arXiv:hep-ph/0512160 v2 19 Jan 2006

CERN-PH-TH/2005-245

Flavoured leptogenesis: a successful thermal leptogenesis with N_1 mass below 10^8 GeV

O. Vives^1 1Theory Division, CERN, CH-1211, Geneva 23, Switzerland

We prove that taking correctly into account the lepton flavour dependence of the CP asymmetries and washout processes, it is possible to obtain successful thermal leptogenesis from the decays of the second right-handed neutrino. The asymmetries in the muon and tau-flavour channels are then not erased by the inverse decays of the lightest right-handed neutrino, N1. In this way, we reopen the possibility of “thermal leptogenesis” in models with a strong hierarchy in the right-handed Majorana masses that is typically the case in models with up-quark–neutrino Yukawa unification.

The measure of nonvanishing neutrino masses and mixings and the use of the seesaw mechanism to explain the smallness of these masses has made leptogenesis [1] one of the most promising mechanisms to generate the observed value of the baryon asymmetry of the universe. The seesaw mechanism requires the presence of heavy right-handed neutrinos with complex Yukawa couplings that can generate a lepton asymmetry through their out-of-equilibrium decays. This “lepton” asymmetry is then tranformed into baryon asymmetry by the standard model sphaleron processes violating (B + L)[2]. When the right-handed neutrinos are produced through scatterings (mainly inverse decays) in the thermal plasma this scenario is known as “thermal leptogenesis”.

In the thermal leptogenesis mechanism, it is usually assumed that the lepton asymmetry is generated by the out-of-equilibrium decays of the lightest right-handed neutrino, N_1. The asymmetry generated by the two heavier right-handed neutrinos, N_2 and N_3 that we take as hierarchically heavier than N_1, is usually assumed to be either negligible or efficiently washed-out by the N_1 inverse decays [3]. In these conditions only N_1 generates a baryon asymmetry. The final value of the baryon asymmetry normalized to the entropy density, η_B, is then related to the CP asymmetry, ε_1, in the decays of the lightest right-handed neutrino as

η_B = 8 23 n_{N1} s χ_1 ε_1 ≃ 3 × 10^{−4} χ_1 ε_1, (1)

where the factor 8/23 is the fraction of the B − L asymmetry converted into baryon asymmetry by sphalerons. n_{N1} /s is the number density of right-handed neutrinos normalized to the entropy density that in equilibrium is approximately equal to 0.2/g_∗ with g_∗ ≃ 230 the number of propagating states in the supersymmetric plasma. Finally χ_1 is the efficiency factor describing the fraction of the CP asymmetry that survives the washout by inverse decays and scattering processes. Now, for hierarchical right-handed neutrinos, it is possible to relate ε_1 to the mass of the lightest right-handed neutrino, the observed neutrino masses, and an effective leptogenesis phase as

ε_1 = 3 8π M_1 v^2

(m_3 − m_1) sin δ_L ≤ 3 8π M_1 m_{atm}

v^2

≃ 2 × 10^{−6} ( M_1 10^{10} GeV ) ( m_{atm} 0.05 eV ) , (2)

where the maximum value for this asymmetry corresponds to fully hierarchical neutrinos with m_3 = m_{atm} ≃ 0.05 eV, m_1 ≃ 0 and a maximal phase δ_L.

The baryon asymmetry is precisely measured from the cosmic microwave background as η^{CMB}_B = 0.9 × 10^{−10} [4]. Thus, using Eqs. (1) and (2) with χ_1 = 1 we obtain a lower bound on the mass of N_1 [5]:

M_1 ≥ M^{min}_1 = 1.5 × 10^9 GeV ( η^{CMB}_B 9 × 10^{−11} ) ( 0.05 eV m_{atm} ) . (3)

