Received: April 20, 1999, Accepted: June 18, 1999

HYPER VERSION

Signal of neutrinoless double beta decay, neutrino spectrum and oscillation scenarios

Francesco Vissani

Deutsches Elektronen-Synchrotron, DESY Notkestraße 85, D-22603 Hamburg, Germany, and International Centre for Theoretical Physics, ICTP Strada Costiera 11, 34100 Trieste, Italy E-mail: vissani@ictp.trieste.it

Abstract: The lower and upper bounds on the neutrinoless double beta (0ν2β) decay rate are obtained, as functions of the parameters of neutrino oscillations and of the lightest neutrino mass. The constraints on these parameters from the search for the 0ν2β transition, as well as from the interpretation of solar and atmospheric neutrino data in terms of oscillations, can be conveniently represented in one unitarity triangle. This representation helps to clarify the cases when the 0ν2β rate is small; the crucial dependence on the scenarios assumed for solar neutrino oscillations and on the neutrino spectrum is emphasized. We consider hierarchical and non-hierarchical neutrino spectra, and discuss their interest in view of future searches of the 0ν2β decay.

Keywords: Neutrino Physics, Solar and Atmospheric Neutrinos.

Contents

1. Informations on neutrino parameters 1 1.1 Massive neutrinos and 0ν2β decay 1 1.2 Extremal values of M_{ee} for 0ν2β decay 2

2. Representation of M^{min}_{ee} and M^{max}_{ee} 3

3. Phenomenology of oscillations and 0ν2β 4 3.1 Case [N ]: “normal” hierarchy, m_1 ≪ (Δm^2_{atm})^{1/2} 5 3.2 Case [I]: “inverted” hierarchy, m_1 ≪ (Δm^2_{atm})^{1/2} 6 3.3 Case [D]: “nearly degenerate” spectrum, m_1 ≫ (Δm^2_{atm})^{1/2} 7 3.4 A complementary representation 9

4. Concluding remarks 9 4.1 On the case M_{ee} ≈ 0 9 4.2 What is the maximum value of M_{ee}? 11 4.3 Studies of neutrino oscillations and search for 0ν2β decay 11 4.4 Conclusions and perspectives 12

1. Informations on neutrino parameters

1.1 Massive neutrinos and 0ν2β decay

Atmospheric neutrino data can be interpreted in terms of a dominant ν_μ − ν_τ oscillation channel, although a sub-dominant channel ν_μ − ν_e is not excluded [1]. The latter may be due to a ν_e component of the heaviest (lightest) neutrino state ν_3 (ν_1) for spectra with “normal” (“inverted”) hierarchy–our definition of “hierarchy” is discussed in section 3. Several possibilities are open for the interpretation of the solar neutrino data, depending on the frequencies of oscillation and mixings.

Hence, the indications for massive neutrinos are strong. However, there is quite a limited knowledge on the neutrino mass spectrum itself, and particularly on the lightest neutrino mass. The search for 0ν2β decay can shed light on this important issue. The bound of 0.2 eV obtained [2] on the parameter

M_{ee} = | ∑ i U^2_{ei} m_i| (1.1) is sensibly smaller than the mass scales probed by present studies of β-decay, or those inferred in cosmology [3]. In eq. (1.1), the non-negative quantities m_i, i = 1, 2, 3...N are the neutrino masses (m_{i+1} ≥ m_i); the complex quantities U_{ℓi}, ℓ = e, μ, τ..., are the elements of the mixing matrix, which relates the flavor eigenstates to the mass eigenstates: ν_ℓ(x) = ∑ i U_{ℓi} ν_i(x). Hence, M_{ee} can be thought of as (the absolute value of) the ee−entry of the neutrino mass matrix. Let us recall that, beside the (N − 1)(N − 2)/2 phases relevant to neutrino oscillations, there are still N − 1 physical phases in the lepton sector that have no analogy in the quark sector, and arise from the Majorana structure of the neutrino mass matrix. Notice that both the amplitudes and the phases of the elements of the mixing matrix U_{ei} are relevant in determining the size of M_{ee}.

