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1 Introduction

The Standard Model (SM) of the particle physics preserves two accidental global symmetries
in the (classical) Lagrangian, namely the baryon and lepton number symmetries. It is
well known that these global symmetries are non-perturbatively broken at the quantum
level [1, 2], especially at high temperature of the universe [3–6]. Even at the quantum level,
however, a baryon minus lepton symmetry, often called U(1)B-L,1 has to be preserved in
the SM.

The simplest way to break the global U(1)B-L symmetry without loss of the renor-
malizability is introducing right-handed neutrinos (RHνs) into the SM. Since RHνs are
singlet under the SM gauge symmetries, we can write the mass term, called Majorana
mass term, of it without conflicting the gauge principle. Thus, since the Majorana mass
term breaks the lepton number symmetry by two units with conserving the baryon number
symmetry, global U(1)B-L symmetry is broken. Therefore, the phenomena of the lepton
number violation can be a definite signal of the existence of RHνs.

The existence of RHνs is not only for the violation of the U(1)B-L symmetry but also
important to solve the origin of the observed tiny neutrino masses. In the renormalizable
Lagrangian with RHνs, we can obtain two kinds of the neutrino masses, one is called Dirac
masses and the other is called Majorana masses. When the Dirac masses are light enough
compared to the Majorana masses, we can simply explain the tiny neutrino masses by the
seesaw mechanism [7–13]. In addition, the violation of U(1)B-L can seed the origin of the
baryon asymmetry of the universe.2

One of the most promising signals of the U(1)B-L violation is the neutrinoless double
beta decay (0νββ decay), which breaks the lepton number by two units while keeping the
baryon number to be exact. (See, for example, articles [14–17].) The rate of the decay
is characterized by a parameter called the effective mass defined by the neutrino masses

1Although one can consider the symmetry as gauge symmetry, we do not specifically adopt the case
throughout our discussions.

2There are a bunch of possibilities to provide the baryon asymmetry through the lepton number violation.
But the detail of the mechanism is independent of the discussions below.
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and mixing angles. When we simply add Majorana masses of three (active or left-handed)
neutrinos which are responsible for the neutrino oscillation into the SM, the effective mass
can be predicted depending on the lightest active neutrino mass together with the unknown
CP violating phases.

In view of the fundamental models for the origin of the neutrino masses, the mass of
the lightest active neutrino cannot be determined uniquely, leading to different predictions
on the effective mass. It should be noted that the effective mass can vanish in the normal
hierarchy case of the active neutrinos in a certain parameter region of the lightest neutrino
mass. In such a case, the contribution from new physics (other than active neutrinos)
including RHνs would be more important for the detection. So far, no neutrinoless double
beta decay is detected and the upper bounds on the effective mass have been imposed
by various experiments.3 The most stringent bound at present is 61-165 meV by the
KamLAND-Zen experiment [19]. Since this limit is approaching to the predicted range
in the inverted hierarchy case, the experimental results in near future can give us some
implications on RHνs.

There are several interesting possibilities that the effective mass can be significantly
modified due to the destructive or constructive contribution from RHνs [20–36]. This
additional contribution becomes important when the masses of RHνs are smaller than or
comparable to the typical scale of Fermi momentum in the decaying nucleus (∼ O(100) MeV).

An interesting possibility has been pointed out that RHν may hide one of the neutrinoless
double beta decay processes. This is due to the destructive contribution of RHν to the
effective mass [33–35]. Note that the impact of RHν does depend on the decaying nuclei. If
this is the case, the mixing elements of RHν to ordinary neutrinos can be predicted in terms
of its mass in a certain range which is a good target of future search experiments [31, 32].

In this paper, we project out the consequences of the opposite situation, namely the
case when the neutrinoless double beta decay is observed in some nucleus, and discuss the
impacts on the mixing elements of RHνs.

2 Minimal seesaw model

First of all, let us explain the framework of the present analysis, the minimal seesaw model.
It is an extended Standard Model by two right-handed neutrinos νRI (I = 1, 2),4 which
Lagrangian is given by

L = LSM + iνRIγ
µ∂µνRI

−
(
FαILαΦνRI + MI

2 νcRIνRI + h.c.

)
, (2.1)

where Lα = (νLα, eLα)T (α = e, µ, τ ) and Φ are the weak doublets of left-handed lepton and
Higgs, respectively. The Yukawa coupling constants and the Majorana masses for neutrinos

3In a recent analysis [18], the differential rate of two neutrino double beta decay is discussed to constrain
mixing elements of RHνs with masses at O(0.1-10) MeV.

