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The concept of spin: Physics is set spinning

Spin is a purely quantum degree of freedom. No classical analogy!

> Pauli spin matrices introduced in 1927 > Bose-Einstein statistics (Spin 0, 1, 2, .

0’=(0 1) a_=(0 —i) a'=(1 0) V .
=1 o) 9= o) ==\ 1 Two bosons in a box: < | E
> Spin naturally emerges from Dirac equation, 1928 ) “attraction without S 4
. A attractive force!”
e Spins =1/2 i Bose SELECUN  Bose-Einstein condensate

0 =Hp, H=a-p+pm e The magnetic moment g, = 2
e Spin-orbit coupling is intrinsic

> Fermi-Dirac statistics (Spin 1/2, 3/2, .

Two fermions in a box:

> Spin is the label of the Poincaré group.
“Particles are irreducible representatlons of the Poincaré group.”
---- E. Wigner
Spin is purely quantum, rooted in the very symmetry of spacetime

“repulsion without
repulsive force!”

Degeneracy pressure
in neutron stars

Shell Structure of Nuclei

" " Fuvlhelvspllllmg Muttiplicity
Shaping the Atomic Structure Qlosaay B
\ bl 19, 8
» Pauli exclusion principle: builds periodic table, prevents atomic collapse.  -— Spin is very fundamental to the oocs N .
> Spin-orbit coupling: fine structure, Zeeman effect; laser, atomic clock. nuclear shell model. 9 '
> Hulnd’s !'ul.e: deterl'nines ground-state electron arrangement, atomic magnetism & Becaiiss of the Paulisxciusion ) :‘ %; éo B
. . . e P B u G S K26
» Spin-spin interaction: hyperfine splitting of spectral line. prlnclple, nucleons naturally arrange . % z:, ‘ @iL
: . —h, 8 2
B 8 o themselves into shells. i 8 ® |
| ; L LB e Strong spin-orbit coupling explains a0, 6 mO
I —) why certain numbers of nucleons are ———t5, 41 \\” -
o " . T A4 ) indicate
especially stable (“magic numbers”). " K ‘@ mage e
\;/ 3

=
Spin ensures matter’s stability. Without it, chemistry and the universe would be unrecognizable. Nuclear physics is, in essence, spin physics
1 H
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Physics is set spinning: Proton spin puzzle

€ Anomalous magnetic moment was considered as the first signature for the structure of nucleon

@ High energy spin experiments indicates EMC (CERN), PLB 206, 364 (1988)

= This experiment
o SLAC [26]
o SLAC (27]

06

L o
proton’s spin crisis

quarks only make up roughly 30% proton spin.

Where does the rest of the spin come from?

1 1 9~ -
Sp = 5 =5 AL+ AG+ Ly m

. . . Quark spin
> Intensive studies of the spin structure of nucleon —
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Physics is set spinning: Why QCD spin physics?

A series of unexpected striking spin effects observed in high energy reaction experiments since 1970s
Single spin left-right asymmetry (SSA)

p(T)+p—>1r+X

“Proton spin crisis”

Quark model DIS: ep — eX 5: }
0.4 (T) P( H‘?v . — ._._
Sum of quark spin Z g Felanang ¢ + A P
: . E 02| ,
= proton spin S, g 32 ﬁ . N - N
. 02| o ] N=ND+NC
DIS experiments 02} °y M+N)
1988: Z~0 o CERN EMC, GaD {L e.g. FNAL E704,
Now: £~20%S,, i PLB206,364 (1988) 002 04 06 °8 PLB264, 462 (1991)

predictions of pQCD in 1970s ~ 0
Spm analyzmg power in pp — pp \l;ansverse polarization of A in pp —» AX
gay o ptp-AM+X Ty

=28 Gev 7 A
PN § ° ' i e
| p+pM —>p++p P(T) g wul ;@* % ] .p N 5
1 N o 2 _
A'; w\ggkﬁ&*";“.*ﬁw”* A = — N(T) — N(l) < > -;L:B:::Xceowg °+i + - PA = %
p[; { NETNDIND as) & merameen } ] oM +o()
? e.g. D. Grab et al., I e e.g. S.A. Gourlay et al,
2 PA{(G;/()}‘ & PRL41, 1257 (1978) X PRL56, 2244 (1 986)

Conflict between theory and experiment ——) Breakthrough in QCD theory ———> QCD spin physics

bR 2026510 H25H 6



Three-dimensional imaging of the nucleon and fragmentation functions

1d PDFs and FFs —> An ~0& Py ~0 —— needs for 3d PDFs and FFs
( predictions of pQCD in 1970s )

Striking spin effects

“Proton spin crisis” R BEIEEHL I
i il 3d PDFs and FFs Future experiments
ep—e EIC@QUSA - White Paper

TRARZME g-pol - U L T ,

=E?Eﬁsv ﬁ 1 @ fi(x,k)) @-@ hlL(xJﬂ) %E] @%%%Nfﬁ*ﬂ'
DISEI g U | manberdesty Boer Miders fuction (Electron-lon Collider, EIC)

= N ’

88453 2~0 "4 CERNEMC, gL i | s ety

Bl 2~20%S, PLB206,364 (1988) 5 elicity distribution gearlong

Y
: - _ g I é_@ frek)| &od) gk @a;sérsi,tl}lfc}i);iﬁﬁl)nion 2020&1 H *H:;EEJ%
Slngle spin left- rlght asymmetry (SSA) § Sivers function Worm-gear/trans-helicity ée-tzé? ',tlyllr(x’k) approved, January 2020
r(D+p->m+X /5 b c pretzelosi
R(T)+P(0) 3 /" //
NN q;‘”' U '- T ch [ B F 25 FHE#
TNMD+NY ® Dilzky) @=® Hizky) . . :
e.g. FNAL E704, g U number density Collins functién (EIC In Chlna, EICC)
PLB264, 462 (1991) E L ©=>=>G,,(z,k,,) | O =@ H(2k;,)
% spin transfer d) é H IAF E?ZOZSE}EE&
i7ati i o L - H,; (z,k5,) e >
Transverse po:arlzatlon of Ainpp - AX | S 1 é_@nﬁ,(z,kﬂ &6k | spniranster ; S ﬁ@]ﬂf@." %}E HEF
+p - A( )+x [ T " : ringer > :

;- "; o \4‘, S &-& HiGk) HIAFiE & EicC

§ o éé# . £ o

é 0.2f p,>1GevVic g _ U(T)—U(l)

s } | PEEmTem

@"’Zj““‘;‘ 11 eg S.A. Gourlay et al.,

wazaow | Frontiers of physics on nucleon structure & hadron production
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Spin-orbit coupling is essential in Quantum Physics

Spin-orbit coupling is the bridge between spin and space motion

in electromagnetic interactions: in strong interactions:

® has a clear physical picture: at the nucleon-nucleon interaction level

is crucial in ?i @

Wl

orbital motion I — current j — magnetic field B

spin s — magnetic moment i .
electromagnetic interaction: V~p-B~l-s

M.G. Mayer J.H.D.Jen

nuclear shell model e ”_"“ “““““““ et

wwwwwwwww

o

angular momentum ¢

to explain the s
“magic numbers” -

® enormous physical effects:
> atomic spectral lines: fine structure, anomalous Zeeman effect

> solid state physics: Rashba effect, Spin Hall Effect, Topological Insulator,
Magnetic Anisotropy Energy, Magneto-Optical Effect, ......

2,

|

of nucieons.

