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Background 

SM has achieved great success; 

There are still many unresolved issues; 

There are currently many studies on quarks; 

There are many interesting physics about leptons. 
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𝝉  physics  

• Mass  ~ 1.777GeV;   Lifetime ~ 𝟏𝟎−𝟏𝟑 𝒔  ; 

• Connect  SM with new physics; 

• Higher order electroweak corrections enhance the 

precision of theoretical predictions. 

 
Eur. Phys. J. C 20, 401 (2001),   Eur. Phys. J. C 36, 283 (2004),   Phys. Rev. Lett. 99, 011801 (2007) 

𝝉  physics has been studied on experimental platforms 

 Lepton collider 

Decay properties &  
Production cross sections 

Polarization & 
Spin correlation 

    Pb-Pb   UPC 

𝑍4 enhanced cross-section                       The environment is clean 

Experiment 

𝜸 𝜸 →  𝝉+𝝉− 

Phys. Rev. Lett. 131, 151802 (2023),  Phys. Rev. Lett. 131, 151803 (2023) 
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Research status 
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Theory 

Spin density matrix 

describes polarization and 

spin correlation 

Bell inequalities & 

concurrence 

characterize quantum 

entanglement 

NLO QED &NLO EW with 

unpolarized 𝝉-pair has been 

studied 

𝝉  physics has been studied on experimental platforms 

 Lepton collider 

Decay properties &  
Production cross sections 

Polarization & 
Spin correlation 

    Pb-Pb   UPC 

𝑍4 enhanced cross-section                       The environment is clean 

Experiment 

𝜸 𝜸 →  𝝉+𝝉− 

 JHEP 10 (2025) 217,   JHEP 02, 023 (2025),  Phys. Rev. D 111, 036023 (2025) 
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Calculative framework 

𝝇𝐔𝐏𝐂/𝐋𝐂 =  𝐝𝒙𝟏𝐝𝒙𝟐𝒏 𝒙𝟏 𝒏 𝒙𝟐  𝝇(𝜸𝜸 → 𝝉+ 𝝉−) 

𝒏 𝒙𝒊 =
𝟐𝒁𝟐𝜶

𝒙𝒊𝝅
*𝒙𝒊 𝑲𝟎 𝒙𝒊 𝑲𝟏 𝒙𝒊 −

𝒙𝒊 
𝟐

𝟐
, 𝑲𝟏

𝟐 𝒙𝒊 − 𝑲𝟎
𝟐 𝒙𝒊 -+ 

For Pb-Pb UPC : 

𝑠𝛾𝛾 ≤
𝛾𝐿
𝑅

 

𝒏 𝒙𝒊 =
𝜶

𝟐𝝅

𝟏 + 𝟏 − 𝒙𝒊
𝟐

𝒙𝒊
 ln

𝑸𝒎𝒂𝒙
𝟐

𝑸𝒎𝒊𝒏
𝟐

+
𝟐𝒎𝒇

𝟐 𝒙𝒊

𝑸𝒎𝒂𝒙
𝟐

 −
𝟐𝒎𝒇

𝟐 𝒙𝒊

𝑸𝒎𝒊𝒏
𝟐

 

For lepton collider: 

𝑥𝑖 = 𝑥𝑖  𝑚𝑁 𝑏𝑚𝑖𝑛 
𝑄𝑚𝑖𝑛
2 =

𝑚𝑓
2𝑥𝑖

2

1 − 𝑥𝑖
 𝑄𝑚𝑎𝑥

2 =
𝐸𝑓𝜃𝑐

2

1 − 𝑥𝑖
+ 𝑄𝑚𝑖𝑛

2  𝜃𝑐 = 32 𝑚𝑟𝑎𝑑  

Phys. Rev. Lett. 89, 032001 (2002), 

Phys. Rept. 15, 181 (1975) 
JHEP 09, 248 (2022) 
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Calculative framework 

𝛾 𝑝1 + 𝛾 𝑝2  → 𝜏− 𝑘1, 𝑠1 + 𝜏+ 𝑘2, 𝑠2  

𝛽 = 1 −
4𝑚2

𝑠𝛾𝛾
 ,   𝑦 = cos 𝜃 
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Calculative framework 

