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(Nonlocal effect)

Yi-Liang Yin 08/05/2025 Spin alignment of p® mesons 2/39



Background

- . v final detected
Relativistic Heavy-Ion Collisions particle distributions

made by Chun Shen : Kinetic
reeze-out

Hadronization
Initial energy
density

re-
egullalibr.ium : hvdrod :
ynhamics VISCOUS Nydrocynamies free streaming

—

collision evolution
t~0fm/c T ~1Ffm/c T ~ 10 fm/c T ~ 101% fm/c

Yi-Liang Yin 08/05/2025 Spin alignment of p® mesons



— =
reaction plane

- Z.
- Z.

Works on spin polarization

-T. Liang et al. Phys. Rev. Lett. 94, 102301 (2005)
-T. Liang et al. Phys. Lett. B 629, 20 (2005)

- J.-H. Gao et al. Phys. Rev. C 77, 044902 (2008)

- F. Becattini et al. Phys. Rev. C 77, 024906 (2008)

- |. Karpenko et al. Eur. Phys. J. C 77, 213 (2017)

. H. Li et al. Phys. Rev. C 96, 054908 (2017)

-Y. Xie et al. Phys. Rev. C 95, 031901(R) (2017)

- S. Shi

et al. Phys. Lett. B 788, 409 (2019)

Background

Spin polarization

Bernett effect
S. J. Barnett,
Rev. Mod. Phys. 7, 129 (1935)

0% i 11'
LE08 1 Tt
A 1‘1’{11

\‘ — — IITIII
T t1 71 {

Einstein-de Haas effect
A. Einstein and W. de Haas,
Deuts. Physik. Gesells.
Verhandlun. 17, 152 (1915)

Yi-Liang Yin 08/05/2025

Spin alignment of p® mesons

4/39



quark-gluon ’
plasma / /

A

forward-going
beam fragment

p
dN
d§2*

:E(

AN—=>p+7m~
1

1+ aPj -pg)

~

,/

Background

Spin polarization
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Background
Spin alignment of vector mesons

Spin density matrix:
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Background

Spin alignment of ¢ mesons
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Background

Spin alignment of ¢ mesons
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Background

Spin alignment of J /¥ mesons
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Background

Spin alignment of p mesons

Yield
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AuAu for run 2011 at 200 GeV, Centrality: 60-80%, pT: 1.8-2.4 GeV/c
Taken from Baoshan Xi - Quark Matter 2023
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+ Evolution of the spin alignment for p meson
iIn a pion gas (Local effect)

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

Hadron interaction

Quark-gluon interaction, pog — = ~ ¢4 + e + Cg + Cg + -+

Mass m=770MeV  m = 1020MeV
The width of p® meson is much [ ~147.4MeV
larger than ¢ meson, so the Main p® >t ¢ > KK~
coupling between p® mesons and decay ¢ - K'Kg
hadron gas must be considered. channel ) -

Quark uu, dd SS

constitution
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Chiral magnetic effect (CME)

- B‘;:; “[7 = “1—)* B J
L. )R S, “]—)‘
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Chirality Imbalance Rt S s # 0 s # 0
Ch|ral|ty Imbalance > Charge Separation
(us # 0) External magnetic field
— 62 —
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(py + Pg|—|2Wrp))
Azimuthgl angle l

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

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

Avin = v — v The decay products of p meson

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

N, _
Ayf, = NN_ AV
Diyu Shen et al.