1.2 Extremal values of M_{ee} for 0ν2β decay

We obtain in this section the extremal values of M_{ee} under arbitrary variations of the phases, keeping fixed the neutrino masses m_i and the “mixing elements”^1 |U^2_{ei}|. The maximum value of M_{ee} is simply:

M^{max}_{ee} = ∑ i |U^2_{ei}| m_i. (1.2)

The minimum value can be written as:

M^{min}_{ee} = max{ 2 |U^2_{ei}| m_i − M^{max}_{ee} , 0 }. (1.3)

To demonstrate this formula, let us consider the absolute value of the sum of three complex numbers: r = |z_1 + z_2 + z_3|. We want to minimize r by keeping fixed |z_i|, namely, by varying the phases. Let us define the quantities r_{1,2,3} and q_{1,2,3} as: r_1 = |z_1| − |z_2| − |z_3|, q_1 = |z_1| − |z_2 + z_3|, and similar eqs., but permuting the indices for r_{2,3} and q_{2,3}. Notice that at most one of the r_i‘s is positive. Assuming that r_1 > 0, it is simple to show that r^{min} = r_1; in fact, using twice the Schwartz inequality, we get r ≥ |q_1| = q_1 ≥ r_1. Similar considerations if r_2 > 0, or r_3 > 0. The last case has r_i ≤ 0 for i = 1, 2, 3. If one of the r_i‘s is zero, then r^{min} = 0, hence we need to consider the case when r_i < 0 for all i‘s. In this case, the quantity q_1 goes from negative, when the phases of z_2 and z_3 are equal, to positive, when these phases are opposite. By continuity, a phase choice exists such that q_1 = 0. Since by proper choice of the phase of z_1 we can get r = |q_1| we conclude that, again, r^{min} = 0. In conclusion, the general case is covered by the formula: r^{min} = max{r_i, 0}. This is equivalent to eq. (1.3), after noticing that r_i = 2|z_i| −

∑_3

i=1 |z_i|. The generalization of these results to N neutrinos is quite simple: Just limit the sum in eq. (1.2) to N = 3. However, we will be concerned only with the case of three neutrinos in the rest of the work.

1In the following, we will always refer with the term “mixing elements” to the absolute value of the elements of the mixing matrix.

The previous two equations give the extremal values of M_{ee}, once the neutrino spectrum and the mixing elements are known. Such extremal values are important, being independent of the complex phases. The information we get from the experimental upper bound is M^{bound}_{ee} ≥ M^{min}_{ee} ; the informations we could get from a positive signal, instead, is M^{signal}_{ee} ∈ [M^{min}_{ee} , M^{max}_{ee} ]. In the following it will be shown how to use and represent M^{min}_{ee} and M^{max}_{ee} , and what we can learn on them assuming specific neutrino spectra, and scenarios of neutrino oscillations.

2. Representation of M^{min}_{ee} and M^{max}_{ee}

We introduce and discuss in this section a graphical representation of the values of M^{min}_{ee} and M^{max}_{ee} . For this purpose we will make reference to fig. 1, where the representation of M^{min}_{ee} is displayed, for an illustrative choice of the neutrino spectrum: m_3 = 2 m_2 and m_2 = 2 m_1. In order to fix the ideas, we point out from the beginning the two essential features of fig. 1: (1) the value of M_{ee} at the vertices, namely the masses of the neutrinos m_i; (2) the position of the inner triangle (also determined by the masses of the neutrinos).

Figure 1: Representation of the minimum value of M_{ee}, eq. (1.3), in the unitarity triangle. For a given internal point, the distance from the side labelled by |U^2_{ei}| represents the size of the corresponding mixing element. The inner triangle encloses the region where M^{min}_{ee} = 0. The position of the vertices of the inner triangle relative to the vertices of the unitarity triangle (corresponding to eq. (2.1)) is indicated by the arrows with labels.

