arXiv:1307.0291v1 [hep-ph] 1 Jul 2013

H → Zγ in Gauge-Higgs Unification

Nobuhito Maru^a and Nobuchika Okada^b

aDepartment of Mathematics and Physics, Osaka City University, Osaka 558-8585, Japan

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

Abstract

In our previous paper [1], we have investigated effects of a simple gauge-Higgs unification model on the diphoton signal events from the Higgs boson production at the Large Hadron Collider. We have found that in this model the effective Higgs-to-diphoton coupling can be enhanced by 1-loop corrections with Kaluza-Klein (KK) modes of bulk fields. This result can be an explanation for the observed excess of the signal strength in the Higgs to diphoton decay channel. In this paper, we investigate KK-mode effects on another Higgs boson decay mode, H → Zγ. One naturally expects that the KK modes also contribute to the effective H − Z − γ coupling and can cause some deviation for the H → Zγ decay mode from the Standard Model prediction. Revealing a correlation between the KK-mode effects on the Higgs-to-diphoton and H − Z − γ couplings is an interesting topic in terms of a possibility to discriminate a variety of models for physics beyond the Standard Model. We show a very striking result for the gauge-Higgs unification model, namely, the absence of KK-mode contributions to the H − Z − γ coupling at the 1-loop level. This is a very specific and general prediction of the gauge-Higgs unification scenario.

As announced on July 4th 2012, the long-sought Higgs boson was finally discovered by ATLAS [2] and CMS [3] collaborations at the Large Hadron Collider. The discovery is based on the Higgs boson search with a variety of Higgs boson decay modes. Although the observed data were mostly consistent with the Standard Model (SM) expectations, the diphoton decay mode showed the signal strength considerably larger than the SM prediction. Since the effective Higgs-to-diphoton coupling is induced at the quantum level even in the SM, a certain new physics can significantly affect the coupling. This fact motivated many recent studies for a possible explanation of the excess in the Higgs to diphoton decay mode by various extensions of the SM with supersymmetry [4] or without supersymmetry [5, 1]. Although the updated CMS analysis [6] gives a much lower value for the signal strength of the diphoton events than the previous one, the updated ATLAS analysis [7] is still consistent with their earlier result. The excess may persist in future updates.

Gauge-Higgs unification (GHU) [8] is one of the fascinating scenarios for physics beyond the SM, which can provide us a solution to the gauge hierarchy problem without invoking supersymmetry. In this scenario, the SM Higgs doublet is identified with an extra spatial component of a gauge field in higher dimensional gauge theory. Nevertheless the scenario is non-renormalizable, the higher dimensional gauge symmetry allows us to predict various finite physical observables such as Higgs potential [9, 10], H → gg, γγ [11, 12], the anomalous magnetic moment g − 2 [13], and the electric dipole moment [14].

In our previous paper [1], we have shown that the excess of the Higgs to diphoton decay mode can be explained by 1-loop corrections via Kaluza-Klein (KK) modes in a simple extension of the 5-dimensional minimal GHU model supplemented by color-singlet bulk fermions with a half-periodic boundary condition and appropriately chosen electric charges. Through analysis of the renormalization group equation of the Higgs quartic coupling with the so-called gauge-Higgs boundary condition [15], it has been shown that the bulk fermions have also played a crucial role to achieve the observed Higgs boson mass around 125 GeV. Since the KK modes have the electroweak charges, we naturally expect that 1-loop diagrams with the KK modes also affect the effective H − Z − γ coupling and deviates the Higgs boson partial decay width to Zγ from the SM prediction. It is an interesting topic to reveal a correlation between the KK-mode effects on the decay modes of H → γγ and H → Zγ, because the correlation may show a model-dependent specific property. If the excess of the Higgs to diphoton decay mode persists, the correlation between the deviations from the SM predictions for the two decay modes can be a clue to distinguish scenarios beyond the SM, providing a significant improvement of the sensitivity for the Higgs boson signals in the future.

