arXiv:1205.4038v2 [hep-ph] 31 May 2012

125 GeV Higgs, Type III Seesaw and Gauge-Higgs Unification

Bin He^{a1}, Nobuchika Okada^{b2} and Qaisar Shafi^{a3}

aBartol Research Institute, Department of Physics and Astronomy,

University of Delaware, Newark, DE 19716, USA

bDepartment of Physics and Astronomy, University of Alabama, Tuscaloosa, AL 35487, USA

Abstract

Recently, both the ATLAS and CMS experiments have observed an excess of events that could be the first evidence for a 125 GeV Higgs boson. This is a few GeV below the (absolute) vacuum stability bound on the Higgs mass in the Standard Model (SM), assuming a Planck mass ultraviolet (UV) cutoff. In this paper, we study some implications of a 125 GeV Higgs boson for new physics in terms of the vacuum stability bound. We first consider the seesaw extension of the SM and find that in type III seesaw, the vacuum stability bound on the Higgs mass can be as low as 125 GeV for the seesaw scale around a TeV. Next we dicuss some alternative new physics models which provide an effective ultraviolet cutoff lower than the Planck mass. An effective cutoff Λ ≃ 10^{11} GeV leads to a vacuum stability bound on the Higgs mass of 125 GeV. In a gauge-Higgs unification scenario with five-dimensional flat spacetime, the so-called gauge-Higgs condition allows us to predict a Higgs mass of 125 GeV, with the compactification scale of the extra-dimension being identified as the cutoff scale Λ ≃ 10^{11} GeV. Identifying the compactification scale with the unification scale of the SM SU(2) gauge coupling and the top quark Yukawa coupling yields a Higgs mass of 121 ± 2 GeV.

1 E-mail:hebin@udel.edu 2E-mail:okadan@ua.edu 3 E-mail:shafi@bartol.udel.edu

1 Introduction

The discovery of the Higgs boson is a major goal of the physics program at the Large Hadron Collider (LHC), in order to confirm the origin of the electroweak symmetry breaking and the mechanism of particle mass generation. The ATLAS [1] and CMS [2] experiments have reported an excess of events that could be the first evidence of the Higgs boson with a mass of around 125 GeV [3]. Recent analysis by the Tevatron experiments [3] supports the above observations.

A value of 125 GeV is quite interesting from the viewpoint of the vacuum stability bound on the Higgs boson mass [4]. In the SM, the Higgs boson mass is determined by the self-coupling of the Higgs doublet, so that we can analyze the high energy behavior of the self-coupling by using the renormalization group equations (RGEs). For a relatively light Higgs boson, the selfcoupling becomes negative in its RGE running at some high energy, which implies an instability of the effective Higgs potential. If we require that the running self-coupling remains positive below a given cutoff scale, we obtain a lower bound on the Higgs boson mass, known as the (absolute) vacuum stability bound.

It would seem natural to adopt the reduced Planck mass as the cutoff scale, in which case the vacuum stability bound is found to be close to 129 GeV for a top quark mass of 173.2 GeV [6]. Taking into account the uncertainty on the top quark mass (M_t = 173.2 ± 0.9 GeV),

m_H ≥ 128.9 GeV + 1.9 GeV ( M_t − 173.2 GeV 0.9 GeV ) . (1)

If the observed excess of events around 125 GeV actually is evidence for the Higgs boson, we may entertain two possibilities for lowering the vacuum stability bound of 129 GeV. One possibility is that the RGE running of the quartic self-coupling is altered from the one in the SM, keeping the reduced Planck mass cutoff. This means that new particles are involved in the RGEs at energies below the reduced Planck mass. Another possibility is that the effective cutoff scale lies suitably below the reduced Planck scale, while all the RGEs of the SM remain unaltered. In general, one also could consider a combination of these two possibilities. In any case, new physics beyond the SM should play a crucial role to reconcile the discrepancy between 125 GeV and 129 GeV.

