arXiv:hep-ph/0307237 v2 31 Jul 2003

Consequences of Triplet Seesaw for Leptogenesis

Thomas Hambye^a and Goran Senjanović^b a Scuola Normale Superiore and INFN Sezione di Pisa, Piazza dei Cavalieri 7, I–56126 Pisa, Italy b International Center for Theoretical Physics, Strada Costiera 11, I-34000 Trieste, Italy

Abstract We present the various leptogenesis scenarios which may occur if, in addition to the ordinary heavy right-handed neutrinos, there exists a heavy scalar SU(2)_L triplet coupled to leptons. We show that the contributions of the right-handed neutrinos and the triplet to the lepton asymmetry are proportional to their respective contributions to the neutrino mass matrix. A consequence of the triplet contribution to the lepton asymmetry is that there is no more upper bound on the neutrino masses from leptogenesis due to the fact that the neutrino mass constraints do not necessarily induce asymmetry washout effects. We also show how such a triplet leptogenesis mechanism may emerge naturally in the framework of the left-right symmetric theories, such as Pati-Salam or SO(10).

1 Introduction

Recent evidence for neutrino masses, and the belief that these masses are presumably associated to lepton number violation, have established the leptogenesis mechanism [1] as today’s favorite explanation of the baryon asymmetry of the universe. In the usual seesaw [2] mechanism the lepton asymmetry is generated through the decay of heavy Majorana right-handed neutrinos, the same ones that lead to small neutrino masses. This scenario is particularly natural in the framework of theories that predict the existence of heavy righthanded neutrinos, such as SO(10) [3], Pati-Salam [4] and left-right symmetric theories [4, 5] in general.

A possible loophole in the ordinary seesaw mechanism is that in the framework of these unified theories, the heavy neutrinos provide neither the only possible source of light neutrino masses nor the only possible source of lepton asymmetry generation. In a large class of renormalizable left-right symmetric theories, it is well known that the existence of triplet Higgses also induces neutrino masses via the so-called type II seesaw mechanism [6]. This alternative can naturally provide a connection [7] between the large atmospheric mixing and b − τ unification in the context of the minimal supersymmetric SO(10) theory [8].

In this letter we analyze the effects of the triplet for the leptogenesis mechanism. We show that if the triplet type II seesaw dominates the neutrino masses, diagrams involving the triplet will also in general dominate the leptogenesis. Even if the triplet is heavier than the lightest right-handed neutrino this will be the case via the decay of this lightest right-handed neutrino and a diagram involving a virtual triplet. If instead, the triplet is lighter than all the right-handed neutrinos then it is the decay of the triplet to two leptons involving virtual right-handed neutrinos which will dominate. The suggestion that the triplet could be important for leptogenesis, in the context of the left-right model, was already made in Ref. [9] where also the relevant diagrams were exhibited. The diagrams for the decay of the right-handed neutrinos were also exhibited and estimated in Ref. [10]. Here we calculate the corresponding CP asymmetries and relate them to the neutrino mass constraints.

2 The three types of lepton asymmetries

It is useful to start with the minimal situation where in addition to the SM particles there are three heavy right-handed neutrinos and one heavy SU(2)_L Higgs triplet. From the asymmetries we will obtain in this case, one can derive easily the corresponding asymmetries in the more realistic left-right or SO(10) models. The relevant Lagrangian of this model reads: L ∋ − 1 2 M_{Ni} N^T_{Ri}CN_{Ri} − M^2_ΔT rΔ^†_LΔ_L − H^†N̄_{Ri}(Y_N )_{ij} ψ_{jL}

−(Y_Δ)_{ij} ψ^T_{iL}Ciτ_2Δ_Lψ_{jL} + μH^T iτ_2Δ_LH + h.c. , (1)

with ψ_{iL} = (ν_{iL}, l_{iL})^T , H = (H^0, H^−)^T and

Δ_L = (_{1√} 2 δ^+ δ^{++} δ^0 −^1√_2 δ^+ ) . (2)

In the presence of these interactions, the triplet acquires a vev which will be naturally seesaw suppressed if the triplet is heavy: ⟨δ^0⟩ = v_L ≃ μ^∗v^2/M^2_Δ. Due to this vev there are now in general two sources of neutrino masses:

M_ν = −Y^T_N M^{−1}_N Y_N v^2 + 2Y_Δv_L (3)

where the first term is the ordinary “type I” seesaw induced by the right-handed neutrinos and the second term is the triplet “type II” seesaw mass term, with v = 174 GeV.

