arXiv:1108.3428v2 [hep-ph] 12 Dec 2011

Neutrino masses along with fermion mass hierarchy

Dilip Kumar Ghosh^1 and R. S. Hundi^2

Department of Theoretical Physics, Indian Association for the Cultivation of Science, 2A & 2B Raja S. C. Mullick Road, Kolkata 700032, India

Abstract

Recently a new mechanism has been proposed to cure the problem of fermion mass hierarchy in the Standard Model (SM) model. In this scenario, all SM charged fermions other than top quark arise from higher dimensional operators involving the SM Higgs field. This model also predicted some interesting phenomenology of the Higgs boson. We generalize this model to accommodate neutrino masses ( Dirac & Majorana ) and also obtain the mixing pattern in the leptonic sector. To generate neutrino masses, we add extra three right handed neutrinos (N_{iR}) in this model.

1dilipghoshjal@gmail.com 2tprsh@iacs.res.in

1 Introduction

The experimental observations from several neutrino oscillation data indicate that neutrinos have mass of the order of O(10^{−10}) GeV and they also mix (see [1] and [2] for review). In the Standard Model (SM), all three flavored neutrinos are left handed and massless. Hence, to generate massive neutrinos, one needs to invoke physics beyond the SM. Since neutrinos are electrically neutral, it can be either Dirac or Majorana fermions. To generate the Dirac mass term for the neutrinos, one has to add right handed neutrinos in the particle contents of the SM. On the other hand for Majorana neutrinos, one has to break the lepton number which is an accidental symmetry of the SM.

The seesaw mechanism [3] has been identified as the most natural scenario to generate small masses for neutrinos. In this scenario, one adds a heavy particle of mass M in the SM, which after being integrated out, leads to the gauge invariant D = 5 operator with only SM fields, L_{eff} = y^{LLHH}_M , with M >> M_W assumed. There are mainly three types of the seesaw mechanisms have been realized depending upon the type of the exchanged heavy particles:

• Type -I : Heavy right handed neutrinos are exchanged [3, 4]

• Type -II : Heavy SU(2) triplet scalars are exchanged [5]

• Type -III : Heavy SU(2) neutral triplet fermions are exchanged [6]

All the above mechanisms have been proposed to generate neutrino masses of the order of O(10^{−10}) GeV, which immediately suggest that the neutrinos are much lighter than their charged SU(2) partners. Although, we still do not know the exact masses of the neutrinos, but their mass differences point out of some hierarchies among different generations, which are very different from that of the charged leptons. In addition, the observed neutrino mixing angles indicate strong flavor mixing in the leptonic sector compared to the quark sector. As a result of this, the neutrino mass models are expected to explain not only the smallness of the masses but also the flavor structure of the lepton sector.

It has been be shown in Ref. [7] that by using higher dimensional operators involving the relevant SM fermion fields and successive powers of the Higgs doublet field one could obtain a good fit to quark and charged lepton masses and mixing angles. These Yukawa interactions can be expressed in powers of H^†H/M^2, where H is the SM Higgs doublet field and M is a mass scale ∼ O(1 − 2) TeV at which SM would be embedded in an ultra violet (UV) theory. The dimensionless coefficients of these non-renormalizable operators which has inverse mass-dimensions can all be order one, which in turn leads to a small Yukawa couplings of the SM in a natural way. This model also predicts some interesting Higgs phenomenology, for example, the enhanced bb̄H^0, and μμ̄H^0 couplings, flavor changing Higgs boson decay H → t̄c [7]. The strength of the flavor-changing t̄cH^0 vertex is similar in magnitude of the flavorconserving b̄bH^0 vertex. However, this feature is not visible in the leptonic sector, as the flavor-changing τμH^0 vertex turns out to be two orders of magnitude suppressed compared to the flavor-conserving ττH^0 vertex. All these lead to a very interesting phenomenology which can be tested at the ongoing Large Hadron Collider (LHC) experiment.

In Ref. [7], authors have not addressed the issues of neutrino masses. In this paper, we try to obtain the right order of neutrino masses and the corresponding Pontecorvo-Maki-Nakagawa-Sakata (PMNS) [8, 9] matrix by introducing three additional right-handed neutrino fields (N_{iR}) in the above mentioned model. With these right-handed neutrinos, one can generate both Dirac and Majorana type neutrinos. We then compute the PMNS matrix in both these two cases.

Here, we would like to mention that generation of neutrino masses using effective operators higher than d > 5 have been also discussed in Ref. [10–15]. Most of these models have discussed only neutrino masses, but did not attempt charged fermion masses simultaneously. Moreover, the mixing pattern in lepton sector has also not been addressed in these models. Some of these models have effective d = 6, 7 operators with a TeV scale cutoff to explain the neutrino masses, but at the expense of some more suppression through other couplings. In contrast to the above mentioned models, we are trying to explain neutrino masses and mixing pattern in a model which already has a natural mechanism to explain the charged fermion masses. The effective operators we consider have mass dimensions of 20 or 12, depending on Dirac or Majorana neutrinos, and hence even with a TeV scale cutoff of the model we do not have suppressions in dimensionless couplings. Since the neutrino mass generation in this model correlates with that of charged fermion masses, the parameters of this model are highly constrained, leading to unique predictions for the phenomenology of this model.

The rest of the paper is organized as follows. In Sec.II, we briefly discuss the model of Ref. [7]. In Sec.III we discuss the mechanism of Dirac and Majorana neutrino mass generation. In Sec.IV we discuss the UV completion of the model. In Sec.V we outline some interesting phenomenology of this scenario. Finally, in Sec.VI we summarize our results.

