arXiv:hep-ph/0408103 v3 11 Aug 2005

hep-ph/0408103 August 2004

Resonant τ -Leptogenesis with Observable Lepton Number Violation

Apostolos Pilaftsis School of Physics and Astronomy, University of Manchester,

Manchester M13 9PL, United Kingdom

We consider a minimal extension of the Standard Model with one singlet neutrino per generation that can realize resonant leptogenesis at the electroweak scale. In particular, the baryon asymmetry in the Universe can be created by lepton-to-baryon conversion of an individual lepton number, for example that of the τ-lepton. The current neutrino data can be explained by a simple CP-violating Yukawa texture. The model has several testable phenomenological implications. It contains heavy Majorana neutrinos at the electroweak scale, which can be probed at e^+ e^− linear colliders, and predicts e- and μ-lepton-number-violating processes, such as 0νββ decay, μ → eγ and μ-e conversion in nuclei, with rates that are within reach of experimental sensitivity.

PACS numbers: 11.30.Er, 14.60.St, 98.80.Cq

The origin of our matter–antimatter-asymmetric Universe is one of the central themes in particle cosmology. In the light of the recent high-precision observation of the baryon-to-photon ratio of number densities, η_B ≈ 6.1 × 10^{−10} [1], finding a laboratory testable solution to this problem becomes even more motivating. A consensus has been reached that a possible solution to the problem of the baryon asymmetry in the Universe (BAU) requires physics beyond the Standard Model (SM). In this context, an interesting suggestion has been that neutrinos, which are strictly massless in the SM, may acquire their observed tiny mass naturally by the presence of superheavy partners through the so-called seesaw mechanism [2]. These superheavy neutrinos have Majorana masses that violate the lepton number (L) by two units. Their out-of-equilibrium decay in an expanding Universe may initially produce a leptonic asymmetry, which is then converted into the observed BAU [3] by equilibrated (B + L)-violating sphaleron interactions [4].

In ordinary seesaw models embedded in grand unified theories (GUTs), the natural mass scale of the heavy Majorana neutrinos is expected to be of order the GUT scale 10^{16} GeV. However, the reheating temperature T_{reh} in these theories is generically of order 10^9 GeV, thus requiring for one of the heavy neutrinos, e.g. N_1, to be unnaturally light below T_{reh}, so as to be abundantly produced in the early Universe. On the other hand, successful leptogenesis and compatibility with the existing neutrino data put a lower bound on the N_1-mass: m_{N1}^>_∼ 10^9 GeV [5]. To avoid this narrow window of viability of the model around 10^9 GeV, one needs to assume that the second heaviest neutrino N_2 is as light as N_1 [6], an assumption that makes this thermal GUT leptogenesis scenario even more unnatural.

A solution that avoids the aforementioned T_{reh} problem is to have low-scale thermal leptogenesis [7,8]. To accomplish this, one may exploit the fact that heavy-neutrino self-energy effects [9,10] on the leptonic asymmetry get resonantly enhanced, even up to order 1, when a pair of heavy Majorana neutrinos has a mass difference comparable to the heavy neutrino decay widths [7]. In this case, the scale of leptogenesis can be lowered to the TeV range [7,8] in complete agreement with the current neutrino data [11]. Even though the discussion will be focused on a minimal non-supersymmetric 3-generation model, the ideas presented here could be extended to unified and supersymmetric theories as well [12,13].

In this Letter we study a potentially important variant of resonant leptogenesis, where a given individual lepton number is resonantly produced by out-of-equilibrium decays of heavy Majorana neutrinos of a particular family type. For the case of the τ -lepton number, we call this mechanism resonant τ -leptogenesis. Since sphalerons preserve the individual quantum numbers^1_3 B − L_{e,μ,τ} [14] in addition to the B − L number, an excess in L_τ will be converted into the observed BAU, provided the possible L_τ -violating reactions are not strong enough to wash out such an excess. Moreover, a chemical potential analysis [14] shows that the generated baryon asymmetry is B = −^{28}_{51} L_τ at temperatures T above the electroweak phase transition, i.e. for T^>_∼ T_c ≈ 150–200 GeV. Hence, generating the BAU from an individual lepton-number excess is very crucial for the resonant τ -leptogenesis scenario presented below to have phenomenologically testable signatures of lepton number violation.

