arXiv:1204.5862v2 [hep-ph] 20 Aug 2012

PREPRINT: IFIC/12-26, MPP-2012-76

Systematic study of the d = 5 Weinberg operator at one-loop order

Florian Bonnet^{a,1}, Martin Hirsch^{b,2}, Toshihiko Ota^{c,3}, and Walter Winter^{a,4}

a Institut für Theoretische Physik und Astrophysik, Universität Würzburg, 97074 Würzburg, Germany b AHEP Group, Instituto de Física Corpuscular – C.S.I.C./Universitat de València Edificio de Institutos de Paterna, Apartado 22085, 46071 València, Spain c Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), Föhringer Ring 6 80805 München, Germany

Abstract

We perform a systematic study of the d = 5 Weinberg operator at the one-loop level. We identify three different categories of neutrino mass generation: (1) finite irreducible diagrams; (2) finite extensions of the usual seesaw mechanisms at one-loop and (3) divergent loop realizations of the seesaws. All radiative one-loop neutrino mass models must fall into one of these classes. Case (1) gives the leading contribution to neutrino mass naturally and a classic example of this class is the Zee model. We demonstrate that in order to prevent that a tree level contribution dominates in case (2), Majorana fermions running in the loop and an additional Z_2 symmetry are needed for a genuinely leading one-loop contribution. In the type-II loop extensions, the Yukawa coupling will be generated at one loop, whereas the type-I/III extensions can be interpreted as loop-induced inverse or linear seesaw mechanisms. For the divergent diagrams in category (3), the tree level contribution cannot be avoided and is in fact needed as counter term to absorb the divergence.

1florian.bonnet@physik.uni-wuerzburg.de 2mahirsch@ific.uv.es 3toshi@mppmu.mpg.de 4winter@physik.uni-wuerzburg.de

1 Introduction

Neutrino oscillation experiments have firmly established the existence of non-zero neutrino masses. The recent result of the Daya-Bay and Reno experiment give a non-zero value of θ_{13} [1, 2] at more than 5 σ C.L., finally fixing the last unknown leptonic mixing angle. This result has attracted a lot of attention, since it opens up the possibility to measure leptonic CP violation in the future. With this data oscillation physics definitely has entered the precision age (for the latest fits of oscillation parameters see e.g. Refs. [3, 4]).

Neutrino masses are at least six orders of magnitude smaller than the next lightest standard model fermion. If neutrinos are Majorana particles, such a small mass could be understood if there is new physics beyond the electroweak scale. The lowest order operator, which generates Majorana neutrino masses after EWSB, is the unique d = 5 Weinberg operator [5]: δL = 1 2 c^{d=5}_{αβ} ( L^c_{Lα} ~H^∗ ) ( ~H^†L_{Lβ} ) + h.c. , (1)

where L_L = (ν_L, ℓ_L)^T are the usual left-handed lepton doublets of the SM, H = (H^+, H^0)^T is the Higgs doublet, ~H = iσ_2H^∗, and c^{d=5}_{αβ} ∝ 1/Λ is a model dependent coefficient suppressed by the scale of new physics Λ. Here the Greek indices represent flavor indices. All Majorana neutrino mass models reduce to this operator, or its higher dimensional (d > 5) equivalent [6], once the new physics is integrated out^5.

There are only three ways to generate the d = 5 operator at tree level. These are known as type-I [9–12], type-II [13–18], and type-III [19] see-saw mechanisms, with an SU(2) singlet fermion, triplet scalar, and triplet fermion, respectively, as mediator; see also Ref. [20] for a review. These three possibilities are shown in Fig. 1.

N

L

H H

L Y_{νN} Y^T_{νN}

H

L

H

L

Δ μ_Δ

Y_Δ

Σ

L

H H

L Y_{νΣ} Y^T_{νΣ}

Figure 1: The three generic realizations of the seesaw mechanism, depending on the nature of the heavy field exchanged: SM singlet fermion N (1^F_0 ) (type I seesaw) on the left, SM triplet scalars Δ (3^S_{−2}) (type II seesaw) in the middle, and SM triplet fermion Σ (3^F_0 ) (type III seesaw) on the right.

In the tree level seesaws, the neutrino mass scale is roughly given by m_ν = ⟨H^0⟩^2/Λ, where ⟨H^0⟩ is the vacuum expectation value (vev) of the Higgs, as one can easily read off from Eq. (1). For O(1) couplings, Λ points to the scale of a grand unified theory (GUT), where the gauge couplings

5Note that current observational data, with a hint for the Higgs at 125 GeV [7, 8], is perfectly consistent with this picture.

are supposedly unifying. Therefore, in these standard seesaws, the corresponding new physics scale will be impossible to test at the LHC. In turn, models with a new physics scale naturally linked to physics at the LHC need to have additional suppression mechanisms for neutrino mass, where the best studied ones are:

1. The neutrino mass is generated radiatively. The additional suppression is guaranteed by a combination of loop integrals [21–35] and EW-scale masses entering the diagrams.

2. The neutrino mass is generated at tree level, where additional suppression enters through a small lepton number violating (LNV) contribution (e.g., in inverse or linear see-saw scenarios, or R parity-violating SUSY models, etc. [36–52]).

3. The neutrino mass is forbidden or suppressed at d = 5, but appears from effective operators of higher dimension [6, 53–64].

Neutrino mass generated from an n-loop dimension d diagram is estimated as m_ν ∝ ⟨H^0⟩^2 Λ × ( 1 16π^2 )_n × ϵ × ( ⟨H^0⟩ Λ )_{d−5} , (2)

where ϵ expresses symbolically the suppression of the lepton number violation (suppression mechanism 2). Of course, combinations of these mechanisms can be used. For example, in Ref. [6] one possibility was discussed where neutrino masses are generated by a d = 7 operator at the two-loop level while small LNV couplings may lead to additional suppression, i.e., all of the above mechanisms are at work. Therefore, studying one possibility systematically also provides important clues on models with combined suppression mechanisms.

In this work, we focus on the complete list of possibilities at one loop of the neutrino mass operator in Eq. (1) (disregarding self-energy diagrams), where we consider scalars and fermions as mediators. That is, we assume neutrino mass suppression mechanism (1), but we will recover case (2) in some cases. Note that vector-mediated cases require that the vector should be a gauge boson under a new symmetry, and the mass should be given by the spontaneous breaking of the symmetry. This means that the scalar sector of the model needs to be discussed as well; see Ref. [65] for a recent example. Some of the possibilities found here have been studied previously in the literature, such as in Ref. [25], but no complete systematic study has been performed yet.

In Sec. 2, we list all possible one-loop topologies that can lead to neutrino masses, and we discuss the relationship to the existing literature. Then in Sec. 3, we study the conditions for a class of finite contributions to neutrino mass, which can be interpreted as seesaw extensions. Finally, we conclude in Sec. 4. Detailed lists of the possible mediator fields for all topologies are provided in the Appendix A.

