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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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ZTL & Xin-Nian Wang, PRL94, 102301(2005); PLB629, 20 (2005).
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Great efforts from experimentalists: first measurement by STAR
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STAR — the STAR Collaboration
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However, NOT observed at /s = 200GeV
within the statistics available at that time!
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Great efforts from experimentalists: first observation by STAR

Results of STAR beam energy scan (BES |)

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

E K, STAR Reginal Meeting 20245108 10-15H 6



Intensive measurements by STAR at RHIC

Systematical studies at /s = 200GeV with much higher statistics
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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
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STAR Collaboration, J. Adam et al., Phys. Rev. Lett. 126, 162301 (2021)
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Intensive measurements by STAR at RHIC

Beam energy scan (BES 1)  iTPC and EPD upgrades
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Further measurements by other experiments

The Large Hadron Collider (LHC)

ALICE

Collaboration
at LHC
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Further measurements by other experiments
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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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IEif: Global vorticity and fit to the Global A Polarization
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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 — Why so interesting?

Theoretical predictions

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

] ] ] R 1,1+ P 0 AL <
Quark spin density matrix: @ = E( o 1_ Pq> B8/ e
Hyperon: gl +aq+aq}—H 19203 = paD@pDRpE)  FHRKEK
p#lml = (iHmllﬁ(qquqB)liHm) PH = z Ci Pqi = Pq
i=1-3
c;: constant determined by C.G. coefficients
Vector meson: 41 +4s—V pln2) = pla@p@) B XK
1-P, P; 1— PZ
o la(a1To) |+ vo_ a1l az _ q
P, = G5 fom)  plo =3 2t =
It was for the most simplified case (& EI{LEIIBHS) : RAERKRAHE

® 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 alignment — correlations?

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

forqy +q5+q3 > H

Pu - <<z ciPa

i

 two folded average

_ Z ¢i (Pgi) = (Pg) (PqP7) = < >V>

i

H
S

for i +q5 >V inside the meson 94/"

over the system
1_<Pqpﬁ>¢1_<Pq><Pﬁ) . d
3+ (PgPg) 3+ (Pg)Pg)

vV _
Poo =

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 .

—

A window to study quark spin correlation in QGP
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Local correlation or long range correlation "
(PqPg) # (Pq){Pg)

Correlations:

[ 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+P P,, —iP
. p\ = .
Off-diagonal elements ? 2 (qu tiPgy  1- Py

(Pgx) = (P

ax) ay) = 0; (P7x) # 0,(P7,) # 0

® how to describe?
:> ® relationships to measurable quantities?
® why? where do they come from?

\

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 [{&

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)
Uz = ﬁ(l) ®PP ®p® + 2%[ 5751 ®8, PP +(1->2-3)

1235
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Description of quark spin correlations — «a-dependence

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

Two particle system A=(12) at given (a4, a>):
pID(ay, @) = PP (ay) ® PP (@) + 55 ¢4 (@1, @2)81; @ 6

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

P (aq2) = (a12] P2 (@, )| @y2) average inside A

12 ~ ~
=pW(a12) ® pP(a2) + =5 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

. —(12 12 —-(12;0
instead ey (@iz) = (o (ag, @) + T (az)
“effective correlation” = “genuine correlation” + “induced correlation”
the observed the original process  due to average over «;
—(12;0
CE] )(a1z) = <P1i(a1)sz(az)> —(Pq;i(aq)) (Pyi(aq))
\. 4
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Relationship to the spin density matrix of h

Take g1 + g, — V as an example
in general, p¥ = Mp@aDigt M the transition matrix
If only spin degree of freedom is considered

Pt = (MIFTRTDFTT 'y = " (o] 3 [, )am, [O192) [ oy |

m;m/;

=N Z (jm|m;)(m;|p'9192) |m})(m}|jm’) Im;) = [jimy, jom;)
mim/; o — —
. ~ direct probe of spin properties of
|
@nt of M ! :> (q1q>) before hadronizatiom
);\ /A

