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> Introduction

> The global vector meson spin alignment vs the
global hyperon polarization

> The off diagonal elements of the spin density matrix
of vector mesons

> Summary and outlook
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Prediction of globally polarized QGP "

ZTL & Xin-Nian Wang, PRL 94, 102301(2005); PLB 629, 20 (2005)
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® Global hyperon polarization
Py =Pp=P,=Py

® Global vector spin alignment
1-P;

3+ P}
Poo — 1/3~P}

vV _
Poo =

Global: the direction is fixed; the magnitude is approximately the same.
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Great efforts of our experimental colleagues

STAR, L. Adamczyk et al., STAR, J. Adam et al., STAR, M.S. Abdallah et al.,
Nature 548, 62 (2017). PRL 126, 162301 (2021) Nature 614, 244 (2023).
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HADES, R. Yassine et al., PLB 835, 137506 (2022)
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Global hyperon polarization "

ZTL & Xin-Nian Wang, PRL 94, 102301 (2005). |
o _ dominates at small
Quark combination scenario g} +q}+4q} > H and intermediate py

~ e om o R 1/1+P 0
Pqia2q3 = Pq QP q,P3 Pq:E( 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 \ /

Clebsch-Gordon coefficients

normalization

Zmi,m’i Pqiq2q3 (mi; m,i)(iH' m’ |m,1r m,2' m€3)<m17 mz,ms3 |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’) =
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Global hyperon polarization "

ZTL & Xin-Nian Wang, PRL 94, 102301 (2005). .
dominates at small
Quark combination scenario g} +q+q}—>H and intermediate p

Pu=on(:2) - ou (-1

_ c;’s are constants
PH = C1Pq1 + C2Pq2 + C3Pq3

determined by C.G. coefficients.

hyperon A X %! X =0 Cn
R 4P,-P; 2(Py+Pg)-Psg 4P 4-Pg 4Ps-P, 4Py-Py
combination P —— 3 —5— 3 —

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

= S = 1/,1+P 0 1/1+P; 0
Pai» = Pa,BPg ~ _ =+ q ~ _ = q
9192 q1 qz pq—2< 0 1_Pq) Pq—z( 0 1_pq)
Sy, Pagg, (M My, m' [m, mp)mg, my|jy, m)
py(mm’) =

Zm,mi,m’i pq1ﬁ2 (mi' m’i)(in m |m’11 m’2>(m1' mj; |th m)

1% 1% 1%
2 P11 P10 Pi1-1
1_P¢I1Pﬁ2_1_P¢I /ﬁV:( >

v v v
= Po1 Poo Po-1

3+P, P P2
afq 3+P; P i1 Pl PYia

Vv _
Poo =

In both calculations, we considered only the spin degree of freedom and took
P, as a constant, no fluctuation, no correlation etc.

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

We make a minimal step forward and consider other degree of freedom denoted by

T =1
The basis state for a quark: |m, ) For g1 +qz >V

N / 1|
The element of the spin density matrix: Pqm,m!, (¥q @q) = (Mg, ag|Pqlmy, ay)
We consider the simple case:
( N
® Pym,mi(2q @) = Pam,m (€g)8, ;. diagonal w.rt. a,

® Dg,q, = Pq,OP7g, wave function of V with a

® factorized: (@, , m,,; ag,, mg, |jy, my, ay) = (aq,, ag,|lay) (my,, mg, |jy, my)

J

2 l . .
Pl (@) = Pl (@@ = ) (g, ag,|ar)] oy (aq, @) average inside V

QAqq.9q;

40} . . ’ ’ / q q i
Pimm’ (a‘h’ aﬁz) - Z (le |mCI1mﬁ2> pmqlm,’“ (a‘Il)pqu,m'qz (aq2)<mq1' Mg, |]Vm>

my, Mg, Mgy Mg,
similar to what we had when a-dependence were not considered.

We can also further average over ay and obtain the ay-averaged spin alignment.

J6372023 202327 H15-19H



Take other degrees of freedom into account

In this way, we obtain

- ) 2
<Pq1Paz>V = Z [(@q, ag,|av)|” Pq, (aq,)Pg, (ag,)
3+ <P‘I1Pa2>v ag,.9g,

average inside V

Pgo (ay) =

We further average over ay and obtain the ay-averaged spin alignment.

