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Spin alignment INFN e

e Spin alignment for a vectormeson ( =17)
is 00-element o of its sy [ Pt PHL0 P

normalized spin density matrix Prs = pPo+1 Poo  Po,-1
p_"la"}“l p—l,O p_ls'_l

00=1/3 if spin does not have a preferred
direction

e Spin alignment is measured through polar
angle distribution of decay products

Pairty-odd K~ =K' +7 311 — poo + (3000 — 1) cos? 0] OAM
strong decay d—>K" +K"
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K. Schilling, P. Seyboth, G. E. Wolf, NPB 15, 397 (1970)
[Erratum-ibid. B 18, 332 (1970)].
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Global spin alignment
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Experiment results INFN o e
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Relation with quark polarization

INFN

Spin Alignment of Vector Mesons in Non-central A + A Collisions

welear Seience Division, MS T0R0319, Lawrence Berkeley National Laboratory, Berkeley, California 947%

® Spin alignment of vector meson is
determined by spin polarizations of
constitute quark/antiquark

Zuo-Tang Liang! and Xin-Nian Wang?!
! Department of Physics, Shandong University, Jinan, Shandong 250100, China

(Dated: November 5, 2018)
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Local spin polarization

° Numerical simulation for

induced by local quark polarization

(thermal vorticity, shear tensor)
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meson’s spin alignment

| ) Talk by Cong Yi, July 19th, 11:50

a.m. (Parallel Session A)

“Helicity polarization and vorticity
contribution to the spin alignment
in hydrodynamic approaches”

Positive deviation from 1/3,
order of 1074



Spin alignment INFIN et

| . . L I
I Cannot explain large positive deviation from 1/3
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Hydrodynamic gradient

(vorticity, acceleraction, —Electromagnetic Fragmen- Helicity - Strong force
shear tensor)[1-9] fields [3,4,9] tation [1] polarization  ( meson field,
[11] gluon fields)
mm) Talks by Cong i, mm) Talks by
Turbulent [4,12,13]

Minghua Wei, Shuyun Yang, .

Shuai Liu Yan-Qing Zhao color field [10]
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Dyson-Schwinger equation

0~

G = Gy + GXGy

Full Green function Free Green function Self-energy

: . . 0 AN
Two-point Green function on the closed-time path ‘l
t
oy _ to X X5 t o X t
Torp(T1,T2) = <T¢;"1:’[j,{;1:1}‘»1€,T(a:2}> s e < . oo ——
X2
GE (1. x < o) ) Wi
P. Martin, J. S.Schwinger, PR 115 (1959) v (T1, 72) G (71, m2) Wigner
function
1342.
L. P. Kadanoff and G. Baym, Quantum i? L i“ ot
Statistical Mechanics (Benjamin, New York, L . — ® .- ——
1962). *1 al} 2
G- (x1.x F (0 oo
L.V. Keldysh, Zh. Eksp. Teor. Fiz. 47 (1964) o (71, T2) G (21, 72)

1515.
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Kadanoff-Baym equation ¢ INFN ™"

With help of Schwinger-Keldysh (closed-time path) formalism,
we derive Kadanoff-Baym equation at leading order in spatial gradient

L$G<"”7 (x,p)

_ih [ d'p

== '[3- L - {G* (z,p)Tr [I‘“S:’ (z,p+p")TVS=< (z,p')]
7h)

P P Pt Pt Pt P P P Pt Pl Pl Pt P P P P Pl Pl Pl Pt Pt

,\ / D 1: X3)

Green functions on the closed-

One-loop self-energy
time path contour

L . 1 )
Ly, = —g# (p* —mi,) + p"py + ik {gﬁp +0p = 5 (P0F +p0y)

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

Mass-shell condition —(p2 — m,%,)G<aW NS (pﬂpng<mv + pypnG<’””) _

: 1
Boltzmann equation 4.9 G<* — é_l(p#af?(;%w _|_pva;:G<,M) — ...
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e Two-point Green function can be 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

f(z,p) = Z fa(zp), D> palzp) =1 matrix

/\ 0,+1 A=0,+1
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Boltzmann equation

e Dyson-Schwinger equation

‘ Kadanoff-Baym equation for Wigner function

INFN
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XLS, L.Oliva, Z.-T.Liang, Q.Wang,
X.-N.Wang, arXiv:2205.15689,

2206.05868.
mm=) Matrix-form Boltzmann equation
b -85 k) = = [ (Ar, k Xe, K)CE y k)Caiss (7, k
’ i?f}\l)\g (I, ) - é [E,u( ;3 )EV( 2, ) ccnl ) B f)\1/\2 (I’ ) diss(ff«-a )]
2 7
/ / / /
Dilute gas limit Meson Coalescence Dissociation (independent
izati from quark distributions)
~ F o <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 ® N e
‘: . . (% JA:‘ .
~ ¢ §e : . e
“e v’ 0P
« % a B *
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 ’ * —
r, 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

