arXiv:1210.3467v1 [hep-ph] 12 Oct 2012

Nuclear Physics B Proceedings Supplement 00 (2012) 1–6

Nuclear Physics B Proceedings Supplement

An Overview of Neutrino Mixing

G. Altarelli

Dipartimento di Fisica ‘E. Amaldi’, Università di Roma Tre, INFN Sezione di Roma Tre, I-00146 Rome, Italy and CERN, Department of Physics, Theory Unit, CH-1211 Geneva 23, Switzerland

Abstract

We present a concise review of the recent important experimental developments on neutrino mixing (hints for sterile neutrinos, large θ_{13}, possible non maximal θ_{23}, approaching sensitivity on δ_{CP} ) and their implications on models of neutrino mixing. The new data disfavour many models but the surviving ones still span a wide range going from Anarchy (no structure, no symmetry in the lepton sector) to a maximum of symmetry, as for the models based on discrete non-abelian flavour groups.

Keywords: Theoretical models, Neutrino mixing

CERN-PH-TH/2012-266 RM3-TH/12-15 1. Introduction

On the experimental side the main recent developments on neutrino mixing [1, 2, 3, 4, 5] were the results on θ_{13} from T2K[6], MINOS[7], DOUBLE CHOOZ[8], RENO [9] and especially Daya Bay [10] (see Table 1, where the latest numbers presented at the summer ’12 conferences were collected). The combined value of θ_{13} is by now about 10 σ away from zero and the central value is rather large. In turn a sizable θ_{13} allows to extract an estimate of θ_{23} from accelerator data like T2K and MINOS. There are solid indications of a deviation of θ_{23} from the maximal value, in the first octant. In addition, some tenuous hints that cos δ_{CP} < 0 are starting to appear in the data. A summary of recent global fits to the data on oscillation parameters is presented in Table 2 [11], [12], [13].

On the possible existence of sterile neutrinos a number of hints have been recently reported. They do not make yet an evidence but certainly pose an experimental problem that needs clarification. First, there is the

Email address: guido.altarelli@cern.ch (G. Altarelli)

Quantity sin^2 2θ_{13} sin^2 θ_{13}

T2K[6] 0.11^{+0.11}_{−0.06} 0.028^{+0.019}_{−0.024} MINOS[7] 0.041^{+0.047}_{−0.031} 0.010^{+0.012}_{−0.008} DC[8] 0.0109 ± 0.039 0.028 ± 0.011 RENO[9] 0.113 ± 0.023 0.029 ± 0.006 DYB[10] 0.0890 ± 0.0112 0.023 ± 0.003

Table 1. The reactor angle measurements from the recent experiments T2K[6], MINOS[7], DOUBLE CHOOZ[8], Daya Bay [10] and RENO [9], for the normal hierarchy case (in the inverse hierarchy case the values do not differ by much)

MiniBooNE experiment that has recently published [14] a combined analysis of ν_e appearance in a ν_μ beam together with ν̄_e appearance in a ν̄_μ beam. An excess was observed for events with (anti)neutrino energy in the range 200 < E_ν < 3000 MeV (3.8σ). The allowed regions resulting from a two-neutrino fit of the data are consistent with ν_μ → ν_e and ν̄_μ → ν̄_e oscilla- 1

Quantity Ref. [11] Ref. [12] Δm^2_{sun} (10^{−5} eV^2) 7.54^{+0.26}_{−0.22} 7.50 ± 0.185 Δm^2_{atm} (10^{−3} eV^2) 2.43^{+0.06}_{−0.10} 2.47^{+0.069}_{−0.067} sin^2 θ_{12} 0.307^{+0.018}_{−0.016} 0.30 ± 0.013 sin^2 θ_{23} 0.386^{+0.024}_{−0.021} 0.41^{+0.037}_{−0.025} sin^2 θ_{13} 0.0241 ± 0.025 0.023 ± 0.0023