2 The Model

In the SM, the top quark mass, whose mass is around the electroweak scale, can be explained naturally by the corresponding Yukawa term. Whereas, the masses for other fermions need suppressions in the respective Yukawa couplings. So in the SM, the hierarchy in mass pattern of fermions reflects into hierarchy in the corresponding

Yukawa couplings. To address this fermion mass hierarchy problem a model has been proposed in [7], where the suppression in Yukawa couplings, other than the top quark, is explained through higher dimensional terms. These higher dimensional terms are expressed in powers of^{H†H}_{M 2} , where H is the Higgs doublet of the SM and M is a mass scale at which SM would be embedded in a UV theory. The effective terms in the SM to explain the fermion mass hierarchy are written as [7]

L^{Yuk} = h^u_{33}q̄_{3L}u_{3R}H̃ + ( H^†H M^2 ) (h^d_{33}q̄_{3L}d_{3R}H + h^u_{22}q̄_{2L}u_{2R}H̃ + h^u_{23}q̄_{2L}u_{3R}H̃ + h^u_{32}q̄_{3L}u_{2R}H̃) + ( H^†H M^2

)_2 (h^d_{22}q̄_{2L}d_{2R}H + h^d_{23}q̄_{2L}d_{3R}H + h^d_{32}q̄_{3L}d_{2R}H + h^u_{12}q̄_{1L}u_{2R}H̃ + h^u_{21}q̄_{2L}u_{1R}H̃

+h^u_{13}q̄_{1L}u_{3R}H̃ + h^u_{31}q̄_{3L}u_{1R}H̃) + ( H^†H M^2

)_3 (h^u_{11}q̄_{1L}u_{1R}H̃ + h^d_{11}q̄_{1L}d_{1R}H

+h^d_{12}q̄_{1L}d_{2R}H + h^d_{21}q̄_{2L}d_{1R}H + h^d_{13}q̄_{1L}d_{3R}H + h^d_{31}q̄_{3L}d_{1R}H) + h.c. (1)

Here, h^us and h^ds are O(1) couplings. Also, qs are left-handed quark doublets, u, d are singlet right-handed up- and down-type quark fields, respectively. H̃ is the conjugate of H. The above higher order terms can be explained from the UV completion of the SM, which will be described later.

Terms in Eq. (1) are higher dimensional and generate effective Yukawa couplings once the Higgs doublet acquires vacuum expectation value (vev). Although the terms in Eq. (1) give masses to quarks, mass generation mechanism for charged leptons is same as that for the down-type quarks. In the above equation by replacing q_{iL} → L_{iL}, u_{iR} → E_{iR} and h^d_{ij} → h^l_{ij}, where Ls and Es are left-handed doublet and right-handed singlet leptons, respectively, and h^ls are O(1) couplings, one would obtain mass terms for charged leptons. After the electroweak symmetry breaking the masses of quarks and charged leptons will have a form [7]

(m_t, m_c, m_u) ≈ (|h^u_{33}|, |h^u_{22}|ϵ^2, |h^u_{11} − h^u_{12}h^u_{21}/h^u_{22}|ϵ^6)v, (m_b, m_s, m_d) ≈ (|h^d_{33}|ϵ^2, |h^d_{22}|ϵ^4, |h^d_{11}|ϵ^6)v, (m_τ , m_μ, m_e) ≈ (|h^l_{33}|ϵ^2, |h^l_{22}|ϵ^4, |h^l_{11}|ϵ^6)v, (2)

where, ϵ =^v_M and v = 174 GeV is the vev of the Higgs doublet. Along with the mass terms, we can also get Cabbibo-Kobayashi-Maskawa (CKM) matrix in the quark sector. It has been shown in [7] that a good fit to the CKM matrix and to the masses of quarks and charged leptons can be obtained for ϵ = 1/6.5, and the various O(1) couplings are found out to be^3

(|h^u_{33}|, |h^u_{22}|, |h^u_{11} − h^u_{12}h^u_{21}/h^u_{22}|) = (0.96, 0.14, 0.95), (|h^d_{33}|, |h^d_{22}|, |h^d_{11}|) = (0.68, 0.77, 1.65), (|h^l_{33}|, |h^l_{22}|, |h^l_{11}|) = (0.42, 1.06, 0.21). (3)

The value ϵ = 1/6.5 implies that M ≈ 1.1 TeV, which is the scale at which a UV completion of the SM takes place.

The UV completion of this model is necessary in order to explain the higher order terms of Eq. (1). Consider a flavor symmetry G_F above the scale M, under which the third generation up-quarks and Higgs boson are singlets and all other fermions transform non-trivially. This charge assignment forbids the dimension-4 Yukawa terms for all fermions, expect for the top quark. Now, some vector-like heavy fermions and complex scalar flavon fields F with masses ∼ M can be proposed, which transform under the flavor group G_F but are singlets under the SM gauge group. The role of these heavy vector-like fermions and flavons F is such that they form Yukawalike terms with the SM fermions at a high scale. The flavon fields F can acquire vev around M and spontaneously break the flavor symmetry G_F . Upon integrating the vector-like fermions, we can generate higher dimensional terms of Eq. (1) [7], where the dimensionless couplings h^us and h^ds can be viewed as functions of^{⟨F ⟩}_M .

It is to be noted that the model in [7] can be generalized by including an additional scalar singlet field S [16,17]. It has been shown that instead of expanding in^{H†H}_{M 2} , the higher order terms of Eq. (1) can arise in terms of^{S†S}_{M 2} [16]. The model of this kind is consistent and the UV completion of it has been worked in detail [16]. Likewise, we can also consider higher order terms of Eq. (1) arising in expansion of both^{H†H}_{M 2} and^{S†S}_{M 2} [17]. However, in this work, we stick to the minimal version of all these models [7], i.e. we do not assume extension to scalar Higgs sector of the SM.

3 Neutrino masses in this model

In the above described model, neutrino masses have not been addressed, and as a result we cannot also obtain the PMNS matrix in the lepton sector. Here, we address both these issues by proposing three right-handed neutrino fields (N_{iR}) into the model. However, right-handed neutrinos can couple to left-handed neutrinos in such a way that either Dirac or Majorana neutrinos can form. We study both these cases in the following two subsections.

3SM fermion masses are given in [7], which include renormalization effects.

3.1 Dirac neutrinos

From the neutrino oscillation data it is known that the atmospheric neutrino mass scale (≈ 0.05 eV) is just a factor larger than the solar neutrino mass scale (≈ 0.009 eV). This is to be compared to the hierarchy of ∼ 10^4 between electron and tau masses. Indeed, to accommodate hierarchy between different family generations of charged fermions, different powers of^{H†H}_{M 2} are assigned in Eq. (1), which may not be necessary in the case of neutrinos because there are no such large hierarchies within their masses. Hence, from the above mentioned point and also from the naive order of estimations on the neutrino mass scale, we propose the following higher dimensional terms

L^ν_D = ( H^†H M^2

)_8 h^ν_{ij}L̄_{iL}N_{jR}H̃. (4) The mass dimension of the above operators are 20, which is large compared to some dimension-10 operators in the quark sector of Eq. (1). The largeness in the dimension for neutrino operators would give us very small neutrino masses compared to the charged fermion masses. The above higher order terms can be motivated by studying the UV completion of this model, where we appropriately choose the heavy vectorlike fermions under the flavor group G_F and upon integrating them out we generate the above terms in the low energy regime. The UV completion of this model will be described in the next section. After the electroweak symmetry breaking, the above term gives Dirac masses for neutrinos, which has a form