In this framework, depending on the values of the masses and couplings, the leptogenesis can be obtained either from the decay of the right-handed neutrinos or from the decay of the triplet. From the decay of the right-handed neutrinos to leptons and Higgs scalars the CP asymmetry is given as usual by: ε_{Nk} = ∑ i Γ(N_k → l_i + H^∗) − Γ(N_k → l̄_i + H) Γ(N_k → l_i + H^∗) + Γ(N_k → l̄_i + H)

. (4) 2

N_k H l_l N_j H^∗

l_i (a)

N_k H l_l N_j H^∗

l_i (b)

N_k l_l

H Δ_L H^∗

l_i (c)

Figure 1: One-loop diagrams contributing to the asymmetry from the N_k decay.

This asymmetry is given by the interference of the ordinary tree level decay with the 3 diagrams of Fig. 1. The first two diagrams are the ordinary vertex and self-energy diagrams involving another (virtual) right-handed neutrino and give

ε_{Nk} = 1 8π ∑ j Im[(Y_N Y^†_N )^2_{kj} ] ∑ i |(Y_N )_{ki}|^2 √ x_j [ 1 − (1 + x_j ) log(1 + 1/x_j ) + 1/(1 − x_j ) ] , (5)

where x_j = M^2_{Nj} /M^2_{Nk} . The third diagram of Fig. 1, which was already displayed without calculations in Ref. [9] and estimated in Ref. [10] involves a virtual triplet and is a new contribution. Calculating it we obtain

ε^Δ_{Nk} = − 1 2π ∑ j Im[(Y_N )_{ki}(Y_N )_{kl}(Y^∗_Δ)_{il}μ] ∑ i |(Y_N )_{ki}|^2M_{Nk} ( 1 − M^2_Δ M^2_{Nk} log(1 + M^2_{Nk} /M^2_Δ) ) . (6)

Note that the tree level decay width is not affected by the existence of the triplet:

Γ_{Nk} = 1 8π M_{Nk} ∑ i |(Y_N )_{ki}|^2 . (7)

From the decay of the triplet to two leptons an asymmetry can also be produced. It is given by the interference of the tree level process with the one-loop vertex diagram, given in Fig. 2, involving a virtual right-handed neutrino [9]. Note that with one triplet alone there is no self-energy diagram, and therefore without at least one right-handed neutrino no asymmetry can be produced. At least two triplets are necessary in order to produce an asymmetry without right-handed neutrinos, in which case the asymmetry comes from self-energy diagrams as was shown in Refs. [11, 12] and also used in Ref. [13]. Here we will restrict ourselves to the case where there is only one SU(2)_L triplet coupled to leptons (as it is in general the case in left-right and SO(10) models, both ordinary and

Δ^∗_L H

H N_k l_i

l_l

Figure 2: One-loop diagram contributing to the asymmetry from the Δ_L decay.

supersymmetric). Calculating the asymmetry from Fig. 2 we obtain:

ε_Δ = 2 ·

Γ(Δ^∗_L → l + l) − Γ(Δ_L → l̄ + l̄) Γ(Δ^∗_L → l + l) + Γ(Δ_L → l̄ + l̄) (8) = 1 8π ∑ k M_{Nk} ∑ il Im[(Y^∗_N )_{ki}(Y^∗_N )_{kl}(Y_Δ)_{il}μ^∗] ∑ ij |(Y_Δ)_{ij} |^2M^2_Δ + |μ|^2 log(1 + M^2_Δ/M^2_{Nk} ) , (9)

while the triplet decay width to two leptons and two scalar doublets is given by:

Γ_Δ = 1 8π M_Δ ( ∑ ij |(Y_Δ)_{ij} |^2 + |μ|^2 M^2_Δ ) . (10)

Note that there is such an asymmetry for each of the three components of the triplet. In the case where the lighter right-handed neutrino and the triplet have approximately the same mass and same order of magnitude couplings, all 3 types of asymmetries of Eqs. (5), (6) and (9) can play an important role. In the following we will discuss the limiting cases where one process dominates over the others. We will distinguish four such cases.

2.1 Case 1: M_{N1} << M_Δ with a dominant contribution of the right-handed neutrinos to the light neutrino masses

In the limit where the triplet couplings to two leptons are negligible with respect to the leading right-handed neutrino Yukawa couplings, and with at least one right-handed neutrino much lighter than the triplet, the triplet has a negligible effect for both the neutrino masses and the leptogenesis. This is equivalent to the ordinary right-handed neutrino scenario without the triplet. Only the 2 diagrams of Fig. 1.a and Fig. 1.b have a non-negligible effect for leptogenesis. This case has been extensively studied in the literature (see e.g. [1], [14]-[30]) and we have nothing to add here to it.