The purpose of this paper is to study the KK-mode contributions to the Higgs to Zγ decay in the context of GHU, which has not been addressed in the previous paper [1]. Our result is very striking, namely, contributions via the KK modes at the 1-loop level do not exist and hence the effective Higgs to Zγ coupling remains unchanged, irrespectively to the effective Higgs to diphoton coupling. This result is quite specific for the GHU scenario, which we have never seen in models beyond the SM. The reason is the following. In the GHU scenario, the electroweak symmetry breaking causes a mass splitting between degenerate KK modes, which one may think analogous to the left-right mixing between sfermions in supersymmetric theories. As we will explicitly show below, in the mass eigenstate basis, Z boson always has couplings with two different mass eigenstates corresponding to the splitting mass eigenvalues, while the Higgs boson and photon couple with the same mass eigenstates. As a result, there is no 1-loop diagram with the KK modes for the effective Higgs to Zγ coupling. This specific structure originates from the basic structure of the GHU scenario, where the SM gauge group is embedded in a larger gauge group in extra-dimensions and the SM Higgs doublet is identified with the higher dimensional component of the bulk gauge field.

Now we study the KK-mode contributions to the effective Higgs to Zγ coupling. In order to show essential points of our discussion, let us consider a toy model of 5- dimensional SU(3) GHU with an orbifold S^1/Z_2 compactification for the 5th dimension. Although the following discussion is only for this toy model, we expect that our conclusion is applicable to any model of the GHU scenario. In the toy model, the SU(3) gauge symmetry is broken to the electroweak gauge group SU(2) × U(1) by the orbifolding on S^1/Z_2 and adopting a non-trivial Z_2 parity assignment on 5-dimensional bulk SU(3) gauge field. The remaining gauge symmetry SU(2) × U(1) is supposed to be radiatively broken by the vacuum expectation value of the zero-mode of A_5, which is identified with the SM Higgs doublet field.

In the toy model, we introduce a bulk fermion of an SU(3) triplet (Ψ) and the basic Lagrangian of the model is simply expressed as L = − 1 2 Tr(F_{MN} F^{MN} ) + iΨ̄D/Ψ, (1) where the gamma matrix in 5-dimensional theory is defined as Γ^M = (γ^μ, iγ^5), F_{MN} = ∂_M A_N − ∂_N A_M − ig_5[A_M , A_N ] (M, N = 0, 1, 2, 3, 5), (2) D/ = Γ^M (∂_M − ig_5A_M ) ( A_M = A^a_M λ^a 2 (λ^a : Gell-Mann matrices) ) , (3) Ψ = (ψ_1, ψ_2, ψ_3)^T . (4)

Here, the periodic boundary condition along S^1 is imposed for all fields^1. The non-trivial Z_2 parities are assigned for each field using the orbifolding matrix P = diag(−, −, +),

A_μ(−y) = P A_μ(y)P^{−1}, A_5(−y) = −P A_5(y)P^{−1}, Ψ(−y) = P γ^5Ψ(y) (5)

where ± means that Z_2 parities. By these boundary conditions, the SU(3) gauge symmetry is broken to the electroweak gauge group of SU(2) × U(1).

For the zero-mode of bosonic sector, we obtain exactly what we need for the SM:

A^{(0)}_μ = 1 2 W^3_μ +^{1√}_3 B_μ √ 2W^+_μ 0 √ 2W^−_μ −W^3_μ +^{1√}_3 B_μ 0 0 0 −^{2√}_3 B_μ = 1 2 2√ 3 γ_μ √ 2W^+_μ 0 √ 2W^−_μ −Z_μ −^{1√}_3 γ_μ 0 0 0 Z_μ −^{1√}_3 γ_μ , (6) A^{(0)}_5 = 1 √ 2 0 0 h^+ 0 0 h^0 h^− h^{0∗} 0 , (7)

where W^3_μ , W^±_μ and B_μ are the SU(2) and U(1) gauge bosons in the SM and h = (h^+, h^0)^T is the Higgs doublet field. Note that this toy model predicts an unrealistic weak mixing angle, sin^2 θ_W =^3_4 . The zero mode of the bulk fermion is decomposed into an SU(2) doublet left-handed fermion and an SU(2) singlet right-handed fermion. Their U(1) charges are the same as those of the quark SU(2) doublet and the SU(2) singlet downtype quark. Thus, if the bulk fermion is a QCD color triplet, we may express them as Ψ^{(0)} = (u_L, d_L, d_R)^T . However, for our purpose, such an identification of the zero mode fermion with a SM fermion is not important. We refer, for example, Ref. [16] for a realistic setup of 5-dimensional GHU scenario.

