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> Introduction: why polarization?

> Globally polarized QGP in relativistic heavy ion
collisions: why global polarization?

> Quark spin correlations in QGP and polarizations
of hadrons with different spins (1/2, 1, 3/2):
why quark spin correlation?

> Summary and outlook
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Why polarization?

Hyperon polarization can be measured via angular distribution of
the “self spin analyzing parity violating decay”:

dN A-1+2

1
H-N+M = 1 P
10 4n( + aP cos 0)

Striking hyperon polarization effect has been observed since 1970s
“Transverse polarization of hyperon in pp —» AX”
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Why QCD high energy spin physics?

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

QCD: Hard Collisions are Easy and Soft Collisions are Hard
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

measurements altogether out of self-protection. 4 Nowadays the
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7T BRI — R R L X e
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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,

M
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Why Quark Orbital Angular Momentum (OAM)?

quark OAM was used to be neglected

EmtE8:  ysed to be non-relativistic . @

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

Quark model
baryon meson .
2
physics Vol. 2, No. 2, pp. 95-105, 1965. Physics Publishing Co. Printed in Great Britain, t’) 0
m ” The Quark
m Model
=
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YSICS

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

(Received 28 April 1965)

on the depth of the potential well. po wice, for a quark antiquark model of
the octet bosons with a quark mass .w a range of the binding force

B FIEB: used to be one-dimensional fy
Parton model

=M

i
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Quark OAM should play an important role

Dirac equation: id,p=HYy H=¢a- ? +pm Y= ((5)

Even for a free Dirac particle: .
~ 5 ~ = . A ~ 3 3 ))
[B,I]=-i@axp=0 [AE]=2iaxp=0 [B]]=0 >

If we have an external potential V(r): H=4d- p+pm+V(r)

Az
= . P 1 dV _ s
Heff(P—E(P Heffzm+2—+V+4 ZWO-L-I_

OAM is non-zero even if the quark is in the ground state:
foo()Q1 (6, 9) ) (wolE2 o) =2 f drr?ggy(r)

Vo=, 1,.@09S5)= (_ 1
2 .901(1’)9%,"(9» ®) ¢0> - Sij drrigg, (r)

<1/J0 L,
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Striking spin effects have been observed in high energy reactions since 1970s
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e.g. S.A. Gourlay et al.,
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The underline physics:
intuitively
systematic studies in 1990s

——> quark OAM and
spin-orbit coupling in QCD

Original papers, 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. Nurusheyv, 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
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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)

Au+Au at 200AGeV

ﬁinxg

b _kre - = oL
impact parameter Y | p., Xb | ° o b1/RA 19 2
normal of the reaction plane

A unique place to study spin-orbit interaction in QCD!
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Global polarization in heavy ion collisions [
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ZTL & Xin-Nian Wang, PRL94, 102301(2005); PLB629, 20 (2005).
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B3z BarXiviig{X3X, EEWayne State X3 Sergel A. Voloshin A
R BRI BEE 2EF SR FiiiETRE, AERAIL
R ER L3R F—oa FhlE

VB FRi

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 also coﬁ%ead to important observable

effects in hadron-hadron“\collisions. In particular I try

[1] Z.-T. Liang and X.-N.
2004.

1g, arXive:nucl-th/0410079,

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

ZTL & X.N. Wang HI3CE20044E10 H18HIRAE

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 Polarized Quark-gluon Plasma in Non-cer
Zuo-Tang Liang (Shandong U), Xin-Nian Wang (LBNL)

Sergei VoloshinT-20044E10 5 21 H #&%2

Nuclear Theory

[Submitted on 21 Oct 2004]

Polarized secondary particles in unpolarized hig}

J

Sergei A. Voloshin

“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 (4~ {X % 4% —

#% .. mMA .. 3 F—i&8FhiE)”

R 20244475148

12



AR 15 2 [E) 17 M R

> EESEEL I KEM. GyulassyE IR BIFHMERTHE
5QGPimieEkHR, ARTEERUS RIENXR, HA
Bl “FFR T —&Hi&#% (... opens a new avenue ...) ”

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, =, and €2 decay products. This =D/ R R
opens a new avenue to investigate heavy ion collisions, which “vorticity”

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).

