arXiv:0901.2505v1 [hep-ph] 16 Jan 2009

Neutrino Physics

M.C. Gonzalez-Garcia

Institució Catalana de Recerca i Estudis Avançats (ICREA) & Departament d’Estructura i Constituents de la Matèria, Universitat de Barcelona, Diagonal 647, E-08028, Spain and Y.I.T.P., SUNY at Stony Brook, Stony Brook, NY 11794-3840, USA

Abstract

In this talk I will review our present knowledge on neutrino masses and mixing trying to emphasize the most direct implications and challenges of these results.

1. Introduction: The New Minimal Standard Model

The SM is a gauge theory based on the gauge symmetry SU(3)_C × SU(2)_L × U(1)_Y spontaneously broken to SU(3)_C × U(1)_{EM} by the the vacuum expectation value of a Higgs doublet field ϕ. As I will explain in Sec.3, with the matter contents required for describing the observed particle interactions, the SM predicts that neutrinos are strictly massless and there is neither mixing nor CP violation in the leptonic sector.

We now know that this picture cannot be correct. Over several years we have accumulated important experimental evidence that neutrinos are massive particles and there is mixing in the leptonic sector. In particular we have learned that: – Solar ν^′_es convert to ν_μ or ν_τ with confidence level (CL) of more than 7σ [1]. – KamLAND find that reactor ν_e disappear over distances of about 180 km and they observe a distortion of their energy spectrum. Altogether their evidence has more than 3σ CL [2].

– The evidence of atmospheric (ATM) ν_μ disappearing is now at > 15σ, most likely converting to ν_τ [3].

– K2K observe the disappearance of accelerator ν_μ’s at distance of 250 km and find a distortion of their energy spectrum with a CL of 2.5–4 σ [4].

– MINOS observes the disappearance of accelerator ν_μ’s at distance of 735 km and find a distortion of their energy spectrum with a CL of ∼ 5 σ [5].

– LSND found evidence for ν_μ → ν_e. This evidence has not been confirmed by any other experiment so far and it is being tested by MiniBooNE [6].

Preprint submitted to Elsevier 19 January 2009

These results imply that neutrinos are massive and the Standard Model has to be extended at least to include neutrino masses. This minimal extension is what I call The New Minimal Standard Model.

In the New Minimal Standard Model flavour is mixed in the CC interactions of the leptons, and a leptonic mixing matrix appears analogous to the CKM matrix for the quarks. However, the discussion of leptonic mixing is complicated by two factors. First the number of massive neutrinos (n) is unknown, since there are no constraints on the number of right-handed, SM-singlet, neutrinos. Second, since neutrinos carry neither color nor electromagnetic charge, they could be Majorana fermions. As a consequence the number of new parameters in the model depends on the number of massive neutrino states and on whether they are Dirac or Majorana particles.

In general, if we denote the neutrino mass eigenstates by ν_i, i = 1, 2, . . . , n, and the charged lepton mass eigenstates by l_i = (e, μ, τ), in the mass basis, leptonic CC interactions are given by − L_{CC} = g √ 2 l_{iL} γ^μ U_{ij} ν_j W^+_μ + h.c.. (1)

Here U is a 3 × n matrix U_{ij} = P_{ℓ,ii} V^ℓ_{ik}^† V^ν_{kj} (P_{ν,jj} ) where V^ℓ (3 × 3) and V^ν (n × n) are the diagonalizing matrix of the charged leptons and neutrino mass matrix respectively V^{ℓ†}M_ℓM^†_ℓ V^ℓ = diag(m^2_e, m^2_μ, m^2_τ ) and V^{ν †}M^†_ν M_ν V^ν = diag(m^2_1, m^2, m^2_3, . . . , m^2_n).

P_ℓ is a diagonal 3 × 3 phase matrix, that is conventionally used to reduce by three the number of phases in U. P_ν is a diagonal matrix with additional arbitrary phases (chosen to reduce the number of phases in U) only for Dirac states. For Majorana neutrinos, this matrix is simply a unit matrix, the reason being that if one rotates a Majorana neutrino by a phase, this phase will appear in its mass term which will no longer be real. Thus, the number of phases that can be absorbed by redefining the mass eigenstates depends on whether the neutrinos are Dirac or Majorana particles. In particular, if there are only three Majorana (Dirac) neutrinos, U is a 3 × 3 matrix analogous to the CKM matrix for the quarks but due to the Majorana (Dirac) nature of the neutrinos it depends on six (four) independent parameters: three mixing angles and three (one) phases.

