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第二届强子物理新发展研讨会暨强子物理在线论坛100期特别活动

梁作堂

山东大学

2024年7月1-4日，中国科大

高能重离子碰撞中整体极化与自旋关联
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Outline

Ø引言：

Ø重离子碰撞中QGP整体极化

Ø QGP夸克自旋关联

Ø总结和展望
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l为什么QCD自旋物理？
l为什么QCD自旋轨道耦合？

交叉合作很重要，自旋物理很有趣
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QCD强相互作用物理

微扰部分

量子色动力学
 (QCD) 非微扰部分

弱电统一理论 已被实验充分检验
（1979、2004诺贝尔奖）

尚未解决的重大难题强

强相互作用
物理

l pQCD高精度计算
l强相互作用物质形态

l强子结构

l强子产生机制

是当代
粒子物理

核物理

共同的
前沿之一

电

弱

标准模型
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QCD强相互作用物理：强相互作用物质形态

电磁 气体

液体

固体

晶体

超导体

超流体

等离子体

电磁波

………

强

原子分子物理
凝聚态物理
光学
等离子体物理
声学
无线电物理

材料科学
电子科学
化学

束缚态

特殊
条件下

色超导体？

(color super conductor)

色玻璃体？

(CGC: color glass condensate)

夸克胶子等离子体？

(QGP: quark gluon plasma)
………

原子核 (nuclei)
核子/强子 (nucleon/hadron)

粒⼦物理与原⼦核物理



夸克模型

62024年7月1日合肥

QCD强相互作用物理：强子结构

强子质量谱

高速运动的核子的内部结构——夸克部分子模型

奇特强子态

强子多重态

重子反常磁矩

量子场论的基本性质: 真空涨落与激发 (vacuum excitation)
(Lamb位移 —— QED)

（静态性质）

● QCD理论发展与应用 ● 高能反应的初始条件  

价夸克 价夸克+海夸克+胶子
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QCD强相互作用物理：两个重要的研究方向

7

Spin dependence Nuclear dependence

Two important directions of QCD physics

QCD spin physics

Sensitive observables?

High energy nuclear physics
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Why QCD spin physics?

“Proton spin crisis”质子自旋危机

“Transverse polarization of hyperon in 𝒑𝒑 → 𝚲𝑿”

“Single spin left-right asymmetry (SSA)”
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)

“Spin analyzing power in 𝒑𝒑 → 𝒑𝒑”

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

𝑨𝑵 ≡
𝑵 ↑ − 𝑵(↓)
𝑵 ↑ + 𝑵(↓)

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

𝑷𝜦 ≡
𝝈 ↑ − 𝝈(↓)
𝝈 ↑ + 𝝈(↓)

𝑨𝑵 ≡ −
𝑵 ↑ − 𝑵(↓)
𝑵 ↑ + 𝑵(↓)

𝒆 + 𝒑 → 𝒆 + 𝑿

EMC, PLB 206.364 (1988)

Predictions of pQCD～ 0
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Striking spin effects have been observed in high energy reactions since 1970s

𝒑 ↑ + 𝒑 → 𝝅+ 𝑿

𝒑 + 𝒑 ↑ → 𝒑 + 𝒑

𝒑 + 𝒑 → 𝚲(↑) + 𝑿
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Why QCD spin physics?

“极化数据经常是流行理论的坟墓，如果理论家有办法，他们可能会

为了自保而一起设法阻止这种测量。……” 
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那时理论家在面对这些数据时感到有些窘迫

SLAC理论中心前主任
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Why QCD spin physics?

10

实验与理论
严重冲突

QCD
自旋物理

QCD理论
研究的突破口

l 核子自旋结构
  （强子结构）
l 碎裂函数自旋依赖
   （强子产生）
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强相互作用物质新形态：夸克胶子等离子体(QGP)

Q G P

compressing

matter

atom

nucleus
强相互作用
夸克禁闭
在核子内部

heating

夸克胶子等离子体
Quark-Gluon Plasma (QGP)

通常条件下物质形态 T.D. Lee, G.C. Wick, PRD 9, 2291 (1974).
J.C. Collins, M.J. Perry, PRL 34, 1353 (1975).

nucleon boundary irrelevant



122024年7月1日合肥

强相互作用物质新形态：夸克胶子等离子体(QGP)

宇宙的形成
“大爆炸”

QGP ——强相互作用物质“新形态”

10-6Sec, T~100MeV~1013K

重离子碰撞
“小爆炸”

Heavy Ion Collision (HIC)
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强相互作用物质新形态：夸克胶子等离子体(QGP)

世界上第一台重离子对撞机：高能核物理

      Au+Au, 130AGeV

高能核物理（High Energy Nuclear Physics）

Proposal: 1984；First Run: 2000 
Discovery of QGP: 2004

世界上第一台极化pp对撞机：QCD自旋物理
     p(polarized)+p(polarized), 200~500GeV

RHIC上一个反应事例
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Why Quark Orbital Angular Momentum (OAM)?

14

部分子模型：

夸克模型：
Quark model

quark OAM was used to be neglected

qf

used to be non-relativistic

Parton model 
used to be one-dimensional
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Quark OAM should play an important role

Dirac equation:

Spin-orbit coupling is intrinsic in Relativistic Quantum Systems
𝒊𝝏𝒕𝝍 = %𝑯𝝍 %𝑯 = 𝜶 ⋅ %𝒑 + 𝜷𝒎

!𝑯, $𝑳 = −𝒊𝜶×!𝒑 ≠ 𝟎 !𝑯, 𝚺 = 𝟐𝒊𝜶×!𝒑 ≠ 𝟎 !𝑯, $⃗𝑱 = 𝟎 $⃗𝑱 = $𝑳 +
𝚺
𝟐

𝝍 =
𝝋
𝜼

!𝑯 = 𝜶 ⋅ !𝒑 + 𝜷𝒎+ 𝑽(𝒓)

!𝑯𝐞𝐟𝐟𝝋 = 𝑬𝝋 !𝑯𝐞𝐟𝐟 ≈ 𝒎+
!𝒑𝟐

𝟐𝒎
+ 𝑽 +

𝟏
𝟒𝒎𝟐

𝒅𝑽
𝒓𝒅𝒓

𝝈 A $𝑳 + ⋯

With an external potential 𝑽(𝒓):

Even for a free Dirac particle:

15

OAM is non-zero even if the quark is in the ground state：

𝝍𝟎 ≡ 𝝍𝑬𝟎
𝟏
𝟐𝒎-

(𝒓, 𝜽, 𝝋, 𝑺) =
𝒇𝟎𝟎(𝒓)𝛀𝟏

𝟐𝒎
𝟎 (𝜽, 𝝋)

−𝒈𝟎𝟏(𝒓)𝛀𝟏
𝟐𝒎
𝟏 (𝜽, 𝝋)

𝝍𝟎
0𝑳𝟐 𝝍𝟎 = 𝟐3𝒅𝒓𝒓𝟐𝒈𝟎𝟏𝟐 𝒓

𝝍𝟎
0𝑳𝒛 𝝍𝟎 =

𝟓𝒎
𝟑
3𝒅𝒓𝒓𝟐𝒈𝟎𝟏𝟐 𝒓
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Quark OAM should play an important role!

