arXiv:0903.0125v3 [hep-ph] 18 Jun 2009

A_4 See-Saw Models and Form Dominance

Mu-Chun Chen^1 and Stephen F. King^2 1Department of Physics & Astronomy University of California, Irvine, CA 92697-4575, U.S.A. 2School of Physics & Astronomy University of Southampton, Southampton, SO17 1BJ, U.K. (Dated: 1 March 2009 )

Abstract

We introduce the idea of Form Dominance in the (type I) see-saw mechanism, according to which a particular right-handed neutrino mass eigenstate is associated with a particular physical neutrino mass eigenstate, leading to a form diagonalizable effective neutrino mass matrix. Form Dominance, which allows an arbitrary neutrino mass spectrum, may be regarded as a generalization of Constrained Sequential Dominance which only allows strongly hierarchical neutrino masses. We consider alternative implementations of the see-saw mechanism in minimal A_4 see-saw models and show that such models satisfy Form Dominance, leading to neutrino mass sum rules which predict closely spaced neutrino masses with a normal or inverted neutrino mass ordering. To avoid the partial cancellations inherent in such models we propose Natural Form Dominance, in which a different flavon is associated with each physical neutrino mass eigenstate.

PACS numbers: 12.60.Cn,14.60.Pq

I. INTRODUCTION

The most remarkable discovery in particle physics over the past decade has been the discovery of neutrino mass and mixing involving two large mixing angles commonly known as the atmospheric angle θ_{23} and the solar angle θ_{12}. The latest data from neutrino oscillation experiments is consistent with the so called tri-bimaximal mixing (TBM) mixing pattern [1],

U_{T BM} = −^{2√}_6^{1√}_3 0 1√ 6 1√ 3 1√ 2 1√ 6 1√ 3 −^{1√}_2

. (I.1)

The question of how to achieve TBM has been the subject of intense theoretical speculation and there have been many attempts to derive TBM from models based on an underlying family symmetry spontaneously broken by new Higgs fields called “flavons” [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12]. Since the forthcoming neutrino experiments will be sensitive to small deviations from TBM, it is important to study the theoretical uncertainty in such TBM predictions, and this has also been addressed [13].

Although in the above theoretical models [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12] the neutrino and charged lepton mass matrices are always constructed in some particular basis, the physical results must always be basis invariant. For example, models of TBM based on the discrete family symmetry group A_4 were originally constructed in a basis in which both the neutrino and charged lepton mass matrices are both non-diagonal [3], but were subsequently reformulated in the more convenient flavour basis in which the charged lepton masses were diagonal [4]. Similarly, when the see-saw mechanism is considered, the Dirac neutrino and right-handed neutrino Majorana mass matrices are also constructed in a particular basis but again the results must be basis invariant. Thus, although see-saw models of TBM based on the discrete family symmetry group A_4 have so far been constructed in a basis in which the right-handed neutrino mass matrix is not diagonal [4], in this paper we shall find it convenient to consider such models in the diagonal right-handed neutrino mass basis.

In this paper we introduce the idea of Form Dominance (FD) in the (type I) see-saw mechanism as a generic and natural mechanism which leads to a form diagonalizable effective neutrino mass matrix in which the mixing matrix is independent of the parameters which control the physical neutrino masses. It is well known that models which reproduce a form diagonalizable effective neutrino mass matrix can provide a natural explanation of TBM without any fine-tuning of parameters [14]. Here we shall show how to achieve such a form diagonalizable effective neutrino mass matrix starting from the type I see-saw mechanism using the FD mechanism. The basic idea of FD is that a particular right-handed neutrino mass eigenstate is associated with a particular physical neutrino mass eigenstate, similar to the case of Constrained Sequential Dominance (CSD) [7, 15]. However, whereas CSD only applies to the case of a strong neutrino mass hierarchy, FD is more general and allows three physical neutrino masses with arbitrary masses and ordering. As an example of FD we shall consider minimal A_4 see-saw models, in which the neutrino sector involves only one triplet flavon plus one singlet flavon, including both the usual see-saw model proposed in [4] and a new alternative one. Working in the diagonal right-handed neutrino mass basis, we shall show that both these see-saw models satisfy FD leading to neutrino mass sum rules which predict closely spaced neutrino masses with a normal or inverted neutrino mass ordering [10]. The results motivate the idea of Natural Form Dominance (NFD), in which a different flavon is associated with each physical neutrino mass eigenstate, with CSD as a special case of NFD.

The remainder of the paper is organized as follows. In section II we give the form of the TBM effective neutrino mass matrix in the flavour basis where it may be expressed in terms of neutrino masses and columns of the MNS matrix. In section III we introduce the idea of FD in a particular basis, then in a basis invariant way. In section IV we examine the minimal A_4 see-saw models defined above in the diagonal right-handed neutrino mass basis (not usually considered) and show that they satisfy FD, with the neutrino masses obeying various sum rules corresponding to closely spaced neutrino masses with a normal or inverted neutrino mass ordering. Section V is reserved for a discussion of our results, including the motivation for NFD, and the conclusion.