A consequence of the presence of the leptonic mixing is the possibility of flavour oscillations of the neutrinos. Neutrino oscillations appear because of the misalignment between the interaction neutrino eigenstates and the propagation eigenstates ( which for propagation in vacuum are the mass eigenstates). Thus a neutrino of energy E produced in a CC interaction with a charged lepton l_α can be detected via a CC interaction with a charged lepton l_β with a probability which presents an oscillatory behaviour, with oscillation lengths given by the phase difference between the different propagation eigenstates – which in the ultrarelativistic limit is L^{osc}_{0,ij} =^{4πE}_{Δm2ij} – and amplitude that is proportional to elements in the mixing matrix.

It follows that neutrino oscillations are only sensitive to mass squared differences and do not give us information on the absolute value of the masses. Also the Majorana phases do not affect oscillations because total lepton number is conserved in the process. Experimental information on absolute neutrino masses can be obtained from Tritium β decay experiments [11] and from its effect on the cosmic microwave background radiation and large structure formation data. If neutrinos are Majorana particles their mass and also additional phases can be determined in ν-less ββ decay experiments [12].

Besides the flavour vacuum oscillations, described above, further flavour dependent

Fig. 1. Allowed regions for 2-ν oscillations of solar ν_e (left) and KamLAND ν̄_e (right). The different contours correspond to the allowed regions at 90%, 95%, 99% and 3σ CL.

Fig. 2. Allowed regions from the analysis of ATM data (left), K2K (central) and MINOS (right). The different contours correspond to at 90%, 95%, 99% and 3σ CL.

effects occur when neutrinos travel through regions of dense matter. This is so, because they can undergo forward scattering with the particles in the medium and these interactions are, in general, flavour dependent and as a consequence the oscillation pattern is modified. However the flavour transition probability still depends only on the mass squared differences and it is independent of the Majorana phases.

The neutrino experiments described above have measured some non-vanishing P_{αβ} and from these measurements we have inferred all the positive evidence that we have on the non-vanishing values of neutrino masses and mixing as described below.

2. The Parameters of the NMSM: 3ν Analysis

I describe here the present determination of the parameters of the model from the analysis of the data from solar, KamLAND, ATM and K2K experiments and ignore the LSND evidence as it was not confirmed by MiniBoone.

In Fig. 1 I show the results from a recent analysis [7] of KamLAND ν_e disappearance data and solar ν_e data. The main features of these results are:

– In the analysis of solar data, only the formerly called large mixing angle solution (LMA) is allowed with maximal mixing rejected at more than 5σ. This is so since the release of the SNO salt-data (SNOII) in Sep 2003.

– The analysis of the KamLAND data determines more precisely Δm^2_⊙ and it already makes an impact on the lower bound of the corresponding mixing angle, whereas the upper bound is dominated by solar data, most importantly by the CC/NC solar neutrino rates measured by SNO.

– There is a mismatch between the best fit mixing angle and Δm^2 from solar and KamLAND at the ∼ 1.5σ level.

In Fig.2 I show the results of an updated analysis of the ATM, K2K and MINOS data (updated from [7]). As seen in the figure, the determination of the corresponding Δm^2_{atm} is dominated by the data from the MINOS experiment. The measurement of the mixing angle is still largely dominated by atmospheric neutrino data from Super-Kamiokande with a best fit point close to maximal mixing.

From the previous partical analysis, it is clear that the minimum joint description of ATM, LBL, solar and reactor data requires that all the three known neutrinos take part in the oscillations. The mixing parameters are encoded in the 3 × 3 lepton mixing matrix which can be conveniently parametrized in the standard form

U = 1 0 0

0 c_{23} s_{23}

0 −s_{23} c_{23} c_{13} 0 s_{13}e^{iδ}

0 1 0

−s_{13}e^{−iδ} 0 c_{13} c_{21} s_{12} 0

−s_{12} c_{12} 0

0 0 1 (2) where c_{ij} ≡ cos θ_{ij} and s_{ij} ≡ sin θ_{ij} . The angles θ_{ij} can be taken without loss of generality to lie in the first quadrant, θ_{ij} ∈ [0, π/2].

