arXiv:hep-ph/0201291 v5 21 Oct 2003

hep-ph/0201291 CERN–TH/2002–13 IFUP–TH/2002–1

Neutrino oscillations and signals in β and 0ν2β experiments^1

Ferruccio Feruglio Università di Padova and INFN, sezione di Padova, Italia

Alessandro Strumia^† Theoretical Physics Division, CERN, CH-1211 Genève 23, Suisse

Francesco Vissani INFN, Laboratori Nazionali del Gran Sasso, Theory Group, I-67010 Assergi (AQ), Italy

Abstract

Assuming Majorana neutrinos, we infer from oscillation data the expected values of the parameters m_{νe} and m_{ee} probed by β and 0ν2β-decay experiments. If neutrinos have a ‘normal hierarchy’ we get the 90% CL range |m_{ee}| = (0.7 ÷ 4.6) meV, and discuss in which cases future experiments can test this possibility. For ‘inverse hierarchy’, we get |m_{ee}| = (12 ÷ 57) meV and m_{νe} = (40 ÷ 57) meV. The 0ν2β data imply that almost degenerate neutrinos are lighter than 1.05 h eV at 90% CL (h ∼ 1 parameterizes nuclear uncertainties), competitive with the β-decay bound. We critically reanalyse the data that were recently used to claim an evidence for 0ν2β, and discuss their implications. Finally, we review the predictions of flavour models for m_{ee} and θ_{13}.

The most successful extensions of the SM to date suggest that neutrinos are Majorana particles, with masses around v^2/M_{GUT} ∼ meV, where v = 174 GeV (the electroweak scale) and M_{GUT} ∼ 2 · 10^{16} GeV (the grand unification scale). If this indication is correct, the goal of future neutrino experiments will be the reconstruction of the neutrino Majorana mass matrix, namely the measurement of 3 masses, 3 mixing angles and 3 CP-violating phases. Within this framework, data on solar and atmospheric neutrinos [1, 2, 3] are interpreted as pieces of evidence for effects due to 2 mixing angles and 2 squared mass differences, and the LSND anomaly [4] cannot be explained. We are far from knowing all 9 neutrino parameters. Furthermore, only 6 of them might be measured by oscillations; thus, we will eventually need “non-oscillation” experiments to access the remaining ones. In this work, we discuss how future study of neutrinoless double beta decay (0ν2β) and tritium end-point spectrum (β) could contribute to this goal. In particular, we carefully study the expected signals for these experiments on the basis of our present knowledge. We follow two different strategies of investigation: we first pursue a purely phenomenological approach, and next we add speculative ingredients from models of quark and lepton masses. In our view, neither of these approaches is entirely satisfactory: the first one allows us to derive safe but not extremely strong restrictions; the second one can give stronger but unsafe restrictions. Therefore these two approaches are “complementary”.

In section 1 we obtain the ranges of parameters measured by oscillation experiments, and summarize how future experiments are expected to improve on these quantities. In section 2 we work out the connections between oscillation and non-oscillation (β and 0ν2β-decay) experiments. We improve on

1In the addendum at pages 25–27 we update our results including the first KamLAND data. In the addendum at pages 28–30 we update our results including the ‘salt’ SNO data.

†On leave from dipartimento di Fisica dell’Università di Pisa and INFN.

earlier similar works, by combining these considerations with the existing oscillation data by means of appropriate statistical techniques. In this way, we determine the precise ranges of β and 0ν2βdecay signals expected on the basis of present oscillation data, for allowed neutrino mass spectra. In the case of almost degenerate neutrinos, we also compute the upper bound on the common Majorana neutrino mass implied by present 0ν2β experiments. An evidence for 0ν2β has been claimed in a recent paper [5]. In the appendix we critically reanalyse the data that should contain such evidence and discuss their implications. In section 3 we review the expected values of m_{ee} and θ_{13} (the two still unknown parameters with brighter future experimental prospects) in large families of flavour models discussed in the literature. Our results are summarized in section 4.

1 Oscillation experiments

The three-flavour Majorana neutrino mass matrix m_{ℓℓ}′ (where ℓ, ℓ^′ = {e, μ, τ}) is described by 9 real parameters. It is convenient to choose them to be the 3 real positive masses m_i and parameterize the neutrino mixing matrix V (that relates the fields with given flavour to those with given mass, ν_ℓ = V_{ℓi}ν_i) as V = R_{23}(θ_{23}) · diag (1, e^{iϕ}, 1) · R_{13}(θ_{13}) · R_{12}(θ_{12}) · diag (1, e^{iα}, e^{iβ}) (1)

where R_{ij}(θ_{ij} ) represents a rotation by θ_{ij} in the ij plane and i, j = {1, 2, 3}. The CP-violating phase ϕ induces no physical effects if θ_{13} = 0. Similarly, also α and β induce physical effects only in presence of flavour mixing, but we found no simple way of presenting the necessary conditions in terms of the above parametrization.

We order the neutrino masses m_i such that m_3 is the most splitted state and m_2 > m_1, and define Δm^2_{ij} = m^2_j − m^2_i . With this choice, Δm^2_3 and θ_{23} are the ‘atmospheric parameters’ and Δm^2_{12} > 0 and θ_{12} are the ‘solar parameters’, whatever the spectrum of neutrinos (‘normal hierarchy’ i.e. m_1 ≪ m_2 ≪ m_3 so that Δm^2_3 > 0; ‘inverted hierarchy’ i.e. m_3 ≪ m_1 <∼ m_2, so that Δm^2_3 < 0 or ‘almost degenerate’).

1.1 Present situation

Almost all present experimental information on the 9 neutrino parameters comes from oscillation experiments [1, 2, 3], and can be summarized as

|Δm^2_3|^{1/2} ∼ 50 meV, (Δm^2_1)^{1/2} ∼ (0.03 ÷ 25) meV, θ_{12} ∼ θ_{23} ∼ 1, θ_{13} <∼ 1/4, ϕ ∼ (0 ÷ 2π) (2)

and more precisely in fig. 1, obtained from our up-to date fits of solar, atmospheric and reactor data. Details on how our fits have been performed can be found in [6, 7]. The atmospheric mixing angle θ_{23} and the solar mixing angle θ_{12} have to be large (indeed, it looks as if the first is almost maximal, while the second may be just ‘large’); the Chooz experiment implies that the third mixing θ_{13} cannot be that large. The solar mass splitting, Δm^2_{12}, could be slightly or much smaller than the atmospheric one, |Δm^2_3|. Nothing is known on ϕ.

A brief comment about statistics could help in better interpreting our results. In fig. 1 and in the rest of the paper we plot Δχ^2(p) ≡ χ^2(p) − χ^2_{best fit}, where p is the quantity in which we are interested; χ^2(p) is usually obtained from a multi-parameter fit, as χ^2(p) = min_p′ χ^2(p, p^′), where p^′ are other parameters in which we are not interested. For example, a fit of atmospheric data gives χ^2(Δm^2_3, θ_{23}, θ_{13}), from which we obtain the functions Δχ^2(Δm^2_3) and Δχ^2(θ_{23}), plotted in figs. 1a and 1b respectively. It is important to appreciate that, when a quantity is extracted in this way from a multi-parameter fit, there is no loss of statistical power due to the presence of other parameters. In fact, with some technical assumptions (e.g. the Gaussian approximation^2) one can derive the following two equivalent results:

2When extracting the oscillation parameters from present data, only in one case this assumption is not sufficiently well realized in practice. For simple physical reasons the Beryllium contribution to solar neutrino rates depends in very strong oscillatory way on Δm^2_{12} , for Δm^2_{12} ∼ 10^{−9} − 10^{−10} eV^2 (see fig. 1a). Therefore the Δχ^2(θ12 ) shown in fig. 1b has been

Figure 1: Summary of present data on neutrino masses and mixings.

(1) In the frequentistic framework Δχ^2(p) is distributed as a χ^2 with one degree of freedom. (2) In the Bayesian framework exp[−Δχ^2(p)/2] is the probability of different p values, up to a normalization factor. Our inferences on m_{ee} also depend on unknown parameters (θ_{13} and the CP-violating phases): using the Gaussian approximation we obtain more simple and conservative results, as explained in section 2.2.

In fig. 1 and in the rest of the paper we do not include the significant but controversial information from SN1987A, that would disfavour θ_{13} >∼ 1^∘ (if Δm^2_3 < 0) and solar solutions with large mixing angle [9, 10]. However, we recall here the origin of these bounds. The average ν̄_e energy deduced from Kamiokande II and IMB data is E_{ν̄e} ∼ 11 MeV, assuming the overall flux suggested by supernova simulations (experimental data alone do not allow to extract both quantities accurately). This is somehow smaller than the value suggested by supernova simulations in absence of oscillations, E_{ν̄e} ∼ 15 MeV. For both figures it is difficult to properly assign errors; but oscillations that convert ν̄_e ↔ ν̄_{μ,τ} increase the disagreement, since supernova simulations suggest E_{ν̄μ,τ} ∼ 25 MeV. With an inverted hierarchy, θ_{13} >∼ 1^∘ gives rise to adiabatic MSW conversion, swapping ν̄_e ↔ ν̄_{μ,τ} completely. This is why this case is ‘disfavoured’ if the predictions of supernova models on neutrino energy and flux are correct. The same argument applies to large solar mixing angles: θ_{12} ∼ 1 induces a partial swap of the ν̄_e into ν̄_{μ,τ} , whatever the mass spectrum of neutrinos. LMA oscillations have a smaller θ_{12} and a larger Δm^2_{12} than LOW and (Q)VO, and are therefore less ‘disfavoured’. SMA gives almost no ν̄_e oscillations, but is strongly disfavoured by solar data. For a full analysis, see [10].

1.2 Perspectives of improvement

Future oscillation experiments can significantly improve the situation. Concerning the ‘solar’ parameters, SNO, KamLAND and Borexino can reduce the error on sin^2 2θ_{12} down to around 5%, and measure Δm^2_{12} to few per-mille (if it lies in the VO or QVO regions), or few per-cent (in the LMA region), or around 10% (in the LOW region) [11].^3 Concerning the ‘atmospheric’ parameters, K2K, Minos or CNGS can reduce the error on |Δm^2_3| and sin^2 2θ_{23} down to about 10% and discover θ_{13} if larger than few degrees [13, 14] (the precise value strongly depends on |Δm^2_3|). Far future long-baseline experiments can reduce the error on |Δm^2_3| and sin^2 2θ_{23} down to few % (with a conventional beam [15]) and maybe 1% (with a neutrino factory beam [16]). These experiments could also discover a θ_{13} larger than 0.5^∘ and tell something

obtained from a full Bayesian analysis, performed assuming a flat prior in ln Δm^2_{12} along the lines of [6, 8]. Only in this case, and only around θ12 ∼ 1, there is some difference between a Bayesian result and the Gaussian approximation, and we use the Bayesian result.

3If Δm^2_{12} >∼ 2 10^{−4} a new reactor experiment with a shorter baseline than KamLAND would be necessary [11, 12]. If Δm^2_{12} ≈ 10^{−8} eV^2 Borexino and KamLAND will not see a inequivocable signal.

about ϕ, if LMA is the true solution of the solar neutrino problem. Future reactor experiments [17] can be sensitive to a θ_{13} >∼ 3^∘.

If a non zero θ_{13} will be discovered, earth matter corrections to ν_μ → ν_e and ν̄_μ → ν̄_e will tell the sign of Δm^2_3 [18] (i.e. if the atmospheric anomaly is due to the lightest or heaviest neutrinos). The sign of θ_{23} − 45^∘ (which tells whether the neutrino state with mass m_3 contains more ν_τ or more ν_μ) can be measured by comparing

P (ν_e → ν_e) = 1 − sin^2 2θ_{13} sin^2

Δm^2_3L 4E_ν with P (ν_μ → ν_e) = sin^2 θ_{23} · [1 − P (ν_e → ν_e)]

(even including matter effects in P (ν_μ → ν_e), the issue on θ_{23} remains). Note that muon disappearance experiments alone cannot distinguish θ_{23} from 90^∘ − θ_{23}, and that the present bound sin^2 2θ_{23} >∼ 0.95 [1] allows the relatively loose range 1/3 <∼ sin^2 θ_{23} <∼ 2/3. If Δm^2_{12} is in the upper part of the LMA region, so that it affects long-baseline experiments, the sign of θ_{23} − 45^∘ can be measured even if θ_{13} = 0.

We can summarize the content of this section by saying that we can confidently include among the known parameters |Δm^2_3|, θ_{23}, θ_{12}, and we have reasonably good perspectives for Δm^2_{12}, θ_{13}, sign(Δm^2_3), θ_{23} − 45^∘, ϕ (we express our expectations by the order of quotation; however, effects due to θ_{13} or ϕ could be too small to be ever observed).

2 Non-oscillation experiments

Oscillation experiments cannot access to 3 of the 9 parameters of the Majorana mass matrix: the overall neutrino scale, and the two CP-violating “Majorana phases” denoted as α and β in eq. (1) [19]. Indeed, the neutrino mass matrix enters as m^†m in the Hamiltonian of propagation of ultrarelativistic neutrinos. Non oscillation experiments are needed to probe the full neutrino mass matrix [20]. For definiteness, we focus the discussion on β-decay tritium experiments [21] and 0ν2β-decay germanium experiments [22], that seem to have the best chances of reaching the necessary sensitivity. These techniques are among the oldest and better established. We will not discuss different techniques that at present are not competitive, though they have certain advantages. For instance calorimetric measurements [23] are not limited to the end-point of β spectrum. Search of 0ν2β with other nuclear species could allow to reduce nuclear theoretical uncertainties [24].