We are interested in 4-dimensional effective Lagrangian for the KK mode fermions derived from Eq. (1). The bulk field with an even (odd) parity is expanded by the KK mode function cos(ny/R) (sin(ny/R)) with an integer n and the radius R of the S^1. Substituting the KK-mode expansion into Eq. (1) and integrating the KK-mode functions over the fifth dimensional coordinate (y), we obtain a 4-dimensional effective Lagrangian.

1 It is possible to impose a half-periodic boundary condition for the bulk fermion. For both cases with the periodic and the half-periodic boundary conditions, the structure of the couplings between the Z boson and KK modes are the same, leading us to the same conclusion. Thus, in the following, we explicitly show our results only for the bulk fermion with the periodic boundary condition.

The 4-dimensional effective Lagrangian relevant to our discussion are given by

L^{(4D)}_{fermion} ⊃ ∞∑ n=1 i(ψ̄^{(n)}_1 ψ̄^{(n)}_2 ψ̄^{(n)}_3 )γ^μ∂_μ ψ^{(n)}_1 ψ^{(n)}_2 ψ^{(n)}_3 + g_4 2 (ψ̄^{(n)}_1 , ψ̄^{(n)}_2 , ψ̄^{(n)}_3 ) 2√ 3 γ_μ √ 2W^+_μ 0 √ 2W^−_μ −Z_μ −^{1√}_3 γ_μ 0 0 0 Z_μ −^{1√}_3 γ_μ γ^μ ψ^{(n)}_1 ψ^{(n)}_2 ψ^{(n)}_3

−(ψ̄^{(n)}_1 , ψ̄^{(n)}_2 , ψ̄^{(n)}_3 ) m_n 0 0 0 m_n −m 0 −m m_n ψ^{(n)}_1 ψ^{(n)}_2 ψ^{(n)}_3

, (8)

where ψ^{(n)}_i is the n-th KK mode Dirac fermion, m_n =^n_R is the KK mode mass, g_4 =^{g5√}_{2πR} is the 4-dimensional gauge coupling, and m =^{g4v}_2 = m_W is the mass associated with the electroweak symmetry breaking by the vacuum expectation value of the Higgs doublet (v). In this toy model, m is identical to the W -boson mass (m_W ) because of the unification of the gauge and Yukawa interactions in the GHU scenario. In deriving the mass matrix in Eq. (8), we have used a chiral rotation

ψ_{1,2,3} → e^{−i π4 γ5} ψ_{1,2,3} (9)

in order to get rid of iγ_5.

We easily diagonalize the mass matrix for the KK mode fermions by use of the mass eigenstates ψ̃^{(n)}_2 , ψ̃^{(n)}_3 ,

ψ^{(n)}_1 ψ̃^{(n)}_2 ψ̃^{(n)}_3 = U ψ^{(n)}_1 ψ^{(n)}_2 ψ^{(n)}_3 , U = 1 √ 2 √ 2 0 0 0 1 −1 0 1 1 , (10) as U m_n 0 0 0 m_n −m 0 −m m_n U^† = m_n 0 0 0 m_n + m 0 0 0 m_n − m . (11) In terms of the mass eigenstates for the KK modes, the Lagrangian is described as

L^{(4D)}_{fermion} ⊃ ∞∑ n=1 { (ψ̄^{(n)}_1 ¯ψ̃^{(n)}_2 ¯ψ̃^{(n)}_3 )

× iγ^μ∂_μ − m_n 0 0 0 iγ^μ∂_μ − (m_n + m) 0 0 0 iγ^μ∂_μ − (m_n − m) ψ^{(n)}_1 ψ̃^{(n)}_2 ψ̃^{(n)}_3

