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Global OAM leads to global polarization of s hyperons through
spin-orbit coupling

Liang and Wang, PRL 94,102301(2005); Betz, Gyulassy, Torrieri, PRC (2007);
Becattini, Piccinini, Rizzo, PRC (2008); Gao, Chen, Deng, Liang, QW, Wang, PRC
(2008)
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STAR, Nature 548, 62 (2017)
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In case of A’s decay, daughter proton preferentially

Au+Au 20-50% l parity-violating decay of hyperons

=%
Sa

decays in the direction of A’s spin (opposite for anti-A) 1-5
p
dN 1
= —(1+ aPa - p; .

dQ* Ar ( p) p.

a: N\ decay parameter (=0.642+0.013)

Pa: A polarization JPtae ' T p+ 7T+

pp": proton momgniurﬁ in A rest frame (BR: 63.9%, c T~7.9 cm)
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Updated by BES IIl, PRL129, 131801 (2022)

¥ = ° (1)810%Y/s, the largest angular
velocity that has ever been observed in
any system

Liang, Wang, PRL (2005)

Betz, Gyulassy, Torrieri, PRC (2007)
Becattini, Piccinini, Rizzo, PRC (2008)
Gao et al., PRC (2008)
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Pattern of global spin alignment of ¢ and K’ mesons
in heavy-ion collisions
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Theory prediction:
Sheng, Oliva, QW (2020);
Sheng, Oliva, et al., (2022).

Implication of fluctuation effects of strong force fields
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Vector mesoné6s str ongcaldreesops i nt o pseud

dN 3 Only depends on tensor part of SDM
o = g [(1 . POO) + (3082 9(3poo - 1) as the result of parity symmetry

—_———

— (W11 — ng) Sin2 0 cos 2¢ » Relatedto hy hy
—2Wi4 sin® @ sin 2¢ — 2Ws4 sin 26 cos ¢ — 2Wag sin 26 sin ¢]

One cannot measure the polarization of vector mesons by strong decays.
The polar angle distribution

dN 2t AN 3
= dd— = — |1 — 9 1 2 g
dcosf ]{; ¢dﬂ 1 [(1 = poo) + (3poo 3 ) cos” 6]

No angle dependenceif poo = 1/3

From z , one can only know if the spin of vector mesons is aligned
along the spin quantization direction or not.
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The polar angle distribution of decay products: dileptons versus
(pseudo) scalar mesons:

IN 2 [1 = poo + (3poo — 1) cos® 0] T© (pseudo) scalar mesons
dcost % [1 + Poo + (1 - 3000) COS2 9] _"_O dileptons
For dilepton decay, one The shape of pseudo-scalar
normally uses ¥ » me s o rPaistribution
1 B 3 s 0.0 - oy N 0.0
Ng = =20
1+ poo o
. o
l)\g >0 < Poo < g (Cigar-”ke) ‘;0.5 s
Ao <0 ¢ poo>3  (discus-like) |
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E-part of  B-part of
vorticity vorticity
tensor tensor
[1,2] [1,2]

[1] Sheng, Luica, QW (2019);
[2] Becattini, Csernai, Wang (2013);
[3] Yang, Fang, QW, Wang (2018);

[4] Liang, Wang (2005);

X _ \ _ \ Local+
Electric Magnetic Frag. Helicity
field field [4] [6,7]
[1] [1,3] ' |
Turbulent %ofield [1]

cannot explain large positive deviation from 1/3

color field [5]

our proposal

[5] Muller, Yang (2022);
[6] Xia, Li, Huang, Huang (2021);
[7] Gao (2021);
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Quark spin ) Hadron spin

Y.-G. Yang, R.-H. Fang, QW, et al., PRC(2018)
X.-L. Sheng, L. Oliva, QW, PRD(2020)
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The density operator in spin and momentum space QCMin HIC:

d>p d3q q q Greco, Ko, Levai
3 —ig-X £q el _ = ! !
/ o / / Grp®  ItP) et ) (e (2003);

Fries, Muller,
Matrix-Valued Spin Dependent (MVSD) distribution (Nz%'(‘)g‘)(_a’ Bass
------------ » Un-polarized ’
MVSD ____fgﬁ-‘{{_ap_), fg_Z{_R}Prs(X P) distribution function Hua, Yang (2003)
1 1( 1+P> P*—iPY
d = — . — q q q
spin density - Prs(P) = 5[+ o Py(x,p)],, =3 ( Py +iPy 1-P; )
matrix for quark e
Spin density matrix for meson in phase space
d’q q q Mesonos
M ?, x .
pSZ1Szg(X7p) — /( )3 i <M S Szlap—'_ 9 pq s 022 P — §> wave-function
A
d3 —1 X ///
“ ] e e )3,
Correlation in spin M w p NI 4 CcG
density matrices % i Y coefficients
between quark and Ja (x ) 2 2 5+ pb) Ja(x ( 272 pb) «
anti-quark - !