This is however at the nucleon level,

® even before the discovery of spin: , : , ,
i.e. the residual effect of strong interaction.

Einstein de Hass effect (1915): magnetization — rotation

Barnett effect (1918): rotation — magnetization [

How is it at the QCD level, i.e. in real strong
interactions between quarks and gluons?

e m—-

Spin polarization <> orbital angular momentum

= 20264E10825H



Spin-orbit coupling is intrinsic in Relativistic Quantum Systems

Dirac particle: (D Spin orbit coupling is definite 2 OAM is not zero

Dirac equation:  id,yp = Hy H=4d-p+pm Y= (71)

—

;2= 3

|
R
X

<)
#
(=

| ———

Even for a free particle: [Hf

. . = . e_) = _ e d% 1 AN o~ I = B e 3 + 3 R
The magnetic moment: M = STXV =35 7 |7, H| =a <¢|M|¢> =2 E+m f d’r ¢ (L + a) @
- ~ =1,9, =2
With an external potential V(r): H=a-p+pm+V(r) gL s
foo(NQ1 (6,9)
i . E 1 ) 9} )S = 2 H AZ T P n
e eveninthe ground state: %o =¥, (6.4.5) g0} (0,) (H,J*],, P;\parlty

L, zp0> + 0

<1/J0 |i)2 |‘/J0> # 0 <‘/J0

e [s-coupling emerges automatically in the non-relativistic approximation

=
2 ~
>

~ —~ p _
H =E Hys~m+—+V+ ——o0 L+ -
eff @ P eff 2 amZrdr’

= 20264E10825H



Spin physics: Quark Orbital Angular Momentum(OAM)

Spin-orbit interaction seems to be essential in QCD spin physics

The underlying physical mechanisms: Systematic phenomenological — Quark OAM +
model studies since 1990s QCD spin orbit interactions

A series of unexpected striking spin effects observed in high energy reaction experiments since 1970s
Single spin left-right asymmetry (SSA) see e-g. Ol'igina| papers,

“Proton spin crisis”

Quark model Q DIS: ep - eX : p('«):;;ff;i#:% £ \Z* 4 D. W. Sivers, PRD 41, 83 (1990);

Sum of quark spin £ - o 5[t /R

aeninns; W é o SPCELE ol C. Boros, ZTL, Meng Ta-chung, PRL 70, 1751 (1993);
el P S R C. Boros, ZTL, PRL 79, 3608 (1997);

Now: £~20%S, 42 PLB206,364 (1988) o' '02 04 06'0g PLB264, 462 (1991)

S. Brodsky, D. Hwang, I. Schmidt, PLB 530, 99 (2002)

predictions of pQCD in 1970s ~ 0

Spin analyzing power in pp — pp / Transverse po:arization of Ain PP~ AX a|so, many review, e.g.,

e s % b S.B. Nurushev, Inter. J. Mod. Phys. A12, 3433 (1997);

B o PR ELIC < —«EJQ Wby | py=2D—0) G. P. Ramsey, Prog. Part. Nucl. Phys. 39, 599(1997);
s, @t e 3h Sy ed, C. Boros, ZTL, Inter. J. Mod. Phys. A15, 927 (2000);

U. D’Alesio, F. Murgia, Prog. Part. Nucl. Phys. 61 (2008)
Conflict between theory and experiment ——> Breakthrough in QCD theory ——> QCD spin physics

Quantitative studies are difficult, progresses unsatisfactory; simply attribute to PDFs and FFs

= 20264108 25H 10
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New state of strong interaction matter: Quark Gluon Plasma (QGP)

Matter Under Normal Conditions Under Extreme Conditions (High Temperature and

High Density)

T.D. Lee, G.C. Wick, PRD 9, 2291 (1974)
J.C. Collins, M.J. Perry, PRL 34, 1353 (1975)

»334— compressing
High denS|ty *
High temperature\
o
Uy

é heating

deconfinement

‘\ - | T
nucleon boundary irrelevant

Quark-Gluon Plasma (QGP)

= 20264F10825H 12



New state of strong interaction matter: Quark Gluon Plasma (QGP)

The origin of the
universe: Big Bang

Relativistic Heavy lon
Collision (HIC): “Small Bang”

10-6Sec, T~100MeV~10"K

[ ] [ ] [

- Time

| Initial conditions | | Partonic matter — QGP | | Kinetic freeze-out |
Initial high Q? interactions | | Hadronization and chemical freeze-out |
= 2026£E10825H 13



New state of strong interaction matter: Quark Gluon Plasma (QGP)

BRAHMS & PP2PP (D
0 o'clock

2.0

The first Relativistic Heavy lon Collider: Au+Au, 130~200AGeV HLQC'}GE??,’,%‘,’S“S

The first polarized pp collider: p(pol)+p(pol), 200~500GeV  QCD spin physics

Wclear Physics A 750 (2005) 30-63
w forms of QCD matter discovered at

Miklos Gyulassy™, cLerran ®*

a Physics Department, Columbia University, New York, NY, USA
b Physics Department, PO Box 5000, Brookhaven National Laboratory, Upton, NY 11973, USA

Received 23 September 2004; accepted 26 October 2004
Available online 28 November 2004

=) High Energy Nuclear Physics

= 20264F10825H 14



Spin physics in relativistic heavy ion collisions?

Huge OAM of the colliding system in the normal direction of the reaction plan
ZTL & Xin-Nian Wang (EHT4E) , PRL 94, 102301 (2005)

reaction plan: €an be determined
_ experimentally !
. 88| The first Relvistic Heavy lon Collider: Au+Au, 130~200AGev High Energy F ry\ Z

L Nuclear Physics N\ Interdisciplina

R hein cooperation
A =i The first polarized pp collider: p(pol)+p(pol), 200~500GeV  QCD spin physics
-
' /
\/
b

—L,, in unit.of 10°

1} .
: - X
impact parameter y‘ i =1’m—é
L Au+Au at 200AGeV -
0.5 u+Au a e | p., %D |
0 et i e normal of the reaction plane

| A unique place to study spin-orbit interaction in at the QCD level! |

= 20264F10825H 15



Gradient in p_-distribution along x-direction

ye &S 75 5] os.  AutAu at 200AGeV
A X - _
S os- BHEMLIRAIIENL
\y by u | 5‘? 1.
& B E %S5 ) @ =
— R
—» 2
> 00 0.l25 0:5 0.'75 1
«* > > x/(R,-b/2)
‘t Z 3
- ~ Au+Au at 200AGeV
L2 BRI
X
RERGHETH ol
- E 7N et N — | —— — -3
” B TFEESHREE o
ZTL & X.N. Wang, PRL 94, 102301(2005); |  X(Ry-b12)
J.H. Gao, S.W. Chen, W.T. Deng, ZTL, Q. Wang, X.N. Wang, PRC 77, 044902 (2008).
20265105 25H 16

bR



Gradient in p_and local OAM of produced partons

d
Ap, === Ax
dx
AL, =-Ap Ax=~—1.7

for b =R ,, Ax=1fm

Axl impact pagameter
| of partons xr

X has a preferred direction (B) !