1- <P Pq > <Pq1Pq2> = va(ay) <Pq1Pﬁz>V

91" 92

(Poo) =

3+ <Pq 1qu>

In general, ay denotes a set of variables (aqy, ayy, ... ajy).
We can integrate over only part of them and study the dependence on the others, i.e.,

V _ Ak+1V,---Ajy
(Poo)(a1y, A2y, ..., Opy) =
AR+1V,- AV
p qu = f(aIVt azy, -, a]V) Pq Pﬁz / f(alv, ary, .., a]V)
q1 1
Ak+1Vs- Gy ~ o |4 o 4
k+1V,--»Q&jy k+1V)---Qjy
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Take other degrees of freedom into account

The average is two folded:

( )

<P611Pﬁz> = <<PCI1P€I_2>V>S

average inside the vector}eévﬁv

average over the whole system or a sub-system S

\Q J

2
<Pq1qu>V = Z (g, ag,|av)|” Pq, (@q,)Pq, (ag,)

Xq1%q,

Yy, Fs(@y, Ay, ..., Ajy) <Pq1Pﬁz>V

P P—> =
< e vy Yy, Fs(@y, Xy, .., ajy)

J6372023 202327 H15-19H 10



For g +q, -V vy 1—(Pq,Pg,)

Forqi +q5+q3 > H

Py = <<Clpq1 t Py, + C3P‘13> - <c1(Pq1)H + CZ(P‘”)H T cg(Pq3>H>

S

H S

= c1{(Pay)y) + €2 {(Pas)y) + €5 ((Pas)y) = €1(Pa,) + €a(Pyy) + es(Pay)

The STAR data show that: (P, Pz) # (P, )(P5)

One has to take fluctuations into account, so that: (PqPq) = (Pq)(Pq) ‘

By studying Py, we study the average of quark polarization P ;
by studying p},, we study the correlation between P, and P; .
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Local correlation or long range correlation

Q)
~—— O°
<
[7)
Z
-5
2
Sy

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

4 N

(PoPq) = ((PaPq), )

average inside the vean |4

average over the whole system or a sub-system S

& J

(1) local correlation: (PqPq)V + (Pq)V(Pq)V

(2) long range correlation: (PqPg) = (P4) (Pg),

((Pa),(Pa),)_# ((Pa),)_((Pa),).

Vector meson spin alignment contains both contributions.
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Vector meson spin alignment — model

[ strong indication of phi-meson filed ———> strong local correlation ]
( QGP and hadronic phase )
initial state hydrodynamic expansion ...a.nd,f,rgg{g-gg,t.
f S et the On|y

- W i w | explanation yet

G J
Strong interaction exhibits itself differently in different stages ~ talks by
1 ge Xin-Li Sheng
P{(x,p) = am, ghtvpe (wpa + ml’fa) Dy and Qun Wang
¢ ¢
K ~ uvpo —
P (x,p) am, € (wpa (u-p)T, Fpa) Dv

[1] Yang-guang Yang, Ren-hong Fang, Qun Wang, and Xin-Nian Wang, PRC 97, 034917 (2018).
[2] Xin-Li Sheng, Lucia Oliva, and Qun Wang, PRD 101, 096005 (2020).
[3] Xin-Li Sheng, Qun Wang and Xin-Nian Wang, PRD 102, 056013 (2020).

[4] Xin-Li Sheng, Lucia Oliva, Zuo-tang Liang, Qun Wang and Xin-Nian Wang, 2205.15689 [hep-ph],
to appear in PRL.

[5] Xin-Li Sheng, Lucia Oliva, Zuo-tang Liang, Qun Wang and Xin-Nian Wang, 2206.05868 [hep-ph].
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Local correlation or long range correlation

Can we separate local or long rang correlation experimentally?

Study A — A or A — A spin correlations
Hey Pl ! ZTL & X.N. Wang

) WM )
C%\v — Npya+ Naz—Npz —Naz
=y 1, N1 )
Npz + Nag tNaz + Naz

Even, in general, H; — FI]- or H; — H; spin correlations

M RS A

NN ™ W T T
Nuga, ¥ Nag, tNya, + Nug,

C

sensitive to the long range correlation

because H; and H j come from different phase space points

seems not so easy in experiments
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Off-diagonal elements of p" ?

