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Within the recently proposed new approach [1, 2] we investigate the problem of neutrino oscilla-
tions in a magnetic field. Probabilities of relativistic neutrino flavour νL

e ↔ νL
µ , spin νL

e ↔ νR
e and

spin-flavour νL
e ↔ νR

µ oscillations are calculated on the base of the exact neutrino stationary states
in the magnetic field accounting for the whole set of possible conversions between four neutrino
states. It is shown that there is an entanglement between neutrino flavour and spin oscillations
and in the general case it is not possible to consider these two types of neutrino oscillations sepa-
rately. In particular, the probability of flavour oscillations exhibits quite complicated dependence
on vacuum and magnetic frequencies.
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Oscillations and exact states of neutrinos in a magnetic field Artem Popov

Neutrino interaction with an arbitrary magnetic field

We start with the consideration of flavour neutrinos with two chiralities accounting for mixing
in the case of two flavours (generalization on the three-flavour case is trivial) ν

L(R)
e = ν

L(R)
1 cosθ +

ν
L(R)
2 sinθ , ν

L(R)
µ = −ν

L(R)
1 sinθ + ν

L(R)
2 cosθ , where ν

L(R)
i are the chiral neutrino mass states,

i = 1,2. For the relativistic neutrinos the chiral states approximately coincide with the helicity
states ν

L(R)
i ≈ ν

h−(h+)
i . Note that the helicity mass states ν

h−(h+)
i are not stationary states in the

presence of a magnetic field. With a view to describe neutrino oscillations within our method, we
shall expand ν

h−(h+)
i over the neutrino stationary states ν

−(+)
i in the presence of a magnetic field.

The wave function νs
i (s = ±1) of a massive neutrino stationary states in the presence of a

magnetic field can be found as the solution of the Dirac equation

(γµ pµ −mi−µiΣΣΣB)νs
i (p) = 0, (1)

where µi are magnetic moments of neutrinos. In the discussed two-neutrino case the possibility
for a nonzero neutrino transition moment µi j (i 6= j) is not considered and two equations for two
neutrinos states νs

i are decoupled. In order to classify neutrino stationary states, we use the spin
operator

Ŝi =
mi√

m2
i B2 + p2B2

⊥

[
ΣΣΣBBB− i

mi
γ0γ5[ΣΣΣ× ppp]BBB

]
, (2)

which is an integral of motion. By decomposing a massive state wavefunction over the stationary
states, we can formulate the problem of neutrino oscillations in a magnetic field in quite a similar
to the vacuum case form. In particular, we’ve introduced a generalization of the mixing matrix on
the case of magnetic field.

The probability of flavour neutrino oscillations in a magnetic field in the two-flavour case is

PνL
e→νL

µ
(t) = sin2 2θ

{
cos(µ1B⊥t)cos(µ2B⊥t)sin2 ∆m2

4p
t + sin2 (

µ+B⊥t)sin2(µ−B⊥t)
}
, (3)

where µ± = 1
2(µ1±µ2). In particular, in the case µ1 = µ2 eq.(3) can be expressed as Pcust

νL
e→νL

µ

(1−
Pcust

νL
e→νR

e
), where Pcust

νL
e→νL

µ

and Pcust
νL

e→νR
e

are the probabilities of flavour and spin oscillations obtained in
the customary approach. Similar result have been obtained in [3]. Our conclusion is that due to an
entanglement it is not possible to consider spin and flavour oscillations separately.
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