arXiv:1107.4823v2 [hep-ph] 26 Aug 2011

Why is TeV-scale a geometric mean of neutrino mass and GUT-scale?

Naoyuki Haba

Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan

Abstract

Among three typical energy scales, a neutrino mass scale (m_ν ∼ 0.1 eV), a GUT scale (M_{GUT} ∼ 10^{16} GeV), and a TeV-scale (M_{NP} ∼ 1 TeV), there is a fascinating relation of M_{NP} ≃ √ m_ν · M_{GUT} . The TeV-scale, M_{NP} , is a new physics scale beyond the standard model which is regarded as supersymmetry in this letter. We suggest a simple supersymmetric neutrinophilic Higgs doublet model, which realizes the above relation dynamically as well as the suitable m_ν through a tiny vacuum expectation value of neutrinophilic Higgs without additional scales other than M_{NP} and M_{GUT} . A gauge coupling unification, which is an excellent feature in the supersymmetric standard model, is preserved automatically in this setup.

PACS: 12.60.-i, 12.10.-g, 12.60.Fr

1 Introduction

There are three typical energy scales, a neutrino mass scale (m_ν ∼ 0.1 eV), a GUT scale (M_{GUT} ∼ 10^{16} GeV), and a TeV-scale (M_{NP} ∼ 1 TeV) which is a new physics scale beyond the standard model (SM) and regarded as supersymmetry (SUSY) in this letter. Among these three scales, we notice a fascinating relation,

M^2_{NP} ≃ m_ν · M_{GUT} . (1)

Is this relation an accident, or providing a clue to the underlying new physics ? We take a positive stance toward the latter possibility.

As for a neutrino mass m_ν , its smallness is still a mystery, and it is one of the most important clues to find new physics. Among a lot of possibilities, a neutrinophilic Higgs doublet model suggests an interesting explanation of the smallness by a tiny vacuum expectation value (VEV) [1]-[15]. This VEV from a neutrinophilic Higgs doublet is of O(0.1) eV which is the same as the neutrino mass, so that it suggests Dirac neutrino[3, 4, 6, 8].^∗ Thus, the neutrino mass is much smaller than other fermions, since its origin is the tiny VEV from the different (neutrinophilic) Higgs doublet. Introduction of Z_2-symmetry distinguishes the neutrinophilic Higgs from the SM-like Higgs, where m_ν is surely generated only through the VEV of the neutrinophilic Higgs. The SUSY extension of the neutrinophilic doublet model is considered in Refs.[7, 11, 12, 15]. Since the neutrino Yukawa couplings are not necessarily tiny anymore, some related researches have been done, such as, collider phenomenology[8, 10], low energy thermal leptogenesis[11, 12], cosmological constraints[13]^†, and so on.

On the other hand, for the SUSY, it is the most promising candidate as a new physics beyond the SM because of a excellent success of gauge coupling unification. Thus, the SUSY SM well fits the GUT scenario as well as an existence of a dark matter candidate.

There are some attempts that try to realize the relation in Eq.(1). One example is to derive m_ν from a higher dimensional operator in the SUSY framework[16]. Another example is to take a setup of matter localization[17] in a warped extra dimension[18]. Both scenarios are interesting, but a model in this letter is much simpler and contains no additional scales other than M_{NP} , m_ν , and M_{GUT} . (For other related papers, see, for example, [19, 20].)

In this letter, we suggest a simple SUSY neutrinophilic Higgs doublet model, which dynamically realizes the relation of Eq.(1). Usually, SUSY neutrinophilic doublet models have tiny mass scale of soft Z_2-symmetry breaking (ρ, ρ^′ = O(10) eV in Refs.[11, 12, 15]). This additional tiny mass scale plays a crucial role of generating the tiny neutrino mass, however, its origin is completely unknown (and assumption). In other words, the smallness of m_ν is

∗ In Refs.[1, 2, 5, 9, 10, 11, 12], Majorana neutrino scenario is considered through TeV-scale seesaw with a neutrinophilic Higgs VEV of O(1) MeV.

