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o HfH4QCDE HEAITE?
o HHHAQCDEAEHIEIEA ?

> BB FRlERQGPE KL
> QGPE ¢ B g X Bk
> BEMRE

][I

-1

ZXANBER, ORHEBAR

AIE
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o JfH4AQCDE HEATE?
o JH+AQCDEAEHIEIEA ?

> BB FRlERQGPE KL
> QGPE ¢ B g X Bk
> BEMRE

Tl

-1

ZXANBER, ORHEBAR
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GCD3% 1 EL{E A 1132 s

Fr RS

>55'%??ﬁ—ﬂi‘c‘ E# SRR
{4 40 27 4% (1979, 2004iE N/RIE)

BT ER))¥4
=3 2 =—>  (QCD) ERMEBT <> ERBREEXHER

o pQCDEERHE
o BIEERMENS _, . HTWE AR

o BT

=y 2024F7H1H 4



OCDIEME E(ERYIE: s EEHYRETS

Sk 2 JRT# (nuclei) <
ik ¥ [5&F (nucleon/hadron) R
[E] 4 _
=4k BESE?
BE&k (color super conductor)
Bk BN ? B
Fa T (CGC: color glass condensate) [ 44
R SERTEETH?
(QGP: quark gluon plasma)

T TF49E

i&ﬁﬁ%ﬁ LR 2 R -F-4p 38 S IR -T-ix My 3R

Ty T~

SHFHpE BTHE

s =

TTEREI)IE
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QCDsEFHE1ERYIIE : 58T 454

=Rl ‘% BYSES | BTREM
ki | {i?ﬁﬁmﬁ HFHBTD

(FRSERD

©C6-66 6@

baryon meson tetraquark  hadronic molecule  hybrid glueball

ETIHEHELMR: B SE % (vacuum excitation)

q @ (Lamb{iL¥ — QED)
, ’

MER HMERBERRT

C EEEART AR — SRS TR

® WCDHEIR L RSN ® SHER MY FI IR R

50
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QCDEMEEAYE: BHIEBNHTAH [E

Sensitive observables?

@ spin Ph@ @ergy nuclea@

Spin dependence Nuclear dependence

\ }
|

@oortant directions of QCD@

=yt 2024F7TH1H 7



Why QCD spin physics?

Striking spin effects have been observed in high energy reactions since 1970s

( . (PR \ . . »
“Proton spin crisis” i-FBHEEH (“Single spin left-right asymmetry (SSA) N
e+p-oe+X
SRIRE: p(D+p-m+X Az
@)Pm PO X + —-— +—0-
FRAKEZZ £ 2 osl: ;¢ 4 o) "\, P
=RFAIiES, Eoz d
20.0 -3" - A ZN(T)_N(‘L)
DISSE3 : a2 %o VTN N
894E: 5~0  Brni @a> K e.g. FNAL E704
Baf: 2~20%S, N EMC, PLB 206.364 (1988) 6 s Gacoe oj: g PLB264 46’2 (1991)
\ Y, C - _/
Predictions of pQCD ~ 0
( « N \
Spln analyzmg power in pp )pﬁ"/ %sverse polarization of hyperon in pp — AX”
EET BN BN _}sz) LSRR A (i,
L p+p) —>pw:2+ ! P N 3. g% _ -y
1 ] 5
An +’f"?ﬁ§[—~’_’_7_~ __NDO-ND < 0 ;P;f;fw ' _o(M—-o(l)
A 1 ezt N N +NQ) oafe e J'i'::i'vv' } =M +a(l)
’ . | e.g.D. Grab et al., CoaS 4~ | e.g. S.A. Gourlay et al.,
T P PRL41, 1257 (1978) L A PRL56, 2244 (1986)
. J

=yl 20244E7H1H 8



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 SLACHE L LB EfE

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

“BUBBLSERTITELHONE, WRELRENE, ©NTES
7T BRI — R R L X e

R REEM X EREM B gEEn (D

-

=g 20244E7H1H 9



Why QCD spin physics?

- \ o BT Bl
S 5 QcDE#® . QCD (RFEH)
mEazE T SR O EIEE | o maEmE ks
| (5BF/=45)

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/P Conf.Proc. 187 (2008) 754-763 - Contribution to: 8th Internation:
High-energy Spin Physics, 754-763

¢ DOI [= cite

Spin effects: A Challenge for perturbative QCD

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

¢ 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,

=g 20244E7H1H 10



S E{ERYIRMES: S5 5EF17(QGP)

BEEEHTYRES T.D. Lee, G.C. Wick, PRD 9, 2291 (1974),
J.C. Collins, M.J. Perry, PRL 34, 1353 (1975).
AR v
= e el nucleus

" 3} .
EZFAE Qe »wi— compressing

¥
Pt

TR FFa Tk
Quark-Gluon Plasma (QGP)

A He 2024sF7H1H 1



B EERYRELS: SRR 55T (QGP)

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

FH R
“*ﬁ%”

-~
&3
-

ESTHI{E
1] IJ\%*F ”

Heavy lon Collision (HIC) ma (mma |

~ Time

Initial conditions Partonic matter — QGP Kinetic freeze-out

Initial high Q2 interactions Hadronization and chemical freeze-out

Gy 2024sF7H1H 12



s E{ERYY SR 55 T4(QGP)

