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Heavy-ion collisions

Relativistic heavy-ion
collisions generate
strongly interacting
matter with vorticity
and magnetic fields
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Spin alignment INFN e

® Spin alignment for a vector meson ( =17)

is 00-element  of its ) K*O
normalized spin density matrix, @ @ @
probability of spin-0 state,

oo = 1/3 if no polarization @ @ O

1 1
1 1
pfs - P0,+1 P00 P0,—1 = -4+ =P, + ﬂ?zw
3 2
Vector polarization Tensor polarization
e Measured through polar (3 components, (5 components,
not measurable) measurable)

angle distribution of decay products

Spin is

Strong K*>K' +7 1 — poo + (3pog — 1) cos 9] OAM

p-wave decay ¢ —> K" +K" Z

Dilepton / - T+ - % [1 + poo + (1 — 3p00) cos? 9] Spin
decay

K. Schilling, P. Seyboth, G. E. Wolf, NPB 15, 397 (1970) [Erratum-ibid. B 18, 332 (1970)].
P. Faccioli, C. Lourenco, J. Seixas, H. K. Wohri, EPJC 69, 657-673 (2010)
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Spin alignmentof / @ LHC
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Spin Alignment of Vector Mesons in Non-central A + A Collisions

Zuo-Tang Liang! and Xin-Nian Wang?!
! Department of Physics, Shandong University, Jinan, Shandong 250100, China
‘welear Science Division, MS T0R0319, Lawrence Berkeley National Laboratory, Berkeley, California 947
(Dated: November 5, 2018)

« Non-relativistic coalescence model Z.-T. Liang, X.-N. Wang, PLB 629, 20 (2005).
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Local vortical structure in heavy-ion collisions
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L.-G. Pang, H. Petersen, Q. Wang, X.-N. Wang, PRL 117, 192301



Quark coalescence INFN e

* Vector meson’s tensor polarization
(spin quantization direction is set to z-direction)

1% z pz 5 Difference between z-z correlation and
~ = — = (P P; < P, > _
Poo(Z;P) =~ < v+ 2y x-X (y-y) correlation
Rep 1,— (2, p) = { Pfjl P_ P('jfl Pfj;) : Difference betwgen X-X correlation
and y-y correlation
—Impy_, (%,7) ~ <le R}‘Q Pa Pf.fra)x ; x-y correlation

Re[p1,0 — p-1,0] (¥ ~ +P; P,  xzcorrelation

q1

—Im[p10+ p-1,0] (Z,P) = = {P” P;, + P; PL),, Y-Zcorrelation

« Average over constituent /7’s relative
position and relative momentum

=2 P2
P! Pl =i P2, d> 5, exp -p—b — a7 § 42
X P Jl pl)}ﬂ f }'72). [
-Pbv

X.-L. Xia, H. Li, X.-G. Huang, H.-Z. Huang, PLB 817, 136325 (2021)
XLS, Q. Wang, X.-N. Wang, Phys.Rev.D 102 (2020) 5, 056013
J.-H. Chen, Z.-T. Liang, Y.-G. Ma, XLS, Q. Wang, arXiv:2407.06480 8
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Brief summary INFIN e s

« Spin alignment (tensor polarization) ¢=m) spin-spin correlation

« Anything that can polarize quark/antiquark ¢===) spin alignment

* In order to explain spin alignment of meson observed in experiments,
we need

» Large quark or antiquark polariztion

» Significant quark-antiquark spin correlation

10
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I Cannot explain large positive deviation from 1/3 |