In this paper, we study the implications of a 125 GeV Higgs boson for new physics from the viewpoint of the vacuum stability bound. We first consider a seesaw extension of the SM where the RGE running of the self coupling is altered by the presence of new particles. We will see that the type of seesaw as well as the seesaw scale are restricted in order to realize a Higgs mass of 125 GeV, with the reduced Planck scale cutoff. For a different possibility, we will consider physics models which can provide an effective cutoff scale lower than the reduced Planck mass.

As a very interesting example, we investigate gauge-Higgs unification in flat five-dimensional (5D) spacetime. In this model, the effective cutoff scale is identified as the compactification scale of the fifth dimension and a Higgs mass of 125 GeV determines the compactification scale. We find a Higgs mass prediction close to 125 GeV if the compactification scale is identified with the unification scale of the top quark Yukawa and SU(2) gauge couplings.

2 Seesaw Extended Standard Model

The seesaw mechanism is a simple and promising extension of the SM to incorporate the neutrino masses and flavor mixings observed in solar and atmospheric neutrino oscillations. There are three main seesaw extensions of the SM, type I [7], type II [8], and type III [9], in which singlet right-handed neutrinos, SU(2) triplet scalar, and SU(2) triplet right-handed neutrinos, respectively, are introduced. These new particles contribute to the RGEs at energies higher than the seesaw scale and as a result, the vacuum stability bound can be significantly altered. Some time ago, the important implications of the various seesaw models (type I [10, 11], type II [12] and type III [11]) on the Higgs boson mass have been investigated with the Planck mass cutoff. In these papers, in addition to the vacuum stability bound, the perturbativity bound, given by the condition that the Higgs self-coupling remains perturbative below the Planck scale, has also been investigated. For both type I and III, it has been shown that the window for the Higgs boson mass between the vacuum stability and the perturbativity bounds becomes narrower and is eventually closed by the dramatic rise of the vacuum stability bound, as the neutrino Dirac Yukawa coupling becomes larger.

For lower values of the seesaw scale, the neutrino Dirac Yukawa coupling is small, and there is little effect from this coupling^4. However, there is a remarkable difference between type I and type III because the right-handed neutrinos in type III are SU(2) triplets. As shown in [11], the vacuum stability bound becomes lower for decreasing seesaw scale. This is because the SU(2) triplet neutrinos change the RGE running of the SU(2) gauge coupling. In type II seesaw, the perturbativity bound receives a drastic reduction due to interactions between the Higgs doublet and the SU(2) triplet scalar. As a result, the window for the Higgs boson mass between the vacuum stability and the perturbativity bounds becomes narrower and is eventually closed by the dramatic fall of the perturbativity bound for larger values of the scalar couplings. The vacuum stability bound also receives a dramatic reduction when the seesaw scale is low. It has been shown in [12] that in type II seesaw, the Higgs stability bound becomes even lower than the LEP2 Higgs mass bound of 114.4 GeV [14] for a seesaw scale of around 1 TeV.

4 In a general parameterization, the neutrino Dirac Yukawa coupling can be large and affect the Higgs mass bounds [13], although fine-tuning of parameters is required to realize the neutrino oscillation data.

In the light of the recent LHC results suggesting a Higgs mass close to 125 GeV, type II and III seesaw models are interesting because in both cases, the vacuum stability bound can be lower than the SM prediction of 129 GeV. Since type II seesaw involves many free parameters, there is a wide range of parameter regions which yield a vacuum stability bound of 125 GeV. For this reason, in this paper we consider type III seesaw in detail. In low scale type III seesaw compatible with a Higgs mass of 125 GeV, the neutrino Dirac Yukawa coupling is too small to play a role in the RGE running of the Higgs self-coupling. Therefore, the only free parameters involved in our analysis are the masses of the SU(2) triplet right-handed neutrinos. We analyze three cases with 1, 2 and 3 generations of the triplet neutrinos. Although at least 2 righthanded neutrinos are necessary to reproduce the neutrino oscillation data, we also analyze the 1 generation case for completeness^5. For simplicity, we consider a degenerate mass spectrum for the triplet neutrinos. This assumption is reasonable if we consider thermal leptogenesis [15], where the CP-violating out-of-equilibrium decay of the right-handed neutrinos generates the lepton asymmetry in the universe. It is known that in order to generate a sufficient amount of baryon asymmetry, the seesaw scale should be higher than 10^{10} GeV [16], otherwise a certain enhancement mechanism of the CP-asymmetry parameter is necessary. As we will see in the following, the seesaw scale turns out to be much lower than the above bound and hence, the so-called resonant leptogenesis [17] is relevant to our case, where the CP-asymmetry parameter is enhanced by right-handed neutrinos that are almost degenerate in mass.