16

quark OAM and 
spin-orbit coupling in QCD

The underline physics:

Spin-orbit interaction seems to be essential in QCD Spin physics

定量研究非常困难，进展缓慢 ………

systematic studies in 1990s 
intuitively

e.g., 
D. W. Sivers, PRD 41, 83 (1990); 
C. Boros, ZTL, Meng Ta-chung, PRL 70, 1751 (1993);
C. Boros, ZTL, PRL79, 3608 (1997); 
S. Brodsky, D. Hwang, I. Schmidt, PLB 530, 99 (2002).

Reviews, e.g., 
S.B.  Nurushev, Inter. J. Mod. Phys. A12, 3433 (1997);
G. P. Ramsey, Prog. Part. Nucl. Phys. 39,599(1997); 
C. Boros, ZTL, Inter. J. Mod. Phys. A15, 927 (2000);
U. D’Alesio, F. Murgia, Prog. Part. Nucl. Phys. 61, 394 (2008).
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l为什么QCD自旋物理？
l为什么QCD自旋轨道耦合？
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重离子碰撞: unique place to study spin-orbit interaction in QCD

yb


Huge OAM of the colliding system in non-central HIC
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)

A unique place to study spin-orbit interaction in QCD!
18

Spin physics HIC physics
交叉合作
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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

19
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Gradient in pz and local OAM of produced partons

xD

x
dx
dp

p z
z D=D

7.1-»DD-=D xpL zy

for b =RA,  Δx = 1fm

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

20
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Question
Can such a local OAM be transferred to the polarization of 
quark or antiquark through interactions between them 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.

21



average over the preferred      directions Tx


2024年7月1日合肥

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
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Quark polarization after the scattering:

a 2-dimensional Fourier transformation 
to impact parameter space 

𝑷𝒒 = 𝚫𝝈 /⟨𝝈𝒖𝒏𝒑⟩
22
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Global 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)
perturbative 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

23



“global polarization”
2024年7月1日合肥

A new picture of QGP in non-central AA collisions

fp
p

Tx


ren


Due to QCD spin-orbit interaction, the 
scattered quark acquires a polarization 
in the direction opposite to the normal 
of the reaction plane!

Why global ?
l The direction is fixed for a given event
l The magnitude is the same for different 

flavors of quarks and antiquarks

24

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

global polarization of 
quarks & antiquarks

global polarization of 
hadrons

hadronization

In a non-central AA collision:

Global hyperon polarization 

Global 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∗

25

A

𝒑𝟏∗

𝒑𝟐∗

𝜽∗𝑷
1

2

QGP hadronization 

combination
recombination  
coalescence

组合/重组/融合

𝑨 → 𝟏 + 𝟐

强子化

弱衰变，宇称破坏

𝒒𝟏 + :𝒒𝟐 → 𝑴

:𝒒𝟏 + :𝒒𝟐 + :𝒒𝟑 → :𝑩
𝒒𝟏 + 𝒒𝟐 + 𝒒𝟑 → 𝑩
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Consequence I: Global hyperon polarization

Quark combination

In the case that 𝑷𝒖 = 𝑷𝒅 = 𝑷𝒔 = 𝑷=𝒖 = 𝑷=𝒅 = 𝑷>𝒔, 

𝑷𝑯 = 𝑷=𝑯 = 𝑷𝒒 for all 𝑯’s and >𝑯As (global polarization)

<𝝆(𝒒𝟏𝒒𝟐𝒒𝟑) = <𝝆(𝒒𝟏)⨂<𝝆(𝒒𝟐)⨂<𝝆(𝒒𝟑)

𝝆𝒎𝒎'
𝑯 = ⟨𝒋𝑯𝒎. -𝝆 𝒒𝟏𝒒𝟐𝒒𝟑 𝒋𝑯𝒎⟩ = /

𝒎𝒊,𝒎𝒊
,
𝝆𝒎𝒊𝒎𝒊

,
(𝒒𝟏𝒒𝟐𝒒𝟑)⟨𝒋𝑯𝒎.|𝒎𝒊

.⟩⟨𝒎𝒊|𝒋𝑯𝒎⟩

𝑷𝑯 = 𝝆11𝑯 − 𝝆22𝑯

𝒒𝟏↑ + 𝒒𝟐↑ + 𝒒𝟑↑ → 𝑯

<𝝆(𝒒) =
𝟏
𝟐
𝟏 + 𝑷𝒒 𝟎
𝟎 𝟏 − 𝑷𝒒

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

dominates at small 
and intermediate 𝒑𝑻

26

𝒎𝒊 ≡ |𝒋𝟏𝒎𝟏, 𝒋𝟐𝒎𝟐, 𝒋𝟑𝒎𝟑⟩
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Consequence II: Global vector meson spin alignment

Quark combination 𝒒𝟏↑ + >𝒒𝟐↑ → 𝑽

𝝆𝟎𝟎𝑽 =
𝟏 − 𝑷𝒒𝟏𝑷3𝒒𝟐
𝟑 + 𝑷𝒒𝟏𝑷3𝒒𝟐

=
𝟏 − 𝑷𝒒𝟐

𝟑 + 𝑷𝒒𝟐
<
𝟏
𝟑

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

dominates at small 
and intermediate 𝒑𝑻

spin  alignment 
自旋排列

27

𝝆𝒎𝒎'
𝑽 = ⟨𝒋𝑽𝒎. -𝝆 𝒒𝟏3𝒒𝟐 𝒋𝑽𝒎⟩ = /

𝒎𝒊,𝒎𝒊
,
𝝆𝒎𝒊𝒎𝒊

,
(𝒒𝟏3𝒒𝟐)⟨𝒋𝑽𝒎.|𝒎𝒊

.⟩⟨𝒎𝒊|𝒋𝑽𝒎⟩

<𝝆(𝒒𝟏3𝒒𝟐) = <𝝆(𝒒𝟏)⨂<𝝆(3𝒒𝟐)

A𝜌𝑽 =
𝝆𝟏𝟏 𝝆𝟏𝟎 𝝆𝟏2𝟏
𝝆𝟎𝟏 𝝆𝟎𝟎 𝝆𝟎2𝟏
𝝆2𝟏𝟏 𝝆2𝟏𝟎 𝝆2𝟏2𝟏
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A brief summary of the idea and results

沿反应面法线方向的巨大轨道角动量

Au+Au at 200AGeV

p z
(
x,
b)

d 𝒑
𝒛/
dx

导致

沿碰撞参数方向
部分子动量梯度

QCD自旋—轨道 强子化导致

l超子整体极化

𝑷𝑯 = 𝑷3𝑯 = 𝑷𝒒 = 𝑷3𝒒

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

28

反应面

Globally polarized quark gluon plasma (QGP) in relativistic heavy ion collisions



迅速得到同行响应

2024年7月1日合肥

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)

