arXiv:hep-ph/0408318 v3 14 Dec 2004

OUTP-04/16

Naturally Degenerate Right Handed Neutrinos

Stephen M. West

Rudolf Peierls Centre for Theoretical Physics, University of Oxford, 1 Keble Road, Oxford OX1 3NP, UK

(August, 2004)

Abstract

In the context of supersymmetric theories, a weakly broken gauged SO(3) flavour symmetry is used to produce two highly degenerate right handed (RH) neutrinos. It is then shown that this SO(3) flavour symmetry is compatible with all fermion masses and mixings if it is supplemented with a further SU(3) flavour symmetry. A specific Susy breaking model is used to generate the light neutrino masses as well as a natural model of TeV scale resonant leptogenesis.

1 Introduction

TeV scale leptogenesis is an important alternative to the leptogenesis model associated with the seesaw mechanism [1]. The standard see-saw mechanism [2] prescribes heavy RH neutrinos and it is the decay of these states that can lead to an asymmetry in lepton number. At this high scale the Hubble constant, H, is generally larger than the decay widths of the RH neutrino states and consequently they decay out of thermal equilibrium. This departure from thermal equilibrium ensures that any asymmetry produced is not immediately washed out by inverse decays or any scatterings that involve the RH neutrino. However, due to the high mass scale of the RH neutrinos the see-saw mechanism and its’ associated leptogenesis mechanism are difficult to directly test. This is in contrast to TeV scale theories of neutrino mass generation and leptogenesis [3, 4, 5, 6, 7, 8, 9, 10, 11, 12]. One of the more attractive features of low scale theories is the possibility of being able to directly test components of the model.

A TeV scale theory will have a small Hubble constant. We require that the various scatterings which can suppress an asymmetry be under control. At these low scales gauge scatterings are very fast, consequently a singlet of all low energy gauge symmetries is preferred for the decaying particle. Considering standard thermal leptogenesis, one can think about various possibilities with decaying singlet particles at low scales: a large degeneracy of masses between the decaying particles [3, 4, 5, 6, 7, 8, 9, 12]; a hierarchy between the couplings of real and virtual particles in the one loop leptogenesis diagrams [6, 10]; or three body decays of the heavy particles with suppressed two body decays [6] (for related work in leptogenesis see, [13, 14]).

In this letter we will concentrate on the possibility of decaying TeV scale RH neutrinos with a large degeneracy in their masses. This framework suffers from various significant difficulties:

1) Seesaw type neutrino masses require tiny couplings and consequently will usually induce a tiny CP asymmetry.

2) We need the decay width of the particle which generates the asymmetry to be less than H, so that the particle decay will be out of thermal equilibrium and any asymmetry produced is not immediately washed out. This again requires tiny Yukawa couplings of order 10^{−6} − 10^{−7}. Such small couplings need justification.

3) In a generic seesaw model there is no explanation why the RH neutrinos would have such a small mass (M_N ∼ TeV).

4) In order to compensate the large suppression of the asymmetry induced by these tiny couplings, an extremely tiny mass splitting is required between two RH neutrino masses giving a resonant behaviour in the RH neutrino propagator. The degree of degeneracy required has to be of order (M_{N1} − M_{N2} )/(M_{N1} + M_{N2} ) < 10^{−10} [7]. This level of degeneracy needs to be physically motivated.

5) Finally, as a result of the constraints 1) and 2) the tiny Yukawa couplings imply that the RH neutrino production cross sections are very small. Which means that even at low scales the theory may not be testable.

In this letter we will argue, extending the arguments of [9, 15, 16], that these potential difficulties can be overcome. In the context of broken susy Ref. [9] considered two or more quasi-degenerate RH neutrinos. In this case the asymmetry can be significantly enhanced through a resonant behaviour of the propagator of the virtual particle in the leptogenesis self-energy diagram [9]. This model possesses a natural explanation for both tiny Yukawa couplings and TeV scale RH neutrinos (see Ref [16] for more details). Now one would like to form a natural explanation for the high degree of degeneracy in the RH neutrino spectrum.

In the following section we propose an SO(3) flavour symmetry which can be used to produce two exactly degenerate RH neutrinos^1. In Section 3 a toy model is outlined where the SO(3) flavour symmetry is embedded into the susy breaking model described in Refs.[9] and [16]. Utilising a further SU(3) flavour symmetry it is shown that all fermionic standard model sectors including neutrino masses and mixings are compatible with this SO(3) flavour symmetry^2. Following this we go on to describe a natural and successful model of TeV scale resonant leptogenesis. Our conclusions are contained in Section 4, while two appendices contain technical details of the models presented.