However this lower bound represents a serious problem for many flavour models, specially those incorporating some grand unification symmetry. In these models we usually expect that neutrino Yukawas are closely related to the up-quark Yukawa matrices. As show in the appendix of [6] (see also Ref. [7]) and explained below, in these models it is possible to obtain the mass of the lightest right-handed neutrino as |M_1| ≃ y^2_1 v^2 | |W^2_{1k} m_{νk} | | ≃ m^2_u | |W^2_{11} m_1 + W^2_{12} m_{sol} + W^2_{13} m_{atm} | | , (4)

with W_{ij} the rotation from the basis of diagonal ν_L masses to the basis where the (left-handed) neutrino Yukawa matrix Y_ν Y^†_ν is diagonal, m_{νk} the left-handed neutrino masses that we take as hierarchical and we have approximated y_1v_2 ≃ m_u. From this expression it is straightforward to see that we can only obtain M_1 ≥ 10^9 GeV if

m^2_u 10^9 GeV

= 4 × 10^{−6} eV ( m^2_u (2 MeV)^2 ) >∼ | |W^2_{11} m_1 + W^2_{12} m_{sol} + W^2_{13} m_{atm} | | . (5)

This implies that, barring accidental cancellations (or some specific textures as in [8]), having a large enough N_1 is only possible if we have simultaneously m_1 <∼ 4×10^{−6} eV, W^2_{12} <∼ 5×10^{−4} (for m_{sol} ≃ 0.008 eV) and W^2_{13} <∼ 8×10^{−5} (for m_{atm} ≃ 0.05 eV). These conditions are usually not satisfied in most flavour models where the typical values for the lightest right-handed neutrino mass are close to 10^6–10^7 GeV with W_{12} of the order of mixing angle in solar neutrinos [9, 10, 11]. Therefore, apparently, these models can not produce a sufficient baryon asymmetry through the thermal leptogenesis mechanism.

It is evident that this represents a very serious problem for all these flavour models, that are forced to abandon thermal leptogenesis and use other mechanisms to produce the observed baryon asymmetry [12]. In this paper we present a solution to this problem. We show that when the flavour dependence of the lepton asymmetries and the erasure processes are correctly taken into account, it is still possible to generate a large enough baryon asymmetry in the decays of the second right-handed neutrino N_2 that then survives the washout due to the inverse decays of N_1. The basic idea behind this statement is that the asymmetries generated by N_2 in the different flavour channels are washed out by different N_1 Yukawa interactions. In fact, the decays of the second right-handed neutrino N_2 create different asymmetries in the τ , μ and e channels. As we will show these asymmetries do not mix through the thermal interactions with the plasma before the N_1 inverse decays become effective. Therefore, it is evident that the different flavour channels will only be erased by the corresponding N_1 → HL_i interaction and not by the sum over all lepton flavours as usually done [3, 6, 13, 14, 15, 16]. Taking into account these effects, we prove here that in models with Y_ν ≃ Y_u, the lepton asymmetry in the τ and μ channels is only mildly erased by N_1 decays. Some of these ideas were already present in the literature. For instance, the possibility of generating the asymmetry in N_2 decays was previously discussed by P. di Bari in the one flavour approximation [13]; an early discussion of flavour effects in leptogenesis, mainly in N_1 decays, can be found in [17], and flavour effects in the context of low scale leptogenesis models were recently studied in [18]. In this paper we show that combining these elements it is possible to obtain successful leptogenesis in realistic models of fermion masses with up-quark–neutrino Yukawa unification. Therefore, we reopen the possibility of “thermal leptogenesis” in these models.

In the following we give a general proof of this statement. Although this mechanism is equally valid in supersymmetric and non-supersymmetric models we only discuss the non-supersymmetric example. The supersymmetric case is completely analogous [19].

