arXiv:hep-ph/0312265 v1 18 Dec 2003

IFIC/03-56

Phenomenological Tests of Supersymmetric A_4 Family Symmetry Model of Neutrino Mass

M. Hirsch^1, J. C. Romão^2, S. Skadhauge^2, J. W. F. Valle^1 and A. Villanova del Moral^1

1 AHEP Group, Instituto de Física Corpuscular – C.S.I.C./Universitat de València Edificio de Institutos de Paterna, Apartado 22085, E–46071 València, Spain 2 Departamento de Física and CFIF, Instituto Superior Técnico Av. Rovisco Pais 1, 1049-001 Lisboa, Portugal

Abstract Recently Babu, Ma and Valle proposed a model of quark and lepton mixing based on A_4 symmetry[1]. Within this model the lepton and slepton mixings are intimately related. We perform a numerical study in order to derive the slepton masses and mixings in agreement with present data from neutrino physics. We show that, starting from three-fold degeneracy of the neutrino masses at a high energy scale, a viable low energy neutrino mass matrix can indeed be obtained in agreement with constraints on lepton flavour violating μ and τ decays. The resulting slepton spectrum must necessarily include at least one mass below 200 GeV which can be produced at the LHC. The predictions for the absolute Majorana neutrino mass scale m_0 ≥ 0.3 eV ensure that the model will be tested by future cosmological tests and ββ_{0ν} searches. Rates for lepton flavour violating processes ℓ_j → ℓ_i + γ in the range of sensitivity of current experiments are typical in the model, with BR(μ → eγ) >∼ 10^{−15} and the lower bound BR(τ → μγ) > 10^{−9}. To first approximation, the model leads to maximal leptonic CP violation in neutrino oscillations.

1 Introduction

The remarkable experimental achievements in neutrino physics [2, 3, 4, 5, 6, 7, 8, 9] have provided great insight in the neutrino masses and mixings. In particular it is now well established that the leptonic mixing matrix is rather different from the quark mixing matrix [10]. The structure of the mixings suggested by experiment involves a large mixing angle describing solar neutrino oscillations, a maximal one describing atmospheric neutrino oscillations, and a small one to account for reactor neutrino data. This is in sharp contrast to the three small mixings that characterize the quark sector and poses a challenge to models of the origin of the flavour structure.

In this paper we perform a detailed study of the model put forward by Babu, Ma and Valle in Ref.[1]. The model offers a simple and coherent picture of the quark and lepton mixings. Both mixing matrices are generated by radiative corrections, but with different tree-level structures fixed at some high energy scale, which we will denote by M_N . Small off-diagonal corrections to a hierarchical mass matrix will give small mixing angles. In contrast large mixing is a natural consequence of small corrections to degenerate energy levels. Therefore, the quark mixings are pushed to be small due to the hierarchical structure of their masses. Whereas, the large solar mixing angle is achieved due to degeneracy of the neutrino masses at tree-level. The two other leptonic mixing angles are fixed by the family symmetry.

The model uses A_4 family symmetry, where A_4 is the symmetry group of the tetrahedron or equivalently the group of even permutations of four elements. The family symmetry is broken at the high energy scale M_N , which is imagined to be around the scale of grand unification (of order 10^{16} GeV). However, the model is not explicitly embedded into any grand unification group. In order to have a natural stabilization of the different energy scales involved, low energy supersymmetry (SUSY) is used. Besides, as will be discussed below, the soft SUSY breaking terms constitute a necessary ingredient of the model, implying sizeable flavour changing interactions.

In addition to the usual fields in the Minimal Supersymmetric Standard Model (MSSM) a number of heavy fermion and Higgs fields are introduced. Within the A_4 family symmetry scheme, this implies:

(i) the quark mass matrices are hierarchical and aligned, hence giving V_{CKM}(M_N ) = I. As a result the low energy CKM angles are naturally small;

(ii) all three neutrino masses are exactly degenerate at M_N , with an off-diagonal ν_μ − ν_τ texture. The atmospheric mixing angle is thereby predicted to be maximal and this feature is kept even after the leading radiative corrections;

(iii) the electron neutrino has no mixing with the state separated with the atmospheric mass scale, or in the usual terminology the U_{e3} element vanishes at tree-level; (iv) if non-vanishing, U_{e3} is purely imaginary [1], to leading order. This in turn means that the Dirac CP-phase is maximal, a feature we refer to as maximal CP-violation; (v) to leading order the Majorana phases [11, 12] are constrained to be 1 or i [13] and, although physical, do not give rise to genuine CP-violating effects [14, 15].

Within SUSY theories new contributions to flavour changing processes arise from the exchange of squarks and slepton. In particular the contributions are non-zero if the scalar mass matrices are off-diagonal in the basis where the corresponding fermionic mass matrices are diagonal (the super-CKM basis). The experimental bounds on flavour violating (FV) interactions in the quark sector are very strong, whereas the bounds in the lepton sector are somewhat less severe. It is a general problem to achieve sufficient suppression of the SUSY FV contributions. This is the well-known SUSY flavour problem. A popular way to suppress the magnitude of SUSY FV is to assume that slepton masses are universal at the Planck scale in the super-CKM basis. In such so-called Minimal Supergravity (mSUGRA) scenario [16, 17, 18] RGE running down to the electroweak scale gives naturally small calculable off-diagonal flavour violating terms.

