arXiv:1301.7303v2 [hep-ph] 4 Jul 2013

UT-HET 077

Probing exotic Higgs sectors from the precise measurement of Higgs boson couplings

Shinya Kanemura,^1 Mariko Kikuchi,^1 and Kei Yagyu^2 1Department of Physics, University of Toyama, 3190 Gofuku, Toyama 930-8555, Japan 2Department of Physics, National Central University, Chungli 32001, Taiwan (Dated: July 5, 2013)

We study coupling constants of the standard model like Higgs boson with the gauge bosons hZZ and hW W and fermions hff̄ in the general Higgs sector which contains higher isospin representations with arbitrary hypercharge. In Higgs sectors with exotic Higgs representations, the hZZ and hW W coupling constants can be larger than those in the standard model. We calculate deviations in the Higgs boson couplings from standard model values in the model with a real or complex triplet field, the Georgi-Machacek model and the model with a septet scalar field. We also study deviations in the event rates of h → ZZ^∗, h → W W^∗, h → γγ, h → bb̄ and h → ττ channels. PACS numbers: 12.60.Fr, 12.60.-i, 14.80.Ec

I. INTRODUCTION

A new boson with a mass of about 126 GeV has been discovered at the LHC [1, 2]. The particle is likely to be the Higgs boson. However, this does not necessarily mean that the Higgs sector in the standard model (SM) is correct, because the scalar boson with the similar property to the SM Higgs boson can be predicted in Higgs sectors extended from the SM one. On the other hand, new physics models beyond the SM have often been considered by introducing extended Higgs sectors to explain new phenomena such as the neutrino oscillation [3–8], the existence of dark matter [9] and the baryon asymmetry of the Universe [10], all of which cannot be explained in the SM. Therefore, determining the Higgs sector is paramountly important to know what kind of the new physics exists at the TeV scale.

The electroweak rho parameter is important to determine the structure of the Higgs sector. The experimental value of the rho parameter is close to unity [11], which suggests that there is a global SU(2) symmetry, so-called the custodial symmetry, in the Higgs sector. The rho parameter strongly depends on the property of the Higgs sector; i.e., the number of Higgs multiplets and their hypercharges. In the Higgs sector composed from only SU(2) doublets and/or singlets, the rho parameter is unity at the tree level because of the custodial symmetry. Thus, these Higgs sectors can be regarded as the natural extension of the SM Higgs sector. On the other hand, the rho parameter deviates from unity at the tree level for the Higgs sector with exotic representation fields such as triplets. In such a model, a vacuum expectation value (VEV) of such an exotic field violates the custodial symmetry, so that the VEV is severely constrained by the rho parameter data. There is another extended Higgs sector in which an alignment of the triplet VEVs makes the rho parameter to be unity at the tree level, named as the Georgi-Machacek (GM) model [12–17]. Furthermore, it is known that the addition of the isospin septet field with the hypercharge Y = 2^1 does not change the rho parameter from unity at the tree level. In order to discriminate these exotic Higgs sectors, we need to measure the other observables which are sensitive to the structure of the Higgs sector.

As a striking feature of exotic Higgs sectors, there appears the H^±W^∓Z vertex at the tree level [18], where H^± are physical singly-charged Higgs bosons. In the multi-doublet model, this vertex is induced at the one-loop level, so that the magnitude of the H^±W^∓Z vertex tends to be smaller than that in exotic Higgs sectors [19]. Therefore, a precise measurement of the H^±W^∓Z vertex can be used to discriminate exotic Higgs sectors such as the GM model and the Higgs sector with a septet field. The feasibility of measuring this vertex has been discussed in Ref. [20] at the LEPII, in Ref. [21] at the Tevatron, at the LHC [22] and at the International Linear Collider (ILC) [23].

In this paper, we discuss the other method to probe or constrain exotic Higgs sectors by focusing on the SM-like Higgs boson couplings with the gauge bosons hV V (V = W and Z). At present, this approach is quite timely, because the Higgs boson like particle has already been found. The current accuracy of the measurement of the hW W and hZZ couplings at the LHC has been analysed to be in Ref. [24], where the data collected in 2011 and 2012 are used. The Higgs boson couplings will be measured at future colliders as precisely as possible. For example, the hV V couplings are supposed to be measured with the O(10)% accuracy at the Hi-Luminosity LHC with the collision energy to be 14 TeV and the integrated luminosity to be 3000 fb^{−1} [25]. In addition, they can be measured with the O(1)% accuracy at the ILC with the collision energy to be 500 GeV and the integrated luminosity to be 500 fb^{−1} [25, 26].

1 Throughout the paper, we use the notation Q = T3 + Y with Q and T3 to be the electromagnetic charge and third component of the isospin, respectively.

In models with multi-doublet structure, the magnitude of the hV V vertex is smaller than that of the corresponding SM vertices. On the other hand, they can be larger than the SM prediction in exotic Higgs sectors. Thus, measuring the hV V vertex can be the other and more important tool to constrain exotic Higgs sectors in addition to measuring the rho parameter and H^±W^∓Z vertex. We also discuss the deviation in the Yukawa coupling hff̄ as well.

We first derive the formula for the hV V vertex in the general Higgs sector. We then discuss the possible deviations in the hV V and hff̄ vertices in several concrete extended Higgs models. We consider the model with a real or complex triplet field, the GM model and the model with a septet field. In addition, we evaluate the deviation in the event rate of the signal for the h → W W^∗, h → ZZ^∗, h → γγ, h → ττ and h → bb̄ in these models at the LHC.

We will find that the deviation in the hV V coupling can be as large as O(0.1%), O(30%) and O(10%) in the model with a real or complex triplet field, the GM model and the model with a septet field, respectively in the allowed parameter regions by the current electroweak precision data.

II. THE hV V VERTEX

We consider an extended Higgs sector which contains N Higgs multiplets Φ_i (i = 1, . . . , N) with the isospin T_i and the hypercharge Y_i. We assume CP conservation of the Higgs sector. The kinetic term in the general Higgs sector is given by

L_{kin} = ∑ i c_i|D^μ_i Φ_i|^2, (1)

with c_i = 1 (1/2) for a complex (real; i.e., Y = 0) Higgs field. The W and Z boson masses are calculated as

m^2_W = g^2 2 ∑ i v^2_i [T_i(T_i + 1) − Y^2_i ], m^2_Z = g^2_Z ∑ i v^2_i Y^2_i , with g_Z = g cos θ_W

, (2)

where v_i ≡ √ 2c_i⟨Φ^0_i ⟩ is the VEV of the i-th Higgs field. The VEV v (= ( √ 2G_F )^{−1/2} ≃ 246 GeV) can be expressed as

v^2 = 2 ∑ i C^′_iv^2_i , with C^′_i = T_i(T_i + 1) − Y^2_i . (3)

The electroweak rho parameter can then be calculated at the tree level as [27]

ρ_{tree} = m^2_W m^2_Z cos^2 θ_W = ∑ i v^2_i [T_i(T_i + 1) − Y^2_i ] 2 ∑ i v^2_i Y^2_i

. (4)

The SM-like Higgs boson h can be defined by h̃_i = R_{ih}h, (5)

where R_{ih} is the element of the orthogonal matrix connecting the weak eigenbasis of CP-even scalar states h̃_i and the mass eigenbasis. In this notation, Φ_{i=h} should be the isospin doublet field with Y = 1/2. If there is no mixing among CP-even scalar states, h̃_h can be regarded as the SM-like Higgs boson h.