1 I
P00

S/

Hydrodynamic gradient

/

_|_ Chydro + CEM + CF 1+ CA T Ch _I_ Cstrong

(vorticity, acceleraction, Electromagnetic Fragmen- Helicity - Anisotropic
shear tensor, second fields [3,4,14,15] tation [1] polarization  strong force
order) [1-13] Anomalous 171 [4,18-21]
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* | Coalescence model with spin
* Quark/antiquark polarized by external
field
* Non-equilibrium process described by
kinetic theory Quark-antiquark
Z.-T. Liang, X.-N. Wang, PLB 629, 20 (2005). combination Vector meson
XLS, Q. Wang, X.-N. Wang PRD 102, 056013 (2020). 3
X.-L. Xia, H. Li, X.-G. Huang, H.-Z. Huang, PLB 817, 136325 (2021). self-energy
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).
XLS, S. Pu, Q. Wang, PRC 108, 054902 (2023).
* | Spectral function method * | Spin kinetic equation
» Splitting between spectral functions of longitudinal D. Wagner, N. Weickgenannt, E. Speranza, PRR 5,
and transverse modes due to external fields or 013187 (2023)
motion relative to a thermal background, calculated S. Fang, S. Pu, D.-L. Yang, PRD 109, 034034 (2024)
by QFT, NJL model, holographic model... Y.-L. Yin, W.-B. Dong, J.-Y. Pang, S. Pu, Q. Wang,
. - arXiv:2402.03672
* Meson at thermodynamical equilibrium
XLS, S.-Y. Yang, Y.-L. Zou, D. Hou, arXiv: 2209.01872. * | Linear response theory
A. Kumar, B. Mueller, D.-L. Yang, PRD 108, 016020 (2023). _ _ _
M. Wei, M. Huang, CPC 47, 104105 (2023). BabinSaliunanXivi2206 14890
W.-B. Dong, Y.-L. Yin, XLS, S.-Z. Yang, Q. Wang, arXiv:2311.18400. W.-B. Dong, Y.-L. Yin, XLS, S.-Z. Yang, Q. Wang,
XLS, Y.-Q. Zhao, S.-W. Li, F. Becattini, D. Hou, arXiv:2403.07522 arXiv:2311.18400.

Y.-Q. Zhao, XLS, S.-W. Li, D. Hou, arXiv:2403.07468
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» Strong-force field fluctuation

Spin kinetic theory -> relativistic quark coalescence with spin
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e  Wigner function expressed in terms of
matrix valued spin-dependent distributions (MVSD)

< (o _ 4. ipyfhfoatoo. . ] . ,
LIS / Ay e (AL (@2) Au(en)) Gy, (@,p) =27h Y _ & (p° —m})
A1 s
AY () = /\%1 f e QEV _ x {0(p°)eu (M1, ) €, (A2.P) Fa, a0 (x, P)
—ip-z/h * T wp-z/h +ﬁ(_p[}]£: {Al" —P) & ()‘2’ _P)
x [E‘M(A:p)aV(A:p)e P T e ‘u()‘:p)a\/(‘)\up)e P } " [6.-\2.1“ + f)\oAL{I-. _p}l} )

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

13



Kada nOff— Baym eq u at|0 N I N F N Istituto Nazionale di Fisica Nucleare

SEZIONE DI FIRENZE

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)

Lﬁ;GQm’ (:t:,p) 1515.
h
— —% d*z’ [G<’”Q.($1,3:!)2>}fw($’,$2) — G>”“‘a,(3:1,:r’)zci"w(:r:’,:rjg)}
[\ / ~ eading order:
Green functions and self-energy one quark-loop
on the closed-time path contour
i K (2 2 I . L 1 H [Tt i J
Ly = —gt (p° —mi,) +p'p, +ih |ghp- 0, — 5 (pnO% + pHoy)

MY (x1,x3)

e Comparing Kadanoff-Baym equation with its Hermitian conjugate, we are able to
derive

1
Boltzmann equation ~ p - 9,GS* — g(p”8§G<’W +pY GG = ..

Mass-shell condition — —(p? — m%)G<H + (pp, G5 + p¥p, GSHT) = . ..

