arXiv:1104.2384v2 [hep-ph] 16 Feb 2012

A gauge model for right handed neutrinos as dark matter

R. J. Hernández-Pinto^∗ and A. Pérez-Lorenzana^† Departamento de Física, Centro de Investigación y de Estudios Avanzados del I.P.N., Apdo. Post. 14-740, 07000 México D.F., México. (Dated: February 2012)

B − L is known to be a symmetry somewhat linked to the origin of neutrino masses, which turns out to be anomaly free upon the sole introduction of right handed neutrinos. We suggest a simple extension of the electroweak group, SU(2)L × U(1)Y × U(1)B−L , where the breaking of U(1)B−L symmetry provides masses for right handed neutrinos at an acceptable range for them to be Dark Matter candidates. We review the cosmological constraints for this type of models, in order to find the restrictions on the parameters of the model. We study the contributions due to the B − L current in the process e^+e^− → e^+e^− at low energies.

PACS numbers: 14.60.St, 95.35.+d

I. INTRODUCTION

There is compelling evidence that the Standard Model (SM) of strong and electroweak interactions is not complete. There are several experimental and observational facts that cannot be explained within the SM. These are neutrino oscillations [1], the presence of Dark Matter (DM) in the Universe [2], the baryon asymmetry of the Universe, its flatness, and the existence of cosmological perturbations necessary for structure formation [3]. Neutrino oscillations give indirect proof that neutrinos are massive. Their mass, however, needs that the SM be extended at least to incorporate right handed neutrinos (RHN), and the simplest way to understand the tiny scales required for neutrino oscillations is to implement the see-saw mechanism [4, 5]. The simplest extension to the SM that includes the seesaw Lagrangian structure is written as L_{νMSM} = L_{SM} + N̄_I i∂_μγ^μN_I −K_{αI}L̄_αN_IΦ̃ − M_I 2 N̄^c_I N_I + h.c., (1) where L_{SM} is the Lagrangian of the Standard Model, Φ̃_i = ϵ_{ij} Φ∗_j and L_α, (α = e, μ, τ) are the Higgs and lep-

ton doublets, respectively, and both Dirac (M^D = K⟨Φ⟩) and Majorana (M_I ) masses for neutrinos are introduced, where I = 1, 2, 3 stands for the number of RHN species. The theory based on this Lagrangian has been called the ν-Minimal Standard Model (νMSM) [6]. In comparison with the SM, the νMSM contains 18 new parameters and interestingly enough, it appears to have the potential to provide some explanations to the above mentioned problems [6].

The new parameters of the νMSM can describe any pattern of masses and mixings of active neutrinos, which is characterized by 9 parameters only. Despite of this

∗Electronic address: rhernand@fis.cinvestav.mx †Electronic address: aplorenz@fis.cinvestav.mx

freedom, the absolute scale of active neutrino masses can be pin pointed in the νMSM from cosmology and astrophysics of dark matter particles [6–10]: one of the active neutrinos must have a mass smaller than O(10^{−5}) eV. The choice of the small mass scale for singlet fermions leads to small values of the Yukawa coupling constants,on the level of 10^{−6} − 10^{−12}, which is crucial for the explanation of dark matter and baryon asymmetry of the Universe.