A necessary ingredient of the present model is that the soft SUSY breaking terms are flavour dependent. We should therefore be especially worried about the strong constraints on flavour violation. In fact, in order to get sufficient splitting of the degenerate neutrinos, large mixings and large mass splittings in the slepton sector are required. In particular for smaller values of the overall neutrino mass scale, larger off-diagonal elements of the slepton mass matrix are necessary, in potential conflict with observation.

Our approach will therefore be to derive the possible low-energy slepton masses and mixings by using the present knowledge of the neutrino mass matrix. Although severely constrained by bounds on lepton flavour violation as well as the overall neutrino mass scale, we show that the model is indeed viable. We give the predictions for lepton flavour violations processes, such as τ → μγ. These are within experimental reach in the very near future. We also note that the bounds derived here can be applied to any model having the same tree-level form of the neutrino mass matrix as in the A_4 model and using SUSY FV corrections to split the degeneracy. Rates for lepton flavour violating in other models such as the CP violating version of the neutrino unification model considered in Ref. [19], and the inverse-hierarchy model in Ref. [20] may be treated in a similar way.

The plan of the paper is as follows. In Sec. 2 we describe the model, and the structure of the radiative corrections, in Sec. 3 we give the numerical results for the phenomenological FV observables and the absolute scale of neutrino mass, and conclude in Sec. 4.

2 The supersymmetric A_4 model

In this section we will give an outline of the model. For further details we refer to the original paper in Ref.[1] and related work [21, 22, 23]. As already mentioned in the introduction, the A_4 group is the symmetry group of even permutations of four elements. It has four irreducible representations; three independent singlets, which we denote as 1, 1^′ and 1^{′′} and one A_4 triplet 3.

The usual MSSM fields are assigned the following transformation properties under A_4 Q̂_i = (û_i, d̂_i) and L̂_i = (ν̂_i, ê_i) ∼ 3, ϕ̂_{1,2} ∼ 1 (1)

û^c_1, d̂^c_1, ê^c_1 ∼ 1, û^c_2, d̂^c_2, ê^c_2 ∼ 1^′, û^c_3, d̂^c_3, ê^c_3 ∼ 1^{′′} (2) Extra SU(2) singlet heavy quark, lepton and Higgs superfields transforming as A_4 triplets are added, as follows, Û_i, Û^c_i , D̂_i, D̂^c_i , Ê_i, Ê^c_i , N̂^c_i , χ̂_i, ∼ 3 (3)

We also assume an extra Z_3 symmetry under which all superfields are singlets, except the SU(2) singlet Higgs superfield χ̂ ∼ ω (A_4 triplet) and the SU(2) singlet superfields û^c_i , d̂^c_i , ê^c_i ∼ ω^2, where ω = e^{2πi/3} is the cube root of unity.

The superpotential is then given by Ŵ = M_UÛ_iÛ^c_i + f_uQ̂_iÛ^c_i ϕ̂_2 + h^u_{ijk}Û_iû^c_jχ̂_k + M_DD̂_iD̂^c_i + f_dQ̂_iD̂^c_i ϕ̂_1 + h^d_{ijk}D̂_id̂^c_jχ̂_k + M_EÊ_iÊ^c_i + f_eL̂_iÊ^c_i ϕ̂_1 + h^e_{ijk}Ê_iê^c_jχ̂_k (4) + 1 2 M_N N̂^c_i N̂^c_i + f_N L̂_iN̂^c_i ϕ̂_2 + μϕ̂_1ϕ̂_2 + 1 2 M_χχ̂_iχ̂_i + h_χχ̂_1χ̂_2χ̂_3 Note that the Z_3 symmetry is explicitly broken by the soft supersymmetric mass term M_χ. On the other hand the A_4 symmetry gets spontaneously broken at the high scale by the ⟨χ_i⟩ vev’s lying along the F-flat direction given as ⟨χ_1⟩ = ⟨χ_2⟩ = ⟨χ_3⟩ = u = −M_χ/h_χ. This solution is therefore invariant under supersymmetry, which is a necessary requirement as we want to have low energy SUSY. In fact, the low energy effective theory of the model is nothing but the MSSM. Note that supersymmetry is thus only broken by TeV scale soft breaking terms. These will also break the A_4 symmetry and constitute the very source of the threshold corrections to the neutrino masses. The electroweak symmetry is broken by the vev’s of the two Higgs doublets. As usual we define tan(β) = v_2/v_1, where ⟨ϕ^0_i ⟩ = v_i.

The charged lepton mass matrix linking (e_i, E_i) to (e^c_j , E^c_j ) is restricted by the family symmetry to the simple form

M_{eE} =

0 0 0 f_ev_1 0 0 0 0 0 0 f_ev_1 0 0 0 0 0 0 f_ev_1 h^e_1u h^e_2u h^e_3u M_E 0 0 h^e_1u h^e_2ωu h^e_3ω^2u 0 M_E 0 h^e_1u h^e_2ω^2u h^e_3ωu 0 0 M_E

. (5)

The ω factors arise due to the way triplets and singlets form A_4-invariant combinations [22]. This mass matrix is sufficiently simple to allow for an analytic diagonalization. It is of see-saw type and the effective 3 × 3 low energy mass matrix, M^{eff}_ℓ , can be diagonalized by M^{diag.}_ℓ = U_LM^{eff}_ℓ I, where the left diagonalization matrix reads

U_L = 1 √ 3 1 1 1 1 ω ω^2 1 ω^2 ω . (6)

The Yukawa couplings h^e_i , i = 1, 2, 3, are chosen such that the three eigenvalues of M^{eff}_ℓ , given by m_i = √ 3f_ev_1u/M_E √ 1 + (h^e_i u)^2/M^2_E h^e_i , agree with the measured masses of the electron, muon and tau leptons. Similarly, the up-type and down-type quark mass matrices have the same structure as in Eq(5) [22]. Therefore, they will be simultaneously diagonalized, implying V_{CKM} = I at the high scale. An elegant feature of the model is that, since the quark masses are hierarchical, the low-energy CKM mixing angles are naturally small, as they arise due to small calculable radiative corrections. A realistic V_{CKM} matrix can indeed be ascribed to radiative corrections coming from the soft SUSY breaking scalar quark (squark) mixing terms, starting from the tree-level identity matrix. This can be done obeying all experimental constraints (in particular bounds on flavour changing processes), as already shown in Ref. [24].

