
2023年6月30日-7月3日天津2023

第十六届粒子物理、核物理和宇宙学交叉学科前沿问题研讨会

相对论重离子碰撞过程的整体极化效应

梁作堂
   山东大学

2023年7月1日，天津

Global Polarization Effect in Relativistic Heavy Ion Collisions

1



2023年6月30日-7月3日天津2023

Outline

Ø引言

Ø重离子碰撞中反应系统的轨道角动量

Ø重离子碰撞中QGP整体极化
Ø实验结果

Ø总结和展望
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相对论重离子碰撞过程的整体极化效应
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高能反应过程的“意外自旋效应”与高能自旋物理

p + p→Λ(↑)+ X

“质子自旋危机”

“超子横向极化”

“单自旋左右不对称”
p(↑)+ p→ π + X夸克模型：

DIS实验：
89年: 𝚺~𝟎 
目前: 𝚺~𝟐𝟎%𝑺𝒑  

夸克自旋之和𝚺 
=质子自旋𝑺𝒑

e.g., FNAL E704, 
        PLB264, 462 (1991)

		p(↑)+ p→ p+ p

“𝒑𝒑 → 𝒑𝒑自旋分析力”

e.g., D. Grab et al., 
        PRL41, 1257 (1978).

A! ≡
N ↑ − N(↓)
N ↑ + N(↓)

e.g. S.A. Gourlay et al., 
       PRL56, 2244 (1986).

P" ≡
σ ↑ − σ(↓)
σ ↑ + σ(↓)

A! ≡ −
N ↑ − N(↓)
N ↑ + N(↓)

𝒆 + 𝒑 → 𝒆 + 𝑿

EMC, PLB 206.364 (1988)

微扰QCD理论预期～0
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高能反应过程的“意外自旋效应”与高能自旋物理

实验与理论严重冲突
对理论研究的挑战！

强相互作用
研究的突破口

高能自旋物理
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高能反应过程的“意外自旋效应”与高能自旋物理

极化实验数据经常是流行理论的坟墓，如果理论家有办法，他们会为了自保

而设法阻止这种测量。……. 

实验与理论严重冲突
对理论研究的挑战！

强相互作用
研究的突破口

高能自旋物理
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Orbital angular momentum should play an important role!

Dirac equation:

Spin-orbit coupling is intrinsic in Quantum Dynamics!
𝒊𝝏𝒕𝝍 = 4𝑯𝝍 4𝑯 = 𝜶 ⋅ 4𝒑 + 𝜷𝒎

4𝑯, ;𝑳 = −𝒊𝜶×4𝒑 ≠ 𝟎 4𝑯, 𝚺 = 𝟐𝒊𝜶×4𝒑 ≠ 𝟎 4𝑯, ;⃗𝑱 = 𝟎 ;⃗𝑱 = ;𝑳 +
𝚺
𝟐

4𝑴 =
𝟏
𝟐
𝒒𝒓×4𝒗 =

𝟏
𝟐
𝒒𝒓×𝜶

𝝍 4𝑴 𝝍 =
𝒒
𝟐
I𝒅𝟑𝒓 (𝝋%𝒓×𝝈𝜼 + 𝜼%𝒓×𝝈𝝋 ) =

𝒒
𝟐(𝑬 +𝒎)

I𝒅𝟑𝒓𝝋% ;𝑳 + 𝝈 𝝋

4𝒗 = 𝜶 4𝒗 =
𝒅𝒓
𝒅𝒕 =

𝟏
𝒊 [𝒓,

4𝑯]

𝝍 =
𝝋
𝜼

4𝑯 = 𝜶 ⋅ 4𝒑 + 𝜷𝒎+ 𝑽(𝒓) 4𝑯𝒆𝒇𝒇𝝋 = 𝑬𝝋

4𝑯𝒆𝒇𝒇 = 𝒎+
4𝒑𝟐

𝑬 +𝒎− 𝑽
+ 𝑽 +

𝒅𝑽
𝒓𝒅𝒓

𝝈 S ;𝑳
(𝑬 +𝒎− 𝑽)𝟐

+⋯ ≈ 𝒎+
4𝒑𝟐

𝟐𝒎
+ 𝑽 +

𝟏
𝟒𝒎𝟐

𝒅𝑽
𝒓𝒅𝒓

𝝈 S ;𝑳

If we have an external potential 𝑽(𝒓):

Even for a free Dirac particle:

The magnetic moment:
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Orbital angular momentum should play an important role!

Orbit angular momentum is non-zero even if the quark is in the ground state.

