arXiv:hep-ph/0008237 v2 23 Nov 2000

Corrections to the Higgs Boson Masses and Mixings from Chargino, W and Charged Higgs Exchange Loops and Large CP Phases

Tarek Ibrahim^{a,b} and Pran Nath^{b,c}

a. Department of Physics, Faculty of Science, University of Alexandria, Alexandria, Egypt^1 b. Department of Physics, Northeastern University, Boston, MA 02115-5000, USA^2 c. Physikalisches Institut, Universität Bonn, Nussallee 12, D-53115 Bonn, Germany

Abstract One loop contributions to the Higgs boson masses and mixings from the chargino sector consisting of the chargino, the W, and the charged Higgs boson (χ^+ − W − H^+) exchanges and including the effects of large CP violating phases are computed. It is found that the chargino sector makes a large contribution to the mixings of the CP even and the CP odd Higgs sectors through the induced one loop effects and may even dominate the mixing generated by the stop and the sbottom sectors. Effects of the chargino sector contribution to the Higgs boson masses are also computed. It is found that the sum of the χ^+ − W − H^+ exchange contribution lowers the lightest Higgs boson mass and worsens the fine tuning problem implied by the LEP data. Phenomenological implications of these results are discussed.

1: Permanent address of T.I. 2: Permanent address of P.N.

1 Introduction

In the Supersymmetric Standard Model [MSSM][1] the loop corrections to the effective potential[2, 3] make very important contributions to the Higgs masses[4]. Thus in the absence of the loop corrections the lightest Higgs mass satisfies the inequality m_h < M_Z already in contradiction with the current lower limits from LEP. However, with the inclusion of radiative corrections the lightest Higgs mass can be lifted above M_Z . The major correction to the lightest Higgs mass comes from the stop exchange contribution and analyses have been extended to include sbottom exchange, the leading two loop contributions and several other refinements[4]. These refined analyses are then expected to yield Higgs masses accurate to a level of 1-2 GeV. In this paper we give an analysis of the effect of CP violating phases on the Higgs masses including the effects from the exchange of charginos, the W boson, and the charged Higgs. These contributions modify very significantly the mixings between the CP even and the CP odd Higgs sectors from the CP violation effects arising from the stop and sbottom exchange loops. Below we first describe the motivation that leads us to the analysis of the effects of large CP phases in this context.

As is well known in SUSY models with softly broken supersymmetry new sources of CP violation arise from the soft SUSY breaking parameters which are in general complex. The natural size of these phases is large, typically O(1), and an order of magnitude estimate shows that they can lead to the electric dipole moment (edm) of the electron and of the neutron in excess of the current experiment which for the electron is |d_e| < 4.3 × 10^{−27}ecm[5] and for the neutron is |d_n| < 6.3 × 10^{−26}ecm[6]. There are several solutions suggested in the literature to overcome this problem. Thus one possibility suggested early on was that the phases could be small[7] while another possibility is that the emds are suppressed because of the heaviness of the sparticle spectrum that enters in the loops that contribute to the edms[8]. Each of these possibilities is not very attractive. Thus the assumption of small phases constitutes a fine tuning while the assumption that the sparticle spectrum is heavy may put the sparticles even beyond the reach of the Large Hadron Collider (LHC). Another possibility suggested recently seems more encouraging, i.e., that the CP phases have their natural sizes O(1) and the compatibility with the experimental edm constraints occurs because of internal cancellations among the various contributions to the edms[9]. In this scenario one can have a light sparticle spectrum which would be accessible at colliders. This suggestion has been investigated in considerable further detail[10]. We note in passing that in several recent works an assumption has been made in order to overcome the edm problem that the entire CP violating effect in the SUSY sector arises from the phase of the trilinear coupling in the third generation sector. In the absence of a symmetry that would guarantee the vanishing of the CP violating phase of μ, the phases of the gauginos, and the phases in the first two generations such an assumption is equivalent to fine tuning all these phases to zero. It is appropriate to note that the cancellation mechanism also requires an adjustment of phases of currently unknown origin. One hopes that eventually when one learns how supersymmetry breaks in string theory, that such a breaking will determine the phases and pick out the right mechanism of the three listed above, or even something entirely new may come up to solve the edm problem in SUSY theory. In the analysis of this paper we adopt the view that the phases are indeed large and that it is the cancellation mechanism which provides the correct solution.

In the presence of large CP phases the effects of such phases on low energy phenomenon can be very significant and analyses have been carried out to investigate their effects on dark matter, on g_μ −2 and on other low energy processes. One area of special interest to us here where the presence of large CP violating phases have been investigated is the Higgs sector[11]. It was pointed out in Ref.[11] that the presence of CP violating phases in the soft SUSY breaking sector will induce CP violating effects in the Higgs sector allowing a mixing of the CP even and CP odd Higgs sectors. One consequence of this mixing is that the Higgs mass matrix no longer factors into a 2×2 CP even Higgs mass matrix times a CP odd Higgs sector. Consequently the diagonalization of the neutral Higgs mass matrix involves the diagonalization of a 3×3 matrix in MSSM reflecting the mixing between the two CP even and one CP odd Higgs fields. Effects of CP violating phases arising from the exchange of the stops and sbottoms were computed in Ref.[11, 12, 13, 14, 15]. In this work we include also the corrections due to the exchange of the charginos, the W boson, and the charged Higgs. The chargino exchange brings in an additional CP violating phase which is the phase of the SU(2) gaugino mass m̃_2.