II. TBM IN THE FLAVOUR BASIS

In the flavour basis, in which the charged lepton mass matrix is diagonal and the TBM arises from the neutrino sector, the effective neutrino mass matrix corresponding to TBM, denoted by (M^ν_{eff} )^{T BM} , may be diagonalized as,

M^ν_{eff}^{diag} = U^T_{TBM}(M^ν_{eff} )^{T BM} U_{TBM} = (m_1, m_2, m_3) . (II.2)

Given U_{TBM}, this enables (M^ν_{eff} )^{T BM} to be determined in terms of neutrino masses,

(M^ν_{eff} )^{T BM} = m_1Φ_1Φ^T_1 + m_2Φ_2Φ^T_2 + m_3Φ_3Φ^T_3 , (II.3)

where the three matrices are

Φ_1Φ^T_1 = 1 6 4 −2 −2 −2 1 1 −2 1 1

, Φ_2Φ^T_2 = 1 3 1 1 1 1 1 1 1 1 1

, Φ_3Φ^T_3 = 1 2 0 0 0 0 1 −1 0 −1 1

, (II.4)

corresponding to the orthonormal column vectors

Φ_1 = 1 √ 6 −2 1 1 , Φ_2 = 1 √ 3 1 1 1 , Φ_3 = 1 √ 2 0 1 −1 . (II.5)

Note that Φ_{1,2,3} are just the three columns of U_{TBM}, namely,

Φ_{1i} = U_{TBMi1}, Φ_{2i} = U_{TBMi2}, Φ_{3i} = U_{TBMi3}. (II.6)

From above we may write (M^ν_{eff} )^{T BM} as the symmetric matrix,

(M^ν_{eff} )^{T BM} = a b c . d e . . f , (II.7)

where, a = 2 3 m_1 + 1 3 m_2, b = c = − 1 3 m_1 + 1 3 m_2, d = f = 1 6 m_1 + 1 3 m_2 + 1 2 m_3, e = a + b − d. (II.8)

In particular b = c and d = f and e = a + b − d are the characteristic signatures of the TBM neutrino mass matrix in the flavour basis.

III. FORM DOMINANCE

The key requirement of a form diagonalizable effective neutrino mass matrix is the presence of no more than three free parameters in the matrix, which are subsequently related to the physical neutrino mass eigenvalues. For example a form diagonalizable effective neutrino mass matrix in the notation of Eq.II.7 involving only three free parameters a, b, d and taking the form

(M^ν_{eff} )^{T BM} = a b b . d (a + b − d) . . d , (III.9)

will result in TBM independently of the parameters a, b, d and hence independently of the physical neutrino masses which are related to the parameters a, b, d by Eq.II.8. On the other hand if there are more than three free parameters then one or more of the conditions in Eq.II.8 b = c and d = f and e = a + b − d would have to be achieved by tuning and such a matrix would then not be form diagonalizable since the mixing matrix would depend on the parameter choice (and hence depend on the physical neutrino masses). It is clear that the notion of a form diagonalizable effective neutrino mass matrix is related to its dependence on only three (or less) free parameters. If this matrix arises from the type I see-saw mechanism, it is not a priori obvious how the underlying theory, involving the Dirac neutrino mass matrix and heavy Majorana neutrino mass matrix could naturally lead to such a form diagonalizable effective neutrino mass matrix. In general, the see-saw mechanism involves many parameters which could enter into the effective neutrino mass matrix arising from the non-symmetric Dirac mass matrix as well as the (typically) three right-handed neutrino masses. To achieve a form diagonalizable effective neutrino mass matrix it is clearly necessary to constrain the form of the Dirac neutrino mass matrix, and also associate the right-handed neutrino masses with the Dirac mass matrix, in such a way that only three (or fewer) independent combinations of parameters enter the effective neutrino mass matrix.

Constrained Sequential Dominance (CSD) [7, 15] provides an example of how this may be achieved for the case of strongly hierarchical neutrino masses. According to CSD, in the diagonal right-handed neutrino mass basis, each column of the Dirac mass matrix is associated with a particular right-handed neutrino mass, and CSD then imposes the constraint that these columns are proportional to those in Eq.II.5, leading to only three independent parameters entering the effective neutrino mass matrix, which is consequently form diagonalizable. However CSD assumes a strong physical neutrino mass hierarchy, |m_1| ≪ |m_2| < |m_3| so that effectively the subdominant column associated with m_1 may be neglected, and then only two free parameters associated with two right-handed neutrinos responsible for m_2 and m_3 remain [7]. Here we shall discuss a generalization of CSD applicable to the case of three physical neutrino masses m_1, m_2, m_3 with arbitrary mass values and mass orderings (including the cases of an inverted hierarchy and quasi-degenerate neutrinos as well as hierarchical neutrinos). In other words we shall propose a more general framework which has all the nice properties of CSD, but which allows a non-hierarchical neutrino mass spectrum.