Here we focus on the neutrino masses. Rotating to the flavour basis, where the charged leptons mass matrix is diagonal, the 6×6 Majorana mass-matrix for (ν_e, ν_μ, ν_τ , N^c_1 , N^c_2 , N^c_3 ) takes the simplest (type-I) see-saw form 0 U_Lf_N v_2 U^T_L f_N v_2 M_N . (7) so that the effective low-energy neutrino mass matrix, is given by

M^0_ν = f^2_N v^2 M_N U^T_L U_L = f^2_N v^2 M_N λ_0, λ_0 =

1 0 0 0 0 1 0 1 0 . (8)

Thus the tree-level neutrino mass matrix at the M_N scale has exactly degenerate neutrinos, m_1 = m_2 = m_3, and exact maximal atmospheric mixing.

Let us turn to look at the sources of the radiative correction to the mass matrices. There are in general two kinds of radiative corrections; the standard renormalization effects arising when running from M_N to the electroweak scale, using supersymmetric renormalization group equations (RGE’s), and the low-energy threshold corrections.

Starting with degenerate neutrinos at some high energy scale, and using the standard minimal supergravity RGE’s, it is not possible to obtain a suitable neutrino spectrum [25, 26]. Moreover, renormalization group evolution can not produce corrections to the textures zeros in M^0_ν , since the RGE corrections, in the flavour basis, are proportional ν_j ℓ̃/ν̃

ν_k χ^+/χ^0 ν_i (a) ν_j ℓ̃/ν̃

ν_k χ^+/χ^0 ν_i (b)

ν_j ℓ̃/ν̃

χ^+/χ^0 χ^+/χ^0 ν_i

(c)

ν_j ℓ̃/ν̃

χ^+/χ^0 χ^+/χ^0 ν_i

(d)

Figure 1: Feynman diagram responsible for “wave-function” (top) and “vertex” (bottom) radiative corrections to neutrino mass. The fat vertex indicates an effective dimension-5 operator obtained by integrating out the heavy right-handed neutrinos to the original mass element [27, 28, 29, 30]. However, it is clear that small corrections to the tree-level texture zeros are necessary in order to obtain a realistic mass matrix.

Invoking threshold corrections from flavour violating (FV) soft SUSY breaking terms allows us to obtain both adequate neutrino mass splittings [19, 31] as well as mixing angles. We now show explicitly how a fully realistic low energy neutrino mass matrix can be obtained when one includes the radiative corrections coming from FV scalar lepton (slepton) interactions. In our numerical programs we include these corrections.

The RGE effect can be approximated by

M_{αβ} (M_S ) ≃ [ 1 − m^2_α + m^2_β 16π^2v^2 cos^2(β) log(M_N /M_S ) ] M_{αβ} (M_N ) . (9)

Let us for the moment just consider the τ Yukawa coupling. Then defining δ_τ ≡ m^2_τ 8π^2v^2 cos^2(β) log(M_N /M_S ) (10)

we get the values: δ_τ ≃ O(10^{−5}) for tan(β) = 1 and δ_τ ≃ O(10^{−3}) for tan(β) = 15. Here, we have put M_N = 10^{12} GeV and M_S = 1000 GeV.

In the following we calculate the radiative threshold corrections coming from the soft SUSY breaking terms. At one-loop these contributions to the neutrino masses arise from the diagrams shown in Fig.1. For the evaluation we make some approximations. First of all, we will not consider the full 6 × 6 slepton mass matrix but restrict to the 3 × 3 left-left part of it. The charged slepton mass matrix, in the super-CKM basis, may be written as

M^2_{ℓ̃} = M^2_{LL,ℓ̃} (A − μ tan(β))m_ℓ (A − μ tan(β))m_ℓ M^2_{RR}

(11)

where each entry is a 3 × 3 matrix and

(M^2_{LL,ℓ̃})_{ij} = M^2_{L,ij} − 1 2 (2m^2_W − m^2_Z ) cos(2β)δ_{ij} + m^2_ℓ δ_{ij} (12)

The 3 × 3 sneutrino mass matrix is given by

(M^2_{LL,ν̃} )_{ij} = M^2_{L,ij} + 1 2 m^2_Z cos(2β)δ_{ij} . (13)

Although there are small differences in the sneutrino and slepton left-left mass matrices we will assume that they are identical, i.e. M^2_{LL,ℓ̃} = M^2_{LL,ν̃} = M^2_{LL}. Indeed the soft breaking terms are expected to give the largest contribution. Consequently the sleptons and sneutrinos have identical mixing matrices and eigenvalues. Let us define the mixing matrix such that ℓ̃^′_α = R_{iα}ℓ̃_i , i = 1, 2, 3 (14)

where ℓ̃^′_α is the flavour eigenstate and ℓ̃_i is a mass eigenstate. Then the mass eigenvalues can be written as R^†M^2_{diag.}R = M^2_{LL}. The contribution from the right-sleptons in the diagrams in Fig.1 are suppressed with the Yukawa couplings squared. Hence, at least for small tan(β) the approximation of only using the 3 × 3 slepton mass matrix is reasonable. As we will discuss below, the solution in agreement with data on lepton flavour violations have indeed relatively small values of tan(β).