Question:

Can such a local OAM be transferred to the
polarization of quark or antiquark through
interactions between them in a strongly
interacting QGP (sQGP)?

take g, +9, - q1+ q- as an example

the distribution of %y at a given b is NOT uniform

Jex

20265E10H25H
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Global quark polarization in Heavy lon Collisions

Static potential model with “small angle approximation”: Ay(qy) = ) .
ZTL & Xin-Nian Wang (EZF4E) , PRL 94, 102301(2005) O ™ @2+ p3  FIIHEN
p —_ mup|pl
9 2E(E+m,)
perturbative QCD at finite temperature: AESRYIRE R TRIPQCDIHE

Jian-hua Gao, Shou-wan Chen, Wei-tian Deng, ZTL, Qun Wang, Xin-Nian Wang, PRC 77, 044902 (2008)

S
¥}
o

L
o

0.15 Ap : momentum difference between two partons

e
[y

g T : temperature
0.05 F

— Quark polarization P,
(=]

-0.05 Ciinl L1111 Lo Lot Lo

= 20264108 25H 18



A new picture of QGP in non-central AA collisions

The scattered quark acquires a n,
negative polarization in the normal
direction of the reaction plan! 5 P,
X;
named as “global quark polarization”
Consequences at the hadron level:
a1 +q; >V

GP hadronized via quark combination, i.e.
Q 9 qi+ay+q3~H

> alobal spin al f 1-P2 quark global polarization
global spin alignment of vector meson: pyo = 3+P§ (QG P gﬁ;w%)

{> global spin polarization of hyperon: Py, = P,

= 20264E10825H 19



Global polarization in heavy ion collisions

reaction plan : !Vlomentum gradlenf in t.he
> impact parameter direction
» | leads to 3
Q L Au+Au at 200AGeV ] | ~§ 1F
% 05 1 15 2 52
or A
Huge orbital angular momentum (OAM) 0 0.25 0.5 0.75

X/(R b/2)

® Global hyperon polarization
Py =Py =P, = P;
hadronization _ 1 1
| ® Global spin alignment of vector meson
(combination) _1-P}
Poo 3+ Pczl

spin orbit coupling
|

QCD interaction

two observable direct consequences
quark global polarization

(QGPEE{XR L) Observation of

in-orbit coupling at the QCD level
ZTL & Xin-Nian Wang, PRL94, 102301(2005); PLB629, 20 (2005). spin-orbit coupling at the QCD leve

= 20264E10825H 20



Immediate response in the community

> 3 day after we submitted our paper to arXiv, Prof. Sergei Voloshin from Wayne State University
submitted a paper where he supposed to extend our studies to other high energy reactions and
supposed that it should be responsible for the transverse polarization of hyperons in hh collisions

ZTL & X.N. WangiI3CE 20045510 H 18 Hi3Z

(RED f S AR iR

Nuclear Theory cent paper [1] discussing non-central nuclear collisions. I
[Submitted on 18 Oct 2004 (v1), last revised 7 Dec 2005 (this version, v5)] would totally concur with the results presented in this
Globally Polarized Quark-gluon Plasma in Non- paper. Here, I discuss a few ideas beyond those already |
Zuo-Tang Liang (Shandong U), Xin-Nian Wang (LBNL) i
i i = In this short note I would like to point out that such dlscussed to eXtend to
Sergei Voloshin 2004510 A 21 Eh& a conversion of the prbital momentum into spin (and, in other hiah ener
arXiv.org > nucl—th > arXiv:nucl-th/0410089 principle, wise versa) can be relevant not only for A+ A g ene gy
collisions but Also could lead to important observable rea Ctl ons

Nuclear Theory effects in hadron-hadron collisions. In particular I try
[Submitted on 21 Oct 2004]

Polarized secondary particles in unpolarized h -7¢ Liang and X.-N. Wang, arXive:nucl-th/0410079,

Sergei A. Voloshin

...... | would like to point out that such a conversion of the orbital angular momentum into spin o !
... can bhe relevant not only for A+A collisions but also could lead to important observable e

effects in hadron-hadron collisions (S *#—#% ... M A ... 58 F—i8 Tl %)

= 20264E10825H 21



Immediate response in the community

> Prof. Miklos Gyulassy from Columbia University and collaborators introduced vorticity to
describe QGP in HIC and emphasize they study of polarization “opens a new avenue to
investigate heavy ion collisions ”

PHYSICAL REVIEW C 76, 044901 (2007)

Polarization probes of vorticity in heavy ion collisions introduced “vorticity”
to describe QGP

Barbara Betz,!> Miklos Gyulassy,!** and Giorgio Torrieri'?

Unstitut fiir Theoretische Physik, J. W. Goethe-Universitdit, Frankfurt, Germany

and the observed spectra of A, E, and €2 decay products. This ]
opens a new avenue to investigate heavy ion collisions, which Take QGP as a fluid, momentum
has been proposed both as a signal of a deconfined regime [3—6] gradient IS “vorticity”

and as a mark of global properties of the event [7—10].

[7]1 Z. T. Liang and X. N. Wang, Phys. Rev. Lett. 94, 102301

(2005).
[8] Z. T. Liang and X. N. Wang, Phys. Lett. B629, 20 (2005).
[9] F. Becattini and L. Ferroni, arXiv:0707.0793 [nucl-th]. <> :
[10] Z. t. Liang, J. Phys. G 34 S323 (2007). W

= 20264F10825H 22



Immediate response in the community

> Prof. F. Becattini and collaborators introduced “equilibrium” to describe QGP in HIC and
derived the relationship between polarization and vorticity by taking QGP as an ideal

relativistic spinning gas in equilibrium.

PHYSICAL REVIEW C 77, 024906 (2008)

Angular momentum conservation in heavy ion collisions at very high energy

F. Becattini”
Dipartimento di Fisica, Universita di Firenze, and INFN, Sezione di Firenze, Florence, Italy

F. Piccininif
INFN, Sezione di Pavia, Pavia, Italy

J. Rizzo!
Dipartimento di Fisica, Universita di Firenze, Florence, Italy
(Received 29 November 2007; published 21 February 2008)

The most distinctive signature of an intrinsic angular
momentum would be the polarization of the emitted hadrons.
This argument has been put forward in Refs. [6,7], where
the authors take a QCD perturbative approach. Also, more
recently, polarization has been related to the fluid vorticity
[8], yet without the development of an explicit mathematical
relation. In this paper, we take advantage of a very recent
study of the ideal relativistic spinning gas [9] and present

S A, i ISR B AN R T A NS F—— . I I I A

introduced “equilibrium”
to describe QGP

—ﬁﬁﬂéi#, QGPHELH AR FRIIEFATLIE S
, MRBERGIEBFE, WrTLAFSEH
ﬂﬁ%*%vl'jj%‘—i'l'i*",\?ﬁq

[6] Z. T. Liang and X. N. Wang, Phys. Rev. Lett. 94, 102301 (2005).
[7] J. H. Gao, S. W. Chen, W. T. Deng, Z. T. Liang, Q. Wang, and
X. N. Wang, LBNL-63515, arXiv:0710.2943.

Jex
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First measurements by the STAR Collaboration at 200GeV

STAR However, NOT observed at \/s = 200GeV
within the statistics available at that time!

