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» Barnett effect: rotation -> magnetization [Barnett, Phys Rev. 6, 239-270 (1915)]

* Einstein-de Haas effect: magnetization -> rotation [Einstein, de Haas, Experimental
proof of the existence of Ampere's molecular currents, Verhandl. Deut. Phys. Ges. 17,

152-170 (1915)]

HIC: Global OAM leads to global polarization of A hyperons
through spin-orbit coupling
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Polarizations of A hyperons and vector mesons through spin-orbital coupling in
HIC from global OAM

-- Liang and Wang, PRL 94,102301(2005), PRL 96, 039901(E) (2006) [nucl-
th/0410079]

-- Liang and Wang, PLB 629, 20(2005) [nucl-th/0411101]

Polarized secondary particles in un-polarized high energy hadron-hadron
collisions,

-- Voloshin, nucl-th/0410089 (the first unpublished paper following Liang-Wang’s
original work)

Polarization as probe to vorticity in HIC
-- Betz, Gyulassy, Torrieri, PRC 76, 044901(2007) [0708.0035]

Global quark polarization in non-central A+A collisions
-- Gao, Chen, Deng, Liang, QW, Wang, PRC 77, 044902(2008) [0710.2943]

Angular momentum conservation in HIC
-- Becattini, Piccinini, Rizzo, PRC 77, 024906 (2008) [0711.1253]
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. Global and local spin polarization in heavy ion collisions: a brief overview, [phenomenology]
QW, Nucl. Phys. A 967, 225 (2017).

. Relativistic hydrodynamics for spin-polarized fluids, [theory]
Florkowski, Kumar, R. Ryblewski, Prog. Part. Nucl. Phys. 108, 103709 (2019).

. Polarization and Vorticity in the Quark—-Gluon Plasma, [phenomenology]
Becattini, Lisa, Ann. Rev. Nucl. Part. Sci. 70, 395 (2020).

. Vorticity and Spin Polarization in Heavy lon Collisions: Transport Models, [phenomenology]
Huang, Liao, QW, Xia, Lect. Notes Phys. 987, 281 (2021).

. Global polarization effect and spin-orbit coupling in strong interaction, [phenomenology]
Gao, Liang, QW, Wang, Lect. Notes Phys. 987, 195 (2021).

. Spin and polarization: a new direction in relativistic heavy ion physics, [theory+phenom.]
Becattini, Rept. Prog. Phys. 85, No.12, 122301 (2022)

. Foundations and applications of quantum kinetic theory, [theory]
Hidaka, Pu, QW, Yang, Prog. Part. Nucl. Phys. 127, 103989 (2022).

. Spin and chiral effects in high energy heavy ion collisions (in Chinese), [theory+phenom.]
QW, Liang, Ma (editors), Acta Phys. Sin. 72, No. 7 & 11 (2023)
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Liang, Wang PRL (2005); Gao, Chen, Deng, et al. PRC (2008)
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 Quark scatterings at small angle in static potential

at impact parameter x_T T 1 P
. Unpolar : .
U ;o arized t?nd poI:rlzed Cross sections AP P
a a 70—
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5. = mas — pas o (@ X p) .
d?xT d?x ti)my* — screening masx
Spin quantization OAM  Spin-orbit coupling p~Ty/ag

direction
« Polarization for small angle scattering and m, > p. u

1D AFELs

Am2  Eq

q

P~ -—m Liang, Wang, PRL 94, 102301(2005)
« With initial polarization P;, the final polarization Py

after one scatteringis p, _ p _ (1 — P?)mup Egg% lggzgilr(\)egél/l/ang,
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Py P,

T x\\\

incident particles N outgoing particles
as plane waves RN as plane waves

Particle collisions as plane waves:
since there is no favored position for particles, so the OAM vanishing

XXP)=0 —) (2_;)13=T - (Z_;)),g:l

10
Qun Wang (USTC/AUST), Global polarization: past, present and future @ Spin-2023



We consider quark-quark scattering of spin-momentum states

q1(P1,41) + q2(P2,43) = q1(P3,43) + q2(P4, A4)
where P; = (E;,p;) and 4; denote spin states. The difference cross

section (43 is specified)

cqq = 2/9 (color factor)

-
-
-
-
-
-
-
—

dO')\ = Qﬂ‘ Z M(Q)M*(Q)(Qﬂ_)zlé(-él) (Pl +P2 _P3 —P4) d?’ﬁs d3?4
od A Sa v 2m)32F5 (27m)32F
fixed 4 Aadeds AT (2m)32E;5 (2m)32E,
| sum over Tl ~Q=P—-P =P,— Py
! (momentum transfer)
F=4/(P,- P2 —=mim2 (flux factor) .
3
P1=DpP Gr

