polarization and directed flow show system size independence.
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Hadronic dominant matter retains more

Beam energy dependence

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

Deng et al., PRC 101, 064908 (2020)

Guo et al., PRC 104, L041902 (2021)...

vorticity (?)

- Where do we observe the highest

polarization?
- Expected PA~ O at /sy ~
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Beam energy dependence

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

Deng et al., PRC 101, 064908 (2020)
--Guo et al., PRC 104, L041902 (2021)...
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B e
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Hadronic dominant matter retains more

vorticity (?)
- Where do we observe the highest
polarization?

- Expected Pa~ 0 at /sy ~ 2miy
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Global polarization of = and Q

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

é’I L STAR AutAu |s, =200 GeV
2l ly <1, p:>0.5
B w Inclu§ive A (PRC98.014910)
* E+E (via daughter A P) }
| |syst. uncert.
2 -
,L *
| +
I |
. "
. n &1 @(g] |
—t - - - - __1___ _____________________________________________
a, = 0.732 £ 0.014
- 0 = -0.758 = 0.012
C_, =0.944
i | | | | | | | ] | | | | | | | |
0 20 40 60 80

Centrality [%]

1 I | L I I 1 1 1 I I | L I 1 I
s I Au+Au collisions at BES-II N
3 20-50% Centrality =
B Inl <1.5,0.5< p, < 6 [GeV/c] N
a x = 4+ = PRL126, 162301(2021) i
- ¥ E—>A + = —>A PRL126, 162301(2021)
2 e s — T
— _IERCRE ) —
n o =—A+ §+—>K B
: o A+A :
1 = —
O I + ______ .
- AMPT: —E -—A STAR Preliminary o
| | | | | | | | | | | | | | | | ]

10 10°

V'Snn [GEV]

* = results are consistent with A.

» £ appears to be larger than A.
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Local vortices and azimuthal-angle-dependent polarization

STAR, PRL 123, 132301 (2019)

o @ z 4 _ iTAE 200 GeV
- STAR  Au+Au \/SNN =200 GeV ; - AUrAU |5y =200 Ge
i o o — | [X]A+K X
B 20%-60% 2 05_ ------ AMPT (x 0.2)
— S o U2 —— BW (spectra+v,) ol
0.0005 : * 7/’13 . g : --- BW (szectra+v2+HBT) H
- <= ¥, f”

| I | | | I | | | | | | | I

(cos(B, *)**

Centrality [%]

—0.0005

fit: po+2p1sin(2¢-2\pz) P, (1/1000)

A hyperon
*A p_=0.016+0.003 [%] - First observation of longitudinal polarization Pz w.r.t. ‘I’z

- Shear Induced Polarization (SIP) could capture the

I | I | | I | I | | |

—0.001 YA P, =0.015%+0.003 [%)] |
. 1 10}
T N T TR WA RN NN TR SN MO M M ' L T-aradient | trends
e vorticity = — T-gradient ] o ]
0 1 2 o - P> shows significant centrality dependence, expected
- [rad] " from elliptic flow

Fu et al.,, PRL 127, 142301 (2021)
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Local vortices and azimuthal-angle-dependent polarization

STAR, PRL 131 (2023) 202301

1_
STAR \/s, = 200 GeV
- 20-60% centrality, A+A |y |<1
_ o AutAu, n=2
X ~ ® Ru+Ru&Zr+Zr,n=2 h
/7,\\ ¢ RutRu&Zr+Zr,n=3
B;C 0.5 |- Hydro (o, +SIP__.)
£ n=2 Ru+Ru 4
% i = n=3Ru+Ru ¢ t
-(7) L
2 001" Ru+RUBZr+Zr |s,, = 200 GeV 2 0% Ru+Ru&Zr+Zr s, = 200 GeV § I
X Centrality: 20%-60% . Centrality: 20%-60% - f
< - e 0 g
v 0. n Ll
8 8 L mnermen |
- i X 0 1 2 3 4
s s GeV/
S ' = p. [GeVic]
7 - | 7 :
~0.0005} ~0.0005~ - Sianifi ' ' _
| i p.+2p sin(2e - 27, | :p+2p sin(3p - 37 Significant local pola.rlz.atlon W.r.t. gnd & 3rd-order
_ ‘A P, =0.020£0.002 [% : “A p,=0.006:0.002 [% event plane observed in isobar collisions
-0.0011— N =0.021+0.002 [% 001}~ A =0.010+0.002 [% o . .
oot wR P =O02ER0EEE oot - #A P =0.010%0002 R - Observed pr dependence similar to that of elliptic
0 2 4 6 0 2 4 6 :
and triangular flow
20 - ¥ ) [rad] 3(0 - ) [rad] J