4We have to introduce two right-handed neutrinos at least to explain two different scales of neutrino
mass squared differences observed by oscillation experiments.
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are denoted by FαI and MI . By assuming that the Dirac masses FαI〈Φ〉 are much smaller
than the Majorana mass MI , the seesaw mechanism works, and the mass eigenstates of
neutrinos are three active neutrinos νi (i = 1, 2, 3) with masses mi and two heavy neutral
leptons (HNLs) NI with masses MI .

The mass ordering of active neutrinos is not determined by the oscillation data, and
two possibilities, the normal hierarchy (NH) with m3 > m2 > m1 = 0 and the inverted
hierarchy (IH) with m2 > m1 > m3 = 0, are allowed. Note that the lightest active neutrino
is massless in the considering situation. On the other hand, we can take the masses of
HNLs as M2 ≥M1 without loss of generality. The left-handed (flavor eigenstate) neutrinos
are then written as

νLα =
∑
i

Uαi νi +
∑
I

ΘαI N
c
I , (2.2)

where Uαi is the mixing matrix of active neutrinos called as the PMNS matrix while ΘαI is
that of HNLs. As a consequence, HNLs can contribute to physics of left-handed neutrinos
through the mixing ΘαI although it is highly suppressed.

The mixing matrix ΘαI can be specified as ΘαI = [MD]αIM−1
I = FαI〈Φ〉M−1

I , and
the Yukawa coupling constants can be parameterized as a formula called Casas-Ibarra
parameterization [37, 38] expressed as

F = i

〈Φ〉UD
1/2
ν ΩD1/2

N , (2.3)

where Dν = diag(m1,m2,m3) and DN = diag(M1,M2) being diagonal mass matrices of
active neutrinos and HNLs, respectively. The mixing matrix of active neutrinos is expressed
as

U =

 c12c13 s12c13 s13e
−iδ

−c23s12 − s23c12s13e
iδ c23c12 − s23s12s13e

iδ s23c13
s23s12 − c23c12s13e

iδ −s23c12 − c23s12s13e
iδ c23c13

× diag(1, eiη, 1) , (2.4)

with sij = sin θij and cij = cos θij . δ and η are the Dirac and Majorana CP violating phases,
respectively. A matrix Ω has 3× 2 elements in the current setup and is given as

Ω =

 0 0
cosω − sinω
ξ sinω ξ cosω

 for the NH case ,

 cosω − sinω
ξ sinω ξ cosω

0 0

 for the IH case , (2.5)

where ξ = ±1 is a sign parameter and ω is a complex parameter. Hereafter we follow the
convention of ξ = +1 (See ref. [32] for the detail discussions.).

3 Neutrinoless double beta decay and search for HNL

One of the most important consequences of the seesaw mechanism is that active neutrinos
and HNLs are both Majorana particles. In this case the lepton number violating processes
are induced by these particles, which is a clear signature of physics beyond the SM.
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One promising example is the 0νββ decay, and the quest for the decay is going on by
various experiments.

The rate for the 0νββ decay mediated by active neutrinos and HNLs is proportional
to |meff |2, where meff is the so-called effective (neutrino) mass in the 0νββ decay. In the
minimal seesaw model, it is given by

meff = mν
eff +mN

eff . (3.1)

Here the first term in the right-hand side of eq. (3.1) represents the contributions from
active neutrinos, which is given by

mν
eff =

∑
i

U2
eimi . (3.2)

On the other hand, the contributions from HNLs appeared as another term in the right-hand
side of eq. (3.1) are expressed as

mN
eff =

∑
I

Θ2
eIMI fβ(MI) , (3.3)

where fβ is the suppression factor compared to mν
eff due to the heaviness of HNLs MI � mi.

Here we apply the result in refs. [39, 40] and assume the following form

fβ(M) =
Λ2
β

Λ2
β +M2 , (3.4)

where Λβ = O(102)MeV denotes the typical scale of the Fermi momentum in the 0νββ
decay which are different depending on decaying nuclei and receives an uncertainty of the
nuclear physics. Hereafter we take Λβ = 200MeV as a representative value.

In this paper we consider the impacts of the detection of the 0νββ decay by future
experiments on the properties of HNLs. The measurement of the decay rate gives the
value of |meff |. Note that meff is a complex number. First, we consider the case when
right-handed neutrinos possess the hierarchical masses, M2 �M1. We then find that the
mixing element of the lighter HNL Θ2

e1 is given by

Θ2
e1 = meff −mν

eff [1− fβ(M2)]
M1 [fβ(M1)− fβ(M2)] . (3.5)

Here we have used the intrinsic relation between mixing elements in the seesaw mechanism5

0 =
∑
i

U2
eimi +

∑
I

Θ2
eIMI . (3.6)

