arXiv:hep-ph/0607072v3 10 Jan 2007

Extended double seesaw model for neutrino mass spectrum and low scale leptogenesis

Sin Kyu Kang^∗ Center for Quantum Spacetime and Department of Physics, Sogang University, Seoul 121-742, Korea

C. S. Kim^† Department of Physics, Yonsei University, Seoul 120-749, Korea

Abstract

We consider a variant of seesaw mechanism by introducing extra singlet neutrinos, with which we show how the low scale leptogenesis is realized without imposing the tiny mass splitting between two heavy Majorana neutrinos required in the resonant leptogenesis. Thus, we can avoid the socalled gravitino problem when our scenario is supersymmetrized. We show that an introduction of the new singlet fermion leads to a new contribution which can enhance the lepton asymmetry for certain range of parameter space. We also examine how both the light neutrino mass spectrum and relatively light sterile neutrinos of order a few 100 MeV can be achieved without being in conflict with the constraints on the mixing between the active and sterile neutrinos.

PACS numbers: 98.80.-k, 14.60.St, 14.60.Pq

∗ E-mail : skkang1@sogang.ac.kr † E-mail : cskim@yonsei.ac.kr

There exist quite many motivations for postulating the existence of weak interaction singlets such as singlet neutrinos which may arise in most extensions of the standard model (SM); It is by now well known that the smallness of neutrino masses can be understood by introducing heavy singlet Majorana neutrinos via the so-called seesaw mechanism [1]. It was also noticed that sterile neutrinos could be a good viable candidate for cosmological dark matter [2]. The controversial result from the LSND experiment [3] seems to indicate that the complete picture of neutrino sector has need additional neutrinos beyond the three ordinary ones, which must be sterile. The sterile neutrino states can mix with the active neutrinos and such admixtures contribute to various processes which are forbidden in the SM, and affect the interpretations of cosmological and astrophysical observations. Thus, the masses of the sterile neutrinos and their mixing with the active neutrinos are subject to various experimental bounds as well as cosmological and astrophysical constraints.

In addition to the accomplishment of smallness for neutrino masses, another virtue of the seesaw mechanism is that it can be responsible for baryon asymmetry of our Universe via so-called leptogenesis [4]. However, the relevant scale of the typical leptogenesis with hierarchical heavy Majorana neutrino mass spectrum is larger than ∼ 10^9 GeV [5], which makes it impossible to probe the seesaw model at collider experiments in a foreseeable future. And thermal leptogenesis working at such a high mass scale encounters gravitino problem in the framework of supersymmetric SM as well. Thus, a low scale seesaw is desirable to reconcile such proplems. We may emphasize that it is also quite nontrivial to naturally realize the hierarchy of the neutrino mass spectrum in the seesaw model.

Resonant leptogenesis with very tiny mass splitting ((M_2 − M_1)/(M_2 + M_1) ∼ 10^{−6)}) of heavy Majorana neutrinos with M_1 ∼ 1 TeV has been proposed as a successful scenario for a low scale leptogenesis [6]. However, such a very tiny mass splitting may appears somewhat unnatural due to the required severe fine-tuning. In order to remedy such problems mentioned above in this letter, we consider a variant of the seesaw mechanism, in which an equal number of gauge singlet neutrinos is introduced on top of the heavy right-handed neutrinos. The model we consider looks similar to the so-called double seesaw mechanism [7], but is obviously different from it because mass terms of the heavy right-handed neutrinos, which are not present in the typical double seesaw model, are here introduced [8]. Such additional sterile neutrinos can be naturally incorporated into the superstring E_6 [7] and/or flipped SU(5) GUT [8]. Unlike to the typical double seesaw model, as will be shown later, our model permit both tiny neutrino masses and relatively light sterile neutrinos of order MeV which may play important roles in cosmology and astrophysics. It can also accommodate very tiny mixing between the active and sterile neutrinos demanded from the cosmological and astrophysical observations. Note that the effects of the heavy right-handed neutrinos are cancelled in our seesaw model for the tiny neutrino masses, whereas they may play an important role in generating MeV sterile neutrinos. In particular, we will show that a low scale thermal leptogenesis can be naturally achieved without encountering the problems described above. And we will examine how both the light neutrino mass spectrum and the sterile neutrino mass of order a few 100 MeV can be obtained without being in conflict with the constraints on the mixing between the active and sterile neutrinos. In this scenario, the mass terms of the newly introduced singlet neutrinos are responsible for the hierarchy of the light neutrino mass spectrum. Thus, the structure of the light neutrino mass matrix may be determined by the mechanism of screening of the Dirac flavor structure [9] in our model.