Although the νMSM does not have any extra stable particle in comparison with the SM, the lightest singlet fermion, N_1 , may have a life-time greatly exceeding the age of the Universe and thus play a role of a dark matter particle [11–15]. DM sterile neutrinos can be produced in the early Universe via active-sterile neutrino transition [11]; via resonant active-sterile neutrino oscillations in the presence of lepton asymmetries [12]; or during inflation. DM sterile neutrino may also have other interesting cosmological applications [16], in particular for the understanding of baryon asymmetry of the Universe. On the other hand, the baryon (B) and lepton (L) numbers are not conserved in the νMSM. The lepton number is violated by the Majorana neutrino masses, while B + L is broken by its anomaly. As a result, the sphaleron processes with baryon number non-conservation [17] are in thermal equilibrium for temperatures 100 GeV < T < 1012 GeV. As for CP-breaking, the νMSM contains 6 CPviolating phases in the lepton sector and a Kobayashi- Maskawa phase in the quark sector. This makes two of the Sakharov conditions [18] for baryogenesis satisfied. Similarly to the SM, this theory does not have an electroweak phase transition with allowed values for the Higgs mass [19], making impossible the electroweak baryogenesis, associated with the non-equilibrium bubble expansion. However, the νMSM contains extra degrees of freedom -sterile neutrinos- which may be out of thermal equilibrium exactly because their Yukawa couplings to ordinary fermions are very small. The latter fact is a key point for the baryogenesis in the νMSM [20, 21], ensuring the validity of the third Sakharov condition. In Ref. [21] it was shown that the νMSM can provide simultaneous solution to the problem of neutrino oscillations, dark matter and baryon asymmetry of the Universe.

However, this theory breaks explicitly the global symmetry B − L, due to the term N̄^c_I N_I , which also represents the introduction by hand of a fermion mass in the scheme, against the established lore in the standard theory, which claims that fermion as well as gauge boson masses are due to the Higgs mechanism. We consider this as a serious theoretical draw back of the model. This is, of course, a known fact that usually drives theorist to consider the left-right extensions to the standard model (see for instance Ref. [22]). Nevertheless, which seems quite appealing to exploit is the fact that solely introducing three families of RHN’s in the SM particle content comes with the extra free ingredient of making B−L an anomaly free symmetry, without any further requirement. Interestingly enough, keeping the physical connection between the mass of RHN’s and the Higgs Mechanism, suggests the simplest gauge group SU(2)_L × U(1)_Y × U(1)_{B−L} as a natural symmetry which extends the electroweak group of SM, and which should contains most of the features of the νMSM. In here, B − L turns out to be unrelated to hypercharge, and thus, the model offers a completely different route to understand the origin of see-saw terms, and, of course, the gauge origin of the νMSM, than that provided by left-right type models. To explore some of the features of such gauge extension is the main goal of the present work.

This paper is organized as follows, first we present the model SU(2)_L × U(1)_Y × U(1)_{B−L} and give the justifications for adding the U(1)_{B−L} gauge symmetry to the electroweak group. Then, as the new interactions introduced on the model for RHN’s do require us to analyze their potential over the former νMSM considerations for DM, we check the cosmological constraints on the model. And finally, we discuss the considerations under which the model could be consistent to collider results. In particular we focus on low energy Bhabha scattering, which could constrain a weakly interacting light B − L boson, imposing preliminary bounds on the gauge coupling to mass ratio.

II. THE B − L MODEL

The model under consideration is based in the gauge symmetry group SU(2)_L × U(1)_Y × U(1)_{B−L}, and, as we have already stated, it is motivated on the idea that the Higgs mechanism should be regarded as the fundamental mechanism for the generation of masses. Matter content is the same as for the SM, but for the addition of a RHN, N, per family, and a SM singlet scalar, σ, that is going to be used to implement spontaneous symmetry breaking.

So, this model contains the following particles, L ∼ (2, −1, −1); e_R ∼ (1, −2, −1); N ∼ (1, 0, −1); (2) H ∼ (2, 1, 0); σ ∼ (1, 0, 2);

where the numbers label the Weyl representation of (SU(2)_L, U(1)_Y , U(1)_{B−L}), and family indices are understood. It is not difficult to check that, with this fermion content, B − L is anomaly free [23], and that Yukawa couplings,

y_I σN̄^c_I N_I , (3)

will generate the RHN mass terms of the νMSM, M_I /2 = y_I ⟨σ⟩, upon spontaneous symmetry breaking, thus, relating the RHN mass scale to the physical scale at which B−L is being broken. It is important to notice that B−L in this model appears as a symmetry that is orthogonal to the hypercharge, and therefore with no relation, whatsoever, to the electric charge. This is a distinctive feature that makes the study of the model worthy.

