arXiv:hep-ph/0511104 v2 8 Jan 2006

IFT-P.020/2005

The Invisible Axion and Neutrino Masses

Alex G. Dias^∗ Instituto de Física, Universidade de São Paulo, C. P. 66.318, 05315-970 São Paulo, SP, Brazil.

V. Pleitez^† Instituto de Física, Teórica, Universidade Estadual Paulista Rua Pamplona 145, São Paulo, SP, Brazil. (Dated: January 8, 2006)

Abstract

We show that in any invisible axion model due to the effects of effective non-renormalizable interactions related to an energy scale near the Peccei-Quinn, grand unification or even the Planck scale, active neutrinos necessarily acquire masses in the sub-eV range. Moreover, if sterile neutrinos are also included and if appropriate cyclic Z_N symmetries are imposed, it is possible that some of these neutrinos are heavy while others are light.

PACS numbers: 14.80.Mz, 14.60.St, 14.60.Pq

∗ e-mail: alexdias@fma.if.usp.br † e-mail: vicente@ift.unesp.br

A natural and elegant way to explain the small value of the active neutrino’s masses is the so-called seesaw mechanism which is implemented when heavy right-handed sterile neutrinos, i. e., transforming as singlet under the standard model SU(2)_L ⊗U(1)_Y gauge symmetry, are added [1]. Moreover, depending on future neutrino oscillation data, light sterile neutrinos [2] may be a necessary ingredient of the physics beyond the standard model. From neutrino oscillation experiments we already know that active neutrinos have a non-vanishing mass in the sub-eV region [3, 4] but, since the Z^0 invisible width implies the existence of only three light active neutrinos, any additional light neutrino has to be sterile and there are several possibilities that keep consistency with LEP data [5, 6]. The problem is how to implement, in a natural way, light sterile neutrinos. Since they are not protected by the standard model symmetries, they may acquire Majorana masses of the order of the next (if any) energy scale. A solution is the addition of sterile Higgs scalars and a new exact global symmetry [7, 8]. The important point is that such a symmetry forbids the Dirac mass term avoiding in this way the seesaw mechanism and the sterile scalar singlet having a vacuum expectation value chosen just to generate light sterile neutrinos. Light sterile neutrino may also appear in supersymmetric models [9].

On the other hand, the introduction of a global chiral (Peccei-Quinn) symmetry is an elegant solution to the strong CP problem [10] implying in the existence of a pseudo Goldstone boson, the axion [11], which besides solving the strong CP problem it is certainly a leading candidate for dark matter. Searches for the axion has been done over the years. Recently, it was obtained an upper limit for the axion-photon coupling g_{aγγ} < 1.16 × 10^{−10} GeV^{−1} if m_a <∼ 0.02 eV [12, 13]. In fact, the expected mass for the axion, coming from several experimental or observational constraints, is in the interval 10^{−6} < m_a < 10^{−2} eV and we see that this interval is near to the neutrino masses required to explain solar and atmospheric neutrino data [3]. This fact suggests the existence of a common new energy scale as the responsible for such small masses, which in this case would be that one related to the invisible axion.

Although the existence of a relation between the axion and the seesaw mechanism for generating neutrino masses has already been considered in particular models [14], here we will put forward that it is inevitable that neutrino get masses in any invisible axion model. Moreover, if the model have also right-handed neutrinos, some of them may be light but the other ones may be heavy. In fact, we expect that if all sterile neutrinos have the same physical origin i. e., they are related to the same energy scale, it would be natural that all of them are either light or heavy. However, if some of them are light and the others heavy this may be seen as an evidence of energy scales different from the electroweak and Planck scales. The existence of these energy scales can be masqueraded by imposing discrete symmetries (Z_N ’s) under which each neutrino can transform in a different way from each other.