The model under discussion is the SM symmetrically extended with one singlet neutrino ν_R per family. The leptonic flavour structure of the Yukawa and Majorana sectors of such a model may be described by the Lagrangian

− L_{Y,M} = 1 2 (ν̄_{iR})^C (M_S )_{ij} ν_{jR} + ĥ^l_{ii} L̄_i Φ l_{iR} + h^{νR}_{ij} L̄_i Φ̃ ν_{jR} + h.c. , (1) where i, j = 1, 2, 3 and Φ̃ is the isospin conjugate of the Higgs doublet Φ. We define the individual lepton numbers in (1) in the would-be charged-lepton mass basis, where the charged-lepton Yukawa matrix ĥ^l is diagonal. Note that all SM reactions, including those that involve the e-Yukawa coupling, will be in thermal equilibrium for temperatures T^<_∼ 10 TeV [15,16], relevant to low-scale leptogenesis models. The calculation of the BAU will be performed in the heavy neutrino mass basis, where the 3 heavy neutrino mass eigenstates are denoted by N_{1,2,3}. Such a selection could be justified from arguments based on decoherentional in-thermal equilibrium dynamics, and by the fact that heavy Majorana neutrino decays are thermally blocked already at temperatures T^>_∼ 3m_{Ni} [17].

We now present a generic scenario for resonant τ -leptogenesis. The neutrino Yukawa sector of this scenario has the following maximally CP-violating form:

h^{νR} = ε_e a e^{−iπ/4} a e^{iπ/4} ε_μ b e^{−iπ/4} b e^{iπ/4} ε_τ c e^{−iπ/4} c e^{iπ/4} . (2)

For nearly degenerate N_i masses in the range m_{Ni} ≈ 0.5–1 TeV, the moduli of the complex parameters a, b have to be smaller than about 10^{−2} for phenomenological reasons to be discussed below. On the other hand, the requirement to protect an excess in L_τ from wash-out effects leads to the relatively stronger constraint |c|^<_∼ 10^{−4}. Furthermore, the parameters ε_l, with l = e, μ, τ , are taken to be small perturbations of the order of the e-Yukawa coupling, i.e. |ε_l| ∼ 10^{−6}. Here, we should stress that at least 3 singlet heavy neutrinos are needed to obtain a phenomenologically relevant model.

It is now important to notice that for exactly degenerate heavy Majorana neutrinos M_S = m_N 1_3 and ε_l = 0, the light-neutrino mass matrix vanishes identically, i.e. (m^ν )_{ll}′ = − v^2h^{νR}_{li} (M^{−1}_S )_{ij} h^{νR}_{l′ j} = 0, where v ≈ 175 GeV is the usual SM vacuum expectation value. The resulting vanishing of the light neutrino masses will be an all-orders result, protected by a U(1)_l leptonic symmetry, where each lepton doublet couples to the linear combination: (ν_{2R}+iν_{3R}) [18]. If the symmetry-breaking parameters are |ε_l| ∼ 10^{−6} and (ΔM_S )_{ij} = (M_S )_{ij} − m_N δ_{ij}^<_∼ 10^{−7} × m_N^1, the entries of m^ν fall within the observed region of less than ∼ 0.1 eV for m_N ∼ 1 TeV. At this point, we should emphasize that our scenario is radiatively stable. For a TeV-scale leptogenesis scenario, renormalization-group running effects on m^ν are very small [21]. In addition, there are Higgs- and Z-boson-mediated threshold effects δm^ν of the form [22]:

(δm^ν )_{ll}′ ∼ 10^{−3} v^2 m^2_N h^{νR}_{li} (ΔM_S )_{ij} h^{νR}_l′_j . (3)

Given the constraints on the Yukawa parameters discussed above, one may estimate that the finite radiative effects δm^ν stay well below 0.01 eV for (ΔM_S )_{ij}/m_N^<_∼ 10^{−7} and |a|, |b|^<_∼ 10^{−2}. Hence, the perturbation parameters ε_l and (ΔM_S )_{ij} provide sufficient freedom to describe the existing neutrino data. For our resonant τ -leptogenesis scenario, the favoured solution is an inverted hierarchical neutrino mass spectrum with large ν_eν_μ and ν_μν_τ mixings [23]. An explicit example for a scenario with m_N = 500 GeV is given in [24].

