arXiv:hep-ph/0104144 v2 17 Jan 2002

Charged Higgs boson in the next-to-minimal supersymmetric standard model with explicit CP violation

S.W. Ham^{(1)}, J. Kim^{(1)}, S.K. Oh^{(2)}, and D. Son^{(1)}

(1) Center for High Energy Physics, Kyungpook National University Taegu 702-701, Korea (2) Department of Physics, Konkuk University, Seoul 143-701, Korea

Abstract

The phenomenology of the explicit CP violation in the Higgs sector of the next-to-minimal supersymmetric standard model (NMSSM) is investigated, with emphasis on the charged Higgs boson. The radiative corrections due to both quarks and scalar-quarks of the third generation are taken into account, and the negative result of the search for the Higgs bosons at CERN LEP2, with the discovery limit of 0.1 pb, is imposed as a constraint. It is found that there are parameter regions of the NMSSM where the lightest neutral Higgs boson may even be massless, without being detected at LEP2. This implies that the LEP2 data do not contradict the existence of a massless neutral Higgs boson in the NMSSM. For the charged Higgs boson, the radiative corrections to its mass may be negative in some parameter regions of the NMSSM. The phenomenological lower bound on the radiatively corrected mass of the charged Higgs boson is increased as the CP violation becomes maximal, i.e., as the CP violating phase becomes π/2. At the maximal CP violation, its lower bound is about 110 GeV for 5 ⩽ tan β ⩽ 40. The vacuum expectation value (VEV) of the neutral Higgs singlet is shown to be no smaller than 16 GeV for any parameter values of the NMSSM with explicit CP violation. This value of the lower limit is found to increase up to about 45 GeV as the ratio (tan β) of the VEVs of the two Higgs doublets decreases to smaller values (∼ 2). The discovery limit of the Higgs boson search at LEP2 is found to cover about a half of the kinematically allowed part of the whole parameter space of the NMSSM, and the portion is roughly stable against the CP violating phase.

I. INTRODUCTION

The violation of CP symmetry has been with us for more than three decades since it was first observed in the neutral kaon system [1]. Within the context of the standard model (SM) [2] the CP violation is accommodated by virtue of a complex phase that exists in the Cabibbo- Kobayashi-Maskawa (CKM) matrix for the charged weak current [3]. The origin of the complex phase has been remained in the standard model unexplained. A number of speculations have been proposed for possible explanations. One of the possibilities is that CP symmetry is violated in the Higgs sector, if there are at least two Higgs doublets [4]. It is known that supersymmetric standard models require at least two Higgs doublets in their Higgs sectors. The two Higgs doublets give separately masses to the up-type quarks and the down-type quarks [5]. If the supersymmetry (SUSY) is exact in the model, where the SM particles and their superparticles have equal masses, CP violation would be absent in its Higgs sector, since certain restrictions from the SUSY are imposed on the Higgs sector. The supersymmetric model cannot however have an exact SUSY since the nature is not supersymmetric at electroweak level. If the SUSY is broken somehow in the model for phenomenological analyses, for example by introduction of the soft SUSY breaking terms, CP violation may arise in the Higgs sector of the supersymmetric standard model.

In the minimal supersymmetric standard model (MSSM), many authors have investigated the possibilities of CP violation either explicitly or spontaneously. It is found that the treelevel Higgs potential of the MSSM is unable to break the CP symmetry in either way. Further investigations at 1-loop level of the MSSM show that the scenario of spontaneous CP violation is experimentally ruled out by the Higgs boson serch at the CERN e^+e^− LEP, because it leads to a very light neutral Higgs boson [6]. However, at the 1-loop level, the scenario of explicit CP violation in the MSSM is found to be viable through the radiatively corrected Higgs potential [7]. Subsequently, a number of investigations have been devoted to the effects of explicit CP violation in the MSSM at 1-loop level to the charged Higgs boson [8] as well as to the neutral ones [9] by considering radiative corrections. It has been expected that at higher level the effect of explicit CP violation in the MSSM may lead to significant modifications to the tree level Higgs couplings to fermions and to gauge bosons.

Meanwhile, the CP symmetry may also be broken if the Higgs sector is extended by introducing at least one Higgs singlet. Then, the next-to-minimal supersymmetric standard model (NMSSM) is the right candidate for CP violation, which is basically different from the MSSM in that it has one extra Higgs singlet. For the spontaneous CP violation, it is well known that the tree-level Higgs potential of the NMSSM cannot provide the ground [10]. The situation is not improved at the 1-loop level by considering radiative corrections, if the top scalar quarks are degenerated in their masses [11]. In the NMSSM Higgs sector, spontaneous CP violation may only be realized by virtue of radiative corrections when the mass splitting effects between the top scalar-quarks are taken into account [12].

At the tree-level, unlike the MSSM, the scenario of explicit CP violation is acceptable by the NMSSM. By assuming the degeneracy of the top scalar-quark masses in the Higgs sector of the NMSSM, it is found that large explicit CP violation may be realized as the vacuum expectation value (VEV) of the neutral Higgs singlet approaches to the electroweak scale [13].

In this paper we investigate the effects of the explicit CP violation on the charged Higgs boson in the NMSSM. We calculate radiative corrections to the masses of both the charged Higgs boson and the neutral ones in the NMSSM due to the quarks and scalar-quarks of the third generation. The 1-loop effective potential which includes the effects of the mass splittings in the scalar-quarks is employed. Assuming the nondegeneracy of the scalar-quark masses of the third generation in the 1-loop effective potential, a CP violating phase occurs from soft SUSY breaking terms, which penetrates into the radiatively corrected masses of the charged Higgs boson as well as of the neutral ones. Phenomenological implications and constraints by those CP violating Higgs masses are investigated over a wide region of the parameter space of the NMSSM, using the production processes of the neutral Higgs boson in e^+e^− collisions. In particular, the results at LEP2 with √ s=200 GeV are used.

Our paper is organized as follows. In the next section, we consider radiative corrections to the Higgs boson mass by using the 1-loop effective potential in explicit CP violation scenario. In the third section, we obtain phenomenological constraints on the charged Higgs boson mass, the VEV of the neutral Higgs singlet, by considering the neutral Higgs production at LEP2. In the last section, conclusions are discussed.

II. HIGGS SECTOR

The Higgs sector of the NMSSM contains two Higgs doublet superfields H^T_1 = (H^0_1 , H^−_1 ), H^T_2 = (H^+_2 , H^0_2 ), and a neutral Higgs singlet superfield N. Ignoring all quark and lepton Yukawa couplings except for those of the third generation quarks, the superpotential of the NMSSM including only terms with dimensionless couplings is written as [14]

W = h_tQH_2t^c_R + h_bQH_1b^c_R + λNH_1H_2 − k 3 N^3 ,

where h_t and h_b are Yukawa coupling constants of the third generation quarks. The parameters λ and k are dimensionless coupling constants. We define that H_1H_2 = H^0_1 H^2_2 − H^−_1 H^+_2 . The SU(2) doublet superfield Q^T = (t_L, b_L) contains the left-handed quarks for the third generation. The SU(2) singlet superfields t^c_R and b^c_R are the charge conjugates of the right-handed quarks for the third generation. A global U(1) Peccei-Quinn symmetry would be explicitly broken by the presence of the cubic term of the Higgs singlet in the superpotential, which leads us to have a massless pseudoscalar Higgs boson at the tree level.

At the tree level the Higgs potential of the model consist of F terms, D terms, and soft terms as

V^0 = V_F + V_D + V_{soft} ,

where

V_F = |λ|^2[(|H_1|^2 + |H_2|^2)|N|^2 + |H_1H_2|^2] + |k|^2|N|^4 − (λk^∗H_1H_2N^{∗2} + H.c.) , V_D = 1 8 (g^2_1 + g^2)(|H_2|^2 − |H_1|^2)^2 , (1)

V_{soft} = m^2_{H1} |H_1|^2 + m^2_{H2} |H_2|^2 + m^2_N |N|^2 − (λA_λH_1H_2N + 1 3 kA_k N^3 + H.c.) ,

with g_1 and g_2 being the U(1) and SU(2) gauge coupling constants, respectively. In the softterms, m^2_{H1} , m^2_{H2} , and m^2_N are the soft SUSY breaking masses. A_λ and A_k are the trilinear soft SUSY breaking parameters with mass dimension. The role of the soft-terms in the Higgs potential is to break SUSY. The F terms come from the part of chiral auxiliary superfield while the D terms come from the part of gauge auxiliary superfield.

