arXiv:1210.5074v2 [hep-ph] 5 Feb 2013

Neutrino masses and mixings with non-zero θ_{13} in Type I+II Seesaw Models

Debasish Borah^∗ and Mrinal Kumar Das^† Department of Physics, Tezpur University, Tezpur-784028, India

Abstract

We study the survivability of neutrino mass models with normal as well as inverted hierarchical mass patterns in the presence of both type I and type II seesaw contributions to neutrino mass within the framework of generic left-right symmetric models. At leading order, the Dirac neutrino mass matrix is assumed to be diagonal with either charged lepton (CL) type or up quark (UQ) type structure which gets corrected by non-leading effects giving rise to deviations from tri-bi-maximal (TBM) mixing and hence non-zero value of θ_{13}. Using the standard form of neutrino mass matrix which incorporates such non-leading effects, we parametrize the neutrino mass matrix incorporating both oscillation as well as cosmology data. Also considering extremal values of Majorana CP phases such that the neutrino mass eigenvalues have the structure (m_1, −m_2, m_3) and (m_1, m_2, m_3), we then calculate the predictions for neutrino parameters in the presence of both type I and type II seesaw contributions, taking one of them dominant and the other sub-dominant. We show that these mass models can survive in our framework with certain exceptions.

PACS numbers: 12.60.-i,12.60.Cn,14.60.Pq

∗Electronic address: dborah@tezu.ernet.in †Electronic address: mkdas@tezu.ernet.in

I. INTRODUCTION

Recent neutrino oscillation experiments have provided significant amount of evidence which confirms the existence of the non-zero yet tiny neutrino masses [1]. We know that the smallness of three Standard Model neutrino masses can be naturally explained via seesaw mechanism. In general, such seesaw mechanism can be of three types : type I [2], type II [3] and type III [4]. All these mechanisms involve the inclusion of additional fermionic or scalar fields to generate tiny neutrino masses at tree level. Although these seesaw models can naturally explain the smallness of neutrino mass compared to the electroweak scale, we are still far away from understanding the origin of neutrino mass hierarchies as suggested by experiments. Recent neutrino oscillation experiments T2K [5], Double ChooZ [6], Daya-Bay [7] and RENO [8] have not only made the earlier predictions for neutrino parameters more precise, but also predicted non-zero value of the reactor mixing angle θ_{13}. The latest global fit value for 3σ range of neutrino oscillation parameters [9] are as follows:

Δm^2_1 = (7.00 − 8.09) × 10^{−5} eV^2

Δm^2_{31} (NH) = (2.27 − 2.69) × 10^{−3} eV^2 Δm^2_3 (IH) = (2.24 − 2.65) × 10^{−3} eV^2 sin^2θ_{12} = 0.27 − 0.34 sin^2θ_{23} = 0.34 − 0.67 sin^2θ_{13} = 0.016 − 0.030 (1) where NH and IH refers to normal and inverted hierarchy respectively. The best fit value of δ_{CP} turns out to be 300 degrees [9].

The above recent data have positive evidence for non-zero θ_{13} as well, which was earlier thought to be zero or negligibly small. Non-zero θ_{13} can be explained by incorporating various corrections to the standard TBM mixing. The standard TBM mixing pattern is

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

, (2)

which predicts sin^2θ_{12} =^1_3 , sin^2θ_{23} =^1_2 and sin^2θ_{13} = 0. However, since the latest data have ruled out sin^2θ_{13} = 0, there arises the need to go beyond the TBM framework. Since the experimental value of θ_{13} is still much smaller than the other two mixing angles, TBM can still be a valid approximation and the non-zero θ_{13} can be accounted for by incorporating non-leading contributions to TBM coming from charged lepton mass diagonalization, for example. There have already been a great deal of activities in this context [10, 11] and the latest data can be successfully predicted within the framework of several interesting models. These frameworks which predict non-zero θ_{13} may also shed light on the Dirac CP violating phase which is still unknown (and could have remained unknown if θ_{13} were exactly zero).

