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« A microscopic model for spin-vorticity coupling that
emerges from spin-orbit coupling in parton-parton
scatterings

* Global and longitudinal spin polarization in heavy-ion
collisions (solvable blast wave model)

« Spin Boltzmann (Kinetic) Equations for massive
fermions and vector mesons

« Spin alignment of vector mesons
« Summary
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In case of A’s decay, daughter proton preferentially

decays in the direction of A’s spin (opposite for anti-A) i’)
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* Quark scatterings at small angle in static potential

at impact parameter x_T T” P
. Undpolanzed an poI:rlzed Cross sections A= P,
a a 7
5= = 5o+ &= = 40ralKo(par) s
d T d TrT d £ZT AO 1
dAo doy  do— (qr) = e
= T mas e o (@ X p) .
d?xT d*zr d)il?y" — screening mas&‘
Spin quantization OAM  Spin-orbit coupling p~Ty/as

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

KD AFELs

Am2 ~  Eq

q

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

after one scattering is (1 — P?)mup Huang, Huovinen, Wang,
P;=P; — :
f SE(E rm)_ Prjp  PRCB4, 054910(2011)
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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 =) (;i_;)asﬂ - (Z_;)agﬂ
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Particle collisions as wave packets: there is atransverse distance

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

L=bXp, o) (Z_;)sl—T 7 (%)S1=~L
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For the quark-quark scattering of spin-momentum states

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

section (43 is specified)
- = 2/9 (color factor)
PP, PP,
doy, = Z M(Q) )(%)45(4) (P, + Py — Py — Py) 3
et 24 2m)32F5 (27)32F
fixed 4 RSy ‘\ ™. (2m)°2E; (2m)2E,
! sum over Tl Q=P =P =P-P
. (momentum transfer)
=4,/(P, - P,)?2 —mim3 (flux factor) 5
3
P1=1P ZI’T
Integrate p, and p;, = /pz — q>
P2 =-D
— P3 — Py) D4
10

to remove 6 (P, + P,
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We obtain da,, for scattered quark with spin state 43

Caq dz?T\
)\1)\2)\41 +,— 1 Pzl +. N
for small a angle scattering, Jac0b|an ~ momentum transfe_r
only i = + is relevant in small an‘gle scattering

Then we can introduce impact parameter Xr = (xp,¢) .~
» v

w37

_ Caq Z /dzﬁ /dQ?T/ Qfli(_q}T—?T)-?TM(ﬁT)MLkT)
A3
- 16F S V0 VA W A St A S e A(?T)A( k)

= d?0,,/d*Xr

. . . \/(E1 + E3)|p3,(qr)
If we integrate over xy in whole space we obtain

co d? o2
0'/13 = fO de fo d¢ dz_,3 E— Oor =0
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If we integrate over Xy in half-space we obtain ‘
¢=0

f dxr fo d¢

The differential cross section for spin-independent and spin-

2
d 0'13

—O-T:/:o-l

dependent part

Ao — Ood g d? Ao
d?ox, d?o L d*Ac o —/0 xT?UT/ ¢7
d27T dQ?T % T /OO d’* Ao
2 2 o = d.CCTCET/ dqb
d“o :l d“oy d0¢ _ Flap) 0 0 ?
27 2\ 27 dQ?T

4
*Ao 1 [ d?o4 doy \
7 =3 () =T Frx DAFen) [ Ao

spin-orbit coupling o

Gao, Chen, Deng, et al., PRC 77, 044902 (2008)

12
Qun Wang (USTC/AUST), Spin polarization and alignment in heavy-ion collisions



N
el "
s % 1 — /
t ..-* ‘,1 :r ‘P’ej-.{f’s
A pBE b '
) ; B
VAN T\
Lab Frame Center of Mass Frame

Zhang, Fang, QW, Wang, PRC 100, 064904 (2019)

13

Qun Wang (USTC/AUST), Spin polarization and alignment in heavy-ion collisions



- Two incident particles at =4 = (t4.x4) and zp = (tg,xp) In the

lab frame
ch/
XA # XB b
th =tp o) t.4 # top /ch

ty # tp Do) t.a = t.B

Xe, A 75 Xe,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: collisions take place at the
&tc — tc:.,A tr:,B =0 . . . ..
R same time and longitudinal position
AZer = Pea - (Xe,a —Xe,B) =0 but displaced by impact parameter
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* Quark polarization rate per unit volume: 10D + 6D integration

d*Pap_12(X) T 0(Buy) d°pa ’pp__ gD integral
dX4 (2m)4 axv ! !