[M^ν_D]_{ij} = ϵ^{16}vh^ν_{ij}. (5)

Now, our aim is to fit the atmospheric and solar neutrino mass-squared differences and also the PMNS matrix with O(1) h^ν couplings. O(1) h^ν couplings mean that the values should be close to 1, but there is no well defined range for these values. For example, in [12] O(1) couplings are meant to be in the range 1/5 to 5. However, in this work we try for h^ν s to be between 0.1 and 2.0 because Yukawa couplings for charged fermions are found to be within this range, see Eq. (3). When we present our numerical results we will see that the h^ν s may become slightly larger than 2.0 and we comment out over there. As for the PMNS matrix, it has some specific structure and as result we would expect the couplings h^ν need to have some structure as well. The PMNS matrix has been defined as U_{PMNS} = (V^l_L)^†V^ν_L , where V^l_L and V^ν_L are unitary matrices which diagonalize the charged lepton and neutrino mass matrices as follows:

(V^l_L)^†M^l(M^l)^†V^l_L = diag(m^2_e, m^2_μ, m^2_τ ), (V^ν_L )^†M^ν_D(M^ν_D)^†V^ν_L = diag(m^2_1, m^2, m^2_3). (6)

Here, m_{1,2,3} are the three neutrino mass eigenvalues and M^l is the mass matrix in the charged lepton flavor basis, whose form is

M^l = h^l_{11}ϵ^6 h^l_{12}ϵ^6 h^l_{13}ϵ^6 h^l_{21}ϵ^6 h^l_{22}ϵ^4 h^l_{23}ϵ^4 h^l_{31}ϵ^6 h^l_{32}ϵ^4 h^l_{33}ϵ^2 v. (7)

We have found that the leading form of V^l_L as

V^l_L =

1^{hl12}_{hl22} ϵ^{2 hl13}_{hl33} ϵ^4

−^{hl12}_{hl22} ϵ^2 1^{hl23}_{hl33} ϵ^2 −^{hl13hl22−hl23hl12} h^l_{22}h^l_{33} ϵ

4 −^{hl23}_{hl33} ϵ^2 1 . (8)

The above equation indicates that the form of V^l_L is close to unit matrix with the off-diagonal elements are suppressed by at least ϵ^2. This observation indicates that the unitary matrix V^ν_L should have nearly the PMNS structure.

The PMNS matrix is determined by the three mixing angles and one CP violating phase. In this work, for parameterization of PMNS matrix we have followed the convention in [18]. Before the data of T2K experiment, a global fit to various neutrino oscillation data [19] gave results that the θ_{13} was allowed to be zero at 2σ level and the exact tribimaximal mixing pattern [20] in the lepton sector was still a possibility. Recently, in the T2K experiment [21] the appearance of six events of electron-neutrinos in the detector has ruled out θ_{13} ≠ 0 at 90 % C.L. However, the analysis of T2K is done by putting θ_{12} ≈ 34^o and θ_{23} = 45^o, which suggests that the values of θ_{12} and θ_{23} are in agreement with the corresponding tribimaximal values. To be consistent with the T2K experimental result, we take the CP violating phase to be zero and the leptonic mixing angles to be: sin θ_{12} =^{1√}_3 , sin θ_{23} =^{1√}_2 , and sin θ_{13} = 0.157. The sin θ_{13} value gives θ_{13} ≈ 9^o, which is consistent with the lower and upper bounds by the T2K [21] and CHOOZ experiments [22], respectively. We consider this value for θ_{13} only to demonstrate that PMNS structure can be obtained with O(1) Yukawa couplings, but otherwise it can be varied within the experimental limits.

We take the unitary matrix V^ν_L as

V^ν_L =

√_2 3 c_{13}^{1√}_3 c_{13} s_{13} −^{1√}_6 −^{1√}_3 s_{13}^{1√}_3 −^{1√}_6 s_{13}^{1√}_2 c_{13} 1√ 6 −^{1√}_3 s_{13} −^{1√}_3 −^{1√}_6 s_{13}^{1√}_2 c_{13} , (9)

where c_{13} = cos θ_{13}, s_{13} = sin θ_{13}. The above form of V^ν_L is same as the PMNS matrix with mixing angles in the leptonic sector, as mentioned above. Using the above V^ν_L , we find

(V^ν_L )^†M^ν_D(M^ν_D)^†V^ν_L = ϵ^{32}v^2 ⃗a · ⃗a ⃗a ·⃗b ⃗a · ⃗c ⃗a ·⃗b ⃗b ·⃗b ⃗b · ⃗c ⃗a · ⃗c ⃗b · ⃗c ⃗c · ⃗c , (10)

where the 3-dimensional vectors are: ⃗a = (a_1, a_2, a_3), ⃗b = (b_1, b_2, b_3) and ⃗c = (c_1, c_2, c_3), with

a_j = √ 2 3 c_{13}h^ν_{1j} − ( 1 √ 6 + 1 √ 3 s_{13})h^ν_{2j} + ( 1 √ 6 − 1 √ 3 s_{13})h^ν_{3j} ,

b_j = 1 √ 3 c_{13}h^ν_{1j} + ( 1 √ 3 − 1 √ 6 s_{13})h^ν_{2j} − ( 1 √ 3 + 1 √ 6 s_{13})h^ν_{3j} ,

c_j = s_{13}h^ν_{1j} + 1 √ 2 c_{13}(h^ν_{2j} + h^ν_{3j} ). (11)

The necessary conditions to be satisfied in order to fit the neutrino mass-square differences are

m^2_1 = f^2_D⃗a · ⃗a, m^2 = f^2_D⃗b ·⃗b, m^2_3 = f^2_D⃗c · ⃗c, ⃗a ·⃗b = ⃗b · ⃗c = ⃗a · ⃗c = 0, m^2_3 − m^2_1 = Δm^2_{atm} = (±2.4) × 10^{−3} ev^2, m^2 − m^2_1 = Δm^2_⊙ = 7.6 × 10^{−5} ev^2, (12)

where f^2_D = ϵ^{32}v^2.