Apart from predicting the correct neutrino oscillation data as well as the Dirac CP phase, the nature of neutrino mass hierarchy is also an important yet unresolved issue. Use of specific grand unified models explaining the seesaw mechanisms has also been done in the last few years to study the hierarchy of neutrino masses. An analysis done in [12] showed that every normal neutrino mass hierarchy solution of a grand unified model corresponds to an inverted hierarchy solution. It was also mentioned in their work that any future observation of inverted hierarchy would tend to disfavor the grand unified models based on the conventional type I seesaw mechanism. But models with type II and type III or models based on conserved L_e − L_μ − L_ν symmetry may favor the inverted hierarchical nature of neutrino masses. Models based on seesaw mechanism with three right handed neutrinos can also generate inverted hierarchical neutrino masses [13] within the framework of bi-maximal mixing. Understanding the correct nature of hierarchy can also have non-trivial relevance in leptogenesis as well as cosmology. For example, the latest cosmology data on the sum of absolute neutrino masses [14] have already ruled out the scenario of quasi-degenerate (QDN) neutrino masses with m_i ≥ 0.1 eV. From supernova neutrinos point of view, it was shown [15] that one can discriminate the inverted hierarchy from the normal one if sin^2θ_{13} ≥ a few × 10^{−4}. If a particular neutrino mass hierarchy is assumed this can bias cosmological parameter constraints [16] like dark energy equation of state parameter as well as the sum of the neutrino masses. Therefore, the study of normal and inverted hierarchy using different types of seesaw mechanism is very important both from neutrino physics and cosmology point of view.

In view of above, the present work is planned to carry out a study of neutrino mass models with normal and inverted hierarchical neutrino masses in the framework of generic left-right symmetric models (LRSM) [17]. Such a work was done recently in [18] where TBM type μ − τ symmetric neutrino mass matrix was considered. In that study, the dominating type I seesaw term was kept fixed and type II term was varied and the predictions for neutrino oscillation parameters were calculated. In this present work, we include non-zero θ_{13}, δ_{CP} as well as to consider the case where type II seesaw term dominates over type I. We parametrize the neutrino mass matrix for QDN scenario using global fit neutrino oscillation as well as cosmology data. The dominating seesaw term is then used to find out the right-handed Majorana neutrino mass matrix by assuming two different types of Dirac neutrino mass matrices (CL and UQ type) and two different Majorana CP phase patterns ((m_1, −m_2, m_3) and (m_1, m_2, m_3)). Fixing the dominating seesaw term in this way, the other seesaw term is allowed to vary and predictions are calculated for all these variations. By calculating the predictions for neutrino oscillation parameters, we show that both type I dominating and type II dominating cases give almost identical results. We find that normal hierarchy along with CL type Dirac neutrino mass matrix gives rise to predictions within 3σ range of experimental data for both types of Majorana CP phase patterns. Whereas, inverted hierarchy with CL type Dirac mass matrix can exist only with the Majorana CP phase pattern (m_1, −m_2, m_3). Also, we show that UQ type Dirac neutrino mass matrix is disfavored for both the types of hierarchies and Majorana CP phases.

This paper is organized as follows: in section II we discuss the methodology of type II seesaw mechanism in generic LRSM. In section III we discuss our numerical analysis and results. We then finally conclude in section IV.

II. TYPE II SEESAW IN LRSM

Type I seesaw framework is the simplest mechanism for generating tiny neutrino masses and mixing. Such a mechanism is possible in extensions of the standard model by three right handed neutrinos. There is also another type of non-canonical seesaw formula (known as type-II seesaw formula)[3] where a left-handed Higgs triplet Δ_L picks up a vacuum expectation value (vev). This is possible both in the minimal extension of the standard model by Δ_L or in other well motivated extensions like left-right symmetric models (LRSM) [17]. The seesaw formula in LRSM can be written as

