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211001 (2025).
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Introduction: Global 𝜦 polarization in HIC has been observed
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Introduction: Global 𝝓 meson spin alignment has been observed
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again in Nature！

● Global vector meson spin alignment confirmed
● However 𝝆𝟎𝟎𝑽 − 𝟏

𝟑
≫ 𝑷𝚲𝟐 ~ 𝑃𝒒(

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

Surprise ?



“global quark polarization”
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Introduction: The basic idea and result of the global polarization effect

Huge orbital angular momentum

Au+Au at 200AGeV

p z
(
x,
b)

d 𝒑
𝒛/
dx

leads to

Gradient of parton’s
longitudinal momentum in 
impact parameter direction

QCD spin-orbit hadronization

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

lGlobal vector meson spin 
alignment

𝝆𝟎𝟎 =
𝟏 − 𝑷𝒒𝟐

𝟑 + 𝑷𝒒𝟐

(combination)

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

interactions

−𝑳𝒚 in unit of 105

6

reaction plane

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

PRL 94,102301 (2005)

PLB 629, 20 (2005)



Global vector meson spin alignment —— Why so interesting?
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STAR experiments:

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

𝑷𝚲 ~ 𝑷𝒒

𝝆𝟎𝟎 −
𝟏
𝟑
≫ 𝑷𝚲𝟐

Theoretical predictions



Hadronization mechanism and spin transfer
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&𝝆𝑽 = (ℳ&𝝆 𝒒𝟏+𝒒𝟐 (ℳ,

𝝆𝒎𝒎!
𝑽 = 𝒋𝒎 %𝝆𝑽 𝒋𝒎, = 𝒋𝒎 &ℳ%𝝆 𝒒𝟏$𝒒𝟐 &ℳ- 𝒋𝒎,

𝝆𝒎𝒎!
𝑽 = ∑𝒎𝒊𝒎,𝒊 ⟨𝒋𝒎| &ℳ 𝒎𝒊 ⟨𝒎𝒊|%𝝆 𝒒𝟏$𝒒𝟐 𝒎𝒊

, ⟨𝒎𝒊
,| &ℳ-|𝒋𝒎′⟩

(ℳ: the transition matrixE.g., for 𝒒𝟏 + ,𝒒𝟐 → 𝑽

𝒋𝒎 &ℳ 𝒎𝒊 = ∑𝒋,𝒎, 𝒋𝒎 &ℳ|𝒋,𝒎,⟩⟨𝒋′𝒎′ 𝒎𝒊 = 𝒋𝒎 &ℳ|𝒋𝒎⟩⟨𝒋𝒎 𝒎𝒊 =𝒄𝒋 𝒋𝒎|𝒎𝒊

independent of (ℳ

𝒎𝒊 ≡ |𝒋𝟏𝒎𝟏, 𝒋𝟐𝒎𝟐⟩Proof:

𝒋𝒎 &ℳ 𝒋𝒎 = 𝒋 &ℳ 𝒋

QGP hadronization 
combination

recombination  
coalescence

𝒒𝟏 + 2𝒒𝟐 → 𝑴

2𝒒𝟏 + 2𝒒𝟐 + 2𝒒𝟑 → 2𝑩
𝒒𝟏 + 𝒒𝟐 + 𝒒𝟑 → 𝑩

direct probe of &𝝆(𝒒𝟏+𝒒𝟐) before hadronization

However

Spin density of 𝒉 produced in quark combination is independent of transition matrix (ℳ. 

Wigner-Eckhart theorem: 

spin state of V
= 𝑵𝒋 ⟨𝒋𝒎|%𝝆 𝒒𝟏$𝒒𝟐 |𝒋𝒎,⟩
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Global vector meson spin alignment —— calculations in 2005

9

① 𝑷𝒒 was taken as a constant, no fluctuation, no correlations 
② no other degree of freedom

It was for the most 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⟩

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

%𝝆(𝒒𝟏$𝒒𝟐) = %𝝆(𝒒𝟏)⨂%𝝆($𝒒𝟐)