The STAR Collaboration

PHYSICAL REVIEW C 76, 024915 (2007) PHYSICAL REVIEW C 77, 061902(R) (2008)

Spin alignment measurements of the K*’(892) and ¢(1020) vector mesons in hea

Global polarization measurement in Au-+Au collisions
Jsvn = 200 GeV

PRC 76, 024915 (2007) PRC 77, 061902(R) (2008)
,l e O8 [iagmentaton: L
A-hyperon global pdlarization el — %‘jggf,;:ﬁ;ms o K°(2060%) |
Py = 1/3 'T‘ r‘i:: - b
o W 50 (| 1
Soar o T o 7T
-0.1:— i = L'd‘ﬂ( - - i’ l_; |
-0‘23:’— 02 o " recombination: i —
N3 vector meson gTobaI spln ahd’rﬂﬁ@ﬁif“ :
-0.40:' T3 = - R R 00 1 2 3 4 5
o (GeV/e) p, (GeVic)

= 20264E10825H 24



Results of STAR Beam Energy Scan (BES I)

Global A hyperon polarization in nuclear collisions
The STAR Collaboration, Nature 548, 62 (2017) STAR

cover paper

II T T IIIIIII

S i Au+Au 20-50% B E3) Bl:]—‘él%,ﬁ gﬂtgﬁ 28
— 8 Y A this study =
Rl ® A this study - e At each energy, a polarization
Yr A PRC76 024915 (2007) .
6 O A PRC76 024915 (2007) | IS Observed at 1-1'3-60 Ievel

e The polarization decreases

M i with increasing energy
2 o %.,f . o Averaged over energy
ol ﬂt *c#“ % L] P, = (1.08 + 0.15)%,
. . _ P; = (1.38+ 0.30)%
””10 T '””1'02 |
VSnn (GeV)
Spin orbit coupling in strong interactions at the QCD level °

= 20264E10825H 25



Intensive measurements by STAR at RHIC

Systematical studies at /s = 200GeV

g ° __ Nature548.62 (2017)
o= | H oA O Other hyperons (Z, Q)
: Q) PRC76.024915 (2007) - o _ENO
A i L P(7.7)=7.34£3.02 [%] . SL‘;&';\:&;%?SO%?O %
3 eA OA
this analysis - liR/f: 76'22%915 (2007)
* A A B i PRC98.014910 (2018)
o L mA OA
—_ | ALICE Pb+Pb 15-50%
X [ N PRC101.044611 (2020)
— + A oA
I r A +
o 11— §$ é STAR Au+Au 20%-80%
h|gh precision - ; * E+ E (via daughter A P,)
B ¢ Z+E
measurement - oo+ o' + & (via daughter A P,)
‘UrQMD+vHLLE. A [ - 0 __+ ................................ 3
T = primary === primary+feed-down - AMPT PRC99, 014905 (2019) a, = 0.732+0.014
L AMPT. A = CIA+A 0 ) op =-0.758 3%312 S0
i primary primary+feed-down i e . ”: _TEC 12001
_IIIII | | | II[[]I | | | _1llll| 1 IIIIIIII2 1 1 |s>ll|l||3 1 L1 1 1
10 102 10 10 10
VS [GEV VSu, [GeV]
J. Adam et al., PRC 98, 014910 (2018) J. Adam et al., PR 126, 162301 (2021)
bR 20265510 H25H 26



Intensive measurements by STAR at RHIC

Beam Energy Scan (BES Il) iTPC and EPD upgrades
STAR

better particle identifications
(k. BX.
LERYIFR/E€8)

better determination of event plan

(BX. )

iTPC, before and after upgrade

12 —~ 35 T
12F T 12 — S 99 1.5
o = 2 r : p= = g — Xel STAR . T T T
I3 = 3FD IS STAR Au+Au, /sy =3 GeV = [ |scaled using ay=0.732 = STAR Au+Au, \/sny = 19.6 GeV A
= — UrQMD, [/ = pr> 07 GeVje, 02 <y <1 = 10 (a) AR & 3 pr > 0.5 Gev/e, [y] < 1 (@) RUHAU & Z42 By, = 200 GeV 20-50% STAR |y, = 200 GeV/ AT
I'f or AMPT < ay = 0732 < % # STAR 20-50% Au-+Au, BES-II an =0.732 e . RutRU&ZHZr
sweem Chiral Kinetic =D * % STAR 70:.;0/: Au+Au, BES-I 25 _ N 1E o Auwau ProssotastOROtE) ]
sk — = UrQMD+vHLLE ] sL | — UrQMD, |@ul/2 8 B O ALICE 15-50% Pb+Pb A A 1| + 4
&3 AMPT 9 * % )
A A scaled using ay = 0.732 . o —_ 20%-60% 0.5< pY<G 0 GeVic
6L 6 ) 9 o= . 9 ,=-0;=0732£0014
Y STAR 20-50% Au+tAu, 2021 6 15 W 4 H' " o
% % STAR 20-50% Au+Au, '07-'18 1 15 o ﬂ. S 4 Q i
s B O ALICE 15-50% Pb+Pb ] i 1 o,w'}{r* ,,,,,,, {{W%{},
1 ¢ ¥
N 2 0.5 05 ++ 05<p, <60GeVIc i<t .
9 a4y 052073210014
. OF ‘+‘ 2 0 o L L e . =t Almu,\ equilibrium
b L L L L 19.6 27 0 0 10 20 30 40 50 60 70 80 Ru&Zr Ru Zr e - s-quark memmy
0 0 10 20 30 40 50 *e Centrality [%] L
Centrality (%) g LS —0.5 —D 5 0.5
- s 1 n L N g ry Y
1[‘ GV g = and 27 GeV, AutA 200GVR R Zr+Z
yﬁé AU+AU ., VS =AY 6a eV, AUTAU, N = e u+ u, Zr+sr
< 02 & 3 pr > 0.5 GeV/e, [y] < 1
5[ T |15 ap = 0.732 1 15
E = 0 2.5 STAR vs =200 GeV _ S T T
< 5F o5 g A+ A -
~ ISS 1 STAR |5, = 200 GeV A+
‘Df ar 1 — o 2 ] © RusRu&Zozr ’
I~ 0.5 02 19.6 27 i 1 © Au+Au PRCIBOMSTORONE) -
] 1.5 ]
3r 3F Ej g; ° —f— 20%-60% Inl <1
! @ 1 ] ) =072 5001
2F [E=mAMPT | ] 2f _6E scalod using ar—0.732 8 .ﬁ-ﬁ 1
[EBAMPT| <+ STAR 20-50% Au+Au, BES-TI 0.5 1
1r ] 1 4 STAR 20-50% Au+Au, BES-I - =
STAR Au+Au, /5NN = 3 GeV STAR Au+Au, /58N = 3 GeV. & ALICE 15-50% Pb--Pb 0 —
o [ 0-50% centrality, —02 <y <1 o | 0:-50% centrality, pr > 0.7 GeV/c B -
ap = 0.732 ax = 0732 -15 05
: I ! : g . > 030 10" 10° 108 10 -05 v |
0.6 0.8 1 1.2 14 1.6 18 2 -0 0 20 40 60 80 0 10 20 30 40 50 60 70 80 20-50 35
pr (GeV/c) NN Centrality (%) Centrality %] P, [GeVic]

M.S. Abdallah et al., PRC 104, L061901 (2021) M.l. Abdulhamid et al., PRC 108, 014910 (2023) B. E. Aboona et al., PLB 870, 139891 (2025)
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Further measurements by other experiments

//// '\N EEES % 5:1/,‘/\ s | ‘ ¥

HADES = 277 Fe

Collaboration at GSI = e

The Large Hadron Collider (LHC)