In Eq. (12) we take the central values of the atmospheric and solar neutrino masssquared differences as they are considered in T2K experiment [21]. Since the sign of Δm^2_{atm} is not known in experiments, its value could be either of the values given above. We can take the form the vectors as ⃗a = |⃗a|(1, 0, 0), ⃗b = |⃗b|(0, 1, 0) and ⃗c = |⃗c|(0, 0, 1), to satisfy the orthogonality among these vectors. The magnitude of these vectors (|⃗a|, |⃗b|, |⃗c|) can be determined by fitting to the neutrino mass-squared differences. If the sign of Δm^2_{atm} is positive, we get the normal hierarchical pattern among the neutrino masses. In this case we can take m_1 ∼ √ Δm^2_⊙, m_2 = √ Δm^2_⊙ + m^2_1, and m_3 = √ Δm^2_{atm} + m^2_1. Whereas, in the case where the sign of Δm^2_{atm} is negative, the spectrum of neutrino mass eigenstates is called inverted hierarchy, in which case we can take m_3 ∼ √ Δm^2_{atm}, m_1 = √ Δm^2_{atm} + m^2_3, and m_2 = √ Δm^2_⊙ + m^2_1. For a definite value of ϵ, and after finding the values of |⃗a|, |⃗b| and |⃗c|, by inverting Eq. (11), we compute the full neutrino Yukawa couplings.

In the determination of |⃗a|, |⃗b| and |⃗c|, the value of ϵ should be fixed. We fix ϵ = 1/6.5 ≈ 0.15 as this value has given a good fit to charged fermion masses and also the CKM matrix. In the normal hierarchy, for m_1 = 0 and m_1 = 0.7 × √ Δm^2_⊙, the Yukawa couplings, respectively, turns out to be

h^ν =

0 0.29 0.45 0 0.26 1.99 0 −0.33 1.99 , 0.29 0.35 0.45 −0.18 0.32 2.01 0.11 −0.40 2.01 . (13)

In the above case, if m_1 is less than 0.7 times of √ Δm^2_⊙, the element h^ν_{31} may become less than 0.1. In the inverted hierarchy, for m_3 = 0 and m_3 = 0.5 × √ Δm^2_{atm}, the Yukawa couplings, respectively, come out to be

h^ν =

2.31 1.66 0 −1.43 1.49 0 0.91 −1.86 0 , 2.58 1.84 0.22 −1.59 1.66 0.99 1.01 −2.08 0.99 . (14)

The above neutrino Yukawa couplings are O(1). As stated before, compared to charged fermion Yukawa couplings whose values are within 0.1 to 2.0, some elements of neutrino Yukawa couplings are slightly above 2.0, especially in the inverted hierarchical case. We have found that by increasing ϵ value to 0.16, the neutrino Yukawa couplings would be in the range of 0.1 to 2.0 in both the hierarchical cases. By increasing ϵ to 0.16, do not change the charge fermion Yukawa couplings very much. In fact, we have also checked that for ϵ = 0.16 the CKM matrix elements can be fitted to their experimental values. We will comment more on the possible values of ϵ in Sec. 5, where we describe upper limits on it arising due to D^0 − D̄^0 mixing. Finally, we compute the PMNS matrix which is given by (V^l_L)^†V^ν_L . This matrix depends on the charged lepton Yukawa couplings, for which only the diagonal elements have been computed from their mass relations. If we set all the off-diagonal couplings for charged leptons to be 0.5, the actual PMNS matrix in this model for ϵ = 1/6.5 is

U_{PMNS} =

0.81 0.56 0.15 −0.50 0.54 0.68 0.30 −0.63 0.72 . (15)

The above matrix elements are within the error limits of the computed values through the mixing angles in neutrino oscillation experiments. By changing the off-diagonal Yukawa couplings of charged leptons to 1.5, we have found that the elements in the above matrix will change only in the second decimals.

3.2 Majorana neutrinos

In the previous subsection we have analyzed the case of Dirac neutrinos in the model [7]. In the case of Dirac neutrinos the fields N_{iR} are just the right-handed components of neutrinos and lepton number is conserved. However, the phenomenology would change if the lepton number is assumed to be violated, and we can have massive sterile neutrinos in the model. Since the UV cutoff of the model is M ∼TeV, we can choose the masses of the sterile neutrinos to be slightly less than of the order of TeV. These TeV sterile neutrinos, with some mixing with active neutrinos, can give significant contribution to neutrinoless double beta decay process and some collider processes as well.

Suppose that the following effective operators exist in the model.

L_M = ( H^†H M^2

)_4 h^ν_{ij}L̄_{iL}N_{iR}H̃ + M_i 2 N^c_{iR}N_{iR} + h.c., (16)

where M_i, i = 1, 2, 3, are the masses of the right-handed sterile neutrinos, and the indices i, j should be summed over 1,2,3. N^c_{iR} is the charge conjugate of N_{iR}. There are dimension-12 operators in the above equation which can be motivated from the UV completion of this model, and it will be presented in the next section. The masses of right-handed neutrinos would be around TeV which is much larger than the Dirac neutrino masses of the first term in the above equation. Hence, after integrating the heavy right-handed neutrinos, the masses of light neutrinos are given by

(M^ν_M )_{ij} = ϵ^{16}v^2 3∑ k=1 h^ν_{ik} 1 M_k h^ν_{jk}. (17)

Since the above mass matrix is symmetric, it can be diagonalized by a unitary matrix V^ν_L as (V^ν_L )^TM^ν_M V^ν_L = diag(m_1, m_2, m_3). (18)

Since we have argued previously that the corresponding unitary matrix V^l_L in the charged lepton sector is close to unit matrix, we choose V^ν_L to have the form in Eq. (9). Then the above matrix relation can be satisfied if the following relations are hold:

m_1 = f_M ⃗a^′ · ⃗a^′, m_2 = f_M ⃗b^′ · ⃗b^′, m_3 = f_M ⃗c^′ · ⃗c^′, ⃗a′ · ⃗b′ = ⃗a′ · ⃗c′ = ⃗b′ · ⃗c′ = 0, (19) where f_M = ϵ^{16}v^2. The vectors ⃗a^′ = (a^′_1, a^′_2, a^′_3), ⃗b^′ = (b^′_1, b^′_2, b^′_3) and ⃗c^′ = (c^′_1, c^′_2, c^′_3) are such that a^′_i =^{ai√}_{Mi} , b^′_i =^{bi√}_{Mi} and c^′_i =^{ci√}_{Mi} , where a_i, b_i, c_i are defined in Eq. (11). To satisfy the orthogonality in these vectors we choose their forms as ⃗a^′ = |⃗a^′|(1, 0, 0), ⃗b′ = |⃗b′|(0, 1, 0), ⃗c′ = |⃗c′|(0, 0, 1). Like in the previous Dirac neutrinos, in this case also to fit the neutrino mass-squared differences we analyze both the normal and inverted hierarchical mass spectrums of neutrinos. The mass eigenvalues of the three neutrinos in terms of mass-squared differences are mentioned in the previous subsection. After finding the |⃗a^′|, |⃗b^′|, |⃗c^′| and for definite values of right-handed neutrino masses, we can invert the relations in Eq. (11) to find the Yukawa couplings. The masses of right-handed neutrinos could be either degenerate or non-degenerate, and so we study both these cases below. In our numerical analysis we have fixed ϵ = 1/6.5.