14



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
’ xf)\l)\g (SB? ) _ é [E,u( ;3 )EV( 2, ) C()ll ) B f)\lx\g (IU ) diss(g"’ )]
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

X T"@n’ -y —mg) [1+ 757 - Pz, p)]

B - @{ﬁ —p) - vy+my| 1+ {Pl(z,k—p)

{ fala ¥ fola kP

o d’p’ 1 YT = ‘
C:ual{ } = / {Qﬂh)g E:‘F El‘i 0 (Ek — E;; — E]i—p’J
p' —p’

Y

(all particles are on
their normal mass
shells)

L Polarizations of
quark/antiquark

unpolarized quark/antiquark
distributions
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collisions thermalization hydro freezeout -
L * “% ‘\
‘: . . (% JA‘ ..
o = §e : L *tt
*s u' 8.0
[ % 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» ) Cdjss(xgk) [FIL( 1, )FV( 2; ) coa]( )]
® Spin alignment only depend on coalescence process l 0
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)
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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
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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 meson in its rest frame ., _8mi+ 16m2m? +3m{
measuring along the direction of €g T 120mE(m2 + 2m2)
_ 4 _ 14m2m?2 + 3m
: 4q2 1 o :87'?15 Lm,my, + 3mg
P00 :J); —‘%Cl gB;b - B;) — (E('J . B;)Ql . 120m§(mé +2m2)
f Qh 1 Vector field:
9o 2 lue | t
WOQ gE:b - E}, — (€0 - E}) ] mean value is zero, bu
ot h L can incorporate large
\ Temperature at fluctuations

hadronization time

Spin alignment measures anisotropy of fluctuations in meson’s rest frame

k. i

l\

8. (% Lab (QGP) frane V Rest frame
2B B/ /T2 = ( 2ELE’ /T? . .
<g“ﬁ sBy/ h> <g¢ 5o/ h> Motion-induced anisotropy
= F?5% + Aa'al y 1 1 9
Tt Poo — 3 X gp P =Dy
Isotropic  Anisotropy of QGP

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

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—) @:> »
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Fitting experiment datas INFN s

e Taking fluctuations of transverse and longitudinal fields as two
independent parameters.

((9sB2,/Th)?) = ((9sE2,/Th)*) = FF. ((9sB2/Th)*) = ((90E¢/Th)?) = F2

038F " ¥ e STAR —— Out-of-Plane -

) & Energy-dependent
ol ¢ \-\ parameters fitted by
030l ‘ () In(F2/m2) = 3.90—0.9241In/snn
3 —— e ='=2 ' 2’ In(F?/m2) = 3.33—0.760In /sy
- F2 u F
s H’;—]?\L 4 T . z 1 2 ~ 2
L 2 |
. ) / | TR ;
Parameters are /2> (b) s - § STAR, Nature 614, 244 (2023)
gﬂ\%a;e? Sy 20 20 100 200 XLS, L.Oliva, Z.-T.Liang, Q.Wang,
A X.-N.Wang, PRL 131, 042304 (2023)

v Syn 1GeV
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Dominant!
Fluctuations in lab frame <g§B§5Bi/ﬂ?> = <g§E;E$/ﬂ?> : Aa‘al
In momentum y i . e o3
direction 5)08,0 x p> ) §pf, X PT [3cos(2¢) — 1] + (pT + m¢) sinh” Y
Y=0 Y =1
B\ \ "/ /A3
: Io.z
) | ¥ 0.1
> |
QO J
5] [ o
Q :
{ | -0.1
LLLLLLLLLLL A N
-2 0 2
Au-Au collisions  px (GeV/c) p, (GeVic) XLS.S.Pu, Q. Wang,

at 200 GeV/A PRC 108, 054902 (2023). 99
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Dominant!

Fluctuations in lab frame <g§BgB§,/T§> = <g§E;E§)/T§> : Aalal

1
dpgo X ip% [3cos(2¢) — 1] + (p7 + m3) sinh® Y
Predictions for azimuthal angle dependence and rapidity dependence

TAR Preli
In-Plane DR PRty
1 05— M ¢2%order (1.0 <p_<5.0GeVic)
_ ®m ¢1%order (1.0 <p_<5.0 GeVic)
- pm=1.f3 3
ceene THEOTY (1.2 <p_<5.4 GeVie, “.-"
20%-60%)" KL
-:f" o

L
[
H
!

