arXiv:1210.6036v3 [hep-ph] 25 Feb 2013

Constraining models for keV sterile neutrinos by quasi-degenerate active neutrinos

Alexander Merle^∗

Physics and Astronomy, University of Southampton, Southampton, SO17 1BJ, United Kingdom

February 26, 2013

Abstract

We present a No-Go theorem for keV sterile neutrino Dark Matter: if sterile neutrinos at the keV scale play the role of Dark Matter, they are typically unstable and their decay produces an astrophysical monoenergetic X-ray line. It turns out that the observational bound on this line is so strong that it contradicts the existence of a quasi-degenerate spectrum of active neutrinos in a seesaw type I framework where the Casas-Ibarra matrix R is real. This is the case in particular for models without CP violation. We give a general proof of this theorem. While the theorem (like every No-Go theorem) relies on certain assumptions, the situation under which it applies is still sufficiently general to lead to interesting consequences for keV neutrino model building. In fact, depending on the outcome of the next generation experiments, one might be able to rule out whole classes of models for keV sterile neutrinos.

∗email: A.Merle@soton.ac.uk

1 Introduction

In spite of having considerable astrophysical evidence for Dark Matter (DM) [1], we still do not know its true identity. While the condition to correctly form cosmological structure rules out hot (highly relativistic) DM [2, 3], the other two possibilities of cold (nonrelativistic) or warm (moderately relativistic) DM are still consistent with all constraints. Apart from weakly interacting massive particles (WIMPs), which are generic cold DM candidates, the case of particle warm or cold DM with a mass of a few keV has attracted the interest of the structure formation simulation community [4, 5, 6, 7, 8, 9, 10], too. In addition, this was fueled by model-independent analyses [11, 12] and surveys like ALFALFA [13], which suggest the possibility of keV-DM.

One of the prime candidates for keV-scale DM with suppressed interactions is a sterile neutrino N_1. The main framework proposed is the νMSM [14], which can simultaneously account for neutrino oscillations, Dark Matter, and the baryon asymmetry of the Universe [15, 16]. In fact, sterile (or right-handed) neutrinos are necessary in many frameworks with a non-zero light neutrino mass, which makes it attractive to use them not only for the generation of a small active neutrino mass but also for other purposes. Furthermore, such settings offer the possibility to probe the DM sector with the help of low-energy neutrino data, provided that the two are tightly linked in a concrete model.

Accordingly, keV sterile neutrinos have been investigated in many contexts, such as Left-Right symmetry [17, 18], composite neutrinos [19, 20], or within the scotogenic model [21, 22]. The two main tasks are to motivate the existence of the keV scale in the first place, and to generate the correct DM relic abundance, see Ref. [23] for an overview. Several models that achieve the former point have been suggested, using a flavour symmetry [24, 25, 26, 27], the Froggatt-Nielsen mechanism [28, 29, 30], split seesaw [31, 32], or an extended seesaw mechanism [28, 33]. Examples for production mechanisms are resonant [34] and non-resonant [35] (non-) thermal production, in particular the decay of a scalar particle [36], or thermal overproduction with subsequent entropy dilution [37]. These ideas have been applied to keV sterile neutrinos or to extended scanerios (see, e.g., Refs. [17, 18, 38, 39, 40, 41, 42, 43, 44, 45, 46]).

Models of the flavour structure are very attractive to explain the patterns in the light (active) neutrino spectrum. While by neutrino oscillation experiments we have measured all leptonic mixing angles and mass square differences [47, 48, 49], we still do not know the absolute neutrino mass scale. On the other hand, from kinematical determinations of the neutrinos mass [50, 51], from experiments on neutrinoless double beta decay [52, 53], and from cosmological observations [1], it is fair to say that the true neutrino mass is below 1 eV. However, we still do not know the pattern of the light neutrino masses, they could be either normally (m_1 < m_2 < m_3) or inversely (m_3 < m_1 < m_2) ordered. In case the absolute light neutrino mass scale m_0 is much larger than the corrections by the two mass-square differences, m_0 ≫ √ Δm^2_{A,⊙}, all light neutrino masses would be roughly equal, m_{1,2,3} ≃ m_0, and the corresponding pattern is called quasi-degenerate (QD).