To define notation we recall that in mSUGRA[16, 1] the low energy parameters are given by m_0, m 1_2 , A_0, tan β and θ_μ where m_0 is the universal scalar mass, m 1_2 is the universal gaugino mass, A_0 is the universal trilinear coupling, tan β =^{v2}_{v1} is the ratio of the Higgs VEVs, where the VEV of H_2 gives mass to the up quarks and the VEV of H_1 gives mass to the down quarks and the leptons, and θ_μ is the phase of the Higgs mixing parameter μ, where the parameter μ is determined via radiative breaking of the electro-weak symmetry. In mSUGRA there are only two independent CP phases which can be taken to be θ_{μ0} the phase of μ_0 (the value of μ at the GUT Scale) and α_{A0} , the phase of A_0. In this paper, however, we shall carry out the analysis for the more general case of the MSSM. In this case we shall treat the phases α_{At} , α_{Ab} , θ_μ, and the phases ξ_i (i=1,2,3) of the SU(3) × SU(2) × U(1) gaugino masses m̃_i (i=1,2,3) all taken at the electro-weak scale to be independent. In MSSM the Higgs sector at the one loop level is described by the scalar potential[1] V (H_1, H_2) = V_0 + ΔV (1) In our analysis we use the renormalization group improved effective potential where

V_0 = m^2_1|H_1|^2 + m^2|H_2|^2 + (m^2_3H_1.H_2 + H.C.) + (g^2 + g^2_1 ) 8 |H_1|^4 +

(g^2 + g^2_1 ) 8 |H_2|^4 − g^2 2 |H_1.H_2|^2 +

(g^2 − g^2_1 ) 4 |H_1|^2|H_2|^2 (2)

where m^2_1 = m^2_{H1} + |μ|^2, m^2 = m^2_{H2} + |μ|^2, m^2_3 = |μB| and m_{H1,2} and B are the soft SUSY breaking parameters, and ΔV is the one loop correction to the effective potential and is given by[2]

ΔV = 1 64π^2

Str(M^4(H_1, H_2)(log

M^2(H_1, H_2) Q^2 − 3 2 )) (3)

where Str = ∑ i C_i(2J_i + 1)(−1)^{2Ji} where the sum runs over all particles with spin J_i and C_i(2J_i + 1) counts the degrees of freedom of the particle i, and Q is the running scale. In the evaluation of ΔV one should include the contributions of all of the fields that enter in MSSM. This includes the Standard Model fields and their superpartners, the sfermions, the higgsinos and the gauginos[3]. The one loop corrections to the effective potential make significant contributions to the minimization conditions[3].

As observed in Ref.[11] as a consequence of the CP violating effects in the one loop effective potential the Higgs VEVs develop an induced CP violating phase through the minimization of the effective potential. One can parametrize this effect by the CP phase θ_H where

(H_1) = ( H^0_1 H^−_1 ) = 1 √ 2 ( v_1 + ϕ_1 + iψ_1 H^−_1 )

(H_2) = ( H^+_2 H^0_2 ) = e^{iθH} √ 2 ( H^+_2 v_2 + ϕ_2 + iψ_2 ) (4)

The non-vanishing of the phase θ_H can be seen by looking at the minimization of the effective potential. For the present case with the inclusion of CP violating effects the variations with respect to the fields ϕ_1, ϕ_2, ψ_1, ψ_2 give the following − 1 v_1 ( ∂ΔV ∂ϕ_1 )_0 = m^2_1 + g^2 + g^2_1 8 (v^2_1 − v^2) + m^2_3 tan β cos θ_H (5)

− 1 v_2 ( ∂ΔV ∂ϕ_2 )_0 = m^2 − g^2 + g^2_1 8 (v^2_1 − v^2) + m^2_3cotβ cos θ_H (6) 1 v_1 ( ∂ΔV ∂ψ_2 )_0 = m^2_3 sin θ_H = 1 v_2 ( ∂ΔV ∂ψ_1 )_0 (7)

where the subscript 0 means that the quantities are evaluated at the point ϕ_1 = ϕ_2 = ψ_1 = ψ_2 = 0. As noted in Ref.[13] only one of the two equations in Eq.(7) is independent.