M 20244475148 13
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>

BEAFIE 48R (INFN) F. BecattiniZ S i s 2B 5T T HEQGP
EETFESHEMNLEESE, AsiETEAEHNBRESRE

&Eg *'% ° PHYSICAL REVIEW C 77, 024906 (2008)

Angular momentum conservation in heavy ion collisions at very high energy

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

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

Vad

[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.

SIA
“SF&}?&”

equilibrium

&I

2024F4 5 14H
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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)

M 20244475148 15




First measurements by the STAR Collaboration at 200GeV

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

STAR

The STAR Collaboration

PHYSICAL REVIEW C 76, 024915 (2007)

Global polarization measurement in Au+Au collisions 0.8 g R
| ragmentation: ® 6 (20-60%)
0.4- = PP, =-0.3 . ;
E 0.6 L= "0:03<P,P<0.15 @ K7 (20-60%) _|
0.3F i T
c —p =13 "
02F =3 " 4 1 ? TI —
0.1F Sl R R T i
E i —— e e i ————— - I —————————————————
= oF Wﬁ— 1 1 - &
“ 0; I 02— {F recombination: e
0.1F — #===-0.08<P,,P_<0.15
. — PP =-03
02— PRI S (T S S SR SN T SO TR S NN S ST S S S ST '
- @— 0
3 0 1 2 3 4 5
-l 1 | | | [ | | | Pr (GeV/c) RAPID COMMUNICATIONS
V4% 05 1 15 2 25 3 35 4 45

Pl (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

=M

20244F4H14H
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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
HEE o
=, [ il
|QT I ; 2:::;;;(2’24915 (2007) |
6 O A PRC76 024915 (2007) |
4 - —
4 |
G,
_””110 T 162 =
/S (GEV)

o At each energy, a polarization is observed at 1.1-3.60 level

o The polarization decreases with increasing energy
o Averaged over energy P, = (1.08 + 0.15)%, P; = (1.38 + 0.30)%

M 2024445148
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Intensive measurements by STAR at RHIC

Systematical studies at /s = 200GeV

3 STAR

=T Other h E, Q
e - - H
- Nature548.62 (2017) er ype ron S o
o - e A OA
B PRC76.024915 (2007) zr
— B STAR Au+Au 20%-50%
o *+A A - P{7.7)=7.3423.02 [%] . Nature548.62 (2017)
| 33— eA OA
this analysis B PRC76.024915 (2007)
- . B AA AR
| * A WA i L PRC98.014910 (2018)
ol L mA ORA
11— —_ | ALICE Pb+Pb 15-50%
L T s PR/EH 01 ‘0%461 1 (2020)
- high precision = [ q% | |
- b o 1— STAR Au+Au 20%-80%
B measurement = ; * E +E (viadaughter A P,)
: B ¢ T+E
- STAR Au+Au 20%-5 - I’L'“ + Q +Q (via daughter A P,)
Ol _ L
UrQMD+VHLLE, A . S I
~ = primary === primary+feed-down B AMPT PRC99, 014905 (2019) a, = _g-;gg * ?)'(())11;
- AMPT, A L %’32"/\ (o = u:T = (L = —6.461 +0.010
_ primary primary+feed-down - oo Y =1
+ _1 111 | 1 1 1 | I | I 1 1 | I . I
Cooaaal | 1 Lol L1 10 10% 103
10 107

\Syy [GEV 'Sy [GeV]
J. Adam et al., PRC 98,014910 (2018)  J. Adam et al., PRL 126, 162301 (2021)
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Beam energy scan (BES )
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i 1 i [
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06 08 1 12 14 16 18 2 -0z 0 02 04
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M.S. Abdallah et al., PRC 104, L061901 (2021)
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K. Okubo for STAR, 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
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7
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21
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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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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., PRC 101, 044611 (2020)
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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 energies

M 2024545148 21



Global vorticity and fit to the Global A Polarization [§

AMPT transport model il .
- Li, Pang, Wang, Xia, PRC96, 054908(2017) B hem
-- Wei, Deng, Huang, PRC99, 014905(2019) < <, F —
1) | ! ]

UrQMD + VHLLE hydro [ et i j\k
- Karpenko, Becattini, EPJC 77, 213 (2017) ) e G
PICR hYdI'O i'g_ v - @-PICR model
-- Xie, Wang, Csernai, PRC 95, 031901 (2017) s = il
Chiral Kinetic Equation + Collisions " rile, Ty
-- Sun, Ko, PRC96, 024906 (2017) of Ty e
- Liu, Sun, Ko, PRL125, 062301 (2020) RN
AVE+3FD LR TR re
= |VanOV, 2006.14328 3‘3}4-_ AR I 6r ;g;:r:;?e;;:o.ozs 1
Other works ...... oA : = = S