AY1;, =Cov(cos Ag,, cos Agp_) Phys. Lett. B 839 137777 (2023)
— Cov(sin A¢, sin Ag_),
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y correlator and tensor polarization
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i Poo — 1/3 T —T» Ty, T3 Tss
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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:

to \
/ GCTP r1,22) = (TcA*(21)A"(z2)) : >

tO o t o

G5, ( — orh _ \ () matrix valued spin

S MZ,\:Z p" =) {90)eu A, P) € (o, )| (2, PI—> dependent distribution
+0(=p°)e’, (A, —P) € (A2s —P) [Bapas + Frons (2, —D)]} (MVSD)
Giu(xﬂp) = 2mh Z 0 (p2 o m%) {e(po)eu (/\1: p) Ez ()\29 p) [5)\1)\2 + f)\l)\2 (:UJ p)]
A1,A2

K +0(=p")e), (A1, =) € (A2, =P) foazrs (2, —P) } . /
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Spin Boltzmann equation

2. Kadanoff-Baym (KB) equation:

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

= I[Z5*(x, PG (x, p) — 7 *,(x, p)G=*"(x, p)]  Poisson bracket terms
- - (Nonlocal effect).
+ 1[G, (x, pPE=* (x, p)|— Gy (x, p)Z7 (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. Effective Lagrangian:
T. Fujiwara et al., Prog. Theor. Phys. 74, 128 (1985)
Chiral effective theory with SU(2) flavor symmetry.

4 1 1 O
— _ v 2 \
;Cp = — i MUF'U + §mpAMA“ \\p
. A iav 7
L = ﬁp + L+ Lint < Lint =tgpnnAH (ch@”qb — gbﬁﬂgﬂ) A,: Vector meson f|.eld o gv (p+q)
¢ : Scalar meson field L
N L Lr =0,06T0"¢ —m2¢To ’  pmmvertex .

4. Spin Boltzmann equations:
Xin-Li Sheng et al. Phys. Rev. D 109, 036004 (2024)

1
p-Ozfan.(z,p) = —15)\2)\’26; (A1, p) €* (A1, P)
X {[5)\’1)\’2 + f)\’lA’Q (xvp):l E<,g} (as,p) o fA’l)\é (LE, p)2>’ﬁ (x,p)} .
_ Joo 1 o Collision terms
Poo = E _15)\1)\’161/ (A2ap)€a ()\Zap)

x {[0x2 + Fapa (2, 0)] S5 (2,p) = g, (2, )27 (2,p) }
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Spin Boltzmann equation

5. 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)\2 (ZC, p) — C\'coa,l/diss + Cscat

A. Leading order

;

/Cégz)ﬂ/diss(l)o <) A ,/"i“‘\
3 — ¢ o+
_ hé} (2nh)j4£gE§_k 2nhS(ES — Ef — ET) ’ "\\_* " .

X [8152,k - €* (A1, Pk - €(A], p) 'L'fl(a)
+ 8k - €, Pk - € (M5, p)] ‘-A"-i-..
X {fore (2 K) frr- O, P = K)[S104 + i (6, D] ‘ *
N — [1 4 for (0 BON + fr-(x, p — K)1figa, (x, p)},j v * h
k1

Yi-Liang Yin  08/05/2025 Spin alignment of p® mesons 19/39



Spin Boltzmann equation

5. Collision terms:

B. Next-to-leading order

d*k;
Qmh)*2E]

d3p1
(2w h)*2E?,
X [, D01y (51, A)DY (52, A7) + 8,3, D1y (s1, A5)Df (52, 12)]
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4gt, 2 d’k
E; Qmhy’2ET
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Csca OK:I:<_> Oﬂ,i —
t(p pITT) £ (27rﬁ)32E,f1

d’ky
(mhy2E]

d’pi
(2w h)’2Ep,
X [81,0, D) (51, AD, (82, A1) + 83,5, D2y (51, A2)D5, (52, A5)]
X [ frr (0 K1) fr (5, K2) (8515, + fins, (6, 21) (S5, + fo2, (. D))
(1 + frr KO A+ frm (2. K2)) fi (2, P2 fros (20 D))

(1) 0.0 W= —
Ccoa];'diss(p p =TT )_

N

Qe8P (p+ p —k

Qa8 (p+ky — p —b

1 —k2)

/

D(l)(S, )\) :h[kl € (Sv pl)] [kQ a ()\’ p)] [’fz - € (S, pl)] [kl -€* (/\, p)]

+h

™
N
I k2 I
p+ ki yr+k
[ [
B --z— --4"
1
(b)
;\.
p+k‘1’, s ko
» n
I’ ‘\
& P1 \’—F
Eyo~ o L7 ko—p
\'/
+