In this paper we present a little No-Go theorem, which proves that a QD mass pattern for light neutrinos is inconsistent with the existence of keV sterile neutrino DM in the absence of CP violation or, even more general, in the case of a real Casas-Ibarra (CI) matrix R. After presenting and proving the theorem in Sec. 2, we give a discussion of its implications in Sec. 3 before concluding in Sec. 4.

The work presented here is a generalization of the considerations in Refs. [14, 54]. Although in particular Ref. [14] arrives at similar formulas, it for example does not contain a discussion on the aspects concerning CP violation. This is an important and fundamental point which becomes most easily visible in the CI parametrization: this parametrization separates the CP violation in the light neutrino sector, contained in the Pontocorvo-Maki- Nagakawa-Sakata (PMNS) matrix U_{PMNS}, from the one in the heavy sector, contained in the CI matrix R. In particular when investigating a concrete model it is often possible to derive an explicit expression for R, which can immediately be used to match it with the considerations in this paper. An equally useful point presented here is the detailed discussion of when the No-Go theorem is not applicable: when developing a new model, it may for certain reasons be desirable to avoid this constraint. This can be easily done by making use of the list of ways around the theorem presented here. Another new point is the connection to the cosmological sum Σ of light neutrino masses. This is particularly important in the light of new cosmological data to be expected from the Planck satellite [55], which is not unlikely to measure the value of Σ. Finally, the GERDA experiment [56] can be expected to yield results soon [57], which makes the research presented here even more timely: in principle, GERDA could determine the light neutrino spectrum to be QD, by observing a corresponding rate of neutrino-less double beta decay, or it could strongly constrain the QD pattern for the case of Majorana neutrinos.

2 The No-Go theorem

In this section, we will show under which circumstances keV sterile neutrino Dark Matter is not consistent with the existence of quasi-degenerate active neutrinos. Let us state the theorem first and then give a proof of its validity.

No-Go theorem:

Consider a type I seesaw situation with three left-handed and three right-handed neutrinos, where the Casas-Ibarra matrix R is real and where the lightest sterile neutrino mass eigenstate N_1 mainly decays via the channel N_1 → νγ. Then, N_1 cannot play the role of keV Dark Matter while at the same time the light neutrino mass pattern is quasidegenerate.

Proof:

The usual 6 × 6 mass matrix in a seesaw type I situation is given by

M_ν = ( 0 m_D m^T_D M_R ) . (1)

In the charged lepton mass basis, the mass matrix M_ν is fully diagonalized by a unitary matrix U, according to

D ≡ U^T M_ν U = ( D_ν 0 0 D_N ) , where (2)

U ≃ ( 1 −^1_2 m^∗_DM^{−1}_R^∗M^{−1}_R m^T_D m^∗_DM^{−1}_R^∗ −M^{−1}_R m^T_D 1 −^1_2 M^{−1}_R m^T_Dm^∗_DM^{−1}_R^∗ ) ( U_{PMNS} 0 0 V_R ) , with D_ν = diag(m_1, m_2, m_3) = U^T_{PMNS}m_ν U_{PMNS} and D_N = diag(M_1, M_2, M_3) = V^T_R M_RV_R. Here, m_ν = −m_DM^{−1}_R m^T_D is the usual seesaw type I [58, 59, 60, 61, 62] light neutrino mass matrix, with eigenvalues m_{1,2,3}. In turn, M_R has eigenvalues M_{1,2,3}, where 0 < M_1 ≪ M_{2,3}.^1 The first matrix factor in U from Eq. (2) approximately block-diagonalizes the whole matrix M_ν , while the unitary PMNS matrix U_{PMNS} and the unitary matrix V_R diagonalize the submatrices m_ν and M_R, respectively.

