
Spin alignment of 𝜌 meson in 

the hadronic phase

Yi-Liang Yin

University of Science and Technology of China

Goethe University

PhysRevC.110.024905 (2024)

2503.09937



Yi-Liang Yin 08/05/2025 Spin alignment of 𝝆𝟎 mesons                                                                     2/39

Outline

◆ Background

◆ Evolution of the spin alignment for 𝜌 meson in a 

pion gas (Local effect) 

◆ Shear induced spin alignment for 𝜌 meson 

(Nonlocal effect) 
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Background
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Background

Bernett effect
S. J. Barnett, 

Rev. Mod. Phys. 7, 129 (1935)

Einstein-de Haas effect
A. Einstein and W. de Haas,

Deuts. Physik. Gesells. 

Verhandlun. 17, 152 (1915)

Spin polarization

L~105ℏ
B~1018G

Works on spin polarization

· Z.-T. Liang et al. Phys. Rev. Lett. 94, 102301 (2005)

· Z.-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)

· I. 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)
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Background

Spin polarization

Global spin polarization of Λ/ഥΛ
STAR, Nature 548 (2017) 62-65

Local spin polarization of Λ/ഥΛ
STAR, Phys. Rev. Lett. 

123 (2019) 13, 132301
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Background

Spin alignment of vector mesons

Spin density matrix:

𝜌11 − 𝜌−1,−1: Spin polarization

𝜌00: Spin alignment

Not measurable

r00 =
1

3
r00 >

1

3
r00 <

1

3
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Background

Spin alignment of 𝜙 mesons

Spin alignment of 𝜙 and 𝐾∗0 mesons
STAR, Nature 614, 244–248 (2023)
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Background

Spin alignment of 𝜙 mesons

𝜌00 −
1

3
~10−2

[1]. Liang et., al., Phys. Lett. B 629, (2005);  

Yang et., al., Phys. Rev. C 97, 034917 (2018); 

Xia et., al., Phys. Lett.  B 817, 136325 (2021); 

Beccattini et., al., Phys. Rev. C 88, 034905 (2013) 

[2]. Sheng et., al., Phys. Rev. D 101, 096005 (2020); 

Yang et., al., Phys. Rev. C 97, 034917 (2018) 

[3]. Liang et., al., Phys. Lett. B 629, (2005)

[4]. Xia et., al., Phys. Lett. B 817, 136325 (2021);  

Gao, Phys. Rev. D 104, 076016 (2021) 

[5]. Muller et., al., Phys. Rev. D 105, L011901 (2022) 

[6]. Sheng et., al., Phys. Rev. D 101, 096005 (2020); 

Phys. Rev. D 102, 056013 (2020); Phys Rev. Lett. 131             

042304 (2023); arXiv:2206.05868 (2022)

…………

𝜌00
𝜙
≈
1

3
+ 𝑐Λ + 𝑐𝜀 + 𝑐𝐸 + 𝑐𝜙 +⋯
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Background

Spin alignment of 𝐽/Ψ mesons

ALICE, Phys.Rev.Lett. 131 (2023) 4, 042303

𝑊 𝜃 ∝
1

3 + 𝜆𝜃
(1 + 𝜆𝜃 cos

2 𝜃)

𝜆𝜃 ∝ (1 − 3𝜌00)/(1 + 𝜌00)

𝐽/Ψ

ො𝑛 𝑙

ҧ𝑙

𝜃
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Background

Spin alignment of 𝜌 mesons

AuAu for run 2011 at 200 GeV, Centrality: 60-80%, pT: 1.8-2.4 GeV/c 
Taken from Baoshan Xi - Quark Matter 2023

𝜌00 <
1

3
?
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Outline

◆ Background

◆ Evolution of the spin alignment for 𝝆 meson 

in a pion gas (Local effect) 

◆ Shear induced spin alignment for 𝜌 meson 

(Nonlocal effect)  
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Motivation

The width of 𝜌0 meson is much 

larger than 𝜙 meson, so the 

coupling between 𝜌0 mesons and 

hadron gas must be considered.

Quark-gluon interaction, 𝜌00 −
1

3
≈ 𝑐𝛬 + 𝑐𝜖 + 𝑐𝐸 + 𝑐𝜙 +⋯

Hadron interaction

𝝆𝟎 𝝓

Mass 𝑚 ≈ 770MeV 𝑚 ≈ 1020MeV

Width Γ ≈147.4MeV Γ ≈ 4.249MeV

Main  

decay 

channel

𝜌0 → 𝜋+𝜋− 𝜙 → 𝐾+𝐾−

𝜙 → 𝐾𝐿
0𝐾𝑆

0

…

Quark 

constitution

𝑢ത𝑢, 𝑑 ҧ𝑑 𝑠 ҧ𝑠
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Chiral magnetic effect (CME) 

Chirality imbalance

(𝜇5 ≠ 0) External magnetic field
Charge separation 

D. Kharzeev, Phys. Lett. B 633, 260 (2006) 

D. E. Kharzeev et al. Nucl. Phys. A 803, 227 (2008) 

K. Fukushima et al. Phys. Rev. D 78, 074033 (2008) Odd parity Even parity
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𝛾 correlator and tensor polarization

The 𝛾 correlator for the chiral magnetic effect (CME) is defined as

The difference between 𝛾 correlators for the opposite-sign (OS) 

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

The contribution to Δ𝛾112 from pions in the decay 𝝆𝟎 → 𝝅+𝝅−:

Azimuthal angle

Reaction plane

Diyu Shen et al. 