Several models exist on the literature that had added to the SM, a U(1) gauge symmetry [24–30]; those models assume that the range of the breaking scale of the symmetry is bigger than few hundred GeV [31, 32], which is usually due to the mixings among the associated B − L gauge bosons and the standard Z boson, for which the usual bounds on exotic Z^′ searches apply [33]. Without the tree level mixing, it is clear those bounds do not apply straightforwardly. In contrast, the search of B − L gauge boson, Z_{B−L}, through dilepton, or dijet production in colliders, seems more promising. A complete analysis for extra Z^′ gauge bosons from a collider point of view can be found in Ref. [34]. In particular, for a vector-like U(1)_{B−xL} gauge boson coupled to left and right handed electrons, one can extract the lower bound due to LEP experiments, M_Z′ ≥ |x|g_Z′ × (6 TeV). (4) Thus, in a B − L model there is still a wide range allowed for the mass of the extra gauge boson depending on the coupling. So, we can stretch the LEP limit on the ignorance of the value of gauge coupling associated to U(1)_{B−L}. Therefore, the possibility that this gauge group might be broken at scales similar to electroweak scale is yet present, and worth of consideration.

In the model described here, it is supposed the existence of two Higgs fields, one which breaks the electroweak sector (SU(2)_L × U(1)_Y ), H(x), and the second which breaks the U(1)_{B−L} symmetry, σ(x). The most general lagrangian which should be used to implement symmetry breaking is

L = (∂_μH)^†(∂^μH) − m^2_H |H|^2 + α 4 |H|^4 +

(∂_μσ)^†(∂^μσ) − m^2_σ |σ|^2 + β 4 |σ|^4 + δ 4 |H|^2|σ|^2, (5) where α, β and δ are constant parameters. The parameter δ is related with the mixing between the electroweak and the B − L groups and we are going to work in the limit where δ ≪ β. This is the most simple realization of U(1)_{B−L}, where the electroweak gauge group is not mixed with the B − L one, thus, the results presented in here would be considered as a first approximation of the full SU(2)_L × U(1)_Y × U(1)_{B−L} gauge theory.

We still have not identified the breaking scale of U(1)_{B−L} and, in this context, we will not be able to determine it, unless an experimental evidence of a B − L gauge boson appears. Hence, we have two possibilities for the breaking scale: i) if ⟨H⟩ ≪ ⟨σ⟩ we end up in the class of models where m_{ZB−L} ≫ m_Z and the physics related to these gauge groups is decoupled; and ii) if ⟨H⟩ ∼ ⟨σ⟩, the physics involved in this scenario is such that the gauge bosons are not decoupled. Moreover, the non evidence of new physics hits also to this class of models, meaning that the probable effects might be suppressed in some manner. In this work, we consider that m_{ZB−L} ≲ m_Z , the motivation of this proposal is based on the analysis made by Ref. [35, 36], where it was pointed out that a RHN mass of the order of keV is a good candidate to be the DM particle, and, in this context, our above assumption might lead us to this DM scheme.

By imposing the spontaneous breaking of the local U(1)_{B−L} symmetry, a massive neutral gauge boson, Z_{B−L}, emerges with a mass

M^2 = 8g^2_{B−L}⟨σ⟩^2, (6)

where g_{B−L} is the coupling constant associated to U(1)_{B−L} and ⟨σ⟩ is the vacuum expectation value of the σ field. In addition, Z_{B−L} couples to matter through the coupling −g_{B−L}Z^{B−L}_μ J^μ_{B−L}, where the vector-like B − L current is given as,

J^μ_{B−L} = ν̄_Lγ^μν_L + ē_Lγ^μe_L + ē_Rγ^μe_R + N̄γ^μN . (7)

With this simple structure, we can implement several searches of B − L currents in different levels. First, a realistic model for RHN as dark matter must satisfy the cosmological limits which are set due to several observations. So next, we are going to review the applicable cosmological constraints for this model.