In order to consider the explicit CP violation in the Higgs sector, λ, A_λ, k, and A_k are assumed to be complex numbers. Among them, λA_λ and kA_k can be adjusted to be real and positive by redefining the overall phases of the superfields H_1H_2 and N. Then, we are left essentially with one phase: It may be chosen to be the one in λk^∗ = λke^{iϕ}, which allows for explicit CP violation in the tree level Higgs potential of the NMSSM. We assume that the vacuum expectation values (VEVs) of three neutral Higgs fields H^0_1 , H^0_2 , and N are nonvanishing values, both real and positive, so that there is no spontaneous CP violation in the Higgs sector.

The conditions that the Higgs potential becomes minimum at v_1 = ⟨H^0_1 ⟩, v_2 = ⟨H^0_2 ⟩, and x = ⟨N⟩ yield three constraints, which can eliminate the soft SUSY breaking masses m_{H1} , m_{H2} , and m_N from the potential V^0. Note that although the phase ϕ is present in the potential, it disappears from the vacuum after applying the three minimum conditions for the VEVs. Thus, one does not impose a minimum condition on the Higgs potential with respect to the CP violating phase ϕ. At the tree level, in consequence, the Higgs potential contains ϕ, tan β = v_2/v_1, λ, A_λ, k, A_k, and x as free parameters.

The Higgs sector of the NMSSM has ten real degrees of freedom coming from two Higgs doublets and one Higgs singlet. After the electroweak symmetry breakdown takes place, three of the ten components correspond to a neutral Goldstone boson and a pair of charged Goldstone bosons, the other seven correspond to five neutral Higgs bosons and a pair of charged Higgs bosons. Transforming to a unitary gauge, one may express two Higgs doublets and one Higgs singlet as

H_1 = ( v_1 + S_1 + i sin βA sin βC^{+∗} ) , H_2 = ( cos βC^+ v_2 + S_2 + i cos βA ) , N = ( x + X + iY ) , (2)

where S_1, S_2, A, X, and Y are neutral fields and C^+ is the charged field.

If CP symmetry be conserved in the Higgs potential, S_1, S_2, and X would become the CP even scalar Higgs fields whereas A and Y would become the CP odd pseudoscalar Higgs fields. The three orthogonal combinations among A and C^± yield one neutral Goldstone boson and a pair of charged Goldstone bosons; they will eventually be absorbed into the longitudinal component of Z and W gauge bosons, respectively. We take the constraints m^2_W = g^2v^2/2 and m^2_Z = (g^2_1 + g^2)v^2/2 for the electroweak gauge bosons with v = √ v^2_1 + v^2 = 175 GeV.

It has already been observed that the above tree level Higgs potential is significantly affected by radiative corrections due to the quarks and scalar-quarks of the third generation. Thus, we also take into account, in the presence of explicit CP violation, the radiative corrections. We employ here the method of the effective potential. The 1-loop effective potential including radiative corrections due to the quark and scalar-quark of the third generation is given by [15]

V^1 = 3 32π^2 { M^4_{q̃i} ( log M^2_{q̃i} Λ^2 − 3 2 ) − 2M^4_q ( log M^2_q Λ^2 − 3 2 )} , where M^2_{q̃i} (i=1 to 4) are the field dependent scalar-quark masses for the third generation, M^2_q (q = b, t) are the field dependent quark masses for the third generation, and Λ is the renormalization scale in the modified minimal subtraction MS scheme. Note that the scalarquark term is positive in the 1-loop effective potential whereas the quark term is negative. Because of the relative opposite sign between the scalar quarks and the quarks, if masses of the quarks and their corresponding scalar quarks are equal, then there would be no net contribution from the radiative corrections. However, this should not be the case since no light scalar particle with mass comparable to light quarks has been observed: The quarks and scalar-quarks should not have equal masses.

The top quark and bottom quark masses are given as m^2_t = (h_tv_2)^2 from h^2_t (|H^0_2 |^2 + |H^+_2 |^2) and as m^2_b = (h_bv_1)^2 from h^2_b (|H^0_1 |^2 + |H^−_1 |^2) after the electroweak symmetry breakdown, respectively. By taking the basis (t̃_L, t̃^c_R, b̃_L, b̃^c_R) for the scalar-quark mass matrix of the third generation in Lagrangian density, the elements of the 4 × 4 Hermitian matrix, M_{q̃}, are explicitly given as

M_{11} = m^2_Q + h^2_t |H^0_2 |^2 + h^2_b |H^−_1 |^2 , M_{22} = m^2_T + h^2_t |H^0_2 |^2 + h^2_t |H^+_2 |^2 , M_{33} = m^2_Q + h^2_b |H^0_1 |^2 + h^2_t |H^+_2 |^2 , M_{44} = m^2_B + h^2_b |H^0_1 |^2 + h^2_b |H^−_1 |^2 , M_{12} = h_t(λNH^0_1 + A_tH^{0∗}_2 ) , M_{13} = −h^2_t H^{0∗}_2 H^+_2 − h^2_b H^0_1 H^{−∗}_1 , (3) M_{14} = −h_bλNH^+_2 + h_bA_bH^{−∗}_1 , M_{23} = h_tλN^∗H^{−∗}_1 − h_tA_tH^+_2 , M_{24} = h_th_bH^0_2 H^{−∗}_1 + h_th_bH^{0∗}_1 H^+_2 , M_{34} = −h_bλNH^0_2 − h_bA_bH^{0∗}_1 ,

where m^2_Q, m^2_T , and m^2_B are soft SUSY breaking masses and A_q (q = t, b) are the trilinear soft SUSY breaking parameters. In the above expressions, the contribution from the D terms are not included.

In order to accommodate the possibility of explicit CP violation at the 1-loop level, some of the coupling coefficients in the 1-loop effective potential are assumed to be complex. Note first that the complex phases of both h_t and h_b can later be absorbed away; they are thus assumed to be real. Next, we assume that m_T = m_B and A_t = A_b, on the ground that the leading radiative corrections come from the contribution of the top quark and top scalar-quark, although those of the bottom quark and bottom scalar quark for large tan β is not negligible. Accordingly, we may set the phase of A_t to be equal to that of A_b. Consequently, at the 1-loop level, there remains only one relative phase between A_t = A_b and λ. We name it as ϕ_1 = ϕ_λ − ϕ_{Aq} , and assume for simplicity that it is equal to the CP violating phase at tree level: ϕ_1 = ϕ.

The scalar-quark mass matrix for the third generation may conveniently be rewritten into four 2 × 2 block submatrices. Among them, the two off-diagonal block submatrices become zero matrices after the electroweak symmetry breakdown, since they do not contain the neutral Higgs fields. The two diagonal block submatrices may have non-zero mass eigenvalues, by substituting the VEVs for the neutral Higgs fields. Actually, by diagonalizing each of the block submatrices, one can obtain the top scalar-quark masses m^2_{q̃1} and m^2_{q̃2} (m^2_{q̃1} < m^2_{q̃2} ) as

m^2_t + 1 2 (m^2_Q + m^2_T ) ∓ √ 1 4 (m^2_Q − m^2_T )^2 + m^2_t (A^2_t + λ^2x^2 cot^2 β + 2A_tλx cot β cos ϕ) , (4)

and the bottom scalar-quark masses m^2_{q̃3} and m^2_{q̃4} (m^2_{q̃3} < m^2_{q̃4} ) as

m^2_b + 1 2 (m^2_Q + m^2_T ) ∓ √ 1 4 (m^2_Q − m^2_T )^2 + m^2_b (A^2_t + λ^2x^2 tan^2 β + 2A_tλx tan β cos ϕ) . (5)

It is clearly the phase ϕ in the scalar-quark masses that is the possible source of the explicit CP violation. Notice that at the 1-loop level the phase ϕ of the explicit CP violation would be absent as long as the scalar-quarks of the third generation are degenerate in their masses. We assume that the left-handed and the right-handed scalar quark masses are not degenerate.

The full Higgs potential of the NMSSM up to the 1-loop level may be decomposed into the neutral and the charged parts, according to which Higgs fields are involved. Then, the neutral part of the Higgs potential would yield the 5 × 5 mass matrix for the five neutral Higgs bosons, if it is differentiated twice with respect to the corresponding neutral Higgs fields. The charged part would also yield charged Higgs mass.