It is instructive to give an order-of-magnitude estimate of the BAU generated by resonant τ -leptogenesis. In such a model, only the heavy Majorana neutrino N_1 will decay relatively out of thermal equilibrium. Instead, N_2 and N_3 will decay in thermal equilibrium predominantly into e and μ leptons. To avoid erasure of a potential L_τ excess, the decay rates of N_2 and N_3 to τ -leptons should be rather suppressed. To be specific, in this framework the predicted BAU is expected to be

η_B ∼ − 10^{−2} δ^τ_{N1} K_{N1} Γ(N_1 → L_τ Φ) Γ(N_{2,3} → L_τ Φ)

∼ − 10^{−2} δ^τ_{N1} K_{N1} ε^2_τ c^2

, (4)

where δ^τ_{N1} , computed analytically in [11] for a 3-generation model, is the τ -lepton asymmetry and K_{N1} = Γ_{N1} /H(z = 1) is an out-of-equilibrium measure of the N_1-decay rate Γ_{N1} with respect to the Hubble rate H(z) ≈ 17 m^2_{N1} /(z^2 M_{Planck}), with z = m_{N1} /T . For ε_l ∼ 10^{−6}, it is K_{N1} ∼ 10. The size of η_B is determined by the key parameters: K_{N1} , δ^τ_{N1} and ε_τ /c. To account for the observed BAU, one would need, e.g. |δ^τ_{N1} | ∼ 10^{−5} and ε_τ /c ∼ 10^{−1}. Instead, the parameters a and b could be as large as ∼ 10^{−2}, potentially giving rise to observable effects of lepton-number violation at colliders and laboratory experiments (see discussion below).

1We shall not address here in detail the origin of these small breaking parameters, but they could result from different sources, e.g. the Froggatt–Nielsen mechanism [11,19], Planck- or GUT-scale lepton-number breaking [7,20], etc.

We now perform a simplified numerical analysis of the BAU in this scenario of resonant τ -leptogenesis. Detailed results of this study are given in [25]. Since the N_{2,3} heavy Majorana neutrinos will be in thermal equilibrium, their contribution to the L_τ asymmetry will be vanishingly small. A conservative numerical estimate may be obtained by solving the Boltzmann equation (BE): dη_{Lτ} dz = − z H(z = 1) n_γ [ δ^τ_{N1} ( 1 − η_{N1} η^{eq}_{N1} ) γ^{N1}_{Lτ Φ} + η_{Lτ} 4 (_3∑ i=1 γ^{Ni}_{Lτ Φ} + γ^S_{L̸τ} ) ] , (5)

where n_γ is the photon number density, and η_{N1} and η_{Lτ} are the N_1-number-to-photon and L_τ -number-to-photon ratios of number densities, respectively. We follow the conventions of [11] for the collision terms γ^{Ni}_{LlΦ} related to the decays and inverse decays of the N_{1,2,3} neutrinos into L_{e,μ,τ} and Φ. The collision term γ^S_{L̸τ} describes the L_τ -violating 2 ↔ 2 scatterings: (i) L_τ Φ ↔ L^C_{e,μ,τ} Φ^† and L_τ Φ ↔ L_{e,μ}Φ; (ii) L_τ L^C_{e,μ,τ} ↔ ΦΦ and L_τ L_{e,μ} ↔ ΦΦ^†. The collision terms for the reactions (i) can be shown to be always smaller than

∑_3 i=1 γ^{Ni}_{Lτ Φ} for the temperature domain z^<_∼ 10 of interest, while those for the reactions (ii) are suppressed by factors proportional to (m_{Ni} − m_{Nj} )/T , (m^ν )^2_{ij}/v^2 and (a + b)^2 ∼ 10^{−4}, and can therefore be neglected. To obtain a conservative estimate, we set γ^S_{L̸τ} =

∑_3 i=1 γ^{Ni}_{Lτ Φ}. Figure 1 shows numerical estimates of η_{Lτ} as functions of z = m_{N1} /T , for the resonant τ -leptogenesis scenario given in [24]. In this scenario, it is δ^τ_{N1} ≈ −0.3 × 10^{−5} and K_{N1} ≈ 15. We find that η_{Lτ} (T_c) is independent of the initial values η^{in}_{N1} and η^{in}_{Lτ} . Thus, the heavy neutrino mass m_{N1} could in principle be as low as the critical temperature T_c, namely at the electroweak scale. Employing the lepton-to-baryon conversion formula for T ≪ T_c [11], η_B ≈ −^1_{54} η_{Lτ} , we find that our numerical results are compatible with the estimate in (4). Instead, we have carefully checked that the usual formalism of BEs does not properly incorporate single lepton flavour effects and leads to an erroneous result for the BAU which is a factor η_L/η_{Lτ} ∼ (δ_{N1} /δ^τ_{N1} ) [|c|^2/(|a|^2 + |b|^2)] ∼ 10^{−8} [26] too small!

