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Introduction

1. Introduction
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⚫ Measuring spin correlation help us understand fundamental particles and their interactions.
• Measuring SM interactions.

• Probing NP effects, especially CP violation.

• Studying quantum information (e.g. ATLAS 2406.03976v2).

⚫ 𝑡 ҧ𝑡 spin correlation is well studied.  𝑊𝑊: more challenging.

• Single-W particle spin density matrix can be fully measured.
LEP：Eur. Phys. J. C 40, 333 (2005).   Physics Letters B 557, 147 (2003)      

Physics Letters B 585, 223 (2004)

• Only a small part of  𝑉𝑉’s joint spin density matrix are measured.(𝑉 = 𝑊,𝑍)
Eur. Phys. J. C 63, 611 (2009). . Phys. Lett. B 843, 137895 (2023). 

⚫ Single observable is useful.  Azimuthal angle correlation probes part of spin correlation.

⚫ We propose a method to maximize the azimuthal angle correlation of 𝑊 boson pair.
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The decay plane correlation function for the azimuthal angle
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⚫ The azimuthal angle distribution of decay particles of 𝑊 boson pair is well known：

2. Azimuthal Angle Correlation

𝐴 = −
9𝜋

64
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𝑑 − 𝐶𝑖𝑗

𝑑𝑧𝑖𝑧𝑗 ,

ሚ𝐴 =
9𝜋

64
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⚫ The angular correlations of the decay particles are determined by the spin correlations of the 𝑊 boson pair.

1

𝜎

𝑑𝜎

𝑑Δ𝜙
=

1

2𝜋
+ 𝐴cos Δ𝜙 + ሚ𝐴sin Δ𝜙 + 𝐵cos 2Δ𝜙 + ෨𝐵sin 2Δ𝜙

K. Hagiwara, R. D. Peccei, D. Zeppenfeld, 

and K. Hikasa, Nucl. Phys. B 282, 253 (1987).
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The decay plane correlation function for the azimuthal angle
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⚫ The azimuthal angle distribution of decay particles of  𝑊 boson pair is well known：

2. Azimuthal Angle Correlation

Symmetric part of 𝐶𝑖𝑗,𝑘𝑙
𝑞
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𝑞
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Symmetric part of 𝐶𝑖𝑗
𝑑

Anti-symmetric part of 𝐶𝑖𝑗
𝑑

Anti-symmetric part of 𝐶𝑖𝑗,𝑘𝑙
𝑞

K. Hagiwara, R. D. Peccei, D. Zeppenfeld, 

and K. Hikasa, Nucl. Phys. B 282, 253 (1987).
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CP even CP odd
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𝒒
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𝒅 = −𝑪𝒋𝒊
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𝒒

=-𝑪𝒌𝒍,𝒊𝒋
𝒒

Ԧ𝑧 is used to 

define Δ𝜙
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⚫ The azimuthal angle distribution of decay particles of 𝑊 boson pair is well known：

2. Azimuthal Angle Correlation

𝐴 = −
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𝑑 − 𝐶𝑖𝑗
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𝜖𝑖𝑗𝑘𝐶𝑖𝑗
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𝐶𝑖𝑗,𝑘𝑙
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𝑧𝑖𝑧𝑗𝑧𝑘𝑧𝑙 + 2𝐶𝑖𝑗,𝑗𝑖
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− 4𝐶𝑖𝑗,𝑗𝑖
𝑞

𝑧𝑖𝑧𝑖 ,

෨𝐵 =
1

2𝜋
𝜖𝑖𝑗𝑘𝐶𝑖𝑗,𝑖𝑖

𝑞
𝑧𝑘 − 𝜖𝑖𝑗𝑘𝐶𝑖𝑖,𝑖𝑗

𝑞
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Ԧ𝑧 is used to 

define Δ𝜙

K. Hagiwara, R. D. Peccei, D. Zeppenfeld, 

and K. Hikasa, Nucl. Phys. B 282, 253 (1987).

In the rest frame of 𝑊±

ℓ± ∶ 𝐥± = 𝑐𝑜𝑠𝜙±𝑠𝑖𝑛𝜃±, 𝑠𝑖𝑛𝜙±𝑠𝑖𝑛𝜃±, 𝑐𝑜𝑠𝜃±

Δ𝜙 = 𝜙+ − 𝜙−

1

𝜎

𝑑𝜎

𝑑Δ𝜙
=

1

2𝜋
+ 𝐴cos Δ𝜙 + ሚ𝐴sin Δ𝜙

+𝐵cos 2Δ𝜙 + ෨𝐵sin 2Δ𝜙

CP even CP odd



Spin correlation observable---the azimuthal angle difference:
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2. Azimuthal Angle Correlation

⚫ ℓ± ∶ 𝐥± = 𝑐𝑜𝑠𝜙±𝑠𝑖𝑛𝜃±, 𝑠𝑖𝑛𝜙±𝑠𝑖𝑛𝜃±, 𝑐𝑜𝑠𝜃±

⚫ Δ𝜙 = 𝜙+ − 𝜙− defined in the rest frame of 𝑊± respectively.

