arXiv:1210.5103v2 [hep-ph] 9 Jan 2013

Note on 125 GeV Spin-2 particle

Chao-Qiang Geng^{a,b}, Da Huang^a, Yong Tang^b, and Yue-Liang Wu^{c,d} aDepartment of Physics, National Tsing Hua University, Hsinchu, Taiwan bPhysics Division, National Center for Theoretical Sciences, Hsinchu, Taiwan cKavli Institute for Theoretical Physics China (KITPC), State Key Laboratory of Theoretical Physics (SKLTP), Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing dUniversity of Chinese Academy of Sciences (Dated: January 10, 2013)

Abstract

A new boson around 125 GeV without specific spin has been observed by both ATLAS and CMS at the LHC. Since its decay into a diphoton excludes the spin-1 case by the Landau-Yang theorem,it leaves 0 or 2 as the possible lowest spin for the new boson. Instead of the well-established spin-0 Higgs-like boson, we take this new boson to be a spin-2 massive Graviton-like particle denoted as G, which exists copiously in extra-dimension theories, and concentrate on its phenomenology. In particular, we calculate the three-body decays of G → V ff̄^′ with V and f^{(′)} the gauge boson and fermions in the standard model (SM) and compare our results with those of the SM Higgs boson. The couplings between G and V s are also estimated by fitting the data. A new observable that can distinguish G from the Higgs is proposed.

I. INTRODUCTION

A new particle H around 125 GeV has been observed by ATLAS [1] and CMS [2] with the combined significances of 5.9 and 5.0 standard deviations, respectively, at the LHC. Excesses of events have been shown in various channels, such as H → γγ, H → ZZ^∗ and H → W W^∗. The next step is to have precision measurements as well as determinations of the particle properties, such as its spin, CP and decay branching ratios.

With the observation of H → γγ, the Landau-Yang theorem [3, 4] implies that the spin of H can not be 1. As this new particle must be a boson, it leaves that 0 or 2 as the lowest possible spin for the particle. Although at this moment the production and decay of this new particle are consistent with those of the Higgs boson in the standard model (SM) within 2σ [5–15], the current data are not enough to tell its spin. Since spin-0 bosons, such as Higgs, dilaton and radion, have been widely examined in the literature [16–28], in this note we shall concentrate on the spin-2 particle denoted as G.

Spin-2 particles are copious in particle physics models, especially those with extradimensions. For example, two popular models, ADD [29] and Randall-Sundrum (RS) [30] types, which were motivated to solve the hierarchy problem, have a Kaluza-Klein (KK) tower for the spin-2 gravitons. Depending on the specific model, the couplings between the massive gravtion and SM particles could have various structures [31–33]. Aiming at a wide application of our study, we shall be only interested in the general framework rather than a special model.

In this note, we shall present the relevant analytic formulas for the three-body decays of G → V V^∗(V^∗ → ff̄) with V and f the gauge boson and fermion in the SM. These three-body decays can be important when the mass of G, m_G, is smaller than 2m_V . In addition, as discussed in Refs. [34–45], ZZ^∗ → 4l^± is the most relevant channel for a full determination of the spin of the new particle. Note that there are some computer codes, which may also produce numerical results [46, 47] for the decays.

This paper is organized as follows. In Sec. II, we establish the framework of our present study. In Sec. III, we calculate the three-body decays of the spin-2 particle G and present the full analytic formulas for the decay rates. In Sec. IV, we explore the phenomenology related to G. Finally, a brief summary is given in Sec. V.

II. FRAMEWORK

We start with the interactions, given by L_{int} = − ∑ i c_i Λ h_{μν} T^{μν}_i , (2.1)

where T^{μν}_i stand for the energy-momentum tensors of the SM particles, h_{μν} is the field for the spin-2 particle, c_i encode the relative coupling strengths between different particles, and Λ characterizes the typical energy scale.