𝒋 = 𝒍 ± 𝟏
𝟐
, 𝒍 − 𝒍* = ∓𝟏, and 𝝅 = −𝟏 𝒍

The stationary state is taken as the eigenstate of ("𝑯, %⃗𝑱𝟐, %𝑱𝒛, (𝝅) , where (𝝅 is parity:

𝝍𝑬𝒏𝒋𝒎𝝅 𝒓, 𝜽,𝝓, 𝑺 =
𝒇𝒏𝒍(𝒓)𝛀𝒋𝒎𝒍 (𝜽,𝝓)

−𝟏 (𝒍2𝒍#3𝟏)/𝟐𝒈𝒏𝒍#(𝒓)𝛀𝒋𝒎
𝒍# (𝜽,𝝓)

𝛀𝒋𝒎𝒍 (𝜽, 𝝓) is the eigenstate of (%⃗𝑱𝟐, %𝑳𝟐, %𝑱𝒛):  

𝛀𝒋𝒎𝒍 𝜽,𝝋 =
𝒋 +𝒎
𝟐𝒋 𝒀

𝒍 𝒎2𝟏𝟐
𝜽,𝝋 𝝃

𝟏
𝟐 +

𝒋 −𝒎
𝟐𝒋 𝒀

𝒍 𝒎3𝟏𝟐
𝜽,𝝋 𝝃 −

𝟏
𝟐

𝛀𝒋𝒎𝒍 𝜽,𝝋 = −
𝒋 −𝒎+ 𝟏
𝟐𝒋 + 𝟐

𝒀
𝒍 𝒎2𝟏𝟐

𝜽,𝝋 𝝃
𝟏
𝟐

+
𝒋 +𝒎+ 𝟏
𝟐𝒋 + 𝟐

𝒀
𝒍 𝒎3𝟏𝟐

𝜽,𝝋 𝝃 −
𝟏
𝟐

𝒋 = 𝒍 +
𝟏
𝟐

𝒋 = 𝒍 −
𝟏
𝟐

4𝑯𝝍 = 𝑬𝝍 4𝑯 = 𝜶 ⋅ 4𝒑 + 𝜷𝒎+ 𝑽(𝒓)
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Orbital angular momentum should play an important role!

𝝍𝟎 ≡ 𝝍𝑬𝟎
𝟏
𝟐𝒎$

(𝒓, 𝜽, 𝝋, 𝑺) =
𝒇𝟎𝟎(𝒓)𝛀𝟏

𝟐𝒎
𝟎 (𝜽, 𝝋)

−𝒈𝟎𝟏(𝒓)𝛀𝟏
𝟐𝒎
𝟏 (𝜽, 𝝋)

Ground state： 𝑬 = 𝑬𝟎, 𝒋 =
𝟏
𝟐 , 𝝅 = +𝟏 𝒍 = 𝟎 ,𝒎 = ± 𝟏

𝟐

𝝍𝟎
2𝑴 𝝍𝟎 = 𝝁𝝃$(𝒎)𝝈𝝃(𝒎) 𝝁 = −

𝟐
𝟑
𝒆:𝒅𝒓𝒓𝟑𝒇𝟎𝟎(𝒓)𝒈𝟎𝟏(𝒓)

𝛀𝟏
𝟐𝒎
𝟏 𝜽,𝝋 =

𝟑 + 𝟐𝒎
𝟔

𝒀
𝟏,𝒎$𝟏𝟐

𝜽,𝝋 𝝃 −
𝟏
𝟐
−

𝟑 − 𝟐𝒎
𝟔

𝒀
𝟏,𝒎)𝟏𝟐

𝜽,𝝋 𝝃
𝟏
𝟐

𝛀𝟏
𝟐𝒎
𝟎 𝜽,𝝋 = 𝒀𝟎𝟎 𝜽,𝝋 𝝃 𝒎 =

𝟏
𝟒𝝅

𝝃 𝒎

The magnetic moment

The average value of the orbital angular momentum

𝝍𝟎
A𝑳𝟐 𝝍𝟎 = 𝟐:𝒅𝒓𝒓𝟐𝒈𝟎𝟏𝟐 𝒓 𝝍𝟎

A𝑳𝒛 𝝍𝟎 =
𝟓𝒎
𝟑
:𝒅𝒓𝒓𝟐𝒈𝟎𝟏𝟐 𝒓

ZTL and Meng Ta-chung（孟大中）, Z. Phys. A344, 177 (1992).
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Global Orbital Angular Momentum (OAM) 

yb


Huge orbital angular momentum of the colliding system.
the reaction plane:  can be determined experimentally ! 

normal of the reaction plane
impact parameter || bp

bpn
in

in
re 




´
´

=

−𝑳𝒚 in unit of 105

b/RA

ZTL & Xin-Nian Wang, PRL 94, 102301 (2005)

It may provide a good place to study spin-orbit interaction in QCD!
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Gradient in pz-distribution along x-direction

Gradient in pz-distribution along the x-direction

x

zimpact 
parameter b



We use (x, y, z) to denote the space coordinate, Y is rapidity.

运动方向

碰撞参数方向

反应面法线方向
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Gradient in pz-distribution along x-direction

ZTL & X.N. Wang, PRL 94, 102301(2005);
J.H. Gao, S.W. Chen, W.T. Deng, ZTL, Q. Wang, X.N. Wang, PRC 77, 044902 (2008).