We can hide our lack of knowledge on the 6 × 6 matrix M_ν by shifting all unknowns into a complex orthogonal matrix R. This is called the Casas-Ibarra parametrization [63], and in a basis where M_R = diag(M_1, M_2, M_3) it amounts to rewriting the Dirac mass matrix m_D as

m_D = iU^∗diag( √ m_1, √ m_2, √ m_3)R^T diag( √ M_1, √ M_2, √ M_3), (3)

where U ≡ U_{PMNS}.

1One could ask whether the seesaw formula is at all applicable, since one might be in danger to divide by a small mass M_1 = O(keV). However, anticipating the X-ray bound, cf. discussion before Eq. (10), as well as the Lyman-α bound, cf. Sec. 3, one can conclude that |m_{De1}|^2 + |m_{Dμ1}|^2 + |m_{Dτ 1}|^2 ≪ M^2_1 , and hence, due to the sum over absolute values, |m_{Dα1}| ≪ M_1, which makes the seesaw formula valid. This behavior could be dubbed as the keV seesaw practicality theorem.

The active sterile mixing angle between the light flavour α and the heavy generation i is, according to Eq. (2), given by [30, 64] θ_{αi} ≡ U_{α,3+i} = [ m^∗_DM^{−1}_R^∗V_R ] αi , (4) and Eq. (3) as well as the diagonal M_R lead to θ_{αi} = −i [ Udiag( √ m_1, √ m_2, √ m_3)R^†diag(1/ √ M_1, 1/ √ M_2, 1/ √ M_3) ] αi . (5)

A trivial calculation yields: θ_{αi} = −i ∑ k,l,m U_{αk} √ m_kδ_{kl}R^†_{lm} 1 √ M_m δ_{mi} = −i ∑ k,l √ m_k M_i U_{αk}δ_{kl}R^∗_{il} = −i ∑ k √ m_k M_i U_{αk}R^∗_{ik}. (6) Aiming at using the X-ray bound, the observable combinations of the mixing angles take on the form [30]

θ^2_i ≡ ∑ α |θ_{αi}|^2 = ∑ α ∑ k,l √ m_km_l M_i U_{αk}U^∗_{αl}R^∗_{ik}R_{il} = ∑ k,l √ m_km_l M_i ( ∑ α U^†_{lα}U_{αk} ) R_{il}R^†_{ki}. (7)

Using the fact that the PMNS matrix is unitary,^2 we can conclude that ∑ α U^†_{lα}U_{αk} = δ_{lk}, which yields θ^2_i = ∑ k m_k M_i R_{ik}R^†_{ki}. (8) Note that no sum over i is implied in Eq. (8).

Now we can see what happens: if the light neutrinos are quasi-degenerate in mass, m_k ≃ m_0 ≫ √ Δm^2_A for k = 1, 2, 3, then the factor m_k can be pulled out of the sum in Eq. (8). If in addition the complex orthogonal matrix R is also unitary (i.e., it must actually be real,^3 as is the case in many models in the literature), then ∑ k R_{ik}R^†_{ki} = δ_{ii} = 1 implies an interesting correlation between the i-th active-sterile mixing angle, the i-th heavy neutrino mass M_i, and the light neutrino mass m_0:

θ^2_i = m_0 M_i . (9)

2Note that, in Eq. (2), the PMNS matrix U is exactly unitary since it diagonalizes the upper 3 × 3 block m_ν of the black-diagonalized version of the full 6 × 6 matrix M_ν . Non-unitarity of the PMNS matrix [65] would apply to the upper left 3 × 3 of the matrix U, which is only approximately unitary.

3From R^T R = R^†R = 1 it follows immediately that R^∗ = R, which means that R is real.

In particular for i = 1, a hard bound on θ_i exists, roughly given by θ^2_1 ≲ 1.8·10^{−5}

(_{1 keV}

M_1

)_5 [66].