It should be noted that this relation eq. (3.6) requires a fine-tuning in the second terms
whenMN and |ΘeI | get large enough. In addition, radiative corrections exist on the relation,
especially on the Majorana masses of flavor electron neutrinos. We ignore such corrections

5Strictly speaking, although this relation is valid at tree level, one-loop corrections by Higgs and Z boson
loops can be safely ignored under current setup [27].
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Figure 1. Upper and lower bounds on |Θe1|2 for the NH (red solid lines) and IH (blue dashed lines)
cases. Here M1 = 1GeV and M2 = 200GeV.

in our analyses, since they are expected to be subleading. Importantly, the mixing element
|Θe1|2 is given by meff and mν

eff together with masses M1 and M2. This means that, if |meff |
is determined by the detection of the 0νββ decay, the range of |Θe1|2 can be predicted.
In practice both upper and lower bounds on |Θe1|2 are obtained by varying the unknown
parameters in mν

eff (i.e., the Majorana phase η,6 and the active neutrino masses with mass
ordering) and the phase of meff .

When M1 = 1GeV and M2 = 200GeV,7 these bounds are shown in figure 1 in terms
of the (would-be) observed value of |meff | denoted by mobs

eff . In the present analysis we
take the central values of the mass squared differences, the mixing angles and the Dirac
phase in the PMNS matrix given in ref. [42] for the estimation of |mν

eff |. We find that
|mν

eff | = 1.45–3.68 meV and 18.6–48.4 meV for the NH and IH cases, respectively. It is found
from eq. (3.5) that the lower bound on |Θe1|2 vanishes when mobs

eff = |mν
eff |(1− fβ(M2)).

The predicted range of |Θe1|2 is shown in figure 2 where the current upper bounds and
the sensitivities on |Θe1|2 by future search experiments are also shown [43–49]. We take the
(would-be) observed value of the effective mass as mobs

eff = 100 meV, 50 meV, and 10 meV.8

Importantly, the most of the predicted range can be tested by the future experiments as
depicted by black dotted liens in figure 2.

We should note that the understanding of fβ(M) is important for the precise prediction
of the mixing elements, since it contains the uncertainty of the order unity. Namely, once
the uncertainty of the nuclear matrix elements gets reduced, we can predict the range of
the mixing angle to be much precise.

6Since one of two Majorana CP-violating phases can be absorbed by redefinition of the lightest active
neutrino field in the current minimal setup, we discuss and analyse with the unique Majorana CP-violating
phase here and hereafter. (This phase is conventionally written as α21.) The fact is clearly discussed in
many literature, e.g. [41].

7These values, especially M2, are just reference values. Our requirement on M2 is just to take heavier
enough than M1.

8The limits and sensitivities on the mixing elements from the current and future 0νββ decay experiments
have been discussed in [27].
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Figure 2. Upper and lower bounds on |Θe1|2 for the NH (left) and IH (right) cases. We take
mobs

eff =100 meV (red sold lines), 50 meV (blue dashed lines), and 10 meV (green dot-dashed lines).
Here M2 = 200GeV. The current (conservative) upper bound on |Θe1|2 from |meff | < 165 meV is
shown by black solid line (and the light-gray region is already excluded). The dark-gray regions are
excluded by the direct search experiments [43–45]. The dotted lines shows the sensitivities by the
future experiments [46–49]. See the detail in the main text.

Next, let us consider the case when the masses of HNLs are degenerate

M1 = M2 = MN . (3.7)

In this case, the total effective mass is given by

meff = mν
eff [1− fβ(MN )] , (3.8)

and hence the total value is always smaller than the that from active neutrinos |meff | < |mν
eff |

as long as HNLs participate the 0νββ decay. Note that the arguments of meff and mν
eff are

the same. In this case, we find the interesting consequences if |meff | is measured: First, the
mass of degenerate HNLs is determined depending on the measured value of |meff | as

MN = Λβ

√√√√ mobs
eff

|mν
eff | −mobs

eff
. (3.9)

This shows that, once mobs
eff is fixed, the unknown Majorana phase in mν

eff determines MN .
Second, the sum of the mixing elements is found to be

∣∣∣Θ2
e1 + Θ2

e2

∣∣∣ = |m
ν
eff |

Λβ

√√√√ |mν
eff | −mobs

eff
mobs

eff
. (3.10)

These results are shown in figure 3. Here we take the Majorana phase as η = 0, and
|mν

eff | = 3.54 meV and 48.4 meV for the NH and IH cases, respectively. It is seen that
the observed effective mass mobs

eff of a few tens meV corresponds to the Majorana mass
MN ' O(0.1− 1)GeV and the mass ordering is the IH since HNL contributions are always

– 6 –
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Figure 3. The degenerate mass MN and mixing element |Θ2
e1 + Θ2

e2| in terms of the observed value
mobs

eff in the NH (red solid line) or IH (blue dashed line). We take the Majorana phase η = 0.