⚫ A reference axis z is required to define the azimuthal angle 𝜙±

⚫ It is not associated with the selection of the 𝑥𝑦 axis.

   

Rest frame of 

𝑊+ and 𝑊−

C.M. frame of 

𝑊+𝑊− pair

Choosing Ԧ𝑧 as the moving 

direction of 𝑊+ in 𝑊 pair 

c.m. frame

P. Achard et al. (L3), Eur. Phys. J. 

C 40, 333 (2005)



⚫ In the rest frame of 𝑊+ and 𝑊−, We can choose any direction as the reference direction Ԧ𝑧 to define the azimuthal angle.

⚫ The azimuthal angle correlation is basis-dependent.

•
1

𝜎

𝑑𝜎

𝑑Δ𝜙
=

1

2𝜋
+ 𝐴cos Δ𝜙 + ሚ𝐴sin Δ𝜙 + 𝐵cos 2Δ𝜙 + ෨𝐵sin 2Δ𝜙

• 𝐴 = −
9𝜋

64
𝐶𝑖𝑖
𝑑 − 𝐶𝑖𝑗

𝑑𝑧𝑖𝑧𝑗 , ሚ𝐴 =
9𝜋

64
𝜖𝑖𝑗𝑘𝐶𝑖𝑗

𝑑𝑧𝑘 , …

⚫ We can choose a Ԧ𝑧 direction to maximize azimuthal angle correlation.

The decay plane correlation function for the dihedral angle
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2. Azimuthal Angle Correlation

In the rest frame 

of 𝑊+ and 

𝑊−, change Ԧ𝑧
direction

Δ𝜙 change!



SM
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⚫ In SM (CP even) , azimuthal angle 

distribution is :

3. Measuring Azimuthal Angle Distribution in SM

1

𝜎

𝑑𝜎

𝑑Δ𝜙
≈

1

2𝜋
+ 𝐴cos Δ𝜙

⚫ Choose an optimal axis to 

maximize coefficient

𝐴 = −
9𝜋

64
𝐶𝑖𝑖
𝑑 − 𝐶𝑖𝑗

𝑑𝑧𝑖𝑧𝑗 ,

𝐴 =
9𝜋

64
𝑇𝑟(𝐶𝑑 − Ԧ𝑧 ⋅ 𝐶𝑑 ⋅ Ԧ𝑧)

⚫ Maximized direction Ԧ𝑎𝑐 is the eigenvector of 𝐶𝑑 with the 

smallest eigenvalue

Helicity basis

✓ Ԧ𝑎𝑐 yields a spin correlation nearly 4 times 

lager than 𝑘 direction.

✓ Maximal axis is closed to Ԧ𝑟 direction.



CP violating gauge interactions
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⚫ The observable Δ𝜙 is also sensitive to CP violating effect.

⚫ For the CP odd interaction , azimuthal angle distribution is :

3. CP Violating Effects

1

𝜎

𝑑𝜎

𝑑Δ𝜙
≈

1

2𝜋
+ 𝐴cos Δ𝜙 + ሚ𝐴sin Δ𝜙

SM Interference

⚫ Asymmetry: 

𝜖 ≡
N Δ𝜙 > 0 − N Δ𝜙 < 0

N Δ𝜙 > 0 + N Δ𝜙 < 0

𝜖 = 4 ሚ𝐴

𝚫𝝓
CP

− 𝜟𝝓



CP violating gauge interactions
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⚫ The observable Δ𝜙 is also sensitive to CP violating effect.

⚫ For the CP odd interaction , azimuthal angle distribution is :

3. CP Violating Effects

1

𝜎

𝑑𝜎

𝑑Δ𝜙
≈

1

2𝜋
+ 𝐴cos Δ𝜙 + ሚ𝐴sin Δ𝜙

SM Interference

⚫ Asymmetry: 

𝜖 ≡
N Δ𝜙 > 0 − N Δ𝜙 < 0

N Δ𝜙 > 0 + N Δ𝜙 < 0

𝜖 = 4 ሚ𝐴

𝚫𝝓
CP

− 𝜟𝝓
Maximize ሚ𝐴 coefficient to better measure 

the 𝑠𝑖𝑛 Δ𝜙  distribution caused by CP 

violating effects

ሚ𝐴 =
9𝜋

64
𝜖𝑖𝑗𝑘𝐶𝑖𝑗

𝑑𝑧𝑘

Maximized direction: Ԧ𝑎𝑠 𝑘 = 𝜖𝑖𝑗𝑘𝐶𝑖𝑗
𝑑



CP violating gauge interactions
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The allowed parameter region at 2𝜎 Λ = 1TeV

3. CP Violating Effects

✓ Ԧ𝑧 = Ԧ𝑎𝑠 shows much stronger constraints on new 

physics, compared to Ԧ𝑧 = 𝑘 .

✓ The allowed parameter region at 2𝜎 between Ԧ𝑧 = Ԧ𝑟
and Ԧ𝑧 = Ԧ𝑎𝑠 is very closed.

