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Introduction: Global A polarization in HIC has been observed

Nature 548, 62(2017) LLE'1'T’]

Global A hyperon polarization in nuclear collisions

The STAR Collaboration*
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Introduction: Global ¢p meson spin alignment has been observed

M.S. Abdallah et al., Nature 614, 244 (2023) _ '
again in Nature!

Pattern ofglobal spin alignment of ¢ and K*°
mesons inheavy-ion collisions

STAR
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Introduction: The basic idea and result of the global polarization effect

Globally polarized quark gluon plasma (QGP) in relativistic heavy ion collisions
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® Global hyperon polarization
PH = PITI = Pq = Pq
PRL 94,102301 (2005)
® Global vector meson spin
alignment 1 — pg
Poo = >
3 + P2
PLB 629, 20 (2005)

S

ZTL & Xin-Nian Wang, PRL94, 102301(2005); PLB629, 20 (2005).
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Global vector meson spin alignment — Why so interesting?

Theoretical predictions

Globally polarlzed quark gluon plasma (QGP) in relativistic heavy ion collisions
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“global quark polarlzatlonD PRL 94,102301 (2005) & pOO - § >> P/z\
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How can we understand it? What does it tell us?
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Hadronization mechanism and spin transfer

combination q1 +q; > M
QGP hadronization ———> recombination q1+q:+q3 > B
coalescence G.+G, +3G; — B

Spin density of h produced in quark combination is independent of transition matrix M.

Eg,forq, +gq, >V  p¥ = Mp@madjigt M : the transition matrix

However  py,,, = (jm|p"|jm’) = (jm|Mp @17 37T |jm’)

S independent of M
= N; (jm|pW192) |jm')

- spin state of V
> direct probe of p(7192) before hadronization

Proof: p) =Y mms, MM |m)m;|p91%2) jmy)(mj| M T |jm’) |m;) = [jimy, jom;)
(im|M|m;) = ¥, (m|M|j'm')j'm'|m;) = (jm|M|jm)(jm|m;) =c;(jm|m;)

Wigner-Eckhart theorem:  (jm|M |jm) = (j|| M)
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Global vector meson spin alignment — calculations in 2005

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

1 (1 TPy 0 ) constant / average value

Quark spin density matrix: 2@ =2( 4" ;_ P,

Hyperon: q} + qg + qg S H ij(qmzqs) — ’ﬁ(%)@ﬁ(%)@’p\(%)

pgm, = (iHmllﬁ(qlqqu)liHm) PH = 2 C; Pqi = Pq
i=1-3

no correlation

c;: constant determined by C.G. coefficients

ﬁ(qﬂz) — ﬁ(%)@’p‘(ﬁz)

1-P P. 1-—P2
. rla(a+a-) | = Vv _ q1~ q2 __ q
Ploms = Gy [P jym) Pl = 55, =5 e

i) -1
Vector meson: q1+q; >V

It was for the most simplified case: only spin degree of freedom

® P, was taken as a constant, no fluctuation, no correlations
@ no other degree of freedom
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Global vector meson spin alignment — correlations?

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

forqy +q5+q3 > H

Pu - <<z ciPa

i

H
S

for g} +95 -V
1_<Pqpﬁ>

= z ¢ (Pgi) = (Pg)

— (Pq><Pﬁ) .

i

 two folded average

(PqPg) = <

inside the meson
over the system

y//m

Vv _
p00_3+(PqPﬁ>

+ (Pg)(Pg)
STAR Data indicates (P

P;) # (P,){P5) 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 .

E— [ A window to study quark spin correlation in QGP

LC2024, IMP HuiZhou

2024118 25-29H
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Quark spin correlations in QGP in HIC?

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

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

inside the mesor;%/"

over the system

\ J

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

((P),(Pa),)_={(Pa),) ((P

1/ 1+4P P,, —iP
~(q) — — .qz qy qy
Off-diagonal elements ? P72 (qu tiPgy  1-Py, )

(Pgx) = (P

= 0; (P2,) % 0,(P2,) % 0

qx) ‘I}’>

_ ® how to describe them?
:> a systematic study @ relationships to measurable quantities?
® where do they come from?