The Lagrangian we propose is given in the charged lepton basis as L = M_{Ri} N^T_i N_i + Y_{Dij}ν̄_iϕN_j + Y_{Sij} N̄_iΨS_j − μ_{ij}S^T_i S_j + h.c. , (1) where ν_i, N_i, S_i stand for SU(2)_L doublet, right-handed singlet and newly introduced singlet neutrinos, respectively. And ϕ and Ψ denote the SU(2)_L doublet and singlet Higgs sectors. The neutrino mass matrix after the scalar fields get vacuum expectation values becomes

M_ν = 0 m_{Dij} 0 m_{Dij} M_{Rii} M_{ij} 0 M_{ij} −μ_{ij} , (2)

where m_{Dij} = Y_{Dij} < ϕ >, M_{ij} = Y_{Sij} < Ψ >. Here we assume that M_R > M ≫ μ, m_D. After integrating out the right-handed heavy neutrino sector N_R in the above Lagrangian, we obtain the following effective lagrangian, − L_{eff} = (m^2_D)_{ij} 4M_R ν^T_i ν_j + m_{Dik} M_{kj} 4M_R (ν̄_iS_j + S̄_iν_j ) + M^2_{ij} 4M_R S^T_i S_j + μ_{ij}S^T_i S_j . (3)

After block diagonalization of the effective mass terms in L_{eff} , the light neutrino mass matrix and mixing between the active and sterile neutrinos are given by m_ν ≃ 1 2 m_D M μ (m_D M )_T , (4)

tan 2θ_s = 2m_DM M^2 + 4μM_R − m^2_D

, (5) where we omitted the indices of the mass matrices, m_D, M, M_R and μ for simplicity.

We note that the term m^2_D/M_R corresponding to typical seesaw (type I) mass is cancelled out. On the other hand, the sterile neutrino mass is approximately given as m_s ≃ μ + M^2 4M_R . (6)

Depending on the relative sizes among M, M_R, μ, the mixing angles θ_s and the sterile neutrino mass m_s are approximately given by

tan 2θ_s ≃ sin 2θ_s ≃ 2m_D M (for M^2 > 4μM_R : Case A), m_D M (for M^2 ≃ 4μM_R : Case B), m_D M 2μM_R (for M

2 < 4μM_R : Case C), (7)

and m_s ≃

M^2 4M_R (Case A),

2μ (Case B), μ (Case C). (8)

We can see from Eq. (8) that for M^2 ≤ 4μM_R, the size of μ is mainly responsible for the value of m_s. We also notice that the value of the mixing angle θ_s is suppressed by the scale of M or M_R. Thus, very small mixing angle θ_s can be naturally achieved in our seesaw mechanism. As expected, for Case A and Case B, the mixing angle θ_s constrained by the cosmological and astrophysical observation as well as laboratory experiments leads to constraints on the size of the ratio m_ν /μ through the Eq. (4) .

The existence of a relatively light sterile neutrino has nontrivial observable consequences for cosmology and astrophysics, so that the masses of sterile neutrinos and their mixing with the active ones must be subject to the cosmological and astrophysical bounds [11]. There are also some laboratory bounds which are typically much weaker than the astrophysical and cosmological ones. Those bounds turn out to be useful in the case that the cosmological and astrophysical limits become inapplicable. In the light of laboratory experimental as well as cosmological and astrophysical observations, there exist two interesting mass ranges of the sterile neutrinos, one is of order keV, and the other of order MeV. For those mass ranges of sterile neutrinos, their mixing with the active ones are constrained by various cosmological and astrophysical observations as described below.