Table 2. Fits to neutrino oscillation data. For sin^2 θ_{23} only the absolute minimum in the first octant is shown

tions in the 0.01 to 1 eV^2 range for Δm^2 and consistent with the allowed region reported by the LSND experiment. In both channels, but especially in the neutrino beam case, most of the excess is at low E_ν, below 500 MeV, where the evaluation of the background is particularly difficult. Recently the ICARUS experiment at Gran Sasso has published the results of a search for electrons produced by the CERN beam [15]. No excess over the background was observed. As a consequence most of the region allowed by LSND, MiniBooNE. KAR- MEN... is excluded and only a small domain around (Δm^2, sin^2(2θ)) = (0.5eV^2, 0.05)) is left. Then there is the reactor anomaly: a reevaluation of the reactor flux [16] produced an apparent gap between the theoretical expectations and the data taken at small distances from reactors (≤ 100 m). The discrepancy is of the same order of the quoted systematic error whose estimate, detailed in the paper, should perhaps be reconsidered. Actually, a different analysis confirmed the normalization shift [17]. Similarly the Gallium anomaly [18] depends on the assumed cross-section which could be questioned. Cosmological data allow, actually even favour, the existence of one sterile neutrino, while the most stringent bounds arising form nucleosynthesis disfavour two or more sterile neutrinos (assuming that they are thermalized) [19, 20]. Over all, only a small leakage from active to sterile neutrinos is allowed by present neutrino oscillation data (see, for example, refs. [21, 22, 23] and references therein). If all the indications listed above were confirmed (it looks unlikely) then adding one or more sterile neutrinos would probably not be enough to satisfactorily describe all the data. There is in fact a strong tension between appearance (LSND, MiniBooNE, ICARUS) and disappearance (reactors, Ga anomaly) data. Thus the situation is at present very confuse but the experimental effort should be continued because establishing the existence of sterile neutrinos would be a great discovery. In fact a sterile neutrino is an exotic particle not predicted by the most popular models of new physics. In the following we restrict our discussion to 3-neutrino models.

