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II. Non-unitary Flavor Mixing

After spontaneous breaking of the SM gauge symmetry, the 6×6 neutrino mass 

matrix can be diagonalized by a unitary matrix as

IV. CP Asymmetries

In the so-called minimal seesaw model, as the lightest neutrino is massless, 

there exists only one Majorana-type CP-violating phase 𝜎. Then we define the 

working observable

With the appropriate inputs[4], obtain the following ranges in the NO case.

VI. Summary

➢ In order to understand the Majorana nature of neutrinos, it is necessary to 

observe the Majorana phases. 0νββ cannot determine the two phases simulta-

neously. Therefore,  we consider the neutrino-antineutrino oscillations.

➢ Non-unitary flavor mixing is actually a natural prediction in the type-I seesaw 

model.

➢ We have examined the CP asymmetries in the neutrino-antineutrino oscillati-

ons in the presence of a non-unitary flavor mixing matrix.

➢ By using the QR factorization, we establish the relation between the Hermitian 

parametrization and the triangular parametrization of a non-unitary mixing 

matrix.

➢ Even with trivial values of ordinary CP-violating phases, one can obtain 

nonzero CP asymmetries due to the extra non-unitary CP phases. 

➢ In addition, the probabilities of heavy neutrino-antineutrino oscillations may 

not be suppressed with the enhanced mass scale and the induced CP 

asymmetries could also be resonantly enhanced.
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Non-unitarity of the leptonic flavor mixing matrix brings in extra sources of CP 

violation, which can be probed in future long-baseline accelerator neutrino 

oscillation experiments. 

Unitary CPA

I. Motivation

Neutrino oscillation experiments have provided us 

with evidence that neutrinos are actually massive[1].  

In order to accommodate tiny neutrino masses, one 

can naturally extend the Standard Model (SM) by 

introducing three right-handed neutrino singlets, 

which called type-I seesaw model. 
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◆ How different the CP violation with a non-unitary mixing matrix is from that 

with a unitary one?

◆ How large the deviations can be in light of the latest experimental bounds on 

unitarity violation?

Due to the mixing between light and heavy Majorana neutrinos, leptonic flavor 

mixing matrix becomes non-unitary. 

If neutrino obtains Majorana nature, it is necessary to determine the two Majorana 

CP-violating phases. 

Majorana 

phases

Neutrino-antineutrino oscillations[3]Neutrinoless double beta decay[2]

Non-unitary leptonic flavor mixing

Frist we give the exact relation of the two parametrizations of non-unitary 

matrix [4],

one can calculate the neutrino-antineutrino oscillation amplitudes. After calculat-

ing the probabilities, the CP asymmetries for neutrino-antineutrino oscillations 

turn out to be

where we define:

III. Neutrino-Antineutrino Oscillations
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V. Numerical Results 

A particularly interesting scenario is to assume all the ordinary Dirac and 

Majorana CP-violating phases to be vanishing. There are also non-vanishing

CP asymmetries induced by non-unitary parameters as

Non-unitary phases

In the inverted-ordering of neutrino masses, the CP asymmetries        with trivial 

Dirac and Majorana CP-violating phases varying with L/E are shown as


