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* Introduction

* Non-relativistic coalescence model for spin
alignments of vector mesons

* Relativistic spin Boltzmann equations from
Closed-Time-Path formalism (CTP) or Kadanoff-
Baym equation (KBE)

e Questions for discussions
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 Huge global orbital angular
momenta are produced

L ~ 10°h

* Very strong magnetic fields are
produced

B ~ m2 ~ 10'® Gauss

« How do orbital angular momenta
be transferred to the matter
created?

« Any way to measure angular
momentum? How is spin coupled
to local vorticity in a fluid?
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With such correlation between rotation and polarization in materials, we expect

the same phenomena in heavy ion collisions. Some early works alonq this line:

Polarizations of A hyperons and spin alignments of 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

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

Statistical model for relativistic spinning particles
-- Becattini, Piccinini, Annals Phys. 323, 2452 (2008) [0710.5694]
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Theoretical works (China):
THU, FDU, CCNU, SYU, SDU, PKU-IMP, USTGC, ......
(international): Florence, Frankfurt, Riken, Berkeley, Chicago,
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“the global spin alignment
for phi unexpectedly large,
while that for KA{*0}

is consistent with zero.

The observed spin-alignment
pattern and magnitude for the
phi cannot be explained by
conventional mechanisms,
while a model with strong
force fields [2,3] accommodates
the current data. ”

[2] Sheng, Oliva, QW
(2019, 2020, Erratum 2022)
[3] Sheng, QW, Wang (2020)
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[1] Sheng, Luica, QW (2019); [5] Muller, Yang (2022);
[2] Becattini, Csernai, Wang (2013); [6] Xia, Li, Huang, Huang (2021);
[3] Yang, Fang, QW, Wang (2018); [7] Gao (2021);

[4] Liang, Wang (2005);
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« Like electric charges in motion can generate an EM field, s
and s quarks in motion can generate an effective ¢ vector
field.

« The ¢ vector field can polarize s and s with a large magnitude
due to strong interaction, in analogy to how EM field polarize

(anti)quarks.

1 1 Electric part corresponds
?s/g = =W+ € X Pg/s to spin-orbit couplings
2 2ms (spin-Hall effects)
Q Q not accessible via A
2msTBiQm;TE X Ps/s polarization:
S
1d®o
E ~N ———
:|:2mSTB¢:t 2m2TE¢ X Ps/s XPp  dr (r x p)

Sheng, Oliva, QW (2019)
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« The spin density matrix has off-diagonal elements in spin.
Assuming the spin quantization direction is y-direction (OAM),

we have

¢ meson’s non-relativistic

1 4 d3 :
¢ (4 N~ -2 p 2 wave function

<{POIPU(p) -  (PE@IPE(-0) + PE@IPE ()]

1 93 . 1
3+ g (B — 5 (B + L) 1
2 /9 _ CW)
9Py [, 2Tm2T2,
27m§Tesz <E¢ Y <E¢, + E¢, >
« Coalescence model in HIC: cf. Lie-Wen Chen’s talk
9
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Spins are decoupled from momenta in spin density matrix: too
simple to account for spin dynamics. The sign of anti-quark’s
momentum is not easy to determine (easy to make a mistake)

Without Lorentz covariance, only valid for quasi-static ¢
mesons, cannot be applied to ¢ mesons with non-vanishing
momenta with confidence

It is not a model based on relativistic quantum field theory
The deeper implication of ¢ field has not been explored

B

To solve above problems, it is necessary to develop a
relativistic spin transport theory for ¢ mesons, which can
describe the relativistic fusion process ss — ¢ with spin dof
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« A phenomenological Relativistic Spin Boltzmann Equation
(RSBE) for fusion process

k - PI’T

d3 /
RO (k) ~ ) / Ek Eﬁ_p,—Eg,)

rs=t1/2 ELE il
x|Mk-p,mp, s—)k/\)|
x { £ =p) fI') [+ £ (k)] = £ () [L = f(k = p')] [1 = £I(0")]}
Gain term Loss term

It is more rigorous to derive RSBE from CTP or KBE in terms of
Matrix Valued Spin Dependent Distributions (MVSD) for quarks
and vector mesons

fq q MVSD:
—> Sheng, Weickgenannt, Speranza,
" nrze Voo 1Yy Rischke, QW (2021);
fq — q 172 Weickgenannt, Speranza, Sheng,
$182 QW, Rischke (2021)
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« A general RSBE based on relativistic quantum field theory (CTP
or KBE) for fusion process

1

A A,
collision kernel +0x, €5 (A5, k)€, (A2, k)| CFY), (0, K),

172
v collision kernel
AN Cf\‘,l ,\,(x k)

d3 ’ o - .
_ / P E" J(Ek - Bl -FL,)

T1,81,72,82

Sheng, Lucia,

Liang, QW, Wang
X{ 3lsl(p) Y (k—=p') [5,\',\' + fx k)] 2205.15689,

~ [Brues = 2 (0] [Braes = Fioy (k= )] £, 00} 2206.05868
x Tr [y, (), (P)THuy, (k — P, (k = P)], (2)
/