We now introduce the notion of Form Dominance (FD) in the type I see-saw mechanism as an elegant and generic mechanism for achieving a form diagonalizable effective neutrino mass matrix from the type I see-saw mechanism. FD may be defined in the diagonal righthanded neutrino mass basis and diagonal charged lepton mass basis as follows. To set the notation, recall that, in the type I see-saw mechanism, the starting point is a heavy right-handed Majorana neutrino mass matrix M_{RR} and a Dirac neutrino mass matrix (in the left-right convention) M_D, with the light effective left-handed Majorana neutrino mass matrix M^ν_{eff} given by the type I see-saw formula [16],

M^ν_{eff} = M_DM^{−1}_{RR}M^T_D . (III.10)

In a basis in which M_{RR} is diagonal, we may write,

M_{RR} = diag(M_A, M_B , M_C ) (III.11)

and M_D may be written in terms of three general column vectors A, B, C,

M_D = (A, B, C). (III.12)

The see-saw formula then gives, M^ν_{eff} = AA^T M_A + BB^T M_B + CC^T M_C . (III.13)

Using this notation, FD may now be defined as follows. FD is the requirement that each column of the Dirac mass matrix (in the particular basis defined above) is proportional to a different column of the MNS matrix U,

A_i = aU_{i1}, B_i = bU_{i2}, C_i = cU_{i3}. (III.14)

It is then clear that, although there are six parameters in the see-saw theory, only three independent combinations will enter into the effective neutrino mass matrix, after the type I see-saw mechanism. To be precise, the three constants of proportionality a, b, c in Eq.III.14 combine with the three right-handed neutrino masses M_{A,B,C} to yield three independent combinations of parameters appearing in the effective neutrino mass matrix M^ν_{eff} given by the see-saw mechanism in Eq.III.13. Moreover, the resulting M^ν_{eff} is form diagonalizable, diagonalized by the MNS matrix U, with the physical neutrino masses m_i given by a^2/M_A, b^2/M_B, c^2/M_C . In such a case, each right-handed neutrino mass eigenstate is clearly associated with a particular physical neutrino mass eigenstate of mass m_i. We emphasize that FD applies to any general MNS mixing matrix U, not just TBM.

The notion of FD may now simply be applied to the special case of TBM, in the particular basis defined above, namely the diagonal right-handed neutrino mass basis and diagonal charged lepton mass basis. Applying the FD conditions in Eq.III.14 to the case of U = U_{TBM}, by comparing Eq.III.13 to Eqs.II.3,II.4, II.5 it is clear that an effective neutrino mass matrix of the TBM type (M^ν_{eff} )^{T BM} may be achieved if

A = aΦ_1 = a √ 6 −2 1 1 , B = bΦ_2 = b √ 3 1 1 1 , C = cΦ_3 = c √ 2 0 1 −1 . (III.15)

Moreover, the constraints in Eq.III.15 lead to a form diagonalizable (M^ν_{eff} )^{T BM} diagonalized by U_{TBM} (in this basis) with physical neutrino mass eigenvalues given by m_1 = a^2/M_A, m_2 = b^2/M_B, m_3 = c^2/M_C , as indicated previously.

It is interesting to compare FD for TBM defined above to Constrained Sequential Dominance (CSD) defined in [7, 15]. In CSD a strong hierarchy |m_1| ≪ |m_2| < |m_3| is assumed which enables m_1 to be effectively ignored (typically this is achieved by taking M_A to be very heavy leading to a very light m_1) then CSD is defined by only assuming the second and third conditions in Eq.III.15 [7]. Thus CSD is seen to be just a special case of FD corresponding to a strong neutrino mass hierarchy. FD on the other hand is more general and allows any choice of neutrino masses including a mild hierarchy, an inverted hierarchy or a quasi-degenerate mass pattern.

Finally note that FD can also be defined in a basis invariant way as follows. In a general basis, one can always write, without loss of generality ( A_iM^{−1/2}_A B_iM^{−1/2}_B C_iM^{−1/2}_C ) = ( U_{i1}m^{1/2}_1 U_{i2}m^{1/2}_2 U_{i3}m^{1/2}_3 ) R^T (III.16)

where R is the general orthogonal matrix introduced by Casas and Ibarra [17]. Then FD corresponds to the case of R equal to the unit matrix (up to permutations which just corresponds to a relabelling of A, B, C). This was in fact observed in [18]^∗ but only the limit m_1 = 0 was considered corresponding to CSD, where it was noted that the R matrix formalism provides a basis invariant formulation of CSD (since R is basis invariant). Here we allow for general m_i with FD defined by R equal to the unit matrix providing a basis invariant definition of FD. However in practice we shall work in the diagonal right-handed neutrino mass basis and diagonal charged lepton mass basis discussed previously.