2 The SO(3) flavour symmetry

We assume the minimal supersymmetric standard model (MSSM) with the addition of standard model singlet RH neutrino chiral supermultiplets, N_i. Under a gauged SO(3) flavour symmetry N_i transforms as a triplet, where i=1,2,3 (and all other Roman indices) are SO(3) labels. All other MSSM chiral supermultiplets transform as singlets under this SO(3) flavour symmetry.

We need to spontaneously break the SO(3) flavour symmetry^3. This is performed by two flavon fields, ζ and ξ, developing vacuum expectation values (VEVs). Each field is a triplet under the SO(3) flavour symmetry but a singlet under the standard model gauge group.

2.1 Degenerate Right Handed Neutrinos

RH neutrino masses can be generated via the superpotential or the Kahler potential depending on how exactly the scale of their masses is realised. This letter concentrates on the generation of TeV scale RH neutrinos via non-renormalisable operators arising from the Kahler potential. However, as a simple example of how the SO(3) flavour symmetry can generate degenerate RH neutrinos it is appropriate to study the mechanism in the context of an effective superpotential. Using the flavon field discussed above we can write

1An SO(3) symmetry has been previously used in connection with quasi-degenerate light neutrinos, see Ref.[17].

2In this paper we want to argue that there exists a model with naturally degenerate RH neutrinos justified by a symmetry, which is compatible with the Standard Model. It is not claimed that this is the most minimal solution.

3Using a gauged SO(3) symmetry means that any potentially dangerous massive vectors are avoided.

down, M_N ∫ d^2θ ( h_1N_iN_i + 1 M^2_f h_2N_iζ_iN_j ξ_j + 1 M^4_f h_3ϵ_{ijk}N_iζ_j ξ_k ϵ_{lmn}N_lζ_mξ_n ) (1) where ϵ_{ijk} is the usual antisymmetric tensor, M_N is the RH neutrino scale, M_f is the cut off scale, which we assume is the mass scale of some heavy fields that have been integrated out, all hs are undetermined O (1) parameters and we assume the R-parities of ζ and ξ are equal in magnitude but opposite in sign.

We assume the two flavon fields develop VEV structures given as, ⟨ζ⟩ = A iA 0 , ⟨ξ⟩ = D −iD 0 (2) where A and D are related and can be complex. The alignment of these two VEVs is crucial for the generation of degenerate RH neutrinos and is presented in the next section. It is assumed that the VEVs of ζ and ξ are comparable to the high scale so that a ≡ A/M_f and d ≡ D/M_f are not much less than one.

Allowing the two fields to acquire their VEVs the RH neutrino mass matrix has the form,

M^{sp}_N ∼ h_1 + h_2ad 0 0 0 h_1 + h_2ad 0 0 0 h_1 + h_34a^2d^2 (3) where a minus sign has been absorbed into the definition of h_3. There are further terms that can be written down in addition to those in equation (1) but none of these give either non-diagonal or differing (1,1), (2,2) entries in the mass matrix. Consequently we produce two exactly degenerate RH neutrinos^4.

2.2 Vacuum Alignment

The crucial part of this model is the vacuum alignment which determines the structure of VEVs for the fields ζ and ξ. This section will discuss how exactly this alignment can arise. The first stage of the symmetry breaking is triggered by the ζ field acquiring a VEV radiatively. We assume that the soft mass of the ζ field gets driven negative at some scale through radiative corrections. This could be achieved if we assume the field ζ has Yukawa couplings to a massive field. Such radiative effects can trigger a VEV for ζ [18]. We have the freedom to rotate the VEV of ζ to read ⟨ζ⟩^T = (A, B, 0) without loss of generality. At this point there is nothing to say whether ξ gets a VEV or not so we assign an arbitrary structure to ξ of the form ⟨ξ⟩^T = (D, E, F ), where D,E and F can still be zero. The superpotential terms

S ∼ P ζ_iζ_i + T ξ_j ξ_j (4)

4In this example we have no constraints on the sizes of a and d, but for ad > 1/4 we give N_3 a larger mass than N_1 and N_2. Consequently resonant leptogenesis could proceed via the decay of N_1 and N_2.

can be written down assuming consistent R-charge assignments (a specific example is given in later sections and in Appendix B). Along the F-flat direction |F_P |^2 = 0, we have ⟨ζ^2⟩ = 0, which forces A = −iB, leading to ⟨ζ⟩^T = (A, Ai, 0). Moreover, along the F-flat direction |F_T |^2 = 0 we have the condition, ⟨ ξ^2 ⟩ = D^2 + E^2 + F^2 = 0 (5)

In order to have radiative corrections generating large VEVs they must evolve along D-flat directions. The conditions for D-flatness arising from the generators

