arXiv:1210.6077v1 [hep-ph] 22 Oct 2012

Non-resonant leptogenesis in seesaw models with an almost conserved B − L

J. Racker^∗

Depto. de Física Teórica and IFIC, Universidad de Valencia-CSIC Edificio de Institutos de Paterna, Apt. 22085, 46071 Valencia, Spain

Abstract

We review the motivations and some results on leptogenesis in seesaw models with an almost conserved lepton number. The paper is based on a talk given at the 5th International Symposium on Symmetries in Subatomic Physics, SSP2012.

Preprint: IFIC/12-58

1 Introduction

Leptogenesis is one of the most attractive mechanisms to explain the origin of the baryon asymmetry of the Universe (BAU) [1]. This is so because it arises naturally in simple extensions of the standard model (SM) which can also explain why the neutrino masses are so tiny. In this mechanism a lepton asymmetry is produced in the out of equilibrium decay of heavy Majorana neutrinos, which is then partially converted into a baryon asymmetry by nonperturbative sphaleron processes (see [2] for a complete review).

In the most economical model (type I seesaw) the heavy neutrinos N_i are SM singlets with Majorana masses M_i, which only interact with the lepton doublets ℓ_α (α = e, μ, τ) and Higgs field h via Yukawa interactions, L_Y = −λ_{αi} ~h^† P_RN_iℓ_α + h.c. . The number of new parameters associated to the type I seesaw with three singlets, one per each SM family, is 18. However the baryon asymmetry Y_B ≡ n_B /s produced via N_1-leptogenesis depends on a few combinations of them (here n_B and s are the baryon and entropy densities). When flavour effects [3, 4, 5, 6, 7, 8] are not relevant the main parameters are M_1, which determines the epoch of leptogenesis, ϵ_1, that gives a measure of the amount of CP violation per N_1-decay (see below for a precise definition), and the effective mass, m̃_1 ≡ (λ^†λ)_{11}v^2/M_1 (with v the vev of the Higgs field), which is an appropriate measure of the intensity of the Yukawa interactions of N_1. If the CP asymmetry ϵ_1 is constant during leptogenesis (which is usually a good approximation), the final baryon asymmetry, Y^f_B , is simply proportional to ϵ_1.

∗racker@ific.uv.es

In this case it can be expressed as Y^f_B = kϵ_1η, with k ≃ 1/724 a numerical factor and η is the so called efficiency, which carries the dynamical information and it is mainly a function of m̃_1. By definition |η| ≤ 1 and the maximum efficiency is obtained when m̃_1 ∼ 10^{−3} eV. This value is determined by the condition that the decay rate of N_1 equals the Hubble expansion rate at a temperature T = M_1, so that the Yukawa interactions of N_1 are barely out of equilibrium at the time it becomes non-relativistic. This result is amazing given that the contribution of N_1 to the masses of the light neutrinos (m_i, i = 1, 2, 3) in the type I seesaw is expected to be of the same order as m̃_1 (barring cancellations due to phases). In other words, an efficient leptogenesis mechanism suggests a scale for the light neutrino masses which is roughly of the correct order of magnitude. Moreover, the most simple models for leptogenesis require an interesting upper bound for the masses of the light neutrinos, m_i ≲ 0.15 eV in the one flavour approximation [9] and m_i ≲ few eV when flavour effects are taken into account [5, 10].