IV. MINIMAL A_4 MODELS AND FORM DOMINANCE

In this section we discuss Form Dominance (FD) in the framework of minimal A_4 models, where minimal means that the neutrino sector only involves one triplet flavon plus one singlet flavon. We shall work in the diagonal charged lepton mass basis (referred to as the flavour basis). To be as general as possible, we discuss these models independently of a particular mechanism for vacuum alignment or of the symmetries required to enforce the operator structure of the models.

A. Minimal A_4 Models

The group A_4 is a group that describes even permutations of four objects. It has two generators, S and T , and four inequivalent irreducible representations, 1, 1^′, 1^{′′} and 3. In the diagonal basis for T , the two generators are given in the triplet representation as,

S = 1 3 −1 2 2 2 −1 2 2 2 −1 , T = 1 0 0 0 ω^2 0 0 0 ω

, (IV.17)

∗ See Eq.92 of [18] and the subsequent discussion. Note also that to be fully general the column vectors introduced in Eq.II.5 should have been post multiplied by R^T .

where ω = e^{2πi/3}. The product rules are 3×3 = 1+1^′ +1^{′′}+3_S +3_A, and 1^a ×1^b = 1^{(a+b)} mod^3, where a, b = 0, 1, 2 for representation 1, 1^′ and 1^{′′}, respectively. The Clebsch-Gordon coefficients of the above product rules can be found in Ref. [4].

Without the right-handed neutrinos, the small neutrino masses can be generated by the dimension-5 operator which breaks both the total and individual lepton numbers, y_{ij} ℓ^c_i ℓ_jHH Λ_L

, (IV.18)

where ℓ_i (i = 1, 2, 3) are the lepton doublets, H is the SM Higgs, y_{ij} are the Yukawa couplings and Λ_L is the cutoff scale for the lepton number violation operator. The tribimaximal mixing pattern arises if the three lepton doublets transform as a triplet of A_4, and the three right-handed charged leptons are assigned to be singlets under A_4,

L = ℓ_1 ℓ_2 ℓ_3

∼ 3 , e_R ∼ 1 , μ_R ∼ 1^{′′} , τ_R ∼ 1^′ . (IV.19)

The Lagrangian that gives rise to neutrino masses is L_{LL} = L^cLHH Λ_L ( ⟨ϕ_S⟩ Λ + ⟨u⟩ Λ ) , (IV.20)

where Λ is the cutoff scale of the A_4 symmetry. The triplet flavon field, ϕ_S ∼ 3, and the singlet flavon field, u ∼ 1, acquire the following vacuum expectation values (VEVs),

⟨ϕ_S ⟩ Λ = 1 1 1 α_s , ⟨u⟩ Λ = α_0 . (IV.21)

The VEV ⟨ϕ_S ⟩ breaks the A_4 symmetry down to G_S , which is the subgroup of A_4 generated by the group element S. Upon the electroweak symmetry breaking, the following effective neutrino mass matrix is generated,

M^ν_{eff} = 2α_s + α_0 −α_s −α_s

−α_s 2α_s −α_s + α_0 −α_s −α_s + α_0 2α_s v^2 Λ_L

, (IV.22)

where v is the SM Higgs VEV. This mass matrix is form-diagonalizable, i.e. it is always diagonalized, independent of the values for the parameters α_s and α_0, by the tri-bimaximal mixing matrix,

M^ν_{eff}^{diag} = U^T_{TBM}M^ν_{eff} U_{TBM} = diag(3α_s + α_0, α_0, 3α_s − α_0) · v^2 Λ_L

≡ (m_1, m_2, m_3) . (IV.23)

Because the three mass eigenvalues m_{1,2,3} are determined by two parameters, a and b, there is a sum rule among the three light masses [10],

m_1 − m_3 = 2m_2 . (IV.24)

Given that the solar mass squared difference is positive, this sum rule leads to a prediction for the normal mass hierarchy in the atmospheric neutrino sector. The charged lepton masses are generated due to the following Lagrangian,

L_{lep} = 1 Λ ( y_e(ℓϕ^′)_1e_RH + y_μ(ℓϕ^′)_1′ μ_RH + y_τ (ℓϕ^′)_1′′ τ_RH ) . (IV.25)

Here the triplet flavon field, ϕ_T , acquires a VEV along the following direction,

⟨ϕ_T ⟩ = v_T 0 0 , (IV.26)

breaking the A_4 symmetry down to G_T , which is the subgroup generated by T . This leads to a diagonal charged lepton mass matrix, i.e. V_{e,L} = I, and thus the PMNS matrix is exactly of the tri-bimaximal form, U_{P MNS} = V_{e,L}V^†_ν = U_{T BM} .

B. The See-saw Mechanism and Form Dominance in Minimal A_4 Models

The minimal A_4 see-saw realization of the tri-bimaximal mixing pattern has been discussed before [4], however here we examine such models in the diagonal right-handed neutrino mass basis, which has not been discussed before. We discuss two alternative see-saw realizations of the tri-bimaximal mixing pattern in the basis where the charged lepton mass matrix is diagonal V_{e,L} = I, the usual one proposed in [4], and an alternative example which we propose. We shall show that in both examples the FD mechanism is present.