m_{LL} = m^{II}_{LL} + m^I_{LL} (3) where the usual type I seesaw formula is given by the expression, m^I_{LL} = −m_{LR}M^{−1}_{RR}m^T_{LR}. (4) Here m_{LR} is the Dirac neutrino mass matrix. The above seesaw formula with both type I and type II contributions can naturally arise in extension of standard model with three right handed neutrinos and one copy of Δ_L. However, we will use this formula in the framework of LRSM where M_{RR} arises naturally as a result of parity breaking at high energy and both the type I and type II terms can be written in terms of M_{RR}. In LRSM with Higgs triplets, M_{RR} can be expressed as M_{RR} = v_Rf_R with v_R being the vev of the right handed triplet Higgs field Δ_R imparting Majorana masses to the right-handed neutrinos and f_R is the corresponding Yukawa coupling. The first term m^{II}_{LL} in equation (3) is due to the vev of SU(2)_L Higgs triplet. Thus, m^{II}_{LL} = f_Lv_L and M_{RR} = f_Rv_R, where v_{L,R} denote the vev’s and f_{L,R} are symmetric 3 × 3 matrices. The left-right symmetry demands f_R = f_L = f. The induced vev for the left-handed triplet v_L can be shown for generic LRSM to be

v_L = γ

M^2_W v_R with M_W ∼ 80.4 GeV being the weak boson mass such that |v_L| << M_W << |v_R| In general γ is a function of various couplings in the scalar potential of generic LRSM and without any fine tuning γ is expected to be of the order unity (γ ∼ 1). type-II seesaw formula in equation (3) can now be expressed as

m_{LL} = γ(M_W /v_R)^2M_{RR} − m_{LR}M^{−1}_{RR}m^T_{LR} (5)

With above seesaw formula (5), the neutrino mass matrices are constructed by considering contributions from both type I and type II terms. The choice of v_R however, remains ambiguous in the literature where different choices of v_R are made according to convenience [19–22]. However, in this present work we will always take v_R as v_R = γ^{M 2W}_{vL} ≃ γ × 10^{15} GeV [22]. It is worth mentioning that, here SU(2)_R × U(1)_{B−L} gauge symmetry breaking scale (as in generic LRSM) v_R is the same as the scale of parity breaking [19]. Using this form of v_R, the seesaw formula (5) becomes m_{LL} = γ ( M_W γ × 10^{15}

)_2 M_{RR} − m_{LR}M^{−1}_{RR}m^T_{LR} (6)

Quantitatively, either of the two terms on the right hand side of equation (6) can be dominant or both the terms can be equally dominant. However, for generic choices of symmetry breaking scales (mentioned above) as well as the Dirac neutrino mass matrices (generically to be of same order as corresponding charged lepton masses), both type I and type II term can be equally dominant only when the dimensionless parameter γ is fine tuned to be very small. We check this by equating both the terms to the best fit value of m_{LL}. We skip such a fine-tuned case here and consider two other possible cases in our work: one in which type I term dominates whereas type II term is present as a small perturbation and the other in which type II term dominates with type I term as a small perturbation.

A. Case I: Dominating Type I Seesaw

In this case, the second term in the equation (6) gives the leading contribution to m_{LL} and hence we compute the right-handed neutrino mass matrix M_{RR} by using the inverse type I seesaw formula M_{RR} = m^T_{LR}m^{−1}_{LL}m_{LR} where we use the best fit m_{LL} and generic m_{LR} as will be shown in the section III. Here we hold M_{RR} fixed, so the first term in equation (6) is dependent on the value of γ while second term is fixed. For γ ∼ 1, the first term has minimum contribution whereas for smaller values of γ, the contribution of the type II term will increase. We vary the dimensionless parameter γ from 0.001 to 1.0 and check the survivability of neutrino mass models with contributions from type I and type II terms. We adopt a natural selection for the survival of neutrino mass models which have the least deviation of γ from unity. Nearer the value of γ to one, better the chance for the survival of the model in question. Thus the value of γ is an important parameter for the proposed natural selection of the neutrino mass models in question.