-----

—— QOut-of-Plane

-

0.36+
0.45—

8 |
a’ .. AutAu 19.6 GeV |
0%-80% _;"

. 0 0.35—
e :
el ._._.._.._._...:.i,;.........;‘...‘...,,-'._

15 20 25
200 GeVA ¢ 12< <54GeV  EnsallliEe o
ool .
HEE i I
B. Xi’s talk in

at 200 GeV/A
XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, - /
our prediction iyl QM2023

PRL 131, 042304 (2023)
XLS, S. Pu, Q. Wang, PRC 108, 054902 (2023).
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» Other theoretical studies for vector
meson’s spin alignment



Hydrodynamical contributions INIE N et

« Spin alignment induced by various hydrodynamical gradient terms
Talk by Cong Yi (5E&) on Chirality 2023 (Beijing)

. x10-2 b) total
10-3 T T T [ T T T T I 2 . 10 T T T (I ) T T T
L 209%-60% AMPT IC + CLVisc . 209%-60% AMPT IC + CLVisc
- eesemes 3 = -
Bx10L e s ] or
e raasrt 8
® -2 —
4x104 1 =im
—llm ) o 4 |
8 3x107%F e - 8 _4- _
Q e o Q.
o L
2 x 10_4 = 1h = -6 -
Y]<1 1.2<p7<5.4 GeV th+shear : \ —— VSw=27GeV -
Preliminary 7 -8 Preliminary : v Sy =62.4 GeV _
1074 ' ok 1.0 15 2.0 25 30 35 40 45 50 55
—_— GeV
v Snwn (GeV) \j pr )

Including: quadrotic terms of thermal vorticity, shear viscous
tensor, fluid acceleration, gradient of chemical potential

> mesonwith <2GeV( >2GeV)have o >1/3( o9 <1/3);

» Formesonswith > 35 GeV , contributions from hydrodynamical gradient terms
becomes significant (~ —0.01)
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Local vorticity INFIN e

* Quark’s polarization and meson’s spin alignment induced by local vorticity
field in central collisions
X.-L. Xia, H. Li, X.-G. Huang, H.-Z. Huang, PLB 817, 136325 (2021)

» Ring structure of local > Significant azimuthal angle
vorticity dependence, average value<1/3
AY
/ 0330f ___ IPD;] T
‘Q‘Ob , 0.336F .
— /2 0 ! ]
Q Q C 0333 .
0~¢", L ]
QG.. 0.330f -
/ 0'32?;_ Central A+A collision __
R S T a—T
ALIJ: q»’vec'q"ﬂP
2o mfioderEP | { b)o x2%orderEP L o, | {de
0.4+ + + $ + :
Sgﬁﬂﬁﬁéi T . "
3 11 e . Eg.i.% ¥ ...? ..... 52 ‘-%-ﬁ- ...... : """'""ﬁ'@'i!'"! -
0q L ! ﬁE - % Bt !
1 1 STAR, Nature 614,
Au+Au 27 GeV ] Au+Au 39 Ge Au+Au 62.4 GeV Au+Au 200 GeV 244 (2023)
0 20 40 60 80 O 20 40 60 80 O 20 40 60 80 O 20 40 60 80 25

Centrality (%)
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Spin alignment of rho mesons

The spin alignment of rho mesons in a pion gas

PRC 110, 024905 (2024)