Ø 提交到arXiv网站仅3天，美国Wayne State大学Sergei Voloshin教授
就试图把我们的思想推广到强子—强子碰撞过程，并声称可以
可能解释非极化强子—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 2004年10月21日提交

29



迅速得到同行响应
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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 “开启了研究重离子碰撞的一条新途径 （… opens a 
new avenue to investigate heavy ion collisions …）”

30

首次讨论
“vorticity”



迅速得到同行响应

2024年7月1日合肥

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。

31

测量“光子极化”



迅速得到同行响应
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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。

32

引入
“平衡态”
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2006年，第18届“夸克物质大会” [ The 18th International Conference on 
Ultra-Relativistic Nucleus-Nucleus Collisions (Quark Matter 2006) ]  

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

33

l邀请了梁作堂做大会报告 (plenary talks)，专门报告“Global polarization”
整体极化理论工作。

l并在随后的卫星会议“International Workshop On Hadron Physics at  … ” 
(2006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。
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First measurements by the STAR Collaboration at 200GeV

The STAR Collaboration

However, NOT observed at
𝒔 = 𝟐𝟎𝟎GeV within the 

statistics available at that time!

34

一盆冷水!

𝚲超子整体极化

矢量介子整体自旋排列
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Results of STAR beam energy scan (BES I)

The STAR Collaboration, Nature 548, 62 (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 %,  𝑷=𝚲 = 𝟏. 𝟑𝟖 ± 𝟎. 𝟑𝟎 %

35

封面文章



也得到媒体关注（举例）   
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也得到媒体关注（举例）   
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Intensive measurements by STAR at RHIC

2024年7月1日合肥

STAR Collaboration, J. Adam et al., Phys. Rev. C 98,014910 (2018)

l centrality dependence
l pseudo-rapidity dependence
l transverse momentum 

dependence

Systematical studies at 𝒔 = 𝟐𝟎𝟎GeV

high precision 
measurement

38



Intensive measurements by STAR at RHIC
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STAR Collaboration, J. Adam et al., Phys. Rev. Lett. 126, 162301 (2021)

Other hyperons (𝚵,𝛀)

39



Intensive measurements by STAR at RHIC
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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

iTPC and EPD upgrades

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）

40



Further measurements by other experiments
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ALICE Collaboration, S. Acharya et al.,  Phys. Rev. C 101, 044611 (2020) 

41

Collaboration
at LHC

Pb+Pb, 𝐬 =2.76, 5.02TeV



Further measurements by other experiments
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HADES at GSI

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

42

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

Ag+Ag, 𝐬 =2.55GeV 

Au+Au, 𝐬 = 2.4GeV



理论：Spin polarization in a vortical fluid

2024年7月1日合肥

OAM vorticity spin-vortical 
interaction

spin-orbit 
interactionConsider QGP as a fluid：

B. Betz, M. Gyulassy, G. Torrieri, PRC 76, 044901 (2007)

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 MC 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
𝟖𝒎

𝝐𝝁𝝂𝝆𝝈𝒑𝝂
∫ 𝒅𝚺𝝀𝒑𝝀𝝕𝝆𝝈𝒏𝑭(𝟏 − 𝒏𝑭)

∫ 𝒅𝚺𝝀𝒑𝝀𝒏𝑭

⊕ STAR data

𝝕𝝁𝝂 ≡
𝟏
𝟐
𝝏𝝂𝜷𝝁 − 𝝏𝝁𝜷𝝂

𝜷 = 𝒖/𝑻

Thermal vorticity:

local equilibrium

equilibrium,  ideal spinning gas

43

OAM → vorticity



理论：Global vorticity and fit to the Global 𝚲 Polarization
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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 ……

44

ppt from Huang Xu-guang, plenary talk at QM2019 
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理论：QCD Spin Transport in Relativistic Quantum Kinetic Theory

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!

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

45

𝑾𝜶𝜷 𝒙, 𝒑 = L
𝒅𝟒𝒚
𝟐𝝅 𝟒 𝒆

2𝒊𝒑𝒚⟨𝑺|O𝝍𝜷 𝒙 +
𝒚
𝟐

Q𝑼 𝒙 +
𝒚
𝟐
, 𝒙 −

𝒚
𝟐

𝝍𝜶 𝒙 −
𝒚
𝟐
|𝑺⟩

𝜸𝝁 𝚷𝝁 + 𝒊
ℏ
𝟐
𝛁𝝁 −𝒎 𝑾 𝒙, 𝒑 = 𝟎
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理论：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 C 𝛁 + 𝑬𝒑𝛁𝒙 C 𝛁𝒑 𝑭

46

“More is different.”



A new direction in QCD Spin Physics
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这些研究将自旋物理与高能
核物理结合，形成了QCD物
理研究新方向

47

l 国际上所有相关高能核物理实验   
(RHIC、LHC、HADES、NICA、HIAF)

l 世界各地理论家（中国、美国、
欧洲、日本、印度等）

ZTL & X.N. Wang
PLB 629, 20 (2005)
HEP iNSPIRE Citations=227

ZTL & X.N. Wang,
PRL 94, 102301(2005)
HEP iNSPIRE Citations=516



482024年7月1日合肥

综述：Lecture Notes in Physics, Vol. 987



综述：《物理学报》专辑

2024年7月1日合肥

客座编辑：梁作堂，王群，马余刚 1篇观点与展望，9篇综述，4篇研究论文
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自旋极化已成为国际夸克物质大会（高能核物理）常规专题之一 
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两个大会报告
(plenary talk)

大会报告+parallel session 

The	30th	International	Conference	on	Ultrarelativistic Nucleus-Nucleus	Collisions

CHAIR-PERSONS
Rene	Bellwied
Frank	Geurts
Ralf	Rapp
Claudia	Ratti

ORGANIZING	COMMITTEE
Kenneth	Barish
Manuel	Calderon	de	La	Barca Sanchez	
Daniel	Cebra
Veronica	Dexheimer
Rainer	Fries	
Carl	Gagliardi
Vickie	Greene	
Huan Huang	
Che-Ming	Ko
Volker	Koch	
Wei	Li	
Christina	Markert
Saskia	Mioduszewski
Michael	Murray	
Christine	Nattrass
Dennis	Perepelitsa
Lanny	Ray	
Richard	Seto
Ernst	Sichtermann
Ron	Soltz
Michael	Strickland
Daniel	Tapia	Takaki
Anthony	Timmins
Ivan	Vitev

