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+ Evolution of the spin alignment for p meson in a
pion gas (Local effect)

+ Shear induced spin alignment for p meson
(Nonlocal effect)
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Spin polarization
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Spin polarization
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Spin alignment of vector mesons

Spin density matrix:
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Spin alignment of ¢ and K*° mesons
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The spin alignment of ¢ meson is of pyy — é ~1072,
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Spin alignment of @ mesons

Physics Mechanisms

(Poo)
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vorticity & magnetic field[*]
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tensorlt
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. >or,<1/3
. [3] !
Cg: Fragmentation (~109)
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alignments!“!
ca: Turbulent color field! <1/3

Cy: Vector meson strong
force field!®!
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Spin alignment of //Y mesons
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Spin alignment of p® mesons
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+ Evolution of the spin alignment for p meson
in a pion gas (Local effect)

+ Shear induced spin alignment for p meson
(Nonlocal effect)
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N Freeze-Out

Hadron interaction

=

Quark-gluon interaction, poo =< = ¢4 + ¢ + cg + ¢ + -

Mass m=770MeV = m = 1020MeV
The width of p® meson is much Width [ ~147.4MeV
larger than ¢ meson, so the Main p® >t ¢ - KYK™
coupling between p° mesons and decay ¢ - K K¢
hadron gas must be considered. channel )

Quark uu, dd sS

constitution
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Chiral magnetic effect (CME)
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Chlrallty imbalance > Charge Separation
(us # 0) External magnetic field
— €2 —
J, = ks b D. Kharzeev, Phys. Lett. B 633, 260 (2006)
t t D. E. Kharzeev et al. Nucl. Phys. A 803, 227 (2008)
Odd parity Even parity K. Fukushima et al. Phys. Rev. D 78, 074033 (2008)
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y correlator and tensor polarization

The y correlator for the chiral magnetic effect (CME) is defined as
Y112 = (cos(po + Pp|—|2Wrp))

Azimuthal angle

Reaction plane @
-
The difference between y correlators for the opposite-sign (OS) s

and same-sign (SS) pairs can be regarded as a CME signal

Ayin = v — v The decay products of p meson

contribute to the y correlator.
The contribution to Ay,,, from pions in the decay py, - T 7 ™:

N, _
AVIpIZ — N_|_N_ Ay'lol2
Diyu Shen et al.

AV, =Cov(cos Ap,, cos Ag_) Phys. Lett. B 839 137777 (2023)
— Cov(sin A¢y, sin A¢_),
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y correlator and tensor polarization
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Spin Boltzmann equation

1. Two-point Green’s function in CTP formalism
Xin-Li Sheng et al. Phys. Rev. D 109, 036004 (2024)

Two-point Green’s functions in closed-time-path (CTP) formalism for vector mesons:

4 g N
Gorp(z1,22) = (ToA"(21)A” (22)) 5 >
tO . t .
< — ok _ \ “ () matrix valued spin
G \p) =27 Alz,\:z Pt —m,) {00} (. P € (o Plfanna (. P> dependent distribution
+0(—p°)e, (A1, =) € (A2, —P) [63,ns + Frore (2, —D)]}, (MVSD)
Go(,p) =21l Y 6 (p° —mD) {8(0°)e (M, P) € (o )[5m2 + faix. (@, P)]
A1,A2
K +9(_p0)€; ()\1? _p) 57 (/\23 _p) f)\z)\l (:U: _p)} ) /
oy = 100
00 trf
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Spin Boltzmann equation

2. Kadanoff-Baym (KB) equation

4 - 0,G=M(x, p) — 2 [PHOIGT"(x, p) + LG H(x, p) h
P p) — 3[P"9; PIT P o 2l We have neglected the

= [ZSH(x, p)GT* (x, p) — Z7H 4 (x, p)GZ*(x, p)]  Poisson bracket terms
- - (Nonlocal effect).
+ 3Gy (x, pPE=* (x, p)|— G4 (x, p) 7 (x, p)]

\ Self elnergy /

« The self energy should be calculated with a explicit Lagrangian;
* Since p meson is a real vector meson, we can only consider the
positive-energy part of the equation.
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Spin Boltzmann equation

3. Collision terms

We decompose the collision terms into coalescence-dissociation part and scattering part, and
assumed that the system is homogeneous in space.