Let us begin by recalling some basic facts. The three mixing elements |U^2_{ei}| are constrained by the unitarity condition ∑ i |U^2_{ei}| = 1. This condition can be represented by using the inner region of one equilateral triangle with unit height, where the distance from the i^{th} side represents the value of |U^2_{ei}|, see fig. 1 (this triangle was first used in [4], to analyze solar neutrino oscillations). To exemplify the use of the triangle, let us consider two special cases: (a) When ν_e is an equal admixture of the three mass eigenstates, we have |U^2_{ei}| = 1/3. This point is represented by the barycentre of the equilateral triangle of fig. 1. (b) When ν_e coincides with the mass eigenstate ν_1, we have |U^2_{e1}| = 1, and the other two mixing elements are zero. This point is represented by the 1^{st}-vertex (by definition, the 1^{st} vertex is opposite to the 1^{st} side, denoted with the label |U^2_{e1}| in fig. 1, etc.).

From eq. (1.3), M^{min}_{ee} is zero in the inner triangular region represented in fig. 1. The vertices of this inner triangle are given by:

|U^2_{e1}|/|U^2_{e2}| = m_2/m_1 when |U^2_{e3}| = 0, (2.1)

and by the two additional equations obtained by the replacement 3 ↔ 1, and 3 ↔ 2. The condition |U^2_{e3}| = 0 in eq. (2.1) tells us that we are on the 3^{rd} (lower) side of the unitarity triangle of fig. 1.

At the i^{th} vertex of the unitarity triangle M^{min}_{ee} = M_{ee} = m_i, as is clear from eq. (1.3), and as illustrated in fig. 1. The value of M^{min}_{ee} decreases linearly when moving from one vertex toward the inner triangle. In fact, M^{min}_{ee} is non-zero only close to the vertices of the unitarity triangle (assuming m_1 > 0). This concludes the illustration of fig. 1.

The unitarity triangle can also be used to represent the maximum possible value M_{ee}. Quite simply, M^{max}_{ee} is the function of the mixing elements |U^2_{ei}| that interpolates linearly among the values M_{ee} = m_i taken at the vertices of the unitarity triangle, as clear from eq. (1.2). However, since M^{max}_{ee} is just the sum of positive contributions (eq. (1.2)), the analysis of M^{max}_{ee} is nearly trivial.

3. Phenomenology of oscillations and 0ν2β

We discuss now the 0ν2β signal assuming some specific spectra, and scenarios of oscillation, using the graphical representation introduced above. We take advantage of the indications from atmospheric and solar neutrinos, that can be accounted in terms of two different frequencies of neutrino oscillations, related to the mass differences squared Δm^2_{atm} and Δm^2_⊙ (Δm^2_{atm} ≫ Δm^2_⊙). We consider the following three cases:

• Case [N ]: “normal” hierarchy, m_1 ≪ (Δm^2_{atm})^{1/2};

• Case [I]: “inverted” hierarchy, m_1 ≪ (Δm^2_{atm})^{1/2};

• Case [D]: “normal” and “inverted” hierarchies, m_1 ≫ (Δm^2_{atm})^{1/2};

from these cases, it will be easy to understand also the “intermediate” situations when m_1 ∼ (Δm^2_{atm})^{1/2}. With the term “hierarchy” (either “normal” or “inverted”) we refer to the mass differences squared (see eqs. (3.1) and (3.4) below)^2. We assume that the electronic admixture in atmospheric neutrinos is sub-dominant [1], and use for the mass splittings Δm^2_{atm} and Δm^2_⊙ the values suggested by the phenomenology. For solar neutrino solutions we use the terminology of [5], that we will recall in the following. A similar study has been performed in reference [6], with the goal to extract informations on the mixing angles, knowing M_{ee} and the neutrino spectrum. For other recent works oriented toward the phenomenology, see [7].