Landau fireball model

Parton momentum at given x : 𝒑𝒛 𝒙, 𝒃, 𝒔 = 𝒑𝟎𝑹𝑵(𝒙, 𝒃, 𝒔)

GeVscsp 22.2)(2/0 »=
Au+Au at 200AGeV

p z
(x
,b

) i
n 

un
it 

of
 p
0

GeV/fm68.0/2 0 »ARp

d𝒑
𝒛/
dx

in
 u

ni
t o

f 2
p 0

 /R
A

Au+Au at 200AGeV

𝑹𝑵 𝒙, 𝒃, 𝒔 =
𝒅𝑵𝒑𝒂𝒓𝒕𝑷

𝒅𝒙 −
𝒅𝑵𝒑𝒂𝒓𝒕𝑻

𝒅𝒙
𝒅𝑵𝒑𝒂𝒓𝒕𝑷

𝒅𝒙 +
𝒅𝑵𝒑𝒂𝒓𝒕𝑻

𝒅𝒙
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Local Orbital Angular Momentum (OAM)

xD

x
dx
dp

p z
z D=D

7.1-»DD-=D xpL zy

for b =RA,  Δx = 1fm

impact parameter of 
the two partons 𝒙𝑻 𝒙𝑻 has a preferred direction (𝒃) !

the distribution of 𝒙𝑻 at a given 𝒃 is NOT uniform.
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Question
Can such a local OAM be transferred to the polarization of 
quark or anti-quark through the interactions between the 
partons in a strongly interacting QGP? 

take a                                      collision as an example.		q1 +q2→q1 +q2

		q1
		q2

the distribution of 𝒙𝑻 at a given 𝒃 is NOT uniform.

15
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Quark scattering with fixed reaction plane

Scattering amplitude in momentum space ),(, EqM Ti


ll

spin independent part 

Differential cross section w.r.t. the impact parameter 

spin dependent part

Tx


== åò ×- ),(),(
2
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2

2

2

2

2 EqMEkMekdqd
xd
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ii
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llll
l

l

pp
s

		
+λ dΔσ

d2xT		

dσ unp

d2xT

Quark polarization after the scattering:

a 2-dimensional Fourier transformation 
to impact parameter space 

𝑷𝒒 = 𝚫𝝈 /⟨𝝈𝒖𝒏𝒑⟩
16



2023年6月30日-7月3日天津2023

Quark polarization in HIC

		Δp/T

-
Qu

ar
k p

ol
ar

iza
tio

n 
𝑷
𝒒

T : temperature

J.H. Gao, S.W. Chen, W.T. Deng, ZTL, Q. Wang, X.N. Wang, PRC 77, 044902 (2008)
Calculations using QCD at finite temperature 

Static potential model with “small angle approximation”:

𝑷𝒒 = −
𝝅𝝁𝑫 𝒑

𝟐𝑬(𝑬 +𝒎𝒒)

ZTL & X.N. Wang, PRL 94, 102301(2005)

𝚫𝒑 : momentum difference 
between two partons

𝑨𝟎 𝒒𝑻 =
𝒈

𝒒𝑻𝟐 + 𝝁𝑫𝟐
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A new picture of QGP in non-central AA collisions

fp
p

Tx


ren


Global Polarization Effect (GPE)

The scattered quark acquires a negative 
polarization in the normal direction of 
the reaction plane!

Why global ?
l The direction of the polarization is 

fixed for a given event.
l The magnitude of the polarization is 

the same for quarks and/or anti-quarks 
with different flavors.
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Direct consequences

global polarization of 
quarks & anti-quarks

global polarization 
of hadrons

hadronization
In a non-central AA collision:

Global hyperon polarization 

Vector meson spin alignment

𝑯 → 𝑵+𝑴
𝒅𝑵
𝒅𝛀∗ =

𝑵
𝟒𝝅 𝟏 + 𝜶𝑯𝑷𝑯𝐜𝐨𝐬𝜽∗

𝑽 → 𝑴𝟏 +𝑴𝟐
𝒅𝑵
𝒅𝛀∗ =

𝟑𝑵
𝟒𝝅 𝟏 − 𝝆𝟎𝟎𝑽 ) + (𝟑𝝆𝟎𝟎𝑽 − 𝟏)𝐜𝐨𝐬𝟐𝜽∗

19
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Consequence I: Global hyperon polarization

Quark combination scenario

In the case that 𝑷𝒖 = 𝑷𝒅 = 𝑷𝒔 = 𝑷J𝒖 = 𝑷J𝒅 = 𝑷K𝒔, 

𝑷𝑯 = 𝑷J𝑯 = 𝑷𝒒 for all 𝑯’s and @𝑯Ns (global polarization)

(𝝆𝒒𝟏𝒒𝟐𝒒𝟑 = (𝝆𝒒𝟏⨂(𝝆𝒒𝟐⨂(𝝆𝟑

𝝆𝑯(𝒎,𝒎′) =
∑𝒎𝒊,𝒎𝒊

, 𝝆𝒒𝟏𝒒𝟐𝒒𝟑(𝒎𝒊,𝒎𝒊
, )⟨𝒋𝑯,𝒎*|𝒎𝟏

* ,𝒎𝟐
* ,𝒎𝟑

* ⟩⟨𝒎𝟏,𝒎𝟐,𝒎𝟑|𝒋𝑯,𝒎⟩
∑𝒎,𝒎𝒊,𝒎𝒊

, 𝝆𝒒𝟏𝒒𝟐𝒒𝟑(𝒎𝒊,𝒎𝒊
, )⟨𝒋𝑯,𝒎 |𝒎𝟏

* ,𝒎𝟐
* ,𝒎𝟑

* ⟩⟨𝒎𝟏,𝒎𝟐,𝒎𝟑|𝒋𝑯,𝒎⟩

𝑷𝑯 = 𝝆𝑯
𝟏
𝟐
, 𝟏
𝟐
− 𝝆𝑯 − 𝟏

𝟐
, − 𝟏

𝟐

𝒒𝟏↑ + 𝒒𝟐↑ + 𝒒𝟑↑ → 𝑯

(𝝆𝒒 =
𝟏
𝟐
𝟏 + 𝑷𝒒 𝟎
𝟎 𝟏 − 𝑷𝒒

ZTL & Xin-Nian Wang, PRL 94, 102301 (2005).