(0 + ko) —m2 -k —m2 C ’
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D A) =h h .
@) -k —m2  (—k)—m3
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Spin Boltzmann equation

5. Collision terms:

C. Regulation of pion propagators ky
- P -
Diay(s ) _p k1 -€(s,p1)] [52 € Ap)] gLk e (s, p)] [le € (A, P)]’ . L’ .
(p+ k)" —m3 (p = k1)" —m3 Divergent te , o+
k- e(s,p1)l k2 -e (N p)] | [k2-e(s,p1)] (k1 - €(A, p)] k—k
D(z) (S, A) —ﬁ, ) + h 2 . 1
(p—k2)” —m3 (p—k1)" —m3
Introduce self-energy corrections with medium effects: /m) _ ImSF (k) = 2000) [ — f dp )
= Im = 29y (k°) T p
- (2nh)32ET | (2rh)32Ef
ih SE(k) = ! )2
Stk = K2—m2 - ) x(2mh) 8 (k + ky —p) fr- (k) |3 — (klmf !
F —ih SF(k) = L S Bk &
57 (k) = k2 —m2’ k# —miz + hZF (k) F2gv0(-k )f (27h)32E}, / (2nh)*2E]
2
The final results: <@ (k= ka4 p) fe ) [mi -5 ]
D i [ky - (s, pOIlk2 - €* (1, p)] Doci)(5. 1) = [ky - €(s, pD)I[k2 - €* (1, p)] we only Consider_ the imaginary part
) Y —m2 + AT (p + o) O T F I — m2 + AT (—p — k) of the self-energy since the mass
o p ke €GPk - €* (. p)] L ke €G POk - € p)] correction from the real part is much
(p—ki)* —m2 +ihT(—p + k) (p—ki)* —m2 +ihT(p — ky) \smaller. /
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Numerical results

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

1
exp 3 (Ep F fir)] — 1’

frt(2,p) = [r=(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 r i
0. 006 4 —— t=0. 5fm/c - 0. 006 —=— [n/<0.8
— t=1fm/c —e— |n<1.0
0.0059 — Efé?ﬂjc F 0. 005 0. 002 —— [n[<l.2 F0.002
—— - m C - - B
0. 004 4 —— t=4fm/c 0. 004 - v— total
L —— t=5fm/c :
™ 0.0034 — t=6fm/c 0. 003 > -
\ — t=Tfm/c : | 0-0041 L 0. 001
S 0.0027 L 0. 002 = i
(o r Q
0.001 ) E 0. 001
5 _4“'_ — [ O. OOD v v v v — 0 000
0. 000 F—=ZF L 0. 000 — [
-0. 001 4 - —-0. 001
~0. 002 +————————————————————— 0. 002 ~0.001 — 11—+ 0. 001
0 500 1000 1500 2000 0 1 2 3 4 5 6 7
pp (MeV) t (fm/c)

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?
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Numerical results

—=— <1

—— [n/<3

t=6fm/c | .01 F0.01

0 500 1000 1500 2000 0 1 2 3 4 5 6

pr (MeV) t(fn/c)

The p° spin alignment with initial condition py, = 0.4 > 1/3.

0.00 0.00

0.01 “0.01

~0. 02 === Inl<l [ g

—— [n]<3

[ap] (ap]

~Z =1 -0.03 -0.03
— —

| \

= =

g g 0.4 0. 04
a a

0.05 ~0. 05

. 0. 06 0. 06

t=0fm/c
0.07 : : : : 0,07 0.07 . . . . . 0.07
0 500 1000 1500 2000 0 1 2 3 4 5 6
p; (MeV) t(fm/c)

The p° spin alignment with initial condition py, = 0.27 < 1/3.

