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FrEfRE

>s§ g —HBip ERTRA SRR

/ 45 243 (1979, 2004i& DI/R3L)
i?ﬁﬁﬁ"-—:—‘{

(QCD)

EREIBT <> ERBROEXER
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QCDRHEE/EAWIR: BHEEERMRES

=7 25 J&F#% (nuclei) P

7 ¥%F/38F (nucleon/hadron) RAD

[&] {4 _

= 0k BESEK?

ek (color super conductor)

2R TR BINIRE? B

FB Tk (CGC: color glass condensate) [ s+

R SERTFERTH

(QGP: quark gluon plasma)

BEFTF49E

g l%?ﬂ
SR FE4PE =+
y 2 L

TLKREIPE

MFIPESRFHKIPE
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c1 s SR . | mFREIR
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€6-66660

meson tetraquark  hadronic molecule  hybrid glueball

ICHERMER: REESMA

ﬁ—-@ NER — PERHERBT,

EEE: HEE 4 paron
BT, B4 TR
—ERERNRET = —REHT —§=

T
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QCDEMEERYE: MAEENHAH E
Sensitive observables?

' BE%LL‘L S&%H N
EEMEERYEMENRIERER

BRI R (QCDEEIHE) ZH R (QCDHEZESQGPHR)
CRLTF438) (BET&%41E)

B'EJI‘E_'EJ’EHQ (QcD) %D
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B EHEIER, BEREZRETAT] “ I E IR

“Proton spin crisis” BT E e Single spin left-right asymmetry (SSA)

(T)+p—>1‘t+X

gﬁ*ﬁﬂ DIS: ep — eX Z s :gm o ,% + §_. _._
FEAEZMT —EC vy b 1 POy P

£ 0.2
=ﬁ¥'§#ﬁf5‘p 2 00 o= 3: = j e N(D =N
DISSCI& — 02| To ] NENDOFND
884E: £~0 CERN EMC, Gab K {L e.g. FNAL E704,
B#0: 2~20%S, PLB206,364 (1988) 0”02 04 06 08 PLB264, 462 (1991)

predictions of pQCD in 1970s (HILQACDFAT) ~ 0

Spm analyzin power in Transverse polarization of A in - AX
y pp p pp
[ g \( }_,, . p+p—>A(T)+X rem 2}/\
| p+p(M —>p++p \ (1) 'E N %&%} ] -y
1 £ % DEXI0)
A,‘ON %'[HT 777777 N(T) N(l) < 02 p,>1GeVic = 0'( 0'(
K ?..[ ‘ Ay = — ND+NQ N o5) p xﬁzf } 1 1= (M + o(l)
[ i W pp; Vs=62GeV
2 | eg.D.Grabetal, sactymeeers 4. | e.g.S.A Gourlay etal,
P Rcer  ©° PRL41, 1257 (1978) x, PRL56, 2244 (1986)

Iclvg

LIS 5P = )4138 ——> QCDE RO ——> QCD B KE4E

L&, EBX%® 202558 H12-13H
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CONFERENCE KEYNOTE

QCD: Hard Collisions are Easy and Soft Collisions are Hard [ 1
J. D. Bjorken )

Proceedings of a NATO Advanced Research Workshop on
QCD Hard Hadronic Processes,
held October 8-13, 1987,

in St. Croix, US Virgin Islands SLACHEIE /LRI EE

Polarization data has often been the graveyard of fashionable
theories. If theorists had their way they might well ban such

: 2
measurements altogether out of self-protection. Nowadays the

“BURBLERTITERORE, NRDERENE, RNTHS
7T BRTI— R AR L XN, e

R REEM X EREM B gEEn (D

-

i, EBX% 202548 5 12-13H 11



Why QCD spin physics?

o \ o BT E L
S S QcDE#® . QCD (BT &)
FEAE 7 WRERRD BRI | o mmmm e
CEF =5

Polarized deep inelastic scattering: The ultimate challenge to PQCD?
Giuliano Preparata (Milan U. and INFN, Milan) (Feb 6, 1989)
Published in: Nuovo Cim.A 102 (1989) 63, A/IP Conf.Proc. 187 (2008) 754-763 - Contributio@?@lntematiom

High-energy Spin Physics, 754-763 é

& DOI [= cite )():és 4‘
R

Spin effects: A Challenge for perturbative QCD QQ’Q

Jacques Soffer (Marseille, CPT) (Jan, 1989)
Published in: Nucl.Phys.B Proc.Supp!l. 11 (1989) 178-185 - Contribution to: 10th Autumn School: Physics Beyonu

¢ DOI [= cite

SPIN PHYSICS: A CHALLENGE TO THE GENERALLY ACCEPTED PICTURE OF QCD
Giuliano Preparata (Milan U. and INFN, Milan) (Jan, 1988)

Published in: In *Trieste 1988, Proceedings, Spin and polarization dynamics in nuclear and particle physics* 128-
Preparata, G. (88,rec.May) 17 p - Contribution to: Adriatico Research Conference: Spin and Polarization Dynamic:
Particle Physics, Adriatico Research Conference: Spin and Polarization Dynamics in Nuclear and Particle Physics,

L&, EBX%¥ 202558 5 12-13H 12



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

’

»394— compressing
zn DY

R

=)/m

g. heating

nucleon boundary irrelevant

SRRFEFEETE
Quark-Gluon Plasma (QGP)

L&, EBX%® 202558 H12-13H 13
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' .v\{% 0GP — BAREEANRFHS

1IN
EEFhlliE s
(17 Ij\%'kF”

Heavy lon Collision (HIC) =

Initial conditions Partonic matter — QGP Kinetic freeze-out

Initial high Q2 interactions Hadronization and chemical freeze-out

L&, EBX%® 2025585 12-13H 14



e e R EE— e EE T HE
e | : S Au+Au, 130~200AGeV

- F _EE—a SRR ppXtiEHL
p(pol)+p(po|):_120(l)$~500GeV QCDAHEHIE |

(l__aﬁm ”

B4 ~3.8km, Er~61TMS$, E{T~150M$
19844FFF 3, 20005EiE1T, 2004EFE7H &I QGP

Available online at www.sciencedirect.com

SCIENCE@DIRECT'

540 :
STAREPR&1E4R STAR

KB4 EZR, 70K

NUCLEAR
RPHEHYSICS

Miklos Gyulassy ?, Larry McLerran >*

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

) = 5642438 (High Energy Nuclear Physics)

T
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Spin-orbit coupling is intrinsic in Relativistic Quantum Systems

MEXMILEFER: O BRNEBSUVREFE
Q@ MEAHE—ESLAF

Py

Dirac equation: 9, =HyYy H=¢a- ﬁ’ + fm

Even for a free Dirac particle:

S~y
Il
e~
_|_
N M|

[ f] = —i@xp#0 [ 3] =2iaxp # 0 [ﬁf] —0

With an external potential V(r): A =& -5+ Bm+V(@) W= (‘5)

[s-coupling is obtained automatically in the non-relativistic approximation

A2
~ - p 1 dV _, s
H. s = E@ Hee~m+—+V+ — oL+ -
eff eff m 2 4 Zrdra

16

&, EBX%*¥ 2025583 12-13H



Quark OAM should play an important role

quark OAM was used to be neglected

EmtE8:  ysed to be non-relativistic @

Quark mOdEI baryon meson

r

Physics Vol. 2, No. 2, pp. 95-105, 1965. Physics Publishing Co. Printed in Great Britain.

ZagEwzox

IS A NON-RELATIVISTIC APPROXIMATION POSSIBLE FOR THE

INTERNAL DYNAMICS OF "ELEMENTARY" PARTICLES? *
The Quark

G. MORPURGO Model

Istituto di Fisica dell’Universita di Genova
Sezione di Genova dell’Istituto Nazionale di Fisica Nucleare,
Genova, Italy

TIERS IN

i

(Received 28 April 1965)

lor=tmelance, for a quark antiquark modei 191
of 5 GeV apd a range of the binding force !
an-relatjdistic situation quite similar to that

B PPOINEND oY,

on the depth of the potential well.
the octet bosons with a quark mass

(Sm“)-}, one has_(p/M)2 = 1/40, a

kv4 | . . W —
M7 FHREL: sed to be one-dimensional /)
Parton model -
202558 512-13H 17
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Spin-orbit interaction seems to be essential in QCD Spin Physics [§

XE& "B BRSE” BRERELE?