We remark that although the interacting terms in Eq. (2.1) are not the most general ones [39, 40], they are typical for many massive graviton or extra-dimensional models. The most general form can be given by including all the Lorentz and gauge invariant operators of dimension-5 at the lowest order. For simplicity, we shall only consider the interactions in Eq. (2.1) in the following discussions.

In models with all SM particles confined to 4 dimensions, c_i are universal. In such cases, the graviton is most likely to decay into qq̄ and a gluon pair. Constraints on such models have been studied in Refs. [20, 48] by using the latest dijet and dilepton searches at the LHC. The results show that if the mass of the graviton lies in the O(100 GeV) region, Λ is constrained stringently to be as large as O(10 TeV). However, this constraint can be relaxed if we allow non-universal c_i. In general, c_i may not be the same for different particles [33]. For instance, in models in which SM particles also propagate in extra-dimensions, c_i depend on overlaps among the wave functions of KK modes for the interacting particles, so that c_i could be different for SM particles.

In this paper, we assume small values of c_i for the light fermions, i.e. c_f ≪ 1, and concentrate on the phenomenology which is only relevant to c_i for the gauge bosons. Consequently, for the decay processes of G → V V^∗(V^∗ → ff̄^′), we only have to calculate the Feynman diagram in Fig. 1, which is of order O(αc^2_V ), whereas the diagrams in Fig. 2 of order O(αc^2_f ) can be neglected. In the following calculation, we further assume c_W = c_Z and normalize c_W = 1 by scaling Λ.

III. THREE-BODY DECAYS OF G → V ff̄^′

We now compute the decays of G → V ff̄^′ (V = W^±, Z). We are interested in the case in which the massive spin-2 particle G lies in the range of m_V < m_G < 2m_V . It is clear that

FIG. 1. Feynman diagram of order O(αc^2_V ) that dominantly contributes to G → V V^∗(V^∗ → ff̄^′), where the double line stands for the spin-2 particle, P, k, l and q represent the momenta of G, V, f and f̄^′, and the directions of k, l and q are out of the vertex, respectively.

FIG. 2. Feynman diagrams of order O(αc^2_f ) that sub-dominantly contribute to G → V V^∗(V^∗ → ff̄^′) with small c_f .

this massive particle is not kinematically allowed to decay into two on-shell gauge bosons. The only possibility is that it decays to a real gauge boson and a virtual one, and the latter further to two leptons or quarks. Moreover, as discussed above, we are assuming that G couples to W or Z dominantly over light fermions. Otherwise, G is more likely to decay into ff̄ since two-body decay channels would be dominant. As a result, we can safely neglect the contributions from the direct couplings of G and light fermion pairs, see Fig. 2. We also ignore the effects of the fermion mass m_f since it is much less than that of the V -boson. Thus, the only relevant Feynman diagram for G → V f̄f^′ is shown in Fig. 1.

For convenience, we give the Feynman rule for the three-point vertex of a massive spin-2 particle and two W-bosons [32] with κ = 2/Λ in the unitary gauge as follows: GW W : −i κ 2 {(M^2_W + k_1 · k_2)C_{μν,ρσ} + D_{μν,ρσ}(k_1, k_2)}, (3.1) where C_{μν,ρσ} = η_{μρ}η_{νσ} + η_{μσ} η_{νρ} − η_{μν} η_{ρσ}, D_{μν,ρσ}(k_1, k_2) = η_{μν} k_{1σ}k_{2ρ} − [η_{μσ} k_{1ν} k_{2ρ} + η_{μρ}k_{1σ}k_{2ν} − η_{ρσ}k_{1μ}k_{2ν} + (μ ↔ ν)]. (3.2) Here, the directions of two W-boson momenta k_1 and k_2 are defined to be flowing into the vertex. Other vertices are just the standard model ones. With this convention, the amplitude for G → W^±W^{∗∓}(W^{∗∓} → ff̄^′) is given by M = igκ 2 √ 2 ϵ^s_{μν} (P )ϵ^A_ρ (k) [ [m^2_W + (P − k) · k]C_{μν,ρσ} + D_{μν,ρσ}(k, P − k) ]ū(l)γσP_Lv(q) m^2_G − 2P · k , (3.3)