2.2 Case 2: M_{N1} << M_Δ with a dominant triplet contribution to the light neutrino masses

If M_{N1} << M_Δ, the decays of the right-handed neutrino(s) will dominate the lepton asymmetry production. Under the assumption that these neutrinos have a hierarchical pattern, only the decay of the lightest heavy neutrino N_1 is important for the asymmetry and Eq. (5) can be rewritten as

ε_{N1} = 3 16π M_{N1} v^2 ∑ il Im[(Y_N )_{1i}(Y_N )_{1l}(M^{I∗}_ν )_{il}] ∑ i |(Y_N )_{1i}|^2

, (11)

while under the assumption that the triplet is sizeably heavier than N_1, Eq. (6) can be rewritten as

ε^Δ_{N1} = − 1 8π M_{N1} v^2 ∑ il Im[(Y_N )_{1i}(Y_N )_{1l}(M^{II∗}_ν )_{il}] ∑ i |(Y_N )_{1i}|^2

. (12)

The above lepton asymmetries differ just by their respective contribution to the neutrino mass matrix (up to a factor −2/3). As a result, if the triplet contribution dominates the neutrino mass matrix, it is very likely to dominate also the lepton asymmetry production through Eq. (12).^1

An interesting feature of this scenario with respect to the one of case 1 is that since the couplings responsible for the neutrino masses are not anymore responsible for the tree level decay, the neutrino mass constraints will not induce violation of the out-of-equilibrium condition

Γ_{N1} < H(T )|_{T =MN1} = √ 4π^3g_∗ 45 T^2 M_{P lanck} | | T =M_{N1} . (13)

where g_∗ is the number of degrees of freedom active at the temperature of the asymmetry production (g_∗ ∼ 100). Therefore the washout effects from inverse decays and associated scatterings will be avoided.^2 As a consequence there is no upper bound on the neutrino masses as in the usual type I seesaw model.^3 Moreover, the Y_N couplings constrained by the out-of-equilibrium conditions for the decay width and scatterings can essentially cancel between the numerator and the denominator in each of Eqs. (6) and (12), leaving an asymmetry depending above all on the Y_Δ and μ couplings. Since the triplet is heavier than N_1, the out-of-equilibrium conditions on these couplings are much weaker and therefore there is essentially no constraint from these conditions on the size of the asymmetry. Here, the larger the neutrino masses from the triplet, the larger the asymmetry and this is not accompanied by larger washout effects as in the usual case.

It is also interesting to see in this case what happens to the upper bound [23, 24, 25] on the asymmetry (or equivalently lower bound on the right-handed neutrino masses) due to the fact that neutrino masses are bounded from above. From Eq. (12) we see that such a bound still exists since the asymmetry is directly proportional to the neutrino mass matrix generated by the triplet. If we assume a hierarchical pattern of light neutrino masses (i.e. m^{max}_ν ≃ √ δm^2_{atm} ≃ 0.05 eV [31]), this bound is of the same order as in the case 1, i.e. M_{N1} > few 10^8 GeV. Note that in this case where the triplet diagram dominates the asymmetry, this bound is an absolute bound unlike for the pure right-handed neutrino case, because in the (single) triplet case there is no self-energy diagram as the one of Fig. 1.b (which allows one to avoid this bound through a resonance behavior if the righthanded neutrino masses are degenerate [17, 19]). Therefore the triplet doesn’t allow much progress in being able to lower substantially the leptogenesis scale, which would be welcome

1There is however no one to one correspondence between the contribution to the neutrino masses and to leptogenesis since the neutrino mass matrix is not a number but a 3 by 3 complex matrix. For example imagine a case where both the (YN )1j as well as the (YΔ)ji and μ have negligible phases with non-negligible phases for the (YN )2j and/or (YN )3j . Then the two diagrams of Fig. 1.a.b can still dominate the asymmetry production. However in this case one must be careful because, if the YN couplings have a negligible contribution to the neutrino masses, the produced asymmetry could be easily too small.

2As well known (see e.g. [21]) in the type I seesaw model of neutrino masses and the corresponding leptogenesis, a value of mν of at least √ δm^2_{atm} ∼ 0.05 eV [31] requires a Yukawa coupling which if associated to the decaying right-handed neutrino gives ΓN_1 /H(MN_1 ) ≳ 2 · 10^{−3} MP lanck √ δm^2_{atm}/v^2 ∼ 10 − 100 independently of the mass of the right-handed neutrino, resulting in suppression effects of similar order. These suppression effects are not present in Eqs. (6) and (12).

3This bound in the usual scenario (i.e. mν ≲ 0.12 eV [21]) is due to the fact that, the larger the (degenerate) light neutrino masses, the larger have to be some of the (YN )1j couplings, which induce more violation of the out-of-equilibrium condition ΓN_1 < H(MN_1 ) and hence more associated washout effects. This obviously doesn’t hold here.

for the eventual gravitino problem.^4 The precise calculation of the asymmetries and of the corresponding M_{N1} lower limit in the supersymmetric case is called for and is left for a future publication.