Case I: Degenerate right-handed neutrinos

We choose the degenerate mass scale of right-handed neutrinos to be 1 TeV, i.e. M_1 = M_2 = M_3 = 1 TeV. In the normal hierarchy, for m_1 = 0 and m_1 = 0.5× √ Δm^2_⊙, the Yukawa couplings came out to be, respectively, as

h^ν =

0 0.98 0.64 0 0.88 2.83 0 −1.10 2.83 , 0.98 1.03 0.64 −0.60 0.93 2.84 0.38 −1.16 2.84 . (20)

In the inverted hierarchy, for m_3 = 0 and m_3 = 0.5 × √ Δm^2_{atm}, the Yukawa couplings came out to be, respectively, as

h^ν =

3.27 2.33 0 −2.02 2.10 0 1.29 −2.62 0 , 3.46 2.46 0.45 −2.14 2.21 2.00 1.36 −2.77 2.00 . (21)

Notice here that in the inverted hierarchical case, the element h^ν_{11} of neutrino Yukawa coupling is even larger than 3.0. This situation can be improved if we raise ϵ to 0.16, in which case h^ν_{11} would be between 2.0 and 3.0. Further increasing ϵ to 0.17 would bring all the neutrino Yukawa couplings in the range of 0.1 to 2.0 in both the hierarchical cases. However, ϵ = 0.17 may be ruled out by the D^0 − D̄^0 mixing in this model, which will be described in Sec. 5.

Case II: Non-degenerate right-handed neutrinos

To illustrate how the neutrino Yukawa couplings change from Case I, we take the following values for the three right-handed neutrinos: M_1 = 500 GeV, M_2 = 800 GeV and M_3 = 1 TeV. In the normal hierarchy, for m_1 = 0 and m_1 = 0.5 × √ Δm^2_⊙, the Yukawa couplings came out to be, respectively, as

h^ν =

0 0.87 0.64 0 0.78 2.83 0 −0.98 2.83 , 0.69 0.92 0.64 −0.43 0.83 2.84 0.27 −1.04 2.84 . (22)

In the inverted hierarchy, for m_3 = 0 and m_3 = 0.5 × √ Δm^2_{atm}, the Yukawa couplings came out to be, respectively, as

h^ν =

2.31 2.08 0 −1.43 1.88 0 0.91 −2.34 0 , 2.44 2.20 0.45 −1.51 1.98 2.00 0.96 −2.47 2.00 . (23)

Comparing the values of neutrino Yukawa couplings in this case with that of Case I, we can notice that by decreasing the value of a right-handed neutrino mass decreases the elements in the corresponding column of the matrix h^ν . For example, by decreasing the value of M_1 from 1 TeV to 500 GeV, we can see that the elements in the first column of h^ν have decreased. This fact can be understood from the expressions of a^′_i, b^′_i, c^′_i and also the from the form of these vectors that we have considered.

Finally, the PMNS matrix in the Majorana neutrino case is same as that of Eq. (15). The construction of PMNS matrix in this model is such that it depends on ϵ, charged lepton Yukawa couplings and mixing angles which we have mentioned before. As a result of this, either in the Case I or Case II of Majorana neutrinos, we do get the same PMNS matrix as long as we do not change the ϵ and charge lepton Yukawa couplings. This suggests that in this model the right-handed neutrino masses do not show up in the PMNS matrix, rather their implications are felt in the neutrino Yukawa couplings.

4 UV completion of the model

In this section we describe how the higher order terms of Eqs. (4) and (16) can be motivated from the UV completion of the model. Our procedure of UV completion is similar to that described in [7, 16, 17]. However, here we do not fix the charges of any field and moreover we study the higher order terms of any power in^{H†H}_{M 2} . In the case of Dirac and Majorana neutrinos of this model, we need 8 and 4 powers of H^†H M^2 , respectively, in the relevant higher dimensional operators. In our approach, we

first study how a single power of^{H†H}_{M 2} is possible in a higher dimensional operator of^{H†H}_{M 2} L̄_LN_RH̃. For simplicity, here we have suppressed family indices. Then in the

next step, we try to see how two powers of^{H†H}_{M 2} can arise in the (_{H†H} M^2

)_2 L̄_LN_RH̃.

Then afterwards, we can generalize this procedure to obtain any higher dimensional operator containing a finite power of^{H†H}_{M 2} . Since the origin of higher order terms in quark and charged lepton sectors have already been discussed in [7, 16, 17], below we confine only to the neutrino sector. However, we believe our procedure, with a little modification, can be merged with that of [7,16,17]. Otherwise, our procedure can be extended even to the quark and charged lepton sectors.

As stated before, we have to propose a flavor symmetry group G_F to forbid the leading Yukawa couplings in the neutrino sector. The symmetry G_F is an exact symmetry at and above the scale M ∼ TeV. We take G_F to be a gauged abelian symmetry, i.e. G_F = U(1)_F . In a first step to generate the higher order term^{H†H}_{M 2} L̄_LN_RH̃, we propose vector-like, color-singlet fermionic fields K_1 and G_1, which are singlet and doublet, respectively, under the SU(2)_L of the SM gauge group. We also propose complex scalar flavon field F_1, whose vev (⟨F_1⟩ ∼ M) spontaneously breaks the flavor symmetry U(1)_F , but otherwise is singlet under the standard model gauge group. Now, consider the following renormalizable terms at the high scale.

y_1L̄_LK_{1R}H̃ + y_2F_1K̄_{1R}K_{1L} + y_3K̄_{1L}G_{1R}H^† + y_4F_1Ḡ_{1R}G_{1L} + y_5Ḡ_{1L}N_RH, (24)

where ys are O(1) dimensionless couplings.

The above renormalizable terms can be justified by assigning the following charges under U(1)_F : L_L = K_{1R} = l, F_1 = f_1, K_{1L} = G_{1R} = l−f_1, G_{1L} = N_R = l−2f_1, H = 0. Here, the Higgs doublet is uncharged under U(1)_F and l and f_1 are U(1)_F charges of lepton doublet and F_1, respectively. After spontaneous breaking of U(1)_F and after integrating out the heavy fermions (K_1, G_1), the above terms generate^{H†H}_{M 2} L̄_LN_RH̃ in the low energy regime. Notice here that by assigning different U(1)_F charges of the three lepton doublets and by proposing three different copies of F_1 field, i.e. F_{1i}, i = 1, 2, 3, the above procedure can be generalized to give the full 3×3 family structure in^{H†H}_{M 2} L̄_LN_RH̃. In this generalization, we need three copies of K_1, G_1 and moreover all the three right-handed neutrinos will have same U(1)_F charge.