2 Chargino,W and charged Higgs contributions

The contribution of the stop and of the sbottom exchange contributions have been discussed at great length in the literature[4]. More recently these analyses have been extended to take account of the CP violating effects arising from the soft SUSY breaking parameters in these sectors[11, 12, 13, 14, 15]. We have reanalysed the stop and sbottom contributions with CP violating effects and these results are listed in Appendix A where we also compare our results with the previous analyses. The main focus of this work, however, is to compute the contributions of the chargino loops to the Higgs masses. The charginos, the W and the charged Higgs boson form a sub-sector as it is the splittings among these particles that leads to a non-vanishing contribution to the one loop effective potential. The one loop correction from this sector is given by

ΔV (χ^+, W, H^+) = 1 64π^2 ( ∑ a=1,2 (−4)M^4_χ+_a (log

M^2_χ+_a Q^2 − 3 2 ) + 6M^4_W (log

M^2_W Q^2 − 3 2 ) +2M^4_H+ log(

M^2_H+ Q^2 − 3 2 )) (8)

The chargino mass matrix is given by

M_C = ( m̃_2 g_2H^0_2 g_2H^0_1 μ ) (9) where μ = |μ|e^{iθμ} and m̃_2 = |m̃_2|e^{iξ2}. For the purposes of the analysis it is more convenient to deal with the matrix M_C M^†_C where

M_C M^†_C =

( |m̃_2|^2 + g^2 |H^0_2 |^2 g_2(m̃_2H^{0�}_1 + μ^∗H^0_2 ) g_2(m̃^∗_2H^0_1 + μH^{0�}_2 ) |μ|^2 + g^2 |H^0_1 |^2 ) (10)

The chargino eigen values are given by

M^2_χ+_{1,2} = 1 2 [|m̃_2|^2 + |μ|^2 + g^2 (|H^0_2 |^2 + |H^0_1 |^2)] ± 1 2 [(|m̃_2|^2 − |μ|^2 + g^2 (|H^0_2 |^2 − |H^0_1 |^2))^2 + 4g^2 |m̃_2H^{0∗}_1 + μ^∗H^0_2 |^2]^{12} (11)

We note that in the supersymmetric limit M_χ+_{1,2} = M_H+ = M_W and the loop correction Eq.(8) vanishes. Further, as we will discuss later the inclusion of the W and the H^+ exchange along with the chargino exchange is also needed to achieve an approximate Q independence of the corrections to the Higgs masses and mixings from this sector. In this sense M_χ+_a , H^+ and W form a sub-sector and that is the reason for considering this set in Eq.(8). With the inclusion of the stop and the sbottom contributions (see Appendix A) and of the chargino contributions one finds that θ_H is determined by the equation

m^2_3 sin θ_H = 1 2 β_{ht} |μ||A_t| sin γ_tf_1(m^2_{t̃1} , m^2_{t̃2} ) + 1 2 β_{hb} |μ||A_b| sin γ_bf_1(m^2_{b̃1} , m^2_{b̃2} ) − g^2 16π^2

|μ||m̃_2| sin γ_2f_1(m^2_{χ̃1} , m^2_{χ̃2} ) (12)

where β_{ht} = 3h^2_t 16π^2 , β_{hb} = 3h^2_b 16π^2

; γ_t = α_{At} + θ_μ, γ_b = α_{Ab} + θ_μ, γ_2 = ξ_2 + θ_μ (13)

and f_1(x, y) is defined by f_1(x, y) = −2 + log xy Q^4 + y + x y − x log y x (14)

To construct the mass squared matrix of the Higgs scalars we need to compute the quantities M^2_{ab} = (

∂^2V ∂Φ_a∂Φ_b )_0 (15)

where Φ_a (a=1-4) are defined by

{Φ_a} = {ϕ_1, ϕ_2, ψ_1, ψ_2} (16) and as already specified the subscript 0 means that we set ϕ_1 = ϕ_2 = ψ_1 = ψ_2 = 0 after the evaluation of the mass matrix. The tree and loop contributions to M^2_{ab} are given by

M^2_{ab} = M^{2(0)}_{ab} + ΔM^2_{ab} (17) where M^{2(0)}_{ab} are the contributions at the tree level and ΔM^2_{ab} are the loop contributions where

ΔM^2_{ab} = 1 32π^2 Str( ∂M^2 ∂Φ_a ∂M^2 ∂Φ_b log M^2 Q^2

+ M^2

∂^2M^2 ∂Φ_a∂Φ_b log M^2 eQ^2 )_0 (18)

where e=2.718. Computation of the 4×4 Higgs mass matrix in the basis of Eq.(16) gives

M^2_Z c^2_β + M^2_As^2_β + Δ_{11} −(M^2_Z + M^2_A)s_βc_β + Δ_{12} Δ_{13}s_β Δ_{13}c_β −(M^2_Z + M^2_A)s_βc_β + Δ_{12} M^2_Z s^2_β + M^2_Ac^2_β + Δ_{22} Δ_{23}s_β Δ_{23}c_β Δ13s_β Δ_{23}s_β (M^2_A + Δ_{33})s^2_β (M^2_A + Δ_{33})s_βc_β Δ_{13}c_β Δ_{23}c_β (M^2_A + Δ_{33})s_βc_β (M^2_A + Δ_{33})c^2_β (19) where (c_β, s_β) = (cos β, sin β). In the above the explicit Q dependence has been absorbed in m^2_A which is given by

m^2_A = (sin β cos β)^{−1}(−m^2_3 cos θ_H + 1 2 β_{ht} |A_t||μ| cos γ_tf_1(m^2_{t̃1} , m^2_{t̃2}) + 1 2 β_{hb} |A_b||μ| cos γ_bf_1(m^2_{b̃1} , m^2_{b̃2} ) + g^2 16π^2

|m̃_2||μ| cos γ_2f_1(m^2_χ+_1 , m^2_χ+_2 )) (20)