In order to show quantitatively that leptogenesis can be easily generated in this case and in order to illustrate the above discussion, as an example, let us consider the case where the Yukawa couplings (Y_N )_{1j} of N_1 gives K_{N1} = Γ_{N1} /H(M_{N1} ) ∼ 1/10. In this case the out-of-equilibrium condition is well satisfied and there is no sizeable washout effect associated to the (Y_N )_{1j} couplings. The contribution of the (Y_N )_{1j} couplings to the neutrino masses does not exceed M_ν ∼ (Y_N )^2_{1j}v^2/M_{N1} ∼ (10^{−12} GeV) K_{N1} ∼ 10^{−4} eV and

is therefore negligible with respect to √ δm^2_{atm} ≃ 0.05 eV [31] and √ δm^2_{sol} ≃ 0.008 eV [33]. Let us assume in addition for simplicity that the Yukawa couplings of the heavier right-handed neutrinos N_{2,3} are also relatively small and that the triplet is responsible for the neutrino masses (with for example M_Δ ∼ (10 − 1000) M_{N1} ). In this case there is no substantial washout from diagrams involving the triplet. This is due to the fact that the triplet doesn’t couple directly to N_1 and therefore there are no scatterings with a virtual triplet which enter into the Boltzmann equation ruling the number density of N_1. The only potentially dangerous scatterings enter into the Boltzmann equation ruling the lepton number density, for instance scatterings such as l + l → Δ → H + H. These however are not relevant since, on the one hand, the on-shell triplet contribution is already largely Boltzmann suppressed at the temperature of the N_1 decay, and since on the other hand, the off-shell triplet contribution is also suppressed by mass and couplings factors. As a result, in this example, it is not necessary to consider the explicit Boltzmann equations for the calculation of the produced lepton asymmetry. The asymmetry will be given safely by n_L/s ∼ ε^Δ_{N1} /g_∗. For example the values M_{N1} = 10^{10} GeV, μ = 10^{11} GeV, M_Δ = 10^{12} GeV, (Y_N )^{max}_{1j} = 2 · 10^{−4}, (Y_Δ)^{max}_{il} = 10^{−2} give m^{max}_ν ≃ √ δm^2_{atm} and ε^Δ_N ≃ 10^{−6} assuming a maximal phase. Taking g_∗ ≃ 10^2 we obtain an asymmetry as large as n_L/s ≃ 10^{−8} which gives more than enough freedom to get the needed value n_L/s ∼ 10^{−10} [32, 34](by reducing the phase for example). In this numerical example, an increase in m^{max}_ν (resulting from increasing the Y_Δ and μ couplings) results simply in a linear increase of the produced lepton asymmetry.

Finally note that all the discussion above for this case remains true even for M_Δ ∼ M_{N1} , as long as the triplet contribution dominates the neutrino masses as we assumed here. In particular, except if there are cancellations in the interplay of phases, ε^Δ_{N1} remains dominant over ε_{N1} and even ε_Δ. The only additional restriction is that the relation Γ_Δ < H(M_Δ) will be violated by at least a factor ∼ 10 − 100 due to neutrino mass constraints (i.e. Γ_Δ/H(M_Δ) ≳ 2 · 10^{−3}M_{P lanck} √ δm^2_{atm}/v^2). This induces a washout from scatterings such as l + l → Δ → H + H which will be effective at the temperature of the M_{N1} decay, but this washout will be quite moderate because it intervenes only in the Boltzmann equation of the lepton number density, not in the one of the N_1 number density. This leaves enough freedom to have successful leptogenesis even for neutrino masses well above the other cosmological bounds [32].

4Note that, except if there are large cancellations between the type I and type II seesaw contributions to the neutrino masses, this bound on MN_1 still holds in the case of a mixed scenario where both type I and type II contributions would be important for both neutrino masses and leptogenesis as long as the right-handed neutrinos are not closely degenerate in mass.

2.3 Case 3: M_{N1} >> M_Δ with a dominant right-handed neutrino contribution to the neutrino masses

Let us now consider a possibility that the triplet is much lighter than all the right-handed neutrinos. In this case leptogenesis will be dominated by the decay of the triplet to two leptons and the one loop diagram is the one of Fig. 2. If in addition the type I seesaw mechanism dominates the neutrino masses, the asymmetry of Eq. (9) becomes

ε_Δ = − 1 8π M^2_Δ ( ∑ ij |(Y_Δ)_{ij} |^2M^2_Δ + |μ|^2) 1 v^2

Im[(M^{I∗}_ν )_{il}(Y_Δ)_{il}μ^∗] . (14)

This can perfectly well lead to the needed lepton asymmetry (this case being obtained from case 2 by inverting the role of the right-handed neutrinos and the triplet). As in the case 2, there is no upper bound on the neutrino masses from leptogenesis because the couplings responsible for the neutrino masses are not responsible for the tree level decay. Moreover, also as in the case 2, the couplings constrained by the out-of-equilibrium conditions for the decay width and associated scatterings can essentially cancel between the numerator and denominator in each of Eqs. (9) and (14), leaving an asymmetry depending above all on the Y_N couplings which are much less constrained by the out-of-equilibrium conditions. Note however that, in contrast to the case 2, the decaying particle is not a SU(2)_L ×U(1) gauge singlet. Therefore there is the additional constraint that the triplet has not to be kept in thermal equilibrium by the gauge scatterings down to a temperature sizeably below its mass (otherwise an asymmetry can be created only from a Boltzmann suppressed number density of triplets). This puts the lower limit on M_Δ above the lower limit on M_N in the previous cases.