The standard model (SM) an many of its extensions can be seen as effective theories below an energy scale Λ. The minimal model has doublets of left-handed quarks and leptons, the respective right-handed singlets for the charged fermions, and one doublet of Higgs scalars, denoted by Q_L, ψ_L, u_R, d_R, l_R and H, respectively. Since axion models need more than one Higgs doublets, we will consider a model that has at least two Higgs doublets. Next, we introduce m ≥ 1 right-handed neutrinos, n_{sR}, transforming as singlet under the SM gauge symmetries. An invisible axion model is one in which there is an approximate global symmetry protecting the CP invariance of the QCD and which is break, beside by nonperturbative effects, by the VEV of an scalar singlet ϕ added to the particle content with its imaginary part being almost the axion field [15]. Let us suppose also that the invisible axion is protected against gravitational effects by a local, in the sense of Ref. [16], Z_N ’s cyclic symmetries [17, 18]. In general, these symmetries can be anomalous but we will not address this issue here. On the other hand, since the total lepton number is an accidental symmetry of the minimal SM without right-handed neutrinos, there are no reasons for this number to be conserved in extensions of the latter model, so we will also assume that the total lepton number can be violated explicitly in some non-renormalizable interactions.

In the situation described above, if the Dirac mass term ψ̄_LHn_R is forbidden by the a Z_N symmetry, there is always an effective operator,

− L_D = f_{as} Λ^{Nϕ} ψ_{iaL}ϵ_{ik}H_k n_{sR}ϕ^{Nϕ} + H.c., (1) with N_ϕ ≥ 1 and a is generation index, while i, k refer to SU(2) indices, the number of right-handed neutrinos is s = 1, · · · , m and we have omitted summation symbols. This term generates a Dirac mass when both H_k and ϕ get a non-zero vacuum expectation value, ⟨ϕ⟩ ≈ Λ_{P Q}, ⟨H_k ⟩ is of the order of the electroweak scale ( √ Σ_k⟨H_k ⟩^2 ∼ 246 GeV). Notice that this Dirac mass from Eq. (1) is proportional to

M_D = f ( Λ_{P Q} Λ )_{Nϕ} ⟨H⟩, (2) so it may be small, in the sub-eV region even if f ∼ O(1), if Λ ≫ Λ_{P Q} and depending also on the Z_N symmetry. However, the dimensionless matrix elements denoted by f, f^′ etc, may include loop suppression factors.

In general, we may have also the d = 5 interaction [19], proportional to (1/Λ) (ψ_{aL})^cψ_{bL}HH, that induces a Majorana mass for the left-handed neutrino. However, if this interaction is forbidden by Z_N ’s there are effective interactions like,

− L_L = f^′_{ab} Λ^{N ′ϕ +1} (ψ_{ai})^c_Lϵ_{ik}ψ_{bpL}ϵ_{pl}H_k H_l ϕ^{N ′ϕ} + H.c., (3) with i, k, p, l are SU(2) indices, that are allowed with an appropriate N^′_ϕ ≥ 1. When ϕ (may be ϕ^∗) and H gain a non-zero vacuum expectation value they induces a Majorana mass to the left-handed neutrinos M_L = f^′ ( ⟨H⟩^2 Λ ) ( Λ_{P Q} Λ )_N ′_ϕ , (4) which is in the sub-eV range, for a given value of Λ_{P Q}, depending on the value of Λ and N^′_ϕ and without any fine tuning in the dimensionless f^′ parameters.

Next, we note that the tree level mass term proportional to (n_{sR})^cn_{tR}ϕ with s, t = 1, · · · , m, induces a large Majorana mass for the right-handed neutrinos, if it is allowed at the tree level [14]. However, if this mass term is also forbidden by the Z_N symmetries, the effective interactions with lower dimension are

− L_R = f^{′′}_{st} Λ^{N ′′ϕ} (n_{sR})^cn_{tR} ϕ^{N ′′ϕ +1} + f^H_{st} Λ^{2NH −1} (n_{sR})^cn_{tR} (H^†_1 H_2)^{NH} + H.c., (5)

will always be possible for N^{′′}_ϕ , N_H ≥ 1 (here also ϕ may be ϕ^∗). The first term in Eq. (5) induce a large Majorana mass if Λ = Λ_{P Q}, however this is not necessarily the case if Λ > Λ_{P Q} and an appropriate Z_N is introduced (see below). The second term in Eq. (5) arises because axion models need at least two electroweak doublets, say H_1 and H_2, and it also implies small Majorana masses for the sterile neutrinos, for instance when N_H = 1, and Λ ≥ Λ_{P Q}.