dominates at small 
and intermediate 𝒑𝑻
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Consequence I: Global hyperon polarization

Quark fragmentation

In the case that

𝒒↑ → 𝑯+ 𝑿

If we consider only the leading particle, i.e., the hyperon contains the polarized fragmenting 
quark, and assume quarks produced in the fragmentation are unpolarized, we have 

dominates high 𝒑𝑻

ZTL & Xin-Nian Wang, PRL 94, 102301 (2005).

𝑷𝒖 = 𝑷𝒅 = 𝑷𝒔 = 𝑷J𝒖 = 𝑷J𝒅 = 𝑷K𝒔, 𝑷𝑯 = 𝑷J𝑯 =
𝑷𝒒
𝟑
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Consequence II: Vector meson spin alignment

	β ≈0.5

Quark combination scenario
(𝝆𝒒𝟏2𝒒𝟐 = (𝝆𝒒𝟏⨂(𝝆2𝒒𝟐

𝝆𝑽(𝒎,𝒎′) =
∑𝒎𝒊,𝒎𝒊

, 𝝆𝒒𝟏<𝒒𝟐(𝒎𝒊,𝒎𝒊
, )⟨𝒋𝑽,𝒎*|𝒎𝟏

* ,𝒎𝟐
* ⟩⟨𝒎𝟏,𝒎𝟐|𝒋𝑽,𝒎⟩

∑𝒎,𝒎𝒊,𝒎𝒊
, 𝝆𝒒𝟏<𝒒𝟐(𝒎𝒊,𝒎𝒊

, )⟨𝒋𝑽,𝒎 |𝒎𝟏
* ,𝒎𝟐

* ⟩⟨𝒎𝟏,𝒎𝟐|𝒋𝑽,𝒎⟩

𝒒𝟏↑ + @𝒒𝟐↑ → 𝑽

𝝆𝟎𝟎𝑽 =
𝟏 − 𝑷𝒒𝟏𝑷2𝒒𝟐
𝟑 + 𝑷𝒒𝟏𝑷2𝒒𝟐

=
𝟏 − 𝑷𝒒𝟐

𝟑 + 𝑷𝒒𝟐
<
𝟏
𝟑

Quark fragmentation scenario 𝒒𝟏↑ → 𝑽+ 𝑿

𝝆𝟎𝟎
𝑽(𝐟𝐫𝐚𝐠,𝐥𝐞𝐚𝐝𝐢𝐧𝐠) =

𝟏 + 𝜷𝑷𝒒𝟐

𝟑 − 𝜷𝑷𝒒𝟐
>
𝟏
𝟑

ZTL & Xin-Nian Wang, Phys. Lett. B629, 20 (2005).

dominates at small 
and intermediate 𝒑𝑻

dominates at high 𝒑𝑻
Consider only the leading hadron, in analog to (parameterization) 
𝒆P𝒆Q → 𝒁𝟎 → 𝒒 + @𝒒 → 𝑲∗𝟎 + 𝑿

spin  alignment 
自旋排列

22

n𝝆= =
𝝆𝟏𝟏𝑽 𝝆𝟏𝟎𝑽 𝝆𝟏2𝟏𝑽

𝝆𝟎𝟏𝑽 𝝆𝟎𝟎𝑽 𝝆𝟎2𝟏𝑽

𝝆2𝟏𝟏𝑽 𝝆2𝟏𝟎𝑽 𝝆2𝟏2𝟏𝑽



“global quark polarization”
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A brief summary

沿反应面法线方向的巨大轨道角动量

Au+Au at 200AGeV

p z
(x
,b
)

d𝒑
𝒛/
dx

导致

沿碰撞参数方向
部分子动量梯度

自旋—轨道 强子化导致

l超子整体极化
𝑷𝑯 = 𝑷<𝑯 = 𝑷𝒒 = 𝑷<𝒒

l矢量介子整体自旋排列

𝝆𝟎𝟎 =
𝟏 − 𝑷𝒒𝟐

𝟑 + 𝑷𝒒𝟐

(spin alignment)（组合）

ZTL & Xin-Nian Wang, PRL94, 102301(2005); PLB629, 20 (2005).