RGHMERFHR

see e.g. original papers,
D. W. Sivers, PRD 41, 83 (1990);

B EHLZ705FK, SERNSIELZIMAET] “FI BB

“Proton spin crisis” &F B ERH Single spin left-right asymmetry (SSA)

FRER

p(MN+p-m+X

e Ty S C. Boros, ZTL, Meng Ta-chung,
-RFEMES, %;x i:AN’(i)—ix(i) PRL 70, 1751 (1993),
v —— J. Collins, NPB 396, 161 (1993);

B#i: Z~20%S, PLB206,364 (1988)

predictions of pQCD in 1970s (#{#QCDFAST) ~ 0

PLB264, 462 (1991)

C. Boros, ZTL, PRL79, 3608 (1997);
S. Brodsky, D. Hwang, I. Schmidlt,
PLB 530, 99 (2002)

Spin analyzing power in pp i4 Transverse polarization of Ainpp - AX

e AV AL Oh *_4}1 . -
N i %Qg m\ s also, many review articles, e.g.,
g Tt __ND-N < o potee Ty Ta
-5 iy | s S. Nurushev, lJMP A12, 3433 (1997);

e.g.D. Grab et al.,

PRL41, 1257 (1978)

I
4

PRL56, 2244 (1986)

G. P. Ramsey, PPNP 39, 599(1997);

C. Boros, ZTL, IUMP A15, 927 (2000);

SBSERTENR  OCOmRFIEO  ccomEwE || ¢ D’Alesio, F. Murgia, PPNP 61 (2008)

QCDEEIMEMHEEEASHERIIER]
EEMREME, HREER

£ “Bih BN BHEZEKIF

L&, EBX%® 202558 H12-13H 18
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__ s [ mEETEL e
— Au+Au, 130~200AGeV Iﬁﬁbkﬁg
B Bt m— el popsiEi

p(pol)+p(pol), 200~500GeV QCDAhE

“—-‘ﬁﬁm »

& T FK~38km, EH~61TMS, F{T~150M$
= 8 19845FFFEE, 20004F3E1T, 2004FE LI QGP

I)inxl;

b
impact parameter y; n,=-—-"—
| pin Xb |

normal of the reaction plane

‘ A unique place to study spin-orbit interaction in QCD! |

i, EBX%*¥ 202558 H12-13H 20



— > Gradient in p_-distribution along the x-direction

X fE S8 751
y© A X
K R E%E 751 @
impact —
paramete{r_ o - EaH

‘\

@ WMo FHESTTEE

Here, we use (x, y, z) to denote the space coordinate

g, EBX¥ 2025558 H12-13H 21



Gradient in p_-distribution along x-direction

Landau fireball model

Parton momentum at given x : p,(x, b,\/s) = poRn(x, b,/s)

P T P T
R (x b \/E) _ deart _ deart / deart 4 deart
NIRRT\ dx dx dx dx
Ll S L R R I e e e e
. Au+Au at 200AGeV >
o 0.8 AN
< py = s /2¢(s) = 2.22GeV S Au+Au at 200AGeV
S 0.6 N 2f 2p,/ R, ~0.68GeV/fm
= U _ o — =
£ B AR T AL = B
£ 04 S5 4L
S £ .
2 o. = -
% 92 =z 0.2
X 3 N oF
% o2 o5 075 1 T e
- 0 0.25 0.5 0.75 1
X/(R,-b/2) X/(R ,-b/2)

ZTL & X.N. Wang, PRL 94, 102301(2005);
J.H. Gao, S.W. Chen, W.T. Deng, ZTL, Q. Wang, X.N. Wang, PRC 77, 044902 (2008).

&, EBX%*¥ 2025585 12-13H 22



Gradient in p_and local OAM of produced partons (S

dp
Ap =—2
P: dx

AL, =—Ap Ax~-1.]

Ax

for b =R ,, Ax=1fm

BEFENBEFHESHREE

impact/parameter
of parfons xy | Ax

x has a preferred direction (B) !

&, EBX%*¥ 202558 H12-13H 23



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

4,74, —4q,%4q,

take a . /

collision as an example.

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

g, EBEXF¥

20254F8 H12-13H 24



Quark scattering with fixed reaction plane

[ Scattering amplitude in momentum space M, , (¢,,E) }
]

a 2-dimensional Fourier transformation
to impact parameter space

- . . . S )
Differential cross section w.r.t. the impact parameter x,
o' r=dr)%r lz M, (ET,E)M; (G E)= % ) dAoc
2 A; o o dZX dZX
47 ¢ T
spin indepe}dent part
spin dependent part

do, _ I d*q, d’k,
d’x, JQn) 2rn)

average over the preferred x_directions

=
[Quark polarization after the scattering: P, = (Ao)/(0yn;) }

L&, EBX%¥ 202558 H12-13H 25



Static potential model with “small angle approximation”: Ao(qr) = %
ZTL & Xin-Nian Wang, PRL 94, 102301(2005) qr + Up

up P S 2EEbin )\

P, =—
1 2E(E +my)

perturbative QCD at finite temperature: AT RYRE = THIPACDIHE
Jian-hua Gao, Shou-wan Chen, Wei-tian Deng, ZTL, Qun Wang, Xin-Nian Wang, PRC 77, 044902 (2008)
s 0.25

R - o=01

S 02F 0, =0.2

s - =03 _

£ " a=04 Ap : momentum difference

g op between two partons

= C

g 005F T : temperature

(e n

0 =

_0.05 _IIII|- 1 1 IIIIII| || IIIIII| | IIIIII| 11 IIIIII|

L&, EBX%¥ 202558 A 12-13H 26



Due to QCD spin-orbit interaction, the
scattered quark acquires a polarization
in the direction opposite to the normal

of the reaction plane!
Tﬁm %::

Why global ?

e The direction is fixed for a given event

e The magnitude is the same for different
flavors of quarks and antiquarks

ZTL & Xin-Nian Wang, PRL 94, 102301 (2005).

y®

“global polarization”

L&, EBEX%F

20255F8 H412-13H
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Consequence I: Global hyperon polarization

Quark combination qi+q+qs—>H  #BF: B2, KERL

1(1+Pq 0 )

@ = _
P 0 1-P,

> ﬁ(qwz%) — ’p‘(CI1)®’p\(CI2)®’p\(CI3)

P = G| P12 jym) = " pUED G ) (| )

m;,m;
Py =pf, —pH_ Im;) = |jimy, joma, jzms)
hyperon A zt 0 3" =0 ="
combination P Pzl 2AP u*gd)‘P s APa-Py 1Py Py 4Ps-Py

In the case that P,, = P; = Py, = Py = Pz = Px,
Py = Py = Py forallH'sand H's  (global polarization)

ZTL & Xin-Nian Wang, PRL 94, 102301 (2005).

&, EBX%*¥ 2025583 12-13H 28



Consequence ll: Global vector meson spin alignment

Quark combination a1 +q: -V REBNTF: B, EEHS

ﬁ(thﬁz) — ’p‘(fh)@’ﬁ(ﬁz)

Pl = Gy PO jymy = > T Gy i) (my jym)

mi,m’i

1— Py, Pg, 1-Pg spin alignment

3+ Pg, Py, 3+Pf, Shiz 2]

1%
Poo =

P11 Pio P11
p’ = <P01 @ P00 Po-1 ) Poo * %: 2 1Espin alignment ( BHEHEF)
P-11 P-10 P-1-1

ZTL & Xin-Nian Wang, Phys. Lett. B629, 20 (2005).