† A setup in Refs.[13] is different from usual neutrinophilic Higgs doublet models, since it includes a light Higgs particle.

just replaced by that of Z_2-symmetry breaking mass parameters, and this is not an essential explanation of tiny m_ν . This is a common serious problem exists in neutrinophilic Higgs doublet models in general. Our model solves this problem, where two scales of M_{GUT} and M_{NP} naturally induce the suitable magnitude of m_ν through the relation of Eq.(1), and does not require any additional scales. The model contains a pair of new neutrinophilic Higgs doublets with GUT-scale masses, and the Z_2-symmetry is broken by TeV-scale dimensionful couplings of these new doublets to the ordinary SUSY Higgs doublets. Once the ordinary Higgs doublets obtain VEVs (v_{u,d}) by the usual electroweak symmetry breaking, it triggers VEVs for the neutrinophilic Higgs doublets of size, m_ν ∼ v_{u,d}M_{NP} /M_{GUT} . Then, O(1) Yukawa couplings of the neutrinophilic doublets to L N (L: lepton doublet, N: right-handed neutrino) give neutrino masses of the proper size. A gauge coupling unification is also preserved automatically in our setup.

2 SUSY neutrinophilic Higgs doublet model

At first, we show a SUSY neutrinophilic Higgs doublet model in a parameter region which is different from Refs.[11, 12, 15]. We introduce Z_2-parity, where only vector-like neutrinophilic Higgs doublets and right-handed neutrino have odd-charge. The superpotential of the Higgs sector is given by^‡ W_h = μH_uH_d + MH_ν H_ν′ − ρH_uH_ν′ − ρ^′H_ν H_d. (2) H_ν (H_ν′ ) is a neutrinophilic Higgs doublet, and H_ν has Yukawa interaction of LH_ν N, which induces a tiny Dirac neutrino mass through the tiny VEV, ⟨H_ν ⟩. This is the origin of smallness of neutrino mass, and this paper devotes a Dirac neutrino scenario, i.e., m_ν ≃ ⟨H_ν ⟩ = O(0.1) eV. On the other hand, H_ν′ does not couple with any matters. H_u and H_d are Higgs doublets in the minimal SUSY SM (MSSM), and quarks and charged lepton obtain their masses through ⟨H_u⟩ and ⟨H_d⟩. Note that this structure is guaranteed by the Z_2-symmetry. Differently from conventional neutrinophilic Higgs doublet models, we here take M the GUT scale and μ, ρ, ρ^′ O(1) TeV. The soft Z_2-parity breaking parameters, ρ and ρ^′, might be induced from SUSY breaking effects (which will be discussed in the next section), and we regard ρ and ρ^′ as mass parameters of new physics scale, M_{NP} = O(1) TeV. Usually, SUSY neutrinophilic doublet models take ρ, ρ^′ = O(10) eV (for O(1) TeV B-terms)[11, 12, 15]. This additional tiny mass scale plays a crucial role of generating the tiny neutrino mass however, its origin is just an assumption. Thus, the smallness of m_ν is just replaced by that of ρ, ρ^′. This is a common serious problem exists in neutrinophilic Higgs doublet models in general. The present model solves this problem, in which two scales of M_{GUT} and M_{NP} induce the suitable magnitude of

‡ The author would like to thank R. Kitano for pointing out a paper[21], which suggested the similar model and also estimated lepton flavor violating processes.

m_ν dynamically, and does not require any additional scales, such as O(10) eV. This is one of the excellent points in our model.