1. The usual see-saw realization

Since the charged lepton mass matrix is diagonal in our realization, it is generated by the same Lagrangian as given above in Eq. IV.25. The three right-handed neutrinos transform as a triplet of A_4,

N = N_1 N_2 N_3

∼ 3 , (IV.27)

and the right-handed neutrino Majorana mass matrix is generated by,

M_{RR} = N^cN(⟨ϕ_S ⟩ + ⟨u⟩) = 2α_s + α_0 −α_s −α_s −α_s 2α_s −α_s + α_0 −α_s −α_s + α_0 2α_s

Λ . (IV.28)

The Dirac neutrino mass matrix is generated by the following interaction,

M_D = yHLN = 1 0 0 0 0 1 0 1 0 yv . (IV.29)

After the see-saw mechanism takes place, the resulting effective neutrino mass matrix is

M^{eff}_ν = M_DM^{−1}_{RR}M^T_D = U^T_{T BM} diag(m_1, m_2, m_3)U_{T BM} . (IV.30)

This effective neutrino mass matrix is diagonalized by U_{T BM} with the mass eigenvalues being

diag(m_1, m_2, m_3) = ( 1 3α_s + α_0 , 1 α_0 , 1 3α_s − α_0 ) y^2v^2 Λ . (IV.31)

The sum rule among the three light neutrino masses is given in this see-saw realization by, 1 m_1 − 1 m_3 = 2 m_2

, (IV.32)

which can lead to both normal and inverted hierarchical mass orderings.

In the see-saw realization of the tri-bimaximal mixing described above, the right-handed neutrino Majorana mass matrix M_{RR} is diagonalized by

M^{diag}_{RR} = U^T_{T BM} M_{RR}U_{T BM} = diag(3α_s + α_0, α_0, 3α_s − α_0)Λ ≡ diag(M_A, M_B , M_C ). (IV.33)

Rotating to the diagonal basis for the right-handed neutrino mass matrix M_{RR}, the Dirac mass matrix is given by,

M^′_D = M_DU_{T BM} = yv −^{2√}_6^{1√}_3 0 1√ 6 1√ 3 −^{1√}_2 1√ 6 1√ 3 1√ 2 ≡ (A, B, C) , (IV.34) where A, B and C are three column vectors of M^′_D. Comparing Eq. IV.34 and Eq. III.15 we see that Form Dominance is satisfied with the proportionality constants being, a = b = −c = yv, so that in this basis the Dirac mass matrix is in fact exactly proportional to the TBM mixing matrix.^† Form Dominance is thus at work in this model.

The physical light neutrino masses are given by Eq.IV.31, with the mass splittings being controlled by the right-handed neutrino masses in Eq.IV.33, M_A = 3α_s + α_0 M_B = α_0 and M_C = 3α_s − α_0. Since these masses are controlled by linear combinations of two VEVs α_0 and α_s, some partial cancellations are required to obtain an acceptable neutrino mass pattern and it is impossible to obtain a strong neutrino mass hierarchy in this model.

2. An alternative see-saw realization

Alternatively, the see-saw mechanism can be implemented in the following way^‡. Instead of the interactions given in Eq. IV.28 and IV.29, consider that the Dirac mass term is generated by

M_D = HLN ( ⟨ϕ_S ⟩ Λ + ⟨u⟩ Λ ) = 2α_s + α_0 −α_s −α_s −α_s 2α_s −α_s + α_0 −α_s −α_s + α_0 2α_s v , (IV.35)

and the Majorana mass matrix is generated by,

M_{RR} = M_RN^cN =

1 0 0 0 0 1 0 1 0

M_R . (IV.36)

Similar to the previous consideration, the charged lepton mass matrix is generated by the Lagrangian given in Eq. IV.25, and thus it is diagonal. In this case, one can easily check that the neutrino mixing matrix is also of the tri-bimaximal form and the three effective mass eigenvalues are,

(m_1, m_2, m_3) = ( (3α_s + α_0)^2, α^2_0, (3α_s − α_0)^2 ) v^2 M_R , (IV.37)

† This is a special case. In general FD does not require that the Dirac mass matrix be proportional to the MNS matrix, only that the respective columns be proportional.