The first term in the second brace on the right hand side of Eq.(20) is the tree term, while the second, the third and the fourth terms come from the stop,sbottom and chargino exchange contributions. We give now our computation of the Δ’s. For Δ_{ij} one has Δ_{ij} = Δ_{ijt̃} + Δ_{ij}~_b + Δ_{ijχ}+ (21) where Δ_{ij}~_t is the contribution from the stop exchange in the loops, Δ_{ij}~_b is the contribution from the sbottom exchange in the loops and Δ_{ijχ}+ is the contribution from the chargino sector in the loops. Δ_{ijt̃} and Δ_{ij}~_b are listed in Appendix A. In the analysis of the chargino exchange we shall approximate the chargino eigen values given by Eq.(11) by

M^2_χ+_{1,2} ≃ M^2_W + 1 2 (|m̃_2|^2 + |μ|^2)

±[ 1 4 (|m̃_2|^2 − |μ|^2)^2 − M^2_W cos 2β(|m̃_2|^2 − |μ|^2) + 2M^2_W |m̃_2 cos β + μ^∗ sin β|^2]^{12} (22)

where we have ignored the term of O(M^4_W ) inside the square root. This approximation leads us to achieve an independence on Q of the chargino-W-H^+ exchange correction and is similar to the approximation of dropping the D terms in the squark masses in the stop exchange correction (see Appendix A). Below we list the result of our analysis of the Δ_{ijχ}+ chargino exchange contributions. They are given by

Δ_{11χ}+ = g^2 8π^2

M^2_W

((|m̃_2|^2 + |μ|^2) cos β + 2|m̃_2||μ| sin β cos γ_2)^2 (m^2_χ+_1 − m^2_χ+_2 )^2 f_2(m^2_χ+_1 , m^2_χ+_2 )

− g^2 4π^2

M^2_W

((|m̃_2|^2 + |μ|^2) cos^2 β + |m̃_2||μ| sin 2β cos γ_2) (m^2_{χ+1} − m^2_{χ+2} ) ln( m^2_χ+_1 m^2_{χ+2} )

− g^2 16π^2

M^2_W cos^2 βln( m^4_χ+_1 m^4_χ+_2 M^6_W M^2_{H+}

) (23)

where f_2(x, y) = −2 + y + x y − x ln y x (24)

Δ_{22χ}+ = g^2 8π^2

M^2_W

((|m̃_2|^2 + |μ|^2) sin β + 2|m̃_2||μ| cos β cos γ_2)^2 (m^2_χ+_1 − m^2_χ+_2 )^2 f_2(m^2_χ+_1 , m^2_χ+_2 )

− g^2 4π^2

M^2_W

((|m̃_2|^2 + |μ|^2) sin^2 β + |m̃_2||μ| sin 2β cos γ_2) (m^2_{χ+1} − m^2_{χ+2} ) ln( m^2_χ+_1 m^2_{χ+2} )

− g^2 16π^2

M^2_W sin^2 βln( m^4_χ+_1 m^4_χ+_2 M^6_W M^2_{H+}

) (25)

Δ_{12χ}+ = g^2 8π^2

M^2_W [(|m̃_2|^2 + |μ|^2) cos β + 2|m̃_2||μ| sin β cos γ_2)] [(|m̃_2|^2 + |μ|^2) sin β + 2|m̃_2||μ| cos β cos γ_2)] (m^2_{χ+1} − m^2_{χ+2} )^2 f_2(m^2_χ+_1 , m^2_χ+_2 )

− g^2 8π^2

M^2_W

((|m̃_2|^2 + |μ|^2) sin 2β + 2|m̃_2||μ| cos γ_2) (m^2_χ+_1 − m^2_χ+_2 ) ln( m^2_χ+_1 m^2_χ+_2 )

− g^2 32π^2

M^2_W sin 2βln( m^4_χ+_1 m^4_χ+_2 M^6_W M^2_H+

) (26)

Δ_{13χ}+ = g^2 4π^2

M^2_W [(|m̃_2|^2 + |μ|^2) cos β + 2|m̃_2||μ| sin β cos γ_2)] |m̃_2||μ| sin γ_2 (m^2_{χ+1} − m^2_{χ+2} )^2 f_2(m^2_χ+_1 , m^2_χ+_2 ) − g^2 4π^2

M^2_W

|m̃_2||μ| sin γ_2 cos β (m^2_{χ+1} − m^2_{χ+2} ) ln( m^2_χ+_1 m^2_{χ+2}

) (27)

Δ_{23χ}+ = g^2 4π^2

M^2_W |m̃_2||μ| sin γ_2 [(|m̃_2|^2 + |μ|^2) sin β + 2|m̃_2||μ| cos β cos γ_2] (m^2_{χ+1} − m^2_{χ+2} )^2 f_2(m^2_χ+_1 , m^2_χ+_2 )