Before continuing, we recall other possibilities to investigate the mass of neutrinos offered by the astrophysics and the cosmology:

• At the next gravitational collapse of a supernova, the general strategy [25] will consist in identifying structures in the time and/or energy distributions of neutrinos sensitive to neutrino masses, as the neutronization peak, the rising (or falling) ramp of the cooling phase, a hypothetical sharp cutoff due to black hole formation. The sensitivity of these approaches has been quantified in several works, assuming the capabilities of present detectors (SuperKamiokande, SNO, LVD,. . . ). The difference in time of flight between neutrinos and gravitons will only be sensitive to neutrinos heavier than about 1 eV [26], comparable to present β-decay bounds. The difference in time of flight between different neutrinos will only be sensitive to neutrino mass differences larger than few 10 eV [27]. If neutrino emission were suddenly terminated by black hole formation, a measurement of the difference in time of flight between neutrinos of different energy will only be sensitive to neutrino masses larger than few eV [28].

• Information on neutrino masses might also be obtained from data on large scale structures in the universe, together with very accurate measurements of anisotropies in the temperature of the cosmic background radiation. It is thought that it is possible to improve on the present limit ∑ ν m_ν <∼ (5 ÷ 10) eV down to about ∼ 0.3 eV [29] (the precise value depends on uncertain cosmological parameters). However, even if an effect due to neutrino masses will be detected, it will be difficult to ascertain that it is really due to neutrino masses, rather than to other mechanisms that could produce similar effects. Cosmology has better sensitivity than other experiments to heavy sterile neutrinos.

Figure 2: We parameterize by h the theoretical uncertainty on the inferences of |m_{ee}| from the data due to the disagreement among different calculations of nuclear matrix elements (see eq. (3) and discussion therein). In the horizontal scale, the year of the calculation. Compiled from [32].

• The ‘Z burst’ [30] is a possible source of the ultra-high energy cosmic ray events observed above the Greisen-Zatsepin-Kuzmin (GZK) cutoff [31]. A cosmic ray neutrino that scatters with a nonrelativistic cosmic microwave background neutrino encounters the Z resonance at the energy E^{res}_ν = M^2_Z /2m_ν , that is slightly above the optimal value even if neutrinos are as heavy as possible: m_ν = 1 eV gives E^{res}_ν = 4 × 10^{21} eV. It seems difficult to imagine a cosmological source that produces enough energetic neutrinos without producing, at the same time, too many photons [30].

2.1 β-decay and 0ν2β experiments

Present β-decay experiments (“direct mass search”) and neutrinoless double β-decay (0ν2β) experiments give bounds on combinations of entries of the neutrino Majorana mass matrix m_{ℓℓ}′ . Such bounds are somewhat above the mass scale suggested by oscillations: at 95% CL

m_{νe} ≡ (m^†m)^{1/2}_{ee} < 2.2 eV from β-decay [33] and |m_{ee}| < 0.38h eV from 0ν2β [34]. (3)

Here h ≡ M_0/M is the inverse of the nuclear matrix element M for 0ν2β of^{76}Ge, normalized to a reference matrix element M_0, chosen to be the one of ref. [35]. 0ν2β experiments try to measure (or bound) |m_{ee}| by measuring the rate of the transition Γ(^{76}Ge →^{76} Se 2β) = Φ · M^2 · |m^2_{ee}|, where Φ is a phase space factor. Any uncertainty on the nuclear matrix element M reflects directly on the measurement of |m_{ee}|. Indeed, different calculations find rather different nuclear matrix elements, as shown in fig. 2, that suggests the range h = 0.6 ÷ 2.8. We will not attempt to assign an error on M . Rather, we always include an explicit factor h whenever we quote an experimental result on 0ν2β, as we do in eq. (3).

The result of the Heidelberg–Moscow experiment at Gran Sasso (HM) quoted above [34] was obtained by selecting a certain search window, and comparing the n = 21 events occurring there with the b = 20.4 ± 1.6 expected background events. Knowing that m_{ee} = 350 meV would yield s = 9.3/h^2 signal events, from the Poissonian probability of measuring s + b events one obtains the likelihood for m_{ee}, L ∝ e^{−s}(1 + s/b)^n. The result of the Mainz collaboration [33] quoted above is in agreement with Troitsk results [36], though the β spectrum of this last experiment presents some unexpected features. Anyhow, this limit is rather close to the sensitivity of these setups, ∼ 2 eV, so that new experiments are certainly needed to progress. Indeed, there are plans to extend the sensitivities of β and especially 0ν2β experiments to mass scales closer to those suggested by oscillations, shown in eq. (2):

m_{νe} → 300 meV, |m_{ee}| → 10h meV. (4)

We refer here to the proposals of the collaborations Katrin [37] for β-decay and Genius [38] for 0ν2β-decay, that evolve from the experiments mentioned above. There is also another proposal (named

Majorana) [39] to improve on 0ν2β with^{76}Ge, which evolves from the second most powerful experiment, IGEX [40]. The estimated sensitivity is several times weaker than what the Genius experiment would like to achieve. There is also another interesting proposal named GEM [41].

One should note that in eq.s (3) and (4) we suggest that β-decay experiments will at best extract a single parameter, m_{νe} . This is the case of the three neutrino scenario considered here, for the mass splittings suggested by oscillations are too little to be resolved by any experiment till now proposed.^4 For example the energy resolution of Katrin will be more than one order of magnitude larger than the scales in eq. (2) [44]. Only if neutrinos have an almost degenerate spectrum the β-decay experiments mentioned here could see neutrino masses. We will consider this case closely in section 2.5 (for a discussion of related matter, and more general possibilities, see [42, 43]).

2.2 How to use the inputs from oscillations?

The connection of oscillations with β and 0ν2β-decay has been explored in a number of works [45, 46, 47, 42, 43].^5 The quantities probed by β and 0ν2β experiments can be written in terms of the masses m_i, of the mixing angles θ_{ij} and of the CP-violating phases α and β as m_{νe} = ( ∑ i |V^2_{ei}| m^2_i )_{1/2} = ( cos^2 θ_{13}(m^2_1 cos^2 θ_{12} + m^2 sin^2 θ_{12}) + m^2_3 sin^2 θ_{13} )_{1/2} (5) |m_{ee}| = | | | ∑ i V^2_{ei} m_i | | | = | | | cos^2 θ_{13}(m_1 cos^2 θ_{12} + m_2e^{2iα} sin^2 θ_{12}) + m_3e^{2iβ} sin^2 θ_{13} | | |. (6) In both formulæ, we can identify the 3 individual contributions associated with the 3 masses m_i. It is useful to make few general remarks:

1. m_{νe} depends on oscillation parameters and on the overall neutrino mass scale, while m_{ee} is also sensitive to the Majorana phases.

2. The m_2-contributions to m_{νe} and m_{ee} are guaranteed to be non-zero (for inverted spectrum the same is true for the m_1-contribution).

3. Since |V_{ei}| ≤ 1, the mixing factors suppress more strongly the m_i-contributions to m_{ee} than those to m_{νe} . For example, at the best-fit LMA solution V^2_{e2} ≈ 1/3 we have a m_2-contribution to m_{νe} 70% larger than the one to m_{ee}. This is even more evident is the hierarchical case, when the m_3-contributions are suppressed by the small angle θ_{13}.

4. Let us denote as m_{min} the lightest neutrino mass: m_{min} = m_1 (m_{min} = m_3) in the case of normal (inverted) hierarchy. Increasing m^2_{min} increases m^2_{νe} by the same amount, and m_{νe} is always larger than m_{min}. Instead, the behaviour of m_{ee} as a function of m_{min} is less simple, especially when the individual contributions become comparable in size.

4We approximate the exact formula for the β-decay spectrum close to end-point in presence of mixed neutrinos in terms of a single effective neutrino mass parameter [33] m^2_{νe} ≡ |V^2_{ei}|m^2_i as dN dEν ∝ ∑ i |V^2_{ei}| Γ(mi) ≈ Γ(mν_e ) where Γ(m) ≡ Eν Re √ E^2ν − m^2_i .

(the measured electron energy in the^3 H →^3 He e ν̄e, decay is related to Eν by kinematics). This approximation is trivially a good one if neutrinos are almost degenerate. However, its usefulness is more general [42], since: (1) the difference between the approximated and exact spectrum, integrated around the end-point, vanishes at order O(m^2_i ) (this is interesting for end-point search of neutrino mass with limited energy resolution); (2) far from the end-point, the difference is zero at order O(m^2_i ) (this is interesting for calorimetric search of neutrino mass). These properties do not hold for other definitions of the ‘effective mass’, say m^′_{νe} = |Vei|^2 · mi [43]. However, if a future β decay experiment will attain a very high sensitivity, and at the same time will be able to resolve the separation between the mass levels, it will be necessary to introduce more parameters to describe the measured β spectrum, and it will be possible to extract more interesting information.

5It is commonly assumed that the dominant contribution to 0ν2β comes from massive neutrinos. We remark that, even with this assumption there might be surprises: e.g. if CPT is violated, the rate of double β-transition could be different from that of double β^+, or the β^− absorption (EC) followed by β^+ emission. However, we will not consider these possibilities.

Figure 3: Contour lines of the ‘solar’ and ‘atmospheric’ contributions to m_{ee} in the case of normal hierarchy (m_1 ≪ m_2 ≪ m_3), superimposed to the regions allowed at 68, 90, 99% CL by oscillation data.

5. Most importantly, while the contributions to m_{νe} are all positive, the individual contributions to m_{ee} may compensate each other for certain values of the Majorana phases.

Let us elaborate on the last point, enlarging the theoretical perspective. One should realize that we cannot even invoke ‘naturalness’ to argue that m_{ee} should not be much smaller than its individual m_icontributions [48]. In fact, from a top/down point of view the ee element of the neutrino mass matrix is a very simple object: some flavour symmetry could easily force a small m_{ee}, giving rise to apparently unnatural cancellations when m_{ee} is written in terms of the low energy parameters m_i and θ_{ij} , as in eq. (6).^6 A small m_{ee} is stable under quantum corrections, that renormalize it multiplicatively. For these reasons, bottom/up oscillation analyses that try to determine the range of m_{ee} consistent with oscillation data must consider seriously the most pessimistic case. As discussed in [49] naturalness considerations would be automatically incorporated in a Bayesian analysis (i.e. no need to invent ‘finetuning parameters’) if we assumed any almost flat prior probability distribution for the phenomenological parameters (the neutrino masses, mixing angles, and CP-violating phases). This is why in this work we stick to the Gaussian approximation.

The expression of |m_{ee}| minimized in the Majorana phases α and β was given in [46]. In this work, we will use it, together with the inputs from oscillations, to infer the signals expected in 0ν2β and β-decay experiments in a number of interesting limiting cases, namely: normal hierarchy, inverted hierarchy, almost degenerate neutrinos. In the first two cases (sections 2.3 and 2.4), we will further show the expression of |m_{ee}| which results from further minimization in the lightest neutrino mass m_{min}; this is useful to discuss why (with present data) we cannot exclude the possibility m_{ee} = 0, even if neutrinos have Majorana masses and oscillate.

6An analogous remark holds in supersymmetric see-saw models, that generate μ → eγ (and other) decay amplitudes approximately proportional to the eμ element of the squared neutrino Yukawa matrix. Even in this case a flavour symmetry that demands a small eμ element would give rise to apparently unnatural cancellations, when μ → eγ is written in terms of low energy parameters.

Figure 4: In the case of normal hierarchy (m_1 ≪ m_2 ≪ m_3), we show the present experimental information on the solar and atmospheric contributions to m_{ee} (fig. 4a) and on |m_{ee}| itself (fig. 4b).

2.3 Normal hierarchy

If neutrino masses have a partial hierarchy m_1 <∼ m_2 ≈ (Δm^2_{12})^{1/2} ≪ m_3 ≈ (Δm^2_3)^{1/2} we could be sure that m_{ee} is non-zero:

|m_{ee}| > (−Δm^2_{12} cos 2θ_{12})^{1/2} − θ^2_{13}(Δm^2_3)^{1/2} (7)

(up to higher orders in θ_{13} and Δm^2_{12}/Δm^2_3, and barring other possibilities already excluded by oscillation data) only if the following conditions hold

θ_{12} > π 4 and θ_{13} < [ − Δm^2_{12} Δm^2_3 cos 2θ_{12} ]_{1/4} . (8)

Thus, there is no warranty to have a detectable value of m_{ee}, since solar data allow θ_{12} > π/4 at a reasonable confidence level only in the LOW and (Q)VO solutions, where Δm^2_{12} is too small to give a detectable contribution to m_{ee}. The minimal guaranteed m_{ee} is always smaller than the ‘solar’ mass scale (Δm^2_{12})^{1/2}.

We now specialize our discussion to the case of ‘normal hierarchy’ m_1 ≪ m_2 ≪ m_3. As discussed in section 3.1 this case naturally arises in see-saw models, even in presence of large mixing angles. A negligible m_1 is a prediction of those see-saw models where only 2 right-handed neutrinos give a significant contribution to m_{ℓℓ}′ .

The crucial question is: can this prediction be practically tested? Non-oscillation 0ν2β experiments can do that, provided that the ‘solar’ and the ‘atmospheric’ contributions to m_{ee} are not comparable [46]. In fact, we have |m_{ee}| = | √ Δm^2_{12} sin^2 θ_{12} cos^2 θ_{13}e^{2iα} + √ Δm^2_3 sin^2 θ_{13}e^{2iβ}| ≡ |m^{sun}_{ee} + e^{2i(β−α)}m^{atm}_{ee} |

CP-violating phases enter through the combination β − α. Therefore, if oscillation experiments will tell that m^{sun}_{ee} ≫ m^{atm}_{ee} , this sub-class of see-saw models will imply that |m_{ee}| is in the narrow range

m^{sun}_{ee} − m^{atm}_{ee} ≤ |m_{ee}| ≤ m^{sun}_{ee} + m^{atm}_{ee}

An analogous prediction is possible in the opposite eventuality, m^{atm}_{ee} ≫ m^{sun}_{ee} : in this case |m_{ee}| would be approximately equal to m^{atm}_{ee} .