The potential of the Higgs doublets is given by

V = (|μ|^2 + |ρ|^2)H^†_uH_u + (|μ|^2 + |ρ^′|^2)H^†_dH_d + (|M|^2 + |ρ^′|^2)H^†_ν H_ν + (|M|^2 + |ρ|^2)H^†_ν′ H_ν′ + g^2_1 2 ( H^†_u 1 2 H_u − H^†_d 1 2 H_d + H^†_ν 1 2 H_ν − H^†_ν′ 1 2 H_ν′ )_2

+ ∑ a g^2 2 ( H^†_u τ^a 2 H_u + H^†_d τ^a 2 H_d + H^†_ν τ^a 2 H_ν + H^†_ν′ τ^a 2 H_ν′ )_2

−m^2_{Hu} H^†_uH_u + m^2_{Hd} H^†_dH_d + m^2_{Hν} H^†_ν H_ν + m^2_{Hν′} H^†_ν′ H_ν′ +BμH_u · H_d + B^′MH_ν · H_ν′ − B̂ρH_u · H_ν′ − B̂^′ρ^′H_ν · H_d −μ^∗ρH^†_d H_ν′ − μ^∗ρ^′H^†_uH_ν − M^∗ρ^′H^†_ν′ H_d − M^∗ρH^†_ν H_u + h.c., (3)

where τ^a and dot mean a generator and cross product of SU(2), respectively. m^2_{Hu} , m^2_{Hd} , m^2_{Hν} , m^2_H′_ν , B, B^′, B̂, and B̂^′ are soft SUSY breaking parameters of order O(1) TeV. We assume (−m^2_{Hu} ) < 0 for the suitable electroweak symmetry breaking, and real VEVs as ⟨H_u⟩ = v_u, ⟨H_d⟩ = v_d, ⟨H_ν ⟩ = v_ν , ⟨H_ν′ ⟩ = v_ν′ in neutral components. Now let us examine whether we can really obtain the suitable magnitudes of VEVs as v_{u,d} = O(10^2) GeV and v_{ν,ν}′ = O(0.1) eV or not. By taking μ-, ρ-, B-parameters to be real, and denoting M^2_u ≡ μ^2 + ρ^2 − m^2_{Hu} (< 0), M^2_d ≡ μ^2 + ρ^{′2} + m^2_{Hd} (> 0), M^2_ν ≡ M^2 + ρ^{′2} − m^2_{Hu} ≃ M^2(> 0), and M^2_ν′ ≡ M^2 + ρ^2 + m^2_{Hd} ≃ M^2(> 0), the stationary conditions of^1_2^{∂V}_{∂vu} = 0,^1_2^{∂V}_{∂vd} = 0,^1_2^{∂V}_{∂vν} = 0,^1_2^{∂V}_{∂vν′} = 0 are given by

0 = M^2_u v_u + 1 4 (g^2_1 + g^2 )v_u(v^2_u − v^2_d + v^2_ν − v^2_ν′ ) + Bμv_d − B̂ρv_ν′ − (μρ^′ + Mρ)v_ν , (4)

0 = M^2_d v_d − 1 4 (g^2_1 + g^2 )v_d(v^2_u − v^2_d + v^2_ν − v^2_ν′ ) + Bμv_u − B̂^′ρ^′v_ν − (μρ + Mρ^′)v_ν′ , (5)

0 = M^2_ν v_ν + 1 4 (g^2_1 + g^2 )v_ν (v^2_u − v^2_d + v^2_ν − v^2_ν′ ) + B^′Mv_ν′ − B̂^′ρ^′v_d − (μρ^′ + Mρ)v_u, (6)

0 = M^2_ν′ v_ν′ − 1 4 (g^2_1 + g^2)v_ν′ (v^2_u − v^2_d + v^2_ν − v^2_ν′ ) + B^′Mv_ν − B̂ρv_u − (μρ + Mρ^′)v_d, (7)

respectively. Regarding M is a GUT scale and v_ν , v_ν′ ≪ v_u, v_d, Eqs.(6) and (7) become

0 = Mv_ν − ρv_u, 0 = Mv_ν′ − ρ^′v_d (8)

in the leading order, respectively. These are just the relation in Eq.(1) ! (Here we neglect one order magnitude between M_{NP} and the weak scale.) This is what we want to derive, and the VEVs of neutrinophilic Higgs fields become

v_ν = ρv_u M , v_ν′ = ρ^′v_d M . (9)