where P, k, l and q denote the four momenta of G, V, f and f̄^′, respectively. We note that the properties of polarization tensors of W-bosons ϵ^A_μ (k) and spin-2 particles ϵ^s_{μν} (P ) enforce

k^μϵ^A_μ (k) = 0, ϵ^{s,μ}_μ(P ) = 0, P^μϵ^s_{μν} (P ) = 0, ϵ^{s,μν} (P )ϵ^{s′∗}_{μν} (P ) = δ^{ss′} , (3.4) so that the terms proportional to η_{μν} , k^ρ, P^μ and P^ν vanish in the amplitude of Eq. (3.3). The completeness conditions for the W-boson and the massive spin-2 particle are 3∑ A ϵ^A_μ (k)ϵ^{A∗}_ν = −(g_{μν} − k_μk_ν M^2_W ), 5∑ s ϵ^s_{μν} (P )ϵ^{s∗}_{ρσ}(P ) = 1 2 B_{μν,ρσ}(P ), (3.5) respectively, where B_{μν,ρσ} (P ) = (η_{μρ} − P_μP_ρ M^2_G )(η_{νσ} − P_ν P_σ M^2_G

) + (η_{μσ} − P_μP_σ M^2_G )(η_{νρ} − P_ν P_ρ M^2_G ) − 2 3 (η_{μν} − P_μP_ν M^2_G )(η_{ρσ} − P_ρP_σ M^2_G

). (3.6)

By squaring the amplitude, averaging over the five polarizations of the initial spin-2 particle, and summing over polarizations of the final W-boson, we finally obtain 1 5 ∑ s,A |M|^2 = g^2κ^2 5 { 4m^2_W 3m^4_G l · P q · P (l · P + q · P )^2 + 4l · q 3m^4_G

(l · P + q · P )^2 [ (l · P )^2 + (q · P )^2 ]

+ 10m^4_W 3m^2_G l · P q · P − m^2_W 3m^2_G l · q [ 44l · P q · P + 9(l · P )^2 + 9(q · P )^2 ]

+ 2l · q 3m^2_G [ l · q(l · P )^2 − 5(l · P )^2q · P − 5l · P (q · P )^2 + 8 l · ql · P q · P + l · q (q · P )^2 − 5(l · P )^3 − 5(q · P )^3 ] + 10m^2_G 3 (l · q)^2 +

5m^4_W 3 l · q − m^2_W l · q 3 (13l · q − 20l · P − 20q · P ) + 2 3 l · q [ − 15l · q(l · P + q · P ) + 11(l · q)^2 + 5(l · P )^2 + 5(q · P )^2 ]} . (3.7)

For the spin-averaged amplitude, the general formula for the three-body decay rate is given by [49] dΓ(G → W ff^′) = 1 (2π)^3 1 32M^3_G 1 5 ∑ s,A |M|^2dm^2_{12}dm^2_3 (3.8)

where m^2_{12} = (l + q)^2 and m^2_3 = (q + k)^2 = (P − l)^2. Consequently, we can rewrite Eq. (3.7) in terms of m^2_{12} and m^2_3 by the following identities: l · q = 1 2 m^2_{12}, l · P = 1 2 (M^2_G − m^2_3), q · P = 1 2 (m^2_{12} + m^2_3 − M^2_W ). (3.9)

By integrating out the invariant mass m^2_3, in the massive spin-2 particle rest frame we derive the partial decay rate to be dΓ(G → W ff̄^′) dx = g^2m^3_Gκ^2 92160π^3

(x^2 − 4ϵ^2)^{1/2} (1 − x)^2

[2(1 − x)x^2(x^2 − 5x + 10) +(3x^4 + 16x^3 − 46x^2 + 40)ϵ^2 − 8(3x^2 + 4x − 14)ϵ^4 + 48ϵ^6], (3.10)

where x = 2E_W /m_G and ϵ = m_W /m_G with

2ϵ ≤ x ≤ 1 + ϵ^2, m_W ≃ 80.4 GeV, g^2 4π = α sin^2 θ_W

≃ 0.034. (3.11)