+ g_4 2 (ψ̄^{(n)}_1 , ¯ψ̃^{(n)}_2 , ¯ψ̃^{(n)}_3 ) 2γ_μ√ 3 W^+_μ W^+_μ W^−_μ −^{1√}_3 γ_μ −Z_μ W^−_μ −Z_μ −^{1√}_3 γ_μ γ^μ ψ^{(n)}_1 ψ̃^{(n)}_2 ψ̃^{(n)}_3 . (12)

Now we can see that Z boson (W boson) couples with two different mass eigenstates corresponding to the splitting mass eigenvalues m_n ± m, while the photon couples to the same mass eigenstates as expected from the electromagnetic U(1) gauge symmetry. The coupling between the Higgs boson and the mass eigenstates are found by the replacement m → m+^m_v H, where H is the physical Higgs boson. Similarly to the photon coupling, the Higgs boson couples to the same mass eigenstates. From the structure of the couplings of the KK-mode mass eigenstates with the Z boson, photon and Higgs boson, we conclude that there is no KK fermion contribution to the effective Higgs to Zγ coupling at the 1-loop level. This result is very typical for the GHU scenario, distinguishable from other models beyond the SM. Although calculations are more involved, we can show that the structure of the KK-mode couplings with the Z boson, photon and Higgs boson is the same also for bulk fermions of higher dimensional SU(3) representations.

Our next interest is focused on the contribution by the KK-mode W bosons to the effective Higgs to Zγ couplings There are two types of interactions of the KK W bosons involving one Z boson. One is the 3-point vertex between two KK W bosons and one Z boson, and the other is the 4-point vertex among two KK W bosons, one Z boson and one photon. In order to give explicit expressions for the vertices, we first need to find mass eigenstates of the KK W bosons. For this purpose, we write a matrix form of the 5-dimensional SU(3) gauge boson as

A_μ = 1 2 2√ 3 γ_μ √ 2W^+_μ √ 2A^+_μ √ 2W^−_μ −Z_μ −^{1√}_3 γ_μ ∗ √ 2A^−_μ ∗ Z_μ −^{1√}_3 γ_μ , (13)

where the (1, 3) and (3, 1) elements are parity-odd charged gauge boson whose KK modes are mixed with the KK W boson to yield the mass eigenstates. In the same way, the (2, 3) and (3, 2) elements are parity-odd neutral gauge bosons corresponding to the KK modes of Z and photon. Since they are irrelevant to our discussion, we have omitted them by the symbol “ ∗ ” in the matrix.

Using the KK-mode decomposition, we extract the mass terms for the KK W and A gauge bosons from the Lagrangian with the gauge fixing term as (after the electroweak symmetry breaking) ∫_{πR} −πR dy [ − 1 2 (F^a_{μ5})^2 − 1 2ξ (∂^μA^a_μ − ξ∂^5A^a_5)^2 ]

⊃ − ∞∑ n=0 ( m^2_n + m^2_W ) W^{μ+(n)}W^{−(n)}_μ − ∞∑ n=1 ( m^2_n + m^2_W ) A^{μ+(n)}A^{−(n)}_μ −i2m_W ∞∑ n=1 m_n ( W^{μ+(n)}A^{−(n)}_μ − W^{μ−(n)}A^{+(n)}_μ ) . (14)

The mass matrix for the KK modes of W^{±(n)}_μ and A^{±(n)}_μ , (W^{μ−(n)} A^{μ−(n)}) ( m^2_n + m^2_W 2im_W m_n −2im_W m_n m^2_n + m^2_W ) ( W^{+(n)}_μ A^{+(n)}_μ ) , (15)

can be easily diagonalized by the following unitary matrix V = 1 √ 2 ( 1 i i 1 ) (16) as (P^{μ−(n)} N^{μ−(n)}) ( (m_n + m_W )^2 0 0 (m_n − m_W )^2 ) ( P^{+(n)}_μ N^{+(n)}_μ ) . (17)

Here, the mass eigenstates are defined as ( P^{±(n)}_μ N^{±(n)}_μ ) ≡ 1 √ 2 ( 1 i i 1 ) ( W^{±(n)}_μ A^{±(n)}_μ ) = 1 √ 2 ( W^{±(n)}_μ + iA^{±(n)}_μ iW^{±(n)}_μ + A^{±(n)}_μ ) . (18)

Due to the electroweak symmetry breaking, the KK mode mass eigenvalue m_n splits into m_n ± m_W .