Lorentz boost ------ Hf;‘"('j,f‘;;;)'f;(jﬂ;ﬂ)( / p{g) _;.k(pm)-'

O(Buy) Ouy gz 10D integral
D 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
I3 7% (sy) = Z Z M ({sa,kaisp kpt = {s1,p15 52, pa}) M" ({54, K}y; 5B, K} — {51, P15 52, 12})

54,5B,51 ?;,j,k,li
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Spin polarization vector on the freeze-out hypersurface from

thermal vorticity ]

/L . weT (]
w 4m€ ( fFD)qupT

AX \p* frp P! 1
Pu — f w pHr a,u vy ay 7

Becattini, Chandra, Del Zanna, Grossi, Ann. Phys. (2013);
Fang, Pang, QW, Wang, Phys. Rev. C (2016)

Non-relativistic statistical mechanics
f~exp[-B(E - Qi —pp-B-w-S)

spin potential

Becattini, Karpenko, Lisa, Upsal, Voloshin, s i 5% ~
Phys. Rev. C (2017) Z
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AMPT transport model

- Li, Pang, QW, Xia, PRC96, 054908(2017) o
-- Wei, Deng, Huang, PRC99, 014905(2019) ‘ > hemn
UrQMD + vHLLE hydro Ry
-- Karpenko, Becattini, EPJC 77, 213(2017) LR S
(sw) " (GeV)

PICR hydro S 50y -
—- Xie, Wang, Csernai, PRC 95,031901(2017) &\~ 4 HER
Chiral Kinetic Equation + Collisions ! % %ﬁéi\":.zf z
-- Sun, Ko, PRC96, 024906(2017) W sl R
-- Liu, Sun, Ko, PRL125, 062301(2020) o L
AVE+3FD °l ‘ WA T |
-- lvanov, 2006.14328 = | DEE)

o %J(l_ ﬂ ] 2
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Hydro predictions P~ — sin(2¢) from thermal vorticity
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T-vorticity can explain the data ~ Wu, Pang, Huang, QW, PRR(2019); NPA (2021).

1 —
NR < thermal vortici
' = = 5 Ot = O s i ok
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1 A 0.0005
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Becattini, Chandra, Del Zanna, Grossi, Annals Phys. (2013);
Fang, Pang, QW, Wang, PRC(2016)
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Polarization from shear stress tensor

) 1 P Fu, Liu, Pang, et al. (2021);
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Isobar collisions and third harmonics
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Blast wave picture (approximation)

v ~ e, [1+ v cos(20)]

1
P* ~ 0,0, — OV ~ —020, sin(2¢)
r
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The particle's distribution function in phase space f(x,p) is
assumed to follow the Boltzmann distribution

flx,p)=f(p-u) =exp(—pFp-u) flow-momentum correspondence: n~Y, ¢,~@,

N N

=exp {—f [my cosh p cosh(n — Y)~ prsinh pcos(op — op)1f

where the flow four-velocity and the particle's four-momentum
can be parameterized as

u'(x) = (coshn cosh p, sinh p cos ¢y, sinh psin ¢y, sinh 1 cosh p)
P = (mpcosh Y, prcos ¢,, prsin ¢,, mpsinh V)

and the transverse expansion of the fireball is described by the
transverse rapidity

proun) = Tlpo+ pi(n) cos(on) + pa cos(26y)) ;_J (reosg,)? | (rsing,)?
directed flow elliptic flow I R,
1 1 r 1
R: E(RI—FRQ)‘ € = E(Rz—Ry) < 1 E [1+_6COS(2¢ )]
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The functional relation between ¢, and ¢; is

2

R
tan ¢, = R—gtan 05 2 (1 — 2¢) tan ¢,
Y

We use the ordering of parameters [@1 ~ P2 ~ € < o

We denote a4, p, and € are O(e) quantities, while py is an 0(1)
guantity, so a4, p, and € can be treated as perturbations relative

fo Po-

Physical observables can be computed on the freeze-out hyper-

surface by
O(x,p): Obserbavles

(O(p)) = J d*xO(x. p)S(x.p) S(x,p): emission function
P)) = [ d*aS(x,p) S(x,p) = my cosh(n — Y)3(r — 7,)O(R — ) f (. p)

