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Contents

• Limitations of QM in the presence of heavy particle-
antiparticle mixing


• QFT description of the mixing



QM of mixing

Diagonalization

Effective Hamiltonian

Mass eigenstate: a fixed 
linear combination of basis 

states

Self-energy

Time evolution

FT

In QFT, obtain this structure 
by diagonalizing the 

resummed propagator.



Resummed propagator
Resummed 
propagator

Mass Self-energy



Diagonalization and pole 
expansion
Mixing matrixDiagonalized

The mixing matrix is non-unitary because of the 
absorptive part in the self-energy.

Unstable particle

After expansion around the pole



Limitations of QM

Time-ordered correlation function

Non-unitary

Quasiparticle



Limitations of QM

After diagonalization
QM Solution

Mass eigenstate: a fixed linear 
combination of basis states

We must find a way outside 
QM to describe particle-

antiparticle mixing.

Read the decay rates from 
scattering mediated by on-

shell quasiparticles.



QFT of mixing

Initial states
Transition rate

Mixing Tagging

From the imaginary part of the pole

Numerically confirmed
Cannot define the 

transition rate for each 
quasiparticle.



QFT of mixing
Consistent with a well-
known formula in the 
absence of mixing.

Partial decay widths

Off-shell On-shell

On-shell
This sum vanishes.

Cannot consider the mixing effect.



Comparison of QFT and QM 

Interference

There can be a big 
difference in the 

presence of 
interferences.



Conclusion
• QM is not a proper non-relativistic limit of QFT in the 

presence of heavy particle-antiparticle mixing.


• A method in QFT is developed which correctly consider the 
mixing effect.


• The mixing of neutral mesons and CP violation should be 
reanalyzed.


• It might have an implication for the B-anomalies.


• The same method can be applied to the well-known problem 
in the CP asymmetry in the decays of Majorana particles.