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

jrmis . ) . ,
® angular momentum conservation j = j',m = m

space rotation invariance demands @ (jm||jm) is independent of m

similar, if « dependence but the wavefunction is factorized, i.e., |jm, ay) = |jm)|ay)

E K, STAR Reginal Meeting 20245108 10-158 23



Spin density matrix for vector meson V

1+ f§?1q2) _ ngzﬁz)

[ [ V _
The spin alignment Poo(ay) = T (
12}
D D #(q9192) | 7(q192)
_ P, ,+Ps, +% +t
The off-diagonal element, e.g. Re p}, = % %27 TN
VZ(3 +E07)

7(0192) — =(9192) |, p P
L;; = Cjj t Pg,iPyg,;

— q a _ q-;0
cg;’m) _ <C§?1q2)(“1r“2)>v + Clg;hqz )(@gs)

Eg,-lz;o) (ar12) = ( P1i(“1)sz(az)>V —(Pyi(ay))y ( P1i(ag))y

depends on local spin correlations between g4 and g,
14+ (ESIl‘h)) _ 2( —(Q1QZ)>

tZ VA

If further averaged over ay in the system: (pgo) = 31 fg’@))

depends on average of local spin correlations between g1 and g

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

(uds)
iiz

R — 1 _ _
A polarization | P,(a,) = P,, — E_[E + e8Py + 9P, C,
A

influences from quark spin correlations

AA spin correlation /. o\ (6 2
— \\ \( g//_ ;\R-:! ;”/

_ _(s5)  Psz_(ds)— —(us)—=
Cofan ap) ~ Py (@)Pr(ap) + €57 — =7 |679Po + 2 Pai| — (4 © q)
A

ey = <c§sz§)> B only long range, no induced contribut~=-_ -
“gn Ad . . — / e\ / 0 \‘\
Sensitive to the long range spin correlation between s ands. (@ - @2
&

AA spin correlation, neglect overlap between the two A’s

_ Pigz[_(ds)= _(us)=
ClM(apy, apz) = Py (ap)Pas(aps) + Cgszs) - E—Sz [cng)Plui + ch)PZdi] —(1e2)
A

) = <c§szs)>A ) only long range, no induced contributions
142

Sensitive to the long range spin correlation between s quarks.
Ji-peng Lv, Zi-han Yu, ZTL, Qun Wang, and Xin-Nian Wang, PRD 109, 114003 (2024)
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Polarizations 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)

Poo = (1—25;.)/3

XX
_STT

independent

3
5;;;) 5 >8 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 Siie s Sur = St S{LT) , P
Tensor polarization:  ; _ (SﬁéT S’L‘¥T> giix _ (S’T";’; Sﬁi) 7
= ’ TTT — xx
T \si St Sy S
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Measurements of polarizations of spin-3/2 baryons

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

W(BN ,(pN) ~ 2+ SLL(]- -3 COS2 HN)
—(S¥rcos + S, sin ) sin 20 —(SFFpcos 2¢ + Sppr sin 2¢) sin? 6

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(BA, Bp) ~1+ %aASL cos 6, cos 0, —%SLL(l + 3 cos20,)

— %aASLLL(3 cos@p + 5cos36,) cos 0,

For weak decay B — B, + M1, followed by the weak decay B; —» B, + M»,
suchas Q™ - AK~, and A - pt™

W(BA, 0, ) ~ (1 + aga,cosy) [1 — iSLL(l + 3 cos26,) ]

+ ESL cos O, — ESLLL(S cos B, + 5 cos BBA)] (aq + apcos 6y)

See e.g. the appendix in: Zhe Zhang, Ji-Peng Ly, Zi-han Yu, and ZTL, eprint: 2406.03840 [hep-ph], PRD in press
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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

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) z(0192) — =(q192) |, p P

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], PRD in press
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Measurables and sensitive quark spin quantities