Dong, Yin, Sheng, Yang, QW, 2311.18400
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The momentum integrated observables can be obtained by
Integration over all components of the on-shell momentum

_ Jd'ad’pE;O(x,p)S(x, p)

(0)

[ d*aed*pE;1 S, p)

The integral elements of space-time and on-shell momentum are

3
Az = rrdrdndrdo., U;—p = prdprdY do,
r
The partially integrated observables can also be obtained by
Integration over some components of the on-shell momentum

[ d*adYdo,S(x,p) Dong, Yin, Sheng, Yang, QW,
(0) (¢,) _J d¥edprdY prO(r, p)S(, p) 2311.18400
p/ fd4$dedeTS($.p)
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In the leading order of the flow-momentum correspondence with
n = 0and ¢, = ¢,, the analytical results for P, and P; can be

obtained to O(e
( ) Dong, Yin, Sheng, Yang, QW, 2311.18400

Directed flow

(mq cosh p — prsinh p) cos® ¢,

p@)\‘
A ZUINTR
P! sy A (pr cosh p — myp sinh p) cos qSP

§ S —AmTRT mr

. 1 1 1
P~ [2,02— (mg cosh p — prsinh p) — e~ . myp sinh ﬂ] sin(2¢,)

w 4 T R :
o ! L
Fe = g pf; [2_[)2 I (pr cosh p — mg sinh p) 4j7<€_;pT sinh p:| sin(20,))
elliptic flow eIIilp;ticity in emission area
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The average values P, and P, as functions of ¢, on the freeze-out
hyper-surface

A X Dong, Yin, Sheng, Yang, QW, 2311.18400
/(o) = (P + DY) ()

1 1
N —
—14mTfoR Ny

P*(0,) = (P2 + £ ) (6)

N 1 1
=Pz 2mT R Ny

11
_i4mTf ﬁo

[N1(27 17 2) + N1(2a 37 0) o 2N2(27 27 1)] COSQ ¢P

[N1(1,1.2) + Ni(1,3,0) — 2N5(1, 2. 1)] sin(2¢,,)

[N(0,1,2) — N(0,3,0)] sin(26,)

mnax

where N [

p'III—‘]in

R
def dr rprmyg Ky (Bmy cosh p) 1y (Bpr sinh p) p=(r/R)po
0

Pr R
Ni(ny,no,n3) :[ ’ def dr r™ pzmiy? cosh p Ky (Bmyg cosh p)Iy(Bpr sinh p)
pipin 0

p’ll'l:‘lax R
Na(ny,ne,ng) = / def dr r"pimi? sinh p K (Smy cosh p)ly(Bpr sinh p)
in 0 — — —

pr
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We can also obtain PY(pr) and P;n(z%)(pT) by integration over ¢,

Instead of pr

PY(pr) = <Pg + p£y> (pr)
1 1
~X
8mTfRTf Ng(pT)

ain(26) (PT) = <(Pj + p,gz) Sin(2¢5p)> (pr)
1 1
%pQ
4mTfR Ng(pT)
1 1 |
— €
SmTf Ng(pT)

[N,1(2.0.2) + N, (2,2.0) — 2N,2(2, 1, 1)]

[Npl(la 07 2) + Npl(la 27 0) o 2Np2(13 13 1)]

N,2(0,0,2) — N,»(0.2,0)]

where N,i,2(n1,n2,n3) are integrals over r only (depending on py).

Dong, Yin, Sheng, Yang, QW, 2311.18400
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The results for P, (left panel) and Py = —P,, (right panel) as
functions of ¢, in Au+Au collisions at 200 GeV. We use data in 30-
40% central collisions as an approximation. The Py range is set to
[0.5,6.0] GeV. The data of P, and Py are taken from Ref.
[STAR:2019erd] and Ref. [STAR:2018gyt], respectively.

o0.6F total - 0.5F — r
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The results for (P,sin(2¢,)) and Py as functions of py in Au+Au

collisions at 200 GeV. We use the parameters of 30-40% central
collisions as an approximation. The data of P, and Py are taken
from Ref. [STAR:2019erd] and Ref. [STAR:2018gyt], respectively.
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The result for the centrality dependence of (PZ sin(2¢p)) and (Py)

In Au+Au collisions at 200 GeV. The pr range is set to [0.5,6.0] GeV.
The data of P, and Py are taken from Ref. [STAR:2019erd] and Ref.