In the massive spin-2 particle rest frame, Here, we have used

m^2_{12} = (l + q)^2 = (P − k)^2 = M^2_W + M^2_G − 2E_W M_G = M^2_G(1 + ϵ^2 − x). (3.12)

By integrating the variable x in Eq. (3.10), we get the simple analytical formula for the decay rate of G → W ff̄^′, given by

Γ(G → W ff̄^′) = g^2m^3_Gκ^2 92160π^3

F_G(ϵ), (3.13)

where

F_G(ϵ) =

(368ϵ^6 + 104ϵ^4 + 29ϵ^2 − 12)

(4ϵ^2 − 1)^{1/2} arccos [3ϵ2 − 1 2ϵ^3 ]

− 1 60 (21ϵ^{10} − 200ϵ^8 − 9150ϵ^6 + 4560ϵ^4 + 2765ϵ^2 + 2004) − (90ϵ^6 − 30ϵ^4 + 5ϵ^2 − 12) ln ϵ. (3.14)

This could be compared with the corresponding decay rate for the Higgs boson in the SM [50–52], given by

Γ(H → W ff̄^′) = g^4m_H 3072π^3

F_H (ϵ), (3.15) where

F_H (ϵ) =

3(20ϵ^4 − 8ϵ^2 + 1) (4ϵ^2 − 1)^{1/2} arccos [3ϵ2 − 1 2ϵ^3 ]

− ( 1 − ϵ^2 ) ( 47 2 ϵ^2 − 13 2 + 1 ϵ^2 ) − 3 ( 4ϵ^4 − 6ϵ^2 + 1 ) ln ϵ. (3.16)

Note that Eq. (3.13) only accounts for the single decay channel of the virtual W -boson. However, experimentally it is more convenient to study the inclusive spin-2 particle decay of G → W^±X, for which we only need to multiply Eq. (3.13) by 18,^1 given by

Γ(G → W^±X) = g^2m^3_Gκ^2 5120π^3

F_G(ϵ). (3.17)

With the above analytical expression at hand, it is straightforward to write down the similar result for the case of Z: Γ(G → ZX) = g^2m^3_Gκ^2 61440π^3 cos^2 θ_W

(7 − 40 3 sin^2 θ_W + 160 9 sin^4 θ_W ) F_G(ϵ^′), (3.18)

where ϵ^′ = m_Z /m_G with

m_Z ≃ 91.2 GeV, sin^2 θ_W ≃ 0.231. (3.19)

The partial decay rates for the subprocess G → Zf̄f can be easily obtained with multiplying Eq. (3.18) by each branching ratio, respectively.

IV. PHENOMENOLOGY

We are now in a position to discuss the phenomenology of the spin-2 particle and compare our results with those of the Higgs boson in the SM. The quantity we shall use is as follows: μ_{XX} = σ(pp → G) × Br(G → XX) σ(pp → H_{SM}) × Br(H_{SM} → XX) , (4.1)

where X stands for W^±, Z and γ for our interest. The main production channel is the gluongluon fusion due to the small value of c_f and the large parton distribution function (PDF) for gluons. Since in our framework the spin-2 particle can couple to gluons and photons at the tree level, we specify these couplings as c_g and c_γ , respectively. Loop corrections are included by rescaling c_g and c_γ .

1 We only consider the distinct final states with a W^+ or W^− and light fermion pairs, excluding the top quark processes.

In order to estimate the scale Λ, it is useful to compare the spin-2 particle decay rates of Γ(G → W^±X) and Γ(G → ZX) with the corresponding SM Higgs ones. As shown in Fig. 3, the spin-2 particle’s decay rates, Γ(G → W (Z)X), are quite similar to those of the Higgs if Λ is around 165 GeV. We note that Λ and c_g are correlated for fixed μ_{XX} . For the convenience of further calculations, we set Λ to be around 165 GeV for Γ(G → ZX)/Γ(H_{SM} → ZX) ∼ 1.