The hZZ and hW W couplings are calculated by g_{hV V} = g^{SM}_{hV V} × ∑ i c^i_{hV V} = g^{SM}_{hV V} c_{hV V} , with V = W, Z, (6)

where g^{SM}_{hV V} is the hV V coupling in the SM, and the factor c^i_{hV V} is expressed by c^i_{hW W} = √ 2v_i[T_i(T_i + 1) − Y^2_i ]R_{ih} √∑ j v^2_j [T_j (T_j + 1) − Y^2_j ] , c^i_{hZZ} = 2Y^2_i v_iR_{ih} √∑ j Y^2_j v^2_j

. (7)

In the general Higgs sector, the charged (neutral) Nambu-Goldstone (NG) bosons can be separated from physical charged Higgs bosons (CP-odd Higgs bosons) by using the elements of the orthogonal matrices;

w^±_i = R_{iG}+ G^±, z^0_i = R_{iG}0 G^0, with ∑ i R^2_{iG}+ = ∑ i R^2_{iG}0 = 1, (8)

where w^±_i (z_i) is the singly-charged (CP-odd) scalar state in the weak eigenbasis. From the NG theorem, R_{iG}+ and R_{iG}0 satisfy the following relations; g 2 ∑ i √ c_iC_iv_iR_{iG}+ = m_W , g_Z ∑ i Y_iv_iR_{iG}0 = m_Z , (9)

where C_i = √ T_i(T_i + 1) − Y^2_i + Y_i. (10) In the Higgs sector with one pair of a physical singly-charged Higgs boson and a physical CP-odd Higgs boson, the elements given in Eq. (8) are expressed by R_{iG}+ = 2v_i v √ c_iC^′_i C_i , R_{iG}0 = Y_iv_i √∑ i Y^2_i v^2_i

. (11)

The Yukawa coupling of h can be simply obtained in the Higgs sector where only one doublet Higgs field couples to the fermions. In this case, the hff̄ coupling g_{hff} is expressed as g_{hff} = g^{SM}_{hff} × c_{hff} , with c_{hff} = v v_i R_{ih}. (12) In the model with multi-doublets, a discrete symmetry is necessary to realize such a situation as we discuss in the next section for the two Higgs doublet model (THDM).

Model tan β tan β^′ c_{hW W} c_{hZZ}

ϕ_1 + ϕ_2 (THDM) v_{ϕ2} /v_{ϕ1} v_{ϕ2} /v_{ϕ1} sin(β − α) sin(β − α) ϕ + χ (cHTM) √ 2v_χ/v_ϕ 2v_χ/v_ϕ cos β cos α + √ 2 sin β sin α cos β^′ cos α + 2 sin β^′ sin α ϕ + ξ (rHTM) 2v_ξ /v_ϕ - cos β cos α + 2 sin β sin α cos α ϕ + χ + ξ (GM model) 2 √ 2v_Δ/v_ϕ 2 √ 2v_Δ/v_ϕ cos β cos α +^{2√6}_3 sin β sin α cos β cos α +^{2√6}_3 sin β sin α ϕ + φ_7 4v_{φ7} /v_ϕ 4v_{φ7} /v_ϕ cos β cos α + 4 sin β sin α cos β cos α + 4 sin β sin α

TABLE I: The deviations in the Higgs boson couplings from the SM values in various extended Higgs sectors. ϕ, χ, ξ and φ_7 are respectively denoted as Higgs fields with (T, Y )=(1/2, 1/2), (1, 1), (1, 0) and (3, 2). In the second and third column, v_X is the VEV of the Higgs field X, and v_Δ is defined in Eq. (17). The mixing angle α is defined for each extended Higgs sector in the main text.

III. EXAMPLES

We discuss the Higgs boson couplings in several concrete Higgs sectors. As examples, we consider the THDM, the model with a complex triplet field (cHTM), that with a real triplet field (rHTM), the GM model [12] and the model with a septet Higgs filed. The Higgs fields content in each model is listed in Table I, where ϕ (ϕ_1 and ϕ_2 have the same quantum number as ϕ), χ, ξ and φ_7 are respectively denoted Higgs fields with (T, Y )=(1/2, 1/2), (1, 1), (1, 0) and (3, 2). In this table, β (β^′) is the mixing angle which separates the charged (CP-odd) NG boson from the physical singlycharged (CP-odd) Higgs bosons. The mixing angle among CP-even scalar states are expressed as α, whose definitions are given in the following subsequent paragraphs in each extended Higgs sector.

First, in the THDM, c_{hV V} is calculated as sin(β − α), where R_{1h} = − sin α and R_{2h} = cos α. Thus, the hV V vertex cannot be larger than that in the SM. The Yukawa couplings of h depends on the variation of the THDMs. When a softly-broken Z_2 symmetry is imposed to the model in order to avoid the tree level flavour changing neutral current, there are four types of the Yukawa couplings depending on the charge assignment of the Z_2 charge [28]. The expression of the Yukawa couplings in each type is given in Ref. [29]. In the following four extended Higgs sectors: the cHTM, the rHTM, the GM model and the model with φ_7, the deviation in the Yukawa coupling can be expressed by c_{hff} = cos α/ cos β.

Second, in both the cHTM and the rHTM, c_{hW W} can be larger than unity as listed in Table I,

FIG. 1: c_{hW W} , c_{hZZ} and c_{hf f} as a function of sin α in the cHTM (left panel) and in the rHTM (right panel) for the case of v_χ = v_ξ = 5 GeV.

where the mixing angle α is defined by R_{1h} = cos α and R_{2h} = sin α. Because there is no additional CP-odd scalar state in the rHTM, the mixing angle β^′ cannot be defined, so that c_{hZZ} is smaller than 1 by non-zero values of the mixing angle α. In the cHTM, c_{hZZ} can also be larger than 1, but the pattern of the deviation is different from c_{hW W} . In both two models, the rho parameter deviates from unity because of the non-zero VEV of the triplet field. The magnitude of the VEV of the complex (real) triplet field v_χ (v_ξ) is constrained to be less than about 8 GeV in the cHTM (about 6 GeV in the rHTM) from the experimental value of the rho parameter ρ^{exp} = 1.0008^{+0.0017}_{−0.0007} [11].

In Fig. 1, the deviations in the hW W , hZZ and hff̄ couplings are shown as a function of sin α in the cHTM (left panel) and the rHTM (right panel) for v_χ = v_ξ = 5 GeV. It is seen that there are regions where both c_{hW W} and c_{hZZ} are larger than 1 in the cHTM^2, while only c_{hW W} can be larger than 1 in the rHTM as mentioned in the above. The maximal allowed values for c_{hW W} and c_{hZZ} in the cHTM can be estimated in the case with sin β ≪ 1, sin β^′ ≪ 1 and sin α ≪ 1 by c_{hW W} = − 1 2 ( α − √ 2β )_2 + 1 + β^2 2 + O(β^2α^2), (13) c_{hZZ} = − 1 2 ( α − 2β^′ )_2

+ 1 + 3β^{′2} 2 + O(β^{′2}α^2). (14)

From above the equations, it can be seen that the hW W (hZZ) coupling can be taken to be a maximal value in the case of α = √ 2β (α = 2β^′). When we take v_χ = 5 GeV, we obtain c_{hW W} − 1 ≃ 4.2 × 10^{−4} for α = √ 2β and c_{hZZ} − 1 ≃ 2.5 × 10^{−3} for α = 2β^′, which are consistent

2 Even when effects of the radiative corrections to the hV V coupling are taken into account, the results of c_{hV V} > 1 can be obtained [30].

with the result in Fig. 1.