[STAR:2018gyt], respectively.

R L L L L L -'- L i A R B B B B RS R

08k = A+A model ] 08k Au+Au 200GeV ;

N - _ Au+Au 200GeV 1 [ — A+A model T ]

=X L o A+A - 06 [ _'

X 06} 41 _ 7} o A 1

s | 12 - - :

ﬁ 0.4 b o E 0.4 .' o A -.

= 0.4F - [ ]

o | 1V o2 T -
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vV 02F - [
- 0.0}
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Spin polarization along the beam direction in Pb+Pb collisions at
5.02 TeV. The pr range is set to [0.5,6.0] GeV in calculating the
centrality dependence. The experimental data is from Ref.

[ALICE:2021pzu].

total

04F e A+A model . 0-8 Pb+Pb 5.02TeV ot
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S
ﬁ 7 g 02 OOOO o
= ] € Y, Jae ]
0 $ 00 - '
g ¢ |
V' 02 :
-0.4 .
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Spin polarization along the angular momentum direction in Pb+Pb
collisions at 5.02 TeV. The pr range is set to [0.5,6.0] GeV In
calculating the centrality dependence. The experimental data is

from Ref. [ALICE:20190nw].
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This is an analytically solvable model for spin polarization
based on the blast-wave picture of heavy-ion collisions with
flow-momentum correspondence at the leading order.

It not only gives the exact azimuthal angle dependences of
spin polarization in the beam and angular momentum
directions, but also gives their exact transverse momentum
dependences.

There are no contributions from temperature gradient.

It can describe almost all available data for spin polarization
with a few parameters constrained by transverse momentum
spectra and collective flows of hadrons.

It can be improved order by order through expansion in é¢ =
¢p—p,and dn=n-Y.
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 Wigner function (4x4 matrix) for spin 1/2 massive fermions

Wosta) = [ty (o) (5 (o= ) v (o4 3))

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 , |
W= [34* +iV° P A A A+ S ;]

scalar p-scalar vector axial-vector tensor

= [dtrn, = [dtpart, T = [ dtppty

Recent reviews:
Hidaka-Pu-QW-Yang, PPNP (2022) Vasak-Gyulassy-Elze, Ann. Phys. 173, 462 (1987);
Gao-Liang-QW, IJIMPA (2021) Elze-Gyulassy-Vasak, Nucl. Phys. B 276, 706 (1986);
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—
—-—
-

--—" —_dﬁrq '14 ”””
frs(z,p) = g exp (— e 5(p (a s, p2)a(r,p1))

2(2)3

2 X 2 matrix on-shell —
condition s T"‘ ‘l’ or 1"‘ 2

Relativistic MVSD can be parameterized in un-polarized and

polarized parts j=1,2,3
() . Paull matrices
(@) = 51u(@.P) [brs = Bi(e,pInf ()i} inspinspace
(rs space)

fr.-s-_] ('T! —D) — Efﬁ(ml —D) [51'.-3- — PE(I! —p)ﬂ;_}p(p)']’i] ’

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

MVSD: )
dist. - - - -
Becattini, Chandra, Del Zanna, Grossi (2013) 'S :?a5|s d';eCt"):S_'“ rest
Sheng, Weickgenannt, et al. (2021) t:;ame orqan t'q i?ne S
Sheng, QW, Rischke (2022) ol feztpirn;]uan ization
38

Qun Wang (USTC/AUST), Spin polarization and alignment in heavy-ion collisions



At leading order in 0(7?%) spin Boltzmann equation (SBE) with local
collision terms

E

p

ip-&ct-’f [f(ﬂ)(:g,p)] = Gicalar [f(o)] = O p)
Eip atr[ ) f(O)(%p)] = @ [f(o)]

p

At next-to-leading order in O(h), SBE describes how f((x, p) evolves for
given fO(x,p) and 3, (x,p) [non-local terms]

determlned by

1 1 vl v leading order SBE
E_P - Oty lf(l)(:l:,p) = %scalar [f(ﬁ) Oz f( f:(_l ] '
p - - STl
1 + T ~>
Br Oz tr [nf., )”ij(l)(map)_ = Cho | JY, amfw)-r —(1)-} ------- » O, 0T, Opps
Sheng, Speranza, Rischke, QW, Weickgenannt (2021);
: f Wagner, Weickgenannt, Rischke (2022);
Qonven_lent or 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, Nature 614, 244 (2023);