Let us now analyze the vacuum stability bound in type III seesaw extended SM. We introduce N generations of mass degenerate right-handed neutrinos which transform as (3, 0) under the electroweak gauge group SU(2)×U(1)_Y :

ψ_i = ∑ a σ^a 2 ψ^a_i = 1 2 ( ψ^0_i √ 2ψ^+_i √ 2ψ^−_i −ψ^0_i ) . (2)

The terms in the Lagrangian relevant for the seesaw mechanism are given by L ⊃ −y_{ij} ℓ_iψ_j Φ − M_Rtr [ ψ^c_i ψ_i ] , (3)

where ℓ_i is the i-th generation SM lepton doublet (i = 1, 2, 3), Φ is the SM Higgs doublet with a U(1)_Y charge −1/2, and M_R is the common mass for the triplet neutrinos. The light neutrino mass matrix obtained via type III seesaw mechanism is given by

M_ν = v^2 8M_R YY^T , (4)

5 One may consider a combination of type I and type III to reproduce the neutrino oscillation data. Since a light singlet neutrino has no effect on RGEs, our result with one triplet neutrino corresponds to this case.

where v = 246 GeV is the vacuum expectation value of the Higgs doublet, and Y = y_{ij} is a 3×N Yukawa matrix. It is natural to expect the light neutrino mass scale to be O( √ Δm_{23}) ∼ 0.05 eV, where Δm_{23} = 2.43 × 10^{−3} eV^2 [18] is given by the atmospheric neutrino oscillation data. Using the seesaw formula, we find y_{ij} ≪ 1 for M_R ≪ 10^{15} GeV. This is the case we analyze here, and so the neutrino Dirac Yukawa coupling has essentially no effect on our results. In the following analysis, we employ RGEs at two-loop level.

For a renormalization scale μ < M_R, the heavy neutrinos are decoupled, and there is no effect on the RGEs for the SM couplings. For the three SM gauge couplings g_i (i = 1, 2, 3), we have dg_i d ln μ = b_i 16π^2 g^3_i + g^3_i (16π^2)^2

(_3 ∑ j=1 B_{ij} g^2_j − C_iy^2_t ) , (5)

where

b_i = ( 41 10 , − 19 6 , −7 ) , B_{ij} = 199 50 27 10 44 5 9 10 35 6 12 11 10 9 2 −26 , C_i = ( 17 10 , 3 2 , 2 ) , (6)

and we have included the contribution from the top Yukawa coupling (y_t). We use the top quark pole mass M_t = 173.2 GeV [6] and the strong coupling constant at the Z-pole (M_Z ) α_S = 0.1193 [19]. For the top Yukawa coupling, we have dy_t d ln μ = y_t ( 1 16π^2 β^{(1)}_t + 1 (16π^2)^2 β^{(2)}_t ) . (7)

Here the one-loop contribution is

β^{(1)}_t = 9 2 y^2_t − ( 17 20 g^2_1 + 9 4 g^2 + 8g^2_3 ) , (8)

while the two-loop contribution is given by [20]

β^{(2)}_t = −12y^4_t + ( 393 80 g^2_1 + 225 16 g^2 + 36g^2_3 ) y^2_t + 1187 600 g^4_1 − 9 20 g^2_1g^2 + 19 15 g^2_1g^2_3 − 23 4 g^4_2 + 9g^2 g^2_3 − 108g^4_3 + 3 2 λ^2 − 6λy^2_t . (9)