‡ For implementation in the diagonal basis for S, see [19].

leading to a mass sum rule, | ||√m_1| − |√m_3| | | = 2|√m_2| , for (3α_s + α_0)(3α_s − α_0) > 0 (IV.38) | | √ m_1| + | √ m_3| | = 2| √ m_2| , for (3α_s + α_0)(3α_s − α_0) < 0 . (IV.39)

In this see-saw realization, the RH neutrino mass matrix can be diagonalized by the TBM matrix, U^T_{T BM} M_{RR}U_{T BM} = diag(1, 1, −1)M_R . (IV.40) In this basis, the Dirac neutrino mass matrix becomes,

M^′_D =

−^{2√}_6^{1√}_3 0 1√ 6 1√ 3 1√ 2 1√ 6 1√ 3 −^{1√}_2

· diag(3α_s + α_0, α_0, 3α_s − α_0)v ≡ (A, B, C) , (IV.41)

Similar to the previous case, there exists a correspondence between the vectors A, B, C and Φ_{1,2,3} with proportionality constants being

a = 3α_s + α_0, b = α_0, c = 3α_s − α_0 , (IV.42)

and thus the FD mechanism is at work. In this case the right-handed neutrino masses are degenerate, and the physical light neutrino masses are proportional to a^2, b^2, c^2. Since a, b, c are controlled by linear combinations of two VEVs α_0 and α_s, as before, some partial cancellations are required to obtain an acceptable neutrino mass pattern and it is again impossible to obtain a strong neutrino mass hierarchy in this model.

V. DISCUSSION AND CONCLUSION

The current experimental best fit values for the neutrino mixing angles indicate that the neutrino mixing matrix resembles the TBM form. This suggests an underlying (possibly discrete) family symmetry, such as, for example, A_4. In the most attractive such models, the resulting effective neutrino mass matrix is form diagonalizable, that is to say it involves three (or less) parameters and, in the diagonal charged lepton mass basis, is diagonalized by the TBM matrix, independently of the choice of the parameters.

In this paper we have considered in general terms how such a form diagonalizable effective neutrino mass matrix could result from the type I see-saw mechanism. Clearly a necessary condition is that the type I see-saw mechanism must lead to only three (or less) independent parameters appearing in the effective mass matrix. We have proposed FD as an elegant way to achieve a form diagonalizable effective neutrino mass matrix, starting from the type I see-saw mechanism. According to FD a particular right-handed neutrino mass eigenstate is associated with a particular physical neutrino mass eigenstate in such a way that, in the diagonal right-handed neutrino mass basis, the columns of the Dirac mass matrix are proportional to columns of the MNS matrix, as in Eq.III.14 in general, or Eq.III.15 for the TBM case. FD may be regarded as a generalization of CSD, but whereas CSD assumes a strong neutrino mass hierarchy, FD allows three physical neutrino masses with arbitrary masses and ordering.

As an example of these ideas we have considered minimal A_4 models whose neutrino sector involves only one triplet flavon plus one singlet flavon. We have discussed two different minimal A_4 see-saw models, the “usual” one, and a new “alternative” one. Working in the diagonal charged lepton and right-handed neutrino mass basis, we have shown that both these see-saw models satisfy the conditions of FD, leading to two different neutrino mass sum rules which both predict closely spaced neutrino masses with a normal or inverted neutrino mass ordering. Despite the fact that they satisfy FD, we have seen that the minimal A_4 models require some partial cancellations in order to obtain an acceptable neutrino mass pattern. This is due to the fact that the light physical neutrino mass eigenvalues m_i are each non-trivial functions of the basic parameters of the model, in particular the two flavon VEVs in the neutrino sector of the minimal A_4 models. While this leads to some welcome predictivity of the neutrino masses, it does mean that partial cancellations between the two flavon VEVs are required to achieve the desired hierarchy between the oscillation parameters Δm^2_{atm} and Δm^2_{sol}.

The most natural way to achieve FD without invoking any cancellations would be to have three triplet flavons Φ̃_1, Φ̃_2, Φ̃_3, in the neutrino sector, whose VEVs ⟨Φ̃_1⟩, ⟨Φ̃_2⟩, ⟨Φ̃_3⟩ are proportional to the three columns of the TBM matrix Φ_1, Φ_2, Φ_3, respectively, as in Eq.II.5. These three flavon VEVs would then form the three columns of the Dirac neutrino mass matrix, in the diagonal charged lepton and right-handed neutrino mass basis, as in Eq.III.15. In such a type I see-saw model, which we refer to as Natural Form Dominance (NFD), each light physical neutrino mass m_i would then be controlled by the VEV of a different flavon ⟨Φ̃_i⟩, allowing an arbitrary neutrino mass spectrum to be achieved without requiring any partial cancellations of parameters. In fact CSD [7] just corresponds to a special case of NFD corresponding to a strong neutrino mass hierarchy |m_1| ≪ |m_2| < |m_3|, in which the contribution of the flavon Φ̃_1 is negligible (and hence may be dropped or replaced by any other flavon) while m_2 is controlled by the flavon Φ̃_2 and m_3 is controlled by the flavon Φ̃_3. Examples of such CSD models, with Φ̃_1 replaced by a flavon whose VEV alignment is approximately proportional to (0, 0, 1)^T , have already been proposed based on SU(3), Δ_{27} [6], SO(3) [7, 8] and A_4 [9]. However NFD models with a general (not necessarily hierarchical) neutrino mass spectrum involving all three flavons Φ̃_i have yet to be constructed. This would represent an interesting new direction in model building which goes beyond the minimal A_4 see-saw models considered here.

