arXiv:1108.1356v3 [hep-ph] 25 Oct 2011

Decoupling property of the supersymmetric Higgs sector with four doublets

Mayumi Aoki,^a Shinya Kanemura,^b Tetsuo Shindou,^c and Kei Yagyu^b aInstitute for Theoretical Physics, Kanazawa University, Kanazawa 920-1192, Japan bDepartment of Physics, University of Toyama, 3190 Gofuku, Toyama 930-8555, Japan cDivision of Liberal Arts, Kogakuin University, 1-24-2 Shinjuku, Tokyo 163-8677, Japan E-mail: mayumi@hep.s.kanazawa-u.ac.jp, kanemu@sci.u-toyama.ac.jp,

shindou@cc.kogakuin.ac.jp, keiyagyu@jodo.sci.u-toyama.ac.jp

Abstract: In supersymmetric standard models with multi Higgs doublet fields, selfcoupling constants in the Higgs potential come only from the D-terms at the tree level. We investigate the decoupling property of additional two heavier Higgs doublet fields in the supersymmetric standard model with four Higgs doublets. In particular, we study how they can modify the predictions on the quantities well predicted in the minimal supersymmetric standard model (MSSM), when the extra doublet fields are rather heavy to be measured at collider experiments. The B-term mixing between these extra heavy Higgs bosons and the relatively light MSSM-like Higgs bosons can significantly change the predictions in the MSSM such as on the masses of MSSM-like Higgs bosons as well as the mixing angle for the two light CP-even scalar states. We first give formulae for deviations in the observables of the MSSM in the decoupling region for the extra two doublet fields. We then examine possible deviations in the Higgs sector numerically, and discuss their phenomenological implications.

Keywords: Supersymmetric Standard Model, Higgs Physics

Contents

1 Introduction 1

2 The model 4

3 Decoupling property of the extra doublet fields 7 3.1 Nondecoupling effects in the large mass regime 7 3.2 Definition of the large mass limit and the decoupling property in the 4HDSSM 10

4 Conclusions 17

A Rotation of the basis 18

B Yukawa Interactions 19

1 Introduction

Although the standard model (SM) has enjoyed a marvelous success in explaining phenomena observed at collider experiments, the physics of electroweak symmetry breaking remains unknown. The experimental detection of the Higgs boson is the most important issue to confirm the standard picture for the origin of mass of particles, and the Higgs boson search is underway at the Fermilab Tevatron and the CERN LHC. On the other hand, the Higgs sector of the SM is known to cause the hierarchy problem [1] due to the quadratic divergence in the one-loop correction to the mass of the Higgs boson. In addition, there are several phenomena confirmed by the experiments which cannot be understood within the SM, such as the neutrino oscillation, the existence of dark matter and the baryon asymmetry of the Universe. Therefore, the SM must be extended to solve these problems.

Supersymmetry (SUSY) is expected to be a good candidate of new physics. It can solve the hierarchy problem by the consequence of the nonrenormalization theorem [2]. The stabilized Higgs boson mass makes it possible to directly connect the electroweak scale with very high scales such as the Planck scale or that of grand unification. Supersymmetric extensions of the SM with the R parity also provide dark matter candidates [3]. In addition, various mechanisms of generating tiny neutrino masses [4–8] as well as those of baryogenesis [9–11] may also be compatible to supersymmetric models.

The minimal supersymmetric standard model (MSSM) is a SUSY extension of the SM with the minimal number of particle content. It requires two Higgs doublet fields for cancellation of anomaly. The most striking phenomenological prediction of the model is that on the mass (m_h) of the lightest CP-even Higgs boson h. It can be calculated to be less than the mass of the Z boson at the tree level. Such an upper bound on m_h comes from the fact that the interaction terms in the Higgs potential are given only by D-term

– 1 – contributions which are determined by the gauge coupling constants. At the one-loop level the trilinear top-Yukawa term in the superpotential gives a significant F-term contribution to m_h [12–14], by which m_h can be above the lower bound from the direct search results at the CERN LEP experiment [15]. The calculation has been improved with higher order corrections [16–18]. Apart from m_h, the masses of H, H^± and the mixing angle α are a function of only two input parameters at the tree level; i.e., m_A and tan β, where m_A is the mass of CP-odd Higgs boson A, H is the heavier CP-even Higgs boson, H^± are the charged Higgs bosons, tan β is the ratio of vacuum expectation values (VEVs) of the two Higgs bosons and α is the angle which diagonalizes the CP-even scalar states. In particular, there is a simple tree-level relationship among the masses of H^±, A and the W boson W^± as m^2_{H±} = m^2_A + m^2_W , where m_H± and m_W are respectively the masses of H^± and W^±. These characteristic predictions can be used to confirm the MSSM.

If by experiments the Higgs boson is found and its mass turns out to be higher than the upper bound predicted in the MSSM, we must abandon the model. It however does not necessarily imply that the SUSY itself is excluded. For example, in the next-to-minimal supersymmetric standard model (NMSSM), where a gauge singlet chiral superfield S is added to the MSSM, the upper bound on m_h is greater than that in the MSSM due to the F-term contribution from the trilinear λH_1H_2S interaction in the superpotential [19, 20], where H_1 and H_2 are two chiral superfields for the Higgs doublets. The effect of this term can gain the mass upper bound, so that m_h can be as large as 140 GeV (400 GeV) by assuming that the running coupling constant λ does not blow up below the grand unification scale ∼ 10^{16} GeV (the TeV scale) around tan β ∼ 2 [20]. The similar effect on m_h also appears in the model with additional triplet chiral superfields with the hypercharge of Y = 0 or Y = ±1 [21, 22]. The other possibility to change the MSSM prediction on m_h is to introduce extra gauge symmetries which are broken spontaneously at the TeV scale. The mixing of gauge bosons of these new symmetries with those of the SM gauge symmetries yields the new D-term contribution to the Higgs potential, which can change for instance m_h [23, 24].

In general, interaction terms of the Higgs potential in extended SUSY standard models are composed of the D-term and the F-term as well as the trilinear soft-breaking term, so that extended SUSY Higgs sectors predict different masses and coupling constants from those in the MSSM. If the extra scalar fields are sufficiently light, they largely mix with the MSSM-like Higgs bosons, and consequently predictions on the MSSM observables are modified from the MSSM values at the tree level. In addition, such light extra scalars may directly be detected at the experiments. In this case the model can be easily distinguished from the MSSM. On the other hand, extra scalar bosons may be too heavy to be measured directly. Even in such a case the effect of these extra fields can change predictions on masses and coupling constants for the MSSM-like scalar bosons significantly at the low energy. This is not contradict with the decoupling theorem by Appelquist and Carazzone [25]. In fact, in the large mass limit of all the fields other than those in the SM, the model can be continuously reduced to the SM.

In this paper, we consider the model (4HDSSM) where two extra doublet superfields are added into the MSSM in order to examine the decoupling property of extended Higgs

– 2 – sectors without interactions from the F-term at the tree level. In this model, if there are mixings between the MSSM-like doublet fields and the extra doublet fields due to a large soft-breaking B-term mixing, nonvanishing effects can appear in the MSSM observables such as m_h, m_H , m_H± and α. Notice that this nonvanishing effect is not the so-called nondecoupling effect. The usual nondecoupling effect, which for example appears in the radiative corrections to the gauge boson two-point functions, does not vanish in the SM-like limit with taking the extra particles to be heavy. On the other hand, the present effect due to the large soft-breaking B-term mixing on MSSM observables in the 4HDSSM can be significant in the MSSM-like limit but does decouple in the SM-like limit by taking m_A → ∞ according to the decoupling theorem [25]. Therefore, we call such a nonvanishing effect on the MSSM observables as the quasi-nondecoupling effect. We deduce analytic expressions of such quasi-nondecoupling effects on the MSSM observables when the extra doublet fields are heavy. Modifications from the MSSM predictions by these effects are then studied numerically. We find that the quasi-nondecoupling effect due to the B-term mixing can be significant. For example, m_h can be larger than about 10 % as compared to that of the MSSM prediction with the same MSSM input parameters, while m_H± can be about 20 % (10 %) smaller than the MSSM prediction when m_A = 150 GeV (200 GeV). The mixing angle sin(β −α) also receives a significant deviation from the MSSM value. The Higgs potential and the mass matrices in the 4HDSSM have been analyzed by Gupta and Wells [26], but they have not included these quasi-nondecoupling effects discussed here.

Suppose that the candidates of SUSY partner particles and extra Higgs bosons in the MSSM (H, A and H^±) are found at the LHC or the International Linear Collider (ILC) in future and that their properties look like consistent with the MSSM. In such a case, to confirm whether it is really of the MSSM or not, the MSSM relations are tested as accurately as possible by experiments. Our study can be particularly important in this case.

In general, in extended Higgs sectors with multi-doublets, there necessarily appears the flavor changing neutral current (FCNC), which is strictly constrained by experiments. A simple prescription to avoid it would be imposing the (softly-broken) discrete Z_2 symmetry to the model [27]. We classify the type of Yukawa interaction under the discrete symmetry according to the assignment of the Z_2 charges. Phenomenology of the 4HDSSM has been discussed by Marshall and Sher in the case with the lepton specific Yukawa interaction [28]. We here do not discuss influence of the heavy extra two doublet fields on the flavor physics, just assuming that the tree-level FCNC is forbidden by a Z_2 symmetry. We then concentrate on the deviations in the Higgs sector due to the quasi-nondecoupling effects of these extra doublets.

This paper is organized as follows. In Sec. II, the 4HDSSM is defined and the mass matrices for the Higgs bosons are obtained. In Sec. III, we give a short description of the decoupling property in extended SUSY Higgs sectors, where the (quasi-)nondecoupling effect is discussed. We then present formulae for the quasi-nondecoupling effects on the MSSM observables. Numerical studies are also shown, and the results are discussed. Conclusions are given in Sec. IV. We show the method of obtaining the Higgs potential in the useful basis from the general basis in Appendix A. The flavor structure in the 4HDSSM is

– 3 – shortly discussed in Appendix B.

