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Introduction: Global 𝜦 polarization in HIC has been observed
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Nature 548, 62-65 (2017)  
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Introduction: Global vector meson spin alignment in HIC
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STAR, M.S. Abdallah et al., Nature 614, 244 (2023).  

l Why the vector meson spin alignment so interesting?
l What can we learn?
l How about it in other high energy reactions? 



“global quark polarization”
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Prediction of globally polarized QGP

Huge orbital 
angular momentum

leads to

QCD 
spin-orbital 
interaction hadronization

ZTL & Xin-Nian Wang, PRL 94, 102301(2005); PLB 629, 20 (2005)

−𝑳𝒚 in unit of 105
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reaction plane

Global: the direction is fixed; the magnitude is approximately the same. 

lGlobal hyperon polarization
𝑷𝑯 = 𝑷"𝑯 = 𝑷𝒒 = 𝑷"𝒒

lGlobal vector spin alignment

𝝆𝟎𝟎𝑽 =
𝟏 − 𝑷𝒒𝟐

𝟑 + 𝑷𝒒𝟐

𝝆𝟎𝟎𝑽 − 𝟏/𝟑~𝑷𝒒𝟐
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Great efforts of our experimental colleagues
STAR, L. Adamczyk et al., 
Nature 548, 62 (2017).
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STAR, J. Adam et al., 
PRL 126, 162301 (2021)

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

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

𝝆𝟎𝟎𝑽 − 𝟏
𝟑
≫ 𝑷𝚲𝟐 ~ 𝑷𝐪𝟐

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

Aihong Tang, plenary talk
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Global hyperon polarization

Quark combination scenario

(𝝆𝒒𝟏𝒒𝟐𝒒𝟑 = (𝝆𝒒𝟏⨂(𝝆𝒒𝟐⨂(𝝆𝒒𝟑

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⟩

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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𝝆𝑯(𝒎,𝒎′) = ⟨𝒋𝑯,𝒎, *𝝆𝒒𝟏𝒒𝟐𝒒𝟑 𝒋𝑯,𝒎⟩

= ,
𝒎𝒊,𝒎𝒊

,
𝝆𝒒𝟏𝒒𝟐𝒒𝟑(𝒎𝒊,𝒎𝒊

, )⟨𝒋𝑯,𝒎,|𝒎𝟏
, ,𝒎𝟐

, ,𝒎𝟑
, ⟩⟨𝒎𝟏,𝒎𝟐,𝒎𝟑|𝒋𝑯,𝒎⟩

after normalization

Clebsch-Gordon coefficients
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Global hyperon polarization

Quark combination scenario

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

𝑷𝑯 = 𝑷+𝑯 = 𝑷𝒒 for all 𝑯’s and (𝑯/s (global polarization)

𝑷𝑯 = 𝝆𝑯
𝟏
𝟐
, 𝟏
𝟐
− 𝝆𝑯 − 𝟏

𝟐
, − 𝟏

𝟐

𝒒𝟏↑ + 𝒒𝟐↑ + 𝒒𝟑↑ → 𝑯

ZTL & Xin-Nian Wang, PRL 94, 102301 (2005). dominates at small 
and intermediate 𝒑𝑻
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𝑷𝑯 = 𝒄𝟏𝑷𝒒𝟏 + 𝒄𝟐𝑷𝒒𝟐 + 𝒄𝟑𝑷𝒒𝟑
𝒄𝒊’s are constants 
determined by C.G. coefficients.
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Global vector meson spin alignment

Quark combination scenario

(𝝆𝒒𝟏'𝒒𝟐 = (𝝆𝒒𝟏⨂(𝝆'𝒒𝟐

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 − 𝑷𝒒𝟏𝑷'𝒒𝟐
𝟑 + 𝑷𝒒𝟏𝑷'𝒒𝟐

=
𝟏 − 𝑷𝒒𝟐

𝟑 + 𝑷𝒒𝟐

ZTL & Xin-Nian Wang, PLB 629, 20 (2005).
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7𝝆/ =
𝝆𝟏𝟏𝑽 𝝆𝟏𝟎𝑽 𝝆𝟏0𝟏𝑽

𝝆𝟎𝟏𝑽 𝝆𝟎𝟎𝑽 𝝆𝟎0𝟏𝑽

𝝆0𝟏𝟏𝑽 𝝆0𝟏𝟎𝑽 𝝆0𝟏0𝟏𝑽

(𝝆𝒒 =
𝟏
𝟐
𝟏 + 𝑷𝒒 𝟎
𝟎 𝟏 − 𝑷𝒒

(𝝆'𝒒 =
𝟏
𝟐
𝟏 + 𝑷'𝒒 𝟎
𝟎 𝟏 − 𝑷'𝒒

In both calculations, we considered only the spin degree of freedom and took
𝑷𝒒 as a constant, no fluctuation, no correlation etc. 

What does it change if we take other degrees of freedom into account?