Let us consider first the 5 × 5 mass matrix for the five neutral Higgs bosons. The elements of the matrix can be expressed, at the basis of (S_1, S_2, A, X, Y ), as

M_{ij} = M^0_{ij} + δM^t_{ij} + δM^b_{ij} (i, j = 1 to 5) , (6)

where M^0_{ij} come from the tree level Higgs potential, δM^t_{ij} from the top quark and top scalarquark contributions, and δM^b_{ij} from the bottom quark and bottom scalar-quark contributions. We calculate them in an explicit manner to obtain the following results. First, the tree level Higgs potential gives

M^0_{11} = (m_Z cos β)^2 + λx(A_λ + kx cos ϕ) tan β , M^0_{22} = (m_Z sin β)^2 + λx(A_λ + kx cos ϕ) cot β , M^0_{33} =

2λx(A_λ + kx cos ϕ) sin 2β , M^0_{44} = (2kx)^2 − kxA_k + λ 2x v^2A_λ sin 2β ,

M^0_{55} = λv^2 2x A_λ sin 2β + 3kxA_k + 2λkv^2 sin 2β cos ϕ ,

M^0_{12} = (λ^2v^2 − 1 2 m^2_Z ) sin 2β − λx(A_λ + kx cos ϕ) , M^0_{13} = 0 , M^0_{14} = 2λ^2xv cos β − λv sin β(A_λ + 2kx cos ϕ) , M^0_{15} = − 3λkvx sin β sin ϕ , M^0_{23} = 0 , M^0_{24} = 2λ^2xv sin β − λv cos β(A_λ + 2kx cos ϕ) , M^0_{25} = − 3λkvx cos β sin ϕ , M^0_{34} = λkvx sin ϕ , M^0_{35} = λv(A_λ − 2kx cos ϕ) , M^0_{45} = 2λkv^2 sin 2β sin ϕ ,

and the contributions of the top quark and top scalar-quark give

δM^t_{11} =

3m^4_t λ^2x^2Δ^2_{t̃1} 8π^2v^2 sin^2 β g(m^2_{t̃1} , m^2_{t̃2} ) (m^2_{t̃2} − m^2_{t̃1} )^2 + 3m^2_t λxA_t cos ϕ 8π^2v^2 sin 2β f(m^2_{t̃1} , m^2_{t̃2} ) ,

δM^t_{22} =

3m^4_t A^2_t Δ^2_{t̃2} 8π^2v^2 sin^2 β g(m^2_{t̃1} , m^2_{t̃2} ) (m^2_{t̃2} − m^2_{t̃1} )^2 + 3m^2_t λxA_t cos ϕ 16π^2v^2 sin^2 β tan β f(m^2_{t̃1} , m^2_{t̃2} ) + 3m^4_t A_tΔ_{t̃2} 4π^2v^2 sin^2 β log(m^2_{t̃2} /m^2_{t̃1} ) (m^2_{t̃2} − m^2_{t̃1} ) + 3m^4_t 8π^2v^2 sin^2 β log ( m^2_{t̃1} m^2_{t̃2} m^4_t ) , δM^t_{33} =

3m^4_t λ^2x^2A^2_t sin^2 ϕ 8π^2v^2 sin^4 β g(m^2_{t̃1} , m^2_{t̃2} ) (m^2_{t̃2} − m^2_{t̃1} )^2 + 3m^2_t λxA_t cos ϕ 16π^2v^2 sin^3 β cos β f(m^2_{t̃1} , m^2_{t̃2} ) , δM^t_{44} =

3m^4_t λ^2Δ^2_{t̃1} 8π^2 tan^2 β g(m^2_{t̃1} , m^2_{t̃2} ) (m^2_{t̃2} − m^2_{t̃1} )^2 + 3m^2_t λA_t cos ϕ 16π^2x tan β f(m^2_{t̃1} , m^2_{t̃2} ) ,

δM^t_{55} =

3m^4_t λ^2A^2_t sin^2 ϕ 8π^2 tan^2 β g(m^2_{t̃1} , m^2_{t̃2} ) (m^2_{t̃2} − m^2_{t̃1} )^2 + 3m^2_t λA_t cos ϕ 16π^2x tan β f(m^2_{t̃1} , m^2_{t̃2} ) ,

δM^t_{12} =

3m^4_t λxA_tΔ_{t̃1} Δ_{t̃2} 8π^2v^2 sin^2 β g(m^2_{t̃1} , m^2_{t̃2} ) (m^2_{t̃2} − m^2_{t̃1} )^2 − 3m^2_t λxA_t cos ϕ 16π^2v^2 sin^2 β f(m^2_{t̃1} , m^2_{t̃2} ) + 3m^4_t λxΔ_{t̃1} 8π^2v^2 sin^2 β log(m^2_{t̃2} /m^2_{t̃1} ) (m^2_{t̃2} − m^2_{t̃1} )

δM^t_{13} = −

3m^4_t λ^2x^2A_t sin ϕΔ_{t̃1} 8π^2v^2 sin^3 β g(m^2_{t̃1} , m^2_{t̃2} ) (m^2_{t̃2} − m^2_{t̃1} )^2 + 3m^2_t λxA_t sin ϕ 16π^2v^2 sin β tan β f(m^2_{t̃1} , m^2_{t̃2} ) ,

δM^t_{14} =

3m^4_t λ^2xΔ^2_{t̃1} 8π^2v sin β tan β g(m^2_{t̃1} , m^2_{t̃2} ) (m^2_{t̃2} − m^2_{t̃1} )^2 − 3m^2_t λ(Δ_{t̃1} + λx cot β) 16π^2v sin β f(m^2_{t̃1} , m^2_{t̃2} ),

δM^t_{15} = −

3m^4_t λ^2xA_t sin ϕΔ_{t̃1} 8π^2v sin β tan β g(m^2_{t̃1} , m^2_{t̃2} ) (m^2_{t̃2} − m^2_{t̃1} )^2 + 3m^2_t λA_t sin ϕ 16π^2v sin β tan β f(m^2_{t̃1} , m^2_{t̃2} ) ,

δM^t_{23} = −

3m^4_t λxA^2_t sin ϕΔ_{t̃2} 8π^2v^2 sin^3 β g(m^2_{t̃1} , m^2_{t̃2} ) (m^2_{t̃2} − m^2_{t̃1} )^2 + 3m^2_t λxA_t sin ϕ 16π^2v^2 sin β f(m^2_{t̃1} , m^2_{t̃2} ) − 3m^4_t λxA_t sin ϕ 8π^2v^2 sin^3 β log(m^2_{t̃2} /m^2_{t̃1} ) (m^2_{t̃2} − m^2_{t̃1} ) , δM^t_{24} =

3m^4_t λA_tΔ_{t̃1} Δ_{t̃2} 8π^2v sin β tan β g(m^2_{t̃1} , m^2_{t̃2} ) (m^2_{t̃2} − m^2_{t̃1} )^2 − 3m^2_t λA_t cos ϕ 16π^2v sin β tan β f(m^2_{t̃1} , m^2_{t̃2} ) + 3m^4_t λΔ_{t̃1} 8π^2v sin β tan β log(m^2_{t̃2} /m^2_{t̃1} ) (m^2_{t̃2} − m^2_{t̃1} ) , δM^t_{25} = −

3m^4_t λA^2_t sin ϕΔ_{t̃2} 8π^2v sin β tan β g(m^2_{t̃1} , m^2_{t̃2} ) (m^2_{t̃2} − m^2_{t̃1} )^2 + 3m^2_t λA_t sin ϕ 16π^2v sin β tan β f(m^2_{t̃1} , m^2_{t̃2} ) − 3m^4_t λA_t sin ϕ 8π^2v sin β tan β log(m^2_{t̃2} /m^2_{t̃1} ) (m^2_{t̃2} − m^2_{t̃1} ) , δM^t_{34} = −

3m^4_t λ^2xA_t sin ϕΔ_{t̃1} 8π^2v sin^2 β tan β g(m^2_{t̃1} , m^2_{t̃2} ) (m^2_{t̃2} − m^2_{t̃1} )^2 + 3m^2_t λA_t sin ϕ 16π^2v sin^2 β f(m^2_{t̃1} , m^2_{t̃2} ) ,

δM^t_{35} =

3m^4_t λ^2xA^2_t sin^2 ϕ 8π^2v sin^2 β tan β g(m^2_{t̃1} , m^2_{t̃2} ) (m^2_{t̃2} − m^2_{t̃1} )^2 + 3m^2_t λA_t cos ϕ 16π^2v sin^2 β f(m^2_{t̃1} , m^2_{t̃2} ) ,

δM^t_{45} = −

3m^4_t λ^2A_t sin ϕΔ_{t̃1} 8π^2 tan^2 β g(m^2_{t̃1} , m^2_{t̃2} ) (m^2_{t̃2} − m^2_{t̃1} )^2

, (7)

and finally the contributions of the bottom quark and bottom scalar-quark give

δM^b_{11} =

3m^4_b A^2_t Δ^2_{b̃2} 8π^2v^2 cos^2 β g(m^2_{b̃1} , m^2_{b̃2} ) (m^2_{b̃2} − m^2_{b̃1} )^2 + 3m^2_b λxA_t cos ϕ 16π^2v^2 cos^2 β cot β f(m^2_{b̃1} , m^2_{b̃2} )