It is worth noting that they are induced dynamically through the stationary conditions in Eqs.(6) and (7), and their magnitudes are surely of O(0.1) eV. As for v_{u,d}, by use of Eq.(9), Eqs.(4) and (5) become

0 = (M^2_u − ρ^2)v_u + 1 4 (g^2_1 + g^2 )v_u(v^2_u − v^2_d + v^2_ν − v^2_ν′ ) + Bμv_d, (10)

0 = (M^2_d − ρ^{′2})v_d − 1 4 (g^2_1 + g^2)v_d(v^2_u − v^2_d + v^2_ν − v^2_ν′ ) + Bμv_u (11)

in the leading order, respectively. Then, the MSSM Higgs fields take VEVs as

v^2 ≃ 2 g^2_1 + g^2 ( M^{′2}_u − M^{′2}_d cos 2β

− (M^{′2}_u + M^{′2}_d ) ) , sin 2β ≃ 2Bμ M^{′2}_u + M^{′2}_d

, (12)

where v^2 = v^2_u + v^2_d, tan β = v_u/v_d, M^{′2}_u ≡ M^2_u − ρ^2 and M^{′2}_d ≡ M^2_d − ρ^{′2}. They mean slight modifications of VEVs for H_u and H_d.

Since the masses of neutrinophilic Higgs H_ν and H_ν′ are super-heavy as the GUT scale, there are no other vacua (such as, v_{u,d} ∼ v_{ν,ν}′ ) except for v_{u,d} ≫ v_{ν,ν}′ [15]. Also, their heaviness guarantees the stability of the VEV hierarchy, v_{u,d} ≫ v_{ν,ν}′ , against radiative corrections [14, 15]. It is because, in the effective potential, H_ν and H_ν′ inside loop-diagrams are suppressed by their GUT scale masses. Anyhow, we stress again that the relation of Eq.(1) is dynamically obtained in Eq.(8).

As for the gauge coupling unification, it is preserved automatically in our setup, since fields except for the MSSM have masses of order the GUT scale.

3 SU(5) GUT embedded model

The model we suggested has the GUT scale mass of neutrinophilic Higgs doublets in Eq.(2), so that it is natural to embed the model in a GUT framework. Let us consider SU(5) GUT. A superpotential of a Higgs sector at the GUT scale is given by

W^{GUT}_H = M_0trΣ^2 + λtrΣ^3 + HΣH̄ + Φ_ν ΣΦ̄_ν − M_1HH̄ − M_2Φ_νΦ̄_ν , (13)

where Σ is an adjoint Higgs whose VEV reduces the GUT gauge symmetry into the SM. Φ_ν (Φ̄_ν ) is a neutrinophilic Higgs of (anti-)fundamental representation, which contains H_ν (H^′_ν) in the doublet component (while the triplet component is denoted as T_ν (T̄_ν )). Φ_ν and Φ̄_ν are odd under the Z_2-parity. H (H̄) is a Higgs of (anti-)fundamental representation, which contains H_u (H_d) in the doublet component (while the triplet component is denoted as T (T̄ )). The VEV of Σ and M_{0,1,2} are all of O(10^{16}) GeV, thus we encounter so-called triplet-doublet (TD) splitting problem. Some mechanisms have been suggested for a solution of TD splitting, but here we show a case that the TD splitting is realized just by a fine-tuning between ⟨Σ⟩ and

M_1. That is, ⟨Σ⟩ − M_1 induces GUT scale masses of T, T̄ , while weak scale masses of H_u, H_d. This is a serious fine-tuning, so that we can not expect a simultaneous fine-tuned cancellation also happens between ⟨Σ⟩ and M_2. Thus, we consider a case that the TD splitting only works in H and H̄, while not works in Φ_ν and Φ̄_ν . This situation makes Eq.(13) become

W^{eff}_H = μH_uH_d + MH_ν H_ν′ + M^′T T̄ + M^{′′}T_νT̄_ν . (14)

This is the effective superpotential of the Higgs sector below the GUT scale, and M, M^′, M^{′′} are of O(10^{16}) GeV, while μ = O(1) TeV.

