hep-ph/9906335 11 Jun 1999

June 1999

Models of Neutrino Masses and Baryogenesis

Utpal Sarkar

Physical Research Laboratory, Ahmedabad 380 009, India

Abstract

Majorana masses of the neutrino implies lepton number violation and is intimately related to the lepton asymmetry of the universe, which gets related to the baryon asymmetry of the universe in the presence of the sphalerons during the electroweak phase transition. Assuming that the baryon asymmetry of the universe is generated before the electroweak phase transition, it is possible to dicriminate different classes of models of neutrino masses. While see-saw mechanism and the triplet higgs mechanism are preferred, the Zee-type radiative models and the R-parity breaking models requires additional inputs to generate baryon asymmetry of the universe during the electroweak phase transition.

1 Introduction

Two important issues of lepton number violation are intimately related to each other. One is the possible existence of neutrino Majorana masses, as evidenced by the ongoing excitement generated by the recent report of atmospheric neutrino oscillations [1], as well as previous other indications of solar [2] and accelerator [3] neutrino oscillations. The other is one of the very challenging question in cosmology to generate the baryon asymmetry of the universe starting from a symmetric universe [4]. Since the electroweak anomalous processes breaks both the baryon and the lepton numbers, still conserving the (B − L) quantum number, the baryon asymmetry of the universe is no longer independent of the lepton number violation of the universe [5, 6, 7, 8]. If there is very fast lepton number violation before the electroweak phase transition, then that can erase the (B −L) asymmetry of the universe [6] and hence the baryon asymmetry of the universe. On the other hand, if any lepton asymmetry is generated at some high temperature, that can get converted to a baryon asymmetry of the universe before and during the electroweak phase transition [7].

Lepton number violation is required to give a Majorana mass to the neutrinos. Depending on the scale at which this lepton number is violated, this interaction may or may not satisfy the out-of-equilibrium condition. If this interaction is faster than the expansion rate of the universe, it can erase all lepton asymmetry of the universe before the electroweak phase transition. In those models one then require additional inputs to explain the baryon asymmetry of the universe. On the other hand, in models of leptogenesis the lepton number violating interaction required to give Majorana masses to the neutrino also satisfy the outof-equilibrium condition. If there is enough CP violation in the leptonic sector [9], then this can generate a (B − L) asymmetry of the universe. The anomalous baryon number violation in the presence of the sphalerons will then convert this (B − L) asymmetry to a baryon asymmetry of the universe before the electroweak phase transition [5, 8]. It is also possible to generate a baryon asymmetry of the universe during the electroweak phase transition [10], but the condition that this asymmetry will not be erased after the electroweak phase transition gives a strong bound on the mass of the higgs [11], which makes these less likely. As a result leptogenesis appears to be the most attractive scenario for generating a baryon asymmetry of the universe at present. In this article we shall thus summarise the possibility of leptogenesis in different models of neutrino masses.

We shall first review the original idea of baryogenesis in the context of grand unified theories and show why (B −L) is always conserved in the baryon asymmetry thus generated. Then we show the relationship between the baryon and lepton number in the presence of the sphaleron processes and how (B + L) is washed out. This also implies constraints on the lepton number violation and hence on the neutrino masses. At the end we discuss different classes of models of neutrino masses which can naturally accomodate leptogenesis and then summarise.

2 GUT baryogenesis

The subject of baryogenesis originated when Sakharov [12] pointed out that for the generation of a baryon asymmetry of the universe we need three conditions

(A) Baryon number violation,

(B) C and CP violation, and

(C) Departure from thermal equilibrium.

It was then realised that grand unified theories (GUTs) satisfies all these criterion [4, 13, 14].

The quark-lepton unification implies baryon number violation in GUTs. Since fermions belong to chiral representation, C is maximally violated. Departure from thermal equilibrium was also naturally satisfied in these models since the scale of unification is sufficiently high, and the universe was expanding very fast in that epoch. So, any reasonble GUT coupling would imply departure from equilibrium. Violation of CP was then the only crucial point, which had to be incorporated in these theories. However, it was not difficult to consider some of the couplings to be complex so that there exist tree level and one loop diagrams which could interfere to give us enough baryon asymmetry in the decays of the heavy gauge and higgs bosons [14].

This was considered to be one of the major successes of GUTs that it can explain the baryon asymmetry of the universe. After several years it was realised that the chiral nature of the weak interaction also breaks the global baryon and lepton numbers in the standard model [15]. Although both B and L are broken, a combination (B − L) remains invariant since the baryon and lepton number anomalies happens to be the same in the standard model. Since these classical global (B + L) number symmetry is broken by quantum effects due to the presence of the anomaly, these processes were found to be very weak at the zero temperature. But at finite temperature these (B + L) number violating interactions were found to be very strong in the presence of some static topological field configuration - sphalerons [5]. In fact, during the period

10^{12}GeV ≫ T ≫ 10^2GeV

these interactions are so strong that in no time the particles and anti-particles attain their equilibrium distributions. As a result, since CP T is conserved and hence the masses of the particles and anti-particles are same, the number density of baryons becomes same as that of the anti-baryons and that will wash out any primordial (B + L) asymmetry of the universe. We shall now discuss why GUT baryogenesis always generated only (B + L) asymmetry [16], which would be erased by the sphaleron transitions.

In specific GUT scenarios such as SU(5) and SO(10), (B − L) is either a global or a local symmetry respectively. Hence the asymmetry generated by the above mechanism is (B − L) conserving [14]. When the scalar or vector bosons decay only into fermions, any attempt to generate a (B − L) asymmetry leads to its large suppression in all these models. We shall now prove that if the decay products are SM fermions only, this is in fact a generic property of any baryon asymmetry generated by the above described mechanism. This follows from an operator analysis analogous to the one used to show that the minimal scenarios of proton decay conserve (B − L) [17]. For definitness we consider scalars X and Y , but obviously the result generalizes also to vectors.

Baryogenesis is possible in GUTs because there exist new gauge and Higgs bosons, whose decays violate baryon number. When these heavy particles (say X) decay into two quarks and into a quark and an antilepton, the baryon and lepton numbers are broken [4]. For CP violation this mechanism requires two heavy gauge or Higgs bosons, X and Y , each of which should have two decay modes, X → A + B^∗, and X → C + D^∗ , Y → A + C^∗, and Y → B + D^∗ ,

so that there exist one-loop vertex corrections to these decays. The required CP violation occurs due to the interference between tree and loop diagrams. As required by the out-of-equilibrium condition, masses of these particles must satisfy

Γ_X < H = 1.7 √ g_∗ T^2 M_P at T = M_X , (1)

where, Γ_X is the decay rate of the heavy particle X; H is the Hubble constant; g_∗ is the effective number of massless degrees of freedom; and M_P is the Planck scale.