2 The model

We here discuss the 4HDSSM, in which two extra isospin-doublet chiral superfields H_3 (Y = −1/2) and H_4 (Y = 1/2) are introduced to the MSSM in addition to the Higgs doublets H_1 (Y = −1/2) and H_2 (Y = 1/2). The general expression for the superpotential with the R parity is given in terms of chiral superfields as

W = − (Ŷ_u)_{ij} U^c_{Ri}H_2 · Q_{Lj} + (Ŷ_d)_{ij} D^c_{Ri}H_1 · Q_{Lj} + (Ŷ_e)_{ij} E^c_{Ri}H_1 · L_{Lj} − (Ŷ^′_u)_{ij} U^c_{Ri}H_4 · Q_{Lj} + (Ŷ^′_d)_{ij} D^c_{Ri}H_3 · Q_{Lj} + (Ŷ^′_e )_{ij} E^c_{Ri}H_3 · L_{Lj} − μ_{12}H_1 · H_2 − μ_{14}H_1 · H_4 − μ_{32}H_3 · H_2 − μ_{34}H_3 · H_4 , (2.1)

where Q_{Li}, U^c_{Ri} (D^c_{Ri}) are chiral superfields for the i-th generation left-handed quark doublet and right-handed up-type (down-type) quark singlet while L_{Li} and E^c_{Ri} are those for the i-th generation left-handed lepton doublet and right-handed charged lepton singlet, respectively. The most general holomorphic soft-SUSY-breaking terms with the R parity is

Lsoft = − 1 2 (M_1B̃B̃ + M_2W̃ W̃ + M_3G̃G̃) − ( (M̃^2_{q̃} )_{ij}q̃^†_{Li}q̃_{Lj} + (M̃^2_ũ )_{ij}ũ^∗_{Ri}ũ_{Rj} + (M̃^2_{d̃} )_{ij}d̃^∗_{Ri}d̃_{Rj} + (M̃^2_{ℓ̃} )_{ij}ℓ̃^†_{Li}ℓ̃_{Lj} + (M̃^2_ẽ )_{ij}ẽ^∗_{Ri}ẽ_{Rj} )

− ( (M̃^2_−)_{11}Φ̂^†_1Φ̂_1 + (M̃^2_−)_{13}Φ̂^†_1Φ̂_3 + (M̃^2_−)^∗_{13}Φ̂^†_3Φ̂_1 + (M̃^2_−)_{33}Φ̂^†_3Φ̂_3

+ (M̃^2_+)_{22}Φ̂^†_2Φ̂_2 + (M̃^2_+)_{24}Φ̂^†_2Φ̂_4 + (M̃^2_+)^∗_{24}Φ̂^†_4Φ̂_2 + (M̃^2_+)_{44}Φ̂^†_4Φ̂_4 )

− ( −(A_u)^{ij}ũ^∗_{Ri}Φ̂_2 · q̃_{Lj} − (A^′_u)^{ij}ũ^∗_{Ri}Φ̂_4 · q̃_{Lj} + (A_d)^{ij}d̃^∗_{Ri}Φ̂_1 · q̃_{Lj} + (A^′_d)^{ij}d̃^∗_{Ri}Φ̂_3 · q̃_{Lj}

+ (A_e)^{ij}ẽ^∗_{Ri}Φ̂_1 · ℓ̃_{Lj} + (A^′_e)^{ij}ẽ^∗_{Ri}Φ̂_3 · ℓ̃_{Lj} + h.c. )

− ( B_{12}μ_{12}Φ̂_1 · Φ̂_2 + B_{34}μ_{34}Φ̂_3 · Φ̂_4 + B_{14}μ_{14}Φ̂_1 · Φ̂_4 + B_{32}μ_{32}Φ̂_3 · Φ̂_2 + h.c. ) , (2.2)

where B̃, W̃ and G̃ are gauginos corresponding to the SM gauge symmetries of U(1), SU(2) and SU(3), respectively, q̃_{Li}, ũ^∗_{Ri}, d̃^∗_{Ri}, ℓ̃_{Li} and ẽ^∗_{Ri} are respectively the scalar component fields of Q_{Li}, U^c_{Ri}, D^c_{Ri}, L_{Li} and E^c_{Ri}, and Φ̂_j (j = 1-4) are the scalar component doublet fields of the chiral superfields H_j. From W and L_{soft}, the Lagrangian is constructed as

L =L_{kinetic} + L_{gauge–matter} − ( 1 2 ∂^2W ∂φ_i∂φ_j ψ_{Li} · ψ_{Lj} + h.c. ) − 1 2 (g_a)^2(φ^∗_i T^a_{ij} φ_j )^2 − | |∂W ∂φ_i | |^2 + Lsoft , (2.3)

where ψ_{Li} and φ_j represent fermion and scalar component fields of chiral superfields in the model.

There are two Higgs doublets for each quantum number, so that they can mix with each other. The Yukawa sector then produces a dangerous FCNC via the scalar boson exchange

– 4 –

H_1 H_2 H_3 H_4 U^c_R D^c_R E^c_R Q_L L_L N^c_R Type A + + − − + + + + + + Type B + + − − + + − + + + Type C + + − − + + + + + − Type D + + − − + + − + + −

Table 1. Classification for the charge assignment for the Z_2 symmetry in the 4HDSSM. Type C and Type D are introduced only when N^c_{Ri} are added to the model.

at the tree level. There are several ways to eliminate such an excessive FCNC. In non- SUSY extended Higgs sectors with multi-doublets, a softly-broken discrete Z_2 symmetry is often imposed [27]. In the general two Higgs doublet model, there are four types of Yukawa interactions under such a Z_2 symmetry depending on the assignment of the Z_2 charge [29–31]. The other possibility of eliminating the FCNC may be to consider a certain of alignment in the Yukawa sector [32], but we do not consider this possibility in this paper. In the 4HDSSM, we also impose the Z_2 symmetry to eliminate the FCNC. There are two types of Yukawa interactions (Type A and Type B) as shown in Table 1, assuming that all the Higgs doublet fields receive VEVs. If we introduce additional chiral superfields N^c_{Ri} for right-handed neutrinos which are singlet under the SM gauge symmetries, possible number of the type of Yukawa interaction becomes doubled under the Z_2 symmetry, depending on the two possible assignment of the Z_2 charge for N^c_{Ri}. We define additional two types in Table 1 (Type C and Type D) which correspond to the Z_2 odd N^c_{Ri}. Under the Z_2 symmetry, some of the Yukawa coupling constants are forbidden for each type of Yukawa interaction. For example, in the MSSM-like Yukawa interaction (Type A) Ŷ^′_u = Ŷ^′_d = Ŷ^′_e = 0 is required, while in the lepton specific one (Type B) we have Ŷ^′_u = Ŷ^′_d = Ŷ_e = 0. Marshall and Sher discussed phenomenology of the Type B Yukawa interaction in the 4HDSSM [28]. Notice that the dimensionful parameters are not forbidden as long as the discrete symmetry is softly broken [33]. In this paper, we assume that the FCNC is sufficiently suppressed by a softly-broken Z_2 symmetry. However, we do not specify the type of Yukawa interaction, because all the essential results in this paper do not depend on the types of Yukawa interaction. The general discussion on phenomenological consequences in flavor physics is given elsewhere [35].

From the Lagrangian in Eq. (2.3), we can extract the Higgs potential of the model, in which each neutral scalar component Φ̂_i (i = 1-4) receives the VEV. However, because H_1 and H_3 (H_2 and H_4) have the same quantum numbers under the SU(2) × U(1) gauge symmetries, there are U(2) symmetries in the D-terms [(g_a)^2(φ^∗_αT^a_{αβ} φ_β)^2] in the potential. By using the U(2) symmetry, we may rotate the fields Φ̂_1 and Φ̂_3 and take the basis in which only one of the doublets receives the VEV while the other does not. We also can perform the same procedure for Φ̂_2 and Φ̂_4: see Appendix A for details. Consequently,

– 5 – without loss of generality we can rewrite the Higgs potential as

V_H = ( Φ^†_1 Φ^{′†}_1 ) ( (M^2_1 )_{11} (M^2_1 )_{12} (M^2_1 )^∗_{12} (M^2_1 )_{22} ) ( Φ_1 Φ^′_1 ) + ( Φ^†_2 Φ^{′†}_2 ) ( (M^2_2 )_{11} (M^2_2 )_{12} (M^2_2 )^∗_{12} (M^2_2 )_{22} ) ( Φ_2 Φ^′_2 )

− ( ( Φ_1 Φ^′_1 ) ( (M^2_3 )_{11} (M^2_3 )_{12} (M^2_3 )_{21} (M^2_3 )_{22} ) · ( Φ_2 Φ^′_2 ) + h.c. )

+ g^{′2} + g^2 8 ( Φ^†_2Φ_2 + Φ^{′†}_2 Φ^′_2 − Φ^†_1Φ_1 − Φ^{′†}_1 Φ^′_1

)_2

+ g^2 2 { (Φ^†_1Φ_2)(Φ^†_2Φ_1) + (Φ^†_1Φ^′_2)(Φ^{′†}_2 Φ_1) + (Φ^{′†}_1 Φ_2)(Φ^†_2Φ^′_1) + (Φ^{′†}_1 Φ^′_2)(Φ^{′†}_2 Φ^′_1)

+(Φ^†_1Φ^′_1)(Φ^{′†}_1 Φ_1) − (Φ^†_1Φ_1)(Φ^{′†}_1 Φ^′_1) + (Φ^†_2Φ^′_2)(Φ^{′†}_2 Φ_2) − (Φ^†_2Φ_2)(Φ^{′†}_2 Φ^′_2) } , (2.4)

where Φ_1 (Y = −1/2) and Φ_2 (Y = 1/2) have VEVs, while Φ^′_1 (Y = −1/2) and Φ^′_2 (Y = 1/2) do not. Throughout this paper, we restrict ourselves in the CP invariant case. We thus hereafter neglect all CP violating phases in the dimentionful parameters.