In solving the RGE for the top Yukawa coupling, its value at μ = M_t is determined from the relation between the pole mass and the running Yukawa coupling [21, 22],

M_t ≃ m_t(M_t) ( 1 + 4 3 α_3(M_t) π + 11 ( α_3(M_t) π )_2 − ( m_t(M_t) 2πv )_2) , (10) with y_t(M_t) = √ 2m_t(M_t)/v. Here, the second and third terms in parentheses correspond to oneand two-loop QCD corrections, respectively, while the fourth term comes from the electroweak corrections at one-loop level.

The RGE for the Higgs self-coupling is given by [20], dλ d ln μ = 1 16π^2 β^{(1)}_λ + 1 (16π^2)^2 β^{(2)}_λ , (11)

with

β^{(1)}_λ = 12λ^2 − ( 9 5 g^2_1 + 9g^2 ) λ + 9 4 ( 3 25 g^4_1 + 2 5 g^2_1 g^2 + g^4_2 ) + 12y^2_t λ − 12y^4_t , (12) and β^{(2)}_λ = −78λ^3 + 18 ( 3 5 g^2_1 + 3g^2 ) λ^2 − ( 73 8 g^4_2 − 117 20 g^2_1 g^2 −

1887 200 g^4_1 ) λ − 3λy^4_t + 305 8 g^6_2 − 289 40 g^2_1 g^4_2 −

1677 200 g^4_1g^2 −

3411 1000 g^6_1 − 64g^2_3 y^4_t − 16 5 g^2_1 y^4_t − 9 2 g^4_2 y^2_t

+10λ ( 17 20 g^2_1 + 9 4 g^2 + 8g^2_3 ) y^2_t − 3 5 g^2_1 ( 57 10 g^2_1 − 21g^2 ) y^2_t − 72λ^2y^2_t + 60y^6_t . (13)

The Higgs boson pole mass m_H is determined through a one-loop effective potential improved by two-loop RGEs. The second derivative of the effective potential at the potential minimum leads to [23]

m^2_H = λζ^2v^2 + 3 64π^2 ζ^2v^2 { g^4_2 ( log g^2 ζ^2v^2 4μ^2 + 2 3 )

+ 1 2 ( g^2 + 3 5 g^2_1

)_2 [ log ( g^2 +^3_5 g^2_1 ) ζ^2v^2 4μ^2 + 2 3 ] − 8y^4_t log y^2_t ζ^2v^2 2μ^2 } , (14)

where ζ = exp ( − ∫_μ M_Z γ(μ) μ dμ ) , with the anomalous dimension γ of the Higgs doublet evaluated at two-loop level. All running parameters are evaluated at μ = m_H , and the Higgs boson mass is determined as the root of this equation. We have checked that our results on the Higgs boson mass bounds for the SM case coincide with the ones obtained in recent analysis [5].

For the renormalization scale μ ≥ M_R, the SM RGEs should be modified to include contributions from the triplet neutrinos in type III seesaw, so that the effectively RGE evolution of the Higgs self-coupling is altered. For simplicity, we consider only one-loop corrections from the heavy neutrinos. As we have discussed above, the neutrino Dirac Yukawa coupling is very small and its effect in our analysis is negligible. Therefore, the presence of the triplet neutrinos only modifies the SU(2) gauge coupling beta function:

b_2 = − 19 6 → − 19 6 + 4 3 N, (15)

Figure 1: The vacuum stability bound on the Higgs boson mass as a function of the triplet neutrino mass for N = 1, 2 and 3 generations, with reduced Planck mass cutoff. We have taken M_t = 173.2 GeV. The horizontal solid line denotes the vacuum stability bound in the SM while m_H = 125 GeV is shown as the dashed-line.