XLS, L.Oliva, Z.-T.Liang,
f(}{) (O k) ( )C'W ( ) Q.Wang, X.-N.Wang,

_ coal .
Poo = arXiv:2205.15689,
fX1,~+-1 + f(% + fyl,—l Z,\ =0, 41 ,u( k) ()‘ k)ccoa]( ) 2206.05868.
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Dyson-Schwinger equation
‘ Kadanoff-Baym equation for Wigner function

mmm) Mass-shell condition
mass corrections induced by
interactions

P Pt P P Pt Pt

Mass-splitting and spin alignment (for a thermodynamic equilibrium system)
A A\
T

-]
1 ~ +
—> poo ¥ 3 = 35

Myo=M+ A
A exp(Mya/T) -1

(p2 - m%/)f}\/;)\g (353 k) — 5M)\1}\2

—

Myy=M-%
Also see: talks by Shuyun Yang and Minghua Wei for spin alignment of vector
mesons induced by magnetic field and rotation in framework of NJL model

0.60 T T ' T 0.00
0.55F Bound kr =0 Pt ;
R Resonance s -0.02
050F aamenens Non-rel.coal. =~
0 —-0.04
]
g 00| — #-Bound
—— ¢—Resonance
—-0.08
— ¢-Total
F(a
(a) 1 - : : —-0.10
0 2 4 6 8 10 0.00 0.02 004 006 008 0.10 0.12 0.14
) [GeV]
M. Wei, M. Huang, arXiv:2303.01897

eB/m?
XLS, S.-Y. Yang, Y.-L. Zou, D. Hou, arXiv:2209.01872
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Quark polarization INFN e

e Polarizations of strange quark/antiquark in a thermal equilibrium F.Becattini, V.Chandra, L.Del Zanna,
system E.Grossi, Annals Phys. 338, 32 (2013)

Y.-G. Yang, R.-H. Fang, Q. Wang, and
X.-N. Wang, Phys.Rev.C 97, 3 (2018).

Qs

1 p
PH(x, ~ —e Py, wyy + —=—F,, + —qu’
= (2:p) 4dmg = 7 (u-p)T 7 (w-p)T" P7]  XLS, L.Oliva, Q.Wang,
| - 0 96 1 PRD 101, 096005 (2020);
4 ~ B ( S S . .
Pl (z,p) = RE‘WQ Pv |Wpo ex )TFPU (- )TF,SG XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-
L P P 1 N.Wang, arXiv:2205.15689, 2206.05868.
X/ strong
. interaction
vector field O
(long wave-length N Qb
components) \
2 2 2
e 1 g e
— ~ — ==~ O(1) > —
4r 137 47 4 _
spin-zero
¢ Vector field has been used to explain the L.P.Csernai, J.I.Kapusta, T.Welle,
difference between polarizations of and PRC 99, 021901 (2019)
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Spin alignment

e Spin alignment of the
measuring along the direction of €

P00

Temperature at
hadronization

time

1 1 :
3 + Ch {gw’ -w' — (€ - w’);z]
1 ' ! N2

+Ch 2€ "€ — (€0 - €')

493 1 X

2 L L

g M1

e

b h L

meson in its rest frame

’
Ed’

’

INFN

Rotation and

Istituto Nazionale di Fisica Nucleare
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8myg + 16mim3 + 3my
120m2(m3, + 2m2)

8ma — lﬂlmgmé - 3m$
120m2(m2 + 2m2)

1 —

C; =

acceleration \ < 10-3in

Vector
field

heavy-ion collisions

Mean value is zero,
but can incorporate
large fluctuations

e Contribution from classical electromagnetic field to spin  XLS, L.Oliva, Q.Wang,
alignment is < 1073

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

e.g., contribution from B/, to spin alignment along y-direction

XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, arXiv:2205.15689, 2206.05868.

PRD 101, 096005 (2020);

o ( — (B:‘?’-J')z + (B:;'v ~)2

§ =

2
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Heavy-ion collisions

e Lorentz transformation between lab frame and
meson’s rest frame

INFN

Istituto Nazionale di Fisica Nucleare
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Fluctuations along transverse direction
are assumed to be different from

-B
B, =7By — v x Eg+ (1 - “/)V 2 v, fluctuations along Iongltudlnal directions
v-E £
Eé):'yEd,-i—fyvad,—i—(l—'y) = qﬁV,
w’:w—vvstr(l—’r):—?wVa V_Efj Lok
: =—" V=—3
E’:fys+fyvxw+(1—fy)vv—26v, me By
®  Assumptions for field fluctuations
( > - < 2) =0 “’w (S = 7.7 GeV “‘\ﬁ 115 GeV" m@ 19.6 GeV ]
: _ 10700 e R, ]
((9sB2,/Th)*) = ((9:E2,/Th)*) = FF. E = =
((9sBS/Th)?) = ((9oE¢/Th)?) = F7 S i S Pl
g 100 1af . }:: . _—
e Spectraof meson . 10*\“@ 27 Gav —-u.\_‘fs_ 6T s
iN 1 dN RS = S
] & F . - o * + 10-20%/10
——— = — [1 + 2vy(k7) cos(2¢)] ———— S WNIsIe T Y I - L 3 s 20-30%/10°
Phpdy xS iy NG RE AN I -
“: s 1 T . + 60-80%/10°
STAR collaboration, PRL 99,112301 (2007); o . - —sps.emor
104} STAR, AutAu

PRC 79, 064903 (2009); PRC 88,014902 (2013);
PRC 102, 034909(2020).

o

123456

P, (GeV/c)

1723 4 5 6

17273 4 5 6
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e Taking fluctuations of transverse and longitudinal fields as two independent
parameters.