The general expression for leptonic Yukawa couplings and Majorana masses in a seesaw Standard Model is, L_{Yuk} = L^T Y^ee^c_R H_1 + L^T Y^ν ν^c_R H_2 −^1_2 ν^c_R^T Mν^c_R, with L_i, e_{R i}, ν_{R i}, (i = e, μ, τ ) the three generations of leptons and Y^e, Y^ν and M, 3 × 3 matrices. In the basis of diagonal Y^e and M, the neutrino Yukawa matrix is Y^ν = V^†_L · D_{Yν} · V_R, where D_{Yν} is a diagonal mass of neutrino Yukawa couplings, that in the class of models discussed here is D_{Yν} = diag(y_1, y_2, y_3) ≃ diag(m_u/v_2, m_c/v_2, m_t/v_2). The effective Majorana mass for the left-handed neutrinos is obtained through the seesaw mechanism as

m_ν = v^2 Y^ν · M^{−1} · Y^{νT} = U · D_{mν} · U^T , (6)

where the mixing matrix U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix that is sufficiently known from neutrino experiments, and D_{mν} = diag(m_1, m_2, m_3) the three neutrino masses. At the moment, we know only two mass differences, Δm^2_{atm} ≃ 2.7 × 10^{−3} eV^2 and Δm^2_{atm} ≃ 7.0 × 10^{−5} eV^2. Although in the following we assume hierarchical spectrum with normal hierarchy, other cases can be easily treated in the same way.

Now we define the hermitian matrix Λ ≡ v^4_2 y^4_1 M^{−1 †}M^{−1} [6] and, in the basis of diagonal Y^{ν †}Y^ν , from Eq. (6) we have Λ v^4_2y^4_1

= D^{−1}_{Yν} V^∗_L m^†_ν V^†_L D^{−2}_{Yν} V_L m_ν V^T_L D^{−1}_{Yν} ≡ D^{−1}_{Yν} Δ^† D^{−2}_{Yν} Δ D^{−1}_{Yν} , (7)

with Δ = V_L m_ν V^T_L ≡ W D_{mν} W^T . From here the matrix Λ can be written as

Λ_{ij} = ( ⃗λ^†_i ) · ( ⃗λ_j ) ≡ ∑ k ( ⃗λ^∗_i ) k ( ⃗λ_j ) k , ⃗λ_i = y_1 y_i Δ_{1i}

y_1 y_2 Δ2i y_1 y_3 Δ3i . (8)

Given the strong hierarchy in the neutrino-Yukawa eigenvalues (similar to the hierarchy in the up-quark masses) we have in practice always that |⃗λ_1|^2 ≫ |⃗λ_2|^2, |⃗λ_3|^2. For instance, to change this hierarchy in the simplified case where we take W_{13} ≃ 0 and y_1/y_3 ≃ 0 would require that |Δ_{11}| < |Δ_{22}|y^2_1/y^2. In these conditions it is very easy to understand that the largest eigenvalue of the matrix Λ, corresponding to v^4_2y^4_1/|M_1|^2, will be given in very good approximation by the (1, 1) element of this matrix. Therefore the lightest right-handed Majorana neutrino mass is given by: |M_1| ≃ y^2_1 v^2 |λ_1| ≃ y^2_1 v^2 |Δ_{11}| = m^2_u |W^2_{1k}m_{νk} | . (9)

From this expression we can estimate the mass of the lightest right-handed neutrino. If the observed neutrino mixings are not present in the neutrino-Yukawa matrices and come mainly from the seesaw mechanism itself we have that V_L ≃ 1l and W ≃ U_{PMNS}. Then we have that |M_1| ≃ 2 m^2_u/m_{sol} ≃ 1 × 10^6 GeV. Only in the case W ≃ 1l we can have |M_1| ≃ m^2_u/m_1 = 10^8 ( 4 × 10^{−5}eV/m_1 ) GeV. Therefore, typically N_1 is too light to generate a sizeable baryon asymmetry. In the same way the associated eigenvector to this eigenvalue is given by λ̂_1 ≃ ⃗λ_1/Δ_{11}. Using this eigenvector we can also obtain the Yukawa couplings of N_1 in the basis of diagonal Y^e and M as