To illustrate this, one can consider a parameter configuration just opposite to the one of the example in the case 2, i.e. with suppressed triplet couplings and larger righthanded neutrino Yukawa couplings. Considering such a configuration, with for example M_Δ = 10^{13} GeV, one can show that a large enough lepton asymmetry can be produced. We estimate that a successful leptogenesis can also occur for M_Δ down to ∼ 10^{11−12} GeV [12, 35] for light neutrino masses below a few tenth of eV. An explicit calculation, beyond the scope of the present letter, with full Boltzmann equations would be necessary to see exactly down to which value of the triplet and right-handed neutrino masses leptogenesis can be successfully generated.

Note also that a lower bound on the triplet mass still holds here from neutrino constraints, in a similar way as in the case 2, but this one is not useful as it is below the lower bound on the triplet mass from the gauge scattering washout effects.

Note finally that if the right-handed neutrinos dominate the neutrino masses as in this case, even for M_{N1} ∼ M_Δ, ε_Δ will still be important for leptogenesis as long as the triplet mass is large enough to avoid the gauge scattering effects. In this case ε_Δ is of order ε_{N1} and both dominate over ε^Δ_N , see Eqs. (5), (6) and (9). The interplay of Boltzmann equations is quite involved in this case.

2.4 Case 4: M_{N1} >> M_Δ case with dominance of the triplet contribution to the neutrino masses

In this case too an asymmetry can be produced from the decay of the triplet to two leptons, i.e. the diagram of Fig. 2 and Eq. (9). In terms of the neutrino mass matrix generated by the triplet, with M_Δ << M_{N1} , ε_Δ can be rewritten as

ε_Δ = 1 16π M^2_Δ M_{Nk} v^2 Im[(M^{II}_ν )_{il}(Y^∗_N )_{ki}(Y^∗_N )_{kl}] ( ∑ ij |(Y_Δ)_{ij} |^2 +^{|μ|2}_{M 2Δ} )

. (15)

There are quite a few constraints here:

• First, in this case the asymmetry will be proportional to the Y_N couplings wich do not dominate the neutrino masses, and in this sense it is suppressed with respect to all other cases; compare Eq. (15) with Eqs. (12) and (14).

• Second, as in the case 3, the triplet needs to have a mass large enough to avoid large damping effects from gauge scatterings.

• In addition, due to the fact that the couplings responsible for the decay width are also responsible for the neutrino masses, the condition Γ_Δ < H(M_Δ) will be violated by at least a factor ∼ 10 − 100 due to the atmospheric neutrino constraints, similarly to the case 1 discussed in the footnote 2 (i.e. Γ_Δ/H(M_Δ) ≳ 2·10^{−3}M_{P lanck} √ δm^2_{atm}/v^2). In fact for this condition there is even less freedom than in the case 1 because in the case 1 the condition Γ_{N1} < H(M_{N1} ) can still be satisfied in the hierarchical case or inverse hierarchical case by assuming that N_1 has small Yukawa couplings (the heaviest light neutrino masses being induced by N_{2,3}). Since there is only one triplet, we don’t have this freedom and this condition is always violated.

• Moreover, due to this fact that the couplings responsible for the decay width are also responsible for the neutrino masses, there is now as in the case 1 an upper bound on neutrino masses.

Altogether this leads to a case which can still successfully generate the leptogenesis although within a narrower range of parameters than the other cases. The upper bound on neutrino masses and the lower bound on M_Δ depend highly on how negligible we assume the type I seesaw contribution for the neutrino masses. They result from a rather involved interplay of Boltzmann equations beyond the scope of this letter.