3 4 2. 5 -
PHOBOS ~ = 1200 0'clock
10:00 o’clock = =

it F EE—SERTIHEN: SE&YE
Au+Au, 130AGeV

i F EE—a R LppxT{EHL: QCD B HEHIE
p(polarized)+p(polarized), 200~500GeV

Proposal: 1984; First Run: 2000
Discovery of QGP: 2004

Available online at www.sciencedirect.com

SCIENCE@DIRECT" NUCLEAR
’.' PHYSICS A

ELSEVIER Nuclear Physics A 750 (2005) 30-63

New forms of QCD matter discovered at RHIC

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

RHICt;%;EELEﬁU

T

) = 5E4%4T8 (High Energy Nuclear Physics)
AE

A
=

2024E7H1H 13



Why Quark Orbital Angular Momentum (OAM)?

quark OAM was used to be neglected

EmtE8:  ysed to be non-relativistic @

Quark mOdEI baryon meson

r

Physics Publishing Co. Printed in Great Britain.

Physics Vol. 2, No. 2, pp. 95-105, 1965.

IS A NON-RELATIVISTIC APPROXIMATION POSSIBLE FOR THE
INTERNAL DYNAMICS OF "ELEMENTARY" PARTICLES?*

EEAANHCE

G. MORPURGO

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

TIERS IN

P

(Received 28 April 1965)

= PPOJA N AT,

on the depth of the potential well. Eer—tnetance, for a quark antiquark mode (3!
the octet bosons with a quark massfof 5 GeV and a range of the binding force: (&
(5my)-1, one has (p/M)2 = 1/40, a nen-relatidistic situation quite similar to

The Quark
Model

3r . . . -
il R EiCE used to be one-dimensional /s
Parton model

20244E7H1H 14

=y



Quark OAM should play an important role

Diracequation:  id,p=HyY H=d-p+fm Y= ((5)

With an external potential V (7):

Py

i:leff(p:E‘p Heffzm+2—+V+

Foo(MQ: (6, ¢)
= 1 ) 01 ’ S) = :
Yo ¢Eogm+ .8.9.5) —9o01(r) Qim (6, 9)

15
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Striking spin effects have been observed in high energy reactions since 1970s

g iR
FREREZME
=R¥RiEs, ¥
DISSEL :

894F: Z~0 "
B#l: 2~20%sS,,

(" “Proton spin crisis” &FEHEf#l i

etp-e+X

(k) S~

% 7(q)
N(p)

| @34 G AGS
2 ptp(N-p+be
-
An Aty ad
nkf'%ﬂ” ,

“Spin analyzing power in W

(«

m0+pan+x

Single spin left-right asymmetry (SSA) )

3 ,_._
_‘pm \ P/

_N(D) - N(l)
N=ND +N(Q)

e.g. FNAL E704,
PLB264, 462 (1991)

ﬁ‘wsverse polarization of hyperon in pp - AX” h

: ¢
EMC, PLB 206.364 (1988) x ﬁmj,—ﬁ—it
/ ¥
Predictions of pQCD ~ 0
5 ptp->AMN+X
E'}‘ (é?:m 5
/ P 1o &%‘
_ N(T)_N(l) g 02} p,>1GeVic

N="ND+NQ)

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

mv-wa-

03 """“““"
W pp; Vs=62GeV

pnpme-wa
02 IN 0.6 OB 1
Xe

/PR
/ “PoX Py

| p I -0

1= e +0o()

e.g. S.A. Gourlay et al.,
PRL56, 2244 (1986)

The underline physics:
intuitively

systematic studies in 1990s

quark OAM and
spin-orbit coupling in QCD
e.g.,

D. W. Sivers, PRD 41, 83 (1990);

C. Boros, ZTL, Meng Ta-chung, PRL 70, 1751 (1993);

C. Boros, ZTL, PRL79, 3608 (1997);

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

S.B. Nurushey, Inter. J. Mod. Phys. A12, 3433 (1997);

G. P. Ramsey, Prog. Part. Nucl. Phys. 39,599(1997);

C. Boros, ZTL, Inter. J. Mod. Phys. A15, 927 (2000);

U. D’Alesio, F. Murgia, Prog. Part. Nucl. Phys. 61, 394 (2008).

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

EE

RETBE

M, ]

-

=yt

20244E7TH1H 16



][I

-1

o 4 QCDBKEHIIE?

' o Hf+4QCDE HEHIELEA ?

> BB FalliEh QGPEE AR 1L
> QGPE 57z B e < Bk

> RZEH

e

AIE

20244E7H1H
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& EFHliE: unique place to study spin-orbit interaction in QCD °”“

Huge OAM of the colliding system in non-central HIC
the reaction plane: can be determined experimentally!

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

N U
Spin physics  HIC physics
5

y
- B’ Au+Au at 200AGeV
b yli,= Pin X - |
. re — e
impact parameter * | p;, XD | 0 b TP
normal of the reaction plane b/R ,

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

=yl 20244E7H1H 18



> Gradient in p_-distribution along the x-direction

X RbES %75 1

y© \ X
R B HExAEZ TS @

impact —a
arameter > —
p 4_ {‘ = E Eﬂ]j’irﬁl
e

We use (x, y, z) to denote the space coordinate, Y is rapidity.

=yl 20245E7H1H 19



Gradient in p_and local OAM of produced partons (S

dp
Ap, =
P: dx

AL, =—Ap Ax~—1.]

Ax

for b =R ,, Ax=1fm

impact/parameter
of parfons x | Ax

x has a preferred direction (B) !