III. COSMOLOGICAL DARK MATTER CONSTRAINTS

Let us start the discussion of the model by looking at the cosmological constraints. As it is pointed out in Ref. [37], models with RHN as DM must satisfy the constrains given mainly by: a) the structure formation requirement, b) X/γ-ray observations and, c) the abundance of these particles at present time.

If the mass of the DM candidate is too light, the observed structure of the Universe would be eliminated by a too hot DM. The most restrictive bound on the mass

FIG. 1: Feynman diagrams which contribute to N → νγ decay.

of the DM candidate is coming from the Lyman-α forest, where the bound constraints the velocity distribution of the DM particles from the effect of their free streaming on the formation of the structure on Lyman-α scales. The bound on our lightest RHN mass is thus given by [37],

M_1 > 1.6 keV . (8)

Therefore, we are going to work with this value, not to spoil the large structure formation.

On the other hand, a general feature of this model is that the RHN, the Dark Matter candidate, does decay into SM particles. This characteristic appears basically due to the fact that RHN could transform into an active one via the mixing parameter,

θ_I = ∑ α=e,μ,τ K_{αI} v^2 M_1

, (9)

where v is the SM Higgs vacuum expectation value. Thus, one can compute the decay rate of RHN into charged leptons plus a SM neutrino (ℓ^+ℓ^−ν) or into three SM neutrinos in order to check a natural DM requirement: the lightest RHN should be long lived and, furthermore, its lifetime has to be longer than the age of the universe. Nevertheless, this constraint is less dominant compared to what it results from the X/γ−rays observation. The radiative decay N → νγ, induced at one loop level (FIG. 1), produces a narrow line in the Xray spectrum of astrophysical objects [13, 38]. The width of this decay is given by [39], Γ_{N→νγ} ≃ 9αG^2_F 1024π^4 sin^2(2θ_1)M^5_1 , (10)

where α is the fine-structure constant, and G_F = 1.166× 10^{−5} GeV^{−2} is the Fermi constant. This width can restrict the mixing parameter when we consider the upper bound found in Ref. [37], which reads as,

Γ ≲ 9.9 × 10^{−27} sec^{−1}, (11)

and it is translated to

θ^2_1 ≲ 1.7 × 10^{−6} ( 1.6 keV

M_1

)_5 . (12)

Within the context of the parameters of the model, this result can be seen as a bound to the Yukawa parameters.

Therefore, no restriction on the B − L coupling and the mass of the associated gauge boson can be made so far.

Finally, the abundance of RHN at the present time can be calculated by using [37],

Ω_N Ω_{DM} = 135ζ(3) 4π^4g_{∗f} M_1 S s_0 Ω_{DM} ρ_c (13)

where Ω_{DM} = 0.105 h^{−2}, s_0 = 2889.2 cm^{−3}, ρ_c = 1.05368 × 10^{−5} h^2 GeV cm^{−3}, S the entropy release and g_{∗f} is the effective number of degrees of freedom immediately after freeze-out . Therefore, for a 1.6 keV RHN mass, we have,

Ω_N Ω_{DM} ≃ 1 S ( 10.75 g_{∗f} ) ( M_1 1.6 keV ) × 160, (14)

where we have chosen g_{∗f} = 10.75, this value corresponds to the case where there are only SM particles and the freeze-out have happened below 100 MeV. In order to not overclose the universe we need a dilution factor of the order of, S ≃ 160 × ( 10.75 g_{∗f} ) ( M_1 1.6 keV ) , (15)

we can achieve this requirement by considering that heavier RHNs could generate such amount of entropy. Let us consider that only the heaviest right handed neutrino, N_3, is the author of such entropy. In the case where the entropy generation is large, the calculation gives [37] , S ≃ 0.76 × g_N 2 ḡ^{1/4}_∗ m_H g_∗ √ ΓM_{P l} , (16)

where g_N = 2 corresponds to the number of degrees of freedom of N_3, ḡ_∗ and g_∗ are the properly averaged effective number of degrees of freedom during N_3 decay and at freeze-out, and m_H is the heavy neutrino mass. Therefore, Eq. (15) and (16) can be solved in order to constraint m_H , nevertheless, the entropy generation should end before the big bang nucleosynthesis occurs (BBN), saying, the reheating temperature should satisfy the limits [40–42] 0.7 < T_R < 4 MeV. This temperature is approximatively [43], T_R ≃ 1 2 ( 2π^2ḡ_∗ 45 )_{−1/4} √ ΓM_{P l}. (17)