3 Implications from and for the left-right model

A heavy SU(2)_L triplet Δ_L emerges naturally in any left-right symmetric theory with a renormalizable see-saw mechanism. We discuss this generic feature in a prototype SU(2)_L × SU(2)_R × U(1)_{B−L} model, but it equally well applies to theories such as Pati-Salam or SO(10). In this theory, the leptons are left and right-handed doublets ψ_{iL,R} = (ν_i, l_i)^T_{L,R} and the analog of the standard model Higgs H is a bi-doublet Φ (consisting of two SU(2)_L doublets). The right-handed neutrinos receive their masses through the SU(2)_R triplet Δ_R; this in turn, due to L − R symmetry necessarily implies the existence of our SU(2)_L triplet Δ_L. The relevant Yukawa and Higgs potential terms which reproduce the Lagrangian of Eq. (1) now read as L ∋ − (Y_Δ)_{ij} [ ψ^T_{iL}Ciτ_2Δ_Lψ_{jL} + ψ^T_{iR}Ciτ_2Δ_Rψ_{jR} ] − Y^{(1)}_{ij} ψ̄_{iR}Φ_1ψ_{jL} − Y^{(2)}_{ij} ψ̄_{iR}Φ_2ψ_{jL}

− λ_{ij} T rΔ^†_RΦ_iΔ_LΦ^†_j + h.c. (16) with Φ = ( ϕ^0_1 ϕ^+_1 −ϕ^−_2 ϕ^0_2 ) , Δ_{L,R} = (_{1√} 2 δ^+ δ^{++} δ^0 −^{1√}_2 δ^+ ) L,R , (17)

and Φ_1 = Φ, Φ_2 = τ_2Φ^∗τ_2. In writing Eq. (16) we have used the following SU(2)_L×SU(2)_R transformations properties: ψ_{L,R} → U_{L,R}ψ_{L,R}; Δ_{L,R} → U_{L,R}Δ_{L,R}U^†_{L,R}; Φ → U_RΦU^†_L. We have also used the left-right symmetry, i.e. symmetry under: ψ_L ↔ ψ_R, Δ_L ↔ Δ_R, Φ ↔ Φ^†.

Denote, next, ⟨ϕ^0_i ⟩ = v_i, and introduce the notation H_i = (ϕ^0_i , ϕ^−_i )^T . It is easy to show that H = (v_1H_1 + v_2H_2)/ √ v^2_1 + v^2 corresponds to the standard model Higgs doublet, whereas H^′ = (v_2H_1 − v_1H_2)/ √ v^2_1 + v^2 has zero vev and picks up a mass proportional to M_R = ⟨Δ_R⟩ and decouples from the low energy sector. Comparison with Eq. (1), says that after diagonalizing Y_Δ, M_{Ni} = 2(Y^{diag}_Δ )_{ii}M_R (18)

gives Dirac neutrino Yukawa couplings as a function of Y^{(1)} and Y^{(2)}

Y_N =

Y^{(1)}v_1 + Y^{(2)}v_2 √ v^2_1 + v^2

, (19) and μ = (λ_{11} + λ_{22})v_1v_2 + λ_{12}v^2 + λ_{21}v^2_1 v^2_1 + v^2

M_R . (20)

The main message is very simple. For large M_R, we have effectively the situation as in section 2, but with one important proviso for the type II seesaw: right and left-handed neutrino masses are proportional to each other (given by Y_Δ and the ⟨Δ_R⟩ and ⟨Δ_L⟩ respectively) and so are their eigenvalues. This must be taken into account for a quantitative analysis of the asymmetry.

Three more comments are in order:

• First, in the SU(2)_L × SU(2)_R × U(1)_{B−L} theory the right-handed neutrino masses, and M_{ΔL} and μ ∼ λ⟨Δ_R⟩ are clearly not predictable and there is no way of knowing which particle is lightest and therefore responsible for leptogenesis. A natural prejudice, encouraged by what we know in the standard model, is a hierarchy of M_{Ni} and not so light scalar particles, (i.e. M_{ΔL} >> M_{N1} ). This, to us, makes the cases 1 and 2 more plausible than 3 and 4, although not necessarily correct. Keep also in mind that a heavy Δ_L can still naturally dominate the light neutrino masses; after all Yukawa couplings Y_N could be much smaller than Y_Δ. In this sense the case 2 is not less plausible than the case 1.

• Second, we don’t know the mass of the second doublet H^′ in the bi-doublet Φ. As we said, unless we fine tune it, it is naturally of order M_R, but it is not clear whether it lies above or below the mass of decaying particle responsible for the leptogenesis. We assume here that H^′ is heavy enough not to affect leptogenesis. We do this only for the reason of simplicity, but it is straightforward to generalize it to the case of a lighter H^′; one must only take into account the fact that μ becomes a 2 × 2 matrix and keep an index i on Y^{(i)}_N , i = 1, 2.

• Third, for the case where M_{N1} < M_Δ, we assume that the SU(2)_R gauge bosons are heavy enough to avoid too large damping effects from the corresponding gauge scatterings. To this end, it has been estimated that these interactions are out-of-equilibrium for M_{WR} > (2 · 10^5 GeV)(M_{N1} /10^2 GeV)^{3/4} [36]. This should be the object of a more detailed study. It is likely that for specific sets of parameters, leptogenesis can be successfully generated for even smaller values of M_{WR} .