=yl 20244E7H1H 20



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

4,74, —4q,%4q,

take a L /

collision as an example.

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

20244F7H1H 21



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;) }

aHE 20244E7H1H 22



Static potential model with “small angle approximation”: Ao(qr) == g 5
ZTL & X.N. Wang, PRL 94, 102301(2005) qr + Hp
p — up|pl

17 2E(E+m,)

perturbative QCD at finite temperature:
J.H. Gao, S.W. Chen, W.T. Deng, ZTL, Q. Wang, X.N. Wang, PRC 77, 044902 (2008)

e
o
]

- a=01
02 - a=02
- a=03

0 =0.4 Ap : momentum difference

between two partons
T : temperature

0.1

— Quark polarization P,

aHE 20244E7H1H 23



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”

J

=

20244E7H1H

24



Direct consequences "

In a non-central AA collision:

global polarization of | hadronization |global polarization of
quarks & antiquarks e " |hadrons

Global hyperon polarization A->1+2

SR, FHRWHF do 4 (1+ ayPycosO”)

Global vector meson spin alignment

dN 3N
V-M;+M, dﬂ* [(1 Poo) + (3p00 — l)cosze*)]

combination _
| & oy recombination Utq—>M

Al N ) QGP hadronization — coalescence - + 92 + q3 > B
PR EAEARES (Tt BoB

S——

& 20244E7H1H 25



Consequence |: Global hyperon polarization

Quark combination qi +4q;+q;~ H dominates at small
1 (1 +P, O ) and intermediate py

@D =
P 0 1-P,

5 ﬁ(qwz%) — ij(fh)@’p\(%)@’p\(%)

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

m;,m;
Py = p, — pH_ Im;) = |jamy, jzmy, jzms)
hyperon A zt 0 3" =0 ="
combination  Pj 41)‘{% Z(P”g)d)‘Ps 4Pd‘+Ps 4Ps3-Pu “)S_T_Pd

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).

=yl 20244F7H1H 26



Consequence ll: Global vector meson spin alignment

Quark combination 4\ +@s -V dominates at small

B B and intermediate py
p(q1qz) — p(fh)@p(qZ)

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

ol = 1-Pg,P;, 1-Pg 1 spin alignment
3+Pg,Pg, 3+P% 3 B rEHE
P11 Pio P1-1
ZTL & Xin-Nian Wang, Phys. Lett. B629, 20 (2005). pl = (;01 ;’00 15’0—1 )
-11 -10 -1-1

A 20244F7H1H 27



A brief summary of the idea and results "

Globally polarized quark gluon plasma (QGP) in relativistic heavy ion collisions

Q s % 05 1 15 2 .| 5&@%%&7’5- rl:ﬂ ]
BRNEELSRNEANERNE [HaTHRRE ]

0.75 1
X/(R,-b/2)

1

os;  Au+Au at 200AGeV

p,(x, b)

db,/ dx

_ p
o BT EMAIRL
BFusm | ro el
— | e REBA TR EHEH D)
(4B8&) (spin alignment)
_1-Pg
“global quark polarization” Poo = 57 p2 )

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

=yl 20244E7H1H 28




R 15 2 [ 47 0w B2

A REERE AR R TR T RHET IEB TR

ZTL & X.N. Wang®93ZEE20045F10818HIR3Z

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

Nuclear Theory

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

Globally Polarlzed Quark -gluon Plasma in Non-cer

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

Sergei Voloshin 2004<E10 521 HiE 32

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

Nuclear Theory

[Submitted on 21 Oct 2004]

Polarized secondary particles in unpolarized hig}

> RIZFarXiviiE {3k, 3EEWayne State X2 Sergei Voloshin##%
#ik B 1R B8 BB F—ia FabiE

*I, #Eﬁ(ﬂ'u

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

In this short note I would like to point out that such
a conversion of the orbital momentum into spin (and, in
principle, wise versa) can be relevant not only for A+ A
collisions but /Z?Z could lead to important observable

effects in hadrén-hadron collisions. In particular I try

Sergei A. Voloshin )

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

In this short note | 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 also could lead to important observable effects in hadron-

hadron collisions (S XX 4#%—#% ... T A ...

#

¢

58 F—58 1 il E)

HHE 202427H1H
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> EESEEL I KEM. GyulassyE IR BIFHMERTHE
5QGP/aicEk R, IR TTEERULE RIENXR, HA
B ‘R T RES FHIERN—FFIERE (...opensa

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'

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

[7] 2. 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).

BRI

“vorticity”

L

. 3

HHE 202427H1H
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> {E[E Gustav HertzZZ 15X . /BEEMax-Planckiz I8 i Fr i<
C. Keitel B IR B R T B AR N S ARSI F

BALHITER .

Physics Letters B 666 (2008) 315-319 | MIE “XFiRL”

Photon polarization as a probe for quark-gluon plasma dynamics

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

Mex Planck Institute for Nuclear Physics, Saupferchedkweg 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-

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

N\
LS
<>

HHE 2024sF7H1H KY|
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> B A FIE RIZADERER (INFN) F. BecattiniZ i W 5T 2B 758 7 #UQGP
EEFLEHESHMEMNLEBESE, AmETIEAHORK S REE
EBRXHR.

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
The most distinctive signature of an intrinsic angular gIA
- . - (13 V< - Al 4]
momentum would be the polarization of the emitted hadrons. SIZ{QI?S

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

Vsl

[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.

