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Dirac-Majorana neutrino type oscillation induced by a wave dark matter
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Some properties of a neutrino may differ significantly depending on whether it is Dirac or Majorana
type. The type is determined by the relative size of Dirac and Majorana masses, which may vary if they
arise from an oscillating scalar dark matter. We show that the change can be significant enough to convert
the neutrino type between Dirac and Majorana periodically while satisfying constraints on the dark matter.
This neutrino type oscillation predicts periodic modulations in the event rates in various neutrino
phenomena including the neutrinoless double beta decay. As the energy density and, thus, the oscillation
amplitude of the dark matter evolves in the cosmic timescale, the neutrino masses change accordingly,
which provides an interesting link between the present-time neutrino physics to the early universe

cosmology including the leptogenesis.
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I. INTRODUCTION

One of the unrevealed properties of the neutrinos is
whether they are Dirac type or Majorana type. Some
important physics occur only for the Majorana type: the
leptogenesis that can explain the baryon asymmetry of the
universe (BAU) and the seesaw mechanism that can explain
the smallness of the neutrino masses. Experiments such as
neutrinoless double beta decay can expect signals only for
the Majorana neutrinos.

The true nature of the neutrinos may not be simple
enough to identify them as either Dirac or Majorana type,
though. It is especially so in view that the properties of the
dark matter, which is another mystery in particle physics,
are also unrevealed. It is quite possible that neutrino and
dark matter are tightly linked, affecting each other.

In this paper, we propose a new scenario in which the
neutrino type oscillates due to the wave dark matter. We
show that the amplitude of the oscillating dark matter can be
large enough to change the neutrino type back and forth
between the Dirac and the Majorana while satisfying all the
constraints for dark matter. It can be tested, for instance, by
the modulation search in the neutrinoless double beta decay.
The neutrino type oscillation may not have occurred in the
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early universe though, allowing the widely adopted lepto-
genesis for the BAU.

Coupling an oscillating scalar field to a particle to vary
its mass is not new, including the neutrino masses [1-14].
Our study differs from the existing works in the sense that it
is the first scenario of the neutrino type oscillation.'

II. DIRAC VS MAJORANA NEUTRINOS

The Dirac neutrino vy, = v; + vy is constructed by left
and right-handed Weyl spinors. In contrast, the Majorana
neutrino vy = vg + v is defined using only one Weyl
spinor, and satisfies v, = 1§, condition. In general,
Lagrangian for the neutrino mass for a single flavor can
be written as

E = —mDDDuD —EmRDMIJM

:—%(DL a,z)(n?D Z‘;) <Z2>+Hc (1)

The light and heavy mass eigenvalues are m;;, =
1(mg F \/m% + 4m3,). The mass matrix is diagonalized
in the mass eigenstates v; (light one), v}, (heavy one).2

'We note that it was pointed out in Ref. [9], in which the
active-sterile neutrino oscillations in the quasi-Dirac limit were
mainly studied, the neutrino might be out of the quasi-Dirac type
in the early universe because the Majorana mass term undergoes
the suppression over the cosmic time originating from the scaling
of the ultralight dark matter.

For convenience, we use the following notations inter-
changeably: N =v,, M = my,.
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The ratio of the Majorana and Dirac masses (mg/mp)
determines the left-right (LR) mixing angle 6; and the
composition of each neutrino mass eigenstate. The mz = 0
case gives a pure Dirac spinor of the degenerate mass
eigenvalues mp and the maximal mixing (0, = 7/4).

For mp > my case, the mass eigenvalues are nearly
degenerate at myp, and mixing is almost maximal
Orp = 7/4).

|my | = mp(1 F 26), (3)
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where 6 = my/4mp. This case is called the guasi-Dirac
neutrino (or pseudo-Dirac neutrino) [15-19]. Even though
the mass eigenstates are still Majorana spinors, they act
similarly to Dirac spinors. The Dirac mass term becomes
more dominant than the Majorana mass term, so the lepton
number violation (LNV) process is suppressed in this limit.

In contrast, for the m, < mpy case, the mass eigenvalues
are given by the seesaw mechanism [20-23].

= (v +rg), (4

m2

ml:——D, my, =~ mg, (5)
mpg
v~y + U5, vy 2 ug + U, (6)

and the mixing angle 6, ~ mp/my is very small. The
mass eigenstates behave almost like Majorana spinors.