N = 2 M_t(GeV) 172.3 173.2 174.1 M_R(GeV) 3.2 × 10^6 1.6 × 10^3 − N = 3 M_t(GeV) 172.3 173.2 174.1 M_R(GeV) 1.0 × 10^8 1.6 × 10^5 3.2 × 10^3

Table 1: The seesaw scales which give the vacuum stability bound m_H = 125 GeV for varying M_t values and the reduced Planck mass cutoff.

corresponding to N generations of triplet neutrinos.

In Fig. 1, we show the vacuum stability bound on the Higgs boson mass as a function of the triplet neutrino mass for N = 1, 2 and 3, respectively. Here we have used M_t = 173.2 GeV and the cutoff scale is taken to be the reduced Planck mass M_P = 2.44 × 10^{18} GeV. We see that the presence of triplet neutrinos lowers the the resultant Higgs mass from the SM value ≃ 129 GeV. Note that at least two generations of triplet neutrinos are necessary to yield a Higgs mass of 125 GeV. Interestingly, two generation is also the minimal number required to reproduce the neutrino oscillation data.

For N = 2 and 3, respectively, we list in Table 1 the values of M_R to give the Higgs mass of 125 GeV. Here we have varied the top quark pole mass in the range of M_t = 173.2 ± 0.9 GeV. We see that a Higgs mass of 125 GeV is compatible with a seesaw scale in the TeV range, in which case the SU(2) triplet neutrinos may be found at the LHC [24].

3 Gauge-Higgs Unification Scenario

Another scenario for reducing the SM vacuum stability bound is to introduce some new physics which effectively lowers the UV cutoff scale below the reduced Planck mass. There are several models for achieving this. For example, in the Randall-Sundrum model [25], the UV cutoff of the SM (as an effective 4-dimensional theory) can be dramatically reduced to Λ = ωM_P by the ‘warp factor’ ω ≪ 1, without too much fine-tuning of the model parameters. Alternatively, in the presence of N elementary particle species in an effective quantum field theory, the consistency of large-distance black hole physics imposes the following gravitational cutoff on the theory, Λ = M_P / √ N [26]. Finally, if we introduce a non-minimal gravitational coupling, ξΦ^†ΦR, it seems natural to adopt Λ = M_P /ξ [27] for the effective gravitational cutoff scale. Here ξ is a dimensionless coupling constant, Φ is the SM Higgs doublet, and R is the scalar curvature. In these scenarios, the SM is realized as an effective theory below the cutoff, so that the RGE of Higgs self-coupling remains the same^6. However, the cutoff can be considerably below the reduced Planck mass and as a result, the vacuum stability bound on the Higgs mass is reduced. The Higgs mass as a function of the effective cutoff Λ is depicted in Fig. 2. A Higgs mass m_H = 125 GeV can be realized with an effective cutoff Λ ≃ 1.4 × 10^{11} GeV, which corresponds to ω^{−1}, √ N , ξ ≃ 10^7.

The vacuum stability bound is the lower bound on the Higgs boson mass obtained with a fixed cutoff scale. Thus, Fig. 2 indicates that to achieve m_H = 125 GeV, the upper bound on the effective UV cutoff is Λ ≲ 1.4 × 10^{11} GeV. It is therefore interesting to see if there exists models which can predict the Higgs boson mass once the effective UV cutoff is fixed. The gauge-Higgs unification scenario [29, 30] provides a good example of one class of such models.

In the gauge-Higgs unification scenario, the SM Higgs doublet is identified as the extradimensional component of a higher dimensional gauge field, so that the Higgs self-coupling is determined by the gauge invariance in higher dimensions. As has been shown in Ref. [31], the low energy effective theory of the gauge-Higgs unification scenario is equivalent to the SM with a certain boundary condition for the Higgs self-coupling imposed at the compactification scale of the extra-dimensions, the so-called “gauge-Higgs condition”. In particular, in the gauge-Higgs unification scenario in flat 5D spacetime, the gauge-Higgs condition requires a vanishing Higgs self-coupling at the cutoff scale Λ, which is identified as the compactification scale. Therefore, in a gauge-Higgs unification scenario, the vacuum stability bound on the SM Higgs boson

6 To be precise, the non-minimal gravitational coupling slightly modifies the SM RGEs, but this effect on the vacuum stability bound is found to be negligible [28].