The rather large measured value of θ_{13}, close to the old CHOOZ bound and to the Cabibbo angle, and the indication that θ_{23} is not maximal both go in the direction of models based on Anarchy [24, 25], i.e. the ansatz that perhaps no symmetry is needed in the leptonic sector, only chance (this possibility has been recently reiterated, for example, in Ref. [26]). Anarchy can be formulated in a S U(5) ⊗ U(1)_{FN} context by taking different Froggatt-Nielsen [27] charges only for the S U(5) tenplets (for example 10 ∼ (a, b, 0), where a > b > 0 is the charge of the first generation, b of the second, zero of the third) while no charge differences appear in the ¯5 (e. g. ¯5 ∼ (0, 0, 0)). The observed fact that the up-quark mass hierarchies are more pronounced than for down-quark and charged leptons is in agreement with this assignment. The S U(5) generators act vertically inside one generation, whereas the U(1)_{FN} charges are different horizontally from one generation to the other. If, for a given interaction vertex, the U(1)_{FN} charges do not add to zero, the vertex is forbidden in the symmetric limit. However, the U(1)_{FN} symmetry (that one can assume to be a gauge symmetry) is spontaneously broken by the VEVs v_f of a number of flavon fields with non-vanishing charge and GUT-scale masses. Then a forbidden coupling is rescued but is suppressed by powers of the small parameters λ = v_f /M, with M a large mass, with the exponents larger for larger charge mismatch. Thus the charges fix the powers of λ, hence the degree of suppression of all elements of mass matrices, while arbitrary coefficients k_{i j} of order 1 in each entry of mass matrices are left unspecified (so that the number of parameters exceeds the number of observable quantities). A random selection of these k_{i j} parameters leads to distributions of resulting values for the measurable quantities. For anarchy (A) the mass matrices in the leptonic sector are totally random, while in the presence of unequal charges different entries carry different powers of the order parameter and thus some hierarchies are enforced. The embedding of Anarchy in the S U(5) ⊗ U(1)_{FN} context allows to implement a parallel treatment of quarks and leptons. Within this framework there are many variants of these models: fermion charges can all be nonnegative with only negatively charged flavons, or there can be fermion charges of different signs with either flavons of both charges or only flavons of one charge. In models with no see-saw, the ¯5 charges completely fix the hierarchies (or anarchy, if the case) in the neutrino mass matrix. If Right-Handed (RH) neutrinos are added, they transform as S U(5) singlets and can in principle carry U(1)_{FN} charges, which also must be all equal in the an- 2 archy case. With RH neutrinos the see-saw mechanism can take place and the resulting phenomenology is modified. In Ref.[28], given the new experimental results, we have made a reappraisal of Anarchy and its variants within the (SUSY) S U(5) × U(1)_{FN} GUT framework. Based on the most recent data we argue that the Anarchy ansatz is probably oversimplified and, in any case, not compelling. In fact, suitable differences of U(1)_{FN} charges, if also introduced within pentaplets and singlets, lead to distributions that are in better agreement with the data with the same number of random parameters as for Anarchy. The hierarchy of quark masses and mixing and of charged lepton masses in all cases impose a hierarchy defining parameter of the order of λ_C = sin θ_C, with θ_C being the Cabibbo angle. The weak points of Anarchy (A) are that with this ansatz all mixing angles should be of the same order, so that the relative smallness of θ_{13} ∼ o(λ_C) is not automatic. Similarly the smallness of r = Δm^2_{solar}/Δm^2_{atm} is not easily reproduced: with no See-Saw r is of o(1), while in the See-Saw version of Anarchy the problem is only partially alleviated by the spreading of the neutrino mass distributions that follows from the product of three matrix factors in the See-Saw formula. An advantage is already obtained if Anarchy is only restricted to the 23 sector of leptons as in the A_{μτ} model (in the notation of Ref.[28]). In this case, with or without See-Saw, θ_{13} is naturally suppressed and, with a single fine tuning one gets both θ_{12} large and r small (this model was also recently rediscussed in Ref. [29]). Actually in Ref.[28] we have shown that, in the no See-Saw case, a very good performance is observed in a new model, the H model, where Anarchy is also relaxed in the 23 sector. In the H model, by taking a relatively large order parameter, one can reproduce the correct size for all mixing angles and mass ratios. Alternatively, in the See-Saw case, we have shown that the freedom of adopting RH neutrino charges of both signs, as in the PA_{μτ} model, can be used to obtain a completely natural model where all small quantities are suppressed by the appropriate power of λ. In this model a lopsided Dirac mass matrix is combined with a generic Majorana matrix to produce a neutrino mass matrix where the 23 subdeterminant is suppressed and thus r is naturally small with unsuppressed θ_{23}. In addition θ_{12} is large while θ_{13} is suppressed. We stress again that the number of random parameters is the same in all these models: one coefficient of o((1) for every matrix element. Moreover, with an appropriate choice of charges, it is not only possible to reproduce the charged fermion hierarchies and the quark mixing, but also the order of magnitude of all small observed parameters can be naturally guaranteed. In conclusion, we agree that models based on chance are still perfectly viable, but we consider Anarchy a particularly simple choice perhaps oversimplified and certainly not compelling and we have argued in favour of less chaotic solutions.

Anarchy and its variants, all sharing the dominance of randomness in the lepton sector, are to be confronted with models with a richer dynamical structure, in particular those based on discrete flavour groups (for a review, see, for example, Ref. [30]). After the measurement of a relatively large value for θ_{13} there has been an intense work to interpret these new results along different approaches and ideas. An updated list of references can be found, for example, in the recent papers Refs. [50, 51]. Among the models with a non trivial dynamical structure those based on discrete flavour groups were motivated by the fact that the data suggest some special mixing patterns as good first approximations like Tri- Bimaximal (TB) or Golden Ratio (GR) or Bi-Maximal (BM) mixing, for example. The corresponding mixing matrices all have sin^2 θ_{23} = 1/2, sin^2 θ_{13} = 0, values that are good approximations to the data (although less so since the most recent data), and differ by the value of the solar angle sin^2 θ_{12}. The observed sin^2 θ_{12}, the best measured mixing angle, is very close, from below, to the so called Tri-Bimaximal (TB) value [31, 32, 33, 34, 35] of sin^2 θ_{12} = 1/3. Alternatively, it is also very close, from above, to the Golden Ratio (GR) value [36, 37, 38, 39] sin^2 θ_{12} =^1√_{5 ϕ} =^2_{5+} √_5 ∼ 0.276,