1.0 | 160 4 6 8 :/(S)N_N Gevi 20 40

ppt from Huang Xu-guang, plenary talk at QM2019
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T BARRAL RN A SEIG i UESE, H R E iR

'\_o‘ IIIIII T TTTIII”
o 61— 1 HADES Preliminary ‘ _Z
o~ el 0.12F
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- [AuwAu Vs =Gz | o
4; e ALIGE, PRCIO0T (2020) 044611 ] " - b=80 fm
E g 1~ o0.08F
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—~. 0.06
3

s :

11— ] C
- # x 0.02[-
A ®E] -
- — L " N PR S T R | X " 2 .
A el il il Oy 2 3 4567 10 20 3040
1 10 10 10° \Sny (GeV)

& H KZ22H X Deng, X. Huang, Y.G. Ma, S. Zhang, PRC 101, 064908 (2020);
X. Deng, X. Huang, Y.G. Ma, PLB 835, 137560 (2022).
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Global vector meson spin alignment — experiments

7STAR The STAR Collaboration X —R1E {Nature) %!

M.S. Abdallah et al., Nature 614, 244 (2023)
FRESTARE, KEEBXE,

P ERFFRIENYRRRAE
BNZNFERFRIFSE

Article

Pattern of global spin alignment of ¢ and K*°
mesonsinheavy-ion collisions

* o(yl<1.0and 1.2 <p;<5.4 GeVc)
© K™ (yl]<1.0and 1.0 <p; < 5.0 GeV c™)
— GY=4.64+0.73m?

0.40 —

o AR E T TFEF B IEHS

0.35 —

Poo

/4 1 2
.‘poo—g‘ >>PA~P3

0.30 —

B © ¥ STAR (Au+Au and 20-60% centrality)
0.25—= ¢ ALICE (Pb+Pb and 10-50% centrality)

Ll I Ll I Lol
101 102 10°

\snn (GeV)
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Global vector meson spin alignment — analysis

ZTL & Xin-Nian Wang, PRL 94, 102301 (2005).
Hyperon polarization: 41 + 92 +q3 > H

ﬁCIﬂIzCIs = ﬁCI1® ﬁQZ®ﬁ3

_ 1/1+P; 0O
”q‘i( 0 1—Pq)

ZTL & Xin-Nian Wang, PLB 629, 20 (2005).
Vector meson spin alignment: g} + @5 — V

ﬁthﬁz = ﬁCI1® ﬁﬁz

1—-P,_P.. 1—-P2 1 4
a1 4z _ q _(1__P2>

Poo = = ~
q
3+ Py, P, 3+P: 3 3

Poo

P, [%]

L o 4o v o & o o
TTTT [T TTT [T TT T[T T T [TTTT[TTTT[TTTIT[TT

0.40

0.30

0.25

STAR experiments:

T T

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)

(o
Ll 1 Ll Il Ll

102 10°

V Snn (GeV)

P, was taken as a constant, no fluctuation, no other degree of freedom etc.
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Global hyperon polarization "

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

S : dominates at small
Quark combination scenario qi +q; +q3 ~ H and intermediate -

) o _ 1/1+P, 0
We took Pqiqzq3 = Pq1®Pq,®Pg;, qui( 0 1—Pq)

pH(m’ m’) = <.iH’ m, |ﬁqquCI3 |.iH’ m)

= Z Pq.q,q; (M, M) {(jg, M'|my, my, m3)(my, my, mg|jy, m)

mi'm'i \ /

C.G. coefficients

normalization

Zmi,m’i pq1q2q3 (mi; m,i)(iH' m' |m,1r m,2' mé)<mlr ma,m3 |jH: m)

Zm,mi,m'i pqquQ3 (mi' m’i)(iH! m |m,1' m,2' m,3)<m1r m;,m3 |jHl m)

pu(mm’) =

M 2024445148 26



Global hyperon polarization "

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

Quark combination scenario g} +q+q}—>H and intermediate p
11 1 1
Pu=pu(33)—pn(-33)
c;’s are constants
Py =c1Pq, + 2Pq, + ¢3Pg, determined by C.G. coefficients.
hyperon A xt 30 " =0 o
combination P Huclls AurPa) T b e Herte

In the case that P,, = P; = Py, = Py = P = Px,
Py = Py = P, forallH'sand H's  (global polarization)
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Global vector meson spin alignment "

ZTL & Xin-Nian Wang, PLB 629, 20 (2005).