HHE 2024sF7H1H 32
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2006E, SE18J/@ “EmMIF KL [The 18" International Conference on
Ultra-Relativistic Nucleus-Nucleus Collisions (Quark Matter 2006) ]

o BiE T RIEEMASIRE (plenary talks), EIJIRE “Global polarization”
B EILTE.

o HEREF I E S “International Workshop On Hadron Physics at ... ”
(20065E11H21-25H) £, AL T —1F i Tsession, XHEXHEiL5LINiH
1TEE 3R pra——

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 COMPASS™. M. Sapoizhmkowv

24%1:4: E *.E y 6/|\jﬁlﬂ=l= y GINR)

15:00-15:-30 “Global guark polarization in QGP 1in non-central A A

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

15:30-16:00 Coffee/Tea break

M= = 2
.‘_‘L E A} b y: \V ﬁ Chairman: Prof. Zuotang Liang
N ':‘-l N ‘l 16-00-16:-30 ““Global polarization measurements 1in Aut+Au collisions™
/ A y: .‘l 1 Ilya Selyuzhenkov (Wayne State Unaversity. USA

16:30-17:-00 “Spin alignment measurement of phi meson by STAR

Jinhui Chen (SINAP)

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

Zibo Tang (USTC)

HHE 2024sF7H1H 33




First measurements by the STAR Collaboration at 200GeV

However, NOT observed at

STAR /s = 200GeV within the

statistics available at that time!
The STAR Collaboration

PHYSICAL REVIEW C 76, 024915 (2007)

Global polarization measurement in Au+Au collisions 08— T

i fragmentation: © ¢ (20-60%)
0.4r = — PQ,Ps =-0.3 0
- = -0.08<P,,P.<0.15 & K™ (20-60%)
F 0.6 — s ]
0.3F n
C _ M
0| ABTEERL e L I
TF S | L= (| -
0.1F o 04 S Y |
C == 11!1 LT e a2 =t ‘ll ————— - T———-———————— e
< } E y L [ &

- OE 02+ [G’ recombination: -
0.1F = lﬁBd’ P_<0.15
0; BN FEEENHS-
e 0 :
o0aF- 0 1 2 3 . 5

= L Pr (GeVic) RAPID COMMUNICATIONS
04555 2 4 45
pt (GeV/c) PHYSICAL REVIEW C 77, 061902(R) (2008)

Spin alighment measurements of the K **(892) and ¢(1020) vector mesons in heavy ion collisions at
«/SNN = 200 GeV

=yl 20244E7H1H 34



Results of STAR beam energy scan (BES I)

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

Il T T Illllll

—
S Au+Au 20-50%
8 4 A this study —
T @ A this study i
| ¥ A PRC76 024915 (2007)
6 O A PRC76 024915 (2007) |

i RAE TV B
I | Hezes | ﬁ °°

Vsan (GeV)

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 (Z, Q) STAR

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 )

iTPC and EPD upgrades
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LRI/ 2 8)
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£ 7 [ —
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wnm Chiral Kinetic 5 HADES preiim. SQM2019 ALICE PRC101.044611 (2020) C
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M.S. Abdallah et al., PRC 104, L061901 (2021)

K. Okubo for the STAR Collaboration,
arXiv:2108.10012 [nucl-ex]
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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
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Py (%)

Py (%)
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L1 S, S T-cERREE n|<o0.8
_ o In
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1 1 11l
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ALICE Collaboration, S. Acharya et al., Phys. Rev. C 101, 044611 (2020)

AR 20245E7H1H 41



Further measurements by other experiments

// \\ v\? T TTT] T
/ V\\\ oS-, HADES Preliminary
=N HAD ES at GSI < 6 ®  AgsAg 5 = 2.55 GeV 10.40% -
_“ & ] usAu 5 = 2.4 GeV 10-40% T
HADES sF 0.2<p, [GoVicl < 1.5. -5 <y, <03 E
- [ AutAu, /s = 24Gefnonameer
N a STAR, PRCSE (2018) 014910 ]
4— e ALICE, PRCT01{2020) 044611 —]

s B Ag+Ag, /s =2.55GeV

£ E
1 JPM& 1
0; “““““““““““““““““ % ~~~~~~~~~~~ \m ----------------- t..;_i
e o | E

1 10 10° 10°
V'San [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

Consider QGP as a fluid: OAM —> vorticity spin-orbit . spin-vortical J

interaction interaction
B. Betz, M. Gyulassy, G. Torrieri, PRC 76, 044901 (2007) OAM — vorticity
W.T. Deng and X.G. Huang, PRC 93, 064907 (2016): vorticity using HIJING MC generator

L.G. Pang, H. Petersen, Q. Wang, X.N. Wang, PRL 117, 192301 (2016):  in (3+1)D hydrodynamic model

F. Becattini, F. Piccinini, Ann. Phys. 323, 2452 (2008); equilibrium, ideal spinning gas
F. Becattini, F. Piccinini, J. Rizzo, PRC 77, 024906 (2008);

F. Becattini, V. Chandra, L. Del Zanna, E. Grossi, Ann. Phys. 338, 32 (2013);

. . _ local equilibrium
F. Becattini, |. Karpenko, M. Lisa, . Upsal, and S. Voloshin, PRC 95, 054902 (2017)

St(p) = — ieuvpap J dzp*®,onp(1 —ng)  QGP: the most vortical fluid in nature observed yet
8m ' J d2,p*ng '