T_1 = 1 2 0 0 0 0 0 −i 0 i 0

, T_2 = 1 2 0 0 i 0 0 0 −i 0 0 , T_3 = 1 2 0 −i 0 i 0 0 0 0 0 (6) are of the form

|D_1|^2 ∝ |EF^∗ − E^∗F |^2 = 0 (7) |D_2|^2 ∝ |F D^∗ − F^∗D|^2 = 0 (8)

|D_3|^2 ∝ | |2 |A|^2 + i(DE^∗ − D^∗E) | |^2 = 0 (9)

A solution to conditions (7) and (8) is F = 0. Applying this condition to (5) and rewriting the potentially complex parameters D and E as D = D_R + iD_I and E = E_R + iE_I we have,

D^2_R − D^2_I + E^2_R − E^2_I = 0 (10) D_RD_I + E_RE_I = 0 (11)

and (9) gives |A|^2 = D_I E_R − D_RE_I . (12)

Solving conditions (10), (11) and (12) we are led to the relations

D_R = −E_I , D_I = E_R ⇒ E = −iD. (13)

Which means, D_I = ± √ |A|^2 − D^2_R (14)

where − |A| ≤ D_R ≤ |A|. Finally the full expression for ⟨ξ⟩ is

⟨ξ⟩ = D_R ± i √ |A|^2 − D^2_R ± √ |A|^2 − D^2_R − iD_R 0 = D −iD 0 . (15)

Substituting these relations back into (7) and (8) we find F = 0 is a consistent solution 5. 5In this analysis, possible soft mass terms for the flavon fields have been neglected. If we include such terms, we will generate corrections to the vacuum alignment above which are parametrically the scale of the soft masses. We expect these corrections to be of order ∼ M_{susy}. When we include these corrections into the VEVs of ζ and ξ we generate non-diagonal and differing (1,1) and (2,2) terms in the mass matrix of the RH neutrinos of order ∼ M^2_{susy}/M_f at most.

3 A Toy Model

The aim of this section is to show that the SO(3) flavour symmetry can be used in a model that successfully describes all fermionic sectors including the generation of neutrino masses. We do this using, along side the SO(3) flavour symmetry, an adaptation of the model described in Ref.[18]. In this paper all the MSSM fields including the RH neutrino field are triplets under an SU(3) flavour symmetry. However in our adaptation the RH neutrino fields are now singlets under the SU(3) flavour symmetry and a triplet under the new SO(3) flavour symmetry. The other MSSM fields are singlets under the SO(3) flavour symmetry. Summarising, the flavour symmetry assignments we have for the SO(3) symmetry,

(Q, L, U^c, D^c, E^c) ∼ 1, N_i ∼ 3 (16)

and for the SU(3) symmetry

(Q_α, L_α) ∼ 3, (U^c_α, D^c_α, E^c_α) ∼ 3, N ∼ 1 (17)

where α = 1, 2, 3 (and all other Greek indices) are SU(3) labels. Moreover, all Higgs fields responsible for SU(3) symmetry breaking as well as any other fields used to achieve the desired vacuum alignment are singlets under the new SO(3) flavour symmetry. A summary of all the assignments is given in Appendix A. We use the mechanisms presented in Ref.[18] for all sectors apart from the neutrino sector which we present here.

3.1 Neutrino masses from Susy breaking

We need to generate neutrino masses and we do this in a similar way to Ref.[16]. As emphasized by the authors of Ref.[15], we can apply the Giudice-Masiero mechanism [19] to the neutrino sector, i.e SM-singlet operators, such as the RH neutrino mass M_RNN, or the neutrino Yukawa coupling λLNH_u , might only appear to be renormalizable superpotential terms, but in fact may arise from 1/M-suppressed terms involving the fundamental supersymmetry breaking scale m_I ∼ √ M_{3/2}M_{pl}, where M_{pl} and M_{3/2} are the reduced Planck mass and gravitino mass respectively.

Specifically, consider the usual MSSM Lagrangian to be supplemented by Standard- Model-singlet chiral superfields which arise from the hidden sector. In general, the fields which communicates supersymmetry breaking to the neutrinos can either be flavour singlets or flavour non-singlets. Here we assume that all such fields are singlets under all flavour symmetries.

Ignoring flavour and consequently suppressing all indices for the moment, the scales of the various terms we wish to study are set by the hidden sector fields acquiring VEVs. In the superpotential we have

L^W_N = ∫ d^2θ ( g T M LNH_u ) , (18) while the set of terms involving the RH neutrino fields in the Kahler potential are

L^K_N = ∫ d^4θ ( h T^† M NN + h̃ T^†T M^2 N^†N + h_B T^†T T^† M^3 NN + . . . ) . (19)

Here T is a susy breaking hidden sector field and the ellipses in (19) stand for terms higher order in the 1/M-expansion. It is simple to check the additional terms will lead to trivial or sub-dominant contributions not relevant for our discussion. All dimensionless couplings g, h, etc, are taken to be O (1).