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

LC2024, IMP HuiZhou 2024511 H25-29H 11



> Introduction

> The global vector meson spin alignment and
quark spin correlations in relativistic heavy ion
collisions (HIC)

> Vector meson alignment vs hyperon polarization
in quark fragmentation

> Summary and outlook

LC2024, IMP HuiZhou 20244F11 H 25-29H 12



Definition of quark spin correlations — decomposition

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

~ 1 - . (1)~
p) = > (I + P4;64;) Py; = (61;) = Tr[pWay,]

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® + L1 Va,, @ 3y
12 12
cii? = (61:02;) — (61) (G2;)  ¢f}? = 0if pO? = p®» Q p@

For three particle system (123)

~ ~ ~ ~ 1 12) ~
paz) = p(” ®pD ®@pD + 2—2[ (78108, 0P +(1-2-3)]

1235
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Definition of quark spin correlations — a-dependence

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

Two particle system A=(12) at given (a4, a,):
PP (ay, @) = PV (@) @ PP (az) +5; ¢ 7 (a1, @2)81; ® By

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

P (aq2) = (a12] P12 (@, )| ay2) average inside A

12 ~ ~
=pW(a12) ® pP(ag2) + =5 22 f, )(a12) 01; X 0y

(12)

However, the correlation  ¢\'* (ar,,) + <c<12>(a1,a2)> does not equal to ¢;;~ averaged inside A

. —(12 12 —-(12;0
instead ng '(ay2) = (ng (ay,a3)) + ng (ety2)
“effective correlation” = “genuine correlation” + “induced correlation”
the observed the original process  due to average over «;
—(12;0
CE] '(@12) = (Pyi(a)Pyi(az)) — ( Pyi(ay) { Pyy(ary))
\. y
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Relationship between p" and p(91~9»)

For qq + ﬁz -V
in general, p¥ = Mpla192) iyt M : the transition matrix
pynm, = (im|ﬁﬁ(Q1ﬁz)ﬁT|jm’> = N].("mm(%ﬁz)um’)

Forq, + q, + q; — H independent of M

H _ (imlﬁﬁ(Q1QZQ3)ﬁT|jm’) = Nij|ﬁ(q1q2q3)|jm’>

Pmm’

Forq, +q2 +q3+q4+qs+q¢ > Hy + Hy

Hq1H>
mlmzm'lm'z

p = (jm jma | AP =90 T |jamyjmy) = Nyy(jimyjmy [p0199 | jm s,

:> direct probe of p(91~9n) of quarks/antiquarks before hadronization

LC2024, IMP HuiZhou 2024511 H25-29H 15



Spin density matrix for vector meson V

1+ fglfhﬁz) . zfggﬁz)

. . |4 —
The spin alignment  poo(ay) = 3 1 {918
ii

1 _ _ _

_ (9192) (9192) (9192)

B 3+ f(fhﬁz) (1 T <cxx1 2+ nyl 2 — Czz + Pthxpﬁzx + PCIU’PGZ}’ — PCI1ZP722>V)
ii

_ P, .+ P;

The off-diagonal element, e.g.  Re p¥, = 1= 2% .
2(q172)

VZ(3 +E01)

n fgzqu) n f}(czﬁz)

—(a+a _(a+a S — _(a+a a —(q1q>;0
tg;th) — cg;th) + P, Py cg;th) _ <C§;11q2)(a1»a2)>v + cghqz )(a12)

_(41G2;0 5 B
¢/ (ay3) = (Pgui(@y)Pqgy(ar)), — Py,iPy,

depends on local spin correlations between g, and q,

Sensitive to local spin correlations between g4 and g,

LC2024, IMP HuiZhou 2024511 H25-29H 16



Hyperon polarization & spin correlations

A polarization

Py(ay) = Py, — ElA e’ + €29 Py; + T Puy Cr=1-1;%
influences from quark spin correlations
69 29
AA spin correlation \( = "\“ ’/
CAM (ay, ag) ~ Py, (ay) Py, () + € _(SS) [ (dS)Puz +cC _(us) ] j_\z [ (Sd)P‘ _(Su)sz]
if only two particle spin correlations are conS|dered
¢ = ( §ZS)>AK only long range, no induced contributions

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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Polarizations of spin-3/2 baryons, e.9., S;, 511, 8111

3
1 _ 1 _ L
S,=—|5 Z Py + bt ®28 | T (5Pg, + Ei®) » quark polarization

zii Zii
3

[(ng‘;mz) — fglthz)) +(1e2e 3)] — % (3ng¢1) _ fglgq))

S =

> local spin correlations of two quarks

9 9
_ 7(919293) +1919293} £(qqq) £(qq9)
SLLL - 102.3 (Stzz; 28— 3tziil 23 ) 102-3 (Stzzz - 3tzii )

>local spin correlations of three quarks

Sensitive to the local two or three quark spin correlations

C3=Trp=3+IJ" + 1o 263) -3 (1+E77)