Third, we discuss the GM model where a complex triplet and a real triplet fields are contained in addition to the doublet field. The doublet Higgs field and the two triplet fields can be respectively represented by the 2 × 2 and 3 × 3 matrix forms which are transformed under the global SU(2)_L × SU(2)_R symmetry as

ϕ = ϕ^{0∗} ϕ^+ ϕ^− ϕ^0 , Δ = χ^{0∗} ξ^+ χ^{++} χ^− ξ^0 χ^+ χ^{−−} ξ^− χ^0

. (15)

In this model, there are three CP-even scalar states, so that there are three mixing angles which diagonalize the mass matrix for the CP-even scalar states in general. However, when the Higgs potential is constructed under the custodial SU(2)_V symmetric way, the mass matrix for the CPeven states can be diagonalized by the single mixing angle α as h_ϕ h_ξ h_χ = 1 0 0 0^{1√}_3 −

√_2 3 0 √_2 3 1√ 3

cos α − sin α 0 sin α cos α 0 0 0 1 h H_1 H_5

, (16)

where H_5 (H_1) is the neutral component of the SU(2)_V five-plet (singlet) Higgs boson, and h_ϕ = √ 2Re(ϕ^0), h_ξ = ξ^0 and h_χ = √ 2Re(χ^0).

When we assume that the two triplet VEVs are aligned by

v^2_Δ ≡ v^2_χ = v^2_ξ , (17)

with v_χ = ⟨χ^0⟩ and v_ξ = ⟨ξ^0⟩, the SU(2)_L × SU(2)_R symmetry reduces to the custodial SU(2)_V symmetry. Therefore, the rho parameter is predicted to be unity at the tree level, whose value does not depend on the magnitude of v_Δ as long as we assume the alignment for the triplet VEVs. The expressions for c_{hV V} (both c_{hW W} and c_{hZZ} are the same in this model) are listed in Table I.

At the one-loop level, the modified hV V couplings and existence of extra Higgs bosons can affect the oblique corrections to the gauge bosons, namely the Peskin-Takeuchi S, T and U parameters [31]. They can be expressed as S = 4s^2_W c^2_W

α_{em} [ Π^{1PI}_{γγ} (m^2_Z ) − Π^{1PI}_{γγ} (0) m^2_Z + c^2_W − s^2_W c_W s_W Π^{1PI}_{Zγ} (m^2_Z ) − Π^{1PI}_{Zγ} (0) m^2_Z − Π^{1PI}_{ZZ} (m^2_Z ) − Π^{1PI}_{ZZ} (0) m^2_Z ] , (18) T = 1 α_{em} [ Π^{1PI}_{ZZ} (0) m^2_Z − Π^{1PI}_{W W} (0) m^2_W + 2s_W c_W Π^{1PI}_{Zγ} (0) m^2_Z + s^2_W c^2_W

Π^{1PI}_{γγ} (0) m^2_Z ] + δT, (19)

U = 4s^2_W α_{em} [ s^2_W

Π^{1PI}_{γγ} (m^2_Z ) − Π^{1PI}_{γγ} (0) m^2_Z

+ 2s_W c_W

Π^{1PI}_{Zγ} (m^2_Z ) − Π^{1PI}_{Zγ} (0) m^2_Z

+ c^2_W

Π^{1PI}_{ZZ} (m^2_Z ) − Π^{1PI}_{ZZ} (0) m^2_Z − Π^{1PI}_{W W} (m^2_W ) − Π^{1PI}_{W W} (0) m^2_W ] , (20)

where Π^{1PI}_{XY} (p^2) are the 1PI diagrams for the gauge boson two point functions at the one-loop level, whose analytic expressions are given in Appendix B. In Eq. (19), δT is the counter term for the T parameter, which does not appear in models with the custodial symmetry in the kinetic term without imposing any alignment for VEVs as in the multi-doublet models as well as the model with the septet Higgs field. On the other hand, in the GM model, we need an alignment for the triplet VEVs to maintain the custodial symmetry at the tree level as in Eq. (17). Thus, there appear contributions to the violation of the alignment at the one-loop level, in which the ultra-violet divergence are contained as it has already been pointed out in Ref [15]. Therefore, the counter term δT exists associated with the parameter which gives the violation of the VEV alignment, and it can absorb the divergence by imposing an additional renormalization condition. In Ref. [32], T = 0 is imposed by using this additional renormalization condition, and we apply the same condition in our analysis.

The experimental values for S and T parameters by fixing U = 0 are given as [33]

S = 0.05 ± 0.09, T = 0.08 ± 0.07, (21)

where the correlation coefficient is +0.91, and the reference value of the mass of the SM Higgs boson is set to be 126 GeV. If we further fix T = 0, then the 95% confidence level region for S is given by −0.11 < S < 0.019.

In Fig. 2, the S parameter is shown as a function of sin α which is defined in Eq. (16) for the cases with v_Δ = 30 GeV, 50 GeV and 70 GeV. All the masses of the extra Higgs bosons are taken to be 500 GeV in this analysis. When v_Δ is taken to be 30 GeV and 50 GeV (70 GeV), the ranges of −0.99 < sin α < −0.31 and −0.72 < sin α < −0.38 (−0.93 < sin α < 0.46) are excluded (allowed) by the S parameter at the 95% confidence level.

FIG. 2: The value for S as a function of sin α in the GM model for the cases with v_Δ = 30, 50 and 70 GeV. The upper and lower limits at the 95% confidence level for the S parameter are shown by the dashed curves.

FIG. 3: c_{hW W} , c_{hZZ} and c_{hf f} as a function of sin α in the GM model for the cases with v_Δ = 30, 50 and 70 GeV.

In Fig. 3, the deviations in the hW W , hZZ and hff̄ couplings are shown as a function of sin α in the GM model for the cases with v_Δ = 30, 50 and 70 GeV. The deviations in hW W and hZZ couplings are the same. The allowed maximal values for c_{hW W} (= c_{hZZ} ) are about 1.1, 1.3 and 1.2 for the cases of v_Δ = 30, 50 and 70 GeV, respectively. When c_{hW W} and c_{hZZ} are getting the

FIG. 4: Prediction of the S and T parameters in the model with the septet Higgs field. The regions within the black (blue) solid ellipse are allowed at the 68% (95%) confidence level. Each dashed (dotted) curve shows the results in the cases with v_7 = 0, 5, 10, 15 and 20 GeV, where the value of sin α is taken to be from 0 to 1 (from 0 to −1). The left and right points where the dashed and dotted curves are crossing correspond to the case with sin α = 0 and sin α = ±1. When sin α shifts from 0 to positive (negative) values, the predictions are moved to the upper (lower) region along the dashed (dotted) curves.

maximal values, c_{hff} is smaller than 1.