2 Systematic one-loop decomposition

We follow the techniques introduced in Refs. [66, 67] to find all possible one-loop decompositions of neutrino mass. We therefore start with the key topologies listed in Fig. 2, where we have discarded

T4 T5 T6

T1 T2 T3

Figure 2: Topologies of one-loop diagrams with four external legs.

self-energy-like diagrams. The topologies were found using Feynarts [68]. We asked for 4 external legs topologies with no self-energy insertions, containing only 3-legs or 4-legs vertices. At this stage the Lorentz nature (spinor or scalar) of each line was not specified. Since we are looking for an operator with two lepton doublets and two Higgs doublets, one can immediately discard topology T2 from dimensional arguments, and therefore we are left with five different topologies.

For each topology, there are several choices for the assignment of the two lepton doublets and the two Higgs doublets to the four external legs, leading to different types of fields running in the loop: scalars or fermions. The different possibilities are listed in Fig. 3. The corresponding neutrino masses obtained after EWSB and the possible different hypercharge assignments are listed in Appendix A. Note that we classify the new fields by their SM gauge charges using X^L_Y, where

• X denotes the SU(2) nature, i.e., singlet 1, doublet 2 or triplet 3,

• L refers to the Lorentz nature, i.e., scalar (S) or fermion (F ),

• Y ≡ 2(Q − I_3) refers to the hypercharge.

Since the lepton doublets and Higgs doublets are neutral under SU(3)_C , we don’t introduce here any color indices and charges. However, each new field introduced can have a non-zero color charge. Since the outside of all diagrams contains only Higgs and lepton fields, which are color neutral, color indices on the internal lines can only appear in combinations such as 3 + ¯3, 6 + ¯6, 8 + 8 etc. Thus, as soon as one fixes the color index of one of the internal fields, all other fields are automatically (and trivially) fixed. We therefore do not list all possible combinations of color (For models with colored mediator, see e.g., Ref. [26, 27]). In terms of the above defined notation, the mediators in Fig. 1 can

L L

H H

T4-1-ii H H

L L

T4-2-ii divergent L L

H H

T6 divergent

L L

H H

T4-1-i divergent H H

L L

T4-2-i L L

H H

T5 divergent

L L

H H

T-3 L L

H H

T1-iii L H

H L

T4-3-ii divergent

L L

H H

T1-i L H

H L

T1-ii L H

H L

T4-3-i

Other mechanism

Analogous Type II

Analogous Type I/III

Figure 3: Possible Lorentz structures for topologies T1 to T6. Dashed lines represent scalars, while solid lines represent fermions. Divergent diagrams are marked as such.

L H

H L

1^F_0 /3^F_0

Y_ν

Y^{loop}_ν

5 L L

H H

3^S_{−2}

Y_Δ μ^{loop}_Δ

5 L L

H H

3^S_{−2}

Y^{loop}_Δ μ_Δ

Figure 4: Type I/III (left) and type II (center and right) seesaw realizations via one loop vertices.

be written as 1^F_0 , 3^S_{−2}, and 3^F_0 , whereas the SM Higgs and lepton doublets can be written as 2^S_{+1} and 2^F_{−1}, respectively. On the other hand, not every 2^S_{+1} can be interpreted as a Higgs doublet, since the participation in EWSB depends on the scalar potential, which we do not study in this work, i.e., having the right SM quantum numbers is just a necessary condition.

The results from Fig. 3 and the tables in the Appendix can be summarized as follows. T1 and T4 can be realized with different Lorentz structures, while the Lorentz nature of topologies T3, T5, and T6 is unique. Topologies T1 and T3 are irreducible (box “other mechanisms” in the figure), i.e., they cannot be separated by cutting one propagator. In particular, diagrams T1-ii (Zee model [21]^6), T1-iii, and T3 have been explicitely discussed in Ref. [25]. Diagram T1-i has been discussed in the context of the supersymmetric version of the dark doublet model [31, 69]. Since these have been extensively studied in the literature (although not all possible versions, see the Appendix), we will not discuss them in greater detail. However, we note that mediators that are also present in one of the tree level seesaws in Fig. 1 appear in some cases, see Tables 2 and 3 in the Appendix for details. In these cases, it is easy to show that charging the matter fields under a simple Z_2 symmetry is enough to forbid the couplings leading to tree level neutrino masses. Therefore, for each set of mediators, the one loop contribution can be made the leading contribution to neutrino mass over the tree level one.

Topologies T4, T5, and T6 can be interpreted as extensions of the usual seesaw mechanisms at one loop, where we mark the extensions of the type I/III and type II seesaws by the boxes in Fig. 3. These extensions are illustrated in Fig. 4, where one of the vertices is generated at one loop. For the type I/III seesaw (left panel), there is only one type of vertex and therefore only one possibility to modify these seesaws. For the type II seesaw, the vertex with the external scalars (middle panel) or fermions (right panel) can be modified. In fact, in T4-1, T5, and T6, the vertex with the external scalars in generated at one loop, whereas in T4-2 the vertex with the fermions is generated at one loop.

It turns out that the corresponding T4, T5, and T6 diagrams can be divided into two categories: the diagrams that lead to a finite contribution to neutrino masses and the one that present a divergence, where we mark the divergent ones in Fig. 3. For T4, we list the finite ones (T4-1-ii, T4-2-i, T4-3-i) in Table 5 and the divergent ones (T4-1-i, T4-2-ii, T4-3-ii) in Table 4. T5 and T6 turn out

6Zee model includes two Higgs doublets.

to be divergent, as shown in the Appendix, see Table 3. We will discuss the finite possibilities as seesaw extensions at one loop in Sec. 3.

But what about the divergent ones? There have to be counter-terms to absorb such divergences in order to obtain finite neutrino masses. In all these cases, the counter-terms are actually the treelevel realizations of the d = 5 operator. In order to illustrate that, consider the diagram T4-1-i. We introduce the following Lagrangian, which is written with component fields:

L_{T4-1-i} = [ y_L(ψ^′P_LψΔ^0) + Y_L(ψP_LΨH^0) + Y^′_R(ΨP_Rψ^′H^0) + Y_Δν^C_L ν_LΔ^{0∗} + H.c. ] +M_ψψψ + M^′_ψ′ ψ^′ψ^′ + M_ΨΨΨ + m^2_ΔΔ^{0∗}Δ^0. (3)

This Lagrangian can be understood as the components of the following SM gauge invariant realization,

L_{T4-1-i} ⊂ [ y_L(ψ^{′i}(τ^a)_i^j P_Lψ_jΔ^a) + Y_L(ψ^iP_LΨH_i) + Y^′_R(ΨP_Rψ^′_i(iτ^2)^{ij}H_j) + Y_ΔL^C_i(iτ^2τ^a)^{ij}L_j Δ^{†a} + H.c. ] + M_ψψ^iψ_i + M^′_ψ′ ψ^{′i}ψ^′_i + M_ΨΨΨ + m^2_ΔΔ^{†a}Δ^a, (4)

where ψ and ψ^′ are given as SU(2)_L doublet fields, and Ψ is a singlet field. The scalar field Δ^a has the same charges of the SM gauge symmetries as the triplet scalar field that appears in the type II seesaw model. The indices i and j indicate SU(2)_L fundamental representation (i, j = 1, 2), and a is for the adjoint representation (a = 1, 2, 3). There are other realizations than that shown in Eq. (4). All the possibilities are listed in Table 4.