As an illustration, we consider the first term in Eq. (5) which generates the mass term M_R = f^{′′} [ Λ_{P Q} 10^{12} GeV ( Λ_{P Q} Λ )_N ′′_ϕ ] 10^{21} eV. (6)

As we said before, in Eqs. (1), (3) and (5), Λ is related to the new physics implying the non-renormalizable interactions. It may be related to the PQ, grand unification (GUT) or even the Planck scale [9, 20]. We see from Eq. (6) that, when Λ = Λ_{P Q} (or N^{′′}_ϕ = 0), the right-handed neutrinos are necessarily heavy. We obtain M_R = f^{′′}(10^{−4N ′′ϕ} )10^{21} eV if the Λ is the GUT scale, i. e., Λ = 10^{16} GeV; or M_R = f^{′′}(10^{−7N ′′ϕ} )10^{21} eV if Λ is the Planck scale, with Λ_{P Q} = 10^{12} GeV in both cases. We see that there exist a N^{′′}_ϕ which always produce neutrino masses of the order of eV. For instance, if we assume that f^{′′} ∼ O(1), we have that N^{′′}_ϕ = 5 (GUT scale) or N^{′′}_ϕ = 3 (Planck scale) given in fact M_R in the eV range. These value for N^{′′}_ϕ implies an appropriate Z_N symmetry. The important point is that because of this symmetry some sterile neutrinos are light but other are heavy, depending how they transform under Z_N .

The general mass matrix for the neutrinos is

M^ν = M^L M^D M^T_D M_R . (7)

If there is a hierarchy like M_L ≪ M_D ≪ M_R the eigenvalues of such a matrix are of the form M_R and −(M_L + M^2_D/M_R). If the Dirac mass is not suppressed with respect to the left- and right-handed Majorana mass terms, i. e., if N_ϕ ≪ N^′_ϕ, N^{′′}_ϕ , we have that neutrinos are pseudo-Dirac particles M_L, M_R ≪ M_D [21]. Notice that, as we said before, since there are several sterile neutrinos, they may not have all the same Z_N charge, thus some may have the interaction in Eq. (5) with N^{′′}_ϕ = 1 and are heavy, but other get the same interactions with N^{′′}_ϕ > 1 and are light. The exact value depend on the value of the scale Λ. Hence, some entries of the matrix M_R may be large while other may be small, implementing in this way the seesaw mechanism for the active neutrinos and at the same time allowing light sterile neutrinos.

Let us considered an example of the present mechanism for generating both light and heavy sterile neutrinos in the context of a invisible axion model which is a version of the model of Ref. [22]. The representation content is, in the fermion sector, with three generations, lepton doublets ψ, quark doublets Q, the respective right-handed singlets u_R, d_R, l_R and ν_R. In the scalar sector, there are four scalar doublets H_u, H_d, H_l, H_ν , a scalar nonhermitian triplet T . We avoid the scalar singlet h^+ and introduce a fourth right-handed neutrino, n_{4R}. The cyclic symmetry is Z_{13} (ω_k = e^{2πik/13}; k = 0, · · · , 6), but now fields transform as: ψ → ω_6ψ, l_R → ω_4l_R, Q → ω_5Q, u_R → ω_3u_R, d_R → ω^{−1}_5 d_R and ν_{aR} → ω_1ν_{aR} (a = e, μ, τ ), H_u → ω^{−1}_2 H_u, H_d → ω^{−1}_3 H_d, H_l → ω_2H_l, and H_ν → ω^{−1}_6 H_ν , T → ω^{−1}_4 T , ϕ → ω^{−1}_1 ϕ, n_{4R} → ω^{−1}_4 n_{4R}, while the gauge fields transforming trivially. Notice that in this case it is not necessary to introduce a Z_3 cyclic symmetry as it was done in Ref. [22]. With these fields we have several effective interactions, the dominant are the following:

− L_Y = f_{ab} Λ ψ_{aL}ν_{bR}H̃_ν ϕ + f^′_{ab} Λ (ψ_{ai})^c_Lϵ_{ik}(ψ_{bp})_Lϵ_{pl}(H_ν )_k (H_ν )_l + f^{′′}_{ab} Λ (ν_{aR})^c ν_{bR}ϕ^2 + f^{′′}_{44} Λ^4