Quark combination scenario q+gq, -V

1(1+Pq 0 ) 1(1+Pﬁ 0 )

ﬁthﬁz zﬁ%@ﬁﬁz /p\qu 0 1-P, Pq=§ 0 1—- P,

Lmgm;, Pqyg, (M, M) (Jy, m'|my, my)(my, my|jy, m)

Zm,mi,m'i pqlﬁz (mil m,i)(iV! m |m,1' m,2><m1' mj; |le m)

5 o P11 Plo Pl
1- Py, Pg, _ 1- PCZI spin alignment P'=| P61 Po0 PO
3+ Py P;, 3+ P2 B iEHES P11 P10 PY11

py(m,m’) =

vV _
Poo =

In both cases, @ took P, as a constant, no fluctuation etc

@ no quark spin correlations
3® considered only the spin degree of freedom

J

What does it change if we take other degrees of freedom into account?
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Take other degrees of freedom into account

If we make a minimal step forward and consider other degrees of freedom denoted by a
The basis state for a quark: |m, a)
The element of the spin density matrix: (mg, ay|p'?|mg, &) = P,(,i'z (g, aty)

We consider the simple case:

/ A [ L] \
(1) p, is diagonal w.r.t. a
! ! %) (ag) p“’)(aq))

(q) (@) 5@ =
mq mq(aq, aq) qu mq(“q)6aq P (aq) <p(_qz (aq) p(_q_) (aq)

(2) p(9192) is taken as a direct product of p(91) and p(92)
’p\(thﬁz) (“qy ag, ) — ’p\(fh) (aq1)®’p\(ﬁ2) (“62)

(3) the hadron wavefunction is factorized
(aq,, Mg ; &g, Mg, |jy, My, ay) = (o, , ag,|ay) (mg,, mg, |jy, my)

o J
> Pow(@) = Z (g, @, av)|* 0" D (ay,, az,) average inside V

®qy,0g, €V

M 2024545148 29



Take other degrees of freedom into account

In this way, we obtain

Pgo (ay) =

1- <Pq Py >
1" 92
V <Pq1Pﬁz> —

V
3+ <Pq1PqZ>V

Further average over ay

(Poo) =

1-(Pg,Pg,]

3+ <Pq 1qu>

The average is two folded:

average inside V

2
(et atg, |av)|” Pq, (aq,)Pg,(ag,)
aqy.Ag, €V

<Pq 1Pq2> = z fv(ay) <Pq1Paz>V

-

(PCI1P52> = <<P€I1P€I_2>V>S

average inside the vector meson V

average over the system or a sub-system §

J

M

20244F4 5 14H

30



Hyperon polarization v.s. vector meson spin alignment

1- (Pfhpﬁz)
3+ (Pfhpﬁz)

For g1 +q3 » V Poo =

For q; + q; + qZT% - H Py = <C1P¢I1 t Py, + C3P‘13>

H

S

= c1<Pq1> + c2<Pq1> + CB<Pq1)

The STAR data show that: ( P, Pﬁ> + ( pq)( pq> i.e. there is correlation
between P, and Pg.

By studying Py, we study the average of quark polarization P ;
by studying pg,, we study the correlation between P, and P; .

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

Q)
~—— O°
<
[7)
Z
-5
2
Sy

[ One has to take correlations into account, i.e.,: (P,Pg) # (P, )(P

4 )

(1) local correlation: O@ O
So@‘;‘ (P P ) <<Pq ) >
(PgPg), # (Pq),(Pg), O @ O'.g. /
.OO .o e o average inside the vecto/rn@)n V
e ®,

average over the system S
(2) long range correlation: S )

(Pqpﬁ>v = (Pq)V<Pﬁ>V <<P‘1)V<Pﬁ>v>5 * <<P">V>5 <<Pﬁ)V>5

One needs also take the off-diagonal components into account

_ 1{ 1+Py, Py —iPy,
Pa=32\P, +iP,, 1-P,

M 2024545148 32



Quark spin correlations in QGP

Systematic studies:

@® Systematic description of quark spin
correlations in QGP

@ Relationships between measurable quantities
and those describing quark spin correlations

® Numerical estimations?