Let us start from the Lagrangian giving the decays of X and Y , L = f^{ab}_x ĀBX + f^{cd}_x C̄DX + f^{ac}_y ĀCY + f^{bd}_y B̄DY , (2) where A, B, C, D denote any SM fermion. To obtain a nonzero CP violation from the interference between tree and vertex diagrams, we require X and Y to be distinct from each other and to have different decay modes. One can then write down all possible combinations of A, B, C, and D, with X and Y , and find out the decay modes of X and Y . Since the out-of-equilibrium condition and the nonvanishing of the absorptive part of the loop integral require these scalars X and Y to be much heavier than the fermions, we can integrate them out and write down the diagrams in terms of the four-fermion effective operators of the SM, as shown in Fig. 1. One can in principle also have the self-energy-type diagrams with the fermions in the loop for generating the CP asymmetry. In this case, after integrating out the heavy scalars, the effective diagrams in terms of the four-fermion operators are exactly the same as in the vertex-correction case, so the conclusions will not be changed.

This simple but crucial step allows us to use existing knowledge on SM four-fermion operators for baryon number violation which have been studied extensively in the literature [17]. It was found that all these operators conserve (B − L) to the lowest order. Any (B − L) violating operator will be suppressed by ⟨ϕ⟩^2/M^2_{GUT} compared to the (B + L) violating operators. In models with an intermediate symmetry breaking scale or with new

Figure 1: Interference of effective four-fermion operators which generates baryon asymmetry.

Higgs scalars at some intermediate scales, this suppression factor may be softened a little, but still strong enough to rule out any possibility of generating enough (B − L) asymmetry of the universe. On the other hand, any four-fermion operator which violates only lepton number requires all the fermions to be the same; hence it cannot generate the required CP asymmetry. Therefore a (B − L) asymmetry, needed to survive the sphaleron processes, is impossible to generate with the SM four-fermion operators.

3 Sphaleron processes in thermal equilibrium and relation between baryon and lepton numbers

Anomaly breaks any classical symmetry of the lagrangian at the quantum level. So, all local gauge theories should be free of anomalies. However, there may be anomalies corresponding to any global current, which means that such global symmetries of the classical lagrangian are broken through quantum effects. In the standard model the baryon and lepton number global symmetries are anomalous [15]

δ_μj^{μ5}_{(B+L)} = 6[ α_2 8π W^{μν}_a W̃_{aμν} + α_1 8π Y^{μν}Ỹ_{μν} ] which will break the (B + L) symmetry. However, the anomaly corresponding to the baryon and lepton numbers are same and as a result there is no anomaly for the (B − L) charge. Because of the anomaly [15], (B + L) is broken during the electroweak phase transition, but their rate is very small at zero temperature, since they are suppressed by quantum tunnelling probability, exp[−^{2π}_{α2} ν].

At finite temperature, this (B + L) number violation becomes very fast in the presence of a non-trivial static topological soliton configuration, called the sphalerons [5], and the quantum tunnelling suppression factor is now replaced by the Boltzmann factor exp[−^{V0}_T ν] where the potential or the free energy V_0 is related to the mass of the sphaleron field. As a result, at temperatures between 10^{12}GeV > T > 10^2GeV the sphaleron mediated baryon and lepton number violating processes are in equilibrium. For the simplest scenario of ν = 1, the sphaleron induced processes are ΔB = ΔL = 3, given by, |vac >−→ [u_Lu_Ld_Le^−_L + c_Lc_Ls_Lμ^−_L + t_Lt_Lb_Lτ^−_L ]. (3) It can be shown that any (B − L) asymmetry before the electroweak phase transition will get converted to a baryon and lepton asymmetry of the universe, which can be seen from an analysis of the chemical potential [8].

Above the electroweak scale, all the particles could be assumed to be ultrarelativistic. The particle asymmetry, i.e. the difference between the number of particles (n_+) and the number of antiparticles (n_−) can be given in terms of the chemical potential of the particle species μ (for antiparticles the chemical potential is −μ) as

n_+ − n_− = n_d gT^3 6 ( μ T ) , (4)

where n_d = 2 for bosons and n_d = 1 for fermions.

In the standard model there are quarks and leptons q_{iL}, u_{iR}, d_{iR}, l_{iL} and e_{iR}; where, i = 1, 2, 3 corresponds to three generations. In addition, the scalar sector consists of the usual Higgs doublet ϕ, which breaks the electroweak gauge symmetry SU(2)_L × U(1)_Y down to U(1)_{em}. In Table 1, we presented the relevant interactions and the corresponding relations between the chemical potentials. In the third column we give the chemical potential which we eliminate using the given relation. We start with chemical potentials of all the quarks (μ_{uL}, μ_{dL}, μ_{uR}, μ_{dR}); leptons (μ_{aL}, μ_{νaL}, μ_{aR}, where a = e, μ, τ ); gauge bosons (μ_W for W^−, and 0 for all others); and the Higgs scalars (μ^ϕ_−, μ^ϕ_0 ).

Table 1: Relations among the chemical potentials

Interactions μ relations μ eliminated D_μϕ^†D_μϕ μ_W = μ^ϕ_− + μ^ϕ_0 μ^ϕ_− q_Lγ_μq_LW^μ μ_{dL} = μ_{uL} + μ_W μ_{dL} l_Lγ_μl_LW^μ μ_{iL} = μ_{νiL} + μ_W μ_{iL} q_Lu_Rϕ^† μ_{uR} = μ_0 + μ_{uL} μ_{uR} q_Ld_Rϕ μ_{dR} = −μ_0 + μ_{dL} μ_{dR} l_{iL}e_{iR}ϕ μ_{iR} = −μ_0 + μ_{iL} μ_{iR}

The chemical potentials of the neutrinos always enter as a sum and for that reason we can consider it as one parameter. We can then express all the chemical potentials in terms of the following independent chemical potentials only, μ_0 = μ^ϕ_0 ; μ_W ; μ_u = μ_{uL}; μ = ∑ i μ_i = ∑ i μ_{νiL}. We can further eliminate one of these four potentials by making use of the relation given by the sphaleron processes, 3μ_u + 2μ_W + μ = 0. We then express the baryon number, lepton numbers and the electric charge and the hypercharge number densities in terms of these independent chemical potentials,

B = 12μ_u + 6μ_W ; L_i = 3μ + 2μ_W − μ_0 Q = 24μ_u + (12 + 2m)μ_0 − (4 + 2m)μ_W ; Q_3 = −(10 + m)μ_W

where m is the number of Higgs doublets ϕ.

