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Heavy-ion collisions
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A nature ’s global (local) spin polarizations along
direction of global angular momentum (beam
direction)
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Spin alignment for a vector meson ( =17) ) K0 /
is 00-element o of its @ g é
normalized spin density matrix,

probability of spin-0 state @ @ O

S=1 _ 1 1 _
Prs = Po+1  Poo  Po,—1 = =+ =FY; + T332
3 2
P—141 P-10 P-1,—1 \ \
Vector polarization Tensor polarization
(3 components, (5 components,
Measured through polar not measurable) measurable)

angle distribution of decay products

Spin is

Strong K®>K'+7 Z 1 — poo + (3poo — 1) cos 9] OAM
p-wave decay ¢ —> K" +K"
Dilepton / o T+ - % [1 + poo + (1 — 3pgo) cos? 9] Spin

decay

K. Schilling, P. Seyboth, G. E. Wolf, NPB 15, 397 (1970) [Erratum-ibid. B 18, 332 (1970)].
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e  Two-point Green function expressed in terms of
matrix valued spin-dependent distributions (MVSD)
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polarization vector for  creation/anihilation operator
a meson with spin , T if meson is not self-conjugate

® MVSD for vector meson

far(z.p) = / 2{§:r AE -0(p - w)e z/h <a{ (Az.p - g) ay (M:P i %)>

QEV/;ZPHQ( e *ﬂ()‘lap)fy()\mp)G;(m,p) Relation to Wigner function
™

= 3f(z,p)pr r.(T,P) Relation to spin-averaged
distribution and normalized density

fep)=: 3 faEp, Y e =1 T

/\ 0,+1 A=0,+1
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e With help of Schwinger-Keldysh (closed-time path) formalism, P. Martin, J. S.Schwinger, PR 115 (1959) 1342.

; P ] ; ] i i L. P. Kadanoff and G. Baym, Quantum Statistical
we derive Kadanoff-Baym equation at leading order in spatial gradient Mechanics (Benjamin, New York, 1062).

L.V. Keldysh, Zh. Eksp. Teor. Fiz. 47 (1964)
<
Ly G (x, p) 1515,

?'ﬁ d*p’
2 {zfrﬁ

- {G<* (z,p)Tr [F‘* S> (z,p+p') TVS< (z,p)]

,\ / T (x4, x3)
Green functions on the closed-

time path contour One-loop self-energy
, 1
L = —gk (p* — mi,) + p"py +ih {gfg‘p < 0p = 5 (Pn05 +p"3;)
e Comparing Kadanoff-Baym equation with its Hermitian conjugate, we are able to
derive
1
Boltzmann equation  p - 8,G<H — g(p”8§G<’W +p Oy GSHT) = ..

Mass-shell condition — —(p* — m?, )G + (PG 4 p¥p, GSHN) =
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Boltzmann equation

e Dyson-Schwinger equation

‘ Kadanoff-Baym equation for Wigner function
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XLS, L.Oliva, Z.-T.Liang, Q.Wang,
X.-N.Wang, PRD 109, 036004

2024).
mm=) Matrix-form Boltzmann equation ( )
b -85 k) = = [ (Ar, k Xe, K)CE y k)Caiss (7, k
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2 7
/ / / /
Dilute gas limit Meson Coalescence Dissociation (independent
iz ati from quark distributions)
~ F <1 polarization e
Ja~ o~ v < vectors >+

® Contribution from coalescence

Quark-antiquark-
meson vertex
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B - @{ﬁ —p) - vy+my| 1+ {Pl(z,k—p)
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(all particles are on
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L Polarizations of
quark/antiquark
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L ® N e
‘: . . (% JA:‘ .
o = §e : L *tt
“e v’ 0P
[ % a B o
Initial fluctuation hydrodynamic mbdel final state interactions
I
No vectormeson =0 |
I o
1
® Neglecting space-derivatives and assuming that = 0 before hadronization
stage , we obtain formal solution
1 — exp[—Caiss (z, k) At]
Vv 1SS ’ * —
z, k) ~ = (A, ke, (A C = =
f)\l)\g('r) ) Cdiss(xgk) [F,u( 1, )FV( 2; ) coa]( )] 0
® Spin alignment only depend on coalescence process
i e*(0,k)e, (0, k)CL (., k) XLS, L.Oliva, Z.-T.Liang,

Poo = Q.Wang, X.-N.Wang, PRD
i+ e+ ffa e —o.+1 (A K)e (A K)CLL (2,k) | 109, 036004 (2024)

14



Non-equnibri um & eq U | | | brl um I N F N Istituto Nazionale di Fisica Nucleare

SEZIONE DI FIRENZE

) : Quark
* | Coalescence model with spin
* Quark/antiquark polarized by external
field Vector
Antiquark meson

* Non-equilibrium process described by
kinetic theory

Z.-T. Liang, X.-N. Wang, PLB 629, 20 (2005).

XLS, Q. Wang, X.-N. Wang PRD 102, 056013 (2020).