Initial state:
f)u)tz — dl&g(()g, 12:09) X fBEa

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

Yi-Liang Yin et al.
PhysRevC.110.024905 (2024)

Initial state:
f/\l)‘z = dmg(ll.OS,ll) X fBE-
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Numerical results

Blast wave model with elliptic flow

1
fTC = euMpH/T . 1

event
plane

u" (r, ¢5) = (cosh p(r, @), sinh p(r, ¢;) cos ¢y,
sinh p(r, @) sin ¢y, 0),

R ,O‘(?“‘, ‘;ba) — %[pﬂ + 22 CDS(2¢'§;)]-
Jini<1 @2 Jo rdrdg,foo(u, p)

P00 = )
Ji<1 P fOR rdrdgstr 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— hlast wave model
0. 0005 g 0. 0005 The initial condition is chosen
x \-——--.__-...__ﬁ___ as f3,2,(t =0) =0.
— __-_.--"""l-'_'--
|G 0. 0000 1 = (0. 0000
oy
0. 0005 1 - 0. 0005 ~1Nn—%
0pPo0~10
in blast wave model
=0. 0010 T T T T T T =0. 0010
0 1 2 3 4 5 §] 7
t (fm/c)

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

« Because of the strong p — & 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.

« The spin density matrix of p mesons has an influence on the CME signal
Ay112. The contributions from 8py9 and Rep, _; are dominant.

* 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

Lint = tgy A" (cbjré’ﬁqb — d)é’ﬁ(,bjr) + Q%A#A‘““QSTQS, ¢: Scalar field

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

. 0 GY to
—1 |g" 8323 + m2 — 8’;’ ot ( v AI/ ) r1,T
[gp( ! V) 19 ] G GP (21, 22) : S
t
= ( (1) (1) ) g" 5™ (1 — 20) to

iy by
+/daz’ ( fp ,9 ) (x1,2") ( 9),, Gé, ) (z',z2)  Kuang-chao Chou et al. Phys. Rept. 118, 1 (1985)
EC’,p ZR,p GR GC

i [g;;(p2 —m?) — pﬁpp} G (p) = g™ + 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. I. Kapusta, Nucl. Phys. B 357, 65 (1991)
YR (p) = Ep(p) —EL(p)

4 4
= g [ [ o (o k) (R ) R + ) ST ()57

d'ky [ d*k
+gv / 1 / ( Qﬁ;l (2m)6W (p — k1 + ko) (K + K5) (BY + k) S<(k1)S” (k2)

(2m)*
o [ dYE i
+2g¢ig" /(%)4 12— m2 & e f 1 The difference between )
4 pL(p) = —Impz —m2 iI;] longitudinal (L) and
1 transverse (T) modes is
5 pr(p) = —Impz —m? _[iI,] originated from
ko medium effect.
LT T ' ! - J
P g . P b !
—)I—}( p—— —|— —)\J—o—&’)— . y .
P ’ ! The leading order of Green'’s function:
-h.__*__”
ki v _ 0 v 24
G’i,LO(p) = —2np(p°) [A% pL(p) + A7 pr(p)]
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Linear response theory

Local Equilibrium Density Operator:

e = e[~ [ azn, (0BG -E07C)

Z1E

The linear response of O (x) to the perturbation 0uBy:

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

a0 ) 5 )
(0@) = (0@),,, = %@ Jim 72
C o (e K (o )
. / Jia% / —18 (T —T
x Im [?,T(:c)/_ood T <[O(:c),T (x )]>LE6 ]
pv K Py 2 Am AV pv 1 po 1 - P
™ = FUFP” +my APAY — g _ZFP"F —|—§mVApA
\_ /
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Linear response theory

. : : 4 )
The neXt-tO-|ead|ﬂg Order Of Green S funCthn Long|tud|nal and transverse projectors:
8’n,B (po) Ny _ AMPUPAVUUJ
v _ vy A" (p) = pn ;
G<,NLO(37ap) = 27|Eyx 9 "7 (p) - AP UYUG
Po A (p) = AR — AB.
Thermal shear: §,; = 9., 81 T =
\ J