The conditions described above provide a highly non-trivial connection between baryogenesis via leptogenesis and the low energy parameters m_i. But this is not enough at all to probe leptogenesis. Unfortunately in the most simple models no more generic relations can be established between leptogenesis and low energy parameters. In fact, for a very hierarchical spectrum of heavy singlet neutrinos M_1 ≪ M_2 ≪ M_3, the L-violating CP asymmetry generated in the decay of the lightest singlet has an upper bound proportional to M_1, the so-called Davidson-Ibarra (DI) bound [11]. This implies a lower bound ∼ 10^9 GeV for the mass of the sterile neutrinos in order for N_1-dominated leptogenesis to be successful. Careful numerical studies show that the DI bound can be evaded for moderate hierarchies, e.g. the lower bound on M_1 is relaxed by more than one order of magnitude with respect to the hierarchical limit one for M_3/M_2 ∼ M_2/M_1 ∼ 10 [12]. However to reach these low values of M_1 some unlikely cancellations are needed, which are not motivated by any underlying symmetry. Flavour effects do not substantially change this result. Therefore leptogenesis occurs at very high energies in these scenarios. In addition no generic relation can be made between low and high energy phases, i.e. leptogenesis can work for any value of the observable PMNS phases [13].

In conclusion, leptogenesis in the context of the type I seesaw with hierarchical heavy neutrinos provides a simple and natural explanation to the BAU, but it will not be possible to test this scenario in foreseeable experiments. This has motivated research in different directions. For example in [14] some ways to falsify (rather than probe) leptogenesis at the LHC were investigated. Also, one can avoid the DI bound resorting to resonant leptogenesis, i.e., a resonant enhancement of the CP asymmetry which occurs when there are at least two strongly degenerated heavy neutrinos, such that M_2 − M_1 ∼ Γ_N , being Γ_N their decay width [15, 16]. In this scenario, leptogenesis is feasible at much lower temperatures, T ∼ O(1 TeV) [17, 18, 19, 20]. However it is not enough to have leptogenesis at the TeV scale in order to probe it. This is so because the most crucial parameters for observing effects from the heavy neutrinos are the active-sterile neutrino mixings, which in the type I seesaw are roughly given by the ratio m_D/M_1 ∼ √ m_i/M_1 (with m_D ∼ λ_{αi}v), and hence are too small.

Therefore it is very interesting that there are well motivated seesaw models which not only yield a heavy neutrino quasi-degenerate spectrum but can also provide a large active-sterile neutrino mixing, namely those that have an approximately conserved B − L [21] (with L being conserved at the perturbative level). In these models the tiny neutrino masses are proportional to small lepton number-breaking parameters, which are technically natural since a larger symmetry is realized when they vanish. This implies that the heavy neutrinos can be much lighter than in the generic seesaw, within the energy reach of LHC. Also, lepton flavour violating rare decays as well as non-unitarity of the leptonic mixing matrix are present even in the limit of conserved B − L, and therefore they are unsuppressed by the light neutrino masses [22, 23, 24]. As a consequence, much attention has been devoted recently to this class of low scale seesaw models, since they have a rich phenomenology both at LHC [25, 26, 27] and at low energy charged lepton rare decay experiments, such as μ → eγ, and also lead to successful resonant leptogenesis [28].

It has also been noticed that even if the heavy neutrinos that generate the BAU are not quasi Dirac, or the mass splitting is outside the resonant regime, in seesaw models with almost conserved B − L the scale of leptogenesis can be lower than in the standard seesaw [29, 30], provided flavour effects are at work. This is so because there is a L-conserving part in the flavoured CP-asymmetries which escapes the DI bound. In these notes we review and summarize the results of [30] on the possibility of having successful leptogenesis driven by the purely flavoured L-conserving contribution to the CP asymmetries, in the context of seesaw models with small violation of B − L.

2 Leptogenesis in models with an almost conserved B − L

In general there are at least two species of neutrinos involved in leptogenesis, one, called here N_1, which is mainly responsible for the generation of the lepton asymmetry during its production and decay, and another one, N_2, that makes the most important virtual contribution to the CP asymmetry in N_1 decays. If B −L is only slightly violated, then each N_i must satisfy one of the two following conditions:

(i) N_i is a Majorana neutrino with two degrees of freedom, whose Yukawa interactions violate lepton number and therefore the couplings λ_{αi} must be small.

