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We investigate how recent updates to neutrino oscillation parameters and the sum of neutrino masses
influence the sensitivity of neutrinoless double-beta (0νββ) decay experiments. Incorporating the latest
cosmological constraints on the sum of neutrino masses and laboratory measurements on oscillations, we
determine the sum of neutrino masses for both the normal hierarchy (NH) and the inverted hierarchy (IH).
Our analysis reveals a narrow range for the sum of neutrino masses, approximately 0.06 eV=c2 for NH and
0.102 eV=c2 for IH. Utilizing these constraints, we calculate the effective Majorana masses for both NH
and IH scenarios, establishing the corresponding allowed regions. Importantly, we find that the minimum
neutrino mass is nonzero, as constrained by the current oscillation parameters. Additionally, we estimate
the half-life of 0νββ decay using these effective Majorana masses for both NH and IH. Our results suggest
that upcoming ton-scale experiments will comprehensively explore the IH scenario, while 100-ton-scale
experiments will effectively probe the parameter space for the NH scenario, provided the background index
can achieve 1 event/kton-year in the region of interest.
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I. INTRODUCTION

The revelation of neutrino oscillations in solar and
atmospheric neutrino experiments [1–3] has marked a
significant leap in our comprehension of neutrinos, uncov-
ering their mass and mixing within the lepton sector. This
breakthrough holds profound implications for extending
the standard model of particle physics and pursuing a grand
unified theory of nature. Yet, despite this progress, numer-
ous facets of neutrinos remain enigmatic, such as their
absolute mass scale, mass hierarchy, and the determination
of whether they exhibit a Dirac or Majorana nature [4].
Various experiments, spanning accelerator-based and

reactor-based neutrino oscillation studies, beta decay inves-
tigations, and neutrinoless double-beta (0νββ) decay
research, contribute to our understanding of the absolute
mass scale and mass hierarchy of neutrinos. However, it is
noteworthy that 0νββ decay experiments uniquely offer a
practical means to explore the Majorana nature of neu-
trinos. These experiments aim to address fundamental
questions by probing the effective Majorana mass of
electron neutrinos and determining the absolute neutrino
mass scale, hierarchy, and character [5–8].

In a 0νββ decay experiment, the connection between the
measured half-life (T0ν

ββ) and the effective Majorana mass of
the electron neutrino, mββ, is approximated by the follow-
ing expression [9,10]:

ðT0ν
ββÞ−1¼G0νðE0;ZÞ
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In Equation (1), G0νðE0; ZÞ includes couplings and a phase
space factor, where gA and gV represent the axial vector and
vector coupling constants, and M0ν

f and M0ν
GT denote the

Fermi and Gamow-Teller nuclear matrix elements, respec-
tively. Consequently, the precision with which mββ can be
determined from the measured half-life relies on the
accuracy of the theoretical nuclear matrix elements.
If the 0νββ decay process is mediated by light Majorana

neutrinos, the effective neutrino mass is determined by the
following coherent sum:

jmββj ¼
����
X
i

miU2
βi

����; ð2Þ

where mi represents the mass of the ith neutrino mass
eigenstate, Uβi are elements of the leptonic matrix U, and
the sum extends over all light neutrino mass eigenstates
[11]. In the standard three-flavor scheme, U is a unitary
matrix and can therefore be parametrized in terms of three
flavor mixing angles and one CP-violating phase:
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U ¼

0
B@

c12c13 s12c13 s13e−iδ

−s12c23 − c12s13s23eiδ c12c23 − s12s13s23eiδ c13s23
s12s23 − c12s13c23eiδ −c12s23 − s12s13c23eiδ c13c23