Acknowledgements

We would like to thank the organizers of Neutrino 2008 and the Melbourne Theory Workshop 2008 where this work was started. M.-C.C. would also like to thank the hospitality of the Theory Group at the University of Southampton where part of the work was completed. The work of M.-C.C. was supported, in part, by the U.S. National Science Foundation under Grant No. PHY-0709742. SFK acknowledges partial support from the following grants: STFC Rolling Grant ST/G000557/1; EU Network MRTN-CT-2004-503369; EU ILIAS RII3- CT-2004-506222.

[1] P. F. Harrison, D. H. Perkins and W. G. Scott, Phys. Lett. B 530 (2002) 167 [arXiv:hep-ph/0202074]; P. F. Harrison and W. G. Scott, Phys. Lett. B 535 (2002) 163 [arXiv:hep-ph/0203209]; P. F. Harrison and W. G. Scott, Phys. Lett. B 557 (2003) 76 [arXiv:hep-ph/0302025]; see also L. Wolfenstein, Phys. Rev. D 18 (1978) 958.

[2] P. H. Frampton, S. T. Petcov and W. Rodejohann, Nucl. Phys. B 687 (2004) 31 [arXiv:hep-ph/0401206]; F. Plentinger and W. Rodejohann, Phys. Lett. B 625 (2005) 264 [arXiv:hep-ph/0507143]; R. N. Mohapatra and W. Rodejohann, Phys. Rev. D 72 (2005) 053001 [arXiv:hep-ph/0507312]; K. A. Hochmuth, S. T. Petcov and W. Rodejohann, arXiv:0706.2975 [hep-ph]; T. Ohlsson and G. Seidl, Nucl. Phys. B 643 (2002) 247

[arXiv:hep-ph/0206087].

[3] E. Ma and G. Rajasekaran, Phys. Rev. D 64 (2001) 113012 [arXiv:hep-ph/0106291];

E. Ma, arXiv:0709.0507 [hep-ph]; E. Ma, arXiv:hep-ph/0701016; E. Ma, Mod. Phys. Lett. A 22 (2007) 101 [arXiv:hep-ph/0610342]; E. Ma, Mod. Phys. Lett. A 21 (2006) 2931 [arXiv:hep-ph/0607190]; E. Ma, Mod. Phys. Lett. A 21 (2006) 1917 [arXiv:hep-ph/0607056]; E. Ma, H. Sawanaka and M. Tanimoto, Phys. Lett. B 641 (2006) 301 [arXiv:hep-ph/0606103]; E. Ma, Phys. Rev. D 73 (2006) 057304; B. Adhikary, B. Brahmachari, A. Ghosal, E. Ma and M. K. Parida, Phys. Lett. B 638 (2006) 345 [arXiv:hep-ph/0603059]; E. Ma, Mod. Phys. Lett. A 20 (2005) 2601 [arXiv:hep-ph/0508099]; E. Ma, Phys. Rev. D 72 (2005) 037301 [arXiv:hep-ph/0505209]; S. L. Chen, M. Frigerio and E. Ma, Nucl. Phys. B 724 (2005) 423 [arXiv:hep-ph/0504181]; E. Ma, Phys. Rev. D 70 (2004) 031901 [arXiv:hep-ph/0404199].

[4] G. Altarelli, arXiv:hep-ph/0611117; G. Altarelli, F. Feruglio and Y. Lin, Nucl. Phys. B 775 (2007) 31 [arXiv:hep-ph/0610165]; G. Altarelli and F. Feruglio, Nucl. Phys. B 741 (2006) 215 [arXiv:hep-ph/0512103]; G. Altarelli and F. Feruglio, Nucl. Phys. B 720 (2005) 64 [arXiv:hep-ph/0504165]; Y. Lin, Nucl. Phys. B 813, 91 (2009) [arXiv:0804.2867].

[5] F. Feruglio, C. Hagedorn, Y. Lin and L. Merlo, Nucl. Phys. B 775 (2007) 120 [arXiv:hep-ph/0702194]; C. Luhn, S. Nasri and P. Ramond, Phys. Lett. B 652 (2007) 27 [arXiv:0706.2341 [hep-ph]]; F. Plentinger and G. Seidl, Phys. Rev. D 78 (2008) 045004 [arXiv:0803.2889 [hep-ph]]; C. Csaki, C. Delaunay, C. Grojean and Y. Grossman, arXiv:0806.0356 [hep-ph].

[6] I. de Medeiros Varzielas and G. G. Ross, Nucl. Phys. B 733 (2006) 31 [arXiv:hep-ph/0507176];

I. de Medeiros Varzielas, S. F. King and G. G. Ross, Phys. Lett. B 644 (2007) 153 [arXiv:hep-ph/0512313]; I. de Medeiros Varzielas, S. F. King and G. G. Ross, Phys. Lett. B 648 (2007) 201 [arXiv:hep-ph/0607045].