I'*~ gyB(p — p,p')7"

Bethe-Salpeter wave function for vector
mesons [Roberts et al (2019, 2021)]
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* In the dilute gas limit

Foxe ~ fls ~ fl <L

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

- RSBE for fusion (coalescence) and dissociation process qq <
V can be simplied as

1 v € = n
k- a&l’fAv;Ag ((L', k) =§ [GL (Ala k)GU(AQa k)cgoal(xa k) ’ Y 1 '
Caiss (K) Y 5. (2, k R A
dlSS( )fAlAg(m’ )]’ 1 )
€_1 = ﬁ(nz —an)
k-e k-e
Pk = ( va’ @t mv(Eﬁ/:mv)k = k.’ (A k) =0

« The fusion part depends on MVSDs of q and q, while the
dissociation part is independent of MVSDs.
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 Forml solution to MVSD (spin density matrix elements) for vector
mesons

1 _ Sheng, Lucia, Liang, QW, Wang
v —Caiss (k) At ’ ’ s QWY, ’
i, (2, k) ~ o ™ [1 — e Cam () ] 2205.15689, 2206.05868
SS

x €, (A1, k)€, (A2, K)CEL (2, k)

- where the coalescence collision kernel ! . is given by

Cly(z,k) = / o s(EY - EL-EL,)
coal | (rh)2ETE; vk TP Tkep
p P Polarization vector

‘/xTrLI‘V" (" -y —mg) [1+ 757 - PY(z,p) of quark and antiquark
po wave XTH [(k = pl) -y + mg) [1+ 757 - P9z, k — p')/

function
of vector — N o b e
meson X fa(z,p') fy(z, k —p'),

Un-polarized quark distribution functions
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« Spin density matrix elements (normalized MVSD) for vector mesons

*(Ala )61/()‘27 )coa.l

f>\1>\2 > pAl)Q Z)\ O:I:l ()‘ k)el/()‘ k)

coal

 Focus on ¢ meson, the polarization vector for s and s appear in the
collision kernel

1 9o
KV po F¢
4ms —€ (wp()' + (u . p)Teﬁ- po pl/
1

s Field strength tensor
~—— P, F? for ¢ field
4ms ( po (U ] p)Teff ﬁ)VV

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

Pi(z,p) ~

P(z,p)

16

Qun Wang (USTC, China), Spin alignments of vector mesons



 The collision kernel can be evaluated in the rest frame of ¢ meson.

We then obtain pg’o

1 2,2 1
1 1, |, )5 C _ 8m + 16mgmyg + 3my
poo (2, 0) ~3 +C [gw W — (€ W) ! 120m§(m?¢ +2m2)
1 4 _ 2,2 4
O [56, &~ (eo- 8,)2] o, &M 14ms2m¢ +3m?
120m2(m3 + 2m2)
_ i(h lB:ﬁ B, — (e - :b)?]
miTg 3 — All fields with prime are
40> - defined in the rest frame
9 1_, / 1 \2 f
~ —t Cs §E¢°E¢—(€0'E¢) : of ¢ meson
¢~ eff L

Spin quantization direction

» Perfect cancellation occurs: all ¢ fields appear as local correlation
between strong force fields of the same kinds and same
components. Suprising 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

VB¢

B, =9B; — v xE;+(1—7)

V- E
’7E¢+’YV><B¢+(1—’Y) v

- where v = Eﬁ/md, and v = p/EJ

* In terms of lab-frame fields we obtain

Poo(z,p) ~ Z I5i(p) [w - 2 oy (BY)?

z—123

= _ 4g 2 ¢
+ Z Iz ;(p) [e Tezﬁ(E )

z 1,23
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 Two parameters (transverse and longitudinal field squares)

<(g¢Bf(y))2> = <(9¢Ei(y))2> = I
((9sB2)?) = ((9sE2)?) = 1. F? < F?

 Two sets of parameter values give the same resulit

F? =0.45m%, m, = 170 MeV
) . r, = 0.79
F? =5.02m5, m, = 530 MeV

* The magnitude of electric field’s contribution decreases with
increasing mg
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Figure 2. The ¢ meson’s p;, as functions of transverse mo-
menta at different collision energies.
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Figure 4. The ¢ meson’s pj, as a function of centrality at 200
GeV. Red, green, and blue diamond points are our results
for centrality ranges 0-5%, 10-40%, and 40-80%, respectively.
The dashed line is the fitting curve using a second order poly-

nomial.
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+ Take-home messages: P, measures the fields (mean field), pgbo
measures field squares (field fluctuation).

* Questions for dicussions

 What are particles? What are fields? Particle-field duality?

 What is the nature of vector meson fields? Are they real
entities? Can we calculate field squares on Lattice?

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

« Any implication for J/Psi polarization (gluon fields)?

 Welcome to HENPIC seminar on August 4 (Thursday) and join
the discussion !
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