
 

Discovery probabilities of Majorana neutrinos based on cosmological data
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We discuss the impact of the cosmological measurements on the predictions of the Majorana mass of the
neutrinos, the parameter probed by neutrinoless double-beta decay experiments. Using a minimal set of
assumptions, we quantify the probabilities of discovering neutrinoless double-beta decay and introduce a
new graphical representation that could be of interest for the community
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I. INTRODUCTION

The idea that neutrinos are described by a theory that is
symmetric between particles and antiparticles, namely, the
Majorana theory of fermions [1], has gained credibility
over the years. The tiny neutrino masses, proven by the
observation of neutrino oscillations, are consistent with the
assumption that there is new physics at ultrahigh mass
scales [2–5] and is fully compatible with the gauge
structure of the Standard Model [6]. A direct way to test
Majorana’s theory is to search for neutrinoless double-beta
decay (0νββ) [7].
Given the importance of 0νββ, it is of paramount

importance to build quantitative projections on the
Majorana mass-matrix determining the decay rate. In the
absence of a conclusive and convincing theory of fermion
masses, these predictions should be as much as possible
driven by the data and independent by the model. This
approach was proposed long ago in Ref. [8], immediately
identifying its limitations and initiating their analysis.
In fact, the Majorana neutrino mass depends on a set
of parameters whose uncertainty can strongly limit our

capability of making accurate projections. These parame-
ters are (i) the mixing angles and mass splittings of neutrino
oscillations, (ii) the type of neutrino mass spectrum, (iii) the
value of the lightest neutrino mass, and (iv) the character-
istic phases of the Majorana mass.
The huge experimental effort of the last decades led to

unprecedented accuracies on the measurement of neutrino
properties. Current-generation 0νββ experiments have
reached sensitivities to Majorana masses at the level of
100 meVand next-generation searches is foreseen to probe
the tens-of-meV region [9,10]. Precise measurements of the
neutrino oscillations have virtually eliminated the uncer-
tainties on the mixing angles and mass splittings relevant
for a prediction on the Majorana mass, and global fits are
now indicating a mild preference for the normal ordering of
the neutrino mass spectrum [11–13]. At the same time, an
increasing number of cosmological measurements is con-
verging to constrain the mass of the lightest neutrino.
In this Letter, we revisit and update the discussion on the

expectations on the neutrino Majorana mass and their
impact on 0νββ searches. We propose a new point of view,
in which we minimize the amount of assumptions on the
unknown parameters—e.g., the Majorana phases—which
would otherwise require a prior affecting the results (see,
e.g., Refs. [14–17]). We set our discussion within the
theoretical framework of 0νββmediated by the exchange of
ordinary light neutrinos endowed with Majorana masses. In
fact, the small masses of the three known neutrinos
represent today the only unequivocal experimental indica-
tion for the existence of physics beyond the Standard
Model, which is consistent with the overall picture
described above. We will also assume that neutrino masses
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follow the normal ordering. The projections for 0νββ
assuming inverted ordering are not as interesting because
next-generation 0νββ experiments will explore the entire
parameter space allowed by this model, fully covering any
possible projection for mββ.

II. INFORMATION FROM NEUTRINO
OSCILLATIONS

The relevant parameter for the 0νββ transition is the
absolute value of the ee entry of the neutrino mass matrix,
conventionally indicated with mββ. This parameter can be
expressed in terms of the real neutrino masses mi, where
i ¼ 1, 2, 3, and of the complex mixing matrix elementsUei,
namely, mββ ¼ jPi U

2
eimij. While the real parts of the

matrix elements are constrained by the unitary relationP
i jU2

eij ¼ 1, the complex parts are completely uncon-
strained. Given the absolute lack of information on the
complex parts, in this work we will base our inferences on
the two extreme scenarios in which mββ assumes the
maximum and minimum allowed value [8]:

mmax
ββ ¼

X3
i¼1

jU2
eijmi; ð1aÞ

mmin
ββ ¼ maxf2jU2

eijmi −mmax
ββ ; 0g i ¼ 1; 2; 3: ð1bÞ

The squared-mass differences ðm2
i −m2

jÞ and the param-
eters jU2

eij have been precisely measured by oscillation
experiments and can be considered as fixed. The uncer-
tainties to these parameters are smaller than 5% [11];
their propagation would not impact our findings, while it
would increase the complexity of the computation. Thus,
Eqs. (1a) and (1b) are a function of only one parameter
which is the lightest neutrino mass (i.e., m1 assuming
normal ordering). The corresponding true value of mββ

realized in nature must hence satisfy the condition
mmin

ββ ðm1Þ ≤ mββ ≤ mmax
ββ ðm1Þ, where we have made

explicit that mmin
ββ and mmax

ββ are functions depending only
on m1.
In the following, we will refer to the smallest mββ value

for which an experiment can observe a signal as sensitivity1

and indicate it with m�
ββ. If we consider a generic experi-

ment that will achieve a sensitivity m�
ββ, then the set of

possible outcomes of the experiment is limited to
three cases:

