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Introduction 

  SM has achieved great success; 

  There are still many unresolved issues; 

  Top quark with a large Yukawa coupling. 
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top  physics  

• top quark decays before hadronization; 

• Decay products probe the top-quark spin; 

• The 𝒕𝒕  pair forms a bipartite spin system. 

 Quantum observables 

𝒕𝒕   pair  

 bipartite spin system 

Traditional  spin observables 

 Spin polarization 𝑩𝒊
± 

 Spin correlation 𝑪𝒊𝒋 

 Entanglement 

      Concurrence,  CHSH 𝒎𝟏𝟐 

Characterize  single-particle polarization & 

two-particle spin correlations 

Probe the non-classical 

properties of 𝒕𝒕  quantum state 
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Experiments 

2014 - 2019 2023 2024 

(Phys. Rev. Lett. 114, 142001 (2015) ) 

(Phys. Rev. D 100, 072002 (2019)) 

( JHEP 07 (2023) 141 ) 

( Nature 633, 542 (2024) ) 

( Rept. Prog. Phys. 87, 117801 (2024) ) 
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polarized photon collider 
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Quantum correlations 
Quantum 6, 820 (2022) 
Prog. Part. Nucl. Phys. 139, 104134 (2024) 
S. Y. Choi, D. W. Kang, J. S. Lee, and C. B. Park, (2026), arXiv:2603.12830 

Higher-order corrections 
 Phys. Rev. D 54, 2030 (1996) 

 Eur. Phys. J. C 9, 101 (1999) 

 Phys. Atom. Nucl. 64, 275 (2001)  

 JHEP 03 (2026) 068 
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Top-quark spin physics 
 Phys. Rev. D 53, 4886 (1996) 

 Phys. Lett. B 411, 173 (1997) 

  Nucl. Phys. B 690, 81 (2004) 

 Phys. Rev. D 74, 113005 (2006) 

Theoretical Research Status  
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Theoretical Framework 

Collider setup:   
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Theoretical Framework 

𝛾 𝑝1, λ1 + 𝛾 𝑝2, λ2  → 𝑡 𝑘1, 𝑠𝑡 + 𝑡 𝑘2, 𝑠𝑡  

+ NLO QCD 

dimentional regularization with D = 4 − 2ε  

on-shell 
scheme 

NLO QCD  
correction 

Virtual 

Real 

UV 

IR 

cancel 
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Theoretical Framework 

• 𝒌  :   the direction of flight of top quark 

• 𝒓 =
1

𝑟
(𝒑 − 𝑧 𝒌 ) 

• 𝒏 =
1

𝑟
(𝒑 × 𝒌 ) 

z = 𝒑 ∙ 𝒌  

𝑟 = 1 − 𝑧2 

• 𝐵𝑖
± : Single particle polarization 

• 𝐶𝑖𝑗 : Spin correlations between 𝑡 and 𝑡  

normalized 

Project 

𝑝  
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Theoretical Framework 

Bell inequality 
  
 
 

𝑀 = 𝐶𝐶𝑇 
 

𝐶 is the 3 × 3 correlation, let 𝑚1  ≥  𝑚2  ≥  𝑚3 be 

the eigenvalues of 𝑀, the Bell inequality is violated 

when 

 
𝑚12 ≡ 𝑚1 +𝑚2 > 1 

 
 
 
 
 

Concurrence 

 

𝐶 𝜌 = max(0,  Ϛ1−Ϛ2 − Ϛ3 − Ϛ4) 

Ϛ1 > Ϛ2 > Ϛ3 > Ϛ4,  Ϛ𝑖  are the square roots of the 

eigenvalues of  𝑅 = 𝜌 𝜎2⨂𝜎2  𝜌∗ (𝜎2⨂𝜎2) 

 

• 0 < 𝐶 𝜌 ≤ 1, Quantum entanglement exists 

• 𝐶 𝜌 = 0,  No quantum entanglement 
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NUMERICAL RESULTS  

 & ANALYSIS 
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Cross section 

• The production cross section is sensitive to the initial state photon polarization; 

• NLO QCD corrections enhance the production rate. 

 



Spin Polarization 

• Unpolarized initial state gives 𝑩𝒊
± = 𝟎  at LO, with negligible NLO QCD effects.  

• Symmetric polarization configurations induce dominant  𝒌-axis polarization.  

• Asymmetric polarization configurations induce dominant  𝒓-axis polarization. 



Spin correlations 

• Initial state polarization affects the spin-correlation structure,  off-diagonal components negligible; 

• NLO QCD corrections are moderate, at the few-percent level;  

• Most configurations are dominated by 𝑪𝒌𝒌, while (0.85,-0.85;-1,1) modifies the spin structure; 



Entanglement Observables 

• The concurrence is maximal near the production threshold; 

• Bell nonlocality is present at low 𝑀𝑡𝑡  with 𝑚12 > 1; 



Entanglement Observables 

• The concurrence strongly depends on 

the initial-state polarization. 

•  (0.85,-0.85;-1,1) configuration exhibits 

a nonmonotonic behavior. 

• NLO QCD corrections are small, 

producing only minor quantitative 

changes. 



Entanglement Observables 

• Bell nonlocality strongly depends on 

the initial-state polarization. 

• The (0.85,0.85;−1,−1) configuration 

maintains 𝑚12 > 1  over the full 

𝑀𝑡𝑡  range. 

• NLO QCD corrections do not alter 

the qualitative behavior of 𝑚12. 
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Summary  

Thanks !  

1. We present  NLO QCD corrections on 𝒕𝒕  spin correlations and quantum entanglement at a polarized 

photon collider. 

2. Initial-state polarization significantly affects the total cross section, spin observables, and quantum 

entanglement. 

3.  NLO QCD corrections affect cross sections more than spin and quantum-entanglement observables. 