3.1 Case [N ]: “normal” hierarchy, m_1 ≪ (Δm^2_{atm})^{1/2}

What is the expected value of M_{ee} for a neutrino spectrum with “normal” hierarchy:

m^2_3 − m^2 = Δm^2_{atm} ≫ m^2 − m^2_1 = Δm^2_⊙, (3.1)

assuming, to begin with, that m_1 is negligible? For the values of Δm^2_⊙ suggested by the MSW [8] small mixing angle solution of the solar neutrino problem (SMA) or vacuum oscillation (VO), the only important contribution to 0ν2β decay rate comes from the heaviest eigenstate: M_{ee} ≈ |U^2_{e3}|m_3. It is possible to have a comparable contribution from the second eigenstate assuming MSW solutions of the solar neutrino problem with large mixing angle (LMA) δM_{ee}|_⊙ = |U^2_{e2}| m_2 ≈ 4 × 10^{−3} eV (using Δm^2_⊙ ≈ 10^{−4} eV^2 and |U^2_{e2}| ≈ 0.4). This is of the same size of the contribution from the heaviest eigenstate, δM_{ee}|_{atm} = |U^2_{e3}| m_3, if |U^2_{e3}| ≈ 0.1 and Δm^2_{atm} ≈ 2 × 10^{−3} eV^2. We conclude that, if future experiments searching for the 0ν2β transition will prove that M_{ee} > 10^{−2} eV, (3.2)

the hypothesis of a spectrum with “normal” hierarchy and very small m_1 will be disfavoured [9]^3.

The function M^{min}_{ee} is represented in fig. 2 for two different values of Δm^2_⊙ : 10^{−4} eV^2 in the 1^{st} plot, and 10^{−5} eV^2 in the 2^{nd} (we assumed Δm^2_{atm} = 2 × 10^{−3} eV^2). Notice that assuming m_1 = 0 the inner triangle of fig. 1 degenerates into a line (for much smaller values of Δm^2_⊙, say for VO, the line practically coincides with the side U_{e3} = 0). Recalling that the inner triangle corresponds to the region where M^{min}_{ee} = 0, we appreciate from fig. 2 the crucial dependence on the parameter |U^2_{e3}| of the 0ν2β transition rate.

2In order to simplify the connection with the phenomenology, we use a definition of “hierarchy” that is relevant to neutrino oscillations, which involves just the mass differences squared. Notice that sometimes in the literature, “hierarchy” is used in reference to the neutrino spectrum itself.

3Alternatively, one should postulate a different origin of the 0ν2β decay.

Figure 2: Same as fig. 1, for spectra with m_1 = 0 and “normal” hierarchy. For “inverted” hierarchy, the value at the 2^{nd} vertex increases from the value 10^{−2} in the first plot (3×10^{−3} in the second plot) up to ≈ 4.5 × 10^{−2} eV, and the internal line approaches closely the bisector |U^2_{e2}| = |U^2_{e3}|.

Let us increase now the size of m_1, keeping m_1 ≪ (Δm^2_{atm})^{1/2} ≈ m_3. The (degenerate) inner triangle in fig. 2 becomes an obtuse isosceles triangle when m_1 ≈ m_2∼>(Δm^2_⊙)^{1/2}; the base being parallel to the 3^{rd} side, where U_{e3} = 0. A complete suppression of the 0ν2β transition can take place for those solutions of the solar neutrino problem that fall in this inner triangle, and for this reason, the most important conclusion is unchanged: The size of |U^2_{e3}| is very important in determining whether the case M^{min}_{ee} = 0 is possible or not. More precisely, this mixing element has to be compared with the height of the triangle, ∼ m_1/m_3 (see fig. 1). Incidentally, we notice the simple formula

M_{ee} ≈ |m_1 + |U^2_{e3}| m_3 e^{iφ}| where φ = arg[ U^2_{e3}/U^2_{e1} ] (3.3)

valid for the SMA case, which illustrates that M_{ee} ≈ 0 is possible when m_1/m_3 ≈ |U^2_{e3}| (m_3 ≈ (Δm^2_{atm})^{1/2} in present hypotheses) and the phases of U^2_{e3} and U^2_{e1} are opposite.