FIG. 3. Ratios of the spin-2 particle decay rates to those of the SM Higgs, where the dashed and solid lines correspond to Γ(G → W^±X)/Γ(H → W^±X) and Γ(G → ZX)/Γ(H → ZX), repectively.

For completeness, in Fig. 4 we show the behavior of G decaying to gauge bosons as we vary the mass parameter of the spin-2 particle, m_G. Note that in Fig. 4 the two endpoints of each line show singular behaviors. This can be expected since our formula in Eq. (3.14) (Eq. (3.18)) is only valid for the range of m_W < m_G < 2m_W (m_Z < m_G < 2m_Z ), otherwise the particle would be either too light to produce a on-shell W (Z) or heavy enough to decay into two on-shell Ws (Zs). Furthermore, it would be helpful to compare our predicted spin-2 particle decay rates of these two weak interaction gauge boson channels with the corresponding SM Higgs ones for different mass parameters of m_G and m_H as shown in Fig. 5.

The behaviors of the curves in Figs. 4 and 5 are charactorised by F_G. The difference

FIG. 4. Spin-2 particle decay rates as functions of m_G, where the dashed and solid lines represent Γ(G → W^±X) and Γ(G → ZX), respectively.

FIG. 5. Ratios of the spin-2 particle decay rates to those of the SM Higgs ones as functions of m_G = m_H ≡ m_{G/H} , where the dashed and solid lines stand for Γ(G → W^±X)/Γ(H → W^±X) and Γ(G → ZX)/Γ(H → ZX), respectively.

between F_G and F_H can be an observable, simply because for 125 GeV we have

9.10 = Γ(G → W^±X) Γ(G → ZX) ≠ Γ(H_{SM} → W^±X) Γ(H_{SM} → ZX)

= 8.14 ⇒ μ_{W W} μ_{ZZ} = 9.10 8.14 . Consequently, if the future data shows that μ_{W W} /μ_{ZZ} has some deviation from unity, this would imply new physical effects.

Finally, we estimate the couplings c_g and c_γ . Naively, if Γ(G → V V ) ∼ Γ(H_{SM} → V V ) (V = g, γ), we obtain c_g ∼ 0.4 and c_γ ∼ 0.2, respectively. However, these naive estimations just give rough values for c_g and c_γ . Since μ_{W W} and μ_{ZZ} also depend on c_g and c_γ , we shall perform a global fit to illustrate their possible allowed ranges. We use the following data from ATLAS [1] and CMS [2],

ATLAS : μ_{γγ} = 1.8 ± 0.5, μ_{W W} = 1.3 ± 0.5, μ_{ZZ} = 1.2 ± 0.6, CMS : μ_{γγ} = 1.56 ± 0.43, μ_{W W} = 0.6 ± 0.4, μ_{ZZ} = 0.7 ± 0.4.

Our results are shown in Fig. 6, where the darkest region corresponds to the best fitted parameters. Explicitly, the region around c_γ ∼ 0.08 and c_g > 0.1 gives the best fit. Note that this region is insensitive to c_g as the decay branching ratio is dominated by G → gg, in which the contribution from c_g gets almost cancelled in the numerator of μ_{XX} in Eq. (4.1).

FIG. 6. χ^2 fits as contours of c_g and c_γ , where the darkest region around c_γ ∼ 0.08 shows the best fit, while the numerical numbers on the contours are the values of χ^2.

V. SUMMARY

A new boson without specific spin around 125 GeV has been observed both by ATLAS and CMS in the search for the Higgs boson in the SM at the LHC. With the observation of the diphoton mode, the Landau-Yang theorem excludes the particle to be a spin-1 particle. The other possible lowest spin for the new particle is 0 or 2, corresponding to the Higgs-like or Graviton-like boson, respectively. We have investigated the case that the new boson is identified as the spin-2 particle G. We have calculated the rates of the three-body decay processes, G → V ff̄^′ (V = W^±, Z), and presented the explicit analytic formulas with elementary functions, which as far as we know are not given previously in the literature. These results could be useful for future studies. Phenomenology for G has also been discussed. In particular, an observable of μ_{W W} /μ_{ZZ} , which can be used to distinguish between the SM Higgs and G, has been proposed. In addition, couplings between G and gauge bosons have been estimated by fitting to the data.