Let us note here that the field content proposed in Eq. (24) somewhat resembles to that of [23], where a general study of seesaw Dirac neutrino masses has been studied with arbitrary number of active and sterile neutrinos. Here the weak-singlet fields N_R, K_{1L}, K_{1R} are sterile and they have mixing masses with the active neutrino (ν_L) of L_L. The mixing between K_{1L} and N_R arises after integrating the heavy weakdoublet G. As a result, we get 4×4 mixing mass matrix among the above said fields. The structure of this matrix is same as that of 4×4 texture proposed in [23]. In another context of these type of extended seesaw models, leptogeneis has also been studied [24].

In the next step, to generate the higher order term (_{H†H} M^2

)_2 L̄_LN_RH̃, in addition

to the above field content, we propose K_2, G_2 whose quantum numbers under SM gauge group are same as that of K_1, G_1, and also a complex scalar flavon field F_2, which is a singlet under the standard model gauge group. Now, consider the following renormalizable terms at the high scale.

y_1L̄_LK_{1R}H̃ + y_2F_1K̄_{1R}K_{1L} + y_3K̄_{1L}G_{1R}H^† + y_4F_2Ḡ_{1R}G_{1L} + y_5Ḡ_{1L}K_{2R}H +y_6F_2K̄_{2R}K_{2L} + y_7K̄_{2L}G_{2R}H^† + y_8F_1Ḡ_{2R}G_{2L} + y_9Ḡ_{2L}N_RH. (25)

Here, ys are O(1) dimensionless couplings. The above terms can be justified with the following U(1)_F charges: L_L = K_{1R} = l, F_1 = f_1, K_{1L} = G_{1R} = l − f_1, F_2 = f_2, G_{1L} =

K_{2R} = l − f_1 − f_2, K_{2L} = G_{2R} = l − f_1 − 2f_2, G_{2L} = N_R = l − 2f_1 − 2f_2, H = 0. After spontaneous symmetry breaking and also after integrating the heavy fields we can generate (_{H†H} M^2

)_2 L̄_LN_RH̃ in the low energy regime. Again, to generate the full 3×3

family structure in this higher dimensional operator, we have to propose three copies of F_1, K_1, K_2, G_1, G_2, like we have explained previously. It can be noticed that the charge assignment and field content is such that, while generating (_{H†H} M^2

)_2 L̄_LN_RH̃,

the other higher dimensional term^{H†H}_{M 2} L̄_LN_RH̃ can not be possible in the low energy regime.

Now, it is easy to understand that the above described procedure can be generalized to obtained some finite power of^{H†H}_{M 2} along with the L̄_LN_RH̃. To generate the higher dimensional term of Eq. (4), we need the following eight different heavy fields: complex scalar flavon fields (F_i, i = 1, · · · , 8), singlet and doublet of SU(2)_L of the SM gauge group (K_i, G_i, i = 1, · · · , 8). Also, to get the full 3×3 family structure in the L̄_LN_RH̃, we have to replicate the above heavy fields, with different charges, three times. The number of heavy fields that we have described in the case of Dirac neutrinos will be reduced in the case of Majorana neutrinos. To generate the first term of Eq. (16), we have to propose four different heavy fields of scalar and fermionic type, which we have described above. On top of this, to generate the second term of Eq. (16), we have to propose additional complex scalar field with a charge of −2n, where n is the U(1)_F charge of the field N_R.

5 Phenomenology

The phenomenology of this model in the quark and charged lepton sector is same as that described in [7]. In the neutrino sector we get new phenomenological signals which will be described below.

First, from the UV completion of the higher dimensional operators of Eqs. (4) and (16), we need some heavy weak-singlet and weak-doublet ferminoic states. In the case of Dirac neutrinos, the number of these heavy fermionic states is 8×3 of both weak-singlet and weak-doublet fields. Whereas in the Majorana case this number is 4×3. The masses of these heavy fermionic fields are in the range of 1−2 TeV. The heavy weak-singlet Ks have zero hypercharge, whereas the weak-doublet fields (Gs) have hypercharge +1. Hence, the heavy weak-doublet fields can be produced either through W or Z boson fusion at the LHC. However, detection of weak-singlets is challenging due to its sterile nature. These weak-singlet fermions can be produced in a collider process through the decay of heavy weak-doublet fermions. One of the weak-singlets (K_1 in the previous section) is bound to decay into an active neutrino and Higgs boson. And similarly, one of the weak-doublets (G_1 or G_2 of the previous section) is bound to decay into a right-handed neutrino and Higgs boson state, if this is kinematically allowed. As a result of these interactions, after the weak-singlet and weak-doublet fermions being produced in a collider, they can ultimately cascade down to some number of neutrinos and Higgs bosons, depending on the masses of these fermions. In this model there are also heavy complex scalar fields, which are SM gauge singlets and have masses of ∼1 TeV. The complex scalar flavon fields (F_i), apart from their Yukawa couplings to heavy fermions, can have quartic interactions with the Higgs doublet field. As a result of this, each scalar flavon field can decay to a pair of Higgs bosons. These complex scalar fields can be produced through the decay of either weak-singlet or weak-doublet heavy fermion.

Apart from the phenomenology of heavy fermions and scalars in the model, the local nature of the flavor group U(1)_F give some more phenomenology. Since the flavor group is gauged, there would be a gauge boson Z^′ corresponding to the U(1)_F . The mass of Z^′ could be in the TeV scale provided the gauge coupling (g_F ) of U(1)_F is O(1). In the UV completion of this model we have assumed that leptons are charged under U(1)_F and without any inconsistency we can assume that quarks are singlets under U(1)_F . This particular charge assignment can relax constraints on the gauge coupling g_F due to Drell-Yan process. However, the charge assignment of leptons can induce mixing between Z and Z^′ at a loop level. Since this mixing should be small [18], we may have to suppress the coupling g_F . The details of these studies is beyond the limit of this work, but we refer some recent works on the phenomenology of Z^′ [25]. It is to be noticed that some of the phenomenology of Z^′ studied in [16] can also be applicable in this model. Finally, the heavy fermions are chiral with respect to the flavor group and as a result there could be anomalies due to gauged U(1)_F . To cancel these anomalies we have to propose some additional fermions at the TeV scale through Green-Schwarz mechanism, which is also suggested in [16].