INTERNATIONAL	ADVISORY	COMMITTEE
Yasuyuki Akiba (JP)
Federico	Antinori (IT)
Roberta	Arnaldi (IT)
Elke	Aschenauer (US)
Alejandro	Ayala	(MX)
Anju	Bhasin (IN)
Szabolcs Borsanyi (DE)
Peter	Braun-Munzinger (DE)
Helen	Caines (US)
Magdalena	Djordjevic (RS)
Kari	Eskola (FI)
Elena	Ferreiro (ES)
Wojciech Florkowski (PL)
Kenji	Fukushima	(JP)
Tetyana Galatyuk (DE)
Haiyan	Gao	(US)
Pol-Bernard	Gossiaux (FR)
Frederique	Grassi (BR)
Vincenzo	Greco	(IT)

John	Harris	(US)
Ulrich	Heinz	(US)
Norbert	Herrmann	(DE)
Boris	Hippolyte (FR)
Barbara	Jacak (US)
Sangyong Jeon	(CA)
Jiangyong Jia (US)
Yen-Jie Lee	(US)
Marco	van	Leeuwen (NL)
Peter	Levai (HU)
Maria	Paola	Lombardo	(IT)
Giulia	Manca (IT)
Silvia	Masciocchi (DE)
Bedangadas Mohanty (IN)
Berndt	Mueller	(US)
Azwinndini Muronga (SA)
Jamie	Nagle	(US)
Jacquelyn	Noronha-Hostler	(US)
Mateusz	Ploskon (US)

Krishna	Rajagopal (US)
Dirk	Rischke (DE)
Gunther	Roland	(US)
Raimond Snellings	(NL)
Johanna	Stachel (DE)
Jun	Takahashi	(BR)
Laura	Tolos (ES)
Raju	Venugopalan (US)
Xin-Nian Wang	(US)
Urs Wiedemann (CERN)
Nu	Xu	(US)
In-Kwon	Yoo (SK)
William	Zajc (US)
Pengfei Zhuang	(CN)

SCIENTIFIC	TOPICS
Chirality,	Vorticity,	Spin	Polarization
Collective	Dynamics
Critical	Point	Searches
EIC	Physics
Electroweak	Probes
Exotica	and	Light	Nuclei	Production
Future	Facilities/Detectors
Hadron	Production
Heavy	Flavors

Initial	State	and	Approach	to	Equilibrium
Jets,	High-pT Hadrons,	Medium	Response
Light	and	Strange	Flavors
New	Theoretical	Developments
Nuclear	Astrophysics
QCD	at	Finite	Temperature/Density
QGP	in	Small	Systems
Ultra-Peripheral	Collisions



也得到国际自旋物理大会同行（粒子物理主导）的关注 
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第26届，2025年，适逢自旋发现100周年，将在青岛召开，山东大学承办！

首次 邀请 重离子碰撞自旋物理 大会报告(plenary talk)
第24届，2021年10月18-22日，日本（线上线下结合）

第25届， 2023年9月24-29日，美国，杜克大学

两个大会报告（实验、理论）+ 独立的parallel session

Welcome to Qingdao in 2025! 



国际自旋物理委员会
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International Spin Physics Committee (ISPC)
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国际自旋物理会议

53

区域性国际自旋物理会议

泛太平洋地区
Circum-Pan-Pacific Symposium on 
High Energy Spin Physics (PacSpin)

1996 Kobe
1999 Wako
2001 Beijing (3届)
2003 Washington
2005 Tokyo
2007 Vacouver
2009 Yamagata
2011 Cairns
2013 Jinan (9届)
2015 Taipei (10届)
2019 Miyazaki (11届)
2024 Hefei (12届)

欧洲

Dubna workshop
XIXth Workshop on 
High Energy Spin 
Physics (DSPIN2023)

Spin workshop
DIS spin

实验技术

2024 JLab

Welcome to hefei in November! 
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Outline

Ø引言：

Ø重离子碰撞中QGP整体极化

Ø QGP夸克自旋关联 —— 新进展

Ø总结和展望

54

l为什么QCD自旋物理？
l为什么QCD自旋轨道耦合？



Global vector meson spin alignment —— experiments
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M.S. Abdallah et al., Nature 614, 244 (2023)  
The STAR Collaboration

55

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

又一次在《Nature》发表！
中国STAR组，来自复旦、中科院近物
所等单位多位学者是主要作者

●确认矢量介子整体自旋排列

●但是 𝝆𝟎𝟎𝑽 − 𝟏
𝟑
≫ 𝑷𝚲𝟐 ~ 𝑃𝒒G



Global vector meson spin alignment —— analysis
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Global hyperon polarization: 𝒒𝟏↑ + 𝒒𝟐↑ + 𝒒𝟑↑ → 𝑯
ZTL & Xin-Nian Wang, PRL 94, 102301 (2005).

𝑷𝑯 = 𝑷$𝑯 = 𝑷𝒒

ZTL & Xin-Nian Wang, PLB 629, 20 (2005).
Global vector meson spin alignment: 𝒒𝟏↑ + >𝒒𝟐↑ → 𝑽

𝝆𝟎𝟎𝑽 =
𝟏 − 𝑷𝒒𝟏𝑷3𝒒𝟐
𝟑 + 𝑷𝒒𝟏𝑷3𝒒𝟐

~
𝟏 − 𝑷𝒒𝟐

𝟑 + 𝑷𝒒𝟐
∼
𝟏
𝟑
𝟏 −

𝟒
𝟑
𝑷𝒒𝟐

STAR experiments:

How can we understand it?  What does it tell us?

𝑷𝚲 ~ 𝑷𝒒

𝝆𝟎𝟎 −
𝟏
𝟑
≫ 𝑷𝚲𝟐

<𝝆(𝒒𝟏𝒒𝟐𝒒𝟑) = <𝝆(𝒒𝟏)⨂<𝝆(𝒒𝟐)⨂<𝝆(𝒒𝟑)

<𝝆(𝒒) =
𝟏
𝟐
𝟏 + 𝑷𝒒 𝟎
𝟎 𝟏 − 𝑷𝒒

<𝝆(𝒒𝟏3𝒒𝟐) = <𝝆(𝒒𝟏)⨂<𝝆(3𝒒𝟐)



2024年7月1日合肥

Global vector meson spin alignment —— calculations in 2005

57

① 𝑷𝒒 was taken as a constant, no fluctuation, no correlations 
② no other degree of freedom (d.o.f.)