(n_{4R})^c n_{4R}ϕ^{∗5} + h_{a4} Λ^4 n_{4R} ν_{aR}ϕ^5 + H.c., (8) where where H̃_ν = ϵH^∗_ν . These interactions imply m_D ∼ f_{ab}⟨H_ν ⟩ Λ_{P Q} Λ , m_L ∼ f^′_{ab} ⟨H_ν ⟩^2 Λ , m_R ∼ f^{′′}_{ab} Λ^2_{P Q} Λ , m_{44} ∼ f^{′′}_{44}

Λ^5_{P Q} Λ^4 , m_{4R} ∼ h_{a4} Λ^5_{P Q} Λ^4

. (9)

The values for these entries of the neutrino mass matrix depend on the actual value of ⟨H_ν ⟩, Λ_{P Q} and Λ. Let us suppose, just for illustration that ⟨H_ν ⟩ = 100 GeV, Λ_{P Q} = 10^{12} GeV and Λ = 10^{19} GeV. In this case we have m_D ∼ 10^4 f_{ab} eV, m_L ∼ 10^{−6} f^′_{ab} eV, m_R ∼ f^{′′}_{ab}10^5 GeV, m_{44} ∼ 10^{−7} f^{′′}_{44} eV, and m_{4a} ∼ 10^{−7}h_{4a} eV. We see that the general matrix as in Eq. (7), in this particular case, allows a light sterile neutrino which is most n_{4R} while ν_{aR} are heavy ones. If Λ_{P Q} = 10^9 GeV and Λ = Λ_{GU T} = 10^{16} GeV we have: m_D ∼ 10^4 f_{ab} eV, m_L ∼ 10^{−5} f^′_{ab} eV, m_R ∼ 100 f^{′′}_{ab} GeV, m_{44} ∼ 10^{−10} f_{44} eV and m_{4R} ∼ 10^{−10} h_{4a} eV. The scalar Higgs sector in this model is the same (up to the singlet h^+) with that of Ref. [22], and there it was shown that the scalar potential with this particle content is consistent with the discrete Z_{13} symmetry.

The above mechanism is also implemented in models in which the main part of the axion field is in a non-trivial representation. For instance the SU(5) invisible axion model [23] in which the axion is primarily the antisymmetric part of the singlet component of a complex 24, Σ. If right-handed neutrino singlets are introduced the effective interaction O^{′R}_{st} ∝ 1 Λ (n_{sR})^cn_{tR} Σ^∗Σ, (10)

implies heavy right-handed sterile neutrinos. Since ⟨Σ⟩ breaks down also SU(5) → SU(3) ⊗ SU(2)⊗U(1), the unification scale is of the order of the PQ scale. It is interesting that in the axion model considered above [22], the PQ symmetry is automatic, the axion is protected from gravitational effects and unification occurs near the PQ scale having still an stable proton [24]. This is just an illustration of how the issues of grand unification, the axion and the generation of neutrino masses can be related to each other. It is interesting to note that if it does not exist any energy scale between the electroweak and the Planck scale, with only active neutrinos, it would be difficult to generate neutrino masses of the order of eV since in this case the only possible effective operator is (1/Λ_{P lanck} ) (ψ_{aL})^cψ_{bL}HH and the suppression factor is too large.

Finally, a remark is in order. Since we are considering generic invisible axion models the couplings of the axion with all fermions, but the heavy sterile neutrinos, are strongly suppressed. It means that there is no potential conflict of these mechanisms for generating neutrino masses neither with big-bang nucleosynthesis nor with the cosmic microwave background [8, 25]. However these issues deserve a more carefully analysis because such constraints are highly model dependent.

Summarizing, we have shown that an invisible axion implies light massive active neutrinos. Furthermore, if the model has also several right-handed sterile neutrinos, some of them get large and others small Majorana masses, depending on how they transform under discrete Z_N symmetries. The seesaw mechanism is implemented by the heavy neutrinos and, since there may be light sterile neutrinos, some neutrinos may be pseudo-Dirac particles.

[1] M. Gell-Mann, P. Ramond, and R. Slansky, in Supergravity, P. van Niewenhuizen and D. Z.

Freedman, Eds. (North-Holland, Amsterdam, 1979, p. 315); T. Yanaguida, in Proceedings of the Workshop on Unified Theory and Baryon Number in the Universe, O. Sawada and A. Sugamoto, Eds. (KEK, Tsukuba, 1979); R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980); J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227 (1980).