&, EBX%*¥ 2025583 12-13H 29



REE——

67 L
arc o
EE&FE%E*M@%M!@MU

laﬁ—ﬁﬁ BT S
|
HEERSH S

quark global polarization

(QGPE{FR1L)

SRRES B
WA TRREE

0 0.25 0.5 0.75 1
x/(R,-b/2)

o BFEFRL
Py =Py =P, =P

o LB FE & aIEHT
1-P;
3+ P;

Poo =

A AT YL R I

ZTL & Xin-Nian Wang, PRL94, 102301(2005); PLB629, 20 (2005).

i, EBX%*¥ 202558 H12-13H
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> RIZFarXiviiE {3k, 3EEWayne State X2 Sergei Voloshin##%
# GRED BEOPBEHE 258 FS2FRllESIE, HER
Al e ER (L 8 F—o2 FRllE T FEaV B FR

ZTL & X.N. WangiJ3CE2004<E10 5 18 HB3Z

arXiv.org > nucl-th > arXiv:nucl-th/0410079

GAE) #MBHESERNEE

[Submitted on 18 Oct 2004 (v1), last revised 7 Dec 2005 (this version, v5)]

Globally Polarized Quark-gluon Plasma in Non- cent paper [1] discussing non-central nuclear collisions. I
would totally concur with the results presented in this
paper. Here, I discuss a few ideas beyond those already

Zuo-Tang Liang (Shandong U), Xin-Nian Wang (LBNL)

Sergei Voloshin 2004<E10 521 HiE 32

arXiv.org > nucl-th > arXiv:nucl-th/0410089

In this short note I would like to point out that such
a conversion of the orbital momentum into spin (and, in

Nuclear Theory principle, wise versy) can be relevant not only for A + A

Submitted on 21 Get 2004] collisions but algd could lead to important observable

Polarized secondary particles in unpolarized h effects in hadrgfh-hadron collisions. In particular I try

Sergei A. Voloshin [1] Z.-T. Ligng and X.-N. Wang, arXive:nucl-th/0410079,
2004.

...... | would like to point out that such a conversion of the orbital angular

momentum into spin ... can be relevant not only for A+A collisions but /(7
also could lead to important observable effects in hadron-hadron ":
collisions (MY ¥ #%—4% ... M A ... I8 F—3& FhliE)

i, EBX%*¥ 202558 H12-13H 31
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> X [E|Tom BonnerZ3k15& . EHMEELIF K= Miklos Gyulassy# %
MREIERNESQCPARER, MR TEEFHRULS R
ERXR, HE®RA “FRBTHRES FUIERN—FAMERE

(... opens a new avenue to investigate heavy ion collisions ...) ”

PHYSICAL REVIEW C 76, 044901 (2007)

Polarization probes of vorticity in heavy ion collisions

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

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

oy 3 PETI. - 1~ PR 2 P ] T~ . " o Pl LA T 4 IA

and the observed.spectfa of A, E, and Q decay produvcts. This T STRRL
. : . . : vorticity
opens a new avenue to investigate heavy ion collisions, which s
A ERE

has been proposed both as a signal of a deconfined regime [3—6]
and as a mark of global properties of the event [7—10].

[7] 2. T. Liang and X. N. deg, Phys. Rev. Lett. 94, 102301

(2005). ,-%
[8] Z. T. Liang and X. N. Wang, Phys. Lett. B629, 20 (2005). o ¢
[9] F. Becattini and L. Ferroni, arXiv:0707.0793 [nucl-th]. (P

[10] Z. t. Liang, J. Phys. G 34 S323 (2007).

i, EBX%*¥ 202558 H12-13H 32
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> BUNA ZRPT . BEXFIESRZERER(INFN) F. Becattini# 32t
KA R THRACPEETLEHESHEMILIEIES K, ATIETIE
SHHARE S RERRNXFR,

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. liiccininiT . gIA

The most distinctive signature of an intrinsic angular “SP A"
momentum would be the polarization of the emitted hadrons. e
This argument has been put forward in Refs. [6,7], where equilibrium
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 1deal relat1v1stlc spmnmg gas [9] and present
[6] Z. T Llang 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 arX1v 0710 2943

g, €8 jc+ 2025585 12-13H 33
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> {E[E Willis E. Lamb3ZF1Gustav Hertz32 83 . §{EZEMax-Planck
ZHER T Br4<C. Keitel B IR AR AT R T B E BB NS FAY

RESHFHRLRTER
Physics Letters B 666 (2008) 315-319 ME “SHFHRL”

Photon polarization as a probe for quark-gluon plasma dynamics

Andreas Ipp *, Antonino Di Piazza, Jorg Evers, Christoph H. Keitel

Max Planck Institute for Nuclear Physics, Saupfercheckweg 1, D-69117 Heidelberg, Germany

In this Letter, we show that global QGP polarization would ef-
fectively lead to a polarization of photons. Photons are a primary
probe as they are likely to leave the plasma without further in-

T

¢

[6] Z.-T. Liang, X.-N. Wang, Phys. Rev. Lett. 94 (2005) 102301. =

=1 ~ ~ e | P e e o Y ——_ MA fMvnAnAr-ry maTamaTina

i, EBX%*¥ 2025585 12-13H 34
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2006E, SE18J/@ “EmMIF KL [The 18" International Conference on
Ultra-Relativistic Nucleus-Nucleus Collisions (Quark Matter 2006) ]

o HiE T R{EEMASE (plenary talk), FI1J¥E “Global polarization”
BB EILTIE.

o HEREF I E S “International Workshop On Hadron Physics at ... ”
(20065E11H21-25H) £, AL T —1F i Tsession, XHEXHEiL5LINiH
TSR MR . Atcernaen

Chairman: Prof  Qubing Xie

14:00-14:30 “Spin physics at RHIC STAR. E P. Sichtermann (LBL)
14-30-15:00 “Longitudinal polarization of A hyperons in DIS and the
nucleon strangeness at COMPASST. M. Sapoizhmikowv

24%1:4: E *.E y 6/|\jﬁlﬂ=l= y JINR)

15:00-15:-30 “Global gquark polarization in QGP in non-central A A

@E H EW*&{‘KE%& \ g; collisions™. Jianhua Gao (SDU)

15:30-16:00 Coffee/Tea break

g = == I~
> E— S
WAE. HEHEXSEWF Chioman: Prot. Znotmng Liane
16:00-16:30 “Global polarization measurements in Aut+Au collisions™
A Y |=‘-| \ ‘I
/ \ * ‘\l 1 Ilya Selyuzhenkov (Wayne State University. USA

16:30-17:00 “Spin alisnment measurement of phi meson by STAR
Jinhui Chen (SINAP)

17:00-17:30 “Spin aligsnment measurement of K* meson by STAR™

Zibo Tang (USTC)
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First measurements by the STAR Collaboration at 200GeV "

However, NOT observed at
/s = 200GeV within the

statistics available at that time!
The STAR Collaboration

STAR

A

PHYSICAL REVIEW C 76, 024915 (2007)
PHYSICAL REVIEW C 77, 061902(R) (2008)
Global polarization measurement in Au+Au collisions

PRC 76, 024915 (2007)

Spin alighment measurements of the K *0(892) and ¢(1020) vector mesons in hea
Jsvn = 200 GeV

RAPID COMMUNICATIONS

PRC 77, 061902(R) (2008)

0.4r -
8 Crragmentation: | . .
F L ' e o (20-60%) |
C — P,P,=-0.3 .
0.2F Aiﬁ%gﬁsww 06 = -0.03<P,P_<0.15 % K" (20-60%) |
o.1; —— p =13 :{l;,
45 0 8 04l o T{_}J, T L I\ -
01F i v = = ﬁ:
E {p ar
-0.2 :‘_ recomblnatlon +
- .03<P,,P_<0.15
%iﬂ%gﬁkéﬁﬁﬁwﬂ) P03
o5 T e e
P} (GeV/c) P, (GeV/c)
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Results of STAR Beam Energy Scan (BES I)

Global A hyperon polarization in nuclear collisions

The STAR Collaboration, Nature 548, 62 (2017) STAR
HE S _ -
=

6 O A PRC76 024915 (2007) |

4 +— —]

il | g

10 10°

VS (GEV)

\V)
I

e At each energy, a polarization is observed at 1.1-3.60 level
e The polarization decreases with increasing energy
e Averaged over energy P, = (1.08 +£ 0.15)%, P; = (1.38 £ 0.30)%
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Intensive measurements by STAR at RHIC