相互作用导致

−𝑳𝒚 in unit of 105
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迅速得到同行响应
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“In this short note I would like to point out that such a conversion of the orbital 
angular momentum into spin … can be relevant not only for A+A collisions but also 
could lead to important observable effects in hadron-hadron collisions (不仅对核—
核 … 而且 … 强子—强子碰撞)”

提交到arXiv网站仅3天，美国Wayne State大学Sergel A. Voloshin教
授就试图把我们的思想推广到强子—强子碰撞过程，声称可以

解释非极化强子—强子碰撞过程的超子极化

ZTL & X.N. Wang 的文章2004年10月18日提交

Sergei Voloshin于2004年10月21日提交

24



迅速得到同行响应

2023年6月30日-7月3日天津2023

2006年，第18届“夸克物质大会” [ The 18th International Conference on 
Ultra-Relativistic Nucleus-Nucleus Collisions (Quark Matter 2006) ]  
l邀请梁作堂、陈金辉（代表STAR合作组）分别做大会报告，专门报告
“Global polarization”理论和实验测量。

l并在随后的卫星会议“International Workshop On Hadron Physics … ” 
(06年11月21-25日)上，组织了一个专门的session，对相关理论与实验
进行针对性研讨。

24号下午日程，6个报告，

包括：整体极化理论、实

验测量、其它相关实验情

况、未来实验计划等

25



迅速得到同行响应

2023年6月30日-7月3日天津2023

Ø美国哥伦比亚大学M. Gyulassy教授研究组将轨道角动量与

QGP涡旋联系，研究了整体极化与涡旋的关系，并且强调 
“开启了一条新途径 （… opens a new avenue …）”
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迅速得到同行响应

2023年6月30日-7月3日天津2023

Ø德国Gustav Hertz奖得主、海德堡Max-Planck核物理所所

长C. Keitel教授研究组研究了整体极化效应引起的末态

光子极化的情况。
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迅速得到同行响应

2023年6月30日-7月3日天津2023

Ø意大利国家核物理所(INFN) F. Becattini教授研究组研究了把QGP
看作平衡态的相对论理想气体，角动量守恒给出的极化与涡旋

度的关系。
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First measurements by the STAR collaboration

The STAR Collaboration

not observed at 𝒔 = 𝟐𝟎𝟎GeV 
with the statistics available at 
that time!

29
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Results of STAR beam energy scan

The STAR Collaboration, Nature 548, 62-65 (2017).

l At each energy, a polarization is 
observed at 1.1-3.6σ level

l The polarization decreases with  
increasing energy

l Averaged over energy

		PΛ = (1.08±0.15)%

		PΛ = (1.38±0.30)%
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Further measurements by STAR

2023年6月30日-7月3日天津2023

STAR Collaboration, J. Adam et al., PRC 98,014910 (2018), arXiv:1805.04400[nucl-ex]

l centrality dependence
l pseudo-rapidity dependence
l transverse momentum 

dependence

Systematical studies at 𝒔 = 𝟐𝟎𝟎GeV

high precision 
measurement
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Further measurements by STAR

2023年6月30日-7月3日天津2023

STAR Collaboration, J. Adam et al., Phys. Rev. Lett. 126, 162301 (2021)

Other hyperons (𝚵,𝛀)
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Further measurements by STAR

2023年6月30日-7月3日天津2023

STAR Collaboration, M.S. Abdallah et al., 
PRC 104, L061901 (2021)

K. Okubo for the STAR Collaboration, 
arXiv:2108.10012 [nucl-ex]

Beam energy scan (BES) II

𝒔 = 𝟑GeV 𝒔 = 𝟕. 𝟐GeV

iTPC升级前后效果对比

升级iTPC, EPD

更好的粒子分辨
山大、科大、

上海应物所（复旦）

更好的平面确定，科大、清华
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Further measurements by other experiments

2023年6月30日-7月3日天津2023

ALICE Collaboration, S. Acharya et al.,  PRC 101, 044611 (2020) 

ALICE Collaboration at LHC
Pb+Pb, 𝐬 =2.76, 5.02TeV
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Further measurements by other experiments

2023年6月30日-7月3日天津2023

Frederic Kornas for the HADES Collaboration, talk given at SQM 2021 

HADES at GSI

Ag+Ag, 𝐬 =2.55GeV 

Au+Au, 𝐬 = 2.4GeV

Global polarization of 𝚲 hyperon has been observed at different 
energies and decreases monotonically with increasing energy. 

35

HADES collaboration, R. Abou Yassine et al., PLB 835, 137506 (2022)



Spin polarization in a vortical fluid

2023年6月30日-7月3日天津2023

OAM vorticity spin-vortical 
interaction

spin-orbit 
interactionConsider QGP as a fluid：

B. Betz, M. Gyulassy, G. Torrieri, PRC 76, 044901 (2007):  OAM → vorticity

F. Becattini, V. Chandra, L. Del Zanna, E. Grossi, Ann. Phys. 338, 32 (2013); 
F. Becattini, I. Karpenko, M. Lisa, I. Upsal, and S. Voloshin, PRC 95, 054902 (2017)

𝑷~𝝎/𝑻

W.T. Deng and X.G. Huang, PRC 93, 064907 (2016): vorticity using HIJING Monte-Carlo generator
L.G. Pang, H. Petersen, Q. Wang, X.N. Wang, PRL 117, 192301 (2016): in (3+1)D hydrodynamic model

QGP: the most vortical fluid in nature observed yet

𝝎~𝟏𝟎𝟐𝟐𝐬2𝟏

Figure taken from ZTL, M. Lisa, X.N. Wang, NPN 30, 2 (2020).

