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Abstract—Leptonic CP violation is one of the most important topics in neutrino physics. CP violation in the
neutrino sector is strongly related to the nature of neutrinos: whether they are Dirac or Majorana particles.
In [1] we have shown that for Majorana neutrinos appearance of nonzero Majorana CP-violating phases
combined with strong magnetic field during supernova core-collapse can induce new resonances in neutrino
oscillations, for example in v, — V,; channel. In this paper we further study new resonances in Majorana
neutrino oscillations, in particular energy dependence of amplitudes of resonant oscillations. Our findings
suggest a potential astrophysical setup for studying the nature of neutrino masses and leptonic CP violation
and may be important for future neutrino experiments, such as JUNO, Hyper-Kamiokande and DUNE.
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INTRODUCTION

Neutrino electromagnetic properties are closely
tied with the nature of neutrino mass. In particular,
the matrix of neutrino magnetic moments has a differ-
ent form for the Dirac and Majorana cases [2], namely

Mg Ko M3 0 il iy
D M . .
W=l My Moz |, W ==l 0 il |, (1)
Mz Haz U3z —illy3 —ill,; 0

where |, are real numbers. Thus, studying evolution
of neutrinos in a magnetic field can be a potential way
to distinguish between Dirac and Majorana cases.
Astrophysical objects possessing strong magnetic
fields, such as supernovae, are among most promising
setups to probe neutrino electromagnetic properties.

In this paper we study oscillations of Majorana
neutrinos in supernova magnetic field and matter. In
particular, we focus on CP-violating effects. Previ-
ously, CP-violation in oscillations of supernova neu-
trino was studied in [3, 4]. However, in these papers
effects of neutrino interaction with a magnetic field
were neglected.

1. MAJORANA NEUTRINO OSCILLATIONS
IN SUPERNOVA MEDIA

It is well known that neutrino mixing matrix for the
case of Majorana neutrinos can be written as follows:

U = Upyns(02,0;3,0, S)diag(eial,emz, D, 2)

where Upyns 1S the Pontecorvo—Maki—Nakagawa—
Sakata matrix, 0, are mixing angles, 8 is Dirac CP-

violating phase, and o, and o, are Majorana CP-vio-
lating phases that only present in case if neutrinos are
Majorana particles. In [1] we have studied the process
of Majorana neutrino oscillations in environment
peculiar for supernova explosion, in particular strong

magnetic field (1012 Gauss and stronger) and dense
matter. It was shown that presence of nonzero Majo-
rana CP-violating phases can modify patterns of neu-
trino-antineutrino oscillations induced by the super-
nova magnetic field.

Majorana neutrino interaction with a magnetic
field is described by the following Lagrangian:

P = 2| WD EBVE +VIEBOD |, )
ik

where B is the magnetic field vector and

o, 0
21‘ _(0 Gijz (4)

where ¢, are the Pauli matrices.

Majorana neutrino interaction with electrically neu-
tral supernova matter is described by the Lagrangian

Lo = =21 Vi ~ v | )
where

. Gwn, Ggn, Gen, Ggn
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Fig. 1. Amplitudes of Majorana neutrino oscillations in supernova media for B = 1012 G as functions of electron fraction Y.
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is the well-known Wolfenstein potential. Here n, and

n, are electron and neutron number densities of super-
nova media respectively. Note that due to matter neu-

trality, proton number density n, equals to electron
number density #,.

To study neutrino oscillations in supernova envi-
ronment we numerically solve the following equation

(iYHau -m = I/ifm)VOYS)Vi(x)
= D (W EB + VY15V, (x) = 0,

k#i

(7

where V"™ = U'vU is the matter potential in the
massive neutrinos basis, and #»,, n, are electron and
neutron number densities respectively. The magnetic
moments matrix of Majorana neutrinos j.LM from
Eq. (7) is antisymmetric and imaginary, and is given
by Eq. (1).

The values of neutrino magnetic moments are
presently unknown. Currently, the best upper bounds
for transition magnetic moments of Majorana neutri-
nos are given by [5]

M| < 0.64x 10 g,
1M <0.75% 107 "y, (90%C.L.)
il < 11x 107",

(®)

where |l is the Bohr magneton.