Figure 2: The vacuum stability bound on the Higgs mass versus the effective cutoff scale Λ, for M_t = 173.2 GeV. A Higgs mass of 125 GeV corresponds to Λ ≃ 1.4 × 10^{11} GeV.

mass is simply the Higgs mass prediction with the compactification scale Λ. Based on this identification, the SM Higgs boson mass has been calculated some time ago, in Ref. [32] .

In the following, inspired by the 125 GeV Higgs, we re-calculate the Higgs mass prediction in the 5D gauge-Higgs scenario. We have improved upon the previous analysis in [32] by taking into account the two-loop RGE improved one-loop effective Higgs potential in Eq. (14) and the updated top quark pole mass M_t = 173.2 ± 0.9 GeV. From the viewpoint of the gauge- Higgs unification scenario, the result shown in Fig. 2 indicates that a compactification scale of Λ ≃ 1.4 × 10^{11} GeV results in m_H = 125 GeV.

Since the gauge Higgs unification scenario also provides unification of the gauge coupling and top quark Yukawa coupling at the compactification scale, we may identify the compactification scale with the unification scale of the SU(2) gauge coupling (g_2) and top Yukawa coupling (y_t) (see Fig. 3). In this way we predict the Higgs boson mass, as shown in Table 2 for varying top quark mass and the compactification scale.

4 Conclusion

In conclusion, an excess of events around 125 GeV recently reported by the ATLAS and CMS experiments may be the first evidence for the SM Higgs boson. We have considered possible implications of a 125 GeV Higgs for new physics from the viewpoint of the vacuum stability

Figure 3: RGE running of the SU(2) gauge coupling and top Yukawa coupling. They unify at 7.9 × 10^8 GeV, which is identified as the compactification scale.

M_t (GeV) g_2 − y_t unification scale (GeV) Predicted m_H (GeV) 172.3 4.3 × 10^8 118.6 173.2 7.9 × 10^8 120.9 174.1 1.5 × 10^9 123.2

Table 2: Predicted Higgs boson mass for varying top quark pole mass, with the compactification scale determined by the unification of the SU(2) gauge coupling and top Yukawa coupling.

bound on the SM Higgs mass with the reduced Planck mass cutoff. Since the (absolute) vacuum stability bound is close to 129 GeV, some new physics is needed to bring it down to 125 GeV. We first considered the seesaw extension of the SM which incorporates the observed neutrino masses and oscillations. In this case, the RGE of the SM Higgs self-coupling is modified for energies higher than the seesaw scale. In type II and type III seesaw, the 125 GeV mass can be achieved with the seesaw scale much lower than the conventional intermediate scale. With type III seesaw, the vacuum stability bound on the Higgs mass can be lowered to 125 GeV with 2 or 3 generations of SU(2) triplet neutrinos, with the seesaw scale as low as a TeV.

If there is no modification of the SM RGEs, it is necessary to introduce an effective ultraviolet cutoff Λ ≃ 10^{11} GeV to yield a vacuum stability bound of m_H = 125 GeV. We have discussed various new physics models which provide such a low cutoff scale. In a gauge-Higgs unification scenario in 5D flat spacetime, the vacuum stability bound of m_H = 125 GeV is identified as a prediction of the Higgs mass under the gauge-Higgs condition imposed at the compactification scale Λ ≃ 10^{11} GeV. If the compactification scale is identified with the unification scale of the SU(2) gauge coupling and top Yukawa coupling, the Higgs mass is predicted to lie close to 125 GeV.