Collaboration
at CERN LHC

R TR

- rT IT T UL IT] T LA l] T
e _ ]
no_a HADES Prellminary .
- 6 . 0-407% ]
Pb+Ph, /s =2.76, 5.02TeV o ]
= 5 - Au+AU, \/— 2 4G:ey (200 024915 =
— s 0 0.2f ALICE Preliminary -
& | A X o= 3  (AR)2 LicE. pre10) (2020 :
o< sf % m= ren ALICE f 04 Pb-Pb 15-50% 4 | 7o —
L . .
+ 0.2r Pb-Pb 15-50% 2.5 05< p. < 5GeV/c - .
251 + os - o cevs - | ST SRS N Wi<05 3 » Ag"'Ag, —255GeV E
r b P <Pp<>0Gevie 2 ALICE pro for, o411 oz ]
2 lyl<05 * 0.1 A R R
3 15 u —]
151 -0.2f _ L L oot Pb-Pb 15-50% 2 .
| [m| | | A K e #\ 3 ~ | 05<p <5Gevic .
ik 102 10° 10*| m@m 1n STAR I 2x10 1001 yi<os 1 & & ]
- Vsnn (GeV) | Au-Au 20-50% 051 Vs (G4V) STAR naure 548, 6265 (2017) * n
B | ) A A « ]
05 ) 05<p, <6.0GeV/c g L O OF iq,,;*g
I [ L W T Au-Au 20-50% 1
of----- ‘* In]<0.8 Eoool Ll A R o nnll 05<p <6GeVie .
| P \Y\III‘Z P \\I\\\IS P I\\\H‘4 10 102 10° 10*  |nl<08 -1 ‘ il ‘ Ll [ il —]
10 10 10 10
Vsa (GeV) > 3
Vs (GeV) NN 1 10 10 10

Vsun [GeV]
X.M. Zhang, talk at the
S.Acharya etal, PRC 101, 044611 (2020)  y;op Vforkshop (2026) R. Yassine et al., PLB 835, 137506 (2022)

Global polarization of A hyperon has been observed at different energies in a wide energy range !
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Theory development: Spin polarization in a vortical fluid

OAM — vorticity: B. Betz, M. Gyulassy, and G. Torrieri, PRC 76, 044901 (2007)

Quark polarization in a viscous QGP:
X.G. Huang, P. Huovinen, and X.N. Wang, PRC 84, 054910 (2011)

Vorticity using HIJING MC generator:

W.T. Deng and X.G. Huang, PRC 93, 064907 (2016);
L.G. Pang, H. Petersen, Qun Wang, and Xin-Nian Wang, PRL 117, 192301 (2016)

Equilibrium — local equilibrium:
F. Becattini, and F. Piccinini, Ann. Phys. 323, 2452 (2008);
F. Becattini, F. Piccinini, and J. Rizzo, PRC 77, 024906 (2008);

F. Becattini, V. Chandra, L. Del Zanna, and E. Grossi, Ann. Phys. 338, 32 (2013);
F. Becattini, |. Karpenko, M. Lisa, |. Upsal, and S. Voloshin, PRC 95, 054902 (2017)

750 100 500 1000 5000

Vs (@ev)

1 =" 0") @ (GeV)

.........

SE(p) = — Lempapv | dZip*®@,onr(1—nr)  relationship between polarization and vorticity

8m J dz;p*ng

JEx
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Theory development: Global vorticity and fit to the Global A Polarization

AMPT transport model e fS?jE%{;Efii??ﬁ o
-- Li, Pang, Wang, Xia, PRC96, 054908(2017) L R stan
-- Wei, Deng, Huang, PRC99, 014905(2019) =
l |

UrQMD + vHLLE hydro | , 0
-- Karpenko, Becattini, EPJC 77, 213 (2017) ‘ G ()" (GeV)
PICR hydro I
-- Xie, Wang, Csernai, PRC 95, 031901 (2017) R 2:35
Chiral Kinetic Equation + Collisions ot T
-- Sun, Ko, PRC96, 024906 (2017) 7 -
-- Liu, Sun, Ko, PRL125, 062301 (2020) B o N
AVE+3FD b M e | T )
-- lvanov, 2006.14328 = .1 IR 5 s

0_"2-_ g T o= al --- 1PT, x = 0.045
Other works ...... i {P -‘I"g"i“g“\-« i R —=

" Vs, (Gei/o)o raclSet]

See, e.g. ppt from Huang Xu-guang, plenary talk at QM2019
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QCD Spin Transport in Relativistic Quantum Kinetic Theory

Mean field approximation — pQCD in hot nuclear environment —> BxHie B FahEsE
Liang & Wang, PRL (2005) Liang, Wang & collaborators, PRC (2008) Relativistic Quantum Kinetic Theory
\ ;
i)ﬁtﬁ[ﬁﬁsivngle collision spin transport in a multiparticle system

We need to consider: | coordinate © momentum @ spin I:> Quantum Kinetic Theory in terms of the Wigner function

Wigner equation [Yu (ﬂ” + igvu> — m] W(x,p) =0 Verychallenging! 32 coupled equations!

U. Heinz (1983), H. Elze, M. Gyulassey (1986); D. Vasak, M. Gyulassy and H. Elze (1987); Pengfei Zhuang, Shu Lin, ......... ; Jian-hua Gao,
ZTL, Qun Wang, Xin-Nian Wang, ......
: : . el
Semi-classical expansion in terms of A" N 47 R s,
e.g., Gao, ZTL, PRD 100, 056001 (2019) to the first order of 7 o e A

Relativistic Quantum Kinetic Theory
(RQKT)

“More is different” .

(GPE)

Spin transport in a QCD system ——> QCD “spintronics” ?
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A new direction in QCD Spin Physics

Scientists world wide Continue increasing of citations per year
o Efr LB P S EAYESILE e T
E[ERHIC. CERN LHC. fE[EGSI, ’

U IEEZ I FRESHINICA. R EHIAF

20+

[ ﬁ%%mﬂiﬁ% s — — — 2505 2010 2015 2020 2025
hE., XE. E8. EX7. BF5Hh.

. ZTL & X.N. Wang,
E ANE R 430N B ZTL & X.N. Wang,
HA. ENEF1+/L/EZRA30MNREA PRL 94, 102301 (2005) PLB 629, 20 (2005)

HEP iNSPIRE Citations=722 ~ HEP INSPIRE Citations=361

These studies bring those on spin and
those on nuclear effects together and St e
forms a new direction in QCD physics.

EHEVHH‘FE‘J Eﬁﬁmﬁ
Spin Transport in QCD: “QCD Spint
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Reviews: already many reviews

® Lecture Notes in Physics, Vol. 987 (2019) o (WEEiR) H¥i5
EREgE: RMEE, T8, DFRN

Lecture Notes in Physics

Contents
1 Strongly Interacting Matter Under Rotation: An Introduction . . . . 1
Francesco Becattini, Jinfeng Liao and Michael Lisa
ini 2 Polarization in Relativistic Fluids: A Quantum Field
F ancesco Becattlnl Theoretical Derivation. . .. .. .. .. ... .. ... ................. 15 - — 2023 Vol.72
J|nfeng Liao Francesco Becattini Acta Phy5|ca Sinica ISSN 1000-3290
. . . 3 Thermodynamic Equilibrium of Massless Fermions
Michael Lisa Editors with Vorticity, Chirality and Electromagnetic Field . .. .. ... .. .. 53

Matteo Buzzegoli

4 Exact Solutions in Quantum Field Theory Under Rotation. .. .. .. 95
Victor E. Ambrus and Elizabeth Winstanley

5 Particle Polarization, Spin Tensor, and the Wigner Distribution
in Relativistic Systems . . .. .. .. ... ... ... ... ... ... 0 0. 137