Now we express the 3 point and 4 point vertices in terms of these mass eigenstates. For the 3 point vertex, we find ∫_{πR} −πR dyTr [(∂_μA_ν − ∂_ν A_μ)[A_μ, A_ν ]] ⊃ 4Z^μ ∞∑ n=1 [ W^{−(n)}_{μν} W^{ν+(n)} − W^{+(n)}_{μν} W^{ν−(n)} + A^{+(n)}_{μν} A^{ν−(n)} − A^{−(n)}_{μν} A^{ν+(n)} ]

= 4iZ^μ ∞∑ n=1 ( P^{+(n)}_{μν} N^{ν−(n)} − P^{−(n)}_{μν} N^{ν+(n)} + N^{−(n)}_{μν} P^{ν+(n)} − N^{+(n)}_{μν} P^{ν−(n)} ) , (19)

while for the 4 point vertex, ∫_{πR} −πR dyTr[A_μ, A_ν ]^2 ⊃ 8 √ 3 ∞∑ n=1 [ γ^ν Z^μ ( W^{+(n)}_μ W^{−(n)}_ν + W^{−(n)}_μ W^{+(n)}_ν )

−4γ^μZ_μ ( −W^{ν+(n)}W^{−(n)}_ν + A^{ν+(n)}A^{−(n)}_ν ) +2γ^ν Z^μ ( A^{+(n)}_μ A^{−(n)}_ν + A^{−(n)}_μ A^{+(n)}_ν )]

= 8 √ 3i ∞∑ n=1 [ γ^ν Z^μ ( −P^{−(n)}_μ N^{+(n)}_ν + N^{−(n)}_μ P^{+(n)}_ν − P^{+(n)}_μ N^{−(n)}_ν

+N^{+(n)}_μ P^{−(n)}_ν ) + 2γ^μZ_μ(P^{ν−(n)}N^{+(n)}_ν − N^{ν−(n)}P^{+(n)}_ν ) ] . (20)

Here, P^{±(n)}_{μν} ≡ ∂_μP^{±(n)}_ν − ∂_ν P^{±(n)}_μ and N^{±(n)}_{μν} ≡ ∂_μN^{±(n)}_ν − ∂_ν N^{±(n)}_μ . Therefore, the 3 point and 4 point vertices with one Z boson always involve two different mass eigenstates P^{±(n)}_μ and N^{±(n)}_μ corresponding to the splitting mass eigenvalues, as in the case of the KK fermions.

In the same way, we express the 3 point vertex with one photon and the 4 point vertex with two photons in terms of the mass eigenstates. The 3 point vertex is given by ∫_{πR} −πR dyTr [(∂_μA_ν − ∂_ν A_μ)[A_μ, A_ν ]] ⊃ 4 √ 3γ^μ ∞∑ n=1 [ W^{−(n)}_{μν} W^{ν+(n)} − W^{+(n)}_{μν} W^{ν−(n)} + A^{−(n)}_{μν} A^{ν−(n)} − A^{+(n)}_{μν} A^{ν+(n)} ]

= 4 √ 3γ^μ ∞∑ n=1 [ P^{−(n)}_{μν} P^{ν+(n)} − P^{+(n)}_{μν} P^{ν−(n)} + N^{−(n)}_{μν} N^{ν+(n)} − N^{+(n)}_{μν} N^{ν−(n)} ] , (21)

while for the 4 point vertex, ∫_{πR} −πR dyTr[A_μ, A_ν ]^2 ⊃ 12 [ 2γ^μγ_μ ∞∑ n=1 (W^{ν+(n)}W^{−(n)}_ν + A^{ν+(n)}A^{−(n)}_ν ) +γ^μγ^ν ∞∑ n=1 (W^{+(n)}_μ W^{−(n)}_ν + W^{−(n)}_μ W^{+(n)}_ν + A^{+(n)}_μ A^{−(n)}_ν + A^{−(n)}_μ A^{+(n)}_ν ) ]