Ji-peng Lv, Zi-han Yu, ZTL, Qun Wang, Xin-Nian Wang, e-Print: 2402.13721 [hep-ph]
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Description of quark spin correlations in QGP

For single particle, the complete set of 2x2 Hermitian matrices: L 7;

1y 1 ) 5 PG
[ p = 5 (1+Pq;Gq;) Py; = (34;) = Tr[pMay;] ]

For two particle system (12), the complete set: [y ® I, 61; I, [; ® 02;, G1; & G;

~ 1 PN A
we used to decompose P =; (111 ® o + P18y @ I + Pyyly ® 6z + 1761 @ 021)

12 o ~ R
tf, ) = (011021) shortage: t(lz) PP, # 0if p(12) = p(M @ p@

we propose p(12) = 5V & p(Z) + 1 (12)A1l R by

22 l]
ey = (81:82) — (1) (62) 12 = 0if p12 = p @ p@
For three particle system (123)
[ p123) — ;;(1) ®p® @ p® ~

12) o . . 23) ~ _ ~
‘|‘ f, 61 ® 0, @ p3 + C,(-k PV ® 02j Q O3 + C,k 6 PP ® Gsk]

(123)
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Description of quark spin correlations in QGP

Consider a-dependence

For single particle

{ pD (@) =

N =

[1+ Pq;(@)Tq;] Py; = (Gy;) = Tr[pV () y;] ]

For two particle system (12)

1
[ P (ay, az) = pP(ay) @ pP (@) + 3 52 5112)(“1»“2)01i ® 93 J

For three particle system (123)

(P02 (@ ay,a3) = PO () ® PO (aty) ® PP (ats) A
1 AN
+53 22 [ (12)(a1 a;)0; @ 321' 03¢ P(?’)(ag) -+ ]
1
t53 23 E]lkzg)(al az, a3)o-ll ® 0-2] ® O3k
N~ J
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Description of quark spin correlations in QGP

Suppose a system A consisting of (12) at a{, with wave function |a, )
The a,-dependent spin density matrix for A=(12) is

PP (ay2) = (g P2 (ay, @) |ayy) = Z ey, @zlets; )? P12 (ay, az)
a1az

average inside A=(12), denoted by (... )4

= = = 1 _(12 ~ -~
We decompose p"?(a12) = pV(et12) ® pP (ag2) + z_zcgj '(a13) 61;® 6y

[1+ Py;(aq2)54;]

N | =

5(1) (ay) = <a12|ﬁ(1) (ay)|ayz) =

The polarization Pq;(aq;) = z (e, etz )|* Pyi(@y ) = (Pyi(ay))
e just equals to P; averaged inside A=(12)

However Egle)(au) = < Clgjlz)(ap ay) + Pli(al)PZj(a2)> = (Pyi(a ) Pyi(aq))

(12)

ij averaged inside A=(12)

* <c§].12)(a1,a2)> does not equal to c

M 2024545148 36



Description of quark spin correlations in QGP

The initial a;-dependent p1%) (a4, a)

~ ~ ~ 1 (12 ~ A~
p(1z)(a1, a) = P(l)(“ﬂ X P(Z)(“z) + gcgj )(ap az) 61; ® 02j

\

~genuine correlation

The a1,-dependent p1%) (a45), averaged inside (12)

= = = 1 _(12 ~ ~
PP (a1z) = pP(@12) @ pP(ayz) + Y] ng )(a12) 01 Q 03

effective correlation
Eg}z)(au) = <c§j12)(a1, “2)> + ( P1;(a)P2j(az)) — ( P1i(a1)X Pyi(aq))

If (@, a,) =0 je. PP (ay, az) = pV(ay) ® PP (az)

induced correlation
§,-12;°) (a12) = ( P1i(a)Pyj(@z)) — ( Pyi(a1)){ Pyi(ey))

—(12 _
c§,- )(a1z) =C

~
_(12 12 _(12;0
cgj (@) = (cgj )(aq, az)) + cgj ) (t12)

The effective correlation = the genuine correlation averaged + the induced correlation)
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Spin density matrix for V from quark combination

Forg,+g, -~V  p’=Mpndpt  M: transition matrix
If only spin degree of freedom is considered
pzlm, — (im|J\’/\[ﬁ(q1q2)]\7[T|jm’)