− g^2 4π^2

M^2_W

|m̃_2||μ| sin γ_2 sin β (m^2_χ+_1 − m^2_χ+_2 ) ln( m^2_χ+_1 m^2_χ+_2

) (28)

Δ_{33χ}+ = g^2 2π^2

M^2_W |m̃_2|^2|μ|^2 sin^2 γ_2 (m^2_χ+_1 − m^2_χ+_2 )^2 f_2(m^2_χ+_1 , m^2_χ+_2 ) (29)

We note that all the Δ_{ijχ}+ have no explicit Q dependence. Inclusion of the W and the H^+ exchange along with the chargino exchange was necessary to achieve the Q independence. We further note that unlike the third generation contributions where one needs to worry about the possibility of significant QCD corrections, the chargino exchange is purely electro-weak in nature and thus largely free of such corrections. Eqs.(20-29) constitute the main new theoretical computations in this paper. Using these equations and the results of the analysis of Appendix A one finds Δ_{ij} of Eq.(21) and thus computes the matrix of Eq.(19). One may reduce the 4 × 4 matrix of Eq.(19) by introducing a new basis {ϕ_1, ϕ_2, ψ_{1D}, ψ_{2D}} where ψ_{1D}, ψ_{2D} are defined by

ψ_{1D} = sin βψ_1 + cos βψ_2 ψ_{2D} = − cos βψ_1 + sin βψ_2 (30)

In this basis the field ψ_{2D} decouples from the other three fields. ψ_{2D} is a zero mass state and is the Goldstone field. The Higgs (mass)^2 matrix M^2_{Higgs} of the remaining three fields is given by

M^2_{Higgs} = M^2_Z c^2_β + M^2_As^2_β + Δ_{11} −(M^2_Z + M^2_A)s_βc_β + Δ_{12} Δ_{13} −(M^2_Z + M^2_A)s_βc_β + Δ_{12} M^2_Z s^2_β + M^2_Ac^2_β + Δ_{22} Δ_{23} Δ_{13} Δ_{23} (M^2_A + Δ_{33}) (31)

We note that in principle it is possible that due to cancellations between the stop and the chargino contributions to Eq.(12) that θ_H vanishes or becomes very small. However, even in this case the mixings between the CP even Higgs sector and the CP odd Higgs sector can still occur because the parameters that determine this mixings are γ_t, γ_b and γ_2 and not θ_H . γ_t gets directly related to θ_H when contributions to θ_H other than the stop exhanges are ignored.

We can obtain an approximation to the chargino corrections to the Higgs masses using a perturbation expansion. We order the eigen values so that in the limit of no mixing between the CP even and the CP odd states one has (m_{H1} , m_{H2}, m_{H3} ) → (m_H , m_h, m_A). Defining m_h = m^0_h + (Δm_h)_χ+ where m^0_h is the lightest Higgs mass without the chargino loop contribution, and (Δm_h)_χ+ is the correction due to the chargino exchange loops, and with (Δm_H)_χ+ and (Δm_A)_χ+ similarly defined, one finds

(Δm_H)_χ+ = (2m^0_H )^{−1}(Δ_{11χ}+ cos^2 α + Δ_{22χ}+ sin^2 α + Δ_{12} sin 2α) (Δm_h)_χ+ = (2m^0_h)^{−1}(Δ_{11χ}+ sin^2 α + Δ_{22χ}+ cos^2 α − Δ_{12χ}+ sin 2α) (Δm_A)_χ+ = (2m^0_A)^{−1}Δ_{33χ}+ (32)

where

cos 2α ≃

M^2_{11} − M^2_{22} √ (trM^2)^2 − 4(detM^2)

sin 2α ≃

2M^2_{12} √ (trM^2)^2 − 4(detM^2)

(33)

where the matrix M^2 is the 2 × 2 matrix in the upper left hand corner of Eq.(31), i.e.,

(M^2) = ( M^2_{11} M^2_{12} M^2_{21} M^2_{22} ) = ( M^2_Z c^2_β + M^2_As^2_β + Δ_{11} −(M^2_Z + M^2_A)s_βc_β + Δ_{12} −(M^2_Z + M^2_A)s_βc_β + Δ_{12} M^2_Z s^2_β + M^2_Ac^2_β + Δ_{22} ) (34) Numerically the approximation of Eq.(32) turns out to be accurate to within a few percent compared to the exact results obtained from diagonalization of the 3 × 3 matrix of Eq.(31).