(Y_ν)_{i1} = ( V^†_L · D_{Yν} ( λ̂_1 )) i = y_1 Δ_{11}

V^†_L ·

Δ_{11} Δ_{21} Δ_{31} = y^1 Δ_{11} · U_{1k} m_{νk} W_{1k} U_{2k} m_{νk} W_{1k} U_{3k} m_{νk} W_{1k} , (10)

where we used that ∑ i (V_L)^∗_{ij} Δ_{i1} = ∑ k U_{jk}m_{νk} W_{1k}. At this point we can already discuss the behaviour of a lepton asymmetry created by the out-of-equilibrium decays of the next-to-lightest right-handed neutrino N_2. The asymmetry in the different flavour channels (a = e, μ, τ ), assuming M_1 ≪ M_2 ≪ M_3, is given by [13]

ϵ^a_2 = 1 8π ( Y^†Y ) 22 ( 3 2 M_2 M_3

Im [Y^∗_{a2}Y_{a3}Y^∗_{k2}Y_{k3}] +

M_1 M_2

Im [Y^∗_{a2}Y_{a1}Y^∗_{k2}Y_{k1}] ) . (11)

Owing to the hierarchy in the neutrino Yukawa matrices and the right-handed Majorana neutrinos, the first term in Eq. (11) usually dominates and therefore we take it to estimate the size of the asymmetry. Now we have that, 1/v^2 Im [Y^∗_{a2} (m_ν )_{ak} Y^∗_{k2}] = 1/M_3 Im [Y^∗_{a2}Y_{a3}Y^∗_{k2}Y_{k3}]+1/M_1 Im [Y^∗_{a2}Y_{a1}Y^∗_{k2}Y_{k1}]. Therefore, the numerator in ϵ^a_2 includes the M_3 contribution to the (m_ν )_{ak} element. To maximize the asymmetry we assume this element to be of order m_{ν3} = m_{atm} and define the corresponding CP -violating phase as δ_ν , then we have

ϵ^a_2 ≃ 3 8π M_2 m_3 v^2 |Y_{a2}| |Y_{32}| δ_ν , (12)

where we use that the hierarchy in the Yukawa elements is such that Y_{3j} > Y_{2j}, Y_{1j}. It is clear that asymmetry in the τ channel can be as large as ϵ^τ_2 = 3 × 10^{−6}(M_2/10^{10} GeV). In the muon and electron channels the asymmetry will be further suppressed by |Y_{22}|/|Y_{32}| and |Y_{12}|/|Y_{32}| respectively, and thus we can expect a smaller asymmetry specially in the electron channel [22].

These asymmetries are partially converted, through sphaleron processes, to a Δ_a =^1_3 B − L_a asymmetry and, in part, washed away by N_2 inverse decays. The final lepton asymmetry after the decay of N_2 will be given by η_{Δa} ≃ n_{N2} s ϵ^a_2 χ^a_2 (13)

with n_{N2} /s the number density of N_2 normalized to the entropy density[23]. The efficiency factor, χ^a_2, is the fraction of the produced asymmetry that survives after the end of N_2 decays and inverse decays and it is approximately given by χ^a_2 ≃

Γ(N_2 → l_aH) H|_{T ≃M2} ≃ m̃^a_2 m_∗ , (14)

with m^a_2 ≡ v^2 Y_{a2}Y^∗_{a2}/M_2 [14] and m_∗ is the equilibrium mass equal to ≃ 1 × 10^{−3} eV in the SM [14]. The final values of this efficiency factor are model dependent and therefore we keep this factor as a parameter in the following.