𝝆𝒎𝒎,𝑽 = ⟨𝒋𝑽𝒎, %𝝆(𝒒𝟏$𝒒𝟐) 𝒋𝑽𝒎⟩

Hyperon: 𝒒𝟏↑ + 𝒒𝟐↑ + 𝒒𝟑↑ → 𝑯

Vector meson: 𝒒𝟏↑ + 2𝒒𝟐↑ → 𝑽

Quark spin density matrix: constant / average value

no correlation

𝝆𝟎𝟎𝑽 =
𝟏 − 𝑷𝒒𝟏𝑷$𝒒𝟐
𝟑 + 𝑷𝒒𝟏𝑷$𝒒𝟐

=
𝟏 − 𝑷𝒒𝟐

𝟑 + 𝑷𝒒𝟐

𝑷𝑯 = @
𝒊4𝟏5𝟑

𝒄𝒊 𝑷𝒒𝒊 = 𝑷𝒒

𝒄𝒊: constant determined by C.G. coefficients

only spin degree of freedom 



Global vector meson spin alignment —— correlations?
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Consider fluctuation and/or other degree of freedom, at least,    

𝝆𝟎𝟎𝑽 =
𝟏 − 𝑷𝒒𝑷$𝒒
𝟑 + 𝑷𝒒𝑷$𝒒

≠
𝟏 − 𝑷𝒒⟩⟨𝑷$𝒒
𝟑 + 𝑷𝒒⟩⟨𝑷$𝒒

for  𝒒𝟏↑ + ,𝒒𝟐↑ → 𝑽

𝑷𝑯 = @
𝒊

𝒄𝒊 𝑷𝒒𝒊
𝑯

𝑺

=@
𝒊

𝒄𝒊 ⟨𝑷𝒒𝒊⟩ = 𝑷𝒒

for 𝒒𝟏↑ + 𝒒𝟐↑ + 𝒒𝟑↑ → 𝑯

10

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 indicates  𝑷𝒒𝑷"𝒒 ≠ 𝑷𝒒 𝑷"𝒒 simply means correlation! 

𝑷𝒒𝑷+𝒒 = 𝑷𝒒𝑷+𝒒 𝑽 𝑺

inside the meson 𝑽
over the system 𝑺

two folded average 



Quark spin correlations in QGP in HIC?
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Correlations: 𝑷𝒒𝑷+𝒒 ≠ 𝑷𝒒 𝑷+𝒒

11

(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

#𝝆(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

l how to describe them?
l relationships to measurable quantities?
l where do they come from?
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Definition 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, &𝝈𝒊)

the complete set (𝕀𝟏, &𝝈𝟏𝒊) ⊗ (𝕀𝟐, &𝝈𝟐𝒊)



Definition of quark spin correlations —— 𝜶-dependence
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Single particle:  %𝝆 𝟏 (𝜶) = 𝟏
𝟐
𝟏 + 𝑷𝟏𝒊(𝜶)%𝝈𝟏𝒊

Two particle system A=(12) at given (𝜶𝟏, 𝜶𝟐):

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

&2𝝆 𝟏𝟐 (𝜶𝟏𝟐) = ⟨𝜶𝟏𝟐| %𝝆 𝟏𝟐 𝜶𝟏, 𝜶𝟐 |𝜶𝟏𝟐⟩

= &2𝝆 𝟏 𝜶𝟏𝟐 ⊗ &2𝝆 𝟐 𝜶𝟏𝟐 + 𝟏
𝟐𝟐
N𝒄𝒊𝒋
𝟏𝟐 𝜶𝟏𝟐 %𝝈𝟏𝒊⊗ %𝝈𝟐𝒋

N𝒄𝒊𝒋
(𝟏𝟐) 𝜶𝟏𝟐 ≠ 𝒄𝒊𝒋

𝟏𝟐 (𝜶𝟏, 𝜶𝟐)However, the correlation does not equal to 𝒄𝒊𝒋
(𝟏𝟐) averaged inside A

instead

average inside A

N𝒄𝒊𝒋
(𝟏𝟐) 𝜶𝟏𝟐 = ⟨𝒄𝒊𝒋

(𝟏𝟐) 𝜶𝟏, 𝜶𝟐 ⟩ + N𝒄𝒊𝒋
(𝟏𝟐;𝟎) 𝜶𝟏𝟐

N𝒄𝒊𝒋
(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

%𝝆 𝟏𝟐 (𝜶𝟏, 𝜶𝟐) = %𝝆 𝟏 (𝜶𝟏) ⊗ %𝝆 𝟐 (𝜶𝟐) +
𝟏
𝟐𝟐
𝒄𝒊𝒋
(𝟏𝟐)(𝜶𝟏, 𝜶𝟐)%𝝈𝟏𝒊⊗ %𝝈𝟐𝒋



Relationship between !𝝆𝒉 and !𝝆(𝒒𝟏$𝒒𝒏)
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in general,  &𝝆𝑽 = (ℳ&𝝆 𝒒𝟏+𝒒𝟐 (ℳ,