Integrate I_7>4 and pgz =+ ,pz — q% _______________ S

to remove 8 (Py + P, — P3 — P,)
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We obtain do,, for scattered quark with spin state 43

Cqq dz?Tw
Mg imfam 1 32l v N
for small a angle scattering, Jacobian momentum transfer
only i = + is relevant in small angle scattering
Then we can introduce impact parameter Xy = (x7, ¢) // \\
4 \
.
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If we integrate over Xy in half-space we obtain ‘
— $=0

2
d 0',13

f dxr fo d¢—

The differential cross section for spin-independent and spin-
dependent part
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Gao, Chen, Deng, et al. PRC (2008)
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Lab Frame Center of Mass Frame

Zhang, Fang, QW, Wang, Phys. Rev. C 100, 064904 (2019)
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Particle collisions as wave packets: thereis atransverse distance

between two wave packets (impact parameter) giving non-vanishing
OAM and then the polarization of one final particle

L=bXp, (Z_;)sl— i(s_sal)sl—l
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« Two incident particles at =4 = (ta.x4) and zp = (tg,xp) In the

lab frame
XA # XB b
thy =tp ooy t. 4 # tep /ch

ty # tp o) t. A =t.B

Xe, A 75 X, B

CM frame

« We impose the causality condition in CM frame for scattering of
particles at two different space-time points (the time interval
and longitudinal distance of two space-time points should be
small enough for scattering to take place)

_ _ _ CM frame: collision take places at the
&t:‘: = le A le,p = 0 . . .
o ’ same time but displaced by the impact
&'T’C,L — pC1..r4 ) (KC,A _ KE,B) - D parameter
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 Quark polarization rate per unit volume: 10D + 6D integration

O ——————————————— -

@Papsn(X) _ 7 O(Buy) f “pa__dpp_ 6D integral
dX* (2m)* oXv Ji(2m)P2E (2m)2Ep |
Lorents boost - oA T VeBlIA Tieeimnben
x fa(X,pa) f5 (X,pB) (W1 — PB)iOjk(Pca) !
_ 905 10D integral
e 16D integral !!

« Numerical challenge !'! We have developed ZMCintegral-3.0, a

Monte Carlo integration package that runs on multi-GPUs [wu, Zhang,
Pang, QW, Comp. Phys. Comm. (2020) (1902.07916)]

 Another challenge: there are more than 5000 terms in polarized
amplitude squared for 2-to-2 parton scatterings

"% (s9) = Z Z M ({sa,kaisp kpt = {s1,p15 52, p2}) M" ({84, Ky; 58, kip} — {51, P15 52, 2})

54,5B.51 é:jsksg
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Axial vector component of WF (spin vector) has many contributions

H H
j ‘Ichermal + shear + j accT + chemical + jEB?

Thermal vorticity \Z:iermal
: iz
Shear viscous tensor shear
Fluid acceleration K
accT
Gradient of chemical b
i chemical
potential
(2
jEB

Electromagnetic fields

Hidaka, Pu, Yang (2018); Yi, Pu, Yang (2021)

1 Ug Becattini, et al, (2021)
—hvah htad Fu, Liu, et al., (2021)
a26 pvaa T 9 '4
1 v ., .'
Ol T e Patiah Do
—aie“"aﬁp U (Dug — laﬁT)_
2T Ve T
1

(v p)

1 B*
T eMwvab E, =
a(u-p)T PaUgLsy, + a T

praf o Jad
a € Dalg 2
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 Wigner function (4x4 matrix) for spin 1/2 massive fermions

Woota) = [ atyes (o) (9 (o= 3) v (o))

Heinz (1983); Vasak-Gyulassy-Elze (1987); Zhuang-Heinz (1996);
lancu-Blaizot (2001); QW-Redlich-Stoecker-Greiner (2002)

 Wigner function decomposition in 16 generators of Clifford
algebra __ spin 4-vector
1 , <7 y
W = Z [‘92 + ?’75@ + f}/‘um//,u/ + 75,-)/”%# -+ 5041’ tsﬂ,u,r/]
scalar p-scalar  vector axial-vector tensor

= [dtprr, = [, T = [dtpprr

Recent reviews:
Hidaka-Pu-QW-Yang, PPNP (2022) Vasak-Gyulassy-Elze, Ann. Phys. 173, 462 (1987);
Gao-Liang—QW, IIMPA (2021) Elze-GyuIassy-Vasak, Nucl. Phys B 276, 706 (1986),
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frs x p‘) (2??)3 exp (——l’} LE) 5(]3 Qj <a’ ,pg)ﬂ ’pl))