(ii) The N_i is a Dirac or quasi-Dirac neutrino with four degrees of freedom;

this means that there are two Majorana neutrinos N_{ih} and N_{il} with masses M_i + μ_i and M_i − μ_i respectively. The parameter μ_i ≪ M_i measures the amount of B − L violation, so that if B − L is conserved, μ_i = 0 and N_i = (N_{ih} + iN_{il})/ √ 2 is a Dirac fermion. The Yukawa interactions can be expressed as L_{YN i} = −λ_{αi} ~h^† P_R N_{ih} + iN_{il} √ 2 ℓ_α − λ^′_{αi} ~h^† P_R N_{ih} − iN_{il} √ 2 ℓ_α + h.c. , (1) where λ^′_{αi} ≪ 1. The terms proportional to λ^′_{αi} induce lepton number violation even when μ_i → 0 and hence they are similar in nature to the ones described in (i). Instead the λ_{αi} can be large, because they do not vanish in the B − L conserved limit: in the absence of μ_i and λ^′_{αi}, a perturbatively conserved lepton number can be defined, by assigning L_N = 1 to N_i, and L_{ℓα} = 1 to the SM leptons.

There are two cases that are relatively easy to analyze,

– (iia) μ_i ≪ Γ_{Nih} , Γ_{Nil} (Dirac limit), and – (iib) Γ_{Nih} , Γ_{Nil} ≪ μ_i ≪ M_i (Majorana limit).

Here Γ_{Nih} and Γ_{Nil} are the decay widths of N_{ih} and N_{il} respectively.

A comprehensive research on leptogenesis in models with small violation of B − L can be obtained considering the different possibilities (i) or (ii) for both N_1 and N_2. Since we have not considered the widely-studied case of a resonant contribution of N_2 to the CP asymmetry in N_1 decays, the optimum situation for generating a lepton asymmetry is when N_2 satisfies (ii). In this way the CP asymmetries ϵ_{α1} in the decays of N_1 into leptons of flavour α, ϵ_{α1} ≡^{Γ(N1→ℓαh)−Γ(N1→ℓ̄αh̄)} ∑ α Γ(N_1→ℓ_αh)+Γ(N_1→ℓ̄_αh̄) , being proportional to the Yukawa couplings

of N_2, can be enhanced. In turn, for N_1 the simplest possibility is (i). It can also satisfy (iib), in which case N_{1l} and N_{1h} behave as two independent Majorana neutrinos regarding the generation of the BAU, that would roughly double with respect to case (i). However if N_1 satisfies (iia), then it is (or effectively behaves as) a Dirac neutrino, i.e. lepton number is conserved in its decays, and therefore the only possibilities to end up with a non-zero BAU is to have important washouts from the two Majorana components of N_2 (if μ_2 ≫ Γ_{N2l,N2h} ) or let the sphalerons freeze out during leptogenesis [31].

Motivated by the previous discussion we have considered a scenario for leptogenesis involving three fermion singlets N_1, N_{2l}, N_{2h} (each of them having two degrees of freedom), with respective masses M_1, M_2 − μ_2, M_2 + μ_2 and Yukawa couplings given by the Lagrangian

L_Y = −λ_{α1} ~h^† P_RN_1ℓ_α − λ_{α2} ~h^† P_R

N_{2h} + iN_{2l} √ 2 ℓ_α + h.c. . (2) The parameters λ_{α1} violate lepton number and hence λ_{α1} ≪ λ_{α2}.