𝝆𝒎𝒎!
𝑽 = 𝒋𝒎 &ℳ%𝝆 𝒒𝟏$𝒒𝟐 &ℳ- 𝒋𝒎, = 𝑵𝒋⟨𝒋𝒎|%𝝆 𝒒𝟏$𝒒𝟐 |𝒋𝒎,⟩

(ℳ: the transition matrix
For 𝒒𝟏 + ,𝒒𝟐 → 𝑽

independent of (ℳ

direct probe of &𝝆(𝒒𝟏3𝒒𝒏) of quarks/antiquarks before hadronization

For 𝒒𝟏 + 𝒒𝟐 + 𝒒𝟑 → 𝑯

𝝆𝒎𝒎!
𝑯 = 𝒋𝒎 &ℳ%𝝆 𝒒𝟏𝒒𝟐𝒒𝟑 &ℳ- 𝒋𝒎, = 𝑵𝒋⟨𝒋𝒎|%𝝆 𝒒𝟏𝒒𝟐𝒒𝟑 |𝒋𝒎,⟩

For 𝒒𝟏 + 𝒒𝟐 + 𝒒𝟑 + 𝒒𝟒 + 𝒒𝟓 + 𝒒𝟔 → 𝑯𝟏 +𝑯𝟐

𝝆𝒎𝟏𝒎𝟐𝒎𝟏
!𝒎𝟐

!
𝑯𝟏𝑯𝟐 = 𝒋𝒎𝟏𝒋𝒎𝟐 &ℳ%𝝆 𝒒𝟏5𝒒𝟔 &ℳ- 𝒋𝒎𝟏

, 𝒋𝒎𝟐
, = 𝑵𝒋𝒋 𝒋𝒎𝟏𝒋𝒎𝟐 %𝝆 𝒒𝟏5𝒒𝟔 𝒋𝒎𝟏

, 𝒋𝒎𝟐
,



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

𝝆𝟎𝟎𝑽 𝜶𝑽 =
𝟏 + 𝒕̅𝒊𝒊

𝒒𝟏$𝒒𝟐 − 𝟐𝒕̅𝒛𝒛
𝒒𝟏$𝒒𝟐

𝟑 + 𝒕̅𝒊𝒊
𝒒𝟏$𝒒𝟐

Sensitive to local spin correlations between 𝒒𝟏 and #𝒒𝟐

The spin alignment

𝐑𝐞 𝝆𝟏𝟎𝑽 =
2𝑷𝒒𝟏𝒙 + 2𝑷$𝒒𝟐𝒙 + 𝒕̅𝒛𝒙

𝒒𝟏$𝒒𝟐 + 𝒕̅𝒙𝒛
𝒒𝟏$𝒒𝟐

𝟐 𝟑 + 𝒕̅𝒊𝒊
𝒒𝟏$𝒒𝟐

The off-diagonal element, e.g.