At temperatures slightly below M_2 we have three different asymmetries in the Δ_τ , Δ_μ and Δ_e channels. These asymmetries remain basically unchanged from T ∼ M_2 to T ∼ M_1 and, in particular, the different flavours do not mix. In fact, at this temperature, both N_2 and N_3 right-handed neutrinos have already decayed. Therefore the only possible Yukawa interactions in the plasma are those with the right-handed charged leptons and with N_1. Taking into account that the Y^e_{3,3} Yukawa interactions are in thermal equilibrium at temperatures below ≃ 10^{14} GeV, it is more convenient to use the basis of diagonal charged lepton Yukawas to include these interactions in the thermal masses. Thus, only the Yukawa interactions with N_1 can change flavour, although N_1 are very rare in the plasma up to temperatures of the order of M_1 when they reach the equilibrium density [15, 16]. Therefore, we have to discus the washout of the different asymmetries by the N_1 decays and inverse decays. First, it is easy to see that this washout will be exponential and not linear if the N_1 are thermally produced at temperatures close to M_1. From Ref. [15] and taking ε_1 ≃ 0, the Boltzman equation for this case would be [24]: ∂η_{Δa} ∂z = − 1 4 z^2e^{−z} √ 1 + π 2 z m̃^a_1 m_∗ A_{ab} η_{Δb} , with A(T ≤ 10^9GeV) ≃

−0.86 0.1 0.1 0.06 −0.65 0.017 0.06 0.017 −0.65 , (15) with m̃^a_1 ≡ v^2 Y_{a1}Y^∗_{a1}/M_1 takes into account that a given asymmetry Δ_a can only be erased by the corresponding lepton flavour, z = M_1/T and m_∗ ≃ 1 × 10^{−3} eV[25]. Now we can use Eqs. (9) and (10) and we see that

m̃^e_1 = | ∑ k U_{1k}m_{νk} W_{1k}|^2/|Δ_{11}| ≃ |m_2W_{12}/ √ 2 + m_1W_{11}/ √ 2|^2/|Δ_{11}|

m̃^μ_1 = | ∑ k U_{2k}m_{νk} W_{1k}|^2/|Δ_{11}| ≃ | − m_2W_{12}/2 + m_1W_{11}/2 + m_3W_{13}/ √ 2|^2/|Δ_{11}|

m̃^τ_1 = | ∑ k U_{3k}m_{νk} W_{1k}|^2/|Δ_{11}| ≃ |m_2W_{12}/2 − m_1W_{11}/2 + m_3W_{13}/ √ 2|^2/|Δ_{11}|, (16)

where m_3 = m_{atm} and m_3 = m_{sol} and we have used bimaximal mixings in the PMNS matrix to make an estimate. The final values of m̃^a_1 depend on the matrix W . In case the case the mixings in the neutrino Yukawa matrix are small, we have that W ≃ U and so

m̃^e_1 ≃ | | m2 2 + m_1 2 | | ≃ msol 2 , m̃^μ_1 ≃ | | | |− m_2 2 √ 2 + m_1 2 √ 2 | | | | 2 / | |m2 2 | | ≃ msol 4 , m̃^τ_1 ≃ | | | | m_2 2 √ 2 + m_1 2 √ 2 | | | | 2 / | | m2 2 | | ≃ msol 4 . (17)

Using these values in the case η^{ini}_{Δτ} ≃ η^{ini}_{Δμ} ≫ η^{ini}_{Δe} , Eq. (15) can be easily integrated (taking η_{Δτ} (z) ≃ η_{Δμ} (z), η_{Δe} (z) ≃ 0 and A_{ττ} + A_{τμ} = 0.63) and we obtain

η^{fin}_{Δμ,τ} = η^{ini}_{Δμ,τ} e^{−0.75 m̃μ,τ1 /m∗} . (18)

If now we take the central value from the solar mass difference as m_{sol} = 0.008 eV, we have that the muon and tau asymmetries are only erased by a factor exp(−1.5) ≃ 0.22 and hence they can survive the washout from N_1 decays. This should be compared with the washout that we would obtain in the single flavour approximation, that would be ≃ e^{−0.75 ∑a m̃a1 /m∗} = e^{−0.75 msol /m∗} = 2.4 × 10^{−3}. Now the final asymmetry in the τ channel would be

η^{fin}_{Δτ} ≃ 0.001χ^τ_2 3 8π M_2 m_3 v^2 δ_ν e^{−0.75 msol /(4m∗)} <∼ 6.5 × 10^{−10}(M_2/10^{10} GeV) χ^τ_2 , (19)