The rotated Higgs doublet fields Φ_1, Φ^′_1, Φ_2 and Φ^′_2 are expressed as

Φ_1 = [ φ^{0∗}_1 −φ^−_1 ] , Φ_2 = [ φ^+_2 φ^0_2 ] , Φ^′_1 = [ φ^{′0∗}_1 −φ^{′−}_1 ] , Φ^′_2 = [ φ^{′+}_2 φ^{′0}_2 ] , (2.5)

where the neutral scalar fields can be parameterized as

φ^0_1 = 1 √ 2 (v_1 + ϕ_1 + iχ_1) , φ^0_2 = 1 √ 2 (v_2 + ϕ_2 + iχ_2) ,

φ^{′0}_1 = 1 √ 2 ( ϕ^′_1 + iχ^′_1 ) , φ^{′0}_2 = 1 √ 2 ( ϕ^′_2 + iχ^′_2 ) , (2.6)

where the VEVs of these neutral components are given by ⟨φ^0_1⟩ = v_1/ √ 2, ⟨φ^0_2⟩ = v_2/ √ 2, ⟨φ^{′0}_1 ⟩ = 0 and ⟨φ^{′0}_2 ⟩ = 0. Introducing

v = ( √ 2G_F )^{−1/2} ≃ 246 GeV , (2.7)

and the mixing angle β, we express v_1 and v_2 as v_1 ≡ v cos β and v_2 ≡ v sin β. The vacuum conditions for the Higgs potential are given by 1 v ∂V_H ∂ϕ_1 | | ϕ_i=0 =c_β ( (M^2_1 )_{11} + m^2_Z 2 c_{2β} ) − s_β(M^2_3 )_{11} = 0 , 1 v ∂V_H ∂ϕ_2 | | ϕ_i=0 =s_β ( (M^2_2 )_{11} − m^2_Z 2 c_{2β} ) − c_β (M^2_3 )_{11} = 0 , 1 v ∂V_H ∂ϕ^′_1 | | |_{ϕi=0} =c^β (M^21 )12 − s^β(M^23 )21 = 0 , 1 v ∂V_H ∂ϕ^′_2 | | |_{ϕi=0} =s^β(M^22 )12 − c^β (M^23 )12 = 0 . (2.8)

– 6 –

Solving this set of conditions, one can eliminate (M^2_1 )_{11}, (M^2_2 )_{11}, (M^2_1 )_{12}, and (M^2_2 )_{12}.

After imposing the vacuum conditions, the mass matrices M^2_A, M^2_{H±} and M^2_H for the CP-odd, charged and CP-even scalar component states are respectively obtained in the basis of (Φ_1, Φ_2, Φ^′_1, Φ^′_2). It is however more useful to work the mass matrices of the CPodd scalar bosons and the charged Higgs bosons in the gauge eigenstate basis (the so-called Georgi basis) as [36]

M̄^2_A =O^T_0 M^2_AO_0 =

0 0 0 0 0^{2(M 23 )11}_{s2β}^{(M 23 )21}_{cβ}^{(M 23 )12}_{sβ} 0^{(M 23 )21}_{cβ} (M^2_1 )_{22} +^{m2Z}_2 c_{2β} (M^2_3 )_{22} 0^{(M 23 )12}_{sβ} (M^2_3 )_{22} (M^2_2 )_{22} −^{m2Z}_2 c_{2β}

, (2.9)

M̄^2_{H±} =O^T_0 M^2_{H±} O_0 = M̄^2_A + m^2_W

0 0 0 0 0 1 0 0 0 0 −c_{2β} 0 0 0 0 c_{2β}

, (2.10)

with the orthogonal matrix

O_0 = c_β s_β 0 0 −s_β c_β 0 0 0 0 1 0 0 0 0 1

, (2.11)

where we used the abbreviation such as sin θ = s_θ and cos θ = c_θ. In this basis the massless modes, which are Nambu-Goldstone bosons to be absorbed by the longitudinal modes of the weak gauge bosons, are separated in the mass matrices. The basis taken here is essentially the same as that discussed in Ref. [26]. It is also useful to rotate the mass matrix for the CP-even scalar bosons as

M̄^2_H =O_0M^2_H O^T_0

= m^2_Z c^2_β −m^2_Z s_{2β}c_{2β} 0 0 −m^2_Z s_{2β}c_{2β} m^2_Z s^2_β +^{2(M 23 )11}_{s2β}^{−(M 23 )21}_{cβ}^{(M 23 )12}_{sβ} 0^{−(M 23 )21}_{cβ} (M^2_1 )_{22} +^{m2Z}_2 c_{2β} −(M^2_3 )_{22} 0^{(M 23 )12}_{sβ} −(M^2_3 )_{22} (M^2_2 )_{22} −^{m2Z}_2 c_{2β}

. (2.12)

3 Decoupling property of the extra doublet fields

3.1 Nondecoupling effects in the large mass regime

In general, new physics can be tested not only by direct searches but also by indirect searches. The indirect searches are performed by precise experiments to find effects of a heavy new physics particle on the observables which are well predicted in the low energy theory such as the SM. Such new particle effects on the low energy observables usually

– 7 – decouple in the large mass limit after the renormalization calculation is completed. This is known as the decoupling theorem proposed by Appelquist and Carazzone [25]. It is also known that the decoupling theorem does not hold when the new particles receive their masses from the VEV of the Higgs boson. In fact, there is a class of the new physics models where nondecoupling effects of heavy particles can appear on the low energy observables. For example, chiral fermions such as quarks and charged leptons cannot have the mass term because of the chiral symmetry, so that their masses are generated after the chiral symmetry is spontaneously broken by the VEV. Therefore, the effect of a heavy chiral fermion does not decouple, and it appears as powerlike or logarithmic contributions of the mass in the predictions for the low energy observables. Another example is the additional scalar fields in extended Higgs sectors whose masses are typically expressed as

m^2_φ ∼ M̃^2 + λ^′v^2, (3.1)

where λ^′ is the coupling constant with the SM-like Higgs boson and M̃ is the invariant mass parameter which is irrelevant to the VEV. When λ^′v^2 >∼ M̃^2, the situation is similar to the case of chiral fermions, so that the effect of these scalar bosons do not decouple in the large m_φ regime.

The indirect effects of these nondecoupling particles appear in the low energy observables at the tree level, or at loop levels such as the electroweak S, T and U parameters [37] and vertex corrections to the SM coupling constants like the γγh vertex [38] and the hhh vertex [39, 40]. In particular, the nondecoupling effects of chiral fermions and additional scalar bosons to the triple Higgs boson coupling are known to give quartic powerlike contributions for the heavy particle masses in the radiative corrections, so that the effect can be very significant. As shown in Ref. [40], in the two Higgs doublet model, the deviation from the SM prediction can be of order 100 % without contradiction with perturbative unitarity [41]. This nondecoupling effect on the triple Higgs boson coupling would be applied to realize the strong first-order phase transition [42] which is required for successful electroweak baryogenesis [11, 43, 44]. It is obvious that an excessive nondecoupling effect is bounded by the theoretical constraints such as perturbative unitarity [45] and triviality [46], because the large mass of new particles directly means a large coupling constant.

Let us consider the effect of the heavy particles in supersymmetric standard models. In general, a SUSY Higgs potential is composed of the D-term, the F-term and the softbreaking term;

V = |D|^2 + |F |^2 + (soft-breaking term). (3.2)

Quartic coupling constants in the potential can come from both the D-term and the F-term. In the MSSM, however, because of the multi-doublet structure only D-terms contribute to them, which are given by gauge coupling constants. Consequently, the mass of the lightest CP-even Higgs boson is determined by the gauge coupling constants and the VEVs at the tree level, which is less than m_Z . A substantial F-term contribution enters into the Higgs potential at the one-loop level via the superpotential W ≃ −y_tU^c_{R3}H_2Q_{L3} + ..., where y_t (= √ 2m_t/v sin β ≃ (Y_u)_{33}) is the top Yukawa coupling constant. The corrected mass of h

– 8 – is described by

m^2_h ∼ m^2_Z cos^2 2β + 3 2π^2 m^4_t v^2 ln m^2_{stop} m^2_t

. (3.3)

This one-loop correction shows a nondecoupling property in the large mass limit of stops. Consequently m_h can be above the LEP bound at least when one of the stops is heavy enough. There are also contributions from the μ parameter and the soft-breaking A_t (A_b) parameter when there is the left-right mixing in the stop (sbottom) sector. Their oneloop effects can also be nondecoupling and then can be significant to some extent when they are taken to be as large as the scale of the soft-SUSY-breaking mass m_{SUSY}. In the NMSSM and the MSSM with triplets, m_h can be significantly enhanced by the F-term contribution [19–21]. Notice that these F-term contributions should vanish in the SUSY limit due to the nonrenormalization theorem. These F-term contributions also affect the prediction on the other SM observables such as the triple Higgs boson coupling constants λ_{hhh} similarly to the case of non-SUSY extended Higgs models which we already discussed above [22].

On the other hand, a typical example for extended SUSY Higgs sectors without interactions from the tree-level F-term is that with only multi-doublet structures, such as the 4HDSSM. In this class of models, if there is no mixing between the light two doublet fields and the additional ones, the effects of the extra fields on the MSSM observables become suppressed due to the decoupling theorem when the extra doublet fields are heavy, and the model behaves like the MSSM. However, nonvanishing effects can appear through the B-term mixing when (M^2_3 )_{12} or (M^2_3 )_{21} grows with (M^2_1 )_{22} or (M^2_2 )_{22}. These effects appear at the tree level, so that they would give substantial modifications in the predictions in the MSSM for the low energy observables. We stress that these nonvanishing effects due to the B-term mixing are not the nondecoupling effects which appear in the large mass limit for the new particles when λ^′v^2 >∼ M̃^2 as a consequence of violation of the decoupling theorem. In this sense, we call the nonvanishing B-term mixing effect as the quasi-nondecoupling effect. Notice that the quasi-nondecoupling effect only appears in the predicted values in the MSSM. It gives modifications in the MSSM predictions such as the masses of h, H and H^± and the mixing angle α as well as coupling constants for the MSSM-like Higgs bosons. Such an effect, however, does disappear in the predictable SM coupling constants of hγγ, hW W , hZZ and hhh in the SM-like limit (m_A → ∞) according to the decoupling theorem.

Therefore, we would like to address the question of how the extra doublet fields in the extended SUSY model can affect the observables which appear in the MSSM, such as the mass m_ϕ (ϕ represent h, H and H^±), the mixing angle α, the vertex F_ϕ′_{V V} (V = W^± and Z; ϕ^′ = h and H) as well as quarks and leptons Y_ϕ′′_{ff} ′ (f, f^′ represent fermions and ϕ^{′′} = h, H, A and H^±). Deviations from the renormalized MSSM observable parameters

– 9 – may be expressed as

m_ϕ ≃ m^{MSSM}_ϕ (1 + δ_ϕ) , (3.4) sin^2(β − α_{eff} ) ≃ [sin^2(β − α)]^{MSSM} (1 + δ_s) , (3.5) F_ϕ′_{V V} ≃ F^{MSSM}_ϕ′_{V V} ( 1 + δ_ϕ′_{V V} ) , (3.6) Y_ϕ′′_{ff} ′ ≃ Y^{MSSM}_ϕ′′_{ff} ′ ( 1 + δ_ϕ′′_{ff} ′ ) , (3.7)

where δ_ϕ, δ_s, δ_ϕ′_{V V} or δ_ϕ′′_{ff} ′ represent the effect of the extra heavy scalar fields on each observable in the extended SUSY models. In this paper, we study δ_h, δ_H , δ_H± and δ_s in the 4HDSSM. The MSSM predictions are evaluated at the one-loop level using the on-shell renormalization scheme in Ref. [14]. We do not discuss the effect on the Yukawa coupling constants in this paper, which will be studied in details elsewhere [35].