B. Case II: Dominating Type II seesaw

This is the case where the first term in the equation (6) gives the leading contribution to m_{LL}. This scenario within grand unified models like SO(10) have been discussed in [23]. In this case, we compute M_{RR}/γ from the inverse type II seesaw formula M_{RR} γ = ( 1 × 10^{15} M_W )_2 m_{LL} (7)

TABLE I: Global best fit Input parameters and predictions for neutrino mass eigenvalues

Parameters IH(+-+) IH(+++) NH(+-+) NH(+++) Δm^2_1[10^{−5} eV^2] 7.50 7.50 7.50 7.50 |Δm^2_{31}|[10^{−3} eV^2] 2.43 2.43 2.47 2.47 sin^2θ_{12} 0.340 0.340 0.340 0.340 sin^2θ_{23} 0.606 0.606 0.606 0.606 sin^2θ_{13} 0.022 0.022 0.022 0.022 sin^2δ_{CP} 0.75 0.75 0.75 0.75 m_3 (eV) 0.075 0.075 0.090 0.101 m_2 (eV) -0.090 0.090 -0.075 0.089 m_1 (eV) 0.089 0.089 0.075 0.088 ∑ i m_i (eV) 0.25 0.25 0.24 0.28

TABLE II: Predictions for neutrino parameters at γ = 1.0 for the case of Inverted Hierarchy (IH)

Parameters Case I Case II Case I Case II Case I Case II Case I Case II CL CL CL CL UQ UQ UQ UQ (+-+) (+-+) (+++) (+++) (+-+) (+-+) (+++) (+++) Δm^2_1[10^{−5} eV^2] 8.11 8.09 7.91 7.90 9.01 8.95 9.16 9.08 Δm^2_3[10^{−3} eV^2] 2.43 2.43 2.43 2.43 2.43 2.43 2.45 2.44 sin^2θ_{23} 0.550 0.550 0.464 0.468 0.549 0.549 0.354 0.360 sin^2θ_{12} 0.340 0.340 0.328 0.328 0.340 0.340 0.307 0.308 sin^2θ_{13} 0.021 0.021 0.031 0.022 0.021 0.021 0.053 0.052 sin^2δ_{CP} 0.688 0.688 0.575 0.583 0.693 0.693 0.351 0.360

It should be noted that here we are keeping M_{RR}/γ constant instead of just M_{RR} as in the case I. Thus, although the first term in equation (6) remains constant, the second term varies as we vary γ and have the minimal contribution for γ ∼ 1. Similar to the case I, here also we vary γ between 0.001 and 1.0 and calculate the predictions for neutrino parameters. The details of both these case will be presented in details in the next section.

TABLE III: Predictions for neutrino parameters at γ = 1.0 for the case of Normal Hierarchy (NH)

Parameters Case I Case II Case I Case II Case I Case II Case I Case II CL CL CL CL UQ UQ UQ UQ (+-+) (+-+) (+++) (+++) (+-+) (+-+) (+++) (+++) Δm^2_1[10^{−5} eV^2] 7.27 7.28 7.79 7.78 6.77 6.81 8.44 8.39 Δm^2_{31}[10^{−3} eV^2] 2.47 2.47 2.47 2.47 2.47 2.47 2.48 2.48 sin^2θ_{23} 0.550 0.550 0.546 0.546 0.549 0.549 0.539 0.540 sin^2θ_{12} 0.340 0.340 0.277 0.279 0.340 0.340 0.201 0.205 sin^2θ_{13} 0.021 0.021 0.021 0.021 0.021 0.021 0.021 0.021 sin^2δ_{CP} 0.687 0.687 0.684 0.684 0.691 0.691 0.684 0.684

III. NUMERICAL ANALYSIS AND RESULTS

For the purpose of numerical analysis we use the following parametrization of neutrino mass matrix which is a combination of TBM version of μ − τ symmetric matrix with the addition of correction terms coming from charge lepton mass matrix diagonalization [11].

m_{LL} = x y − w y + w y − w x + z + w y − z y + w y − z x + z − w (8)

where w denotes the deviation of m_{LL} from that within TBM frameworks and setting it to zero, the above matrix boils down to the familiar μ − τ symmetric matrix. The eigenvalues of this matrix are m_1 = x + 2y, m_2 = x − y + z − √ z^2 + 3w^2 and m_3 = x − y + z + √ z^2 + 3w^2 Then we parameterize the above matrix for QDN case. From presently available cosmological constraints, the upper bound on sum of neutrino masses has come down to the lowest value ∑ i m_i ≤ 0.28 eV [14] which has ruled out QDN neutrino models with m_i ≥ 0.1 eV.