η_B = 28 79 ( η^{fin}_{Δτ} + η^{fin}_{Δμ} ) ≃ 56 79 η^{fin}_{Δτ} ,

where we have used that η_{Δτ} ≃ η_{Δμ} and η_{Δe} ≃ 0. Thus in this case, it could be possible to generate a sufficient baryon asymmetry from the μ and τ channels even for efficiency factors χ^τ_2 and χ^μ_2 of order 0.15 and M_2 ≃ 10^{10} GeV. For smaller efficiency factors we could still have successful leptogenesis with a somewhat heavier M_2. This situation is typically found for instance in models with non-Abelian flavour symmetries. In this paper we have only presented a simple estimate to show that this mechanism can generate a large enough baryon asymmetry. A full computation in a model with an SU (3) flavour symmetry and spontaneous CP violation is now in progress [9, 11, 21].

From Eq. (16) and taking into account that Δ_{11} = ∑ k W^2_{1k}m_{νk} we can see the washout by N_1 can only be stronger than the result obtained in Eq. (17) if the contribution from the atmospheric neutrino mass is sizable (assuming that m_1 ≪ m_{sol}). This requires basically that W_{13}m_3 ≥ W_{12}m_2. Clearly this possibility can not be excluded, but taking into account that m_2/m_3 ≃ 1/6, W = V_L · U and that U_{12} ≃ 1/ √ 2 and U_{13} ≤ 0.2 it requires large left-handed mixings in the neutrino Yukawa matrix. This could be possible in models based in Abelian flavour symmetries or discrete symmetries, although it is clear the final result is highly model dependent and the different models must be studied in detail.

We have shown that taking correctly into account the lepton flavour dependence of the CP asymmetries and washout processes, it is possible to obtain successful thermal leptogenesis from the decays of the second right-handed neutrino. The asymmetries in the muon and tau-flavour channels are then not erased by the inverse decays of the lightest right-handed neutrino, N_1. Therefore “thermal leptogenesis” is still viable in models with a strong hierarchy in the right-handed Majorana masses that is typically the case in models with up-quark–neutrino Yukawa unification. Acknowledgments: I acknowledge support from the RTN European project MRTN-CT-2004-503369 and from the Spanish MCYT FPA2002-00612. I thank L. Covi, S. Huber, A. Riotto and specially S. Davidson for very helpful discussions.

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

[2] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B 155, 36 (1985). [3] W. Buchmuller, P. Di Bari and M. Plumacher, Nucl. Phys. B 665, 445 (2003) [arXiv:hep-ph/0302092]. [4] P. de Bernardis et al., Astrophys. J. 564, 559 (2002) [arXiv:astro-ph/0105296]. [5] S. Davidson and A. Ibarra, Phys. Lett. B 535, 25 (2002) [arXiv:hep-ph/0202239]. [6] S. Davidson, JHEP 0303, 037 (2003) [arXiv:hep-ph/0302075].

[7] G. C. Branco, R. Gonzalez Felipe, F. R. Joaquim and M. N. Rebelo, Nucl. Phys. B 640, 202 (2002) [arXiv:hep-ph/0202030]. [8] M. Raidal, A. Strumia and K. Turzynski, Phys. Lett. B 609, 351 (2005) [arXiv:hep-ph/0408015]. [9] S. F. King and G. G. Ross, Phys. Lett. B 520, 243 (2001) [arXiv:hep-ph/0108112] and B 574, 239 (2003) [arXiv:hep-ph/0307190]; G. G. Ross and L. Velasco-Sevilla, Nucl. Phys. B 653, 3 (2003) [arXiv:hep-ph/0208218]; G. G. Ross and O. Vives, Phys. Rev. D 67, 095013 (2003) [arXiv:hep-ph/0211279]; G. G. Ross, L. Velasco-Sevilla and O. Vives, Nucl. Phys. B 692, 50 (2004) [arXiv:hep-ph/0401064].