There are two possible mass orderings, which we denote as Normal and Inverted. In the normal scheme m_1 < m_2 < m_3 while in the inverted one m_3 < m_1 < m_2.

In total the 3-ν oscillation analysis involves six parameters: 2 mass differences (one of which can be positive or negative), 3 mixing angles, and the CP phase. Generic 3-ν oscillation effects include: (i) coupled oscillations with two different wavelengths; (ii) CP violating effects; (iii) difference between Normal and Inverted schemes.The strength of these effects is controlled by the values of the ratio of mass differences Δm^2_1/|Δm^2_{31}|, by the mixing angle θ_{13} and by the CP phase δ.

From the previous 2ν analysis we see that Δm^2_⊙ = Δm^2_1 ≪ |Δm^2_{31}| ≃ |Δm^2_{32}| = Δm^2_{atm}. As a consequence the dominant oscillations in the joint 3-ν analysis behave as follows:

– for solar and KamLAND neutrinos, the oscillations with the Δm^2_{31}-driven oscillation length are completely averaged and the survival probability takes the form: P^{3ν}_{ee} = sin^4 θ_{13} + cos^4 θ_{13}P^{2ν}_{ee} (3) where in the Sun P^{2ν}_{ee} is obtained with the modified sun density N_e → cos^2 θ_{13}N_e. So the analyses of solar data constrain three of the six parameters: Δm^2_1, θ_{12} and θ_{13}.

– For ATM and LBL neutrinos, the Δm^2_1-driven wavelength is very long and the corresponding oscillating phase is almost negligible. As a consequence, the ATM and LBL data analysis mostly restricts Δm^2_{31} ≃ Δm^2_{32}, θ_{23} and θ_{13}, the latter being the most relevant parameter common to both solar+KamLAND and ATM+LBL neutrino oscillations and which may potentially allow for some mutual influence. The effect of θ_{13} is to add a ν_μ → ν_e contribution to the ATM and LBL oscillations.

– In reactor experiments at short and intermediate baselines, in particular at CHOOZ, the Δm^2_1-driven wavelength is unobservable and the relevant oscillation wavelength is determined by Δm^2_{31} and its amplitude by θ_{13}.

– The CP phase is basically unobservable although there is some marginal sensitivity in the present ATM neutrino analysis [7].

– Normal versus Inverted orderings could be discriminated due to matter effects in the Earth for ATM neutrinos. However, this effect is controlled by the mixing angle θ_{13}. Presently all data favour small θ_{13}. Consequently, the difference between Normal and Inverted orderings is too small to be statistically meaningful in the present analysis.

– The previously mentioned mismatch between the best fit angle θ_{12} as determined by solar versus KamLAND experiments, can be resolved by a non vanishing θ_{13} [8,9,10]. The exact CL for the non-zero value depends on the details of the analysis. A careful comparison of the results can be found in Ref.[10] in which the best fit θ_{13} is finally found to be compatible with zero at the 0.9σ level. Altogether the derived ranges for the Δm^2’s at 1σ (3σ) are:

Δm^2_1 = 7.67^{+0.22}_{−0.21}

(_{+0.67} −0.61 ) × 10^{−5} eV^2 ,

Δm^2_{31} = { −2.39 ± 0.12 (_{+0.37} −0.40 ) × 10^{−3} eV^2 (inverted hierarchy) ,

+2.49 ± 0.12

(_{+0.39} −0.36 ) × 10^{−3} eV^2 (normal hierarchy) , (4)

while our present knowledge of the moduli of the mixing matrix U yields:

|U|_{3σ} = 0.77 → 0.86 0.50 → 0.63 0.00 → 0.22

0.22 → 0.56 0.44 → 0.73 0.57 → 0.80

0.21 → 0.55 0.40 → 0.71 0.59 → 0.82

. (5)

3. Implications

3.1. The Need of New Physics

The SM is based on the gauge symmetry SU(3)_C × SU(2)_L × U(1)_Y spontaneously broken to SU(3)_C × U(1)_{EM} by the the vacuum expectations value (VEV), v, of the a Higgs doublet field ϕ. The SM contains three fermion generations which reside in chiral representations of the gauge group. Right-handed fields are included for charged fermions as they are needed to build the electromagnetic and strong currents. As a consequence no right-handed neutrino is included in the model since neutrinos are neutral and colorless.