Finally, while we have required absolute electroweak vacuum stability in this paper, one may loosen the bound by considering meta-stability, which leads to a lower bound m_H ≳ 110 GeV on the Higgs mass. [See [33] for recent analysis in this context.] In this case, we may consider new physics effects which raise the bound to 125 GeV. As has been shown in [10, 11], type I and type III seesaw with a seesaw scale ≳ 10^{14} GeV will do this.

Acknowledgments

This work is supported in part by the DOE Grants, # DE-FG02-12ER41808 (B.H. and Q.S.) and # DE-FG02-10ER41714 (N.O.), and by Bartol Research Institute (B.H.).

References

[1] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 710, 49 (2012).

[2] S. Chatrchyan et al. [CMS Collaboration], arXiv:1202.1488 [hep-ex].

[3] Visit http://indico.in2p3.fr/conferenceDisplay.py?confId=6001, where presentation slides can be downloaded.

[4] N. Cabibbo, L. Maiani, G. Parisi and R. Petronzio, Nucl. Phys. B 158, 295 (1979);

P. Q. Hung, Phys. Rev. Lett. 42, 873 (1979); M.A.B. Beg, C. Panagiotakopoulos and A. Sirlin, Phys. Rev. Lett.52 (1984) 883; K. S. Babu and E. Ma, Phys. Rev. Lett. 55, 3005 (1985); M. Lindner, Z. Phys. C 31, 295 (1986); M. Sher, Phys. Rept. 179, 273 (1989); G. Altarelli and G. Isidori, Phys. Lett. B 337, 141 (1994); J. A. Casas, J. R. Espinosa and M. Quiros, Phys. Lett. B 342, 171 (1995); Phys. Lett. B 382, 374 (1996); J. R. Espinosa and M. Quiros, Phys. Lett. B 353, 257 (1995).

[5] For a recent analysis, see J. Ellis, J. R. Espinosa, G. F. Giudice, A. Hoecker and A. Riotto, Phys. Lett. B 679, 369 (2009); I. Gogoladze, B. He, and Q. Shafi, Phys. Lett. B 690, 495 (2010).

[6] [Tevatron Electroweak Working Group and for the CDF and D0 Collaborations], arXiv:1107.5255 [hep-ex].

[7] P. Minkowski, Phys. Lett. B 67, 421 (1977); T. Yanagida, in Proceedings of the Workshop on the Unified Theory and the Baryon Number in the Universe (O. Sawada and A. Sugamoto, eds.), KEK, Tsukuba, Japan, 1979, p. 95; M. Gell-Mann, P. Ramond, and R. Slansky, Supergravity (P. van Nieuwenhuizen et al. eds.), North Holland, Amsterdam, 1979, p. 315; S. L. Glashow, The future of elementary particle physics, in Proceedings of the 1979 Cargèse Summer Institute on Quarks and Leptons (M. Lévy et al. eds.), Plenum Press, New York, 1980, p. 687; R. N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 44, 912 (1980).

[8] G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B181, 287 (1981); R. N. Mohapatra and G. Senjanović, Phys. Rev. D 23, 165 (1981); M. Magg and C. Wetterich, Phys. Lett. B 94, 61 (1980); J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227 (1980).

[9] R. Foot, H. Lew, X. G. He and G. C. Joshi, Z. Phys. C 44, 441 (1989).

[10] J. A. Casas, V. Di Clemente, A. Ibarra and M. Quiros, Phys. Rev. D 62, 053005 (2000).

[11] I. Gogoladze, N. Okada and Q. Shafi, Phys. Lett. B 668, 121 (2008).

[12] I. Gogoladze, N. Okada and Q. Shafi, Phys. Rev. D 78, 085005 (2008).

[13] W. Rodejohann and H. Zhang, arXiv:1203.3825 [hep-ph].

[14] R. Barate et al., Phys. Lett. B 565, 61 (2003).

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

[16] W. Buchmuller, P. Di Bari and M. Plumacher, Nucl. Phys. B 643, 367 (2002) [Erratumibid. B 793, 362 (2008)]; Annals Phys. 315, 305 (2005).