Let us see now what happens to ε^Δ_{N1} in this theory. From (Y_Δ)_{ij} =^1_2 δ_{ij}^{MNi}_{MR} in the basis of diagonal M_N , one obtains from Eq. (6) for the case of hierarchical N_i and for M_Δ >> M_{N1} (i.e. in the, to us, most interesting case 2):

ε^Δ_{N1} ≃ − 1 8π ∑ j M_{N1} M_{Nj} M^2_ΔM_R

Im[(Y_N )_{1j}(Y_N )_{1j}μ] ∑ i |(Y_N )_{1i}|^2

. (21)

This can be contrasted with ε_{N1} in the same limit

ε_{N1} ≃ − 3 16π ∑ j M_{N1} M_{Nj} Im[ ∑ j (Y_N Y^†_N )^2_{1j} ] ∑ i |(Y_N )_{1i}|^2

. (22)

Let us take for illustration the same example of the section 2 with hierarchical masses for the N_i, say M_{N1} ≃ 10^{10} GeV, M_{N2} ≃ 10^{12} GeV, M_{N3} ≃ 10^{13} GeV and M_R ≃ 10^{15} GeV. Clearly for Y^2_N v^2/M_N ≲ √ δm^2_{sol} ∼ 0.008 eV as dictated by the dominance of the triplet seesaw, one gets ε_{N1} ≲ 10^{−7} to be compared with ε^Δ_{N1} ≃ 10^{−6}.

Last but not least, note that the lower bound M_{N1} ≳ few 10^8 GeV in the case of hierarchical right-handed neutrinos translates in a lower limit about one order of magnitude higher on the scale of SU(2)_R symmetry breaking M_R, or in other words on the mass of the right-handed gauge bosons.

4 Summary

The analysis of leptogenesis and neutrino masses with a triplet in addition to right-handed neutrinos is somewhat involved but still, a clear picture emerges. If M_Δ > M_{N1} , the triplet will have in general a non-negligible contribution to the leptogenesis as soon as it has a non-negligible contribution to the neutrino masses, even if the triplet is much heavier than N_1 (see the case 2). If M_Δ < M_{N1} , with M_Δ ≳ 10^{11−12} GeV, even with rather small couplings (i.e. not necessarily dominating the neutrino masses), the triplet diagrams will in general dominate the production of the asymmetry (see cases 3 and 4). If M_Δ < M_{N1} , with M_Δ ≲ 10^{11−12} GeV, the triplet will not be able to produce the asymmetry due to gauge scattering effects and it must have in addition tiny couplings not to wash out the asymmetry (which in this case can be produced by the pure right-handed neutrino contribution). The situation which definitely allows most freedom in the parameter space is the one of the case 2 with triplet seesaw neutrino masses and leptogenesis from the decay of the right-handed neutrino(s) (i.e. with a triplet mass larger or of order the lightest right-handed neutrino mass). The most constrained situation is with the dominance of the triplet for the neutrino masses and a triplet mass lighter than all right-handed neutrino masses (case 4).

One of the consequence of the triplet contribution to leptogenesis is that there is no more an upper limit on neutrino masses from leptogenesis (see the cases 2 and 3). This is due to the fact that in ε^Δ_N and ε_Δ, the couplings responsible for the tree level decay are not necessarily the ones dominating the neutrino masses. Therefore the neutrino mass constraints do not necessarily imply violation of the out-of-equilibrium conditions on the decay width and associated scatterings, even for degenerate light neutrino masses (see the cases 2 and 3). Moreover these couplings responsible for the tree level decay can essentially cancel in the numerator and denominator of the asymmetry, leaving an asymmetry depending above all on other couplings much less constrained by the out-of-equilibrium conditions. The size of the asymmetry is bounded from above only by the size of the neutrino masses (which results in the lower bound on M_{N1} similar to the one of the usual case without the triplet, i.e. M_{N1} ≳ few 10^8 GeV).

In left-right symmetric theories with the seesaw mechanism, the existence of the triplet Δ_L is a must if one sticks to renormalizability. Regarding neutrino masses, it is a priori impossible to know wether they originate from the triplet or right-handed neutrinos (or both). In this sense it is equally probable that the triplet or right-handed neutrinos play an important role for neutrino masses and therefore for leptogenesis. It is still to be seen what happens in more constrained theories such as the minimal renormalizable SO(10) theory, where the small number of parameters allows one in principle to find out the origin of the seesaw mechanism and in turn the origin of the lepton asymmetry.

Acknowledgments

It is a pleasure to thank Utpal Sarkar for useful discussions several years ago. We are also grateful to Pasquale Di Bari, Pavel Fileviez Perez, Alejandra Melfo and Francesco Vissani for discussions and comments. We appreciate the warm hospitality of the CMS group at the Technical University of Split (FESB), where part of this work was done. This work was supported by the TMR, EC-contract No. HPRN-CT-2000-00148 and HPRN-CT-2000- 00152.