[7] S. F. King, JHEP 0508, 105 (2005) [arXiv:hep-ph/0506297]; [8] S. F. King and M. Malinsky, JHEP 0611 (2006) 071 [arXiv:hep-ph/0608021]. [9] S. F. King and M. Malinsky, Phys. Lett. B 645 (2007) 351 [arXiv:hep-ph/0610250]. [10] M.-C. Chen and K. T. Mahanthappa, Phys. Lett. B 652 (2007) 34 [arXiv:0705.0714 [hep-ph]];

M.-C. Chen and K. T. Mahanthappa, arXiv:0710.2118 [hep-ph]; M.-C. Chen and K. T. Mahanthappa, arXiv:0812.4981 [hep-ph].

[11] R. N. Mohapatra, S. Nasri and H. B. Yu, Phys. Lett. B 639 (2006) 318 [arXiv:hep-ph/0605020];

R. N. Mohapatra and H. B. Yu, Phys. Lett. B 644 (2007) 346 [arXiv:hep-ph/0610023]; X. G. He, Nucl. Phys. Proc. Suppl. 168 (2007) 350 [arXiv:hep-ph/0612080]; A. Aranda, arXiv:0707.3661 [hep-ph]; F. Bazzocchi, L. Merlo and S. Morisi, arXiv:0901.2086 [hep-ph]; F. Bazzocchi, L. Merlo and S. Morisi, arXiv:0902.2849 [hep-ph].

[12] A. H. Chan, H. Fritzsch and Z. z. Xing, arXiv:0704.3153 [hep-ph]; Z. z. Xing, Phys. Lett.

B 618 (2005) 141 [arXiv:hep-ph/0503200]; Z. z. Xing, H. Zhang and S. Zhou, Phys. Lett. B 641 (2006) 189 [arXiv:hep-ph/0607091]; S. K. Kang, Z. z. Xing and S. Zhou, Phys. Rev. D 73 (2006) 013001 [arXiv:hep-ph/0511157]; S. Luo and Z. z. Xing, Phys. Lett. B 632 (2006) 341 [arXiv:hep-ph/0509065]; M. Hirsch, E. Ma, J. C. Romao, J. W. F. Valle and A. Villanova del Moral, Phys. Rev. D 75 (2007) 053006 [arXiv:hep-ph/0606082]; N. N. Singh, M. Rajkhowa and A. Borah, arXiv:hep-ph/0603189; X. G. He and A. Zee, Phys. Lett. B 645 (2007) 427 [arXiv:hep-ph/0607163]; N. Haba, A. Watanabe and K. Yoshioka, Phys. Rev. Lett. 97 (2006) 041601 [arXiv:hep-ph/0603116]; Z. z. Xing, Phys. Lett. B 533 (2002) 85 [arXiv:hep-ph/0204049].

[13] S. Antusch, S. F. King and M. Malinsky, arXiv:0810.3863 [hep-ph]; S. Boudjemaa and S. F. King, arXiv:0808.2782 [hep-ph]; S. Antusch, S. F. King and M. Malinsky, JHEP 0805 (2008) 066 [arXiv:0712.3759 [hep-ph]]; S. Antusch, S. F. King and M. Malinsky, Phys. Lett. B 671 (2009) 263 [arXiv:0711.4727 [hep-ph]]; S. F. King, Phys. Lett. B 659 (2008) 244 [arXiv:0710.0530 [hep-ph]]; S. Antusch, P. Huber, S. F. King and T. Schwetz, JHEP 0704 (2007) 060 [arXiv:hep-ph/0702286]; S. Antusch and S. F. King, Phys. Lett. B 631 (2005) 42 [arXiv:hep-ph/0508044].

[14] C. I. Low and R. R. Volkas, Phys. Rev. D 68 (2003) 033007 [arXiv:hep-ph/0305243]. [15] S. F. King, Phys. Lett. B 439 (1998) 350 [arXiv:hep-ph/9806440]; S. F. King, Nucl.

Phys. B 562 (1999) 57 [arXiv:hep-ph/9904210]; S. F. King, Nucl. Phys. B 576 (2000) 85 [arXiv:hep-ph/9912492]; S. F. King, JHEP 0209 (2002) 011 [arXiv:hep-ph/0204360]; S. Antusch and S. F. King, New J. Phys. 6 (2004) 110 [arXiv:hep-ph/0405272].

[16] P. Minkowski, Phys. Lett. B 67 (1977) 421.

[17] J. A. Casas and A. Ibarra, Nucl. Phys. B 618 (2001) 171 [arXiv:hep-ph/0103065]. [18] S. F. King, Nucl. Phys. B 786 (2007) 52 [arXiv:hep-ph/0610239].

[19] M. Hirsch, S. Morisi and J. W. F. Valle, Phys. Rev. D 78, 093007 (2008) [arXiv:0804.1521].