Yi-Liang Yin,! Wen-Bo Dong,! Jin-Yi Pang.? Shi Pu,! and Qun Wang!:*

0. 007 0. 007
- Kadanoff-Baym equation on the closed-time path 0,006 — +-0. Stm/c 0,006
— t=1fw/c
‘ 0.005 4 — ‘tti.llimn - 0. 005
. . . . - 0. 004 _ :;?ilf:lrwlj’: p = 0. 004
» Generalized Boltzmann equation with spin X o] e ~, ~Folo03
lO 0. 002 T e 0. 002
14 g -
Ep ’ 8$f)\1 Ao (xa p) - Ccoal/diss + Cscat 0. 001 4 F 0. 001
P 0 4 0. 000 4 = f ( 0) 000
) - m T o T ~0. 001 A1 A2 001
Elnt “_?’gpﬂ'ﬂ'A ((;5 8.U«¢ ¢8#¢ ) 0 + 0 +  0.002 . . . ——% 0. 002
+ N + - 0 500 1000 1500 2000
04 O + 4 - p; (MeV)
meson meson 0.07 0.07
T t=0fm/c
-i- P F 0. 06
-7 T E0.05
. N - @ +
T4 3 I 2 I - _to. 04
4 \\ /} '%l - p* * L-‘l - P -
S L’ . i -0 —0.03
- — e o3t
k ' ) — Fo.02
Leading order Next-to-leading order 0014 .
. f}nllz = dlﬁg(U.Q, 1.2, {}9) X fBE
" . . N 0 OO 4 U o
> interaction generates a very small spin alignment 0 o0 000 o0 D000

> Asizable initial spin alignment decreases fastly towards zero

Pt (ME‘V)
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Shear-stress tensor INFN oo e

Generating Tensor Polarization from Shear Stress

PRR 5, 013187 (2023)

David Wagner,»? Nora Weickgenannt,!'3 and Enrico Speranza*

2 . .
fddyE_‘”T":"””-L (VIE (24 y/2) VY (2 —y/2) 2)

I"I"F“p(ﬂ':, ;J) = —m

4

k-0f(2,k,5) = C[f] crmorathomm Talk by David Wagner,
Friday 11:00

l Method of moment expansion

Deviation from local equilibrium distribution

3
0fis = fox (— s Hiw T+ HG Dk ey T + EBoHiy M,sﬁh,‘;‘Hfirr""”)
T

Shear stress

t
JdEaq &alﬁufnk?{u D) (U K‘lﬁ“wﬂﬂc/ Sl

. i '. Ly =pg

5 . 0,0 0,2

15 [ dSake fo (1 N3G OT/m2 + HG Tk b, )

/[\ 0.02 T

T Bose Dissipative

> Dissipative effect distribution ~ coefficient /\
£ ooL}

» Sign and magnitude waiting for

numerical simulation

L
3

P00 (L) =

)
¢ 2

27



Shear-induced INFN s

« Kubo formula for Wigner function as linear response to shear tensor

’ .0 v
Wity = ep Jim o= [-ImG3 (w.q.p)JEn,

51 5] / /
(‘f.!u/\'\( t ;I:zy} \[d""’ d dp

—iw-(t—t")
1 -
— 2
Exy ROy + {gé)ﬁ,‘, + ciuzu, | 0

27 [: ) (2?’.‘}3 .
X(-,q-q_(z—zjeip-ygﬁt{;/}ﬁr'(w. qp}
= (—0)O(t —t')([V¥(t.a )V (t.z*), TV (¢, 2)]),

Talk by Shuai Liu,
Thursday 11:30

I [ L L L [ ] LA B L L LT ) [ U P L [ P
[ U 1 T - i
6 0Pool)(%) 1 B[ 6pu0(3)(%) e
I 209(%&\!, Mid-Central ] ' 200GeV, Mid-Central .-~
4:_... T e ——— 4+ /,f ]
i shear " N
|« =1,a =1 1 i e J
oL T e --=-buk 1 o[ awm=1,a=1 / e ]
I /. Rl ! . / shear -
r 7 S ] r ’
4 ""-..__ 4 F ' - e =
[ === " _— %= 0 DR A I bulk
I ”f 1 M “ﬁ'\. 4'/ R =
“2[7==""__ shear+bulk  ----- Oorder] ~2[ - shear+bulk ~ ----- 0 order |