Systematical studies at /s = 200GeV

= 8f
2 - Nature548.62 (2017) EOI 1 STAR AusAu |5y, = 200 GeV
&I | oA OK & B Inl<1,0.5<pT<6 GeV/c
- * A
i PROTOOEIBEOD | L e centrality dependence
ol +A DA I J[H -F
i » % e pseudo-rapidity dependence
this analysis - %
- o i e transverse momentum
- ’ dependence
B S AR
1— Centrality [%]
- high precision
L L = 2 | STARAu+Au sy, =200 GeV
| mepsurement S [ STARAu+Au|s, =200 GeV oI L 20%-60%, i<t
o 11—
- STAR Au+Au 20%-5 | | 20%60%, 0.5<p,<6 GeVic | hydro, primary A
Ol _ S | A —UrQMD IC
UrQMD+VvHLLE, A *A ---Glauber+ilt IC
- = primary === primary+feed-down R 05
- AMPT, A T —
- primary primary+feed-down L @ % &_}
Cooiaal | Lo vl L1 I % P
10 107 0 O
VSNN[GeV ‘\.‘..\.H.\.H.\.H.\ Coovov v b v b v by |
-1 -0.5 0 0.5 1 0 1 2 3 4
n P [GeV/c]

STAR Collaboration, J. Adam et al., Phys. Rev. C 98, 014910 (2018)
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Intensive measurements by STAR at RHIC

Other hyperons (£, Q)

B ? o STAR Au+Au 20%-50%
- Pa{77)=73423.02 %] _ Nature548.62 (2017)
3— eA OA
: PRC76.024915 (2007) o STAR Au+Au \/s,, = 200 GeV
i AA AKX ly=1<1, pf>o.5
B PRC98.014910 (2018) - ]
mA OA
2— = # Inclusive A (PRC98.014910)
—_— | ALICE Pb+Pb 15-50% * E+E (via daughter A P,
o I PRC101.044611 (2020) B [Jsyst. uncert. *
I I~ AN + i 2
(Al 1— STAR Au+Au 20%-80% ot |
- N * E +E (viadaughter A P,) T
- Tloe =g, -
B EF@ + Q +Q (via daughter A P,) i . 33
oL B st g = =
L = + O - S L
[ AMPTPRCS9, 014905 (2019) o = 073220014 + @, < 07320014
i DQM iy o o’ = -o_. = -0.401+ 0.010 - o =-0.758 £ 0.012
i O N yo=1° C_, =0.944
_1|||1| 1 Lol 1 vl 1 T B . L ' ' I ' I '

10 102 10° 0 20 40 60 80
Centrality [%]
\'Sny [GeV]

STAR Collaboration, J. Adam et al., Phys. Rev. Lett. 126, 162301 (2021)
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Beam Energy Scan (BES )

iTPCHLBIERATEE

— T
X = 3FD S STAR AutAu, /sy =3 GeV
R — UrQMD, |3y,)/2 ] : pr> 07 GeV/e, -02 <y <1
If b &z AMPT [ ap =073
wnm Chiral Kinetic . 3FD
st —=UrQMD+vHLLE 1 8 |——UrQMD, |@w|/2
£ AMPT
AR s
6L
Y STAR 20-50% Au+Au, 2021
% % STAR 20-50% Au+Au, '07-'18 .
ns B O ALICE 15-50% Pb+Pb
2
20 [ 1 J—
. T ol
0 — . = [] 10 20 30 10

50
Centrality (%)

10! 102

75 3GeV

SEHFRIRLT o
(xR, BX.
LR/ E8)

= - - - -
s o ° ]
< 4f ] ~
o9 \Ff 4 4%7 ]
b ] ! 4%7 ]
2r __AMPT 1 2 $ ]
[EBAMPT| ™o
1P 1 1If——— Tomemuge, 1
STAR Au+Au, /5nN = 3 GeV STAR Au+Au, \/sx = 3 GeV
o[ 0:50% ity, 0.2 <y<1 [ 0-50% centrality, pr > 0.7 GeV/c
ap =0.732 ap =0, 732
L L L L L L L L L L L L
0.6 0.8 1 1.2 1.4 1.6 1.8 2 —0.2 0 0.2 0.4 0.6 08 1

pr (GeV/c)

M.S. Abdallah et al., PRC 104, L061901 (2021)

iTPC and EPD upgrades

. 12 ~ 35
x =
et @ AR = 3
=10 Rk . &
9 % % STAR 20-50% Au+Au, BES-IT
% % STAR 20-50% Au+Au, BES-T 25
8 @O O ALICE 15-50% Pb+Pb

6 L5
+ 15

4 1 é 1

.5 .5

' - " 27 GeV

_ ——V&—liéi. and 27 GeV
= 2f | = STAR Au+Au, /sy = 27 GeV.
< 0.2 & 8 pr > 0.5 GeV/e, [y] < 1

D15 ay =0732

< 0 | 25

S

—02 2
0.5 19.6 27

1

®

0
a3 ¢ "
0 scaled using ay=0.732 —*ﬂ
<4 STAR 20-50% Au+Au, BES-IT 0.5
= 4 STAR 20-50% Au+Au, BES-I
& ALICE 15-50% Pb-+Pb 0
T
_15
Lo | —05
1 2 )3 4
10 10 10 10 o 2 m 0 30

SNN

M.l. Abdulhamid et al., PRC 108, 014910 (2023)

Centrality (%)
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Further measurements by other experiments

The Large Hadron Collider (LHC)

ALICE

Collaboration
at LHC

8.3Tesla ¢ Superconduc cti ng ]

magnets @& ews b0 b 1 1 1

LHC-B

Pb+Pb, /s =2.76, 5.02TeV @3

Py (%)
7
3
<
21
-
<

A A
W= '@ ALICE

3:_ EE:) + Pb-Pb 15-50% il I ; % #
% t _______ o___..%_%_%_%_ﬁ_%,#_ﬁ__%___%__"_(;_" bosepepb bt

+ |y| <05 ALICE Pb-Pb
—2F

o A .
Rl ~ < 4r Sy =5.02TeV  5-15% r Sy =5.02TeV  15-50%
] )| A X : o -
107 10° 10%| wmw son STAR
2r L

snn (GeV) | Au-Au 20-50%

Py (%)

Py (%)

0'5; 0.5 <p.<6.0GeV/c + §

L1 S, S T-cERREE n|<o0.8
_ o In

||||||||||||||||||

1 1 11l
10 102 10° 104

VSnn (GeV)
ALICE Collaboration, S. Acharya et al., Phys. Rev. C 101, 044611 (2020)
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Further measurements by other experiments

27, N\
—— T T T TTTTT T | T T T T TTTTT T T T T1T1T
0 L [ [ [ N
/ V\\\ oS-, Eo HADES Preliminary .
“ > HADES at GS! o T -
e Q C [ 3 AusAu 5, = 2.4 GeV 10-40% ]
HADES s 0.2<p,[GeVicl< 15, -05 <y_, <03 E

1 AutAu, \/s = 2.4Gelfn o e
S STA

lureS48 (2017) 62
R, PRCS8 (2018) 014910 |
ALICE, PRC101 (2020) 044611 —

s B Ag+Ag, /s =2.55GeV

2 % E
1 MM 1
0; “““““““““““““““““““ * ~~~~~~~~~~ lm ----------------- @._;_i
e o | E

1 10 10° 10°
VSan [GeV]

HADES Collaboration, R. Abou Yassine et al., PLB 835, 137506 (2022)

Global polarization of A hyperon has been observed at different
energies and decreases monotonically with increasing energy.
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I8i$: Spin polarization in a vortical fluid

oy SPin-orbit . spin-vortical
Consider QGP as a fluid: OAM = vorticity ?nﬂg‘r:crt?:)tn isnpt:enr:;ﬁ,lga

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 Monte-Carlo generator :

W.T. Deng and X.G. Huang, PRC 93, 064907 (2016);