+ 3m^4_b A_tΔ_{b̃2} 4π^2v^2 cos^2 β log(m^2_{b̃2} /m^2_{b̃1} ) (m^2_{b̃2} − m^2_{b̃1} ) + 3m^4_b 8π^2v^2 cos^2 β log ( m^2_{b̃1} m^2_{b̃2}

m^4_b ) , δM^b_{22} =

3m^4_b λ^2x^2Δ^2_{b̃1} 8π^2v^2 cos^2 β g(m^2_{b̃1} , m^2_{b̃2} ) (m^2_{b̃2} − m^2_{b̃1} )^2 + 3m^2_b λxA_t cos ϕ 8π^2v^2 sin 2β f(m^2_{b̃1} , m^2_{b̃2} ) ,

δM^b_{33} =

3m^4_b λ^2x^2A^2_t sin^2 ϕ 8π^2v^2 cos^4 β g(m^2_{b̃1} , m^2_{b̃2} ) (m^2_{b̃2} − m^2_{b̃1} )^2 + 3m^2_b λxA_t cos ϕ 16π^2v^2 cos^3 β sin β f(m^2_{b̃1} , m^2_{b̃2} ) ,

δM^b_{44} =

3m^4_b λ^2Δ^2_{b̃1} 8π^2 cot^2 β g(m^2_{b̃1} , m^2_{b̃2} ) (m^2_{b̃2} − m^2_{b̃1} )^2 + 3m^2_b λA_t cos ϕ 16π^2x cot β f(m^2_{b̃1} , m^2_{b̃2} ) ,

δM^b_{55} =

3m^4_b λ^2A^2_t sin^2 ϕ 8π^2 cot^2 β g(m^2_{b̃1} , m^2_{b̃2} ) (m^2_{b̃2} − m^2_{b̃1} )^2 + 3m^2_b λA_t cos ϕ 16π^2x cot β f(m^2_{b̃1} , m^2_{b̃2} ) ,

δM^b_{12} =

3m^4_b λxA_tΔ_{b̃1} Δ_{b̃2} 8π^2v^2 cos^2 β g(m^2_{b̃1} , m^2_{b̃2} ) (m^2_{b̃2} − m^2_{b̃1} )^2 − 3m^2_b λxA_t cos ϕ 16π^2v^2 cos^2 β f(m^2_{b̃1} , m^2_{b̃2} ) + 3m^4_b λxΔ_{b̃1} 8π^2v^2 cos^2 β log(m^2_{b̃2} /m^2_{b̃1} ) (m^2_{b̃2} − m^2_{b̃1} )

δM^b_{13} = −

3m^4_b λxA^2_t sin ϕΔ_{b̃2} 8π^2v^2 cos^3 β g(m^2_{b̃1} , m^2_{b̃2} ) (m^2_{b̃2} − m^2_{b̃1} )^2 + 3m^2_b λxA_t sin ϕ 16π^2v^2 cos β f(m^2_{b̃1} , m^2_{b̃2} ) − 3m^4_b λxA_t sin ϕ 8π^2v^2 cos^3 β log(m^2_{b̃2} /m^2_{b̃1} ) (m^2_{b̃2} − m^2_{b̃1} ) ,

δM^b_{14} =

3m^4_b λA_tΔ_{b̃1} Δ_{b̃2} 8π^2v cos β cot β g(m^2_{b̃1} , m^2_{b̃2} ) (m^2_{b̃2} − m^2_{b̃1} )^2 − 3m^2_b λA_t cos ϕ 16π^2v cos β cot β f(m^2_{b̃1} , m^2_{b̃2} ) + 3m^4_b λΔ_{b̃1} 8π^2v cos β cot β log(m^2_{b̃2} /m^2_{b̃1} ) (m^2_{b̃2} − m^2_{b̃1} ) ,

δM^b_{15} = −

3m^4_b λA^2_t sin ϕΔ_{b̃2} 8π^2v cos β cot β g(m^2_{b̃1} , m^2_{b̃2} ) (m^2_{b̃2} − m^2_{b̃1} )^2 + 3m^2_b λA_t sin ϕ 16π^2v cos β cot β f(m^2_{b̃1} , m^2_{b̃2} )

− 3m^4_b λA_t sin ϕ 8π^2v cos β cot β log(m^2_{b̃2} /m^2_{b̃1} ) (m^2_{b̃2} − m^2_{b̃1} ) ,

δM^b_{23} = −

3m^4_b λ^2x^2A_t sin ϕΔ_{b̃1} 8π^2v^2 cos^3 β g(m^2_{b̃1} , m^2_{b̃2} ) (m^2_{b̃2} − m^2_{b̃1} )^2 + 3m^2_b λxA_t sin ϕ 16π^2v^2 cos β cot β f(m^2_{b̃1} , m^2_{b̃2} ) ,

δM^b_{24} =

3m^4_b λ^2xΔ^2_{b̃1} 8π^2v cos β cot β g(m^2_{b̃1} , m^2_{b̃2} ) (m^2_{b̃2} − m^2_{b̃1} )^2 − 3m^2_b λ(Δ_{b̃1} + λx tan β) 16π^2v cos β f(m^2_{b̃1} , m^2_{b̃2} ),

δM^b_{25} = −

3m^4_b λ^2xA_t sin ϕΔ_{b̃1} 8π^2v cos β cot β g(m^2_{b̃1} , m^2_{b̃2} ) (m^2_{b̃2} − m^2_{b̃1} )^2 + 3m^2_b λA_t sin ϕ 16π^2v cos β cot β f(m^2_{b̃1} , m^2_{b̃2} ) ,

δM^b_{34} = −

3m^4_b λ^2xA_t sin ϕΔ_{b̃1} 8π^2v cos^2 β cot β g(m^2_{b̃1} , m^2_{b̃2} ) (m^2_{b̃2} − m^2_{b̃1} )^2 + 3m^2_b λA_t sin ϕ 16π^2v cos^2 β f(m^2_{b̃1} , m^2_{b̃2} ) ,

δM^b_{35} =

3m^4_b λ^2xA^2_t sin^2 ϕ 8π^2v cos^2 β cot β g(m^2_{b̃1} , m^2_{b̃2} ) (m^2_{b̃2} − m^2_{b̃1} )^2 + 3m^2_b λA_t cos ϕ 16π^2v cos^2 β f(m^2_{b̃1} , m^2_{b̃2} ) , δM^b_{45} = −

3m^4_b λ^2A_t sin ϕΔ_{b̃1} 8π^2 cot^2 β g(m^2_{b̃1} , m^2_{b̃2} ) (m^2_{b̃2} − m^2_{b̃1} )^2

. (8)

In the above expressions, we have

Δ_{t̃1} = A_t cos ϕ + λx cot β , Δ_{t̃2} = A_t + λx cot β cos ϕ , (9)

in δM^t_{ij} and

Δ_{b̃1} = A_t cos ϕ + λx tan β , Δ_{b̃2} = A_t + λx tan β cos ϕ , (10)

in δM^b_{ij} , and we have the dimensionless functions f and g as

f(m^2_1, m^2) = 1 (m^2 − m^2_1) [ m^2_1 log m^2_1 Λ^2

− m^2 log m^2 Λ^2 ] + 1 ,

g(m^2_1, m^2) = m^2 + m^2_1 m^2_1 − m^2 log m^2 m^2_1

+ 2 . (11)

Note that M^0_{13} and M^0_{23} are zero in M^0_{ij} at the tree level. The former comes from the coupling between S_1 and A in the neutral Higgs potential, whereas the latter from the coupling between S_2 and A. On the other hand, M^0_{15}, M^0_{25}, M^0_{34}, and M^0_{45} are all non-zero. This implies that the scalar-pseudoscalar mixings at tree level may not occur between two Higgs doublets H_1 and H_2. They can only occur either between the Higgs doublets and the singlet or in the cubic term of the Higgs singlet itself. At the 1-loop level, the scalar-pseudoscalar mixings between two Higgs doublets are generated by the radiative corrections due to the quark and scalar quark of the third generation. These scalar-pseudoscalar mixings are eventually responsible for the explicit CP violation in the radiatively corrected Higgs sector of the NMSSM.

Every element of the mass matrix which describes the scalar-pseudoscalar mixings among the neutral Higgs boson masses are nonzero and proportional to sin ϕ at the 1-loop level. Thus, the CP symmetry would be conserved in the Higgs sector if ϕ is zero [16]. The maximal CP violation occurs when sin ϕ = 1.