(i) m�
ββ ≥ mmax

ββ ðm1Þ: the experiment will not observe a
signal even assuming the most favorable value of the
Majorana phases;

(ii) m�
ββ ≤ mmin

ββ ðm1Þ: the experiment will observe a
signal even assuming the most unfavorable value
of the Majorana phases;

(iii) mmin
ββ ðm1Þ < m�

ββ < mmax
ββ ðm1Þ: the experiment will

observe a signal for some values of the Majorana
phases but not for others. The experiment is explor-
ing an interesting part of the parameter space,
however, predictions on whether a signal will be
observed or not cannot be done without further
assumptions.

We will further on refer to these cases as inaccessibility,
observation and exploration, respectively. These scenarios
are illustrated in Fig. 1 for three illustrative sensitivity
values identified in each plot by the black dashed line. The
red region represents the part of the ðm1;mββÞ parameter
space that is not accessible to the experiment; the green one
the part for which an observation of 0νββ is certain; the
white one the part for which an observation might (green
dash) or might not (red dash) occur.
Each sensitivity value corresponds to two extreme values

for the lightest neutrino mass: mmin
1 ðm�

ββÞ and mmax
1 ðm�

ββÞ,
which are indicated by the black bullets in the figure.
Note that mmin

1 ¼ 0 when m�
ββ lies within the interval

(1.4–3.7) meV. The functions mmin
1 ðm�

ββÞ and mmax
1 ðm�

ββÞ
can be calculated analytically by solving the fourth-order
equation obtained by inverting branch by branch Eqs. (1a)

FIG. 1. A few representative situations for the search of 0νββ.
The illustrative sensitivity values, m�

ββ ¼ 5, 2.5, 0.5 meV from
left to right, are indicated by the horizontal black dashed lines.
The black lines enclose the region allowed by neutrino oscil-
lations, assuming normal ordering; the external gray region is
forbidden. Values above the experiment sensitivity can be probed
by the experiment, while those below remain inaccessible.
Therefore, for each allowed value of m1 and given m�

ββ, there
are three possible scenarios: the experiment will make an
observation (green); the experiment will not see a signal (red);
the experimental outcome will depend on the value of the
Majorana phases (white).

1The sensitivity is more accurately defined as the median upper
limit that can be set at a certain confidence level. The actual
definition is, however, not relevant to the purpose of this work as
we will not consider concrete experiments.
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and (1b). However, this procedure does not offer particular
advantage, and in this work we solve the equations
numerically. Uncertainties related to the oscillation param-
eters are negligible [17].

III. INFORMATION FROM STANDARD
COSMOLOGY

The value of the lightest neutrino mass m1 is in one-to-
one correspondence with the sum of the neutrino masses
probed by cosmology, Σ≡m1 þm2 þm3, as the effect of
the uncertainties on the mass splittings is negligible. The
oscillation data provide a lower limit on Σ corresponding to
the case in which m1 ¼ 0, i. e., Σmin ¼ ð58.7� 0.3Þ meV.
Therefore, by means of this correspondence, cosmological
measurements on Σ can be directly translated in terms of
m1, as discussed below (see Ref. [17] for a more detailed
discussion).
The ΛCDM Model extended with massive neutrinos

assumes that neutrinos are stable throughout the life of the
Universe and allows to probe the sum of the neutrino
masses Σ, provided that we can get cosmological obser-
vations both at large scales (CMB) and at the smaller ones
(baryon acoustic oscillations, BAO, and Lyman-α forest).
In several cases, the constraints on Σ can be approximated
with a Gaussian distribution, in turn corresponding to a
parabolic chi-square

χ2 ≈
ðΣ − Σ̄Þ2
ðδΣÞ2 ; ð2Þ

where Σ̄ and δΣ are known values. If we restrict Σ to the
physical range Σ ≥ Σmin, we obtain the cumulative distri-
bution function (CDF)