It was for the very simplified case: 

<𝝆(𝒒𝟏𝒒𝟐𝒒𝟑) = <𝝆(𝒒𝟏)⨂<𝝆(𝒒𝟐)⨂<𝝆(𝒒𝟑)

<𝝆(𝒒) =
𝟏
𝟐
𝟏 + 𝑷𝒒 𝟎
𝟎 𝟏 − 𝑷𝒒

𝝆𝒎𝒎.𝑯 = ⟨𝒋𝑯𝒎. <𝝆(𝒒𝟏𝒒𝟐𝒒𝟑) 𝒋𝑯𝒎⟩ = ∑𝒎𝒊𝒎𝒊
, ⟨𝒋𝑯𝒎.|𝒎𝒊

.⟩⟨𝒎𝒊|𝒋𝑯𝒎⟩⟨𝒎𝒊
.|<𝝆(𝒒𝟏𝒒𝟐𝒒𝟑)|𝒎𝒊⟩

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

<𝝆(𝒒𝟏3𝒒𝟐) = <𝝆(𝒒𝟏)⨂<𝝆(3𝒒𝟐)

𝝆𝒎𝒎.𝑽 = ⟨𝒋𝑽𝒎. <𝝆(𝒒𝟏3𝒒𝟐) 𝒋𝑽𝒎⟩ = ∑𝒎𝒊𝒎𝒊
, ⟨𝒋𝑽𝒎.|𝒎𝒊

.⟩⟨𝒎𝒊|𝒋𝑽𝒎⟩⟨𝒎𝒊
.|<𝝆(𝒒𝟏3𝒒𝟐)|𝒎𝒊⟩

Hyperon: 𝒒𝟏↑ + 𝒒𝟐↑ + 𝒒𝟑↑ → 𝑯

Vector meson: 𝒒𝟏↑ + :𝒒𝟐↑ → 𝑽

For quark:



Global vector meson spin alignment —— correlations
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Consider fluctuation and/or other d.o.f. , at least,    

𝝆𝟎𝟎𝑽 =
𝟏 − 𝑷𝒒𝑷3𝒒
𝟑 + 𝑷𝒒𝑷3𝒒

≠
𝟏 − 𝑷𝒒⟩⟨𝑷3𝒒
𝟑 + 𝑷𝒒⟩⟨𝑷3𝒒

for  𝒒𝟏↑ + >𝒒𝟐↑ → 𝑽

𝑷𝑯 = 𝒄𝟏𝑷𝒒𝟏 + 𝒄𝟐𝑷𝒒𝟐 + 𝒄𝟑𝑷𝒒𝟑 𝑯
𝑺

= 𝒄𝟏⟨𝑷𝒒𝟏⟩ + 𝒄𝟐 𝑷𝒒𝟐 + 𝒄𝟑⟨𝑷𝒒𝟑⟩ = 𝑷𝒒

for 𝒒𝟏↑ + 𝒒𝟐↑ + 𝒒𝟑↑ → 𝑯

58

A window to study quark spin correlation in QGP  

By studying 𝑷𝑯, we study the average of quark polarization 𝑷𝒒;
by studying 𝝆𝟎𝟎𝑽 , we study the correlation between 𝑷𝒒 and 𝑷=𝒒 .

STAR Data indicate:  𝑷𝒒𝑷2𝒒 ≠ 𝑷𝒒 𝑷2𝒒 simply means correlation! 

𝑷𝒒𝑷=𝒒 = 𝑷𝒒𝑷=𝒒 𝑽 𝑺

inside the meson 𝑽
over the system 𝑺

two folded average 



Local correlation or long range correlation
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Correlations: 𝑷𝒒𝑷=𝒒 ≠ 𝑷𝒒 𝑷=𝒒

59

(1) local correlation:

(2) long range correlation: 

𝑷𝒒 𝑽
𝑷3𝒒 𝑽 𝑺

≠ 𝑷𝒒 𝑽 𝑺
𝑷3𝒒 𝑽 𝑺

𝑷𝒒𝑷3𝒒 𝑽
≠ 𝑷𝒒 𝑽

𝑷3𝒒 𝑽

3𝝆(𝒒) =
𝟏
𝟐

𝟏 + 𝑷𝒒𝒛 𝑷𝒒𝒚 − 𝒊𝑷𝒒𝒚
𝑷𝒒𝒙 + 𝒊𝑷𝒒𝒙 𝟏 − 𝑷𝒒𝒛Off-diagonal elements ?

~ 1 fm

a systematic study Ji-peng Lv, Zi-han Yu, ZTL, Qun Wang, and 
Xin-Nian Wang, PRD 109, 114003 (2024)

𝑷𝒒𝑷=𝒒 = 𝑷𝒒𝑷=𝒒 𝑽 𝑺

inside the meson 𝑽
over the system 𝑺

two folded average 

𝑷𝒒𝒙 = 𝑷𝒒𝒚 = 𝟎; 𝑷𝒒𝒙𝟐 ≠ 𝟎, 𝑷𝒒𝒚𝟐 ≠ 𝟎



Description of quark spin correlations —— decomposition
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For single particle, we decompose

<𝝆(𝟏) = 𝟏
𝟐
𝕀 + 𝑷𝟏𝒊<𝝈𝟏𝒊

<𝝆(𝟏𝟐) = 𝟏
𝟐𝟐

𝕀𝟏⊗ 𝕀𝟐 + 𝑷𝟏𝒊<𝝈𝟏𝒊⊗ 𝕀𝟐 + 𝑷𝟐𝒊𝕀𝟏⊗ <𝝈𝟐𝒊 + 𝒕𝒊𝒋
𝟏𝟐 <𝝈𝟏𝒊⊗ <𝝈𝟐𝒋

<𝝆(𝟏𝟐) = <𝝆(𝟏)⊗ <𝝆 𝟐 + 𝟏
𝟐𝟐
𝒄𝒊𝒋
(𝟏𝟐)<𝝈𝟏𝒊⊗ <𝝈𝟐𝒋

For two particle system (12), 

For three particle system (123)

<𝝆(𝟏𝟐𝟑) = <𝝆(𝟏)⊗ <𝝆 𝟐 ⊗ <𝝆 𝟑 + 𝟏
𝟐𝟐

𝒄𝒊𝒋
(𝟏𝟐)<𝝈𝟏𝒊⊗ <𝝈𝟐𝒋⊗ <𝝆 𝟑 + (𝟏 → 𝟐 → 𝟑)

we are used to

we propose

shortage:

𝑷𝟏𝒊 = <𝝈𝟏𝒊 = 𝐓𝐫[<𝝆 𝟏 <𝝈𝟏𝒊]

𝒄𝒊𝒋
(𝟏𝟐) = <𝝈𝟏𝒊<𝝈𝟐𝒋 − <𝝈𝟏𝒊 <𝝈𝟐𝒋 𝒄𝒊𝒋

𝟏𝟐 = 𝟎 if  <𝝆(𝟏𝟐) = <𝝆(𝟏)⊗ <𝝆 𝟐

+ 𝟏
𝟐𝟑
𝒄𝒊𝒋𝒌
(𝟏𝟐𝟑)<𝝈𝟏𝒊⊗ <𝝈𝟐𝒋⊗ <𝝈𝟑𝒌

𝒕𝒊𝒋
𝟏𝟐 = 𝑷𝟏𝒊𝑷𝟐𝒋 ≠ 𝟎 if <𝝆(𝟏𝟐) = <𝝆(𝟏)⊗ <𝝆 𝟐

the complete set (𝕀, Y𝝈𝒊)

the complete set (𝕀𝟏, Y𝝈𝟏𝒊) ⊗ (𝕀𝟐, Y𝝈𝟐𝒊)
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Single particle:  <𝝆 𝟏 (𝜶) = 𝟏
𝟐
𝟏 + 𝑷𝟏𝒊(𝜶)<𝝈𝟏𝒊