Now, as M_{LL} is hermitian, it is easily realized that the structure of the one-loop corrections to the Majorana neutrino mass matrix can be written as

λ^{1−loop} = λ^0δ̂ + (δ̂)^T λ^0 , δ̂ = δ_{ee} δ^∗_{eμ} δ^∗_{eτ} δ_{eμ} δ_{μμ} δ^∗_{μτ} δ_{eτ} δ_{μτ} δ_{τ τ} (15)

Therefore, the form of the neutrino mass matrix may be approximated by

M^{1−loop} ν = m_0

1 + 2δ + 2δ^′ δ^{′′} δ^{′′∗} δ^{′′} δ 1 + δ − 2δ_τ δ^{′′∗} 1 + δ − 2δ_τ δ , (16)

Since the value of δ_0 ≡ δ_{μμ} + δ_{τ τ} − 2δ_{μτ} does not affect the mixing angles, it has been absorbed in m_0, the overall neutrino mass scale. Moreover, in Eq. (16) we have defined

δ = 2δ_{μτ} , δ^{′′} = δ^∗_{eμ} + δ_{eτ} (17) δ^′ = δ_{ee} − δ_{μμ}/2 − δ_{τ τ} /2 − δ_{μτ} (18) Note that, without loss of generality, by redefining ν_μ and ν_τ , one can always make the parameter δ real. Thus, due to the special form of M^{1−loop}_ν implied by the flavour symmetry, the phase of δ can be rotated away, even though the neutrinos are Majorana particles.

The general form of the light neutrino mixing matrix in any gauge theory of the weak interaction containing SU(2) ⊗ U(1) singlet leptons was given in Ref. [11]. For the case where the isosinglets get super-heavy masses, as in the present case, it can be approximated as a unitary matrix, U, which may be written as the product of three complex rotation matrices involving three angles and three phases, two of which are the Majorana CP-violating phases [11, 12].

In the present case, due to the flavour symmetry which restricts the form of M_ν as given in Eq.(16), we have that the atmospheric mixing angle is maximal, and not affected by the radiative corrections. Moreover, with this parametrization the tree-level value of the “reactor” angle, s_{13}, is zero^1. The model also implies that s_{13} cos(δ_{CP}) = 0, where δ_{CP} is the Dirac CP-phase [13]. Therefore, in this model a non-zero value of s_{13} implies maximal CP-violation in the leptonic sector [1]. On the other hand, s_{13} = 0 is equivalent to δ^{′′2} being real [13]. The property of maximal CP violation gives interesting perspectives for discovery of leptonic CP-violation in future long-baseline neutrino oscillation experiments. Finally, Majorana CP phases affecting ΔL = 2 processes such as ββ_{0ν} take on CP conserving values, 0 or π/2.

In the following numerical analysis we will assume that the mass matrix is real, in which case it can be diagonalized analytically. The eigenvalues are given by

m_1 = m_0 ( 1 + 2δ + δ^′ − δ_τ − √ δ^{′2} + 2δ^{′′2} + 2δ^′δ_τ + δ^2_τ )

m_2 = m_0 ( 1 + 2δ + δ^′ − δ_τ + √ δ^{′2} + 2δ^{′′2} + 2δ^′δ_τ + δ^2_τ ) (19) m_3 = m_0(−1 + 2δ_τ )

Hence, assuming δ_τ , δ^′, δ^{′′} ≪ δ the mass squared differences can be approximated by^2

Δm^2_{atm} ≃ 4m^2_0δ (20)

Δm^2_{sol} ≃ 4m^2_0 √ δ^{′2} + 2δ^{′′2} + 2δ^′δ_τ + δ^2_τ (21) The solar angle is given by

tan^2(θ_{sol}) = 2δ^{′′2} (δ^′ + δ_τ − √ δ^{′2} + 2δ^{′′2} + 2δ^′δ_τ + δ^2_τ )^2

(22)

1We define the most split neutrino mass as m_3 and require m_2 > m_1, therefore the reactor angle is always given by s_{13}.

2Note that since the maximal angle has to go along with the atmospheric mass scale, these mass squared differences can not be swapped around.

Although generated by threshold effects, the solar angle is naturally expected to be large, thanks to the quasi-degenerate neutrino spectrum. Note that if δ^′ = −δ_τ the effect of the corrections from δ^′ and δ_τ is equal to having δ_0 = 2δ^′ and thus amounts to an overall shift of the mass scale. Nevertheless, in this case the solar angle would become maximal, which is now excluded by experiments [10].

Furthermore, as δ^′ and δ_τ arise from different physics, there is no reason for this finetuning to take place. Therefore, the numerical value of δ_τ can not be much bigger than the solar mass scale, more precisely δ_τ^<∼ 5 × 10^{−4}, implying that tan(β) > 10 is disfavored, as it will destroy the agreement with the solar data. This can be seen explicitly in Fig. 7.