- No obvious system size dependence
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Local vortices and azimuthal-angle-dependent polarization

STAR, PRL 131 (2023) 202301

== 1
o =
| Ru+RU&Zr+Zr, A+K o8, | STAR|sy, =200 GeV
i * Nn=2 — 1
¢ n=3 9_‘0‘ i
_ ' Hydro Ru+Ru, nT/(e+P)=0.08 & B
X i n=2 (o, +SIPg;) E B e
~ 05| B n=2(0,*SIP,)ideal hydro . = [
~ | n=2 (o +SIP,) el e ke O'___ﬂ'_:’_;p___. .
n=3 (o, +SIP " T ‘
L — (@, 88P) i % | 9; 0 200 400 i L
= : (N
= E % I
7)) % t!
N
E e 5
Q = = 3 o, =~ =0.732+0.014
T Tteelll O__ ______ .@. _________________________________ R o N A S S S el
_________________ itt” i E@ * Ru+Ru&Zr+Zr, A+A
| STAR 5, =200 GeV 7T $ i
O.5<pT<6 GeV/C, |y |<1 (lA = -aX= 0.732+0.014" = 0'5<p-|—<6 GeV/C, Iy |<1 Pb+Pb 5.02 TeV, A+K
| | | | 1 | | | | | 1 | | | | | | | | | 1 I | | | | | | | | | |
0 20 40 60 80 0 20 40 60 80
Centrality [%] Centrality [%)]

- Comparable local polarization w.r.t second and third order event plane

- Energy dependence is not obvious between 200 GeV Au+Au and 5.02 TeV Pb+Pb collisions
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Local vortices and azimuthal-angle-dependent polarization

CMS, Phys. Rev. Lett. 135 (2025) 13, 132301
’ CMS-PAS-HIN-24-002

pPb 186 nb™” (8.16 TeV)

1 I | 1 1 ] l | | 1 ] l l |
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. CMS Preliminary
| In|<24

| I | | l | | | | I I 1 | I I I I | | I 1

A+A
+ 185=< N\'" < 250

m 60=<N; "™ <120

N ¢ 3=N" <60 |
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o 0.5 _
g | { } -
- .
& | . _
Y o '
¥ >
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o _=_o_§15_o__66655_&_____6_7_5{3"0}1516
1 | | | l | 1 1 | | | 1 | | | | 1 1
0 1 2 3 4

p. (GeV)

Challenge to the current theoretical implementation of spin polarization in heavy ion collisions!
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Vector meson spin alignment

STAR, PRC 77 061902 (R) (2008)

UNDERWAY = 0/ B o P P _ _O 3 ® (i) (20'60 /O) -
LINAC P s 7 *0 o
o - ‘ & = -0.03<P,P_<0.15 v K7 (20-60%)
7 1
_ . |
- Py, = 1/3 | o _ .
Yo 0 —
| Y O .| _
_———r A i i ot
L T {h
— | recombination: —,
olenoid - —-0.03<P,, PS<O.1 5 |
— PP ,=-03
0 ] ] ] ] | ] ] ] ] ] ] ] | ] ] ] ] | ] ] ] ]
0 1 3 4 5

2
P (GeV/c)

No significant results reported, due to limited statistics.