7(q192q3) — -(9192q3) | =(q192)p ~(q293)p ~(q391)p D D D
Lijk = Cj tCj T Paart €t Payi + € Py + PayiPgyiPasi
#4919293} — 7(919293) | 7(a29391) | #(439192) 7@192) — =(9192) |, p D

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

Zhe Zhang, Ji-Peng Lv, Zi-han Yu, and ZTL, PRD 110, 074019 (2024).
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Measurables and sensitive quark spin quantities

Hadron Measurables Sensitive quantities

Spin 112 Hyperon polarization Py average quark polarization (P,)

(hyperon H) Hyperon spin correlation ¢y, y,,cy 5, long range quark spin correlations c,,, €4q

Spin 1 Spin alignment p,, local quark spin correlations ¢,
(Vector mesons) ot diagonal elements p,,,,, local quark spin correlations ¢
Hyperon polarization Py« or S; average quark polarization (P,)
Spin 3/2
izati local quark spin correlations
JP = ?baryons Rank 2 tensor polarization S;; q p Cqq
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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Polarization and hadronization mechanism

o? Ko o combination (142> M
INSSY QGP hadronization ——>  recombination | 91+ 42 +43 > B
| Mo coalescence 91 +q2+q3 > B

direct probe to spin density of quarks and/or anti-quarks

Fragmentation h
q-h+X eg.ete > h+X
X
Field-Feynman recursive cascade picture for gy — hX
qo — g0 + (q191) = M(qoq1) +q1 drdrank 2ndrank 1strank

M(q3q2) M(q:91) M(q190)

q1 — q1 + (4292) > M(q1q92) +q; U UU“

R.D. Field, R.P. Feynman, NPB136, 1-76 (1978) 4393 4292 9191 | 9o
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A polarizationinete™ —» Z0 - AX

ALEPH, PLB 374, 319 (1996)

* ALEPH data

Jetset (corrected)

- - - - Jetset range R -
o4 - H i -7 -1”
erwig (corrected) . -
‘ PIOUITEEE A

.
0.3 | .
r' - a
0.2 l— LS
Sy
P
0.1 |- R
ol v v 1T v e e 1 AP |
o 0.1 0.2 0.3 0.4 o.s o6
z

OPAL, EPJC 2, 49 (1998)

= — o=
=

- OPAIL

0 [T

Spin alignmentinete™ —» Z° - VX

DELPHI, PLB 406, 271 (1997)

Particle Xp range POO Re p1—1 Imp;
K*0(892) 0.1 <xp<0.3 0.332£0.05 0.004+£0.02 —0.0140.02

&b 0.05<x,<<0.3 0.30:£0.04 0.0040.02  0.00:0.02
° 0.42-£0.04 0.004:0.02  0.00-0.02
K*0(892) xp=0.3 0.4140.07 0.0130.03 —0.01+0.03
@b 0.2740.04 0.00£0.02  0.00=£0.02
P 0.43+0.05 0.01:£0.02 —0.01==0.02
K*0(892) xp=0.4 0.46-£0.08 0.00=£0.03 —0.034+0.03

K0

b 0.30-£0.04 0.01+£0.02 —0.0140.02
Ve 0.48:0.06 0.0240.03 0.00-+0.03
(892) xp=0.5 0.474£0.10 —0.0230.04 —0.06+0.04
@b 0.36=£0.06 0.02+0.03 0.00+0.03

0.55:0.10 0.02::0.04 0.00:4£0.04

OPAL, PLB 412, 210 (1997)

038
07
0.6
05
0.4
03
02
0.1

0

L L L L L L L B L

OPAL ete™ - K* + X

due to polarization of the initial quark produced at the e* e~ annihilation vertex?
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Hadron polarization in fragmentation processes

Earlier phenomenological studies :

(@ attributes to the polarization of the initial quark
@ only first rank hadrons, i.e. only those containing initial quarks, are polarized

Plst_rank —p AQ Phigher_rank -0
H —'q H
N‘Iv

a
! * ALEPH data P
05 = —— Jetset (corrected) /” /[l/ n-{ D.9 I 71 T T T T
| @ ALEPH m OPAL

) S
- -~ Jetset range L7 P .
04t e P e 0.8
erwig (corrected) . .