At temperatures above the electroweak phase transition, T > T_c, both < Q > and < Q_3 > must vanish, while below the critical temperature < Q > should vanish, but since SU(2)_L is now broken we can consider μ^ϕ_0 = 0 and Q_3 ≠ 0. These conditions and the sphaleron induced B − L conserving, B + L violating condition will allow us to write down the baryon asymmetry in terms of the B − L number density as, B(T > T_c) = 24 + 4m 66 + 13m (B − L) B(T < T_c) = 32 + 4m 98 + 13m (B − L). (5) Thus the baryon asymmetry of the universe after the electroweak phase transition will depend only on the primordial (B − L) asymmetry of the universe, while all the primordial (B + L) asymmetry will be washed out.

Before proceeding further, we shall briefly discuss what do we mean when we say that some interaction is fast and that will erase some asymmetry [4, 12, 18]. In equilibrium the number density of particles with non-zero charge Q would be same as the antiparticle number density since the expectation value of the conserved charge vanishes. A mathematical formulation of this statement reads that the expectation value of any conserved charge Q is given by, < Q >= Tr [ Qe^{−βH} ] Tr [e^{−βH}] and since any conserved charge Q is odd while H is even under CP T transformation this expectation value vanishes. So for the generation of the baryon asymmetry of the universe we have to circumvent this theorem either by including nonzero chemical potential, or go away from equilibrium or violate CP T . In most of the popular models CP T conservation is assumed and one starts with vanishing chemical potential for all the fields which ensures that the entropy is maximum in chemical equilibrium. Then to generate the baryon asymmetry of the universe one needs to satisfy the out-of-equilibrium condition [4, 12, 18].

The requirement for the out-of-equilibrium condition may also be stated in a different way [4]. If we assume that the chemical potential associated with B is zero and CP T is conserved, then in thermal equilibrium the phase space density of baryons and antibaryons, given by [1 + exp( √ p^2 + m^2/kT )]^{−1} are identical and hence there cannot be any baryon asymmetry.

Whether a system is is equilibrium or not can be understood by solving the Boltzmann equations. But a crude way to put the out-of-equilibrium condition is to say that the universe expands faster than some interaction rate. For example, if some B-violating interaction is slower than the expansion rate of the universe, this interaction may not bring the distribution of baryons and antibaryons of the universe in equilibrium. In other words, before the chemical potentials of the two states gets equal, they move apart from each other. Thus we may state the out-of-equilibrium condition as Γ < √ 1.7g_∗ T^2 M_P (6) where, Γ is the interaction rate under discussion, g_∗ is the effective number of degrees of freedom available at that temperature T , and M_P is the Planck scale.

4 Constraints on neutrino masses

In the standard model there is no lepton number violation. However, one can consider a higher dimensional effective operator which violates (B − L), given by L = 2 M l_Ll_Lϕϕ + h.c. (7) There is no origin of such interactions within the standard model. So one expects that some new interaction at some high energy will give us this effective interaction at low energy.

The scale of the new interaction M, which is also the scale of lepton number (and also (B − L) number) violation, will determine if this interaction is fast enough to erase all primordial (B − L) asymmetry. Since during the same time (B + L) asymmetry is also washed out by the sphaleron transitions, there will not be any residual baryon asymmetry of the universe after the electroweak phase transition. As a result, the survival of the baryon asymmetry of the universe will then require this interaction to be slower than the expansion rate of the universe,

Γ_{L≠0} ∼

0.122 π T^3 M^2 < 1.7 √ g_∗ T^2 M_P at T ∼ 100GeV (8)

which gives a bound [6] on the lepton number violating scale to be, M > 10^9GeV . When the higgs doublets ϕ acquires a vev, the higher dimensional operator will induce a Majorana mass of the left-handed neutrinos. This bound on the heavy scale M will then imply a bound on the mass of the left-handed neutrinos, m_ν < 50keV.

Figure 2: Lepton number violating processes W^± + W^± → e^± + e^± mediated by the left handed Majorana neutrinos.

It is also possible to give a bound on the neutrino mass in a more general way [19]. Unless the neutrinos are Dirac particles [20], during the electroweak phase transition there will be interactions of the type,

W^+ + W^+ → e^+_i + e^+_j and W^− + W^− → e^−_i + e^−_j (9)

which violate lepton number. These interactions are mediated by a virtual left-handed neutrino exchange as shown in figure 2. Here i and j are the generation indices. Depending on the physical mass of the left-handed Majorana neutrinos these processes can wash out any baryon asymmetry between the time when the higgs acquires a vev and the W^± freeze out, i.e., between the energy scales 250 GeV and 80 GeV.

The condition that these processes will be slower than the expansion rate of the universe,

Γ(W W → e_ie_j) = α^2_W (m_ν)^2_{ij}T^3 m^4_W < 1.7 √ g_∗ T^2 M_p at T = M_W (10)

gives a bound on the Majorana mass of the left-handed neutrinos to be,

(m_ν )_{ij} < 20keV. (11)

This bound is on each and every element of the mass matrix and not on the physical states. There are other lepton number violating interactions like the scattering processes ϕ + ϕ → l_i + l_j (mediated by a virtual left-handed neutrino) and decays of W^± and the higgs ϕ, which also give similar bounds on the left-handed neutrino mass.

In some specific models one may give stronger bounds on the mass of the neutrinos [21, 22]. In models with right handed neutrinos (N_{Ri}, i = e, μ, τ ), the neutrino masses comes from the see-saw mechanism [23]. The lagrangian for the lepton sector containing the mass terms of the singlet right handed neutrinos N_i and the Yukawa couplings of these fields with the light leptons is given by,

L_{int} = M_i(N_{Ri})^cN_{Ri}h_{αi} ℓ_{L α}ϕ N_{Ri} (12) where ϕ is the usual higgs doublet of the standard model; l_{Lα} are the light leptons, h_{αi} are the complex Yukawa couplings and α is the generation index. Without loss of generality we work in a basis in which the Majorana mass matrix of the right handed neutrinos is real and diagonal with eigenvalues M_i.