Combining Eq. (15), (16) and (17), we find a constraint on m_H to be, m_H > ( M_1 1.6 keV ) (2.5 ÷ 15) GeV (18)

Although, it has been pointed out by some authors [37], that once we have a constraint on the mass of the heavy RHN, it is possible to get a bound on the mass of the extra gauge boson. In order to do so, one needs to make use of the following fact: whether a heavy RHN is decoupled, the decoupling must happens when the freeze-out temperature is higher than the mass of this heavy RHN. So, we just need to estimate the freeze-out temperature by considering that the mean free path of RHN should be equal to the Hubble scale. In order to estimate the moment when RHN decouples to the SM particles, we can use that the processes involved (N̄_1N_1 ↔ e^+e^−, etc.) which are analogous to those for the usual SM neutrinos; the only difference appears in the coupling and in the mass of the B − L gauge boson, therefore,

σ_{N1}¯_{N1} ≈ σ_{νν̄} ( g_{B−L} g M_W M )_4 (19)

where g is the SU(2)_L gauge coupling, and M_W is the mass of the W boson. And so, the freeze-out temperature, T_f , would be T_f ∼ g^{1/6}_∗ ( g g_{B−L} M M_W )_{4/3} (1 ÷ 2) MeV. (20)

Hence, one gets a bound for B − L gauge boson mass which reads as, M > ( g_{B−L} g ) (6 ÷ 10) TeV, (21)

which is remarkably close to the limit set by collider searches by a few percentage. Furthermore, this result matches in the limit when the gauge bosons couple equally, to the result presented in Ref. [37]. Nevertheless, we have no idea about the absolute scale of g_{B−L} so far. This is important since it defines whether B − L physics could be relevant at any given scale. For instance, for a sufficiently small value of the coupling, say g_{B−L} ∼ O(10^{−3}), one could resize the lower bounds on M down to few GeV scale, suggesting that former experiments should have be sensible to the involved physics. It is, therefore, of a clear interesting to know how big the value of g_{B−L} is, in order to know whether its effects can be seen in future experiments.

IV. CONSTRAINING THE MODEL USING PETRA EXPERIMENT

Past low energy experiments can help us to upper bounding the value of g_{B−L}. A very clean channel where an extra neutral gauge boson can appear is in e^+e^− scattering, and this reaction was studied by the PETRA experiment. We now reanalyze PETRA results in order to explore for a possible low scale mass of Z_{B−L}. This limit would give us a hint about the values of g_{B−L} or ⟨σ⟩, and therefore we can stretch the limit in order to fulfill the DM constraints. Although, LEP and Tevatron experiments, and eventually LHC data, can also be included in the analysis, the known bound already stated in Eq. (4)

FIG. 2: Feynman diagrams for e^−e^+ → e^−e^+ in the SU(2)L × U(1)Y × U(1)B−L theory.

get particularly soften for small values of the B − L coupling, as we mentioned above. Thus, we would expect little improvement of the combined analysis, whereas it would become more involved. For simplicity, we left this analysis for a further work. In the following, we will use this experiment to restrict whether the mass of the gauge boson or the gauge coupling.

PETRA results had been well explained theoretically by using the simple Bhabha scattering process. The existence of a light and weakly coupled Z^{B−L}_μ can be strongly restricted by checking the contribution of whatever extra neutral gauge boson to the Bhabha cross section. So, we perform the computation of e^−e^+ → e^−e^+ scattering to establish a bound on g_{B−L} and M. The relevant Feynman diagrams for the process are pictured in FIG. 2.