3 Size of chargino sector loop contributions

We discuss now the numerical size of the chargino sector exchange contributions. The current lower limits on the light Higgs masses correspond to m_h > 88.3 GeV for the light CP even Higgs and m_A > 88.4 GeV for the CP odd Higgs[17]. In our analysis we shall examine the part of the MSSM parameter space where these limits are obeyed although it should be kept in mind that the analysis leading to these limits included no CP violating effects.[15]. Since the general parameter space of MSSM is rather large, we shall limit ourselves to a more constrained set for the purpose of this numerical study. We shall use for our parameter space the set m_0, m 1_2 , m_A, |A_0|, tan β, θ_μ, α_{A0} , ξ_1, ξ_2 and ξ_3. The parameter μ is determined via radiative breaking of the electro-weak symmetry. The other sparticle masses are obtained from this set using the renormalization group equations evolving the GUT parameters from the GUT scale down to the electro-weak scale. However, this is only a convenience and in general one can use the general MSSM parameter space to test the size of the corrections computed here. As discussed in Ref.[9, 10, 18] there exists a very significant part in the MSSM parameter space where the EMD constraints are satisfied with large phases. For the purposes of this analysis we shall assume that this is the case and not revisit the problem of imposing the edms constraints. We note that in the general analysis using the MSSM parameter space the edms depend on 10 separate phases and thus alternately one may view the phases we vary as unconstrained while other phases which do not enter in the analysis as restricted by the edm constraints.

In the numerical analysis we consider the contributions from the stop, the sbottom as well as from the chargino exchange. As can be seen from Eqs.(23)- (29) the chargino contribution depends on the combination ξ_2 + θ_μ. However, the stop contribution depends on the combination α_{At} + θ_μ, and the sbottom contribution depends on the combination α_{Ab} + θ_μ (see Appendix A). Clearly the total contribution is thus a function of three independent phases. Specifically the total contribution will in general have a different dependence on ξ_2 and θ_μ when the other parameters are kept fixed. Now firstly, we study the variation of the total contribution on ξ_2 since this is a new phase that does not appear in the stop and sbottom contributions which have been discussed in the previous literature. Thus as we vary ξ_2 the stop and the sbottom contribution remains constant while the chargino contribution alone varies. However, the variation of θ_μ reveals a different dependence since this time all contributions, ie., the stop, the sbottom as well as the chargino contribution individually vary as we vary θ_μ. We discuss now the numerical analysis in detail.

Using the constrained parameter space described above we plot in Fig.1 the quantity Δ_{13} as a function of the CP phase ξ_2. The Δ_{13} plots exhibited in Fig.1 contain the stop, the sbottom and the chargino sector contributions while the horizontal lines exhibit Δ_{13} without the inclusion of the chargino sector contribution. The analysis shows that the chargino sector contribution to Δ_{13} is comparable to the stop exchange contribution. Further one finds that the chargino sector contribution can be either positive or negative relative to the stop and sbottom sector contribution. Thus the chargino sector contribution can constructively interfere with the stop and sbottom sector contribution enhancing the CP even and CP odd mixing by as much as a factor of two. However, in other regions of the parameter space it can produce a negative interference reducing significantly the mixing of the CP even and CP odd Higgs sectors. A similar analysis holds for Δ_{23} and in Fig.2 we give a plot of Δ_{23}, with and without the contribution from the chargino sector, as a function of ξ_2. One finds again that the chargino sector makes a large contributions to Δ_{23}. Further, as for the case of Δ_{13}, the chargino sector contributions can either constructively or destructively interfere with the stop and sbottom sector contribution and thus the chargino sector contribution can either enhance or reduce the size of Δ_{23}.

In Fig.3 a plot of the percentage of the CP even component ϕ_1 of H_1 (upper sets) and the CP odd component ψ_{1D} of H_1 (lower sets) including the stop, the sbottom and the chargino sector contributions is given as a function of ξ_2 while the horizontal lines give the plots when the chargino sector contribution is omitted. (The ϕ_2 component is negligible and is not exhibited.) A comparison of the plots with and without the chargino sector contribution shows that the chargino sector makes a large relative contribution to the ϕ_1 and the ψ_{1D} components and further that this contribution can either constructively or destructively interfere with the contribution coming from the stop and sbottom sector contribution. We note that for the inputs of Fig.3 the mixings between the CP even and the CP odd components are essentially maximal. This phenomenon is a consequence of large tan β and we will study this in greater depth when we discuss the analysis of Fig.4. A similar analysis for H_2 yields a much smaller effect, i.e., less than a percent or so for this case where H_2 is the eigen state which limits to the lightest CP even Higgs state in the case when one ignores the mixing between the CP even and the CP odd states. Thus one concludes that the lightest Higgs state develops a negligible CP odd component as a consequence of mixing and remains essentially a CP even state. A similar conclusion was arrived at in previous analyses[13] without the inclusion of the chargino sector contribution. The analysis of H_3 parallels the analysis of H_1 except that the CP even and the CP odd components reverse their roles. Thus one can easily obtain the percentages of ϕ_1 and ψ_{1D} components in H_3 from Fig.3 by interchanging ϕ_1 and ψ_{1D}. Again one finds that the ϕ_2 component of H_3 is small for the input of Fig.3.