𝒕̅𝒊𝒋
𝒒𝟏$𝒒𝟐 ≡ N𝒄𝒊𝒋

𝒒𝟏$𝒒𝟐 + 2𝑷𝒒𝟏𝒊2𝑷$𝒒𝟐𝒋 N𝒄𝒊𝒋
𝒒𝟏$𝒒𝟐 = 𝒄𝒊𝒋

(𝒒𝟏$𝒒𝟐) 𝜶𝟏, 𝜶𝟐
𝑽
+ N𝒄𝒊𝒋

(𝒒𝟏$𝒒𝟐;𝟎) 𝜶𝟏𝟐

N𝒄𝒊𝒋
(𝒒𝟏$𝒒𝟐;𝟎) 𝜶𝟏𝟐 = 𝑷𝒒𝟏𝒊 𝜶𝟏 𝑷$𝒒𝟐𝒋 𝜶𝟐 𝑽

− 2𝑷𝒒𝟏𝒊2𝑷$𝒒𝟐𝒋

=
𝟏

𝟑 + 𝒕̅𝒊𝒊
𝒒𝟏$𝒒𝟐

𝟏 + 𝒄𝒙𝒙
𝒒𝟏$𝒒𝟐 + 𝒄𝒚𝒚

𝒒𝟏$𝒒𝟐 − 𝒄𝒛𝒛
𝒒𝟏$𝒒𝟐 + 𝑷𝒒𝟏𝒙𝑷$𝒒𝟐𝒙 + 𝑷𝒒𝟏𝒚𝑷$𝒒𝟐𝒚 − 𝑷𝒒𝟏𝒛𝑷$𝒒𝟐𝒛

𝑽



Hyperon polarization & spin correlations
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𝑷𝚲(𝜶𝚲) = 2𝑷𝒔𝒛 −
𝟏
2𝑪𝚲

N𝒄𝒊𝒊𝒛
(𝒖𝒅𝒔) + N𝒄𝒊𝒛

𝒖𝒔 2𝑷𝒅𝒊 + N𝒄𝒊𝒛
𝒅𝒔 2𝑷𝒖𝒊

𝚲 polarization

influences from quark spin correlations

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

2𝑪𝚲 = 𝟏 − 𝒕̅𝒊𝒊
(𝒖𝒅)

𝑪𝒛𝒛𝚲
$𝚲(𝜶𝚲, 𝜶$𝚲) ≈ 𝑷𝚲𝒛(𝜶𝚲)𝑷$𝚲𝒛(𝜶$𝚲) + N𝒄𝒛𝒛

𝒔@𝒔 −
2𝑷𝒔𝒛
2𝑪𝚲

N𝒄𝒊𝒛
𝒅@𝒔 2𝑷𝒖𝒊 + N𝒄𝒊𝒛

𝒖@𝒔 2𝑷𝒅𝒊 −
2𝑷@𝒔𝒛
2𝑪$𝚲

N𝒄𝒛𝒊
𝒔$𝒅 2𝑷$𝒖𝒊 + N𝒄𝒛𝒊

𝒔$𝒖 2𝑷$𝒅𝒊

𝚲,𝚲 spin correlation

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

N𝒄𝒛𝒛
𝒔@𝒔 = 𝒄𝒛𝒛

𝒔@𝒔

𝚲$𝚲
only long range, no induced contributions 

if only two particle spin correlations are considered
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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, PRD 110, 074019 (2024).

𝑺𝑳𝑳 =
𝟏
+𝑪𝟑

𝟑𝒕̅𝒛𝒛
(𝒒𝟏𝒒𝟐) − 𝒕̅𝒊𝒊

(𝒒𝟏𝒒𝟐) + 𝟏 ↔ 𝟐 ↔ 𝟑 ⟶
𝟑
+𝑪𝟑

𝟑𝒕̅𝒛𝒛
(𝒒𝒒) − 𝒕̅𝒊𝒊

(𝒒𝒒)

𝑺𝑳 =
𝟏
𝟐+𝑪𝟑

𝟓3
𝒋4𝟏

𝟑

+𝑷𝒒𝒋𝒛 + 𝒕̅𝒛𝒊𝒊
{𝒒𝟏𝒒𝟐𝒒𝟑} ⟶

𝟏
𝟐+𝑪𝟑

𝟓𝑷𝒒𝒛 + 𝒕̅𝒛𝒊𝒊
(𝒒𝒒𝒒)

𝑺𝑳𝑳𝑳 =
𝟗

𝟏𝟎+𝑪𝟑
𝟓𝒕̅𝒛𝒛𝒛

(𝒒𝟏𝒒𝟐𝒒𝟑) − 𝟑𝒕̅𝒛𝒊𝒊
{𝒒𝟏𝒒𝟐𝒒𝟑} ⟶

𝟗
𝟏𝟎+𝑪𝟑

𝟓𝒕̅𝒛𝒛𝒛
(𝒒𝒒𝒒) − 𝟑𝒕̅𝒛𝒊𝒊

(𝒒𝒒𝒒)