F. Becattini, F. Piccinini, Ann. Phys. 323, 2452 (2008);
F. Becattini, F. Piccinini, J. Rizzo, PRC 77, 024906 (2008);

𝑺𝝁 𝒑 = −
𝟏
𝟖𝒎𝝐𝝁𝝂𝝆𝝈𝒑𝝂

∫ 𝒅𝚺𝝀𝒑𝝀𝝕𝝆𝝈𝒏𝑭(𝟏 − 𝒏𝑭)
∫ 𝒅𝚺𝝀𝒑𝝀𝒏𝑭

⊕ STAR data

𝝕𝝁𝝂 ≡
𝟏
𝟐
𝝏𝝂𝜷𝝁 − 𝝏𝝁𝜷𝝂

𝜷 = 𝒖/𝑻

Thermal vorticity:

local equilibrium

equilibrium, ideal spinning gas
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Global vorticity and fit to the Global 𝚲 Polarization

2023年6月30日-7月3日天津2023

AMPT transport model 
-- Li,  Pang, Wang, Xia, PRC96, 054908(2017)
-- Wei, Deng, Huang, PRC99, 014905(2019)

UrQMD + vHLLE hydro
-- Karpenko, Becattini, EPJC 77, 213 (2017)

PICR hydro 
-- Xie, Wang, Csernai, PRC 95, 031901 (2017)

Chiral Kinetic Equation + Collisions
-- Sun, Ko, PRC96, 024906 (2017)
-- Liu, Sun, Ko, PRL125, 062301 (2020)

AVE+3FD
-- Ivanov, 2006.14328

Other works ……
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QCD Spin Transport in Relativistic Quantum Kinetic Theory

Wαβ (x, p) =
d 4 y
(2π )4∫ e− ipy S ψ β (x +

y
2
)U (x + y

2
,x − y

2
)ψα (x −

y
2
) S

坐标  动量 自旋⊕ 基于维格纳函数(Wigner function)的
量子动理学理论(quantum kinetic theory)

Wigner function

Wigner equation

⊕

l | ⟩𝑺 =QGP: spin transport in QGP
l | ⟩𝑺 = Nucleon: spin structure in nucleon ……
l | ⟩𝑺 = EM systems: spin effects in atomic physics …….

very useful/powerful !

very challenging! 32 coupled equations!γ µ (Π
µ + i !

2
∇µ )−m

⎡

⎣
⎢

⎤

⎦
⎥W (x, p) = 0

相对论量子动理学
Relativistic Quantum Kinetic Theory

平均场近似
PRL (2005)

核介质环境中pQCD
PRC (2008)

U. Heinz (1983), H. Elze, M. Gyulassey (1986); D. Vasak, M. Gyulassy and H.  Elze (1987);
Pengfei Zhuang, …………; Jian-hua Gao, ZTL, Qun Wang, Xin-Nian Wang, …..

单次碰撞 多粒子体系中自旋输运
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QCD Spin Transport in Relativistic Quantum Kinetic Theory 

e.g., Gao, ZTL, PRD 100, 056001 (2019) to the first order of ℏ

Semi-classical expansion in terms of ℏ𝒏

QCD “spintronics” ?

𝒋𝟓
𝝁 = 𝝈𝑩𝝁ℏ𝝏𝝁𝒋𝟓

𝝁 = −𝟐𝒎𝒋𝟓 + ℏ𝟐𝑪𝑬 ⋅ 𝑩

𝑴𝝁 = ℏ𝜿𝑩𝝁 − ℏ𝝆𝝎𝝁/𝒎

𝛁𝒕𝑨 = −
ℏ

𝟐𝒎𝑬𝒑
𝑩 + 𝑬×𝒗 𝒗 < 𝛁 + 𝑬𝒑𝛁𝒙 < 𝛁𝒑 𝑭
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A new direction in QCD Physics

2023年6月30日-7月3日天津2023

These studies bring those on spin 
and those on nuclear effects 
together and forms a new direction 
in QCD physics.
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自旋物理同行的关注

2023年6月30日-7月3日天津2023

The first plenary talk at this symposium series.
They also invited me to join the ISPC starting 2022.

(ISPC)

41



自旋物理同行的关注

2023年6月30日-7月3日天津2023

SPIN2023年首次把重离子碰撞
自旋极化理论与实验分别列

为大会报告，并列为单独的

parallel session.

SPIN2023

42



Vector meson spin alignment —— experiments

2023年6月30日-7月3日天津2023

STAR Collab., M.S. Abdallah et al., 
Nature 614, 244 (2023).  

The STAR Collaboration

中国STAR组，来自复旦大学、

中国科学院近代物理研究所等

单位多位学者是主要作者

43

陈金辉、梁作堂、马余刚、王群,
《科学通报》perspective栏目的点评

王新年, NST, View-Point栏目的点评

确认矢量介子整体极化自旋排列



Vector meson spin alignment —— theory

2023年6月30日-7月3日天津2023

Quark combination scenario

In the case that 𝑷𝒖 = 𝑷𝒅 = 𝑷𝒔 = 𝑷J𝒖 = 𝑷J𝒅 = 𝑷K𝒔, 

(𝝆𝒒𝟏𝒒𝟐𝒒𝟑 = (𝝆𝒒𝟏⨂(𝝆𝒒𝟐⨂(𝝆𝟑

𝒒𝟏↑ + 𝒒𝟐↑ + 𝒒𝟑↑ → 𝑯

ZTL & Xin-Nian Wang, PLB 629, 20 (2005).
Quark combination scenario

P𝝆𝒒𝟏J𝒒𝟐 = P𝝆𝒒𝟏⨂P𝝆J𝒒𝟐

𝒒𝟏↑ + @𝒒𝟐↑ → 𝑽

𝝆𝟎𝟎𝑽 =
𝟏 − 𝑷𝒒𝟏𝑷2𝒒𝟐
𝟑 + 𝑷𝒒𝟏𝑷2𝒒𝟐

=
𝟏 − 𝑷𝒒𝟐

𝟑 + 𝑷𝒒𝟐

ZTL & Xin-Nian Wang, PRL 94, 102301 (2005).