3.2 Case [I]: “inverted” hierarchy, m_1 ≪ (Δm^2_{atm})^{1/2} Let us assume a spectrum with “inverted” hierarchy, namely

m^2_3 − m^2 = Δm^2_⊙ ≪ m^2 − m^2_1 = Δm^2_{atm}, (3.4)

and suppose, to begin with, that m_1 is negligible. In this case, since the sub-dominant mixing element is |U^2_{e1}|, we can obtain large maximum values [12]:

M^{max}_{ee} ≈ (Δm^2_{atm})^{1/2} = (3 to 9) × 10^{−2} eV. (3.5)

This could be close to the present bound [2], if also the nuclear matrix elements take the highest values allowed by present uncertainties, ∼ 2 − 3 [11].

In these hypotheses, M^{min}_{ee} can be (close to) zero only if |U^2_{e2}| is very close to |U^2_{e3}|; the contribution from |U^2_{e1}| being irrelevant. In a graphical representation like in fig. 2, this corresponds to the fact that the inner triangle almost coincides with the bisector |U^2_{e2}| = |U^2_{e3}| (the “small” mixing element |U^2_{e1}| is represented by the distance from the 1^{st}–right–side).

Let us increase the size of m_1, keeping m_1 ≪ (Δm^2_{atm})^{1/2} ≈ m_3. The inner triangle is, in this assumption, acute isosceles, the base being parallel to the side U_{e1} = 0, and with length ∼ m_1/m_3 × 2/ √ 3. Hence, only those solutions of the solar neutrino problem which have almost maximal mixing angles (VO, averaged oscillations and perhaps LMA) fall in the region where the 0ν2β transition rate may be strongly suppressed. In the case of SMA, since |U^2_{e3}| is small by assumption (and |U^2_{e1}| is not large) we have simply:

M_{ee} ≈ m_2 ≈ (m^2_1 + Δm^2_{atm})^{1/2}. (3.6)

Hence, M_{ee} ≈ 0 is impossible if the SMA solution is correct. Quite generally, in the case of “inverted” hierarchy, it is less likely that M^{min}_{ee} is zero.

3.3 Case [D]: “nearly degenerate” spectrum, m_1 ≫ (Δm^2_{atm})^{1/2}

Largest values of M_{ee} (up to the experimental bound) can be taken for a “nearly degenerate” neutrino spectrum [10, 13]. The maximum value is simply M^{max}_{ee} = m_1 + O(Δm^2/m_1), m_1 playing the role of mass spectrum offset.

The corresponding minimum value, M^{min}_{ee} /m_1 = max{2|U^2_{ei}| − 1, 0} is represented in fig. 3 assuming “normal” hierarchy of the mass differences (eq. (3.1)); O(Δm^2/m^2_1) terms have been neglected. From this figure it is visible that, to interpret properly the results of 0ν2β decay studies (and possibly, to exclude the inner region in the 1^{st} plot, the one where M_{ee} ≪ m_1 is possible) we need precise information on the mixing elements. This requires distinguishing among oscillation scenarios. The plots also illustrate the importance to quantify the size of |U^2_{e3}| [10, 13], [1]. Similar considerations apply when the mass differences have “inverted” hierarchy, eq. (3.4) with |U^2_{e1}| playing the role of |U^2_{e3}|. Notice in particular that with approximate mass degeneracy the role of the sub-dominant mixing is almost the same for “normal” and “’inverted” hierarchy; this should be contrasted with the conclusions for the cases [N ] and [I], when m_1 ≪ (Δm^2_{atm})^{1/2}.

In the particular case of SMA solution, eq. (3.3) is still valid, with m_1 ≈ m_3 (and U_{e3} → U_{e1} for “inverted” hierarchy); hence, up to sub-dominant mixing terms M_{ee} ≈ M^{max}_{ee} ≈ m_1, and a complete cancellation is impossible.