Leonardo Tinti and Wojciech Florkowski

o 6 Quantum Kinetic Description of Spin and Reotation . .. .. ... .. .. 167
Yin Jiang, Xingyu Guo and Pengfei Zhuang
7 Global Polarization Effect and Spin-Orbit Coupling
in Strong Interaction. . . .. .. .. ... .. L 195

Jian-Hua Gao, Zuo-Tang Liang, Qun Wang and Xin-Nian Wang

8 Vorticity and Polarization in Heavy-Ion Collisions:
Hydrodynamic Models . .. .. .. .. ... .. ... ... 247
Turii Karpenko
® 9 Vorticity and Spin Polarization in Heavy Ion Collisions:
Transport Models . . . .. .. ... ... 281
O a I 0 n Xu-Guang Huang, Jinfeng Liao, Qun Wang and Xiao-Liang Xia
11 QCD Phase Structure Under Rotation .. .. ... .. .. .. ... ...... 349
Hao-Lei Chen, Xu-Guang Huang and Jinfeng Liao
%ﬂ I\ Eg gﬁm E{?m %E 12 Relativistic Decomposition of the Orbital and the Spin Angular
~ Momentum in Chiral Physics and Feynman’s Angular

Momentum Paradox . .. .. .. .. ... 381 FEVEFS | hERFERYIEHRSRHR

10 Connecting Theory to Heavy Ion Experiment. . .. .. .. ......... 309
Gaoqing Cao and Iurii Karpenko

@ Sprlnger Kenji Fukushima and Shi Pu Chinese Physical Society | Institute of Physics, Chinese Academy of Sciences
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“Global polarization” is now a specified terminology in this field

Global polarization: #{&i%4L; global spin alignment: #{& B HEHES

LETTER

0i:10.1038/nature23004

Global A hyperon polarization in nuclear collisions

I'he STAR Collaboration

PHYSICAL REVIEW LETTERS 126, 162301 (2021)

Global Polarization of £ and Q Hyperons in Au+Au Collisions at /sy =200 GeV

Global polarization of A and A hyperons in Pb-Pb collisions at ,/Syy = 2.76 and 5.02 TeV

S. Acharya et al.*
(ALICE Collaboration)

PHYSICAL REVIEW C 95, 031901(R) (2017)

Global A polarization|in high energy collisions

Perspective

Global spin alignment of vector mesons and strong force fields in heavy-
ion collisions

iINSPIRE ener

Article

Pattern ofglobal spinalignment of ¢ and K*
mesonsin heavy-ion collisions

PHYSICAL REVIEW C 95, 031901(R) (2017)

Global A polarization|in high energy collisions

PHYSICAL REVIEW C 104, L061901 (2021)

DEDELIIENE O\ LG S EL6G

I« { WEELME’ [P ENBINGELINE (MIAGLZITN XINORME JIPS! 435000° GG
N6-ESUR IIUE’ .., 2PIVLPIV CIO 'y, IUG BOU-pET SPIUE.,

suq 8jops] bojsLISsOn 10 CN + VN CojIeIonez
INeqIE6q LEEW.LO WOgs] IUIFIS] COUqIfIon suq Ifz Iubsce ou cofjeciiac gome

BHXARICVT BEAIEM C ITT 031000 (3052)

PHYSICAL REVIEW C 111, 034906 (2025)

Global A-hyperon polarization in Au + Au collisions at ,/sxy = 3 GeV

PHYSICAL REVIEW C 108, 014910 (2023)

Global polarization|of A and A hyperons in Au+Au collisions at ./syy = 19.6 and 27 GeV

feature article

Global Spin Alignment in Ultrarelativistic Heavy-Ion
Collisions

Literature Authors Jobs Seminars

I B cte st

Modified TRENTo model initial condition and its impact on collective flows
and global polarization in Cu + Au collisions

Ze-Fang Jiang,":2-" Shanshan Cao®,*" and Ben-Wei Zhang?-*

! Department of Physics and , Hubei E) ing University, Xiaogan, Hubei 432000, China

Excitation function for global A polarization in relativistic
heavy-ion collisions with the Core-Corona model

Alejandro Ayala®, José Jorge Medina-Serna',* Isabel Dominguez?, and Maria Elena Tejeda-Yeomans®
Urusctitnstor do Ciomaing A

henlamwan Tlainavsidad Manional Avtbmama do Mivian Anastada Dantal 70§42 OdMe DASTO Mavil

PHYSICAL REVIEW C 112, 014902 (2025)

Global A polarization in heavy-ion collisions at high baryon density

Yu. B. Ivanov @
z ~ for T7 ical Physics. Join:
and : Centre “Ki

¢ Institute for Nuclear Research, Dubna 141980, Russia
Institute . Moscow 123182, Russia

Global polarization of A hyperons in hot QCD matter at TeV energies

Bhagyarathi Sahoo,: Captain R. Singh,T and Raghunath Sahoo:?
Department of Physics, Indian Institute of Technology Indore, Simrol, Indore 453552, India
(Dated: April 16, 2026)

Conferences More...

Data

Citation Summary Most Recent

Global polarization of A hyperons in hot QCD matter at TeV energies

Bhagyarathi Sahoo (Indian Inst. Tech., Indore), Captain R. Singh (Indian Inst. Tech., Indore), Raghunath Sahoo (Indian
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HIC Spin Physics is a regular topic in high energy conferences

Quark Matter (largest international conference series in high energy nuclear physics)

@M%
d’\ Afz[( mactte, .' %IQUA/@OIQI/'T MATTER oz,
Wdnn 2019 "0 2027 2023 ¢ S

27", Chicago 28t Wuhan 29t Poland 30, Huston 31t, Frankfurt

two plenary talks » plenary talks + a separate parallel session

International Spin Symposium (nuclear and particle physics, jointed)

S P I N 2 O 2 1 g (\)\%\ 25TH INTERNATIONAL }
~— = T SPIN PHYSICS
\\ X é SYMPOSIUM 00 I 2 2025 26th International
'/‘m«l—,\,'fw ————— (A Symposium on Spin Physics
October 18 -22, 2021 D e e, oA A Century of Spin
24t Japan (hybrid) 25th 2023, Duke 26", 2025, Qingdao
the 1st plenary talk on _
HIC spin physics (by ZTL) > plenary talks + a separate parallel session
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Global vector meson spin alignments — experimental results

spin denSity matriX: PHYSICAL REVIEW C 77, 061902(R) (2008) TAR
. Spin alignment measurements of the K **(892) and ¢(1020) vector mesons in heavy ion collisions at s
5 ( z 11 Z 10 z 1-1 ) Earlier measurements /i =20 GeY
= 01 00 0-1 . .
P-11 P-10 P-1-1 pUbIIShed In PRC 2008 " I fragr::;faf?gfs ‘ | °e ‘<2°'6°:A’) 1 " B 0.8<p,<2.0 GeVle ";u:"s 1 .
. 0| = D0RRts o KTE0w) 06 © 20/<50Gevc - The STAR Collaboration

. . Fopp=13 " 1 ’ , [ 1

Poo # 3 spin alignment T A (] . atBNLRHIC
5% — 4 T 2 ‘:‘ 02 B \‘ 7
o2r B e 015 | ® e 04cp<20GeVic b
L - N @l sSY | 0 [¢] 2.0<pT<5.0 GeV/c _

S . 1/2. -~ 1 =4 —> I I N P\q’PS_-O.aw | | L _
pIn . p=-(1+S-0) % 1 2 3 4 5 0 100 200 300
‘ 2 p. (GeVIe) N>