In the SM, fermion masses arise from the Yukawa interactions which couple the righthanded fermion singlets to the left-handed fermion doublets and the Higgs doublet. After spontaneous electroweak symmetry breaking (EWSB) these interactions lead to charged fermion masses but leave the neutrinos massless. No Yukawa interaction can be written that would give a tree level mass to the neutrino because no right-handed neutrino field exists in the model.

Furthermore, within the SM G^{global}_{SM} = U(1)_B × U(1)_e × U(1)_μ × U(1)_τ is an accidental global symmetry. Here U(1)_B is the baryon number symmetry, and U(1)_{e,μ,τ} are the three lepton flavor symmetries. In principle one can think of a neutrino mass term built with the particle content of the SM –^{Y νij}_v ( L̄_{Li}ϕ̃ ) ( ϕ^+L^C_{Lj} ) + h.c., where L_i are the lepton doublets – as induced perturbatively at higher order or by non-perturbative effects. However such term would violate the U(1)_L subgroup of G^{global}_{SM} and therefore cannot be induced by loop corrections. Also, it cannot be induced by non-perturbative corrections because the U(1)_{B−L} subgroup of G^{global}_{SM} is non-anomalous.

It follows that the SM predicts that neutrinos are precisely massless. Consequently, there is neither mixing nor CP violation in the leptonic sector. Thus the simplest and most straightforward lesson of the evidence for neutrino masses is also the most striking one: there is New Physics (NP) beyond the SM. This is the first experimental result that is inconsistent with the SM.

3.2. The Scale of New Physics

There are many good reasons to think that the SM is not a complete picture of Nature and some new physics (NP) is expected to appear at higher energies. In this case the SM is an effective low energy theory valid up to the scale Λ_{NP} which characterizes the NP. In this approach, the gauge group, the fermionic spectrum, and the pattern of spontaneous symmetry breaking are still valid ingredients to describe Nature at energies E ≪ Λ_{NP}. The difference between the SM as a complete description of Nature and as a low energy effective theory is that in the latter case we must consider also non-renormalizable (dim> 4) terms whose effect will be suppressed by powers 1/Λ^{dim−4}_{NP} . In this approach the largest effects at low energy are expected to come from dim= 5 operators

There is a single set of dimension-five terms that is made of SM fields and is consistent with the gauge symmetry given by

O_5 = Z^ν_{ij} Λ_{NP} ( L̄_{Li}ϕ̃ ) ( ϕ^+L^C_{Lj} ) + h.c., (6)

which violates total lepton number by two units and leads, upon EWSB, to neutrino masses:

(M_ν )_{ij} = Z^ν_{ij} v^2 Λ_{NP}

. (7)

This is a Majorana mass term.

Eq. (7) arises in a generic extension of the SM which means that neutrino masses are very likely to appear if there is NP. Furthermore from Eq. (7) we find that the scale of neutrino masses is suppressed by v/Λ_{NP} when compared to the scale of charged fermion masses providing an explanation not only for the existence of neutrino masses but also for their smallness. Finally, Eq. (7) breaks not only total lepton number but also the lepton flavor symmetry. Thus we should expect lepton mixing and CP violation.

Given the relation (7), m_ν ∼ v^2/Λ_{NP}, it is straightforward to use measured neutrino masses to estimate the scale of NP that is relevant to their generation. In particular, if there is no quasi-degeneracy in the neutrino masses, the heaviest of the active neutrino masses can be estimated, m_h = m_3 ∼ √ Δm^2_{31} ≈ 0.05 eV (in the case of inverted hierarchy the implied scale is m_h = m_2 ∼ √ |Δm^2_{31}| ≈ 0.05 eV). It follows that the scale in the non-renormalizable term (6) is given by

Λ_{NP} ∼ v^2/m_h ≈ 10^{15} GeV. (8)

We should clarify two points regarding Eq. (8):

1. There could be some level of degeneracy between the neutrino masses that are relevant to the atmospheric neutrino oscillations. In such a case Eq. (8) becomes an upper bound on the scale of NP.