What present oscillation data tell us on these eventualities? The answer is illustrated in fig. 3, where we show the values of these two contributions in the regions of parameters compatible with solar and atmospheric neutrino oscillations. From these results (and applying the statistical procedure described in section 1) we extract the χ^2 distributions of the solar and atmospheric contributions to m_{ee} plotted in fig. 4a. We see that the largest contribution allowed by data is the solar one: if LMA is the solution of the solar anomaly, solar data suggest a m^{sun}_{ee} in the 99% CL range 1 ÷ 10 meV. The Chooz bound on θ_{13}, together with the SuperKamiokande measurement of Δm^2_3, give the 99% CL upper bound m^{atm}_{ee} <∼ 3 meV. Therefore the atmospheric contribution alone is too small for giving a signal in planned experiments. The dominant upper bound on both parameters m^{atm}_{ee} and m^{sun}_{ee} (rightmost lines in fig. 4a) is provided by Chooz, that excludes large θ_{13} and large Δm^2_{12}.

In fig. 4b we show the probability distribution of |m_{ee}| (thick line), taking into account our ignorance on the CP-violating phase α − β. The dashed lines also show the probability distribution of |m_{ee}| in the special cases of maximal (α − β = 0) and minimal (α − β = π/2) interference between the atmospheric and solar contributions.

Assuming Majorana neutrinos with normal hierarchy, |m_{ee}| is well predicted and large enough to be measured in forthcoming 0ν2β experiments in two eventualities:

1. θ_{13} is somewhat below the Chooz bound and Δm^2_{12} is in the upper part of the LMA region;

2. θ_{13} is around the Chooz bound, and Δm^2_{12} is not in LMA region.

In the first case it will be possible to test, and eventually exclude, the sub-class of models that predict m_1 ≪ m_2 (the accuracy of this test will be limited by the theoretical uncertainty on the nuclear matrix element relevant for the 0ν2β decay). In the second case the actual value of m_1 is irrelevant even if m_1 ∼ m_2 ∼ (Δm^2_{12})^{1/2}; however, the case favored by the data is the first one.

According to present data, ‘solar’ and ‘atmospheric’ contributions to m_{ee} can be comparable and sizable. In this case, what we will learn from a future very sensitive 0ν2β experiment?

• A measurement of |m_{ee}| would be equivalent to a measurement of the Majorana CP-violating phase α − β, if oscillation parameters are known.

• A strong upper bound on |m_{ee}| would suggest α − β ≈ π/2 and a correlation between oscillation parameters: tan^2 θ_{13} ≈ sin^2 θ_{12} √ Δm^2_{12}/Δm^2_3 (or that both m^{sun}_{ee} and m^{atm}_{ee} are negligibly small).

Concerning β-decay, the range for m_{νe} is (3 ÷ 10) meV at 90% CL and (2.8 ÷ 12) meV at 99% CL (a negligible m_{νe} can be obtained in the LOW solution with a small θ_{13}). The largest contribution to m_{νe} could be the one associated with atmospheric oscillations without contradicting present data (see remark 3 at page 6), but would remain too small to give any detectable effects in planned β-decay experiments.

2.4 Inverted hierarchy

In our notation ‘inverted hierarchy’ means m_3 ≪ m_1 ≈ m_2 ≈ (Δm^2_{32})^{1/2}, with m_1 and m_2 separated by the ‘solar’ mass splitting. The general expressions (5) and (6) simplify to

m_{νe} ≈ (Δm^2_3)^{1/2} cos θ_{13}, |m_{ee}| ≈ (Δm^2_3)^{1/2}| cos^2 θ_{12} + e^{2iα} sin^2 θ_{12}| cos^2 θ_{13}

so that m_{νe} , and the value of m_{ee} maximized with respect to Majorana phases, is practically equal to the atmospheric mass splitting, m^{max}_{ee} = m_{νe} = (Δm^2_{32})^{1/2}. The case of inverted hierarchy seems more favourable, even from a pessimistic point of view. Indeed, a non zero value

|m_{ee}| > [Δm^2_{32}(cos^2 2θ_{12} − θ^4_{13})]^{1/2} cos θ_{13} ∓

Δm^2_{12} 2(Δm^2_{32})^{1/2} sin^2 θ_{12} (9)

is now guaranteed in the two regions (corresponding to ∓ sign in previous formula)

(θ_{12} < π 4 − 1 8 Δm^2_{12} Δm^2_{32} or θ_{12} > π 4 ) and θ_{13} < √ 2 | | |θ^{12} − π 4 | | | 1/2 (10)

Figure 5: Contour lines of the minimal (short-dashed red lines) and maximal contribution to to m_{ee}, equal to m_{νe} (long-dashed green lines) in the case of inverted hierarchy. Superimposed, the regions allowed at 68, 90, 99% CL by oscillation data.

up to higher orders in θ_{13} and Δm^2_{12}/Δm^2_{32}. If θ_{13} and Δm^2_{12} can be neglected, eq. (9) reduces to the well-known result |m^2_{ee}| > Δm^2_{32} · cos^2 2θ_{12}. The condition on θ_{12} is satisfied by best fit LMA oscillations. Furthermore, as discussed in section 1, SN1987A data could prefer a small θ_{13} <∼ 1^∘ for inverted hierarchy.

Assuming a negligible θ_{13} and Δm^2_{12} ≪ |Δm^2_3|, the situation is illustrated in fig. 5, where we plot contour lines of the minimal value of m_{ee} (obtained for α = π/2) and of the maximal value of m_{ee} (obtained for α = 0 and equal to m_{νe} ) superimposed to the 68, 90, 99% CL confidence regions for the solar mixing angle and for the atmospheric mass difference. A cancellation in m_{ee} is possible for tan θ_{12} ≈ 1: such values of θ_{12} would be strongly disfavoured if we could restrict our analysis to the LMA solution of the solar neutrino anomaly.

Applying the statistical procedure described in section 1, we extract the χ^2 distributions of m_{ee} and m_{νe} . The result is shown in fig. 6: oscillation data suggest a m_{νe} in the 90% CL range (40÷57) meV and a |m_{ee}| in the 90% CL range (12 ÷ 57) meV. However a much smaller |m_{ee}| can be obtained at slighly higher CL from patterns of solar oscillations (mainly LOW or (Q)VO with maximal mixing) somehow disfavoured by data, but favoured by certain theoretical considerations. As discussed in section 3, inverted hierarchy is naturally obtained from a Majorana mass matrix of pseudo-Dirac form, that predicts all the conditions that give a small or zero m_{ee}: θ_{12} ≈ π/4, θ_{13} ≈ 0 and α ≈ π/2.

In general, if neutrinos have Majorana masses with inverted spectrum

• an accurate measurement of |m_{ee}| would be equivalent to a measurement of the Majorana CPviolating phase α, if oscillation parameters are known;

• a strong upper bound on m_{ee} would imply α ≈ π/2 and a correlation between oscillation parameters, that probably would be practically indistinguishable from θ_{12} ≈ π/4.

2.5 Almost degenerate neutrinos

In this case, the common neutrino mass is essentially equal to the parameter m_{νe} probed by β-decay experiments. This is presumably the only case that can be tested by near future β-decay experiments, and certainly the only case that could affect present experiments.

We discuss in the appendix why we do not consider the recently claimed “evidence for 0ν2β” [5] convincing. Therefore, in this section we will limit to consider the existing bound on 0ν2β [34], and we will compute the bound on m_{νe} from 0ν2β and oscillation data, that can be compared with the one from

Figure 6: In the case of inverted hierarchy, we plot the probability distribution of the minimal and maximal values of m_{ee} (fig. 6a), and the probability distribution of m_{νe} (fig. 6b).

β decay. The argument goes as follows: letting aside the region where cancellations are possible [50, 46],

θ_{12} ≠ π 4 and tan θ_{13} < | cos 2θ_{12}|^{1/2} (11)

almost degenerate neutrinos lead to a non-zero value of m_{ee} :

|m_{ee}| ≥ m_{νe} · (cos^2 θ_{13}| cos 2θ_{12}| − sin^2 θ_{13}). (12)

Thence, the question is whether we know θ_{12} and θ_{13} sufficiently well to exclude a cancellation.

The answer is a ‘conditional yes’, as can be seen from fig. 7. There we show the Δχ^2 obtained combining all existing 0ν2β and oscillation data, as function of m_{νe} .^7 At 90% CL, this procedure yields the interesting bound m_{νe} < 1.05h eV, which is better than the limit from β-decay if h is not too large. If we knew that LMA is the true solution of the solar neutrino problem, we would have the 99% CL bound m_{νe} < 1.5h eV. These considerations illustrate the importance of obtaining a precise measurements of the ‘solar’ mixing angle θ_{12}, and of reducing nuclear uncertainties to get further information on massive neutrinos. It will be important to reconsider the inference on neutrino mass scale m_{νe} from 0ν2β, as soon as we will get more precise information on the solar mixing angle θ_{12} from SNO, KamLAND, Borexino. The outcome would be particularly interesting if KamLAND will confirm the LMA solution with less-than-maximal mixing.

We summarize the possible rôle of future β-decay and 0ν2β-decay experiments as follows

• If neutrinos have Majorana masses and if future oscillation data will tell us that eq. (11) is satisfied at a high CL, 0ν2β experiments alone will be sufficient to rule out (or confirm) the possibility that neutrinos have a large common mass m_{νe} .

• If neutrinos have a large common Majorana mass m_{νe} , β-decay experiments will be necessary to measure it, and 0ν2β experiments will permit to investigate the Majorana phases. Since V^2_{e3} is small, α is the only relevant phase, to a good approximation.

7The dominant bound on θ13 comes from the Chooz experiment (when combined with the SK atmospheric constraints on |Δm^2_3|). The replacement θ13 = 0, however, approximates reasonably well the accurate treatment of the Chooz bound.

Figure 7: The present experimental bound on the mass of degenerate neutrinos from 0ν2β and oscillation experiments. The dotted lines illustrate the constraint obtained setting θ_{13} = 0. h ≈ 1 parameterizes the uncertainty in the nuclear matrix element (see sect. 2.1).

3 Predictions, expectations, guesses and prejudices

Perhaps the simplest and more conservative theoretical explanation of the lightness of neutrinos is given by the idea that neutrino masses are suppressed by the scale of lepton number violation [51]. This scenario is well compatible with unification of electroweak and strong interactions at a very high energy scale and provides an appealing mechanism for the generation of the observed baryon asymmetry. Such considerations single out, among all possible models of neutrino masses and mixings, those characterized, at low energies, by three light Majorana neutrinos. Given the present experimental knowledge, that favors Δm^2_3 as the leading oscillation frequency, it is also natural to define a zeroth order approximation of the theory, where Δm^2_{12} and θ_{13} vanish (which allows us to neglect the CP-breaking parameter ϕ) whereas θ_{23} and θ_{12} are maximal. This approximation is of course not realistic and should be regarded only as a limiting case, possibly arising from an underlying symmetry. Many effects can perturb this limit, such as small symmetry breaking terms, radiative corrections, effects coming from residual rotations needed to diagonalize the charged lepton mass matrix, or to render canonical the leptonic kinetic terms. A detailed analysis of these effects would require a separate discussion for each conceivable model, with no guarantee of being able to really cover all theoretical possibilities. Here we will adopt a less ambitious approach which consists in dealing only with the simplest perturbations of the leading textures, with the hope that the results will be sufficiently representative of the many existing models. This point of view is only partially supported by present data. If Δm^2_{12} and θ_{13} were as large as experimentally allowed, neutrino data would not clearly point to any simple pattern of the type considered here.

Of course, there are many other promising theoretical ideas on neutrino masses, that maintain their interest (and survive) even after the recent experimental developments. Some of these recent approaches insist on (certain minimal version of) grand unification models [52], and, in particular aim at a link with proton decay rate [53]. There are also attemps to find stricter relations with leptogenesis [54]; or with low energy lepton flavor violating processes in supersymmetric models [55]; etc. We do not want to underestimate the validity of these ideas, and we instead hope that some or all of them will find an important role in a future theory of massive neutrinos. Rather, it should be clear that our approach to the theory of neutrino masses is guided by simple and phenomenological considerations, to the aims of exploiting regularities in the observable parameters of massive neutrinos, and of making a guess about m_{ee} and θ_{13}.

3.1 Normal hierarchy

We begin with the hierarchical neutrino spectrum, whose leading texture, up to redefinitions of the field phases, in the mass-eigenstate bases of charged leptons, is given by

m_ν = m

0 0 0 0 1 1 0 1 1 . (13)

This structure might be due to a peculiar structure of the mass matrix of the right-handed neutrinos, of the (Dirac) Yukawa couplings of the neutrinos, or even of the charged leptons in a certain flavor basis [56]; this may arise, for instance, within a U(1) flavor symmetry [57] under which ν_μ and ν_τ are neutral and ν_e possesses a non-vanishing charge [58, 59, 60]. The determinant of the block (2, 3) can be forced to vanish (so that one naturally obtains Δm^2_{12} ≪ Δm^2_3) by making use of the see-saw mechanism, if one of the heavy right-handed neutrinos has larger Yukawa couplings and/or is lighter than the other ones [61].^8 The resulting neutrino mass matrix has approximately rank one. This setup can be implemented within the framework of a U(1) symmetry [59, 60], which, however, only predicts a generically large, not necessarily maximal θ_{23}. Another possibility to generate the leading texture in eq. (13) is at 1 loop [63] or at tree level [64] in supersymmetric models that violate both lepton number and R-parity. An important feature of (13) is that θ_{12} is undetermined at leading order.