8tf)\1 Ao (ZE, p) — C(coa,l/diss + Cicat
Leading order Next-to-leading order
ko D1 pP1 K \
a’—-‘-'.'s /-)-\ /\ \ p
L N I S Ty \\
< » . | I I = | . ( -I— ),u
Vo M k1 —py A ki—p p+kij yp+k L gy \p q
~ P 1 1 1 1 /
~ - - S VPG S - - - .- — —
}:- ¢ kl + ¢ 'L”'l 0 /q
(a) (b) /
(a) /
k, + - pTTt Vertex
R e ky PR BN p+ ko p""l‘:l,' \ss ko
’f \\ ’, \\ ”/ \\\
+ e "y “«’ P1 Sat ] P pE R T. Fujiwara et al.,
AN A RS B |, Prog. Theor. Phys. 74, 128 (1985)
"-..’,.-' \" svz
1 had i
(b) © (@)
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Spin Boltzmann equation

4. Regulation of pion propagators

S (k) = , . R
() k? —m?2 Divergent e ” hEN
7 . —th +d, » \b +
S (k) - kg_mgr' k — kq
Introduce self-energy 4 &y )

I'(k) = ImEF (k) =zg%,9(k0)](

d3p
corrections with 2 h)32ET / (2mh)32ES

. P
F ih 3 3
k — d kl d
57 (k) k2 —m2 — hXF (k) +29%9(k0)/ (2mh)32E], /(2wh)§2E£
F _ —ih (4) (k1 - p)*
§T(k) = T ) x (2mh) 6 (k = by +p) fr+ (k1) {mi— 2

we only consider the imaginary part of
the self-energy since the mass correction
\from the real part is much smaller. /
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Numerical results

We assume that * are in global thermal equilibrium, so they obey the Bose-Einstein distribution

1
exp [B (Ep F pr)] — 1’

frt(2,p) = frz(P) =
and we choose u,; = 0and T = 156.5MeV.

The p° spin alignment with initial condition f_;,(t = 0) = 0.

0. 007 - 0. 007 0. 003 0.003
— t=0. 2fm/c i -
0.006 4 —— t=0.5fm/c - 0. 006 —a— [1/<0.8
— t=lfm/c : —— |nl<1.0
0.005 93— Eiﬁﬁfﬁ 0. 005 0. 002 —— [q[<t.2 [0.002
0.004 4 —— t=4fm/c 0. 004 - —v— total
o — t=5fm/c L
> 0.0034— t=6fn/c £ 0. 003 = '
| — t=7fm/c | 0. 008 - 0. 001
S 0.0027 - 0. 002 S [
Q. X Q.
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y F 0. 000 v v v % 0. 000
0. 000 =5 F 0. 000 ~— I
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Non-zero spin alignment comes
from the choice of rapidity range.

Monte Carlo method:

Momentum range: -2.5 ~ 2.5 GeV
Lattice: 100x100x100 MeV3
Time step: 1073 fm/c

Does the choice of p
meson’s initial state
affect the final spin
alignment?

Yi-Liang Yin 2026/05/18 Spin alignment of p® mesons

20/39



Numerical results
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The p° spin alignment with initial condition pyo = 0.27 < 1/3.

Initial state:
f}«1)\2 = diag(().g, 1.2, 09) X fBE;

The spin alignment for p*
mesons will decay rapidly
toward zero no matter
what the initial state is.

YLY et al., PhysRevC.110.024905 (2024)

Initial state:
f/\l)\z = dld,g(ll.(}& 11) X fBE-
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Numerical results

Blast wave model with elliptic flow

1
fTC — euMpH/T -1

event
plane

ut (r, @) = (cosh p(r, @), sinh p(r, ¢;)cos ¢;,

sinh p(r, @) sin ¢y, 0),

p(r, §y) = %[ﬁn + p2 cos(2¢)].

fln|<1 d’p foR rdrdes foo(u, p)

Lo0 = ,
fm|<1 d3p fOR rdrdostr f (u, p) The parameters are chosen as:
Fabrice Retiere et al. R = 13 fm, py = 0.89,| p» = 0.06)
Phys. Rev. C 70, 044907 (2004) elliptic flow
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Numerical results

The p° spin alignment in blast wave model

0. 0010 0. 0010
—8— blast wave model |
0. 0005 - g [ 0. 0005 The initial condition is chosen
i N | as fy,z, (t = 0) = 0.
E e
| 0.0000- - 0. 0000
g L
O-' 9
0. 0005 L 0.0005 ~1Nn—%
| 0pPo0~10
in blast wave model
0. 0010 . . . r . . -0.0010
0 1 2 3 4 5 6 7
t (fm/c)

The spin alignment of the p°® meson at z =0 for |n| < 1 in
the blast wave model with the elliptic flow.
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Conclusion 1

» Because of the strong p — mr interaction in hadron gas, the spin alignment of
p mesons decreases rapidly. The initial value of the spin alignment can be
easily washed out in several fm/c.