Relativistic MVSD can be parameterized in un-polarized

distributions and Spin Density Matrix (polarization part)
Pauli matrices

H(z,p) = lfq(ﬂ’: p) [5m — P(z, p)n_E,-H“(p)Tﬁ;}',’ """ . ” in spin space

(rs-space)

£ (@, ~p) = 5 fo(z, ~p) [6:. — Pz, ~p)n{ ()1 ]

un- polarlzed dist. spin polarization  Fgur-vectors of three

MVSD: .
Becattini et al. (2013) dist. basis directions in rest
frame of g and q (one is

Sheng, Weickgenannt, et al. (2021) _ q(cC
Sheng, QW, Rischke (2022) the spin quantization
direction)
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» At leading order spin Boltzmann equation (SBE) with local collision

terms |
= 0utr [V (@ p)| = Gucatar [ £
T = fJ@xp)
E—p-(?xtr [n§-+)“7jf(o)(a:,p)} = Gpol [f(o)]
P

« At next-to-leading order, SBE describes how f(x, p) evolves for given

O (x,p) with space-time derivatives of f© (x,p) [non-local terms]
1 ) . determined by
E_p - Optr [f(l)(a:,p) —  Cralar [f(o),axf((z),yf’(la];" leading order SBE
p i AR e

7’

1 :
- D Oy tr [n§+)u7-jf(1) (:E,p) — Cgpol [f(O)a aa;f’(?«)’a/f(l)] - a,uuw 8MT7 8#:“3

Ly

Sheng, Speranza, Rischke, QW, Weickgenannt (2021)

Convenient for spin transport for massive fermions from WF or KB
simulation ! equation was also studied in: Yang, Hattori, Hidaka
(2020); Gao, Liang (2021); Wang, Zhuang (2021)
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STAR Collab., Nature 614, 244 (2023)

¥* o(y]<1.0and 1.2 <p; < 5.4 GeV ™)
o K*(y|<1.0and 1.0 <p; < 5.0 GeV c™)

0.40 —
—GY=4642073m?

0 ¥ STAR (Au+Au and 20-60% centrality)
0 ¥¢ ALICE (Pb+Pb and 10-50% centrality)

0.25 —

10! 102 10%

(S (V)

NR-QCM with local correlation or fluctuation
of strong force fields

Experiments: AiHong Tang’s talk

I Nuclear
fragments

A
Py
9"
K*0 meson
dN 3

dcosd 4 [1— poo + (3pg — 1)cos’0]

Theory predictions:
Sheng, Oliva, QW (2020);
Sheng, Oliva, et al., (2022)
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Sheng, Oliva, et al., 2206.05868, 2205.15689

Review on QKE and SKE based on Wigner functions:
Hidaka, Pu, et al., Prog. Part. Nucl. Phys. 127 (2022) 103989

Quark coalescence model:
Greco, Ko, Levai (2003);
Fries, Mueller et al (2003);
Yang, Hwa (2003).

Quark coalescence to V-meson V-meson dissociation to quarks
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The fusion (coalescence) collision kernel ¢t , can be evaluated in the

rest frame of ¢ meson, which gives Poo

) ) C 8m?t + lﬁmgm% + 3m$
— 1o 2 . 1= J
pﬂn(ﬂiiﬂ) ~3 + Cy [gw cw' — (€ W) ] e v 120m2(m3 + 2m?)
.- ot 4 2,2 4
rest frame . 1, ol c =8ms — Ldmimy + 3my,
of g meson T C2(3€ €~ (€057 T2 120m2(m?2 + 2m2)
-7 - i 5
2 ,,:/ //
49¢ v B i . .
o Ch B.;s EU ) All fields with prime are
o~ eff = / \ defined in the rest frame
g2 T \ of ¢ meson
@ \ 2
— —575 2 _E:fs B} — (0 "Ey)”| .
m=T 3 "\

spin quantization direction

Features: (1) Perfect factorization of x and p dependence; (2) Perfect
cancellation for mixing terms (protected by symmetry): all fields appear

In squares, i.e. pg’o measures fluctuations of fields. Surprising results!
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We can express pg’o in terms of ¢ fields in the lab frame and obtain the
dependence on momenta of ¢ mesons through Lorentz transformation

V'B¢V

B‘;&:wB¢—wvxE¢+(1—w) w-

v-E
=7E4+ v x By + (1 —7) ¢,

where 7 = E{f/m¢ and v =k/E]
Then we obtain factorization form of <pg’0> in terms of lab-frame fields