It has been shown that a sterile neutrino with the mass in keV range appears to be a viable “warm” dark matter candidate [12]. The small mixing angle (sin θ ∼ 10^{−6} − 10^{−4}) between sterile and active neutrinos ensures that sterile neutrinos were never in thermal equilibrium in the early Universe and this allows their abundance to be smaller than the predictions in thermal equilibrium. Moreover, a sterile neutrino with these parameters is important for the physics of supernova, which can explain the pulsa kick velocities [13]. In addition, there are some bounds on the mass of sterile neutrino from the possibility to observe sterile neutrino radiative decays from X-ray observations and Lyman α−forest observations of order of a few keV.

On the other hand, there exists high mass region (m_s ≳ 100 MeV) of the sterile neutrinos, which is restricted by the CMB bound, meson decays and SN1987A cooling. For this mass range of sterile neutrino, the mixing between the active and sterile neutrinos is constrained to be approximately sin^2 θ_s ≲ 10^{−9} [11]. Such a high mass region may be very interesting, because induced contributions to the active neutrino mass matrix due to mixing between the active and sterile neutrinos can be dominant and they can be responsible for peculiar properties of the lepton mixing such as tri-bimaximal mixing and neutrino mass spectrum [11]. In addition, sterile neutrinos with mass 1-100 MeV can be a dark matter candidate for the explanation of the excess flux of 511 keV photons if sin^2 2θ_s ≲ 10^{−17} [14]. The detailed constraints coming from current astrophysical, cosmological and laboratory observations are presented in the figures of Ref. [11]. In this letter, we will focus on sterile neutrinos with masses in the range of MeV. Similarly, we can realize keV sterile neutrinos but at the price of naturalness for the magnitudes of some parameters.

First of all, let us consider how low scale leptogenesis can be successfully achieved in our scenario without severe fine-tuning such as very tiny mass splitting between two heavy Majorana neutrinos. In our scenario, the successful leptogenesis can be achieved by the decay of the lightest right-handed Majorana neutrino before the scalar fields get vacuum expectation values. As will be discussed, when our scenario is supersymmetrized, we can escape the so-called gravitino problem because rather light right-handed Majorana neutrino masses are possible in our scenario. In particular, there is a new contribution to the lepton asymmetry which is mediated by the extra singlet neutrinos.

Without loss of generality, we can rotate and rephase the fields to make the mass matrices M_{Rij} and μ_{ij} real and diagonal. In this basis, the elements of Y_D and Y_S are in general complex. The lepton number asymmetry required for baryogenesis is given by

ε_1 = − ∑ i [ Γ(N_1 → l̄_iH̄_u) − Γ(N_1 → l_iH_u) Γ_{tot}(N_1) ] , (9)

where N_1 is the lightest right-handed neutrino and Γ_{tot}(N_1) is the total decay rate. In our scenario, the introduction of the new singlet fermion leads to a new contribution to ε_1 which for certain range of parameters can enhance the effect. We show that as a result of this enhancement, even for M_1 as low as a few TeV, we can have successful leptogenesis while keeping tiny masses for neutrinos. Therefore, thermal production of N_1 does not need too high reheating temperature and the Universe would not encounter the gravitino overproduction [15].

FIG. 1: Diagrams contributing to lepton asymmetry.

Fig. 1 shows the structure of the diagrams contributing to ε_1. In addition to the diagrams of the standard leptogensis scenario [16], there is a new contribution of the diagram which corresponds to the self energy correction of the vertex arisen due to the new Yukawa couplings with singlet neutrinos and Higgs sectors. Assuming that the masses of the Higgs sectors and extra singlet neutrinos are much smaller compared to that of the right-handed neutrino, to leading order, we have Γ_{tot}(N_i) =

(Y_νY^†_ν + Y_sY^†_s )_{ii} 4π M_{Ri} (10) so that ε_1 = 1 8π ∑ k≠1 ([g_V (x_k) + g_S (x_k)]T_{k1} + g_S (x_k)S_{k1}) , (11)

where g_V (x) = √ x{1 − (1 + x)ln[(1 + x)/x]}, g_S (x) = √ x_k/(1 − x_k) with x_k = M^2_{Rk} /M^2_{R1} for k ≠ 1, T_{k1} =

Im[(Y_ν Y^†_ν )^2_{k1}] (Y_νY^†ν + Y_sY^†s )_{11}

(12) and S_{k1} =

Im[(Y_ν Y^†_ν )_{k1}(Y^†_s Y_s)_{1k}] (Y_ν Y^†ν + Y_sY^†s )_{11}

. (13)

Notice that the term proportional to S_{k1} comes from the interference of the tree-level diagram with diagram (d).