Once the higgs doublet ϕ acquires a vev, the masses of the neutrinos in the basis [ν_{Lα} N_{Ri}] is given by, M_ν = ( 0 m m M ) (13)

where, m ≡ h_{αi} < ϕ > and M ≡ M_{ij} are 3 × 3 matrices. In the limit when all eigenvalues of M are much heavier than those of m, and the matrix M is not singular, this matrix may be block diagonalised. It then gives three heavy right handed Majorana neutrinos with masses ∼ M and the Majorana mass matrix of the left-handed neutrinos will be given by,

m_ν = m 1 M m^T . (14)

In this scenario the see-saw masses of the left-handed neutrinos explain naturally why they are so light.

The decay of N_{Ri} into a lepton and an antilepton, N_{Ri} → ℓ_{jL} + ϕ̄, → ℓ_{jL}^c + ϕ. (15)

breaks lepton number. Since the lightest of the right handed neutrinos (say N_1) will decay at the end, this interaction (N_1 decay) should be slow enough so as not to erase the baryon asymmetry of the universe, which now implies |h_{α1}|^2 16π M_1 < 1.7 √ g_∗ T^2 M_P at T = M_1 (16)

which can then give a very strong bound [21, 22] on the mass of the lightgest of the lefthanded neutrinos to be m_ν < 4 × 10^{−3}eV. In models [24, 25, 26, 27, 28], where the left-handed neutrino mass is not related to any heavy neutrinos through see-saw mechanism, the abovementioned bounds may not be valid. In addition, there are several specific cases even within the framework of see-saw models (like the singular see-saw mechanism where detM = 0), where these bounds are not applicable. These bounds are also not valid if some global U(1) symmetry is exactly conserved up to an electroweak anomaly [29]. Furthermore, in some very specific models where a baryon asymmetry of the universe is generated after the electroweak phase transition [30], or there are some extra baryon number carrying singlets which decays after the electroweak phase transition [31], it is possible to avoid all the bounds from constraints of survival of the baryon asymmetry of the universe.

We shall now discuss similar bounds on the supersymmetric R-parity violating and Zee type radiative models. Although the earlier bounds on the see-saw mechanism is not applicable when the decays of the right handed neutrinos generate a lepton asymmetry of the universe, since leptogenesis is not possible in these R-parity breaking models or the Zee-type models, in these models one needs additional inputs to generate a baryon asymmetry of the universe.

In the R-parity violating models, the unavoidable lepton number violation at the supersymmetry breaking scale will erase any primordial B or L or B−L asymmetry [22, 32, 16, 33]. This is so unless B − 3L_i is conserved [29, 34] even after the electroweak phase transition. This has been pointed out earlier from a general dimensional analysis, but none of the existing models of neutrino masses through R-parity violation could accomodate this symmetry since that cannot allow required neutrino mixing matrix. Possible solutions to this problem could be to break R- parity spontaneously after the electroweak symmetry breaking [35], or to generate a baryon asymmetry of the universe in R-parity breaking scenarios [36], or generate a baryon asymmetry of the universe during the electroweak phase transition [10]. But these models are incapable of accomodating the interesting feature of leptogenesis, namely generating a baryon asymmetry of the universe from the interaction which gives a neutrino mass.

Similarly the Zee-type models [25] considered so far cannot account for the observed baryon asymmetry of the universe, if they have to explain the present neutrino mass spectrum. Although the radiative models have the advantage that they can reproduce the required maximal mixing naturally, they erase any primordial lepton asymmetry of the universe and hence the baryon asymmetry of the universe. This severe constraint on the Zee-type models are also valid in both supersymmetric and non-supersymmetric scenarios. It is not impossible to find an alternative where a baryon asymmetry of the universe is generated after it has been washed out by this interaction, but that will not be related to the neutrino mass.

In the MSSM, R-parity of a particle is defined as

R ≡ (−1)^{3B+L+2J} , (17)

where B is its baryon number, L its lepton number, and J its spin angular momentum. Hence the SM particles have R = +1 and their supersymmetric partners have R = −1. Using the common notation where all chiral superfields are considered left-handed, the three families of leptons and quarks are given by

L_i = (ν_i, e_i) ∼ (1, 2, −1/2), e^c_i ∼ (1, 1, 1), (18)

Q_i = (u_i, d_i) ∼ (3, 2, 1/6), u^c_i ∼ (3^∗, 1, −2/3), d^c_i ∼ (3^∗, 1, 1/3), (19) where i is the family index, and the two Higgs doublets are given by

H_1 = (h^0_1, h^−_1 ) ∼ (1, 2, −1/2), H_2 = (h^+_2 , h^0_2) ∼ (1, 2, 1/2), (20)

where the SU(3)_C × SU(2)_L × U(1)_Y content of each superfield is also indicated. If R-parity is conserved, the superpotential is restricted to have only the terms

W = μH_1H_2 + f^e_{ij}H_1L_ie^c_j + f^d_{ij}H_1Q_id^c_j + f^u_{ij} H_2Q_iu^c_j. (21)

If R-parity is violated but not baryon number, then the superpotential contains the additional terms W^′ = ϵ_iL_iH_2 + λ_{ijk}L_iL_j e^c_k + λ^′_{ijk}L_iQ_jd^c_k, (22) resulting in nonzero neutrino masses either from mixing with the neutralino mass matrix [37] or in one-loop order [38].

If lepton-number violating interactions such as

L_i + Q_j → (d̃^c_k)^∗ → H_1 + Q_l (23)

are in equilibrium in the early universe, any pre-existing lepton asymmetry would be erased. To make sure that this does not happen, the following condition has to be satisfied: λ^{′2}T 8π <∼ 1.7√g_∗ T^2 M_P at T = M_{SUSY} . (24)

Assuming that the supersymmetry breaking scale M_{SUSY} is 10^3 GeV, we find

λ^′ <∼ 2 × 10^{−7}, (25)

which is very much below the typical minimum value of 10^{−4} needed for radiative neutrino masses [26]. A similar bound was presented from dimensional arguments [22, 32]. Larger values of λ^′ are allowed if there is a conserved (B − 3L_i) symmetry [29]. However, there would be other severe phenomenological restrictions in that case [34]. This bound cannot be evaded even if one uses the bilinear term for neutrino masses instead, because the induced mixing would introduce trilinear couplings which violate lepton number and an effective λ^′ is unavoidable. This means that although R-parity violation may exist, it will have very little consequences. In particular, it will not contribute significantly to neutrino masses.

In models of radiative neutrino masses [25], in addition to the suppression due to the 1/16π^2 factor of each loop, there is often another source of suppression due to the Yukawa couplings involved. In the original Zee model, the SM is extended to include a charged scalar χ^+ and a second Higgs doublet.