q Xp p * ’
~~~~~ Z prlsl (X + E 2 +Pb) p?‘gb‘z (X - 7 5 - pb) [Ciﬁ;l] O';S;‘i;g’,’
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If we choose y as the spin quantization direction, zﬂ for vector
meson can be written as the local correlation between
polarization of quark and anti-quark in phase-space

1 2 P X, P

M Yy

riep) = =g (P (x5 em) 7 (x= 55 -m))
2 X, P ) ( X, P )>
—|—9<Pq(x+2 2—|—pb P X 575 Po

where o4 and = are internal phase-space variables that will be
averaged over with the vector
average over o4 and =4 has the following form if the vector

me s o0 n 0 s -fuwcdionas of the Gaussian type

(O(xp, Pp)) 3/2 /d3xb/d3PbGXP (—ang L ) O(xs, Pov)
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A Like electric charges in motion can generate an EM field, ¥
and vquarks in motion can generate an effective™ vector
field [Sheng, Oliva, QW (2020)].

A The” vector field can polarize vand vwith a large magnitude
due to strong interaction, in analogy to EM fields.

1 1
ﬁs/g - §w T 2m3€ X Ps/s Electric part of spin polarization
Q Q corresponds to spin-orbit
couplings (spin-Hall effects)
+—2° B+ E X p./s Spin
om.T 2m§T s/s not accessiblein polarization:

9¢ _1d®
(Far) - () B e ¥ Pors BB e xn)

_ Spin <) | ocal OAM
Sheng, Oliva, QW (2020)
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A Assuming the spin quantization direction is y-direction (OAM),
IN NR-QCM [Greco, Ko, Levai (2003); Fries, Muller, Nonaka, Bass (2003); Hua,
Yang (2003)], z for quasi-statiC (wm ) meson has the form

_ - ~ - - -
\ me s o n O srelativgtic

! 4 |¢ (p)| /' wave function

¢ ~
p{]{](tux) ~ g T a (2 )3
In products «-------- { LB 1 1 }

x { PY(p)PY(=p) — ; [PZ(p)Pi(~P) + PI(p)PZ(~p)]
" meson 1____—_—_—_::’_-‘_’_’_____2____
is static 1 g2 ,
= GY)

C2Tm2TZ Y

average mm <-_.____
for vor vin g%(p2>¢ [

“-mesonos m4T2ﬂ~ <Eiy o <E¢, +E¢, >]

Sheng, Oliva, QW (2020)
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Spins are decoupled from momenta in spin density matrix: too
simple to account for spin dynamics.

No Lorentz covariance, only valid for quasi-static® mesons,
cannot be applied to® mesons with non-vanishing momenta
with confidence

It is not based on relativistic quantum field theory

—

To solve the problems NR-QCM, it is necessary to develop a
relativistic spin transport theory for mesons, which can
describe the relativistic fusion process vvO ° with spin dof
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X.-L. Sheng, L. Oliva, Z.-T. Liang, QW, et al., 2206.05868, 2205.15689

Review on QKE and SKE based on Wigner functions:
Y. Hidaka, S.Pu, QW, D.-L. Yang, Prog. Part. Nucl. Phys. 127 (2022) 103989
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Relativistic MVSD can be parameterized in terms un-polarized
distributions and SDM (polarization distributions)

Pauli matrices

f,gj] (z,p) = %fq(-’rs p) [51».9 - PE(:E, p)ﬂg-l_]#(p)q‘iﬂ', """" : in spin space

,~~ (rs-space)

frE.-s-_] (‘T! —D) — %f?(ml —D) [51*3 _ PE(I, _p)ng_}p(p)T%]’:

Four -vectors of three

Un-polarized dist. Polarization dist.

MVSD: basis directions in rest
Sheng, Weickgenannt , et al. (2021); frame ofgand A(oneis
Sheng, QW, Rischke (2022) the spin quantization

direction)
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A In the dilute gas limit

Sheng, Lucia, Liang, QW, Wang,
2205.15689, 2206.05868

o ~ i~ L <1

A RSBE for fusion (coalescence) and dissociation process AAP

T can be simplified as
Coalescence

collision kernel =, b, b, are three basis

directions in rest frame

k- arf;f; 2 (T, K) :% [E:‘ (A K)en (Ao, K)CEY (2, k) of vector meson

coal

Dissociation e —Caiss(k) fl’;.x? (z, k}] 1 € = n, )
collision kernel T e Joey = - (n, +in,)
k- €\ k- ex----"\ 7 1 ’
F(\ k) = k B . = —(n,—in,
€ ( ) ) (mv ’EA+mV(EE+mV) ) ) k“EH(A?k)_O €_1 \/ﬁ(n zn)

polarization vector of vector meson
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Forml solution to MVSD (spin density matrix) for vector mesons

1
Caiss (k) [1
[}"11 k}flr[}"?i k} .Dal [I‘J k}

Faon, (7.K) ~

Sheng, Lucia , Liang , QW, Wang,
2205.15689, 2206.05868

_ E-ﬂdm{k}-ﬂt]

where the coalescence collision kernel F{?h =|j§ given by

" d3 / 1 . _
o) = [ st (BY — B~ BL_,)

2rch)? E E; Covariant
- __» polarization phase
BS wave x Tr {Iw (0 - y— mg) [1 + 757 - P(z,p’ I ,,,,,,,,, v space distributions
function ; /,/’ for Aand a
for VM XF# [(" P)-y+mg|[1 +757- Pz, k—p')|}-
Eggfg%iﬁ 7% fq(l P)fe(z.k—p), . » un-polarized distributions for Aand A
A" a7

I ~gyBlk—p'.p' )"
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Spin density matrix (normalized MVSD) for vector mesons

6* (Ali ) U(AQJ ) CU&I

l]‘:1 2(xp1 2
A A ZJ\ oi1fp,()‘ k)e, (A, k)ccoal

For® meson, covarlant polarization phase space distributions for v
and vappearing in |=JL :|J‘@ve the form

1 9é )
P¥(z,p) =~——eP? (w + F? | p,
S 4T8 : (u .p)Teff EaR - Field strength
vpo 9o é _--"" Tensor of * field
P B I~/ eHvP Woo — F ==~
S ( p) 4ms ( po (u . p)Teﬁ‘ Aﬂ>,p

Sheng, Lucia, Liang, QW, Wang,
2205.15689, 2206.05868
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