For x ≫ 1, the contributions of the self-energy diagrams become negligibly small, and thus the asymmetry can be approximately written as [17],

ε_1 ≃ − 3M_{R1} 16πv^2

Im[(Y^∗_ν m_ν Y^†_ν )_{11}] (Y_νY^†ν + Y_sY^†s )_{11}

, (14)

and thus bounded as |ε_1| < 3 16π M_{R1} v^2

(m_{ν3} − m_{ν1} ), (15)

where m_{νi} (i = 1 − 3) stands for mass eigenvalues of three light neutrinos. For hierarchical neutrino mass spectrum, we can identify m_{ν3} ≃ √ Δm^2_{atm} and then it is required that M_{R1} ≥ 2 × 10^9 GeV to achieve successful leptogenesis.

On the other hand, for x ≃ 1, the vertex contribution to ε_1 is much smaller than the contribution of the self-energy diagrams and the asymmetry ε is resonantly enhanced. To see how much the new contribution can be important in this case, for simplicity, we consider a particular situation where M_{R1} ≃ M_{R2} < M_{R3} , so that the effect of N_3 is negligibly small. In this case, the asymmetry can be written as

ε_1 ≃ − 1 16π [ M_{R2} v^2

Im[(Y^∗_ν m_ν Y^†_ν )_{11}] (Y_νY^†ν + Y_sY^†s )_{11} + ∑ k≠1 Im[(Yν Y † ν )_{k1}(Y_sY^†_s )_{1k}] (Y_ν Y^†ν + Y_sY^†s )_{11} ] R , (16)

where R is a resonance factor defined by R ≡ |M_{R1} |/(|M_{R2} | − |M_{R1} |). For successful leptogenesis, the size of the denominator of ε_1 should be constrained by the out-of-equilibrium condition, Γ_{N1} < H|_{T =MR1} with the Hubble expansion rate H, from which the corresponding upper bound on the couplings (Y_s)_{1i} reads √∑ i |(Y_s)_{1i}|^2 < 3 × 10^{−4} √ M_{R1} /10^9(GeV). (17)

As shown in Eqs. (14,15), the first term of Eq. (16) is bounded as (M_{R2} /16πv^2) √ Δm_{atm}2 R. If the first term of Eq. (16) dominates over the second one, R ∼ 10^{6−7} is required to achieve TeV scale leptogenesis, which implies severe fine-tuning. However, since the size of (Y_s)_{2i} is not constrained by the out-of-equilibrium condition, large value of (Y_s)_{2i} is allowed for which the second term of Eq. (16) can dominate over the first one and thus the size of ε_1 can be enhanced. For example, if we assume that (Y_ν )_{2i} is aligned to (Y^∗_s )_{2i}, i.e. (Y_s)_{2i} = κ(Y^∗_ν )_{2i} with constant κ, the upper limit of the second term of Eq. (16) is given in terms of κ by |κ|^2M_{R2} √ Δm^2_{atm}R/16πv^2, and then we can achieve the successful low scale leptogenesis by taking rather large value of κ instead of imposing very tiny mass splitting between M_{R1} and M_{R2} .

As one can estimate, the successful leptogenesis can be achieved for M_{R1} ∼ a few TeV, provided that κ = (Y_s)_{2i}/(Y_ν )^∗_{2i} ∼ 10^3 and M^2_{R2} /M^2_{R1} ∼ 10. We emphasize that such a requirement for the hierarchy between Y_ν and Y_s is much less severe than the required finetuning of the mass splitting between two heavy Majorana neutrinos to achieve the successful leptogenesis at low scale.