Let us now suppose that after supersymmetry is broken in the hidden sector at the scale m_I , the field T acquires the following F - and A-component VEVs, ⟨T ⟩_F = F_t = f_tm^2_I ⟨T ⟩_A = A_t = a_tm_I . (20) Here f_t and a_t are O (1). Substituting these VEVs into Eq. (18) and (19) shows that after susy breaking we produce; (1) the scale for neutrino Yukawa as ∼ 10^{−7} − 10^{−8}, (2) RH neutrino mass scale at a TeV, (3) a trilinear scaler A-term at a TeV, (4) RH sneutrino lepton-number violating B-term with magnitude B^2 ∼ (few × 100 MeV)^2. We produce two sources of neutrino masses, a tree level (see-saw) contribution as well as a dominant 1-loop contribution, ([15], [16]). In the next section we outline how one could combine the susy breaking model described above with the flavour symmetries, SO(3) and SU(3) to give neutrino masses and mixings compatible with current experimental bounds.

3.1.1 RH Neutrino Mass Matrix

In the susy breaking model described above the RH neutrino mass terms arise from nonrenormalisable Kahler potential operators. In order to produce degenerate RH neutrinos this way consider,

K ∼ T^† M_{pl} ( h_4N_iN_i + 1 M^2_f h_5N_iζ_iN_j ζ^∗_j + 1 M^2_f h_6N_iξ_iN_j ξ^∗_j ) (21) + T^† M_{pl} ( h_7 1 M^4_f ϵ_{ijk}N_iζ_j ξ_k ϵ_{lmn}N_lζ^∗_mξ^∗_n + . . . ) (22)

where the ellipses represent further terms that do not contribute to non-diagonal terms or give differing (1,1), (2,2) entries. We assume the R-charge assignments in Table 1 of Appendix A. Allowing the flavon fields to gain their appropriate VEVs, the RH neutrino mass matrix takes the following form, M_N ∼ h_4 + h_5 |a|^2 + h_6 |d|^2 0 0 0 h_4 + h_5 |a|^2 + h_6 |d|^2 0 0 0 h_4 + h^′_7 |a|^2 |d|^2 , (23) generating two exactly degenerate RH neutrinos. h^′_7 represents the fact that there are numerous terms of the same order as the term in (22) contributing to the mass^6 of N_3.

6In order to be consistent with neutrino masses and mixings, we take parameter values a = d = 0.4. Even with these values the mass of N_3 is larger than that of N_1 and N_2 due to these additional terms.

3.1.2 Trilinear Scaler A-term

A very important term which contributes to the 1-loop neutrino masses is the trilinear scalar A-term. The structure of this term comes from the following leading order superpotential operators, S_A ∼ T M_{pl} ( g_1 1 M^4_f ϵ_{ijk}N_iζ_j ξ_k 1 M^7_3

L_αϕ^α_3 (ϕ_3ϕ_3)^3(ζξ) ) (24) + T M_{pl} ( g_2 1 M^2_f ϵ_{ijk}N_iζ_j ξ_k 1 MM^8_3

L_αϕ^α_{23}(ϕ_3ϕ_3)^4 ) (25) + T M_{pl} ( g_3 1 M^4_f ϵ_{ijk} N_iζ_j ξ_k 1 MM_3 ϵ^{αβγ}L_αϕ_{23,β}ϕ_{3,γ}(ζξ) + . . . ) (26)

Giving the structure, A_ν ∼ 0 0 0 0 0 0 g_34a^2d^2ϵi g_22adϵi g_14a^2d^2i

(27)

where we have written ϵ = b/M and ϵ, a and d are expansion parameters. Here we assume that the ϵ parameter can be different to the expansion parameter for the up quark sector. The neutrino sector is generated via non-renormalisable susy breaking operators, with the RH neutrino transforming as a singlet under the SU(3) flavour symmetry in contrast to Ref. [18] where the expansion parameters are identical for the two sectors.

3.1.3 Neutrino Yukawa term

In order to generate neutrino masses and mixings it is necessary to add two hidden sector superfields, Z_1 and Z_2, with properties and charge assignments as listed in Table 1 of Appendix A. Specifically we assume the Z fields gain A-component VEVs, ⟨Z⟩_A = A_z = a_z m_I , with zero (or tiny) F-component VEVs.