The analytic expression for the radiative corrections to the neutrino masses are

δ^{(a)χ+}_{αβ} = 3∑ i=1 2∑ A=1 |U_{A1}|^2 g^2 16π^2

B_1(m^2_χ+_A , m^2_{ℓ̃i} )R_{iα}R^∗_{iβ} ,

δ^{(a)χ0}_{αβ} = 3∑ i=1 4∑ A=1 |gN_{A2} − g^′N_{A1}|^2 1 32π^2

B_1(m^2_χ0_A , m^2_{ν̃i} )R_{iα}R^∗_{iβ} , (23)

δ^{(c)χ+}_{αβ} = 3∑ i=1 2∑ A=1 2∑ B=1 |U_{A1}V_{B2}|^2 g^2 4π^2

C_{00}(m^2_χ+_A , m^2_χ+_B , m^2_{ℓ̃i} )R_{iα}R^∗_{iβ} ,

δ^{(c)χ0}_{αβ} = 3∑ i=1 4∑ A=1 4∑ B=1 |gN_{A2} − g^′N_{A1}|^2|N_{B4}|^2 1 8π^2

C_{00}(m^2_χ0_A , m^2_χ0_B , m^2_{ν̃i} )R_{iα}R^∗_{iβ} ,

where we have evaluated the Feynman diagrams at zero external momentum, which is an excellent approximation as the neutrino masses are tiny. Here δ^{(a)χ+}_{αβ} , α, β = e, μ, τ , is the contributions from the chargino/slepton diagram in Fig.1(a), with analogous notation for the other contributions. The value of the δ_{αβ}, α, β = e, μ, τ in Eq. (23) is the sum of the four contributions given above. In the above formula, U, V are the chargino mixing matrices and m_χ+_A , A = 1, 2 are chargino masses. N is the neutralino mixing matrix and m_χ0_A , A = 1, .., 4 are the neutralino masses. The coupling constant of the SU(2) gauge group is denoted g and of U(1) is g^′. Furthermore B_1 and C_{00} are Passarino-Veltman functions given by

B_1(m^2_0, m^2_1) = − 1 2 Δ_ϵ + 1 2 ln ( m^2_0 μ^2 ) + −3 + 4t − t^2 − 4t ln(t) + 2t^2 ln(t) 4(t^2 − 1)

(24)

where t = m^2_1/m^2_0 and

C_{00}(m^2_0, m^2_1, m^2) = 1 8 (3 + 2Δ_ϵ) − 1 4 ln m^2_0 μ^2 + −2r^2_1(r_2 − 1) ln(r_1) + 2r^2(r_1 − 1) ln(r_2) 8(r_1 − 1)(r_2 − 1)(r_1 − r_2)

(25) where r_1 = m^2_1/m^2_0 and r_2 = m^2/m^2_0. We have used dimensional reduction, with ϵ = 4 − n and n is the number of space-time dimensions. The term Δ_ϵ =^2_ϵ − γ + 4 ln(4π), where γ is Eulers constant, is divergent as ϵ → 0. However, the unitarity conditions ∑ i R_{iα}R^∗_{iβ} = δ_{αβ} (26)

ensure that the infinities and the μ^2 dependent terms cancel in the corrections to the neutrino mass matrix given in Eqs. (17)-(18). Therefore, the final result does not depend on the renormalization scheme.

Let us shortly comment on the effect coming from the diagonalization of the low energy charged lepton mass matrix. The neutrino mass matrix in Eq.(23) is written in the tree-level flavour basis. Therefore, the radiative corrections to the charged lepton masses will result in small corrections to the mixing angles in U. Indeed, for the case of quarks, we attribute the value of V_{CKM} to this type of radiative corrections. Nonetheless, as the dominant quark corrections originate from gluino exchange, whereas the charged leptons only receive contributions from bino exchange, we expect that the charged lepton mixings will be much smaller. Let us denote the matrix which diagonalize the low energy charged lepton mass matrix by U_ℓ = I + ϵ_{rad}. In the following we will only consider to first order in the radiative corrections. In this case the matrix ϵ_{rad} will be anti-hermitian. The neutrino mass matrix M^{FB}_ν in the flavour basis will be given by

M^{FB}_ν = U_ℓM_ν U^T_ℓ = U_ℓ(λ^0 + δ̂λ^0 + λ^0δ̂)U^T_ℓ ≃ λ^0 + δ̂λ^0 + λ^0δ̂^T + ϵ_{rad}λ^0 + λ^0ϵ^T_{rad} . (27)

Clearly this amounts to performing the substitution δ̂ → δ̂ + ϵ_{rad}, but with the important difference that ϵ_{rad} is anti-hermitian whereas δ̂ is hermitian. Consequently, the atmospheric mixing angle will get small deviations from maximal, while the CP phase will depart from its leading order value π/4.

3 Numerical Analysis and Results

Here we test the validity of the model by performing a numerical analysis. We determine the allowed parameter space by searching randomly, within certain ranges, for points in ℓ_j ν̃_k

ℓ_i χ^+_A ℓ_j ℓ̃_k

ℓ_i χ^0_A

Figure 2: Supersymmetric contributions to the flavour violating charged lepton decay.

agreement with all experimental data, considering only the radiative corrections from the diagrams shown in Fig. 1 and the effect of the RGE running in Eq. (10). The main phenomenological restrictions come from neutrino data and LFV constraints.

As discussed above, a non vanishing value of the reactor angle, s_{13}, can only be accomplished if there is CP-violation in the model. From the formulæ’s for the radiative corrections to the neutrino mass matrix given in Eq.(23), it is clear that all CP-violation originate from the slepton mixing matrix R_{iα}. This is true even considering the RGE effects, as the tree-level mass matrix is real, and CP-phases cannot be generated by RGE running. Therefore, complex phases in the off-diagonal left-left sleptons masses are necessary. In Ref.[32] is has been shown that these off-diagonal phases are allowed to be large. Although, the phases in the slepton mass matrix will give contributions to the electric dipole moment (EDM) of the electron, they can be cancelled with contributions of other SUSY phases, such as the phase of the μ term or phases of the gaugino masses. Therefore, the experimental bounds on the electron EDM will not necessarily restrict the maximum achievable magnitude of U_{e3}.