[10] See, for instance: K. S. Babu, J. C. Pati and F. Wilczek, Nucl. Phys. B 566 (2000) 33 [arXiv:hep-ph/9812538]; G. Altarelli, F. Feruglio and I. Masina, Phys. Lett. B 472, 382 (2000) [arXiv:hep-ph/9907532]; F. Buccella, D. Falcone and F. Tramontano, Phys. Lett. B 524, 241 (2002) [arXiv:hep-ph/0108172]; J. L. Chkareuli, C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B 626, 307 (2002) [arXiv:hep-ph/0109156]; D. Falcone, Phys. Rev. D 66, 053001 (2002) [arXiv:hep-ph/0204335]; F. S. Ling and P. Ramond, Phys. Lett. B 543, 29 (2002) [arXiv:hep-ph/0206004]; A. Masiero, S. K. Vempati and O. Vives, Nucl. Phys. B 649, 189 (2003) [arXiv:hep-ph/0209303]; S. F. King, Rep. Prog. Phys. 67, 107 (2004) [arXiv:hep-ph/0310204]; M. C. Chen and K. T. Mahanthappa, Phys. Rev. D 70, 113013 (2004) [arXiv:hep-ph/0409096].

[11] O. Vives, arXiv:hep-ph/0504079.

[12] L. Boubekeur, arXiv:hep-ph/0208003; T. Asaka, H. B. Nielsen and Y. Takanishi, Nucl. Phys. B 647, 252 (2002) [arXiv:hep-ph/0207023]; A. Pilaftsis and T. E. J. Underwood, Nucl. Phys. B 692, 303 (2004) [arXiv:hep-ph/0309342]; G. D’Ambrosio, G. F. Giudice and M. Raidal, Phys. Lett. B 575, 75 (2003) [arXiv:hep-ph/0308031]; S. Dar, S. Huber, V. N. Senoguz and Q. Shafi, Phys. Rev. D 69, 077701 (2004) [arXiv:hep-ph/0311129]. Y. Grossman, T. Kashti, Y. Nir and E. Roulet, JHEP 0411, 080 (2004) [arXiv:hep-ph/0407063].

[13] P. Di Bari, Nucl. Phys. B 727, 318 (2005) [arXiv:hep-ph/0502082]. [14] M. Plumacher, Z. Phys. C 74, 549 (1997) [arXiv:hep-ph/9604229].

[15] W. Buchmuller, P. Di Bari and M. Plumacher, Annals Phys. 315, 305 (2005) [arXiv:hep-ph/0401240]. [16] G. F. Giudice, A. Notari, M. Raidal, A. Riotto and A. Strumia, Nucl. Phys. B 685, 89 (2004) [arXiv:hep-ph/0310123]. [17] R. Barbieri, P. Creminelli, A. Strumia and N. Tetradis, Nucl. Phys. B 575, 61 (2000) [arXiv:hep-ph/9911315]. [18] A. Pilaftsis and T. E. J. Underwood, Phys. Rev. D 72, 113001 (2005) [arXiv:hep-ph/0506107]. [19] L. Covi, E. Roulet and F. Vissani, Phys. Lett. B 384, 169 (1996) [arXiv:hep-ph/9605319]. [20] R. G. Roberts, A. Romanino, G. G. Ross and L. Velasco-Sevilla, Nucl. Phys. B 615, 358 (2001) [arXiv:hep-ph/0104088]. [21] O. Vives, work in progress [22] In many flavour models |Y22 | ≃ |Y32 | to explain the relation between ms/mb and the CKM element Vcb, although this is not necessary in the up sector [20].

[23] Strictly speaking we should include a 3 × 3 matrix A connecting the lepton asymmetries in the different lepton flavours La to the Δa asymmetries [17]. However, at T > 10^9 GeV these constant matrices are very close to the identity and their inclusion does not change the results below [24] Notice that, due to the exponential washout, order one factors in the A matrices can be important [17]. [25] In this equation we consider only the effects of decays and inverse decays. The effects of ΔL = 1 and ΔL = 2 scatterings do not change the results presented here for m̃^a_1 ≥ 10^{−3} eV [15].