As shown in [30] it is convenient to take M_1 < M_2 in order to obtain the lowest energy scale for leptogenesis within this framework, which corresponds to the so called N_1-leptogenesis. Then Y^f_B is proportional to the CP asymmetries ϵ_{α1}, which have a L-violating part suppressed by the small L-violating parameter μ_2 and an unsuppressed L-conserving piece, ϵ^L_{α1}, whose contribution to the total CP asymmetry is null, i.e. ∑ α ϵ^L_{α1} = 0. In order to have a large Y^f_B (not suppressed by μ_2), it is mandatory to have flavour effects so that there is a contribution to Y^f_B coming from ϵ^L_{α1} [6]. In turn, to have the appropriate flavour effects, it is crucial to demand that the couplings of N_1 and N_2 be small enough, such that the Yukawa interactions of the τ are the strongest ones (see [30] for a detailed explanation). When this happens the density matrix of leptons is diagonal in the orthogonal basis (ℓ_τ , ℓ_{τ ⊥}, ℓ^′_{τ ⊥}), with ℓ_{τ ⊥} and ℓ^′_{τ ⊥} being determined by the fastest interaction acting in the plane perpendicular to ℓ_τ . Something similar occurs in the antilepton sector. Then, as a first approximation, the lepton asymmetries in the flavours ℓ_τ , ℓ_{τ ⊥}, and ℓ^′_{τ ⊥} evolve independently. In this case, although ∑ α ϵ^L_{α1} = 0, Y^f_B can get contributions from the individual ϵ^L_{α1}. This is so because the final amount of lepton asymmetry in a given flavour also depends on how much of the produced asymmetry was erased, and this can be different for each flavour.

Actually the evolutions of the different lepton flavour asymmetries are not completely independent. On one hand, spectator processes [32, 33] effectively couple the flavour asymmetries, nevertheless we have checked that their effect on Y^f_B is at most a few tens of percent. One the other hand, there are L-conserving but L_α-violating scatterings ℓ_βh → ℓ_αh, ℓ_βh̄ → ℓ_αh̄, and hh̄ → ℓ_αℓ̄_β , hereafter called generically flavour changing interactions (FCI), which are inherent to models with an approximately conserved B − L. The FCI play a crucial role because they tend to equilibrate the different flavour asymmetries [34, 35], effectively diminishing flavour effects and consequently Y^f_B . The cross sections of the FCI have been calculated in [30], finding important differences with previous literature.

Summarizing, in order to determine the BAU generated in models for leptogenesis with small violation of B − L, it is very important to consider the FCI and the adequate conditions for having flavour effects. The set of Boltzmann equations (BE) taking into account these elements can be read in [30]. For the case μ_2 ≫ Γ_{N2l,2h} the BE are like the ones typically found in the literature. Instead, if μ_2 ≪ Γ_{N2l,2h} then N_{2l} and N_{2h} combine to form a Dirac neutrino N_2 ≡ (N_{2h} + iN_{2l})/ √ 2, and therefore there is an asymmetry generated among the degrees of freedom of N_2 which has to be taken into account [31].

3 Results

The relevant parameters for leptogenesis are M_1, M_2/M_1, (λ^†λ)_{11}, (λ^†λ)_{22}, the projectors K_{αi} ≡ λ_{αi}λ^∗_{αi}/(λ^†λ)_{ii}, and μ_2. We have determined the minimum value of M_1 compatible with successful leptogenesis as a function of M_2/M_1, maximizing Y^f_B over the remaining parameters. To obtain the baryon asymmetry we have solved numerically the appropriate set of BE^1, and to get successful leptogenesis we have required Y^f_B = 8.75 × 10^{−11} [38]. The result is represented with the thick continuous curves in Fig. 1, the red line corresponding to the case μ_2 ≫ Γ_{N2l,2h} and the green one to μ_2 ≪ Γ_{N2l,2h} .

As can be seen it is possible to have neutrino masses as low as M_1 ∼ 10^6 GeV, i.e. around three orders of magnitude below the lower bound for the standard case of type I seesaw with hierarchical heavy neutrinos. Such lower bound on M_1 in turn yields a lower bound for the reheating temperature, T_{RH} , of the same order, since to thermally produce the neutrinos M_1 ≲ 5 T_{RH} [39, 40, 41]. An interesting consequence is that the bound T_{RH} ≳ 10^6 GeV can be compatible with the upper bound on T_{RH} required to avoid the gravitino problem in SUGRA models [42, 43, 44]. Moreover, M_1 values around 10^6 GeV can be achieved for a wide range of N_2 masses and also for different values of the Yukawa couplings (see [30] for details on this point as well as on the relation between the parameters defined above and the light neutrino masses).