Two particle system (12):  <𝝆 𝟏𝟐 (𝜶𝟏, 𝜶𝟐) = <𝝆 𝟏 (𝜶𝟏) ⊗ <𝝆 𝟐 (𝜶𝟐) +
𝟏
𝟐𝟐
𝒄𝒊𝒋
(𝟏𝟐)(𝜶𝟏, 𝜶𝟐)<𝝈𝟏𝒊⊗ <𝝈𝟐𝒋

Suppose A=(12) is in the state |𝜶𝟏𝟐 ⟩,  the 𝜶𝟏𝟐-dependent spin density matrix of (12) is

Y:𝝆 𝟏𝟐 (𝜶𝟏𝟐) = ⟨𝜶𝟏𝟐| <𝝆 𝟏𝟐 𝜶𝟏, 𝜶𝟐 |𝜶𝟏𝟐⟩

= Y:𝝆 𝟏 𝜶𝟏𝟐 ⊗ Y:𝝆 𝟐 𝜶𝟏𝟐 + 𝟏
𝟐𝟐
Z𝒄𝒊𝒋
𝟏𝟐 𝜶𝟏𝟐 <𝝈𝟏𝒊⊗ <𝝈𝟐𝒋

:𝑷𝟏𝒊 𝜶𝟏𝟐 = 𝑷𝟏𝒊(𝜶𝟏)

Z𝒄𝒊𝒋
(𝟏𝟐) 𝜶𝟏𝟐 ≠ 𝒄𝒊𝒋

𝟏𝟐 (𝜶𝟏, 𝜶𝟐)However, the correlation

equals to 𝑷𝟏𝒊 averaged inside A

does not equal to 𝒄𝒊𝒋
(𝟏𝟐) averaged inside A

The polarization

instead

average inside A

Z𝒄𝒊𝒋
(𝟏𝟐) 𝜶𝟏𝟐 = ⟨𝒄𝒊𝒋

(𝟏𝟐) 𝜶𝟏, 𝜶𝟐 ⟩ + Z𝒄𝒊𝒋
(𝟏𝟐;𝟎) 𝜶𝟏𝟐

Z𝒄𝒊𝒋
(𝟏𝟐;𝟎) 𝜶𝟏𝟐 ≡ 𝑷𝟏𝒊 𝜶𝟏 𝑷𝟐𝒋 𝜶𝟐 − 𝑷𝟏𝒊 𝜶𝟏 𝑷𝟏𝒊(𝜶𝟏)

“effective correlation”  =  “genuine correlation”  +  “induced correlation”
the observed the original process due to average over 𝜶𝒊
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If only spin degree of freedom is considered

Y𝝆𝑽 = %ℳY𝝆 𝒒𝟏=𝒒𝟐 %ℳI

𝝆𝒎𝒎'
𝑽 = ⟨𝒋𝒎 Yℳ<𝝆 𝒒𝟏3𝒒𝟐 YℳG 𝒋𝒎′⟩

= ^
𝒎𝟏𝒎𝟐,𝒎.𝟏𝒎.𝟐

⟨𝒋𝒎| Yℳ 𝒎𝟏𝒎𝟐 ⟨𝒎𝟏𝒎𝟐|<𝝆 𝒒𝟏3𝒒𝟐 𝒎.
𝟏𝒎.

𝟐 ⟨𝒎.
𝟏𝒎.

𝟐| YℳG|𝒋𝒎′⟩

𝒋𝒎 Yℳ 𝒎𝟏𝒎𝟐 = ^
𝒋.𝒎.

𝒋𝒎 Yℳ|𝒋.𝒎.⟩⟨𝒋′𝒎′ 𝒎𝟏𝒎𝟐

= 𝑵 ^
𝒎𝟏𝒎𝟐,𝒎.𝟏𝒎.𝟐

⟨𝒋𝒎 𝒎𝟏𝒎𝟐 ⟨𝒎𝟏𝒎𝟐|<𝝆 𝒒𝟏3𝒒𝟐 𝒎.
𝟏𝒎.

𝟐 ⟨𝒎.
𝟏𝒎.

𝟐|𝒋𝒎′⟩

① angular momentum conservation 𝒋 = 𝒋.,𝒎 = 𝒎′
② ⟨𝒋𝒎| Yℳ|𝒋𝒎⟩ is independent of 𝒎

%ℳ: transition matrixFor 𝒒𝟏 + >𝒒𝟐 → 𝑽 , in general

= 𝑵𝒋 𝒋𝒎|𝒎𝟏𝒎𝟐

= 𝒋𝒎 Yℳ|𝒋𝒎⟩⟨𝒋𝒎 𝒎𝟏𝒎𝟐

space rotation invariance demands

similar, if 𝜶 dependence but the wavefunction is factorized, i.e., 𝒋𝒎, 𝜶𝑽 = 𝒋𝒎 𝜶𝑽

since

independent of %ℳ



Spin density matrix for vector meson V
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depends on local spin correlations between 𝒒𝟏 and  >𝒒𝟐

𝝆𝟎𝟎𝑽 (𝜶𝑽) =
𝟏 + 𝒕̅𝒊𝒊

𝒒𝟏3𝒒𝟐 − 𝟐𝒕̅𝒛𝒛
𝒒𝟏3𝒒𝟐

𝟑 + 𝒕̅𝒊𝒊
𝒒𝟏3𝒒𝟐

Sensitive to local spin correlations between 𝒒𝟏 and )𝒒𝟐

The spin alignment

𝐑𝐞 𝝆𝟏𝟎𝑽 =
:𝑷𝒒𝟏𝒙 + :𝑷3𝒒𝟐𝒙 + 𝒕̅𝒛𝒙

𝒒𝟏3𝒒𝟐 + 𝒕̅𝒙𝒛
𝒒𝟏3𝒒𝟐

𝟐 𝟑 + 𝒕̅𝒊𝒊
𝒒𝟏3𝒒𝟐

The off-diagonal element, e.g.

𝒕̅𝒊𝒋
𝒒𝟏3𝒒𝟐 ≡ Z𝒄𝒊𝒋

𝒒𝟏3𝒒𝟐 + :𝑷𝒒𝟏𝒊:𝑷3𝒒𝟐𝒋

Z𝒄𝒊𝒋
𝒒𝟏3𝒒𝟐 = 𝒄𝒊𝒋

(𝒒𝟏3𝒒𝟐) 𝜶𝟏, 𝜶𝟐
𝑽
+ Z𝒄𝒊𝒋

(𝒒𝟏3𝒒𝟐;𝟎) 𝜶𝟏𝟐

Z𝒄𝒊𝒋
(𝟏𝟐;𝟎) 𝜶𝟏𝟐 = 𝑷𝟏𝒊 𝜶𝟏 𝑷𝟐𝒋 𝜶𝟐 𝑽

− 𝑷𝟏𝒊 𝜶𝟏 𝑽 𝑷𝟏𝒊 𝜶𝟏 𝑽



Hyperon polarization & spin correlations
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𝑷𝚲(𝜶𝚲) = :𝑷𝒔𝒛 −
𝟏
:𝑪𝚲

Z𝒄𝒊𝒊𝒛
(𝒖𝒅𝒔) + Z𝒄𝒊𝒛

𝒖𝒔 :𝑷𝒅𝒊 + Z𝒄𝒊𝒛
𝒅𝒔 :𝑷𝒖𝒊

𝚲 polarization

influences from quark spin correlations

Sensitive to the long range spin correlation between 𝒔 and #𝒔.   