1
CA ð3Þ

where cij ¼ cos θij, sij ¼ sin θij (for ij ¼ 12; 13; 23), δ
represents the Dirac charge-parity (CP) phase.
The effective Majorana mass is determined by the

absolute value of the element mββ within the mass matrix
in the charged lepton flavor basis. This mass matrix
characterizes the charged leptons in their diagonal basis.
Consequently, the Majorana neutrino mass matrix in the
charged lepton flavor basis can be represented as

jmββj ¼ jU ·D ·UT j: ð4Þ
In this context, the diagonal matrix can be denoted as
D ¼ diag½m1eiα; m2; m3eiβ�, where both α and β represent
the Majorana CP-violating phases.
The results derived from Eq. (4) can be expressed as

jmββj ¼ jmð1Þ
ββ e

iα þmð2Þ
ββ þmð3Þ

ββ e
iβj; ð5Þ

and

jmð1Þ
ββ j ¼ m1c212c

2
13;

jmð2Þ
ββ j ¼ m2s212c

2
13;

jmð3Þ
ββ j ¼ m3s213: ð6Þ

After years of experimental exploration, significant
progress has been made in determining the values of
θ12, θ13, and θ23 with a high degree of accuracy from
current neutrino oscillation data. However, the three phase
parameters (δ, α, and β) remain elusive [12]. Additionally,
while the value of Δm2

21 ≡m2
2 −m2

1 and the absolute value
of Δm2

31 ≡m2
3 −m2

1 have been measured, the sign of Δm2
31

and the absolute neutrino mass scale remain unknown.
Therefore, the magnitude of jmββj is subject to three

types of uncertainties, namely the unknown absolute
neutrino mass scale (m1 or m3), the unknown neutrino
mass hierarchy (Δm2

31 > 0 orΔm2
31 < 0), and the unknown

Majorana phases α and β appearing in jmββj, even in the
absence of new physics contamination. Given that the
magnitude of jmββj is closely tied to the decay half-life of
the 0νββ decay process, it is of significant interest to
explore how these three uncertainties will influence its
value. Evaluating this impact will provide valuable insights
into the practical feasibility of conducting an experiment.
Until now, extensive phenomenological endeavors have

been dedicated to exploring the parameter space of jmββj
and evaluating its sensitivity to potential new physics
phenomena [13]. Current experiments have achieved

remarkable sensitivities, with half-life measurements reach-
ing levels of∼1026 years for isotopes such as 136Xe and 76Ge,
consequently setting upper limits on the effective Majorana
neutrino mass within the range of 36–156 meV [14,15].
In this study, we aim to investigate the parameter space

of jmββj by incorporating the sum of neutrino masses
constrained by recent cosmological data [16] and utilizing
the best-fitted oscillation parameters derived from global
particle physics datasets [12]. Similar studies have been
conducted by several authors [17–20], including a recent
one by Denton and Gehrlein [21], who focused on flavor
models in the context of the funnel (mββ < 1 meV) and
explored related topics.
In our work, we will investigate several intriguing scenar-

ios, including the allowed regions for the sum of neutrino
masses and the minimum neutrino mass (m1 or m3).
Additionally, we will analyze the behavior of jmββj within
these regions. Given an allowed sum of neutrino masses, we
determine the value of theminimum neutrinomass.We point
out that if the minimum neutrino mass falls outside the range
of [2 × 10−3 eV=c2, 7 × 10−3 eV=c2], jmββj will exceed
1 meV=c2 in magnitude. This level of sensitivity can be
achieved with a 100-ton experiment over 10 years. This
observation elucidates the relationship between neutrino
mass constraints and the effective Majorana mass.
Utilizing the effective Majorana mass constrained by the
minimum neutrino mass, we predict the sensitivity for a
100-ton experiment, highlighting that a background index of
1 event per kton per year is required to achieve an effective
Majorana mass of 1 meV.

II. THE SUM OF NEUTRINO MASSES VERSUS
THE MINIMUM NEUTRINO MASS

The most recent cosmological constraints on the sum of
neutrino masses [16], coupled with the latest laboratory
measurements on oscillations [12], offer valuable insights
into the constraints on the effective Majorana neutrino
mass. In this work, we utilize the squared mass splitting
constraints from a comprehensive global fit to neutrino
oscillation observations, as presented in the first column of
Table 14.7 from The Review of Particle Physics (2023) by
the Particle Data Group [12]. Although there are three
additional columns with slightly different fitted values in
the same table, the differences are minimal and do not
significantly impact the analysis. For the sake of simplicity,
we employed only the parameters from the first column.
In the context of the normal neutrino mass hierarchy,

often abbreviated as the normal hierarchy (NH),
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characterized by m1 < m2 < m3, the parameters employed
in this study are:

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

Δm2
21 ¼ ð7.41þ0.21

−0.20Þ × 10−5 eV2=c4

Δm2
32 ¼ ð2.437þ0.028

−0.027Þ × 10−3 eV2=c4

θ13 ¼ ð8.54þ0.11
−0.12Þo

sin2θ13 ¼ ð2.203þ0.056
−0.059Þ × 10−2

θ23 ¼ ð49.1þ1.0
−1.3Þo

sin2θ23 ¼ ð5.71þ0.18
−0.23Þ × 10−1

θ12 ¼ ð33.41þ0.75
−0.72Þo

sin2θ12 ¼ ð3.03þ0.12
−0.11Þ × 10−1

9>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>;

ð7Þ

Similarly, in the case of the inverted neutrino mass
hierarchy, commonly referred to as the inverted hierarchy
(IH), characterized by m3 < m1 < m2, the parameters
utilized in this study are

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

Δm2
21 ¼ ð7.41þ0.21

−0.20 Þ × 10−5 eV2=c4

Δm2
32 ¼ ð−2.498þ0.032

−0.025Þ × 10−3 eV2=c4

θ13 ¼ ð8.57þ0.12
−0.11Þo

sin2θ13 ¼ ð2.219þ0.060
−0.057Þ × 10−2

θ23 ¼ ð49.5þ0.9
−1.2Þo

sin2θ23 ¼ ð5.78þ0.16
−0.21Þ × 10−1

θ12 ¼ ð33.41þ0.75
−0.72Þo

sin2θ12 ¼ ð3.03þ0.12
−0.11Þ × 10−1

9>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>;

ð8Þ

Using the measured values ofΔm2
12 andΔm2

32 in both the
NH and IH cases, we can derive the sum Σ ¼ m1 þm2 þ
m3 as follows

8>><
>>:

Σ ¼ m1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð7.41þ0.21

−0.20Þ × 10−5 þm2
1

q
þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð7.41þ0.21
−0.20Þ × 10−5 þ ð2.437þ0.028

−0.027Þ × 10−3 þm2
1

q
;

9>>=
>>;
ð9Þ

and

8>><
>>:

Σ ¼ m3 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2.498þ0.032

−0.025Þ × 10−3 þm2
3

q
þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð7.41þ0.021
−0.20 Þ × 10−5 þ ð2.498þ0.032

−0.025Þ × 10−3 þm2
3

q
9>>=
>>;
ð10Þ

The oscillation constraints outlined in Eqs. (9) and (10) can
be visualized in Fig. 1, illustrating the permitted region in

the mL − Σ plane. Here, mL denotes the minimum neutrino
mass, representing m1 for NH and m3 for IH.
As depicted in Fig. 1, the values of Σ fall within two

narrow bands: approximately 0.06 eV=c2 for NH and
∼0.102 eV=c2 for IH. This suggests a minor influence of
the value of the minimum neutrino mass when
mL < 10−2 eV=c2. For the case of IH, cosmological data
from2016with a conference level of 95% sets the upper limit
ofmL < 1.8 × 10−2 eV=c2. The 2021 data, also with a 95%
conference level, sets an upper limit of 8 × 10−3 eV=c2, and
the 2024 data with a 95% conference level has exceeded the
IH scenario. In the case of NH, when combined with
cosmological constraints, all with a 95% conferences level,
mL is less than 3.5 × 10−2 eV=c2 according to the 2016 data,
less than2 × 10−2 eV=c2 according to the 2021data, and less
than 9 × 10−3 eV=c2 according to the 2024 data. All of these
results suggest that the quasidegenerate (QD) scenario is
ruled out. It is noteworthy that the ParticleDataGroup [12] in
2023 provided three additional sets of best-fit parameters.
Despite slight differences among these parameters, they do
not alter the conclusion regarding the narrow allowed bands
for Σ in both NH and IH cases.
Recent searches in cosmology and accelerator experi-

ments indicate a preference for the NH scenario for
neutrino mass [18,25,26]. This implies that the dominant
components of jmββj are the lighter neutrino mass eigen-
states, leading to longer decay half-lives and greater
experimental challenges. This raises potential concerns