The five physical neutral Higgs bosons are defined as the mass eigenstates, obtained by diagonalizing the mass matrix at 1-loop level, by the help of an orthogonal transformation matrix. The elements of the orthogonal transformation matrix, O_{ij} (i, j=1 to 5), determine the couplings of the physical neutral Higgs bosons to the other states in the NMSSM. Let us denote the five physical neutral Higgs bosons as h_i (i=1 to 5). We assume that the mass of h_i is smaller than h_j if i < j.

Note that when the vacuum expectation value (VEV) of the neutral Higgs singlet, x, is very large, one can derive the upper bound on the mass of the lightest neutral Higgs boson at tree level as [17]

(m^0_{h1,max})^2 = m^2_Z + (λ^2v^2 − m^2_Z ) sin^2 2β , (12)

which is expressed in terms of only two parameters of the NMSSM: λ and tan β. None of A_λ, k, A_k, and x does enter in the expression. In particular, m^0_{h1,max} does not contain the CP violating phase ϕ.

At 1-loop level the radiative corrections render the above expression. Assuming both explicit CP violation and large x, the upper bound on the radiatively corrected mass of the lightest neutral Higgs boson is given as

(m^1_{h1,max})^2 = (m^0_{h1} )^2 +

3m^4_t 8π^2v^2

(λx cot βΔ_{t̃1} + A_tΔ_{t̃2} )^2 (m^2_{t̃2} − m^2_{t̃1} )^2 g(m^2_{t̃1} , m^2_{t̃2} ) + 3m^4_t 4π^2v^2

(λx cot βΔ_{t̃1} + A_tΔ_{t̃2} ) (m^2_{t̃2} − m^2_{t̃1} ) log ( m^2_{t̃2} m^2_{t̃1} ) + 3m^4_t 8π^2v^2 log( m^2_{t̃1} m^2_{t̃2} m^4_t ) + 3m^4_b 8π^2v^2

(λx tan βΔ_{b̃1} + A_tΔ_{b̃2} )^2 (m^2_{b̃2} − m^2_{b̃1} )^2 g(m^2_{b̃1} , m^2_{b̃2} )

+ 3m^4_b 4π^2v^2

(λx tan βΔ_{b̃1} + A_tΔ_{b̃2} ) (m^2_{b̃2} − m^2_{b̃1} ) log ( m^2_{b̃2}

m^2_{b̃1} ) + 3m^4_b 8π^2v^2 log( m^2_{b̃1} m^2_{b̃2}

m^4_b

) . (13)

Note here that the upper bound is independent of the renormalization scale Λ. If ϕ = 0, there would be no CP violation, and taking cos ϕ = 1 in the above expression for m^1_{h1,max} would reduce to the one obtained with CP conservation. It is clear that the upper bound on the lightest neutral Higgs boson mass decreases as the CP violating phase ϕ goes from 0 to π.

We focus on the charged Higgs sector. In the NMSSM the CP violation cannot occur in an explicit manner in the charged Higgs sector because the pair of charged Higgs bosons are CP even. In a unitary gauge, the charged Higgs boson mass is obtained by differentiating the Higgs potential twice with respect to the charged Higgs field. At the tree level the charged Higgs boson mass in the NMSSM is given as

(m^0_C )^2 = m^2_W − λ^2v^2 + λ(A_λ + kx cos ϕ) x(1 + tan^2 β) tan β

. (14)

One can find that the relative sizes of the second and the third term would make m^0_C at the tree level either heavier or lighter than the W boson. Note that the dependence of m^0_C on the CP violating phase ϕ. If A_λ be of the order of 1 TeV, m^0_C would depend weakly on ϕ, and if A_λ be as small as O(0.1 TeV), it would strongly depend on ϕ. Moreover, unlike the neutral Higgs sector, the charged Higgs boson mass at the tree level depends on all the six parameters: tan β, λ, A_λ, k, x, and ϕ. The dependence of m^0_C on λ is not clearly visible in above expressions. However, it is easy to see that the mass of the charged Higgs boson would increase if any one of tan β (> 1), A_λ, k, x, and cos ϕ increases.

The radiative corrections to the charged Higgs boson mass contain the contributions from the scalar-quark loops which depend on the scalar-quark masses of the third generation. Thus, one has to know the scalar-quark masses in advance. On the other hand, the scalar-quark masses depend on the charged Higgs field: The scalar-quark masses are given as the eigenvalues of a 4 × 4 Hermitian mass matrix M_{t̃} whose elements are coupled to the charged Higgs field. It is difficult to obtain an analytical expression for the scalar-quark masses in terms of the charged Higgs field. One can calculate the first derivative of the squared masses of the scalar quark with respect to the charged Higgs field. By replacing the result with VEVs, one can find a trivial fact. The only nontrivial part of the calculation is the evaluation of the second derivatives of the field dependent scalar-quark masses with respect to the charged Higgs field.

The radiatively corrected mass of the charged Higgs boson is given as follows [18]:

m^2_C = (m^0_C )^2 +

3m^2_t m^2_b 2π^2v^2 sin^2 2β f(m^2_t , m^2_b )

− 3 π^2v^2 sin^4 2β 4∑ i=1 m^2_{q̃i} ( log m^2_{q̃i} Λ^2 − 1 ) Bm^4_{q̃i} + Cm^2_{q̃i} + D ∏ j≠i (m^2_{q̃i} − m^2_{q̃j} )

, (15)

where m^2_{q̃i} are the scalar-quark masses for the third generation. The expressions for B, C, and D are given as

B = B_ϕ + cos β sin β{A_tλx(m^2_b sin^2 β + m^2_t cos^2 β) − m^2_b m^2_t sin 2β} , C = C_ϕ + λ^2x^2(m^4_b sin^4 β + m^4_t cos^4 β) − λxA_tm^2_t (2m^2_b + m^2_Q + m^2_T ) cos^3 β sin β − λxA_tm^2_b (2m^2_t + m^2_Q + m^2_T ) cos β sin^3 β + 2m^2_b m^2_t (m^2_b + m^2_t − 2A^2_t + m^2_Q + m^2_T + λ^2x^2) cos^2 β sin^2 β , D = D_ϕ − λ^2x^2m^4_t (m^2_b + m^2_T ) cos^4 β − λ^2x^2m^4_b (m^2_t + m^2_T ) sin^4 β − λxA_tm^2_t (m^2_b (A^2_t + 2m^2_t + λ^2x^2) − (m^2_b + m^2_Q)(m^2_b + m^2_T )) cos^3 β sin β − λxA_tm^2_b (m^2_t (A^2_t + 2m^2_b + λ^2x^2) − (m^2_t + m^2_Q)(m^2_t + m^2_T )) cos β sin^3 β − m^2_b m^2_t {2m^2_b m^2_t + m^4_T − A^2_t (m^2_b + 4m^2_Q + m^2_t + 2m^2_T ) + (A^2_t + m^2_Q + λ^2x^2)^2 + (m^2_b + m^2_t )(m^2_Q + m^2_T + 2λ^2x^2)} cos^2 β sin^2 β , (16) where

B_ϕ = −A_tλx(m^2_b sin^2 β + m^2_t cos^2 β) sin 2β sin^2 ϕ 2 , C_ϕ = A_t 2 [4m^2_b m^2_t λx + λx(m^2_b + m^2_t )(m^2_Q + m^2_T ) + λx(m^2_t − m^2_b )(m^2_Q + m^2_T ) cos 2β

+ 4A_tm^2_t (3m^2_b + m^2_t + (m^2_t − m^2_b ) cos 2β)(1 + cos ϕ) cos^3 β sin β] sin 2β sin^2 ϕ 2 , D_ϕ = − A_t 8 (2λxm^2_t (2m^2_Qm^2_T − 3A^2_t m^2_b − 2m^4_b ) + 4m^2_b λx{m^2_Q(2m^2_t + m^2_T ) − m^2_t (m^2_t − 2m^2_T + 2λ^2x^2)} + λx{A^2_t m^2_b m^2_t + 4(m^2_b − m^2_t )(3m^2_b m^2_t − m^2_Qm^2_T )} cos 2β + A_tm^2_t {32λxA_tm^2_b cos^4 β sin^2 β cos 2ϕ − 2λxA_tm^2_b cos 4β − λxA_tm^2_b cos 6β + (3m^4_b − 3A^2_t m^2_b + 8m^2_b m^2_Q + 13m^2_b m^2_t + 3m^2_b m^2_T + 5m^2_t m^2_T − 5λ^2x^2m^2_b ) sin 2β + 2[m^2_t (7m^2_b + 3m^2_T ) + m^2_b (4m^2_Q + m^2_T − A^2_t + m^2_b − 3λ^2x^2) + 4{m^2_t (2m^2_b + m^2_T ) + m^2_b (m^2_Q + λ^2x^2)} cos 2β + {m^2_b (A^2_t − λ^2x^2) − (m^2_b − m^2_t )(m^2_b + m^2_T )} cos 4β + 16λxA_tm^2_b cos^3 β sin β] sin 2β cos ϕ + 4(m^2_b m^2_Q + 2m^2_b m^2_t + m^2_t m^2_T + λ^2x^2m^2_b ) sin 4β

+ (A^2_t m^2_b − (m^2_b − m^2_t )(m^2_b + m^2_T ) − λ^2x^2m^2_b ) sin 6β}) sin 2β sin^2 ϕ 2 . (17)

In the formula for the charged Higgs boson mass [Eq. (15)], the second and the third terms represent the radiative corrections: The second term comes from the quark loops of the third generation, and the third one from the scalar-quark loops of the third generation. As mentioned earlier, if the scalar-quark masses are degenerate in the 1-loop effective potential, radiative corrections to the charged Higgs boson mass would vanish and both the second and the third terms would be absent.