To get sufficient suppression of LFV is a general problem in SUSY models. This is even more so in the A_4 model, since it requires flavour violation in the slepton sector. The strongest bounds on lepton flavour violating processes come from ℓ_j → ℓ_iγ and the contributions, due to exchange of SUSY particles are shown in Fig. 2. The present bounds^3 on these processes [34] are BR(μ → eγ) < 1.2 × 10^{−11} , 3Recently a new bound of 3.1 × 10^{−7} at 90% C.L. on BR(τ → μγ) is given [33].

BR(τ → μγ) < 1.1 × 10^{−6} , (28) BR(τ → eγ) < 2.7 × 10^{−6} . Explicit formulas for the SUSY contributions can be found in Ref.[35]. We have used the full 6 × 6 slepton mass matrix in order to get the slepton mixings. In so-doing we assumed, for simplicity, that the LR and RR sectors of the slepton mass matrix are flavour diagonal. In this approximation the only source of flavour violation comes therefore from the LL sector. We have compared our numerical results for the branching ratios against the ones in Ref. [36, 37] and found agreement.

In total there are 10 parameters: the slepton masses and mixing angles. The two gaugino masses M_1 for the U(1) gauge group and M_2 for the SU(2) gauge group. The value of the μ term and tan(β). For the numerical calculations we take all SUSY masses in the range 100 GeV to 1000 GeV. If SUSY masses are much larger supersymmetry will no longer solve the hierarchy problem, which is indeed one of the strongest arguments for SUSY. The results that we present in the following are quite naturally dependent on the upper cut on the SUSY masses. If larger masses are admitted, the allowed parameter space will be larger. Furthermore, all parameters are taken to be real and therefore s_{13} = 0 is obtained. Hence, the reactor bound is automatically satisfied. The neutrino parameters are taken within 3σ ranges allowed by the most recent solar, atmospheric, reactor and accelerator data, taken from Ref. [10]. The most relevant parameters in our analysis are the solar angle and mass squared difference, as well as the atmospheric mass squared difference. These two mass splittings may potentially conflict with the overall mass scale m_0 for the degenerate neutrinos, fixed at the large scale where the flavour symmetry holds. The absolute neutrino mass scale is constrained by cosmology and by (ββ)_{0ν} experiments. Using the recent data from WMAP [38] and 2df galaxy survey [39] a bound on the sum of neutrino masses in the range 0.7 − 1.0 eV (95% CL.) has been claimed [40, 41]. However, a more recent re-analysis dropping prior assumptions gives a less stringent bound of 1.8 eV which leads to [42]

m_0 < 0.6 eV . (29)

Similarly, from neutrinoless double beta decay an upper bound is obtained, less strict,

Figure 3: The light shaded histogram shows the maximum possible value of the atmospheric mass squared difference as a function of m_0. The dark shaded region is the current 3σ allowed region for Δm^2_{atm} from [10].

considering the nuclear matrix element uncertainties (there also exists claims in favor of degenerate neutrino [43, 44]. See, however, Ref. [45]).

Here we take the conservative upper limit of 0.6 eV on the magnitude of the Majorana neutrino mass m_0. In order to obtain the measured atmospheric mass squared difference, approximately given by Eq.(20), a minimum value for the δ parameter, defined in Eq.(17), is needed. Similarly to arrive at the right solar mass squared difference, roughly given by Eq.(21), the values of δ^′ and δ^{′′}, defined in Eqs.(17)-(18), should be around 10^{−5} − 10^{−4}. Furthermore, it is clear from Eq.(22), that δ^{′′} ∼ δ^′ is necessary in order to obtain a large solar mixing. The numerical study gives the bound |δ^′/δ^{′′}| > 0.1.

It is non-trivial to obtain large enough values for the δ, δ^′ and δ^{′′} parameters. To produce a large value of δ, large mass splittings as well as large mixing in the μ̃ − τ̃ sector are needed. The upper bound on the mass gaps will give a maximum value for δ which, through the relation to Δm^2_{atm}, imposes a minimum value for m_0. In Fig.3 the maximum achievable value of Δm^2_{atm} is plotted against the value of m_0. A conservative lower bound

m_0 ≥ 0.3 eV (30)

is derived. This is very close to the present limit from experiments, which we take as Eq. 29.

Figure 4: The slepton and sneutrino masses for the normal hierarchy case, δ < 0

The spectrum for the charged sleptons, which is taken to be the same as that of the sneutrinos, fall in two different classes. One group, which we will call the normal hierarchy, have two low mass sleptons and the third mass rather large (around 800 GeV). The second group, denoted the inverted hierarchy case, has two rather large masses in the neighborhood of 700 GeV and the lightest mass typically at 150 GeV. In either case, at least one slepton mass lies below ∼ 200 GeV which is detectable, for example, at the LHC. Most points fall into the case of normal hierarchy, which as a matter of fact often corresponds to a normal hierarchy for the neutrinos as well (δ < 0).