Parametrization of the matrix (8) is done with this upper bound and taking the largest allowed value m_i ≤ 0.1 eV consistent with the latest cosmological data. A classification for three-fold QDN neutrino masses [24] with maximum Majorana CP violating phase in their eigenvalues is used here. CP phase patterns in the mass eigenvalues for both NH and IH are taken as: (m_1, −m_2, m_3) (denoted as (+ − +)) and (m_1, m_2, m_3) (denoted as (+ + +)). Using the best fit values of the global neutrino oscillation observational data [9] on solar and atmospheric neutrino mass squared differences, and taking m_i ≤ 0.1 eV, predictions for parameters in the matrix (8) are calculated as shown in table I. It should be noted that we are denoting our numerical estimates as predictions, which are valid only under the specific assumptions we are taking about the structure of Dirac neutrino mass matrices, the scale of left-right symmetry breaking and the structure of m_{LL} as mentioned. After making this set of choices, we are left with the freedom of choosing the dimensionless parameter γ in equation (5). Here we show our results with respect to the variation of this parameter.

After parameterizing the neutrino mass matrix using oscillation and cosmology data, we consider the two cases I and II mentioned in the previous section one by one. First, we consider the case I i.e., type I dominance and calculate the right-handed Majorana neutrino matrix M_{RR} using the inverse type I seesaw formula M_{RR} = m^T_{LR}m^{−1}_{LL}m_{LR}, (9) To calculate the M_{RR} for each case, we need to have the Dirac neutrino mass matrix (m_{LR}). We take the Dirac neutrino mass matrix m_{LR} to be diagonal at leading order (LO) with either charged lepton mass structure up quark mass structure. The general form of Dirac neutrino mass at LO is

m^{(0)}_{LR} = λ^m 0 0 0 λ^n 0 0 0 1 m_f (10)

where m_f corresponds to m_τ tan β for (m, n) = (6, 2), tan β = 40 in case of charged lepton and m_t for (m, n) = (8, 4) in the case of up-quarks [25, 26]. λ = 0.22 is the standard Wolfenstein parameter. Just like the charged lepton mass matrix (which is diagonal at LO) gets corrected by non-leading terms, we also consider similar non-leading contributions to the Dirac neutrino mass matrix. Such non-leading contribution can be written as

δm^{(1)}_{LR} =

O(λ^m) O(λ^m) O(λ^m) O(λ^n) O(λ^n) O(λ^n) O(1) O(1) O(1) m_f ξ (11)

where ξ parametrizes the departure from LO approximation. Since the parameter w in the neutrino mass matrix (8) parametrizes the deviation from LO approximation (which is TBM for generic A_4 flavor symmetric models), we assume ξ ∼ w for our calculation. Now, using m_{LR} = m^{(0)}_{LR} + δm^{(1)}_{LR} in the inverse type I seesaw formula above, we calculate M_{RR}. Using the values of M_{RR} in the equation (5), we check the variations of mass squared differences as well as the mixing angles with respect to γ (varying from 0.001 to 1).

FIG. 1: Variation of the predicted values of Δm^2_{31} as a function of γ in NH case

For case II i.e., type II dominating seesaw, we calculate M_{RR}/γ first using equation (7). This fixes the first term in the seesaw formula (6). Since M_{RR} is not fixed in this case and varry with γ as M_{RR} = γ ( 1 × 10^{15} M_W )_2 m_{LL} the second term in the seesaw formula (6) also varies with γ with minimum contribution for γ ∼ 1. Similar to the case I, here also we vary this dimensionless parameter γ from 0.001 to 1.0 and check the variations of all the neutrino oscillation parameters.