* o(yl<1.0and 1.2 <p; < 5.4 GeV c™)
i o K*(y|<1.0and 1.0 <p,<5.0 GeVc™)
040—
i — GY=464+073m?
035
s ]
o -
0.30 |- B
o % STAR (Au+Au and 20-60% centrality)
0251= & ALICE (Pb+Pb and 10-50% centrality)
m Ll vl T
107 102 1038
[Som, (GEV)

Implication of strong correlation or
fluctuation between P, and P

Nuclear

fragments
6 meson .’ P
s 7
h
Pg»
9*

K*® meson ‘}

X‘ fragments 3

P yi=L)

Theory prediction:

Sheng, Oliva, QW (2020);

Sheng, Oliva, et al., (2023, 2024).
Pp~(F), Pz~(Ps)

1
p(()l)o - § ~<PSP§> * (Ps><P§>~PAP1_\
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Sheng, Oliva, et al., 2206.05868, 2205.15689

Spin Boltzmann equations with collisons:

Sheng, Weickgennant, Speranza, Rischke, QW (2021);

Yang, Hattori, Hidaka (2020); Wagner, Weickgenannt, Speranza (2022); Wagnetr,
Weickgenannt, Rischke (2022);

Review on QKE and SKE based on Wigner functions:
Hidaka, Pu, QW, Yang, 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 Wigner function can be defined from Gy, (x4, x2) [or equivalently

G.v(x1,x2)] by taking a Fourier transform with respect to the relative
position y = xq1 — x5

Gy (z,p) = fd4y VG, (21, 12) =fd4y€ip'y (Al (z2)Ap(z1))

Inserting the quantized field, we obtain the WF at the leading order O(h)

0)<(:}; p) = 27 Z 5 p —mV {9(130)45# (,\ljp)e (A2, P) f}qkz( x,p) « = n,
A1,A9 .~ €1 = —7(1‘1 +in,)
) = i n, —in,
+0(—°)ej, (M, —P) & (A2, —P) [aml @ -p)} Lo e
where the MVSD for vector meson is defined as ’r k= (B2 s KO
10 = [ sty e (ol (dop~ B av (np+ 3))
Az 2(27h)? VATEE T Y
PX1X2 spin density matrix A1,,4, = 1,0,—1
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The decomposition of MVSD (spin density matrix)

fgﬂz_ﬁ(f(o))( + PE —I—TUEU)

)\1 )\2
i.i=1.2.3and \i. Ao = 1.0.—1 Polarlzatlon part A tensor part
J i 1, A2 r (cannot be measured in  (can be measured
strong decay) in strong decay)

where X; and X;; are 3x3 traceless matrices and defined as

1 0O 1 0 1 0 —z 0
il BN I v A B
\/5 0O 1 0 0 1 0
1 0 O
Ss=1 0 0 0 ~=—(EZ ¥i) — 5z'j
0 0 3
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Let us define an integrated or on-shell Wigner function

W (2, po) = =2 / dpoG (.p) =Y € (A.p) € (Aa.p) [{), (2. D)
A1 A
The on-shell Wigner function can be decomposed into the scalar (§),
polarization (W!#']) and tensor polarization (T#) parts as
S =Tr(f V) = = AL W

w 1 L vx 1
Lo W) 3 e (Ap)e” (a.p) PEL

At,A2

I’Vw}(ii',pon) — VI/V ) VI/* ) — A;w S _I_ /I/[;w
T :Tr(f(o)) Z ¢ (A.p) e (M. p) T, EAU\Q

A Aa

We can extract foo « pgg by projecting L, (pon) on WH

w Uk 0
,m/ pon /V'L Z L“V(pon ) € ()\2’ p) f)(\l)AQ (CL’, p) ij(pon) = el (Opon) e’ (Oapon) + ;,A'Lw(pon)
A1,A2
1
_r(0) m * (0)
= P)+ = A, Aa. .
fOO (95‘} p) 3 AIZAQ € ( 1 p) € ( 2, p) fA1)\2 (l‘, p) Lw/(pon)vv;w fég)(ﬂf, p) 1 1
’ L = -5 = )000 I
1 _A;Jon M/w Tl(f(o)) 3 3
=/ (r.p) = 3 Tr(f ) ‘
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From Kadanoff-Baym equation for Wigner functions, we obtain the spin
Boltzmann (kinetic) equation in quasi-particle approximation