Sensitive to the local two or three quark spin correlations
+𝑪𝟑 = 𝐓𝐫8𝝆 = 𝟑 + 𝒕̅𝒊𝒊

(𝒒𝟏𝒒𝟐) + 𝟏 ↔ 𝟐 ↔ 𝟑 ⟶ 𝟑 𝟏 + 𝒕̅𝒊𝒊
(𝒒𝒒)

𝒕̅𝒊𝒋𝒌
(𝒒𝟏𝒒𝟐𝒒𝟑) ≡ :𝒄𝒊𝒋𝒌

(𝒒𝟏𝒒𝟐𝒒𝟑) + :𝒄𝒊𝒋
𝒒𝟏𝒒𝟐 +𝑷𝒒𝟑𝒌 + :𝒄𝒋𝒌

𝒒𝟐𝒒𝟑 +𝑷𝒒𝟏𝒊 + +:𝒄𝒌𝒊
𝒒𝟑𝒒𝟏 +𝑷𝒒𝟐𝒋 + +𝑷𝒒𝟏𝒊+𝑷𝒒𝟐𝒋+𝑷𝒒𝟑𝒌

𝒕̅𝒊𝒋
𝒒𝟏$𝒒𝟐 ≡ N𝒄𝒊𝒋

𝒒𝟏$𝒒𝟐 + 2𝑷𝒒𝟏𝒊2𝑷$𝒒𝟐𝒋𝒕̅𝒊𝒋𝒌
{𝒒𝟏𝒒𝟐𝒒𝟑} ≡ 𝒕̅𝒊𝒋𝒌

(𝒒𝟏𝒒𝟐𝒒𝟑) + 𝒕̅𝒊𝒋𝒌
(𝒒𝟐𝒒𝟑𝒒𝟏) + 𝒕̅𝒊𝒋𝒌

(𝒒𝟑𝒒𝟏𝒒𝟐)
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Systematic studies of quark spin correlations in QGP!

Ji-peng Lv, Zi-han Yu, ZTL, Qun Wang, and Xin-Nian Wang, PRD 109, 114003 (2024);
Zhe Zhang, Ji-Peng Lv, Zi-han Yu, and ZTL,  PRD 110, 074019 (2024).
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Polarization and hadronization mechanism

21

QGP hadronization 
combination

recombination  
coalescence

𝒒𝟏 + 2𝒒𝟐 → 𝑴

2𝒒𝟏 + 2𝒒𝟐 + 2𝒒𝟑 → 2𝑩
𝒒𝟏 + 𝒒𝟐 + 𝒒𝟑 → 𝑩

𝒒𝟎 → 𝒒𝟎 + ("𝒒𝟏𝒒𝟏) → 𝑴(𝒒𝟎"𝒒𝟏) +𝒒𝟏
𝒒𝟏 → 𝒒𝟏 + ("𝒒𝟐𝒒𝟐) → 𝑴(𝒒𝟏"𝒒𝟐) +𝒒𝟐
……………

Fragmentation
𝒒 → 𝒉 + 𝑿 e.g.: 𝒆7𝒆3 → 𝒉+ 𝑿

e+

e− q

q

𝒁/𝜸∗
𝒉

𝑿

R.D. Field, R.P. Feynman, NPB136, 1-76 (1978)

direct probe to spin density of quarks and/or anti-quarks 

Field-Feynman recursive cascade picture for 𝒒𝟎 → 𝒉𝑿

𝒒𝟎𝒒𝟏+𝒒𝟏𝒒𝟐+𝒒𝟐𝒒𝟑+𝒒𝟑

𝑴(+𝒒𝟏𝒒𝟎)𝑴(+𝒒𝟐𝒒𝟏)𝑴(+𝒒𝟑𝒒𝟐)
1st rank2nd rank3rd rank
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Hadron polarization in 𝒆<𝒆= → 𝒁𝟎 → 𝒉𝑿 at LEP 
𝚲 polarization in 𝒆7𝒆3 → 𝒁𝟎 → 𝚲𝑿

ALEPH, PLB 374, 319 (1996)

OPAL, PLB 412, 210 (1997)

𝒆E𝒆5 → 𝑲∗ + 𝑿

DELPHI, PLB 406, 271 (1997)

due to polarization of the initial quark produced at the 𝒆7𝒆3 annihilation vertex? 