Finally, we discuss the model with the septet Higgs field φ_7 with Y = 2. The expressions for c_{hV V} are listed in Table I. Similar to the GM model, both c_{hW W} and c_{hZZ} are coincide with each other. Detailed calculations of the Higgs potential in this model are given in Appendix A. In the GM model, although we need the alignment for the VEVs of the two triplet fields in order to keep ρ_{tree} = 1, it can be directly confirmed that in the model with φ_7, the VEV of φ_7 does not change ρ_{tree} = 1 from Eq. (4). However, non-zero values for v_7 and the mixing angle between the CP-even Higgs bosons α which is defined in Eq. (A17) can be constrained by the S and T parameters. Unlike the GM model, this model respects the custodial symmetry without any alignment for VEVs, the counter term δT in the T parameter does not exist. Thus, constraints from the S and T parameters can be applied to this model in the same way as in the SM. The analytic expressions for the Π^{1PI}_{XY} (p^2) functions are given in Appendix B.

In Fig. 4, the predictions of the S and T parameters are plotted in the cases with several fixed values of v_7 in the model with the septet Higgs field. All the masses of the extra Higgs bosons are

FIG. 5: c_{hW W} , c_{hZZ} and c_{hf f} as a function of sin α in the model with the septet Higgs field φ_7 for the cases with v_7 = 30 and 50 GeV.

taken to be 500 GeV. The dashed (dotted) curves show the prediction when the value of sin α is changed from 0 to 1 (0 to −1). It can be seen that the case with v_7 > 20 GeV is highly constrained by the S parameter. The allowed maximal (minimal) values for sin α at the 95% confidence level can be obtained as 0.73(−0.73), 0.65(−0.098), 0.27(−0.11), 0.13(−0.13) and 0.042(−0.15) in the cases with v_7 = 0, 5 GeV, 10 GeV, 15 GeV and 20 GeV, respectively.

In Fig. 5, we show c_{hV V} and c_{hff} as a function of sin α in the model with φ_7 for the cases of v_7 = 5, 10 GeV and 15 GeV. The value of sin α is taken to be positive. Only the parameter regions allowed by the S and T parameters at the 95% confidence level are shown in this plot. The allowed maximal values of c_{hV V} is about 1.05, 1.12 and 1.09 in the cases with v_7 = 5 GeV, 10 GeV and 15 GeV, respectively.

IV. THE EVENT RATES

The production cross section and decay branching fraction of the SM-like Higgs boson h can be modified by the deviation in c_{hW W} , c_{hZZ} and c_{hff} from unity. In order to clarify the deviations in the event rates of various modes for h from the SM prediction, we define the ratio of the event

FIG. 6: R_X for the various modes as a function of sin α in the cHTM (left panel) and in the rHTM (right panel) for the case of v_χ = v_ξ = 5 GeV.

rate:

R_X = σ_h × BR(h → X) σ^{SM}_h × BR(h → X)^{SM}

, (22)

where σ^{SM}_h and BR(h → X)^{SM} [σ_h and BR(h → X)] are the production cross section of h and the branching fraction of the h → X decay mode in the SM [in extended Higgs sectors]. So far, the Higgs boson search has been done in the following five channels at the LHC [1, 2]; pp → h → γγ, pp → h → ZZ^∗, pp → h → W W^∗, pp → h → ττ and qq̄^′ → V h → V bb̄, where pp → h is the inclusive Higgs boson production and qq̄^′ → V h is the weak vector boson associated production. The inclusive production cross section is almost determined by the gluon fusion production process: gg → h, so that the modified one can be approximately expressed by σ^{SM}_h (gg → h)×c^2_{hff} . The cross section for the gauge boson associate production process can be changed by σ^{SM}_h (qq̄^′ → V h)×c^2_{hV V} .

In general, there are charged Higgs bosons in extended Higgs sectors, and they can contribute to the h → γγ mode in addition to the W boson and top quark loop contributions. In the following analysis, we ignore these contributions in order to focus on the effects of the modified hW W and hff̄ couplings to the h → γγ mode.

In Fig. 6, the R_X values are plotted as a function of sin α in the cHTM (left panel) and in the rHTM (right panel) for the case of v_χ = v_ξ = 5 GeV. In both the cHTM and the rHTM, R_{τ τ} is larger than 1 in the region of 0 ≤ sin α ≤ 0.1, because both the production cross section and the decay rate of h → ττ are enhanced by the factor c^2_{cff} ≃ 1/ cos^2 β for the case of sin α ∼ 0. When sin α is taken to be larger values, R_{τ τ} is getting smaller due to the suppression of cos^4 α, while the other R_X values monotonically increase in the cHTM. In the rHTM, R_{ZZ} shows a similar behavior

FIG. 7: R_X for the various modes as a function of sin α in the GM model. The left, center and right panels show the case of v_Δ = 30 GeV, 50 GeV and 70 GeV, respectively. In the right panel, R_X values indicated by dotted curves are excluded by the S and T parameters at the 95% confidence level.

FIG. 8: R_X for the various modes as a function of sin α in the model with the septet Higgs field φ_7. The left, center and right panels show the cases of v_Δ = 5 GeV, 10 GeV and 15 GeV, respectively. In all the figures, R_X values indicated by dotted curves are excluded by the S and T parameters at the 95% confidence level.

to that of R_{τ τ} .

In Fig. 7, the R_X values are shown as a function of sin α in the GM model for the cases of v_Δ = 30, 50 and 70 GeV. In the case of v_Δ = 70 GeV, the region of sin α ≳ 0.48 is excluded by the constraint from the S parameter at the 95% confidence level. Similar to the cases in the cHTM and rHTM, R_{τ τ} is larger than 1 in the regions of small sin α. The R_{V V} and R_b¯_b values are larger than 1 when sin α ≳ 0.07, 0.15 and 0.24 in the cases of v_Δ = 30, 50 and 70 GeV, respectively. The sin α dependence of R_{γγ} is similar to that for R_{V V} and R_b¯_b, but the maximal allowed values of R_{γγ} are larger than those of R_{V V} and R_b¯_b. The allowed maximal values for R_{V V} and (R_{γγ} ) are about 1.1 (1.2) for v_Δ = 30 GeV, 1.3 (1.4) for v_Δ = 50 GeV and 1.5 (1.3) for v_Δ = 70 GeV.

Finally, we show the sin α dependence in R_X in the model with φ_7 in Fig. 8. We take the septet VEV v_7 to be 5 GeV (left panel), 10 GeV (center panel) and 15 GeV (right panel). The values of R_X excluded by the constraint from the S and T parameters at the at the 95% confidence level are shown as the dotted curves. The maximal allowed values of R_{V V} (R_{γγ} ) are about 1.05 (1.10) for v_7 = 5 GeV, about 1.16 (1.25) for v_7 = 10 GeV and about 1.14 (1.20) for v_7 = 15 GeV.