Thus, in the limit E ≫ m, Bhabha’s expression receives a contribution from Z_{B−L} and the result can be read as,

dσ̄ dΩ = ( dσ̄ dΩ ) B [ 1 + g^2_{B−L} e^2 Ξ ( M^2 E^2

, cos θ ) + O ( g^4_{B−L} e^4 )] , (22)

where (_{dσ̄} dΩ ) B is the Bhabha’s differential cross section and the correction due to the extra gauge boson is enclosed in the Ξ function, such that,

Ξ (x, y) =

−16(1 − y)(−216 + 4x(9 + 3y − y^2 − 3y^3) + 8y^2(−14 + 8y + y^2)) (x − 4)(x + 2 − 2y)(−216 + 8y^2(−14 + 8y + y^2))

. (23)

FIG. 3: Correction to PETRA experiments. On the left panel we plotted the results of the SU(2)L × U(1)Y × U(1)B−L with the experimental data. On the right panel we plotted the ratio of the experimental measure and the theory described here, for √ s = 34.8 GeV, due to the experimental data is more accurate at this center of mass energy.

A numerical analysis of (22) shows that for any value g_{B−L} ≲ 10^{−2} [29, 44], PETRA results can be satisfied independently of the value for M, provided M ≫ E. Indeed, by using g_{B−L} = 10^{−2}, for instance, it is possible to reproduce the PETRA results [45], as it is shown in the FIG. 3, for M = 90 GeV.

For such an small value for g_{B−L}, LEP limit becomes less restrictive, meaning that we can allow masses of the Z^′ as low as 90 GeV and remain still consistent with the previous observations. If we consider, naively, that M = 90 GeV, we are also considering that the breaking scale of U(1)_{B−L} is occurring at

⟨σ⟩ ∼ 3 TeV, (24) which is a reachable scale for the LHC.

On the other hand, the mass of the right handed neutrino is not fully controlled by ⟨σ⟩. Considering the Majorana term in Eq. (3), we can still have a RHN mass of the order of keV by choosing the Yukawa parameter to be y_1 ∼ 2.5 × 10^{−10}. For the heaviest RHN, a Yukawa larger than 10^{−3} would be enough to satisfy the bound on Eq. (18). Certainly, on this path, one gives up naturalness on the see-saw mechanism, but gain the possibility of accounting for DM.

V. CONCLUDING REMARKS

In this paper we have analyzed a simple extension of the electroweak gauge group by adding an extra U(1)_{B−L}. This combination of barion and lepton numbers makes the model anomaly free. Moreover, with this combination of quantum numbers, we have been allowed to write the RHN field and, by choosing Y_{B−L} = 2 for an extra Higgs field, σ, we have been able to write a Majorana mass term for neutrinos when this extra Higgs field acquires a vacuum expectation value. Spontaneous breaking of U(1)_{B−L} gauge leaves a a massive Z_{B−L} gauge boson, which related to the breaking scale, and the coupling constant associated to U(1)_{B−L}. By adding the corresponding RHN fields, we can address the problem of the DM content in the universe according to Ref. [35, 36]. Thus, we studied the minimum conditions to recover the conclusions done for νMSM in the DM point of view. In order to say something about neutrinos as dark matter, we have analyzed the cosmological constraints. These constraints had required to the lightest RHN to have a mass of about few keV in order to satisfy the observed structure formation. The X/γ−ray observation has set a bound on the mixing between active and sterile neutrinos to be θ^2_1 ≲ 10^{−6}. In order to produce the correct abundance of RHN as DM, we have restricted the mass of the heavy RHN to be of the order of few GeV. The imperative decoupling of the heavy RHN from the lightest one has set a limit on the mass of the Z_{B−L}, which is comparable to that obtained from LEP data; nevertheless, the relation found is not conclusive since we still have the possibility of a small B −L gauge coupling, such that, we could still have a consistent light Z_{B−L} gauge boson. Thus, in order to find an upper bound to g_{B−L} we analyzed the possibility that the net effect of U(1)_{B−L} could be suppressed in the process e^+e^− → e^+e^−; in particular, since it must appears as a contribution into the Bhabha scattering. The simplest experiment which we can compare to is PETRA which has already measured exhaustively this scattering process. A combined analysis for LEP, Tevatron and eventually LHC experiments is left for a future work. The result indicates that, if the coupling constant associated to U(1)_{B−L} is of the order of 10^{−2} or less, the contribution given by Z_{B−L} is indeed subleading to the level of being mostly negligible. With this condition, we are also imposing that the breaking of U(1)_{B−L} should occurs at about 3 TeV or higher, a sizable value that come into the energy region of interest for the LHC.