EV <0z faina (2, 9) = B3, (P) — RY™(p) farn. (2, D)

where R""’“’ and R4iss denote the coalescence and dissociation rates for

the vector meson, i.e. the rates of gqq - M and M — qq respectively.
Schematically the formal solution reads

coal
frona@p) ~ Pl o (g () an)]

Rdlss(p)
Riﬁg (p)At, for At < 1/RYs5(p)
~ coal
%{}%j for At > 1/RdISS(P)

PA1)X2 spin density matrix 1,,4, = 1,0,—1
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The spin density matrix element can be put into a compact form with an
explicit dependence on the polarization vector of the quark and antiquark

At [ d3p’ 1
v — o
Konen) = 55 [ g @ )yl =)

p'~p—p' P
x2rhs (EY — ES, - EL_,) ea(M,p)es(Aa, p)
xTe {T7 (p' - v — mg) [1+ 457 - P¥(x,p’)| T°
x [(p=p)-v+mg[1+757- P!z, p—p)]}

where the polarization for s and s are given by

g oo
Ph@p) = g rm e Fp, (1 = fu(@,p)]
S P e
g voa
P;(x,p) - _4m -E(?ETH etr Fo'plf [1—f§($,p)]

Effective ¢ field strength tensor
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The fusion (coalescence) collision kernel can be evaluated in the rest
frame of ¢ meson, which gives Pgbo

8md + lﬁmgm% + 3'.'71‘@1",J

1 1 Ch = ;
poo(z,0) ol C1 [gw' -w' — (€0 ~w’)2] ' . 120m?2(m3 + 2m?)
“ 8md — 14m2m2 + 3m!
rest frame + O, 15:‘5:_(6[}‘5;),2 Oy =—2 - 52 ¢ . ¢
of ¢ meson 3 120m2(m3 + 2m3?)
492 /,,.fi’ /’/,/
b -

T 272 Ci EB&, B:f:_ (€0 - B:ﬁ)gl All fields with prime are
oreff LT 7 defined in the rest frame
49> - T1 \ of ¢ meson

¢ / / vl 22
¢~ eff L “a Y
Features: spin quantization direction

(1) Perfect factorization of x and p dependence;

(2) Perfect cancellation for mixing terms (protected by symmetry): all
fields appear in squares, i.e. p;, 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,;g,v

B;:’}’B,ﬁ—’}’v){Eqb—l—(l—’}’) w
V- Eqﬁ

=7E; +7v x By + (1 —7)

where v = Eﬁ/mqb and v =k/E}
Then we obtain factorization form of <pg’0> in terms of lab-frame fields

+ Space-time

<ﬁg§0($,p)> ~ % -+ é | y: {(I.,i(P)) L [(w? — i%%ﬁ <(Bf)2>:]:ﬂ average

2
“P i=1,2,3 ! My Mg |

three basis _ _---~""" 1— i 1 _2_ o ;1;3; o _4: ; v _>:l°eTaegnet o

directions "‘g p {UE,i(p)) m2 <€i T 272 <(E¢ ) >/ 4

in lab frame™ "~ ----__ i=1,23 ! ¢ ¢~ off !

49
Qun Wang (USTC/AUST), Spin polarization and alignment in heavy-ion collisions



0.38}

*  STAR  —— Out-of-Plane (Y]

In-Plane (X)

V SHN (GEV)

F? = (E2,) = (B%,), FZ=(EZ)=(BZ)

10 20 s

(a) The STAR's data on phi
meson's p;, (out-of-plane, red
stars) and pj, (in-plane, blue
diamonds) in 0-80% 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 p;, and p{, in
(c). The magenta-dashed line
(cyan-solid line) is a fit to the
extracted FZ (F2) as a function of
VSnn (see the text).
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k, (GeVic)

k, (GeV/c)
Contour plot of p}, — 1/3 for ¢ mesons Calculated p}, (out-of-plane) and p§,
as a function of k, and k,, in 0-80% (in plane) of ¢ mesons as functions of
Au+Au collisions at /s,y = 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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045} 11 5 Gev 119.6 GeV ‘