L.G. Pang, H. Petersen, Q. Wang, and X.N. Wang, PRL 117, 192301 (2016)
Equilibrium, ideal spinning gas — 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)

1 J d2p*®w,,np(1 — ng) 1
H(p) = — — hvPo = _ — u/T
S*(p) 8m€ Dv fdzlp’lnp Wy 2 (avﬁu aupv) B =u/
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3L : Global Vorticity and fit to the Global A Polarization

AMPT transport model | '|:";§§:[{§::::::; | oo e
-- Li, Pang, Wang, Xia, PRC96, 054908(2017) ) " Aean
-- Wei, Deng, Huang, PRC99, 014905(2019) < Nl ™ S |
1k ++ FU) [ |

UrQMD + vHLLE hydro T I
- Karpenko, Becattini, EPJC 77, 213 (2017) G Y s
PICR hydro o
-- Xie, Wang, Csernai, PRC 95, 031901 (2017) R Z:Zj
Chiral Kinetic Equation + Collisions BBl T
-- Sun, Ko, PRC96, 024906 (2017) N T B -
- Liu, Sun, Ko, PRL125, 062301 (2020) I A
AVE+3FD ‘ Do B e
- lvanov, 2006.14328 £ AR | o

o g ] o 4
Other works ...... | hf‘f"i"g\\" 1

b Vs, ((3e\1/0)O

ppt from Huang Xu-guang, plenary talk at QM2019
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I2iL: QCD Spin Transport in Relativistic Quantum Kinetic Theory

S35 VN ¥ R EHpQCD B3 EFEHEE
PRL (2005 — PRE (200 | Relativistic Quantum Kinetic Theory
O £ R F 0 R EHEHIE

- :> BT 4 1 40 65 1 (Wigner function)id
RO HRO B B 7 Eh 3 23818 (quantum kinetic theory)

d* : _ -
Wigner function W g(x,p) = j (Zn})l‘* e "PY(S|Pg (x + %) U (x + % X — % ) Y, (x _ %) S)

e |S) = QGP: spin transport in QGP
e |S) = Nucleon: spin structure in nucleon
e |S) = EM systems: spin effects in atomic physics .......

very useful/powerful !

very challenging!

] . L] h J—
Wigner equation ly” (rll‘ + lEV”> — m] Wx,p) =0 32 coupled equations!

m = 0: “disentanglement theorem”, J.H. Gao, ZTL, Q. Wang and X.N. Wang, PRD 98, 036019 (2018);
J.H. Gao, ZTL and Q. Wang, Int. J. Mod. Phys. A 36, 2130001 (2021).

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, ......
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I2iL: QCD Spin Transport in Relativistic Quantum Kinetic Theory

Semi-classical expansion in terms of 1™
e.g., Gao, ZTL, PRD 100, 056001 (2019) to the first order of 7 | >

p

M, = hkB, — hpw,/m

ha,jt = —2mjs + h*CE - B B AL R it — gB~
”]5 Js Quantum Magnetization Effect Js oB
FAE R B RS (QME) FAIE 53 B 360N
Chiral Anomaly Effect Chiral Separation Effect
(CAE) “\ t 4 (CSE)
AXT IR B TahEEE R
Relativistic Quantum Kinetic Theory
(RQKT)

BARIRACII L

Global Polarization Effect
(GPE)

Exv)(v-V+E,V, - V,)F

“More is different”
——> QCD “spintronics” ?
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= = T Hli4E B he 93 (Spin Physics in HIC)

LA RERETFRHEFESSENNRAZEAEREANNERZIE

ﬂ (ZTL & X.N. Wang, 2005)

BiE—$iE  e») | EFRLHE (GPE)
HEIEH GBFRERL, KRN TR SR
(%‘lﬁ)ﬂ(oED)

.

B iE—h4i5 ; .
b s
WPeY RS TRl

—_—

ERT

Rl E B nEtEE
Spin physics in HIC

—

L&, EBEX%F
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A new direction in QCD Spin Physics

= o2 L
HARRERSSHP, FRMAR RSB S| AR IRRIS S
o E PR L S REsX TR SIS Citations per year Citations per year
#ERHIC, CERNLHC, fEZEGSI, . .
MR EERQFHBRBHNCA, - FEIRRE | BEIRAR
Fh EHIAF < -
o R EHEIER ) ’

0

hE. £E. #EE BAH, oo
HEW, BA. EREZHLA 27L& XN Wang PRL(2005) ZTL & XN. Wang, PLB (2005)

2019 2024 2005 2010 2015 2020 2025

ESR 408 MBS S Total citations=617 Total citations=292
é —

N ey = T A eE b ICEE FRiET S 5 RENAZREERNHERTE 7

ﬁ%ﬁﬁﬁﬂ% E %%ﬂ_ﬁ = ﬂ (ZTL & X.N. Wang, 2005) —

BRE—#iE | (o) BRI (GPE)
HEER BFRERL. KRATFBEEEAT)

X <
=] ﬁg&%ﬂzﬁé L] &y‘j ) [] e /' —
Q CD E ﬁﬁ %ﬂ %ﬁ 7}3_ I"I:T‘I mﬂ[%i ﬂ E*EE:EE__V?%% i’ FERHE V) | [ ¢ ﬂﬁiﬁﬁ%e

SEEEIER (QCcD) ﬁ%ffgﬁ — | BT
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Tk : KREZAMHILX

® Lecture Notes in Physics, Vol. 987 (2019) & & o (MIB¥R) HiB

Lecture Notes in Physics

Francesco Becattini
Jinfeng Liao
Michael Lisa Editors

Strongly
Interacting

Matter under
Rotation

R T RYIEME B E R IR

@ Springer

® 2024£FPan-Pacific Spin Symposium (PacSpin 2024) L 20Ei# R B 455
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> BlE (LE) e {4 QCDEHEHIHE ?

o %31+ QCDE HEREIE A 7

> XTI E B FhliiE P QGPEE (R R 1L BY
E AR BB SLIfIeF

> ITHAE R S ENRES: RETFER
BheRES S5 52 B HEXREXF
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KENFREBEAY— SRER

il |

TAR s Abdallahetal, %Kit (Nature) &3Rie3C!

Nature 614, 244 (2023) DRAIBRELTAFHSTARPEHBIEEEXE,
PRIV ERUSMNEFERTEFEE

The STAR Collaboration 20235, STARERB TEMMULERNF
78

Article
Pattern ofglobal spin alignment of ¢ and K* 05 [ Awmosniimi<in
mesonsin heavy-ion collisions el *Z(E) I H
: o Ko< 10 1527 <0GV oal ﬁ """ 5 -
e Zonlisatamm ol {

0.4

B . T —
03 Uo7 Gev T @ﬂsgeev ]

PRI
B 0.5 -
0.30 L T
i 0.4 - +
. [ o oy K T

pOO

0.35

)

© ¥ STAR (Au+Au and 20-60% centrality) F "‘Wiﬁ,ﬁ@
0-25— 5+ ALICE (Pb+Pb and 10-50% centrality) 03 - @ 62.4GeV 200 GeV ]
1 II 1 1 1 11 11 II 1 1 1 L1 11 Il 1 <| 1 L L
101 102 102 1 2 3 4 5 1 2 3 4 5
Vs (GeV) PT(GeV/c)

® T\ RE N TEF BT @— §| > P@
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Global vector meson spin alignment — Why so interesting?