= > i mymy)mymy [P ' Xam' ' | 'y

mimpm’/'{m/)

=N Z gm|mym,)(mym, |/P\(q1a2) Im'ym’, )} (m' ym', |jm’)

mimym/1m/iy

(jm|M|mym,) = z(im|]\7[|j’m’)(i’m’|m1mz)
jrmr angular momentum conservation

space rotation invariance demands
= N;(jm|m;m,) (jm|M |jm) is independent of m
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Spin density matrix for V from quark combination

The vector meson spin alignment

1 —c9192) 4 cgﬁz) n ngclﬁZ) + Fth' I_))ﬁz _2P. P

Yy
(q192) | p D
3+Cii +Pq1‘Pa2

q1y" q2y

vV _
Poo =

(q192) _ ..(9192) (q192) (q192)
iilz =C 192 +C 1492 _|_CZZlZ

c XX yy

strongly depends on the quark-anti-quark spin correlations.

\1_qupﬁy

N (9192) (9192) (4192) _
3 + Py, Py,

if Co =€y T = Cyy

v
Poo

M 2024545148
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Spin density matrix for V from quark combination

also the off-diagonal elements

(q192) , .(91d2)
c. 4z’ cz‘;l‘” +P,,,(1+Pg,)+ (1+P,,)Pg,,

Re P[1,0 == — ———
V2(3 + 1% + B, P )
(9192) (9192)
Im oY, — Cry — FCp 7+ Pyx(1+ Pg,y) + (1 + Py y)Pg,x
por V23 + 1192 4 B . P_)
ii q1 q2
(12) (12)
Re pV _ Cy; €z P,,(1—Pg,)+ (11— Py)Pg,
V23 +c@% 4+ B, . Py)
ii q1 qz2
(12) (12)
ImpV _ Cxy -I-ny +qu(1_Pﬁy)+(1_qu)Pﬁx
o V23 + ¢ L B . Py)
ii q1 q2
(12) (9192)
Re p11/ = €2z — cxzflqz + Pg,2Pg2 — PqiaPyx
- @1a2) , 5 B
3+cii1 : +P¢I1'Pﬁz
(q192) (q192)
Im pV11 _ CJ’Zl U czyl U Pg.2Pgyx + PaiaPapx

(q192) | p
3+cii +PQ1.Pﬁ2
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Hyperon polarization from quark combination

Hyperon polarization

the simplest case: Lambda polarization

(uds) (us) (ds)
P,=P,, — Ciiz T Ciz PaitCiy Py 5P,

1- D _F, P,

e there are contributions from quark-quark spin correlations
e these contributions are proportional to products of quark-quark spin
correlation and quark polarization.

M 2024545148
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Hyperon polarization from quark combination

p_17
for other J =5 octet baryons

1
for flavor content of the type H = (aab) baryons: Py = §(4Paz —Ppy) +——
8Ap gy = —3 (P2 = Po - Py + ¢t — ci)(Pay — Py)

—4c (aa)P 2 ( (ab) 2C(ab)) P, + C(aab) 4_C(aab)

liz Zii

By . =3+P2—4P, P, +c'¥ — 4cle?

1 6A5o0
Pyo :_(ZPuz+2sz_Psz)+
BzO
8450 = == (P Py + ¢y V) (Py, + Py, — 2Py,)

+2 Py Py + €Y 2Py, — Pay — Py) + 2657 =3 Py; + (u & d)

(uds) (uds) (uds)
iiz —2 chl — 2 czii

2[P,- Py + c(Sd)] 2[u & d]

—Z(C(l.‘d)+c§“s))PSl + c;;
Bgo =3+ P, Py +c —

They all contain contributions from quark-quark correlations.
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Spin density matrix for V from quark combination

If a-dependence is considered:  pV(ay) = Mp919 (ay, a,) Mt
P (@) = (jm, ay| M P12 (ay, ar) Mt jm', ay)

=N Z (jm|mym, ) (mym,|p 1192 (a,)|m' ym', }(m'ym’, |jm’)

mimoym/{m/,

p1132) (g, ) = z Pl (ay, ) [{ay, az|ay)|?

alaZEV

if the wavefunction is factorized, i.e., |jm, ay) = |jm)|ay)