The generated B-L asymmetry is given by Y^{SM}_{B−L} = −ηε_1Y^{eq}_{N1} , where Y^{eq}_{N1} is the number density of the right-handed heavy neutrino at T ≫ M_{R1} in thermal equilibrium given by Y^{eq}_{N1} ≃^{45}_{π4}^{ζ(3)}_{g∗kB}^3_4 with Boltzmann constant k_B and the effective number of degree of freedom g^∗. The efficient factor η can be computed through a set of coupled Boltzmann equations which take into account processes that create or washout the asymmetry. To a good approximation the efficiency factor depends on the effective neutrino mass m̃_1 given in the presence of the new Yukawa interactions with the coupling Y_s by

m̃_1 =

(Y_νY^†_ν + Y_sY^†_s )_{11} M_{R1} v^2. (18)

In our model, the new process of type SΨ → lϕ will contribute to wash-out of the produced B-L asymmetry. The process occurs through virtual N_{2,3} exchanges and the rate is proportional to M_{R1} |Y_sY^∗_ν /M_{R2,3} |^2. Effect of the wash-out can be easily estimated from the fact that it looks similar to the case of the typical seesaw model if M_{R1} is replaced with M_{R1} (Y_s/Y_ν )^2. It turns out that the wash-out factor for (Y_s)_{1i} ∼ (Y_ν )_{1i}, (Y_s)_{2i}/(Y_ν)_{2i} ∼ 10^3 and M_{R1} ∼ 10^4 GeV is similar to the case of the typical seesaw model with M_{R1} ∼ 10^4 GeV and m̃_1 ≃ 10^{−3} eV, and is estimated so that ε_1 ∼ 10^{−6} can be enough to explain the baryon asymmetry of the universe provided that the initial number of the lightest right-handed neutrino is thermal [18]. Detailed numerical calculation of the wash-out effect is beyond the scope of this letter and will be presented elsewhere.

Now, let us examine how both light neutrino masses of order 0.01 ∼ 0.1 eV and sterile neutrino masses of order 100 MeV can be simultaneously realized in our scenario without being in conflict with the constraints on the mixing θ_s. Although the absolute values of three neutrinos are unknown, the largest and the next largest neutrino masses are expected to be of order of √ Δm^2_{atm} ≃ 0.05 eV and √ Δm^2_{sol} ≃ 0.01 eV, provided that the mass spectrum of neutrinos is hierarchical. There is also a bound on neutrino mass coming from the WMAP observation, which is m_ν ≲ 0.23 eV assuming three almost degenerate neutrinos. Thus, it is interesting to see how the neutrino mass of order of 0.01 ∼ 0.1 eV can be obtained in our scenario. We note that the low scale seesaw can be achieved by taking m_D to be 1-100 MeV which are of order of the first and second charged lepton masses. To begin with, for our numerical analysis, we take sin^2 θ_s ≃ 10^{−9}, which is allowed by the constraints for the mass of sterile neutrinos m_s ∼ a few 100 MeV as described before. Then, we determine the values of the parameters so that the sterile neutrino mass m_s and the lightest heavy Majorana neutrino mass M_{R1} are reached to be about 250 GeV and 1 TeV, respectively.

Case A : For M^2 > 4μM_R, sin^2 θ_s ≃ (m_D/M)^2 and it follows from Eq. (4) that m_{νi} ≃ 0.5 sin^2 θ_sμ_i. Then the value of the light neutrino mass is determined to be m_{νi} ≃ 0.01 (0.1) eV for μ_i ≃ 20 (200) MeV. For the given value of sin^2 θ_s, the size of M_i should be m_{Di} × √ 10^9, and thus the value of the lightest singlet neutrino mass M_1 is determined to be 30 GeV for m_{D1} ∼ 1 MeV which is order of electron mass. In this case, the lightest neutrino mass m_{ν1} depends on the size of μ_1 which should be much less than 20 MeV in the case of hierarchical light neutrino mass spectrum. We also see from Eq. (6) that m_{s1} ≃ 250 MeV can be realized by taking M_{R1} ≃ 1 TeV. As presented in Eq. (8), the size of μ does not strongly affect the value of m_s in this case.