Figure 3: Case of “nearly degenerate” neutrino spectrum (m_1 ≈ m_2 ≈ m_3). From up to down, left to right: 1^{st} plot, the minimum value of M_{ee}/m_1 represented in the unitarity triangle. Reference numerical values of 1, 2/3, 1/3 and 0 are indicated. 2^{nd} plot, indicative allowed regions for MSW enhanced transitions; the SMA solution is almost superimposed to the left–second–side, where U_{e2} = 0; 3^{rd}, allowed region for vacuum oscillations; 4^{th}, allowed region for averaged oscillations. We assume |U^2_{e3}| < 0.15 [1] and “normal” hierarchy. “Inverted” hierarchy corresponds approximatively to a 120^∘ rotation of the last three plots.

3.4 A complementary representation

In order to recapitulate and confirm the results obtained in this section, we present a complementary graphical representation. Supposing that the mixing elements are known with good precision, we can plot the range of values of M_{ee} as a function of the only residual parameter: The mass of the lightest neutrino^4. This is done in fig. 4, where we assume the mass splittings Δm^2_{atm} = 2×10^{−3} eV^2 and Δm^2_⊙ = 10^{−4} eV^2 for “normal” and “inverted” hierarchy. The mixing |U^2_{e3}| (resp. |U^2_{e1}|) with the heaviest (resp. lightest) state is 0, 2, 4 and 6 ×10^{−2} in the 4 types of curves, going from inner to outer ones. We fixed |U^2_{e2}| = 0.4 (resp. |U^2_{e3}| = 0.4), which corresponds roughly to an LMA solution. The figure confirms the conclusions obtained in section 3.1 for the case [N ], about the importance of Δm^2_⊙, and of the small mixing element |U^2_{e3}|. For the case [I], instead, |U^2_{e1}| and Δm^2_⊙ are less important in agreement with the discussion in section 3.2.

This representation emphasizes that also a null experimental result may be a very important information on the massive neutrino parameters: In fact, M^{min}_{ee} ∼<10^{−2} eV could rule out the assumption of “inverted” hierarchy, see the second plot of fig. 4; or, a bound on M^{min}_{ee} at the 10^{−3} level could amount to a measurement of the lightest neutrino mass, see the first plot of the same figure. Unfortunately, the value of m_1 determined in this way depends strongly on the parameters of oscillation, since:

M^{min}_{ee} = | | |U^2_{e2}| (Δm^2_⊙)^{1/2} − |U^2_{e3}| (Δm^2_{atm})^{1/2} | | for m_1 = 0; (3.7)

so that, even in the LMA case we are considering, it will be a real challenge to prove that m_1 ≠ 0.

4. Concluding remarks

4.1 On the case M_{ee} ≈ 0

We regarded M_{ee} as a function of several parameters: the mixing elements, the squared mass splittings, the mass of the lightest neutrino and the complex phases. Following this approach, one may be led to wonder whether the cases when the rate is small as a consequence of cancellations among the various parameters are (in some sense) “natural”.

We show here how the smallness can arise in a “natural” manner. Let us postulate that the neutrino mass matrix has a hierarchical structure, analogous to the structure of the Yukawa couplings of the charged fermions.

4In practice, this representation will be useful when the parameters of oscillation will be known reliably.

Figure 4: Range of values of M_{ee}. The four upper curves in each plot represent M^{max}_{ee} , the four lower ones M^{min}_{ee} — eqs. (1.2), (1.3). The four types of curve differ for the values of the sub-dominant mixing element: For “normal” hierarchy, |U^2_{e3}| = 0, 2, 4 and 6 × 10^{−2}, going from inner curves (continuous line) to outer ones (long-dashed); same values, but for |U^2_{e1}|, in the case of “inverted” hierarchy.

In this case, we can expect that the “ee-entry” of the neutrino mass matrix (= M_{ee}) is the smallest one, and also M_{ee} ≪ (Δm^2_{atm})^{1/2}. This is what happens in the two models of references [14], where:

M_{ee} ≈ (Δm^2_{atm})^{1/2} × (sin θ_C )^{2n}; (4.1)

θ_C is the Cabibbo angle, and n = 2, 3 in the two models respectively. The value of M_{ee} in these models is rather small (see also [15]). Although the contribution from third family is modest, LMA solutions with relatively large mass splittings are possible in this type of models [16], which a priori may imply much larger values of M_{ee}, as remarked for the case of section 3.1. Thus, these models provide examples of cases when M_{ee} is small as a consequence of cancellations among the various contributions.