We discuss now the tan β dependence of the mixing between the CP even and the CP odd sectors. We illustrate this dependence in Fig.4 where the CP odd component ψ_{1D} of H_1 is plotted as a function of ξ_2 for values of tan β ranging from 5 to 40. One finds that for tan β ≤ 10 the CP odd component of H_1 is less than a fraction of a percent. The fraction of the CP odd component grows to the level of a few percent for values of tan β in the range 15-20. This trend continues and one finds large mixings as tan β gets large, ie., in the neighborhood of 25 or larger. The theoretical reason for this strong dependence of the mixings on tan β can be easily understood. Thus as tan β becomes large cos β becomes vanishingly small, and from Eq.(31) one finds that the two heavier Higgs eigen masses become essentially degenerate. This degeneracy of masses implies that the mixings are no longer suppressed by the factor Δ_{ij}/M^2_A etc but rather it is the ratio of the Δ^′s themselves that determines the mixings. Consequently in the region of large tan β the mixings between the CP even and the CP odd sectors become large. In the analysis presented so far we have investigated the dependence of the mixings of the CP even and the CP odd sector on ξ_2 which is the phase of the SU(2) gaugino mass m̃_2. One also expects a significant dependence of the mixings on the other phases. As an illustration in Fig.5 we give an analysis of the mixings as a function of θ_μ. Here, as in Fig.3, we plot the CP even and the CP odd components of H_1, i.e., of ϕ_1 and of ψ_{1D} but now as a function of θ_μ for the inputs given in the figure caption. The dashed curves are for the case without the chargino sector contribution while the solid curves are with the chargino sector contribution. Again one finds that the chargino sector makes a significant contribution relative to the stop and sbottom sector contribution.

Finally, we discuss the contribution of the chargino sector to the lightest Higgs mass. One finds that the chargino sector contribution is typically of order 1-2 GeV and is negative. Some typical examples of the sizes of the χ^+−W −H^+ contribution are given in Table 1. The effect of CP phases on the χ^+ − W − H^+ correction to the Higgs masses is typically small, i.e., the variation in the corrections is a few percent at best. The precision analyses of the Higgs masses including radiative corrections from the stop and sbottom sector exchanges and including leading order corrections from two loop corrections and other refinements purport to achieve an accuracy of 1-2 GeV in the prediction of the lightest Higgs boson mass. Since the chargino sector contribution with or without CP violating effects lies in this range it appears reasonable to include this correction in the precision prediction of the lightest Higg boson mass. The chargino sector corrections to the mass eigen values of the other two (H_1, H_3) Higgs bosons is significantly smaller and can be safely neglected. Table 1:

tan β m_h without χ^+ − W − H^+ m_h with χ^+ − W − H^+ 5 116.82 115.42 10 121.76 120.45 15 122.70 121.41 20 123.0 121.71 25 123.11 121.84 30 123.16 121.88 Table caption: Input parameters are m_0 = 500, m 1_2 = 400, m_A = 200, |A_0| = 1000, θ_μ = 0.5, α_{A0} = 0.5, ξ_1 = 0.4, ξ_2 = 0.5, ξ_3 = 0.6. All masses are in GeV and all angles are in radians.

There are several consequences of the CP even and the CP odd Higgs mixings implied by large phases. Some of these have been discussed in Refs.[13, 15]. One consequence is the effect on the quark and on the lepton couplings with the Higgs, i.e., the couplings q̄qH_i and l̄lH_i (i=1,2,3). These modifications affect the phenomenology for Higgs searches at colliders. We point out here that the vertices involving the couplings of the Higgs with the charginos (χ^+_a , a=1,2) and the neutralinos (χ_n, n = 1−4) are also affected, i.e., the chargino Higgs couplings χ̄^+_a χ^+_b H_i (a,b=1,2), and the neutralino Higgs couplings χ̄_nχ_mH_i (n,m=1-4). Specifically, the couplings of the lightest neutralino (χ_1) to the Higgs will depend on the parameters which mix the CP even and the CP odd Higgs sector and will affect dark matter analyses. Thus the neutralino relic density analysis which involves the process χ_1 + χ_1 → f̄f etc, with the Higgs poles apprearing in the direct channel, will be affected. We expect these effects to arise from the couplings of the H_1 and H_3 and expect them to give significant effects only for large values of tan β, i.e., tan β > 20 where the mixing effects become significant. Similarly the analysis of the direct detection of dark matter which involves the scattering process χ_1 + q → χ_1 + q, with the Higgs poles entering in the cross channel, will be affected. A detailed discussion of these phenomena is outside the scope of this paper.

4 Conclusions

In this paper we have analysed the effects of the χ^+, the W and the H^+ exchange contributions to the Higgs boson masses and mixings in the presence of large CP violating effects. We find that this sector makes a large contribution to the mixing between the CP even and the CP odd Higgs states and in certain parts of the parameter space the mixings generated by the chargino sector may dominate the mixings generated by the stop and sbottom sector exchanges. We also find that in terms of sizes the chargino sector contributions are significantly larger than the sbottom exchange corrections which have been included in previous analyses. The size of the mixing effects are seen to depend sharply on the value of tan β with the mixing effects becoming large as tan β gets large and for values of tan β larger than 30 the mixings between the CP even and the CP odd sector become maximal. These mixings have important implication for Higgs phenomenology at colliders. We have also analysed the effects of the chargino sector contribution on the lightest Higgs mass. We find that the chargino sector contribution to the lightest Higgs boson mass lies in the range of 1-2 GeV. This effect is relevant in the precision predictions of the lightest Higgs boson mass. Further, we find that typically the chargino sector contribution is negative and lowers the lightest Higgs boson mass and leads to a slight worsening of the fine tuning problem already implied by the non observation of the Higgs boson at LEP thus far[19]. A similar analysis can be carried out for the neutralino sector contribution to the Higgs boson masses and mixings. This sector is significantly more difficult and requires new techniques for its analysis because the neutralino mass matrix is 4×4 and cannot be diagonalized with the same ease as the chargino or the squark sector can be. This analysis is underway and will be reported in a separate communication. Acknowledgments P.N. thanks the Physics Institute at the University of Bonn, where part of the work was done, for hospitality and acknowledges support from an Alexander von Humboldt award. This research was also supported in part by NSF grant PHY-9901057

