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1- Observation of global polarization (GP)

STAR Nature 2017 STAR Nature 2023
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1- Prediction of global polarization (GP)
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T: Temperature of QGP Ƹ𝑠:   CM energy of qq

200GeV: ~0.0025 (Bjorken)ΤƸ𝑠 𝑇 ~0.4  (Landau)

• Single scattering at fixed impact parameter
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JHG-Chen-Deng-Liang-Wang-Wang PRC 2008
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Liang-Wang PRL 2005

1- GP calculation from single scattering
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• Density operator at global equilibrium with given  𝐽𝜇𝜈

ො𝜌 =
1

𝑍
exp −𝛽𝜇 𝑃

𝜇 + 𝛼 𝑄 +
1

2
𝜛𝜇𝜈 መ𝐽

𝜇𝜈

• Spin polarization vector in phase space for spin ½  particles

Thermal vorticity:  𝜛𝜇𝜈 = −
1

2
𝜕𝜇𝛽𝜈 − 𝜕𝜈𝛽𝜇 ,  

𝑆𝜇 𝑥, 𝑝 = −
1

8𝑚
1 − 𝑓 𝜖𝜇𝜈𝜌𝜎𝑝𝜈𝜛𝜌𝜎

𝛽𝜇 = 𝑢𝜇/𝑇

𝑓: Fermi-Dirac distribution

• Spin polarization vector at freezeout hypersurface in heavy ion collisions:

𝑆𝜇 𝑝 = −
1

8𝑚
𝜖𝜇𝜈𝜌𝜎𝑝𝜈

∫ 𝑑Σ𝜆𝑝
𝜆𝝕𝝆𝝈𝑓 (1 − 𝑓)

∫ 𝑑Σ𝜆𝑝
𝜆𝜛𝜌𝜎𝑓

Becattini-Chandra-Del Zanna-Grossi Annals Phys. 2013

1- GP calculation from hydrodynamics
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1- Predictions for hyperon’s GP

Karpenko-Becattini EPJC 2017

Shi-Li-Liao PLB 2019Sun-Ko PRC 2019

Xie-Wang-Csernai PRC 2017 Li-Pang-Wang-Xia PRC 2017

𝑠𝑁𝑁(𝐺𝑒𝑉)

Wei-Deng-Huang PRC 2019



8

1- Spin puzzles

Becattini-Karpenko PRL 2018
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8𝑚
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∫ 𝑑Σ𝜆𝑘
𝜆𝝕𝝆𝝈𝑛𝐹(1 − 𝑛𝐹)

∫ 𝑑Σ𝜆𝑘
𝜆𝑛𝐹

STAR PRL 2019

Liang-Wang PLB 2005

STAR Nature 2023

• Local hyperon polarization: • Vector meson’s spin alignment:

⇎ ⇎

STAR NPA 2019

𝑃𝑧 −𝑃𝑦
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1. Proposal of new mechanism

• Vector meson: strong force field?
Sheng-Oliva-Wang PRD2020, Sheng-Oliva-Liang-Wang-Wang PRL2023  

𝐴SIP
𝜇

= 𝑛𝐹
′

𝑝⊥
𝜀0

2

𝜖𝜇𝜈𝛼𝜌𝑢𝜈𝑄𝛼
𝜆𝜎𝜌𝜆 𝜎𝜌𝜆 =

1

2
𝜕𝜌
⊥𝑢𝜆 + 𝜕𝜆

⊥𝑢𝜌 +
2

3
𝜕 ⋅ 𝑢 Δ𝜌𝜆 𝑆ILE

𝜇
=
𝜖𝜇𝜌𝜎𝜏𝑝𝜏
4𝑚𝑇dec

∫Σ𝑑Σ ⋅ 𝑝 𝑛′𝐹
Ƹ𝑡𝜌Ξ𝜆𝜎

∫Σ𝑑Σ ⋅ 𝑝 𝑛𝐹
Ξ𝜆𝜎 =

1

2
𝜕𝜆𝑢𝜎 + 𝜕𝜆𝑢𝜎

• Hyperon: shear term contribution?