Using Eq. (7), we numerically study the amplitudes
of neutrino-antineutrino oscillations. Here we take
realistic values for supernova magnetic field B =

102 G, matter density n, =10 cm~3 and neutrino
energy E, =12 MeV. For simplicity we also assume
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Lo = W3 = Uy = IO_IZMB, which does not contradict
the current experimental results. We study the depen-
dence of the neutrino oscillations probabilities on var-
ious parameters, including the electron fraction

Y, = n./(n, + n.), since it varies significantly along the
neutrino path, and the neutrino energy £, . Figure la
shows the maximal probability of v, —V, and
v, — V, oscillations as functions of electron fraction
Y, in supernova media for the case o, = 0 and o, = 0.
The amplitude of v, — V_ transition is close to zero,
while v, — V, oscillations undergo resonant enhance-
ment at ¥, = 0.5. This well known phenomenon of
resonant spin-flavour conversion was proposed for the
first time in [6, 7]. In Fig. 1b we show the amplitudes

of neutrino-antineutrino oscillations for the case of
nonzero Majorana CP-violating phases, namely

o, = mtand o, = 0. In this case resonant enhancement
in v, — V. oscillations appears instead of v, — V,

oscillations at ¥, = 0.5. In [1] we have shown that this
new resonance can result in potentially observable
phenomena during supernova core-collapse, in par-

ticular to modification of v, and V, fluxes ratio.

Figure 2 shows amplitudes of resonant conversion
Ve =V, (left) and v, — Vv, (right) at ¥, = 0.5 as func-
tions of both Majorana CP-violating phases ¢/, and o, .
We find that v, — V, oscillations are present for CP-
conserving values, i.e., a,,0, = 0,27, while v, - V,
arise when q is close to «.

Throughout [ 1] we assumed that neutrino energy is
constant £ = 10 MeV, which is considered to be a typ-

ical value for supernova neutrinos. It is also important
to study behaviour of new resonance at different neu-
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Fig. 2. Amplitudes of resonant conversion v, — Vu (left) and v, — V. (right) at ¥, = 0.5 as functions of Majorana CP-violating

phases o and ;.
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Fig. 3. Amplitudes of resonant conversion v, — vyatY, = 0.5for B = 1012 G as functions of neutrino energy. (a) oy =0, 0 =0;

®)oy =m, 0, =0.

trino energies. Figures 3a and 3b show the amplitudes
of resonant v, —»V, and v, — V. conversions as
functions of neutrino energy £. We notice that in both
cases resonant enhancement is indeed observed for
supernova neutrinos with energy of 1 MeV and higher.
However, for energies lower that 1 MeV resonant
enhancement may disappear.

2. CONCLUSIONS

In this paper we have studied the process of Majo-
rana neutrino oscillations in supernova media, in par-
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ticular in a strong magnetic field. We have shown that
for certain nonzero values of Majorana CP-violating
phases o, and a,, resonant enhancement of v, — V,
oscillations can occur in region of supernova media
where electron fraction ¥, = 0.5. Note that ¥, = 0.5 is
expected to be realized during supernova core-col-
lapse (see [8]). We show that this resonant amplifica-
tion is present for realistic supernova neutrino ener-
gies, but it can disappear for energies lower that
~100 keV.

The appearance of the considered resonant ampli-
fication of neutrino oscillations can lead to a modifi-
2024
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cation of supernova neutrino burst flavour composi-
tion. This will lead to a modification of expected event
rates from the Galactic supernova explosion in future
neutrino experiments, such as JUNO [9], Hyper-
Kamiokande [10], and DUNE [11], in particular
NWV,) / N(v,) ratio. Thus, we expect that supernova
neutrino data can be used to probe neutrino magnetic
moments, as well as to test the hypothesis of Majorana
nature of neutrino mass.

Note that accurate prediction of supernova event
rates requires modelling of neutrino fluxes using a spe-
cific model of supernova medium, in particular den-
sity and magnetic field profiles, and is outside the
scope of this paper. In addition, since supernova neu-
trinos are emitted from the spherical surface called the
neutrinosphere, the total neutrino flux is averaged
over the emission angle (see for example [12]). Averag-
ing over the emission angle will lead to a smearing of
the considered effects.
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