Phys. Lett. B 839 137777 (2023)

𝜌0

𝜋+

𝜋−

The decay products of 𝜌 meson 

contribute to the 𝛾 correlator.
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𝛾 correlator and tensor polarization

Linear and quadratic coefficients

Linear Quadratic

𝛿𝜌00 and 𝑅𝑒𝜌1,−1 (𝑇11 − 𝑇22) have dominant effects!
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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:

matrix valued spin 

dependent distribution 

(MVSD)
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Spin Boltzmann equation

2. Kadanoff-Baym (KB) equation:

We have neglected the  

Poisson bracket terms 

(Nonlocal effect).

Self energy

• The self energy should be calculated with a explicit Lagrangian;

• Since 𝜌 meson is a real vector meson, we can only consider the 

positive-energy part of the equation.
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Spin Boltzmann equation

𝜌𝜋π vertex

3. Effective Lagrangian:
T. Fujiwara et al., Prog. Theor. Phys. 74, 128 (1985)

Chiral effective theory with SU(2) flavor symmetry. 

𝐴𝜇: Vector meson field

𝜙 :  Scalar meson field

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

Collision terms
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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. 

A. Leading order
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Spin Boltzmann equation

5. Collision terms:

B. Next-to-leading order
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Spin Boltzmann equation

5. Collision terms:

C. Regulation of pion propagators

Introduce self-energy corrections with medium effects:

The final results:

Divergent

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 𝜋± are in global thermal equilibrium, so they obey the Bose-Einstein distribution

and we choose 𝜇𝜋 = 0 and 𝑇 = 156.5MeV.

The 𝜌0 spin alignment with initial condition 𝑓𝜆1𝜆2 𝑡 = 0 = 0.
Monte Carlo method:

Momentum range: -2.5 ~ 2.5 GeV
Lattice: 100×100×100 MeV3

Time step: 10−3 fm/c

Does the choice of 𝜌
meson’s initial state 

affect the final spin 

alignment?

Non-zero spin alignment comes 

from the choice of rapidity range.
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Numerical results

The 𝜌0 spin alignment with initial condition 𝜌00 = 0.4 > 1/3.

The 𝜌0 spin alignment with initial condition 𝜌00 = 0.27 < 1/3. 

The spin alignment for 𝜌0

mesons will decay rapidly 

toward zero no matter 

what the initial state is.

Yi-Liang Yin et al. 

PhysRevC.110.024905 (2024)

Initial state:

Initial state:
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Numerical results

Blast wave model with elliptic flow

Fabrice Retiere et al.

Phys. Rev. C 70, 044907 (2004) 

The parameters are chosen as:

𝑓𝜋 =
1

e𝑢𝜇p
𝜇/T − 1

elliptic flow
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Numerical results

The spin alignment of the 𝜌0 meson at z = 0 for |η| < 1 in 

the blast wave model with the elliptic flow. 

The 𝜌0 spin alignment in blast wave model

The initial condition is chosen 

as 𝑓𝜆1𝜆2 𝑡 = 0 = 0.

𝛿𝜌00~10
−4

in blast wave model
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Conclusion

• Because of the strong 𝜌 − 𝜋 interaction in hadron gas, the spin alignment of 

𝜌 mesons decreases rapidly. The initial value of the spin alignment can be 

easily washed out in several fm/c.

• The spin density matrix of 𝜌 mesons has an influence on the CME signal 

𝚫𝜸𝟏𝟏𝟐. The contributions from 𝜹𝝆𝟎𝟎 and 𝐑𝐞𝝆𝟏,−𝟏 are dominant.

• In this work we only consider the local effect in collision terms, which 

proves that 𝜌 mesons will reach local equilibrium rapidly. The spin 

alignment of 𝜌 mesons may come from nonlocal effects.
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Outline

◆ Shear induced spin alignment for Φ meson

◆ Evolution of the spin alignment for ρ meson in a 

pion gas (Local effect) 

◆ Shear induced spin alignment for ρ meson

(Nonlocal effect)  
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Spectral function

Interaction from SU(3) chiral perturbation theory
𝐴𝜇: Vector field

𝜙:  Scalar field

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

Kuang-chao Chou et al. Phys. Rept. 118, 1 (1985) 

The retarded Green’s function is 

related to the spectral function.
Self energy
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Spectral function

Self energy:

The difference between 

longitudinal (L) and 

transverse (T) modes is 

originated from 

medium effect.