Next, we focus on the phenomenology arising due to neutrino masses of this model. As said previously, one of the consequences of Majorana neutrinos is that it generates neutrinoless double beta decay process at tree level. This has been looked in various experiments, see Refs. [26], for conducted and future proposed experiments. The amplitude of this process depends on the quantity m_{ee} =

∑_3 i=1 U^2_{ei}m_i [27], where U = U_{PMNS} and m_i are the mass eigenvalues of light neutrinos. The non-observation of this process has put an upper bound on m_{ee} to be ∼0.5 eV [28]. In our particular case of Majorana neutrinos, for ϵ = 1/6.5, we have calculated the m_{ee} of neutrinoless double beta decay process. In the normal hierarchy, for m_1 = 0 and m_1 = 0.5 × √ Δm^2_⊙, m_{ee} is 3.9 × 10^{−3} eV and 7.1 × 10^{−3} eV, respectively. In the inverted hierarchy, for m_3 = 0 and m_3 = 0.5 × √ Δm^2_{atm}, m_{ee} is found out to be 0.048 eV and 0.054 eV, respectively.

Note here that we put Majorana phases to be zero in this calculation. An interesting fact is that the values we get for the quantity m_{ee} is independent of right-handed neutrino masses, since they do not enter in the construction of the PMNS matrix of this model.

Nonzero masses of neutrinos indicate oscillations in flavor neutrinos, and hence we can have flavor changing processes such as μ → eγ. The current upper bound on the branching ratio of this process is 2.4 × 10^{−12} at 90% C.L. [29]. For Dirac neutrinos, due to Glashow-Iliopoulos-Maiani (GIM) cancellation mechanism, the amplitude for this process is highly suppressed, and the branching ratio is well below the current upper limit. However, for Majorana neutrinos the GIM cancellation mechanism is not valid, and one may wonder if we can get appreciable branching ratio in this case. In the Majorana case, we have Type-I seesaw mechanism and in this mechanism the branching ratio for μ → eγ has been derived in [30]. For a TeV scale right-handed neutrino masses, we have found that the branching ratio of this process is ∼ 10^{−31}, which is significantly smaller than the current upper limit. We believe that this small branching ratio in our model is due to small admixture between light active and heavy right-handed neutrinos.

Finally, we comment on possible restrictions on this model due to D^0 −D̄^0 mixing. Since the Yukawa couplings are non-diagonal in the quark sector, Higgs boson can generate flavor changing neutral current processes. Among these the Higgs couplings to up and charm quarks can give mass difference between D^0 − D̄^0 [7]. The current upper limit on this mass difference is 2.35 × 10^{−14} at 2σ level [18]. In [7], the Higgs contribution to this mass difference is claimed to be ≈ 7 × 10^{−14}, which is now ruled out. However, this computation is done for a specific values of h^u_{12} = 1.0 and h^u_{21} = 0.5 and also for a Higgs boson mass of 200 GeV. Since now the Higgs boson has to be within 140 GeV [31, 32], we have redone the computation with h^u_{12} = 1.06, h^u_{21} = 0.5 and for a Higgs mass of 130 GeV. For ϵ = 1/6.5 and 0.16 we have found Δm^{Higgs}_D = 1.47 × 10^{−14} and 2.01 × 10^{−14}, respectively. For ϵ = 0.17 we have found that the mass difference between D^0 − D̄^0 is 3.26 × 10^{−14} which exceeds the current upper limit. However, ϵ = 0.17 can be made allowed by choosing different set of h^u_{12} and h^u_{21} values. The price one may have to pay is adjusting the Yukawa couplings to some decimal places. Here, it can be noticed that we have fixed h^u_{12} to two decimal places to get additional suppression compared to that of [7]. The upper bound on ϵ we are getting from D^0 −D̄^0 correlates with neutrino Yukawa couplings of this model. In Sec. 3 we have quoted that in the inverted hierarchical case of Majorana neutrinos, ϵ = 0.17 can give neutrino Yukawa couplings close to 1.0 rather than for ϵ = 1/6.5 or 0.16. From the current data on D^0 − D̄^0 mixing, the neutrino Yukawa couplings of this model are set to be on the higher side. Further improvements on the D^0 − D̄^0 mixing can set limits on [7] as well as neutrino sector of this model.

6 Conclusions

Some of the challenging problems in particle physics are the hierarchical pattern of fermion masses and the difference in the mixing pattern for quarks and leptons. A simple and elegant model [7] has been proposed to explain the hierarchies in charged fermions and also the mixing pattern in the quark sector. One of the parameters of this model is ϵ =^{⟨H⟩}_M ∼ 0.15. After fixing this parameter and for O(1) Yukawa couplings in the model, the charged fermion masses and the CKM matrix have been obtained, in agreement with experimental values.

We have generalized the model [7] to accommodate neutrino masses and also obtain mixing pattern in lepton sector, i.e. PMNS matrix. We have addressed both Dirac and Majorana masses for neutrinos in this model. To explain the Dirac and Majorana masses consistently, we have proposed dimension 20 and 12 higher order terms, respectively. These higher order terms are shown to be arriving from the UV completion of the model by having an additional flavor symmetry and some TeV scale heavy fermions and scalars. After proposing higher order terms we have done numerical analysis, where we have shown that the atmospheric and solar neutrino mass scales and mixing pattern in lepton sector can be consistently obtained for ϵ between 1/6.5 and 0.16. From the D^0 − D̄^0 mixing, we have argued that we can set an upper bound on ϵ to be around 0.17.

Since the ϵ parameter is tightly constrained, the model has definite predictions for various collider processes. From the neutrino sector, in the Majorana case, the effective mass of the neutrinoless double beta decay, m_{ee}, has definite values in this model. The values of m_{ee}, in the inverted neutrino mass hierarchical case, are about an order less than the currently probed experimental values. This case is interesting in the ongoing and future experiments on the neutrinoless double beta decay process, to verify if the model presented here is realistic. Apart from the signals in neutrino sector, the UV completion of this model demands the presence of TeV scale weak-singlet and weak-doublet fermionic as well as singlet scalar particles in the theory. Detection of these particles is within reach of LHC experiment, which can give smoking gun signals of this model.

Acknowledgments

D.K.G. acknowledges partial support from the Department of Science and Technology, India under the grant SR/S2/HEP-12/2006.