To get a realistic mass matrix, we consider deviations from the symmetric limit in (13), parametrized by: m_ν = m δ ϵ ϵ ϵ 1 + η 1 + η ϵ 1 + η 1 + η , (14)

where δ, ϵ and η denote small (≪ 1) real parameters, defined up to coefficients of order one that can differ in the various matrix elements. The mass matrix in (14) does not describe the most general perturbation of the zeroth order texture (13). We have implicitly assumed a symmetry between ν_μ and ν_τ which is preserved by the perturbations, at least at the level of the order of magnitudes. It is difficult to understand the precise origin of these small deviations. However, it is possible to construct models based on a spontaneously broken U(1) flavor symmetry, where δ, ϵ and η are given by positive powers of one or more symmetry breaking parameters. Moreover, by playing with the U(1) charges, we can adjust, to certain extent, the relative hierarchy between η, ϵ and δ [65].

Another example is given by those models where the neutrino mass matrix elements are dominated, via the see-saw mechanism, by the exchange of two right-handed neutrinos [66]. Since the exchange of a single right-handed neutrino gives a successful zeroth order texture, we are encouraged to continue along this line. Thus, we add a sub-dominant contribution of a second right-handed neutrino, assuming that the third one gives a negligible contribution to the neutrino mass matrix, because it has much smaller Yukawa couplings or is much heavier than the first two. The Lagrangian that describes this plausible sub-set of see-saw models, written in the mass eigenstate basis of right-handed neutrinos and charged leptons, is

L = λ_ℓL_ℓNh + λ^′_ℓL_ℓN^′h + M 2 N^2 + M^′ 2 N^{′2} ⇒ m_{ℓℓ}′ ∝ λ_ℓλ_ℓ′ M + λ^′_ℓλ^′_ℓ′ M^′ where ℓ, ℓ^′ = {e, μ, τ}. The pattern of perturbations in eq. (14) can be reproduced if λ_e ≪ λ_μ ≈ λ_τ and λ^′_μ ≈ λ^′_τ . Even though the number of see-saw parameters is larger than the number of low-energy observables, there is one neat prediction:

det m = 0 i.e. m_1 = 0 .

8The suggestion to interpret the data on massive neutrinos by assuming a number of right handed neutrinos as small as possible is quite old, see [62]. Note however that in this work it was missed the fact that the model with 2 right-handed neutrinos is predictive, as we discuss in the following.

(We recall that the possibilities to test this case were discussed at length in section 2.3).

Let us come back to the mass matrix m_ν of eq. (14). After a first rotation by an angle θ_{23} close to π/4 and a second rotation with θ_{13} ≈ ϵ, we get

m_ν ≈ m δ + ϵ^2 ϵ 0 ϵ η 0 0 0 2 , (15)

up to order one coefficients in the small entries. To obtain a large solar mixing angle, we need |η − δ| <∼ ϵ. In realistic models there is no reason for a cancellation between independent perturbations and thus we assume δ <∼ ϵ and η <∼ ϵ, separately.

Consider first the case δ ≈ ϵ and η <∼ ϵ. The solar mixing angle θ_{12} is large but not maximal, as preferred by the large angle MSW solution. We also have Δm^2_3 ≈ 4m^2, Δm^2_{12} ≈ m^2ϵ^2 and m_{ee} ≈ √ Δm^2_{12} , (16)

the largest possible prediction, in the case of normal hierarchy, in agreement with the results in section 2.3.

If η ≈ ϵ and δ ≪ ϵ, we still have a large solar mixing angle and ϵ^2 ≈ Δm^2_{12}/Δm^2_3, as before. However m_{ee} will be much smaller than the estimate in (16). Unfortunately, this is the case of the models based on the above mentioned U(1) flavor symmetry that, at least in its simplest realization, tends to predict δ ≈ ϵ^2. In this class of models we find m_{ee} ≈ √ Δm^2_{12} ( Δm^2_{12} Δm^2_3

) 1_2

, (17)

below the sensitivity of the next generation of planned experiments. It is worth to mention that in both cases discussed above, we have

θ_{13} ≈ ( Δm^2_{12} Δm^2_3

) 1_2 , (18)

which might be very close to the present experimental limit.

If both δ and η are much smaller than ϵ, the (1, 2) block of m_ν has an approximate pseudo-Dirac structure and the angle θ_{12} becomes maximal. This situation is typical of models where leptons have U(1) charges of both signs whereas the order parameters of U(1) breaking have all charges of the same sign [60]. We have two eigenvalues approximately given by ±m ϵ. As an example, we consider the case where η = 0 and δ ≈ ϵ^2. We find sin^2 2θ_{12} ≈ 1 − ϵ^2/4, Δm^2_{12} ≈ m^2ϵ^3 and

m_{ee} ≈ √ Δm^2_{12} ( Δm^2_{12} Δm^2_3

) 1_6

. (19)

In order to recover the large angle MSW solution we would need a relatively large value of ϵ. This is in general not acceptable because, on the one hand the presence of a large perturbation raises doubts about the consistency of the whole approach and, on the other hand, in existing models where all fermion sectors are related to each other, ϵ is never larger than the Cabibbo angle. We are then forced to embed the case under discussion within the LOW solution, where the solar frequency is much smaller and, as a consequence, m_{ee} is beyond the reach of the next generation of experiments.

3.2 Inverted hierarchy

If the neutrino spectrum has an inverted hierarchy, the leading texture depends on the relative phase 2α between the two non-vanishing eigenvalues. In this case theory can give significant restrictions, since one has to explain why two neutrinos are degenerate. This degeneracy can be more easily explained for special values of the relative phases. In particular, when α = π/2, the resulting texture has an exact symmetry under the combination L_e − L_μ − L_τ [67] and reads:

m_ν = m

0 1 1 1 0 0 1 0 0 . (20)

The Abelian symmetry L_e −L_μ −L_τ would allow different (1,2) and (1,3) entries, that are chosen equal in (20) to recover a maximal θ_{23}. Independently from the relative size of these entries, we have θ_{12} = π/4, θ_{13} = 0, Δm^2_3 = 2m^2, Δm^2_{12} = 0. Notice that an exact L_e − L_μ − L_τ symmetry implies m_{ee} = 0. If it were possible to find a symmetry realizing the inverted hierarchy with α ≠ π/2, then we could avoid m_{ee} = 0. We add small perturbations according to:

m_ν = m δ 1 1 1 η η 1 η η . (21)

The perturbations leave Δm^2_3 and θ_{23} unchanged, in first approximation. We obtain θ_{13} ≈ η, tan^2 θ_{12} ≈ 1 + δ + η and Δm^2_{12}/Δm^2_3 ≈ η + δ, where coefficients of order one have been neglected.

There is a well-known difficulty of this scenario to reproduce the large angle MSW solution [67, 68]. Indeed, barring cancellation between the perturbations, in order to obtain a Δm^2_{12} close to the best fit LMA value, η and δ should be smaller than about 0.1 and this keeps the value of sin^2 2θ_{12} very close to 1, somewhat in disagreement with global fits of solar data [6]. Even by allowing for a Δm^2_{12} in the upper range of the LMA solution, or some fine-tuning between η and δ, we would need large values of the perturbations to fit the LMA solution. On the contrary, the LOW solution can be accommodated, but, even in the optimistic case δ ≫ η, we obtain:

m_{ee} = 1 2 √ Δm^2_{12} ( Δm^2_{12} Δm^2_3

) 1_2

, (22)

too small to be detected by planned experiments. This is an example where the underlying symmetry forces a cancellation between potentially large contributions to m_{ee}, which persists also after the inclusion of the perturbations. In fact the combination m_1 cos^2 θ_{12} + m_2e^{2iα} cos^2 θ_{12} is not of order m, as we could naively expect, but of order m δ. The largest allowed value for θ_{13} is

θ_{13} ≈

Δm^2_{12} Δm^2_3

, (23)

which, for the LOW solution, is practically unobservable.

3.3 Almost degenerate neutrinos

Also in the case of degenerate spectrum, the zeroth order texture depends on the relative phases between the eigenvalues and this dependence leads to widely different expectation for m_{ee}. We have two limiting cases: one for α = 0, and another one with α = π/2. In the first case m_{ee} will be comparable to the average neutrino mass, while in the second case the large mixing in the solar sector tends to deplete the m_{ee} entry [69]. There are examples of both these possibilities among the theoretically motivated models and here we will discuss two representative scenarios. It should be said that it is more difficult to accommodate a degenerate neutrino spectrum in a model of fermion masses, than a spectrum with normal or inverted hierarchy. The neutrino degeneracy should be made compatible with the observed hierarchy in the charged fermion sectors, and this is not an easy task. Once the degeneracy is achieved, at leading order, it should be preserved by renormalization group evolution from the energy scale where neutrino masses originate down to the low energy scales where observations take place. The stability under these corrections may impose severe restrictions on the theory, especially if a very small mass splitting is required by the solar neutrino oscillations [70, 71]. There is also a generic difficulty in embedding such a model in a grand unified context where the particle content often includes right-handed neutrinos. Indeed, it is difficult to see how a presumably hierarchical Dirac mass matrix combines with a Majorana mass matrix for the right-handed neutrinos to give rise, via the see-saw mechanism, to a degenerate neutrino spectrum. One idea that partially overcomes some of the above-mentioned problems is that of flavor democracy [72], where an approximate S_{3L} ⊗ S_{3R} symmetry leads to the following pattern of charged fermion mass matrices:

m_f = m̂_f

1 1 1 1 1 1 1 1 1

+ δm_f , f = {e,u,d} (24)

where δm_f denotes small symmetry breaking terms. The corresponding spectrum is hierarchical and the smallness of quark mixing angles can be explained by an almost complete cancellation between the two unitary left transformations needed to diagonalize m_u and m_d. The neutrino mass matrix has the general structure:

m_ν = m

1 0 0 0 1 0 0 0 1 + r 1 1 1 1 1 1 1 1 1

+ δm_ν , (25)

where r is an arbitrary parameter and δm_ν represents a small correction to the symmetric limit. The freedom associated to r, δm_ν and δm_e allows us to select an almost degenerate and diagonal m_ν and to extract the large atmospheric and solar mixing angles from the charged lepton sector. However, a non-vanishing Δm^2_3 and maximal θ_{12}, θ_{23} angles are not determined by the symmetric limit, but only by a specific choice of the parameter r and of the perturbations, that cannot be easily justified on theoretical grounds. If, for example, we choose δm_ν = diag(0, ϵ, η) with ϵ < η ≪ 1 and r ≪ ϵ, the solar and the atmospheric oscillation frequencies are determined by ϵ and η, respectively. The mixing angles are entirely due to the charged lepton sector. A diagonal δm_e will give rise to an almost maximal θ_{12}, tan^2 θ_{23} ≈ 1/2 and θ_{13} ≈ √ m_e/m_μ. By going to the basis where the charged leptons are diagonal, we can see that m_{ee} is close to m and independent from the parameters that characterize the oscillation phenomena. Indeed m is only limited by the 0ν2β decay. The parameter r receives radiative corrections [73] that, at leading order, are logarithmic and proportional to the square of the τ lepton Yukawa coupling. It is important to guarantee that this correction does not spoil the relation r ≪ ϵ, whose violation would lead to a completely different mixing pattern. This raises a ‘naturalness’ problem for the LOW solution. It would be desirable to provide a more sound basis for the choice of small perturbations in this scenario that is quite favorable to signals both in the 0ν2β decay and in sub-leading oscillations controlled by θ_{13}.

If α = π/2, we could have m_{ee} well below the average neutrino mass or even below the solar oscillation frequency. This is exemplified by the following leading texture

m_ν = m

0^{1√}_2^{1√}_2 1√ 2 1 2 (1 + η) −^1_2 (1 + η) 1√ 2 −^1_2 (1 + η)^1_2 (1 + η) , (26)

where η ≪ 1, corresponding to an exact bimaximal mixing, with eigenvalues m_1 = m, m_2 = −m and m_3 = (1 + η)m. This texture has been proposed in the context of a spontaneously broken SO(3) flavor symmetry and it has been studied to analyze the stability of the degenerate spectrum against radiative corrections [71]. We add small perturbations to (26) in the form:

m_ν = m δ^{1√}_2^{1√}_2 (1 − ϵ) 1√ 2 1 2 (1 + η) −^1_2 (1 + η − ϵ) 1√ 2 (1 − ϵ) −^1_2 (1 + η − ϵ)^1_2 (1 + η − 2ϵ) , (27) where ϵ parametrizes the leading flavor-dependent radiative corrections (mainly induced by the τ Yukawa coupling) and δ controls m_{ee}. We first discuss the case δ ≪ ϵ. To first approximation θ_{12} remains maximal, disfavouring an interpretation in the framework of the LMA solution. We get Δm^2_{12} ≈ m^2ϵ^2/η and θ_{13} ≈ ( Δm^2_{12} Δm^2_3 )_{1/2} , m_{ee} ≪ m ( Δm^2_3 Δm^2_{12} m^4 )_{1/2} . (28)

If we assume δ ≫ ϵ, we find Δm^2_{12} ≈ 2m^2δ, θ_{23} = π/4, sin^2 2θ_{12} = 1 − δ^2/8 and θ_{13} = 0. Also in this case the solar mixing angle is too close to π/4 to fit the large angle MSW solution. We get: m_{ee} ≈ Δm^2_{12} 2m , (29)

too small for detection if the average neutrino mass m is around the eV scale. This rather extreme example shows that there is no guarantee for m_{ee} to be close to the range of experimental interest, even with degenerate neutrinos where the involved masses are much larger than the oscillation frequencies.