Theoretical predictions STAR experiments:

z 3 N T 3 C 'j
REE 6 =Ly munitof 107 AmmeRm = o E
e Sl I i
@ U == ,,:”, Jv— |:> & ‘; : g ]
| s i o7 4- B

EERNEAERNEXHERBRE (0AW) s -, F
A & 7 | L. Adamczyk etal., |
& o BT H BRI 2 ? Natyre 548, 62 (2017) -
; Py=Pp=P,=Pg £ MA . E
e LT &) A BFUSH | o xBATHEEMEHS g b i ]
AEERSH @ —aa e _1=PE O — -]
@) @ > qu ~1i | | ] o

quark global polarization PR DL R 1 10 10% i
(QGPEE{FIR 1K) ¢ ysun [GeV]
ZTL & Xin-Nian Wang, PRL94, 102301(2005); PLB629, 20 (2005).
W ¢(yl<1.0and 1.2 <p; <54 GeVc)

o K* <1.0and 1.0 < p; < 5.0 GeV c!
0.40 — (vl Pr )

o BT EHMRIL R

Py=P,=P,=P, « Poo—3> P}

0.35 3
o i+ FE 1k B HEHER = FHT 5" ws avdaian et T
1 PZ 0.30 — Nature 614, 244 (2023)
Poo = : - 52005ER L TS SR
3 + Py pas. 2% STAR (usau ama 20-60% comraiy)

| 1 Ll Ll 1

S PO B S 5 O —
How can we understand it? What does it tell us?
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Global vector meson spin alignment — calculations in 2005

ZTL & Xin-Nian Wang, PRL94, 102301 (2005); PLB629, 20 (2005).

. . @) 1,1+ Pq 0 .
Quark spin density matrix:  p(@ = E( 0 1-p ) STAR experiments
q
TS | ~ P N . e | ]
Hyperon: qi+q5+q5-H p(qmz%) — p(Q1)®p(qZ)®p(Q3) Q s | Py~ E
4; STARP _E
H . e Y sE L. Adamczyk etal E
pH = (jym |p 419293 |]Hm) Py = z C; Pqi = Pq 13 % Nature 548, 62 (2017)
i=1~3 i3 Mm | ;
— ~ (1T ~ ~(G N — S *5]
Vectormeson: q)+qy -V  pi%) = plagp@) I N A
1 10 102 0®
GeV]
_ 1-P,P. 1-—P2 (o
vV — . ! A(qlqz) . Vv _ q1”° q2 _ q
Pmm = Gym'|p Jym)  pby = = 2
3+PqPg, 3+P; | e,
- —_—GY _4,6T0;;m;:P2
~%e LT Iy o BT RS os|- %@\Z‘M '
Q@-‘i N = : — ,2// Py=Py =P, =P, . J @g e SO i
SHREENEANEAHR O y E—— h i M.S. Abdallah et al.,
e o X BT FEIFE B NEH osof- % Nature 614, 244 (2023)
. ] Lt - 520053 TS e !
‘ﬁﬁﬁm.§&> %/ .*lp:jfﬁ’?ﬁmw@ poo = 3 + P¢21 : © % STAR (Au+Au an.t 20-60% centrality) ﬁ
3+P2 0.25 [ ©¥r ALICE (Pb+Pb and 10-50% centrality)
e T AT IR 5 B
ZTL & Xin-Nian Wang, PRL94, 102301(2005); PLB629, 20 (2005). VS (GeV)
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Global vector meson spin alignment — calculations in 2005

ZTL & Xin-Nian Wang, PRL94, 102301 (2005); PLB629, 20 (2005).

1/1+P 0 s

Quark spin density matrix: p@ = —( 1 ) B8/ FE
2\ 0 1-pP,

Hyperon: q; + q; + qg S H p192a3) = 5 RH2) Qp(a3) e s

Pl = G [P |jm) Py = Y iPu=P, (i)
i=1~3

Vector meson: q)+q»—V  p01a) = plagp@) B Rk

2
2
3+P,P;, 3+P2

(F75)

P = Gy’ [P |jym)  ply =

It was for the most simplified case (& &{LEVIER)

@ P, was taken as a constant, no fluctuation (3% FEiik%&)
@ no correlation was considered (& f&3x<EL)
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Global vector meson spin alignment — correlations?

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

forq) + q5 +q% - H two folded average

o s
' s Inside the meson

over the system

H

for g} +95 -V

1—(PyPg) 1—(Py)Pqg) 1 _
. _1 111) = | 1)
3+ (PgPg) 3+ (Pg)(Pq) 107 \/fl T 11—1) =| L)

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

BB FRUPy, BIOTARESZRAP HTIME(P,) ;
EE T TFEEHSpl, BANHARP,SPEIKXE, BIEREEREXE!

—> Awindow to study quark spin correlation (QSC) in QGP !

L&, EBX%*¥ 2025585 12-13H 55



Systematic studies of Quark Spin Correlation (QSC)

Correlations:  (P,P;) # (P ){Pg)

(1) local correlation:
(Pqpﬁ>v * (Pq>V<Pﬁ)V

(2) long range correlation:

((Pa),(Pa),)_#((Pa),) {(Pa),)

> Asystematic study of QSC in QGP:
@ define variables to describe QSCs

@ relationships to measurable quantities

® find out origins of QSCs
@ other consequences

HAI R EZRA

inside a hadron, ~ 1 fm, local correlation
@
Og ® ® @
® -0 oY )
O 0 OO O
o _O7@® O

0®0

in different hadrons, long range correlation

two folded average
(PqPg) = <<Pqpﬁ)y>s

inside the meson{
over the system S

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).

}

L&, EBEX%F

202548 H12-13H 56



Measurables and sensitive quark spin quantities

Hadron Measurables mFEX Sensitive quantities ERERX
Spin 1/2 Hyperon polarization Py average quark polarization (P)
(hyperon H) Hyperon spin correlation cy, 4, ¢y, 5, long range quark spin correlations ¢4, ¢ 5
Spin 1 Spin alignment p,, local quark spin correlations ¢,
(Vector mesons) Off diagonal elements p,,,/mm local quark spin correlations ¢,

_ Hyperon polarization Py or S, average quark polarization (P)
]SE I:Elzbaryons Rank 2 tensor polarization S;; local quark spin correlations c,,

Rank 3 tensor polarization S;;; local quark spin correlations ¢,

:> 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).
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® Origins of QSCs 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);

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:
Fei Sun, Jingdong Shao, Rui Wen, Kun Xu and Mei Huang, PRD 109, 116017 (2024)

Spin alignment of vector mesons by second-order hydrodynamic gradients:
Avdhesh Kumar and Di-Lun Yang, PRD 109, 054038 (2024)

Holographic spin alignment for vector mesons,:
Xin-Li Sheng,Yan-Qing Zhao, Si-Wen Li, Francesco Becattini, Defu Hou, PRD 110, 056047 (2024)

with light front quarks: Baochi Fu, Fei Gao, Yu-Xin Liu, Huichao Song, PLB 855, 138821 (2024)

Spin magnetohydrodynamics: Zhe Fang, Koichi Hattori, Jin Hu, 2409.07096, 2410.00721 [hep-ph]

Coalescence with spin-vorticity non-equilibrium:
Kayman J. Gongalves, Giorgio Torrieri, Radoslaw Ryblewski, 2410.16448 [hep-ph]

Quasi-particle in off-equilibrium medium: Shu Lin and Jiayuan Tian, 2410.22935 [hep-ph]

Mostly concentrate on p,(, predictions on other measurables?
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) - STAR Au+Au 20%-50%
i Nature548.62 (2017) eA OX
e - PRC76.024915(2007) ®A OX
PRC98.014910(2018) @A OX
7 PRC104.L061901 (2021) ® A
s ALICE PRC101.044611 (2020)
+ A &K Pb+Pb1550%
L HADES PLB835.137506 (2022)
NICA A Au+Au 20-40%
|- STAR-FXT A Ag+Ag 20-40%
FAIR
HIAF-CEE
O —- IO emmmm. T TNTTowee P
AMPT, A
Jse primary primary +feed-down
UrQMD+VHLLE, A Op =-0p =0.732
| —primary -- primary+ieed-down
ol Ll vl T
1 10 102 102
\{sNN [GeV]
045 T L I ELLTT T T T TTTTT T T T TTTTT T |
Beam Monitor T g ' ' '
0 r  STAR (Au+Au & 20% - 60%) 7

el i SRS RS [ %@ (yl<1.08&1.2<p <5.4 GeV/c)

L o K%(ly|<1.0&1.0< p, < 5.0 GeV/c)
0.4~ _g¥_-464+073

|

;’g@t::r.ing o D 80'35 | HAF-ceE i
= | -l
i NICA @ i
0.3 —
L STAR-FXT i
i =i STAR-BESII ]
JINR Dubna 3 l+ open symbols: -
i i oo 0.25- ALICE (Pb+Pb & 10% - 50%) -
;v illl 1 1 lllllll 1 1 lllllll 1 it l_
1 10 102 10°