[2] A. Aguilar, et al. (LSND Collaboration), Phys. Rev. D 64, 112007 (2001). [3] S. Eidelman et al. (Particle Data Group), Phys. Lett. B592, 1 (2004). [4] A. Strumia and F. Vissani, Nucl. Phys. B726, 294 (2005). [5] C. Jarlskog, Phys. Lett. B241, 579 (1990).

[6] C. O. Escobar, O, L. G. Peres, V. Pleitez and R. Zukanovich Funchal, Phys. Rev. D 47, R1747 (1993).

[7] Z. Chacko, L. J. Hall, T. Okui, and S. J. Oliver, Phys. Rev. D 70, 085008 (2004); J. Sayre, S.

Wiesenfeldt, and S. Willenbrock, Phys. Rev. D 72, 015001 (2005).

[8] Z. Chacko, L. J. Hall, S. J. Oliver, and M. Perelstein, Phys. Rev. Lett. 94, 111801 (2005). [9] P. Langacker, Phys. Rev. D 58, 093017 (1998); D. Suematsu, Int. J. Mod. Phys. A15, 3967 (2000); J. Kang and T. Li, Phys. Rev. D 71, 095011 (2005).

[10] R. D. Peccei and H. Quinn, Phys. Rev. Lett. 38, 1440 (1977); R. D. Peccei and H. Quinn, Phys. Rev. D 16, 1791 (1977).

[11] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978); F. Wilczek, ibid, 40, 279 (1978). [12] K. Zioutas, et al. (CAST Collaboration), Phys. Rev. Lett. 94, 121301 (2005). [13] G. Raffelt, XI International Workshop on “Neutrino Telescope”, 22-25 Feb 2005, Venice, Italy, hep-ph/0504152.

[14] R. N. Mohapatra and G. Senjanovic, Z. Phys. C17, 53 (1983); Q. Shafi and F. W. Stecker, Phys. Rev. Lett. 53, 1292 (1984); P. Langacker, R. D. Peccei and T. Yanagida, Mod. Phys. Lett. A1, 541 (1986); X.G-. He and R. R. Volkas, Phys. Lett. B208, 261 (1988), Erratum-ibid B218, 508 (1989); H. Arason, P. Ramond, and B.D. Wright, Phys. Rev. D 43, 2337 (1991); E. Ma, Phys. Lett. B514, 330 (2001).

[15] M. Dine, W. Fischler and M. Srednicki, Phys. Lett. 104B, 199 (1981); J. E. Kim, Phys. Rev.

Lett. 43, 103 (1979).

[16] L. M. Krauss and F. Wilczek, Phys. Rev. Lett. 62, 1221 (1989).

[17] A. G. Dias, V. Pleitez, and M. D. Tonasse, Phys. Rev. D 67, 095008 (2003); A. G. Dias and V. Pleitez, Phys. Rev. D 69, 077702 (2004); A. G. Dias, C. A. de S. Pires, and P. S. Rodrigues da Silva, Phys. Rev. D 68, 115009 (2003) and references therein.

[18] K. S. Babu, I. Gogoladze, and K. Wang, Nucl. Phys. B 660, 322 (2003). [19] S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979); E. Ma, Phys. Rev. Lett. 81, 1171 (1998). [20] R. Barbieri, J. R. Ellis and M. K. Gaillard, Phys. Lett. B90, 249 (1980). [21] L. Wolfenstein, Nucl. Phys. B186, 147 (1981); M. Kobayashi and C. S. Lim, Phys. Rev. D 64, 013003 (2001); J. F. Beacom, et al., Phys. Rev. Lett. 92, 011101 (2004).

[22] A. G. Dias, V. Pleitez and M. D. Tonasse, Phys. Rev. D 69, 015007 (2004). [23] M. B. Wise, H. Georgi and S. L. Glashow, Phys. Rev. Lett. 47, 402 (1981). [24] A. G. Dias and V. Pleitez, Phys. Rev. D 70, 055009 (2004).

[25] J. M. Cline, K. Kainulainen, and K. A. Olive, Astropart. Phys. 1, 387 (1993); Z. Chacko, L.

J. Hall, T. Okui, and S. J. Oliver, Phys. Rev. D 70, 085008 (2004), and references therein.