where ϕ = (1 + √ 5)/2 is the GR (for a different connection to the GR, see Refs. [40, 41]). On a different perspective, one has also considered models with Bi- Maximal (BM) mixing, where sin^2 θ_{12} = 1/2, i.e. also maximal, as the neutrino mixing matrix before diagonalization of charged leptons. One can think of models where a suitable symmetry enforces BM mixing in the neutrino sector at leading order (LO) and the necessary, rather large, corrective terms to θ_{12} arise from the diagonalization of the charged lepton mass matrices (a list of references can be found in Ref. [30]). Thus, if one or the other of these coincidences is taken seriously, models where TB or GR or BM mixing is naturally predicted provide a good first approximation (but these hints cannot all be relevant and it is well possible that none is). The corresponding mixing matrices have the form of rotations with fixed special angles. Thus one is naturally led to discrete flavour groups. Models based on discrete flavour symmetries, like A_4 or S_4, have been proposed in this context and widely studied. In these models the starting Leading Order (LO) approximation is completely fixed (no chance), but the Next to LO (NLO) 3 corrections still introduce a number of undetermined parameters, although in general much less numerous than for U(1)_{FN} models. These models are therefore more predictive and typically, in each model, one obtains relations among the departures of the three mixing angles from the LO patterns, restrictions on the CP violation phase δ_{CP}, mass sum rules among the neutrino mass eigenvalues, definite ranges for the neutrinoless beta decay effective Majorana mass and so on.

In the following we will mainly refer to TB or BM mixing which are the most studied first approximations to the data. A simplest symmetry that, at LO, leads to TB is A_4 while BM can be obtained from S_4. Starting with the ground breaking paper in Ref. [42], A_4 models have been widely studied (for a recent review and a list of references, see Ref. [49]). At LO the typical A_4 model (like, for example, the one discussed in in Ref. [43]) leads to exact TB mixing. The LO approximation is then corrected by non-leading effects. Given the set of flavour symmetries and having specified the field content, the non-leading corrections to TB mixing, arising from higher dimensional effective operators, can be evaluated in a well-defined expansion. In the absence of specific dynamical tricks, in a generic model all three mixing angles receive corrections of the same order of magnitude. Since the experimentally allowed departures of θ_{12} from the TB value, sin^2 θ_{12} = 1/3, are small, numerically not larger than O(λ^2_C) where λ_C = sin θ_C , it follows that both θ_{13} and the deviation of θ_{23} from the maximal value are also expected to be typically of the same general size. The same qualitative conclusion also applies to A_5 models with GR mixing. This generic prediction of a small θ_{13}, numerically of O(λ^2_C), can now be confronted with the present precise experimental value. The central value sin θ_{13} ∼ 0.15, from Table 2, is between O(λ^2_C) ∼ O(0.05) and O(λ_C) ∼ O(0.23). Since λ_C is not that small, this gap is not too large and one can argue that models based on TB (or GR) mixing are still viable with preference for the lower side of the experimental range.

Of course, one can introduce some additional theoretical input to improve the value of θ_{13}. In the case of A_4, one particularly interesting example is provided by the Lin model [52] (see also Ref. [53, 54]), formulated before the T2K, MINOS, DOUBLE CHOOZ, Daya Bay and RENO results. In the Lin model the A_4 symmetry breaking is arranged, by suitable additional Z_n parities, in a way that the corrections to the charged lepton and the neutrino sectors are kept separated not only at LO but also at next-to-leading order (NLO). As a consequence, in a natural way the contribution to neutrino mixing from the diagonalization of the charged leptons can be of O(λ^2_C), while those in the neutrino sector of O(λ_C). In addition, in the Lin model these large corrections do not affect θ_{12} and satisfy the relation sin^2 θ_{23} = 1/2 + 1/ √ 2 cos δ_{CP}| sin θ_{13}|, with δ_{CP} being the CKM-like CP violating phase of the lepton sector. Thus, in the Lin model the NLO corrections to the solar angle θ_{12} and to the reactor angle θ_{13} are not necessarily related. Note that, for θ_{23} in the first octant, the sign of cos δ_{CP} must be negative.