@92) , 5 D 5
yyl : +Pq1'Pﬁz_2P

~(q192) | p
3+¢c;;""" + Py, P

1 +z.gg1ﬁ2) n Eggcﬁz) _ P

q1y" q2y

Pgo (ay) =
q2

replaced by the corresponding effective quantities

Sensitive to the local correlations between g4 and q,.
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Vector meson spin alignment — example

[ strong indication of phi-meson filed ———> strong local correlation ]

: QGP and hadronic phase )

initial state hydrodynamic expansion :

i S
& o b
7 4 S 'r_;-s'_"
B
Pl o

pre-equilibrium hadrdhizétion

Strong interaction exhibits itself differently in different stages

1 9d¢
n ~ _ Y0
Ps(x,p) ~ am,C <wp o (w-p)Tp * 0> Pv

8[1Vp0’ (wpa _ :g¢ - F¢

S

P(x,p) ~ —
sVOP) S g

S

Strong phase space dependence leads to strong local correlation between P and Ps

induced quark spin correlations !

[1] Xin-Li Sheng, Lucia Oliva, ZTL, Qun Wang and Xin-Nian Wang, PRL 131, 042304 (2023).
[2] Xin-Li Sheng, Lucia Oliva, ZTL, Qun Wang and Xin-Nian Wang, PRD 109 (2024) 3, 036004.
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Hyperon spin correlation

Hyperon-anti-hyperon spin correlation

— H1iH, H1H2 HllTIZ _

C
NN N‘L’l‘”2 + NHaf2 N‘L’l‘L’2 4 NHl"Z

’p\H1172 = M p919293949596) ppt
We need to consider the 6 body system

5(1-6) — ;,5(1)®ﬁ(2)®ﬁ(3>®ﬁ(4>®ﬁ(5)®ﬁ<6>

5112)3“@0_2 RpPRpPRpE)Rp© + 14 exchange terms ]

+3 [cf]l,f?’)&l,@&z i®63,9p Q) @p(® + 19 exchange terms ]

t2 e

+3 [Cf},f,g4)A1l®Gz 1®03,06,9p ®@p® + 14 exchange terms |

+t5 [cf]lkzl?;:S)All®02] ®63,®04,Q65,,®p'® + 5 exchange terms ]

((123456) -
+ 2_6 ijklmn 1l®02]®a3k®04l®05m®06n

2-spin correlations
3-spin correlations
4-spin correlations

5-spin correlations

6-spin correlations

M 2024545148
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Lambda-anti-Lambda spin correlation

Consider only spin degree of freedom, only two spin correlations

A 3 Psz s us P§z sd sU
A PP, + 5D — 22 [ Py + 42 Pyi] — 22 [c82? Pay + 0V Py
C Cr

CA =1-— C(Ud) PuiPdi~

i

Taking the a-dependence into account

consider the simple case that the wavefunction is factorized:
|aH1' aﬁz' mHll mﬁz) - |aH1’ aITIZ )l mHl' mﬁz)

|aH1'aI72> — |aH1>|aH2> |mH1’mH2> - |mH1>|mFIz)

A 5 Psz_E— —(us) p P§z _(sd) 5 —(su)
ez (e, ) % Pas(oa)Przag) + o0 — G2 (607 Pus + 617 Pus) = 57 [62" Pas + 62" P
A A

q from A; q from A

Sensitive to the long range correlation between g, and q,.
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Description of polarization of particles with different spinsig

Spin 1/2 hadrons: ‘ The spin densitv matrix is 2x2: (‘D++ p*‘) =
Vector polarization: s*=(0,S;,4)

Spin 1 hadrons: ‘ See e.g. A. Bacchetta, & P.J. Mulders, PRD62, 114004 (2000)
. . o Pu Pio P
The spin density matrixis 3x3: _| , , -la+ % §.3 437950

N P.u P P-oa
Vector polarization: $*=(0,5;,4)

3 independent
. i sxx s 8
Tensor polarization: Si..Sir = Sir.Sip), Sir= (S,TJ " ) 5 components

XX
TT —STT

Spin 3/2 hadrons: See e.g. Jing Zhao, Zhe Zhang, ZTL, Tianbo Liu, Ya-jin Zhou, PRD106, 094006 (2022)

: : . 1 4 2 8
The spin density matrix is 4x4: p = —(1 +—SE+ _TYzY + —Rllkz‘lk)