Take other degrees of freedom into account 
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For  𝒒𝟏↑ + (𝒒𝟐↑ → 𝑽

10

We make a minimal step forward and consider other degree of freedom denoted by 𝜶

The basis state for a quark: |𝒎, 𝜶𝒒⟩
The element of the spin density matrix: 𝝆𝒒𝒎𝒒,𝒎𝒒

1 (𝜶𝒒, 𝜶𝒒/ ) = ⟨𝒎𝒒
/ , 𝜶𝒒/ 4𝝆𝒒 𝒎𝒒, 𝜶𝒒⟩

● 7𝝆𝒒𝟏"𝒒𝟐 = 7𝝆𝒒𝟏⨂7𝝆"𝒒𝟐

● 𝝆𝒒𝒎𝒒,𝒎𝒒
' 𝜶𝒒, 𝜶𝒒, = 𝝆𝒒𝒎𝒒,𝒎𝒒

' 𝜶𝒒 𝜹𝜶𝒒,𝜶𝒒'

● factorized: ⟨𝜶𝒒𝟏,𝒎𝒒𝟏; 𝜶"𝒒𝟐,𝒎"𝒒𝟐 |𝒋𝑽,𝒎𝑽, 𝜶𝑽⟩ = ⟨𝜶𝒒𝟏, 𝜶"𝒒𝟐|𝜶𝑽⟩ ⟨𝒎𝒒𝟏,𝒎"𝒒𝟐 |𝒋𝑽,𝒎𝑽⟩

𝝆𝒎𝒎'
𝑽 𝜶𝑽 = 𝝆𝒎𝒎'

𝑽 𝜶𝑽, 𝜶𝑽 = =
𝜶𝒒𝟏,𝜶(𝒒𝟐

𝜶𝒒𝟏, 𝜶"𝒒𝟐 𝜶𝑽
𝟐 𝝆𝒎𝒎'

𝑽 𝒍 (𝜶𝒒𝟏, 𝜶"𝒒𝟐)

𝝆𝒎𝒎'
𝑽 𝒍 (𝜶𝒒𝟏, 𝜶"𝒒𝟐) = =

𝒎𝒒𝟏,𝒎(𝒒𝟐,𝒎𝒒𝟏
' ,𝒎(𝒒𝟐

'

𝒋𝑽𝒎′ 𝒎𝒒𝟏
, 𝒎"𝒒𝟐

, 𝝆𝒎𝒒𝟏𝒎𝒒𝟏
'

𝒒 (𝜶𝒒𝟏)𝝆𝒎(𝒒𝟐,𝒎(𝒒𝟐
'

𝒒 (𝜶"𝒒𝟐) 𝒎𝒒𝟏,𝒎"𝒒𝟐 𝒋𝑽𝒎

similar to what we had when 𝜶-dependence were not considered. 

We can also further average over 𝜶𝑽 and obtain the 𝜶𝑽-averaged spin alignment. 

diagonal w.r.t. 𝜶𝒒

We consider the simple case: 

average inside V

wave function of V with 𝜶𝑽
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We further average over 𝜶𝑽 and obtain the 𝜶𝑽-averaged spin alignment. 

In this way, we obtain

𝝆𝟎𝟎𝑽 𝜶𝑽 =
𝟏 − 𝑷𝒒𝟏𝑷"𝒒𝟐 𝑽

𝟑 + 𝑷𝒒𝟏𝑷"𝒒𝟐 𝑽

𝑷𝒒𝟏𝑷"𝒒𝟐 𝑽
= =

𝜶𝒒𝟏,𝜶(𝒒𝟐

𝜶𝒒𝟏, 𝜶"𝒒𝟐 𝜶𝑽
𝟐𝑷𝒒𝟏(𝜶𝒒𝟏)𝑷"𝒒𝟐(𝜶"𝒒𝟐)

⟨𝝆𝟎𝟎𝑽 ⟩ =
𝟏 − 𝑷𝒒𝟏𝑷"𝒒𝟐

𝟑 + 𝑷𝒒𝟏𝑷"𝒒𝟐
𝑷𝒒𝟏𝑷"𝒒𝟐 ==

𝜶𝑽

𝒇𝑽(𝜶𝑽) 𝑷𝒒𝟏𝑷"𝒒𝟐 𝑽

In general, 𝜶𝑽 denotes a set of variables (𝜶𝟏𝑽, 𝜶𝟐𝑽, …𝜶𝒋𝑽). 
We can integrate over only part of them and study the dependence on the others, i.e.,  

⟨𝝆𝟎𝟎𝑽 ⟩(𝜶𝟏𝑽, 𝜶𝟐𝑽, … , 𝜶𝒌𝑽) =
𝟏 − 𝑷𝒒𝟏𝑷"𝒒𝟐 𝜶𝒌+𝟏𝑽,…,𝜶𝒋𝑽

𝟑 + 𝑷𝒒𝟏𝑷"𝒒𝟐 𝜶𝒌+𝟏𝑽,…,𝜶𝒋𝑽

𝑷𝒒𝟏𝑷"𝒒𝟐 𝜶𝒌+𝟏𝑽,…,𝜶𝒋𝑽
= =

𝜶𝒌+𝟏𝑽,…,𝜶𝒋𝑽

𝒇(𝜶𝟏𝑽, 𝜶𝟐𝑽, … , 𝜶𝒋𝑽) 𝑷𝒒𝟏𝑷"𝒒𝟐 𝑽
/ =
𝜶𝒌+𝟏𝑽,…,𝜶𝒋𝑽

𝒇(𝜶𝟏𝑽, 𝜶𝟐𝑽, … , 𝜶𝒋𝑽)

average inside V



Take other degrees of freedom into account 
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The average is two folded:

𝑷𝒒𝟏𝑷(𝒒𝟐 = 𝑷𝒒𝟏𝑷𝒒𝟐 𝑽 𝑺
average inside the vector meson 𝑽
average over the whole system or a sub-system 𝑺