𝑷𝑯 = 𝑷J𝑯 = 𝑷𝒒 for all 𝑯’s and @𝑯Ns

(𝝆𝒒 =
𝟏
𝟐
𝟏 + 𝑷𝒒 𝟎
𝟎 𝟏 − 𝑷𝒒

Experiments show: 𝝆𝟎𝟎𝑽 − 𝟏
𝟑
≫ 𝑷𝚲𝟐 ~ 𝑷𝐪𝟐
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Vector meson spin alignment —— analysis

2023年6月30日-7月3日天津2023

One has to take fluctuations into account, i.e.,: 𝑷𝒒𝑷z𝒒 ≠ 𝑷𝒒 𝑷z𝒒

𝝆𝟎𝟎𝑽 =
𝟏 − 𝑷𝒒𝑷<𝒒
𝟑 + 𝑷𝒒𝑷<𝒒

For  𝒒𝟏↑ + @𝒒𝟐↑ → 𝑽

𝑷𝑯 = 𝒄𝟏𝑷𝒒𝟏 + 𝒄𝟐𝑷𝒒𝟐 + 𝒄𝟑𝑷𝒒𝟑 𝑯
𝑺

= 𝒄𝟏 𝑷𝒒𝟏 𝑯
+ 𝒄𝟐 𝑷𝒒𝟐 𝑯

+ 𝒄𝟑 𝑷𝒒𝟑 𝑯 𝑺

= 𝒄𝟏 𝑷𝒒𝟏 𝑯 𝑺
+ 𝒄𝟐 𝑷𝒒𝟐 𝑯 𝑺

+ 𝒄𝟑 𝑷𝒒𝟑 𝑯 𝑺
= 𝑷𝒒

For 𝒒𝟏↑ + 𝒒𝟐↑ + 𝒒𝟑↑ → 𝑯

𝑷𝒒𝑷@𝒒 = 𝑷𝒒𝑷@𝒒 𝑽 𝑺
average inside the vector meson 𝑽
average over the whole system 𝑺

the average is two folded, i.e., 
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Vector meson spin alignment —— analysis

2023年6月30日-7月3日天津2023

(1) local correlation:

Experiments indicate that 𝑷𝒒𝑷<𝒒 ≠ 𝑷𝒒 𝑷<𝒒 , and there are two possibilities:

𝑷𝒒𝑷<𝒒 𝑽
= 𝑷𝒒 𝑽

𝑷<𝒒 𝑽
(2) long range correlation: 

46

study 𝚲 − @𝚲 or  𝚲 − 𝚲 spin correlations!

𝑪𝑵𝑵 ≡
𝑵𝚲J𝚲
↑↑ + 𝑵𝚲J𝚲

↓↓ −𝑵𝚲J𝚲
↑↓ −𝑵𝚲J𝚲

↓↑

𝑵𝚲J𝚲
↑↑ + 𝑵𝚲J𝚲

↓↓ +𝑵𝚲J𝚲
↑↓ +𝑵𝚲J𝚲

↓↑

𝑷𝒒 𝑽
𝑷<𝒒 𝑽 𝑺

≠ 𝑷𝒒 𝑽 𝑺
𝑷<𝒒 𝑽 𝑺

𝑷𝒒𝑷<𝒒 𝑽
≠ 𝑷𝒒 𝑽

𝑷<𝒒 𝑽

under way

One has to take fluctuations into account, i.e.,: 𝑷𝒒𝑷z𝒒 ≠ 𝑷𝒒 𝑷z𝒒



Vector meson spin alignment —— model

2023年6月30日-7月3日天津2023

[1] Yang-guang Yang, Ren-hong Fang, Qun Wang, and Xin-Nian Wang, “Quark coalescence model for 
polarized vector mesons and baryons”, PRC 97, 034917 (2018).

[2] Xin-Li Sheng, Lucia Oliva, and Qun Wang, “What can we learn from global spin alignment of phi meson 
in heavy-ion collisions?” PRD 101, 096005 (2020). 

[3] Xin-Li Sheng, Qun Wang and Xin-Nian Wang, “Improved quark coalescence model for spin alignment 
and polarization of hadrons”, PRD 102, 056013 (2020).

[4] Xin-Li Sheng, Lucia Oliva, Zuo-tang Liang, Qun Wang and Xin-Nian Wang, “Spin alignment of vector 
mesons in heavy-ion collisions”, e-Print: 2205.15689 [hep-ph]. 