The predictions for neutrino oscillation parameters at γ = 1.00 (which corresponds minimum contribution of the perturbation seesaw term and maximum possibility for the model to survive) for both case I and case II are shown in table II and III. Here the notation (+++) and (+ − +) corresponds to the neutrino mass eigenvalues (m_1, m_2, m_3) and (m_1, −m_2, m_3) respectively. The parameter values which lie outside the 3σ range of global fit data are shown in red. The results clearly show that the predictions for the parameters do not change substantially if we go from type I dominating case to type II dominating one. The

FIG. 2: Variation of the predicted values of Δm^2_1 as a function of γ in NH case

same observation follows from the figures 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12 where we have shown the variation of the neutrino oscillation parameters with respect to γ ∈ (0.001, 1.0) for all the cases of interest. The variation of the oscillation parameters with respect to γ are almost identical for both type I dominating and type II dominating cases with one overlapping the other in most of the cases as seen from the figures.

Apart from the observation that predictions for neutrino oscillation parameters remain almost same for both type I and type II dominating cases, we also observe that certain combinations of IH or NH, Majorana CP phase pattern (+ − +) or (+ + +), m_{LR} of type CL or UQ do not give rise to correct 3σ predictions of oscillation parameters at γ ∼ 1 where according to our selection criteria, the model is most likely to survive. Such combinations are • IH with Majorana CP phase pattern (+ − +) for CL type m_{LR} with dominant type I seesaw(Table II).

• IH with Majorana CP phase pattern (+ + +) for CL type m_{LR} with dominant type I seesaw(Table II).

• IH with Majorana CP phase pattern (+ − +) for UQ type m_{LR} (Table II).

FIG. 3: Variation of the predicted values of sin^2 θ_{12} as a function of γ in NH case

• IH with Majorana CP phase pattern (+ + +) for UQ type m_{LR} (Table II).

• NH with Majorana CP phase pattern (+ − +) for UQ type m_{LR} (Table III).

• NH with Majorana CP phase pattern (+ + +) for UQ type m_{LR} (Table III).

Thus, the UQ type texture of Dirac neutrino mass matrix is disfavored in our analysis for both types of hierarchies and Majorana CP phase patterns. For CL type Dirac neutrino mass matrix, normal hierarchy is compatible with both types of Majorana CP phase patterns whereas inverted hierarchy gives correct predictions only for the case of type II seesaw dominance.

Also, for these favored models IH(+-+), IH(+++), NH(+-+) and NH(+++) with CL type m_{LR}, the predictions for Δm^2_3(IH), Δm^2_{31}(NH) remain very close to the best fit central values whereas IH prefers Δm^2_1 to be at the upper end of the 3σ range. Regarding the mixing angles, sin^2 θ_{23}, sin^2 θ_{13} stay very close to the best fit central value for all the models whereas sin^2 θ_{12} stays at the lower end of 3σ range for NH(+++) model and upper end of 3σ range for IH(+-+), IH(+++), NH(+-+) models. Therefore, it is very likely that more precise future data from neutrino oscillation experiments will rule out some (if not all) of the scenarios discussed in this work.

FIG. 4: Variation of the predicted values of sin^2 θ_{23} as a function of γ in NH case

FIG. 5: Variation of the predicted values of sin^2 θ_{13} as a function of γ in NH case

FIG. 6: Variation of the predicted values of sin^2 δ_{CP} as a function of γ in NH case

FIG. 7: Variation of the predicted values of Δm^2_3 as a function of γ in IH case

FIG. 8: Variation of the predicted values of Δm^2_1 as a function of γ in IH case

FIG. 9: Variation of the predicted values of sin^2 θ_{12} as a function of γ in IH case

FIG. 10: Variation of the predicted values of sin^2 θ_{23} as a function of γ in IH case

FIG. 11: Variation of the predicted values of sin^2 θ_{13} as a function of γ in IH case

IV. CONCLUSION

We have studied the survivability of neutrino mass models within the framework of generic left-right symmetric models by considering both types of hierarchies (normal and inverted), two types of extremal Majorana CP phases (+ − +) and (+ + +), and two types of Dirac neutrino mass matrices: charged lepton type and up quark type. In generic LRSM, neutrino mass can get contributions from both type I as well as type II seesaw terms. We check that for generic choices of left-right symmetry breaking scale and Dirac neutrino mass matrices, these two different contributions to neutrino mass can be comparable only if a dimensionless parameter appearing in the type II term (γ in our notation) is fine tuned to be very small. Without considering this special fine-tuned case, we consider two other possible cases: one in which type I seesaw dominates and the other in which type II seesaw dominates. We