OPAL, EPJC 2, 49 (1998)

Spin alignment in 𝒆7𝒆3 → 𝒁𝟎 → 𝑽𝑿
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Hadron polarization in fragmentation processes

C. Boros, ZTL, PRD 57, 4491 (1998)

Earlier phenomenological studies :

SU(6)

DIS

𝑷𝑯
𝒉𝒊𝒈𝒉𝒆𝒓_𝒓𝒂𝒏𝒌 = 𝟎

with decay contributions etc. 

ALEPH, PLB 374, 319 (1996)

OPAL, EPJC 2, 49 (1998)

G. Gustafson and J. Hakkinen, PLB 303 (1993) 350.

𝑷𝑯𝟏𝒔𝒕_𝒓𝒂𝒏𝒌 = 𝑷𝒒
𝚫𝐐
𝑵𝒒𝒗

① attributes to the polarization of the initial quark
② only first rank hadrons, i.e. only those containing initial quarks, are polarized
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Hadron polarization in fragmentation processes

Earlier phenomenological studies :
① attributes to the polarization of the initial quark
② only first rank hadrons, i.e. only those containing initial quarks, are polarized

		e+e− →K *0 + X

ρ00=1/3: unpolarized

Q.H. Xu, C.X. Liu and ZTL, PRD 63, 111301 (2001)

𝝆𝟎𝟎𝟏𝒔𝒕_𝒓𝒂𝒏𝒌 =
𝟏 + 𝜷𝑷𝒒𝟐

𝟑 − 𝜷𝑷𝒒𝟐 𝝆𝟎𝟎
𝒉𝒊𝒈𝒉𝒆𝒓_𝒓𝒂𝒏𝒌 =

𝟏
𝟑

if extend to vector meson spin alignment, we need

Q.H. Xu, and ZTL, PRD 66, 017301 (2002)

𝝁5𝒑 → 𝝁5 + 𝑽 + 𝑿
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Hadron polarization in fragmentation processes

However, in QCD quantum field theory, fragmentation is described by fragmentation 
functions (FFs) defined via the quark-quark correlator

&𝚵 𝒌; 𝒑, 𝑺 =
𝟏
𝟒𝝅

@
𝑿

]𝒅𝟒𝝃 𝒆5𝒊𝒌𝝃 𝒉𝑿 2𝝍 𝝃 ℒ(𝝃, 𝟎) 𝟎 𝟎 𝝍 (𝟎) 𝒉𝑿

Un-integrated:

&𝚵 𝒛; 𝒑, 𝑺 =
𝟏
𝟒𝝅@

𝑿

]𝒅𝝃5 𝒆5𝒊𝒑𝝃)/𝒛 𝒉𝑿 2𝝍 𝝃5 ℒ(𝝃5, 𝟎) 𝟎 𝟎 𝝍 (𝟎) 𝒉𝑿

One dimensional:

&𝚵 𝒛, 𝒌P; 𝒑, 𝑺 =
𝟏
𝟒𝝅

@
𝑿

]𝒅𝟐𝝃P𝒅𝝃5 𝒆5𝒊𝒑𝝃
)/𝒛𝒆𝒊𝒌*Q𝝃* 𝒉𝑿 2𝝍 𝝃 ℒ(𝝃, 𝟎) 𝟎 𝟎 𝝍 (𝟎) 𝒉𝑿

Three dimensional (transverse momentum dependent):
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Hadron polarization in fragmentation processes

FFs defined via the quark-quark correlator

We expand the quark-quark correlator (𝚵(𝒛; 𝒑, 𝑺) in terms of the Γ-matrices

e.g., one dimensional FFs: 

G𝚵 𝒛; 𝒑, 𝑺 = 𝚵 𝒛; 𝒑, 𝑺 + 𝒊𝜸𝟓M𝚵 𝒛; 𝒑, 𝑺 + 𝜸𝜶𝚵𝜶 𝒛; 𝒑, 𝑺 + 𝒊𝜸𝟓𝜸𝜶M𝚵𝜶 𝒛; 𝒑, 𝑺 + 𝒊𝜸𝟓𝝈𝜶𝜷𝚵𝜶𝜷 𝒛; 𝒑, 𝑺