References

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

[2] M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, edited by P. van Nieuwenhuizen and D. Freedman, (North-Holland, 1979), p. 315; S.L. Glashow, in Quarks and Leptons, Cargèse, eds. M. Lévy et al., (Plenum, 1980, New-York), p. 707; 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, 1979), p. 95; R.N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 44, (1980) 912.

[3] H. Georgi, proceedings of Coral Gables 1975, 329; H. Fritzsch and P. Minkowski, Annals Phys. 93 (1975) 193.

[4] J.C. Pati and A. Salam, Phys. Rev. D10 (1974) 275.

[5] R.N. Mohapatra and J.C. Pati, Phys. Rev. D11 (1975) 566, Phys. Rev. D11 (1975) 1502; G. Senjanović and R.N. Mohapatra, Phys. Rev. D12 (1975) 1502. G. Senjanović, Nucl. Phys. B153 (1979) 334.

[6] G. Lazarides, Q. Shafi and C. Wetterich, Nucl Phys. B181 (1981) 287; R.N. Mohapatra and G. Senjanović, Phys. Rev. D23 (1981) 165; C. Wetterich, Nucl. Phys. B187 (1981) 343.

[7] B. Bajc, G. Senjanović and F. Vissani, hep-ph/0110310 and Phys. Rev. Lett. 90 (2003) 051802; H.S. Goh, R.N. Mohapatra and S.P. Ng, hep-ph/0303055.

[8] C.S. Aulakh, B. Bajc, A. Melfo, G. Senjanović and F. Vissani, hep-ph/0306242, and refs. therein.

[9] P. O’Donnell and U. Sarkar, Phys. Rev. D49 (1994) 2118. [10] G. Lazarides and Q. Shafi, Phys. Rev. D58 (1998) 071702. [11] E. Ma and U. Sarkar, Phys. Rev. Lett. 80 (1998) 5716. [12] T. Hambye, E. Ma and U. Sarkar, Nucl. Phys. B602 (2001) 23. [13] G. Lazarides, Phys. Lett. B452 (1999) 227.

[14] P. Langacker, R. Peccei and T. Yanagida, Mod. Phys. Lett. A1 (1986) 541. [15] M. Luty, Phys. Rev. D45 (1992) 445.

[16] A. Acker, H. Kikuchi, E. Ma and U. Sarkar, Phys. Rev. D48 (1993) 5006. [17] M. Flanz, E.A. Paschos and U. Sarkar, Phys. Lett. B345 (1995) 248; M. Flanz, E.A. Paschos, U. Sarkar and J. Weiss, Phys. Lett. B389 (1996) 693.

[18] L. Covi, E. Roulet and F. Vissani, Phys. Lett. B384 (1996) 169. [19] A. Pilaftsis, Phys. Rev. D56 (1997) 5431; Nucl. Phys. B504 (1997) 61. [20] W. Buchmüller and M. Plümacher, Phys. Lett. B389 (1996) 73; Phys. Lett. B431 (1998) 354.

[21] W. Buchmüller, P. Di Bari and M. Plümacher, hep-ph/0302092; Phys. Lett. B547 (2002) 128; Nucl. Phys. B643 (2002) 367; W. Buchmüller, hep-ph/0306047.

[22] R. Barbieri, P. Creminelli, A. Strumia and N. Tetradis, Nucl. Phys. B575 (2000) 61. [23] K. Hamagushi, H. Murayama and T. Yanagida, Phys. Rev. D65 (2002) 043512. [24] T. Hambye, Nucl. Phys. B633 (2002) 171. [25] S. Davidson and A. Ibarra, Phys. Lett. B535 (2002) 25. [26] M. Raidal and J. Ellis, Nucl. Phys. B643 (2002) 229.

[27] P.H. Frampton, S.L. Glashow and T. Yanagida, Phys. Lett. B548 (2002) 119.

[28] G.C. Branco, R. Gonzalez Felipe, F.R. Joaquim, I. Masina, M.N. Rebelo and C.A. Savoy , Phys. Rev. D67 (2003) 073025.

[29] D. Falcone, hep-ph/0305229.

[30] E.Kh. Akhmedov, M. Frigerio and A.Yu. Smirnov, hep-ph/0305322. [31] G.L. Fogli, E. Lisi and A. Marrone, Phys. Rev. D67 (2003) 093006, M. Apollonio et al., hep-ph/0201192..

[32] D.N. Spergel et al., astro-ph/0302209. [33] KamLAND, hep-ex/0212021.

[34] B.D. Fields and S. Sarkar, in Review of Particle Properties, Phys. Rev. D66 (2002) 010001.

[35] J.N. Fry, K.A. Olive, and M.S. Turner, Phys. Rev. D22 (1980) 2977. [36] E. Ma, S. Sarkar and U. Sarkar, Phys. Lett. B458 (1999) 73.