We conclude this section with a comment on a relevant issue raised in [74]: would a measurement m_{ee} ∼ eV imply the LMA solution, since in such a case the other LOW, (Q)VO solutions are unstable under radiative corrections? The answer is no. Ref. [71] showed examples of degenerate neutrino spectra with m_{ee} = 0, θ_{13} = 0 and θ_{12} = π/4 where Δm^2_{12} is radiatively generated only at order λ^4_τ , rather than at order λ^2_τ as naïvely expected. It is easy to find examples with m_{ee} ≠ 0. The basic observation is that the results in [71] continue to hold if the neutrino mass matrix has the from in eq. (5) of [71] in a flavour basis where the charged lepton mass matrix is not fully diagonal because has a non vanishing 12 entry. The flavour rotation in the 12 plane that leads to the usual basis of e, μ, τ mass eigenstates, generates non-vanishing m_{ee} and θ_{13} and shifts θ_{12} from π/4. Proceeding along the lines of [71] one concludes that in models where α = π 2 , sin θ_{13} = tan θ_{23} tan(θ_{12} − π/4) so that |m_{ee}| ≃

2θ_{13} tan θ_{23} m + O(θ^2_{13})

radiative corrections generate a solar mass splitting compatible with the LOW and (Q)VO solutions of the solar anomaly; at the same time, m_{ee} can be relatively large without violating the Chooz bound.

4 Conclusions

As recalled in section 1, the experimental program on neutrino oscillations is well under way and looks promising. We reviewed how it should be possible to access and reliably measure at least 4 of the 6 oscillation parameters in the near future. KamLand and Borexino should finally identify the true solution of the solar anomaly. MiniBoone will test the LSND anomaly. K2K, Minos and CNGS should reduce the error on the atmospheric parameters, and probe values of θ_{13} below its present bound. Further experimental progresses and improvements (maybe culminating in a neutrino factory) seem feasible in longer terms, after the first generation of long-baseline experiments, although we cannot exclude that effects due to θ_{13} or CP violation are too small to ever be observed.

The fact that oscillations are becoming an established fact can only reinforce the motivation for other approaches to massive neutrinos, and primarily β and neutrino-less double β (0ν2β) decay experiments, as discussed in section 2.1. Furthermore, 0ν2β decay seems to be the only realistic possibility to investigate the Majorana nature of neutrinos. In this connection it is exciting that there are proposals to reach the sensitivity to the mass scales suggested by oscillations, |m^2_{ee}| ∼ Δm^2_{ij} , but at the same time, it is sad that we cannot exclude that m_{ee} is negligibly small. In fancier terms, it could be that neutrinos have a ‘hidden Majorana nature’; namely, their mass could be of Majorana type, but it might be very tough to prove that property experimentally.

We have computed the precise ranges of |m_{ee}| in the cases of normal and inverted hierarchy.

Figure 8: In fig. 8a we show the 90% and 99% CL ranges of m_{ee} in the cases of normal hierarchy (i.e. 0 = m_1 ≪ m_2 ≪ m_2, so that Δm^2_3 > 0) inverted hierarchy (i.e. 0 = m_3 ≪ m_1 ≈ m_2, so that Δm^2_3 < 0) and almost degenerate neutrinos at 1 eV (a value chosen for illustration). LOW collectively denotes large mixing angle solutions other than LMA. In fig. 8b, without distinguishing LMA or LOW, we plot the 90% CL range for m_{ee} as function of the lightest neutrino mass, thereby covering all spectra.

• In the case of normal hierarchy (i.e. m_1 ≪ m_2 ≪ m_3, see section 2.5) we get the 90% CL range |m_{ee}| = (0.7 ÷ 4.6) meV. If θ_{13} is somewhat below its present bound and LMA is the solution of the solar neutrino anomaly, this case gives a testable prediction: m_{ee} ≈ (Δm^2_{12})^{1/2} sin^2 θ_{12}.

• In the case of inverted hierarchy (i.e. m_3 ≪ m_1 ≈ m_2, see section 2.4) we get the 90% CL range |m_{ee}| = (12 ÷ 57) meV. However, a much smaller m_{ee} is allowed at somewhat higher CL and suggested by theoretical considerations.

These results are summarized in fig. 8a, where we also show the ranges of m_{ee}, restricted to the LMA and to the other large mixing angle solutions of the solar anomaly (collectively denoted as ‘LOW’). The SMA solution is only allowed at higher CL than the ones we consider.

Beyond these two special cases (where the lightest neutrino has a little or negligible mass), there is a family of more generic spectra (sometimes named ‘partial hierarchy’, ‘partial degeneracy’, . . . ) conveniently parametrised by the lightest neutrino mass, m_{min}. In fig. 8b we show how the 90% CL range for m_{ee} varies as a function of m_{min} (note that this figure improves on traditional plots in m_{min} − m_{ee} plane [46], which are done at fixed values of the oscillation parameters). When m_{min} is larger than the oscillation scales (so that neutrinos are almost degenerate at a common mass m_{νe} ) we get the 90% range m_{ee} = (0.17 ÷ 1) m_{νe} (see fig. 8a for more detailed results). We also considered the implications of present data:

• In the case of almost degenerate neutrinos (section 2.5) we converted the present 0ν2β bound (m_{ee} < 0.38h eV at 95% CL; h ∼ 1 parameterizes nuclear uncertainties, see section 2.1) into a 90% CL bound on their common mass, m_{νe} < 1.05h eV, competitive with the direct β-decay bound.

This bound could become stronger with future oscillation data. In particular, if KamLAND will confirm the LMA solution of the solar neutrino anomaly, it will be important to update the inferences on m_{ee} performed in the present work. Within the three Majorana neutrino context we assumed, existing and planned β decay experiments can see a signal only if neutrinos are almost degenerate. However, future 0ν2β experiments alone could rule out this possibility, if future oscillation data will safely tell us that | cos 2θ_{12}| > tan^2 θ_{13}. If neutrinos indeed have a large common Majorana mass, only with both β and 0ν2β experiments will it be possible to measure it, and learn on relevant Majorana phase.

A recent paper [5] claims a 0ν2β evidence for almost degenerate neutrinos. In the appendix we reanalysed the data on which such claim is based and proposed a statistically fair way of extracting the signal from the background. Assuming that the relevant sources of background are the ones discussed in [5], we get a 1.5σ hint (or less, depending on the data-set used) for 0ν2β from the published data. In section 3.3 we provide a counterexample to the statement that measuring m_{ee} ∼ eV would imply the LMA solution: the other LOW, (Q)VO solutions would not necessarily be unstable under radiative corrections.

All m_{ee} ranges obtained above have been derived allowing for cancellations between the different contributions to m_{ee}. One could be tempted to obtain more optimistic results by invoking ‘naturalness’ arguments to disfavour large cancellations. As discussed in section 2.2, since m_{ee} is a theoretically clean quantity (the ee element of the neutrino mass matrix) some flavour symmetry could force it to be small, giving rise to apparently unnatural cancellations when m_{ee} is written in terms of the phenomenological parameters. Phenomenology alone implies only the relatively weak results summarized above.

For this reason in section 3 we have estimated m_{ee} and θ_{13} in models of neutrino masses. We considered few theoretically well-motivated textures, that existing models can reproduce in some appropriate limit, and we added small perturbations to mimic the realistic case. Even though this procedure cannot of course cover all possibilities, it illustrates, for each type of spectrum, the typical theoretical expectations for m_{ee} and θ_{13} and provides examples where flavour symmetries force a small m_{ee}. Qualitatively we can summarize our analysis by saying that values of m_{ee} above 10 meV are certainly possible for models of quasi-degenerate neutrinos, but they would come as unexpected in models characterized by normal or inverted hierarchy. In models realizing the LMA solutions, independently from the type of spectrum, the angle θ_{13} is usually close to its present experimental limit.

Acknowledgment We are very grateful to G. Altarelli, L. Baudis, E. Bellotti, R. Bernabei, C. Bucci, D. Delepine, N. Ferrari, A. Incicchitti, C. Pobes and A. Romanino for discussions and help. F.F. acknowledges partial finantial support of the European Programs HPRN-CT-2000-00148 and HPRN- CT-2000-00149. We acknowledge the partial financial support of the European Program HPRN-CT- 2000-00148.

A An evidence for neutrino-less double beta decay?

A recent paper [5], which reanalysed data of the Heidelberg–Moscow experiment at Gran Sasso (HM), claimed an evidence for 0ν2β at the 2.2σ or 3.1σ level, when Bayesian or frequentistic techniques are adopted. The measured value would be m_{ee}/h = (0.39 ± 0.11) eV, implying almost degenerate neutrinos with mass m_{νe} ≥ |m_{ee}|, partly testable at Katrin [37]. Such a result would be of the highest importance. However, we believe that the published data only contain a ∼ 1.5σ hint (or less, depending on the data-set used) and we would like to explain why in this appendix.

The data in fig.s 2 and 3 of [5] are reported in our fig.s 9a and b, where we show the two histograms with the energy distribution of the second data-set (from detectors 1, 2, 3, 5) and of the third data-set (from detectors 2, 3, 5, with pulse-shape discrimination applied in order to reduce the background). A 0ν2β signal would show up as a peak centered at the energy E = Q_0 = 2039.0 keV and width equal to the energy resolution, σ_E = 1.59 ± 0.19 keV. A quick look at the data shows no clear peak; so one wonders what is known a priori on the spectrum, and which is the procedure of analysis to be applied.

Our first step is to repeat the exercise done in [5]: we compute the likelihood of having one peak of width σ_E centered at a generic energy E, on the top of a constant background of unknown intensity b in the energy range (2000 ÷ 2080) keV. The continuous blue lines in fig.s 9a,b (the right ordinates show their scale) show our results.^9 They reasonably agree with the corresponding fig.s 5 and 6 of [5],

9What we precisely plot is 1 − L(background)/L(background + peak at E), where L(background) is the likelihood of having a constant background, while L(background + peak at E) is the likelihood of having a constant background plus a peak at an energy E. The level of the background and the height of the peak are treated as free parameters. The

Figure 9: The histograms in the first two figures are two data-sets (the left ordinates show the scale). In each case we superimpose the best fit in terms of a constant background (dashed line) and in terms of a constant background, plus a background due to γ-peaks of^{214}Bi, plus a 0ν2β peak at E = 2039 keV. In each plot the continuous blue line shows the likelihood (the right ordinates show the scale) of having a peak at energy E. The third plot shows how the evidence for a 0ν2β signal varies if, following [5], one fits the data in terms of 0ν2β peak plus a constant background, using only data in a restricted window.

although we find a somewhat lower probability that a peak is present at E ≈ Q_0 than in [5] (because [5] fits data with thinner binning than in the published data). In both cases more pronounced peaks seem present at other energies.

The evidence of [5] is obtained by restricting the search window to the energy range E = Q_0 ±few·σ_E, such that it does not include the other peaks, and by fitting the data under the hypothesis of a peak at Q_0 plus a constant background. An obvious criticism to this procedure is that the data look like a peak over a constant background because one has chosen the specific window where this happens. This procedure would be justified if the size of the search window were not a significant arbitrary choice, e.g. if one could clearly see in the data a peak at Q_0 emerging over the background. However, this structure is not clearly visible in the data-sets. In order to state quantitatively our concern, we show in fig. 9c how the evidence for a 0ν2β signal (quantified as Δχ^2 = χ^2_{no 0ν2β} − χ^2_{best}) fluctuates when one chooses windows of different sizes around Q_0. A ‘too small’ window does not allow to discriminate the signal from the background, since it can only be distinguished from the signal exploiting their different energy dependence. With an appropriate window the evidence for a peak at Q_0 can reach the 3σ level. Both the evidence and the central value of the signal change when the size of the window is varied. There is almost no evidence when a large window is chosen; but if the background were constant, a large window would be the fairest way to estimate its level.

In summary: the data contain no evidence for a 0ν2β signal under the assumption of an energyindependent background in the plotted range. Evidence could only be claimed if the background had a favourable energy spectrum (smaller around Q_0 and larger far from Q_0) and if one could understand it, allowing to disentangle the signal from the background. Therefore the crucial question is: what is the composition of the background, and in particular what are the peaks in the rest of the spectrum, which seem to emerge from a constant background? The authors of [5] observe that some peaks lie around the known energies of γ-peaks of^{214}Bi:

E_a = {2010.7 keV, 2016.7 keV, 2021.8 keV, 2052.9 keV};

likelihoods L ≡ e^{−χ2/2} are computed as χ^2 = (σE − 1.59 keV)^2/(0.19 keV)^2 + ∑ i χ^2_i , where the χ^2_i relative to the ith bin (which has ni observed and μi expected events) is given by Poissionan statistics as χ^2_i = 2(μi − ni ln μi). Finally, the χ^2 is minimized with respect to the nuisance parameters b and σE . In Gaussian approximation, the Bayesian and frequentistic techniques employed in [5] both reduce to this procedure. We repeated all analyses described in this appendix using a Bayesian procedure, finding very little differences with respect to its Gaussian limit.

Figure 10: Fig. 10a: the χ^2(m_{ee}/h) extracted in different ways from the Heidelberg–Moscow data without pulse-shape discrimination. Fig. 10b: bounds on the degenerate neutrino mass, using our reanalysis of these data.

this is how they motivate the choice of a small search window that excludes them.

If this is the real composition of the backgrounds, one should analyse all data assuming that they are composed of: a constant component, plus the^{214}Bi peaks, plus a possible signal s. Therefore we write the number of events as dn dE = b + ∑ a p_a ρ(E − E_a) + s ρ(E − Q_0) where ρ(E) = e^{−E2/2σ2}E √ 2πσ_E . The relative intensity of the^{214}Bi γ-lines is known [75]. We marginalize the χ^2 with respect to the nuisance parameters that describe the backgrounds and the energy resolution, obtaining the χ^2 distribution of the signal, χ^2(s) (1 degree of freedom). In this way we find a weak evidence of a peak at Q_0: χ^2(0) − χ^2_{best}(s) ≈ 2 (0.5) using the second (third) data-set; namely, a 1.5σ evidence at most. The best fit is shown in fig.s 9 (dotted lines). The constant component of the background is only slightly lower than under the hypothesis that all events are due to a constant background (dashed lines). In both cases at Q_0 there is no peak significantly above the background level, so that we obtain little evidence for a 0ν2β signal. In fig. 10a we show the χ^2(m_{ee}/h), as obtained from three different analyses of the HM data without pulse-shape discrimination: by choosing a small search window (as in [5]), by modeling the background (as proposed here), and assuming a constant background (as in the HM paper [34], where a slightly different data-set was analysed). In fig. 10b we show the bounds on the degenerate neutrino mass, using our reanalysis of these data. Note that the upper bound on m_{νe} in fig. 7 is stronger, because we used the HM analysis of data with pulse-shape discrimination. The connection of massive neutrinos with cosmology is well known (e.g. [29], for earlier works about neutrinos as warm dark matter see [78]).