© Maria & Alex Schmah
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Vector meson spin alignment

STAR, Nature 614, 233-248 (2023) L L
] | T T T T T T ITT] | (pmes’o\ni:’ 2 W7 ‘_ I;Iuclear t
- * ¢ (lyl<1 O &1.2< p_ <5.4 GeV/c) o Nt ay e JABINENTS
0.4 o \2, 2 O
i o K? (lyl <1.0& 1.0< p. < 5.0 GeV/c) | /&
- i p. In &
i 1 ﬁ* — ’ o /S _ S
B H @ | K*°meson 0. & — ‘ : ‘ ' " . (ﬁbeam)
035__ | @$ LA __ 5 - Erggriaernts “I ) X(B)
o bl % ............... SRR || } w y(-L)
S il dN )
= -4 $ - x (1 = pgg) + Bpgo — 1)cos=0*
- b P(s5) > KT+ K~ - dcos6*
0.3— L 0 — 2
i K°ds) - KT+ n~ -
- filled: STAR (Au+Au & 20% - 60% Centrality) - 1 1 1
0-251™ ypen: ALICE (Pb+Pb & 10% - 50% Centrality) Poo =73 Poo =73 Poo <73
@)
[ | I I I [ 1 1 1 11 I I I [ 1 1 1 11 I I I I
10 10° 10° ¢ possesses surprisingly large global spin alignment
\/ S (GeV) while K* possesses little
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Vector meson spin alignment

1
STAR, Nature 614, 233-248 (2023) Pon(@P) = —+ Co+C . +Cr+Cr+C,+C+Cy + C
00 A E F L A ¢
[ | I I I B | I I | I
) 4—_ * q)* (lyl <1 O & 1.2< p_ < 5.4 GeV/C) Physics Mechanisms (000)
' o K? (lyl<1.0& 1.0< p. < 5.0 GeV/c)
i v) A i ca: Quark coalescence vorticity & |< 1/3
- — G =4.64=073m, : magnetic fieldl] (Negative ~ 10-5)
. <1/3
} c:. E-comp. of Vorticity tensorli! .
0.35 | - © P y (Negative ~ 10-4)
T - - >1/3
FF R R NI RS S e = = = - - [2]
Qg - ce: Electric field (Positive ~ 10
| - cr. Fragmentation[Z] g g’ 1<O-15;3
0.3 L —
i ) cL. Local spin alignments[4l <1/3
I ] - ieldIs!
- filled: STAR (Au+Au & 20% - 60% Centrality) | - ca: Turbulent color fiela <1/3

0-251 4pen: ALICE (Pb+Pb & 10% - 50% Centrality) =

10 10 10 Cg. Gla.sma fields + effective could be significant
potential
|y (GeV)
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Spin correlations from local field

STAR, Nature 614, 233-248 (2023)

- *¢ (Iyl<1.0&12<p_<5.4GeV) - What do we learn?
0'4__ o K? (lyl<1.0&1.0< p. < 5.0 GeV/C)__ . ” , )
- —GY =464 +073m’ : poo‘§N<Pch‘1> Poo— 5 > A=y
: <PiPy>#{Po) (Pi)
8 ' : © y 0 S 0
| E ()
. ) O p"—\\\ © O S % M\\K © ©
03~ | - eGP L
- : o8 4 \F) O
i i 0 e O O o O
- filled: STAR (Au+Au & 20% - 60% Centrality) || -
025_ . o 5 _ _| O's Ms Ou O u Od ©&d
 open: ALICE (Pb+Pb & 10% - 50% Centrality) |
@
| 1 I I [ I I L1 1 |11 I I I I . . . .
10 102 10° Global spin alignment measures local fluctuations, while
VS (GeV) hyperon polarization measures the mean.
NN
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Spin correlations from local field

4 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
O, II T T ITITITI T T T !

| STAR Prelimina 2" Order EP | SR STAR Prelimina
MO tlvatl On ] i Au+Au (20% - 60% Centrality) | Re(p1 0-90_1) Au+Au 19.6 Gevry
— | B 20-60% Centrality |
Relations of SDMEs to quark-antiquark spin correlations (c.(fh%)) X B ﬁ f W<
l] & Im(p P, ) —@— 1.2<p_<5.4 (GeV/c)
: : : 0.351 : ¥ = 10707 e
and quark and anti-quark polarizations (P, ; and Py ;). 8 L T |
— — ; Re(p, ) == T
C’V =3+ C:(zgnl%) + C;S/(;JquZ) + Ci%qu) + PCI1£BP(72CE + PQl’yPCb’y + PC]12P§2Z (1) - .‘PZ
| .G G & ¥ ¢BES-(yl<1.0&1.2<p <54 GeVic) B N
Po0 — C—V -1 + C:(Igc q2) + C?(J% q2) _ cg‘; q2) -+ ququzx + quypqu — ququ_QZ] (2) 0.3_— ¥ ¢BESI(lyl <1.0&1.2<p, <5.4 GeV/c) —_ |m(p1_1) —@
\/5-(‘11@2) (91G2) - Y . ST T P P I
Re(p10 — po-1) = Co Con 2+ Cop ¥ + PgaPgyz + quzpqzw] (3) 10 10° -001 0 001 002 003 004 005
‘\//5_ ‘{SNN (GeV) SDME
Im(p10 — po-1) = “Cv [CS?%) +c0%) 4 Py P + quzP@y] (4)
1 _ _
Re(p1-1) = Cv {Cgﬁéqz) — c§i1%) 4 Py o Py — quypqzy] (5)
1 _ _
Im(p1-1) = “Cv [Cgﬁqz) +c0%) 4+ Py o Pry + ququzzc] (6)