Vector polarization:
S = (0,57, 51)

Spin 1: |

5=1 3 giyi iy ij
p=5(1+3s% +319%Y)

PHYSICAL REVIEW LETTERS 125, 012301 (2020)

H L I C E A ngular Momentum Interactions in Relativistic
Heavy-Ion Collisions

The ALICE Collaboration :

at CERN LHC 0.5 Ev.ent pllane ' ' (a).-— Ev.ent pllane . . (b)'-O.S

Tensor polarization: LK

o)
0.4 N + —0.4
Sus Sir = (Sin Sip) published in PRL 2020 sosf” o i "~'ﬁ‘"‘=H"'-'-"'ﬁ*§§'*"*'"g """" Hos e

: -
- sxx s . 0.2} H + i Ho0.2
ij _ (St Str T 7 o

- (o ) evidence LB

1T 2 3 4 s 1T 2 3 4 5
Poo=(1—-25;,)/3 p, (GeV/c) p, (GeV/c)
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Global vector meson spin alignments — experimental results

7STAR The STAR Collaboration M.S. Abdallah et al., Nature 614, 244 (2023)

2023, six years after STAR paper on global hyperon polarization, again in Nature

;;ctl;ern of global spin alignment of ¢ and K*° B RN L HFAISTARFEEBEEE X,
mesonsin heavy-ion collisions R E RN Z A FERTEEE

* o(yl<1.0and 1.2 <p; <5.4 GeVc)
© KP9(yl]<1.0and 1.0 <p; <5.0GeV c)
— GY=-464+0.73m3

@ confirm global vector meson spin alignment

@ but ‘pKO - %‘ > P@

© ¥ STAR (Au+Au and 20-60% centrality)
O ¥1r ALICE (Pb+Pb and 10-50% centrality)

1l 1 [ A | 1 Lol
101 102 102

\} syn (GeV)

JEx
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Global vector meson spin alignment — Why so interesting?

Theoretical predictions STAR experiments

3

: . T T
{ Momentum gradient in the g Au+Au 20-50%
2| impact parameter direction 8| % A this study —
leads to 3| T | @ X this study |
::> &40 S Jc A PRC76 024915 (2007)

0.2

6 PA ~ PqXPRC76024915(2007)_

oF

o 4 L. Adamczyk et al., -

A Nature 548, 62 (2017
@ Global hyperon polarization oL # # |

~

Py=Pg=P,=P;

spin orbit coupling hadronization L $ E“é 1:# L )
@ Global spin alignment of vector meson 0
— p2
QCD interaction C:p) Poo = 1-Pg Pg | il L%
FhFy 10 102
two observable direct consequences Sy (GeV)

quark global polarization
(QGPEEFRL) Observation of #* ¢ (yl<1.0and 1.2 <p; <5.4 GeV c)

- spi it coupling at the QCD level © K™ (y] < 1.0 and 1.0 < p; < 5.0 GeV c)
ZTL & Xin-Nian Wang, PRL94, 102301(2005); PLB629, 20 (2005). 0.40 —a¥ 14_6 44073 mé

2
Poo — 3 > P}

T @ Global hyperon polarization # 3
ZTL & Xin-Nian Wang, P =P.=P =P %\g\& i
H="H~%q~%q 0 om. - o TP S aie T -
PRL94, 102301 (2005); ® Global spin alignment of vector meson @ EE M. Abdallah et al,

Nature 614, 244 (2023)
PLB629, 20 (2005). 1-P? 00

Poo =

IIIIII

I

T

Poo

I|Il|||l||

3 + P2 Conflict to our predictions in 2005!
0.25 o * STAR (Au+Au and 20-60% centrality)
two observable direct consequences ' T ALICE Po+PD "‘I"" 107-50% centraliy) l )
10° 102 102

Sy (GeV)

How can we understand it? What does it tell us?

= 20264E108 25H 38



Global vector meson spin alignment — calculations in 2005

1/1+P;, 0
(0" 1-r,)

’p\(CIﬂIz%) — ’p\(th) ®’p\(CIz) ®’p\(CI3)

2 Cqui:Pq

i=1~3

Hyperon: qi+qs+q;—-H

ph o = (jym'|p119293) |jym) Py =

Vector meson: qi+qs -+ V p@1a2) = p(aV RH@2)

2
1—-P4 Pg, B 1-Pyg

V. — iom/lp(@192) | Vo_
Pmm: = (Jym||p Jym)  poo = = 2
reaction plan 6 / A, ﬁu{{foﬁﬂ‘ s o .’ .'f.f.i';;"‘;’;?,.’:i'fﬂfr?éy ‘GIObaI hyperon polarization
C( T — Py =Py =P, =P,
Huge orbital angular momentum (OAM)

o7 1
X/(Ry-br2)

@ ® Global hyperon polarization 2
@ N P,=Ps=P, =P
spin orbit coupling : hadronizati S 1 - P
> @ / \ @ Global spin alignment of vector meson p — q
P s ITPS) 1-p2 00 —
QCD interaction @g Ll P =3+ Pg 3 + P¢2’
> lobal I at two observable direct consequences
quark global polarization
(QGPEEMFHRHL) Observation of

in-orbit coupling at the QCD level
ZTL & Xin-Nian Wang, PRL94, 102301(2005); PLB629, 20 (2005). sl L

two observable direct consequences

® Global spin alignment of vector meson

Pog

0.40

0.35

0.30

0.25

Vsun [GeV]

#* é(yl<1.0and 1.2 <p; <54 GeVc)

B © K™ (ly] <1.0and 1.0 <p; < 5.0 GeV c)
L — GY 34.64+0.73 m?
B 1 p2
- 00 — = >
L @p 3 A ,
B a
R %Mis. Abdalian efai, T
I 9 Nature 614, 244 (2023)
i S == vh=s
[ 52005HE IR T S 3K !
B © ¥ STAR (Au+Au and 20-60% centrality)
__ O ¥1r ALICE (Pb+Pb and 10-50% centrality)

11 | 1 1 1 11 11 II 1 1 1 1111 || ()I

10° 102 103

Syn (GeV)

b=
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Global vector meson spin alignment — calculations in 2005

Calculations from global quark polarizations to global hyperon polarizations and vector meson spin alignments

1(1+Pq 0 )

@ = _
P 0 1-P,

Quark spin density matrix: 5

Hyperon: qi+qs+q;—-H
Prmy = (Jpm'|p(919293)|j ym)
i=1~3

Vector meson: g, +gs—-V  p01%2) = plaQp@2)

V

’p\(CIﬂIz%) — ’p\(th) ®’p\(CIz) ®’p\(CI3)

Py = 2 Ci Py

_1_P¢I1Pﬁ2_

constant / average value

no correlation

:Pq

no correlation

2
1-P2

Py = (ym'|pl9192)|jym) Poo

It was for the most simplified case, i.e.
P, was taken as a constant, no fluctuation,

no correlations; no other degree of freedom

- o 2
3+Py, P 3+ Py

ZTL & Xin-Nian Wang, PLB629, 20 (2005)

assume no particular correlation between the quark
and the anti:quark that combine into a vector meson.
Hence, we can calculate the spin density matrix of the
vector meson V by making the direct product of p9

40

b=
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Global vector meson spin alignment — correlations?