Hadron Measurables Sensitive quantities 22, 20
-~ 25"
Spin 1/2 Hyperon polarization P average quark polarization (P) 2 5
e--e
(hyperon H) Hyperon spin correlation cy, y,, cy,5, long range quark spin correlations c,q, c45 S
Spin 1 Spin alignment pg, local quark spin correlations ¢, ‘oo
(Vector mesons) g diagonal elements p,,,., local quark spin correlations ¢,
Hyperon polarization Py or §; average quark polarization (P )
spn % Rank 2 | local quark spin correlati @?
+ izati ocal quark spin correlations ¢
JP = % baryons ank 2 tensor polarization S;; q p qq
Rank 3 tensor polarization S;;; local quark spin correlations ¢, ‘g\'
o

:> Systematic studies of quark spin correlations in QGP!
Also very important question: origins of such spin correlations?

many studies by many groups:

Xin-Li Sheng, Lucia Oliva, ZTL, Qun Wang, Xin-Nian Wang; Shi Pu;

Kun Xu, Mei Huang; Defu Hou; Francesco Becattini, Avdhesh Kumar, Philipp Gubler;
Di-Lun Yang, Soham Banerjeea, Samapan Bhaduryb, Wojciech Florkowskib, Amaresh
Jaiswala, Radoslaw Ryblewsk; ......
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Extraction from data?

q192

ij from data

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

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

—(SS) 2
P _
(SS) (¢) sz CQZA —(ss) (AA) + P
3+Ezz (¢)+P§z

PANPsz pg)o

10 T T T
[ ALICE PRC101.044611(2020) STAR Au+Au 20%-50% ] T L | T T L |
sk O A Pb+Pb 5%-15% ® A PRC98.014910 (2018) | 0.00
[ O A Pb+Pb 15%-50% ® A Nature548.62 (2017) ]
6F & A PRC104.L061901 (2021)]
[ HADES PLB835.137506(2022) -0.05f
£ 4L A Ag+Ag 20%-40% —e
T [ 1 ey
o [ A Au+Au 20%-40% ] o
2; A -0.10+
of =—F
[ ) -0.15F
_2' Ll n M| n PR | n ]
10 102 103 C 1 MRS R | L L MR R |
0.20 — T —
S [GeV]
(b) .
0.40 — gl g9
0.10 AT
e ¢ (1yl<1.0 & 1.0<pr<5.4) L ---- 29 20, x30)
4 e zz;AAN
S Tl
SH 000 TTemmesees
S
-0.10}
0.32 I I -0.20 1 M | ' L PR T |
10 102 10 102
VSNN [GeV]  snn [GeV]
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Polarization and hadronization mechanism

N

ombination _
ot +q; > M

recombination 91 T 92

coalescence q1 + 92 +q3 > B

SIEARME DT LT

Fragmentation

g—h+X eg.ete > h+X
ﬁ

Field-Feynman recursive cascade picture for gy — ha
9392 9291 9190

o — 90 + (9191) > M(q0q1) +4q1 '
q1 — 91 + (9292) »> M(q192) +9q- U UU

9393 9292 9191 | 90

R.D. Field, R.P. Feynman, NPB136, 1-76 (1978)
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Hadron polarization in fragmentation processes

Earlier phenomenological studies assuming only first rank hadron contributes

Hadron polarization in ete™ - Z° - g+ q - H (or V) + X at LEP

ALEPH PLB 374, 319 (1996)
OPAL EPJC 2, 49 (1998)

- D9r————FT———

0.8|- ® ALEPH  mOPAL SU(

D.7 |-

D.6
D.5
0.4
D.3
D.2
D.1

0

] 0.2 0.4 0.6 0.8

Z
C. Boros, ZTL, PRD 57, 4491 (1998)

1st_ rank _ AQ higher_rank __
P} =Py~ Py =0
qv

DELPHI PLB 406, 271 (1997)
OPAL PLB412, 210 (1997)

0.75— €+€_%K*O+X ‘ —

os Vector meson spin alignment i

0.5 -

0.4 [,

O 1
+Wﬁ | Poo=1/3: unpolarized—;