"p) = —[g™ (p* —m?) —2p™p7] (A} p7 + AR p7)

v U Feng Li et al. 2206.11890
+2 (p2 — m2) (Az)‘pL + A%)‘p:p) (A pr, + AY pr) 9

The total Green’s function:
G (z,p) = GZ?Lo(wap) + GileLo(xam

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) = €, (A1, p)ev (A2, p) + 5 A (P)Oxix,
fooo de f dz'up,uL,uu()\la )\2,]?) [GlgjLO (.’E,p) + GierLO (Zl?,p)]

= I dpo J[d5pu B (p) | G210 (@, p) + G20, p)]

v

Hypersurface

0pa N, (P) =

The thermal shear contribution to
¢ meson is calculated in
>%Qm)]

Wen-Bo Dong et al. Phys.Rev.C
110 (2024) 2, 024905

€u (A Pon)
More general case with off-shell effect

/

WV, ZH 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 p:
0.334 | |
11.5 GeV 19.6 GeV 27 GeV
I Tr T T o 0. 341 T 1 10-34
0.333 | - .
< (0. 33 10.33 2
—= - L0 <
Og. 0.332 F LO + NLO . 0.32r 10. 32
0.331 T 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
at the order of 0(10_3); 0.0 0.5 1.0 L5 00 05 L0 L5 00 05 L0 L5
* poo decreases when p; goes larger, py/GeV p;/GeV p/GeV
when p; > 1.5GeV, 6pyo~ — 0.01. IY|<1, 20-50%, pS¥t = 2GeV
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Numerical result for pyq

Poo as a function of ¢:

0.340¢ 11, . T ~.19.6 GeV.ﬂ . I' 0. 340
0.335} 10. 335

Soaof) 10,320 8 dpoo IS positive forp = w/2, 3m/2
- 1o a0 and negative for ¢ = 0, .

Thermal shear has a negative

| J% contribution to py, for all ¢.
0.340F 10. 340
0.335} \« 10.335

S - S

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

0 2 1 (ISO 2 ! (ISO :
¢ ¢
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Numerical result for Rep_4 ¢

Global Rep_1 1: Rep_4 4 as a function of py:
0.001 ] ]
i ] 11.5 GeV 1 19.6 GeV 1 27 GeV
T — i — . — 0.01f T T
0.000f = = = = = = = = —— = ——— - - .
T .=
—  0.00F--—=z=
— O
I B —n = [ i o
o 0.001 | = - LO
qu) —— L0 + NLO -0.01fp L0 + NLO
-0.002 F
” 39 GeV ] 62.4 GeV 1 200 GeV
-0. 003 : . : L : : : L
0 50 100 150 200
S/ GeV
[
« Thermal shear induces negative Rep_; ; at

0.0 0.5 1.0 1.5 00 0.5 LO 1.5 0.0 0.5 1.0 1.5

DT/GeV DT/GeV DT/GeV

the order of 0(1073);
* The pr behavior of Rep_; ; is similar with §pg;
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Rep_4 4 as a function of ¢:

0.005}

Numerical result for Rep_4 ¢

IZOO GeV
.
A
7 .

60

60

10. 005

— b

0.000 —
Q

&)

o=

1-0. 005

10. 005

0.000 —

Rep_

1-0. 005

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

arxiv: 2503.09937
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Conclusion

« Although the p — m 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;

* The correction for p meson’s density matrix is calculated through linear
response theory. 6pyg and Rep_, ; are both negative at the order

10-3~10"% and decrease with py;

« 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 — o 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 pgo and Rep_; ; at
the order 1073, and for high p; region, it will reach the order of 1072.
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« The contributions from other e
nonlocal effects (like thermal .
vorticity) should be considered. i

* The interaction in hadron 6°°w
phase is important for p i %
meson. Is it important for 500
other particles (like K*9), :

especially for those with a ¥ '
short lifetime? Some

|cos6*|
experimental data may be ?
explained in this way.

Yi-Liang Yin 08/05/2025

Yield

STAR Preliminary

Spin alignment of p® mesons 39/39



UNIVERSITAT

FRANKFURT AM MAIN