0.3

o+ ALEPH, PLE/374, 319 (1996)

0.1 |- g '+
0
o 1 .2

pL\

C. Boros, ZTL, PRD 57, 4491 (1998)
with decay contributions etc.

G. Gustafson and J. Hakkinen, PLB 303 (1993) 350.
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Hadron polarization in fragmentation processes

Earlier phenomenological studies :

(@ attributes to the polarization of the initial quark
@ only first rank hadrons, i.e. only those containing initial quarks, are polarized

if extend to vector meson spin alignment, we need

2
P(l)f)t rank —1 + ﬁPq higher_rank __ 1
3—ppP:  Poo ~3

>8 0SS T T T T T T T T

= — E;‘:’: g;'}’ s i

e R S I 2 3 P

0af @K T T ()KY E E

0.355— . — - i —

0.35:::::::::::::::jf:::}:::::::::::

0asE(© p* AFEETE () T

0-3 ++f -{ - = 0.4;_ ' :.-_._-’ 3 _:;__ .:. X _;
poo 1/3: unpolarlzed ANl I ) :

. L ' L e S i ]
0.26 01 012 013 04 05 0.6 07 08 09 1 - + ]

Q.H. Xu, C.X. Liu and ZTL, PRD 63, 111301 (2001) Xg
Q.H. Xu, and ZTL, PRD 66, 017301 (2002)
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Hadron polarization in fragmentation processes

However, in QCD quantum field theory, fragmentation is described by fragmentation
functions (FFs) defined via the quark-quark correlator

Un-integrated:

= 1 . —
2hip.$) =5 | A% e M (RXIBEOLE, 0)[0}0lp @)IRX)
X

One dimensional:

E(z;p,S)—— j dg e P8 /2 (hX|H(E)L(E, 0)]0)(0]w (0)|hX)

Three dimensional (transverse momentum dependent):

_ 1 o _
E(z,k;;pS) = Ez j d*§, d& e P8 /Zetk L3 (RX | (§)L(E 0)[0)(0|y (0)|hX)
X

LC2024, IMP HuiZhou 2024£E11 A 25-29H 25



Hadron polarization in fragmentation processes

FFs defined via the quark-quark correlator

e.g., one dimensional FFs:

We expand the quark-quark correlator Z(z; p, S) in terms of the -matrices

E(z;p.S) =E(zDpS) +ivsE(z;p,S) + ¥*Ea(z; D, S) + ivsy Ee(z; 0. 5) + iy569PE,5(2; p, S)

We make the Lorentz decomposition, e.g.,

224(z;p,S) = p™Nu[D1(2) + Sy D111 (2)] — MS1D7(2) + MSy oD y1(2)
2

M
+ F”a[Ds(z) + S1.D31.(2)]

: 1 1 s
We obtain, e.g., D1(2) +5S..D11.(2) = an E«(z;p,S) = zTry™"E(z p,S)

4p*

See e.g., K.B. Chen, S.Y. Wei, W.H. Yang, & ZTL, PRD94, 034003 (2016).
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Description of polarization of particles with different spinsig

Spin 1/2 hadrons: ‘ The spin density matrix is 2x2: P =[ Piv P J 1 L5

L . P, P
Vector polarization: $* =(0,S,,4)

pll p10 pl—l
. 1 3. - i
Spin 1 hadrons: ‘ The spin density matrix is 3x3: = Pu  Pw Poa |= 3(1+ES-Z+3T’Z’)
P_i P P-oa
Vector polarization: $* =(0,S,,4)
0O O 0O o0
T 0 XX Sxy 0
Tensor polarization: scalar S;; vector S, = (0, S%;, §7-,0) tensor Spp = g g
0 Sy Sy O
0O O 0O o0
1+S, Si (Sir —iSy;) + (SF — is)) S¥ — iSpy
3 2 22 2
p= (Str + iSyr) + (ST + iS7) 1-25,, (=Sir + iSyy) + (ST — iSp) Poo = 1-5,
22 3 22 00 3
S¥ + iSpy (—S¥r —iSh;) + (S§ + is)) 1+5S5;, S
2 22 3 2

See e.g. A. Bacchetta and P.J. Mulders, PRD62, 114004 (2000)
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The vector meson spin alignment v.s. the longitudinal spin transfer

The vector meson spin alignment D4;; () Yir=50175)9
D1(@) + SiiD11.(2) = 8n2 | zag=ew e 3" (x[ia, ©v* [0} 0], ©)[nx)
ig=L,

independent of the spin 4, of the fragmenting quark!

The longitudinal spin transfer G4, (z)

$1611(2) = o Z j zd§~ e "8 [(hX[PL Oy *|0)(01, (0) | hX)
— (hX[Pr(Dr*[0)(01yr(0)|hX)]
dependent of the spin A, of the fragmenting quark!