FIG. 1. The sum of masses is represented by the symbol Σ,
defined as Σ ¼ m1 þm2 þm3, and is depicted as a function of
the minimum mass of neutrino mass eigenstates. The errors for
each parameter stated in Eqs. (7) and (8) are incorporated into the
plot, but they are too small to have a significant impact. The
estimated sensitivity of KATRIN is Σ < 0.8 eV (95% CL)
according to Ref. [22]. Cosmology 2016 data is sourced from
Ref. [23], while Cosmology 2021 data is cited from Ref. [16] and
Cosmology 2024 is cited from Ref. [24].
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for the planned ton-scale 0νββ decay experiments, which
aim to explore the IH scenario. While the reliability of the
cosmological claim has faced scrutiny [27], recent results
from experiments such as NOvA [25] and T2K [26] lack
statistical significance. Interestingly, a combined NOvA
and T2K analysis favors the inverted hierarchy (IH)
[28,29]. Additionally, by combining electron neutrino
(νe) disappearance data from reactor experiments and muon
neutrino (νμ) disappearance data from accelerator-based
experiments, the mass hierarchy can be determined [30,31],
providing further evidence supporting the NH. Considering
all of the above, the situation remains quite complex at
this stage. Therefore, more experiments are needed to
conclusively determine the mass hierarchy. The planned
ton-scale 0νββ experiments will definitively address the
neutrino mass hierarchy and validate the cosmological
models used to obtain constraints on the sum of neutrino
masses.
As an example, to address the potential preference for the

NH using 0νββ decay experiments, Agostini, Benato, and
Detwiler [13] found that the likelihood of detecting 0νββ
decay could exceed 50% in the most promising experi-
ments if there are no neutrino mass mechanisms that drive
the mass of the lightest state or the effective Majorana mass
to zero. Additionally, the possibility of decay facilitated by
the exchange of heavy particles [32,33], which involves
Majorana neutrinos according to the black-box theorem
[34], also violates lepton number conservation. However,
determining the mass scale of the light neutrinos directly
from the data in this scenario remains challenging.
While the implications of the NH based on limited

experimental evidence are relatively weak, the potential for
exotic heavy particle exchange physics could diminish their
significance. Nevertheless, the primary motivation for
investigating 0νββ decay—testing lepton number conser-
vation and distinguishing between the Dirac or Majorana
nature of neutrinos—remains compelling.
Given the narrow allowed regions of Σ in both NH and

IH cases, we aim to explore the parameter space of jmββj
versus the minimum neutrino mass mL for both scenarios,
particularly when accounting for theMajoranaCP-violating
phases.

III. THE PARAMETER SPACE OF jmββj
In the early 2000s, pioneers developed formulations to

calculate jmββj as a function of the minimum neutrino mass
[35]. Recently, the coupling-rod diagram of jmββj, intro-
duced by Zhi-Zhong Xing and Ye-Ling Zhou [36], illus-
trates the key characteristics of jmββj in the complex plane.
This diagram provides an intuitive understanding of how
the neutrino mass ordering and CP-violating phases impact
jmββj. Below, we present a summary of the maximum and
minimum values of jmββj using Eq. (5) for both NH and
IH cases.

For the case of NH where m1 < m2 < m3, the equations
are

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

jmββjmax¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

21þm2
1

p
sin2θ12cos2θ13

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− Δm2

21

Δm2
21
þm2

1

r
cot2θ12þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− Δm2

21

Δm2
21
þm2

1

þΔm2
21
þΔm2

32

Δm2
21
þm2

1

r
tan2θ13
sin2θ12

�
:

jmββjð1Þmin¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

21þm2
1

p
sin2θ12cos2θ13

�
1−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− Δm2

21

Δm2
21
þm2

1

r
cot2θ12−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− Δm2

21

Δm2
21
þm2

1

þΔm2
21
þΔm2

32

Δm2
21
þm2

1

r
tan2θ13
sin2θ12

�
:

jmββjð2Þmin¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

21þm2
1

p
sin2θ12cos2θ13

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− Δm2

21

Δm2
21
þm2

1

r
×

cot2θ12−1−ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− Δm2

21

Δm2
21
þm2

1

þΔm2
21
þΔm2

32

Δm2
21
þm2

1

r
tan2θ13
sin2θ12

�
:

9>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>;

ð11Þ

For the IH case, wherem3 < m1 < m2, the equations are
as follows:

8>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>:

jmββjmax¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

3−Δm2
32

p
sin2θ12cos2θ13

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− Δm2

21

m2
3
−Δm2

32

r
cot2θ12þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− Δm2

21

m2
3
−Δm2

32

þΔm2
21
−Δm2

32

m2
3
−Δm2

32

r
tan2θ13
sin2θ12

�
:

jmββjmin¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

3−Δm2
21

p
sin2θ12cos2θ13

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− Δm2

21

m2
3
−Δm2

32

r
×

cot2θ12−1−ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− Δm2

21

m2
3
−Δm2

32

þΔm2
21
−Δm2

32

m2
3
−Δm2

32

r
tan2θ13
sin2θ12

�
:

9>>>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>>>;

ð12Þ

We illustrate the relationship between jmββj and the
minimum neutrino mass mL in Fig. 2, utilizing the param-
eters specified in Eqs. (7) and (8). We vary the relevant CP-
violating phases within the range of 0 to 2π.

In Fig. 2, the gray area represents the allowed regions for
jmββj concerningmL. In the IH scenario, whenmL is below
1 × 10−2 eV=c2, the allowed region for jmββj appears
nearly flat, ranging from 10 meV=c2 to 50 meV=c2.
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This region is targeted by upcoming ton-scale experiments
like LEGEND-1000, nEXO, and CUPID. Conversely, in
the NH scenario, the allowed region exhibits a pronounced
dependence on mL. For mL below ∼5 × 10−4 eV=c2, the
jmββj region remains almost flat, surpassing 1 meV=c2.
However, within the range ½∼2 × 10−3;∼7 × 10−3� eV=c2,
jmββj tends toward zero.
It is evident from Fig. 2 that the planned ton-scale

experiments will comprehensively explore the IH region.
Therefore, our focus will be on accessing sensitivity for the
NH case. We aim to investigate the feasibility of construct-
ing a sensitive experiment capable of detecting the
0νββ decay process if neutrino masses adhere to normal
ordering.

IV. DISCUSSION ON mL AND PROSPECTIVE
EXPERIMENTS SENSITIVE TO THE NH REGION

To investigate theNH region for the 0νββ decay process, it
is important to note that the effective Majorana mass can
approach zero if mL falls within the range of ½∼2 × 10−3;
∼7 × 10−3� eV=c2, as indicated in Fig. 2. Considering this,
our first step is to examine the value ofmL ¼ m1 for a given
allowedΣ. The solutionmust satisfy the following condition:

mL þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

21 þm2
L

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

32 þ Δm2
21 þm2

L

q
− Σ ¼ 0:

ð13Þ

Equation (13) must be solved numerically for a given
value of Σ. Figure 3 illustrates the relationship between mL
and a given Σ.
Numerical solutions indicate that when Σ ranges between

0.059 and 0.061 eV=c2, Eq. (13) is satisfied. This cor-
responds to mL falling within the region ½3 × 10−4;
2 × 10−3� eV=c2. However, when Σ ¼ 0.058 eV=c2,
Eq. (13) is violated, indicating no suitable values of mL
exist and thus excluding that range. Furthermore, for Σ in the
range ½0.061; 0.068� eV=c2, mL drives jmββj to zero, as
depicted in Fig. 2.
It is evident that only a narrow range of mL is viable for

determining jmββj in future experiments beyond the ton-
scale. This viable region spans mL ¼ ½3 × 10−4;
2 × 10−3� eV=c2. Additionally, the corresponding of m1,
m2, and m3 for a given Σ is visualized in Fig. 4.
To be clear, in Fig. 4, for each Σ, the corresponding