An important issue for obtaining the bound on M_1 has been to determine how large the Yukawa couplings of N_2 can be without violating the condition

1For simplicity we have neglected spectator processes during leptogenesis and the asymmetry developed among the degrees of freedom of the Higgs [32, 33], as well as ΔL = 1 scatterings [36, 37]. However we have checked that their inclusion modifies the results by at most a few tens of percent.

Figure 1: Lowest value of M_1 yielding successful leptogenesis as a function of M_2/M_1. The red curves are for the case μ_2 ≫ Γ_{N2l,2h} and the green ones for μ_2 ≪ Γ_{N2l,2h} . The thick continuous curves give the physically correct bound, while the thin dashed ones show the result that would be obtained if the Yukawa couplings of N_2 were allowed to take values as large as 1 for all values of M_2/M_1.

that the rates of processes involving N_2 be slower than the rates of the τ-Yukawa interactions. For comparison we have also plotted in Fig. 1 the -wrong- bound that would be obtained if (λ^†λ)_{22} were allowed to be as large as 1. It is clear that as M_2 approaches M_1 the requirement of an upper bound for (λ^†λ)_{22} becomes very relevant.

Finally let us comment that for simplicity the results depicted in Fig. 1 were obtained assuming that ℓ_e is perpendicular to the decay eigenstates of N_1 and N_2, so that only two flavour asymmetries are generated. We have checked that in the more general three flavour case it is possible to lower the bound on M_1 by a factor up to almost 4 with respect to the two flavour case [30].

4 Conclusions

Seesaw models with an almost conserved B − L are an interesting alternative to explain the smallness of neutrino masses because they can lead, in principle, to large active-sterile neutrino mixings. We have found another merit of these models, namely that leptogenesis is possible for M_1 ≳ 3 − 10 × 10^5 GeV, i.e. around three orders of magnitude below the standard type I seesaw case, without resorting to the resonant enhancement of the CP asymmetry for strongly degenerate heavy neutrinos. However, it is also clear that such energy scale is too large to have both, successful non-resonant leptogenesis and active-sterile neutrino mixings large enough to produce observable effects.

Acknowledgments

The author wishes to thank his collaborators on this subject, Concha González- García, Manuel Peña and Nuria Rius.

This work has been supported by the Spanish MINECO Subprogramme Juan de la Cierva and it has also been partially supported by the Spanish MINECO grants FPA-2007-60323, FPA2011-29678-C02-01, and Consolider-Ingenio CUP (CSD2008-00037).