:𝑪𝚲 = 𝟏 − 𝒕̅𝒊𝒊
(𝒖𝒅)

𝑪𝒛𝒛𝚲
3𝚲(𝜶𝚲, 𝜶3𝚲) ≈ 𝑷𝚲𝒛(𝜶𝚲)𝑷3𝚲𝒛(𝜶3𝚲) + Z𝒄𝒛𝒛

𝒔L𝒔 −
:𝑷𝒔𝒛
:𝑪𝚲

Z𝒄𝒊𝒛
𝒅L𝒔 :𝑷𝒖𝒊 + Z𝒄𝒊𝒛

𝒖L𝒔 :𝑷𝒅𝒊 −
:𝑷L𝒔𝒛
:𝑪3𝚲

Z𝒄𝒛𝒊
𝒔3𝒅 :𝑷3𝒖𝒊 + Z𝒄𝒛𝒊

𝒔3𝒖 :𝑷3𝒅𝒊

𝚲>𝚲 spin correlation

① only quark-antiquark two spin correlations 
② only spin d.o.f. or the wavefunction is factorized
③ no overlap between the wavefunction of 𝚲 and that of >𝚲

in the case 

Ji-peng Lv, Zi-han Yu, ZTL, Qun Wang, and Xin-Nian Wang, PRD 109, 114003 (2024)

Z𝒄𝒛𝒛
𝒔L𝒔 = 𝒄𝒛𝒛

𝒔L𝒔

𝚲3𝚲
only long range, no induced contributions 



Numerical estimations?
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In principle, we can extract quark polarizations 𝑷𝒒 and spin correlations 𝒄𝒊𝒋
𝒒𝟏=𝒒𝟐 from 

data available, and make predictions for other measurements. 
A very rough estimation is made by keeping only leading terms,

𝑷𝚲 ∼ 𝑷𝒔𝒛 𝝆𝟎𝟎
𝝓 ∼

𝟏 − Z𝒄𝒛𝒛
𝒔L𝒔 (𝝓) − 𝑷𝒔𝒛𝟐

𝟑 + Z𝒄𝒛𝒛
𝒔L𝒔 (𝝓) + 𝑷𝒔𝒛𝟐

𝒄𝒛𝒛𝚲
3𝚲 ∼ Z𝒄𝒛𝒛

𝒔L𝒔 (𝚲:𝚲) + 𝑷𝒔𝒛𝟐
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Polarization of particles with different spins
Spin 1/2: 

Spin 1: 

The spin density matrix (3x3):

Vector polarization:

Tensor polarization:
8

The spin density matrix (2x2):
Vector polarization:

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

3
5

Spin 3/2: 

The spin density matrix (4x4):

Vector polarization:

15

3

5

E𝝆 = 𝟏
𝟐
(𝟏 + 𝑺 ⋅ 𝝈)

𝑺𝑻𝑻
𝒊𝒋 =

𝑺𝑻𝑻𝒙𝒙 𝑺𝑻𝑻
𝒙𝒚

𝑺𝑻𝑻
𝒙𝒚 −𝑺𝑻𝑻𝒙𝒙

𝑺𝑳𝑳 , 𝑺𝑳𝑻𝒊 = (𝑺𝑳𝑻𝒙 , 𝑺𝑳𝑻
𝒚 ) ,

E𝝆 = 𝟏
𝟒
𝟏 + 𝟒

𝟓
𝑺𝒊𝚺𝒊 + 𝟐

𝟑
𝑻𝒊𝒋𝚺𝒊𝒋 + 𝟖

𝟗
𝑹𝒊𝒋𝒌𝚺𝒊𝒋𝒌

Rank 2 
Tensor polarization: 𝑺𝑻𝑻

𝒊𝒋 =
𝑺𝑻𝑻𝒙𝒙 𝑺𝑻𝑻

𝒙𝒚

𝑺𝑻𝑻
𝒙𝒚 −𝑺𝑻𝑻𝒙𝒙

𝑺𝑳𝑳 , 𝑺𝑳𝑻𝒊 = (𝑺𝑳𝑻𝒙 , 𝑺𝑳𝑻
𝒚 ) ,

Rank 3 
Tensor polarization:

𝑺𝑳𝑻𝑻
𝒊𝒋 =

𝑺𝑳𝑻𝑻𝒙𝒙 𝑺𝑳𝑻𝑻
𝒙𝒚

𝑺𝑳𝑻𝑻
𝒙𝒚 −𝑺𝑳𝑻𝑻𝒙𝒙 , 

𝑺𝑳𝑳𝑳 , 𝑺𝑳𝑳𝑻𝒊 = (𝑺𝑳𝑳𝑻𝒙 , 𝑺𝑳𝑳𝑻
𝒚 ) ,

𝑺𝑻𝑻𝑻
𝒊𝒋𝒙 =

𝑺𝑻𝑻𝑻𝒙𝒙𝒙 𝑺𝑻𝑻𝑻
𝒚𝒙𝒙

𝑺𝑻𝑻𝑻
𝒚𝒙𝒙 −𝑺𝑻𝑻𝑻𝒙𝒙𝒙

See e.g. Jing Zhao, Zhe Zhang, ZTL, Tianbo Liu, Ya-jin Zhou, PRD106, 094006 (2022)

7

𝑺𝝁 = (𝟎, 𝑺𝑻, 𝑺𝑳)

𝑺𝝁 = (𝟎, 𝑺𝑻, 𝑺𝑳)

𝑺𝝁 = (𝟎, 𝑺𝑻, 𝑺𝑳)

E𝝆 = 𝟏
𝟑
𝟏 + 𝟑

𝟐
𝑺𝒊𝚺𝒊 + 𝟑𝑻𝒊𝒋𝚺𝒊𝒋

independent  
components

independent  
components
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quark polarization

local spin correlations of two quarks

local spin correlations of three quarks

Zhe Zhang, Ji-Peng Lv, Zi-han Yu, and ZTL,  eprint: 2406.03840 [hep-ph]