With actual data and simulations of the apparatus, it could be possible to do better than what we can do, by calculating also the absolute intensity of the faint^{214}Bi lines in the (2000 ÷ 2080) keV region based on other, much more intense lines of this isotope. According to fig.s 2,3 of [34], the measured intensity of the line at E ≈ 1764.5 keV is 25 counts/kg · yr.^{10} Taking into account that there is no significant variation of the efficiency between 1764 keV and Q_0 [76], the line at 1764.5 keV should have an intensity of 90 ± 14 (25 ± 14) counts/kg · yr, according to our fit of faint lines in the second (third) dataset. Including this extra information in the fit reduces the significance of the ‘evidence’ to 1σ (0.5σ) in the second (third) dataset.

A significant 0ν2β signal could finally result if most peaks are not statistical fluctuations, and could be identified. However a comparison between the two data-sets discourages such hopes. We expect that the pulse-shape discrimination should suppress the background from γ-lines (since the annihilation energy of the positron may be deposited in a relatively wider region) more than the hypothetical 0ν2β signal (since the two e^− deposit their energy in a narrow region). A detailed simulation of the detector is

10Fig. 1 of [34] gives an intensity of 4 counts/kg · yr, 6 times smaller. The reason of the disagreement is that in fig. 1 the counts of a single crystal were divided by total exposure (5 crystals), unlike what written in its caption [77].

needed to estimate this issue quantitatively. The problem is that fig.s 9a,b and our best-fit values indicate rather that pulse-shape discrimination gives an almost equal suppression: the constant background gets reduced by a factor ≈ 3.5/η, the identified γ-lines by ≈ 3.8/η, the hypothetical peak at Q_0 by ≈ 3.2/η (η = 0.55 ± 0.10 is the efficiency of pulse-shape discrimination). In any case, the assumption that the background in the vicinity of Q_0 is particularly small is too important to be just assumed, as done in [5], and should be demonstrated in some manner.

In conclusion, we do not see a really significant evidence for 0ν2β in the published data. A better understanding and control of the background is necessary to learn more from present data (and maybe recognize a signal) and also in view of future search of 0ν2β with^{76}Ge detectors.

References

[1] The SuperKamiokande collaboration, Phys. Rev. Lett.

85 (2000) 3999 (hep-ex/0009001); T. Toshito, for the SK collaboration, hep-ex/0105023; The MACRO collaboration, Phys. Lett. B517 (2001) 59 (hep-ex/0106049); G. Giacomelli and M. Giorgini, for the MACRO collaboration, hep-ex/0110021.

[2] The results of the Homestake experiment are reported in B.T. Cleveland et al., Astrophys. J. 496 (1998) 505. The Gallex collaboration, Phys. Lett. B447 (1999) 127. The GNO collaboration, Phys. Lett. B490 (2000) 16 and T. Kirsten, communication at Neutrino 2002. the SNO collaboration, nucl-ex/0204008 and nucl-ex/0204009. The SAGE collaboration, astro-ph/0204245. The SuperKamiokande collaboration, hep-ex/0205075.

[3] The Bugey collaboration, Nucl. Phys. B434 (1995) 503.

The Chooz collaboration, Phys. Lett. B466 (1999) 415 (hep-ex/9907037). See also The Palo Verde collaboration, Phys. Rev. Lett. 84 (2000) 3764 (hep-ex/9912050).

[4] The LSND collaboration, hep-ex/0104049; The Karmen collaboration, Nucl. Phys. Proc. Suppl. 91 (2000) 191 (hep-ex/0008002).

[5] H.V. Klapdor-Kleingrothaus et al., Mod. Phys. Lett.

A37 (2001) 2409.

[6] We use the results in P. Creminelli et al., JHEP 0105 (2001) 52 (hep-ph/0102234, updated version with SNO NC data).

[7] Our atmospheric fit is based on sub-GeV, multi-GeV, PC and UPμ SuperKamiokande data after 79 kton·year, as described in A. Strumia, hep-ph/0201134.

[8] M.V. Garzelli, C. Giunti, JHEP 112 (17) 2001 (hep-ph/0108191).

[9] C. Lunardini, A.Yu Smirnov, Phys. Rev. D63 (2001) 073009 (hep-ph/0009356); H. Minakata, H. Nunokawa, Phys. Lett. B504 (2001) 301 (hep-ph/0010240) (the title of this paper is an overstatement in our view). A paper that appeared right after this work was completed, V. Barger et al., hep-ph/0202158, expresses stronger criticisms than in our section 1.1 and claims that “no bound can be placed on θ13 even at the 1σ level”. However, they adopt a ‘conservative’ definition of ‘1σ’.

[10] See e.g. A.Y. Smirnov, D. N. Spergel, J.N. Bahcall, Phys. Rev. D49 (1994) 1389 (hep-ph/9305204); B. Jegerlehner, F. Neubig, G. Raffelt, Phys. Rev. D54 (1996) 1194 (astro-ph/9601111); M. Kachelrieß, R. Tomas and J.W. Valle, JHEP 101 (2001) 30 (hep-ph/0012134); M. Kachelrieß, A. Strumia, R. Tomas and J.W. Valle, hep-ph/0108100.

[11] See e.g. A. Strumia and F. Vissani, JHEP 0111 (2001) 048 (hep-ph/0109172) and ref.s therein.

[12] S.T. Petcov, M. Piai, hep-ph/0112074.

[13] See e.g. A. Para and M. Szleper, hep-ex/0110032.

[14] The ICARUS collaboration, F. Arneodo et al., hep-ex/0103008

[15] Y. Itow et al., hep-ex/0106019

[16] See e.g. J. Burguet-Castell et al., Nucl. Phys. B608 (2001) 301 (hep-ph/0103258) and ref.s therein.

[17] Yu Kozlov, L. Mikaelyan, V. Sinev, hep-ph/0109277.

[18] E. Akhmedov, P. Lipari, M. Lusignoli, hep-ph/9211320.

[19] S.M. Bilenkii, J. Hosek, S.T. Petcov, Phys. Lett. B94 (1980) 495. P. Langacker, S.T. Petcov, G. Steigman, S. Toshev, Nucl. Phys. B282 (1987) 589.

[20] Although the existence of additional (Majorana) phases was perhaps known even before, they were not discussed until the first of previous ref.s, and soon after in J. Schechter, J.W. Valle, Phys. Rev. D22 (1980) 2227. Their observability in 0ν2β decay was first remarked in M. Doi, T. Kotani, H. Nishiura, K. Okuda, E. Takasugi, Phys. Lett. B102 (1981) 323. See also the review works B. Kayser, Phys. Rev. D30 (1984) 1023; M. Doi, T. Kotani, E. Takasugi, Prog. Theor. Phys. Suppl. 83 (1985) 1; J.D. Vergados, Phys. Rept. 133 (1986) 1.

[21] G.C. Hanna, B. Pontecorvo, Phys. Rev. D75 (1949) 983.

[22] E. Fiorini et al., Phys. Lett. B25 (1967) 602. S.R. Elliott, P. Vogel, hep-ph/0202264.

[23] F. Gatti, Nucl. Phys. Proc. Suppl. 91 (2001) 293;

M. Galeazzi, F. Fontanelli, F. Gatti, S. Vitale, Phys. Rev. Lett. 86 (2001) 1978.

[24] For a comprehensive and updated review see E. Fiorini, talk given at TAUP2001 Sept. 24, LNGS, Italy, to appear on Nucl. Phys. Proc. Suppl.

[25] For reviews see e.g. F. Cei, Neutrinos from supernovæ: experimental status and perspectives, talk given at matter, antimatter and dark matter Trento, Italia, Oct 29–30 2001 and ref.s therein. G.G. Raffelt., hep-ph/0201099.

[26] D. Fargion, Lett. Nuovo Cim. 31 (1981) 499 (hep-ph/0110061); N.Arnaud et al., hep-ph/0109027.

[27] O.G. Ryazhskaya, V.G. Ryasny, O. Saavedra, Nuovo Cim. A106 (1993) 257 also in JETP Lett. 56 (1992) 417; J.F. Beacom, P. Vogel, Phys. Rev. D58 (1998) 93012 (hep-ph/9806311);

[28] J. F. Beacom, R. N. Boyd and A. Mezzacappa, Phys.

Rev. D63 (2001) 73011 (astro-ph/0010398).

[29] W. Hu, D. Eisenstein and M. Tegmark, Phys. Rev.

Lett. 80 (1998) 5255; M. Tegmark, M. Zaldarriaga and A. J. Hamilton, Nucl. Phys. Proc. Suppl. 91 (2001) 38.

[30] T. Weiler, Phys. Rev. Lett. 49 (1982) 234; E. Roulet, Phys. Rev. D47 (1993) 5247. For recent works see e.g. A. Ringwald, hep-ph/0111112; O.E. Kalashev et al., hep-ph/0112351; G. Sigl, hep-ph/0109202 and ref.s therein.

[31] K. Greisen, Phys. Rev. Lett. 16 (1966) 748. G.T. Zatsepin, V.A. Kuzmin, Pis’ma Zh. Eksp. Teor. Fiz. 4 (1966) 114 also in JETP. Lett. 4 (1966) 78.

[32] A. Morales, Nucl. Phys. Proc. Suppl. 77 (1999) 335 (hep-ph/9809540); J. Suhonen and O. Civitarese, Phys. Rept. 300 (1998) 123; A. Faessler and F. Simkovic, J. Phys. G24 (1998) 2139 (hep-ph/9901215).

[33] The Mainz collaboration, J. Bonn et al., Nucl. Phys.

Proc. Suppl. 91 (2001) 273.

[34] The Heidelberg–Moscow collaboration, H.V. Klapdor-Kleingrothaus et al., Eur. Phys. J. A12 (2001) 147 (hep-ph/0103062).

[35] A. Staudt, K. Muto and H.V. Klapdor-Kleingrothaus, Europhys. Lett. 13 (1990) 31.

[36] The Troitsk collaboration, V.M. Lobashev et al., Nucl.

Phys. Proc. Suppl. 91 (2001) 280.

[37] The Katrin collaboration, A. Osipowicz et al., hep-ex/0109033.

[38] Goals and features of Genius are well documented in “Sixty Years of Double Beta decay”, by H.V. Klapdor- Kleingrothaus, World Scientific, 2001; this book includes many related theoretical works.

[39] Majorana collaboration, C.E. Aalseth et al., hep-ex/0201021.

[40] See [24] and IGEX collaboration, C.E. Aalseth et al., Phys. Rev. C59 (1999) 2108; IGEX collaboration, C.E. Aalseth et al., hep-ex/0202026.

[41] Y.G. Zdesenko, O.A. Ponkratenko and V.I. Tretyak, J.

Phys. G27 (2001) 2129 (nucl-ex/0106021).

[42] F. Vissani, Nucl. Phys. Proc. Suppl. 100 (2001) 273 (hep-ph/0012018).

[43] Y. Farzan, O. L. Peres and A. Yu. Smirnov, Nucl. Phys.

B612 (2001) 59, in particular eq. (17); J. Studnik and M. Zralek, hep-ph/0110232.

[44] For instance, the Katrin sensitivity was obtained assuming ΔE = 1 eV (see also the homepage of the conference held ad Bad Liebenzell on Jan 2001, wwwik1.fzk.de/tritium/liebenzell).

[45] S.T. Petcov, A.Y. Smirnov, Phys. Lett. B322 (1994) 109 (hep-ph/9311204); S.M. Bilenky, A. Bottino, C. Giunti, C.W. Kim, Phys. Rev. D54 (1996) 1881 (hep-ph/9602216); S.M. Bilenky, C. Giunti, C.W. Kim, S.T. Petcov, Phys. Rev. D54 (1996) 4432 (hep-ph/9604364).

[46] F. Vissani, JHEP 9906 (1999) 22 (hep-ph/9906525).

[47] T. Fukuyama, K. Matsuda, H. Nishiura, Phys. Rev. D57 (1998) 5884 (hep-ph/9711415); V.D. Barger, K. Whisnant, Phys. Lett. B456 (1999) 194 (hep-ph/9904281); F. Vissani, hep-ph/9904349; C. Giunti, Phys. Rev. D61 (2000) 036002 (hep-ph/9906275); M. Czakon, J. Gluza, M. Zralek, Phys. Lett. B465 (1999) 211 (hep-ph/9906381); S.M. Bilenky, C. Giunti, W. Grimus, B. Kayser, S. T. Petcov, Phys. Lett. B465 (1999) 193 (hep-ph/9907234); H.V. Klapdor-Kleingrothaus, H. Pas, A.Y. Smirnov, Phys. Rev. D63 (2001) 73005 (hep-ph/0003219). W. Rodejohann, Nucl. Phys. B597 (2001) 110 (hep-ph/0008044); K. Matsuda, N. Takeda, T. Fukuyama, H. Nishiura, Phys. Rev. D64 (2001) 13001 (hep-ph/0012357); D. Falcone, F. Tramontano, Phys. Rev. D64 (2001) 077302 (hep-ph/0102136); S.M. Bilenky, S. Pascoli, S.T. Petcov, Phys. Rev. D64 (2001) 53010 (hep-ph/0102265); S.M. Bilenky, S. Pascoli, S.T. Petcov, Phys. Rev. D64 (2001) 113003 (hep-ph/0104218); P. Osland, G. Vigdel, Phys. Lett. B520 (2001) 143 (hep-ph/0107161); S. Pascoli, S.T. Petcov, L. Wolfenstein, Phys. Lett. B524 (2002) 319 (hep-ph/0110287); S. Pascoli, S.T. Petcov, hep-ph/0205022.