𝛽 = 1 −
4𝑚2

𝑠𝛾𝛾
 ,   𝑦 = cos 𝜃 

𝛾 𝑝1 + 𝛾 𝑝2  → 𝜏− 𝑘1, 𝑠1 + 𝜏+ 𝑘2, 𝑠2  
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NLO EW corrections 

dimentional regularization with D = 4 − 2ε  

on-shell 
scheme 

EW  
correction 

Virtual 

Real 

UV 

IR (QED) 

cancel 

Phys. Rev. D 111, 036023 (2025) 

𝛾 𝑝1 + 𝛾 𝑝2  → 𝜏− 𝑘1, 𝑠1 + 𝜏+ 𝑘2, 𝑠2  
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Production density matrix 

         𝒓 ,  𝒌 ,  𝒏  

• 𝒌  : the flight direction of the 𝝉−; 

• 𝒓 =
𝟏

𝟏−𝒚𝟐
(𝒑 − 𝒚𝒌 ); 

• 𝒏 =
𝟏

𝟏−𝒚𝟐
 (𝒑 × 𝒌 ) 
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Cross section 

Pb-Pb UPC 

𝑒+𝑒−collider 

𝜇+𝜇−collider 

In Pb-Pb UPC: 

• NLO EW contribution grows with the increase of 𝑠𝑁𝑁;  

• Total cross section at NLO about 1 mb ;  

In lepton collider: 

• NLO EW contribution decreases with the increase of 𝑠;  

•  𝑒+𝑒− collider has superior observability over 

𝜇+𝜇− collider at equal 𝑠.  



Spin correlations 

• 𝑪𝒂𝒃 show an energy-dependent transition from antiparallel spins near threshold to helicity-

aligned at high energies; 

• The spin correlation is strong in the normal direction; 

• Spin correlation along the beam direction is generally suppressed; 

• NLO EW corrections produce small numerical shifts and do not alter these qualitative features. 

 

Pb-Pb UPC 

𝑒+𝑒−collider 

𝜇+𝜇−collider 



Quantum entanglement  

Concurrence:  

𝑪 𝝆 = −
𝟏

𝟐
𝟏 + 𝑪𝟏𝟏 + 𝑪𝟐𝟐 + 𝑪𝟑𝟑 = −

𝟏

𝟐
(𝟏 + 𝟑𝑫) 𝑫 =

𝑪𝟏𝟏 + 𝑪𝟐𝟐 + 𝑪𝟑𝟑
𝟑

=
𝐭𝐫,𝑪-

𝟑
 

entanglement : −𝟏 ≤  𝑫 < −
𝟏

𝟑
 

• No entanglement remains after integrating over 

the full phase space ! 
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𝟏

𝟐
𝟏 + 𝑪𝟏𝟏 + 𝑪𝟐𝟐 + 𝑪𝟑𝟑 = −

𝟏

𝟐
(𝟏 + 𝟑𝑫) 𝑫 =

𝑪𝟏𝟏 + 𝑪𝟐𝟐 + 𝑪𝟑𝟑
𝟑

=
𝐭𝐫,𝑪-

𝟑
 

entanglement : −𝟏 ≤  𝑫 < −
𝟏

𝟑
 

• No entanglement remains after integrating over 

the full phase space； 

• Near threshold, the 1𝑺𝟎 state yields antiparallel 

spins and an entangled configuration. 

• NLO EW corrections slightly reduce  the near-

threshold entanglement. 
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Summary  

1. We study 𝜸 𝜸 →  𝝉+𝝉− process including 𝝉+𝝉− spin information in Pb-Pb UPC and at lepton collider; 

2. We provide the predictions for the corresponding cross section and the spin correlation coefficients; 

3. No entanglement remains after integrating over the full phase space, while near threshold the system 

forms an entangled 1𝑺𝟎  state with antiparallel spins; 

4. NLO EW corrections slightly reduce the near-threshold entanglement. 

Thanks !  