III. PHENOMENOLOGICAL ANALYSIS

We consider the neutral Higgs production in e^+e^− collisions in order to investigate the effects of the explicit CP violation in the NMSSM, and to impose phenomenological constraints on the parameter space using the LEP2 data. For the center of mass energy at LEP2, the main contributions to the production cross section for the neutral Higgs boson come from the Higgsstrahlung process and the Higgs-pair production process. The Higgs-strahlung process is

(i) e^+e^− → Z^∗ → Zh_i (i = 1 to 5) ,

where the Z boson that is emitted together with the neutral Higgs boson in the final state is real for the center of mass energy at LEP2. When the next-to-lightest neutral Higgs boson mass is relatively small, the cross section of the Higgs-pair production process is comparable to that of the Higgs-strahlung one. The Higgs-pair production process is

(ii) e^+e^− → Z^∗ → h_ih_j for (i, j = 1 to 5, i ≠ j) .

The relevant couplings for the above two processes are G^2_{ZZhi} = g^2m^2_Z 4 cos^2 θ_W

(cos βO_{i1} + sin βO_{i2})^2 , G^2_{Zhihj} = g^2 4 cos^2 θ_W

[{O_{j3}(cos βO_{i2} − sin βO_{i1}) − O_{i3}(cos βO_{j2} − sin βO_{j1})}^2

+ {O_{i4}O_{j4} + O_{i5}O_{j5}}^2] , (18)

where θ_W is the Weinberg mixing angle, and O_{ij} is the elements of the orthogonal transformation matrix that diagonalizes the mass matrix of the neutral Higgs bosons at 1-loop level. Thus, both couplings include radiative corrections and the effects of explicit CP violation.

For numerical analysis, we input the values of relevant parameters in the NMSSM into our calculations. The masses of top quark [19] and bottom quark are fixed as 175 GeV and 4 GeV, respectively. We assume that the mass of the lighter scalar-quark of the third generation is larger than the top quark mass. Then, we fix the renormalization scale in the effective potential at 500 GeV. We allow the remaining free parameters to vary within the following ranges: 2 ⩽ tan β ⩽ 40, 0 < λ ⩽ 0.87, and 0 < k ⩽ 0.63. We assume that A_λ, A_k , x, m_Q, and m_T may vary between 0 and 1000 GeV, while A_t between 0 and 2000 GeV. The CP violating phase ϕ is assumed to take any value between 0 and π.

With those input values and ranges, we plot the contours of m_{h1} in Fig. 1 as functions of A_λ and A_k , for tan β = 2, λ = 0.12, k = 0.04, x = m_Q = 1000 GeV, and m_T = A_t = 500 GeV. We take the CP violation phase to be ϕ = π/2, the maximal CP violation. In the same figure, the cross section σ_t for scalar Higgs production in e^+e^− collisions at √ s = 200 GeV is also shown, which is the sum of the cross section for Higgs-pair production process and that for Higgs-strahlung process. The hatched regions in the figure are where σ_t is larger than 0.1 pb and where m_{h1} ⩾ 0. If the values of the parameters of the NMSSM are such that they are represented by points in the hatched regions, it is likely that a scalar Higgs boson might be detected at LEP2 with √ s = 200 GeV, if the discovery limit of LEP2 is assumed to be about 0.1 pb. In other words, taking the results of the Higgs search at LEP2 into account, one should exclude the hatched regions in Fig. 1.

On the other hand, the remaining region within the contour of m_{h1} = 0 is where σ_t < 0.1 pb. Therefore, if the parameters take the set of values that are represented by points in that region, a scalar Higgs boson might exist without being detected at LEP2 with √ s=200 GeV.

Consequently, the results of the Higgs search at LEP2 at √ s=200 GeV would not be able to put any constraints on m_{h1} . The LEP2 data does not exclude the possibility of the existence of a massless Higgs boson in the NMSSM with explicit CP violation.

In Fig. 2(a), we plot the charged Higgs mass as function of the CP violation phase in order to see the effects of the explicit CP violation in the NMSSM, for two different values of A_λ: 200 and 400 GeV. The remaining parameters are set as A_k = 50 GeV, tan β = 2, λ = 0.12, k = 0.04, x = m_Q = 1000 GeV, and m_T = A_t = 500 GeV. Those parameter values are consistent with the phenomenological constraints of LEP2 at √ s = 200 GeV. The two solid curves correspond to the tree-level masses of the charged Higgs boson, and the two dashed curves to the radiatively corrected ones. In both case, the upper one for A_λ = 200 GeV and the lower one to A_λ = 400 GeV. We find that the tree-level mass of the charged Higgs boson is roughly stable against the variation of the CP violation phase while the 1-loop level one decreases slightly as as ϕ goes from zero to π. From the figure, it is clearly shown that the radiative corrections to the charged Higgs boson mass are negative for 0 ⩽ ϕ ⩽ π, and that the amount of radiative corrections decrease as the CP violation phase goes from zero to π. Another point to note is that for the whole range of ϕ from 0 to π, the mass of the charged Higgs boson for A_λ = 400 GeV is found to be larger than that for A_λ = 200 GeV. This behavior does not change if the 1-loop contributions are included. Note that similar patterns are exhibited in the MSSM.

In the lower part of the same figure, there are a dotted curve and a dash-dotted one. They are the plots of the radiatively corrected masses of the lightest neutral scalar Higgs boson, m_{h1} , as function of the CP violation phase, for the same set of parameter values. The dotted curve corresponds to m_{h1} for A_λ=200 GeV and the dot-dashed curve for A_λ=400 GeV. Unlike the charged Higgs mass, one can find that there occurs a crossover between the two curves as ϕ moves from zero to π: The mass for A_λ=200 GeV decreases as ϕ increases, whereas the one for A_λ=400 GeV increases as ϕ increases.

We repeat the same calcuations as Fig. 2(a) by changing the value of tan β from 2 to 10. The result is plotted in Fig. 2(b). In both figures, the values of the other parameters are same, and the figure captions are also the same. In Fig. 2(b), one can see that the behavior of the mass of the charged Higgs boson for tan β = 10 is quite similar to the one for tan β = 2, except that the mass of the charged Higgs boson for tan β = 10 is always larger by about 270 GeV than the one for tan β = 2, regardless of the value of ϕ. From Figs. 2(a) and 2(b), we may infer that independently of the value of tan β, the radiative corrections to the charged Higgs boson mass contribute more negatively as the CP violation phase increases.

However, the behavior of m_{h1} for tan β = 10 is different from the one for tan β = 2. As we noted earlier, there is a crossover for tan β = 2 between m_{h1} for A_λ = 200 GeV and the one for A_λ = 400 GeV as ϕ moves from zero to π. For tan β = 10, there occurs no crossover at all between the curves for A_λ = 200 and 400 GeV. Figure 2(b) shows that m_{h1} remains roughly constant as ϕ varies, for tan β = 10.

We perform the calculations repeatedly by changing the values of the relevant parameters to examine if peculiar behaviors might be found. For wide ranges of parameter values, no such peculiarity is found. The detailed numerical results are similiar to the behaviors shown in Figs. 2. In the presence of explicit CP violation, the radiative corrections to the mass of the charged Higgs boson is negative for 0 ⩽ ϕ ⩽ π, whereas those to the mass of the lightest neutral Higgs boson may be either negative or positive contributions, depending on the particular set of parameter values.

We turn to the Higgs production in e^+e^− collisions. We feel that it is worthwhile to investigate whether the LEP2 data at √ s = 200 GeV can put a phenomenological constraint on the values of the NMSSM parameters. In Fig. 3, we plot the lower bounds on x as function of tan β for two different values of ϕ. The solid curve corresponds to ϕ = 0 (no CP violation) and the dashed one to ϕ = π/2 (maximal CP violation). All the other parameters are allowed to vary freely only if they satisfy the condition that σ_t should be less than 0.1 pb, by using a random number generating function.