As shown in Table 4, one finds that the neutrino mass is divergent. We performed the computation in dimensional regularization therefore the 1/ϵ pole corresponds to a logarithmic divergence in the momentum integral. This divergence can however be absorbed by the tree level counter-terms coming from the regular tree level type II seesaw. Together with the couplings of the leptons doublets to the scalar triplet Δ (see Fig. 1) they lead to

m_{νtree} = −4Y_Δμ_Δ

⟨H^0⟩^2 M^2_Δ

, (5)

in a classical type II Seesaw. In our case, we can use this tree level counter term to cancel the divergences arising in the one-loop computation. Using a usual renormalization procedure, imposing that the denominator of the neutrino propagator be zero at the physical mass m_{νphys} [ p^2 − (m_{νtree} + m_{νloop} )^2 ]| p^2=m^2_{νphys} = 0, (6)

and writing m_{νtree} = m_{νphys} + δm_{νCT} , we obtain δm_{νCT} =^1_2 m_{νloop} .

It is easy to see that the renormalization of the neutrino mass corresponds actually to the vertex renormalization of μ_Δ. Therefore, the divergent diagrams do not present new possibilities to generate neutrino mass per se, and can be regarded as corrections to the tree level seesaws. This is consistent with the fact that one cannot forbid the tree level contribution in these cases with just a discrete symmetry, as we will demonstrate for the finite cases in the next section.^7

7We note in passing that a neutrino mass model along these lines of argument, but based on diagram T4-1-ii, has recently been proposed in [70].

3 Loop extensions of the seesaws

3.1 Conditions for a genuine one-loop seesaw

Here we discuss the class of diagrams yielding finite contributions to neutrino mass. They can be regarded as extensions of the tree level seesaws in Fig. 1, where one vertex in the tree level diagram is generated via a loop. Diagrams T4-1-ii and T4-2-i are linked to the type II seesaw, while diagram T4-3-i is linked to the type I and type III seesaws, as indicated by the boxes in Fig. 3.

The most important question is: if we want to have the loop diagram as leading contribution to neutrino mass, can we genuinely forbid the tree level contribution to the d = 5 operator, such as by a U(1) or discrete symmetry? As we discussed earlier, this is always possible for topologies T1 and T3. To be more explicit, the conditions for the matter field charges to forbid the tree level diagram can be read off from Fig. 1:

Type I seesaw: q_L + q_H − q_N ≠ 0 , (7) Type II seesaw: 2q_L − q_Δ ≠ 0 or 2q_H + q_Δ ≠ 0 , (8) Type III seesaw: q_L + q_H − q_Σ ≠ 0, (9)

where q_X is a charge of field X under the new symmetry. Using notation of Table 5 (in the Appendix) we can write the conditions for the interactions under a new extra symmetry for the finite diagrams of T4 as:

T4-1-ii :

2q_L − q_Δ = 0 q_Δ − q_ϕ + q_ϕ′ = 0 q_H + q_Φ − q_ϕ′ = 0 q_H + q_ϕ − q_Φ = 0

⇒ 2q_H + q_Δ = 0

(10)

T4-2-i :

2q_H + q_Δ = 0 −q_Δ − q_ϕ + q_ϕ′ = 0 q_L + q_ψ − q_ϕ′ = 0 q_L + q_ϕ − q_ψ = 0

⇒ 2q_L − q_Δ = 0

(11)

T4-3-i :

q_L + q_H − q_Ψ = 0 (Ψ ∼ 1^S_0 or 3^S_0 ) q_Ψ + q_ψ − q_ϕ = 0 q_H + q_ϕ − q_ϕ′ = 0 q_L + q_ϕ′ − q_ψ = 0

⇒ q_L + q_H − q_Ψ = 0

(12)

It is clear that these conditions are in contradictions with Eqs. (7), (8), and (9). As a consequence, the finite loop diagrams of T4 will come with a tree level contribution, which will be generically leading.

For example, consider the case T4-3-i. Comparing the contribution from this diagram to the type I (Ψ = N) or type III (Ψ = Σ) tree level seesaw, one has to compare (cf., Fig. 1) Y_ν 1 M_Ψ

Y^T_ν (13) ψ ψ^c ϕ ∼ 2^S_1 ϕ^†

H H

L L

L L ψ ψ^c

⟨ϕ^0⟩ ⟨ϕ^0⟩

Figure 5: Illustration of T4-2-i with a Majorana fermion inside the loop, leading to a type I or type III seesaw if the scalar doublet can obtain a vev.

to (cf., Table 5) − μ_ϕ [ (Y^T_ν )^α_γ (M^{−1}_Ψ )^γ (y^′)^{γa}M_a(y)^β_a + (y^T )^α_a M_a(y^{′T} )^{aγ} (M^{−1}_Ψ )^γ (Y_ν)^β_γ ] I_3(m^2_ϕ, m^2_ϕ′ , M^2_a ) , (14)

which is tantamount as comparing Y_ν to yy^′M_ψI_3. As a matter of fact all the loop contributions considered in this part are proportional to the function I_3 times a product of several couplings (see Appendix A). A quick evaluation of this function shows that if the masses of the new fields are above 100 GeV, |I_3| ≲ 0.1/(TeV^2) and becomes rapidly very small: |I_3(∼ 1 TeV, ∼ 1 TeV, ∼ 1 TeV)| ≲ 0.001/(TeV^2). As a consequence, except from unnatural suppression of the couplings involved in the corresponding tree diagram, the tree-level contribution will always be dominant.

However, there is a way to forbid the tree level diagrams, which was adopted in the dark doublet model [31]: one can promote the fermions inside the loop to be Majorana fermions and assume that all couplings are lepton number conserving. This way one allows the lepton number to be broken only by Majorana masses and not by any couplings. For example, one can generate T4-2-i by imposing the fermion ψ to run in the loop to be a Majorana fermion, see Fig. 5 for an illustration. If one assumes that all couplings conserve lepton number, the tree level coupling ΔLL does not exist and the loop contribution becomes the leading order (which does not contain lepton number violating couplings). This option reduces the number of fields and hypercharge assignment to only two possibilities: ψ ∼ 1^F_0 or 3^F_0 . However, as can be seen from Fig. 5 this leads automatically to the tree level realization of the type I or type III seesaw if the new scalar ϕ develops a vev. Imposing a Z_2 symmetry q_ψ = q_ϕ = 1, q_{others} = 0 prevents this, and makes the loop diagram the leading order for neutrino mass. Note that this case can be interpreted as generalized type II seesaw, where the lepton number violating coupling is generated by a loop diagram.