[48] L. Wolfenstein, Lepton number violation and neutrino mass, published in Neutrino 1984, Dortmund, Germany–see especially sect. 4 there; more formal arguments (but of minor generality) were previously presented in L. Wolfenstein, Phys. Lett. B107 (1981) 77.

[49] A. Strumia, hep-ph/9904247.

[50] H. Minakata and O. Yasuda, Phys. Rev. D56 (1997) 1692 (hep-ph/9609276); F. Vissani, hep-ph/9708483.

[51] S. Weinberg, Phys. Rev. Lett. 43 (1979) 1566; T.

Yanagida, in “Proc. of the Workshop on Unified Theory and Baryon Number in the Universe”, KEK, March 1979; M. Gell-Mann, P. Ramond and R. Slansky, in “Supergravity”, Stony Brook, Sept 1979. R.N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912 and Phys. Rev. D 23 (1981) 165. M. Magg and C. Wetterich, Phys. Lett. B94 (1980) 61.

[52] K.S. Babu, R.N. Mohapatra, Phys. Rev. Lett. 70 (1993) 2845 (hep-ph/9209215); B. Brahmachari, R.N. Mohapatra, Phys. Rev. D58 (1998) 15001 (hep-ph/9710371); Mu-Chun Chen, K.T. Mahanthappa, Phys. Rev. D62 (2000) 112007 (hep-ph/0005292); K. Matsuda, Y. Koide, T. Fukuyama, H. Nishiura, Phys. Rev. D65 (2002) 33008 (hep-ph/0108202); B. Bajc, G. Senjanovic, F. Vissani, hep-ph/0110310.

[53] K.S. Babu, J.C. Pati, F. Wilczek, Nucl. Phys. B566 (2000) 33 (hep-ph/9812538); G. Altarelli, F. Feruglio, Phys. Lett. B511 (2001) 257 (hep-ph/0102301).

[54] See e.g. A.S. Joshipura, E.A. Paschos, W. Rodejohann, JHEP 0108 (2001) 029 (hep-ph/0105175) and ref.s therein.

[55] R. Barbieri, L.J. Hall, Phys. Lett. B338 (1994) 212 (hep-ph/9408406); J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi, T. Yanagida, Phys. Lett. B357 (1995) 579 (hep-ph/9501407). W. Buchmuller, D. Delepine, F. Vissani, Phys. Lett. B459 (1999) 171 (hep-ph/9904219). For a particularly clear discussion of the effects induced by neutrino Yukawa couplings see S. Lavignac, I. Masina, C. A. Savoy, Phys. Lett. B520 (2001) 269 (hep-ph/0106245).

[56] Z.G. Berezhiani, A. Rossi, Phys. Lett. B367 (1996) 219 (hep-ph/9507393); C.H. Albright, K.S. Babu and S.M. Barr, Phys. Rev. Lett. 81 (1998) 1167; K.S. Babu and S.M. Barr, Phys. Lett. B381 (1996) 202; C.H. Albright and S.M. Barr, Phys. Rev. D58 (1998) 013002; C.H. Albright, K.S. Babu and S.M. Barr, Phys. Rev. Lett. 81 (1998) 1167; Y. Nomura and T. Yanagida, Phys. Rev. D59 (1999) 017303; N. Haba, Phys. Rev. D59 (1999) 035011; Z. Berezhiani and A. Rossi, JHEP 9903 (1999) 002; K. Hagiwara and N. Okamura, Nucl. Phys. B548 (1999) 60; K.S. Babu, J. Pati and F. Wilczek, Nucl. Phys. B566 (2000) 39; C.H. Albright and S.M. Barr, Phys. Lett. B452 (1999) 287; P. Frampton and A. Rasin, Phys. Lett. B478 (2000) 424; Y. Nir and Y. Shadmi, JHEP 9905 (1999) 023; E.K. Akhmedov, G.C. Branco, M.N. Rebelo, Phys. Rev. Lett. 84 (2000) 3535; F. Vissani, hep-ph/0102235; C.H. Albright and S.M. Barr, hep-ph/0104294.

[57] C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B147 (1979) 277; J. Bijnens and C. Wetterich, Nucl. Phys. B147 (1987) 292.

[58] J. Sato, T. Yanagida, Phys. Lett. B430 (1998) 127 (hep-ph/9710516); N. Irges, S. Lavignac, P. Ramond, Phys. Rev. D58 (1998) 035003 (hep-ph/9802334); J.K. Elwood, N. Irges, P. Ramond, Phys. Rev. Lett. 81 (1998) 5064 (hep-ph/9807228); F. Vissani, JHEP 9811 (1998) 025; P. Ramond, Nucl. Phys. Proc. Suppl. 77 (1999) 3 (hep-ph/9809401); W. Buchmuller, T. Yanagida, Phys. Lett. B445 (1999) 399 (hep-ph/9810308); K. Izawa, K. Kurosawa, Y. Nomura, T. Yanagida, Phys. Rev. D60 (1999) 115016; J. Sato and T. Yanagida, Phys. Lett. B493 (2000) 356; F. Vissani, Phys. Lett. B508 (2001) 79.

[59] G. Altarelli, F. Feruglio, JHEP 9811 (1998) 021 (hep-ph/9809596).

[60] G. Altarelli, F. Feruglio, Phys. Lett. B451 (1999) 388 (hep-ph/9812475); G. Altarelli, F. Feruglio, I. Masina, JHEP 0011 (2000) 040 (hep-ph/0007254).

[61] S.F. King, Phys. Lett. B439 (1998) 350 (hep-ph/9806440); see also [67].

[62] J. Schechter, J.W. Valle, Phys. Rev. D21 (1980) 309. [63] M. Drees, S. Pakvasa, X. Tata and T. ter Veldhuis, Phys. Rev. D57 (1998) 5335 (hep-ph/9712392).

[64] B. Mukhopadhyaya, S. Roy and F. Vissani, Phys. Lett.

B443 (1998) 191 (hep-ph/9808265).

[65] I. Masina, Int. J. Mod. Phys. A16 (2001) 5101 (hep-ph/0107220) and ref.s [56], [58, 59, 60].

[66] S.F. King, Nucl. Phys. B576 (2000) 85 (hep-ph/9912492).

[67] R. Barbieri et al., JHEP 9812 (1998) 017 (hep-ph/9807235). Symmetries with some resemblance to Le − Lμ − Lτ have been considered much earlier, for a two-generation example (Le − Lμ) see Ya. B. Zeldovich, Dok. Akad. Nauk. CCCP 86 (1952) 505; E.J. Konopinsky, H. Mahmound, Phys. Rev. 92 (1953) 1045. For a three-generation example (Le − Lμ + Lτ with permutations mentioned in a footnote) see S. Petcov, Phys. Lett. B100 (1982) 245. The same paper contains a four-generation example (Le −Lμ +Lτ −L4). The zeroth-order pseudo-Dirac mass matrix suggested by present data can be obtained within the model in A. Zee, Phys. Lett. B93 (1980) 389, if supplemented by the extra assumption that mμτ is small, though one could have rather guessed that meμ was the smallest element. Finally, Le − Lμ − Lτ -breaking effects were considered e.g. in: A.S. Joshipura, S.D. Rindani, hep-ph/9811252; R.N. Mohapatra et al., hep-ph/9911395; Q. Shafi, Z. Tavartkiladze, hep-ph/0002150 and hep-ph/0101350; K.S. Babu, R.N. Mohapatra, hep-ph/0201176.

[68] I. Dorsner and S. M. Barr, Nucl. Phys. B617 (2001) 493 (hep-ph/0108168).

[69] See [50] and H. Georgi and S. L. Glashow, Phys. Rev.

D61 (2000) 097301 (hep-ph/9808293). G.C. Branco et al., Phys. Rev. Lett. 82 (1999) 683 (hep-ph/9810328); E. Ma, hep-ph/0201225.

[70] J.R. Ellis, S. Lola, Phys. Lett. B458 (1999) 310 (hep-ph/9904279); N. Haba, Y. Matsui, N. Okamura, M. Sugiura, Eur. Phys. J. C10 (1999)) 677 (hep-ph/9904292); J.A. Casas, J.R. Espinosa, A. Ibarra, I. Navarro, Nucl. Phys. B569 (2000) 82 (hep-ph/9905381); J.A. Casas et al., JHEP 9909 (1999) 015 (hep-ph/9906281); J.A. Casas et al., Nucl. Phys. B573 (2000) 652 (hep-ph/9910420); N. Haba, N. Okamura, Eur. Phys. J. C14 (2000) 347 (hep-ph/9906481); P.H. Chankowski, W. Krolikowski, S. Pokorski, Phys. Lett. B473 (2000) 109 (hep-ph/9910231).

[71] R. Barbieri, G.G. Ross, A. Strumia, JHEP 20 (1999) 9910 (hep-ph/9906470).

[72] H. Fritzsch, Z.Z. Xing, Phys. Lett. B372 (1996) 265;

H. Fritzsch, Z.Z. Xing, Phys. Lett. B440 (1998) 313; H. Fritzsch, Z.Z. Xing, Prog. Part. Nucl. Phys. 45 (2000) 1; M. Fukugita, M. Tanimoto, T. Yanagida, Phys. Rev. D57 (1998) 4429; M. Fukugita, M. Tanimoto, T. Yanagida, Phys. Rev. D59 (1999) 113016; M. Tanimoto, Phys. Rev. D59 (1999) 017304; R. Mohapatra, S. Nussinov, Phys. Lett. B441 (1998) 299; S.K. Kang, C.S. Kim, Phys. Rev. D59 (1999) 091302; M. Tanimoto, T. Watari, T. Yanagida, Phys. Lett. B461 (1999) 345.

[73] N. Haba, Y. Matsui, N. Okamura, T. Suzuki, Phys. Lett.

B489 (2000) 184 (hep-ph/0005064).

[74] H.V. Klapdor-Kleingrothaus, U. Sarkar, Mod. Phys.

Lett. A16 (2001) 2469 (hep-ph/0201224).

[75] Data available at the internet address nucleardata.nuclear.lu.se/nucleardata/toi.

[76] C.E. Aalseth et al., hep-ex/0202018.

[77] H.V. Klapdor-Kleingrothaus, private communication;

L. Baudis, private communication.

[78] E. W. Kolb and M. S. Turner, “The Early Universe”, Addison-Wesley (1990) (frontiers in physics, 69) and ref.s therein.

Addendum A: first KamLAND results

In this addendum we update our previous results by including new recent data. Concerning solar data, we include the KamLAND data [1A] that confirm the LMA solution, the most recent data from GNO and the full set of spectral and day/night SNO data [2A]. Concerning atmospheric data, we include the latest SK and K2K data [3A]. In view of these improvements, our knowledge of neutrino oscillation parameters can now be approximatively summarized as

Δm^2_{12} = (7.1 ± 0.6)10^{−5} eV^2, |Δm^2_3| = (2.7 ± 0.4)10^{−3} eV^2,

tan^2 θ_{12} = 0.45 ± 0.06, sin^2 2θ_{23} = 1.00 ± 0.04, sin^2 2θ_{13} = 0 ± 0.065.

Our inferences on the parameter |m_{ee}| probed by 0ν2β experiments are obtained by marginalizing the full joint probability distribution for the oscillation parameters. We employ the fit of solar and KamLAND data presented in [4A] (6 out of 8 other similar analyses [5A] agree with [4A]). Our updated results, shown in fig. 11a,b,c,d, are similar to the lines “LMA only” in the corresponding figures 4, 6, 7 and 8 in the original version of this work. Assuming three CPT-invariant massive Majorana neutrinos we get

a) In the case of normal hierarchy (i.e. m_1 ≪ m_2 ≪ m_3, or Δm^2_3 > 0) the ee element of the neutrino mass matrix probed by 0ν2β decay experiments can be written as |m_{ee}| = |e^{2iα}m^{sun}_{ee} + e^{2iβ} m^{atm}_{ee} | (see section 2.5) where α, β are unknown Majorana phases and the ‘solar’ and ‘atmospheric’ contributions can be predicted from oscillation data. Including KamLAND data, that restrict the LMA range of Δm^2_{12}, the solar contribution to m_{ee} is m^{sun}_{ee} = (2.6 ± 0.4) meV. The bound on θ_{13} from CHOOZ, SK and K2K implies m^{atm}_{ee} < 2 meV at 99% CL. By combining these two contributions we get the range

|m_{ee}| = (1.1 ÷ 4.1) meV at 90% CL and |m_{ee}| = (0.2 ÷ 5.1) meV at 99% CL. (1A)

The precise prediction is shown in fig. 11a.

b) In the case of inverted hierarchy (i.e. m_3 ≪ m_1 ≈ m_2, or Δm^2_3 < 0), from the prediction |m_{ee}| ≈ (Δm^2_3)^{1/2} × | cos^2 θ_{12} + e^{2iα} sin^2 θ_{12}| cos^2 θ_{13} (see section 2.4) we get the range

|m_{ee}| = (14 ÷ 57) meV at 90% CL and |m_{ee}| = (9.2 ÷ 61) meV at 99% CL. (2A)

The precise prediction is shown in fig. 11b. The inclusion of KamLAND data does not significantly restrict the |m_{ee}| range because the main uncertainty is due to the Majorana phase α not to the oscillation parameters. If the present central values were confirmed with infinite precision we would still have the loose range |m_{ee}| = (20 ÷ 52) meV at any CL. The uncertainty in the lower (upper) bound is today dominated by the error on θ_{12} (Δm^2_3).