We make the Lorentz decomposition, e.g.,

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

𝒛𝚵𝜶 𝒛; 𝒑, 𝑺 = 𝒑E+𝒏𝜶 𝑫𝟏 𝒛 + 𝑺𝑳𝑳𝑫𝟏𝑳𝑳 𝒛 −𝑴M𝑺𝑻𝜶𝑫𝑻 𝒛 +𝑴𝑺𝑳𝑻𝜶𝑫𝑳𝑻 𝒛

+
𝑴𝟐

𝒑E
𝒏𝜶 𝑫𝟑 𝒛 + 𝑺𝑳𝑳𝑫𝟑𝑳𝑳 𝒛

𝑫𝟏 𝒛 + 𝑺𝑳𝑳𝑫𝟏𝑳𝑳 𝒛 =
𝟏
𝒑E

𝒛𝒏𝜶𝚵𝜶 𝒛; 𝒑, 𝑺 =
𝟏
𝟒𝒑E

𝒛𝐓𝐫𝜸EG𝚵(𝒛; 𝒑, 𝑺)We obtain, e.g.,
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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:  S
µ = (0,

!
ST ,λ )

Tensor polarization:

The spin density matrix is 2x2:

Vector polarization:  S
µ = (0,

!
ST ,λ )  

ρ =
ρ++ ρ+−

ρ−+ ρ−−

⎛

⎝
⎜

⎞

⎠
⎟ = 1

2
(1 +
!
S ⋅
!
σ )

V𝝆 =

𝟏 + 𝑺𝑳𝑳
𝟑 +

𝑺𝑳
𝟐

𝑺𝑳𝑻𝒙 − 𝒊𝑺𝑳𝑻
𝒚 + (𝑺𝑻𝒙 − 𝒊𝑺𝑻

𝒚)
𝟐 𝟐

𝑺𝑻𝑻𝒙𝒙 − 𝒊𝑺𝑻𝑻
𝒙𝒚

𝟐
𝑺𝑳𝑻𝒙 + 𝒊𝑺𝑳𝑻

𝒚 + (𝑺𝑻𝒙 + 𝒊𝑺𝑻
𝒚)

𝟐 𝟐
𝟏 − 𝟐𝑺𝑳𝑳

𝟑
−𝑺𝑳𝑻𝒙 + 𝒊𝑺𝑳𝑻

𝒚 + (𝑺𝑻𝒙 − 𝒊𝑺𝑻
𝒚)

𝟐 𝟐
𝑺𝑻𝑻𝒙𝒙 + 𝒊𝑺𝑻𝑻

𝒙𝒚

𝟐
−𝑺𝑳𝑻𝒙 − 𝒊𝑺𝑳𝑻

𝒚 + (𝑺𝑻𝒙 + 𝒊𝑺𝑻
𝒚)

𝟐 𝟐
𝟏 + 𝑺𝑳𝑳
𝟑 −

𝑺𝑳
𝟐

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

scalar 𝑺𝑳𝑳 vector 𝑺𝑳𝑻 = (𝟎, 𝑺𝑳𝑻𝒙 , 𝑺𝑳𝑻
𝒚 , 𝟎) tensor 𝑺𝑻𝑻 =

𝟎 𝟎
𝟎 𝑺𝑻𝑻𝒙𝒙

𝟎 𝟎
𝑺𝑻𝑻
𝒙𝒚 𝟎

𝟎 𝑺𝑻𝑻
𝒙𝒚

𝟎 𝟎
𝑺𝑻𝑻
𝒚𝒚 𝟎
𝟎 𝟎

𝝆𝟎𝟎 =
𝟏 − 𝑺𝑳𝑳

𝟑
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The vector meson spin alignment v.s. the longitudinal spin transfer

independent of the spin 𝝀𝒒 of the fragmenting quark!