References

[1] A. Strumia and F. Vissani, arXiv:hep-ph/0606054.

[2] M. C. Gonzalez-Garcia and M. Maltoni, Phys. Rept. 460, 1 (2008) [arXiv:0704.1800 [hep-ph]].

[3] P. Minkowski, Phys. Lett. B 67, 421 (1977); T. Yanagida, in Proceedings of the Workshop on the Unified Theory and the Baryon Number in the Universe (O. Sawada and A. Sugamoto, eds.), KEK, Tsukuba, Japan, 1979, p. 95; M. Gell- Mann, P. Ramond, and R. Slansky, Complex spinors and unified theories, in Supergravity (P. van Nieuwenhuizen and D. Z. Freedman, eds.), North Holland, Amsterdam, 1979, p. 315; S. L. Glashow, The future of elementary particle physics, in Proceedings of the 1979 Cargèse Summer Institute on Quarks and Leptons (M. Lévy, J.-L. Basdevant, D. Speiser, J. Weyers, R. Gastmans, and M. Jacob, eds.), Plenum Press, New York, 1980, pp. 687–713.

[4] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980); J. Schechter and J.W.F. Valle, Phys. Rev. D 22, 2227 (1980).

[5] M. Magg and C. Wetterich, Phys. Lett. B 94, 61 (1980); R. N. Mohapatra and G. Senjanovic, Phys. Rev. D23, 165 (1981); G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B 181, 287 (1981).

[6] R. Foot, H. Lew, X. G. He and G. C. Joshi, Z. Phys. C 44, 441 (1989). [7] K.S. Babu and S. Nandi, Phys. Rev. D 62, 033002 (2000). [8] Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28, 870 (1962). [9] B. Pontecorvo, Sov. Phys. JETP 26, 984 (1968).

[10] M. -C. Chen, A. de Gouvea and B. A. Dobrescu, Phys. Rev. D 75, 055009 (2007). [11] I. Gogoladze, N. Okada and Q. Shafi, Phys. Lett. B 672,235 (2009). [12] G. F. Giudice and O. Lebedev, Phys. Lett. B 665, 79 (2008). [13] K. S. Babu, S. Nandi and Z. Tavartkiladze, arXiv:0905.2710 [hep-ph]. [14] F. Bonnet, D. Hernandez, T. Ota and W. Winter, JHEP 10, 076 (2009). [15] I. Picek and B. Radovcic, Phys. Lett. B687, 338-341 (2010) [arXiv:0911.1374 [hep-ph]].

[16] J.D. Lykken, Z. Murdock and S. Nandi, Phys. Rev. D 79, 075014 (2009). [17] B.N. Grossmann, Z. Murdock and S. Nandi, arXiv:1011.5256 [hep-ph]. [18] K. Nakamura et al. (Particle Data Group), J. Phys. G 37, 075021 (2010). [19] T. Schwetz, M. Tortola and J.W.F. Valle, arXiv:1103.0734 [hep-ph].

[20] P.F. Harrison, D.H. Perkins and W.G. Scott, Phys. Lett. B 530, 167 (2002).

[21] K. Abe et al. (T2K Collaboration), arXiv:1106.2822 [hep-ex].

[22] M. Apollonio et al. (CHOOZ Collaboration), Eur. Phys. J. C 27, 331 (2003).

[23] M. Lindner, T. Ohlsson and G. Seidl, Phys. Rev. D 65 (2002) 053014, [hep-ph/0109264].

[24] S. K. Kang and C. S. Kim, Phys. Lett. B 646 (2007) 248, [hep-ph/0607072];

H. Sung Cheon, S. K. Kang and C. S. Kim, JCAP 0805 (2008) 004 [Erratumibid. 1103 (2011) E01], [arXiv:0710.2416 [hep-ph]].

[25] J. Erler, P. Langacker, S. Munir and E. Rojas, [arXiv:1103.2659 [hep-ph]]; C. - F. Chang, K. Cheung and T. -C. Yuan, [arXiv:1107.1133 [hep-ph]].

[26] H. V. Klapdor-Kleingrothaus, A. Dietz, L. Baudis, G. Heusser, I. V. Krivosheina, S. Kolb, B. Majorovits, H. Pas et al., Eur. Phys. J. A12 (2001) 147-154, [hep-ph/0103062]; C. Arnaboldi et al. [CUORICINO Collaboration], Phys. Rev. C78, 035502 (2008), [arXiv:0802.3439 [hep-ex]]; X. Sarazin et al. [NEMO Collaboration] [hep-ex/0006031]; J. Argyriades et al. [NEMO Collaboration], Phys. Rev. C80, 032501 (2009), [arXiv:0810.0248 [hep-ex]]; I. Abt, M. F. Altmann, A. Bakalyarov, I. Barabanov, C. Bauer, E. Bellotti, S. T. Belyaev, L. B. Bezrukov et al., [hep-ex/0404039]; S. Schonert et al. [GERDA Collaboration], Nucl. Phys. Proc. Suppl. 145, 242-245 (2005); C. Arnaboldi et al. [CUORE Collaboration], Nucl. Instrum. Meth. A518, 775-798 (2004), [hep-ex/0212053]; R. Arnold et al. [SuperNEMO Collaboration], Eur. Phys. J. C70, 927-943 (2010), [arXiv:1005.1241 [hep-ex]]; V. E. Guiseppe et al. [Majorana Collaboration] [arXiv:0811.2446 [nucl-ex]]; C. Kraus [SNO+ Collaboration], http://www.sno.phy.queensu.ca/∼alex/SNOLab.pdf and Prog. Part. Nucl. Phys. 57 (2006) 150; F. Granena et al. [The NEXT Collaboration], [arXiv:0907.4054 [hep-ex]].

[27] F. Vissani, JHEP 9906, 022 (1999).

[28] W. Rodejohann, arXiv:1106.1334 [hep-ph].

[29] M.L. Brooks et. al. (MEGA Collaboration), Phys. Rev. Lett. 83, 1521 (1999); M.

Ahmed et. al. (MEGA Collaboration), Phys. Rev. D 65, 112002 (2002); J. Adam et al. [ MEG Collaboration ], [arXiv:1107.5547 [hep-ex]].

[30] A. Ilakovac and A. Pilaftsis, Nucl. Phys. B437 (1995) 491. [hep-ph/9403398].

[31] ATLAS Collaboration, http://twiki.cern.ch/twiki/bin/view/AtlasPublic/AtlasResultsEPS2011.

[32] CMS Collaboration, CMS PAS HIG-11-022, http://cms.web.cern.ch/cms/News/2011/LP11.