FΣðΣÞ≡ PðΣ ≤ ΣÞ ¼ 1 −
fðΣÞ

fðΣminÞ
; ð3Þ

where fðΣÞ is the complementary error function

fðΣÞ ¼ erfc

�
Σ − Σ̄ffiffiffi
2

p
δΣ

�
: ð4Þ

The most recent analysis by the Planck Collaboration
provides a limit at 95% confidence interval on Σ of
120 meV, which has been derived using BAO data and
assuming Σ > 0, under the approximation that all three
neutrinos have the same mass [18]. An analysis of the same
dataset, but with an improved description of the three
massive neutrinos imposing the mass differences as fixed
by the oscillation experiments, gives a bound on Σ of
152 meV at 95% confidence level (C. L.) [11]. These two
results are in good agreement. The results obtained by
Planck is in good approximation a Gaussian probability
distribution with central value at Σ ≃ 0 and width
δΣ ≃ 61 meV. If we now restrict this probability

distribution to the physical region Σ ≥ Σmin, we obtain
an upper limit on Σ of 146 meV. The χ2 from Ref. [11] is
also quasiparabolic and can be approximated–i.e., we get a
consistent limit—by setting [refer to Eq. (2)]

Σ̄ ¼ 48.9 meV=δΣ ¼ 52.6 meV: ð5Þ

Similar results have been obtained already a few years ago
by including the Lyman-α in an analysis similar to those
mentioned above. The authors of Ref. [19] obtained a limit
Σ < 140 meV at 95% C. L. by using Lyman-α data from
BOSS and XQ-100, from an almost-Gaussian likelihood
that can be approximated by [17]

Σ̄ ¼ 41.3 meV=δΣ ¼ 49.7 meV: ð6Þ

More recently, it has been shown in Ref. [20] that the
inclusion of the new data from Planck [18] could lead to a
tighter bound of Σ < 122 meV at 95% C. L. (still in the
approximation of degenerate neutrino masses).2 In the near
future, we expect important progress from cosmology,
with the possibility of extracting more precise results.
These could lead to an uncertainty as small as δΣ ¼
12 meV [21,22].
The limits extracted by cosmological data appear to be

consistent over a large set of assumptions. The use of
different hypotheses could make the same bound tighter
(e.g., by using a smaller value for H0 [11,18,20]), or looser
(e.g., by tuning the intensity of the gravitational wave
background [23], by allowing a freely varying constant
dark energy equation of state [24] or by assuming primor-
dial fluctuations to be distributed with a “running spectral
index” [18,20]), however the most comprehensive results
that are currently available lead to similar conclusions on
the sum of the neutrino mass. In particular, in both
Refs. [11,19], the value of Σ which minimizes the χ2 is
compatible with Σmin.

IV. IMPLICATIONS FOR mββ

We have discussed how mββ and Σ are connected to the
value of the lightest neutrino mass m1. We will now exploit
this connection to convert existing information from
cosmology into projected discovery probabilities for future
0νββ experiments. This can be done by taking a probability
distribution on Σ and converting it into a probability
distribution for mββ. The CDF of mββ can hence be directly
interpreted as the probability of observing a signal as a
function of the experimental sensitivity.
The connection between Σ and mββ is, however, not

univocally defined. Even considering the oscillation param-
eters to be perfectly know, we still have no information on

2Unfortunately, neither the likelihood nor the χ2 are given in
the reference and we cannot include it in our analysis.
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the Majorana phases and do not want to introduce unnec-
essary assumptions on their values. For this purpose, we
have been focusing on the most extreme scenarios, i.e.,
those in which mββ is equal to the maximum or minimum
allowed value. In these two scenarios, the relationship
between Σ and mββ becomes univocal and a probability
distribution on Σ can be converted into one on mmax

ββ or
mmin

ββ . Projections for models predicting intermediate values
of mββ can be obtained by interpolating between the results
for our two reference scenarios.
To illustrate the procedure in details, let us consider the

likelihood described in Eq. (2) with the parameter values
set according to Eq. (6)3 and a particular m�

ββ value. We are
interested in the two values mmin

1 ðm�
ββÞ and mmax

1 ðm�
ββÞ

(black bullets in Fig. 1). The discovery probability can
hence be calculated using two values of the CDFs in
Eq. (3):

Fmax
Σ ≡ FΣðΣðmmax

1 ðm�
ββÞÞÞ; ð7aÞ

Fmin
Σ ≡ FΣðΣðmmin

1 ðm�
ββÞÞÞ: ð7bÞ

which satisfy the condition 0 ≤ Fmin
Σ < Fmax

Σ < 1 since
the CDF is a monotonically nondecreasing function and
0 ≤ mmin

1 < mmax
1 .