Now let us consider an origin of soft Z_2-parity breaking terms, ρH_uH_ν′ and ρ^′H_ν H_d in Eq.(2). They play a crucial role of generating the marvelous relation in Eq.(1) as well as a tiny Dirac neutrino mass. Since the values of ρ, ρ^′ are of order O(1) TeV, they might be induced from the SUSY breaking effects. We can consider some possibilities for this mechanism. One example is to introduce a singlet S with odd Z_2-parity. The superpotential including S below the GUT scale is given by W^{eff}_S = μH_uH_d + MH_ν H_ν′ + M^′T T̄ + M^{′′}T_νT̄_ν +μ_SS^2 + 1 Λ S^4 − SH_uH_ν′ − SH_ν H_d − ST T̄_ν − ST_νT̄ . (15) Denoting ⟨T ⟩ = t, ⟨T̄ ⟩ = t̄, ⟨T_ν ⟩ = t_ν , ⟨T̄_ν ⟩ = t̄_ν , and ⟨S⟩ = s, the effective potential of the Higgs sector is given by V^{eff}_S = |Mv_ν − sv_u|^2 + |Mv_ν′ − sv_d|^2 + |M^{′′}t_ν − st|^2 + |M^{′′}t̄_ν − st̄|^2 +|μv_d − sv_ν′ |^2 + |μv_u − sv_ν |^2 + |M^′t − st_ν |^2 + |M^′t̄ − st̄_ν |^2 +|2μ_Ss + 4s^3/Λ − v_uv_ν′ − v_ν v_d − tt̄ − t_νt̄_ν |^2 (16) −m^2_S s^2 − m^2_{Hu} v^2_u + m^2_{Hd} v^2_d + m^2_{Hν} v^2_ν + m^2_{Hν′} v^2_ν′ + m^2_T t^2 + m^2_{T̄} t̄^2 + m^2_{Tν} t^2_ν + m^2_{T̄ν} t̄^2_ν + · · · ,

where we omit D- and B-terms for simplicity. The last line in Eq.(16) are soft SUSY breaking mass squared terms. Taking a parameter region of −m^{′2}_S ≡ −m^2_S + 4μ^2_S < 0, we obtain s ≃ √ Λ/(32μ_S) m^′_S . Then, when m^′_S ∼ μ_S ∼ 1 TeV and Λ ∼ 30 TeV, the suitable ρ- and ρ^′-terms in Eq.(2) are effectively induced through s ∼ 1 TeV. This vacuum also suggests the suitable VEVs of v_{u,d} ∼ 100 GeV, v_{ν,ν}′ ∼ 0.1 eV as well as t = t̄ = t_ν = t̄_ν = 0. Unfortunately, the scale of Λ ∼ 30 TeV is a little artificial in this example. But, this is around M_{NP} , and much better than inputting O(10) eV as the Z_2-parity breaking soft mass parameters. Another example is to take a non-canonical Kähler of [S^†(H_uH_ν′ + H_ν H_d) + h.c.]_D. Where F -term of S could induce the ρ- and ρ^′-terms effectively through the SUSY breaking scale as in Giudice- Masiero mechanism[22]. There might be other models which induce the ρ- and ρ^′-terms in Eq.(2) except for introducing a singlet S.