Applying this bound to Eq. (9), one obtains

m_0 1 eV

≲ 1.8 · 10^{−2} ( 1 keV M_1

)_4 , (10)

which can never be fulfilled: even for extremely small values of M_1 ≃ 1 keV, which are already excluded by Lyman-α (Ly-α) data [6], one would need m_0 ≲ 0.018 eV < √ Δm^2_A ≃ 0.050 eV [47] to fulfill Eq. (10), while the condition for a quasi-degenerate active neutrino spectrum would require m_0 ≫ √ Δm^2_A. Larger values of M_1 would make the situation even worse, and hence the two properties, N_1 as keV sterile neutrino Dark Matter and quasi-degenerate active neutrinos, cannot be fulfilled simultaneously. □

Note that there is an interesting nuance to Eq. (9): for quasi-degenerate light neutrinos, the cosmological sum of neutrino masses is given by

Σ = m_1 + m_2 + m_3 ≃ 3m_0, (11)

in case that we have three light neutrinos contributing to Σ. This is particularly true in a seesaw type I setting where the lightest sterile neutrino has a mass of O(keV). Then, the corresponding correlation looks like:

θ^2_i = Σ 3M_i . (12)

This version of Eq. (9) is another testable relation, at least in principle, and this time by data from astrophysical observations only. However, note that systematic errors in Σ are known to be able to lead to wrong conclusions on the neutrino mass [67], which could also lead to problems when applying Eq. (12).

3 Discussion

Let us graphically illustrate the situation described in Sec. 2, which is done in Fig. 1. We have plotted the upper bound on m_0 arising from Eq. (9) when the X-ray bound is imposed. We have used both, the simplified form of the X-ray bound by Boyarsky, Ruchayskiy, and Shaposhnikov (BRS) [66], as done in Eq. (10), and the more elaborate bound by Canetti, Drewes, Frossard, and Shaposhnikov (CDFS) [15, 16], who combined data from Refs. [68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79]. This has to be compared with

Figure 1: The illustration of the No-Go theorem in the m_0–M_1 plane. The requirement of having QD active neutrinos yields a lower bound on m_0, while the X-ray bound yields an upper bound. Clearly, both requirements are inconsistent with each other.

the requirement of having a quasi-degenerate mass pattern for active neutrinos, which can be described by the use of a degeneracy parameter p defined by p ≡ √ m^2 + Δm^2_A − m √ m^2 + Δm^2_A

∈ [0, 1], (13)

where m denotes the lightest active neutrino mass. We have displayed the resulting lower bounds for relative degeneracies of 10%, 1%, and 0.1%. For illustration, we have also included some lower bounds on M_1, which arise from cosmological structure formation: the Tremaine-Gunn bound [80] applied to the case of keV sterile neutrinos roughly leads to M_1 ≳ 1 keV [81, 82]. More elaborate bounds take into account the details of the production mechanism: with the Lyman-α data as example, for non-resonantly produced keV steriles [35] the lower bound is about M_1 ≳ 8 keV [6], while for the case of thermal overproduction with subsequent entropy dilution this bound has to be rescaled to M_1 ≳ 1.6 keV [17]. Note that generic upper bounds on M_1 are in the region of about 50 keV, but the exact value depends on the production mechanism [16, 23].

Let us now discuss how certain models could or could not be probed by the No-Go theorem: first of all, as explained in Sec. 2, we can only constrain QD situations. However, in mass models for keV sterile neutrinos we need a strong hierarchy in the sterile sector [23].

In some models, such as the ones based on L_e −L_μ −L_τ symmetry [24, 25] or the ones based on the Froggatt-Nielsen mechanism [28, 29, 30], these hierarchies tend to translate into the light neutrino sector. In the extended seesaw mechanism [28, 33], one light neutrino is even exactly massless. On the other hand, in models such as the ones based on the split seesaw mechanism [31, 32] there is no such natural tendency. These latter types of models could be constrained by the No-Go theorem.