The mass eigenvalues and the LR mixing angle are
depicted in Fig. 1 as a function of mg/mp.
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FIG. 1. The neutrino mass eigenvalues |n; ;| and the LR mixing

angle sin? @, ; as a function of mg/mp. In our model, my/m,
oscillates widely around O to stay both in quasi-Dirac limit
(mp > mp) and Majorana limit (mp < mg).

III. NEUTRINO TYPE OSCILLATION

The oscillation between Dirac and Majorana states
requires a time variation of #;p and thus the variation
of mpg/mp. Such a scenario can be constructed by
introducing coupling between neutrino and oscillating
scalar field ¢ such as a wave dark matter [24], which has
periodic behavior for 1072? eV < m,, < 30 eV mass range
with corresponding oscillation period is 7 = 2z/my =
O(ps) ~ O(year). The lower bound originates from the
Lyman-a forest data. The black hole superradiance search
may further constrain the mass ranges [25,26].

Assuming the spatial homogeneity of the scalar field, the
equation of motion in the expanding universe is

s V()
b+ 3HD+ = 2= 0. (7)

H is the Hubble parameter and the scalar field potential is
V(¢) = 3myp*. We assume the mass m,; remains constant
over the cosmic evolution. The Hubble friction is ignored in
the current universe (H, < my), so the scalar field has the
periodic solution.

@(t) = ¢y cos myt, (8)

where ¢y = /2p, / my. The energy density of the oscillat-
ing scalar, py = 1% + 53mp?*, has the local density of total
dark matter ppy = 0.3 GeV/cm?® [27] as its upper limit.

There are several ways to introduce interactions between
neutrinos and the oscillating scalar field [3—10,13,14]. In
general, one can vary both Dirac and Majorana masses by
making them functions of an oscillating scalar field, thus
periodically changing mg/mp. We will consider the case
only the Majorana mass is a function of an oscillating scalar
field while the Dirac mass my is fixed [4-6,8-10,13].
Especially, for the definiteness, we take the simplest case
where the Majorana mass is given by [9]

1
E D - EQ¢D%I/R + H.c. (9)

This term can serve as an addition to V(¢) that depends
on the density of the right-handed neutrino. However,
since the heavy right-handed neutrinos decay promptly in
the early universe, its effect is negligible. Besides, this
coupling generates the effective ¢p* term by the loop with
the neutrino [9,13], but the desired mass variation behavior
of changing mpg/my is still guaranteed despite the exist-
ence of such a nonlinear term [28].
This interaction induces time-varying Majorana mass

mg(t) = gp(t) ~ mp o cosmyt, (10)
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FIG. 2. The parameter space of g/mp, and dark matter mass
my. The red region is excluded by the current dark matter relic
density. If mgo < mp, it cannot provide Dirac-Majorana type
oscillation and is shaded as the yellow region, with the most
conservative assumptions of g < 1 (perturbative limit) and m, =
v/V/2 where v =246 GeV is the Higgs vacuum expectation
value. For smaller mp the yellow region will shift upward.
Lyman-a forest gives the lower bound 1072? eV < m,, and
the oscillating period 7 = ps is the expected time resolution
of the neutrinoless double beta decay experiments [32]. Part of
the blank region may be sensitive to the black hole superradiance.
A case of the subdominant oscillating dark matter case of p, =
0.01ppy is drawn with a dashed line for comparison. The density
can be as low as py, ~ 10~"8 ppu, which is the upper-left corner of
the blank area.

where mp o = g¢y is the current oscillating amplitude of
right-handed Majorana mass.” The oscillation amplitude
was larger in the early universe because of ¢y =
\/2p4/my < a=3/* behavior where a is the scale factor
[29-31].

In our scenario, the present-time Majorana mass ampli-
tude mpg is larger than mp, making mpg(f) cross between
quasi-Dirac and Majorana regions. We call this phenome-
non the Dirac-Majorana neutrino type oscillation. The
right-handed Majorana mass term mpy in Eq. (1) is now
replaced with mg(t) in Eq. (10). Thus, the mg/my in Fig. 1
may oscillate between the (quasi-)Dirac and Majorana
limit. The value of the ratio touches the pure Dirac neutrino
case instantly when mp = 0.

The required coupling strength g to give sufficient
amplitude myg is given by the following equation.