QGP@RHIC

1
Thermal vorticity: @, = E(avﬂu - auﬁv) w~10225-1

B =u/T /W 40 A A 16T 10° 10 AT Ao
(s
Figure taken from ZTL, M. Lisa, X.N. Wang, NPN 30, 2 (2020)

P~w/T @ STAR data
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IEif: Global vorticity and fit to the Global A Polarization

AMPT transport model
-- Li, Pang, Wang, Xia, PRC96, 054908(2017)
-- Wei, Deng, Huang, PRC99, 014905(2019) <

UrQMD + vHLLE hydro

T

AutAu, 20-50%
—aA—A and A

e ASTAR

‘ o A STAR

- Karpenko, Becattini, EPJC 77, 213 (2017) " e Y s Gy

PICR hYdI'O i'g_ v - @-PICR model

-- Xie, Wang, Csernai, PRC 95, 031901 (2017) - gigz = 3

Chiral Kinetic Equation + Collisions " rile, Ty

-- Sun, Ko, PRC96, 024906 (2017) of Ty e

- Liu, Sun, Ko, PRL125, 062301 (2020) o T

AVE+3FD . i ‘ Y] <1 : _: gﬁﬁgﬁﬁ i 1:» : /lS::\L:-Au (b=8 fm)

- |VanOV, 2006.14328 ‘63}4__ B I 6f ;:r::s:?er,lc=0.025 1

o 2; }‘i{‘{ o 4l LKk =0.

Other works ...... R Lk 1 e z S 4

1.0 160 4 6 8 :/(S)N_N Gevi 20 40
s ., (GeV)
ppt from Huang Xu-guang, plenary talk at QM2019
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I2iL: QCD Spin Transport in Relativistic Quantum Kinetic Theory

ez ¥ R EHpQCD HXTieEFIIEE
PRL (2005 — PRE (200 | Relativistic Quantum Kinefic Theory

8 SR T ok B R

I BT 4 /& 40 2R 21 (Wigner function)Bd
oM@ O AL | = FHIEZH L (quantum Kinetic theory)

Wigner function Was(xp) = | (534 e 2SIy (x+2) U (x+2,x =2 ) o (x—2) I9)

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 !

: , h B very challenging!
Wigner equation [Vﬂ (““ i ‘2‘7") B "‘] WxP)=0 " 33 coupled equations!
U. Heinz (1983), H. Elze, M. Gyulassey (1986); D. Vasak, M. Gyulassy and H. Elze (1987);
Pengfei Zhuang, ......... ; 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 | >

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) “o t 4 (CSE)
AXT IR B TahEEE R
Relativistic Quantum Kinetic Theory
(RQKT)

BARIRACII L

Global Polarization Effect
(GPE)

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

“More is different.”
——> QCD “spintronics” ?

=y 202427H1H
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A new direction in QCD Spin Physics "

ZTL & X.N. Wang, ZTL & X.N. Wang
3R A A B R B S e PRL 94, 102301(2005) PLB 629, 20 (2005)
Spin Transport in QCD: “QCD Spintronics”? HEP iNSPIRE Citations=516 HEP iNSPIRE Citations=227

R B R
OIS
EETFliiE B ieE O -0 3 3,
Spin Physics in HIC )
@ Ny

o EllR AR SRS
AR S TS O (RHIC. LHC. HADES. NICA. HIAF)
Scm TR F A ey
o HREWBOR (hE, £H,
B, B, ENEE)

QGP Spin Physics

XEHTEBaEES S a

N
B S, TR TOCY
%

B E NN
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f 17:00 Chiral and magneto-hydrodynamics for
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Chirality, Vorticity, Spin Polarization Initial State and Approach to Equilibrium

Collective Dynamics Jets, High-p; Hadrons, Medium Response
Critical Point Searches Light and Strange Flavors
EIC Physics New Theoretical Developments
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SPIN2021 X 8i1F EEFUER R XS & (plenary talk)
=

M.;tz.«e.,v'.fw Spin Polarization Effects in Heavy lon Collisions Zuo-tang Liang @

October 18 -22, 2021 Matsue, Shimane Prefecture, Japan 15:45 - 16:15

525/", 20234F9F24-29H, %E, HREAF
25TH INTERNATIONAL ﬁ/rj(%*ﬁ% (5‘;3‘&\ ﬂiﬁe) +3E1‘Z|§|(]parallel session

SPIN PHYSICS
SYMPOSIUM

Scientific topics and parallel session conveners

September 24 - 29, 2023
Durham Conventi ion Center
Durham, NC, USA

Nucleon helicity stru¢ Spin in Heavy lon Collisions

Spin in heavy lon Collisions - Theory #(#% Qun Wang . :
Emanuele Nocera Jinfeng Liao
Grand Ballroom 3, Durham Convention Center 11:00 - 11:30 . 5 =
Sebastian Kuhn Jinhui Chen
Spin in Heavy lon Collisions - Experimental Review Aihong Tang @
Andrey Tarasov Takafumi Niida

Grand Ballroom 3, Durham Convention Center 11:30 - 12:00

B26jE, 20254, EEBRALAMIESE, BESREHF, WEKXFED!
Welcome to ()ingdao in 2025!
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International Spin Physics Committee (ISPC)
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Voting Members:

