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Local quantum uncertainty 
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Quantum Discord
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Discord for top quarks
ρ+

ρ−
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Discord for top quarks

Maximally classically correlated
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Discord for top quarks

Maximally classically correlated
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Suppressed classical correlations



Discord for top quarks
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Discord for top quarks
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Discord for top quarks

UA ⊗ VB U†
A ⊗ V†

B

Λi = Singular values of  in any basis of choiceCij
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Discord for top quarks

ei = Eigenvalues of ρAB

λ = Largest singular value of Cij

23



Discord for top quarks

ei = Eigenvalues of ρAB

λ = Largest singular value of Cij

S. Luo, Quantum discord for two-qubit systems, Phys. Rev. A 77 (2008) 042303.

Calculation appeared before:
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Discord for top quarks

ei = Eigenvalues of ρAB

λ = Largest singular value of Cij

Experiments Cij DA(ρ)
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Discord at colliders

Experiments 

Fictitious states
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For entanglement, not a  
big deal: 
C[ρ̄] ≠ 0 ⟹ C[ρ] ≠ 0
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Discord at colliders

Experiments 

Fictitious states

For discord, it can be disastrous: 
• Set of zero-discord states not 

convex: mixtures of zero-discord 
states can lead to a fictitious 
states with ..DA[ρ̄] ≠ 0

ρ̄ = λρ0 + (1 − λ)ρ′ 0

DA = 0
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Discord at colliders

Experiments 

Fictitious states

For entanglement, not too 
big a deal: 
C[ρ̄] ≠ 0 ⟹ C[ρ] ≠ 0

For discord, it can be disastrous: 
• Set of zero-discord states not 

convex: mixtures of zero-discord 
states can lead to a fictitious 
states with ..DA[ρ̄] ≠ 0

Two solutions: 
• Measure discord in regions of 

phase space which give an 
entangled fictitious state 

• Restrict phase space to regions 
where all sub-states have 

 DA[ρ] ≠ 034

K. Cheng, T. Han, M. Low: Phys.Rev.D 109 (2024)



Discord at colliders

Three signal regions: 
• Threshold 
• Separable 
• Boosted

35



Discord at colliders

Three signal regions: 
• Threshold 
• Separable 
• Boosted

Contours of concurrence

36



Discord at colliders

Three signal regions: 
• Threshold 
• Separable 
• Boosted

Contours of concurrence

Separable 
states w 
genuine 
quantum 
correlations!

37



Discord at colliders

Three signal regions: 
• Threshold 
• Separable 
• Boosted

Contours of concurrence

Separable 
states w 
genuine 
quantum 
correlations!

38



Collider Analysis

• Decay method
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θ−
i
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Collider Analysis

• Decay method
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Uncertainties: statistical  fb  + syst. (detector 
efficiencies + unfolding)

ℒ = 139 −1
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Collider Analysis

• Decay method
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Uncertainties: statistical  fb  + syst. (detector 
efficiencies + unfolding)

ℒ = 139 −1

Est. precision w/ current data: ~20%
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Collider Analysis

• Kinematic method
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Collider Analysis

• Kinematic method

Subtlety:  for non-linear observables, e.g. 
Discord, VN entropy, etc. (for Bell can do )

𝒪(C̄ij)
ℬ̄(θ, Mtt̄)44 K. Cheng, T> Han, M. Low 2410.08303 [hep-ph]
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Subtlety:  for non-linear observables, e.g. 
Discord, VN entropy, etc. (for Bell can do )

𝒪(C̄ij)
ℬ̄(θ, Mtt̄)

Collider Analysis

• Kinematic method

Est. precision w/ current data: ~0.3%
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Collider Analysis

Est. precision w/ actual data: ~14%

From yesterday’s talk:

(Using full spin-density matrix)



Summary
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• Discord is a clear next step in the exploration of QI at colliders 
• Computable analytically for  (at LO) in terms of “collider friendly” 

observables 
• Can be framed in robust way in terms of existing analysis strategies 

(dilepton, lepton + jets, etc.), clear advantages for kinematic method 
• Important subtleties uncovered (convexity, linearity) which must be 

considered for other observables 

• Future directions: 
• Higher order effects 
• CP-odd corrections (EW, NP)

tt̄