FIG. 12: Variation of the predicted values of sin^2 δ_{CP} as a function of γ in IH case

use the generic parametrization of neutrino mass matrix(TBM plus non leading corrections giving rise to non-zero θ_{13}) obtained by several groups and find the numerical value of these parameters using the global fit neutrino oscillation data as well as the cosmological upper bound on the sum of absolute neutrino masses. We then keep the dominating seesaw term fixed in the seesaw formula and vary the other term by varying the dimensionless parameter γ. We then calculate the predictions for neutrino oscillation parameters for different values of γ and check whether they agree with the 3σ range of global fit data at γ ∼ 1 which corresponds to the case where the non-leading term in the seesaw formula has the minimum possible contribution.

Apart from the observation that both type I dominating and type II dominating cases give almost identical predictions, we also observe that up quark type Dirac neutrino mass matrix is disfavored within our framework. Predictions for neutrino parameters using up quark type m_{LR} with both IH, NH and (+ − +), (+ + +) deviate from the 3σ range of global fit data. In the case of charged lepton type m_{LR}, normal hierarchy survives with both types of Majorana CP phase patterns whereas inverted hierarchy survives only with the (+ − +) case. In view of above, the neutrino mass models considered in our study can survive in nature within the framework of type I and type II seesaw mechanism and hence can not be ruled out yet apart from certain exceptions mentioned above. However, some of the model predictions lie at the extreme ends of the 3σ allowed range and hence more precise data from neutrino oscillation experiments should be able to to rule out some (if not all) of the scenarios we have discussed in our work.

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

R. Ahmad et al. (SNO), Phys. Rev. Lett. 89, 011301 (2002), nucl-ex/0204008; Phys. Rev. Lett. 89, 011302 (2002), nucl-ex/0204009; J. N. Bahcall and C. Pena-Garay, New J. Phys. 6, 63 (2004), hep-ph/0404061; K. Nakamura et al., J. Phys. G37, 075021 (2010).

[2] P. Minkowski, Phys. Lett. B67, 421 (1977); M. Gell-Mann, P. Ramond, and R. Slansky (1980), print-80-0576 (CERN); T. Yanagida (1979), in Proceedings of the Workshop on the Baryon Number of the Universe and Unified Theories, Tsukuba, Japan, 13-14 Feb 1979; R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett 44, 912 (1980); J. Schechter and J. W. F. Valle, Phys. Rev. D22, 2227 (1980).

[3] R. N. Mohapatra and G. Senjanovic, Phys. Rev. D23, 165 (1981); G. Lazarides, Q. Shafi and C Wetterich, Nucl. Phys. B181, 287 (1981); C. Wetterich, Nucl. Phys. B187, 343 (1981); B. Brahmachari and R. N. Mohapatra, Phys. Rev. D58, 015001 (1998); R. N. Mohapatra, Nucl. Phys. Proc. suppl. 138, 257 (2005); S. Antusch and S. F. King, Phys. Lett. B597, (2), 199

(2004).

[4] R. Foot, H. Lew, X. G. He and G. C. Joshi, Z. Phys. C44, 441 (1989). [5] K. Abe et al. [T2K Collaboration], Phys. Rev. Lett. 107, 041801 (2011), [arXiv:1106.2822 [hep-ex]].

[6] Y. Abe et al., Phys. Rev. Lett. 108, 131801 (2012), [arXiv:1112.6353 [hep-ex]]. [7] F. P. An et al. [DAYA-BAY Collaboration], Phys. Rev. Lett. 108, 171803 (2012), [arXiv:1203.1669 [hep-ex]].

[8] J. K. Ahn et al. [RENO Collaboration], Phys. Rev. Lett. 108, 191802 (2012), [arXiv:1204.0626][hep-ex]].

