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 1. Introduction

neutrino quantum decoherence 
Lindblad master equations

 2. Manifestations of neutrino quantum decoherence

neutrino reactor fluxes
neutrino solar fluxes
neutrino supernova fluxes

 3. Mechanisms of neutrino quantum decoherence

matter and field fluctuations
neutrino radiative decay (electromagnetic interaction)
nonforward neutrino scattering processes (weak interaction)

 4. Conclusion
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 Quantum decoherence
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 Neutrino quantum decoherence
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Lindblad equation

Dissipative operators

Г1 decoherence parameter

Г2 relaxation parameter

Lindblad equation can be decomposed to Pauli matrices 𝜎𝑘 :

𝜌𝜈 𝑡 is neutrino density matrix
𝐻𝑠 is Hamiltonian of the neutrino system
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Lindblad equation

Neutrino flavour oscillation probability accounting for the 
quantum decoherence of neutrino mass states

Г1 decoherence parameter

Г2 relaxation parameter
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Experimental studies of the neutrino quantum decoherence

Reactor neutrinos

[1] A.Capolupo, S.M.Giampaolo, G.Lambiase, Phys.Lett.B 792 (2019) 298
[2] J.A.B.Coelho, W.A.Mann, S.S.Bashar, Phys.Rev.Lett.118 (2017) 221801
[3] Y.Farzan, T.Schwetz, A.Y.Smirnov, J. High Energy Phys. (2008) 067
[4] G.Barenboim et al, Nucl.Phys.B 758 (2006) 90
And many others…

Solar neutrinos

Atmospheric neutrinos

E.Lisi, A.Marrone, D.Montanino, Phys.Rev.Lett.85 (2000) 1166

P.C. de Holanda, JCAP 03 (2020) 012
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EXPERIMENTS:
Super-

Kamiokande
MINOS

T2K
NoVA

IceCube
JUNO
DUNE
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J.A.B.Coelho, W.A.Mann, S.S.Bashar, Phys.Rev.Lett.118 (2017) 221801



Master equations for neutrino density 
matrix

Hamiltonian

Dissipative term (in the Lindblad form)

Stability equation

Conditions for collective 
neutrino oscillations 
(bipolar/nutations)

Elements of the stability
matrix

[2] D.Väänänen, G.McLaughlin, Phys.Rev.D 93 (2016) 
1050

Linearized (in)stability analysis

[3] C.J.Stapleford et al, Phys. Rev. D 94 (2016) 093007

Supernovae toy-model
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Stability equation

Conditions for collective 
neutrino oscillations 
(bipolar/nutations)

Elements of the stability
matrix
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[1] K.Stankevich, A.Studenikin, PoS ICHEP2020 (2021)

Master equations for neutrino density 
matrix

Linearization procedure:

Decomposition to Pauli matrices:

[3] C.J.Stapleford et al, Phys. Rev. D 94 (2016) 093007

Supernovae toy-model



1) Matter and field fluctuations
[1] F.N. Loreti, A.B. Balantekin, Phys. Rev. D 50 (1994) 4762

[2] C.P.Burgess, D.Michaud, Ann. Phys. (1997) 256

[3] F.Benatti, R.Florianini, Phys. Rev. D 71 (2005) 013003

2) Neutrino radiative decay
[4] K.Stankevich, A.Studenikin, Phys. Rev. D 101 (2020)

[5] A.Lichkunov, K.Stankevich, A.Studenikin, M.Vialkov, TAUP-2021

3) Nonforward neutrino scattering processes
[6] J.F.Nieves, S.Sahu, Phys. Rev. D 102 (2020) 056007

[7] J.F.Nieves, S.Sahu, Phys. Rev. D 100 (2019) 115049
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Neutrino radiative decay
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Liouville equation for the density
matrix of a system composed of
neutrinos and an electromagnetic field

𝜌 - density matrix of the full system 

𝐻 - Hamiltonian of the full system

𝐻 = 𝐻𝜈 + 𝐻𝑖𝑛𝑡 +𝐻𝛾

𝐻𝜈 - neutrino

𝐻𝑖𝑛𝑡 - interaction

𝐻𝛾 - electromagnetic field

Interaction is expressed as

Based on: H.P. Breuer, F. Petruccione, "The theory of open quantum systems"
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Based on: H.P. Breuer, F. Petruccione, "The theory of open quantum systems"
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Liouville equation

After integrating

- density matrix for neutrino

We rewrite equation using the decomposition of the chronological time-
ordering operator 𝑇 into time-ordering operator for a matter current 

𝑇𝑗 and for electromagnetic fields 𝑇𝐴 as 𝑇 = 𝑇𝑗𝑇𝐴
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Wick theorem
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The final master equation

𝜔𝑛 is the energy difference
between neutrino states

N 𝜔 =
1

𝑒𝛽𝜔−1
is the Planck

distribution function

eigenoperators of the neutrino
Hamiltonian

j t, 𝑘 = σ𝑛 𝑒𝑛
−𝑖𝜔𝑡𝑗 𝜔𝑛, 𝑘

𝐻𝜈, 𝑗 𝜔𝑛 = 𝜔𝑛𝑗 𝜔𝑛

Γ(𝜔𝑛) is neutrino decay rates



Γ𝛼 = sin 2𝜃 𝜏𝛾𝛼(1 − 𝛾5)

𝜏 = −
𝑒𝐺𝐹𝑇

2

2 2

Electromagnetic vertex

J. C. D'Olivo, J. F. Nieves, P. B. Pal, 
Phys.Rev.Lett. 64 (1990) 1088.
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oscillations

𝑇 = 30 𝑀𝑒𝑉

𝑇𝛾 = 100 𝑀𝑒𝑉
𝑛 = 1029 𝑐𝑚−3

Supernova environment 

[2] R. Bollig, H.-Th. Janka, et. 
al. Phys.Rev.Lett. 119 (2017)

oscillations
Γ1 ≈ 10−21𝐺𝑒𝑉 for 𝜈𝑒𝜈𝑠 oscillations 
Γ1 ≈ 10−31𝐺𝑒𝑉 for 𝜈𝑒𝜈𝜏 oscillations

Obtained values of 
decoherence parameters

Experimental constraints

Γ1 < 10−23𝐺𝑒𝑉 for reactor neutrino fluxes
Γ1 < 10−28𝐺𝑒𝑉 for solar neutrino fluxes
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 Neutrino decay to

1) dark photons;

2) massless axions;
3) gravitons.
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The final master equation

Γ(𝜔𝑛) is neutrino decay rates



 We considered for the first time the interplay of two effects: neutrino quantum 
decoherence and collective neutrino oscillations. We derived  new conditions of 
the existence of the collective bipolar neutrino oscillations that accounts the 
neutrino quantum decoherence.

 A new theoretical framework, based on the quantum field theory of open 
systems applied to neutrinos, has been developed to describe the neutrino 
evolution in external environments accounting for the effect of the neutrino 
quantum decoherence. We have used this approach to consider a new 
mechanism of the neutrino quantum decoherence engendered by the neutrino 
radiative decay.

 Neutrino quantum decoherence can serve as a signatures of the 
electromagnetic neutrino properties and physics beyond Standard Model
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