A realistic situation in a few years from now is that an experiment like KATRIN [83] or MARE [84], ideally in accordance with an experiment like GERDA [56] proving the Majorana nature of neutrinos, has established the light neutrino mass pattern to be QD, while direct DM searches continued to fail detecting anything. Then, we would need to find models explaining this situation, while at the same time trying to keep a non-WIMP DM candidate like the keV sterile neutrino in existence. In such a situation, as soon as the CI matrix is real in a certain model, the No-Go theorem applies. While the requirement of a real matrix R sounds very restrictive at first sight, it is actually quite often the case that models invoke situations like the absence of CP violation. In such a case, the theorem would immediately be applicable. Indeed, a whole class of CP symmetric models for keV sterile neutrinos would be in trouble in that situation. But even if CP violation is present, it could well be completely contained in the light sector Dirac and Majorana CP phases δ and (α, β) of the PMNS matrix, respectively, while the CI matrix R is still real.

Let us end by discussing how to avoid the situation of the No-Go theorem. The theorem presented here is, as any No-Go theorem, based on certain assumptions. If one of these assumptions is not fulfilled, the theorem is not applicable. In order to illustrate the points more clearly, we make a short list of the assumptions involved and describe how to avoid them:

• QD light neutrinos:

If the light neutrino mass pattern is not QD, the step from Eq. (8) to Eq. (9) is invalid. However, at the moment we do not know this mass pattern and we have to wait for experimental input.

• R must be real:

If there is considerable CP violation in the model, Im(R) is not negligible. This would also invalidate the step from Eq. (8) to Eq. (9). On the other hand, if a QD pattern is observed and a keV sterile neutrino is the DM in a certain model (or maybe even identified in a lab-based experiment [85, 86, 87, 88]), the combination of all information would proof the existence of CP violation by principle reasons.

• The framework must be close to seesaw type I :

We need a seesaw type I situation in order for the form of the matrix in Eq. (1) to be valid. While any seesaw type II [89, 90] contribution destroys that argument, this is not true for a split seesaw setup [31, 32]. Even in more general seesaw scenarios, Eq. (1) and the subsequent arguments could be valid up to the dimensions of the matrices.

• N_1 must decay like N_1 → νγ:

If for some reason this decay is hindered, e.g. by a symmetry that stabilizes N_1, then the X-ray bound displayed in Fig. 1 does not apply. In such a case, there would be no inconsistency in the observables, and the No-Go theorem would not be valid.

• N_1 must make up a considerable part of the DM :

If we have multi-species DM, the X-ray bound would not be fully invalidated, but certainly be weakened. This is not a priori a problem, since the plot presented in Fig. 1 is logarithmic and even a weaker X-ray bound could lead to an inconsistent situation in which the No-Go theorem applies. However, there might be cases in which a sufficiently stable keV sterile neutrino N_1 exists but it makes up only a tiny fraction of the DM in the Universe. While in such a situation we might not even talk about “keV sterile neutrino DM”, it would nevertheless formally invalidate the No-Go theorem.

Hence, as for any No-Go theorem, there are ways to avoid it. On the other hand, in situations where it is applicable the theorem could be a powerful handle to constrain or even exclude certain models, by this contributing to our knowledge on neutrinos and Dark Matter.

4 Conclusions

We have presented a No-Go theorem which shows that, under certain circumstances, a quasi-degenerate mass pattern of light neutrinos is not consistent with keV sterile neutrino Dark Matter. While there are clearly situations in which the theorem is invalid, it nevertheless applies to the relatively large class of models with a real CI-matrix R in a seesaw type I situation and an unstable keV sterile neutrino as Dark Matter. After stating and proving the theorem, we have given a discussion of its implications and of the possible ways around it. The theorem could have very interesting consequences for model building in case that experiments on the light neutrino mass reveal at some point a QD mass pattern.

Acknowledgements

AM would like to thank S. F. King and V. Niro for carefully reading the manuscript and giving valuable comments. AM acknowledges financial support by a Marie Curie Intra-European Fellowship within the 7th European Community Framework Programme FP7-PEOPLE-2011-IEF, contract PIEF-GA-2011-297557, and partial support from the European Union FP7 ITN-INVISIBLES (Marie Curie Actions, PITN-GA-2011- 289442).