𝑫𝟏 𝒛 + 𝑺𝑳𝑳𝑫𝟏𝑳𝑳 𝒛 =
𝟏
𝟖𝝅

6
𝑿

7𝒛𝒅𝝃, 𝒆,𝒊𝒑&𝝃'/𝒛 6
𝝀𝒒1𝑳,𝑹

𝒉𝑿 "𝝍𝝀𝒒 𝝃 𝜸
4 𝟎 𝟎 𝝍𝝀𝒒 (𝟎) 𝒉𝑿

The vector meson spin alignment 𝑫𝟏𝑳𝑳(𝒛) 𝝍𝑳/𝑹 ≡
𝟏
𝟐 (𝟏 ± 𝜸𝟓)𝝍

𝑺𝑳𝑮𝟏𝑳 𝒛 =
𝟏
𝟖𝝅6

𝑿

7𝒛𝒅𝝃, 𝒆,𝒊𝒑&𝝃'/𝒛C 𝒉𝑿 "𝝍𝑳 𝝃 𝜸4 𝟎 𝟎 𝝍𝑳(𝟎) 𝒉𝑿

−
dependent of the spin 𝝀𝒒 of the fragmenting quark!

The longitudinal spin transfer 𝑮𝟏𝑳(𝒛)

D𝒉𝑿 "𝝍𝑹 𝝃 𝜸4 𝟎 𝟎 𝝍𝑹 𝟎 𝒉𝑿

The longitudinal polarization of 𝚲 in 𝒆7𝒆3 → 𝒁𝟎 → 𝚲𝑿 indeed originates from the 
polarization of the initial quark, but the vector spin alignment of V in 𝒆7𝒆3 → 𝒁𝟎 → 𝑽𝑿
does not! 
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Hadron polarization in 𝒆<𝒆= → 𝒉𝑿

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:

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 = −𝟐𝒆𝒒𝝌(𝟏 −𝑴𝒛

𝟐/𝒔)

e+

e− q

q

𝒁/𝜸∗
𝒉

𝒅, 𝒔

𝒖, 𝒄

𝑷𝒒 𝑸 : quark polarization

Hyperon polarization:

𝑷𝑳𝚲 𝒛, 𝑸 =
∑𝒒𝑷𝒒(𝑸)𝑾𝒒(𝑸)𝑮𝟏𝑳𝒒(𝒛, 𝑸)

∑𝒒𝑾𝒒(𝑸)𝑫𝟏𝒒(𝒛, 𝑸)
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Hyperon polarization in 𝒆<𝒆= → 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
𝟐𝝅6

𝒋

7
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 𝒆<𝒆= → 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 𝒅Q𝒔 + 𝑿

unfavored, e.g.: 
𝒖 → 𝑲∗𝟎 𝒅Q𝒔 + 𝑿

𝑫𝟏𝑳𝑳 𝒛, 𝝁𝟎 = 𝒄𝟐(𝒂𝟐𝒛𝟏/𝟐 + 𝟏) 𝑫𝟏 𝒛, 𝝁𝟎
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Vector meson spin alignment in 𝒆<𝒆= → 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∗7 + 𝑿

The fragmentation functions 𝑫𝟏𝑳𝑳𝒒𝑲∗ (𝒛, 𝝁𝒇) in 𝒒 → 𝑲∗ + 𝑿
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Vector meson spin alignment in 𝒆<𝒆= → 𝑽+ 𝑿

Spin alignment in 𝒆7𝒆3 → 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 = 𝟓. 𝟎𝟐TeV

𝝆𝟎𝟎 > 𝟏/𝟑 and increase with increasing 𝒑𝑻 or 𝒙𝑭
tested in future experiments e.g. at RHIC and LHC

𝒔 = 𝟐𝟎𝟎GeV
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collisions (HIC) 

Ø Vector meson alignment vs hyperon polarization 
in quark fragmentation
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Summary and outlook

2024年11月25-29日LC2024, IMP HuiZhou 36

l Global hyperon polarization and global vector meson spin alignment have been 
observed in relativistic heavy ion collisions (HIC).

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 Vector meson spin alignments, tensor polarizations of spin 3/2 baryons are 
sensitive to local quark spin correlations; spin correlations of hyperon-hyperon 
or hyperon-antihyperon are sensitive to long range correlations.

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 future experiments.

Thank you for your attention!

A recent short review: 
J.H. Chen, ZTL, Y.G. Ma, X.L. Sheng, and Q. Wang, “Vector meson’s spin alignments in 
high energy reactions”, Sci. China-Phys. Mech. Astron. 68, 211001 (2025).


