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• Particles can be entangled in flavor space, as informative as spin 

‣ E.g., meson pair decayed from  
 

‣ Vast number of events 

‣ Precise measurement of flavor oscillation and correlation. 

• Quantum correlation, Bell inequality, quantum decoherence, etc 
have been studied in  at Belle,  at KLOE…  

• Reconstruct the complete flavor density matrix?

Υ(JPC = 1−−)

BB KK

Quantum correlations in flavor space 
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Decay time can be constructed very well!
[LHCb, 2104.04421]

e.g.,  :  at Belle,  at LHCb

        :  at KLOE and KLOE-2, etc

BsB̄s 7 × 106 8 × 108

K0K̄0 8 × 109

Flavor density matrix of  pair 
when they are produced, i.e., at 

MM
t = 0

[Belle, hep-ph/0702267; KLOE, hep-ph/0607027]
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• One qubit: 3 operators 

• Two qubit: 3+3+9 operators 

• Spin-1/2 particle as qubit: 

‣  is embeded in 3d spatial space. 

‣ Different direction of       complementary. 

‣ Collider envoronments: infer  from decay 

• What about qubit in flavor space? 

‣ An obvious challenge: cannot choose“direction” of measurement freely? 

‣ e.g. flavor tagging, only :

⃗σ
⃗σ ⟹

⟨σi⟩

σz

Introduction: Quantum tomography
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— from a complementary set of measurements 
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• Hamitonian in flavor eigenstate:  :  

• Mass eigenstate is 

• CP conserving case:  

•                           ,   still have physical meaning; conversions are: 

‣ -direction  flavor eigenstate,  
(oscillates with ) 

‣ -direction  mass eigenstates

|M⟩, |M̄⟩

|M1/2⟩ ∝ |M⟩ ± |M̄⟩

Ri

z ⟹
y

x ⟹

Introduction: Flavor/Mass eigenstate
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 |M⟩, Rz = 1
|M̄⟩, Rz = − 1

 |M1⟩, Rx = 1
|M2⟩, Rx = − 1(and CP eigenstates)

difference between flavor and mass 
eigenstate leads to flavor oscillation
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Schrödinger
picture

Heisenberg
picture

• State evolution (Operator evolution) 

‣ Neglect CPV and decay ( ): 

‣ Precession around 

• Example operator 

‣ Flavor tagging at different times  both  and 

Γ ≪ Δm

⟹ σz σy

State evolution in Bloch-vector space
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• Two kinds of decay final states, CP eigenstate or not 

‣   with :               project to  with  

‣  with :     project to  with 

M → f CP |f⟩ = | f̄⟩ ≠ |f⟩ |M⟩, |M̄⟩ PM/M̄ =
1 ± Rz

2

M → fη CP |fη⟩ = η |fη⟩, η = ± 1 |M1⟩, |M2⟩ PM1/M2
= 1 ± Rx

2

Collapse the superposition
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• Two kinds of decay final states, CP eigenstate or not 

‣   with :               project to  with  

• Decay rate asymmetry to  :  

• Observable: 

• Both  and  are obtained as they oscillated into each other.

M → f CP |f⟩ = | f̄⟩ ≠ |f⟩ |M⟩, |M̄⟩ PM/M̄ =
1 ± Rz

2
f, f̄

Ry Rz

Collapse the superposition
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,  
slightly damped oscillation
Δm ≈ 27 Γ

Meson flavor state when it is produced, t = 0
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• Conside a meson that only decay to flavor eigenstate  (such as semileptonic) or CP-even 
eigenstate  

• Both  and     depend on  

‣ ,  can decay to   

‣ ,   can’t decay to  , more  

• Semi-leptonic channel is enough. e.g. 

|f⟩
|f+⟩

M(t) → f+ M(t) → f/ f̄ Rx

Rx = 1 M1 f+
Rx = − 1 M2 f+ f

Bs → ℓ+νℓX + h . c .

Collapse the superposition
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—  direction in the Bloch vector spacex

τLτS

affected by branching fraction

difference between each lines  
i.e., decay to CP eigenstates.

∝ ΔΓ
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• Reconstruct  at . 

• One meson: 

‣  

‣  

• Meson pair:  

‣ Four observables from the correlation between the above two

ρMM t = 0

Nf − Nf̄ ⟹ Ry, Rz

Nf + Nf̄ ⟹ Rx

Observables in semileptonic decay 
channel
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I2 ⊗ I2

σz ⊗ σz

σz ⊗ I2

I2 ⊗ σz

ℋA ⊗ ℋB  : meson  decay to  and meson  decay to Nf f̄ A f B f̄
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• Reconstruct  at . 

• One meson: 

‣  

‣  

• Meson pair:  

‣ Four observables from the correlation between the above two

ρMM t = 0

Nf − Nf̄ ⟹ Ry, Rz

Nf + Nf̄ ⟹ Rx
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Observables in semileptonic decay 
channel

ϵ ∼ 10−3 − 10−5
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• We consider a C-odd flavor state 

‣ Analogy to spin singlet  

•  pair: -direction is hard to measure,  and  are the same 

•  pair: -direction slightly worse than 

Ri = 0, Cij = − δij

Bs x y z
K0 y z

Sensitivity estimation
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Tab. Statistical uncertainty with  events106

‣ :   at LHCb (HL-LHC)

‣ :  at KLOE and KLOE-2, a fraction 
of  decay to lepton in the first period we 
consider.

BsBs 105 ∼ 106

KK 8 × 109

10−5
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• The complete flavor density matrix of meson pair can be reconstructed! 

‣ We can ask about concurrence, Bell, discord and magic, etc. 

‣ Larger , better sensitvity on  components. 

‣ Larger , better senstivity on  components 

• Discussion 

‣              Belle                      LHCb 

‣  at Belle, decay life time can also be constructed now 

‣ :  nothing new to do for now, but we would have much more events at Belle-II 
(aim to collect ). 

‣ CP violation, more information, more precision, combine different channel, etc.

Δm/Γ y, z
ΔΓ/Γ x

Bs

Bd
5 × 1010

Conclusion
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focuses on one meson, but a large fraction of  are both in detectable regionbb̄
complementary

C-odd state of meson pair not very clear about the flavor state, so interesting to measure

(see poster of Timothy Mahood)

[LHCb plots] 
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