As shown before, the successful leptogenesis could be achieved for M^2_{R2} ≃ 10 × M^2_{R1} , and thus in order to obtain m_{ν2} = 0.01 eV and m_{s2} ≃ 250 MeV, we require M_{R2} ≃ 3 TeV and M_2 ≃ 50 GeV which is achieved for m_{D2} ≃ 1.7 MeV. However, for μ_i ≃ 200 MeV which leads to m_{νi} ≃ 0.1 eV, the value of m_{si} must be more than 400 MeV. Thus, to realize a few 100 MeV sterile neutrino we should include the contribution of μ to m_s as well.

Case B : For M^2 = 4μM_R, tan 2θ_s ≃ 2 sin θ_s ≃ m_D/M. Then, for sin^2 θ_s ≃ 10^{−9}, the value of (m_D/M)^2 becomes 4 × 10^{−9}, from which the value of the light neutrino mass is determined to be m_{νi} ≃ 0.01 (0.1) eV for μ_i ≃ 5 (50) MeV. The sizes of M_i is given by 1.6 × 10^4 m_{Di} . In this case, since m_{si} ≃ 2μ_i as presented in Eq. (8), one can achieve m_s ≃ 100 MeV which corresponds to m_{νi} ≃ 0.1, whereas the mass of m_s corresponding to m_{νi} ≃ 0.01 is determined to be at most of order 10 MeV. Thus, the case of hierarchical light neutrino spectrum disfavors 100 MeV sterile neutrinos for the first and second generations.

In particular, the size of M_R is given by M^2/(4μ) ≃ 6 × 10^7m^2_D/μ ≃ 0.12m^2_D/m_ν , where we used Eqs. (4,5) to obtain the last relation. For example, if we take m_D ≃ 1 MeV and ν ≃ 0.1 eV, we obtain M_R ≃ 1.2 TeV. Therefore, it is rather easy to achieve the low scale leptogenesis in consistent with neutrino data as well as 100 MeV sterile neutrino in the case of the quasi-degenerate light neutrino mass spectrum of order 0.1 eV.

Case C : For 4μM_R > M^2, tan 2θ_s ≃ 2 sin θ_2 ≃ m_DM/(2μM_R). Combining this with Eq. (4), we obtain

sin θ_s = m^3_D 8m_ν MM_R . (19)

Then, the size of MM_R should be 4×10^5 (4×10^{11}) GeV^2 for sin^2 θ_s ≃ 10^{−9} and m_D = 1 (100) MeV. In this case, we have to know the size of M_i as well as μ_i in order to determine the light neutrino masses. Recall that the value of m_s strongly depends on that of μ as long as 4μM_R >> M^2.

For smaller values of θ_s, we note that larger value of μ is demanded so as to achieve the required value of the light neutrino mass. In what follows, we present our numerical results for sin^2 θ_s = 10^{−10}. Then, m_{νi} ≃ 0.5 × 10^{−10}μ_i, and the values of the light neutrino mass are determined to be m_{νi(=2,3)} ≃ 0.01 (0.1) eV for μ_i ≃ 200 ( 2 × 10^3) MeV in Case A and for μ_i ≃ 50 (500) MeV in Case B. The size of M_i should be 10^5 · m_{Di} in Case A and 5 × 10^4 · m_{Di} in Case B. Therefore, taking m_{D1} = 1 MeV , we obtain M_1 ≃ 100 GeV for Case A and M_1 ≃ 50 GeV for Case B. In this case, we can obtain from Eq. (6) that m_{s1} ≃ 250 MeV for M_{R1} ≃ 10 TeV in Case A, which is desirable for the low scale leptogenesis. For Case B, 100 MeV sterile neutrinos can only be achieved for the second generation. But, we see that the sterile neutrino masses become GeV scale for the cases of μ_i = 2 × 10^3(500) MeV in Case A (B).