The Yukawa flavour structure has a contribution from the new fields, Z_1 and Z_2 in addition to a contribution from the field T . The contribution from the field T has exactly the same structure as the trilinear scaler A-term except for the Yukawa the A-component VEV of T is used. Leading order contributions from fields Z_1 and Z_2 are, S_{Y uk} ∼ ( Z_1 M_{pl} g_4 1 M_f N_iζ_i +

Z_2 M_{pl} g_7 1 M_f N_iξ_i ) 1 MM^{10}_3

L_αϕ^α_{23}(ϕ_3ϕ_3)^5 (28) + ( Z_1 M_{pl} g_5 1 M_f N_iζ_i +

Z_2 M_{pl} g_8 1 M_f N_iξ_i ) 1 M^9_3 M^2_f

L_αϕ^α_3 (ϕ_3ϕ_3)^4(ζξ) (29) + ( Z_1 M_{pl} g_6 1 M_f N_iζ_i +

Z_2 M_{pl} g_9 1 M_f N_iξ_i ) 1 MM^3_3 M^2_f ϵ^{αβγ}L_αϕ_{23,β}ϕ_{3,γ} (ϕ_3ϕ_3)(ζξ). (30)

Giving the leading order Yukawa structure,

(a_{Z1}g_6a + a_{Z2}g_9d)2adϵ (a_{Z1}g_4a + a_{Z2}g_7d)ϵ (a_{Z1}g_6a + a_{Z2}g_9d)2ad (a_{Z1}g_6a − a_{Z2}g_9d)2iadϵ (a_{Z1}g_4a − a_{Z2}g_7d)ϵi (a_{Z1}g_6a − a_{Z2}g_9d)2iad g_3a_T 4a^2d^2ϵi g_2a_T 2adϵi (g_2ϵ + g_12ad)a_T 2adi . (31)

3.1.4 Other Terms of Note

The lepton-number violating B-term is crucial to the formation of the 1-loop contribution to the light neutrino masses. The structure of the B-term assuming a and d are real for simplicity, is

(h_4 + h_5a^2 + h_6d^2)a_t 0 h_{16}ia^2d(a_{z1} + h^′_{16}a_{z2}) 0 (h_4 + h_5a^2 + h_6d^2)a_t h_{16}a^2d(a_{z1} − h^′_{16}a_{z2}) h_{16}ia^2d(a_{z1} + h^′_{16}a_{z2}) h_{16}a^2d(a_{z1} − h^′_{16}a_{z2}) (h_4 + h_8)a_t

(32)

which we generate from operators of the form of the 3rd term in equation (19) and similar operators with one of the T^†s being replaced by a Z^†.

We can also generate small corrections to the RH neutrino mass matrix using the same form of operator. This is achieved when T^† gets an F-component VEV and two other hidden sector fields get A-component VEVs. (The other two hidden fields could be T^†T ,Z^†Z,T^†Z or Z^†T .) The resulting structure of this splitting term, ΔM_N , in the limit where a ∼ d,

(h_4 + h_5a^2 + h_6d^2)a_t 0 ia^3a^2_3(a_{z1}h_{18} + a_{z2}h_{18}) 0 (h_4 + h_5a^2 + h_6d^2)a_t a^3a^2_3(a_{z1}h_{18} − a_{z2}h_{18}) ia^3a^2_3(a_{z1}h_{18} + a_{z2}h_{18}) a^3a^2_3(a_{z1}h_{18} − a_{z2}h_{18}) (h_4 + h_8)a_t

(33)

with a scale of ∼ 10^{−13} GeV and where numerical factors have been ignored. These splittings actually play no significant role in splitting of the RH neutrinos as they enter into the matrix as mixings between the 1st and 3rd and 2nd and 3rd generations.

3.2 Neutrino Masses and Mixings

As is described in Ref.[16] neutrino masses can be generated from two different sources. The dominant piece is that produced by a 1-loop contribution. The flavour structure of this contribution in the limit that there is no mixing in the sneutrino sector is,

m^{loop}_ν ∼ A^T B^∗A (34)

Substituting in the forms for A and B from Eqs. (27) and (32) respectively we get the structure,

m^{loop}_ν ∼ a^2d^2 adϵ^2 adϵ^2 adϵ^2 + a^2d^2ϵ adϵ^2 ϵ^2 ϵ^2 + ad adϵ^2 + a^2d^2ϵ ϵ^2 + ad ϵ^2 + a^2d^2 + adϵ

(35)

where numerical factors and various h and g coefficients have been suppressed for simplicity. The form of this neutrino mass can be identified with the structure for a normal hierarchy of neutrino masses. On its own it can successfully generate the atmospheric neutrino mass data. However in its current form it is rank 1. We now need the second source of neutrino masses which comes from the tree level “see-saw” contribution. This has the form, (m^{tree}_ν )_{ij} = −v^2 sin^2 βλ^T_{ik}M^{−1}_N λ_{kj} . (36)