[5] Xin-Li Sheng, Lucia Oliva, Zuo-tang Liang, Qun Wang and Xin-Nian Wang, “Relativistic spin dynamics 
for vector mesons”, e-Print: 2206.05868 [hep-ph].

strong indication of phi-meson filed                 strong local correlation

47

initial state

pre-equilibrium

QGP and
hydrodynamic expansion

hadronization

hadronic phase
and freeze-out

不同阶段强相互作用有不同的表现形式
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Summary and Outlook

l 重离子碰撞过程的整体极化效应(Global polarization effect, GPE)是
QCD自旋轨道耦合导致的一个新的物理效应，2004年在理论上提
出，2017年被实验证实。

Thank you for your attention!

Ø研究QGP性质与QCD相变特性的新途径
Ø研究QCD自旋轨道相互作用重要场所

l GPE的发现开辟了

催生了高能核物理的一个新方向——重离子碰撞自旋物理
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Vector meson spin alignment —— experiments

2023年6月30日-7月3日天津2023

ALICE Collab., S. Acharya et al., 
PRL 125, 012301 (2020).

STAR Collab., M.S. Abdallah et al., 
Nature 614, 244 (2023).  

The STAR CollaborationThe ALICE Collaboration

中国STAR组中复旦、近物所等多位学者
是主要作者
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Description of polarization of particles with different spins

Spin 1/2 hadrons: 

Spin 1 hadrons: 
The spin density matrix is 3x3:

 

ρ =
ρ11 ρ10 ρ1−1
ρ01 ρ00 ρ0−1
ρ−11 ρ−10 ρ−1−1

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
= 1
3
(1 + 3

2
!
S ⋅
!
Σ + 3T ijΣ ij )

Vector polarization: Sµ = (0,
!
ST ,λ )

Tensor 
polarization:

SLT
µ = (0,SLT

x ,SLT
y ,0),SLL ,

8

The spin density matrix is 2x2:
Vector polarization:  S

µ = (0,
!
ST ,λ )

 

ρ =
ρ++ ρ+−

ρ−+ ρ−−

⎛

⎝
⎜

⎞

⎠
⎟ = 1

2
(1 +
!
S ⋅
!
σ )

See e.g. A. Bacchetta, & P.J. Mulders, PRD62, 114004 (2000).

transverse plane

independent  
components
.

3
5

  

STT
µν =

0 0 0 0
0 STT

xx STT
xy 0

0 STT
xy −STT

xx 0
0 0 0 0

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
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Description of polarization of particles with spin one

The pure state: 
The polarization vector 𝜺

𝜺 𝒙 ≡
𝟏
𝟐

𝝀 = −𝟏 − |𝝀 = 𝟏⟩ 𝜺 𝒚 ≡
𝒊
𝟐

𝝀 = −𝟏 + |𝝀 = 𝟏⟩

𝜺 𝒛 ≡ |𝝀 = 𝟎⟩

The basis:

The general form of a pure state: 𝜺 = 𝜺𝒙 𝜺 𝒙 + 𝜺𝒚 𝜺 𝒚 + 𝜺𝒛 𝜺 𝒛

𝜺 = (𝜺𝒙, 𝜺𝒚, 𝜺𝒛 )The polarization vector is defined as:
𝑺 = 𝑺 = 𝑺𝑻, 𝝀The spin polarization vector is defined as:

𝑺 = 𝑺 = 𝟎, 𝟎, ±𝟏 𝜺(±) =
𝟏
𝟐
(∓𝟏,−𝒊, 𝟎)

53

𝑺 = 𝐈𝐦(𝜺∗×𝜺)

in the rest frame of V

There is a relationship between the spin polarization 
vector  𝑺 and the polarization vector 𝜺 for a pure state:

𝑺 = 𝟎 for any pure state with a real 𝜺

𝑺 = 𝑺 = 𝟎, 𝟎, 𝟎 𝜺(𝟎) = (𝟎, 𝟎, 𝟏)
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Description of polarization of photon

54

Circular polarization of photon:

in the helicity state 𝝆𝜸𝒄𝒊𝒓𝒄 =
𝟏
𝟐

𝟏 + 𝑷𝒄𝒊𝒓𝒄 𝟎 𝟎
𝟎 𝟎 𝟎
𝟎 𝟎 𝟏 − 𝑷𝒄𝒊𝒓𝒄

Linear polarization of photon:

in state 𝜺 𝒙 or |𝜺 𝒚 ⟩

𝝆𝜸
𝒍𝒊𝒏(𝒙) =

𝟏
𝟐

𝟏 𝟎 −𝑷𝒍𝒊𝒏
𝟎 𝟎 𝟎

−𝑷𝒍𝒊𝒏 𝟎 𝟏

linearly polarized along OX or OY

𝝆𝜸𝒍𝒊𝒏 =
𝟏
𝟐

𝟏 𝟎 −𝑷𝒍𝒊𝒏𝒆2𝟐𝒊𝜸
𝟎 𝟎 𝟎

−𝑷𝒍𝒊𝒏𝒆𝟐𝒊𝜸 𝟎 𝟏

𝝆𝜸
𝒍𝒊𝒏(𝒚) =

𝟏
𝟐

𝟏 𝟎 𝑷𝒍𝒊𝒏
𝟎 𝟎 𝟎
𝑷𝒍𝒊𝒏 𝟎 𝟏

at an angle 𝜸 to OX
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