𝑺𝑳𝑳 =
𝟏
O𝑪𝟑

𝟑𝒕̅𝒛𝒛
(𝒒𝟏𝒒𝟐) − 𝒕̅𝒊𝒊

(𝒒𝟏𝒒𝟐) + 𝟏 ↔ 𝟐 ↔ 𝟑 ⟶
𝟑
O𝑪𝟑

𝟑𝒕̅𝒛𝒛
(𝒒𝒒) − 𝒕̅𝒊𝒊

(𝒒𝒒)

𝑺𝑳 =
𝟏
𝟐O𝑪𝟑

𝟓/
𝒋O𝟏

𝟑

O𝑷𝒒𝒋𝒛 + 𝒕̅𝒛𝒊𝒊
{𝒒𝟏𝒒𝟐𝒒𝟑} ⟶

𝟏
𝟐O𝑪𝟑

𝟓𝑷𝒒𝒛 + 𝒕̅𝒛𝒊𝒊
(𝒒𝒒𝒒)

𝑺𝑳𝑳𝑳 =
𝟗

𝟏𝟎O𝑪𝟑
𝟓𝒕̅𝒛𝒛𝒛

(𝒒𝟏𝒒𝟐𝒒𝟑) − 𝟑𝒕̅𝒛𝒊𝒊
{𝒒𝟏𝒒𝟐𝒒𝟑} ⟶

𝟗
𝟏𝟎O𝑪𝟑

𝟓𝒕̅𝒛𝒛𝒛
(𝒒𝒒𝒒) − 𝟑𝒕̅𝒛𝒊𝒊

(𝒒𝒒𝒒)

Sensitive to the local two or three quark spin correlations

O𝑪𝟑 = 𝐓𝐫-𝝆 = 𝟑 + 𝒕̅𝒊𝒊
(𝒒𝟏𝒒𝟐) + 𝟏 ↔ 𝟐 ↔ 𝟑 ⟶ 𝟑 𝟏 + 𝒕̅𝒊𝒊

(𝒒𝒒)

𝒕̅𝒊𝒋𝒌
(𝒒𝟏𝒒𝟐𝒒𝟑) ≡ c𝒄𝒊𝒋𝒌

(𝒒𝟏𝒒𝟐𝒒𝟑) + c𝒄𝒊𝒋
𝒒𝟏𝒒𝟐 O𝑷𝒒𝟑𝒌 + c𝒄𝒋𝒌

𝒒𝟐𝒒𝟑 O𝑷𝒒𝟏𝒊 + +c𝒄𝒌𝒊
𝒒𝟑𝒒𝟏 O𝑷𝒒𝟐𝒋 + O𝑷𝒒𝟏𝒊O𝑷𝒒𝟐𝒋O𝑷𝒒𝟑𝒌

𝒕̅𝒊𝒋
𝒒𝟏3𝒒𝟐 ≡ Z𝒄𝒊𝒋

𝒒𝟏3𝒒𝟐 + :𝑷𝒒𝟏𝒊:𝑷3𝒒𝟐𝒋𝒕̅𝒊𝒋𝒌
{𝒒𝟏𝒒𝟐𝒒𝟑} ≡ 𝒕̅𝒊𝒋𝒌

(𝒒𝟏𝒒𝟐𝒒𝟑) + 𝒕̅𝒊𝒋𝒌
(𝒒𝟐𝒒𝟑𝒒𝟏) + 𝒕̅𝒊𝒋𝒌

(𝒒𝟑𝒒𝟏𝒒𝟐)



Measurements of spin-3/2 baryons
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For the strong decay 𝑩 → 𝑩𝟏 +𝑴 such as 𝚫 → 𝑵𝝅

𝑾 𝜽𝑵 ∼ 𝟏 + 𝟏
𝟐𝑺𝑳𝑳 𝟏 − 𝟑 cos

S 𝜃T

A

𝒑𝟏∗

𝒑𝟐∗

𝜽∗𝑷𝑨
1

2

𝑨 → 𝟏 + 𝟐

For strong decay 𝑩 → 𝑩𝟏 +𝑴𝟏, followed by the weak decay 𝑩𝟏 → 𝑩𝟐 +𝑴𝟐, 
such as 𝚺∗ → 𝚲𝝅,  and 𝚲 → 𝒑𝝅L

𝑾 𝜽𝚲, 𝜽𝒑 ∼ 𝟏 + 𝟐
𝟓
𝜶𝚲𝑺𝑳 cos 𝜽𝚲 cos 𝜽𝒑

− 𝟏
𝟒
𝜶𝚲𝑺𝑳𝑳𝑳 𝟑 cos 𝜽𝚲 + 𝟓 cos 𝟑𝜽𝚲 cos 𝜽𝒑

− 𝟏
𝟒𝑺𝑳𝑳 𝟏 + 𝟑 cos 𝟐𝜽𝚲

𝑾 𝜽𝑵 , 𝝓𝑵 ∼ 𝟐 + 𝑺𝑳𝑳 𝟏 − 𝟑 cosS 𝜃T
−(𝑺𝑳𝑻𝑻𝒙𝒙 cos 2𝜙 + 𝑺𝑳𝑻𝑻

𝒙𝒚 sin 2𝜙) sinS 𝜃−(𝑺𝑳𝑻𝒙 cos𝝓 + 𝑺𝑳𝑻
𝒚 sin𝝓) sin 𝟐𝜽

For weak decay 𝑩 → 𝑩𝟏 +𝑴𝟏, followed by the weak decay 𝑩𝟏 → 𝑩𝟐 +𝑴𝟐, 
such as 𝛀L → 𝚲𝑲L,  and 𝚲 → 𝒑𝝅L

𝑾 𝜽𝚲, 𝜽𝒑 ∼ (𝟏 + 𝜶𝛀𝜶𝚲cos𝜽𝒑) 𝟏 − 𝟏
𝟒𝑺𝑳𝑳 𝟏 + 𝟑 cos 𝟐𝜽𝚲

+ 𝟐
𝟓
𝑺𝑳 cos 𝜽𝚲 −

𝟏
𝟒
𝑺𝑳𝑳𝑳 𝟑 cos 𝜽𝚲 + 𝟓 cos 𝟑𝜽𝚲 (𝜶𝛀 + 𝜶𝚲cos 𝜽𝒑)

See e.g. the appendix in: Zhe Zhang, Ji-Peng Lv, Zi-han Yu, and ZTL., eprint: 2406.03840 [hep-ph]
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Systematic studies of quark spin correlations in QGP!
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l 自旋轨道耦合在QCD自旋物理中起到至关重要的作用。重离子碰撞过程的
整体极化效应(GPE)是QCD自旋轨道耦合导致的一个新的物理效应，2004年
理论提出，已被大量实验证实（超子整体极化：STAR 2017年Nature 548封面文章；

矢量介子整体自旋排列：STAR 2023年Nature 614, 244）。

Thank you for your attention!

Ø QGP性质与QCD相变特性研究的新途径
Ø QCD自旋轨道相互作用研究的重要场所

l GPE的发现开辟了

催生了QGP自旋物理与QCD自旋输运研究新方向。