This tree level contribution provides a useful perturbation to the 1-loop structure and provides the solar neutrino mass scale in this case. Combining these two sources of neutrino mass we can produce neutrino masses with a normal hierarchy. Assuming reasonable values for the various g and h coefficients (which can be complex) and with a ∼ b ∼ 0.4, ϵ ∼ 0.20 it is possible to achieve mass splittings compatible with measured values (an appropriate diagonalisation procedure for a hierarchical mass matrix is outlined in Ref.[20]). Due to the large value of the (2,2) component of m^{loop}_ν compared to the value of the (1,1) component, we do not naturally produce large values for θ_{12}. Consequently we need to moderately fine tune some of the g and h coefficients in order to produce consistent mixing angles. Assuming the mixing angles from the charged lepton sector are small, the resulting MNS mixing angles produced from the neutrino sector can accommodate the oscillation data. The analysis given in Ref. [18] suggests small corrections from the charged lepton sector are possible within the SU(3) flavour scenario.

3.3 TeV scale Leptogenesis from Susy breaking

In this model we have large tri-linear scaler A-terms and consequently the RH sneutrinos will be in deep thermal equilibrium at a scale ∼ M~_{Ni} . Therefore the decay of the sneutrinos cannot lead to the creation of a large asymmetry. The RH neutrinos on the other hand are not in the thermal equilibrium due to the tiny effective Yukawa couplings. In addition, the tree level vertex diagram for the decay of the RH neutrinos is negligible compared to the self energy diagram shown in Fig.1 of Ref.[9], which is responsible for the asymmetry. Although the diagram is suppressed by the Yukawa couplings it is enhanced by a resonance effect when the mass splittings are naturally tiny as they are for two of the RH neutrinos in the SO(3) model described in this letter. The form of the total asymmetry is [5, 7, 8], ε_{tot} = ∑ i ε_i = ∑ i − ∑ j≠i M_i M_j Γ_j M_j I_{ij} S_{ij} , (37) where I_{ij} = Im [(λ^{(1)}λ^{(1)†})^2_{ij} ] |λ^{(1)}λ^{(1)†}|_{ii}|λ^{(1)}λ^{(1)†}|_{jj} , S_{ij} = M^2_j ΔM^2_{ij} (ΔM^2_{ij} )^2 + M^2_i Γ^2_j

, Γ_j =

|λ^{(1)}λ^{(1)†}|_{jj} 8π M_j . (38) Where λ^{(1)} = U_N λ are the 1-loop corrected Yukawa couplings^7 with U_N the unitary matrix that diagonalises the full contribution to the RH neutrino mass matrix,

M^R_N = M_N + β(M_N λλ^† + λ^∗λ^T M_N ) + γΔM_N (39)

where^8 β ∼ m_{3/2} hM_P ( g^2 16π^2 log M_P M_N ) ∼ 10^{−15} (40)

7Resummations of the Yukawa couplings have not been performed for simplicity, an example of such a procedure in the context of resonant leptogenesis is given in Ref.[14].

8Note that the definitions of β and γ are modified compared to those given in Ref.[16].

and γ = m^2_{3/2} M_P ∼ 10^{−12}. (41)

Diagonalising M^R_N gives a mass splitting in the first two generations that is the same parametric size as the width for these states. This produces a resonance in the propagator of the virtual RH neutrino in the self energy diagram for N_1 and N_2. This does not happen when N_3 is present due to the much larger mass splitting between N_3 and the other RH neutrino generations. Consequently, we only get two pieces contributing significantly to ε_{tot}, ε_{tot} ≃ M_1 M_2

Γ_2 M_2

I_{12}S_{12} +

M_2 M_1

Γ_1 M_1

I_{21}S_{21} (42)

rearranging to give ε_{tot} ≃ M_1M_2I_{12} 8π ΔM^2_{12} [ |λ^{(1)}λ^{†(1)}|_{22} (ΔM^2_{12})^2 + M^2_1 Γ^2 + |λ^{(1)}λ^{†(1)}|_{11} (ΔM^2_{12})^2 + M^2_2 Γ^2_1 ] . (43)

Using the same coefficients that were used to construct the neutrino sector we find that we are actually a little bit off resonance, such that (ΔM^2_{12})^2 > M^2Γ^2. The actual size of the mass splitting is of the order ∼ 10^{−8} GeV^2. This is a little bigger than we might expect from the parametric sizes of the non-diagonal RH neutrino contributions in eq. (39). The large size is due to the large mixing angle generated in the 1st two generations as a result of the high degree of degeneracy in the masses at tree level. We also have that |λ^{(1)}λ^{†(1)}|_{22} ∼ |λ^{(1)}λ^{†(1)}|_{11}. Applying this we have, ε_{tot} ≃ M_1M_2I_{12} 4π |λ^{(1)}λ^{†(1)}|_{22}