FIG. 1. Numerical values for ηL_τ versus z = mN_1 /T , for different initial conditions for ηN_1 and ηL_τ , and for the model parameters given in [24]. The horizontal dotted line at ηL_τ ≈ −3 × 10^{−8} indicates the value needed to obtain the observed BAU, while the vertical dotted line corresponds to T = Tc = 150 GeV.

Our model of resonant τ -leptogenesis has several phenomenological consequences. Since the model realizes an inverted light-neutrino mass spectrum [24,27], it leads to a sizeable neutrinoless double beta (0νββ) decay with an effective neutrino mass |(m^ν )_{ee}| ≈ 0.013 eV, which could be tested in future 0νββ experiments. The model also predicts μ → eγ with a branching ratio B(μ → eγ) ≈ 6 · 10^{−4} × (a^2b^2v^4)/m^4_N in the heavy-neutrino limit [28]. Confronting this prediction with the experimental limit B^{exp}(μ → eγ)^<_∼ 1.2 × 10^{−11} [23], the resulting constraint is (abv^2)/m^2_N^<_∼ 1.4 × 10^{−4}. For electroweak-scale heavy neutrinos and a, b ∼ 3 × 10^{−3}, there should be observable effects in foreseeable experiments sensitive to B(μ → eγ) ∼ 10^{−13} [29,30] and to a μ-e conversion rate in^{48}_{22}Ti (normalized to the μ capture rate) to the 10^{−16} level [31,32]. A much higher signal in the latter observable would indicate the presence of possible sizeable non-decoupling terms of the form (a^2b^2v^2)/m^2_N , which dominate for a, b^>_∼ 0.5 [33]. This different kinematic dependence of the two observables on the product of the Yukawa couplings ab would enable one to get some idea about the size of the heavy neutrino mass scale m_N . On the other hand, the possible existence of electroweak-scale heavy neutrinos N_{2,3} with appreciable e-Yukawa couplings a^>_∼ 3 × 10^{−3} could be directly tested by studying their production at e^+e^− linear colliders [34]. Although it would be difficult to produce N_1 directly, a characteristic signature of N_{2,3} is that they will decay predominantly to e and μ leptons, but not to τ ’s. Moreover, since N_{2,3} play an important synergetic role in resonantly enhancing δ^τ_{N1} , potentially large CP-violating effects in their decays will determine the theoretical parameters further. Obviously, further detailed studies are needed to obtain a conclusive answer to the question of whether electroweak-scale resonant τ -leptogenesis could, in principle, provide a laboratory testable solution to the cosmological problem of the baryon asymmetry in the Universe.

[1] D.N. Spergel et al., Astrophys. J. Suppl. 148 (2003) 175.

[2] P. Minkowski, Phys. Lett. 67B (1977) 421; M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, eds. D.Z. Freedman and P. van Nieuwenhuizen (North-Holland, Amsterdam, 1979); T. Yanagida, in Proc. of the Workshop on the Unified Theory and the Baryon Number in the Universe, KEK, Tsukuba, 1979, eds. O. Sawada and A. Sugamoto; R. N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 44 (1980) 912.

[3] M. Fukugita and T. Yanagida, Phys. Lett. B174 (1986) 45.

[4] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B155 (1985) 36. [5] S. Davidson and A. Ibarra, Phys. Lett. B535 (2002) 25;

W. Buchmüller, P. Di Bari and M. Plümacher, Nucl. Phys. B643 (2002) 367. [6] P.H. Chankowski and K. Turzynski, Phys. Lett. B570 (2003) 198;

T. Hambye, Y. Lin, A. Notari, M. Papucci and A. Strumia, hep-ph/0312203. [7] A. Pilaftsis, Phys. Rev. D56 (1997) 5431; Nucl. Phys. B504 (1997) 61. [8] A. Pilaftsis, Int. J. Mod. Phys. A14 (1999) 1811; L. Boubekeur, hep-ph/0208003. [9] J. Liu and G. Segré, Phys. Rev. D48 (1993) 4609.

[10] M. Flanz, E.A. Paschos and U. Sarkar, Phys. Lett. B345 (1995) 248;

L. Covi, E. Roulet and F. Vissani, Phys. Lett. B384 (1996) 169. [11] A. Pilaftsis and T.E. Underwood, Nucl. Phys. B692 (2004) 303.