Alternatively, one can think of models where, because of a suitable symmetry, BM mixing holds in the neutrino sector at LO and the corrective terms for θ_{12}, which in this case are required to be large, arise from the diagonalization of charged lepton masses. These terms from the charged lepton sector, numerically of order O(λ_C), would then generically also affect θ_{13} and the resulting angle could well be compatible with the measured value. An explicit model of this type based on the group S_4 has been developed in Ref. [45] (see also Refs. [46, 47, 48]). An important feature of this model is that only θ_{12} and θ_{13} are corrected by terms of O(λ_C) while θ_{23} is unchanged at this order. This model is compatible with present data and clearly prefers the upper range of the present experimental result for θ_{13}.

In Ref. [55] we discuss three possible classes of models: 1) typical A_4 models where θ_{13} is generically expected to be small, of the order of the observed departures of θ_{12} from the TB value, and thus with preference for the lower end of the allowed experimental range. 2) special A_4 models, like the Lin model, where θ_{13} is made independent of the deviation of sin^2 θ_{12} from the TB value 1/3 and can be as large as the upper end of the allowed experimental range. In the same paper we discuss a general characterization of these special A_4 models where the dominant corrections to TB mixing do not arise from the charged lepton sector but from the neutrino sector. 3) Models where BM mixing holds in the neutrino sector and large corrections to θ_{12} and θ_{13} arise from the diagonalization of charged leptons. The value of θ_{13} is naturally close to the present experimental range. In each of these possible models the dominant corrections to the LO mixing pattern involve a number of parameters of the same order of magnitude, ξ. We discuss the success rate corresponding to the optimal value of ξ for each model, obtained by scanning the parameter space according to a similar procedure for all three cases. We argue that, while the absolute values of the success rates depend on the scanning assumptions, their relative values in the three classes of models, provide a reliable criterium for comparison. We find that, for reproducing the mixing angles, the Lin type models have the best performance, as expected, followed by the 4 typical A_4 models while the BM mixing models lead to an inferior score, as they can well reproduce the size of θ_{13} but most often fail to reproduce the correct value of θ_{12}. We also discuss the conditions for cos δ_{CP} peaking around -1.

In Ref. [55] we have also discussed the implications for lepton flavour-violating (LFV) processes of the above three classes of possibilities, assuming a supersymmetric context, with or without See-Saw. The present bounds on LFV reactions pose severe constraints on the parameter space of the models (for a recent general analysis on model-independent flavour violating effects in the context of flavour models, see Ref. [56]). In particular, we refer to the recent improved MEG result [57] on the μ → eγ branching ratio, Br(μ → eγ) ≲ 2.4 × 10^{−12} at 95% C.L. and to other similar processes like τ → (e or μ)γ. One expects that lepton flavour-violating processes may also have a large discriminating power in assessing the relative merits of the different models. In Ref. [55] we have studied this issue by adopting the simple CMSSM framework. While this very constrained version of supersymmetry is rather marginal after the results of the LHC searches, more so given that the Higgs mass is around m_H = 125 GeV, we still believe it can be used for indicative purposes as in this case. We find that the most constrained versions are the models with BM mixing at LO where relatively large corrections directly appear in the offdiagonal terms of the charged lepton mass matrix. The A_4 models turn out to be the best suited to satisfy the experimental bounds, as the non-diagonal charged lepton matrix elements needed to reproduce the mixing angles are quite smaller. An intermediate score is achieved by the models of the Lin type, where the main corrections to the mixing angles arise from the neutrino sector and the non-diagonal charged lepton matrix elements are smaller. Overall, among the discrete flavour group models that we have studied, the A_4 models emerge well from the analysis of Ref. [55]and in particular those of the Lin type lead to a natural description of the data. As for the regions of the CMSSM parameter space that are indicated by our analysis, the preference is for small tan β and large SUSY masses (at least one out of m_0 and m_{1/2} must be above 1 TeV). Given that SUSY has not been found at the LHC the preference for heavy SUSY masses does not pose a problem to these flavour models, except that, as a consequence, it appears impossible, at least within the CMSSM rigid framework, to satisfy the MEG bound and simultaneously to reproduce the muon g − 2 [58] discrepancy [59, 60, 61].