P. Lenisa — Ferrara (Chair—Elect)H. Gao — BNL & Duke (Past—Chair) R. Milner — MIT

C. Alexandrou — U. Cyprus K. Aulenbacher — Mainz V. Barone — Torino

N. D’Hose — Saclay H. En’yo — RIKEN R. Fatemi — U. Kentucky
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Global vector meson spin alignment — experiments

STAR The STAR Collaboration Y —%1E {Nature) &3

chESTARE, kBEEH8. hipEd M.S. Abdallah et al., Nature 614, 244 (2023)
ERNSFERTERSE

Article

Pattern ofglobal spin alignment of ¢ and K*°

* o(yl<1.0and 1.2 <p; <54 GeVc)
B © K (lyl <1.0and 1.0 < p; < 5.0 GeV c') e 3 (P
0.40 |~ D mesonsin heavy-ion collisions
0.35
n hg =
g | ® TN K ENFEAEBIEHES
< L
00— |e |y —1 2 . p2
- Q2= |p00 3 > Pj Pq
B © ¥ STAR (Au+Au and 20-60% centrality)
0.25 [ ©¥r ALICE (Pb+Pb and 10-50% centrality)
II 1 1 IIIIIII 1 1 IIIIIII
101 102 102
sy (GeV)
h 3 irect
Vector meson spin alignment by the strong force field ‘ ,( y Science Bulletin
[ " < BN
. " | Vo v el S & Y
AlR-Rig A5G | Sed B RAEE - BHRH T8
View-Point = Published: 30 January 2023 = Article: 15 w\ o «ﬂ %ﬁdﬁ» perspectivef:‘. E H(J ’él.iglz
. . » in ali i 2
E%ﬁfﬁ, NST, VlGW'POlnt*\:L. E H(J'ﬁl\ i(;lr?bce(n)l”sg;:nasllgnment of vector mesons and strong force fields in heavy
p Jinhui Chen*, Zuo-Tang Liang ™*, Yu-Gang Ma **, Qun Wang “*
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Global vector meson spin alignment — analysis

ZTL & Xin-Nian Wang, PRL 94, 102301 (2005).
Global hyperon polarization: 91 + q2 + g3 - H

P, [%]

ij(qwzqs) — ’ﬁ(fh)@ﬁ(%)@’p\(%)

(

1

2

0

1+Pq )
1-P,

ﬁ(q) — 0

ZTL & Xin-Nian Wang, PLB 629, 20 (2005).
Global vector meson spin alignment: q} + ﬁg -V

0.40

0.35

’p\(fhﬁz) — ﬁ(th) ®’p\(ﬁ2)

Poo

0.30

1_PQ1P52~

3 + Py, Pg,

2
1-P2 1

~ — _p2
3+P2 3

3 q

Poo = (1 )

0.25

W o(yl<1.0and 1.2 <p; <5.4 GeVc)
© KP(y]<1.0and 1.0 <p; < 5.0 GeV c)
— GY=464+073m?

& Poo —3 > P}
&

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

il 1 Ll

102

V Snn (GeV)

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 )

- pl@ =_
For quark: P AU 1-P,

Hyperon: q} + q; + q}, S H ij(qmzqs) — ﬁ(qﬂ@ﬁ(qz)@’p(qs)

Pmy = (Jum' [p019298) |jm) = ¥ o (Fam M) (m |j ym)(m; | pL919299) |my)

Vector meson: 41 +dz >V plara2) = p(a @p(a2)

Prms = Uy [PUID|jym) = T Gym' my)(m; | jym)(my| p9172) |m;)

It was for the very simplified case:

® P, was taken as a constant, no fluctuation, no correlations
@ no other degree of freedom (d.o.f.)
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Global vector meson spin alighment — correlations

Consider fluctuation and/or other d.o.f. , at least,

for g\ +q5 -V two folded average
1-(PyPg) _ 1= (Po)(Py) (PqPg) = < )V>

3+ (PqPq) 3+ (Py)(Py) inside the meson 54/"

over the system

vV _
Poo =

forq]+q£+q£—>H .

PH:

<C1Pq1 + CZPQZ + C3Pq3>

= ¢1(Pg,) + c2(Pg,) + c3(Pq,) = (Pg)
s

H

STAR Data indicate: (P,P;) # (P,){P;) simply means correlation!

By studying P, we study the average of quark polarization P ;

by studying p},, we study the correlation between P, and Pg .

> | Awindow to study quark spin correlation in QGP
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Local correlation or long range correlation

Correlations: (P,Pg) # (P,){P5)

[ two folded average
(Pqpﬁ> = <<Pqpﬁ>y>s

inside the mesorlf{/"

over the system

\ J

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

(2) long range correlation:

((Pa), (Pa),)_ = ((Pa),) ((Pa),).

o 1( 14P, P, —iP,
Off-diagonal elements ? pu = §<p Py 1-P,
(Pgx) = (Pgy) = 0; (Pgy) # 0,(PZ,) # 0

> a systematic study Ji-peng Lv, Zi-han Yu, ZTL, Qun Wang, and
Xin-Nian Wang, PRD 109, 114003 (2024)
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Description of quark spin correlations — decomposition

\J ‘w
) >
x &
v, %
4’0 Q&

Ong UN\“

For single particle, we decompose the complete set (I, ;)