10-12

10-11

10-10

10-9

10-8

10-1 100 101 102

IH

NH

|Θ
e1
2 +
Θ
e2
2 |

MN[GeV]

Figure 4. Range of the mixing element |Θ2
e1 + Θ2

e2| in terms of the degenerate mass MN by taking
the Majorana phase η = 0–π in the NH (red solid line) or IH (blue dashed line). The gray-shaded
regions are excluded by the direct search experiments [45]. The dotted lines shows the sensitivities
by the future experiments [46–49].

destructive to the active neutrino ones. The relation between MN and |Θ2
e1 + Θ2

e2| is shown
in figure 4. We find that in order to directly test the degenerate case the improvement of
the sensitivity by future experiments is required especially for the NH case. However, the
measurement of the 0νββ decay can give some hints of RHνs as discussed above.

Before concluding the paper, we stress the impact of the difference among the 0νββ
decay nuclei [33]. Throughout this paper, we have assumed the approximated form of
the suppression function fβ to be eq. (3.4) and fixed the typical Fermi momentum as
Λβ = 200 MeV. The important point is that the nuclear matrix elements including the
suppression factor due to HNLs are different depending on the decaying nuclei used in the
0νββ experiments. This effect may be quantified by the choice the typical Fermi momentum
in this analysis.
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Figure 5. Upper and lower bounds of predicted effective mass with Λ̃β = 150 MeV (left) and
Λ̃β = 250 MeV (right) in the NH case. We assume that the effective mass observed in the nucleus with
Λβ = 200 MeV to be 100 meV (red, solid), 50 meV (blue, bashed), and 10 meV (green, dot-dashed).
Here, we fix M2 = 200 GeV.

In figure 5, we plot the upper and lower values of the predicted effective mass with
different Fermi momentum from 200 MeV while assuming the 0νββ decay is observed at
the experiment with Λβ = 200 MeV in the NH case. We can obtain similar behavior
straightforwardly in the IH case as well. We take the observed value of the effective mass to
be 100 meV, 50 meV, or 10 meV. The uncertainly comes from both of the Majorana phase
and the phase in the observed Majorana mass, mobs

eff . Interestingly, the predicted effective
mass can be significantly enhanced when Λβ becomes larger enough than 200 MeV and M1
gets heavier. By inserting eq. (3.5) into the expression of the effective mass, we can obtain

m̃eff =
[
1− f̃β(M2)

]
mν

eff

+
[
meff −mν

eff [1− fβ(M2)]
] f̃β(M1)− f̃β(M2)
fβ(M1)− fβ(M2) , (3.11)

where Λβ = 200MeV in fβ but Λβ 6= 200MeV in f̃β which is denoted as Λ̃β . Since the last
fraction in the right-hand side of eq. (3.11) can be rewritten as

f̃β(M1)− f̃β(M2)
fβ(M1)− fβ(M2) =

Λ̃2
β

Λ2
β

(
Λ2
β +M2

1

) (
Λ2
β +M2

2

)
(
Λ̃2
β +M2

1

) (
Λ̃2
β +M2

2

) ' Λ̃2
β

Λ2
β

(
Λ2
β +M2

1

)
(
Λ̃2
β +M2

1

) , (3.12)

where we have assumed N2 is decoupled from the system, we can understand the feature
of the predicted effective mass as follows. The predicted effective masses in a different
decaying nucleus, m̃eff , are comparable to the observed effective mass, meff , for M1 � Λβ,
no matter what kind of nuclei is used. On the other hand, for M1 � Λβ, m̃eff can receive
the factor of Λ̃2

β/Λ2
β. As clearly seen, since a significant enhancement/suppression could

happen depending on the type of nucleus due to the contributions from HNLs. Thus, we
can claim that the multiple detection by the 0νββ experiments using different nuclei is
crucial to reveal the properties of HNLs.
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4 Conclusions

In conclusions, we have considered the minimal seesaw model with two right-handed
neutrinos. It has been shown that, if the effective mass in the 0νββ decay will be measured
by future experiments, the possible range of the mixing elements for the lighter heavy
neutral lepton (right-handed neutrino) is determined. Especially, when two heavy neutral
leptons are hierarchical and the lighter mass is below the electroweak scale, N1 is a good
target of the direct search experiments.

It has also been shown that the predicted effective mass can depend on nucleus of
the neutrinoless double beta decay experiment. Therefore, comprehensive studies on the
neutrinoless double beta decays in the seesaw mechanism are necessary to extract the
concrete information of the heavy neutral leptons.
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