References

[1] E. Komatsu et al. (WMAP), Astrophys. J. Suppl. 192, 18 (2011), 1001.4538. [2] K. Abazajian, E. R. Switzer, S. Dodelson, K. Heitmann, and S. Habib, Phys. Rev.

D71, 043507 (2005), astro-ph/0411552. [3] R. de Putter et al. (2012), 1201.1909.

[4] P. Bode, J. P. Ostriker, and N. Turok, Astrophys. J. 556, 93 (2001),

astro-ph/0010389.

[5] S. H. Hansen, J. Lesgourgues, S. Pastor, and J. Silk, Mon. Not. Roy. Astron. Soc.

333, 544 (2002), astro-ph/0106108.

[6] A. Boyarsky, J. Lesgourgues, O. Ruchayskiy, and M. Viel, JCAP 0905, 012 (2009),

0812.0010.

[7] M. Lovell et al. (2011), 1104.2929.

[8] D. Boyanovsky and J. Wu, Phys. Rev. D83, 043524 (2011), 1008.0992. [9] D. Boyanovsky, Phys. Rev. D83, 103504 (2011), 1011.2217. [10] F. Villaescusa-Navarro and N. Dalal, JCAP 1103, 024 (2011), 1010.3008. [11] H. J. de Vega and N. G. Sanchez, Mon. Not. Roy. Astron. Soc. 404, 885 (2010),

0901.0922.

[12] H. J. de Vega, P. Salucci, and N. G. Sanchez (2010), 1004.1908. [13] E. Papastergis, A. M. Martin, R. Giovanelli, and M. P. Haynes, Astrophys. J. 739, 38 (2011), 1106.0710.

[14] T. Asaka, S. Blanchet, and M. Shaposhnikov, Phys. Lett. B631, 151 (2005),

hep-ph/0503065.

[15] L. Canetti, M. Drewes, and M. Shaposhnikov (2012), 1204.3902. [16] L. Canetti, M. Drewes, T. Frossard, and M. Shaposhnikov (2012), 1208.4607. [17] F. Bezrukov, H. Hettmansperger, and M. Lindner, Phys. Rev. D81, 085032 (2010),

0912.4415.

[18] M. Nemevsek, G. Senjanovic, and Y. Zhang, JCAP 1207, 006 (2012), 1205.0844. [19] Y. Grossman and D. J. Robinson, JHEP 01, 132 (2011), 1009.2781. [20] D. J. Robinson and Y. Tsai, JHEP 1208, 161 (2012), 1205.0569. [21] D. Aristizabal Sierra, J. Kubo, D. Restrepo, D. Suematsu, and O. Zapata, Phys.

Rev. D79, 013011 (2009), 0808.3340.

[22] G. B. Gelmini, E. Osoba, and S. Palomares-Ruiz, Phys. Rev. D81, 063529 (2010),

0912.2478.

[23] K. Abazajian, M. Acero, S. Agarwalla, A. Aguilar-Arevalo, C. Albright, et al. (2012),

1204.5379.

[24] M. Shaposhnikov, Nucl. Phys. B763, 49 (2007), hep-ph/0605047. [25] M. Lindner, A. Merle, and V. Niro, JCAP 1101, 034 (2011), 1011.4950. [26] T. Araki and Y. Li, Phys. Rev. D85, 065016 (2012), 1112.5819. [27] K. Allison (2012), 1210.6852.

[28] J. Barry, W. Rodejohann, and H. Zhang, JHEP 07, 091 (2011), 1105.3911. [29] A. Merle and V. Niro, JCAP 1107, 023 (2011), 1105.5136. [30] J. Barry, W. Rodejohann, and H. Zhang, JCAP 1201, 052 (2012), 1110.6382. [31] A. Kusenko, F. Takahashi, and T. T. Yanagida, Phys. Lett. B693, 144 (2010),

1006.1731.

[32] A. Adulpravitchai and R. Takahashi, JHEP 09, 127 (2011), 1107.3829. [33] H. Zhang, Phys. Lett. B714, 262 (2012), 1110.6838.