The |m_{ee}| ranges for normal and inverted hierarchy no longer overlap. Values of |m_{ee}| outside these ranges are possible if the lightest neutrino mass is not negligible, as shown in fig. 11d. If Δm^2_3 < 0 a non zero lightest neutrino mass does not allow smaller |m_{ee}| than in case b): eq. (2B) is a true lower bound. The darker regions in fig. 11d show how the predicted range of |m_{ee}| would shrink if the present best-fit values of oscillation parameters were confirmed with infinite precision. The two funnels present for Δm^2_3 > 0 have an infinitesimal width because we assume θ_{13} = 0 and would have a finite width if θ_{13} ≠ 0.

c) The bound on the mass m_{νe} of almost-degenerate neutrinos implied by present 0ν2β data is

m_{νe} < 1.0 (1.5) h eV at 90 (99%) CL. (3A)

The precise bound is shown in fig. 11c. The factor h ≈ 1 parameterizes the uncertainty in the nuclear matrix element (see sect. 2.1). As discussed in section 2.5 (see also [6A]) this bound is based on the fact that a large m_{νe} is compatible with the upper bound on |m_{ee}| only if θ_{12} ≈ π/4.

Figure 11: Predictions for |m_{ee}| assuming a hierarchical (fig. 11a) and inverted (fig. 11b) neutrino spectrum. In fig. 11c we update the upper bound on the mass of quasi-degenerate neutrinos implied by 0ν2β searches. The factor h ≈ 1 parameterizes the uncertainty in the nuclear matrix element (see sect. 2.1). In fig. 11d we plot the 90% CL range for m_{ee} as function of the lightest neutrino mass, thereby covering all spectra. The darker regions show how the m_{ee} range would shrink if the present best-fit values of oscillation parameters were confirmed with negligible error.

Maximal solar mixing was already disfavoured at almost 3σ before KamLAND (fig. 7) and is now disfavoured at almost 4σ (fig. 11c). KamLAND alone does not yet disfavour θ_{12} ≈ π/4. The bound on neutrino masses in eq. (3B), obtained combining oscillation and 0ν2β data under the assumption that neutrinos are Majorana particles, can be directly compared with the bound from direct searches of neutrino mass in tritium decays, m_{νe} < 2.2 eV at 95% CL. We employ the bound on |m_{ee}| from Heidelberg–Moscow (HM) data, as analyzed by the collaboration.

A reanalysis [7A] of HM data [8A] claimed evidence for 0ν2β. Since this is an important but controversial issue, even minor points have been carefully debated [10A, 11A, 12A, 13A, 14A]. We here summarize what we believe is the main point. The reanalysis in [7A] was restricted to the particular subset of data that seems to contain an evidence, neglecting the rest. Reanalysing all data using what we know about the signal and about the background we found a 1.5σ hint at most (see appendix A of this paper^{11}). Other reanalyses performed along these lines and precisely described by their authors find 1.1σ [14A], 1.46σ [12A], less than 1σ [11A] (these authors combine HM [8A] and IGEX [9A] data. Both experiments use^{76}Ge with a similar energy resolution and background level. IGEX has about 5 times less statistic and finds a slight deficit of events around the 0ν2β Q value, where HM finds a slight excess). In conclusion, the hint for 0ν2β is not statistically significant.

References

[1A] The KamLAND collaboration, hep-ex/0212021.

[2A] The SNO collaboration, nucl-ex/0204008

and nucl-ex/0204009. See also www.sno.phy.queensu.ca/sno. GNO data have been reported by T. Kirsten, talk at the Neutrino 2002 conference, transparencies available at the internet address neutrino2002.ph.tum.de.

[3A] The Super-Kamiokande collaboration,

hep-ex/0205075. The K2K collaboration, hep-ex/0212007. See also R.J. Wilkes, for the Super-Kamiokande and K2K collaborations, hep-ex/0212035.

[4A] P. Creminelli et al., hep-ph/0102234, version 4 since

9 Dec 2002 17.27.35 GMT.

[5A] V. Barger et al., hep-ph/0212126; G.L. Fogli et al.,

hep-ph/0212127; M. Maltoni et al., hep-ph/0212129; A. Bandyopadhyay et al., hep-ph/0212146; J.N. Bahcall et al., hep-ph/0212147; P. Aliani et al., hep-ph/0212212; H. Nunokawa et al., hep-ph/0212202; P. C. de Holanda et al., hep-ph/0212270.

[6A] H. Minakata, H. Sugiyama, hep-ph/0212240.

[7A] H.V. Klapdor-Kleingrothaus et al., Mod. Phys. Lett.

A37 (2001) 2409.

[8A] The Heidelberg–Moscow collaboration, H.V. Klapdor-Kleingrothaus et al., Eur. Phys. J. A12 (2001) 147 (hep-ph/0103062).

[9A] IGEX collaboration, hep-ex/0202026.

[10A] C.E. Aalseth et al., hep-ex/0202018.

[11A] Y.G. Zdesenko, F.A. Danevic, V.I. Tretyak, Phys.

Lett. B546 (2002) 206.

[12A] H.V. Klapdor-Kleingrothaus, hep-ph/0205228; H.V.

Klapdor-Kleingrothaus, Found. of Phys. 32 (2002) 1181 (see in particular table VII).

[13A] H. L. Harney, hep-ph/0205293.

[14A] A. Ianni, “Maximum likelihood analysis. . . ”, to appear on EP.J.

11The authors of [7A] claim that the restriction in the window search is not a critical arbitrary choice, in apparent disagreement with our appendix. This claim refers to a fit of an average sample of simulated data (generated under some assumption). Our claim is that the restriction in the window search is a critical arbitrary choice when analyzing the real data: this can be seen from our fig. 9c.

Addendum B: ‘salt’ SNO data

We update our previous results by including ‘salt’ SNO data and the most recent data from GNO and SAGE [1B]. Concerning atmospheric data, we take into account the latest Super-Kamiokande (SK) and K2K analyses [2B], which reduced the best fit value of the atmospheric mass splitting. In view of these improvements, our knowledge of neutrino oscillation parameters can now be approximatively summarized as^{12}

Δm^2_{12} = (7.2 ± 0.7)10^{−5} eV^2, |Δm^2_3| = (2.0 ± 0.4)10^{−3} eV^2,

tan^2 θ_{12} = 0.44 ± 0.05, sin^2 2θ_{23} = 1.00 ± 0.04, sin^2 2θ_{13} = 0 ± 0.085.

Our inferences on the parameter |m_{ee}| probed by 0ν2β experiments are obtained by marginalizing the full joint probability distribution for the oscillation parameters. We employ the fit of solar and KamLAND data presented in [3B]. Assuming three CPT-invariant massive Majorana neutrinos we get

a) In the case of normal hierarchy (i.e. m_1 ≪ m_2 ≪ m_3, or Δm^2_3 > 0) the ee element of the neutrino mass matrix probed by 0ν2β decay experiments can be written as |m_{ee}| = |e^{2iα}m^{sun}_{ee} + e^{2iβ} m^{atm}_{ee} | (see section 2.3) where α, β are unknown Majorana phases and the ‘solar’ and ‘atmospheric’ contributions can be predicted from oscillation data. Including KamLAND data, that restrict the LMA range of Δm^2_{12}, the solar contribution to m_{ee} is m^{sun}_{ee} = (2.45 ± 0.23) meV.

The bound on θ_{13} from CHOOZ, SK and K2K implies m^{atm}_{ee} < 2 meV at 99% CL. By combining these two contributions we get the range

|m_{ee}| = (0.9 ÷ 4.1) meV at 90% CL and |m_{ee}| = (0 ÷ 5.1) meV at 99% CL. (1B)

The precise prediction is shown in fig. 12a.

b) In the case of inverted hierarchy (i.e. m_3 ≪ m_1 ≈ m_2, or Δm^2_3 < 0), from the prediction |m_{ee}| ≈ (Δm^2_3)^{1/2} × | cos^2 θ_{12} + e^{2iα} sin^2 θ_{12}| cos^2 θ_{13} (see section 2.4) we get the range

|m_{ee}| = (14 ÷ 53) meV at 90% CL and |m_{ee}| = (11 ÷ 58) meV at 99% CL. (2B)

The precise prediction is shown in fig. 12b. The inclusion of SNO ‘salt’ data does not significantly restrict the |m_{ee}| range because the main uncertainty is due to the Majorana phase α, no longer due to the oscillation parameters. If the present best-fit values were confirmed with infinite precision we would still have the loose range |m_{ee}| = (19 ÷ 45) meV at any CL. Ref. [4B] found a value in agreement with our results and emphasized that the lower bound on |m_{ee}| (here shown in the left part of fig. 12b) remains valid even if KamLAND or one of the solar data is dropped from a global analysis (the bound is ‘robust’).

The |m_{ee}| ranges for normal and inverted hierarchy do not overlap. Values of |m_{ee}| outside these ranges are possible if the lightest neutrino mass is not negligible, as shown in fig. 12d. If Δm^2_3 < 0 a non zero lightest neutrino mass does not allow smaller |m_{ee}| than in case b): eq. (2B) is a true lower bound. The darker regions in fig. 12d show how the predicted range of |m_{ee}| would shrink if the present best-fit values of oscillation parameters were confirmed with infinite precision. The two funnels present for Δm^2_3 > 0 have an infinitesimal width because we assume θ_{13} = 0 and would have a finite width if θ_{13} ≠ 0.

12To give a feeling of how accuratelty present fits can be summarized in this way, we dicuss the case of the solar mixing angle. According to our analysis, the 1σ ranges around the best-fit value are tan^2 θ = 0.414^{+0.05}_{−0.04} . Since errors are more asymmetric at larger confindence levels we prefer to report the symmetric 1σ range that gives the precise 99% CL range.

Figure 12: Predictions for |m_{ee}| assuming a hierarchical (fig. 12a) and inverted (fig. 12b) neutrino spectrum. In fig. 12c we update the upper bound on the mass of quasi-degenerate neutrinos implied by 0ν2β searches. The factor h ≈ 1 parameterizes the uncertainty in the nuclear matrix element (see sect. 2.1). In fig. 12d we plot the 90% CL range for m_{ee} as function of the lightest neutrino mass, thereby covering all spectra. The darker regions show how the m_{ee} range would shrink if the present best-fit values of oscillation parameters were confirmed with negligible error.

c) The bound on the mass m_{νe} of almost-degenerate neutrinos implied by present 0ν2β data is

m_{νe} < 0.9 (1.2) h eV at 90 (99%) CL. (3B)

The precise bound is shown in fig. 12c. The factor h ≈ 1 parameterizes the uncertainty in the nuclear matrix element (see sect. 2.1). As discussed in section 2.5 this bound is based on the fact that a large m_{νe} is compatible with the upper bound on |m_{ee}| only if θ_{12} ≈ π/4. Maximal solar mixing was already disfavoured at almost 4σ before salt SNO data and is now disfavoured at 5.4σ (fig. 12c). We employ the bound on |m_{ee}| from Heidelberg–Moscow (HM) data, as analyzed by the collaboration.

The bound on neutrino masses in eq. (3B), obtained combining oscillation and 0ν2β data under the assumption that neutrinos are Majorana particles, can be directly compared with the bound from direct searches of neutrino mass in tritium decays, m_{νe} < 2.2 eV at 95% CL, or with the tight limits obtained in cosmology [5B], m_{νe} < 0.23 eV at 95% CL. Fig. 12d also shows bounds from cosmology [5B] and from the Heidelberg-Moscow [34] 0ν2β experiment (assuming h = 1). Both bounds are somewhat controversial, and in both cases hints that some effect has been detected have been suggested by some alternative analyses [6B, 7B], not reported here. In practice, these bounds can be relaxed by a factor of two in more conservative analyses.

For β decay the predictions are (99% CL range): m_{νe} = (3.9 ÷ 10.8) meV for normal hierarchy and m_{νe} = (45 ± 4) meV for inverted hierarchy. This last value is 5 times below the planned sensitivity of Katrin.

References

[1B] The SNO collaboration, nucl-ex/0309004. See also

“HOWTO use the SNO salt flux results” available at the SNO web site www.sno.phy.queensu.ca. GNO and SAGE data have been presented in talks by E. Bellotti and V. Gavrin at VIIIth international conference on topics in astroparticle and underground physics (TAUP03), Seattle, (Sep. 5–9, 2003).

[2B] Talk by K. Nishikawa at the 2003 Lepton-Photon Conference (see the web site conferences.fnal.gov/lp2003). K2K collaboration, Phys. Rev. Lett. 90 (041801) 2003 (hep-ex/0212007).

[3B] P. Creminelli et al., J. HEP 05 (052) 2001

(hep-ph/0102234). Its e-print version, has been updated including the recent data from SNO.

[4B] H. Murayama, C. Peña-Garay, hep-ph/0309114. [5B] The cosmological bound on neutrino masses we

showed is obtained by combining WMAP data, C. L. Bennett et al., astro-ph/0302207, with largescale structure data: see D. N. Spergel et al., astro-ph/0302209 and references therein. This is similar to pre-WMAP analyses, A. Lewis and S. Bridle, Phys. Rev. D66 (2002) 103511. Weaker more conservative bounds are obtained in S. Hannestad, hep-ph/0302207 and M. Tegmark, talk at TAUP2003 (slides at int.phys.washington.edu/taup2003).

[6B] H.V. Klapdor-Kleingrothaus et al., Mod. Phys.

Lett. A37 (2001) 2409. There are a few recent contributions to the debate. The question of the intensity of the^{214} Bi lines was clarified in H.V. Klapdor-Kleingrothaus et al., Nucl. Instrum. Meth. A511 (2003) 335. An updated assessment of the statistical significance of the hint is in A. Strumia, hep-ex/0304039. A.M. Bakalyarov et al., hep-ex/0309016 expose reservations on the dataset used to claim for an ‘evidence’.

[7B] An analysis similar to [5B] but using X-ray galaxy cluster data instead than Lyman-α forest data found a hint for neutrino mass at about 0.2 eV rather than a bound: S.W. Allen et al., astro-ph/0306386.