Budget: approx. 500 M$ | Sl @ | ; \[ SNN (G eV)

ppt from Sun Xu (IMP) at Zhuhai workshop (2023)
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Global polarization of QGP in heavy ion collisions

Globally polarized quark-gluon plasma in non-central A+A
collisions

Zuo-Tang Liang (Shandong U.), Xin-Nian Wang (LBL, Berkeley and Shandong U.)
Oct, 2004

4 pages

Published in: Phys.Rev.Lett. 94 (2005) 102301, Phys.Rev.Lett. 96 (2006) 039901 (erratum)
e-Print: nucl-th/0410079 [nucl-th]

DOI: 10.1103/PhysRevLett.94.102301, 10.1103/PhysRevLett.96.039901 (erratum)

Report number: LBNL-56383

View in: OSTI Information Bridge Server, ADS Abstract Service, Nuclear Science References

pdf [4 cite 2 reference search =) 617 citationg

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

Zuo-Tang Liang (Shandong U.), Xin-Nian Wang (LBL, Berkeley and Shandong U.)
Oct, 2004

6 pages

Published in: Phys.Lett.B 629 (2005) 20-26

e-Print: nucl-th/0411101 [nucl-th]

DOI: 10.1016/j.physletb.2005.09.060

Report number: LBNL-56659

View in: OSTI Information Bridge Server, ADS Abstract Service, Nuclear Science References

[ reference search >) 292 citation
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“Global polarization (E{&iR{t) ” AER RN

Global polarization: E{&#R{L; global spin alignment: E{F B EHES

LETTER o | o — o
Pattern of global spin alignment of p andK
Global A hyperon polarization in nuclear collisions mesonsin heavy.ion collisions
PHYSICAL REVIEW LETTERS 126, 162301 (2021) PHYSICAL REVIEW C 95, 031901(R) (2017)

Global A polarization|in high energy collisions

Global Polarization of Z and Q Hyperons in Au+Au Collisions at ,/syy =200 GeV

PHYSICAL REVIEW C 104, L061901 (2021)

Global polarization of A and A hyperons in Pb-Pb collisions at ,/5yy = 2.76 and 5.02 TeV 1
S. Acharya et al.* Global A-h v are] in Al Au collisi S = = 3 GeV
(ALICE Collaboration) obal A-hyperon polarization in Au + Au collisions at ./sxy = 3 Ge

PHYSICAL REVIEW C 108, 014910 (2023)

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

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

feature article

Perspective

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

- - Global Spin Alignment in Ultrarelativistic Heavy-lon
ion collisions

Collisions

literature t global polarization

Literature Authors Seminars Conferences Data

iINSPIRE @er

1M 1results | ) [4 citeall Citation Summary Most F

Global Polarization and Collective Flow of A Hyperons in the MPD Experiment

VL Tm mlefem [Peidem e LRI mm o A Ammmmee Plesim am el ek N\ [ leam A7 ANATCN
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ERMEFETFREPFEBFERRNE (BEETFEBEN ) 0~D

B EHE70FK, SERMRBLZIART] “FIBHERL”

“Proton spin crisis” RF B EEHL

HRER DIS: ep - eX
FRARzN
-RFAaMES, *, {

DISSEER —
884F: I~0 CERN EMC,
B#f: 2~20%s, PLB206,364 (1988)

Single spin left-right asymmetry (SSA)
P

SmaX ;
Al o
4;; %1’

_N®D-NQ)
NEND AN
e.g. FNAL E704,
PLB264, 462 (1991)

predictions of pQCD in 1970s (#HQCDIE) ~ 0

—
Spin analyzing power in pp >pp
yzing s

p+p(M->p-p
R

Mg et _ NN

M= -RHIND

.g. D. Grab et al.,
PRL41, 1257 (1978)

Transverse polarization of A in pp » AX

i. ;w -+ \41
Lot i _oh—o@)
N ki Pri= e Te®

e.g. S.A. Gourlay et al,,
PRLS6, 2244 (1986)

SIS 5P EzE —— QCDIEIRFRITM O —— QCD B e

XL ESFUHESREB FEARUCENY (FEETRNEENR

E% 6
7
S‘éi‘\“;

S
=
o
S
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4,
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|ﬁinXb| i |ﬁinxb|

@
\
>
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S o E
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4_ Lo g -
o 1 L. Adamczyk etal., |
A3 + Nature 548, 62 (2017) -
E | ]
i m,é | ]
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—1:* | | . I
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Zfilal: Vector meson spin alignment in et e~ annihilation into hadrons

ERBFERIEENEE, stEmsamsT~%

e’ e~ annihilations — quark fragmentation
SCI&: WMCERNLEP e‘e > Z->qq-V+X

b DELPHI at LEP OPAL at LEP
ﬁ P. Abreu et al., PLB 406, 271 (1997) K. Ackerstaff etal, PLB 412, 210 (1997)

LI L L L L L L L L | LALINL B SELEL I B L e e

Particle Xp range P00 Re p1—1 Impi_1 Q_ 0 8 E_ E
3 *
K*0(892) 0.1<xp<0.3 0332005 0.000.02 —0.01::0.02 0.7 F OPAL e e - K + X 3
¢  0.05<x,<0.3 0304004 0004002 0.00::0.02 0.6 E E
© 0424004 0.0040.02  0.000.02 0.5 E i 3
K*0(892)  x,>03 0412007 0.01£0.03 —0.0120.03 * { E
& 0.274:0.04 0.00-£0.02  0.00:£0.02 04 ¥ q
o’ 0.43+0.05 0.01:£0.02 —0.01=£0.02 0.3 ﬁ?% b f% ------------------------------------------------------- E
K*0(892)  x,>04 046008 0.00£0.03 —0.03::0.03 i E
& 0.30:0.04 0.01:£0.02 —0.01=£0.02 0.2 —i
~ 0.482:0.06 0.02::0.03  0.00-£0.03 0.1 3
K*0(892)  xp>0.5  047+£0.10 —0.02:0.04 —0.063:0.04 )Y S P T T PR RO TPTY IS B
¢ 036:£006 0.020.03  0.00::0.03 0 01 02 03 04 05 06 07 08 09 1
& xp>07  0.55£0.10 0.02:£0.04 0.00::0.04 X,

Hig: SRBFRIEFRENTERAYSGBSRRILTX!

o) G =3, [ 6" Y (oo s, )
LR

K.B. Chen, W.H. Yang, Y.J. Zhou and ZTL, PRDQ5, 034009 (2017)
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ZE: AMEIREERE (BR%) BRESN

SCIENCE CHINA .
Physics, Mechanics & Astronomy @99»5 e A recent short review:

« Invited Review « ) ‘/.;gn}xar;fl(())zfo(;;(;l.1618431‘31?(.)21;_221419(2(?: J.H. Chen, ZTL, Y.G. Ma, X.L- Sheng &
Q. Wang, “Vector meson’s spin

NG RO S5 R alignments in high energy reactions”,
Sci. China-Phys. Mech. Astron. 68,

Vector meson’s spin alignments in high energy reactions 211001 (202 5)

Jin-Hui Chen!*, Zuo-Tang Liang?*, Yu-Gang Ma!*, Xin-Li Sheng**, and Qun Wang*>*

! Key Laboratory of Nuclear Physics and Ion-b Application (MoE), Insti of Modern Physics,
Fudan University, Shanghai 200433, China;

2 Institute of Frontier and Interdisciplinary Science, Key Laboratory of Particle Physics and Particle Irradiation (MOE), See a I S o : ZT L, ta I k g ive n at S p i n 2 02 3,

Shandong University, Qingdao 266237, China;

3 INFN-Firenze, Sesto Fiorentino FI 50019, Italy; S t b 2 02 3 D h U S A
*Department of Modern Physics, University of Science and Technology of China, Hefei 230026, China; e p e m e r [} u r a m )

5School of Mechanics and Physics, Anhui University of Science and Technology, Huainan 232001, China