ΔM^2_{12}

. (44)

Inserting, ΔM^2_{12} ∼ 10^{−8} GeV^2, |λ^{(1)}λ^{†(1)}|_{22} ∼ 10^{−14} and M_i ∼ 10^2 GeV we have

ε_{tot} ∼ I_{12}10^{−2}. (45)

The off-diagonal parts of λ^{(1)}λ^{†(1)}, with these parameters, are small compared to the diagonal parts due to non-trivial cancellations, consequently, I_{12} comes out to be of order 10^{−5}, giving, ε_{tot} ∼ 10^{−7}. (46) Due to the sizes of the Yukawa couplings the decay widths of the RH neutrinos are less than the Hubble constant and therefore will not induce any wash-out effects via decays or scatterings. The large A-terms do not contribute to any wash-out effects as they need to be accompanied by a Yukawa interaction or a lepton number violating B-term interaction (which is also small) in order to break lepton number. Thus with g^∗ ∼ 100, n_L/s can be of order ε_{tot}/100 ∼ 10^{−9} which is at the correct order to give the CMBR-determined experimental value, n_B/n_γ = 6.1^{+0.3}_{−0.2} · 10^{−10} [21].

4 Conclusions

In the context of supersymmetric theories, a weakly broken gauged SO(3) flavour symmetry was used to produce two highly degenerate RH neutrinos. It was shown that this

SO(3) flavour symmetry is compatible with all fermion masses and mixings if it is supplemented with a further SU(3) flavour symmetry. A specific susy breaking model was then used to generate the light neutrino masses as well as a natural model of TeV scale resonant leptogenesis. It must be noted that this SO(3) flavour symmetry and its associated flavon field alignments can be used independently of the susy breaking model used to produce the neutrino masses in this letter. An application of this was given in section 2 where degenerate RH neutrinos were generated in the context of an effective superpotential.

Acknowledgments

I wish to thank Thomas Hambye and especially John March-Russell and Graham Ross for extremely useful discussions. This work is supported by PPARC Studentship Award PPA/S/S/2002/03530.

Appendix A

Below we list the assignments of all the fields in the theory.

Field R-Charge R-Parity Z_2 SU(3) SO(3) VEV ζ^T −1/5 + − 1 3 (A,iA,0) ξ^T −4/5 + + 1 3 (D,-iD,0) ϕ^T_3 1 + + ¯3 1 (0,0,a_3) ϕ^T_{23} 1 + − ¯3 1 (0,b,b) ϕ_2 0 + + 3 1 (0,a_2,0) ϕ_3 −2 + + 3 1 (0,0,a_3) ϕ_{23} 0 + + 3 1 (0,b,−b) T 4/3 + + 1 1 (Fcpt,Acpt)=(m^2_If_t,m_I a_t) Z_1 23/15 + + 1 1 (Fcpt,Acpt)=(0,m_Ia_{z1}) Z_2 32/15 + − 1 1 (Fcpt,Acpt)=(0,m_Ia_{z2}) T 12/5 + + 1 1 - P 18/5 + + 1 1 - N 2/3 − + 1 3 - L 4 − + 3 1 - Q 0 − + 3 1 - U^c 0 − + 3 1 - D^c 0 − + 3 1 - E^c −4 − + 3 1 - H_u 0 + + 1 1 v_2 H_d 0 + + 1 1 v_1

Table 1: Table of field assignments

Appendix B

Due to the R-charge assignments of the SO(3) flavon fields there are terms that can be written down in addition to those in equation (4). The additional terms are, P T (ζ_iξ_i)^4 M^7 + P T (ζ_iξ_i)^2(ζ_j ζ_j )(ξ_kξ_k ) M^7 + P T (ζ_j ζ_j )^2(ξ_k ξ_k)^2

M^7 + T (ζ_j ζ_j )^4 M^6

. (B-1)

Along the F-flat direction |F_P |^2 = 0, we now have, ⟨ζ_iζ_i⟩ + ⟨T (ζ_iξ_i)^4⟩ M^7 + ⟨T (ζ_iξ_i)^2(ζ_j ζ_j )(ξ_kξ_k )⟩ M^7 + ⟨T (ζ_j ζ_j )^2(ξ_kξ_k )^2⟩

M^7

= 0 (B-2)

leading to ⟨ζ^2⟩ = 0 and ⟨T ⟩ = 0. Along the F-flat direction |F_T |^2 = 0 applying ⟨ζ^2⟩ = 0 we have the condition, ⟨ξ_iξ_i⟩ + ⟨P (ζ_iξ_i)^4⟩ M^7

= 0 (B-3)

leading to ⟨ξ^2⟩ = 0 and ⟨P ⟩ = 0, which are the conditions we require for the correct vacuum alignment.