The results are shown in Fig. 2 for mββ sensitivity
spanning from about 1 to 50 meV. The solid black line
shows the discovery probability for the most unfavorable
scenario in which mββ is at its minimal value. The black
dashed line shows the probability for the most favorable
scenario, in which mββ is equal to its maximum allowed
value. The discovery probabilitymonotonically increases by
lowering the mββ value to which an experiment is sensitive.
Assuming normal ordering, future experiments with sensi-
tivities of the order of 10 meV will achieve a discovery
power between 20% and 80%. Searches able to reach 5meV
could reach a discovery power between 50% and 100%.
Figure 2 can be interpreted also in terms of probabilities of

the three possible outcomes of an experiment that have been
discussed before: i.e., inaccessibility (inaccess.), observa-
tion, and exploration. The sum of the probability of these
three outcomes is 1 for any value of m�

ββ, as the three
outcomes are complementary and mutually exclusive. Their
probabilities can be expressed in terms of the CDF as
reported in Table I. These probabilities can also be directly
read from Fig. 2, by looking at the width of the red, white,
and green bands, respectively. The smaller the value ofm�

ββ

is, the larger the green band becomes, signaling an increas-
ing probability of observing a signal even assuming themost
unfavorable scenario. Conversely, the larger the value ofm�

ββ

is, the larger the red band becomes. It should be noted that
even an “ultimate” experiment, sensitive to sub-meV values

of mββ, will have a 20% probability of being in the
exploration scenario (white band), in which the observation
of a signal depends of the value of theMajorana phases. This
white band does not disappear by decreasingm�

ββ as the true
value of mββ might be negligibly small for some fine-tuned
values of the phases and a lightest neutrino mass comprised
within the range (2.2–6.3)meV. This parameter spacewould
correspond to values for Σ in the interval (61.4–67.5) meV,
which is compatible with present cosmological measure-
ments. The uncertainty on Σ might be reduced to δΣ of the
order of 10 meV in the near future. However, this will not be
enough for a precise measurement of this parameter, unless
Σ will turn out to be large, i.e., close to the current upper
bound from cosmology which would correspond to mββ

values within reach of the future 0νββ experiments.
The discovery probabilities shown in Fig. 2 are also

reported numerically in Table II. These values have been
computed for a Gaussian probability distribution of Σ with
the centroid and sigma value of Eq. (5). The discovery
probabilities change by just a few percent when we fix the
centroid and sigma to the other values mentioned earlier
in this manuscript. We have also estimated the impact of

FIG. 2. Discovery probability as a function of the experimental
sensitivities to mββ for the most unfavorable scenario (black solid
line, mmin

ββ ) and the most favorable one (black dashed line, mmax
ββ ).

The colored areas express the probability for the three possible
outcomes of an experiment: observing a signal even in the worst
case scenario (green, observation), not observing a signal even in
the best case scenario (red, inaccessibility), and when observing a
signal depends on the value of the Majorana phases (white,
exploration).

TABLE I. Probability of the outcome of an experiment as a
function of the terms defined in Eqs. (7a) and (7b) for the three
mββ sensitivity considered in Fig. 1.

m�
ββ (Fig. 1) Inaccess. Exploration Observation

5.0 meV (left) Fmin
Σ Fmax

Σ − Fmin
Σ 1 − Fmax

Σ
2.5 meV (center) 0 Fmax

Σ 1 − Fmax
Σ

0.5 meV (right) 0 Fmax
Σ − Fmin

Σ 1 − ðFmax
Σ − Fmin

Σ Þ3Incidentally, this allows a direct comparison with our previous
results reported in Ref. [17].
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the functional form of the probability distribution of Σ.
Adopting other reasonable shapes—e.g., a decreasing expo-
nential function—can change the discovery probabilities by
up to 10% at themββ value of interest for the next-generation
experiments, but it does not alter the overall features of our
analysis. These considerations confirm that our results and
conclusions are very robust and valid regardless of which
cosmological analysis is used to extract information on Σ.

V. SUMMARY

We investigated the impact of cosmological measure-
ments on the possible values of the parameter mββ and
introduced a new procedure (and graphical representation)

that presents the advantages of minimizing the number of
assumptions. Our approach is motivated both by the lack of
a precise theoretical prediction for the Majorana mass of
the neutrino and by the mounting evidence that precision
cosmology studies have significant implications on the
absolute values of neutrino masses, and hence on the
possible values ofmββ. In the assumption that the exchange
of light Majorana neutrinos dominates the rate of the 0νββ
transition, the results of this work reinforce the view that
future-generation experiments will have a high discovery
power even assuming a normal neutrino mass ordering.
However, even larger multi-tonne detectors might be
needed to find a signal in the less favorable scenarios.
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