N 1 ~ ~ (1)~
pv = 5 L+ Py;04;) Py; = (61;) = Tr[pMay;] J

For two particle system (12), the complete set (I, 31;) ® (I2,02;)
we are used to pis = 2_12 (H1 Q Iy + P1;04; Q Iy + Pyl & 05; + t(lz)an X Uz])

shortage:  ¢(1?) = Py;Py; =0 if p(1» = p» ® p®

12) ~
we propose P12 = 0 @ p® + Lc1V5,, @ 3y,
12 12
cii? = (61:02;) — (61) (G2;)  ¢f}? = 0if pO? = p®» Q p@

For three particle system (123)

~ ~ ~ ~ 1 12) ~
p2) = p @ p? @ p + 3 |¢{}V81; ® 8 ® PP + (1~ 2 - 3)]

_|_

c123)5
23 Cijik 01; Q 02; ® T3

S
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Description of quark spin correlations — «a-dependence

Single particle: P (a) = ~[1 + P1;(@)5y;]

Two particle system (12): P2 (ay, ) = P (@) ® PP (az) + 5 €55 (@1, @2)81; ® B

Suppose A=(12) is in the state |a,, ), the a,-dependent spin density matrix of (12) is

PP (ay2) = (g P2 (ay, @) |aty;) average inside A

12 ~ ~
= pWV(az) ® pP(ar,) + = 22 f, )(a12) 01; X 0y

The polarization Pyi(a12) = (Pqi(aq)) equals to P,; averaged inside A

12 .
However, the correlation Egjm(al ,) # <C(12) (g, @y )> does not equal to cgj )averaged inside A

instead ¢ (ar2) = (e (@, a)) + t 7 (ag)
“effective correlation” = “genuine correlation” + “induced correlation”
the observed the original process  due to average over «;
_(12 Dayg,) = (P1i(a)Pyj(ay)) — ( Pyi(@y)) ( Pyi(ay))
; =
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Spin density matrix for V from quark combination

Forg,+ g, — V,ingeneral p’ = Mp@@rt  JM: transition matrix

If only spin degree of freedom is considered
= > Gmimymy mymy [P ' 'y Xm' ' | 'y
mimpm’/'{m/y

=N z (jm|mym,)(mym, |p192 |m'ym’, ) (m' ym’, |jm’)

mymamiym/i;

independent of M

since (jm|M|m;m,) = Z(im|]\7[|j’m’)(i’m’|m1m2)

R Jrms space rotation invariance demands
= (jm|M |jm)(jm|m m,) @ angular momentum conservation j = j',m = m’
= Nj{(jm|m;m;) ® (jm|M |jm) is independent of m

similar, if a dependence but the wavefunction is factorized, i.e., |jm, ay) = |jm)|ay)
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Spin density matrix for vector meson V

1+ f§?1q2) _ ngzﬁz)

[ [ V _
The spin alignment Poo(ay) = T
12}
D D 7(q192) | #(q192)
_ P, ,+P;, +% +1
The off-diagonal element, e.g. Re pY, = & 127 TN
V2 (3 + g, 7192 )

fghﬁz) — E.gfhﬁz) +P .P

ij q1i" q2j

(9192)

(0172) _ <cij (“Laz))V + Cg;“qz (a12)

c;i
Eg}z‘o) (a12) = ( P1i(“1)sz(a2)>V —(Pyi(a))y (Pri(ag))y

depends on local spin correlations between g, and q,

Sensitive to local spin correlations between g and g,
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Hyperon polarization & spin correlations

A polarization

= 1 d _ —(d = —(ud

PA(aA):PSZ_EA[E:‘ZS)-I_ (uS)P + (S)P CA:]‘_tE:‘)
influences from quark spin correlations

AA spin correlation

CM (ap, ap) ~ Ppy(ap) Py, (ag) + €5 — Do [ (dS)Pul + E(us) ] it [ (Sd)P _(Su)sz]

in the case @ only quark-antiquark two spin correlations
@ only spin d.o.f. or the wavefunction is factorized
@ no overlap between the wavefunction of A and that of A

¢y = <C§f)> - only long range, no induced contributions

AA

Sensitive to the long range spin correlation between s and s.

Ji-peng Lv, Zi-han Yu, ZTL, Qun Wang, and Xin-Nian Wang, PRD 109, 114003 (2024)
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Numerical estimations?

q192

if from

In principle, we can extract quark polarizations P, and spin correlations c;
data available, and make predictions for other measurements.

A very rough estimation is made by keeping only leading terms,

Py~ Py, o 1=Tu (&) P,
31 e 1 P,

Poo ~ A ~ _(SS) (AA) + P2,

10 T T T
[ ALICE PRC101.044611(2020) STAR Au+Au 20%-50% ] T L | T T L |
sb O A Pb+Pb 5%-15% ® A PRC98.014910 (2018) |
[ O A Pb+Pb 15%-50% ® A Nature548.62 (2017) ]
6F & A PRC104.L061901 (2021)]
[ HADES PLB835.137506(2022) )
£ 4L A Ag+Ag 20%-40% ]
T L 4
& [ A Au+Au 20%-40% ]
2 ]
0: F&*
_2' Ll n M| n PR | n “HH;
10 102 103 C 1 MRS R | |
0.20 — ;
S [GeV]
(b) .
0.40 — 9 g3
0.10 AT
® ¢ (ly1<1.0 & 1.0<pr<5.4) L e - 2920, 1x30]
] .~ zZ,AN
R e
N 000 e
S
-0.10
0.32 I I -0.20 1 M | ' L PR T |
10 102 10 102
«j Sun [GeV]  snn [GeV]
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Polarization of particles with different spins