V. CONCLUSIONS

We have calculated the Higgs boson couplings with the gauge bosons hZZ and hW W as well as the fermions hff̄ in the general Higgs sector at the tree level. We have found that the hZZ and hW W couplings in Higgs sectors with exotic representation fields can be larger than those in the SM. We also have studied the ratio of the event rates R_X for X = W W^∗, ZZ^∗, γγ, bb̄ and ττ in various Higgs sectors. We have numerically evaluated the deviations in the Higgs boson couplings c_{hV V} and c_{hff} and the values for R_X in the cHTM, the rHTM, the GM model and the model with the septet scalar field. We have found that the possible allowed magnitude of the deviation in the hV V coupling can be as large as O(0.1)% in the cHTM and rHTM, O(30)% in the GM model and O(10)% in the model with the septet field in the allowed parameter regions by the S and T parameters. By measuring the Higgs boson couplings precisely, we can get useful information to determine the structure of the Higgs sector.

Acknowledgments The authors would like to thank Lu-Hsing Tsai for useful discussions. S.K. was supported in part by Grant-in-Aid for Scientific Research, Nos. 22244031, 23104006 and 24340046. K.Y. was supported in part by the National Science Council of R.O.C. under Grant No. NSC-101-2811-M- 008-014.

Appendix A: Model with a septet Higgs field

We discuss the Higgs sector with the doublet field ϕ and the septet field φ_7 with Y = 2. These two Higgs fields can be expressed in the tensor form as ϕ_a and (φ_7)_{ijklmn} where interchanges among the subscripts (i, j, k, l, m, n) are symmetric. Component scalar fields can be specified as ϕ_1 = ϕ^+, ϕ_2 = ϕ^0 = 1 √ 2 (h_ϕ + v_ϕ + iz_ϕ), (A1) and (φ_7)_{111111} = φ^{5+}_7 , (φ_7)_{211111} = φ^{4+}_7 √ 6 , (φ_7)_{221111} = φ^{3+}_7 √ 15 , (φ_7)_{222111} = φ^{++}_7 √ 20 , (φ_7)_{222211} = φ^+_7 √ 15 , (φ_7)_{222221} = φ^0_7 √ 6 = 1 √ 12 (h_7 + v_7 + iz_7), (φ_7)_{222222} = φ̄^−_7 . (A2)

The most general Higgs potential is given by

V (ϕ, φ_7) = m^2|ϕ|^2 + m^2_7|φ_7|^2 + λ|ϕ|^4 + λ_1(|φ_7|^4)_1 + λ_2(|φ_7|^4)_2 + λ_3(|φ_7|^4)_3 + λ_4(|φ_7|^4)_4 + κ_1(|ϕ|^2|φ_7|^2)_1 + κ_2(|ϕ|^2|φ_7|^2)_2, (A3) where |φ_7|^2 term can be expanded by |φ_7|^2 = (φ^∗_7)_{ijklmn}(φ_7)_{ijklmn} = φ^{5+}_7 φ^{5−}_7 + φ^{4+}_7 φ^{4−}_7 + φ^{3+}_7 φ^{3−}_7 + φ^{++}_7 φ^{−−}_7 + φ^+_7 φ^−_7 + φ^{0∗}_7 φ^0_7 + φ̄^+_7 φ̄^−_7 . (A4) There are four independent (|φ_7|^4)_α (α = 1, . . . , 4) terms, they can be explicitly written by (|φ_7|^4)_1 = (φ^∗_7)_{ijklmn}(φ^∗_7)_{abcdef} (φ_7)_{ijklmn}(φ_7)_{abcdef} , (A5) (|φ_7|^4)_2 = (φ^∗_7)_{ijklmn}(φ^∗_7)_{abcdef} (φ_7)_{ijklmf} (φ_7)_{abcden}, (A6) (|φ_7|^4)_3 = (φ^∗_7)_{ijklmn}(φ^∗_7)_{abcdef} (φ_7)_{ijklef} (φ_7)_{abcdmn}, (A7) (|φ_7|^4)_4 = (φ^∗_7)_{ijklmn}(φ^∗_7)_{abcdef} (φ_7)_{ijkdef} (φ_7)_{abclmn}. (A8) In addition to the (|φ_7|^4)_α terms, there are two independent (|ϕ|^2|φ|^2)_β (β = 1, 2) terms, they can be explicitly written by (|ϕ^2||φ_7|^2)_1 = (ϕ^∗)_a(ϕ)_a(φ^∗_7)_{ijklmn}(φ_7)_{ijklmn}, (A9) (|ϕ^2||φ_7|^2)_2 = (ϕ^∗)_a(ϕ)_b(φ^∗_7)_{ijklmb}(φ_7)_{ijklma}. (A10) The other combination (ϕ^∗)_a(ϵ)_{ab}(φ^∗_7)_{ijklmb}(ϕ)_c(ϵ)_{cd}(φ_7)_{ijklmd} is the same as (|ϕ^2||φ_7|^2)_1 − (|ϕ^2||φ_7|^2)_2.

There is an accidental global U(1) symmetry in the Higgs potential; i.e., the potential is invariant under the phase transformation of φ_7 [34]. This U(1) symmetry is spontaneously broken down due to the non-zero value of the VEV of φ_7. Thus, there appears a massless NG boson in addition to the usual NG bosons absorbed by the longitudinal components of W and Z bosons. There are several ways to avoid the appearance of the additional NG boson. For example, this NG boson can be absorbed by the additional neutral gauge boson by extending this global symmetry to the gauge symmetry via the Higgs mechanism. By introducing terms which break the U(1) symmetry explicitly, we can also avoid such a massless scalar boson^3.

3 Quite recently, it has been considered to introduce higher dimensional operators to break the U(1) symmetry explicitly[35] in the Higgs sector with the septet.

From the tadpole condition, we obtain

m^2 = −v^2_φλ − v^2_7 12 (6κ_1 + 5κ_2), (A11)

m^2_7 = − v^2_φ 12 (6κ_1 + 5κ_2) − v^2_7 18 (18λ_1 + 13λ_2 + 10λ_3 + 9λ_4). (A12)

The mass matrix for the CP-even Higgs states in the basis of (h_ϕ, h_7) is given by

M^2_{CP-even} =

2v^2_φλ v_φv_7 ( κ_1 +^5_6 κ_2 ) v_φv_7 ( κ_1 +^5_6 κ_2

)_v2_7 9 (18λ_1 + 13λ_2 + 10λ_3 + 9λ_4)

. (A13)

That for the singly-charged Higgs states in the basis of (ϕ^±, φ^±_7 , φ̄^±_7 ) is calculated by

M^2_+ =

−^{v27}_3 κ_2 √ 5 6 √ 2 v_φv_7κ_2^{vφv7}_2^√_6 κ_2 √ 5 6 √ 2 v_φv_7κ_2 −^{v2φ}_{12} κ_2 +^{v27}_{30} λ̄^{v27}_6^√_{15}λ̄

v_φv_7 2 √ 6 κ_2^{v27}_6^√_{15} λ̄^{v2φ}_{12} κ_2 +^{v27}_{18} λ̄

, (A14)

where

λ̄ = 5λ_2 + 8λ_3 + 9λ_4. (A15)

The mass eigenstates of the CP-even Higgs bosons as well as the singly-charged Higgs bosons can

be defined by introducing the following orthogonal matrix:

h^ϕ h_7

= O_{CP-even} h H , ϕ^± φ^±_7

φ̄^±_7

= O_+ G^± H^± H̄± , (A16)

where

O_{CP-even} = cos α − sin α

sin α cos α

, (A17)