The lower region of each curve is where the cross section for the Higgs production in e^+e^− collisions at √ s = 200 GeV, σ_t, is larger than 0.1 pb, and thus should be excluded. We can say that x may by no means be smaller than 16 GeV for any set of values for other relevant parameters of the NMSSM, if the LEP2 data at √ s = 200 GeV is taken into account with a discovery limit of 0.1 pb. Thus, 16 GeV is a kind of universal lower bound on x in the NMSSM with explicit CP violation. Figure 3 also tells us that the lower bound on x increases up to as much as 37 GeV as tan β decreases to 10 down from 40. For 5 ⩽ tan β ⩽ 10, note that the lower bound on x for ϕ = 0 is larger than that for ϕ = π/2.

We extend the preceding analysis to other relevant parameters of the NMSSM to see whether the LEP2 data at √ s = 200 GeV can also put similar constraints on them. The procedure begins by generating random numbers for the parameter values, for a fixed value of the CP violating phase. For a partucluar set of parameter values, we calculate the masses of the neutral scalar Higgs bosons and check if the center of mass energy of the e^+e^− collider, √ s, is sufficient to produce the neutral Higgs boson via the aforementioned two processes. If the center of mass energy of the collider is larger than E_T = m_Z + m_{hi} , then the Higgs-strahlung process is viable for the Higgs production. If √ s is still larger than m_{hi} + m_{hj} , the Higgs-pair production process is also allowed.

In this way we select the kinematically accpetable sets of the parameter values from 10^7 points in the parameter space. The selected sets of the parameter values form a subspace within the whole parameter space of the NMSSM, which one may conveniently call as the kinematically accpetable parameter space of the NMSSM. The points in the kinematically acceptable space are further classified according to whether the cross section for the Higgs production they yield is smaller than 0.1 pb or not. If σ_t is smaller than 0.1 pb, we finally choose the points. Otherwise, we discard them. The result is roughly an estimate of the fraction of the kinematically acceptable parameter space which can produce the neutral Higgs bosons without contradicting the LEP2 data at √ s = 200 GeV. We may call this subspace of the kinematically acceptable space as the LEP2-allowed parameter space of the NMSSM.

In order to see the effect of the CP phase ϕ on the result, we repeat the procedure for different values of ϕ, each time by generating 10^7 sets of the parameter values. The results are listed in Table 1. We see that about 44% of the kinematically allowed parameter space should be excluded. Thus, the size of the LEP2-allowed parameter space is approximately one half of the kinematically acceptable parameter space. Although the ratio of the excluded part in the case of the maximal CP violation (ϕ = π/2) is larger than those of other values of ϕ, the excluded fraction over the parameter space does not significantly depend on the CP phase ϕ. In other words, one may say that in the explicit CP violation scenario the data from LEP2 at √ s = 200 GeV can investigate about 44% for the kinematically acceptable NMSSM parameter space.

With the knowledge on the allowed values of the parameters at hand, we proceed to estimate the mass of the charged Higgs boson in more detail. We generate randomly the values of the relevant parameters to select points in the LEP2-allowed space. In this way, 10^7 points are selected. For each point in the LEP2-allowed space, we calculate the mass of the charged Higgs boson, and plot it in the (m_C , x)-plane. The results are shown in Fig. 4(a) for ϕ = 0 (no CP violation), and in Fig. 4(b) for ϕ = π/2 (maximal CP violation). Each figure contains the solid, dashed, dotted, and dot-dashed curves; they correspond to four different values of tan β = 2, 5, 10, and 40.

Those curves are actually the boundaries of the plotted points in the (m_C , x)-plane. Since there are no points plotted in the lower regions of those curves, the curves are clearly the lower bounds on the mass of the charged Higgs boson in the NMSSM. There are no curves for smaller values of x. This is because the smaller x is excluded, as can be seen in Fig. 3, by the condition of σ_t < 0.1 pb, which is the assumed discovery limit for LEP2 at √ s = 200 GeV.

In Fig. 4(a), we find that minimum values of the lower bound on the charged Higgs mass for tan β = 40, 10, and 5 are about 100, 95, and 85 GeV, respectively. If tan β is as small as 2, the minimum of the lower bound on the charged Higgs mass might be almost zero. This implies that the NMSSM may even have a nearly massless charged Higgs boson, without contradicting the LEP2 data, if the relevant parameters have certain values.

The minimum value of the lower bound on m_C seems to increase sharply as tan β increases. In addition, the minimum value for tan β rises rapidly as x increases. For 300 ⩽ x ⩽ 1000 GeV, the charged Higgs boson might not have a mass smaller than about 110 GeV, regardless of the value of tan β. The lower bounds for tan β = 5, 10 and 40 are smaller than that for tan β = 2 in the range of 300 ⩽ x ⩽ 1000 GeV.

The above result is slightly different from, but essentially compatible with, the result of previous analyses [20]. In case of no CP violation, the previous analyses have estimated the lower bound on the charged Higgs boson mass is about 70 GeV. This number has been obtained under the assumption that the values of the relevant parameters are such that the mass difference between top scalar quarks are maximal. We do not assume to impose such constraints on the parameter values. The parameter values are randomly generated within the LEP2-allowed space. Thus, the top scalar quarks may have either maximally different masses or degenerate masses. In this sense, we may say that our result is more general.

In Fig. 4(b), we repeat our analysis by substituting the value of ϕ = 0 by π/2, to investigate the effect of maximal CP violation. Note that, as we assume that at the tree level the CP phase is equal to that at the 1-loop level, the CP violation arise maximally both at the tree level and at the 1-loop level. The behavior of the curves are basically the same as the case of ϕ = 0. we find that minimum values of the lower bound on the charged Higgs mass for 5 ⩽ tan β ⩽ 40 is about 110 GeV, and nearly stable if x is larger than about 100 GeV. The minimum values for ϕ = π/2 are larger than those for ϕ = 0, by about 25, 15, and 5 GeV for tan β = 5, 10, and 40, respectively. These increases may be regarded as the effect of the CP violation.

If tan β is 2, and if x is about 75 GeV, there is a narrow possibility that the charged Higgs might be massless, without contradicting the LEP2 data, even if CP violation is maximal. Then, the minimum value of the lower bound on m_C seems to increase abruptly as tan β increases from 2 upward. For 300 ⩽ x ⩽ 1000 GeV, the charged Higgs boson might not have a mass smaller than about 110 GeV, regardless of the value of tan β.

IV. CONCLUSIONS

In the next-to minimal supersymmetric standard model, we consider the explicit CP violation scenario in its Higgs sector and the subsequent phenomenology. We calculate the masses of both the charged Higgs boson and the neutral ones at 1-loop level, by taking into account the radiative corrections due to the quarks and scalar-quarks of the third generation within the explicit CP violation scenario. The effective potential at the 1-loop level, as well as the one at the tree level, is shown to have the CP violation phase. It would be absent if the top scalar-quarks are degenerate in mass.

In the whole parameter space of the NMSSM we establish a subspace with two constraints. The first constraint is that for the values of the relevant parameters in the subspace it is kinematically possible to produce neutral Higgs bosons, and the second one is that the cross section for their productions does not exceed 0.1 pb. In this way, we establish the LEP2-allowed parameter space of the NMSSM, as we assume the discovery limit of LEP2 at √ s = 200 GeV. The lower bound on x, the VEV of the neutral Higgs singlet, is found to be about 16 GeV. It is shown to increase to 40 GeV as tan β approaches 2.

We find that the LEP2 data do not exclude the possibility of a massless neutral Higgs boson. For the charged Higgs boson, we find that the radiative corrections to its mass are negative. For tan β = 2, we find that for certain values of x the lower bound on the radiatively corrected mass of the charged Higgs boson is as low as zero, whether CP is violated maximally or not at all. The minimum of the lower bound on the charged Higgs boson mass increases as tan β increases.

For larger values of tan β, the minimum value of the lower bound on the charged Higgs boson mass for maximal CP violation is found to be larger than the one for no CP violation. If x takes a value between 300 GeV and 1000 GeV, the lower bound on the mass of the charged Higgs boson in the NMSSM is about 110 GeV, for 2 ⩽ tan β ⩽ 40, whether CP is violated maximally or not at all.

ACKNOWLEDGMENTS

This work was supported by the grant of Post-Doc. Program, Kyungpook National University (2000). This research is partly supported through the Science Research Center Program by the Korea Science and Engineering Foundation.