= 12 [ 2γ^μγ_μ ∞∑ n=1 (P^{ν−(n)}P^{+(n)}_ν + N^{ν−(n)}N^{+(n)}_ν ) +γ^μγ^ν ∞∑ n=1 (P^{+(n)}_μ P^{−(n)}_ν + P^{−(n)}_μ P^{+(n)}_ν + N^{+(n)}_μ N^{−(n)}_ν + N^{−(n)}_μ N^{+(n)}_ν ) ] . (22)

In contrast with the 3 point and 4 point vertices with one Z boson, the resultant vertices involve only the same mass eigenstates.

The 3 point vertex of the mass eigenstates with the Higgs boson is obtained by the replacement m_W → m_W +^{mW}_v H in Eq. (17), and hence the structure is the same as the 3 point vertex with one photon. Therefore, we arrive at the same conclusion as in the KK fermion case that there is no 1-loop Feynman diagram with the KK gauge bosons for the contribution to the effective Higgs to Zγ coupling.

Acknowledgment

The work of N.M. is supported in part by the Grant-in-Aid for Scientific Research from the Ministry of Education, Science and Culture, Japan No. 24540283. The work of N.O. is supported in part by the DOE Grant No. DE-FG02-10ER41714.

References

[1] N. Maru and N. Okada, Phys. Rev. D 87, 095019 (2013).

[2] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012).

[3] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716, 30 (2012).

[4] M. Carena, S. Gori, N. R. Shah and C. E. M. Wagner, JHEP 1203, 014 (2012); JHEP 1302, 114 (2013). J. -J. Cao, Z. -X. Heng, J. M. Yang, Y. -M. Zhang and J. -Y. Zhu, JHEP 1203, 086 (2012); M. Carena, S. Gori, N. R. Shah, C. E. M. Wagner and L. - T. Wang, JHEP 1207, 175 (2012); H. An, T. Liu and L. -T. Wang, Phys. Rev. D 86, 075030 (2012); N. Haba, K. Kaneta, Y. Mimura and R. Takahashi, Phys. Lett. B 718, 1441 (2013). M. A. Ajaib, I. Gogoladze and Q. Shafi, Phys. Rev. D 86, 095028 (2012); K. Schmidt-Hoberg and F. Staub, JHEP 1210, 195 (2012); R. Sato, K. Tobioka and N. Yokozaki, Phys. Lett. B 716, 441 (2012); T. Kitahara, JHEP 1211, 021 (2012); M. Berg, I. Buchberger, D. M. Ghilencea and C. Petersson, arXiv:1212.5009 [hep-ph].