Consider fluctuation and/or other degree of freedom, at least,

forql +q)+q5 > H Py = <<Z ¢; Py > = z ¢i(Pqgi) = (Pq) two folded average
i H i
$ (PqPg) = < >v>
_ 1-(P,P;) 1— (P, )P,
for qu o qg -V pyy = (PyPyg) = (Py){Pq) inside the meson /{
3+(PyPq) 3+ (Pg)(Pq) over the system

STAR Data indicates (P,P;) = (P,){P5) simply means correlation!

By measuring hyperon polarization P, we study the average of quark polarization P g;

by measuring vector meson spin alignment pJ, , we study the correlation between spin of q and that of q .

—> Awindow to study quark spin correlation in QGP
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Systematic studies of Quark Spin Correlation (QSC)
NMUAT AR E 5 Bhetit, AR 8 nexEk

Hadron Measurables Sensitive quantities
JP = §+ hyperon H Hyperon polarization P, average Average quark spin polarization (P,)
Spin 1 Spin alignment pyo oOr S;; Local quark spin correlation c;"_’
Vector meson V . _
Off diagonal elements p,,,,,, Of S, STr Local quark spin correlation c7?
Hyperon polarization Py or S, Average quark spin polarization (P,)
Spin 3/2 R aq
P e L . .
JP = ; baryon H- ank 2 tensor polarization: S, Local quark spin correlation c,
Rank 3 tensor polarization: S, Local quark spin correlation cj79
HH or HH : cHiHz cH1H2 Long range quark spin correlation c?9, c?
Hadron-Hadron . . . HV . . 99 499 _qqq 49499
Spin correlations HV spin correlation: ¢ Local & long range quark spin correlation c;*, c;",c;;'", ¢,
VV spin correlation: cV1"2 Local & long range quark spin correlation c??, ¢?7, %79

I:> Systematic studies of quark spin correlations in QGP!
Ji-peng Lv, Zi-han Yu, ZTL, Qun Wang, and Xin-Nian Wang, PRD 109, 114003 (2024);
Zhe Zhang, Ji-Peng Lv, Zi-han Yu, and ZTL, PRD 110, 074019 (2024);
Ji-peng Lv, Zi-han Yu, Xiao-wen Li and ZTL, e-Print: 2603.15135 [nucl-th] (2026)
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Origins of quark spin correlations in QGP in HIC?

Many studies by many groups, e.qg.

¢-meson filed leads to strong (x, p)-dependence of s and s polarizations
Xin-Li Sheng, Lucia Oliva, ZTL, Qun Wang and Xin-Nian Wang, PRL131, 042304 (2023); PRD 109, 036004 (2024)

by glasma fields: Avdhesh Kumar, Berndt Mueller, Di-Lun Yang, PRD 108, 016020 (2023)

Quarkonium spin alignment in a vortical medium:
Paulo Henrique De Moura, Kayman J. Goncalves, Giorgio Torrieri, PRD 108, 034032 (2023)

Polarized-Polyakov-loop Nambu-Jona-Lasinio model under rotation:
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SEEMEEE Summary and Outlook

e Striking spin effects observed in high energy reactions have led to an active direction --- QCD spin physics ---
playing a very important role in strong interaction physics.

e Spin orbit interaction is crucial in spin physics. Global polarization in relativistic heavy ion collisions is a novel
effect due to QCD spin orbit interaction and has been confirmed by many experiments.

e Global polarization effect provides a direct test to spin orbit coupling at the QCD level. It opens a new avenue to
study properties of QGP and a place to study spin orbit coupling in QCD.

Global hyperon polarization «— Global quark polarization

Global vector meson spin alignments +—— Global quark spin correlations A NS
These studies bring QCD spin and HIC physics together,
and lead to a new research direction --- HIC Spin Physics.

The new facilities such as HIAF, NICA and FAIR lead to new opportunities in this direction.

Thank you for your attention!
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£ = Thl#E B HE4ER (Spin Physics in HIC)

Huge orbital angular momentum of the colliding system in non-central relativistic heavy ion collisions

ﬂ (ZTL & X.N. Wang, 2005) —
: o : (QCD) Global Polarization Effect (GPE)
Spm orbit interaction = | (global hyperon polarization & global vector meson spin alignment)
(electrically charged) ﬂ (QED) /
Spin magnetic interaction < chiral magnetic effect (CME) -

salsAyd uids J|H

Ultra-peripheral Collisions (UPC) | «— | polarized photon-photon (yy) collisions

LLL

FRENEBRTE—NHEH, EZKFEDTAREN LA B
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From hyperon to hyper-triton

Yu-gang Ma and collaborators: Global hyperon polarization — Global hyper-triton polarization — study of the structure of hyper-triton

PHYSICAL REVIEW LETTERS 134, 022301 (2025)

From Hyperons to Hypernuclei: A New Route to Unravel

Proton Spin Polarization
Deciphering Hypertriton and Antihypertriton Spins HYS
from Their Global Polarizations in Heavy-Ion Collisions arXiv:2508.12193 (2025)

. . 1,2 _ 1,2 _ 1,2,3 in-Hii
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Quark combination mechanism in AA collisions?

combination/recombination/coalescence _
A EERS hadrons (B, B, M)
q1 + qz - M, q1 + qZ + q3 > B (i%\ &i?\ ﬁ?)

av= —

AA collision %ﬁ% %@EQGP

Evidences: constituent quark number scaling (QNS or CQNS)

: ® equal quark combination Pr _ ng2 PT
Assuming qual quark (pr, ) fer, @) = Nfi(.9) Fulr @) =NfsG . )
@ neglect flavor dependence 3
B M CPRp . . 3 _ 2
(1) elliptical flow v,; 228P0) — v2Zrr) (2) pr-distributions: {/fz(3pr) = v Y fu(2pr)
3
| LN B L BN LU B [T rrrrrrrrprrrr T
P [Ty, SRR @]
0.1 - ::?;T(AR) )__u 5-+§‘((STA|)R) i %ozhﬂ‘%{ \-};: . fa- Bpr) :K9f53 (P1),
. 1 < ok 1 e i L fs@2pr) =Ksf2(PT),
= o.0s] o 1 & ] ﬁ“ﬂ. e AR C Jun Song, Xing-rui Gou, Feng-lan Shao, ZTL,
j ."%% [ j el SO e o PLB774, 516 (2017)
| §7 PHENIX PRL98, 162301 (2007) | ;’k R EN TRt
S J F I T By = s S P T, e,
p.,.lnq (GeV/c) KE./n_ (GeV) -t Ao T e
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Spin transfer in quark combination process

.t combination/recombination/coalescence had BB M
QGP hadronization & ‘i}z’] HE/EHME (i?a rogé% ’ﬁ')¥)
v q1tqz > M, q,+q;+q3 > B ' '

Take g4 + G, — V as an example:  in general, p¥ = Mp113D it M:: the transition matrix

Py = (JM|MPUIIMT|jm’) = N;(jm|p'9192)|jm’) = N; Z (fm|m;)(m;|p'9192) |m;)(m;|jm’) independent of M

!
ml,ml

Proof: Pynm' = Z (Jm|M |m }mg | pl9192 |mi)(mj| M T |jm’) Im;) = |jimy )|j.m;)

m;ym/;

(jm| ¥ ) = )" (| Rl m' ) g = (jom| |y gm|m,) = (G| i) Gmmg)=c;¢jmim,)

j/m/

space rotation invariance demands @ (j, m) = (j', m") angular momentum conservation

® (jm|M|jm) = (j||M||j) Wigner-Eckhart theorem
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