00 05 10 15 20 25 30 00 05 10 15 20 25 30
Py Pr

F. Li, S. Liu, arXiv: 2206.11890
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Shear-stress tensor INFEIN e s e

« Kubo formula for the linear response to shear tensor

<O(1)> = <O>LE + 0,8, (x) h1111110 f)f{n - {ET(T) /;fx dia! < [O(:.-:},T“”(;r:’)} >LE e—u{-{rr’_.r}l

» Wigner operator and energy-stress tensor for a vector field

é?/(mj H) == /{f‘lyﬁif}'?}‘qiv (.T i g) ‘4“ (3: + g)

0.04F ('311 ' Jo.01
£ = PP by A — g (=3B T A ) v s
; 0.00f P [
« Spin alignment ol
+oo . o 0.012F 99 _-="%-.C33 0. 02
(S,() L‘m}(pon) f(} dpo [GEI/('(L'-' p) + 5G§u (iL,p)] 0.008 ;—4—'—-"——‘ S 10,01
00 e 1 I - ] ~ .
— A (Pon) f0+°° dpg [Gﬁy(fl},p) + 0G5, (Hi,p)} Ezzé - i L {000
- (£=0) 0.001f ¢ ¥ = 3-0.01
= hp(}(] (p) + giﬂfc#y(p) 0.008fF . 7 . . . % ) ) ) ) = = il
~~~~~~  Calculated witha "} T e '
Linear response to  quark-meson 0.02f g=1 Numerical
shear tensor interaction — &~ QPA
0.00 F = = g~=2 Numerical
W.-B. Dong, Y--L. Yin, XLS, S.-Z ~107° owf o TTmoo-t 3 TTEEE
o o ’ o .0 05 10 L5 20 25 00 05 L0 L5 20 25 3.0
Yang, Q. Wang, PRD 109, 056002 ol (GeV)

(2024)
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« Second order hydrodynamic gradient term:

) ) H I

[dex-q |1+ ’*;j (‘f}l | e, X)

; . 4 .
poo(q) = 7 = (3(8)2 = () — — (¢'9) ¢°0a ).
1 R [dSx-q(20Y)’ — () — (7)) fv(g.x) | Talkby Di-Lun Yang,
p0ol®) = 3~ Toage - | Friday 9:30
M [ dSx - q fv(q. X) y

1 3k =1) 4o W +1
5 k)=—=(1+: S (o?)? —
600'6&)({: 9( + ”’B){ I:QTH-(’}’k n 1) (l’ ) 27”’)%

xv-(Vxw)+ E(uy)(v X w)y}, Talk by Zhong-Hua Zhang,
" Thursday 11:00

2

5000l (. k) :%(1 i nB){ [ ~3 3w (vy)z] _

2myg 2m

3y 1
N [th(i:k_i_ 1)2) v¥)? — %] (v-V)(a-v)+ nr}%a ,a”
Sk Y,y 3('}k ) Y a-v
+m(’v V)(a¥v¥) + 2m(me +1)( dy)( )}

Z.-H. Zhang, X.-G. Huang, F. Becattini, XLS, in preparation
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Color field INFIN  eies e
Spin-spin correlation induced by color field

0y, y,  IEeX) T4 (p, X)
a a g j q

q aé
b b — —

nget & o : o
color singlet Tt (p.Y) color octet 5 (pY)

1 —h?g?e X0/ [ d¥y - qllp(X) (D, ,, v (eq/2:0))* | Talk by Di-Lun Yang,

Poo — 5 = th tl Friday 9:30
3 72N2m?2 [d¥x - qfvy(€q/2) fvi(€q 2) y
[p(X) = (B (0, X) BE=(0, X))+ (B2=(0, X) B2=(0, X)) —2(B (0, X) B(0, X))
small-P large-P central non-central
glasma o <13 eS| e <3 | A S 13
effective potential | | pﬁ{l'” Y_1/3120 |p§{",'}f¢ —1/3/ >0 pﬁ’;,'”"*" <1/3 pgﬁ'”ﬁ" >1/3

A. Kumar, B. Mueller, D.-L. Yang, PRD 108, 016020 (2023)
B. Mueller, D.-L. Yang, PRD 105, L011901 31



NJL model calculation

» Nonzero magnetic field:

M@J’ GeV

Istituto Nazionale di Fisica Nucleare
SEZIONE DI FIRENZE

INFN

meson spectral function

35F T - 0.1 GeV
30 A= #1

A

0.25

0.30

> 2w
f,\(P):/O dw— 7 PA(w.p)

ol da A