Fu-Liu-Pang-Song-Yin PRL2021 Becattini-Buzzegoli-Palermo-Inghirami-Karpenko PRL2021

Could be very sensitive to the EOS,  the ratio  𝜼/𝒔 and freezeout temperature  𝑻𝐟! Yi-Pu-Yang 2106.00238
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2- Revisiting old mechanism

• Vector meson: quark and antiquark polarization + coalescence model 

Definition from Wigner function

Spin effects for vector meson without coalescence model?

In the rest frame Spin polarization along 𝑛3

• Hyperon: quark or hyperon spin polarization vector + relativistic hydrodynamics 

Can we calculate hyperon’s polarization in another way?
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2- Spin density matrix

• Spin density matrix for a particle with momentum 𝑘:

• Local spin density matrix and particle distribution function:

De Groot-Van Leeuwen-Van Weert 1980

Spin 1/2 Spin 1

• Spin density matrix in heavy ion collisions:

• Operator definition for particle distribution function with spin:

basic unit:
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• Ensemble average in global equilibrium with given  𝑃, 𝑄, 𝐽𝜇𝜈

2- Spin distribution function

• Commutation relations

See: analytic continuation method: Becattini-Buzzegoli-Palermo JHEP2021; Palermo-Buzzegoli-Becattini JHEP 2021

• The formal result: : fermion/boson

𝛼, 𝑏𝜇 , 𝜔𝜇𝜈

Spin chemical potential:

• Constant Lagrange multiplies corresponding to conserved charges: 

𝜔𝜇𝜈
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3- Distribution function with spin ½

• Dirac field with fixed spin quantization direction 𝐧3:

Electric part: Magnetic part:
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3- Distribution function up to first order

• Expand the distribution function as the Taylor series of  𝝎 and 𝜺

The 0th order:

The 1st order:

• “Resummation”:

• Spin chemical potential = thermal vorticity :

: Fermi-Dirac distribution

acceleration vector: 𝜺 vorticity vector: 𝝎
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• Spin polarization is defined by: 

• Differences:

• Polarization from previous method:

No 1/𝑚 singularity No 𝝎 ⋅ 𝐤 𝐤 term The 𝜺 × 𝐤 term  suppressed 

3- Polarization along fixed n3

• Polarization from present method:
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1. Helicity polarization         𝐧𝟑 = 𝐞𝑝

2. Transverse polarization   𝐧𝟑 = 𝐞𝜙

3. Transverse polarization    𝐧𝟑 = 𝐞𝜃

3- Polarization along n3 ∥ ොp, or n3 ⊥ ොp

• The polarization receives additional contribution when the spin direction depends on the momentum
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• Vector field with fixed spin quantization direction 𝐧𝟑:

• Orthonormal circular polarization vector 𝐧+, 𝐧−, 𝐧0 :

• Orthonormal  linear polarization vectors 𝐧1, 𝐧2, 𝐧3 :

• The spin distribution function with linear or circular polarization up to the first order :

4- Distribution function with spin 1

Bose-Einstein distribution

𝐧1 × 𝐧2 = 𝐧3 𝐧s = 𝐧𝑠
∗

𝐧± =
𝐧1±𝑖 𝐧2

2
𝐧0 = 𝐧3
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4- Spin effects along fixed n3
• The spin density matrix can be measured by angular distribution of vector mesons’ two-body decay:

• The 1st order:

• The 2nd order:

off-diagonal element 

Spin alignment 
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• The polarization receives additional contribution when the spin direction depends on the momentum

1. Helicity polarization   alone 𝐞𝑝

2. Transverse polarization along 𝐞𝜙

3. Transverse polarization  along 𝐞𝜃

4- Spin effects along n3 ∥ ොp, or n3 ⊥ ොp

𝛀𝒌 ≡ 𝝎−
𝜺 × 𝒑

𝐸𝒑 +𝑚
𝓔𝒌 ≡ 𝜺 +

𝝎 × 𝒑

𝐸𝒑
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5- Summary

• Spin effects by thermal vorticity are calculated directly from spin density 
matrix instead of spin polarization vector. 

• The differences between these two methods are given for hyperons.

• The  off-diagonal element of the spin density matrix  of vector mesons 
receives first-order contribution.

• The spin alignment receives second-order  contribution

• The spin effects receive  additional contribution when the spin direction   
depends on the momentum. 

Thanks for your attention !
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