3.2 Definition of the large mass limit and the decoupling property in the 4HDSSM

The soft-breaking mass parameters (M^2_3 )_{ij} come from the B-terms in Eq. (2.2). When we consider the case with (M^2_3 )_{12} = (M^2_3 )_{21} = 0, the mass matrices M̄^2_A, M̄^2_{H±} and M̄^2_H are block diagonal. The upper 2 × 2 submatrix in each mass matrix corresponds to that in the MSSM; i.e., 2(M^2_3 )_{11}/s_{2β} → m^2_A, and the other 2 × 2 submatrix corresponds to that for the extra two scalar bosons. They are separated completely in this case. The model effectively becomes the MSSM in the large mass limit of the extra scalar bosons. On the other hand, in the case with nonzero (M^2_3 )_{12} or (M^2_3 )_{21}, the masses of the light scalars h, H and H^± are modified from the MSSM predictions by the mixing via the B-terms between Φ_1 and Φ^′_1 or between Φ_2 and Φ^′_2. These effects are expected to be nonvanishing when (M^2_3 )_{12} or (M^2_3 )_{21} grows with taking a similar value to the 3-3 or 4-4 component in the mass matrices such as (M^2_1 )_{22} or (M^2_2 )_{22}. We here discuss these effects in details in the following.

We start from discussing the CP-odd scalar mass matrix. In order to examine the decoupling property of the mass matrices, we further rotate M̄^2_A as

M̂^2_A =

1 0 0 0 0 1 0 0 0 0 c¯_θ s¯_θ 0 0 −s¯_θ c¯_θ

M̄^2_A

1 0 0 0 0 1 0 0 0 0 c¯_θ −s¯_θ 0 0 s¯_θ c¯_θ = 0 0 0 0 0^{2(M 23 )11}_{s2β} k^′M^2 kM^2 0 k^′M^2 M^2 0 0 kM^2 0 rM^2

, (3.8)

where tan 2θ̄ =

2(M^2_3 )_{22} (M^2_1 )_{22} − (M^2_2 )_{22} + m^2_Z c_{2β}

, (3.9)

and M^2, k, k^′ and r are defined such that

(M^2_3 )_{21} = κ_{21}M^2 , (M^2_3 )_{12} = κ_{12}M^2 ,

(M^2_1 )_{22}c^2_{θ̄} + (M^2_2 )_{22}s^2_{θ̄} + (M^2_3 )_{22}s_2¯_θ + m^2_Z 2 c_{2β}c_2¯_θ = M^2 ,

(M^2_1 )_{22}s^2_{θ̄} + (M^2_2 )_{22}c^2_{θ̄} − (M^2_3 )_{22}s_2¯_θ − m^2_Z 2 c_{2β}c_2¯_θ = rM^2 , (3.10)

– 10 – and k^′ = c¯_θ c_β κ_{21} + s¯_θ s_β κ_{12} , k = − s¯_θ c_β κ_{21} + c¯_θ s_β κ_{12} . (3.11)

These parameters are relevant to the extra doublets, then the decoupling limit is taken as M^2 → ∞. Here we assume that m^2_A ≪ M^2 and we treat m^2_A/M^2 as an expansion parameter. One of the eigenvalues of M̄^2_A should be m^2_A, the mass of the lightest CPodd Higgs boson A, which should coincide with 2(M^2_3 )_{11}/s_{2β} in the limit of M → ∞ if k = k^′ = 0. In generic cases, after diagonalizing the mass matrix, (M^2_3 )_{11} is expressed in terms of m^2_A as

2(M^2_3 )_{11} s_{2β} = m^2_A { k^2 + (1 + k^{′2})r^2

r^2 + O ( m^2_A M^2 )} + M^2 k^2 + rk^{′2} r . (3.12)

The mass eigenvalues for heavier states A_1 and A_2 are

m^2_{A1} ≃ a_1M^2 , m^2_{A2} ≃ a_2M^2 , (3.13)

where a_1 and a_2 are given by

a_1 = k^2 + rk^{′2} + r(1 + r) − √ {k^2 + rk^{′2} − r(r − 1)}^2 + 4k^2r(r − 1) 2r ,

a_2 = k^2 + rk^{′2} + r(1 + r) + √ {k^2 + rk^{′2} − r(r − 1)}^2 + 4k^2r(r − 1) 2r . (3.14)

We note that a_1 → 1 and a_2 → r for k = k^′ → 0.

For the charged Higgs mass matrix, via the similar procedure to the case of the CP-odd Higgs bosons, we obtain the deviation in m_H± , the mass eigenvalue for the lightest charged scalar H^±, from the MSSM prediction as m_H± = √ (m^2_{H±} )^{MSSM}(1 + δ_H± ), (3.15)

where δ_H± = − 1 2 m^2_W m^2_A + m^2_W k^2 + k^{′2}r^2 − c_{2β} { (k^2 − k^{′2}r^2)c_2¯_θ + 2kk^′rs_2¯_θ } {k^2 + (1 + k^{′2})r^2} + O ( m^2_A M^2 ) , (3.16)

and (m^2_{H±} )^{MSSM} is the prediction in the MSSM renormalized in the on-shell scheme [14], which is simply given by [47]

(m^2_H± )^{MSSM} = m^2_A + m^2_W − Π^{1PI}_H+_H− (m^2_A + m^2_W ) + Π^{1PI}_{AA} (m^2_A) + Π^{1PI}_{W W} (m^2_W ), (3.17)

where Π^{1PI}_{ϕϕ} (p^2) represent the one particle irreducible diagram contributions to the two point function of the field ϕ at the squared momentum p^2. Masses of the heavier charged scalar bosons H^±_1 and H^±_2 are obtained as

m^2_H±_1 ≃ a_1M^2 , m^2_H±_2 ≃ a_2M^2 . (3.18)

– 11 –

Figure 1. The deviation δ_H± defined in Eq. (3.15) due to the quasi-nondecoupling effect of the B-term mixing parameterized by k and k^′ in the 4HDSSM. We here take M = 500 GeV, r = 1 and θ̄ = 0. The SUSY breaking scale for the MSSM particles is taken to be 1 TeV, and the trilinear soft-breaking parameters A_t and A_b as well as the μ parameter are taken to be zero. The upper figures: δ_H± as a function of m_A for tan β = 3 (left) and tan β = 10 (right) for k = 1.0, 2.0 and 5.0 with fixed k^′(= 0.0). The lower figures: δ_H± as a function of k for tan β = 3 (left) and tan β = 10 (right) for k^′ = 0.0, 2.0 and 5.0 with the fixed m_A (= 150 GeV). In all figures, the solid curves are the results from the full numerical calculation, while the dotted curves are those by using the approximated formula in Eq. (3.16).

In Fig. 1, we show the numerical results for the deviation δ_H± defined in Eq. (3.15) due to the quasi-nondecoupling effect of the B-term mixing parameterized by k and k^′ in our model. The solid curves in the figures represent the results from the full numerical calculation, while the dotted curves are those by using the approximated formula in Eq. (3.16). The deviation δ_H± turns out to be negative, and amounts to −20 % for a relatively small value of m_A. The magnitude of the deviation is smaller for a larger value of m_A, but still a few times −1 % even for m_A = 300 GeV. On the other hand, the deviation is not very sensitive to tan β. We note that the results are insensitive to the details of the MSSM parameters such as the soft-breaking mass parameters, the μ parameter and the trilinear A_{t,b} parameters. In fact, when μ and A_{t,b} are varied in the phenomenologically acceptable regions, the radiative corrections vary at most from −2 % to +2 %. We have confirmed that our results on the one-loop correction in the MSSM agree with those given in Ref. [47]. The mass of H^± can be determined with the accuracy of a few percent via the decays of H^± → τν and H^± → tb at the LHC [48], and with the statistical error of less than 1 % via

– 12 – e^+e^− → H^+H^− at the ILC [49]. The mass of A can also be determined with the resolution about 2% via the decays A → μ^+μ^− at the LHC, while at the ILC it can be measured with the precision 0.2 % via e^+e^− → HA [49]. Therefore, the quasi-nondecoupling effect on m_H± can be extracted when both m_H± and m_A are measured at future collider experiments. The prediction on m_H± (not on δ_H± ) in the 4HDSSM is shown in Fig. 5 with the comparison of the result in the MSSM.

Next, the CP-even scalar mass matrix M̄^2_H can also be diagonalized. We first define M̂ 2_H by

M̂^2_H =

1 0 0 0 0 1 0 0 0 0 c¯_θ −s¯_θ 0 0 s¯_θ c¯_θ

M̄^2_H

1 0 0 0 0 1 0 0 0 0 c¯_θ s¯_θ 0 0 −s¯_θ c¯_θ

, (3.19)

and according to the usual mathematical procedure M̂^2_H can be block-diagonalized by rotating the basis with an appropriate orthogonal matrix O_{MH} as

O^T_{MH}M̂^2_H O_{MH} = m^2_Z c^2_β −m^2_Z c_{2β} s_{2β}R 0 0 −m^2_Z c_{2β} s_{2β}R m^2_A + m^2_Z s^2_βR^2 0 0 0 0 a_1M^2 0 0 0 0 a_2M^2 + O ( m^2_A M^2 ) , (3.20)

where R is defined as R = 1 √ 1 +^{k2}_{r2} + k^{′2}

. (3.21)

The upper 2 × 2 submatrix coincides to the mass matrix of the two light scalar bosons H and h of the MSSM when M → ∞ if k = k^′ = 0. For the case with nonzero k and k^′, after diagonalizing the 2 × 2 submatrix by the mixing angle α_{eff} the mass eigenvalues of the CP-even Higgs bosons are obtained as

m^2_h = 1 2 [ m^2_A + m^2_Z ( c^2_β + R^2s^2_β ) − √{ (m^2_A − m^2_Z ( 1 − (1 − R^2)s^2_β )}_2 + 4m^2_Am^2_Z s^2_βR^2

+m^2_AO ( m^2_A M^2 ) + Δ^{loop}_h ] , m^2_H = 1 2 [ m^2_A + m^2_Z ( c^2_β + R^2s^2_β ) + √{ m^2_A − m^2_Z ( 1 − (1 − R^2)s^2_β )}_2 + 4m^2_Am^2_Z s^2_βR^2