Spectral function for spin- state

1 1

pr(w.p) = e S R
2

Magnetic field induce
splitting between spectral functions

‘ Spin alignment in direction of
magnetic field

0.60 - 7 - g =

Bound -

0.556
0.50
2 045 ¢
0.40
0.35
0.30

XLS, S.-Y. Yang, Y.-L. Zou, D. Hou, Eur. Phys. J. C 84, 299 (2024)
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» Nonzero vorticity field: meson mass as a function of

angular velocity

0.952 _ ] -

0,950 Rotation induce a mass splitting

B
> 0.948 mmmm) Spin alignment in direction of
= 0.946 rotation
¥ 0.944 e Qualitatively agree with non-relativistic
= T

09421 | — =0 coalescence model

—-—— =+l
0.940
0.00 0.02 0.04 0.06 0.08 0.0 0.12 0.14 Y — v
0 [GeVl
0.00 o]

-0.02 0.332F

@ —0.04 £ 0331} |
L _ T=0.15 GeV, ;=0.0 GeV. o
é_ ~0.06 ¢—Bound 0330 — PPNJL model 9
— ¢$—Resonance 0329F Quark coalescence model
—0.08 === NJL model
- ¢_T01:al i i | T R S W W [ S 'l " i 1 i
—~0.10 0'3%!‘.]000 0.005 0.010 0.015 0.020 0.025
- 0.00 0.02 0.04 006 008 0.10 0.12 0.14 w (GeV)
{1 [GeV] F. Sun, J. Shao, R. Wen, K. Xu, M. Huang,
M. Wei, M. Huang, CPC 47, 104105 (2023) PRD 109, 116017 (2024)

33



Holographic model

0.041 pr =5 GeV
™ e pr =10 GeV
:-T‘ D 2_ Pr
2 0,00k

-0.02}

Longitudinal W p=1, T=0.05

-------- Transverse H p=2, 7=0.05
. M p=2, T=0.15 (10x)

_---Iﬂ]r:JlGIE'I'I.IIII

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

I N F N Istituto Nazionale di Fisica Nucleare
SEZIONE DI FIRENZE

* Spin alignment induced by motion in a
holographic model

XLS, Y.-Q. Zhao, S.-W. Li, F. Becattini, D. Hou,
arXiv:2403.07522 (accepted by PRD)

» Strongly coupled system

» Opposite behaviours of /
and within same model

Helicity
0.20F 3 P0o-1/3
[ m
| Transversely -
: N polarized 0.1
@ 150 Mev —213:
o . 0.
=
- _
0.10- e
/@ 200 MeV > | ongitudinally 0.2
/ @ 150 MeV —Q-@ polarized \ﬁ

0 2 4 6 8 10
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» Outlook and summary



A-A spin correlation

* Vector meson’s spin alignment

I N F N Istituto Nazionale di Fisica Nucleare
SEZIONE DI FIRENZE

mm=) Spin correlation between constituent quark ¢

and antiquark

r ]. 2 2 —* —
V= —~— Zz Dz 5
Poo(Z, P) = 3 3 <})Q1I}£?2>\»" + ) <Pq1 - P§2>v
* s spin polarization
mmm) Spin polarization of
constituent quark
e - spin correlation

m==)  Spin correlation between
and ~

 If strong force fluctuation can induce a short-

&

Short-range spin correlation

Long-range spin correlation

range spin correlation, it may also contribute to

long-range spin correlation,
which may be verified by - spin correlation
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» Transform of density matrix when XLS, S. Pu ..., in preparation
changing spin quantization direction
Pax = Z [D)lq)\(g: 99)]* Dzl\gA’ (6, 9)PX, 2, P11+ Poo + Plll,-—l =1