Acknowledgement

I would like to thank the Organizers of the Capri Workshop, in particular Giulia Ricciardi, for their kind invitation. I recognize that this work has been partly supported by the Italian Ministero dellUniversit‘a e della Ricerca Scientifica, under the COFIN program (PRIN 2008), by the European Commission, under the networks LHCPHENONET and Invisibles.

References

[1] G. Altarelli and F. Feruglio, Models of Neutrino Masses and Mixings, New J. Phys. 6 (2004) 106, [hep-ph/0405048].

[2] R. N. Mohapatra and A. Y. Smirnov, Neutrino Mass and New Physics, Ann. Rev. Nucl. Part. Sci. 56 (2006) 569–628, [hep-ph/0603118].

[3] W. Grimus, Neutrino physics: Models for neutrino masses and lepton mixing, PoS P2GC (2006) 001, [hep-ph/0612311].

[4] M. C. Gonzalez-Garcia and M. Maltoni, Phenomenology with Massive Neutrinos, Phys. Rept. 460 (2008) 1–129, [arXiv:0704.1800].

[5] G. Altarelli, Status of Neutrino Masses and Mixing in 2010, PoS HRMS^2010 (2010) 022, [arXiv:1011.5342].

[6] T2K Collaboration, K. Abe et. al., Indication of Electron Neutrino Appearance from an Accelerator-Produced Off-Axis Muon Neutrino Beam, Phys. Rev. Lett. 107 (2011) 041801, [arXiv:1106.2822].

[7] MINOS Collaboration, P. Adamson et. al., Improved search for muon-neutrino to electron-neutrino oscillations in MINOS, Phys. Rev. Lett. 107 (2011) 181802, [arXiv:1108.0015].

[8] DOUBLE-CHOOZ Collaboration, Y. Abe et. al., Indication for the Disappearance of Reactor Electron Antineutrinos in the Double Chooz Experiment, arXiv:1207.6632.

[9] RENO Collaboration, J. K. Ahn et. al., Observation of Reactor Electron Antineutrino Disappearance in the Reno Experiment,

arXiv:1204.0626.

[10] DAYA-BAY Collaboration, F. P. An et. al., Observation of Electron-Antineutrino Disappearance at Daya Bay,

arXiv:1203.1669.

[11] G. Fogli et. al., Global Analysis of Neutrino Masses, Mixings and Phases: Entering the Era of Leptonic CP Violation Searches, arXiv:1205.5254.

[12] M. C. Gonzalez-Garcia, M. Maltoni, J. Salvado, T. Schwetz, Global fit to three neutrino mixing: critical look at present precision. , arXiv:1209.3023.

[13] D. Forero, M. Tortola, and J. Valle, Global Status of Neutrino Oscillation Parameters After Recent Reactor Measurements, arXiv:1205.4018 [14] MiniBooNE Collaboration, A. A. Aguilar-Arevalo et. al., A Combined ν_μ → ν_e and ν̄_μ → ν̄_e Oscillation Analysis of the MiniBooNE Excesses. , arXiv:1207.4809.

[15] ICARUS Collaboration, M. Antonello et. al., Experimental search for the LSND anomaly with the ICARUS LAr-TPC detector in the CNGS beam. , arXiv:1209.0122.

[16] G. Mention et. al., The Reactor Antineutrino Anomaly ,

arXiv:1101.2755.

[17] P. Huber, On the determination of anti-neutrino spectra from nuclear reactors , arXiv:1106.0687.

[18] C. Giunti and M. Laveder, Statistical Significance of the Gallium Anomaly , arXiv:1006.3244. 5

[19] E. Giusarma et. al., Constraints on massive sterile neutrino species from current and future cosmological data ,

arXiv:1102.4774.