Acknowledgments

The authors thanks the referee for helpful comments. This work was supported partially by CONA- CyT, México, grants 54576 and 132061.

[1] For recent reviews of the data and further references, see:

Tomas Schwetz, Mariam Tórtola, and José W. F. Valle, New J. Phys.10, 113011 (2008); M.C. Gonzales-Garcia and M. Maltoni, Proc. Sci., idm2008 (2008) 072.

[2] For a review see: “The cosmological parameters”, O. Lahavand A.R. Liddle, in Particle Data Group: K. Nakamura et al., J. of Phys. G37, 075021 (2010).

[3] For a review see: “The cosmological parameters”, O. Lahavand A.R. Liddle, in Particle Data Group: K. Nakamura et al., J. of Phys. G37, 075021 (2010).

[4] M. Gell-Mann, P. Ramond, R. Slansky, in Supergravity, edited by D. Freedman and P. van Nieuwenhuizen (North-Holland, Amsterdam, 1979) p. 315; T. Yanagida, in Proceedings of the Workshop on Unified Theory and Baryon Number in the Universe, edited by O. Sawada and A. Sugamoto (KEK, Tsukuba, Japan, 1979) p. 95; R.N. Mohapatra, G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980); P. Minkowski, Phys. Lett. B67, 421 (1977).

[5] J. Schechter, J.W.F. Valle, Phys. Rev. D 22 (1980) 2227;

J. Schechter, J.W.F. Valle, Phys. Rev. D. 25 (1982) 774. [6] T. Asaka, S. Blanchet, M. Shaposhnikov, Phys. Lett. B.

631, (2005) 151

[7] A. Boyarsky, A. Neronov, O. Ruchayskiy and M. Shaposhnikov, JETP Lett. 83 (2006) 133.

[8] A. Boyarsky, A. Neronov, O. Ruchayskiy, M. Shaposhnikov and I. Tkachev, Phys. Rev. Lett. 97 (2006) 261302.

[9] T. Asaka, M. Laine and M. Shaposhnikov, JHEP 0606 (2006) 053.

[10] T. Asaka, M. Laine and M. Shaposhnikov, JHEP 0701 (2007) 091.

[11] S. Dodelson and L. M. Widrow, Phys. Rev. Lett. 72 (1994) 17.

[12] X. D. Shi and G. M. Fuller, Phys. Rev. Lett. 82 (1999) 2832.

[13] A. D. Dolgov, S. H. Hansen, Astropart. Phys. 16, (2002) 339.

[14] K. Abazajian, G. M. Fuller, M. Patel, Phys. Rev. D 64, 023501 (2001).

[15] M.Yu.Khlopov, Cosmoparticle physics, World Scientific, 1999.

[16] A. Kusenko and G. Segrè, Phys. Lett. B 396 (1997) 197;

G.M. Fuller, A. Kusenko, I. Mocioiu and S. Pascoli, Phys. Rev. D 68 (2003) 103002; M. Barkovich, J.C. D’Olivo and R. Montemayor, Phys. Rev. D 70 (2004) 043005;

M. Mapelli, A. Ferrara and E. Pierpaoli, Mon. Not. Roy. Astron. Soc. 369 (2006) 1719; E. Ripamonti, M. Mapelli and A. Ferrara, Mon. Not. Roy. Astron. Soc. 374 (2007) 1067; E. Ripamonti, M. Mapelli and A. Ferrara, Mon. Not. Roy. Astron. Soc. 375 (2007) 1399; P.L. Biermann and A. Kusenko, Phys. Rev. Lett. 96 (2006) 091301; J. Stasielak, P. L. Biermann and A. Kusenko, Astrophys. J. 654 (2007) 290; F. Munyaneza and P.L. Biermann, astro-ph/0609388; J. Hidaka and G. M. Fuller, Phys. Rev. D 74 (2006) 125015.