X.-L. Xia, H. Li, X.-G. Huang, H.-Z. Huang, PLB 817, 136325 (2021).

A. Kumar, B. Mueller, D.-L. Yang, PRD 108, 016020 (2023).

XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, PRL 131, 042304 (2023); PRD 109, 036004 (2024).

* | Spectral function method >
« \Vector meson’s self-energy Vector
modified by external field meson
_ self-energy
* Meson at thermodynamical
equilibrium
XLS, S.-Y. Yang, Y.-L. Zou, D. Hou, arXiv: 2209.01872. Vector meson’s in-medium
A. Kumar, B. Mueller, D.-L. Yang, PRD 108, 016020 (2023). :
M. Wei, M. Huang, CPC 47, 104105 (2023). spectral function
W.-B. Dong, Y.-L. Yin, XLS, S.-Z. Yang, Q. Wang, arXiv:2311.18400. talks by HyungJoo Kim
XLS, Y.-Q. Zhao, S.-W. Li, F. Becattini, D. Hou, arXiv:2403.07522 and by Philipp Gubler

Y.-Q. Zhao, XLS, S.-W. Li, D. Hou, arXiv:2403.07468 15
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I |
collisions thermalization hydro ; hadronization ; freezeout >
| |
| I : A b ‘\t ;‘
Y e I I .4 . o B0
> ¢ | . *° %
I I . : ‘i" .": ‘:ﬂ
| 8.
. . . | . s .
Initial fluctuation hydrodynamic model final state interactions
| | Decreasing T
Theories: QCD I Quark-meson | Hadron gas
I' model I model
| 1
@ Quark effective mass Dirac field ( , , )

P~ P Pt P

1 1 |
5 (900t c —m2o?) + 5m%,,m/“ — V"V

N S
@ — o \ (IH]D ) Vector meson field
I \ w+p ,0+ K:k—|—
—_ 0 =

D Leg(z) = P(z)[id —[(mo + gga)] —gv7y - V]¥(x)
_|_

\ V3
K~ K
O & ©
Short wave-length: quantum fields (particles)
@ @]]) Long wave-length: classical fields

17



Q ua rk p0|arlzat|0n I N F N Istituto Nazionale di Fisica Nucleare

SEZIONE DI FIRENZE

e Polarizations of strange quark/antiquark in a thermal FooseEill BUIEI i, 20 0) celilieh (SEICS)

cpep s Annals Phys. 338, 32 (2013)
eqUIIIbrlum SyStem Y.-G. Yang, R.-H. Fang, Q. Wang, and X.-N.

1 - Q Wang, Phys.Rev.C 97, 3 (2018).
PH(x. N~ —hvaB W LR T - Fﬁf’ XLS, L.Oliva, Q.Wang,
s (p) dm Pv 7 (wep) T 7 (u p)T pa PRD 101, 096005 (2020);
1 r Q b XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang,
PH (z,p) = _E!-Wa.ﬁ’py = e Q—¢F¢ PRL 131, 042304 (2023); PRD 109, 036004
s Am, 7 (w-p)TF (u-p)T" *°| (2024).

X/ strong
interaction

vector field \\
(long wave-length S Qb
components) \
e? 1 qQ 2
=~ 9 o) > =
4 137 A A7 )
spin-zero

* Vector field has been used to explain the L.P.Csernai, J.|.Kapusta, T.Welle,
difference between polarizations of and PRC 99, 021901 (2019)
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¢ Spin alignment of the
measuring along the direction of €g
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meson in its rest frame 8mi + 16m2m2 + 3m1
120??’1%(7?12@ + 2m?)

8ma — 14m§m§., + 3??12,

1 —

1 1 .- Cy =
0 & —+Ci|zw-w —(g-w')? | 120m2(m?2 + 2m2
poo 3 ' {3 (€0~ ) Rotation and ™amg +2m)
1 acceleration L
+C4 {EE” e’ — (eo - 5")2} T~ <107 3%in
5 heavy-ion collisions
4‘g¢ C ]'B! Bf Bf 2
272l |3 Pe T (€0 - By) _
o h L Vector Mean value is zero,
;er:pefat‘:_re at /49'3 . —lE" B, — (e B! )2j| field > but can incorporate
adronization — ~Cy |=E/, - — (€0 - E, :
pei—. m2T7 7 |3 ¢ ¢ large fluctuations
® Contribution from classical electromagnetic field XLs, L.Oliva, Q.Wang,

PRD 101, 096005 (2020);

to spin alignment is < 1072

e |mportant features:

- Cancellation for mixing terms (because of CP and reflection symmetries)

- All fields appear in squares, spin alignment measures anisotropy of

fluctuations in meson’s rest frame

XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, PRL 131, 042304 (2023); PRD 109, 036004 (2024).
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For example, contribution from B}, to spin alignment along
y-direction Lo (BLP+(B)?

x (Bgy)" — 5 y
6 )ﬁ

Case 1 % % % =0,
# 2
spin-0 states - =0
Case 2 % % 00 > 1/3
significantly
correlated
6

@@ 00r 00 < 1/3

00t o0t o0=1
20

@:; > 1/3
Case 3 E—) @:> »
5
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In center region of QGP,
transverse fluctuation
# longitudinal fluctuation

F2 =F?
i . i i _ 2 cij ntng
(D) = (RELBLITE) < P00 {1
Isotropic Anisotropy of QGP
. . A

Transformation of fields between lab
frame and particle’s rest frame l/

V- B /\
B, = 1By — v xEg+(1—7)—5"v

E¢ Lab frane ’ Rest frame
!