The relevant terms of the interaction Lagrangian are given by L = ∑ i<j f_{ij}(ν_ie_j − e_iν_j)χ^+ + μ(ϕ^+_1 ϕ^0_2 − ϕ^0_1ϕ^+_2 )χ^− + H.c., (26) where two Higgs doublets are needed or else there would be no ϕϕχ coupling. Lepton number is violated in the above by two units, hence we expect the realization of an effective dimension-five operator Λ^{−1}ϕ^0ϕ^0ν_iν_j for naturally small Majorana neutrino masses [39]. This occurs here in one loop and the elements of the 3 × 3 neutrino mass matrix are given by

(m_ν)_{ij} = f_{ij} (m^2_i − m^2_j ) (μv_2 v_1 ) F (m^2_χ, m^2_{ϕ1} ), (27)

where v_{1,2} ≡ ⟨ϕ^0_{1,2}⟩ and m_i are the charged-lepton masses which come from ϕ_1 but not ϕ_2. The function F is given by

F (m^2_1, m^2) = 1 16π^2 1 m^2_1 − m^2 ln m^2_1 m^2

. (28)

Since the m^2_τ terms in Eq. (11) are likely to be dominant, this model has two nearly massdegenerate neutrinos which mix maximally. This is very suitable for explaining the atmospheric neutrino data [1], but only in conjunction with the LSND data [3]. Let m_χ = 1 TeV, m_{ϕ1} = 100 GeV, μ = 100 GeV, v_2/v_1 = 1, and f_{μτ} = f_{eτ} = 10^{−7} to satisfy Eq. (9), then the m^2_τ terms generate a neutrino mass of 0.0013 eV, which is very much below the necessary 1 eV or so indicated by the LSND data. We note that Eq. (8) constrains the combination f^2/m_χ, whereas m_ν goes like f/m^2_χ. Hence neutrino masses would only decrease if we increase m_χ. As long as there is a suppression from m^2_τ (which comes of course from the Yukawa coupling m_τ /v_1), the conflict with leptogenesis is a real problem.

5 Models of Leptogenesis

In the standard model neutrinos are massless. To make them massive, there exist four generic mechanisms, namely, the see-saw mechanism [23], the triplet higgs mechanism [27, 28], the radiative mass generation [25] and through R-parity violation [37]. All these models require lepton number violation, which can erase the primordial baryon asymmetry of the universe. So, the most promising scenario will be to see if this lepton number violation could be used to generate a baryon asymmetry of the universe. This is done in models of leptogenesis [7, 27]. The see-saw mechanism and the triplet higgs mechanism for neutrino masses are the two mechanisms, which can accomodate leptogenesis in the minimal models, which we shall summarise next. Although one can extend the Zee-type models also or have a complicated scenario of R-parity breaking models for generating a lepton asymmetry of the universe [36], we shall not discuss them in this article.

5.1 Leptogenesis with right-handed neutrinos

To give a small Majorana mass to the left-handed neutrino through a see-saw mechanism, right-handed neutrinos were introduced (N_{Ri}, i = e, μ, τ ). In these models neutrino masses come from the see-saw mechanism [23]. The lagrangian for the lepton sector containing the mass terms of the singlet right handed neutrinos N_i and the Yukawa couplings of these fields with the light leptons is given by eqn (15). Without loss of generality we work in a basis in which the Majorana mass matrix of the right handed neutrinos is real and diagonal with eigenvalues M_i, and assume M_3 > M_2 > M_1.

Because of the Majorana mass term, the decay of N_{Ri} into a lepton and an antilepton, breaks lepton number. There are two sources of CP violation in this scenario :

(i) vertex type one loop diagrams which interferes with the tree level diagram given by figure 3. This is similar to the CP violation coming from the penguin diagram in K−decays.

(ii) self energy type one loop diagrams could interfere with the tree level diagrams to produce CP violation as shown in figure 4. This is similar to the CP violation in K − K̄ oscillation, entering in the mass matrix of the heavy Majorana neutrinos.

Figure 3: Tree and one loop vertex correction diagrams contributing to the generation of lepton asymmetry in models with right handed neutrinos

Figure 4: Tree and one loop self energy diagrams contributing to the generation of lepton asymmetry in models with right handed neutrinos

In the first paper on leptogenesis [6], the vertex type diagram was only mentioned. Subsequently, it has been extensively studied [40] and the amount of CP asymmetry is calculated to be, δ = − 1 8π M_1M_2 M^2_2 − M^2_1 Im[ ∑ α(h^∗_{α1}h_{α2}) ∑ β(h^∗_{β1}h_{β2})] ∑ α |h_{α1}|^2 (29) In this expression it has been assumed that the main contribution to the asymmetry comes from the lightest right handed neutrino (N_1) decay, when the other heavy neutrinos have already decayed away.

Initially the self energy diagram was considered for CP violation as an additional contribution [41]. It was then pointed out [42] that this CP violation enters in the mass matrix as in the K − K̄ oscillation. Before they decay, the right handed neutrinos were considered to oscillate to an anti-neutrino and since the rate of particle → anti − particle ≠ anti − particle → particle, an asymmetry in the right handed neutrino was obtained before they decay [43]. As a result, when the two heavy right handed neutrinos are almost degenerate, i.e., the mass difference is comparable to their width, there may be a resonance effect which can enhance the CP asymmetry by few orders of magnitude [44]. This effect was then confirmed by other calculations [45, 46], one of which [45] uses a field-theoretic resummation approach [47] used earlier to treat unstable intermediate states. For large mass difference the amount of CP asmmetry from the self energy contribution becomes equal to the vertex correction, which has to be added to get the final asymmetry.

Although the CP asymmetry was found to be non-vanishing, in thermal equilibrium unitarity and CP T would mean that there is no asymmetry in the final decay product. However, when the out-of-equilibrium condition of the heavy neutrinos decay is considered properly, one could get an asymmetry as expected. Consider the decays of K_L and K_S. If they were generated in the early universe, in a short time scale K_S could decay and recombine, but K_L may not be able to decay or recombine. As a result in the decay product there will be an asymmetry in K and K̄ if there is CP violation. In the lepton number violating two body scattering processes CP violation in the real intermediate state plays the most crucial role, which comes since the decay take place away from thermal equilibrium.

In the case of right handed neutrino decay, the asymmetry is generated when the lightest one (say N_1) decay. Before its decay, the pre-existing lepton asymmetry is washed out by its lepton number violating interactions. So the out-of-equilibrium condition now implies that the lightest right-handed neutrino should satisfy the out-of-equilibrium condition when it decays, which is given by, |h_{α1}|^2 16π M_1 < 1.7 √ g_∗ T^2 M_P at T = M_1 (30)

which gives a bound on the mass of the lightest right-handed neutrino to be m_{N1} < 10^7GeV. Finally the lepton asymmetry and hence a (B − L) asymmetry generated at this scale gets converted to a baryon asymmetry of the universe in the presence of sphaleron induced processes.