4 Summary

Among three typical energy scales, a neutrino mass scale, a GUT scale, and a TeV (SUSY)- scale, there is a marvelous relation of Eq.(1). In this paper, we have suggested a simple supersymmetric neutrinophilic Higgs doublet model, which realizes the relation of Eq.(1) dynamically as well as the suitable m_ν through a tiny VEV of neutrinophilic Higgs without additional scales other than M_{NP} and M_{GUT} . Usually, SUSY neutrinophilic doublet models have tiny mass scale of soft Z_2-symmetry breaking as ρ, ρ^′ = O(10) eV. This additional tiny mass scale plays a crucial role of generating the tiny neutrino mass, however, its origin is just an assumption. In other words, the smallness of m_ν is just replaced by that of Z_2-symmetry breaking mass parameters, and this is not an essential explanation of tiny m_ν . This is a common serious problem exists in neutrinophilic Higgs doublet models in general. Our model have solved this problem, where two scales of M_{GUT} and M_{NP} naturally induce the suitable magnitude of m_ν through the relation of Eq.(1), and does not require any additional scales. A gauge coupling unification is also preserved automatically in our setup. We have also considered the embedding in SU(5) GUT and some candidates of inducing the Z_2-symmetry breaking terms from the SUSY breaking effects.

Acknowledgments

We thank T. Horita for useful discussions. This work is partially supported by Scientific Grant by Ministry of Education and Science, Nos. 20540272, 20039006, and 20025004.

References

[1] E. Ma, Phys. Rev. Lett. 86, 2502 (2001).

[2] E. Ma and M. Raidal, Phys. Rev. Lett. 87, 011802 (2001), [Erratum-ibid. 87, 159901 (2001)].

[3] S. Gabriel and S. Nandi, Phys. Lett. B 655, 141 (2007).

[4] F. Wang, W. Wang and J. M. Yang, Europhys. Lett. 76, 388 (2006).

[5] E. Ma, Phys. Rev. D 73, 077301 (2006).

[6] S. M. Davidson and H. E. Logan, Phys. Rev. D 80, 095008 (2009).

[7] G. Marshall, M. McCaskey and M. Sher, Phys. Rev. D 81, 053006 (2010).

[8] S. M. Davidson and H. E. Logan, Phys. Rev. D 82, 115031 (2010).

[9] N. Haba and M. Hirotsu, Eur. Phys. J. C 69, 481 (2010). [10] N. Haba and K. Tsumura, JHEP 1106, 068 (2011). [11] N. Haba and O. Seto, Prog. Theor. Phys. 125, 1155 (2011). [12] N. Haba and O. Seto, arXiv:1106.5354 [hep-ph]. [13] M. Sher and C. Triola, arXiv:1105.4844 [hep-ph];

S. Zhou, arXiv:1106.3880 [hep-ph].

[14] T. Morozumi, H. Takata and K. Tamai, arXiv:1107.1026 [hep-ph]. [15] N. Haba and T. Horita, arXiv:1107.3203 [hep-ph].

[16] N. Arkani-Hamed, L. J. Hall, H. Murayama, D. Tucker-Smith and N. Weiner, Phys. Rev.

D 64, 115011 (2001).

[17] K. Agashe, T. Okui and R. Sundrum, Phys. Rev. Lett. 102, 101801 (2009). [18] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999). [19] L. Hall, J. Lykken and S. Weinberg, Phys. Rev. D 27, (1983) 2359;

R. N. Mohapatra and J. W. Valle, Phys. Rev. D 34, (1986) 1642.

[20] N. Arkani-Hamed, L. J. Hall, H. Murayama, D. R. Smith and N. Weiner, arXiv:hep-ph/0007001;

K. S. Babu and T. Yanagida, Phys. Lett. B 491, 148 (2000); F. Borzumati and Y. Nomura, Phys. Rev. D 64, 053005 (2001); F. Borzumati, K. Hamaguchi and T. Yanagida, Phys. Lett. B 497, 259 (2001); F. Borzumati, K. Hamaguchi, Y. Nomura and T. Yanagida, arXiv:hep-ph/0012118.

[21] R. Kitano, Phys. Lett. B 539, 102 (2002).

[22] G. F. Giudice and A. Masiero, Phys. Lett. B 206, 480 (1988).