- Poo Of ¢ meson in BES-II are consistent with BES-I results.

- First results show non-zero Re(p;_1) in heavy-ion collisions with 3.20
significance.
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Spin correlations from local field

Jieke Wang DIS 2026
STAR, Nature 650 (2026) 65

pp 28 6 pb (13 TeV) + pr 186 nb (8.16 TeV)

<05, ! | | pp 28.6 pb'l1 (13 TeV) + pPb 186 qb" (8.16 TeV)
b1 . STAR = ' ] 01 cms Prellm/naly -
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What about J/Psi?
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Q. Yang @ QPT 2023

400

Tianjin, Aug 14-17, 2026

dN

dcosO* (1+ poo) + (1 = 3pgg)cos 6™

- Naive expectation from fluctuating strong force field :
Poo > 1/3 at midrapidity

- Forward J/Y¥ p,, at LHC and midrapidity J/*¥ p,, at
RHIC, both < 1/3

- The pyy at RHIC energy is comparable to LHC

results, despite of very different coalescence effect
contribution

How do we understand J/'¥ p,?
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Global Spin Alignment at ALICE
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Global Spin Alignment at ALICE
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Significant polarization (~3.50)
observed in semicentral collisions
(40-60%) in 2 < pt < 6 GeV/c

The significance of the polarization

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

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

Significant deviation at larger rapidity
than at midrapidity

Theory guidance needed!
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How Did We Get Here?

A Tang, Spin 2023

@ Ref. citations to ref. papers
¢ Non ref. citations to ref. papers
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Contribution of Chinese

Globally Polarized Quark-Gluon Plasma in Noncentral A + A Collisions e e | 9
Zuo-Tang Liang' and Xin-Nian Wang>' e Pl - s e ‘}"
40 'Department of Physics, Shandong University, Jinan, Shandong 250100, China T b - B T LG S
*Nuclear Science Division, MS 70R0319, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA g e Y e : =
(Received 25 October 2004; published 14 March 2005) : ‘ g <@ R\ T : T
Produced partons have a large local relative orbital angular momentum along the direction opposite to 4 - avdd i A v | i - : =N
the reaction plane in the early stage of noncentral heavy-ion collisions. Parton scattering is shown to ' 4 T e p—,
30 polarize quarks along the same direction due to spin-orbital coupling. Such global quark polarization will g e ; = g™
lead to many observable consequences, such as left-right asymmetry of hadron spectra and global p. o
transverse polarization of thermal photons, dileptons, and hadrons. Hadrons from the decay of polarized o . : R " >l
resonances will have an azimuthal asymmetry similar to the elliptic flow. Global hyperon polarization is w9 s N - :
studied within different hadronization scenarios and can be easily tested. W , ;
20 DOI: 10.1103/PhysRevLett.94.102301 PACS numbers: 25.75.Nq, 13.88.+e, 12.38.Mh ; ': e S i«;“ &
e l...--.. density?
0 ensity"
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Summary

*Spin polarization opens a new avenue to investigate heavy-ion collisions

Global hyperon polarization is observed with the order of a few percent. It represents a measure of the
average value of the global quark polarization in the system

Global vector meson spin alignment is observed with a surprisingly large parttern for ¢-meson. It
represents a local fluctuation/correlation between quark and anti-quark polarization

-Measurements of A spin correlations in different systems and energies are on-going, rich physics to be
explored
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