5.2 Leptogenesis with triplet higgs

To give a Majorana mass to the neutrino, one can either introduce a right handed neutrino as in the see-saw mechanism, or else one can introduce two complex SU(2)_L triplet higgs [28, 27] scalars (ξ_a ≡ (1, 3, −1); a = 1, 2). The vevs of the triplet higgses can give small Majorana masses to the neutrinos through the interaction

f_{ij} [ξ^0ν_iν_j + ξ^+(ν_il_j + l_iν_j)/ √ 2 + ξ^{++}l_il_j] + h.c. (31)

If the triplet higgs acquires a vev and break lepton number spontaneously, then there will be Majorons in the problem which is ruled out by precision Z–width measurement at LEP. However, in a variant of this model [27] lepton number is broken explicitly through an interaction of the triplet with the higgs doublet

V = μ(ξ̄^0ϕ^0ϕ^0 + √ 2ξ^−ϕ^+ϕ^0 + ξ^{−−} ϕ^+ϕ^+) + h.c. (32)

Let ⟨ϕ^0⟩ = v and ⟨ξ^0⟩ = u, then the conditions for the minimum of the potential relates the vev of the two scalars by u ≃^{−μv2}_{M 2} , , where M is the mass of the triplet higgs scalar and the neutrino mass matrix becomes −2f_{ij} μv^2/M^2 = 2f_{ij}u.

In this case the lepton number violation comes from the decays of the triplet higgs ξ_a,

ξ^{++}_a → l^+_i l^+_j (L = −2) ϕ^+ϕ^+ (L = 0)

(33)

The coexistence of the above two types of final states indicates the nonconservation of lepton number. On the other hand, any lepton asymmetry generated by ξ^{++}_a would be neutralized by the decays of ξ^{−−}_a , unless CP conservation is also violated and the decays are out of thermal equilibrium in the early universe. In this case there are no vertex corrections which can introduce CP violation. The only source of CP violation is the self energy diagrams of figure 5.

If there is only one ξ, then the relative phase between any f_{ij} and μ can be chosen real. Hence a lepton asymmetry cannot be generated. With two ξ’s, even if there is only one

Figure 5: The decay of ξ^{++}_1 → l^+l^+ at tree level (a) and in one-loop order (b). A lepton asymmetry is generated by their interference in the triplet higgs model for neutrino masses.

lepton family, one relative phase must remain. As for the possible relative phases among the f_{ij}’s, they cannot generate a lepton asymmetry because they all refer to final states of the same lepton number.

In the presence of the one loop diagram, the mass matrix M_a^2 and M^∗_a^2 becomes different. This implies that the rate of ξ_b → ξ_a no longer remains to be same as ξ^∗_b → ξ^∗_a. Since by CP T theorem ξ^∗_b → ξ^∗_a ≡ ξ_a → ξ_b, what it means is that now Γ[ξ_a → ξ_b] ≠ Γ[ξ_b → ξ_a]. This is a different kind of CP violation compared to the CP violation in models with right handed neutrinos. If we consider that the ξ_2 is heavier than ξ_1, then after ξ_2 decayed out the decay of ξ_1 will generate an lepton asymmetry given by, δ ≃ Im [ μ_1μ^∗_2 ∑ k,l f_{1kl}f^∗_{2kl} ] 8π^2(M^2_1 − M^2_2 ) [M_1 Γ_1 ] . (34)

In this model the out-of-equilibrium condition is satisfied when the masses of the triplet higgs scalars are heavier than 10^{13} GeV.

The lepton asymmetry thus generated after the Higgs triplets decayed away would be the same as the (B − L) asymemtry before the electroweak phase transition. During the electroweak phase transition, the presence of sphaleron fields would relate this (B − L) asymmetry to the baryon asymmetry of the universe. The final baryon asymmetry thus generated can then be given by the approximate relation^nB_s ∼^{δ2}_{3g�K(lnK)0}:_6 . This allows us to obtain a neutrino mass of order eV or less, as well as the observed baryon asymmetry of the universe n_B/s ∼ 10^{−10} as desired.

In general, it is not possible to discriminate the see-saw mechanism from the triplet higgs mechanism for neutrino masses. However, in some specific supersymmetric inflationary models, where the reheat temperature is lower than !)^{10} GeV, the see-saw mechanism is preferred. On the other hand the leptogenesis scenario in the triplet higgs mechanism has several nice features, like the absence of the vertex diagrams or its detectability in the near future in the accelerators [27]. However, in the left-right symmetric models both the scenarios are present and can contribute to the neutrino masses as well as to leptogenesis [48].

6 Summary

The Majorana masses of the neutrinos implies lepton number violation. One very important consequence of this lepton number violation in the early universe is that it can erase any primordial baryon asymmetry of the universe in the presence of the sphaleron field before the electroweak phase transition. This gives bound on the mass on the neutrinos. While a general analysis can give somewhat weak bound, in some specific models these bounds could be very important. For example, in Zee-type radiative models or the R-parity breaking supersymmetric models this is very restrictive. If one attempts to explain the atmospheric neutrino problem, then these models would wash out all primordial baryon asymmetry of the universe. This implies that most models of neutrino masses based on these two scenarios are incomplete and more inputs are required to explain the present baryon asymmetry of the universe in these models. On the other hand, in the see-saw mechanism and the triplet higgs mechanism, the lepton number violation that gives masses to the neutrinos also generate a lepton asymmetry of the universe, which then get converted to a baryon asymmetry of the universe in the presence of the sphaleron field.

References

[1] Y. Fukuda et al., Phys. Lett. B433, 9 (1998); B436, 33 (1998); Phys. Rev. Lett. 81, 1562 (1998).

[2] R. Davis, Prog. Part. Nucl. Phys. 32, 13 (1994); Y. Fukuda etal., Phys. Rev. Lett. 77, 1683 (1996); 81, 1158 (1998); P. Anselmann etal., Phys. Lett. B357, 237 (1995); B361, 235 (1996); J. N. Abdurashitov et al., Phys. Lett. B328, 234 (1994).

[3] C. Athanassopoulos et al., Phys. Rev. Lett. 75, 2650 (1995); 77, 3082 (1996); 81, 1774 (1998).