O_+ = R_θR_G+ =

1 0 0

0 cos θ − sin θ

0 sin θ cos θ

−^{vϕ} √ v^2_ϕ+16v^2_7 √ 10v_7 √ v^2_ϕ+10v^2_7 v_ϕ √ v^2_ϕ+16v^2_7 √ 6v_7 √ v^2_ϕ+10v^2_7 − √ 10v_7 √ v^2_ϕ+16v^2_7 −^{vϕ} √ v^2_ϕ+10v^2_7 √ 6v_7 √ v^2_ϕ+16v^2_7 √ 10v_7 √ v^2_ϕ+10v^2_7 √ 6v_7 √ v^2_ϕ+16v^2_7 0 √ v^2_ϕ+10v^2_7 √ v^2_ϕ+16v^2_7

. (A18)

The mass matrix is then transformed as

O^T_+M^2_+O_+ = R^T_θ

0 0 0

0 (M^2_+)_{11} (M^2_+)_{12}

0 (M^2_+)_{12} (M^2_+)_{22}

R_θ =

0 0 0

0 m^2_{H+} 0

0 0 m^2_{H̄+}

, (A19) with

(M^2_+)_{11} = 1 v^2_ϕ + 10v^2_7 [ − 1 12 ( v^4_ϕ + 20v^2_ϕv^2_7 + 40v^4_7 ) κ_2 + v^2_7 v^2_ϕ 30 λ̄ ] , (A20)

(M^2_+)_{22} = v^2_ϕ + 16v^2_7 36(v^2_ϕ + 10v^2_7 ) [ 3v^2_ϕκ_2 + 2v^2_7λ̄ ] , (A21)

(M^2_+)_{12} = v^2_7 v_ϕ √ v^2_ϕ + 16v^2_7 6 √ 15(v^2_ϕ + 10v^2_7 ) ( 15κ_2 − λ̄ ) . (A22)

The other multi-charged Higgs boson masses are calculated as

m^2_φ++_7 = − 1 6 ( κ_2v^2_ϕ + 4 3 v^2_7 λ_2 ) − 4 45 v^2_7 λ_3, (A23)

m^2_φ3+_7 = − 1 4 ( κ_2v^2_ϕ + 4 3 v^2_7 λ_2 ) − 3v^2_7 9 λ_3 −

3v^2_7 10 λ_4, (A24)

m^2_φ4+_7 = − 1 3 ( κ_2v^2_ϕ + 4 3 v^2_7 λ_2 ) − 4v^2_7 9 λ_3 − v^2_7 2 λ_4, (A25)

m^2_φ5+_7 = − 5 12 ( κ_2v^2_ϕ + 4 3 v^2_7 λ_2 ) − 5v^2_7 9 λ_3 − v^2_7 2 λ_4. (A26)

Appendix B: Gauge boson two point functions

In this appendix, we give the analytic expressions for the 1PI diagram contribution to the gauge boson two point functions Π^{1PI}_{XY} (p^2) in terms of the Passarino-Veltman functions [36], which are used to calculate the S and T parameters. Calculations are performed in the ’t Hooft-Feynman gauge, so that the masses of the NG bosons m_G+ and m_G0 should be replaced by those corresponding gauge bosons; i.e., m_G+ = m_W and m_G0 = m_Z . The following expressions are subtracted the contributions which appear in the SM.

We first show the formulae in the GM model. In this model, when the Higgs potential is constructed under the custodial SU(2)_V symmetric way, the physical Higgs bosons can be classified into the SU(2)_V 5-plet (H^{±±}_5 , H^±_5 , H^0_5 ), 3-plet (H^±_3 , H^0_3 ) and singlet Higgs bosons H^0_1 and h. The masses of the Higgs bosons belonging to the same SU(2)_V multi-plet are the same; namely, m_H++_5 = m_H+_5 = m_H0_5 and m_H+_3 = m_H0_3 . Detailed expressions for the relations between the mass eigenstates and the weak eigenstates of the scalar bosons and those masses are given in Refs. [13, 16, 17].

The Π^{1PI}_{XY} (p^2) functions are then expressed by

Π^{1PI}_{W W} (p^2) = g^2 16π^2 [1 2 B_5(p^2, m_H++_5 , m_H+_5 ) + c^2_β 2 B_5(p^2, m_H++_5 , m_H+_3 ) + s^2_β 2 B_5(p^2, m_H++_5 , m_G+ ) + 3 4 B_5(p^2, m_H+_5 , m_H0_5 ) + c^2_β 4 B_5(p^2, m_H+_5 , m_H0_3 ) + s^2_β 4 B_5(p^2, m_H+_5 , m_G0 ) + c^2_β 12 B_5(p^2, m_H+_3 , m_H0_5 ) + s^2_β 12 B_5(p^2, m_G+ , m_H0_5 ) + 1 4 B_5(p^2, m_H+_3 , m_H0_3 ) + 1 4 ( 2 3 √ 6c_αc_β + s_αs_β

)_2 B_5(p^2, m_H+_3 , m_H0_1 ) + 1 4 ( − 2 3 √ 6s_αc_β + c_αs_β

)_2

B_5(p^2, m_H+_3 , m_h) + 1 4 ( − 2 3 √ 6c_αs_β + s_αc_β

)_2 B_5(p^2, m_G+ , m_H0_1 ) + 1 4 [( c_αc_β + 2 3 √ 6s_αs_β )_2 − 1 ] B_5(p^2, m_G+ , m_h) ]

+ g^2m^2_W 16π^2 [ 2s^2_β B_0(p^2, m_H++_5 , m_W ) + s^2_β c^2_W

B_0(p^2, m_H+_5 , m_Z ) + s^2_β 3 B_0(p^2, m_H0_5 , m_W ) + ( −s_αc_β + 2 3 √ 6c_αs_β )_2 B_0(p^2, m_H0_1 , m_W ) + [( c_αc_β + 2 3 √ 6s_αs_β )_2 − 1 ] B_0(p^2, m_h, m_W ) ] , (B1)

Π^{1PI}_{ZZ} (p^2) = g^2_Z 16π^2 [ c^2_W B_5(p^2, m_H++_5 , m_H++_5 ) + c^2_W 4 B_5(p^2, m_H+_5 , m_H+_5 ) + c^2_W 4 B_5(p^2, m_H+_3 , m_H+_3 ) + c^2_β 2 B_5(p^2, m_H+_5 , m_H+_3 ) + s^2_β 2 B_5(p^2, m_H+_5 , m_G+ ) + c^2_β 3 B_5(p^2, m_H0_5 , m_H0_3 ) + s^2_β 3 B_5(p^2, m_H0_5 , m_G0 ) + 1 4 ( 2 3 √ 6c_αc_β + s_αs_β

)_2 B_5(p^2, m_H0_3 , m_H0_1 ) + 1 4 ( − 2 3 √ 6s_αc_β + c_αs_β

)_2

B_5(p^2, m_H0_3 , m_h) + 1 4 ( −s_αc_β + 2 3 √ 6c_αs_β )_2 B_5(p^2, m_H0_1 , m_G0 ) + 1 4 [( c_αc_β + 2 3 √ 6s_αs_β )_2 − 1 ] B_5(p^2, m_h, m_G0 ) ]