P $ Calculated p}, (solid line) of
4® o e ¢ mesons as functions of
transverse momenta in 0-
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? .

kr (GeV/c)
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20%-60%)’
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T

T

T

2 3

0.3 'I'ﬁnnnuuunnu s

Sheng, Pu, QW, PRC(2023);

2308.14038

e, -
-‘_I 1 1 1 1 I 1 1 11 l 1 1 =9 [ 1 11 1 l"l 1
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) 0.1
g
o 0
5y
-2r - 11 /-01
: ‘ : : : /—\
-4 -2 0 2 4 -4 -2 0 2 4
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If B and E? is isotropic in all directions in lab frame,
we have simple formula with clear physics

8 2+ p?
(6p00) (P) :ﬂ(cl + Cy) F? (3;2134 — pi)

1
ocip% [3cos(2¢) — 1] + (mg + p7) sinh? Y
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CHIRAL QUARKS AND THE NON-RELATIVISTIC QUARK MODEL*

Aneesh MANOHAR and Howard GEORGI
Lyman Laboratory of Physics, Harvard University, Cambridge, MA 02138, USA

Received 18 July 1983

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

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

1
>, = exp (?,ZTX) X = E
A1 0, 1 + K+
— exp (35) exp (zz) V2" —l_ ve'! 1 7::; 1 0
f f T —T + T?? K
— - 770 2
3 f = 93 MeV K K — 75"
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« X and & transform under SU;(3) X SUR(3) as

> LYR!, ¢ — LEUT = UER!
Uu

 Asetof color and flavor tripletquarks v = | d |, ¢Y=U%

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

. e . — 7% in col
£ =0 [ (0" +igGLT! + ige VT 0 = 94073350 74 in favor space

1 T 1 z
+ 7 [T (9,5 ors]— 5 Tre(Fu ™) = 27 Try(V,, V") + mQV Tre(V, V")
/”’, V V

3x3 matrix .-~

Effective vector fields
induced by currents
Goldstone boson fields

1
VH :i (g’r@#é- 1 é-@#é-’r) — QVVG#TJ?

AW :%i ({f@#é‘ _ f@’“é’f)
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EOM for SU(3) vector fields produced by quark currents

(¢ 0% = ") Ve + VI = gy 0y T}
Flavor SU(3) vector meson multiplet W =%(’m+ dd), ¢, = 3
1 T(pu +w,) oy K+ v, :%(uﬁ + dd + s5)
Vi :E Pr —%(pﬂ — W) K:O vy :i(uﬁ+d3+8§)
K K b, V3
VITLV, = uti + dd + 53 K=o ) =By
LA T M CtLTS (R o U N NPV S
= L KT = sl = )
Qun Wang (USTC/AUST), Spin polarization and alignment in heavy-ion collisions o7




For quarkonium vector mesons (hidden flavor)

S
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The correction to pgo from self-energy and shear stress tensor &,

5p00(P) = 0t (P) + & C* (p)

5p=% ~ (AEr — AEL)

1€

1

"2

(OuBy + 0,8,)

Parallel

g,~1 Numerical

Transverse

e g,=1 Numerical
g,=1 QPA

= = = g,=2 Numerical

- == g=2 QPA

— =1 QPA
= = o g=2 Numerical

Ip] (GeV)

The numerical results for
sp$ " for the transverse
(left) and parallel (right)
configurations in which the
momentum is transverse and
parallel to the spin
quantization direction z
respectively. The results
under the quasi-particle
approximation (QPA) are
shown for comparison.

Dong, Yin, Sheng, et al.,
2311.18400, PRD (2024)
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~0.004 S <
0. 008 . . . oS
0.04F )
Transverse
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The numerical results for c*V
for the transverse
configuration in which the
momentum is perpendicular
to the spin quantization
direction z. The results under
the quasi-particle
approximation (QPA) are
shown for comparison.

Dong, Yin, Sheng, et al,,
2311.18400, PRD (2024)
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« P, measures the fields (net mean field), pg’o measures field
squared (field correlation or fluctuation).

 The vector strong force field is induced by the 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)

- Any connection with spin correlation of AA ? (Lv, Yu, et al.,
2402.13721)
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