L . 12 ; space-time
_ g average
(Pl )~ S42 D (ImaP) 3 [(wh) = — o (BY)?) [« 29
P i=1,2,3 L Mg Mg eft ’
--------------------- - - —»momentum
three basis , _---"" 1 5 493) 2 ’ >average
directions + yj Up.i(p W < &)~ m2 T2 <(Ez> > 4
in lab frame™ ™~ = --—_ _ =123 ! ¢ ¢~ eff ;
|_ ___________________________ I
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(a) The STAR's data on phi
meson's on (out-of-plane, red
stars) and pg, (in-plane, blue
diamonds) in 0-80%6 Au+Au
collisions as functions of collision
energies. The red-solid line and
blue-dashed line are calculated
with values of FZ and F% from
fitted curves in (b).

(b) Values of F2 (magenta
triangles) and F% (cyan squares)
with shaded error bands
extracted from the STAR's data
on the phi meson's pf,'o and pg, in
(c). The magenta-dashed line
(cyan-solid line) is a fit to the
extracted FZ (F?) as a function of
JSyn (see the text).
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k, (GeV/c)

Contour plot of pf,'o —1/3 for ¢ mesons Calculated on (out-of-plane) and pjg,
as a function of k, and k,, in 0-80%0 (in plane) of ¢ mesons as functions of
Au—+Au collisions at /syy = 200 GeV. the azimuthal angle ¢ in 0-80% Au+Au

collisions at /syy = 200 GeV. Shaded
error bands are from the extracted
parameters FZ and F2.
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119.6 GeV ]

.............

kr (GeV/c)

Calculated p}, (solid line) of
¢ mesons as functions of
transverse momenta in O-
80%0 Au—+Au collisions at
different colliding energies
in comparison with STAR
data. Shaded error bands are
from the extracted
parameters FZ and F? .
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Nuclear Physics B234 (1984) 189-212 o _
@'ﬁ;ﬁ.ﬂiﬁ'ﬁ,‘;ﬂ P‘ubfishiniﬂnmnany Citations: 2272 (till September 22, 2023)

Fernandez, Valcarce, Straub, Faessler (1993)
Zhang, et al, (1997); Li, Ye, Lu (1997); Zhao, Li, Bennhold (1998)

CHIRAL QUARKS AND THE NON-RELATIVISTIC QUARK MODEL*
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We study some of the consequences of an effective lagrangian for quarks, gluons and
goldstone bosons in the region between the chiral symmetry breaking and confinement scales. This
provides an understanding of many of the successes of the non-relativistic quark model. It also
suggests a resolution to the puzzle of the hyperon non-leptonic decays.
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» Scale for strong interaction in dynamical process

Goldstone bosons
Goldstone bosons | quarks and gluons quarks and gluons
0] 00

Agcp Aysp
~ 200 MeV ~1 GeV

e SU(3) Goldstone bosons by 3 x 3 matrix X and ¢,

1
>, = exp (32%) X = E
1.0, 1 + K+
= exp (zx) exp (?,K) va" —l_ ve'! 1 7:1-) 1 0
f f ™ —T + T?] K
— — 70 2
33 f =93 MeV K K VL
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e X and & transform under SU;(3) X SUR(3) as
> LYR!, ¢— LEUT = UER!

U
A set of color and flavor triplet quarks ¥ = ( d ) : v =U

S
 Lagrangian is invariant under SU;(3) X SUg(3) transformation

L = ¢ [Z'Yu (au + ZQGM) + giY,uVu] P + gAlwa“%b

1
4 f2Ty aﬂzT 0.5 — —TrF,, F*
3x3 matrix 4f ( H ) 2 H

4"

—

Effective vector fields

VE = - ({rapg + f@”ff) — induced by currents

Goldstone boson fields
=i ({rang _ fapff)

AH

Y| =D
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Take-home message

« P, measures the fields (net mean field),pg”0 measures field
squared (field correlation or fluctuation).

« The vector field is induced by current of pseudo-Goldstone
boson during the hadronization
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Global polarization:

« We really need a comprehensive simulation solving the spin
Boltzmann equation or spin hydro which includes non-
equilibrium effects

Spin alignment of vector mesons:

 Any connection with QCD sum rules and QCD vacuum
properties? Any connection with quark or gluon condensates
(trace anomaly)?

 Implication for J/Psi polarization (gluon fields)?

 Any connection with effects from glasma fields? (Kuma,
Mueller, Yang, 2023)

* Other contributions from hydro quantities [Li, Liu (2022);
Wagner, Weickgenannt, Speranza (2022)]

Qun Wang (USTC/AUST), Global polarization: past, present and future @ Spin-2023
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