[20] S. Joudaki et. al., Are Light Sterile Neutrinos Preferred or Disfavored by Cosmology? , arXiv:1208.4354.

[21] C. Giunti and M. Laveder, Status of 3+1 Neutrino Mixing ,

arXiv:1109.4033.

[22] C. Giunti and M. Laveder, Implications of 3+1 Short-Baseline Neutrino Oscillations, arXiv:1111.1069.

[23] M. Archidiacono, Testing 3+1 and 3+2 neutrino mass models with cosmology and short baseline experiments,

arXiv:1207.6515.

[24] L. J. Hall, H. Murayama, and N. Weiner, Neutrino Mass Anarchy, Phys. Rev. Lett. 84 (2000) 2572–2575, [hep-ph/9911341].

[25] A. de Gouvea and H. Murayama, Statistical Test of Anarchy, Phys. Lett. B573 (2003) 94–100, [hep-ph/0301050].

[26] A. de Gouvea and H. Murayama, Neutrino Mixing Anarchy:

Alive and Kicking, arXiv:1204.1249.

[27] C. D. Froggatt and H. B. Nielsen, Hierarchy of Quark Masses, Cabibbo Angles and CP Violation, Nucl. Phys. B147 (1979) 277.

[28] G. Altarelli, F. Feruglio, I. Masina and L. Merlo, Repressing Anarchy in Neutrino Mass Textures, arXiv:1207.0587.

[29] W. Buchmuller, V. Domcke, and K. Schmitz, Predicting θ_{13} and the Neutrino Mass Scale from Quark Lepton Mass Hierarchies, JHEP 03 (2012) 008, [arXiv:1111.3872].

[30] G. Altarelli and F. Feruglio, Discrete Flavor Symmetries and Models of Neutrino Mixing, Rev. Mod. Phys. 82 (2010) 2701– 2729, [arXiv:1002.0211].

[31] P. F. Harrison, D. H. Perkins, and W. G. Scott, Tri-Bimaximal Mixing and the Neutrino Oscillation Data, Phys. Lett. B530 (2002) 167, [hep-ph/0202074].

[32] P. F. Harrison and W. G. Scott, Symmetries and Generalisations of Tri-Bimaximal Neutrino Mixing, Phys. Lett. B535 (2002) 163–169, [hep-ph/0203209].

[33] Z.-z. Xing, Nearly Tri-Bimaximal Neutrino Mixing and CP Violation, Phys. Lett. B533 (2002) 85–93, [hep-ph/0204049].

[34] P. F. Harrison and W. G. Scott, Mu - Tau Reflection Symmetry in Lepton Mixing and Neutrino Oscillations, Phys. Lett. B547 (2002) 219–228, [hep-ph/0210197].

[35] P. F. Harrison and W. G. Scott, Permutation Symmetry, Tri- Bimaximal Neutrino Mixing and the S^3 Group Characters, Phys. Lett. B557 (2003) 76, [hep-ph/0302025].

[36] Y. Kajiyama, M. Raidal, and A. Strumia, The Golden Ratio Prediction for the Solar Neutrino Mixing, Phys. Rev. D76 (2007) 117301, [arXiv:0705.4559].

[37] L. L. Everett and A. J. Stuart, Icosahedral (A_5) Family Symmetry and the Golden Ratio Prediction for Solar Neutrino Mixing, Phys. Rev. D79 (2009) 085005, [arXiv:0812.1057].

[38] G.-J. Ding, L. L. Everett, and A. J. Stuart, Golden Ratio Neutrino Mixing and A_5 Flavor Symmetry, Nucl. Phys. B857 (2012) 219–253, [arXiv:1110.1688].

[39] F. Feruglio and A. Paris, The Golden Ratio Prediction for the Solar Angle from a Natural Model with A_5 Flavour Symmetry, JHEP 03 (2011) 101, [arXiv:1101.0393].

[40] W. Rodejohann, Unified Parametrization for Quark and Lepton Mixing Angles, Phys. Lett. B671 (2009) 267–271, [arXiv:0810.5239].