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

R. Gonzalez Felipe, F.R. Joaquim and B.M. Nobre, hep-ph/0311029; C.H. Albright and S.M. Barr, Phys. Rev. D69 (2004) 073010.

[13] T. Hambye, J. March-Russell and S.M. West, hep-ph/0403183; T. Dent, G. Lazarides and R. Ruiz de Austri, Phys. Rev.

D69 (2004) 075012; S. Dar, S. Huber, V.N. Senoguz and Q. Shafi, Phys. Rev. D69 (2004) 077701. [14] J.A. Harvey and M.S. Turner, Phys. Rev. D42 (1990) 3344; H. Dreiner and G.G. Ross, Nucl. Phys. B410 (1993) 188. [15] J.M. Cline, K. Kainulainen and K.A. Olive, Phys. Rev. D49 (1994) 6394. [16] R. Barbieri, P. Creminelli, A. Strumia and N. Tetradis, Nucl. Phys. B575 (2000) 61. [17] G.F. Giudice, A. Notari, M. Raidal, A. Riotto and A. Strumia, Nucl. Phys. B685 (2004) 89. [18] G. C. Branco, W. Grimus and L. Lavoura, Nucl. Phys. B312 (1989) 492. [19] C.D. Froggatt and H.B. Nielsen, Nucl. Phys. B147 (1979) 277.

[20] R.N. Mohapatra and J.W.F. Valle, Phys. Rev. D34 (1986) 1642; S. Nandi and U. Sarkar, Phys. Rev. Lett. 56 (1986) 564. [21] S. Antusch, M. Drees, J. Kersten, M. Lindner and M. Ratz, Phys. Lett. B519 (2001) 238. [22] A. Pilaftsis, Z. Phys. C55 (1992) 275.

[23] Particle Data Group (S. Eidelman et al.), Phys. Lett. B592 (2004) 1.

[24] For the specific set of model parameters: mN = 0.5 TeV, (ΔMS )11 = 1.5 × 10^{−7} TeV, (ΔMS )12 = −3 × 10^{−10} TeV, (ΔMS )13 = −10^{−10} TeV, (ΔMS )22 = 2.025 × 10^{−9} TeV, (ΔMS )23 = (3.375 + i0.405) × 10^{−9} TeV, (ΔMS )33 = 2.7 × 10^{−9} TeV, εe = (1.6382 + i0.178073) × 10^{−6} , εμ = (2.04431 + i0.222217) × 10^{−7} , ετ = (−3.00995 + i0.327183) × 10^{−7}, a = 1.34541 × 10^{−2} , b = 5.11257 × 10^{−3} , c = 10^{−6} , we find in the parameterization of [23] the light-neutrino masses: mν_1 = 0.0504 eV, mν_2 = 0.0512 eV, mν_3 = 0 eV, and the mixing angles: sin^2 θ12 = 0.36, sin^2 θ23 = 0.34, sin^2 θ13 = 0.047.

[25] A. Pilaftsis and T.E. Underwood, hep-ph/0506107.

[26] δN_1 is the total leptonic asymmetry in the N1 decays: N1 → Φ Le,μ,τ . For the scenario [24], it is δN_1 ∼ δ^τ_{N1} . [27] H.V. Klapdor-Kleingrothaus and U. Sarkar, Mod. Phys. Lett. A16 (2001) 2469. [28] T.P. Cheng and L.F. Li, Phys. Rev. Lett. 45 (1980) 1908.

[29] See proposal by MEG collaboration at http://meg.web.psi.ch/docs/index.html.

[30] This result should be compared with that obtained in ordinary resonant leptogenesis scenarios [11], where a, b have to be factor 10 smaller, leading correspondingly to the 10^4 times smaller prediction, B(μ → eγ) ∼ 10^{−17} .

[31] MECO collaboration, http://meco.ps.uci.edu/.

[32] For a, b ≪ 1, the predicted values for the appropriately normalized transition rate of μ-e conversion in nuclei and for B(μ → eee) are about 2 orders of magnitude smaller than the ones for B(μ → eγ).

[33] A. Ilakovac and A. Pilaftsis, Nucl. Phys. B437 (1995) 491.

[34] W. Buchmüller and C. Greub, Nucl. Phys. B363 (1991) 345; G. Cvetic, C.S. Kim and C.W. Kim, Phys. Rev. Lett. 82 (1999) 4761; F. del Aguila and J.A. Aguilar-Saavedra, hep-ph/0503026.