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• Particles can be entangled in flavor space, e.g., meson pair decayed from  
 

‣ Comparing quantum and classicsal prediction 

‣ Bell inequality 

‣ Quantum decoherence 

‣ CPT invariance 

‣ …… 

• Reconstruct the complete quantum information of initial flavor state 

‣ Meson flavor can correlate in different ways, such as 

‣ Most general parametrization:

Υ(JPC = 1−−)

Quantum correlations in flavor space 
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• One qubit: 3 parameters 

• Two qubits: 3+3+9 parameters 

• A complementary set of measurements is needed 

• Qubit in spin space: 

‣  is embeded in 3d spatial space. 

‣ Different direction of       complementary. 

• Qubit in flavor space? 

‣ e.g. flavor tagging, only : 

‣ cannot choose the “direction” of measurement freely

⃗σ
⃗σ ⟹

σz

Introduction: Quantum tomography

3

mailto:kun.cheng@pitt.edu


2024/08/25 @ Lepton-Photonkun.cheng@pitt.edu

• Hamitonian in flavor eigenstate:  :  

• Mass eigenstates are 

• CP conserving limit:  

•                           ,   still have physical meaning. Our conversions: 

‣ -direction  flavor eigenstate,  
(oscillates with ) 

‣ -direction  mass eigenstates

|M⟩, |M̄⟩

|M1/2⟩ ≈ ( |M⟩ ± |M̄⟩)/ 2

bi

z ⟹
y

x ⟹

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

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

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

Heisenberg
picture

• In Bloch-vector space: 

‣ 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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• Decay final state that is a “flavor eigenstate”   

‣   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 ± bz

2
f, f̄

by bz

y,z components from flavor asymmetry
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,  
slightly damped oscillation
Δm ≈ 27 Γ

Meson flavor state when it is produced, t = 0

(B0 → ℓ+νX−, ⋯)
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• Most meson can also decay to CP eigenstate  with ,   (e.g. )  
leading to a decay life time difference of  and

|f±⟩ CP |f±⟩ = ± |f±⟩ B0
s → J/ψη

|M1⟩ |M2⟩

x components from decay rates
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τLτS

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

∝ ΔΓ

• The decay to both “CP final state” ( ) or 
“flavor final state” ( ) depends on  

‣ ,  can decay to  , less  final state 

‣ ,   can’t decay to   

• The total decay rate to flavor eigenstate 
 (e.g. semileptonic decay):

M(t) → f+
M(t) → f/ f̄ bx

bx = 1 M1 f+ f/ f̄

bx = − 1 M2 f+
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• One meson: 

‣  

‣  

• Meson pair:  

‣ Four observables from the correlation between the above two

Nf − Nf̄ ⟹ by, bz

Nf + Nf̄ ⟹ bx

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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• One meson: 

‣  

‣  

• Meson pair:  

‣ Four observables from the correlation between the above two

Nf − Nf̄ ⟹ by, bz

Nf + Nf̄ ⟹ bx

Observables in semileptonic decay 
channel
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ϵ = 10−3 ∼ 10−5
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• Example 1: Bell state 

• Example 2: 

•  pair: same sensitivity on  and  components; 
components are harder to measure. 

•  pair: same order sensitivity on all components. 
 can be reconstruct almost equally well with 

others.

Bs y z x

K0
Cxx

Sensitivity estimation
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Tab I. Statistical uncertainty with  events107
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• Concurrence measures how much two subsystems are non-separable. 

• Bell variable is constructed as a normalized measure for the Bell inequality. 

• Steerability indicate the system does not admit a local hidden state model. 

• The second stabilizer Renyi entropy (SSRE) quantifies the computation advantage this 
system would have on a quantum computer over a classical computer. 

• ……

Example quantum information variables
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Can be measured without 
the full denstiy matrix. 

:B0
d

Tab II. Example quantum information variables of , 
            measured from with  events

ρκ(κ = 0.2)
107

[Belle, J.Mod.Opt (2004); 
Belle PRL (2007)],
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• We provide a systematic reconstruction of the flavor density matrix of meson pair 

‣ In the Bloch-vector space, measureing  components requires a sizable , while 
measuring  components requires a sizable . (Ideally order 1) 

‣ The complete flavor density matrix of  pair and  pair is easier to measure. The 
 components of the density matrix of  can also be measured. 

• With the complete flavor state reconstructed, any quantum information variable can be 
measured.  Some variables (such as Bell variable) can be measured from a partial density 
matrix. 

• Generally, there is no first principle prediction of the meson flavor state (e.g. at LHC).  
Measuring the flavor state can facilitate the production mechanism.

y, z Δm/Γ
x ΔΓ/Γ

B0
s K0

(y, z) B0
d

Conclusion and discussion
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• Concurrence: 

• Bell variable:  

• Discord: qantum discord captures a broader class of quantum correlations than 
entanglement; it can be non-zero even for separable states

Backup: definitions
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• Steerability condition is  excludes local hidden state model 

• Conditional entropy quantifies the number of bits needed for subsystem  to reconstruct 
subsystem  

• The second stabilizer Renyi entropy (SSRE) quantifies quantum magic

𝒮 > 0

A
B

Backup: definitions
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