[1] J.H. Christenson, J.W. Cronin, V.L. Fitch and R. Turlay, Phys. Rev. Lett. 13, 138 (1964).

[2] S. Glashow, Nucl. Phys. 22, 475 (1961); S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967); A.

Salam, in Proceedings of the 8th Nobel Symposium, 367, edited by N. Svartholm (Almquist and Wiksell, Stockholm, 1968).

[3] N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963); M. Kobayashi and T. Maskawa, Prog. Theor.

Phys. 49, 652 (1973).

[4] S. Weinberg, Phys. Rev. Lett. 37, 657 (1976).

[5] H.P. Nilles, Phys. Rep. 110, 1 (1984); J.F. Gunion, H.E. Haber, G.L. Kane, and S. Dawson, The Higgs Hunters’ Guide (Addison-Wesley Redwood City, CA, 1990).

[6] A. Pomarol, Phys. Lett. B 287, 331 (1992); N. Maekawa, ibid. 282, 387 (1992); O. Lebedev, Eur. Phys. J. C 4, 363 (1998).

[7] N. Haba, Phys. Lett. B 398, 305 (1997).

[8] A. Pilaftsis and C.E.M. Wagner, Nucl. Phys. B553, 3 (1999); M. Carena, J. Ellis, A.

Pilaftsis, and C.E.M. Wagner, ibid. B586, 92 (2000); S.W. Ham, S.K. Oh, E.J. Yoo, and H.K. Lee, J. Phys. G 27, 1 (2001); M. Carena, J. Ellis, A. Pilaftsis, and C.E.M. Wagner, Phys. Lett. B 495, 155 (2000).

[9] A. Pilaftsis, Phys. Lett. B 435, 88 (1998); A. Pilaftsis, Phys. Rev. D 58, 096010 (1998);

D.A. Demir, ibid. 60, 055006 (1999); S.Y. Choi, M. Drees, and J.S. Lee, Phys. Lett. B 481, 57 (2000); G.L. Kane and L.T. Wang, ibid. 488, 383 (2000); T. Ibrahim and P. Nath, Phys. Rev. D 63, 035009 (2001).

[10] J.C. Romão, Phys. Lett. B 173, 309 (1986).

[11] K.S. Babu and S.M. Barr, Phys. Rev D 49, R2156 (1994).

[12] N. Haba, M. Matsuda, and M. Tanimoto, Phys. Rev D 54, 6928 (1996); S.W. Ham, S.K.

Oh, and S.H. Song, ibid. 61, 055010 (2000).

[13] M. Matsuda and M. Tanimoto, Phys. Rev D 52, 3100 (1995); N. Haba, Prog. Theor. Phys.

97, 301 (1997).

[14] J. Ellis, J.F. Gunion, H.E. Haber, L. Roszkowski, and F. Zwirner, Phys. Rev. D 39, 844 (1989).

[15] S. Coleman and E. Weinberg, Phys. Rev. D 7, 1888 (1973).

[16] P. Binétruy and C.A. Savoy, Phys. Lett. B 277, 453 (1992); U. Ellwanger and M.R. de Traubenberg, Z. Phys. C 53, 521 (1992); U. Ellwanger, M.R. de Traubenberg, and C.A. Savoy, Phys. Lett. B 315, 331 (1993); U. Ellwanger, ibid. 303, 271 (1993); P.N. Pandita, ibid. 318, 338 (1993); U. Ellwanger and M.L. Linder, ibid. 301, 365 (1993); T. Elliott, S.F. King, and P.L. White, ibid. 305, 71 (1993); T. Elliott, S.F. King, and P.L. White, ibid. 314, 56 (1993); T. Elliott, S.F. King, and P.L. White, Phys. Rev. D 49, 2435 (1994); S.F. King and P.L. White, ibid. 52, 4183 (1995); F. Franke and H. Fraas, Phys. Lett. B 353, 234 (1995); S.W. Ham, S.K. Oh, and B.R. Kim, ibid. 414, 305 (1997); C. Panagiotakopoulos and A. Pilaftsis, ibid. 505, 184 (2001).

[17] M. Drees, Int. J. Mod. Phys. A 4, 3635 (1989).

[18] A. Brignole, J. Ellis, G. Ridolfi, and F. Zwirner, Phys. Lett. B 271, 123 (1991).

[19] CDF Collaboration, F. Abe et al., Phys. Rev. Lett.74, 2626 (1995); D0 Collaboration, S.

Abachi et al., ibid. 74, 2632 (1995); D0 Collaboration, S. Abachi et al., ibid. 79, 1197 (1997); CDF Collaboration, F. Abe et al., ibid. 80, 2767 (1998).

[20] M. Drees, E. Ma, P.N. Pandita, D.P. Roy, S.K. Vempati, Phys. Lett. B 433, 346, (1998).

TABLE CAPTION

TABLE 1: Numerical results of σ_t at √ s = 200 GeV for the parameter space of 0 < tan β ⩽ 40, 0λ ⩽ 0.87, 0 < k ⩽ 0.63, 0 < A_λ, A_k, x, m_Q, m_T ⩽ 1000 GeV, 0 < A_t ⩽ 200 GeV. The number of 10^6 points is kinematically allowed for the above parameter space at √ s = 200 GeV.

ϕ 0 π/4 π/2 3 π/4 σ_t ⩾ 0.1 pb 446668 446004 454740 432038 σ_t < 0.1 pb 553332 553996 545260 567962

FIGURE CAPTION

FIG. 1. : The contours of m_{h1} and σ_t in e^+e^− collisions at √ s = 200 GeV, as functions A_λ and A_k, for ϕ = π/2, tan β = 2, λ = 0.12, k = 0.04, x = m_Q = 1000 GeV, and m_T = A_t = 500 GeV.

FIG. 2. (a) : The parameters are set as A_k = 50 GeV, tan β = 2, λ = 0.12, k = 0.04, x = m_Q = 1000 GeV, and m_T = A_t = 500 GeV. The dotted and dot-dashed curves are for m_{h1} , as a function ϕ, for A_λ = 200 and 400 GeV, respectively. The upper and lower solid (dashed) curves are for m^0_C (m_C ), as a function ϕ, for A_λ = 200 and 400 GeV, respectively.

FIG. 2. (b) : The same as Fig. 2(a), except for tan β = 10.

FIG. 3 : The lower bound on x against tan β under the condition of σ_t < 0.1 pb for ϕ = 0 and ϕ = π/2. In this calculations, the remaining parameters are independently varied for 0 < λ ⩽ 0.87, 0 < k ⩽ 0.63, 0 < A_λ, A_k, m_Q, m_T ⩽ 1000 GeV, and 0 < A_t ⩽ 2000 GeV.

FIG. 4. (a) : The lower bound on m_C under the condition of σ_t < 0.1 pb as a function of x, for tan β = 2 (solid curve), 5 (dashed curve), 10 (dotted curve), and 40 (dot-dashed curve). In this calculation, the remaining parameters are independently varied for the same parameter space as Fig. 3.

FIG. 4. (b) : The same as Fig. 4(a) except for ϕ = π/2.

FIG. 1.: The contours of m_{h1} and σ_t in e^+e^− collisions at √ s = 200 GeV, as functions A_λ and A_k, for ϕ = π/2, tan β = 2, λ = 0.12, k = 0.04, x = m_Q = 1000 GeV, and m_T = A_t = 500 GeV.

FIG. 2. (a): The parameters are set as A_k = 50 GeV, tan β = 2, λ = 0.12, k = 0.04, x = m_Q = 1000 GeV, and m_T = A_t = 500 GeV. The dotted and dot-dashed curves are for m_{h1} , as a function ϕ, for A_λ = 200 and 400 GeV, respectively. The upper and lower solid (dashed) curves are for m^0_C (m_C ), as a function ϕ, for A_λ = 200 and 400 GeV, respectively.

FIG. 2. (b): The same as Fig. 2(a), except for tan β = 10.

FIG. 3.: The lower bound on x against tan β under the condition of σ_t < 0.1 pb for ϕ = 0 and ϕ = π/2. In this calculations, the remaining parameters are independently varied for 0 < λ ⩽ 0.87, 0 < k ⩽ 0.63, 0 < A_λ, A_k, m_Q, m_T ⩽ 1000 GeV, and 0 < A_t ⩽ 2000 GeV.

FIG. 4. (a): The lower bound on m_C under the condition of σ_t < 0.1 pb as a function of x, for tan β = 2 (solid curve), 5 (dashed curve), 10 (dotted curve), and 40 (dot-dashed curve). In this calculation, the remaining parameters are independently varied for the same parameter space as Fig. 3.

FIG. 4. (b): The same as Fig. 4(a) except for ϕ = π/2.