A similar approach can be used for diagram T4-3-i, see Fig. 6. Here ψ within the loop is promoted to a Majorana fermion when possible (here there is more than one possibility, see Table 5), whereas Ψ is to be a Dirac 4-spinor Ψ (Ψ^′_L, Ψ_R). In this case, the couplings are assumed to be lepton number conserving as well, and the tree level type I or type III seesaw contribution is forbidden. Then one needs again an extra Z_2 symmetry to prevent ϕ and ϕ^′ from getting a vev to avoid any other tree level diagram, see Fig. 6.

Finally, for the case T4-1-ii, only scalars are present in the loop, which means that the above ϕ ϕ^′ ψ^c ψ

Ψ_R

Ψ^′_L

H L

H L

L L Ψ_R Ψ^′_L ψ ψ^c

⟨H^0⟩ ⟨ ϕ^{′0} ⟩ ⟨ϕ^0⟩

Figure 6: Illustration of T4-3-i with a Majorana fermion inside the loop, leading to a d = 7 operator if the scalars can obtain a vev.

mechanism cannot be used to prevent the tree level contribution.

As a conclusion, requiring Majorana fermions in the loop (only few possibilities of the one listed in Appendix A), lepton number conserving couplings, and an extra discrete symmetry to forbid extra scalars to develop a vev are the essential ingredients to have a genuine one loop seesaw mechanism for topology 4.

3.2 Relationship to linear and inverse seesaw

Although the tree-level seesaw allows one to generate small neutrino masses, its tree-level realization suffers from not having sizable signatures at low-energy (via lepton flavour violation (LFV) processes) or high-energy (via the production of the seesaw mediators at the LHC). If the neutrino mass in the type I or type III seesaw is m_ν = −Y^T_ν ⟨H^0⟩^2 M Y_ν , (15)

where M is the mass of the fermionic singlet (type I) or triplet (type III), the LFV processes generated by the presence of these mediators are driven by the quantity [20] Y^†_ν ⟨H^0⟩^2 M^2

Y_ν . (16)

Since neutrino masses are constrained to be very small, Eq. (15) implies that, barring unusual cancellations, that either M is very high or Y_ν is very small. If M is very high, the mediator cannot be produced at the LHC. If Y_ν is very small, the mediator is not detectable at the LHC, and LFV processes are expected to be small as well.

One way to escape this is to use the fact that neutrino masses violate lepton number, while LFV processes do not (see Ref. [20] for a review in the effective operator framework). This new mechanism is often called inverse seesaw [38] or linear seesaw [51,52]. In the inverse seesaw, two singlet fermions^8

8Note that one can do the same for the type III seesaw by having to different triplets.

(2-spinors) N_1 and N_2 are proposed. If lepton number is conserved, one has

ν N^C_1 N_2 ν^C N_1 N^C_2

0 Y_ν ⟨H^0⟩ 0 Y^T_ν ⟨H^0⟩ 0 M 0 M^T 0 , (17)

which obviously does not lead to neutrino masses. Then, one can turn on either a small Majorana mass μ for N_2 (inverse seesaw) or a small lepton number violating coupling ϵ (linear seesaw), or both,

ν N^C_1 N_2 ν^C N_1 N^C_2

0 Y_ν ⟨H^0⟩ ϵY^′_ν ⟨H^0⟩ Y^T_ν ⟨H^0⟩ 0 M ϵY^{′T}_ν ⟨H^0⟩ M^T μ , (18)

to generate a small Majorana mass for the light neutrinos:

m_ν = ϵ ( Y^′_ν^T ⟨H^0⟩^2 M Y_ν + Y^T_ν

⟨H^0⟩^2 M Y^′_ν ) − Y^T_ν μ⟨H^0⟩^2 M^2

Y_ν . (19)

Since lepton number is accidentally conserved in the Standard Model, it may be natural that any lepton number violating parameter is small because it is protected by the symmetry. As a consequence, the masses of the mediators might at the TeV scale, while the Yukawa couplings should be sufficiently large. Since the combination driving the LFV processes remains the same as in Eq. (16), it can be also large. This mechanism is also naturally implemented in the type II seesaw, where the coupling μ_Δ between triplet scalar and Higgses usually plays the role of the lepton number violation in order to have large LFV processes, driven by the other coupling Y^†_Δ^1_{M 2} Y_Δ. Therefore, the mass of the heavy fields can still be at the TeV scale.

In all theses models, the smallness of the lepton number violating couplings suggests that lepton number is a protected by a symmetry. However, one can seek other natural explanation for such small couplings, which can be the loop generation in the discussed models. Indeed, from Fig. 7, the loops in the different diagrams lead to effective realizations of the lepton number violating couplings, where lepton number is violated by the presence of Majorana masses in the loop and the smallness is explained by both heavy masses and loop factor. The linear seesaw can be generated from the type I one loop seesaw, see middle column. Since both Yukawas enter neutrino mass, see Eq. (19), but LFV may depend on the unsuppressed coupling, see Eq. (16), it can be large. As an interesting difference compared to the usual type II seesaw, see left column, the Yukawa coupling must be loop suppressed which enters LFV, i.e., large LFV cannot be expected in this case. Finally, we point out that a loop generation of μ would involve a self-energy diagram, see right panel, that we do not consider in this paper (see e.g., Ref. [71]).

H H

L L

Δ μ_Δ

≃ Y^{loop}_Δ

T4-2-i L H

H L

N_1

N_2

Y_ν

≃ ϵ^{loop}Y^′_ν

T4-3-i L H

H L N1

N1

N2

N2 Y_ν

Y_ν

≃ μ^{loop}

self-energy

H H

L L

Δ

μ_Δ

Y_Δ

L H

H L

N_1

N_2

Y_ν ϵY^′_ν

L H

H L

N_1

N_2

N_2

N_1 × μ

Y_ν

Y_ν

Figure 7: Example of genuine one loop seesaws (lower row) and their equivalents (upper row): type II one loop seesaw leading to type II seesaw with suppressed Yukawa coupling (left), type I one loop seesaw leading to linear seesaw (middle), and type I on loop seesaw leading to inverse seesaw (right).

4 Summary and conclusions

Because the neutrinos are much lighter than the other fermions in the Standard Model, they are believed to communicate with a higher energy scale which causes this suppression. Whereas this energy scale is the GUT scale for the usual seesaw mechanisms, additional suppression mechanisms, such as small lepton number violating couplings, radiative generation of neutrino mass, or neutrino mass from a higher than d = 5 operator, may lower this energy scale. The most interesting case may be an energy scale as low as the TeV scale, which may be testable at the LHC. While many possibilities to obtain such a low scale have been pointed out in the literature, we have systematically studied the radiative generation of neutrino mass from scalars and fermions at the one loop order, and we have compared our results to the literature. We have listed the relevant new, fields and their interactions that are necessary to generate this operator at one loop systematically, and we have computed for each model the contribution to neutrino masses.