* In this work we only consider the local effect in collision terms, which
proves that p mesons will reach local equilibrium rapidly. The spin
alignment of p mesons may come from nonlocal effects.
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+ Shear induced spin alignment for p meson
(Nonlocal effect)
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Spectral function

Interaction from SU(3) chiral perturbation theory
A, Vector field

Ling = igv A" (610,00 — ¢0,0") + g% A, AV ¢, ¢: Scalar field

Dyson Schwinger equation in closed-time-path (CTP) formalism:

. 0o GY% to
—1 | gt (‘ﬁ + m2 — 8’;’ ot ( v AI/ ) Xr1,T
[gp( ! V) 19 ] G GP (z1,72) : S
t
- (? (1))9””5(4)@1—@) to

p pv
+/daz’ ( Ef}ﬂo ,9 ) (x1,2") ( 9;,, Gf.ﬁ%, ) (z',x2)  Kuang-chao Chou et al. Phys. Rept. 118, 1 (1985)
EC ZR,p GR GC

P

i [g%(p2 —m3) — P"p,] G% (p) = " + Z%,p(pIG%V(p) The retarded Green'’s functi_on iS
related to the spectral function.

Self energy
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Spectral function

Self energy: C. Gale and J. |. Kapusta, Nucl. Phys. B 357, 65 (1991)
¥R (p) = Tp (p) =¥ ()

4 1
= —gv f (‘%14 / (‘; 7524 (27)46@ (p — Ky + ko) (B} + k) (kY + k%) ST (k1) ST (k»)

d'ky [ d'k
+g%,/ 1 / (%)24 (2m)*0W (p — k1 + ko) (KY + K5) (BY + k) S<(k1)S” (k2)

(2m)*
_ d*k 1
+2g¢ig" / 203 k2 — m2 + ic f 1 The difference between )
i pr(p) = —Impz —m2 ;] longitudinal (L) and
1 transverse (T) modes is
ko pr(p) = —Imp2 —m2 -|n;] originated from
ko medium effect.
SRR L \ J
p \oop . ’
ot : : The leading order of Green'’s function:
R -

G o(p) = —2n(p°) [AY pL(p) + AY pr(p)]
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Linear response theory

Local Equilibrium Density Operator:

e = e[~ [ ann, [FRG]-F0r )|

Z1F

The linear response of 0(x) to the perturbation 0, By:

Vanishes for
p° meson F. Becattini et al. Particles 2, 197 (2019)

a0 ) 9 )
(0@) = (0@),, = %ubul@) Jim 7o
b A K (z'—x)
. / JIa % / — i —x
x Im [?,T(a:)/_ood 7 <[O($),T (z )]>LE6 ]
pv p Py 2 Am AV pv 1 po 1 5 P
™ = FUFP" +my APA” — ¢ —ZFPJF +§mVApA
N /
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Linear response theory

, , _ s ~
The neXt-tO-|ead|ng Order Of Green S funCthn Long|tud|na| and transverse projectors:
I (po) i) = A
v _ ],LI/"Y)\ (p) - o )
G<,NLO (377 p) = 21 g’)’)\ o 1 (p) - APTUpU,
Po A (p) = AP — AW,
Thermal shear: &,; = 9., 81 T L
\ J

" (p) = — g™ (p* —m?) — 2p™p7] (AR p3 + AL p3)

. U Feng Li et al. 2206.11890
+2 (p2 — m2) (A%A[)L + A%)‘p:p) (A pr, + A pr) g

The total Green’s function:
G (z,p) = GZ?Lo(wap) + G’i’jNLO(aZ,p)

Off-shell effect l
Thermal shear effect (nonlocal)
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Spin density matrix

Corrections for spin density matrix:

1
Off-shell projector: Ly, (A1, A2,p) = €5 (A1, p)en (A2, p) + gAw(p)fhlAz

fooo de f dz'up,uL,uu()\la )\2,]?) [GlgjLO (.’E,p) + GierLO (Zl?,p)}

0P (P) = - p” -
= I dpo J[d=pu B (p) | G20 (@, p) + G20 )]
Hypersurface N
The thermal shear contribution to
¢ meson is calculated in
€ (4 Pon) . > €u(4p) Wen-Bo Dong et al. Phys.Rev.C
More general case with off-shell effect 110 (2024) 2, 024905

/

WV, 3¢ mmmm) hydrodynamical model CLVisc

Xiang-Yu Wu, Phys. Rev. C 105, 064909 (2022)
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Numerical result for pyq

Global spin alignment: Poo as a function of py:
0. 334 | |
11.5 GeV 19.6 GeV 27 GeV
T T T T 0.34f 1 1 10-34
0.333 | - o
<0.33 10.33 2
—= - L0 <
Og_[). 332 F —— L0 + NLO . 0.32r 10. 32
0.331F 7 39 GeV 62.4 GeV 200 GeV
0.34r T T 10. 34
0. 330 : ; ! . . . . =
0 50 100 150 200 10.33 OC_D
S\ /GeV
NN/ 0. 32
« Thermal shear induces negative §pgg o o o
at the order of 0(10_3); 0.0 0.5 1.0 L5 0.0 05 L0 L5 00 05 L0 L5
* poo decreases when p; goes larger, py/GeV p/GeV p/GeV
when pr > 1.5GeV, dpyo~ — 0.01. IY|<1, 20-50%, pS¥t = 2GeV
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Numerical result for pyq

Poo as a function of ¢:

0.3407 11 . T ~.19.6 Ge\lf."‘ . I' 0. 340
0.335} 10. 335

Ocoj 0.330F y 40. 330 0-8- 6p00 IS pOS|t|Ve fOr ¢ - 77:/2, 371-/2
. - and negative for ¢ = 0, .