In another sense, the statement M_{ee} ≈ 0 is surely “natural” in a standard model framework, since at one loop level the radiative corrections are tiny: ∼ y^2_e /(4π)^2 ∼ 5 × 10^{−14}, where y_e is the electron Yukawa coupling.

4.2 What is the maximum value of M_{ee}?

Let us briefly summarize the results of section 3, about an aspect of importance for experimental search: The maximum value of M_{ee} that we can a priori expect.

For given mixing elements, M^{max}_{ee} increases passing from the cases discussed in sections 3.1 (case [N ]) to section 3.2 (case [I]), and finally to section 3.3 (case [D]). Indeed, M^{max}_{ee} reaches at most the 10^{−2} eV level in case [N ], depending on the subdominant mixing element |U^2_{e3}| and on the scenario of oscillation (eq. (3.2)); it can be of the order of 3 to 9 × 10^{−2} eV in the case [I], depending on the size of Δm^2_{atm} (eq. (3.5)); finally, M^{max}_{ee} can be as large as the experimental upper limit of 0.2 eV in the case [D]. In this sense, the a priori hope of a positive experimental result increases when going from [N ] to [I], and from [I] to [D]^5.

4.3 Studies of neutrino oscillations and search for 0ν2β decay

We have shown that the parameters of oscillations are strictly related to the possible value of the 0ν2β decay rate. However, the dependence on the type of spectrum is also essential. We summarize here some results of special interest (making reference for details to the previous section):

• For the small angle MSW solution, M_{ee} is quite large for “inverted” hierarchy in the case m_1 ≪ (Δm^2_{atm})^{1/2}, see eq. (3.6); for “normal” hierarchy, we have instead eq. (3.3), which is smaller than the previous case by a factor of |U^2_{e3}| when m_1 is small, and possibly even smaller (eq. (3.3)).

5On the contrary, one might argue that the case [N ] is more likely than [I], and this latter more likely than [D], again on the basis of an analogy between the neutrino spectrum and the spectra of the charged fermions.

• For the large mixing angle MSW solution, contributions from “solar” frequency, order (Δm^2_⊙)^{1/2} are not negligible, and they may lead to cancellations (or enhancements) depending on the size of |U^2_{e3}| in the case of “normal” hierarchy (sections 3.1 and 3.4).

• For VO solution, and “normal” hierarchy, the dependence of M^{min}_{ee} on |U^2_{e3}| in quite appreciable (section 3.1).

• For “inverted” hierarchy, cancellations are not easy to obtain if m_1 is small in comparison with (Δm^2_{atm})^{1/2}, except for solutions of the solar neutrino problem with almost maximal mixing angles (section 3.2).

• Largest values of M_{ee} are taken in the case of “nearly degenerate” spectrum, m_1 ≫ (Δm^2_{atm})^{1/2} (section 3.3). In this extreme case, cancellations are possible especially for quite large mixing angle solutions, with relevant dependence on the size of the sub-dominant mixing, for both “normal” and “inverted” hierarchies.

4.4 Conclusions and perspectives

In this work, we discussed the interplay between the studies of neutrino oscillations and the search for 0ν2β decay. We introduced new graphical representations, aimed at clarifying the relations between the neutrino spectra, the scenarios of oscillations and the rate of the neutrinoless double beta decay. For the perspectives, it has to be noticed that the present information on massive neutrinos is compatible with quite different oscillations scenarios and neutrino spectra. Future experiments aiming at a signal of the 0ν2β process above the 10^{−2} eV level [17] will have an important role in deciding among the alternative possibilities.

Acknowledgments

I thank R. Barbieri, C. Giunti, M. Maris and A. Yu. Smirnov for useful discussions, and the Referee of the work for having suggested important improvements. Earlier accounts were presented in [18].