E; = 7By +9v x By + (1 - V5oV Anisotropy induced by motion

relative to background

XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, PRD 109, 036004 (2024).
XLS, S. Pu, Q. Wang, PRC 108, 054902 (2023).
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e Taking fluctuations of transverse and longitudinal fields as two
independent parameters.

((96B2,/Th)*) = ((90ES,/Th)?) = Ff. {(9sB2/Th)?) = ((9sE2/Th)?) = F2

038f., '  Out-of-Plane -
| ke STAR SETEn Difference

:/ induced by

] Energy-dependent
T~ Parameters fitted by

In(F2/m2) = 3.90—0.9241In/snn
In(F2/m2) = 3.33-0.760In/sNx

b 2 _ 2
Parameters are “’//{ Dt 1 STAR, Nature 614, 244 (2023)
evaluated by fitting1g 20 20 100 200 XLS, L.Oliva, Z-T.Liang, Q.Wang,
STAR data =, X.-N.Wang, PRL 131, 042304 (2023)
v Sy /GeV
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Dominant!
Fluctuations in lab frame <g§B§;B§,/ﬂ?> = <g§E;E$/T§> : Aa‘al

1 :
(59lo) (B) o 2% [3cos(2p) — 1 + /2 + P& sink? ¥
Y=0 Y=1

<

Vil | o113

py (GeVic)

) . XLS, S. Pu, Q. Wang,
Au-Au collisions  py (GeV/c) px (GeVic) PRC 108, 054902 (2023).
at 200 GeV/A 23



Model predictions

Fluctuations in lab frame <g§BgB§,/T§> = <Q§E;E1/TE> : Aa‘al
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Dominant!

1

(0pg0) (P) o 51’1

7 [3cos(2p) — 1] + y/m2 + p2.sinh’ Y

0.36+

030}

L
1.9

In-Plane

20

25

3.0

00 05 1.0
Au-Au collisions

at 200 GeV/A

®

12<

<54 GeV

0.5

Predictions for azimuthal angle dependence and rapidity dependence

.

0.45—

0.35

veeeee THEOMY (1.2 = P, < 5.4 GeVic,

STAR Preliminary
¥ 92" order (1.0 <p_<5.0 GeVic)
B ¢1%order (1.0 <p_<5.0 GeVic)

o Py = 173
£
$
A
20%-60%)" KL
-:""Il o

Au+Au 19.6 GeV g
0%-80% “,3"

]
.

|I“
At
A
W
llllll
a
LU
ikl

B. Xi’s talk in
QM2023

XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang,
our prediction

PRL 131, 042304 (2023)
XLS, S. Pu, Q. Wang, PRC 108, 054902 (2023).
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045t 41.5 Gev 119.6 Gev

0.40} i

0.35}
0.30}

0.25}
0.45}

0.40}
0.35F
0.30}

0.25}
0.45

0.40}
0.35%

0.30}
025t® S AL e
1 2 3 - 5 1 2 3 - 5
kr (GeV/c)
XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, PRL 131, 042304 (2023)

Poo

Calculated ,, as functions
of meson’s transverse
momentum, in comparison
with STAR data for Au+Au
collisions in 0-80% centrality
region.

STAR, Nature 614, 244
(2023)

Shaded error bands from
uncetainties of extracted
parameters F7 and F?
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e Global spin alignment, measured in
event-plane direction e Relation between and g
1 0-6- L DL L L L DL L DL L e
= o05F ALICE, Pb-Pb |5 =5.02 TeV E 1-— 3[)()() 9 1
F Inclusive Jhy — p'u,25<y<4 ] AQ = - ~—— | poo— 3
el : L + poo 1 3
0.3F ]
0.2 :ﬁ: : Different
01F _$_ 000 00 < 1/3 ﬂbehaviours’?
OF $ .
—0.1F E
opb *0-20% ; For meson, ,,>1/3
TUCE ok 30-50% Event planeg
B R R S R B I
p. (GeVic)
® Spin alignment measured in momentum direction
04f dy spw 'H‘eﬁc{ty%
0.3F
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¢ Spin alignment measures anisotropy of strong field
fluctuations in meson’s rest frame.

¢ Dominate contribution to anisotropy may be motion of
meson relative to background

¢ Predictions for momentum dependence of spin
alignment need to be tested by more experiment results
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