12

𝑷𝒒𝟏𝑷+𝒒𝟐 𝑽
= 7

𝜶𝒒𝟏 ,𝜶"𝒒𝟐

𝜶𝒒𝟏 , 𝜶+𝒒𝟐 𝜶𝑽
𝟐𝑷𝒒𝟏(𝜶𝒒𝟏)𝑷+𝒒𝟐(𝜶+𝒒𝟐)

𝑷𝒒𝟏𝑷+𝒒𝟐 𝜶𝒌7𝟏𝑽,…,𝜶𝒋𝑽
=
∑𝜶𝒌7𝟏𝑽,…,𝜶𝒋𝑽 𝒇𝑺(𝜶𝟏𝑽, 𝜶𝟐𝑽, … , 𝜶𝒋𝑽) 𝑷𝒒𝟏𝑷+𝒒𝟐 𝑽

∑𝜶𝒌7𝟏𝑽,…,𝜶𝒋𝑽 𝒇𝑺(𝜶𝟏𝑽, 𝜶𝟐𝑽, … , 𝜶𝒋𝑽)



Hyperon polarization v.s. vector meson spin alignment
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One has to take fluctuations into account, so that: 𝑷𝒒𝑷+𝒒 ≠ 𝑷𝒒 𝑷+𝒒

𝝆𝟎𝟎𝑽 =
𝟏 − 𝑷𝒒𝟏𝑷$𝒒𝟐
𝟑 + 𝑷𝒒𝟏𝑷$𝒒𝟐

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
= 𝒄𝟏⟨𝑷𝒒𝟏⟩ + 𝒄𝟐⟨𝑷𝒒𝟏⟩ + 𝒄𝟑⟨𝑷𝒒𝟏⟩

For 𝒒𝟏↑ + 𝒒𝟐↑ + 𝒒𝟑↑ → 𝑯

13

By studying 𝑷𝑯, we study the average of quark polarization 𝑷𝒒;
by studying 𝝆𝟎𝟎𝑽 , we study the correlation between 𝑷𝒒 and 𝑷2𝒒 .

𝑷𝒒𝑷(𝒒 ≠ 𝑷𝒒 𝑷(𝒒The STAR data show that:



Local correlation or long range correlation
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One has to take fluctuations into account, i.e.,: 𝑷𝒒𝑷A𝒒 ≠ 𝑷𝒒 𝑷A𝒒

𝑷𝒒𝑷(𝒒 = 𝑷𝒒𝑷(𝒒 𝑽 𝑺
average inside the vector meson 𝑽
average over the whole system or a sub-system 𝑺

14

(1) local correlation:

(2) long range correlation: 

𝑷𝒒 𝑽
𝑷+𝒒 𝑽 𝑺

≠ 𝑷𝒒 𝑽 𝑺
𝑷+𝒒 𝑽 𝑺

𝑷𝒒𝑷+𝒒 𝑽
≠ 𝑷𝒒 𝑽

𝑷+𝒒 𝑽

Vector meson spin alignment contains both contributions.

𝑷𝒒𝑷+𝒒 𝑽
= 𝑷𝒒 𝑽

𝑷+𝒒 𝑽



Vector meson spin alignment —— model
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[1] Yang-guang Yang, Ren-hong Fang, Qun Wang, and Xin-Nian Wang, PRC 97, 034917 (2018).
[2] Xin-Li Sheng, Lucia Oliva, and Qun Wang, PRD 101, 096005 (2020). 
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strong indication of phi-meson filed                 strong local correlation

15

initial state

pre-equilibrium

QGP and
hydrodynamic expansion

hadronization

hadronic phase
and freeze-out

Strong interaction exhibits itself differently in different stages

𝑷𝒔
𝝁 𝒙, 𝒑 ≈

𝟏
𝟒𝒎𝒔

𝜺𝝁𝝂𝝆𝝈 𝝎𝝆𝝈 +
𝒈𝝓

𝒖 < 𝒑 𝑻𝒉
𝑭𝝆𝝈
𝝓 𝒑𝝂

𝑷/𝒔
𝝁 𝒙, 𝒑 ≈

𝟏
𝟒𝒎𝒔

𝜺𝝁𝝂𝝆𝝈 𝝎𝝆𝝈 −
𝒈𝝓

𝒖 < 𝒑 𝑻𝒉
𝑭𝝆𝝈
𝝓 𝒑𝝂

very strong 
local correlation!

the only 
explanation yet

Qun Wang, 
plenary talk



Local correlation or long range correlation
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Study 𝚲 − (𝚲 or  𝚲 − 𝚲 spin correlations

𝑪𝑵𝑵𝚲
+𝚲 ≡

𝑵𝚲+𝚲
↑↑ + 𝑵𝚲+𝚲

↓↓ −𝑵𝚲+𝚲
↑↓ −𝑵𝚲+𝚲

↓↑

𝑵𝚲+𝚲
↑↑ + 𝑵𝚲+𝚲

↓↓ +𝑵𝚲+𝚲
↑↓ +𝑵𝚲+𝚲

↓↑

sensitive to the long range correlation

Can we separate local or long rang correlation experimentally?