Our observations can be summarized as follows, referring to the topologies in Fig. 2:

Topology Conditions Large LFV Fields at TeV

Irreducible mechanisms

T1-i Z_2 if tree-level mediators × ✓ T1-ii Z_2 if tree-level mediators × ✓ T1-iii Z_2 if tree-level mediators × ✓ T3 Z_2 if tree-level mediators × ✓

One loop seesaws

T4-2-i

Z_2, Majorana fermions in loop, LN conserving couplings × ✓ T4-3-i

Z_2, Majorana fermions in loop, LN conserving couplings ✓ ✓

Table 1: Summary of the topologies leading to leading order loop neutrino masses, and their potential phenomenology.

• Topologies 1 and 3 lead to finite neutrino masses, with quite a number of possibilities for the field within the loops. A famous example for this category is the Zee model. In some cases, couplings leading to a tree level contribution to neutrino mass are involved, which, however, can be easily forbidden by (at least) a discrete Z_2 symmetry. This category is probably the best studied one in the literature.

• Topologies 5 and 6 and some of the possibilities of topology 4 lead to divergent one loop contributions to neutrino mass. These possibilities do not constitute new possibilities themselves, since they just correspond to vertex corrections to the tree level seesaws – which cannot be forbidden in these cases. Topology 2 does not lead to neutrino masses at all.

• A class of three finite diagrams of topology 4 has been identified. While there are many possibilities for field insertions in general, the tree level seesaws cannot be genuinely circumvented as leading contribution to neutrino mass by a discrete symmetry. However, we have demonstrated that in very few cases promoting a fermion in the loop to a Majorana fermion and assuming lepton number conserving couplings, the tree level seesaw are not allowed. These cases have been identifed as extensions of the type II seesaw, for which the Yukawa couplings are generated by a loop, and of the type I or III seesaw, which has turned out to be similar to a linear seesaw. In these cases, internal scalar fields have to be prevented from taking a vev, which can easily achieved by discrete symmetry.

Our results are summarized in Table 1. It is noteworthy that in the one loop type II seesaw, large LFV processes are suppressed compared to the usual type II seesaw.

We conclude that we have studied all possible one-loop realizations of the dimension-5 Weinberg operator. While some of the possibilities generating neutrino mass at one loop have been well studied in the literature, there is at least one more category which deserves further attention. In particular, it can be interpreted as natural extension of the tree level seesaws, and it can be possibly promoted to higher loop orders.

Acknowledgements

M.H. acknowledges support from the Spanish MICINN grants FPA2011-22975 and MULTIDARK CSD2009-00064 and by the Generalitat Valenciana grant Prometeo/2009/091 and the EU Network grant UNILHC PITN-GA-2009-237920. F. B. and W. W. acknowledge support from DFG grant WI 2639/4-1, and W. W. from DFG grant WI 2639/3-1.

A Possible field assignments and neutrino mass

In this appendix, we show the possible field and hypercharge α (α: integer) assignments corresponding to each diagram, as well as the expression for the neutrino they generate after EWSB.

Diagram m_ν /⟨H⟩^2 Fields

μμ^′ [ (Y^T)^{αa}M_a(y)^β_a +(y^T)^α_a M_a(Y )^{aβ} ] I_4(M^2_a , m^2_ϕ, m^2_ϕ′ , m^2_φ) φ ϕ^′ ψ ϕ 1^S_α 2^S_{α−1} 1^F_α 2^S_{1+α} 1^S_α 2^S_{α−1} 3^F_α 2^S_{1+α} 2^S_α 1^S_{α−1} 2^F_α 1^S_{1+α} 2^S_α 1^S_{α−1} 2^F_α 3^S_{1+α} 2^S_α 3^S_{α−1} 2^F_α 1^S_{1+α} 2^S_α 3^S_{α−1} 2^F_α 3^S_{1+α} 3^S_α 2^S_{α−1} 1^F_α 2^S_{1+α} 3^S_α 2^S_{α−1} 3^F_α 2^S_{1+α}

μ [ (y^{′T})^α_a′ M^′_a′ (Y_L)^a′ M_a(y)^β_a +(y^T)^α_a M_a(Y^T_L )^a′ M^′_a′ (y^′)^{a′}_β ] I_4(M^{′2}_a′ , M^2_a , m^2_ϕ′ , m^2_ϕ)

+μ [ (y^{′T})^{αa′} (Y_R)^a′ (y)^β_a +(y^T)^α_a (Y^T_R )^a′ (y^′)^{a′β} ] J_4(M^{′2}_a′ , M^2_a , m^2_ϕ′ , m^2_ϕ) ψ ϕ ϕ^′ ψ^′ 1^F_α 2^S_{1+α} 1^S_α 2^F_{1+α} 1^F_α 2^S_{1+α} 3^S_α 2^F_{1+α} 2^F_α 1^S_{1+α} 2^S_α 1^F_{1+α} 2^F_α 1^S_{1+α} 2^S_α 3^F_{1+α} 2^F_α 3^S_{1+α} 2^S_α 1^F_{1+α} 2^F_α 3^S_{1+α} 2^S_α 3^F_{1+α} 3^F_α 2^S_{1+α} 1^S_α 2^F_{1+α} 3^F_α 2^S_{1+α} 3^S_α 2^F_{1+α} [ (y^{′T})^{αa′} M^′_a′ (Y^′_L)^A_a′ M_A(Y_L)^a_AM_a(y)^β_a +(y^T)^α_a M_a(Y^T_L )^a_AM_A(Y^{′T}_L )^A_a′ M^′_a′ (y^′)^{a′α} ] I_4(M^{′2}_a′ , M^2_a , M^2_A, m^2_ϕ)

+ (y^{′T})^{αa′} M^′_a′ (Y^′_L)^A_a′ (Y_R)^a_A(y)^β_a +(y^T)^α_a (Y^T_R )^a_A(Y^{′T}_L )^A_a′ M^′_a′ (y^′)^{a′β} +(y^{′T})^{αa′} (Y^′_R)^A_a′ (Y_L)^a_AM_a(y)^β_a +(y^T)^α_a M_a(Y^T_L )^a_A(Y^{′T}_R )^A_a′ (y^′)^{a′β} +(y^{′T})^{αa′} (Y^′_R)^A_a′ M_A(Y_R)^a_A(y)^β_a +(y^T)^α_a (Y^T_R )^a_AM_A(Y^{′T}_R )^A_a′ (y^′)^{a′β}

J_4(M^{′2}_a′ , M^2_a , M^2_A, m^2_ϕ)

Ψ ψ^′ ϕ ψ 1^F_α 2^F_{1+α} 1^S_α 2^F_{α−1} 1^F_α 2^F_{1+α} 3^S_α 2^F_{α−1} 2^F_α 1^F_{1+α} 2^S_α 1^F_{α−1} 2^F_α 1^F_{1+α} 2^S_α 3^F_{α−1} 2^F_α 3^F_{1+α} 2^S_α 1^F_{α−1} 2^F_α 3^F_{1+α} 2^S_α 3^F_{α−1} 3^F_α 2^F_{1+α} 1^S_α 2^F_{α−1} 3^F_α 2^F_{1+α} 3^S_α 2^F_{α−1}

Table 2: Diagrams, neutrino masses, and possible fields for the T1 topology. In order to simplify the notation we used M_a for M_{ψa} , M^′_a′ for M_ψ′_{a′} and M_A for M_{ΨA} .