[41] A. Adulpravitchai, A. Blum, and W. Rodejohann, Golden Ratio Prediction for Solar Neutrino Mixing, New J. Phys. 11 (2009) 063026, [arXiv:0903.0531].

[42] E. Ma and G. Rajasekaran, Softly Broken A_4 Symmetry for Nearly Degenerate Neutrino Masses Phys. Rev. D64(2001) 113012 [hep-ph/0106291].

[43] G. Altarelli and F. Feruglio, Tri-Bimaximal Neutrino Mixing, A4 and the Modular Symmetry Nucl. Phys. B741 (2006 ) 215–235, [hep-ph/0512103].

[44] G. Altarelli, F. Feruglio, and I. Masina, Can Neutrino Mixings Arise from the Charged Lepton Sector?, Nucl. Phys. B689 (2004) 157–171, [hep-ph/0402155].

[45] G. Altarelli, F. Feruglio, and L. Merlo, Revisiting Bimaximal Neutrino Mixing in a Model with S_4 Discrete Symmetry, JHEP 05 (2009) 020, [arXiv:0903.1940].

[46] R. de Adelhart Toorop, F. Bazzocchi, and L. Merlo, The Interplay Between GUT and Flavour Symmetries in a Pati-Salam × S_4 Model, JHEP 08 (2010) 001, [arXiv:1003.4502].

[47] K. M. Patel, An S O(10) × S_4 Model of Quark-Lepton Complementarity, Phys. Lett. B695 (2011) 225–230, [arXiv:1008.5061].

[48] D. Meloni, Bimaximal mixing and large theta13 in a SUSY SU(5) model based on S4, JHEP 10 (2011) 010, [arXiv:1107.0221].

[49] G. Altarelli, F. Feruglio, and L. Merlo, Tri-Bimaximal Neutrino Mixing and Discrete Flavour Symmetries, [arXiv:1205.5133].

[50] I. d. M. Varzielas and G. G. Ross, Discrete Family Symmetry, Higgs Mediators and θ_{13}, arXiv:1203.6636.

[51] S. F. King, C. Luhn, A. J. Stuart, A Grand Delta(96) x SU(5) Flavour Model, [arXiv:1207.5741].

[52] Y. Lin, Tri-Bimaximal Neutrino Mixing from A_4 and θ_{13} ∼ θ_C , Nucl. Phys. B824 (2010) 95–110, [arXiv:0905.3534].

[53] I. de Medeiros Varzielas and L. Merlo, Ultraviolet Completion of Flavour Models, JHEP 02 (2011) 062, [arXiv:1011.6662].

[54] W. Rodejohann and H. Zhang, Simple two Parameter Description of Lepton Mixing, [arXiv:1207.1225].

[55] G. Altarelli, F. Feruglio, L. Merlo and E. Stamou, Discrete Flavour Groups, θ_{13} and Lepton Flavour Violation, JHEP 1208 (2012) 021 arXiv:1205.4670.

[56] L. Calibbi, Z. Lalak, S. Pokorski, and R. Ziegler, Universal Constraints on Low-Energy Flavour Models, arXiv:1204.1275.

[57] MEG Collaboration, J. Adam et. al., New Limit on the Lepton- Flavour Violating Decay μ → eγ, arXiv:1107.5547.

[58] Muon g-2 Collaboration, G. W. Bennett et. al., Final Report of the Muon E821 Anomalous Magnetic Moment Measurement at Bnl, Phys. Rev. D73 (2006) 072003, [hep-ex/0602035].

[59] K. Hagiwara, A. D. Martin, D. Nomura, and T. Teubner, Improved Predictions for g − 2 of the Muon and α_{QED}(M^2_Z ), Phys. Lett. B649 (2007) 173–179, [hep-ph/0611102].

[60] M. Passera, W. J. Marciano, and A. Sirlin, The Muon g − 2 and the Bounds on the Higgs Boson Mass, Phys. Rev. D78 (2008) 013009, [arXiv:0804.1142].

[61] M. Passera, W. J. Marciano, and A. Sirlin, The Muon g − 2 Discrepancy: Errors Or New Physics?, AIP Conf. Proc. 1078 (2009) 378–381, [arXiv:0809.4062].

6