+ g^2_Z m^2_Z 16π^2 [4 3 s^2_βB_0(p^2, m_H0_5 , m_Z ) + 2s^2_βc^2_W B_0(p^2, m_H+_5 , m_W ) + ( −s_αc_β + 2 3 √ 6c_αs_β )_2 B_0(p^2, m_H0_1 , m_Z ) + [( c_αc_β + 2 3 √ 6s_αs_β )_2 − 1 ] B_0(p^2, m_h, m_Z ) ] , (B2)

Π^{1PI}_{γγ} (p^2) = e^2 16π^2 [ 4B_5(p^2, m_H++_5 , m_H++_5 ) + B_5(p^2, m_H+_5 , m_H+_5 ) + B_5(p^2, m_H+_3 , m_H+_3 ) ] , (B3)

Π^{1PI}_{Zγ} (p^2) = eg_Z 16π^2 [ 2c_{2W} B_5(p^2, m_H++_5 , m_H++_5 ) + c_{2W} 2 B_5(p^2, m_H+_5 , m_H+_5 ) + c_{2W} 2 B_5(p^2, m_H+_3 , m_H+_3 ) ] , (B4)

where B_5(p^2, m_1, m_2) = A(m_1) + A(m_2) − 4B_{22}(p^2, m_1, m_2) [37].

Next, Π^{1PI}_{XY} (p^2) functions are calculated in model with the septet Higgs field in the case of θ = 0 defined in Eq. (A18) as

Π^{1PI}_{W W} (p^2) = g^2 16π^2 [ 3B_5(p^2, m_φ5+_7 , m_φ4+_7 ) + 5B_5(p^2, m_φ4+_7 , m_φ3+_7 ) + 6B_5(p^2, m_φ3+_7 , m_φ2+_7 ) + 48c^2_β 5 + 3c^2_β

B_5(p^2, m_φ2+_7 , m_H+ ) +

45s^4_β 4(5 + 3c^2_β )

B_5(p^2, m_φ2+_7 , m¯_H+ ) +

15s^2_β 4 B_5(p^2, m_φ2+_7 , m_G+ ) + 5(−4s_αc_β + c_αs_β)^2

4(5 + 3c^2_β )

B_5(p^2, m_H+ , m_h) +

5(4c_αc_β + s_αs_β)^2

4(5 + 3c^2_β )

B_5(p^2, m_H+ , m_H )

+ 5(5 + 3c_{2β} )^2 16(5 + 3c^2_β)

B_5(p^2, m_H+ , m_A) +

45s^2_β c^2_β 4(5 + 3c^2_β )

B_5(p^2, m_H+ , m_G0 )

+ 3c^2_β (4s_αc_β − c_αs_β)^2

4(5 + 3c^2_β )

B_5(p^2, m¯_H+ , m_h) +

3c^2_β (4c_αc_β + s_αs_β)^2 4(5 + 3c^2_β )

B_5(p^2, m¯_H+ , m_H )

+ 12c^2_β 5 + 3c^2_β

B_5(p^2, m¯_H+ , m_A) +

75s^2_β 4(5 + 3c^2_β )

B_5(p^2, m¯_H+ , m_G0 ) + 1 4 (s_αc_β − 4c_αs_β)^2B_5(p^2, m_G+ , m_H ) + 1 4 [ (c_αc_β + 4s_αs_β)^2 − 1 ] B_5(p^2, m_G+ , m_h) ]

+ g^2m^2_W 16π^2 [ 15s^2_β B_0(p^2, m_φ2+_7 , m_W ) +

45c^2_β s^2_β (5 + 3c^2_β )c^2_W

B_0(p^2, m_H+ , m_Z )

+ 75s^2_β (5 + 3c^2_β )c^2_W

B_0(p^2, m¯_H+ , m_Z )

+ (−s_αc_β + 4c_αs_β)^2B_0(p^2, m_H , m_W ) + [ (c_αc_β + 4s_αs_β)^2 − 1 ] B_0(p^2, m_h, m_W ) ] , (B5)

Π^{1PI}_{ZZ} (p^2) = g^2_Z 16π^2 [ (5c^2_W − 2)^2B_5(p^2, m_φ5+_7 , m_φ5+_7 ) + (4c^2_W − 2)^2B_5(p^2, m_φ4+_7 , m_φ4+_7 )

+ (3c^2_W − 2)^2B_5(p^2, m_φ3+_7 , m_φ3+_7 ) + (2c^2_W − 2)^2B_5(p^2, m_φ2+_7 , m_φ2+_7 ) + [ c_{2W} (3c^2_β + 5) − 24c^2_β

10 + 6c^2_β

]_2 B_5(p^2, m_H+ , m_H+ )

+ ( c^2_W + 9 2 − 20 5 + 3c^2_β

)_2

B_5(p^2, m¯_H+ , m¯_H+ ) +

135s^4_β c^2_β 2(5 + 3c^2_β )^2

B_5(p^2, m_H+ , m¯_H+ )

+ 45s^2_βc^2_β 2(5 + 3c^2_β )

B_5(p^2, m_H+ , m_G+ ) +

75s^2_β 2(5 + 3c^2_β )

B_5(p^2, m¯_H+ , m_G+ ) + 1 4 (−4s_αc_β + c_αs_β)^2B_5(p^2, m_A, m_h) + 1 4 (4c_αc_β + s_αs_β)^2B_5(p^2, m_A, m_H ) + 1 4 (s_αc_β − 4c_αs_β)^2B_5(p^2, m_G0 , m_H ) + 1 4 [ (c_αc_β + 4s_αs_β)^2 − 1 ] B_5(p^2, m_G0 , m_h) ]

+ g^2_Z m^2_Z 16π^2

[90c2_β s2_βc2_W

5 + 3c^2_β

B_0(p^2, m_H+ , m_W ) +

150s^2_β c^2_W 5 + 3c^2_β

B_0(p^2, m¯_H+ , m_W )

+ (−s_αc_β + 4c_αs_β)^2 B_0(p^2, m_H , m_Z ) + [ (c_αc_β + 4s_αs_β)^2 − 1 ] B_0(p^2, m_h, m_Z ) ] , (B6)

Π^{1PI}_{γγ} (p^2) = e^2 16π^2 [ 25B_5(p^2, m_φ5+_7 , m_φ5+_7 ) + 16B_5(p^2, m_φ4+_7 , m_φ4+_7 ) + 9B_5(p^2, m_φ3+_7 , m_φ3+_7 ) + 4B_5(p^2, m_φ++_7 , m_φ++_7 ) + B_5(p^2, m_H+ , m_H+ ) + B_5(p^2, m¯_H+ , m¯_H+ ) ] , (B7) Π^{1PI}_{Zγ} (p^2) = eg_Z 16π^2 [ 5(5c^2_W − 2)B_5(p^2, m_φ5+_7 , m_φ5+_7 ) + 4(4c^2_W − 2)B_5(p^2, m_φ4+_7 , m_φ4+_7 ) + 3(3c^2_W − 2)B_5(p^2, m_φ3+_7 , m_φ3+_7 ) + 2(2c^2_W − 2)B_5(p^2, m_φ++_7 , m_φ++_7 ) + c_{2W} (3c^2_β + 5) − 24c^2_β 10 + 6c^2_β

B_5(p^2, m_H+ , m_H+ ) + ( c^2_W + 9 2 − 20 5 + 3c^2_β ) B_5(p^2, m¯_H+ , m¯_H+ ) ] . (B8)

[1] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012). [2] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716, 30 (2012).