[4] E.W. Kolb and M.S. Turner, The Early Universe (Addison-Wesley, Reading, MA) 1989.

[5] V.A. Kuzmin, V.A. Rubakov and M.E. Shaposhnikov, Phys. Lett. B 155 (1985) 36.

[6] M. Fukugita and T. Yanagida, Phys. Rev. D 42 (1990) 1285; S.M. Barr and A.E.

Nelson, Phys. Lett. B 246 (1991) 141.

[7] M. Fukugita and T. Yanagida, Phys. Lett. B 174 (1986) 45.

[8] S. Yu. Khlebnikov and M.E. Shaposhnikov, Nucl. Phys. B 308 (1988) 885; J.A. Harvey and M.S. Turner, Phys. Rev. D 42 (1990) 3344.

[9] Y. Liu and U. Sarkar, hep-ph/9906307.

[10] M.E. Shaposhnikov, Nucl. Phys. B 287 (1987) 757; Nucl. Phys. B 299 (1988) 797; A.D.

Dolgov, Phys. Rep. 222 (1992) 309; V.A. Rubakov and M.E. Shaposhnikov, Usp. Fiz. Nauk 166 (1996) 493; Phys. Usp. 39 (1996) 461; M.E. Shaposnikov, Nucl. Phys. B 287 (1987) 757; N. Turok and J.Zadrozny, Phys. Rev. Lett. 65 (1990) 2331; A. Kazarian, S. Kuzmin and M.E. Shaposnikov, Phys. Lett. B 276 (1992) 131; L. McLerran, M.E. Shaposnikov, N. Turok and M. Voloshin, Phys. Lett. B 256(1991) 451; For a recent review see A. Riotto, hep-ph/9807454 and A. Riotto and M. Trodden, hep-ph/9901362.

[11] A.I. Bochkarev, S.V. Kuzmin and M.E. Shaposnikov, Phys. Lett. B 244 (1990) 275; M.

Dine, P. Huet and R. Singleton Jr, Nucl. Phys. B 375 (1992) 625; M.E. Shaposnikov, Phys. Lett. B 316 (1993) 112.

[12] Sakharov A D 1967, Pis’ma Zh. Eksp. Teor. Fiz. 5 32.

[13] Yoshimura M 1978, Phys. Rev. Lett. 41 281; E 1979: Phys. Rev. Lett. 42 7461;

[14] R.N. Mohapatra, Unification and Supersymmetry (Springer-Verlag) (1992); A. Masiero, in Grand Unification with and without Supersymmetry and Cosmological Implications, International School for Advanced Studies Lecture Series No. 2, (World Scientific) (1984) 1; A. Zee, (ed.) Unity of Forces in the Universe 1 (1980) (World Scientific); P. Langacker, Phys. Rep. 72 (1981) 185.

[15] ’t Hooft G 1976, Phys. Rev. Lett. 37 8.

[16] E. Ma, M. Raidal and U. Sarkar, hep- ph/9811240.

[17] S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979); Phys. Rev. D22, 1694 (1980); F. Wilczek and A. Zee, Phys. Rev. Lett. 43, 1571 (1979); H. A. Weldon and A. Zee, Nucl. Phys. B173, 269 (1980).

[18] J.N. Fry, K.A. Olive and M.S. Turner, Phys. Rev. Lett. 45 (1980) 2074; Phys. Rev. D 22 (1980) 2953; Phys. Rev. D 22 (1980) 2977; E.W. Kolb and S. Wolfram, Nucl. Phys. B 172 (1980) 224.

[19] U. Sarkar, Phys. Lett. B 390 (1997) 97; hep-ph/9809209.

[20] U. Sarkar, Phys. Rev. D 59 (1999) 037302.

[21] W. Buchmüller and T. Yanagida, Phys. Lett. B 302 (1993)240.

[22] W. Fischler, G.F. Giudice, R.G. Leigh and S. Paban, Phys. Lett. B 258 (1991) 45.

[23] M. Gell-Mann, P. Ramond, and R. Slansky, in Supergravity, edited by P. van Nieuwenhuizen and D. Z. Freedman (North-Holland, Amsterdam, 1979), p. 315; T. Yanagida, in Proceedings of the Workshop on the Unified Theory and the Baryon Number in the Universe, edited by O. Sawada and A. Sugamoto (KEK Report No. 79-18, Tsukuba, Japan, 1979), p. 95; R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 1316 (1980).

[24] S. Nandi and U. Sarkar, Phys. Rev. Lett. 56 (1986) 564; A.S. Joshipura and U. Sarkar, Phys. Rev. Lett. 57 (1986) 33; A. Masiero, D.V. Nanopoulos and A.I. Sanda, Phys. Rev. Lett. 57 (1986) 663; E. Farhi and L. Susskind, Phys. Rev. D 20 (1979) 3404; S. Dimopoulos, Nucl. Phys. B 168 (1980) 69; L. Wolfenstein, Nucl. Phys. B 175 (1980) 93; S. Nussinov, Phys. Lett. B 165 (1985) 55.

[25] A. Zee, Phys. Lett. B 93 (1980) 389; A. Yu. Smirnov and M. Tanimoto, Phys. Rev.

D55 (1997) 1665; K. S. Babu and E. Ma, Mod. Phys. Lett. A4, 1975 (1989); N. Gaur, A. Ghosal, E. Ma, and P. Roy, Phys. Rev. D58, 071301 (1998); E. Ma, hep-ph/9807386 (Phys. Lett. B, in press); C. Jarlskog, M. Matsuda, S. Skadhauge, and M. Tanimoto, hep-ph/9812282.

[26] Hempfling, Nucl. Phys. B 478 (1996) 3; H. Niles and N. Polonsky, Nucl. Phys. B484 (1997) 33; A. Yu. Smirnov and F. Vissani, Nucl. Phys. B 460 (1996) 37; S. Rakshit, G. Bhattacharyya and A. Raychaudhuri, hep-ph/9811500; B. Mukhopadhyaya, S. Roy and F. Vissani, Phys. Lett. B 443 (1998) 191; A.S. Joshipura and S. Vempati, hepph/9808232; hep-ph/9903435; E.J. Chun, S.K. Kang, C.W. Kim and U.W. Lee, hepph/9807327; E.J. Chun and J.S. Lee, hep-ph/9811201; For a recent discussion, see for example M. Drees, S. Pakvasa, X. Tata, and T. ter Veldhuis, Phys. Rev. D57 (1998) R5340.