References

[1] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).

[2] M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, edited by P. van Nieuwenhuizen and D. Freedman, (North-Holland, 1979), p. 315; S.L. Glashow, in Quarks and Leptons, Cargèse, eds. M. Lévy et al., (Plenum, 1980, New-York), p. 707; T. Yanagida, in Proceedings of the Workshop on the Unified Theory and the Baryon Number in the Universe, edited by O. Sawada and A. Sugamoto (KEK Report No. 79-18, Tsukuba, 1979), p. 95; R.N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 44, (1980) 912.

[3] M. Flanz, E. A. Paschos and U. Sarkar, Phys. Lett. B 345 (1995) 248 [Erratum-ibid.

B 382 (1996) 447] [arXiv:hep-ph/9411366]; M. Flanz, E. A. Paschos, U. Sarkar and J. Weiss, Phys. Lett. B 389 (1996) 693 [arXiv:hep-ph/9607310].

[4] L. Covi, E. Roulet and F. Vissani, Phys. Lett. B 384 (1996) 169 [arXiv:hep-ph/9605319].

[5] A. Pilaftsis, Phys. Rev. D 56 (1997) 5431 [arXiv:hep-ph/9707235]; A. Pilaftsis, Nucl.

Phys. B 504 (1997) 61 [arXiv:hep-ph/9702393].

[6] T. Hambye, Nucl. Phys. B 633 (2002) 171 [arXiv:hep-ph/0111089];

[7] A. Pilaftsis and T. E. J. Underwood, Nucl. Phys. B 692 (2004) 303 [arXiv:hep-ph/0309342].

[8] T. Hambye, Y. Lin, A. Notari, M. Papucci and A. Strumia, Nucl. Phys. B 695 (2004) 169 [arXiv:hep-ph/0312203].

[9] T. Hambye, J. March-Russell and S. M. West, JHEP 0407 (2004) 070 [arXiv:hep-ph/0403183].

[10] L. Boubekeur, T. Hambye and G. Senjanovic, arXiv:hep-ph/0404038.

[11] M. Raidal, A. Strumia and K. Turzynski, arXiv:hep-ph/0408015;

[12] A. Pilaftsis, arXiv:hep-ph/0408103.

[13] W. Buchmuller, P. Di Bari and M. Plumacher, arXiv:hep-ph/0401240; W. Buchmuller, P. Di Bari and M. Plumacher, arXiv:hep-ph/0406014; P. h. Gu and X. j. Bi, arXiv:hep-ph/0405092; G. D’Ambrosio, T. Hambye, A. Hektor, M. Raidal and A. Rossi, arXiv:hep-ph/0407312; Y. Grossman, T. Kashti, Y. Nir and E. Roulet, arXiv:hep-ph/0407063; M. Bando, S. Kaneko, M. Obara and M. Tanimoto, arXiv:hep-ph/0405071; E. J. Chun, Phys. Rev. D 69 (2004) 117303 [arXiv:hep-ph/0404029]; M. Ibe, R. Kitano, H. Murayama and T. Yanagida, arXiv:hep-ph/0403198.

[14] K. Turzynski, Phys. Lett. B 589 (2004) 135 [arXiv:hep-ph/0401219].

[15] N. Arkani-Hamed, et al, Phys. Rev. D 64, 115011 (2001) [arXiv:hep-ph/0006312];

N. Arkani-Hamed, et al, arXiv:hep-ph/0007001; F. Borzumati and Y. Nomura, Phys. Rev. D 64, 053005 (2001) [arXiv:hep-ph/0007018]; F. Borzumati, et al, arXiv:hep-ph/0012118;

[16] J. March-Russell and S. M. West, arXiv:hep-ph/0403067.

[17] R. Barbieri, L. J. Hall, G. L. Kane and G. G. Ross, arXiv:hep-ph/9901228;

C. D. Carone and M. Sher, Phys. Lett. B 420 (1998) 83 [arXiv:hep-ph/9711259]; E. Ma, Phys. Lett. B 456 (1999) 48 [arXiv:hep-ph/9812344]; C. Wetterich, Phys. Lett. B 451 (1999) 397 [arXiv:hep-ph/9812426]; Y. L. Wu, Phys. Rev. D 60 (1999) 073010 [arXiv:hep-ph/9810491].

[18] S. F. King and G. G. Ross, Phys. Lett. B 520 (2001) 243 [arXiv:hep-ph/0108112].

[19] G. F. Giudice and A. Masiero, Phys. Lett. B 206 (1988) 480.

[20] S. F. King, JHEP 0209 (2002) 011 [arXiv:hep-ph/0204360].

[21] D. N. Spergel et al., Astrophys. J. Suppl. 148 (2003) 175 [arXiv:astro-ph/0302209].