The longitudinal polarization of A in e*e™ — Z° — AX indeed originates from the
polarization of the initial quark, but the vector spin alignment of Vinete™ —» Z° - VX
does not!
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Hadron polarization ine*e™ - hX

Vector meson spin alignment:

_12qW4(Q) Dq114(2, Q)
S(@ @) =375 W (@D1y(z Q)

Hyperon polarization:

Zq Pq(Q)Wq(Q)Gqu (Z: Q)
2.qWq(@)D14(2, Q)

P;A(2,Q) =

2
Wq(Q) = 3 (e + xeici + XimCicy)

2 : ‘\'\,” I 1 I
_z[ 2 22| ciad T N TS e
=S s— M +I‘M]sm29
X /| 7) z"z w 0 100 200 300 400 500

Xine = —2eqx(1 — MZ/s) V5(GeV)

K.B. Chen, S.Y. Wei, W.H. Yang and ZTL, PRD94, 034003 (2016);
K.B. Chen, W.H. Yang, Y.J. Zhou and ZTL, PRD95, 034009 (2017).
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Hyperon polarizationine*e™ - H + X

Parameterization at a initial scale:
u/d-A

Gi Mz, 1) = z2°D5 (2, o)

u/d-A
GlL (z,ng) = NZaD (z, no)

QCD Evolution: d l_)h(Z Qz) 2[ dy G]—’h QZ)AP (y, )

(DGLAP equation)  dInQ2 Gy, s
0.8 OF """~ T | 3
i T -0.5 ___________ =
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Joar oab BTE T
| i TR e
0.2 = o ) T e ]

i jence = E L 7 — =01
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0.4 Lol | I ol

K.B. Chen, W.H. Yang, Y.J. Zhou and ZTL, PRD95, 034009 (2017).
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Vector meson spin alignmentine™e™ - V + X

Two scenarios of parameterization at an initial scale.
favored, e.g.:

Scenariol:  Df3%ored(z, jig) = ¢4 (a1z + 1) DF*"4(z, pg) d - K*°(d3) + X
Dlllzliavored (Z, ”0) — ClDllmfavored(Z’ ﬂO) unfavored, e.g..

u—-Ko%ds) + X

Scenarioll: Dy, (z puo) = cz(ayz'/? + 1) D1(z, )

OS5———7—— 771
b AKKO08

Scenario II

0.3F
F AKKO08
06
F Scenario I
09F

- = 2GeV 4
....... Ky = 500GeV

032

DX (2,u5)/DE" (2, 15)

<0 0
DﬁLc(Z’ Hf)/Dﬁ, (Z, /'l'f)

03p"

= =pj = 2GeV
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K.B. Chen, ZTL, Y.K. Song and S.Y. Wei, PRD102, 034001 (2020).
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Vector meson spin alignmentinete™ >V + X

The fragmentation functions D’szq(z, Ug)ing - K* + X

A -3 10 102
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L . r K* ] N K* ]
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different for differentqorginq/g - K** + X

K.B. Chen, ZTL, Y.K. Song and S.Y. Wei, PRD102, 034001 (2020).
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Vector meson spin alignmentinete™ >V + X

Spin alignmentinete”™ - por K* + X weak energy dependence
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K.B. Chen, W.H. Yang, Y.J. Zhou and ZTL, PRD95, 034009 (2017).
K.B. Chen, ZTL, Y.K. Song and S.Y. Wei, PRD102, 034001 (2020).
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Spin alignment inpp - VX

Vs = 200GeV Vs = 5.02TeV
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tested in future experiments e.g. at RHIC and LHC

K.B. Chen, ZTL, Y.K. Song and S.Y. Wei, PRD102, 034001 (2020).
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Summary and outlook "

® Global hyperon polarization and global vector meson spin alignment have been
observed in relativistic heavy ion collisions (HIC).

® The global hyperon polarization is a measure of the average value of the global
quark polarization in the system, while the global vector meson spin alignment
measures the correlation between quark and anti-quark polarization.

® Vector meson spin alignments, tensor polarizations of spin 3/2 baryons are
sensitive to local quark spin correlations; spin correlations of hyperon-hyperon
or hyperon-antihyperon are sensitive to long range correlations.

® Vector meson spin alignment in fragmentation mechanism is independent on the
spin of the initial quark. Predictions have been made for different high energy
reactions that can be tested by future experiments.

A recent short review:
J.H. Chen, ZTL, Y.G. Ma, X.L. Sheng, and Q. Wang, “Vector meson’s spin alignments in
high energy reactions”, Sci. China-Phys. Mech. Astron. 68, 211001 (2025).

Thank you for your attention!
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