(96B2y/To)?) = (GE2, /T = F2. ((06B¢/T)?) = ((asBE/T)?) = 2

o3sf., = . '  Autenf- -
[ |; *x ¢ STAR Out-of-Plane ] Difference induced

Energy-dependent
parameters fitted by

In(FZ/m2) = 3.90—0.924In\/snx
In(F2/m2) = 3.33—0.7601In /snn

STAR, Nature 614, 244 (2023)

- / x T T— XLS, L.Oliva, Z.-T.Liang, Q.Wang,

Parameters are }// (b) e | X.-N.Wang, arXiv:2205.15689.
evaluated by fitting ' = T :
STAR data 10 20 50 100 200

v Sy /GeV
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e With our theoretical model, we predict transverse momentum and azimuthal
angle dependence of meson’s spin alignment, which can be verified by future
experiments.

' :pﬂo—HS I —— Out-of-Plane ----- In-Plane

0.15 0.36}
§0.10 '

0.05

0

-0.05

010 0.30}

-0.15 00 05 10 15 20 25 30

¢ 12< <54GeV
k, (GeVic) Au-Au collisions

at 200 GeV/A

XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, arXiv:2205.15689.
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045t 41.5 Gev 119.6 GeV

0.40§ 1 Calculated |, as functions of

0.35} meson’s transverse momentum,

O in comparison with STAR data

0.30'; for Au+Au collisions in 0-80%

0.25t centrality region.

0.45¢

0.40; STAR, Nature 614, 244 (2023)
’“é 0.35:

0.30:—

0.25}

0.45 Shaded error bands from

_ uncetainties of extracted

0.40¢ parameters F7 and F7

0.35}

0.30}

E (e 1 (f
0.25'-() . . () ) .
1 2 3 4 5 1 2 3 4 5
kt (GeVIC)

XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, arXiv:2205.15689.
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Summary INFN et

e \We derive a relativistic Boltzmann equation for vector mesons with spin

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

® Using two parameters (fluctuations for transverse and longitudinal
components of strong field), we reproduce most of recent STAR data for

meson spin alignment

® With our model, we predict azimuthal angle dependence of meson’s spin
alignment

OQutlook

® First-principle calculation for fluctuations of fields

e Spin alignment of heavy quarkonium ( / in Pb-Pb collisions)
mmmmm) anisotropy of gluon field fluctuations ?
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Spin alignment STAR measurements
Subhash Singha 7/15 3:00 p.m.

Vector meson polarization measurements in pp and Pb--Pb collisions with ALICE at the LHC
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Strong force

Strong force is a
fundamental interaction that
acts between quarks.

At high temperatures, strong
interactions are mediated

by gluons.

(Quantum Chromodynamics)

At low temperatures, strong
interactions are mediated by
mesons, proposed by
Yukawa in 1935.

H. Yukawa, Proc. Phys. Math.
Soc. Jap. 17, 48 (1935)

= N
(SR ©d ed

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

¢ "l ([ﬂ]]) /Ou @ﬁ\

) @‘\\MMH)' O Os O5s)
O O

Effective Lagrangian for a quark-meson model with scalar
and vector mesons.

Lep(z) = P(x)[i0 -7 — (Mo + go0) — gvy - V] Y (2)
_|_

1 1 1

5 (0p00c —mZo?) + 5771%;\/’#1/“ - XV“”VW
strong interactions between /~ quarks are mediated by
vector field

~___—— Short wave-length: quantum fields
\ (particles)
Long wave-length: classical fields



Relation with quark polarization
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e Contributions from polarizations along all three space directions

y
Poo

1~ (PYPY) + (PEPE) + (Pi )

X.-L. Xia, H. Li, X.-G. Huang, H.-Z.

5+ (BYRY) + (B Pg) + (B )
(P P7) + (P Pf)

Huang, PLB 817, 136325 (2021)

I
o

4
-5 e -

Qo | =

\ Average over space-time

and meson’s wave function

04

pOO

0.25

0.35— |

03

T T ll\ll‘ T T T |||[ll T T T
*0 (y|<1.0&1.2<p <5.4GeVic)
o K®(lyl<1.08 1.0<p, <50 GeV/c)
—GY=464+073mt

r filled: STAR (Au+Au & 20% - 60% Centrality)

| open: ALICE (Pb+Pb & 10% - 50% Centrality) |
(8]
1l | 1 L Lt 1 11l { 1 1 L1 1 11 Ii

L # -
10 10? 10°

VSny (GeV)

In order to explain significant
deviation from 1/3, we need

1. Local polarizations for quark/antiquark are large
enough

/- 0.1 if 00 — = 0.01

Wl

2. Significant anisotropy
(PgP7) + (PiFf)

(PYPY) 2

or