2. It could be that the Z_{ij} couplings of Eq. (6) are much smaller than one. In such a case, again, Eq. (8) becomes an upper bound on the scale of NP. On the other hand, in models of approximate flavor symmetries, there are relations between the structures of the charged lepton and neutrino mass matrices that give quite generically Z_{33} ≥ m^2_τ /v^2 ∼ 10^{−4}. We conclude that the likely range of Λ_{NP} that is implied by the atmospheric neutrino results is given by

10^{11} GeV ≤ Λ_{NP} ≤ 10^{15} GeV. (9)

The estimates (8) and (9) are very exciting. First, the upper bound on the scale of NP is well below the Planck scale. This means that there is a new scale in Nature which is intermediate between the two known scales, the Planck scale m_{Pl} ∼ 10^{19} GeV and the electroweak breaking scale, v ∼ 10^2 GeV. Second, the scale Λ_{NP} ∼ 10^{15} GeV is intriguingly close to the scale of gauge coupling unification.

Of course, neutrinos could be conventional Dirac particles. In the minimum realization of this possibility, one must still extend the SM to add right-handed neutrinos and impose the conservation of total lepton number (since in the presence of right-handed neutrinos total lepton number is not an accidental symmetry) to prevent the right-handed neutrinos from acquiring a singlet Majorana mass term. In this scenario, neutrinos could acquire a mass like any other fermion of the Standard Model and no NP scale would be implied. We would be left in the darkness on the reason of the smallness of the neutrino mass.

3.3. The Challenge of Reconstructing the New Physics

In order to illustrate what I mean with this title I will focus on the what is probably the best known scenario that leads to (6): the see-saw mechanism.

In what it is also called Type-I see-saw, [13], one assumes the existence of heavy sterile neutrinos N_i. Such fermions have SM gauge invariant bare mass terms and Yukawa interactions : − L_{NP} = 1 2 M_{N ij} N^c_i N_j + Y^ν_{ij} L_{Li}ϕ̃N_j + h.c.. (10)

The resulting mass matrix in the basis (ν_{Li}, N_j )^T has the following form:

M_ν = 0 Y^{ν v√2} (Y^ν )^{T v√}_2 M_N

(11)

If the eigenvalues of M_N are all well above the electroweak breaking scale v, then the diagonalization of M_ν leads to three light mass eigenstates and an effective low energy interaction of the form (6). In particular, the scale Λ_{NP} is identified with the mass scale of the heavy sterile neutrinos, that is the typical scale of the eigenvalues of M_N . Two wellknown examples of extensions of the SM that lead to a see-saw mechanism for neutrino masses are SO(10) GUTs and left-right symmetry.

Another form of new physics which also leads to a see-saw mechanism is the Type-II see-saw[14]. In this case, no additional neutrino states are included in the theory but in order to construct a gauge invariant neutrino mass term involving only left-handed neutrinos the Higgs sector of the Standard Model is extended to include besides the doublet ϕ, an SU(2)_L scalar triplet Δ ∼ (1, 3, 1). We can write the triplet in the matrix representation as

Δ = Δ^0 −Δ^+/ √ 2 −Δ^+/ √ 2 −Δ^{++} . (12) The neutrino mass term arises from the Lagrangian: L_{NP} = −f_{ν ij} L̄^C_{L,i}Δ L_{Lj} − V (ϕ, Δ) (13) where the scalar potential, besides the usual mass and self-coupling terms for the doublet contains additional pieces such as a triple mass term M_Δ and a double-triple mixing term μ (which breaks L explicitly)

V (ϕ, Δ)_{NP} = M^2_Δ Tr(Δ^†Δ) + ( μ ϕ̃^T Δ ϕ̃ + h.c. ) . The potential minimization leads to a vev for the triplet

v_Δ = μ v^2 √ 2 M^2_Δ

. (14)

which induces a Majorana mass for the three neutrinos

M_ν = √ 2f_ν v_Δ . (15)

So if M^2_Δ ≫ μ v, then v_Δ ≪ v which gives an explanation to the smallness of the neutrino mass. In this case the scale Λ_{NP} = M^2_Δ/μ, and a characteristic setting would be for f_ν ≈ 1 and μ ∼ M_Δ ≈ 10^{14−15} GeV.