References

[1] M. Fukugita, T. Yanagida, Phys. Lett. B174, 45 (1986) [2] S. Davidson, E. Nardi, Y. Nir, Phys. Rept. 466, 105 (2008) [3] R. Barbieri, P. Creminelli, A. Strumia, N. Tetradis, Nucl. Phys. B575, 61 (2000) [4] T. Endoh, T. Morozumi, Z. Xiong, Prog. Theor. Phys. 111, 123 (2004) [5] A. Abada, S. Davidson, F.X. Josse-Michaux, M. Losada, A. Riotto, JCAP 0604, 004 (2006) [6] E. Nardi, Y. Nir, E. Roulet, J. Racker, JHEP 0601, 164 (2006) [7] A. Abada, S. Davidson, A. Ibarra, F.X. Josse-Michaux, M. Losada, A. Riotto, JHEP 0609, 010 (2006) [8] S. Blanchet, P. Di Bari, G.G. Raffelt, JCAP 0703, 012 (2007) [9] W. Buchmüller, P. Di Bari, M. Plümacher, Nucl. Phys. B665, 445 (2003) [10] A. De Simone, A. Riotto, JCAP 0702, 005 (2007) [11] S. Davidson, A. Ibarra, Phys. Lett. B535, 25 (2002) [12] T. Hambye, Y. Lin, A. Notari, M. Papucci, A. Strumia, Nucl. Phys. B695, 169 (2004) [13] S. Davidson, J. Garayoa, F. Palorini, N. Rius, Phys. Rev. Lett. 99, 161801 (2007) [14] J.M. Frère, T. Hambye, G. Vertongen, JHEP 0901, 051 (2009) [15] L. Covi, E. Roulet, Phys. Lett. B399, 113 (1997) [16] A. Anisimov, A. Broncano, M. Plümacher, Nucl. Phys. B737, 176 (2006) [17] A. Pilaftsis, Phys. Rev. Lett. 95, 081602 (2005) [18] A. Pilaftsis, T.E. Underwood, Phys. Rev. D72, 113001 (2005) [19] A. Pilaftsis, Phys. Rev. D78, 013008 (2008) [20] F.F. Deppisch, A. Pilaftsis, Phys. Rev. D83, 076007 (2011) [21] R.N. Mohapatra, J.W.F. Valle, Phys. Rev. D34, 1642 (1986)

[22] J. Bernabeu, A. Santamaria, J. Vidal, A. Mendez, J.W.F. Valle, Phys. Lett.

B187, 303 (1987) [23] M.C. Gonzalez-Garcia, J.W.F. Valle, Mod. Phys. Lett. A7, 477 (1992) [24] D. Hernandez, M.B. Gavela, T. Hambye, P. Hernandez, PoS EPS- HEP2009, 289 (2009) [25] T. Han, B. Zhang, Phys. Rev. Lett. 97, 171804 (2006) [26] F. del Aguila, J.A. Aguilar-Saavedra, R. Pittau, JHEP 0710, 047 (2007) [27] J. Kersten, A.Y. Smirnov, Phys. Rev. D76, 073005 (2007) [28] T. Asaka, S. Blanchet, Phys. Rev. D78, 123527 (2008) [29] S. Antusch, S. Blanchet, M. Blennow, E. Fernandez-Martinez, JHEP 1001, 017 (2010) [30] J. Racker, M. Peña, N. Rius, JCAP 1207, 030 (2012) [31] M.C. Gonzalez-Garcia, J. Racker, N. Rius, JHEP 0911, 079 (2009) [32] W. Buchmüller, M. Plümacher, Phys. Lett. B511, 74 (2001) [33] E. Nardi, Y. Nir, J. Racker, E. Roulet, JHEP 0601, 068 (2006) [34] D. Aristizabal Sierra, M. Losada, E. Nardi, JCAP 0912, 015 (2009) [35] C.S. Fong, J. Racker, JCAP 1007, 001 (2010) [36] E. Nardi, J. Racker, E. Roulet, JHEP 0709, 090 (2007) [37] C.S. Fong, M.C. Gonzalez-Garcia, J. Racker, Phys. Lett. B697, 463 (2011) [38] E. Komatsu, et al., Astrophys. J. Suppl. 192, 18 (2011) [39] G.F. Giudice, A. Notari, M. Raidal, A. Riotto, A. Strumia, Nucl. Phys.

B685, 89 (2004) [40] W. Buchmüller, P. Di Bari, M. Plümacher, Annals Phys. 315, 305 (2005) [41] J. Racker, E. Roulet, JHEP 0903, 065 (2009) [42] M.Y. Khlopov, A.D. Linde, Phys. Lett. B138, 265 (1984) [43] J.R. Ellis, J.E. Kim, D.V. Nanopoulos, Phys. Lett. B145, 181 (1984) [44] M. Kawasaki, K. Kohri, T. Moroi, A. Yotsuyanagi, Phys. Rev. D78, 065011 (2008)