[17] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B 155 (1985) 36.

[18] A. D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5 (1967) 32. [19] K. Kajantie, M. Laine, K. Rummukainen and M. E. Shaposhnikov, Phys. Rev. Lett. 77 (1996) 2887.

[20] E. K. Akhmedov, V. A. Rubakov and A. Yu. Smirnov, Phys. Rev. Lett. 81 (1998) 1359.

[21] T. Asaka and M. Shaposhnikov, Phys. Lett. B 620 (2005) 17. [22] R. N. Mohapatra, G. Senjanovic Phys. Rev. D 23 (1981) 165; M. Malinský, J. C. Romão and J. W. F. Valle, Phys. Rev. Lett 95 (2005) 161801 ; M. Hirsch , J. W. F. Valle, M. Malinský, J. C. Romão and U. Sarkar, Phys. Rev. D 75 (2007) 011701 .

[23] K. S. Babu and R. N. Mohapatra, Phys. Rev. Lett. 63, 938 (1989); Phys. Rev. D41, 271 (1990).

[24] J. C. Pati, A. Salam, Phys. Rev. D 10, (1974) 275 . [25] R. N. Mohapatra, J. C. Pati, Phys. Lett. D 11, (1975) 566.

[26] R. N. Mohapatra, J. C. Pati, Phys. Lett. D 11, (1975) 2558.

[27] G. Senjanović, R. N. Mohapatra, Phys. Lett. D 12, (1975) 1502.

[28] C. D. Carone, H. Murayama, Phys. Rev. Lett. 74, (1995)

3122.

[29] T. Appelquist, B. A. Dobrescu, A. R. Hopper, Phys. Rev.

D 68, (2003) 035012.

[30] B. A. Dobrescu, Phys. Rev. Lett. 94, (2005) 151802. [31] R. E. Marshak, Conference ‘Electroweak Interactions at Higher Energies’, Erice, Italy, 1983.

[32] E. Jenkins, Phys. Lett. B 192, 219 (1987). [33] For reviews, see P. Langacker, arXiv:0801.1345; A. Leike, Phys. Rept. 317, 143 (1999); J. Hewett and T. Rizzo, Phys. Rept. 183, 193 (1989).

[34] M. Carena, A. Daleo, B. A. Dobrescu and T. M. P. Tait, Phys. Rev. D 70 (2004) 093009 [35] D. Gorbunov, A. Khmelnitsky and V. Rubakov, JCAP 0810,041 (2008) [36] A. Boyarsky, O. Ruchayskiy and D. Iakubovskiy, arXiv:0808.3902 [37] F. Bezrukov, H. Hettmansperger and M. Lindner, Phys.

Rev. D 81 (2010) 085032.

[38] K. Abazajian, G. M. Fuller and W. H. Tucker, Astrophys.

J. 562, 593 (2001) [39] A. Boyarsky, O. Ruchayskiy and M. Shaposhnikov, arXiv:0901.0011 [40] T. Asaka, M. Shaposhnikov, and A. Kusenko, Phys. Lett.

B 638 (2006) 401.

[41] M. Kawasaki, K. Kohri, and N. Sugiyama, Phys. Rev. D 62 (2000) 023506.

[42] S. Hannestad, Phys. Rev. D 70 (2004) 043506. [43] R. J. Scherrer and M. S. Turner, Phys. Rev. D 31 (1985) 681.

[44] R. J. Hernández-Pinto, Masters Thesis, CINVESTAV 2007.

[45] W. Braunschweig et al., Particles and Fields 37, 171 (1988).