C. Gale and J. I. Kapusta, Nucl. Phys. B 357, 65 (1991) 

The leading order of Green’s function: 
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Linear response theory

The linear response of ෠𝑂(𝑥) to the perturbation 𝜕𝜇𝛽𝜈: 

F. Becattini et al. Particles 2, 197 (2019) 

Local Equilibrium Density Operator:

Vanishes for 

𝜌0 meson
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Linear response theory

The next-to-leading order of Green’s function: 

Thermal shear: 𝜉𝛾𝜆 = 𝜕(𝛾𝛽𝜆)

Longitudinal and transverse projectors:

Off-shell effect
Thermal shear effect (nonlocal)

The total Green’s function: 

Feng Li et al. 2206.11890 
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Spin density matrix

Corrections for spin density matrix:

𝜉𝜇𝜈 , Σ𝜇 hydrodynamical model CLVisc

Xiang-Yu Wu, Phys. Rev. C 105, 064909 (2022) 

Off-shell projector:

Hypersurface

𝜖𝜇 𝜆, 𝑝𝑜𝑛 𝜖𝜇(𝜆, 𝑝)
More general case with off-shell effect

The thermal shear contribution to 

𝛟 meson is calculated in 

Wen-Bo Dong et al. Phys.Rev.C

110 (2024) 2, 024905
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Numerical result for 𝜌00
Global spin alignment: 𝜌00 as a function of 𝑝𝑇:

|Y|<1, 20-50%, 𝑝𝑇
𝑐𝑢𝑡 = 2𝐺𝑒𝑉

• Thermal shear induces negative 𝛿𝜌00
at the order of O 10−3 ;

• 𝜌00 decreases when 𝑝𝑇 goes larger, 

when 𝑝𝑇 > 1.5𝐺𝑒𝑉, 𝛿𝜌00~− 0.01.
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Numerical result for 𝜌00
𝜌00 as a function of 𝜙:

• 𝛿𝜌00 is positive for 𝜙 = 𝜋/2, 3𝜋/2
and negative for 𝜙 = 0, 𝜋.

• Thermal shear has a negative

contribution to 𝜌00 for all 𝜙.
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Numerical result for 𝑅𝑒𝜌−1,1
Global 𝑅𝑒𝜌−1,1: 𝑅𝑒𝜌−1,1 as a function of 𝑝𝑇:

• Thermal shear induces negative 𝑅𝑒𝜌−1,1 at 

the order of O 10−3 ;

• The 𝑝𝑇 behavior of 𝑅𝑒𝜌−1,1 is similar with 𝛿𝜌00;



Yi-Liang Yin 08/05/2025 Spin alignment of 𝝆𝟎 mesons                                                                     36/39

Numerical result for 𝑅𝑒𝜌−1,1
𝑅𝑒𝜌−1,1 as a function of 𝜙:

arXiv: 2503.09937

• 𝑅𝑒𝜌−1,1 is positive for 𝜙 = 0, 𝜋

and negative for 𝜙 = 𝜋/2, 3𝜋/2.

• Thermal shear has a negative 

contribution to  𝑅𝑒𝜌−1,1.
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Conclusion

• Although the 𝜌 − 𝜋 interaction can wash out the initial spin alignment of 𝜌
mesons, the spectral effect and thermal shear effect can induce local 

and global spin alignment for 𝜌 mesons;

• The correction for 𝜌 meson’s density matrix is calculated through linear 

response theory. 𝛿𝜌00 and 𝑅𝑒𝜌−1,1 are both negative at the order 

𝟏𝟎−𝟑~𝟏𝟎−𝟐 and decrease with 𝒑𝑻;

• 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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Summary

1. The spin density matrix of 𝜌 mesons has an influence on the CME signal 

𝚫𝜸𝟏𝟏𝟐, especially for the elements 𝝆𝟎𝟎 and 𝑹𝒆𝝆−𝟏,𝟏.

2. The width of 𝝆 meson is very large, so the evolution of 𝜌 meson in the 

hadron phase should be considered.

3. Because of the strong 𝜌 − 𝜋 interaction in hadron gas, the spin alignment 

of 𝜌 mesons decreases rapidly, so the messages carried from QGP can 

be washed out.

4. Thermal shear induces a negative global correction to 𝝆𝟎𝟎 and 𝑹𝒆𝝆−𝟏,𝟏 at 

the order 10−3, and for high 𝑝𝑇 region, it will reach the order of 10−2.
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Outlook

• The contributions from other 

nonlocal effects (like thermal 

vorticity) should be considered.

• The interaction in hadron 

phase is important for 𝜌
meson. Is it important for 

other particles (like 𝑲∗𝟎), 

especially for those with a 

short lifetime? Some 

experimental data may be 

explained in this way. ?
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