ACKNOWLEDGMENTS

The work by CQG, DH and YT was supported in part by National Center for Theoretical Science and National Science Council (NSC-98-2112-M-007-008-MY3 and NSC-101-2112-M- 007-006-MY3). The work by YLW was supported in part by the National Science Foundation of China (NSFC) under Grant #s of 10821504 and 10975170 and the Project of Knowledge Innovation Program (PKIP) of the Chinese Academy of Science.

[1] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012) [arXiv:1207.7214 [hep-ex]]. [2] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716, 30 (2012) [arXiv:1207.7235 [hep-ex]].

[3] L. D. Landau, Dokl. Akad. Nauk Ser. Fiz. 60, 207 (1948). [4] C. N. Yang, Phys. Rev. 77, 242 (1950).

[5] P. P. Giardino, K. Kannike, M. Raidal and A. Strumia, arXiv:1207.1347 [hep-ph]. [6] D. Carmi, A. Falkowski, E. Kuflik, T. Volansky and J. Zupan, arXiv:1207.1718 [hep-ph]. [7] J. Ellis and T. You, JHEP 1209, 123 (2012) [arXiv:1207.1693 [hep-ph]]. [8] J. R. Espinosa, C. Grojean, M. Muhlleitner and M. Trott, arXiv:1207.1717 [hep-ph]. [9] M. Klute, R. Lafaye, T. Plehn, M. Rauch and D. Zerwas, Phys. Rev. Lett. 109, 101801 (2012) [arXiv:1205.2699 [hep-ph]].

[10] T. Corbett, O. J. P. Eboli, J. Gonzalez-Fraile and M. C. Gonzalez-Garcia, Phys. Rev. D 86 (2012) 075013 [arXiv:1207.1344 [hep-ph]].

[11] T. Plehn and M. Rauch, arXiv:1207.6108 [hep-ph].

[12] O. Eberhardt, G. Herbert, H. Lacker, A. Lenz, A. Menzel, U. Nierste and M. Wiebusch, arXiv:1209.1101 [hep-ph].

[13] M. Baak, M. Goebel, J. Haller, A. Hoecker, D. Kennedy, R. Kogler, K. Moenig and M. Schott et al., arXiv:1209.2716 [hep-ph].

[14] G. Moreau, arXiv:1210.3977 [hep-ph].

[15] S. Dawson and E. Furlan, Phys. Rev. D 86 (2012) 015021 [arXiv:1205.4733 [hep-ph]]. [16] W. D. Goldberger, B. Grinstein and W. Skiba, Phys. Rev. Lett. 100, 111802 (2008) [arXiv:0708.1463 [hep-ph]]; J. Fan, W. D. Goldberger, A. Ross and W. Skiba, Phys. Rev. D 79, 035017 (2009) [arXiv:0803.2040 [hep-ph]]; V. Barger and M. Ishida, Phys. Lett. B 709, 185 (2012) [arXiv:1110.6452 [hep-ph]].

[17] H. de Sandes and R. Rosenfeld, Phys. Rev. D 85, 053003 (2012) [arXiv:1111.2006 [hep-ph]]. [18] V. Barger, M. Ishida and W. Y. Keung, Phys. Rev. Lett. 108, 101802 (2012) [arXiv:1111.4473 [hep-ph]].

[19] K. Cheung and T. C. Yuan, Phys. Rev. Lett. 108, 141602 (2012) [arXiv:1112.4146 [hep-ph]]. [20] Y. Tang, arXiv:1204.6145 [hep-ph].

[21] B. Grzadkowski, J. F. Gunion and M. Toharia, Phys. Lett. B 712, 70 (2012) [arXiv:1202.5017 [hep-ph]].