[34] X.-D. Shi and G. M. Fuller, Phys. Rev. Lett. 82, 2832 (1999), astro-ph/9810076. [35] S. Dodelson and L. M. Widrow, Phys. Rev. Lett. 72, 17 (1994), hep-ph/9303287. [36] M. Shaposhnikov (2010), published in Bertone, G. (ed.): “Particle dark matter”, p.

228-248.

[37] R. J. Scherrer and M. S. Turner, Phys. Rev. D31, 681 (1985). [38] T. Asaka, M. Shaposhnikov, and A. Kusenko, Phys. Lett. B638, 401 (2006),

hep-ph/0602150.

[39] T. Asaka, M. Laine, and M. Shaposhnikov, JHEP 06, 053 (2006), hep-ph/0605209. [40] T. Asaka, M. Laine, and M. Shaposhnikov, JHEP 01, 091 (2007), hep-ph/0612182. [41] M. Laine and M. Shaposhnikov, JCAP 0806, 031 (2008), 0804.4543. [42] J. Wu, C.-M. Ho, and D. Boyanovsky, Phys. Rev. D80, 103511 (2009), 0902.4278. [43] M. Shaposhnikov and I. Tkachev, Phys. Lett. B639, 414 (2006), hep-ph/0604236. [44] F. Bezrukov, A. Kartavtsev, and M. Lindner (2012), 1204.5477. [45] S. Khalil and O. Seto, JCAP 0810, 024 (2008), 0804.0336. [46] S. F. King and A. Merle, JCAP 1208, 016 (2012), 1205.0551. [47] D. Forero, M. Tortola, and J. Valle (2012), 1205.4018.

[48] G. Fogli, E. Lisi, A. Marrone, D. Montanino, A. Palazzo, et al., Phys. Rev. D86, 013012 (2012), 1205.5254.

[49] M. Gonzalez-Garcia, M. Maltoni, J. Salvado, and T. Schwetz (2012), 1209.3023. [50] V. M. Lobashev, Phys. Atom. Nucl. 63, 962 (2000).

[51] C. Kraus, B. Bornschein, L. Bornschein, J. Bonn, B. Flatt, et al., Eur. Phys. J. C40, 447 (2005), hep-ex/0412056.

[52] H. Klapdor-Kleingrothaus, A. Dietz, L. Baudis, G. Heusser, I. Krivosheina, et al., Eur. Phys. J. A12, 147 (2001), hep-ph/0103062.

[53] E. Andreotti, C. Arnaboldi, F. Avignone, M. Balata, I. Bandac, et al., Astropart.

Phys. 34, 822 (2011), 1012.3266.

[54] A. Boyarsky, A. Neronov, O. Ruchayskiy, and M. Shaposhnikov, JETP Lett. 83, 133 (2006), hep-ph/0601098.

[55] Planck Science Team, http://www.rssd.esa.int/index.php?project=planck. [56] GERDA Collaboration, http://www.mpi-hd.mpg.de/gerda/home.html. [57] P. Grabmayr, Results from GERDA, Talk given at The XXV International Conference on Neutrino Phyisics and Astrophysics, 6th June 2012, Kyoto, Japan,

http://neu2012.kek.jp/index.html.

[58] P. Minkowski, Phys. Lett. B67, 421 (1977). [59] T. Yanagida, Conf. Proc. C7902131, 95 (1979).

[60] M. Gell-Mann, P. Ramond, and R. Slansky, Conf. Proc. C790927, 315 (1979), to be published in Supergravity, P. van Nieuwenhuizen & D. Z. Freedman (eds.), North Holland Publ. Co., 1979.

[61] S. L. Glashow, NATO Adv. Study Inst. Ser. B Phys. 59, 687 (1980), preliminary version given at Colloquium in Honor of A. Visconti, Marseille-Luminy Univ., Jul 1979.