0.3 f—l+

o2l b b b b b b b L
0 01 02 03 04 05 06 07 08 09 1

Q.H. Xu, C.X. Liu and ZTL, PRD 63, 111301 (2001)

1+ BP?

phigher_rank _ 1

1st rank __

Poo
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FFs defined via the quark-quark correlator

In QCD field theoretical framework, quark fragmentation is described by
fragmentation functions (FFs) defined via quark-quark correlator

e.g., one dimensional FFs:

We start from the un integrated quark-quark correlator
2krip,$) = Z | @t et cnxiB© 25 010y 01T (0, ) )

We integrate over kF and kr, to obtain the one dimensional quark-quark correlator:
N

2zp,S) = Z | dg= e X BELCE 010N 0ILH©, ) ) =P

k+
We expand the quark quark correlator Z(z; p, S) in terms of the -matrices ‘
&z S) =E(zp.S) +ivsE(Zp.S) + Y Ea(2;p,S) + ivsV*Ee(2;p,S) + iys0%PE (2 0, S)

We make the Lorentz decomposition, e.g.,

224(z;p,S) = p*1y[D1(2) + Sy D111 (2)] — MS1aD1(2) + MSy 74D 17(2)
MZ
+ F"a[l)s(z) + S11D311(2)]

+§(z; p,S)

We obtain, e.g., D1(2) + Sy.D11.(2) _pizn (z:p,S) = 119

See e.g., K.B. Chen, S.Y. Wei, W.H. Yang, & ZTL, PRD94, 034003 (2016).
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Hadron polarization in fragmentation processes

Vector meson spin alignment is independent of the spin of the initial quark

D1(z) + N 87T1p+ Z: ,[ zdg™ e az <hX|17)'1q Qe |O> <O|¢’1q (0)|hX>

q=L.R

the vector meson spin alignment

independent of the spin 4, of the initial quark!

To compare
$.G11(2) =

1
8npt

> | zag= e (X[ BL©v* (o)1, @) 1hX)
) — (RX[Be(Or*0)(01pR @) IX)]

the longitudinal spin transfer

dependent on the spin 4, of the initial quark!
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Hadron polarization in fragmentation processes

o peLem

[|wmme 5= 2(,\
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z off ek ]
K.B. Chen, W.H. Yang, Y.J. Zhou and ZTL, prone e e e e
PRD95, 034009 (2017). K.B. Chen, ZTL, Y.K. Song and S.Y. Wei,

PRD102, 034001 (2020).
——> Joint studies in different hadronization mechanisms

ZTL, talk given at SPIN2023, PoS SPIN2023, 238 (2024);

J.H. Chen, ZTL, Y.G. Ma, X.L. Sheng, Q. Wang, e-Print: 2407.06480 [hep-ph],
review article submitted to Science China Physics, Mechanics & Astronomy
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Measurements by STAR at RHIC!
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increase with increasing pr or xp
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K.B. Chen, ZTL, Y.K. Song and S.Y. Wei, PRD102, 034001 (2020).
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Spin alignmentinpp - VX
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Measurements by ALICE at LHC!
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K.B. Chen, ZTL, Y.K. Song and S.Y. Wei, PRD102, 034001 (2020).
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Hadron Measurables Sensitive quantities

Spin 1/2 Hyperon polarization P average quark polarization (P,)

(hyperon H) Hyperon spin correlation cy, y,, cy,5, longrange quark spin correlations cgq, c4g

Spin 1 Spin alignment p,, local quark spin correlations c,5
(Vector mesons) e diagonal elements p,,,,,, local quark spin correlations c,5;

Hyperon polarization Py or §; average quark polarization (P,)
Spin 3/2

JP = 3+baryons Rank 2 tensor polarization S;; local quark spin correlations c,,
2

o HIEH NS FHIBIBIIEX, REMERERTILIGIRITERE.
Thank you for your attention!
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