[17] M. Flanz, E. A. Paschos, U. Sarkar, and J. Weiss, Phys. Lett. B 389, 693 (1996); A. Pilaftsis, Phys. Rev. D 56, 5431 (1997); A. Pilaftsis and T. E. J. Underwood, Nucl. Phys. B 692, 303 (2004).

[18] K. Nakamura et al. [Particle Data Group Collaboration], J. Phys. G G 37, 075021 (2010).

[19] H. Flacher, M. Goebel, J. Haller, A. Hocker, K. Moenig and J. Stelzer, Eur. Phys. J. C 60, 543 (2009).

[20] M. E. Machacek and M. T. Vaughn, Nucl. Phys. B 222, 83 (1983); Nucl. Phys. B 236, 221 (1984); Nucl. Phys. B 249, 70 (1985); C. Ford, I. Jack and D. R. T. Jones, Nucl. Phys. B387 (1992) 373, [Erratum-ibid. B504 (1997) 551]; H. Arason, D. J. Castano, B. Keszthelyi, S. Mikaelian, E. J. Piard, P. Ramond and B. D. Wright, Phys. Rev. D 46, 3945 (1992); V. D. Barger, M. S. Berger and P. Ohmann, Phys. Rev. D 47, 1093 (1993); M. X. Luo and Y. Xiao, Phys. Rev. Lett. 90, 011601 (2003).

[21] See, for example, H. Arason, D. J. Castano, B. Keszthelyi, S. Mikaelian, E. J. Piard, P. Ramond and B. D. Wright, Phys. Rev. D 46, 3945 (1992); H. E. Haber, R. Hempfling and A. H. Hoang, Z. Phys. C 75, 539 (1997).

[22] See, for example, F. Jegerlehner, M. Y. Kalmykov and O. Veretin, Nucl. Phys. B 641, 285 (2002); Nucl. Phys. B 658, 49 (2003); F. Jegerlehner and M. Y. Kalmykov, Nucl. Phys. B 676, 365 (2004).

[23] J. A. Casas, J. R. Espinosa, M. Quiros and A. Riotto, Nucl. Phys. B 436, 3 (1995) [Erratum-ibid. B 439, 466 (1995)].

[24] B. Bajc and G. Senjanovic, JHEP 0708, 014 (2007); B. Bajc, M. Nemevsek and G. Senjanovic, Phys. Rev. D 76, 055011 (2007); R. Franceschini, T. Hambye and A. Strumia, Phys. Rev. D 78, 033002 (2008); F. del Aguila and J. A. Aguilar-Saavedra, Nucl. Phys. B 813, 22 (2009).

[25] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999).

[26] G. Dvali and M. Redi, Phys. Rev. D 77, 045027 (2008).

[27] C. P. Burgess, H. M. Lee and M. Trott, JHEP 0909, 103 (2009); J. L. F. Barbon and J. R. Espinosa, Phys. Rev. D 79, 081302 (2009); M. P. Hertzberg, arXiv:1002.2995 [hepph].

[28] B. He, N. Okada and Q. Shafi, Phys. Lett. B 695, 219 (2011).

[29] N. S. Manton, Nucl. Phys. B 158, 141 (1979); D. B. Fairlie, J. Phys. G 5, L55 (1979);

Phys. Lett. B 82, 97 (1979).

[30] Y. Hosotani, Phys. Lett. B 126, 309 (1983); Phys. Lett. B 129, 193 (1983); Phys. Rev. D 29, 731 (1984); Annals Phys. 190, 233 (1989).

[31] N. Haba, S. Matsumoto, N. Okada and T. Yamashita, JHEP 0602, 073 (2006); Prog.

Theor. Phys. 120, 77 (2008).

[32] I. Gogoladze, N. Okada and Q. Shafi, Phys. Lett. B 655, 257 (2007). [33] J. Elias-Miro, J. R. Espinosa, G. F. Giudice, G. Isidori, A. Riotto and A. Strumia, Phys.

Lett. B 709, 222 (2012).