In Fig.4 we display the slepton masses, and in Fig.5 the mixing angles are shown for the normal hierarchy. It is clearly seen that the spectrum contains two large mixing angles and one small mixing angle, needed to suppress the decay μ → eγ. Also the degeneracy of two of the sleptons helps to minimize the LFV. As a rule of thumb there is at least one pair of sleptons with a mass splitting of less than 40 GeV. The rough spectrum needed is schematized in Fig.6. Although there is room for substantial deviations from

Figure 5: The slepton and sneutrino mixing angles for the normal hierarchy case, δ < 0

ẽ μ̃ τ̃ ẽ μ̃ τ̃

Figure 6: The rough form of the slepton and sneutrino spectrum in the case of normal hierarchy (left) or inverted hierarchy (right).

the spectrum shown, the similarity with the neutrino spectrum is quite striking: the large mixings in the slepton sector are rather correlated to the large mixings in the neutrino sector. We also obtain a lower bound on the value of the μ parameter around 500 GeV, although in the case of inverted hierarchical slepton spetrum there are a few points with μ ∼ 200 GeV. Thus in most cases the second chargino, which is almost pure Higgsino is rather heavy.

As there is at least one low–mass slepton present in the model, one could suspect that a large contribution to the anomalous magnetic moment of the muon will result. We have explicitely calculated the magnitude, as in Ref. [46, 47]. The rough order of magnitude is 10 × 10^{−10}, which is too small to explain the BNL result [48]. As is well-known the contribution to g − 2 has the same sign as the μ-term, thereby disfavoring negative values for the μ parameter.

An important outcome of our study is the prediction for the LFV radiative charged lepton decays^4 ℓ_i → ℓ_j γ. As seen in Fig. 7 a lower bound of 10^{−9} for BR(τ → μγ) is found. This is within reach of the future BaBar and Belle search [49]. The model also leads to sizeable rates for muon-electron conversion. We find that BR(μ → eγ) is constrained to be larger than about 10^{−15} and therefore stands good changes of being observed at future LFV searches, such as those taking place at PSI. As already noted, Fig. 7 indicates the existence of an upper bound on the value of tan(β) in this model. Taking the new constraint given in Ref. [33], this upper limit would be tan(β) <∼ 7.

In conclusion our analysis shows that, although we can obtain a realistic model in a fully consistent range of the SUSY parameter space, the model is rather strongly restricted and will be tested in the near future in a crucial way.

4Note that, due to the presence of isosinglet charged leptons, this model implies the existence of treelevel LFV decays such as μ → 3e. However, due to the large value of M_E , close to the A_4 scale, their expected magnitude would be too small to be phenomenologically relevant.

Figure 7: The branching ratios for the processes ℓ_i → ℓ_j γ as a function of tan(β).

4 Conclusion

The A_4 model that we have studied provides a complete picture of the flavour structure, especially it offers a common mechanism to obtain viable quark and lepton mixing matrices. The flavour dependence of the soft supersymmetry breaking terms acts as the source of the radiative corrections to the fermion masses. It splits the degeneracy of the neutrino masses as well as the alignment of the quark masses. We have shown that starting from a three-fold degeneracy at a high energy scale, it is possible to obtain a mass matrix in complete agreement with all current neutrino data. Within the model the lepton and slepton mixings are intimately related, with one slepton mass lying below 200 GeV. The flavour composition of this state ensures that it will be detectable at future collider experiments, such as the LHC.

The radiative corrections restrict the form of the neutrino mass matrix imply,

• Maximal atmospheric mixing.

• Maximal leptonic CP violation (unless U_{e3} = 0).

Note that the maximality of leptonic CP violation is a feature of the leading order approximation and may acquire sizeable corrections.

The absolute Majorana neutrino mass scale for the quasi-degenerate neutrinos is shown to be larger than 0.3 eV and is bounded from above by cosmology as in Eq. (29), and therefore lies in the range of sensitivity of upcoming searches for neutrinoless double beta decay [50], and tritium beta decay [51].

We have also shown how the model is fully consistent with current data on lepton flavour violation. The predictions of lepton flavour violating charged lepton decays lie in a range accessible to future tests. We find, for example, that the BR(μ → eγ) lies close to the current experimental limits, although parameters can easily be chosen so that the bound is obeyed. On the other hand we find a lower bound for the τ → μγ decay branching ratio, BR(τ → μγ) > 10^{−9}.

Let us also mention the fact that the study we have performed is not only restricted to the specific A_4 model presented in section (2). Any model with the neutrino mass matrix given by λ_0 at some high energy scale and with supersymmetric flavour changing radiative corrections will have the same constraints as presented in this work.

5 Acknowledgements

We thank K. S. Babu and M. Gomez for useful discussions. This work was supported by Spanish grant BFM2002-00345, by European RTN network HPRN-CT-2000-00148, by European Science Foundation network grant N. 86. M. H. acknowledges support from the Ramon y Cajal programme.

References

[1] K. S. Babu, E. Ma and J. W. F. Valle, Phys. Lett. B552, 207 (2003), [hep-ph/0206292].

[2] Super-Kamiokande, Y. Fukuda et al., Phys. Lett. B467, 185 (1999), [hep-ex/9908049].

[3] Super-Kamiokande, Y. Fukuda et al., Phys. Rev. Lett. 82, 2644 (1999), [hep-ex/9812014].

[4] Super-Kamiokande, Y. Fukuda et al., Phys. Rev. Lett. 81, 1562 (1998), [hep-ex/9807003].

[5] Super-Kamiokande, S. Fukuda et al., Phys. Rev. Lett. 86, 5656 (2001), [hep-ex/0103033].