In summary, we have considered a variant of seesaw mechanism by introducing extra singlet neutrinos and investigated how the low scale leptogenesis is realized without imposing he tiny mass splitting between two heavy Majorana neutrinos, which makes us avoid the so-called gravitino problem when our scenario is supersymmetrized. We have shown that the introduction of the new singlet fermion leads to a new contribution to lepton asymmetry and it can be enhanced for certain range of parameters. We have also examined how both the light neutrino mass spectrum and relatively light sterile neutrinos of order a few 100 MeV can be achieved without being in conflict with the constraints on the mixing between the active and sterile neutrinos. One of the noticeable features of our seesaw model is that the effects of the heavy right-handed neutrinos are cancelled in seesaw for the tiny neutrino masses, whereas they play an important role in generating light sterile neutrinos.

Acknowledgement:

SKK is supported in part by the KOSEF SRC program through CQUeST with Grant No. R11-2005-021 and in part by KOSEF Grant No. R01-2003-000-10229-0. CSK is supported in part by CHEP-SRC and in part by the Korea Research Foundation Grant funded by the Korean Government (MOEHRD) No. KRF-2005-070-C00030.

[1] T. Yanagida, in Proc. of the Workshop on Unified Theories and Baryon Number in the Universe, ed.O. Sawada and A. Sugamoto, 95 (KEK, Japan, 1979); M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, ed. P. Nieuwenhuizen and D. Freeman (North Holland, Amsterdam, 1979); R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, (1980) 912.

[2] S. Dodelson and L. M. Widrow, Phys. Rev. Lett. 72, (1994) 17. [3] C. Athannassopoulos et al., [LSND Collaboration], Phys. Rev. Lett. 81, (1998) 1774. [4] M. Fukugida and T. Yanagida, Phys. Lett. B174, (1986) 45.

[5] S. Davidson, A. Ibarra, Phys. Lett. B535, (2002) 25; W. Buchmuller, P. Di Bari and M.

Plumacher, Nucl. Phys. B643, (2002) 367.

[6] A. Pilaftsis, Phys. Rev. D56, (1997) 5431; Nucl. Phys. B504, (1997) 61; A. Pilaftsis and T.

E.J. Underwood, Nucl. Phys. B692, (2004) 303.

[7] R. N. Mohapatra, Phys. Rev. Lett. 56, (5) ,61 (1986); R. N. Mohapatra and J. W. F. Valle, Phys. Rev. D34, (1986) 1642.

[8] J. Ellis, J. L. Lopez and D. V. nanopoulos, Phys. Lett. B292, (1992) 189; J. Ellis, D.

V.Nanopoulos and K. Olive, Phys. Lett. B300, (1993) 121. [9] M. Lindner, M. A. Schmit and A. Yu. Smirnov, JHEP 0507, 048 (2005). [10] P. Jean et al., Astron. Astrophys. 407, L55 (2003); J. Knodlseder et al., Astron. Astrophys.

411, L45 (2003); J. F. Beacom, N. F. Bell and G. Bertone, Phys. Rev. Lett. 94, (2005) 171301; P. D. Serpico and G. G. Raffelt, Phys. Rev. D70, (2004) 043526; K. Ahn and E.Komatsu, Phys. Rev. D72, (2005) 061301(R); N. Borodatchenkova, D. Choudhury and M. Drees, Phys. Rev. Lett. 96, (2006) 141802.

[11] A. Yu. Smirnov and R. Z. Funchal, arXiv:hep-ph/0603009; and references therein. [12] A. D. Dolgov and S. H. Hansen, Astropart. Phys. 16, 339 (2002); T. Asaka, S. Blanchet and M. Shaposhnikov, Phys. Lett. B631, (2005) 151.

[13] A. Kusenko, G. Segre, Phys. Lett. B396, (1997) 197. [14] C. Picciotto and M. Pospelov, Phys. Lett. B605, (2005) 15. [15] M. Kawasaki et al., Phys. Rev. D71, (2005) 083502.

[16] See e.g., L. Covi, E. Roulet and F. Vissani, Phys. Lett. B384, (1996) 169. [17] S. Davidson and A. Ibarra, Phys. Lett. B535, (2002) 25.

[18] W. Buchmuller et al., Nucl. Phys. B643, (2002) 367; arXive:hep-ph/0502169.