Even, in general,  𝑯𝒊 − (𝑯𝒋 or  𝑯𝒊 −𝑯𝒋 spin correlations

𝑪𝑵𝑵
𝑯𝒊+𝑯𝒋 ≡

𝑵𝑯𝒊+𝑯𝒋
↑↑ + 𝑵𝑯𝒊+𝑯𝒋

↓↓ −𝑵𝑯𝒊+𝑯𝒋
↑↓ −𝑵𝑯𝒊+𝑯𝒋

↓↑

𝑵𝑯𝒊+𝑯𝒋
↑↑ + 𝑵𝑯𝒊+𝑯𝒋

↓↓ +𝑵𝑯𝒊+𝑯𝒋
↑↓ +𝑵𝑯𝒊+𝑯𝒋

↓↑

ZTL & X.N. Wang

because 𝑯𝒊 and #𝑯𝒋 come from different phase space points
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(𝝆𝒒 =
𝟏
𝟐

𝟏 + 𝑷𝒒𝒚 𝑷𝒒𝒛 − 𝒊𝑷𝒒𝒙
𝑷𝒒𝒛 + 𝒊𝑷𝒒𝒙 𝟏 − 𝑷𝒒𝒚

(𝝆'𝒒 =
𝟏
𝟐

𝟏 + 𝑷'𝒒𝒚 𝑷'𝒒𝒛 − 𝒊𝑷'𝒒𝒙
𝑷'𝒒𝒛 + 𝒊𝑷'𝒒𝒙 𝟏 − 𝑷𝒒𝒚

considered the average ⟨4𝝆𝒒⟩ =
𝟏
𝟐

𝟏 + ⟨𝑷𝒒⟩ 𝟎
𝟎 𝟏 − ⟨𝑷𝒒⟩

● ZTL & Xin-Nian Wang, PRL 94, 102301 (2005); PLB 629, 20 (2005).

𝑷𝒒𝑷+𝒒 ≠ 𝑷𝒒 𝑷+𝒒● The STAR data show that:

i.e.,  ⟨𝑷𝒒𝒚⟩ = ⟨𝑷𝒒⟩, ⟨𝑷𝒒𝒛⟩ = ⟨𝑷𝒒𝒙⟩ = 𝟎, also ⟨𝑷𝒒𝟏𝒚 𝑷+𝒒𝟐𝒚⟩ = ⟨𝑷𝒒𝟏⟩⟨𝑷+𝒒𝟐⟩

𝑷𝒒𝑷+𝒒 ≫ 𝑷𝒒 𝑷+𝒒

indicates that the fluctuation  𝚫𝑷𝒒𝒚𝟐 ≡ 𝑷𝒒𝒚𝟐 − 𝑷𝒒𝒚
𝟐 ∼ 𝑷𝒒𝒚𝟐 ≫ 𝑷𝒒𝒚

𝟐

Similar fluctuations 𝑷𝒒𝒛𝟐 and 𝑷𝒒𝒙𝟐 for 𝑷𝒒𝒛 and 𝑷𝒒𝒙 ? 

● take also the off-diagonal components into account

i.e., compared to 𝚫𝑷𝒒𝒚𝟐 , we can even take ⟨𝑷𝒒𝒚⟩ ∼ 𝑷𝒒𝒛 = 𝑷𝒒𝒙 = 𝟎
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𝝆𝟎𝟎𝑽 =
𝟏 + 𝑷𝒒 < 𝑷'𝒒 − 𝟐𝑷𝒒𝒚𝑷'𝒒𝒚

𝟑 + 𝑷𝒒 < 𝑷'𝒒

𝝆𝟏𝟎𝑽 =
𝑷𝒒𝒛(𝟏 + 𝑷'𝒒𝒚) + (𝟏 + 𝑷𝒒𝒚)𝑷'𝒒𝒛 − 𝒊𝑷𝒒𝒙(𝟏 + 𝑷'𝒒𝒚) − 𝒊(𝟏 + 𝑷𝒒𝒚)𝑷'𝒒𝒙

𝟐(𝟑 + 𝑷𝒒 < 𝑷'𝒒)

𝝆𝟎3𝟏𝑽 =
𝑷𝒒𝒛(𝟏 − 𝑷'𝒒𝒚) + (𝟏 − 𝑷𝒒𝒚)𝑷'𝒒𝒛 − 𝒊𝑷𝒒𝒙(𝟏 − 𝑷'𝒒𝒚) − 𝒊(𝟏 − 𝑷𝒒𝒚)𝑷'𝒒𝒙

𝟐(𝟑 + 𝑷𝒒 < 𝑷'𝒒)

𝝆𝟏3𝟏𝑽 =
𝑷𝒒𝒛𝑷'𝒒𝒛 − 𝑷𝒒𝒙𝑷'𝒒𝒙 + 𝒊(𝑷𝒒𝒙𝑷'𝒒𝒚 + 𝑷𝒒𝒚𝑷'𝒒𝒙)

𝟑 + 𝑷𝒒 < 𝑷'𝒒

They should be sensitive to the local correlations.

In this case, we obtain

also the off-diagonal elements of 4𝝆𝑽
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⟨𝝆𝟎𝟎𝑽 ⟩ =
𝟏 + ⟨𝑷𝒒𝒛𝑷'𝒒𝒛⟩ + ⟨𝑷𝒒𝒙𝑷'𝒒𝒙⟩ − ⟨𝑷𝒒𝒚𝑷'𝒒𝒚⟩
𝟑 + ⟨𝑷𝒒𝒛𝑷'𝒒𝒛⟩ + ⟨𝑷𝒒𝒙𝑷'𝒒𝒙⟩ + ⟨𝑷𝒒𝒚𝑷'𝒒𝒚⟩