[6] SNO, Q. R. Ahmad et al., Phys. Rev. Lett. 89, 011301 (2002), [nucl-ex/0204008]. [7] K2K, M. H. Ahn et al., Phys. Rev. Lett. 90, 041801 (2003), [hep-ex/0212007]. [8] CHOOZ, M. Apollonio et al., Phys. Lett. B466, 415 (1999), [hep-ex/9907037]. [9] SNO, S. N. Ahmed et al., Phys. Rev. Lett. , 041801 (2003), [nucl-ex/0309004]. [10] M. Maltoni, T. Schwetz, M. A. Tortola and J. W. F. Valle, hep-ph/0309130, to be published in Phys. Rev. D. This paper gives references to other analyses of neutrino oscillation data.

[11] J. Schechter and J. W. F. Valle, Phys. Rev. D22, 2227 (1980). [12] J. Schechter and J. W. F. Valle, Phys. Rev. D23, 1666 (1981). [13] W. Grimus and L. Lavoura, hep-ph/0305309. [14] L. Wolfenstein, Phys. Lett. B107, 77 (1981).

[15] J. Schechter and J. W. F. Valle, Phys. Rev. D24, 1883 (1981), Err. Phys. Rev. D25, 283 (1982).

[16] R. Barbieri, S. Ferrara and C. A. Savoy, Phys. Lett. B119, 343 (1982). [17] A. H. Chamseddine, R. Arnowitt and P. Nath, Phys. Rev. Lett. 49, 970 (1982).

[18] L. J. Hall, J. Lykken and S. Weinberg, Phys. Rev. D27, 2359 (1983). [19] P. Chankowski, A. Ioannisian, S. Pokorski and J. W. F. Valle, Phys. Rev. Lett. 86, 3488 (2001), [hep-ph/0011150].

[20] J. Kubo, A. Mondragon, M. Mondragon and E. Rodriguez-Jauregui, Prog. Theor.

Phys. 109, 795 (2003), [hep-ph/0302196].

[21] E. Ma, Mod. Phys. Lett. A17, 2361 (2002), [hep-ph/0211393]. [22] E. Ma, Mod. Phys. Lett. A17, 627 (2002), [hep-ph/0203238]. [23] E. Ma and G. Rajasekaran, Phys. Rev. D64, 113012 (2001), [hep-ph/0106291]. [24] K. S. Babu, B. Dutta and R. N. Mohapatra, Phys. Rev. D60, 095004 (1999), [hep-ph/9812421].

[25] A. S. Dighe and A. S. Joshipura, hep-ph/0010079.

[26] J. A. Casas, J. R. Espinosa, A. Ibarra and I. Navarro, Nucl. Phys. B569, 82 (2000), [hep-ph/9905381]; Nucl. Phys. B556, 3 (1999), [hep-ph/9904395].

[27] K. S. Babu, C. N. Leung and J. Pantaleone, Phys. Lett. B319, 191 (1993), [hep-ph/9309223].

[28] S. Antusch, M. Drees, J. Kersten, M. Lindner and M. Ratz, Phys. Lett. B519, 238 (2001), [hep-ph/0108005].

[29] P. H. Chankowski and S. Pokorski, Int. J. Mod. Phys. A17, 575 (2002), [hep-ph/0110249].

[30] M. Frigerio and A. Y. Smirnov, JHEP 02, 004 (2003), [hep-ph/0212263]. [31] E. J. Chun and S. Pokorski, Phys. Rev. D62, 053001 (2000), [hep-ph/9912210]. [32] A. Bartl, W. Majerotto, W. Porod and D. Wyler, Phys. Rev. D68, 053005 (2003), [hep-ph/0306050].

[33] Belle, K. Abe et al., hep-ex/0310029.

[34] Particle Data Group, K. Hagiwara et al., Phys. Rev. D66, 010001 (2002). [35] J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, Phys. Rev. D53, 2442 (1996), [hep-ph/9510309].

[36] D. F. Carvalho, M. E. Gomez and J. C. Romao, Phys. Rev. D65, 093013 (2002), [hep-ph/0202054].

[37] D. F. Carvalho, M. E. Gomez and S. Khalil, JHEP 07, 001 (2001), [hep-ph/0101250]. [38] C. L. Bennett et al., astro-ph/0302207.

[39] O. Elgaroy et al., Phys. Rev. Lett. 89, 061301 (2002), [astro-ph/0204152]. [40] S. Hannestad, astro-ph/0303076. [41] D. N. Spergel et al., astro-ph/0302209. [42] SDSS, M. Tegmark et al., astro-ph/0310723.

[43] S. W. Allen, R. W. Schmidt and S. L. Bridle, astro-ph/0306386. [44] H. V. Klapdor-Kleingrothaus, A. Dietz, H. L. Harney and I. V. Krivosheina, Mod.

Phys. Lett. A16, 2409 (2001), [hep-ph/0201231].

[45] C. E. Aalseth et al., Mod. Phys. Lett. A17, 1475 (2002), [hep-ex/0202018]. [46] T. Moroi, Phys. Rev. D53, 6565 (1996), [hep-ph/9512396].

[47] S. P. Martin and J. D. Wells, Phys. Rev. D64, 035003 (2001), [hep-ph/0103067]. [48] Muon g-2, G. W. Bennett et al., Phys. Rev. Lett. 89, 101804 (2002), [hep-ex/0208001].

[49] BaBar, J. M. Roney, Prepared for 31st International Conference on High Energy Physics (ICHEP 2002), Amsterdam, The Netherlands, 24-31 Jul 2002.

[50] GENIUS, H. V. Klapdor-Kleingrothaus et al., hep-ph/9910205. [51] KATRIN, A. Osipowicz et al., hep-ex/0109033.