[62] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980). [63] J. Casas and A. Ibarra, Nucl. Phys. B618, 171 (2001), hep-ph/0103065. [64] T. Asaka, S. Eijima, and H. Ishida, JHEP 1104, 011 (2011), 1101.1382. [65] S. Antusch, C. Biggio, E. Fernandez-Martinez, M. B. Gavela, and J. Lopez-Pavon, JHEP 0610, 084 (2006), hep-ph/0607020.

[66] A. Boyarsky, O. Ruchayskiy, and M. Shaposhnikov, Ann. Rev. Nucl. Part. Sci. 59, 191 (2009), 0901.0011.

[67] W. Maneschg, A. Merle, and W. Rodejohann, Europhys. Lett. 85, 51002 (2009),

0812.0479.

[68] A. Dolgov and S. Hansen, Astropart. Phys. 16, 339 (2002), hep-ph/0009083. [69] K. Abazajian, G. M. Fuller, and W. H. Tucker, Astrophys. J. 562, 593 (2001),

astro-ph/0106002.

[70] A. Boyarsky, A. Neronov, O. Ruchayskiy, and M. Shaposhnikov, Mon. Not. Roy.

Astron. Soc. 370, 213 (2006), astro-ph/0512509.

[71] A. Boyarsky, A. Neronov, O. Ruchayskiy, M. Shaposhnikov, and I. Tkachev, Phys.

Rev. Lett. 97, 261302 (2006), astro-ph/0603660.

[72] S. Riemer-Sorensen, S. H. Hansen, and K. Pedersen, Astrophys. J. 644, L33 (2006),

astro-ph/0603661.

[73] K. Abazajian and S. M. Koushiappas, Phys. Rev. D74, 023527 (2006),

astro-ph/0605271.

[74] C. R. Watson, J. F. Beacom, H. Yuksel, and T. P. Walker, Phys. Rev. D74, 033009 (2006), astro-ph/0605424.

[75] A. Boyarsky, J. Nevalainen, and O. Ruchayskiy, Astron. Astrophys. 471, 51 (2007),

astro-ph/0610961.

[76] K. N. Abazajian, M. Markevitch, S. M. Koushiappas, and R. C. Hickox, Phys. Rev.

D75, 063511 (2007), astro-ph/0611144.

[77] A. Boyarsky, D. Iakubovskyi, O. Ruchayskiy, and V. Savchenko, Mon. Not. Roy.

Astron. Soc. 387, 1361 (2008), 0709.2301.

[78] A. Boyarsky, D. Malyshev, A. Neronov, and O. Ruchayskiy, Mon. Not. Roy. Astron.

Soc. 387, 1345 (2008), 0710.4922.

[79] M. Loewenstein, A. Kusenko, and P. L. Biermann, Astrophys. J. 700, 426 (2009),

0812.2710.

[80] S. Tremaine and J. Gunn, Phys. Rev. Lett. 42, 407 (1979).

[81] A. Boyarsky, O. Ruchayskiy, and D. Iakubovskyi, JCAP 0903, 005 (2009),

0808.3902.

[82] D. Gorbunov, A. Khmelnitsky, and V. Rubakov, JCAP 0810, 041 (2008), 0808.3910. [83] A. Osipowicz et al. (KATRIN Collaboration) (2001), hep-ex/0109033. [84] A. Nucciotti (MARE Collaboration) (2010), 1012.2290.

[85] F. Bezrukov and M. Shaposhnikov, Phys. Rev. D75, 053005 (2007),

hep-ph/0611352.

[86] X.-G. He, T. Li, and W. Liao, Phys. Rev. D81, 033006 (2010), 0911.1598. [87] W. Liao, Phys. Rev. D82, 073001 (2010), 1005.3351.

[88] H. de Vega, O. Moreno, E. M. de Guerra, M. R. Medrano, and N. Sanchez, Nucl.

Phys. B866, 177 (2012), 1109.3452.

[89] M. Magg and C. Wetterich, Phys. Lett. B94, 61 (1980). [90] G. Lazarides, Q. Shafi, and C. Wetterich, Nucl. Phys. B181, 287 (1981).