[22] H. Davoudiasl, T. McElmurry and A. Soni, arXiv:1206.4062 [hep-ph]. [23] S. Matsuzaki and K. Yamawaki, Phys. Rev. D 86, 035025 (2012) [arXiv:1206.6703 [hep-ph]]. [24] I. Low, J. Lykken and G. Shaughnessy, arXiv:1207.1093 [hep-ph]. [25] D. Elander and M. Piai, arXiv:1208.0546 [hep-ph]. [26] S. Matsuzaki and K. Yamawaki, arXiv:1209.2017 [hep-ph]. [27] Z. Chacko, R. Franceschini and R. K. Mishra, arXiv:1209.3259 [hep-ph]. [28] B. Bellazzini, C. Csaki, J. Hubisz, J. Serra and J. Terning, arXiv:1209.3299 [hep-ph]. [29] N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 429, 263 (1998) [hepph/9803315].

[30] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999) [hep-ph/9905221]. [31] G. F. Giudice, R. Rattazzi and J. D. Wells, Nucl. Phys. B 544, 3 (1999) [hep-ph/9811291].

[32] T. Han, J. D. Lykken and R. J. Zhang, Phys. Rev. D 59, 105006 (1999) [hep-ph/9811350]. [33] H. Davoudiasl, J. L. Hewett and T. G. Rizzo, Phys. Rev. D 63, 075004 (2001) [hepph/0006041].

[34] J. Ellis, D. S. Hwang, V. Sanz and T. You, arXiv:1208.6002 [hep-ph]. [35] A. Alves, arXiv:1209.1037 [hep-ph].

[36] S. Y. Choi, M. M. Muhlleitner and P. M. Zerwas, arXiv:1209.5268 [hep-ph]. [37] S. Y. Choi, D. J. Miller, 2, M. M. Muhlleitner and P. M. Zerwas, Phys. Lett. B 553, 61 (2003) [hep-ph/0210077].

[38] C. P. Buszello, I. Fleck, P. Marquard and J. J. van der Bij, Eur. Phys. J. C 32, 209 (2004) [hep-ph/0212396].

[39] Y. Gao, A. V. Gritsan, Z. Guo, K. Melnikov, M. Schulze and N. V. Tran, Phys. Rev. D 81, 075022 (2010) [arXiv:1001.3396 [hep-ph]].

[40] S. Bolognesi, Y. Gao, A. V. Gritsan, K. Melnikov, M. Schulze, N. V. Tran and A. Whitbeck, arXiv:1208.4018 [hep-ph].

[41] J. Kumar, A. Rajaraman and D. Yaylali, arXiv:1209.5432 [hep-ph]. [42] J. Ellis and D. S. Hwang, JHEP 1209, 071 (2012) [arXiv:1202.6660 [hep-ph]]. [43] C. Englert, M. Spannowsky and M. Takeuchi, JHEP 1206, 108 (2012) [arXiv:1203.5788 [hepph]].

[44] R. Boughezal, T. J. LeCompte and F. Petriello, arXiv:1208.4311 [hep-ph]. [45] D. Stolarski and R. Vega-Morales, arXiv:1208.4840 [hep-ph].

[46] K. Hagiwara, J. Kanzaki, Q. Li and K. Mawatari, Eur. Phys. J. C 56, 435 (2008) [arXiv:0805.2554 [hep-ph]].

[47] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer and T. Stelzer, JHEP 1106, 128 (2011) [arXiv:1106.0522 [hep-ph]].

[48] Y. Tang, JHEP 1208, 078 (2012) [arXiv:1206.6949 [hep-ph]].

[49] J. Beringer et al. [Particle Data Group Collaboration], Phys. Rev. D 86, 010001 (2012). [50] T. G. Rizzo, Phys. Rev. D 22, 722 (1980).

[51] W. Y. Keung and W. J. Marciano, Phys. Rev. D 30, 248 (1984). [52] A. Djouadi, Phys. Rept. 457, 1 (2008) [hep-ph/0503172].