One may notice that even in these particularly simple forms of NP, L_{NP} contains very different high–energy particle contents as well as 18 parameters for Type-I and > 12 for Type-II which we would need to know in order to fully determine the dynamics of the NP. However the effective low energy operator O_5 contains only 9 parameters which is everything we can measure at the low energy experiments. This simple example illustrates the limitation of the “bottom-up” approach in deriving model independent implications of the presently observed neutrino masses and mixing. This is the challenge.

Alternatively one can go “top-down” by studying the low energy effective neutrino masses and mixing induced by specific high energy models. Unfortunately the number of possible models is overwhelming and impossible to review in this talk.

The bottom line of this discussion is that in order to advance further in the understanding of the dynamics underlying neutrino masses, we need more (and more precise) data. Furthermore synergy among different types of observations are probably going to be fundamental in this advance. In this respect I will finish by discussing two possible consequences of neutrino mass models which have deserved special attention in the last years.

3.4. Signatures at LHC

Ideally in order to directly test the dynamics underlying the neutrino mass generation one needs to observe the associated new states. For instance, in the examples above we would like to produce and study the new heavy states responsible for the see-saw mechanism, either the heavy neutral leptons or the triplet scalars. As discussed above, most generically the characteristic mass scales of the new states are very large, rendering the new states experimentally inaccessible in the foreseeable future. However, one can envision scenarios in which this may not be necessarely the case.

As an example let’s take the Type II see-saw introduced in the previous section. The key ingredient that makes this model testable at LHC is to assume a very small doublettriplet mixing μ ≪ M_Δ (16) so the Higgs triplet is heavy, typically M^2_Δ > v^2/2, but not much heavier than this bound. Once the neutral component in the triplet gets the vev, v_Δ as in Eq. (14), the neutrinos acquire a Majorana mass as described above, but because of the smallness of μ one can have small neutrino masses even with M_Δ as light as

M_Δ ∼ 110 GeV (17)

without conflicting with any existing data.

After EWSB, there are 7 physical massive Higgs bosons left in the spectrum. One is a SM-like doublet while the other 6 are triplet-like: two neutral (H_2 and A), two single charged H^± and two double charged H^{±±} with M_{H2} ≃ M_A ≃ M_H± ≃ M_H++ = M_Δ. Thus all these states are within reach of the LHC.

In the physical basis for the fermions the Yukawa interactions of the single and double charged scalars can be written as

− L = Y^+_{ij} ν̄^C_{Li} e_{Lj} H^+ + Ȳ^{++}_{ij} ē^C_{Li} e_{Lj} H^{++}, (18)

where

Y^+ = cos θ_+ m^{diag}_ν v_Δ U^†_{LEP} , Y^{++} = U^∗_{LEP} m^{diag}_ν √ 2 v_Δ

U^†_{LEP} = f_ν . (19)

Thus in this scenario the values of the couplings Y^+ and Y^{++} are determined by the spectrum and mixing angles for the active neutrinos. Therefore, by observing leptonnumber violating decays of the Higgs bosons, H^{++} → e^+_i e^+_j and H^+ → e^+_i ν̄ (e_i = e, μ, τ) one can obtain information about neutrino masses and mixings and in particular it is possible to determine the neutrino mass spectrum.

3.5. Leptogenesis

Even if its characteristic NP scale is as high as estimated in Eq.(9), neutrino mass models can lead to important visible consequences. In particular they may help us to explain the origin of the cosmic matter-antimatter asymmetry, via leptogenesis [15].

From the detail cosmological data from CMB and BBN we know that there is only a tiny asymmetry in the baryon number, n_B /n_γ ≈ 5 × 10^{−10}. Leptogenesis [15] is the possible origin of such a small asymmetry related to neutrino physics. In a possible realization of leptogenesis, L ≠ 0 is generated in the Early Universe by the decay of one of the heavy right-handed neutrinos of the the see-saw mechanism, with a direct CP violation. Due to the interference between the tree-level and one-loop diagrams shown in Fig. 3 the decay rates of the right-handed neutrino into leptons and anti-leptons are different. In order to generate a lepton asymmetry the decay must be out of equilibrium (Γ_{νR} ≪ Universe expansion rate). Sphaleron processes transform the lepton asymmetry in baryon asymmetry and below the electroweak phase transition a net baryon asymmetry is generated ΔB ≃ −^{ΔL}_2 (the exact coefficient relating ΔB to ΔL is model dependent.)