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

R 1/1+(Pg) 0
considered the average  (Pg) =5| 1—(P,)
q

ie., (Pgy) = (Pg), (Pgz) = (Pgx) = 0,als0 (P, , Pg ) = (P, }Pg.)
® The STAR data show that: (P, Pg) # (P )(Pg)  (PqPg) » (Pq)(Pg)

indicates that the fluctuation AP?D, = (Pcz,y) — (qu>2 ~ (P?,y) >> (qu)z

2

i.e., compared to APy,

we can even take (P ) ~ (P,,) = (Pgx) = 0
Similar fluctuations (PZ,) and (PZ,) for (P,,) and (P,) ?

@ take also the off-diagonal components into account

1 ( 1+Py, Pg— qux> R 1 < 1+Pg, Pg,— qux>
P

Pa=3\P,, +iP,, 1-P, Pa=3\pP,, —iP;, 1-Pg

J6372023 202327 H15-19H 15



Off-diagonal elements of p" ?

1+P,-Pg—2P

3+Pq‘Pq

In this case, we obtain ayPay

Vv _
Poo =

also the off-diagonal elements of p¥

, Pa(1+Pg) + (1+ Pyy)Pg, — iPg (1 + Pgy) — i(1+ PPy,

P1o = = =
V2(3 + P, - Py)
o P,,(1—Pg) + (1 — Pyy)Pg, — iPy (1 — Pg,) — i(1 — Pg)Pyg,
o V2(3 + P, - Py)
. PPy, — PyxPgx + i(PyxPgy + Py Poy)

3+Pq'Pq

They should be sensitive to the local correlations.
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Off-diagonal elements of p¥'?

Take the average

1+ (quPﬁz> + (qupﬁx) - (qupﬁy>

<pg°):3+(P Pz,) + (PoxPax) + (PoyPzy)
qz° qz qx” qx qy” qy
(pV) = (PqzPgy) + (PqyPgz) — P gxPgy) — (P gy Pgy)
w0 V2(3 + (P, - P,))
<pv ) = _<qupﬁy> B <quPﬁZ> + i<quPﬁy) + i(quPﬁx)
. V2(3 + (Py- Pg))
(PV ) . (quPﬁz> _ (qupﬁx) + i(<quPﬁy> + (qupﬁx))
1-1/ =

3 + (P, - Pg)

They should be sensitive to the local correlations.
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Summary and outlook

® Global hyperon polarization and global vector meson spin alignment
have been observed experimentally.

® 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.

® Correlation between the polarization of hyperon-hyperon or hyperon-
antihyperon can be sensitive to the long range correlation while off-
diagonal elements of vector meson spin density matrix may provide
important information on the local correlation.

Thank you for your attention!
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Measurements X

ForV — 1 + 2, where 1 and 2 are two pseudoscalar mesons, we have S, = 1,4, =4, =0
eg.,p o nw

W(O,0) =N > |Hal2 D,o(0.6,~9)Djy: (.0, ~0)(MalPal M)
MAMA

3

411{ (P11 + p—1-1) sin® B + pyo cos* 0

1
———=sin20 [cos ¢ (Rep1y — Rep_19) — sin@ (Impyo + Imp_4()]

V2
—sin? 0 (cos2¢p Rep,_;—sin2¢Imp;_,)}

2T 3
]0 doW(0,p) = Z[(l — Poo) + (3poo — 1) cos® 0]
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Measurements X

ForV — 1 + 2, where 1 and 2 are two spin-1/2 Fermions, i.e., S, = 1,41 = i%, Ay, = i%

consider the case: (1) Helicity conservation: 4, = —1, ,4 = +1
(2) Space reflection invariance: H, (A1, A;) = Hy(—A4,—4,)

only one independent helicity amplitude

eg, J/Pp - ee”
3(1+
W, ) = ( 81tp00) [1+ A9 cos® 0 + A, sin” O cos 2¢ + A4, 5in 26 cos @
+2; sin” @ sin 2¢ + 13, sin 26 sin @]
1= 1—-3pgo 1 = 4Rep;-4 _ V2Re(p19 — P-10)
0 1+ Poo ¢ 1+ Poo O 1+ Poo
2L = 4lmp;_4 P V2Im(p19 — p_10)
¢ 1+ Poo ¢ 1+ Poo
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