⟨𝝆𝟏𝟎𝑽 ⟩ =
𝑷𝒒𝒛𝑷'𝒒𝒚 + 𝑷𝒒𝒚𝑷'𝒒𝒛 − 𝒊⟨𝑷𝒒𝒙𝑷'𝒒𝒚⟩ − 𝒊⟨𝑷𝒒𝒚𝑷'𝒒𝒙⟩

𝟐(𝟑 + 𝑷𝒒 < 𝑷'𝒒 )

⟨𝝆𝟎3𝟏𝑽 ⟩ =
− 𝑷𝒒𝒛𝑷'𝒒𝒚 − ⟨𝑷𝒒𝒚𝑷'𝒒𝒛⟩ + 𝒊⟨𝑷𝒒𝒙𝑷'𝒒𝒚⟩ + 𝒊⟨𝑷𝒒𝒚𝑷'𝒒𝒙⟩

𝟐(𝟑 + ⟨𝑷𝒒< 𝑷'𝒒⟩)

⟨𝝆𝟏3𝟏𝑽 ⟩ =
⟨𝑷𝒒𝒛𝑷'𝒒𝒛⟩ − ⟨𝑷𝒒𝒙𝑷'𝒒𝒙⟩ + 𝒊(⟨𝑷𝒒𝒙𝑷'𝒒𝒚⟩ + ⟨𝑷𝒒𝒚𝑷'𝒒𝒙⟩)

𝟑 + ⟨𝑷𝒒 < 𝑷'𝒒⟩

They should be sensitive to the local correlations.

Take the average
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Vector meson spin alignment in fragmentation processes

Hadron polarization in 𝒆>𝒆? → 𝒁𝟎 → 𝒒 + (𝒒 → 𝑯 𝐨𝐫 𝑽 + 𝑿 at LEP 

		e+e− →K *0 + X

ρ00=1/3: unpolarized

Vector meson spin alignment   

ALEPH PLB 374, 319 (1996); 
OPAL  EPJC 2, 49 (1998)

OPAL PLB412, 210 (1997);
DELPHI PLB 406, 271 (1997). 

spin transfer in 𝒒 → 𝚲 + 𝑿 induced polarization?

Fragmentation is described by fragmentation functions (FFs)
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FFs are defined via the quark-quark correlator 

The quark-quark correlator

 

Ξ̂(0)(z,kF⊥; p, S) = Ξ(0)(z,kF⊥; p, S)

                           + iγ 5  !Ξ(0)(z,kF⊥; p,S)
                           + γ α  Ξα

(0)(z,k⊥; p,S)

                           + γ 5γ
α  !Ξα

(0)(z,kF⊥; p,S)
                           + iγ 5σ

αβ  Ξαβ
(0)(z,kF⊥; p,S)

  

Ξα
(0)(z,kF⊥; p, S) = 1

4
Tr γ α Ξ̂

(0)(z,kF⊥; p, S)⎡⎣ ⎤⎦

                         = 1
2π

p+ dξ −d 2ξ⊥∫
X
∑ e− i( p

+ξ − /z−
!
kF⊥ ⋅

!
ζ⊥ ) 〈hX |ψ (ξ )L(ξ ,∞)γ α

4
| 0〉〈0 | L†(0,∞)ψ (0) | hX〉

scalar
pseudo-scalar

vector

axial vector
tensor

e.g.:

integrate over     :kF
−

Expansion in terms of the Γ-matrices

 
Ξ̂(0)(kF; p, S) =

1
2π

d 4ξ∫
X
∑ e− ikFξ 〈hX |ψ (ξ )L(ξ ,∞) | 0〉〈0 | L†(0,∞)ψ (0) | hX〉

  
Ξ̂(0)(z,kF⊥; p, S) =

1
2π

p+ dξ −d 2ξ⊥∫
X
∑ e− i( p

+ξ − /z−
!
kF⊥ ⋅

!
ξ⊥ ) 〈hX |ψ (ξ )L(ξ ,∞) | 0〉〈0 | L†(0,∞)ψ (0) | hX〉

Three dimensional (i.e. transverse momentum dependent, TMD) FFs
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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:
Tensor polarization: SLT

µ = (0,SLT
x ,SLT

y ,0), STT
xµ = (0,STT

xx ,STT
xy ,0)SLL ,

8

The spin density matrix is 2x2:
Vector polarization:  

ρ =
ρ++ ρ+−

ρ−+ ρ−−

⎛

⎝
⎜

⎞

⎠
⎟ = 1

2
(1 +
!
S ⋅
!
σ )

transverse 
plane

independent  
components

3
5

ρ =

1 + SLL
3

+ SL
2

(SLT
x − iSLT

y ) + (ST
x − iST

y )
2 2

STT
xx − iSTT

xy

2
(SLT

x + iSLT
y ) + (ST

x + iST
y )

2 2
1 − 2SLL
3

−(SLT
x − iSLT

y ) + (ST
x − iST

y )
2 2

STT
xx + iSTT

xy

2
−(SLT

x + iSLT
y ) + (ST

x + iST
y )

2 2
1 + SLL
3

− SL
2

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟

T = 1
2

− 2
3
SLL + STT

xx STT
xy SLT

x

STT
xx − 2

3
SLL − STT

xx SLT
y

SLT
x SLT

y 4
3
SLL

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟

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

𝑺𝝁 = (𝟎, 𝑺)

𝑺𝝁 = 𝟎, 𝑺 = (𝟎, 𝑺𝑻, 𝑺𝑳)
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TMD FFs defined via the quark-quark correlator

The Lorentz decomposition

 ΞS
(0)(z,kF⊥; p, S) = ME(z,kF⊥ ) + ( !kF⊥ ⋅ST )ET

⊥ (z,kF⊥ )