References

[1] G.L. Fogli, E. Lisi, A. Marrone and G. Scioscia, Phys. Rev. D 59 (1999) 033001 [hep-ph/9808205];

G.L. Fogli, talk at the VIII Int. Workshop on “Neutrino Telescopes”, Venice, Feb. 99.

[2] For most recent results (Heidelberg-Moskow experiment):

L. Baudis et al., Limits on the Majorana neutrino mass in the 0.1 eV range,

hep-ex/9902014.

[3] See for instance C. Caso et al, Eur. Phys. J. C 3 (1998) 1; PDG internet site at:

http://pdg.lbl.gov/.

[4] G.L. Fogli, E. Lisi and D. Montanino, Phys. Rev. D 54 (1996) 2048 [hep-ph/9605273].

[5] J.N. Bahcall, P.I. Krastev and A.Yu. Smirnov, Phys. Rev. D 58 (1998) 096016 [hep-ph/9807216].

[6] T. Fukuyama, K. Matsuda and H. Nishiura, Phys. Rev. D 57 (1998) 5844 [hep-ph/9807216]; Mod. Phys. Lett. A 13 (1998) 2279 [hep-ph/9804262].

[7] V. Barger and K. Whisnant, Majorana Neutrino Masses from Neutrinoless Double Beta Decay and Cosmology, hep-ph/9904281;

C. Giunti, Neutrinoless double-beta decay with three or four neutrino mixing,

hep-ph/9906275.

[8] L. Wolfenstein, Phys. Rev. D 17 (1978) 2369;

S.P. Mikheyev and A.Yu. Smirnov, Yad. Fiz. 42 (1985) 1441 [Sov. J. Nucl. Phys. 42 (1985) 913]; Nuovo Cim. C9 (1988) 17.

[9] S.M. Bilenkii, A. Bottino, C. Giunti and C.W. Kim, Phys. Rev. D 54 (1996) 1881 [hep-ph/9602216]; see also second paper in [10].

[10] D.O. Caldwell and R. Mohapatra, Phys. Rev. D 48 (1993) 3259;

S.T. Petcov and A.Yu. Smirnov, Phys. Lett. B 322 (1994) 109 [hep-ph/9311204]; A.S. Joshipura, Z. Physik C 64 (1994) 31.

[11] A. Faessler and F. Šimkovic, J. Phys. G 24 (1998) 2139, reviewed the nuclear physics aspects of the 0ν2β decay. Calculations of the matrix elements are compared in table V therein.

[12] S.M. Bilenkii, C. Giunti, C.W. Kim and S.T. Petcov, Phys. Rev. D 54 (1996) 4432 [hep-ph/9604364].

[13] H. Minakata and O. Yasuda, Phys. Rev. D 56 (1997) 1692 [hep-ph/9609276];

F. Vissani, A study of the scenario with nearly degenerate Majorana neutrinos,

hep-ph/9708483 (compare also with H. Georgi and S.L. Glashow, Neutrinos on Earth

and in the Heavens, hep-ph/9808293).

[14] J. Sato and T. Yanagida, Phys. Lett. B 430 (1998) 127 [hep-ph/9710516];

N. Irges, S. Lavignac and P. Ramond, Phys. Rev. D 58 (1998) 035003 [hep-ph/9802334].

[15] W. Buchmüller and T. Yanagida, Phys. Lett. B 445 (1999) 399 [hep-ph/9810308].

[16] F. Vissani, J. High Energy Phys. 11 (1998) 025 [hep-ph/9810435].

[17] J. Hellmig and H.V. Klapdor-Kleingrothaus, Z. Physik A 359 (1997) 351 [nucl-ex/9801004];

H.V. Klapdor-Kleingrothaus, Prog. Part. Nucl. Phys. 40 (1998) 265.

[18] A. Dighe, S. Pastor and A.Yu. Smirnov, The physics of relic neutrinos,

hep-ph/9812244, proceedings of the “Relic Neutrino” workshop, Trieste, Sep. 98;

F. Vissani, IC/99/36, contributed work for “Sixth Topical Seminar on Neutrino and Astro-Particle Physics”, San Miniato, May 99.