Diagram m_ν /⟨H⟩^2 Fields

−λ [ (Y^T)^{αa}M_a(y)_a^β +(y^T)^α_aM_a(Y )^{aβ} ] I_3(M^2_a , m^2_ϕ′ , m^2_ϕ) ϕ^′ ϕ ψ 1^F_α 3^S_{2+α} 2^F_{1+α} 2^F_α 2^S_{2+α} 1^F_{1+α} 2^F_α 2^S_{2+α} 3^F_{1+α} 3^F_α 1^S_{2+α} 2^F_{1+α} 3^F_α 3^S_{2+α} 2^F_{1+α}

λμY_Δ M^2_Δ I2(M 2 η , M^2_η′ )

Δ η η^′ 3^S_{−2} 1^S_α 3^S_{2+α} 3^S_{−2} 2^S_α 2^S_{2+α} 3^S_{−2} 3^S_α 1^S_{2+α}

λμY_Δ M^2_Δ I2(M 2 η , M^2_η′ )

Δ η η^′ 3^S_{−2} 1^S_α 2^S_{1+α} 3^S_{−2} 2^S_α 1^S_{1+α} 3^S_{−2} 2^S_α 3^S_{1+α} 3^S_{−2} 3^S_α 2^S_{1+α}

Table 3: Diagrams, neutrino masses, and possible fields for the topologies T3, T5, T6. In order to simplify the notation we used M_a for M_{ψa} .

Diagram m_ν /⟨H⟩^2 Fields

4^{Y αβΔ}_{m2Δ} M_aM^′_a′ M_A ( (y_L)^a′ (Y_L)^A_a (Y^′_L)^{a′}_A + L ↔ R ) I_3(M^2_a , M^{′2}_a′ , M^2_A)

+ M_a ( (y_L)^a′ (Y_L)^A_a (Y^′_R)^{a′}_A + L ↔ R ) + M^′_a′ ( (y_L)^a′ (Y_R)^A_a (Y^′_L)^{a′}_A + L ↔ R ) + M_A ( (y_L)^a′ (Y_R)^A_a (Y^′_R)^{a′}_A + L ↔ R ) J_3(M^2_a , M^{′2}_{a′} , M^2_A)

Δ ψ^′ ψ Ψ 3^S_{−2} 1^F_α 3^F_{2+α} 2^F_{1+α} 3^S_{−2} 2^F_α 2^F_{2+α} 1^F_{1+α} 3^S_{−2} 2^F_α 2^F_{2+α} 3^F_{1+α} 3^S_{−2} 3^F_α 1^F_{2+α} 2^F_{1+α} 3^S_{−2} 3^F_α 3^F_{2+α} 2^F_{1+α}

−^{μΔ}_{m2Δ}

[ (y^{′T} )^{αa′} M^′_a′ (Y_L)^a′ M_a(y)^β_a + (y^T )^α_a M_a(Y^T_L )^a′ M^′_a′ (y^′)^{a′β} ] I_3(M^{′2}_a′ , M^2_a , m^2_ϕ)

+ [ (y^{′T} )^{αa′} (Y_R)^a′ (y)^β_a + (y^T )^α_a (Y^T_R )^a′ (y^′)^{a′β} ] J_3(M^{′2}_a′ , M^2_a , m^2_ϕ)

Δ ψ^′ ψ ϕ 3^S_{−2} 1^F_α 3^F_{α−2} 2^S_{α−1} 3^S_{−2} 2^F_α 2^F_{α−2} 1^S_{α−1} 3^S_{−2} 2^F_α 2^F_{α−2} 3^S_{α−1} 3^S_{−2} 3^F_α 1^F_{α−2} 2^S_{α−1} 3^S_{−2} 3^F_α 3^F_{α−2} 2^S_{α−1}

− [ (Y^T_ν )^α_γ (M^{−1}_Ψ )^γ (y^T )^γ_a(Y^T_L )^a′ (y^′)^{a′β} + (y^{′T} )^{αa′} M^′_a′ (Y_L)^a′ (y)^γ_a(M^{−1}_Ψ )^γ (Y_ν )^β_γ ] M_aM^′_a′ I_3(m_ϕ2 ; M^2_a ; M^{′2}_a′ )

− [ (Y^T_ν )^α_γ (M^{−1}_Ψ )^γ (y^T )^γ_a (Y^T_R )^a′ (y^′)^{a′β} + (y^{′T} )^{αa′} M^′_a′ (Y_R)^a′ (y)^γ_a(M^{−1}_Ψ )^γ (Y_ν )^β_γ ] J_3(m_ϕ2 ; M^2_a ; M^{′2}_a′ )

Ψ ψ ϕ ψ^′ 1^F_0 1^F_α 1^S_α 2^F_{1+α} 1^F_0 2^F_α 2^S_α 1^F_{1+α} 1^F_0 2^F_α 2^S_α 3^F_{1+α} 1^F_0 3^F_α 3^S_α 2^F_{1+α} 3^F_0 1^F_α 3^S_α 2^F_{1+α} 3^F_0 2^F_α 2^S_α 1^F_{1+α} 3^F_0 2^F_α 2^S_α 3^F_{1+α} 3^F_0 3^F_α 1^S_α 2^F_{1+α} 3^F_0 3^F_α 3^S_α 2^F_{1+α}

Table 4: Diagrams, neutrino masses, and possible fields for the for the divergent diagrams of topology T4. In order to simplify the notation we used M_a for M_{ψa} , M^′_a′ for M_ψ′_{a′} and M_A for M_{ΨA} .