 

Ξα
(0)(z,kF⊥; p, S) = p

+

M
nα MD1(z,kF⊥ ) + ( !kF⊥ ⋅ST )D1T

⊥ (z,kF⊥ )⎡⎣ ⎤⎦

                      +  kF⊥αD
⊥ (z,kF⊥ ) + M !STαDT (z,kF⊥ ) +

!kF⊥α
M

λMDL
⊥ (z,kF⊥ ) + (kF⊥ ⋅ST )DT

⊥ (z,kF⊥ )⎡⎣ ⎤⎦

                      + M
p+ nα MD3(z,kF⊥ ) + ( !kF⊥ ⋅ST )D3T

⊥ (z,kF⊥ )⎡⎣ ⎤⎦

p = p+n + M
2

2p+ n, S = λ p
+

M
n + ST − λ M

2

2p+ n,

totally 8(twist 2)+16(twist 3)+8(twist 4) components

twist-2

twist-3

twist-4

E.g.:
  
D1 (z,kF⊥ ) =

1
2π

dξ −d 2ξ⊥∫
X
∑ e− i( p

+ξ − /z−
!
kF⊥ ⋅

!
ζ⊥ ) 〈hX |ψ (ξ )L(ξ ,∞)γ

+

4
| 0〉〈0 | L†(0,∞)ψ (0) | hX〉

See e.g., K.B. Chen, S.Y. Wei, W.H. Yang, & ZTL, PRD94, 034003 (2016).

 
!k⊥α ≡ ε⊥ραk⊥

ρ

e.g. for spin-1/2 hadrons
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Twist-2 TMD FFs defined via the quark-quark correlator (spin-1)

TMD FFs (2+6+10=18) integrated over name
number density

Sivers-type functionD1T
⊥ (z,kF⊥ )

H1T
⊥ (z,kF⊥ )

spin transfer (longitudinal)

spin transfer (transverse)

G1L(z,kF⊥ )

H1T (z,kF⊥ )

G1T
⊥ (z,kF⊥ )

H1
⊥ (z,kF⊥ )

G1L(z)

H1T (z)

×

×

×

×

D1 (z,kF⊥ ) D1 (z)

H1L
⊥ (z,kF⊥ )

D1LL(z,kF⊥ )

D1TT
⊥ (z,kF⊥ )

D1LT
⊥ (z,kF⊥ )

G1LT
⊥ (z,kF⊥ )

G1TT
⊥ (z,kF⊥ )

H1LL
⊥ (z,kF⊥ )

H1LT (z,kF⊥ ),   H1LT
⊥ (z,kF⊥ )

H1TT
⊥ (z,kF⊥ ),   H '1TT

⊥ (z,kF⊥ )

U

T

LL
LT
TT

L
T

LT
TT
U
T(//)

LT
TT

T(⊥)

LL

L

Collins function

spin alignmentD1LL(z)

kF⊥

H1LT (z)

×

×

×
×

×

×,  ×

See e.g., K.B. Chen, S.Y. Wei, W.H. Yang, & ZTL, PRD94, 034003 (2016).

U

L

T

(D)

(G)

(H)

Quark pol Hadron pol
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One dimensional FFs defined via the quark-quark correlator

The vector meson sin alignment v.s. the longitudinal spin transfer

independent on the spin 𝝀𝒒 of the fragmenting quark!

𝑫𝟏 𝒛 + 𝑺𝑳𝑳𝑫𝟏𝑳𝑳 𝒛 =
𝟏
𝟖𝝅I

𝑿

J𝒛𝒅𝝃3 𝒆3𝒊𝒑%𝝃&/𝒛 I
𝝀𝒒;𝑳,𝑹

𝒉𝑿 2𝝍𝝀𝒒 𝝃 𝜸
> 𝟎 𝟎 𝝍𝝀𝒒 (𝟎) 𝒉𝑿

the vector meson spin alignment

𝝍𝑳/𝑹 ≡
𝟏
𝟐 (𝟏 ± 𝜸𝟓)𝝍

𝑺𝑳𝑮𝟏𝑳 𝒛 =
𝟏
𝟖𝝅I

𝑿

J𝒛𝒅𝝃3 𝒆3𝒊𝒑%𝝃&/𝒛U 𝒉𝑿 2𝝍𝑳 𝝃 𝜸> 𝟎 𝟎 𝝍𝑳(𝟎) 𝒉𝑿

−

dependent on the spin 𝝀𝒒 of the fragmenting quark!

the longitudinal spin transfer
V𝒉𝑿 2𝝍𝑹 𝝃 𝜸> 𝟎 𝟎 𝝍𝑹 𝟎 𝒉𝑿



2023年9月24-29日Durham2023 26

Hadron polarization in 𝒆K𝒆L → 𝒉𝑿

Hyperon polarization:

K.B. Chen, S.Y. Wei, W.H. Yang and ZTL, PRD94, 034003 (2016);
K.B. Chen, W.H. Yang, Y.J. Zhou and ZTL, PRD95, 034009 (2017).