⚫ There are only two CP-odd dim-6 operators that modify 

electroweak vector boson self interactions: 

⚫ 𝜎 = 𝜎𝑆𝑀 + 𝒪(𝑐𝑖
2),

⚫ ϵ = 𝒪(𝑐𝑖), 𝑐𝑖∈ 𝑐෪𝑊 , c ෩𝑊𝑊𝑊

ℒ𝑆𝑀𝐸𝐹𝑇 = ℒ𝑆𝑀 + c ෩𝑊𝑊𝑊
𝒪෪𝑊𝑊𝑊

Λ2
+ 𝑐෪𝑊

𝒪෪𝑊
Λ2

+⋯

𝒪 ෩𝑊𝑊𝑊 = 𝐓𝐫 ෩𝑊𝜇𝜈𝑊
𝜈𝜌𝑊𝜌

𝜇
,

𝒪 ෩𝑊 = 𝐷𝜇Φ
† ෩𝑊𝜇𝜈 𝐷𝜈Φ
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Summary

⚫ Measuring the spin correlation of 𝑊 pair is challenging, so optimization is important.

⚫ The azimuthal angle correlation characterizes one entry from the spin correlation matrix. 

⚫ In our work we show that this correlation largely depend on the reference axis choice.

⚫ We present the optimal basis to achieve the azimuthal angle correlation.

⚫ Better measurement of spin correlation of 𝑊 boson pair.

⚫ Giving better constraints on CP violating interactions.

Thanks!
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Spin correlation :
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⚫ One can obtain the polarizations and spin correlations from the production spin density matrix as well as the joint 

angular distributions of the decay products

2. Azimuthal Angle Correlation

ො𝜌𝑊𝑊 =
መ𝐼9
9
+
1

3
𝑑𝑖
+ መ𝑆𝑖

+⨂መ𝐼3 +
1

3
𝑑𝑖
− መ𝐼3⨂ መ𝑆𝑖

−

+
1

3
𝑞𝑖𝑗
+ መ𝑆{𝑖𝑗}

+ ⨂መ𝐼3 +
1

3
𝑞𝑖𝑗
− መ𝐼3⨂ መ𝑆 𝑖𝑗

−

+𝐶𝑖𝑗
𝑑 መ𝑆𝑖

+⨂ መ𝑆𝑗
− + 𝐶𝑖𝑗,𝑘𝑙

𝑞 መ𝑆 𝑖𝑗
+ ⨂ መ𝑆 𝑘𝑙

−

+𝐶𝑖𝑗,𝑘
𝑑𝑞 መ𝑆𝑖

+⨂ መ𝑆{𝑗𝑘}
− + 𝐶𝑖,𝑗𝑘

𝑞𝑑 መ𝑆{𝑖𝑗}
+ ⨂ መ𝑆𝑘

−

Production spin 

density matrix
ො𝜌𝑊𝑊 =

1

9
𝕀⊗ 𝕀 +

1

3


𝑖=1

8

𝑎𝑖𝜆𝑖 ⊗ 𝕀 +
1

3


𝑗=1

8

𝑏𝑗𝕀 ⊗ 𝜆𝑗 +

𝑖=1

8



𝑗=1

8

𝑐𝑖𝑗𝜆𝑖 ⊗𝜆𝑗
64 spin correlation 

coefficients of  W pair

SM 

prediction

መ𝑆 𝑖𝑗
+ = መ𝑆𝑖 መ𝑆j + መ𝑆j መ𝑆𝑖



Decay Products as Spin Analyzer:
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⚫ Using decay angle distribution to recover the spin information of mother particle:

⚫ ticles

Backup Slides

Decay of a W boson is equivalent to a 

measurement of its spin along the axis of 

the emitted lepton.

1

𝜎

𝑑𝜎

𝑑Ω+𝑑Ω−
=

3

4𝜋

2

Tr 𝜌𝑊+𝑊− Π+ ⊗Π−



Spin density matrix:
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⚫ At a give phase space point, the spin density matrix of 𝑊+ 𝑊− produced from 𝑒+ 𝑒− annihilation is：

𝜌𝛼1𝛼2,𝛽1𝛽2 =
𝑅𝛼1𝛼2,𝛽1𝛽2
Tr 𝑅

⚫ the unnormalized density matrix 𝑅 is defined as:

𝑅𝛼1𝛼2,𝛽1𝛽2 = 

𝑆𝑝𝑖𝑛𝑠

−

𝑀𝛼1 𝛽1
∗ 𝑀𝛼2 𝛽2

𝑀𝛼𝛽 ≡ ⟨V 𝑘1, 𝛼 ഥV 𝑘2, 𝛽 𝒯 𝑎(𝑝1)𝑏(𝑝2)⟩

• 𝒯 :  transition matrix. 

• 𝑁𝑎,𝑏 ∶ the number of degrees of freedom of the respective initial state particle 𝑒+and 𝑒−, 

• 𝑝(𝑘) : the momentum of the initial(final) state, 

• 𝑉 is the W boson, and 𝛼 𝛽 is the spin indices of 𝑊− 𝑊+



WW azimuthal angle correlation with different energy:
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TGCs:
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