values of m1, m2, and m3 are plotted. This indicates a
unique solution for m1, m2, and m3 corresponding to each
given Σ. In the NH case, the values of m1 within the box
highlight the solution for each given Σ in the allowed region
shown in Fig. 3.
In the NH scenario, it is noteworthy that the sumofmasses

falls within the range of 0.059 to 0.061 eV=c2, consequently
leading to a non-zerom1, as depicted in Fig. 4. This allowed
region is consistent with the cosmological constraints from
the 2016, 2021, and 2024 data analyses.
All the results depicted in Figs. 3 and 4 indicate that the

minimum neutrino mass is non-zero. This suggests that only
the Majorana CP-violating phases can drive jmββj to
zero when mL falls within the range of ½2 × 10−3;
7 × 10−3� eV=c2. There exists a parameter space for jmββj

FIG. 3. The plot illustrates the solution for m1 þm2 þm3 −
Σ ¼ 0 when a Σ value is specified. The gray area represents
where the value of jmββj approaches zero, while the light-red
region indicates excluded values of mL due to the absence of a
solution. Note that the errors for each parameter shown in Eqs. (7)
and (8) are too small to have a significant impact on the
outcomes.

FIG. 2. The variation of jmββj with mL in the NH or IH of three
neutrino masses is depicted. The input parameters from Eqs. (7)
and (8) are utilized, with the relevant CP-violating phases
allowed to range from 0 to 2π. Note that the errors for each
parameter have been evaluated. However, these errors are too
small to produce a significant impact. Additionally, two hori-
zontal lines represent the current sensitivity from KamLAND-
Zen and GERDA, and the target sensitivity from planned
ton-scale experiments such as LEGEND-1000 [37], nEXO
[38], and CUPID [39]. The three vertical lines indicate the upper
limits of mL constrained by cosmological data [16,23,24].
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where its value is in the region of∼1 meV=c2, corresponding
to the sensitivity achievablewith a 100-ton-scale experiment.
Using 76Ge as an example, the sensitivity to the effective

neutrino mass is linked to the upper limit of the half-life,
determined as:

T1
2
¼ 4.17 × 1026

�
ε · a
W

�
M · t
μ

; ð14Þ

where T1
2
is the decay half-life in years, ε is the detection

efficiency, a is the isotopic abundance (92% for 76Ge),W is
the molar mass of the source material,M is the total mass of
the source in kg, t is the run time in years, and μ is the
Poisson signal mean constrained by the number of back-
ground events (B) in the region of interest (ROI). We
express B as

B ¼ M · t · b · ΔE; ð15Þ

where b is the number of background events per kg per keV
per year, and ΔE ¼ 3.0 keV is the width of the ROI.

A 90% confidence level interval for the Poisson signal
mean (μ) is provided in Table XII of Ref. [40] when the
total number of events observed (n0) and the mean back-
ground (b) are known.
Using Eq. (14) and parameters similar to those of

LEGEND-1000 [37], we demonstrate the sensitivity of
such an experiment in Fig. 5. Achieving a half-life of
1030 years with a 10-year exposure requires a background
index of 0.001 events/t-y, presenting a considerable chal-
lenge. This underscores the necessity for significant
research and development (R&D) efforts to be initiated
as early as possible. The development of 0νββ decay
experiments has taken decades for the community to reach
the current stage for the planned ton-scale experiments that
will address the IH scenario. Historically, there was a claim
for evidence of 0νββ decay from a subgroup of the
Heidelberg-Moscow experiment [41] using the enriched

76Ge. Despite this claim being refuted by GERDA [15] and
Majorana Demonstrator (MJD) [42] using the same iso-
tope, the background index was 0.113 events=ðkg · keV ·
yearÞ in 2001. GERDA and MJD improved the background
index by nearly a factor of 100 over a 17-year period from
2001 to ∼2017. These improvements included the use of
better radio-pure materials for constructing experiments,
better detectors with enhanced energy resolution and pulse
shape analysis, active veto systems for GERDA, and
electroformed copper for the inner shield in MJD. The
planned LEGEND-1000 has shown the capacity to improve
the background index by another factor of 100 with a ton-
scale detector before 2030, incorporating active veto
systems with underground argon. From 2017 to ∼2030
is another decade-long effort. To continue improving the
background index by a factor of 30 for a 100-ton experi-
ment will require significant effort, time, and innovative
ideas, such as further enhancements in energy resolution
and signal identification with machine learning and the use
of large-size detectors to further reduce backgrounds,
complexity, and cost.
Using equation (1) and defining FN ¼ G0νðE0;