Vector meson spin alignment:

𝑷𝑳𝚲 𝒛, 𝑸 =
∑𝒒𝑷𝒒(𝑸)𝑾𝒒(𝑸)𝑮𝟏𝑳𝒒(𝒛, 𝑸)

∑𝒒𝑾𝒒(𝑸)𝑫𝟏𝒒(𝒛, 𝑸)

𝑺𝑳𝑳 𝒛, 𝑸 =
𝟏
𝟐
∑𝒒𝑾𝒒(𝑸) 𝑫𝟏𝑳𝑳𝒒(𝒛, 𝑸)
∑𝒒𝑾𝒒(𝑸)𝑫𝟏𝒒(𝒛, 𝑸)

𝑾𝒒 𝑸 =
𝟐
𝟑
𝒆𝒒𝟐 + 𝝌𝒄𝟏𝒆𝒄𝟏

𝒒 + 𝝌𝒊𝒏𝒕
𝒒 𝒄𝑽𝒆𝒄𝑽

𝒒

𝝌 =
𝒔𝟐

𝒔 −𝑴𝒁
𝟐 𝟐 + 𝚪𝒁𝟐𝑴𝒁

𝟐 𝐬𝐢𝐧𝟒𝟐𝜽𝑾

𝝌𝒊𝒏𝒕
𝒒 =

−𝟐𝒆𝒒𝒔(𝒔 −𝑴𝒁
𝟐)

𝒔 −𝑴𝒁
𝟐 𝟐

+ 𝚪𝒁𝟐𝑴𝒁
𝟐 𝐬𝐢𝐧𝟐𝟐𝜽𝑾

e+

e− q

q

𝒁/𝜸∗
𝒉

  
Pq = −

χc1
ec3

q + χ int
q cV

e cA
q

eq
2 + χc1

ec1
q + χ int

q cV
e cV

q ,

𝒅, 𝒔

𝒖, 𝒄
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Hyperon polarization in 𝒆K𝒆L → 𝑯+𝑿

K.B. Chen, W.H. Yang, Y.J. Zhou and ZTL, PRD95, 034009 (2017).

𝑮𝟏𝑳𝒔→𝚲 𝒛, 𝝁𝟎 = 𝒛𝒂𝑫𝟏𝒔→𝚲 𝒛, 𝝁𝟎

𝑮𝟏𝑳
𝒖/𝒅→𝚲 𝒛, 𝝁𝟎 = 𝑵𝒛𝒂𝑫𝟏

𝒖/𝒅→𝚲 𝒛, 𝝁𝟎

Parameterization at a initial scale:

QCD Evolution:
(DGLAP equation)

𝝏
𝝏𝐥𝐧𝑸𝟐 𝑮𝟏𝑳

𝒊→𝒉 𝒛, 𝑸𝟐 =
𝜶𝒔
𝟐𝝅I

𝒋

J
𝒛

𝟏𝒅𝒚
𝒚 𝑮𝟏𝑳

𝒋→𝒉 𝒛
𝒚 , 𝑸

𝟐 𝚫𝑷𝒊𝒋(𝒚, 𝜶𝒔)

strong 
energy dependence
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Vector meson spin alignment in 𝒆K𝒆L → 𝑽+ 𝑿

Spin alignment in 𝒆>𝒆? → 𝝆 𝐨𝐫 𝑲∗ + 𝑿

K.B. Chen, ZTL, Y.K. Song and S.Y. Wei, PRD102, 034001 (2020).

weak energy dependence

K.B. Chen, W.H. Yang, Y.J. Zhou and ZTL, PRD95, 034009 (2017).
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Spin alignment in 𝒑𝒑 → 𝑽𝑿

K.B. Chen, ZTL, Y.K. Song and S.Y. Wei, PRD102, 034001 (2020).

𝒔 = 𝟐𝟎𝟎GeV
𝝆𝟎𝟎 > 𝟏/𝟑 and
increase with increasing 𝒑𝑻 or 𝒙𝑭
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Spin alignment in 𝒑𝒑 → 𝑽𝑿

K.B. Chen, ZTL, Y.K. Song and S.Y. Wei, PRD102, 034001 (2020).

𝒔 = 𝟓. 𝟎𝟐TeV
𝝆𝟎𝟎 > 𝟏/𝟑 and
increase with increasing 𝒑𝑻 or 𝒙𝑭
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l Global hyperon polarization and global vector meson spin alignment have been 
observed experimentally.

l The global hyperon polarization is a measure of the average value of the global 
quark polarization in the system, while the global vector meson spin alignment 
measures the correlation between quark and anti-quark polarization.

l Correlation between the polarization of hyperon-hyperon or hyperon-
antihyperon can be sensitive to the long range correlation while off-diagonal 
elements of vector meson spin density matrix may provide important 
information on the local correlation.  

l Vector meson spin alignment in fragmentation mechanism is independent on the 
spin of the initial quark. Predictions have been made for different high energy 
reactions that can be tested by experiments.

Thank you for your attention!
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One dimensional FFs defined via the quark-quark correlator

The one-dimensional quark-quark correlator

scalar

pseudo-scalar
vector

axial vector

tensor

Lorentz decomposition

]𝚵 𝒛; 𝒑, 𝑺 =
𝟏
𝟐𝝅

7
𝑿

a𝒑>𝒅𝝃? 𝒆?𝒊𝒑7𝝃@/𝒛 𝒉𝑿 (𝝍(𝝃) 𝟎 𝟎 𝝍 (𝟎) 𝒉𝑿

]𝚵 𝒛; 𝒑, 𝑺 = 𝚵 𝒛; 𝒑, 𝑺

+𝒊𝜸𝟓g𝚵 𝒛; 𝒑, 𝑺

+𝜸𝜶𝚵𝜶 𝒛; 𝒑, 𝑺
+𝜸𝟓𝜸𝜶g𝚵𝜶 𝒛; 𝒑, 𝑺

+𝒊𝜸𝟓𝝈𝜶𝜷𝚵𝜶𝜷 𝒛; 𝒑, 𝑺

𝚵𝜶 𝒛; 𝒑, 𝑺 =
𝟏
𝟒𝐓𝐫 𝜸𝜶

]𝚵 𝒛; 𝒑, 𝑺

=
𝟏
𝟖𝝅

7
𝑿

a𝒑>𝒅𝝃? 𝒆?𝒊𝒑7𝝃@/𝒛 𝒉𝑿 (𝝍(𝝃)𝜸𝜶 𝟎 𝟎 𝝍 (𝟎) 𝒉𝑿
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From the physical meaning of FF’s