Diagram m_ν /⟨H⟩^2 Fields

−4^{Y αβΔ}_{m2Δ} μ_ϕμ_Φμ^′_ΦI_3(m^2_ϕ, m^2_ϕ′ , m^2_Φ)

Δ ϕ ϕ^′ Φ 3^S_{−2} 1^S_α 3^S_{2+α} 2^S_{1+α} 3^S_{−2} 2^S_α 2^S_{2+α} 1^S_{1+α} 3^S_{−2} 2^S_α 2^S_{2+α} 3^S_{1+α} 3^S_{−2} 3^S_α 1^S_{2+α} 2^S_{1+α} 3^S_{−2} 3^S_α 3^S_{2+α} 2^S_{1+α}

−^{μΔ}_{m2Δ} μ_ϕ(y^{′T} )^{αa}M_a(y)^β_a I_3(m^2_ϕ, m^2_ϕ′ , M^2_a )

Δ ϕ^′ ϕ ψ 3^S_2 1^S_α 3^S_{α−2} 2^F_{α−1} 3^S_2 2^S_α 2^S_{α−2} 1^F_{α−1} 3^S_2 2^S_α 2^S_{α−2} 3^F_{α−1} 3^S_2 3^S_α 1^S_{α−2} 2^F_{α−1} 3^S_2 3^S_α 3^S_{α−2} 2^F_{α−1}

−μ_ϕ [ (Y^T_ν )^α_γ (M^{−1}_Ψ )^γ (y^′)^{γa}M_a(y)^β_a + (y^T )^α_a M_a(y^{′T} )^{aγ} (M^{−1}_Ψ )^γ (Y_ν )^β_γ ] I_3(m^2_ϕ, m^2_ϕ′ , M^2_a )

Ψ ϕ ϕ^′ ψ 1^F_0 1^S_{1+α} 1^S_α 2^F_α 1^F_0 2^S_{1+α} 2^S_α 1^F_α 1^F_0 2^S_{1+α} 2^S_α 3^F_α 1^F_0 3^S_{1+α} 3^S_α 2^F_α 3^F_0 1^S_{1+α} 3^S_α 2^F_α 3^F_0 2^S_{1+α} 2^S_α 1^F_α 3^F_0 2^S_{1+α} 2^S_α 3^F_α 3^F_0 3^S_{1+α} 1^S_α 2^F_α 3^F_0 3^S_{1+α} 3^S_α 2^F_α

Table 5: Diagrams, neutrino masses, and possible fields for the finite diagrams of topology T4. In order to simplify the notation we used M_a for M_{ψa} .

The functions I_n and J_n used in Tables 2, 3, 4, and 5 are defined as:

I_2(M^2_A, M^2_B ) ≡ ∫ d^dk (2π)^di 1 (k^2 − M^2_A)(k^2 − M^2_B ) = 1 (4π)^2 [ 2 ϵ − γ_E + 1 + ln(4π) −

M^2_A ln(M^2_A) M^2_A − M^2_B + M^2_B ln(M^2_B ) M^2_A − M^2_B ] , (20)

I_3(M^2_A, M^2_B, M^2_C ) ≡ ∫ d^dk (2π)^di 1 (k^2 − M^2_A)(k^2 − M^2_B )(k^2 − M^2_C ) = − 1 (4π)^2

M^2_A ln^{M 2C}_{M 2A} (M^2_A − M^2_B )(M^2_A − M^2_C ) + M^2_B ln^{M 2C}_{M 2B} (M^2_B − M^2_A)(M^2_B − M^2_C ) , (21)

I_4(M^2_A, M^2_B, M^2_C , M^2_D) ≡ ∫ d^dk (2π)^di 1 (k^2 − M^2_A)(k^2 − M^2_B )(k^2 − M^2_C )(k^2 − M^2_D) = − 1 (4π)^2

M^2_A ln^{M 2D}_{M 2A} (M^2_A − M^2_B )(M^2_A − M^2_C )(M^2_A − M^2_D)

+ M^2_B ln^{M 2D}_{M 2B} (M^2_B − M^2_A)(M^2_B − M^2_C )(M^2_B − M^2_D) + M^2_C ln^{M 2D}_{M 2C} (M^2_C − M^2_A)(M^2_C − M^2_B )(M^2_C − M^2_D) , (22)

J_3(M^2_A, M^2_B, M^2_C ) ≡ ∫ d^dk (2π)^di k^2 (k^2 − M^2_A)(k^2 − M^2_B )(k^2 − M^2_C ) = 1 (4π)^2 [ 2 ϵ − γ_E + 1 + ln(4π) − ln M^2_C

+ M^4_A ln^{M 2C}_{M 2A} (M^2_A − M^2_B )(M^2_A − M^2_C ) + M^4_B ln^{M 2C}_{M 2B} (M^2_B − M^2_A)(M^2_B − M^2_C ) , (23)

J_4(M^2_A, M^2_B, M^2_C , M^2_D) ≡ ∫ d^dk (2π)^di k^2 (k^2 − M^2_A)(k^2 − M^2_B )(k^2 − M^2_C )(k^2 − M^2_D) = − 1 (4π)^2

M^4_A ln^{M 2D}_{M 2A} (M^2_A − M^2_B )(M^2_A − M^2_C )(M^2_A − M^2_D)

+ M^4_B ln^{M 2D}_{M 2B} (M^2_B − M^2_A)(M^2_B − M^2_C )(M^2_B − M^2_D) + M^4_C ln^{M 2D}_{M 2C} (M^2_C − M^2_A)(M^2_C − M^2_B )(M^2_C − M^2_D) . (24)

Note that the functions I_2 and J_3 imply divergent contributions, whereas the other functions correspond to finite contributions.

References

[1] DAYA-BAY Collaboration, F. An et al., (2012), arXiv:1203.1669. [2] RENO collaboration, J. Ahn et al., (2012), arXiv:1204.0626.

[3] M. Gonzalez-Garcia, M. Maltoni, and J. Salvado, JHEP 1004, 056 (2010), arXiv:1001.4524. [4] T. Schwetz, M. Tortola, and J. Valle, New J.Phys. 13, 109401 (2011), arXiv:1108.1376. [5] S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979).

[6] F. Bonnet, D. Hernandez, T. Ota, and W. Winter, JHEP 0910, 076 (2009), arXiv:0907.3143. [7] ATLAS Collaboration, G. Aad et al., Phys.Lett. B710, 49 (2012), arXiv:1202.1408. [8] CMS Collaboration, S. Chatrchyan et al., (2012), arXiv:1202.1488. [9] P. Minkowski, Phys.Lett. B67, 421 (1977). [10] T. Yanagida, Conf.Proc. C7902131, 95 (1979).

[11] M. Gell-Mann, P. Ramond, and R. Slansky, Conf.Proc. C790927, 315 (1979), Supergravity, P.

van Nieuwenhuizen and D.Z. Freedman (eds.), North Holland Publ. Co., 1979. [12] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980). [13] M. Magg and C. Wetterich, Phys.Lett. B94, 61 (1980). [14] J. Schechter and J. Valle, Phys. Rev. D22, 2227 (1980). [15] C. Wetterich, Nucl.Phys. B187, 343 (1981).