Fig. 3. The tree-level and one-loop diagrams of right-handed neutrino decay into leptons and Higgs.

In general, the details are model dependent and much work has been done to explain the observed asymmetry in realizations which are able to accommodate the neutrino oscillation data. In its minimal implementation a right-handed neutrino of about 10^{10} GeV can account for the cosmic baryon asymmetry from its out-of-equilibrium decay [16].

Acknowledgments: This work is supported by National Science Foundation grant PHY-0354776 and by Spanish Grants FPA-2007-66665-C02-01 and CSD2008-00037.

References

[1] B. T. Cleveland et al., Astrophys. J. 496 (1998) 505; J.N. Abdurashitov et al., [SAGE Coll.], J. Exp. Theor. Phys. 95 (2002) 181 [astro-ph/0204245]; M. Altmann et al., [GNO Coll.], Phys. Lett. B 616 (2005) 174 J. Hosaka et al., [Super-Kamkiokande Coll.], Phys. Rev. D 73 (2006) 112001 [hep-ex/0508053]; C. Arpesella et al. [Borexino Coll.], Phys. Rev. Lett. 101 (2008) 091302 [arXiv:0805.3843]; B. Aharmim et al. [SNO Coll.], Phys. Rev. C 72, 055502 (2005); Phys. Rev. Lett. 101, 111301 (2008).

[2] T. Araki et al. [KamLAND], Phys. Rev. Lett. 94 (2005) 081801 [3] Y. Ashie et al. [Super-Kamiokande], Phys. Rev. D 71, 112005 (2005). [4] E. Aliu et al. [K2K Coll.], Phys. Rev. Lett. 94, 081802 (2005) [5] P. Adamson et al. [MINOS Coll.], Phys. Rev. Lett. 101, 131802 (2008). [6] See talk by Z. Djurcic in these proceedings.

[7] M. C. Gonzalez-Garcia and M. Maltoni, Phys. Rept. 460 (2008) 1 [8] G. L. Fogli et al., Phys. Rev. Lett. 101 (2008) 141801.

[9] T. Schwetz, M. Tortola and J. W. F. Valle, New J. Phys. 10 (2008) 113011 [10] M. Maltoni and T. Schwetz, arXiv:0812.3161 [hep-ph]. [11] See talk by J. Formaggio in these proceedings.

[12] See talks by Z. Daraktcheva, B. Flatt, V. Kornoukhov, M. Martinez and Y. Ramachers in these proceedings.

[13] P. Ramond, Invited talk given at Sanibel Symposium, Palm Coast, Fla., Feb 25 – Mar 2, 1979, published in Paris 2004, Seesaw 25 265–280 [arXiv:hep-ph/9809459]. P. Minkowski, Phys. Lett. B 67, 421 (1977); M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, edited by P. van Nieuwenhuizen and D. Z. Freedman (North Holland); T. Yanagida, In Proceedings of the Workshop on the Baryon Number of the Universe and Unified Theories, Tsukuba, Japan, 13–14 Feb 1979, edited by O. Sawada and A. Sugamoto (KEK); R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44,912 (1980).

[14] W. Konetschny and W. Kummer, “Nonconservation Of Total Lepton Number With Scalar Bosons,” Phys. Lett. B 70, 433 (1977); T. P. Cheng and L. F. Li, “Neutrino Masses, Mixings And Oscillations In SU(2) X U(1) Models Of Electroweak Interactions,” Phys. Rev. D 22, 2860 (1980); G. Lazarides, Q. Shafi and C. Wetterich, “Proton Lifetime And Fermion Masses In An SO(10) Model,” Nucl. Phys. B 181, 287 (1981); R. N. Mohapatra and G. Senjanović, “Neutrino Masses And Mixings In Gauge Models with Spontaneous Parity Violation,” Phys. Rev. D 23, 165 (1981); J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227 (1980).

[15] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986). [16] S. Davidson, E. Nardi and Y. Nir, Phys. Rept. 466, 105 (2008)