+m^2_AO ( m^2_A M^2 ) + Δ^{loop}_H ] , (3.22)

where Δ^{loop}_h and Δ^{loop}_H represent the one-loop corrections in the MSSM. The masses of heavier states H^′_1 and H^′_2 are given by m^2_H′_1 ≃ a_1M^2 { 1 + O(m^2_A/M^2) } and m^2_H′_2 ≃ a_2M^2 { 1 + O(m^2_A/M^2) } . The mixing angle α_{eff} satisfies the relation

tan(β − α_{eff}) = m^2_h − m^2_A − m^2_Z s^2_βR^2

m^2_Z c_{2β} s_{2β}R { 1 + O ( m^2_A M^2 ) + Δ^{loop}_{tan(β−α)} } , (3.23)

– 13 –

Figure 2. The deviation δ_h in m_h = m^{MSSM}_h (1 + δ_h) due to the quasi-nondecoupling effect of the B-term mixing parameterized by k and k^′ in the 4HDSSM, where m^{MSSM}_h is the renormalized mass of h. We here take M = 500 GeV, r = 1 and θ̄ = 0. The SUSY soft-breaking scale for the MSSM particles is taken to be 1TeV (solid curves) and 2 TeV (dotted curves), and the trilinear soft-breaking parameters A_t and A_b as well as the μ parameter are taken to be zero. The upper figures: δ_h as a function of m_A for tan β = 3 (left) and tan β = 10 (right) for k = 1.0, 2.0 and 5.0 with fixed k^′(= 0.0). The lower figures: δ_h as a function of k for tan β = 3 (left) and tan β = 10 (right) for k^′ = 0.0, 2.0 and 5.0 with the fixed m_A (= 150 GeV).

where Δ^{loop}_{tan(β−α)} is the one-loop correction in the MSSM. Notice that m_h and m_H given in Eq. (3.22) and tan(β − α_{eff} ) in Eq. (3.23) do not depend on the sign of k and k^′. We note that the effective mixing angle α_{eff} contains information of the B-term quasi-nondecoupling effects between Φ_1 and Φ^′_1 or between Φ_2 and Φ^′_2 by k and k^′, but for m^2_A ≪ M^2 the tree level formula with the angle α in the MSSM can still hold by replacing α by α_{eff} in a good approximation. For example, the coupling constants of the two light CP-even Higgs bosons with the weak gauge bosons V (V = W^± and Z^0) in the case with nonzero k and k^′ are given by

Γ_{V V h} = − m^2_V v {c_β (O_H )_{12} + s_β(O_H )_{22}} = m^2_V v sin(β − α_{eff}) ( 1 + Δ^{loop}_{hV V} ) , (3.24)

Γ_{V V H} = − m^2_V v {c_β (O_H )_{11} + s_β(O_H )_{21}} = m^2_V v cos(β − α_{eff}) ( 1 + Δ^{loop}_{HV V} ) , (3.25)

where the matrix O_H is given in Eq. (B.5) in Appendix B, and Δ^{loop}_{hV V} and Δ^{loop}_{HV V} represent radiative corrections in the MSSM. Finally, in general, magnitudes of k and k^′ are not necessarily smaller than 1, still it is helpful to deduce the approximate formulae assuming

– 14 –

Figure 3. The deviation δ_H in m_H = m^{MSSM}_H (1+δ_H ) of the renormalized mass of the second lightest CP-even Higgs boson H due to the quasi-nondecoupling effect of the B-term mixing parameterized by k and k^′ in the 4HDSSM. We here take M = 500 GeV, r = 1 and θ̄ = 0. The SUSY soft-breaking scale of the MSSM particles is taken to be 1 TeV (solid curves) and 2 TeV (dotted curves), and the trilinear soft-breaking parameters A_t and A_b as well as the μ parameter are taken to be zero. The upper figures: δ_H as a function of m_A for tan β = 3 (left) and tan β = 10 (right) for k = 1.0, 2.0 and 5.0 with fixed k^′(= 0.0). The lower figures: δ_H as a function of k for tan β = 3 (left) and tan β = 10 (right) for k^′ = 0.0, 2.0 and 5.0 with the fixed m_A (= 150 GeV).

that they are small;

m^2_h =(m^2_h)^{MSSM} 1 + m^2_Z s^2_β(^{k2}_{r2} + k^{′2}) √ (m^2_A − m^2_Z )^2 + 4m^2_Z m^2_As^2_β

+ O(k^4, k^{′4}, k^2k^{′2}) + O ( m^2_A M^2 ) , (3.26)

m^2_H =(m^2_H )^{MSSM} 1 − m^2_Z s^2_β(^{k2}_{r2} + k^{′2}) √ (m^2_A − m^2_Z )^2 + 4m^2_Z m^2_As^2_β

+ O(k^4, k^{′4}, k^2k^{′2}) + O ( m^2_A M^2 ) , (3.27)

tan(β − α_{eff}) =[tan(β − α)]^{MSSM} ( 1 + (m^2_A − 2m^2_h − m^2_Z s^2_β)(^{k2}_{r2} + k^{′2}) 2(m^2_A − m^2_h + m^2_Z s^2_β)

+ O(k^4, k^{′4}, k^2k^{′2}) +O ( m^2_A M^2 )) , (3.28)

where (m^2_h)^{MSSM}, (m^2_H )^{MSSM} and [tan(β − α)]^{MSSM} are the corresponding parameters eval-

– 15 –

Figure 4. The deviation δ_s in Eq. (3.5) due to the quasi-nondecoupling effect of extra doublet fields via the B-term mixing parameterized by k and k^′ in the 4HDSSM. We here take M = 500 GeV, r = 1 and θ̄ = 0. The SUSY soft-breaking scale of the MSSM particles is taken to be 1 TeV (solid curves) and 2 TeV (dotted curves), and the trilinear soft-breaking parameters A_t and A_b as well as the μ parameter are taken to be zero. The upper figures: δ_s as a function of m_A for tan β = 3 (left) and tan β = 10 (right) for k = 1.0, 2.0 and 5.0 with fixed k^′(= 0.0). The lower figures: δ_s as a function of k for tan β = 3 (left) and tan β = 10 (right) for k^′ = 0.0, 2.0 and 5.0 with the fixed m_A (= 150 GeV).

uated at the one-loop level assuming the MSSM. In this paper, we have used the approximate one-loop formula given in Ref. [14] in evaluating (m^2_h)^{MSSM}, (m^2_H )^{MSSM} and [tan(β − α)]^{MSSM}.

In Fig. 2, we show the numerical results for the deviation δ_h in m_h = m^{MSSM}_h (1 + δ_h), where m^{MSSM}_h is the one-loop corrected mass of h, due to the quasi-nondecoupling effect of the B-term mixing parameterized by k and k^′ in the 4HDSSM. The SUSY softbreaking scale of the MSSM is taken to be 1 TeV and 2 TeV, and the trilinear soft-breaking parameters A_t and A_b and the μ are taken to be zero. It is found that δ_h is always positive. This is understood from Eq. (3.20). The parameter R is unity for k = k^′ = 0, and is smaller for larger values of k and k^′. A smaller value of R (R < 1) reduces the value of the off-diagonal term in Eq. (3.20), which makes the mixing between the first two CP-even states weaker. Consequently, the mass difference between h and H becomes smaller than the case with the MSSM case with the same value of m_A and tan β. The deviation takes its maximal values (6-20 % for tan β = 3 and 2-5 % for tan β = 10) around the crossing point (m_A ∼ 130-150 GeV) where the role of h and H are exchanged. For larger values of m_A

– 16 – the magnitude of δ_h is smaller, but it can be still 3-6 % (about 1 %) at m_A = 200 GeV for tan β = 3 (10). These values are substantial and can be tested by the precise measurement of m_h at the LHC (the ILC), where m_h is expected to be determined with about 0.1% [50] accuracy at the LHC, while at the ILC it is expected to be measured within less than 70 MeV [51]) error. The prediction on m_h (not on δ_h) in the 4HDSSM is shown in Fig. 5 with the comparison of the result in the MSSM. We can see that in the 4HDSSM m_h reaches its maximal value at a smaller m_A than that in the MSSM, although the predicted upper bound on the m_h is the same in both models.

In Fig. 3, we show the deviation δ_H in m_H = m^{MSSM}_H (1 + δ_H ), where m^{MSSM}_H is the one-loop corrected mass of H, due to the quasi-nondecoupling effect of the B-term mixing parameterized by k and k^′ in the 4HDSSM. The SUSY parameters are taken as in the same way as Fig. 2. As we discussed, the mixing of the light two CP-even states is weakened by non-zero values of k and k^′, so that m_H is smaller than the prediction in the MSSM. Therefore, δ_H is negative as we expect. The behavior of δ_H as a function of m_A and tan β are similar to the case of δ_h except for the sign. The magnitude is maximal around the crossing point (m_A = 130-150 GeV), and amounts to −18 % (−5 %) for tan β = 3 (10). At the LHC and the ILC, the mass of H can be determined with the similar precision to that of A mentioned in the previous paragraph. The prediction on m_H (not on δ_H ) in the 4HDSSM is shown in Fig. 5 with the comparison with the result in the MSSM.

In Fig. 4, we show the numerical results for the deviation δ_s defined in Eq. (3.15), in which [sin^2(β −α)]^{MSSM} is the one-loop corrected mixing factor sin^2(β −α) evaluated in the MSSM. δ_s is the net deviation from the MSSM prediction due to the quasi-nondecoupling effect of the B-term mixing parameterized by k and k^′ in the 4HDSSM. The SUSY softbreaking scale of the MSSM is taken to be 1 TeV and 2 TeV, and the trilinear soft-breaking parameters A_t and A_b and the μ parameter are taken to be zero. In the figures, we can see that δ_s is negative when m_A is smaller than the crossing point at m_A ∼ 130-150 GeV, while it is positive for larger m_A. The deviation can be as large as O(10) % (tan β = 3) and O(20) % (tan β = 10) just above the crossing point; i.e., at around m_A ∼ 140-150 GeV. It is rapidly close to unity for larger values of m_A. Notice that for larger soft-SUSY-breaking scale, a larger δ_s is possible. The prediction on sin^2(β − α_{eff} ) (not on δ_s) in the 4HDSSM is shown in Fig. 5 with the comparison with the result in the MSSM.

4 Conclusions

We have investigated the decoupling property of extra heavy doublet fields in the 4HDSSM. Even without interaction terms from the tree-level F-term contribution such as in the NMSSM, significant quasi-nondecoupling effects of extra scalar fields can occur at the tree level due to the B-term mixing among the Higgs bosons. We have deduced formulae for deviations in the MSSM observables in the decoupling region for the extra heavy fields. The possible modifications in the Higgs sector from the MSSM predictions have been studied numerically.