*In general, there may exist a bare Majorana mass term
- % mb4ug + H.c., which makes the center of mp () shifted from
zero to m. In this case, the oscillation amplitude mpg should be
similar to or larger than m for the neutrino type oscillation to
occur, but we assume m = 0 here.
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FIG. 3. The parameter space of Majorana mass amplitude mp

and Dirac mass mp. The yellow region is disfavored as the time-
averaged light neutrino mass (|my|) =1 [T |m,()|dt is greater
than 0.1 eV, which is about the current constraint on the active
neutrino mass. The dashed lines represent the values of the quasi-

Dirac time ratio /7. Only the region with a small z/T survives.

12 (1072 ev
Mo =~ 1019 ev<3> <p—¢> 2O an
1 oM my,

The current dark matter density naturally provides such a
large scale of the oscillating Majorana mass with respect to
the typical Dirac mass scale of the standard model (SM)
fermions, making the oscillating scalar dark matter a good
candidate for our scenario (See Fig. 2).

The variation of the neutrino mass may affect neutrino-
related physics including the following. (i) The neutrino
flavor oscillation parameters (Amy; and sin®6@;;) and
the apparent unitarity of the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix for three-flavor mixing of the active
neutrinos [33,34].% (i) The cosmological implications and
supernovae/solar neutrino phenomena. (iii) The lepton flavor
violation processes involving the right-handed neutrinos and
W boson decay (W — £N).

Although it is pending the scrutiny of the data with
dedicated analysis, we assume it is okay if the time-averaged
quantities satisfy the known bounds. For instance, we
impose the active neutrino mass bound [27,35-38] on the
time-averaged neutrino mass: (|m|) = % [T |m;(r)|dt <
0.1 eV. The allowed parameter space of Dirac mass mp
and Majorana mass amplitude my o is shown in Fig. 3. This
time-average analysis can also be applied to the effect of the
mass variation on the neutrino flavor oscillation parameters,
but it is out of the scope of this paper.

For the convenient analysis, we call mp > mg(r) part the
quasi-Dirac region. The time interval 7 for this region is
given by

*See Refs. [3,5-7,9,10,13,14] for the effect of the mass
variation on the neutrino flavor oscillation.
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”’:—:0 = sin (g%) for mp < mg, (12)

and the “quasi-Dirac time ratio” 7/T is 1 for mp > mg
case, meaning the neutrino is continually in the quasi-Dirac
region.

IV. IMPLICATIONS ON NEUTRINOLESS
DOUBLE BETA DECAYS

The neutrinoless double beta decay (Ouff) 2n — 2p +
2e~ as a LNV process [39] is one of the best examples that
give a distinction for quasi-Dirac and Majorana neutrinos.

The Ovpp decay rate is proportional to the square of the
following amplitude A.

'ZUZmM

(13)

where U is the extended PMNS matrix including LR
mixing, and M is the nuclear matrix element [40—44].
For a simple case of a single flavor, the amplitude is

= |m;cos?0; gk M(m;) + mysin®0, g M(my,)|.  (14)

For pure Dirac neutrinos, the amplitude is exactly zero
because the two terms in .4 cancel each other precisely. In
the quasi-Dirac region, the amplitude A is still highly
suppressed [16,40]. In the Majorana region, A is relatively
large and the Oypf process is activated. If the Dirac-
Majorana neutrino type oscillation occurs, the Ovf3ff process
turns on and off periodically as m(t) oscillates. The three-
flavor case shows similar behavior.

The time-averaged amplitude (.A) can be constrained by
the current bound from the Oy experiments [35,38]. The
Majorana region occurs most of the time according to
Fig. 3, in which the LR mixing angle is negligibly small.
Thus, only the first term in Eq. (14) remains, and the Ovff
bound is reduced to (|m,|) bound.

The neutrino type oscillation can be tested by analyzing
Ovpp data reflecting time modulation. The event number
will show a sharp decrease when the state enters the quasi-
Dirac region. The time length of the Ovff rate reduction
depends on the dark matter mass m, and the quasi-Dirac
time ratio 7/T.

Such a modulation search can apply to others, too. For
instance, the cosmic neutrino background signal rate is
larger for the Majorana neutrino compared to the Dirac
neutrino by a factor of two [45-47]. A modulation search
could be potentially much more sensitive than a typical
signal-over-background search for these extremely weak
signals.