ZÞjM0ν
f − ðgAgVÞ2M0ν

GT j2, if a nuclear structure parameter

FN ¼ 7.01 × 1014=y is employed [43], the effective neu-
trino mass jmββj can be expressed in terms of the calculated
FN and the measured half-life as

jmββj ¼
meffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
FNT0ν

1=2

q ; ð16Þ

where me is the electron mass. The measurable half-life for
a 100-ton scale 76Ge-based experiment is depicted in Fig. 6.
As depicted in Figures 5 and 6, constructing a 100-ton

scale experiment allows for comprehensive exploration of
the ∼1 meV=c2 region in the NH scenario, with the

FIG. 4. Displayed is the solution for the neutrino masses m1,
m2, and m3 for a given allowed Σ. The box outlined by dashed
blue lines indicates the potential nonzero values of m1. Note that
the errors for each parameter shown in Eqs. (7) and (8) are
incorporated into the calculation. However, they are too small to
have a significant impact on the outcomes.

FIG. 5. The sensitivity for measuring the half-life of 76Ge decay
is illustrated for a future 100-ton scale experiment utilizing
similar technology to LEGEND-1000. The length and width
of the shaded regions represent the assumed exposure and the
allowed t1=2 space, under the assumption that the decay is
mediated by the light Majorana neutrino.
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corresponding half-life approaching approximately
1030 years. This endeavor entails the preparation of
enriched materials over a few years, alongside ongoing
R&D efforts aimed at continuously reducing backgrounds.
Simultaneously, the scientific community is advancing
toward ton-scale experiments to fully investigate the
10 meV=c2 region in the IH scenario. Notably, the inves-
tigators are exploring the feasibility of dissolving 130Te or
136Xe isotopes into liquid scintillator to create a 100-ton
scale experiment with JUNO aimed at exploring the
jmββj ≈ 1 meV=c2 region [19]. Additionally, they are con-
templating the use of a Xe-doped liquid argon TPC as a
platform for 0νββ decay with the DUNE far detectors,
targeting a sensitivity of jmββj ≈ 2 meV [44]. Achieving
sensitivity to ∼1 meV in NH with a 100-ton scale experi-
ment requires reducing the background to 1 event per
kiloton per year in the ROI, as illustrated in Figs. 5 and 6.

Furthermore, exceptional energy resolution is essential for
distinguishing events from 2νββ decays. Both concepts
proposed for JUNO and DUNE are intriguing but will face
considerable challenges in meeting these critical require-
ments. For instance, both concepts will need to use
extremely radio-pure materials for constructing the detec-
tors, which is not a primary requirement for the main
physics goals of JUNO and DUNE. Additionally, both
experiments will need to significantly increase photon
detection efficiency to improve their energy resolution.

V. CONCLUSION

Utilizing constraints from cosmology and neutrino
oscillation experiments, we discuss the permissible param-
eter space of jmββj for both the inverted hierarchy (IH) and
normal hierarchy (NH) scenarios. Given the current
planned ton-scale experiments aimed at addressing the
sensitivity across the entire region of IH, we focus our
discussion on the allowed regions of jmββj for NH. It
becomes evident that the minimum neutrino mass (mL) is
non-zero in the NH case. To explore a non-zero jmββj, it is
important to note that there is only a narrow region where
the minimum neutrino mass lies between 3 × 10−4 to
2 × 10−3 eV=c2 for NH. An achievable value of jmββj is
approximately 1 meV=c2. We elucidate the importance for
future experiments to attain this sensitivity. With such
heightened sensitivity, attainable through a high-capacity
experiment (100-ton scale), the likelihood of observing
signal events of 0νββ decays substantially increases.
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