From the results shown in Fig. 1 to Fig. 5, we have found that the quasi-nondecoupling effect from the B-term mixing can be significant in the 4HDSSM, which can change the

– 17 –

MSSM observables m_H± , m_h, m_H and sin^2(β − α) to a considerable extent. When the Higgs boson h is found via the processes of gluon fusion or vector boson fusion at the LHC, m_h is expected to be measured very accurately. The correction δ_h due to the quasinondecoupling effect can be much larger than the expected error at the LHC and the ILC. Therefore, we conclude that the effect on m_h can be measured. The other MSSM Higgs bosons H, A and H^± are expected to be discovered at the LHC as long as m_A is not too large. The deviations due to the quasi-nondecoupling effect in these quantities may also be identified when they are precisely measured at the LHC or the ILC.

Detecting the deviations from the MSSM predictions on these MSSM observables, the MSSM Higgs sector can be tested, and at the same time the possibility of extended SUSY Higgs sectors including the 4HDSSM can be explored even when only the MSSM particles are discovered in near future at the LHC and at the ILC. A detailed discussion on the Yukawa sector is given elsewhere.

Acknowledgments

This work was supported in part by Grant-in-Aid for Scientific Research, No. 22740137 [M.A.], No. 22244031 [S.K.], and No. 22011007 [T.S.]. K.Y. was supported by Japan Society for the Promotion of Science.

A Rotation of the basis

The Higgs potential in our model is given from Lagrangian in Eq. (2.3) by

V_H =(M^2_−)_{11}Φ̂^†_1Φ̂_1 + (M^2_−)_{13}Φ̂^†_1Φ̂_3 + (M^2_−)^∗_{13}Φ̂^†_3Φ̂_1 + (M^2_−)_{33}Φ̂^†_3Φ̂_3 + (M^2_+)_{22}Φ̂^†_2Φ̂_2 + (M^2_+)_{24}Φ̂^†_2Φ̂_4 + (M^2_+)^∗_{24}Φ̂^†_4Φ̂_2 + (M^2_+)_{44}Φ̂^†_4Φ̂_4 + ( B_{12}μ_{12}Φ̂_1 · Φ̂_2 + B_{34}μ_{34}Φ̂_3 · Φ̂_4 + B_{14}μ_{14}Φ̂_1 · Φ̂_4 + B_{32}μ_{32}Φ̂_3 · Φ̂_2 + h.c. )

+ g^{′2} + g^2 8 ( Φ̂^†_2Φ̂_2 + Φ̂^†_4Φ̂_4 − Φ̂^†_1Φ̂_1 − Φ̂^†_3Φ̂_3

)_2

+ g^2 2 { (Φ̂^†_1Φ̂_2)(Φ̂^†_2Φ̂_1) + (Φ̂^†_1Φ̂_4)(Φ̂^†_4Φ̂_1) + (Φ̂^†_3Φ̂_2)(Φ̂^†_2Φ̂_3) + (Φ̂^†_3Φ̂_4)(Φ̂^†_4Φ̂_3)

+(Φ̂^†_1Φ̂_3)(Φ̂^†_3Φ̂_1) − (Φ̂^†_1Φ̂_1)(Φ̂^†_3Φ̂_3) + (Φ̂^†_2Φ̂_4)(Φ̂^†_4Φ̂_2) − (Φ̂^†_2Φ̂_2)(Φ̂^†_4Φ̂_4) } , (A.1)

where g and g^′ are the SU(2)_L and U(1)_Y gauge couplings respectively, and

(M^2_−)_{11} =(M̃^2_−)_{11} + |μ_{12}|^2 + |μ_{14}|^2 , (M^2_−)_{33} =(M̃^2_−)_{33} + |μ_{32}|^2 + |μ_{34}|^2 , (M^2_−)_{13} =(M̃^2_−)_{13} + μ^∗_{12}μ_{32} + μ^∗_{14}μ_{34} , (M^2_+)_{22} =(M̃^2_+)_{22} + |μ_{12}|^2 + |μ_{32}|^2 , (M^2_+)_{44} =(M̃^2_+)_{44} + |μ_{14}|^2 + |μ_{34}|^2 , (M^2_+)_{24} =(M̃^2_−)_{24} + μ^∗_{12}μ_{14} + μ^∗_{32}μ_{34} . (A.2)

– 18 –

Because Φ̂_1 and Φ̂_3, and Φ̂_2 and Φ̂_4 have respectively the same quantum numbers, we may rotate the basis by introducing the 2 × 2 unitary mixing matrices U_+ and U_− as ( Φ̂_1 Φ̂_3 ) → ( Φ_1 Φ^′_1 ) = U_− ( Φ̂_1 Φ̂_3 ) , ( Φ̂_2 Φ̂_4 ) → ( Φ_2 Φ^′_2 ) = U_+ ( Φ̂_2 Φ̂_4 ) . (A.3)

By using this degrees of freedom, one may choose the basis where only Φ_1 and Φ_2 have VEV’s while those of Φ^′_1 and Φ^′_2 are zero. In this basis, the Higgs potential is expressed by

V_H = ( Φ^†_1 Φ^{′†}_1 ) U_− ( (M^2_−)_{11} (M^2_−)_{13} (M^2_−)^∗_{13} (M^2_−)_{33} ) U^†_− ( Φ_1 Φ^′_1 ) + ( Φ^†_2 Φ^{′†}_2 ) U_+ ( (M^2_+)_{22} (M^2_+)_{24} (M^2_+)^∗_{24} (M^2_+)_{44} ) U^†_+ ( Φ_2 Φ^′_2 )

+ ( ( Φ_1 Φ^′_1 ) U^∗_− ( B_{12}μ_{12} B_{14}μ_{14} B_{32}μ_{32} B_{34}μ_{34} ) U^†_+ · ( Φ_2 Φ^′_2 ) + h.c. )

+ g^{′2} + g^2 8 ( Φ^†_2Φ_2 + Φ^{′†}_2 Φ^′_2 − Φ^†_1Φ_1 − Φ^{′†}_1 Φ^′_1

)_2

+ g^2 2 { (Φ^†_1Φ_2)(Φ^†_2Φ_1) + (Φ^†_1Φ^′_2)(Φ^{′†}_2 Φ_1) + (Φ^{′†}_1 Φ_2)(Φ^†_2Φ^′_1) + (Φ^{′†}_1 Φ^′_2)(Φ^{′†}_2 Φ^′_1)

+(Φ^†_1Φ^′_1)(Φ^{′†}_1 Φ_1) − (Φ^†_1Φ_1)(Φ^{′†}_1 Φ^′_1) + (Φ^†_2Φ^′_2)(Φ^{′†}_2 Φ_2) − (Φ^†_2Φ_2)(Φ^{′†}_2 Φ^′_2) } . (A.4)

Hereafter, we reparameterize the parameters as U_− ( (M^2_−)_{11} (M^2_−)_{13} (M^2_−)^∗_{13} (M^2_−)_{33} ) U^†_− → ( (M^2_1 )_{11} (M^2_1 )_{12} (M^2_1 )^∗_{12} (M^2_1 )_{22} ) ,

U_+ ( (M^2_+)_{22} (M^2_+)_{24} (M^2_+)^∗_{24} (M^2_+)_{44} ) U^†_+ → ( (M^2_2 )_{11} (M^2_2 )_{12} (M^2_2 )^∗_{12} (M^2_2 )_{22} ) ,

− U^∗_− ( B_{12}μ_{12} B_{14}μ_{14} B_{32}μ_{32} B_{34}μ_{34} ) U^†_+ → ( (M^2_3 )_{11} (M^2_3 )_{12} (M^2_3 )_{21} (M^2_3 )_{22} ) . (A.5)

With the above notation, the Higgs potential can be rewritten as in Eq. (2.4).

B Yukawa Interactions

In the gauge eigenstate basis, the Yukawa coupling matrices (Y_f )_{ij} and (Y^′_f )_{ij} (f = u, d, e) associated with Φ_k and Φ^′_k (k = 1 for f = d, e and k = 2 for f = u) are given as

(Y_u)_{ij} =(U_+)^∗_{11}(Ŷ_u)_{ij} + (U_+)^∗_{12}(Ŷ^′_u)_{ij} , (Y_d)_{ij} = (U_−)^∗_{11}(Ŷ_d)_{ij} + (U_−)^∗_{12}(Ŷ^′_d )_{ij} , (Y_e)_{ij} =(U_−)^∗_{11}(Ŷ_e)_{ij} + (U_−)^∗_{12}(Ŷ^′_e )_{ij} , (Y^′_u)_{ij} =(U_+)^∗_{21}(Ŷ_u)_{ij} + (U_+)^∗_{22}(Ŷ^′_u)_{ij} , (Y^′_d )_{ij} = (U_−)^∗_{21}(Ŷ_d)_{ij} + (U_−)^∗_{22}(Ŷ^′_d )_{ij} , (Y^′_e )_{ij} =(U_−)^∗_{21}(Ŷ_e)_{ij} + (U_−)^∗_{22}(Ŷ^′_e )_{ij} . (B.1)

The formulae here are given in the basis where Y_u and Y_d are diagonal, i.e.,

(Y_u)_{ij} = √ 2m_{ui} v sin β δ_{ij} , (Y_d)_{ij} = √ 2m_{di} v cos β

V^∗_{ji} , (Y_e)_{ij} = √ 2m_{ei} v cos β δ_{ij} , (B.2)

– 19 – where m_{ui} , m_{di} and m_{ei} are the masses of up-type quarks, down-type quarks, and the charged leptons, respectively, and V_{ij} is the Cabbibo-Kobayashi-Maskawa matrix. The fields f_{Ri} and f_{Li} (f = u, d, e) denote the mass eigenstates, and the left-handed component of the quark mass eigenstates are embedded into the SU(2) doublets as q_{Li} = ( u_{Li} V_{ij} d_{Lj} . ) (B.3)

From the superpotential given in Eq. (2.1), the Yukawa interactions between the matter fields and the neutral Higgs scalar fields are read as follows: L = − ( m_{ui} δ_{ij} vs_β (O_H )_{2α} +

(Y^′_u)_{ij} √ 2 (O_H )_{4α} ) ū_{Ri}u_{Lj}φ^{even}_α − ( m_{di} δ_{ij} vc_β (O_H )_{1α} +