F-ElambdaB FTHRBUBRLGH IS AFEL CHNS at HIAF ppt from Yu-xiang Zhao

254 ﬂ""‘ R i

! L ;
% o % kS,

China Hyperon-Nuclear Spectrometer

Silicon t v AC-LGAD
tracker . TOF

=il iR A
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Zh[E): QCD (Matter) Under Rotation

FRARESETHECNEE ZHiTE

Francesco Becattini

SUHE: TA 8 HAK, ABKIESEGES 2023.7.29-30 o Laoll” A
AP E: EREAFEERRXWEH 356 Strong]y
7H29 HEH Sessionll FHA: FE |nteract|ng

Bt ] 4B E B A Matter under
Rotation

11:10-11:40 QCD Under Rotation JEME R /E K

¥R TRREEERYIR

FNFE=EFSEEZIIERS (2025548, Li§)

B A
2
7/
&) W
o

25 £®

:30-16: 3] A3 Rt s QCD phase transitions under — -
19:30-16:00 =" PENZRAT magnetic field and rotation

F—E ek 5 Wiz FTRIQCDI AT =

Magnetteldlinien  Toroidalteld-
2025F11H7HZ=10H Plasmastro spulen

- #:E-F-Eﬁ 52 (Tokamak)

Asia/Shanghai B X
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B
)

(SEEZMEIEMBERANFARS U

@o{l %&ﬁgﬁ MATTER @ )\( %

“e 2022 | 2023
MM AESRE o AAm A L xh A .
> RSB+ AIS5TS (parallel session)

(plenary talk)

= BR B FE4IE K £ (International Spin Symposium) CRI 4138 5240184 )

SPIN202 1 25TH INTERNATIONAL
MaAdue,,) ::LNP;::J;;CS O pIN 2025 26th International
NI (A Symposium on Spin Physics
O I.\\I‘n r 18 =22, 2021 . == A Century of Spin
$24j@, HA $25/|, XxE, #x
(& LR T4%SH) A A LIRE+ 8B26/F, 20254, B

ERBIF EETME  Jhs7AYparallel session (EiEBHEAI100FF)
BiE(RIEE)ASHES
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E 5 TS B heiIE E s ElfRE

The 26" International Symposium on Spin Physics
September 22 - 26, 2025 Qingdao, Shandong, China

https://indico.ihep.ac.cn/e/spin2025

Nucleon helicity structure

Spin physics in nuclear reactions and nuclei

Three-dimensional structure of the nucleon: TMDs
Three-dimensional structure of the nucleon: GPDs and form factors
Low energy spin physics with lepton, photon and hadron probes
Fundamental symmetries and spin physics beyond the standard model
Acceleration, storage and polarimetry of polarized beams

Polarized ion and lepton sources and targets

Future facilities and experiments

Application of spin and nuclear polarization techniques

Spin in heavy ion collisions

Quantum computing and artificial intelligence

- —————— — o
International S
C. Alexandrou (U. Cyprus) H. Gao (Duke U.) J. Pretz (FZJ/Aachen)
K. Aulenbacher (U. Mainz) Y. Goto (RIKEN) 7. Roser” (BNL)
A. Bacchetta (Univ. Pavia) A. Guskov (JINR) N. Saito (KEK)
F. Bradamante® (U. Trieste) C. Keith (JLab) K. Sekiguchi (Tokyo Inst. Technol.)
D.G. Crabb* (U. Virginia) K. Kirch (ETH Zarich) E. Steffens* (U. Erlangen)
N. D'Hose (CEA Saclay) P. Lenisa (Chair, U. Ferrara) W.T.H. van Oers* (U. Manitoba)
A. Deshpande (Stony Brook) Z. Liang (Shandong U.) W. Vogelsang (U. Tiibingen) {
P. Di Nezza (INFN) A. Masaike® (Kyoto U.) X. Zheng (U. Virginia) =
R. Fatemi (U. Kentucky) R. Milner" (MIT)
G. Fidecaro® (CERN) C.Y. Prescott® (SLAC) * Honorary members
Zuo-tang Liang (Chair, Shandong U.) Shi Pu (USTC) Qinghua Xu (Shandong U.)
Jinhui Chen (Fudan U.) Guang-You Qin (CCNU) Yi-Bo Yang (ITP, CAS)
Xiaging Li (Shandong U.) Jian Wang (Shandong U.) Jinlong Zhang (Shandong U.)
Tianbo Liu (Shandong U.) Wel Wang (SJTU) Yuxiang Zhao (IMP, CAS)
Xiaorui Lyu (UCAS) Bo-Wen Xiao (CUHK) Jian Zhou (Shandong U.)
Bo-Qiang Ma (Peking U.) Hongxi Xing (SCNU)

Conference Venue: Qingdao Haitian Hotel
Email: spin2025@sdu.edu.cn

o [
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EfrBEMEXSENTYES R FEEESMFERSIY

25TH INTERNATIONAL The Polarized "LiD Program at Jefferson Lab for

SPIN PHYSICS $B25F, XE, % \(Polarized Fusior¥xperiments at the DIII-D Tokamak
SYMPOSIUM _
2023598 24-29H

September 24 - 29, 2023 Xiangdong Wei', L.R. Baylor?, W.W. Heidbrink3,

Durham Convention Center G.W. Miller*, A.M. Sandorfi*, X. Zheng* \
Durham, NC, USA ! ’

&

J =
!Jefferson Lab
2Qak Ridge National Laboratory

Ay
Accepted Plenary Speakers 3University of California, Irvine e &

“University of Virginia It j{‘%{
e Harut Avakian, "TMD program at JLab" The Spin-Polarized-Fusion (SPF) collaboration . b
-
- . N = . -
e William (Bill) Heidbrink CPolarized Fusion - T —————

» Pasquale Di Nezza, "Fixed Target Program at the LHC" CATNCE S 2 Ak 2 2o

e Frank Rathmann, "Search for Electric Dipole Moments and Axions/; J)gffeRQn Lab DIlI-D [HT"- @ LOWRIDGE  @EigRsY ! €A

e Spencer Klein, "Probing generalised parton distributions in ep and t

The PREFFR collaboraliorn projects
A UNIVERSAL METHOD TO POLARIZE ATOMS, Giuseppe Ciullo @_R] & University qffe'rra,ra, 7

MOLECULES, AND THEIR IONS o Bofialf of the =

for accelerators, nuclear fusion, or medical applications P - - COLLABORATION
»
Polarization Research for Fusion
xperiments and Reactors
26 September 2023 | Chrysovalantis Kannis
Group (Responsible) Institute
R. Engels et al. IKP - FZ] @ Jiilich
M. Biischer et al. PGI - FZJ @ lJiilich
25t International Spin Symposium (SPIN 2023) ILPP- HH University @ Diisseldorf
Parallel Session: Polarized lon and Lepton Sources and Targets G. Ciullo et al INFN & University @ Ferrara
T.P. Rakitzis et al. IESL-FORTH & University @ Crete
= @) JiLicH
Forschungszen: trum
¢ SPIN 2023 Durham (INC) PREFER - G. Ciullo 2
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BRI R (GPE)RQCDEIRHIERES S — 1TV IEB M, 20044F

BipiE, E#AKESINIESE.
o GPERIEINFFRET > QGPMH RS QCDHEEFFMRHFIER
> QCDBEEHEME EERAM R EE AR

@ BFEEHIL (STAR 2017NatureFf HHESE)
@ RENFEMEBREHS) (STAR 2023NatureiEs:)

BE T EETREB R E.

BB Tl E B e E
(RFYE) (i)
SEMHEIEA (QCD) 3

AR ESTHEFS5RENREEEE
ﬂ (ZTL & X.N. Wang, 2005) —
B iE—4hiE (aco) BB (GPE)

HEER | ETEmRL. REATEEEEED)
(ﬁiﬁ)ﬂ(oED) /
B iE—wii%

HEER \

Bib%uiE

FAERES (CME)

SREHRL
SREEaNEXREK

e T S

EBT
—  fliiE B e
Spin physics in HIC

(UPC) — WAL FRlHE

Thank you for your attention!
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