4 5
Vector polarization: s* = (0,5, ,1)
P ; ’ S¥% ST 3 ]
Tensor polarization: S, , Sty = (S¥.57;), SY =< o TL) .
(rgnkZ) = L To\syy —ST 5 15|ndependent
: [ ¥ components
Tensor polarization: Sut s Siur = (Siar Sur) P
(rank 3) s _ <S)L”TCT 531 ) gix _ <SJTC¥; S¥TT ) -
T\t St T\t St
R
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Measurements |

For the strong decay (parity conserved) B - B{ + M,

+ +
where Bisa JP = (;) baryon and By is aJf = (%) baryon,

and MisaJ” = 0~ meson, e.g.,A - N7

1
W(HN) ~1+ ESLL(l -3 C052 GN)

For strong decay B —» B{ + M, followed by the weak decay B; —» B, + M,

: 3\t 1\t
where Bisa JP = (E) baryon and B, and B, are J¥ = (E) baryons

and M and M, are J* = 0~ mesons, 6.9, X" - Am, and A - prr-

2 _ _ 1
W(BA, Bp,qbp) ~1 +§aASL(cos 0 cos 0, — 2 sin B, sin 8, cos qbp)—ZSLL(l + 3 cos20,)

1
—ZaASLLL[(B cos @, + 5c0s30,) cosB, — (sinBy + 5sin30,) sin 8, cos ¢, ]
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Simple case "

_ _ R 1(1+ P, 0
Consider the simplest case p@ = E( 0 1_p ) as an example
T q
5
Si~¢ (Pg, + Pq, + Pg,) quark polarization
2 . .
SiL = 3 (Pg,Pq, + Pg, Py, + Py Py) two quark spin correlations
3 : :
SiiL = = P, P, P, three quark spin correlations

By studying S;, we study the average of the polarization of quarks;
By studying S;;, we study local two particle spin correlation

between two quarks g4 and q ; 0’5 0

By studying S;;;, we study local three particle spin correlation wm
between three quarks q4, g, and qs.

Zhang Zhe et al., paper in preparation
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Summary and Outlook "

e Global polarization opens a new avenue to study properties of QGP.

e Measurements of the global vector meson spin alignment provide the opportunity
to study quark spin correlations in QGP produced in heavy ion collisions.

e Quark spin correlations include two parts: the genuine correlation originated from
the dynamical process and the induced correlation due to average over other

degree of freedom.

e Quark spin correlations can be classified as local and long range correlations.
Vector meson spin alignment and off diagonal elements contain both
contributions, in particular the local correlations.

e ltis also desirable to measure hyperon-hyperon and hyperon-anti-hyperon spin
correlations. They should be more sensitive to the long range quark spin correlations.

e Polarization of spin 3/2 baryons can provide information on quark-quark spin
correlations.

Thank you for your attention!
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Measurements X

ForV — 1 + 2, where 1 and 2 are two pseudoscalar mesons, e.g.,p -

A->14+2
W(O,0) =N > |Hal2 D,0(0.6,~ @)Dy (0, ~0)(MalPalM)) 1
Mg,M), P P1
3 (1 . 5
= E(Pu + p_1-1) sin” 0 + pyq cos* 6 2 .

1
- \/—Esin 20 [cos ¢ (Rep1g — Rep_10) — sin @ (Imp1o + Imp_1¢)]

—sin? 0 (cos2¢ Rep;_, — sin2¢ Impl_l)}

2w 3
| o W(®.0) = 711~ poo) + Bpan — 1) cos? ]
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Great efforts of our experimental colleagues

STAR, L. Adamczyk et al.,

Nature 548, 62 (2017).
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Off-diagonal elements of pY ?

® ZTL & Xin-Nian Wang, PRL 94, 102301 (2005); PLB 629, 20 (2005).

_ R 1/(1+(Pg) 0
considered the average  (Pg) =S| 1—(P,)
q

2

L., (Pgy) = (Pg), (Pgz) =(Pgx) =0

® The STAR data show that: (P Pz) = (P )(P5)  (PqPg) > (Pq){Pg)
indicates that ~ APZ, = (PZ,) — <qu>z ~ (P2,) » (qu)z
Similar for the off-diagonal elements (PZ,) and (PZ,) ?

o take also the off-diagonal components into account

_ 1{ 1+Pg Py, —iPg,
Pa=3\pP,+iP,, 1-P,
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Description of polarization of particles with different spinsig
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