Quark helicity: 𝝀𝒒 =
𝒔 m 𝒌
|𝒌|

−𝝀𝒒 = −
𝒔 m 𝒌
|𝒌|

space reflection

Vector meson
spin alignment 𝝆𝟎𝟎

space reflection 𝝆𝟎𝟎

𝝆𝟎𝟎 should be independent of the spin 𝝀𝒒 of quark!

For the fragmentation process  𝒒 → 𝑽 + 𝑿

The FF 𝑫𝟏𝑳𝑳(𝒛) should be independent of the spin 
of the fragmenting quark!
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Quark polarization in  
At the Z-pole:

e+e− → qq

  
dσ̂ ZZ

dΩ
= α 2

4s
χ c1

ec1
q (1 + cos2θ ) + 2c3

ec3
q cosθ⎡⎣ ⎤⎦

 e
+e− → Z → qq

The cross section:

At any energy:   e
+e− → γ * / Z → qq

  
dσ̂
dΩ

= dσ̂ ZZ

dΩ
+ dσ̂ Zγ

dΩ
+ dσ̂ γγ

dΩ

  
Pq = −

χc1
ec3

q + χ int
q cV

e cA
q

eq
2 + χc1

ec1
q + χ int

q cV
e cV

q ,

e+

e− q

q

Z

Longitudinal polarization of      or      : q  q

Correlation of transverse polarizations of    and     : q  q
  
Pq

ZZ = −
c3

q

c1
q

  
cnn

qZZ =
c2

q

2c1
q

  
cnn

q =
eq

2 + χc1
ec2

q + χ int
q cV

e cV
q

2(eq
2 + χc1

ec1
q + χ int

q cV
e cV

q )
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Hyperon polarization in 𝒆K𝒆L → 𝑯+𝑿

K.B. Chen, W.H. Yang, Y.J. Zhou and ZTL, PRD95, 034009 (2017).

𝑮𝟏𝑳𝒔→𝚲 𝒛, 𝝁𝟎 = 𝒛𝒂𝑫𝟏𝒔→𝚲 𝒛, 𝝁𝟎

𝑮𝟏𝑳
𝒖/𝒅→𝚲 𝒛, 𝝁𝟎 = 𝑵𝒛𝒂𝑫𝟏

𝒖/𝒅→𝚲 𝒛, 𝝁𝟎

Parameterization at a initial scale:

QCD Evolution:
(DGLAP equation)

𝝏
𝝏𝐥𝐧𝑸𝟐 𝑮𝟏𝑳

𝒊→𝒉 𝒛, 𝑸𝟐 =
𝜶𝒔
𝟐𝝅I

𝒋

J
𝒛

𝟏𝒅𝒚
𝒚 𝑮𝟏𝑳

𝒋→𝒉 𝒛
𝒚 , 𝑸

𝟐 𝚫𝑷𝒊𝒋(𝒚, 𝜶𝒔)
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Vector meson spin alignment in 𝒆K𝒆L → 𝑽+ 𝑿

K.B. Chen, ZTL, Y.K. Song and S.Y. Wei, PRD102, 034001 (2020).

𝑫𝟏𝑳𝑳𝐟𝐚𝐯𝐨𝐫𝐞𝐝 𝒛, 𝝁𝟎 = 𝒄𝟏(𝒂𝟏𝒛 + 𝟏) 𝑫𝟏𝐟𝐚𝐯𝐨𝐫𝐞𝐝 𝒛, 𝝁𝟎

Two scenarios of parameterization at an initial scale.
Scenario I:

𝑫𝟏𝑳𝑳𝐮𝐧𝐟𝐚𝐯𝐨𝐫𝐞𝐝 𝒛, 𝝁𝟎 = 𝒄𝟏𝑫𝟏𝐮𝐧𝐟𝐚𝐯𝐨𝐫𝐞𝐝 𝒛, 𝝁𝟎

Scenario II:

favored, e.g.: 
𝒅 → 𝑲∗𝟎 𝒅c𝒔 + 𝑿

unfavored, e.g.: 
𝒖 → 𝑲∗𝟎 𝒅c𝒔 + 𝑿

𝑫𝟏𝑳𝑳 𝒛, 𝝁𝟎 = 𝒄𝟐(𝒂𝟐𝒛𝟏/𝟐 + 𝟏) 𝑫𝟏 𝒛, 𝝁𝟎
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Vector meson spin alignment in 𝒆K𝒆L → 𝑽+ 𝑿

K.B. Chen, ZTL, Y.K. Song and S.Y. Wei, PRD102, 034001 (2020).

different for different q or g in 𝒒/𝒈 → 𝑲∗> + 𝑿

The fragmentation functions 𝑫𝟏𝑳𝑳𝒒𝑲∗ (𝒛, 𝝁𝒇) in 𝒒 → 𝑲∗ + 𝑿