Thermal shear has a negative
| J5 contribution to py, for all ¢.
0.340r 10. 340
0.335} \ 10.335
S - S

o_0.330-- -0.3300_
0.325¢ 10. 325
0.320r 10. 320

0 2 1 éO 2 ! (ISO l
¢ ¢
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Numerical result for Rep_1 4

Global Rep_1 1:
0. 001
T — — . —
0,000 — = = = = = = = = = — — — — — -
1 0.001 —=- L0 .
8_ —e— L0 + NLO
o=
-0.002 ]
o
~0. 003 . .
0 50 100 200
VSy/GeV

« Thermal shear induces negative Rep_, ; at

the order of 0(1073);

« The py behavior of Rep_ 4 is similar with §py;

Rep_4 4 as a function of py:

11.5 GeV 19.6 GeV 97 GeV
0.01F
0 -
Q 0.00F--—z2 —
)
= o.01p — L0
' — 1,0 + NLO
39 GeV 62.4 GeV 200 GeV

0.0 0.5 1.0 1.5

py/GeV

0.0

0.5 1.0 1.5

py/GeV

0.5 1.0 1.5

p./GeV
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Numerical result for Rep_1 4

Rep_4 4 as a function of ¢:

0.005 11.5 GeV T 19.6 GeV

0. 005} 39 GeV T 62. 4 GeV

-

10. 005

—

0.000 —

Q
Q
A

1-0. 005

10. 005

0.000 —

Rep

1-0. 005

Rep_, 1 is positive for¢ = 0,7
and negative for ¢ = /2, 3 /2.
Thermal shear has a negative
contributionto Rep_ ;.

YLY et al., Sci.China Phys.Mech.Astron.
69 (2026) 5, 251011
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Conclusion 2

« Although the p —  interaction can wash out the initial spin alignment of p
mesons, the spectral effect and thermal shear effect can induce local

and global spin alignment for p mesons;

* 8pgo and Rep_, ; are both negative at the order 107>~10% and decrease
with pr;

« The global corrections for spin density matrix are resulted from the
thermal shear effect (NLO)(nonlocal), while the corrections as a function
of azimuthal angle are mainly resulted from the spectral effect (LO).
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1. The spin density matrix of p mesons has an influence on the CME signal
Ay 112, especially for the elements pyo and Rep_1 4.

2. The width of p meson is very large, so the evolution of p meson in the
hadron phase should be considered.

3. Because of the strong p — & interaction in hadron gas, the spin alignment
of p mesons decreases rapidly, so the messages carried from QGP can
be washed out.

4. Thermal shear induces a negative global correction to pyo and Rep_, 1 at
the order 1073, and for high p; region, it will reach the order of 1072.
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Back up

Collision terms
Leading order
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=T ‘;] oo 2 h8(ES —Ef —EJ ;)
Ej | Quhy4ETET, >
X [Skzkfzk € (M, Pk - €M), p) (3)
ks
+ 80k - €(ha, Pk - €5(M5, p)] PEEE TN
X {f:ﬁ(X, K)fr-(x,p— k)[fsx'l;uz + S, (&, P)] + 41 \»;
— [1 + far (x5, K[ + fr-(x, p — K] finsy (%, P)}, I P o

\ - s
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Back up

Collision terms

Next-to-leading order

d*ky
(2r k) 2ET

d*ky
Qmh)*2E]

d3p1
(2w h)*2E",
X [, D1y (s1, A)D (52, A7) + 8,3, Dty (s1, A5)Df (52, A2)]
X [ forsa (6 P fr 06, ki )1+ S (0, k) (83, + iy (x, P))
— (85152 + frrn (6 PD) (1 + firs (6, ki) fr (0, K2) fi 2 (x, D]

M 0.0 o _48‘15%2
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0_+ 0+ 48?/ 2
Cscat(p T <> p7T )=Fh
p

d’pi

X 85,0, D ) (51, MDY, (52, A1) + 83,5, D2y (51, A2)D5, (52, A5)]
X [frr (6 K1) fr (6, K2) (850, + firsa (6, 1)) (82, + Sy (x. D))
—(1+ frr KO+ frm (6, k) fi, G, P f (5, P

-
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