[16] G. Lazarides, Q. Shafi, and C. Wetterich, Nucl.Phys. B181, 287 (1981). [17] R. N. Mohapatra and G. Senjanovic, Phys. Rev. D23, 165 (1981). [18] T. P. Cheng and L.-F. Li, Phys. Rev. D22, 2860 (1980). [19] R. Foot, H. Lew, X. He, and G. C. Joshi, Z.Phys. C44, 441 (1989).

[20] A. Abada, C. Biggio, F. Bonnet, M. Gavela, and T. Hambye, JHEP 0712, 061 (2007), arXiv:0707.4058.

[21] A. Zee, Phys.Lett. B93, 389 (1980). [22] L. Wolfenstein, Nucl.Phys. B175, 93 (1980).

[23] A. Zee, Phys.Lett. B161, 141 (1985). [24] K. Babu, Phys.Lett. B203, 132 (1988).

[25] E. Ma, Phys. Rev. Lett. 81, 1171 (1998), arXiv:hep-ph/9805219. [26] P. Fileviez Perez and M. B. Wise, Phys. Rev. D80, 053006 (2009), arXiv:0906.2950. [27] S. Choubey, M. Duerr, M. Mitra, and W. Rodejohann, JHEP 1205, 017 (2012), arXiv:1201.3031. [28] K. Babu and C. Macesanu, Phys. Rev. D67, 073010 (2003), arXiv:hep-ph/0212058, 21 pages, 5 eps figures, uses revtex Report-no: OSU-HEP-02-15.

[29] L. M. Krauss, S. Nasri, and M. Trodden, Phys. Rev. D67, 085002 (2003), arXiv:hep-ph/0210389. [30] K. Cheung and O. Seto, Phys. Rev. D69, 113009 (2004), arXiv:hep-ph/0403003. [31] E. Ma, Phys. Rev. D73, 077301 (2006), arXiv:hep-ph/0601225. [32] E. Ma and U. Sarkar, Phys.Lett. B653, 288 (2007), arXiv:0705.0074. [33] M. Aoki, S. Kanemura, and O. Seto, Phys. Rev. Lett. 102, 051805 (2009), arXiv:0807.0361. [34] M. Aoki, S. Kanemura, and O. Seto, Phys. Rev. D80, 033007 (2009), arXiv:0904.3829. [35] D. Aristizabal Sierra and M. Hirsch, JHEP 0612, 052 (2006), arXiv:hep-ph/0609307. [36] J. Schechter and J. Valle, Phys. Rev. D25, 2951 (1982). [37] S. Nandi and U. Sarkar, Phys. Rev. Lett. 56, 564 (1986). [38] R. Mohapatra and J. Valle, Phys. Rev. D34, 1642 (1986). [39] G. Branco, W. Grimus, and L. Lavoura, Nucl.Phys. B312, 492 (1989). [40] M. Gonzalez-Garcia and J. Valle, Phys.Lett. B216, 360 (1989). [41] Z.-z. Xing and S. Zhou, Phys.Lett. B679, 249 (2009), arXiv:0906.1757. [42] E. Ma, Phys. Rev. Lett. 86, 2502 (2001), arXiv:hep-ph/0011121. [43] M. Tully and G. C. Joshi, Phys. Rev. D64, 011301 (2001), arXiv:hep-ph/0011172. [44] W. Loinaz, N. Okamura, S. Rayyan, T. Takeuchi, and L. Wijewardhana, Phys. Rev. D68, 073001 (2003), arXiv:hep-ph/0304004.

[45] M. Hirsch and J. Valle, New J.Phys. 6, 76 (2004), arXiv:hep-ph/0405015. [46] A. Pilaftsis and T. E. Underwood, Phys. Rev. D72, 113001 (2005), arXiv:hep-ph/0506107. [47] A. de Gouvea and J. Jenkins, Phys. Rev. D77, 013008 (2008), arXiv:0708.1344.

[48] J. Kersten and A. Y. Smirnov, Phys. Rev. D76, 073005 (2007), arXiv:0705.3221. [49] W. Grimus, L. Lavoura, and B. Radovcic, Phys.Lett. B674, 117 (2009), arXiv:0902.2325. [50] M. Gavela, T. Hambye, D. Hernandez, and P. Hernandez, JHEP 0909, 038 (2009), arXiv:0906.1461.

[51] E. K. Akhmedov, M. Lindner, E. Schnapka, and J. Valle, Phys.Lett. B368, 270 (1996), arXiv:hep-ph/9507275.

[52] E. K. Akhmedov, M. Lindner, E. Schnapka, and J. Valle, Phys.Rev. D53, 2752 (1996), arXiv:hep-ph/9509255.

[53] K. Babu and S. Nandi, Phys. Rev. D62, 033002 (2000), arXiv:hep-ph/9907213. [54] M.-C. Chen, A. de Gouvea, and B. A. Dobrescu, Phys. Rev. D75, 055009 (2007), arXiv:hepph/0612017.

[55] I. Gogoladze, N. Okada, and Q. Shafi, Phys.Lett. B672, 235 (2009), arXiv:0809.0703. [56] G. F. Giudice and O. Lebedev, Phys.Lett. B665, 79 (2008), arXiv:0804.1753. [57] K. Babu, S. Nandi, and Z. Tavartkiladze, Phys. Rev. D80, 071702 (2009), arXiv:0905.2710. [58] P.-H. Gu, H.-J. He, U. Sarkar, and X.-m. Zhang, Phys. Rev. D80, 053004 (2009), arXiv:0906.0442.

[59] I. Picek and B. Radovcic, Phys. Lett. B687, 338 (2010), arXiv:0911.1374. [60] Y. Liao, G.-Z. Ning, and L. Ren, Phys. Rev. D82, 113003 (2010), arXiv:1008.0117. [61] Y. Liao, Phys. Lett. B694, 346 (2011), arXiv:1009.1692. [62] Y. Liao, Phys. Lett. B698, 288 (2011), arXiv:1010.5326. [63] S. Kanemura and T. Ota, Phys.Lett. B694, 233 (2010), arXiv:1009.3845. [64] M. B. Krauss, T. Ota, W. Porod, and W. Winter, Phys. Rev. D84, 115023 (2011), arXiv:1109.4636.

[65] E. Ma and J. Wudka, (2012), arXiv:1202.3098.

[66] S. Antusch, J. P. Baumann, and E. Fernandez-Martinez, Nucl.Phys. B810, 369 (2009), arXiv:0807.1003.

[67] M. Gavela, D. Hernandez, T. Ota, and W. Winter, Phys. Rev. D79, 013007 (2009), arXiv:0809.3451.

[68] T. Hahn, Comput.Phys.Commun. 140, 418 (2001), arXiv:hep-ph/0012260. [69] J. Kubo, E. Ma, and D. Suematsu, Phys. Lett. B642, 18 (2006), arXiv:hep-ph/0604114.

[70] S. Kanemura and H. Sugiyama, (2012), arXiv:1202.5231. [71] E. Ma, Phys.Rev. D80, 013013 (2009), arXiv:0904.4450.