[3] T. P. Cheng and L. F. Li, Phys. Rev. D 22, 2860 (1980); J. Schechter and J. W. F. Valle, Phys.

Rev. D 22, 2227 (1980); G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B 181, 287 (1981); R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 23, 165 (1981); M. Magg and C. Wetterich, Phys. Lett. B 94, 61 (1980).

[4] A. Zee, Phys. Lett. B 93 (1980) 389 [Erratum-ibid. B 95 (1980) 461]; A. Zee, Phys. Lett. B 161 (1985) 141.

[5] A. Zee, Nucl. Phys. B 264 (1986) 99; K. S. Babu, Phys. Lett. B 203 (1988) 132; D. Aristizabal Sierra and M. Hirsch, JHEP 0612, 052 (2006).

[6] L. M. Krauss, S. Nasri and M. Trodden, Phys. Rev. D 67 (2003) 085002; K. Cheung and O. Seto, Phys.

Rev. D 69, 113009 (2004).

[7] E. Ma, Phys. Rev. D 73 (2006) 077301; J. Kubo, E. Ma and D. Suematsu, Phys. Lett. B 642, 18 (2006).

[8] M. Aoki, S. Kanemura and O. Seto, Phys. Rev. Lett. 102, 051805 (2009); M. Aoki, S. Kanemura and O. Seto, Phys. Rev. D 80, 033007 (2009); M. Aoki, S. Kanemura and K. Yagyu, Phys. Rev. D 83, 075016 (2011).

[9] R. Barbieri, L. J. Hall and V. S. Rychkov, Phys. Rev. D 74, 015007 (2006).

[10] A. I. Bochkarev, S. V. Kuzmin and M. E. Shaposhnikov, Phys. Lett. B 244 (1990) 275; A. E. Nelson, D. B. Kaplan and A. G. Cohen, Nucl. Phys. B 373, 453 (1992); N. Turok and J. Zadrozny, Nucl. Phys. B 369, 729 (1992); K. Funakubo, A. Kakuto and K. Takenaga, Prog. Theor. Phys. 91, 341 (1994); A. T. Davies, C. D. Froggatt, G. Jenkins and R. G. Moorhouse, Phys. Lett. B 336, 464 (1994); J. M. Cline, K. Kainulainen and A. P. Vischer, Phys. Rev. D 54, 2451 (1996); S. Kanemura, Y. Okada and E. Senaha, Phys. Lett. B 606, 361 (2005); L. Fromme, S. J. Huber and M. Seniuch, JHEP 0611, 038 (2006).

[11] Beringer et al. (Particle Data Group), PRD 86, 010001 (2012).

[12] H. Georgi and M. Machacek, Nucl. Phys. B 262, 463 (1985); M. S. Chanowitz and M. Golden, Phys.

Lett. B 165, 105 (1985).

[13] J. F. Gunion, R. Vega and J. Wudka, Phys. Rev. D 42, 1673 (1990). [14] R. Vega and D. A. Dicus, Nucl. Phys. B 329, 533 (1990). [15] J. F. Gunion, R. Vega and J. Wudka, Phys. Rev. D 43, 2322 (1991).

[16] M. Aoki and S. Kanemura, Phys. Rev. D 77, 095009 (2008); H. E. Logan, M. -A. Roy, Phys. Rev. D82, 115011 (2010).

[17] H. E. Haber and H. E. Logan, Phys. Rev. D 62, 015011 (2000); C. -W. Chiang and K. Yagyu, JHEP 1301, 026 (2013).

[18] J. A. Grifols and A. Mendez, Phys. Rev. D 22, 1725 (1980).

[19] A. Mendez and A. Pomarol, Nucl. Phys. B 349, 369 (1991); M. C. Peyranere, H. E. Haber and P. Irulegui, Phys. Rev. D 44, 191 (1991); S. Kanemura, Phys. Rev. D 61, 095001 (2000).

[20] D. K. Ghosh, R. M. Godbole and B. Mukhopadhyaya, Phys. Rev. D 55, 3150 (1997). [21] K. Cheung and D. K. Ghosh, JHEP 0211, 048 (2002).

[22] M. Battaglia, A. Ferrari, A. Kiiskinen, T. Maki, [hep-ex/0112015]; E. Asakawa, S. Kanemura, Phys.

Lett. B626, 111-119 (2005); E. Asakawa, S. Kanemura, J. Kanzaki, Phys. Rev. D75, 075022 (2007); S. Godfrey, K. Moats, Phys. Rev. D81, 075026 (2010).

[23] S. Kanemura, Eur. Phys. J. C 17, 473 (2000); A. Arhrib, et al., Nucl. Phys. B 581, 34 (2000); S. Kanemura, S. Moretti and K. Odagiri, JHEP 0102, 011 (2001); H.E. Logan, S. Su, Phys. Rev. D 66, 035001 (2002); Phys. Rev. D 67, 017703, (2003); O. Brein and T. Hahn, Eur. Phys. J. C 52, 397 (2007); S. Kanemura, K. Yagyu and K. Yanase, Phys. Rev. D 83, 075018 (2011).

[24] T. Plehn and M. Rauch, Europhys. Lett. 100, 11002 (2012).

[25] M. Klute, R. Lafaye, T. Plehn, M. Rauch and D. Zerwas, Europhys. Lett. 101, 51001 (2013). [26] M. E. Peskin, arXiv:1207.2516 [hep-ph].

[27] J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson, Front. Phys. 80, 1 (2000). [28] V. D. Barger, J. L. Hewett and R. J. N. Phillips, Phys. Rev. D 41, 3421 (1990); Y. Grossman, Nucl.

Phys. B 426, 355 (1994).

[29] M. Aoki, S. Kanemura, K. Tsumura and K. Yagyu, Phys. Rev. D 80, 015017 (2009). [30] M. Aoki, S. Kanemura, M. Kikuchi and K. Yagyu, Phys. Rev. D 87, 015012 (2013). [31] M. E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990); M. E. Peskin and T. Takeuchi, Phys.

Rev. D 46, 381 (1992).

[32] C. Englert, E. Re and M. Spannowsky, Phys. Rev. D 89, 095014 (2013).

[33] M. Baak, M. Goebel, J. Haller, A. Hoecker, D. Kennedy, R. Kogler, K. Moenig and M. Schott et al., Eur. Phys. J. C 72, 2205 (2012) [arXiv:1209.2716 [hep-ph]].

[34] H. Logan, talk at the ATLAS Canada Workshop, Aug. 21-22 2006, Ottawa, Canada. [35] J. Hisano and K. Tsumura, arXiv:1301.6455 [hep-ph]. [36] G. Passarino and M. J. G. Veltman, Nucl. Phys. B 160, 151 (1979).

[37] K. Hagiwara, S. Matsumoto, D. Haidt and C. S. Kim, Z. Phys. C 64, 559 (1994).