(Ỹ^′_d )_{ij} √ 2 (O_H )_{3α} ) d̄_{Ri}d_{Lj} φ^{even}_α

− ( m_{ei} δ_{ij} vc_β (O_H )_{1α} +

(Y^′_e )_{ij} √ 2 (O_H )_{3α} ) ē_{Ri}e_{Lj} φ^{even}_α − i ( m_{ui} δ_{ij} v ( cot β(Ō_A)_{2α} − (Ō_A)_{1α} ) + (Y^′_u)_{ij} √ 2 (Ō_A)_{4α} ) ū_{Ri}u_{Lj}φ^{odd}_α − i ( m_{di} δ_{ij} v ( tan β(Ō_A)_{2α} + (Ō_A)_{1α} ) + (Ỹ^′_d)_{ij} √ 2 (Ō_H )_{3α} ) d̄_{Ri}d_{Lj} φ^{odd}_α

− i ( m_{ei} δ_{ij} v ( tan β(Ō_A)_{2α} + (Ō_A)_{1α} ) + (Y^′_e )_{ij} √ 2 (Ō_A)_{3α} ) ē_{Ri}e_{Lj}φ^{odd}_α + h.c. , (B.4)

where we parameterize the extra down-type Yukawa couplings as (Y^′_d )_{ij} = (Ỹ^′_d)_{ik}V_{jk}, CPeven and CP-odd Higgs scalar bosons are written as φ^{even}_α = (H, h, H^′_1, H^′_2) and φ^{odd}_α = (z^0, A, A_1, A_2) with z^0 denoting a Nambu-Goldstone mode, and the mixing matrix O_H and Ō_A are defined as

O^T_H M^2_H O_H = m^2_H 0 0 0 0 m^2_h 0 0 0 0 m^2_H′_1 0 0 0 0 m^2_H′_2

, Ō^T_AM̄^2_AŌ_A =

0 0 0 0 0 m^2_A 0 0 0 0 m^2_{A1} 0 0 0 0 m^2_{A2}

, (B.5)

with (Ō_A)_{1α} = (Ō_A)_{α1} = δ_{1α}.

For the Yukawa interactions with a charged scalar fields, they are found as L = (√ 2m_{ui} δ_{ik} v ( cot β(Ō_±)_{2α} − (Ō_±)_{1α} ) + (Y^′_u)_{ik}(Ō_±)_{4α} ) V_{kj}ū_{Ri}d_{Lj}φ^+_α

+ (√ 2m_{dk} δ_{kj} v ( tan β(Ō_±)_{2α} + (Ō_±)_{1α} ) + (Ỹ^{′∗}_d )_{jk}(Ō_±)_{3α} ) V_{ik}ū_{Li}d_{Rj} φ^+_α

+ (√ 2m_{ej} δ_{ij} v ( tan β(Ō_±)_{2α} + (Ō_±)_{1α} ) + (Y^{′∗}_e )_{ji}(Ō_±)_{3α} ) ν̄_{Li}d_{Rj} φ^+_α + h.c. , (B.6)

– 20 – where the charged scalar bosons are written as φ^+_α = (w^+, H^+, H^+_1 , H^+_2 ) with w^+ being a Nambu-Goldstone boson, and the mixing matrix Ō_± is defined as

Ō^T_±M̄^2_{H±}Ō_± =

0 0 0 0 0 m^2_{H±} 0 0 0 0 m^2_{H±1} 0 0 0 0 m^2_{H±2}

, (B.7)

with (Ō_±)_{1α} = (Ō_±)_{α1} = δ_{1α}.

In the decoupling region m_A/M ≪ 1, the Yukawa interactions with the MSSM Higgs bosons are given as L = − { m_{ui} δ_{ij} v (sin(β − α_{eff}) + R cot β cos(β − α_{eff})) − (Y^′_u)_{ij} √ 2 |k|R r cos(β − α_{eff}) + O ( m^2_A M^2 )} ū_{Ri}u_{Lj} h − { m_{di} δ_{ij} v (sin(β − α_{eff}) − R tan β cos(β − α_{eff})) − (Ỹ^′_d)_{ij} √ 2 |k^′|R cos(β − α_{eff}) + O ( m^2_A M^2 )} d̄_{Ri}d_{Lj} h

− { m_{ei} δ_{ij} v (sin(β − α_{eff}) − R tan β cos(β − α_{eff})) − (Y^′_e )_{ij} √ 2 |k^′|R cos(β − α_{eff}) + O ( m^2_A M^2 )} ē_{Ri}e_{Lj} h − { m_{ui} δ_{ij} v (cos(β − α_{eff}) − R cot β sin(β − α_{eff})) + (Y^′_u)_{ij} √ 2 |k|R r sin(β − α_{eff}) + O ( m^2_A M^2 )} ū_{Ri}u_{Lj} H − { m_{di} δ_{ij} v (cos(β − α_{eff}) + R tan β sin(β − α_{eff})) + (Ỹ^′_d)_{ij} √ 2 |k^′|R sin(β − α_{eff}) + O ( m^2_A M^2 )} d̄_{Ri}d_{Lj} H

− { m_{ei} δ_{ij} v (cos(β − α_{eff}) + R tan β sin(β − α_{eff})) + (Y^′_e )_{ij} √ 2 |k^′|R sin(β − α_{eff}) + O ( m^2_A M^2 )} ē_{Ri}e_{Lj} H − i { m_{ui} δ_{ij} v R cot β − (Y^′_u)_{ij} √ 2 |k|R r + O ( m^2_A M^2 )} ū_{Ri}u_{Lj}A − i { m_{di} δ_{ij} v R tan β +

(Ỹ^′_d)_{ij} √ 2 |k^′|R + O ( m^2_A M^2 )} d̄_{Ri}d_{Lj}A

− i { m_{ei} δ_{ij} v R tan β +

(Y^′_e )_{ij} √ 2 |k^′|R + O ( m^2_A M^2 )} ē_{Ri}e_{Lj} A

– 21 –

+ {√ 2m_{ui} δ_{ik} v R cot β − (Y^′_u)_{ik} |k|R r } V_{kj}ū_{Ri}d_{Lj} H^+

+ {√ 2m_{di} δ_{ik} v R tan β + (Ỹ^′_d )_{ik}|k^′|R } V_{kj}ū_{Li}d_{Rj} H^+

+ {√ 2m_{ei} δ_{ij} v R tan β + (Y^′_e )_{ij} |k^′|R } ν̄_{Li}e_{Rj} H^+ + h.c. . (B.8)

In the SM limit where both M and m_A are enough heavy compared to m_Z , the contributions from Y^′_f disappear. On the other hand, effects of extra Yukawa contribution can remain in the Yukawa couplings with H, A, and H^± as quasi-nondecoupling effects, even if M is much larger than m_A. In general, Y^′_f has non-trivial flavor structure and the flavor changing processes are enhanced a lot, if there are off-diagonal elements in (Y_u)_{ij} , (Ỹ_d)_{ij} and (Y_e)_{ij} . In order to suppress a dangerous contributions to the flavor changing processes, some mechanism to forbid such the off-diagonal elements is necessary unless m_A is very large. Discrete symmetries such as Z_2 symmetry are often considered. The way of the Z_2 parity assignment are discussed in Sec. II, and the possible types are listed in Table 1. It is interesting to study how the extra Yukawa interaction contribute to flavor measurements in these types of Yukawa interaction in the 4HDSSM. Further discussions on flavor physics are given elsewhere [35].

References

[1] S. Weinberg, Phys. Rev. D13, 974-996 (1976); Phys. Rev. D19, 1277-1280 (1979);

E. Gildener, Phys. Rev. D14, 1667 (1976); L. Susskind, Phys. Rev. D20, 2619-2625 (1979); G. ’t Hooft, “in Recent developments in gauge theories”, Proceedings of the NATO Advanced Summer Institute, Cargese 1979, (Plenum, 1980).

[2] A. Salam, J. A. Strathdee, Phys. Rev. D11, 1521-1535 (1975); M. T. Grisaru, W. Siegel, M. Rocek, Nucl. Phys. B159, 429 (1979).

[3] H. Goldberg, Phys. Rev. Lett. 50, 1419 (1983); J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos, K. A. Olive, M. Srednicki, Nucl. Phys. B238, 453-476 (1984).

[4] P. Minkowski, Phys. Lett. B 67 (1977) 421; M. Gell-Mann, P. Ramond, and R. Slansky in Supergravity, p. 315, edited by F. Nieuwenhuizen and D. Friedman, North Holland, Amsterdam, 1979; T. Yanagida, Proc. of the Workshop on Unified Theories and the Baryon Number of the Uni verse, edited by O. Sawada and A. Sugamoto, KEK, Japan 1979; Prog. Theor. Phys. 64 (1980) 1103; S. L. Glashow, in Proc. of the Cargése Summer Institute on Quarks and Leptons, Cargése, July 9-29, 1979, eds. M. Lévy et al. , (Plenum, 1980, New York), p707; R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, (1980) 912.

[5] J. Schechter and J. W. F. Valle, Phys. Rev. D 22 (1980) 2227; T. P. Cheng and L. F. Li, Phys. Rev. D 22 (1980) 2860; M. Magg and C. Wetterich, Phys. Lett. B 94 (1980) 61; C. Wetterich, Nucl. Phys. B 187 (1981) 343; G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B 181 (1981) 287; R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 23 (1981) 165.

[6] R. Foot, H. Lew, X. G. He and G. C. Joshi, Z. Phys. C 44 (1989) 441; E. Ma, Phys. Rev.

Lett. 81 (1998) 1171.

– 22 –

[7] A. Zee, Phys. Lett. B 93 (1980) 389 [Erratum-ibid. B 95 (1980) 461]; Phys. Lett. B 161 (1985) 141; Nucl. Phys. B 264 (1986) 99; K. S. Babu, Phys. Lett. B 203 (1988) 132.; L. M. Krauss, S. Nasri and M. Trodden, Phys. Rev. D 67 (2003) 085002; E. Ma, Phys. Rev. D 73 (2006) 077301; M. Aoki, S. Kanemura and O. Seto, Phys. Rev. Lett. 102 (2009) 051805.

[8] E. Ma, Annales Fond. Broglie 31, 285 (2006); M. Aoki, S. Kanemura, T. Shindou, K. Yagyu, JHEP 1007, 084 (2010).

[9] I. Affleck, M. Dine, Nucl. Phys. B249, 361 (1985).

[10] M. Fukugita, T. Yanagida, Phys. Lett. B174, 45 (1986).

[11] V. A. Kuzmin, V. A. Rubakov, M. E. Shaposhnikov, Phys. Lett. B155, 36 (1985);

A. G. Cohen, D. B. Kaplan, A. E. Nelson, Nucl. Phys. B349, 727-742 (1991); Ann. Rev. Nucl. Part. Sci. 43 (1993) 27; M. Quiros, Helv. Phys. Acta 67 (1994) 451; V. A. Rubakov and M. E. Shaposhnikov, Usp. Fiz. Nauk 166 (1996) 493 [Phys. Usp. 39 (1996) 461].