Al,/\gzn,il

2 1.5 5 2 P
Poo = 2 (Pll + P21 P11 0—1,1) % ¥ 2
s, 2 i mmm) Poo + Poo + Poo = 1
Poo = 5 (P11 +0%1 1+ 01 1 +0%10)

e ——— 0.38
L Au+Au2060% y| <1.0&12<p <54 GeVic | I ]
0.4/~ x ¢ (Out-of-Plane & 2™-Order EP) i - B m ]
- :¢(In—PIane&2"d—OrderEP) | 0.36_- .ea . .
: direction
. ; $ . $ ; 2 0.34; 5
S0.35- - - '
S | 022 |
g = : _
j 9 j 0.30} |
0.3 —GY=464+073m¢ — i
s GY=-045+065m' | 0281 . . e
P S — 10 50 100
sy (GeV) sun (GeV)

STAR, Nature 614, 244 (2023)
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* Prediction for / ’s spin alignment in XLS, S. Pu ..., in preparation
in-plane direction

L LI L DL

3 ! ! ' I ’ ’
- Jhy — s
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1
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Summary

Relativi
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stic heavy-ion collisions

Vorticity

Electromagnetic Anisotropic strong
field field fluctuation

field
\najor \

y major
L/// \\\“\‘5\\’]

Baryon'’s spin
polarization

vector meson’s
spin alignment

|

|

Parity-violating P-wave strong decay

weak decay

dilepton decay
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Summary INFN

¢ 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

e More theoretical efforts neededfor /7 , ©°, *+ 0 .
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How to measure INFIN s

« Through strong p-wave decay 3 ) 3 K*°
KO o K+47x=. (~100%) @ @

¢ — KT+K—, (~49%).

z 1 ¢ 1
JT 1 O~ (O branch ratio [ o> 3 ; 0=3
. . / 1
Meson’s spin is converted to OAM x/} x\ x A -
| Ty | ¥
» Angular distribution of daughter particle
= == [(1 = poo) + (3pgo — 1) cos® B poo = 3~ I
1
—2Rep—_1,1sin” 6 cos(2¢) — 2Imp_1 1 sin® Osin(2¢) Rep-11 = §(T11 —T2)
. Imp_11 = T
+\/§Re(p_1,ﬂ. — po1) sin(20) cos ¢ V2
736(9—1,0 —po1) = —Ts
+\/§IIII(-{)_1=(} — po1) sin(26) sin Q} NG)
TInl(pq,o —po1) = —TIbs

K. Schilling, P. Seyboth, G. E. Wolf, NPB 15, 397 (1970) [Erratum-ibid. B 18, 332 (1970)].
Y.G. Yang, R.-H. Fang, Q. Wang, X.-N. Wang, PRC 97, 034917 (2018)
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How to measure INFIN el

« Through dilepton decay

/ - T+

Meson'’s spin is converted
to spin of dilepton

z 1 < 1
' E | <3
» Angular distribution of daughter particle o 1 XA {\/
" { ,‘J
| ¥ |
AN (3 ) |
o - [16_71‘ (1+ poo) + (1 — 3pgp) cos™ }
+2Rep_1,1 sin” 6 cos 2¢ — 2Imp_1 1 sin® fsin 2¢ / “polarization” parameter
—V2Re(p_1,0 — p1o) sin 26 cos ¢ [}. 1 — 3p00 9 ( 1)}
0= 7, ~—>|Poo— 5
+v2Im(p_1.0 — p10) sin 20 sin ng L+ poo ! ’

. 2Repy 1 N V2Re(por — po,—1)

= Ay
7 14 poo v L+ poo
A= —2Impy 1 _ \/ﬁlm(f?m + Po,—1)-
v 1+p % L + poo

P. Faccioli, C. Lourenco, J. Seixas, H. K. Wohri, EPJC 69, 657-673 (2010)
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