[9] M. C. Gonzalez-Garcia, M. Maltoni, J. Salvado and T. Schwetz, [arXiv:1209.3023 [hep-ph]]. [10] Y. Shimizu, M. Tanimoto and A. Watanabe, Prog. Theor. Phys. 126, 81 (2011); S. F. King and C. Luhn, JHEP 1109, 042 (2011); S. Antusch, S. F. King, C. Luhn and M. Spinrath, Nucl. Phys. B856, 328 (2012); S. F. King and C. Luhn, JHEP 1203, 036 (2012); S. Gupta, A. S. Joshipura and K. M. Patel, Phys. Rev. D85, 031903 (2012); S-F. Ge, D. A. Dicus and W. W. Repko, Phys. Rev. Lett. 108, 041801 (2012); S-F. Ge, D. A. Dicus and W. W. Repko, Phys. Lett. B702, 220 (2011) .

[11] G. Altarelli, F. Feruglio, L. Merlo and E. Stamou, JHEP 1208, 021 (2012). [12] C. H. Albright, Phys. Lett. B599, 285 (2004). [13] S. F. King and N. N. Singh, Nucl. Phys. B596 (2), 26 (2001). [14] S. A. Thomas, F. B. Abdalla, O. Lahav, Phys. Rev. Lett. 105, 031301 (2010). [15] H. Minakata and H. Nunokawa, Phys. Lett. B504, 301 (2001).

[16] F. De Bernardis, T. D. Kitching, A. Heavens, and A. Melchiorri, Phys. Rev. D80, 123509 (2009).

[17] J. C. Pati and A. Salam, Phys. Rev. D10, 275 (1974); R. N. Mohapatra and J. C. Pati, Phys.

Rev. D11, 2558 (1975); G. Senjanovic and R. N. Mohapatra, Phys. Rev. D12, 1502 (1975); R. N. Mohapatra and R. E. Marshak, Phys. Rev. Lett. 44, 1316 (1980); N. G. Deshpande, J. F. Gunion, B. Kayser and F. I. Olness, Phys. Rev. D44, 837 (1991).

[18] M. K. Das, D. Borah and R. Mishra, Phys. Rev. D86, 095006 (2012), [arXiv:1209.0280[hepph]].

[19] B. Bajc, G. Senjanovic and F. Vissani, Phys. Rev. D70, 093002 (2004), hep-ph/0402140; S.

Bertolini, M. Frigerio and M. Malinsky, Phys. Rev. D70, 095002 (2004), hep-ph/0406117; T.

Hambye and G. Senjanovic, Phys. Lett. B582, 73 (2004); N. Sahu and S. Uma Sankar, Phys. Rev. D71, 013006 (2005), hep-ph/0406065.

[20] B. Dutta, Y. Mimura and R. N. Mohapatra, Phys. Lett. B603, 35 (2004), hep-ph/0406262. [21] C. H. Albright and S. M. Barr, Phys. Rev. D70, 033013 (2004), hep-ph/0404095; S. M. Barr, Phys. Rev. Lett. 92, 101601 (2004), hep-ph/0309152.

[22] A. S. Joshipura, E. A. Paschos and W. Rodejohann, JHEP 0108, 029 (2001), hep-ph/0105175;

A. S. Joshipura, E. A. Paschos and W. Rodejohann, Nucl. Phys. B611, 227 (2001), hepph/0104228.

[23] B. Bajc, G. Senjanovic and F. Vissani, Phys. Rev. Lett. 90, 051802 (2003); H. S. Goh, R. N. Mohapatra and S-P. Ng, Phys. Rev. D68, 115008 (2003); H. S. Goh, R. N. Mohapatra and S. Nasri, Phys. Rev. D70, 075022 (2004); R. N. Mohapatra and M. K. Parida, Phys. Rev. D84, 095021 (2011).

[24] G. Altarelli and F. Feruglio, Phys. Rep. 320 (1999) 295.

[25] K. S. Babu, B. Dutta and R. N. Mohapatra, Phys. Lett. B458, 93 (1999), hep-ph/9904366;

D. Falcone, Phys. Rev. D65, 077301 (2002), hep-ph/0111176; D. Falcone, Phys. Lett. B479, 1 (2000), hep-ph/0204335.

[26] M. K. Das, M. Patgiri and N. N. Singh, Pramana 65, 995 (2006).