[12] Y. Okada, M. Yamaguchi, T. Yanagida, Prog. Theor. Phys. 85, 1-6 (1991); J. R. Ellis, G. Ridolfi, F. Zwirner, Phys. Lett. B257, 83-91 (1991); H. E. Haber, R. Hempfling, Phys. Rev. Lett. 66, 1815-1818 (1991).

[13] P. H. Chankowski, S. Pokorski and J. Rosiek, Phys. Lett. B 274, 191 (1992); A. Brignole, Phys. Lett. B 281, 284 (1992); D. M. Pierce, J. A. Bagger, K. T. Matchev and R. j. Zhang, Nucl. Phys. B 491, 3 (1997).

[14] A. Dabelstein, Z. Phys. C 67, 495 (1995); Nucl. Phys. B 456, 25 (1995).

[15] R. Barate et al. [LEP Working Group for Higgs boson searches and ALEPH and DELPHI and L3 and OPAL Collaborations], Phys. Lett. B565, 61-75 (2003).

[16] M. Drees and M. M. Nojiri, Phys. Rev. D 45, 2482 (1992); M. S. Carena, J. R. Espinosa, M. Quiros, C. E. M. Wagner, Phys. Lett. B355, 209-221 (1995); M. S. Carena, M. Quiros, C. E. M. Wagner, Nucl. Phys. B461, 407-436 (1996); H. E. Haber, R. Hempfling, A. H. Hoang, Z. Phys. C75, 539-554 (1997).

[17] R. Hempfling and A. H. Hoang, Phys. Lett. B 331, 99 (1994); S. Heinemeyer, W. Hollik and G. Weiglein, Phys. Rev. D 58, 091701 (1998); Eur. Phys. J. C9, 343-366 (1999); J. R. Espinosa, R. -J. Zhang, Nucl. Phys. B586, 3-38 (2000); G. Degrassi, P. Slavich, F. Zwirner, Nucl. Phys. B611, 403-422 (2001); A. Brignole, G. Degrassi, P. Slavich, F. Zwirner, Nucl. Phys. B643, 79-92 (2002); Nucl. Phys. B631, 195-218 (2002); S. Heinemeyer, W. Hollik, H. Rzehak and G. Weiglein, Eur. Phys. J. C 39, 465 (2005).

[18] S. P. Martin, Phys. Rev. D 75, 055005 (2007); R. V. Harlander, P. Kant, L. Mihaila and M. Steinhauser, Phys. Rev. Lett. 100, 191602 (2008) [Phys. Rev. Lett. 101, 039901 (2008)]; P. Kant, R. V. Harlander, L. Mihaila and M. Steinhauser, JHEP 1008, 104 (2010).

[19] T. Moroi and Y. Okada, Phys. Lett. B 295 73 (1992); U. Ellwanger, Phys. Lett. B 303, 271 (1993); G. L. Kane, C. F. Kolda and J. D. Wells, Phys. Rev. Lett. 70, 2686 (1993).

[20] U. Ellwanger, C. Hugonie and A. M. Teixeira, Phys. Rept. 496, 1 (2010).

[21] J. R. Espinosa, M. Quiros, Nucl. Phys. B384, 113-146 (1992); Phys. Lett. B279, 92-97 (1992); O. Felix-Beltran, Int. J. Mod. Phys. A17, 465-486 (2002); J. L. Diaz-Cruz, J. Hernandez-Sanchez, S. Moretti, A. Rosado, Phys. Rev. D77, 035007 (2008); S. Di Chiara, K. Hsieh, Phys. Rev. D78, 055016 (2008).

[22] S. Kanemura, T. Shindou, K. Yagyu, Phys. Lett. B699, 258-263 (2011).

– 23 –

[23] R. Barbieri, E. Bertuzzo, M. Farina, P. Lodone, D. Pappadopulo, JHEP 1008, 024 (2010). [24] P. Batra, A. Delgado, D. E. Kaplan, T. M. P. Tait, JHEP 0402, 043 (2004); P. Batra, A. Delgado, D. E. Kaplan, T. M. P. Tait, JHEP 0406, 032 (2004); A. Maloney, A. Pierce, J. G. Wacker, JHEP 0606, 034 (2006).

[25] T. Appelquist, J. Carazzone, Phys. Rev. D11, 2856 (1975). [26] R. S. Gupta and J. D. Wells, Phys. Rev. D 81, 055012 (2010). [27] S. L. Glashow and S. Weinberg, Phys. Rev. D 15, 1958 (1977). [28] G. Marshall, M. Sher, Phys. Rev. D83, 015005 (2011).

[29] V. D. Barger, J. L. Hewett, R. J. N. Phillips, Phys. Rev. D41, 3421 (1990). [30] Y. Grossman, Nucl. Phys. B426, 355-384 (1994).

[31] M. Aoki, S. Kanemura, K. Tsumura, K. Yagyu, Phys. Rev. D80, 015017 (2009); S. Su, B. Thomas, Phys. Rev. D79, 095014 (2009); H. E. Logan, D. MacLennan, Phys. Rev. D79, 115022 (2009).

[32] T. P. Cheng and M. Sher, Phys. Rev. D 35, 3484 (1987); A. Pich and P. Tuzon, Phys. Rev. D 80, 091702 (2009).

[33] We note that there is also a possibility that extra doublet fields do not have VEVs by imposing an exact (unbroken) discrete Z_2 symmetry [34].

[34] R. Barbieri, L. J. Hall, V. S. Rychkov, Phys. Rev. D74, 015007 (2006); E. Ma, Phys. Rev.

D73, 077301 (2006); J. Kubo, E. Ma, D. Suematsu, Phys. Lett. B642, 18-23 (2006). [35] M. Aoki, S. Kanemura, T. Shindou and K. Yagyu, work in progress. [36] H. Georgi, D. V. Nanopoulos, Phys. Lett. B82, 95 (1979).

[37] D. C. Kennedy and B. W. Lynn, Nucl. Phys. B 322, 1 (1989); M. E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990), Phys. Rev. D 46, 381 (1992); G. Altarelli and R. Barbieri, Phys. Lett. B 253, 161 (1991).

[38] J. R. Ellis, M. K. Gaillard and D. V. Nanopoulos, Nucl. Phys. B 106, 292 (1976);

M. A. Shifman, A. I. Vainshtein, M. B. Voloshin and V. I. Zakharov, Sov. J. Nucl. Phys. 30, 711 (1979) [Yad. Fiz. 30, 1368 (1979)]; M. B. Gavela, G. Girardi, C. Malleville and P. Sorba, Nucl. Phys. B 193, 257 (1981); G. L. Kane, G. D. Kribs, S. P. Martin and J. D. Wells, Phys. Rev. D 53, 213 (1996); A. Djouadi, V. Driesen, W. Hollik and J. I. Illana, Eur. Phys. J. C 1, 149 (1998).

[39] G. D. Kribs, T. Plehn, M. Spannowsky and T. M. P. Tait, Phys. Rev. D 76, 075016 (2007). [40] S. Kanemura, S. Kiyoura, Y. Okada, E. Senaha and C. P. Yuan, Phys. Lett. B 558, 157 (2003); S. Kanemura, Y. Okada, E. Senaha and C. P. Yuan, Phys. Rev. D 70, 115002 (2004).

[41] S. Kanemura, T. Kubota and E. Takasugi, Phys. Lett. B 313, 155 (1993); A. G. Akeroyd, A. Arhrib and E. M. Naimi, Phys. Lett. B 490, 119 (2000); I. F. Ginzburg and I. P. Ivanov, Phys. Rev. D 72, 115010 (2005).

[42] S. Kanemura, Y. Okada and E. Senaha, Phys. Lett. B 606, 361 (2005). [43] M. S. Carena, M. Quiros and C. E. M. Wagner, Phys. Lett. B 380, 81 (1996); D. Delepine, J. M. Gerard, R. Gonzalez Felipe and J. Weyers, Phys. Lett. B 386, 183 (1996); P. Huet and A. E. Nelson, Phys. Rev. D 53, 4578 (1996); B. de Carlos and J. R. Espinosa, Nucl. Phys. B 503, 24 (1997); M. S. Carena, M. Quiros, A. Riotto, I. Vilja and C. E. M. Wagner, Nucl.

– 24 –

Phys. B 503, 387 (1997).

[44] M. Joyce, T. Prokopec and N. Turok, Phys. Rev. D 53, 2930 (1996); Phys. Rev. D 53, 2958 (1996); J. M. Cline, K. Kainulainen and A. P. Vischer, Phys. Rev. D 54, 2451 (1996); J. M. Cline and P. A. Lemieux, Phys. Rev. D 55, 3873 (1997); L. Fromme, S. J. Huber and M. Seniuch, JHEP 0611, 038 (2006).

[45] B. W. Lee, C. Quigg, H. B. Thacker, Phys. Rev. D16, 1519 (1977). [46] N. Cabibbo, L. Maiani, G. Parisi, R. Petronzio, Nucl. Phys. B158, 295-305 (1979);

M. I. Vysotsky, Phys. Lett. B 97, 159 (1980); M. Lindner, Z. Phys. C 31, 295 (1986). [47] S. Kanemura and C. P. Yuan, Phys. Lett. B 530, 188 (2002); Q. H. Cao, S. Kanemura and C. P. Yuan, Phys. Rev. D 69, 075008 (2004).

[48] For example, see: K. A. Assamagan and Y. Coadou, Acta Phys. Polon. B 33, 1347 (2002). [49] A. Djouadi, Phys. Rept. 459, 1 (2008).

[50] F. Gianotti and M. Pepe-Altarelli, Nucl. Phys. Proc. Suppl. 89, 177 (2000). [51] P. Garcia-Abia and W. Lohmann, Eur. Phys. J. direct C 2, 2 (2000); P. Garcia-Abia, W. Lohmann and A. Raspereza, Eur. Phys. J. C 44, 481 (2005).

– 25 –

Figure 5. The values of m_H± ,m_h,m_H and sin^2(β − α_{eff} ) in the 4HDSSM and the MSSM as a function of m_A for k = 1.0, 2.0 and 5.0. The soft-SUSY-breaking scale of the MSSM is set to be 1 TeV (solid curves) and 2 TeV (dotted curves). The trilinear soft-breaking parameters A_t and A_b as well as the μ parameter are taken to be zero. The other parameters are takes as M = 500 GeV, r = 1, θ̄ = 0 and k^′ = 0. Figures in the left column are for tan β = 3 and those in the right are for tan β = 10.

– 26 –