[5] B. Batell, S. Gori and L. -T. Wang, JHEP 1206, 172 (2012); S. Kanemura and K. Yagyu, Phys. Rev. D 85, 115009 (2012); L. Wang and X. -F. Han, JHEP 1205, 088 (2012); A. G. Akeroyd and S. Moretti, Phys. Rev. D 86, 035015 (2012); W. - F. Chang, J. N. Ng and J. M. S. Wu, Phys. Rev. D 86, 033003 (2012); M. Carena, I. Low and C. E. M. Wagner, JHEP 1208, 060 (2012); A. Alves, A. G. Dias, E. Ramirez Barreto, C. A. de S.Pires, F. S. Queiroz and P. S. Rodrigues da Silva, Eur. Phys. J. C 73, 2288 (2013); T. Abe, N. Chen and H. -J. He, JHEP 1301, 082 (2013); A. Joglekar, P. Schwaller and C. E. M. Wagner, JHEP 1212, 064 (2012); N. Arkani-Hamed, K. Blum, R. T. D’Agnolo and J. Fan, JHEP 1301, 149 (2013). L. G. Almeida, E. Bertuzzo, P. A. N. Machado and R. Z. Funchal, JHEP 1211, 085 (2012); M. Hashimoto and V. A. Miransky, Phys. Rev. D 86, 095018 (2012); M. Reece, New J. Phys. 15, 043003 (2013). H. Davoudiasl, H. -S. Lee and W. J. Marciano, Phys. Rev. D 86, 095009 (2012); M. B. Voloshin, Phys. Rev. D 86, 093016 (2012); A. Kobakhidze, arXiv:1208.5180 [hep-ph]; A. Urbano, Phys. Rev. D 87, 053003 (2013). L. Wang and X. -F. Han, Phys. Rev. D 87, 015015 (2013); E. J. Chun, H. M. Lee and P. Sharma, JHEP 1211, 106 (2012); H. M. Lee, M. Park and W. - I. Park, JHEP 1212, 037 (2012); L. Wang and X. -F. Han, Phys. Rev. D 87, 015015 (2013). B. Batell, S. Gori and L. -T. Wang, JHEP 1301, 139 (2013). M. Chala, JHEP 1301, 122 (2013). arXiv:1210.6208 [hep-ph]; B. Batell, S. Jung and H. M. Lee, JHEP 1301, 135 (2013). C. -W. Chiang and K. Yagyu, JHEP 1301, 026 (2013). H. Davoudiasl, I. Lewis and E. Ponton, arXiv:1211.3449 [hep-ph]; M. Aoki, S. Kanemura, M. Kikuchi and K. Yagyu, Phys. Rev. D 87, 015012 (2013). F. Arbabifar, S. Bahrami and M. Frank, Phys. Rev. D 87, 015020 (2013). S. Funatsu, H. Hatanaka, Y. Hosotani, Y. Orikasa and T. Shimotani, Phys. Lett. B 722, 94 (2013). P. S. B. Dev,

D. K. Ghosh, N. Okada and I. Saha, JHEP 1303, 150 (2013). A. Carmona and F. Goertz, arXiv:1301.5856 [hep-ph]; N. Okada and T. Yamada, arXiv:1304.2962 [hep-ph].

[6] The ATLAS Collaboration, ATLAS-CONF-2013-012. [7] The ATLAS Collaboration, ATLAS-CONF-2013-012.

[8] N. S. Manton, Nucl. Phys. B 158, 141 (1979); D. B. Fairlie, Phys. Lett. B 82, 97 (1979), J. Phys. G 5, L55 (1979); Y. Hosotani, Phys. Lett. B 126, 309 (1983), Phys. Lett. B 129, 193 (1983), Annals Phys. 190, 233 (1989).

[9] I. Antoniadis, K. Benakli and M. Quiros, New J. Phys. 3, 20 (2001); G. von Gersdorff, N. Irges and M. Quiros, Nucl. Phys. B 635, 127 (2002); R. Contino, Y. Nomura and A. Pomarol, Nucl. Phys. B 671, 148 (2003); C. S. Lim, N. Maru and K. Hasegawa, J. Phys. Soc. Jap. 77, 074101 (2008).

[10] N. Maru and T. Yamashita, Nucl. Phys. B 754, 127 (2006); Y. Hosotani, N. Maru, K. Takenaga and T. Yamashita, Prog. Theor. Phys. 118, 1053 (2007).

[11] N. Maru and N. Okada, Phys. Rev. D 77, 055010 (2008); [12] N. Maru, Mod. Phys. Lett. A 23, 2737 (2008).

[13] Y. Adachi, C. S. Lim and N. Maru, Phys. Rev. D 76, 075009 (2007); Phys. Rev. D 79, 075018 (2009).

[14] Y. Adachi, C. S. Lim and N. Maru, Phys. Rev. D 80, 055025 (2009). [15] N. Haba, S. Matsumoto, N. Okada and T. Yamashita, JHEP 0602, 073 (2006); Prog.

Theor. Phys. 120, 77 (2008).

[16] G. Cacciapaglia, C. Csaki and S. C. Park, JHEP 0603, 099 (2006).