[27] E. Ma and U. Sarkar, Phys. Rev. Lett. 80 (1998) 5716; U. Sarkar, Phys. Rev. D 59 (1999) 031301; E. Ma, M. Raidal and U. Sarkar, hep-ph/9808484; E. Ma, S. Sarkar and U. Sarkar, hep-ph/9812276; D. Delepine and U. Sarkar, hep-ph/9811479.

[28] G.B. Gelmini and M. Roncadelli, Phys. Lett. B 99 (1981) 411; C. Wetterich, Nucl. Phys.

B 187 (1981) 343; G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B 181 (1981) 287; R.N. Mohapatra and G. Senjanovic, Phys. Rev. D 23 (1981) 165; R. Holman, G. Lazarides and Q. Shafi, Phys. Rev. D 27(1983) 995; G. Lazarides and Q. Shafi, report no hep-ph/9803397.

[29] H. Dreiner and G.G. Ross, Nucl. Phys. B 410 (1993) 188; A. Ilakovac and A. Pilaftsis, Nucl. Phys. B 437 (1995) 491.

[30] A. Masiero and R.N. Mohapatra, Phys. Lett. B 103 (1981) 343.

[31] S. Davidson, Proc. Int. Symp. on Lepton and Baryon number Violation, Trento (1998) 394; Phys. Lett. B 391 (1997) 287.

[32] B. A. Campbell, S. Davidson, J. E. Ellis and K. Olive, Phys. Lett. B256, (1991) 457. .

[33] E. Ma, M. Raidal, and U. Sarkar, hep-ph/9901406.

[34] E. Ma, Phys. Lett. B433, 74 (1998); E. Ma and U. Sarkar, Phys. Lett. B439 (1998) 95; E. Ma, D.P. Roy and U. Sarkar, Phys. Lett. B 444 (1998) 391; E. Ma and D. P. Roy, Phys. Rev. D58, 095005 (1998).

[35] G.D. Coughlan, G.G. Ross, R. Holman, P. Ramond, M. Ruiz-Altaba and J.W. Valle, Phys. Lett. 158B, (1985) 401; G.D. Coughlan, G.G. Ross, R. Holman, P. Ramond, M. Ruiz-Altaba and J.W. Valle, Phys. Lett. 160B (1985) 249; A. Masiero and J.W. Valle, Phys. Lett. B251 (1990) 273; T. Multamaki and I. Vilja, Phys. Lett. B433 (1998) 67.

[36] A. Masiero and A. Riotto, Phys. Lett. B 289 (1992) 73; B. Campbell, S. Davidson and K.A. Olive, Phys. Lett, B 303 (1993) 63; Nucl. Phys. B 399 (1993) 111; R. Adhikari and U. Sarkar, Phys. Rev. D 55 (1997) 3836; R. Adhikari and U. Sarkar, Phys. Lett. B 427 (1998) 59.

[37] For a recent review, see for example J. W. F. Valle, hep-ph/9808292.

[38] L. Hall and M. Suzuki, Nucl. Phys. B231, 419 (1984).

[39] For a recent overview, see E. Ma, Phys. Rev. Lett. 81 (1998) 1171.

[40] M. Fukugita and T. Yanagida, Phys. Lett. B 174 (1986) 45; P. Langacker, R. Peccei and T. Yanagida, Mod. Phys. Lett. A 1, 541 (1986); M.A. Luty, Phys. Rev. D 45 (1992) 445; H. Murayama, H. Suzuki, T. Yanagida and J. Yokoyama, Phys. Rev. Lett. 70 (1993) 1912; R.N. Mohapatra and X. Zhang, Phys. Rev. D 45 (1992) 5331; A. Acker, H. Kikuchi, E. Ma and U. Sarkar, Phys. Rev. D 48 (1993) 5006; T. Gherghetta and G. Jungman, Phys.Rev. D 48 (1993) 1546; K. Enqvist and I. Vilja, Phys. Lett.

B 299 (1993) 281; P.J. O’Donnell and U. Sarkar, Phys. Rev. D 49 (1994) 2118; A. Ganguly, J.C. Parikh and U. Sarkar, Phys. Lett. B 385 (1996) 175; W. Buchmüller and M. Plümacher, Phys. Lett. B 389 (1996) 73; Phys. Lett. 431 (1998) 354; L. Covi, E. Roulet and F. Vissani, Phys. Lett. B 384 (1996) 169; M. Plümacher, Zeit. Phys. C 74 (1997)549; J. Faridani, S. Lola, P.J. O’Donnell and U. Sarkar, Eur. Phys. J. C 7 (1999) 543.

[41] A. Yu, Ignatev, V.A. Kuzmin and M.E. Shaposhnikov, JETP Lett. 30(1979) 688; F.J.

Botella and J. Roldan, Phys. Rev. D 44 (1991) 966. J. Liu and G. Segre 1993, Phys. Rev. D 48 (1993) 4609.

[42] M. Flanz, E.A. Paschos and U. Sarkar, Phys. Lett. B 345(1995) 248.

[43] R. Vaidya and U. Sarkar, Phys. Lett. B 442 (1998) 243.

[44] M. Flanz, E.A. Paschos, U. Sarkar and J. Weiss, Phys. Lett. B 389 (1996) 693.

[45] A. Pilaftsis, Phys. Rev. D 56 (1997) 5431; hep-ph/9810211.

[46] L. Covi, E. Roulet and F. Vissani, Phys. Lett. B 384 (1996) 169; L. Covi and E. Roulet, Phys. Lett. B 399 (1997) 113; L. Covi, E. Roulet and F. Vissani, Phys. Lett. B 424 (1998) 101; W. Buchmüller and M. Plümacher, hep-ph/9710460 (revised); M. Flanz and E.A. Paschos, hep-ph/9805427.

[47] J. Papavassiliou and A. Pilaftsis, Phys. Rev. Lett. 75 (1995) 3060; Phys. Rev. D 53 (1996) 2128; Phys. Rev. D 54 (1996) 5315; A. Pilaftsis, Phys. Rev. Lett. 77 (1996) 4996; Nucl. Phys. B 504 (1997) 61; Zeit. Phys. C 47 (1990) 95; A. Pilaftsis and M. Nowakowski, Phys. Lett. B 245 (1990) 185; Mod. Phys. Lett. A 6 (1991) 1933.

[48] J. C. Pati and A. Salam, Phys. Rev. D10 (1974) 275; R. N. Mohapatra and J. C. Pati, Phys. Rev. D11 (1975) 566; R. N. Mohapatra and G. Senjanovic, Phys. Rev. D12 (1975) 1502; R. E. Marshak and R. N. Mohapatra, Phys. Rev. Lett. 44 (1980) 1316.