Vector polarization: S* = (0,57,S;)

Spin 1/2: The spin density matrix (2x2): » = %(1 +5-9)

Spin 1:

The spin density matrix (3x3): p =5 (1+3 ! +3T9%Y)

Vector polarization: s* = (0,57,5,)

. Sxx

. ] ; iy _ TT

Tensor polarization:  Si..Sir = (Sir.Sip), Srr= (Sxy
TT

See e.g. A. Bacchetta, & P.J. Mulders, PRD62, 114004 (2000)

3
5 ) . >8

XX
_STT

independent
components

Spin 3/2:

1
4

Vector polarization:  s* = (0,57,5,)

. . . ~ 4 .. D —_an o 8 . ‘s
The spin density matrix (4x4): p = - (1 +-S'E +STYEY + ERU"Z”")

See e.g. Jing Zhao, Zhe Zhang, ZTL, Tianbo Liu, Ya-jin Zhou, PRD106, 094006 (2022)

3
Xy
Rank? . S, .St = (5%,57) G _ Str - Srr
Tensor polarization: LLsOLT LT 2LT)» OTT S% —Skx 5 15 independent
. components
Rank 3 Sie s Sier = (St S{LT) ’ i
Tensor polarization: §i _(SﬁT S’L‘¥T> U _<Sé‘~’%’% Sﬁ?) 7
= ; TTT — xx
St St St S
A
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Results for spin-3/2 baryons, e.g., S;,S8;;1,S111

3

1 _ _ 1 _ L

S, =—1|5 Z Py + B9} | — — (5P, + £ > quark polarization
263\ 4 ¥ 2C;
1 3
_ 7(q192) _ 7(9192) zaq) _ 7(qq)
SiL E_B[(?’tzzl Yot ) tdo2o 3)] —>E—3(3tzz ~ Lii )
> local spin correlations of two quarks
9
_ #(919293) 419293} #(aqq) z(aqq)

> local spin correlations of three quarks

C3=Trp=3+IJ" + 1o 263) -3 (1+E47)

7(919293) — =(919293) | =(q192)p ~(q293)p ~(q391)p D D D
Lijk = Cj T € TPy +Cj" P+ 467 Pyyj + PgyiP g, P sk
#4919293} — 7(919293) | 7(q29391) | #(439192) 7q192) — =(9192) |, p D

Lijk = Lijk T 4k T i L = Cjj t Pg,iPg,j

Sensitive to the local two or three quark spin correlations

Zhe Zhang, Ji-Peng Lv, Zi-han Yu, and ZTL, eprint: 2406.03840 [hep-ph]
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Measurements of spin-3/2 baryons

For the strong decay B - B; + Msuchas A - Nm

W(BN ,(pN) ~ 2+ SLL(]- -3 COS2 HN)
—(S¥rcosp + SV sin @) sin 20 —(SFErcos 2¢p + Sy sin 2¢0) sin? 6
LT LT LTT LTT

W(By) ~1+55,,(1—3cos?By)

For strong decay B —» B, + M4, followed by the weak decay B; — B, + M5,
suchas X* - Am, and A - pmt™

w(6,, Bp) ~1+ gaASL cos @ cos 0, —%SLL(l + 3 cos260,)

— %aASLLL(3 cos B + 5cos30,) cos 6,

For weak decay B — B, + M1, followed by the weak decay B; —» B, + M»,
suchas Q™ - AK™, and A - prt™
W(BA, 0, ) ~ (1 + agaycosy) [1 — iSLL(l + 3 c0s26,) ]

+ ESL cos O, — iSLLL(S cos B, + 5cos 391\)] (aq + apcos 6,)

See e.g. the appendix in: Zhe Zhang, Ji-Peng Lv, Zi-han Yu, and ZTL., eprint: 2406.03840 [hep-ph]
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Measurables and sensitive quark spin quantities

Hadron

Measurables

Sensitive quantities

Spin 1/2
(hyperon H)

Hyperon polarization Py

average quark polarization (P,)

Hyperon spin correlation ¢y, y,, cy, g,

long range spin correlations ¢4, €43

Spin 1
(Vector mesons)

Spin alignment pgo

local spin correlations c¢gq

Off diagonal elements p,,;m

local spin correlations cg5

Spin 3/2

JP = (g)+baryons

Hyperon polarization Py or §;

average quark polarization (P,)

Rank 2 tensor polarization S;;

local spin correlations ¢,

Rank 3 tensor polarization S;;;

local spin correlations cgq4q

:> Systematic studies of quark spin correlations in QGP!

e
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S5 FRE Summary and Outlook

o HIFHIERSEQCDHEYEPEZXEENEA. EEFIHETIERN
BRI RL(GPE)2QCD B HEHIERE S BRI — N ATV AL, 20044
IRPIEL, B# KESCIEUESE GBFEEMRIL: STAR 20174ENature 548+ ST ES ;
RENFEEEREHS: STAR 20234ENature 614, 244) .

o GPERUEIMFFEET > QGPMBREQCDHETFFEARBIFIER
> QCDEIEMIENREEA RN EEIAAM
4 TQGPHIEMIIE SQCDE ez E A [ .

I ots % ﬂ & Spin-Magnetic Effects
QCD Sp|n PhyS|cs - oe——————
Spin Physics in HIC

N % Y S
< QCDPhysics <

Thank you for your attention!
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