V. IMPLICATIONS ON LEPTOGENESIS

The SM does not provide an explanation for the observed
BAU. Leptogenesis is a possible model for baryogenesis by
generating nonzero B — L via the LNV process, in the
presence of the Majorana mass term. A decay of a heavy
Majorana neutrino generates lepton asymmetry and this
nonzero lepton number leads to baryogenesis via the
sphaleron process.

The LNV comes from the CP violating decay of heavy
Majorana neutrinos N;. The CP asymmetry ¢; for this
process is defined as

['(N; - £®) —T(N; - £®")
[(N; - £®) + T'(N; » £&F)’

€, =

(15)
where £ is the lepton doublet and @ is the Higgs doublet.
To produce enough lepton number to explain the observed

BAU, at least €; ~ 107° is needed [48].
The CP asymmetry ¢; is proportional to

€ O‘Z Im( y y lk (M%_M%)Mirk
ki y y ii y y kk(Mtz_M%)z—f—MtzF%’

(16)

where y is the Yukawa matrix for the Dirac mass term and
I, is the decay rate of kth heavy neutrino. In the minimal
leptogenesis scenario, where very heavy neutrinos are
assumed (with a hierarchy M; < M,3), it reduces to
€, x M,. Here, the lower bound M, > 10° GeV is
required [48,49]. In another scenario, called the resonant
leptogenesis, nearly degenerate M;’s are assumed, and the
mass bound can be as low as TeV scale [50-52].

Since the amplitude of the oscillating scalar field decays
as ¢y x a—>/?, the Majorana masses of neutrinos are
expected to be far larger in the early universe than the
present values when they are functions of the oscillating
scalar dark matter [4—10,13].5 The seesaw mechanism
engages in this limit, and M ~ my.

The Majorana mass could be considered as a constant
before the scalar field oscillation began when the Hubble
parameter H ~ T?/Mp, is about the dark matter mass Mg,
where T is the temperature of the universe and Mp, is the
Planck mass. Since the scale factor value a, at H ~ m, can
be determined when m,, is given, the temperature T, at the
dark matter production stage is given by

my 1/2

Using T« 1/a, mgoxa>? and Ty~273K, the
Majorana mass M, at that stage can be obtained.

>The scalar field becomes radiationlike and ¢, « a™" if the ¢*
term is dominant [9,53], but we set the small ¢* term here.
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FIG. 4. Schematic illustration of the Majorana mass term over
cosmic time. (f, is the present time.) The Majorana mass M, is
frozen before 1., at which the oscillation began (H = m,;), and the
leptogenesis may occur before ¢,.

ﬁoﬁloll (m) N (18)

where M, is the current Majorana mass amplitude.

The grand unification scale is typically taken for the
heavy Majorana neutrino mass in the minimal leptogenesis,
but it can decrease drastically over time. For m, =
10722 eV as a benchmark point, M, = 10'> GeV decreases
to My~ 10 TeV at the present time. This small M,
suppresses y « /M, according to the Casas-Ibarra para-
metrization [54], which is widely adopted to ensure con-
sistency with the neutrino oscillation data. Nevertheless,
sufficient CP asymmetry € can be achieved if the masses are
degenerate.

We note that large M, and small y « /M, may not
provide the thermal production of the heavy Majorana
neutrinos in the early universe, but the leptogenesis can be

still achieved if, for instance, the thermal equilibrium is
obtained with a new gauge boson that couples to the right-
handed neutrinos and other particles. Also, nonthermal
production of the Majorana neutrinos from inflaton decays
may occur.

The scale of M, for the leptogenesis links with M,
which determines the Dirac-Majorana neutrino type oscil-
lation in the present universe. This relation is schematically
illustrated in Fig. 4.

VI. SUMMARY AND OUTLOOK

We studied the scenario in which the neutrino masses are
given as a function of the wave scalar dark matter in the
way it results in Dirac-Majorana neutrino type oscillations.
We showed this scenario is consistent with the various
constraints on dark matter, and even if the oscillating scalar
field is a fraction of the relic dark matter, the scenario
works well.

The amplitude of the oscillating dark matter decreases
over time, but the leptogenesis may still occur with the
frozen Majorana mass in the early universe, while the
suppressed oscillating mass amplitude at the present time
may result in unique periodic conversion signatures in
various neutrino experiments including the neutrinoless
double beta decays. Rich physics and cosmology with
neutrino type oscillation are warranted.
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