5 Appendix A: Stop and sbottom contributions

For completeness we give here an analysis of the one loop contributions from the stop and sbottom sectors with inclusion of CP violating effects. The stop (mass)^2 matrix is given by

M^2_{t̃} = ( M^2_Q + h^2_t |H^0_2 |^2 +^{(g2−g21 /3)}_4 (|H^0_1 |^2 − |H^0_2 |^2) h_t(A^∗_t H^{0∗}_2 − μH^0_1 ) h_t(A_tH^0_2 − μ^∗H^{0∗}_1 ) M^2_U + h^2_t |H^0_2 |^2 +^{g21}_3 (|H^0_1 |^2 − |H^0_2 |^2) )

(35) where A_t = |A_t|e^{iαA}t . The contribution to the one loop effective potential from the stop and top exchanges is given by

ΔV (t̃, t) = 1 64π^2 ( ∑ a=1,2 6M^4_{t̃a} (log M^2_{t̃a} Q^2 − 3 2 ) − 12m^4_t (log m^2_t Q^2 − 3 2 )) (36)

Using the above potential our analysis for Δ_{ij}~_t gives

Δ_{11}~_t = −2β_{ht} m^2_t |μ|^2 (|A_t| cos γ_t − |μ|cotβ)^2 (m^2_{t̃1} − m^2_{t̃2} )^2 f_2(m^2_{t̃1} , m^2_{t̃2} ) (37)

Δ_{22}~_t = −2β_{ht} m^2_t |A_t|^2[|A_t| − |μ|cotβ cos γ_t]^2 (m^2_{t̃1} − m^2_{t̃2} )^2 f_2(m^2_{t̃1}, m^2_{t̃2} )

+2β_{ht} m^2_t ln( m^2_{t̃1} m^2_{t̃2}

m^4_t

) + 4β_{ht} m^2_t |A_t|[|A_t| − |μ|cotβ cos γ_t] (m^2_{t̃1} − m^2_{t̃2} ) ln( m^2_{t̃1} m^2_{t̃2}

) (38)

Δ_{12}~_t = −2β_{ht} m^2_t |μ|[|A_t| cos γ_t − |μ|cotβ] (m^2_{t̃1} − m^2_{t̃2} ) ln( m^2_{t̃1} m^2_{t̃2} ) +2β_{ht} m^2_t |μ||A_t|[|A_t| cos γ_t − |μ|cotβ][|A_t| − |μ|cotβ cos γ_t] (m^2_{t̃1} − m^2_{t̃2} )^2 f_2(m^2_{t̃1}, m^2_{t̃2} ) (39)

Δ_{13t̃} = −2β_{ht} m^2_t |μ|^2|A_t| sin γ_t[|μ|cotβ − |A_t| cos γ_t] sin β(m^2_{t̃1} − m^2_{t̃2} )^2 f_2(m^2_{t̃1}, m^2_{t̃2} ) (40)

Δ_{23}~_t = −2β_{ht} m^2_t |μ||A_t|^2 sin γ_t(|A_t| − |μ|cotβ cos γ_t) sin β(m^2_{t̃1} − m^2_{t̃2} )^2 f_2(m^2_{t̃1} , m^2_{t̃2} ) +2β_{ht} m^2_t |μ||A_t| sin γ_t sin β(m^2_{t̃1} − m^2_{t̃2}) ln( m^2_{t̃1} m^2_{t̃2}

) (41)

Δ_{33t̃} = −2β_{ht} m^2_t |μ|^2|A_t|^2 sin^2 γ_t sin^2 β(m^2_{t̃1} − m^2_{t̃2} )^2 f_2(m^2_{t̃1} , m^2_{t̃2} ) (42)

The expressions of our Δ_{11}, Δ_{22}, Δ_{13}, Δ_{23} and Δ_{33} agree with those of previous authors. However, there is a difference between our Δ_{12} and the Δ_{12} of Ref.[13] in the presence of phases although the two expressions agree in the limit when there are no phases.

We discuss next our computation for the sbottom sector. The sbottom mass (mass)^2 matrix is given by

M^2_{b̃} = ( M^2_Q + h^2_b |H^0_1 |^2 −^{(g2+g21 /3)}_4 (|H^0_1 |^2 − |H^0_2 |^2) h_b(A^∗_bH^{0∗}_1 − μH^0_2 ) h_b(A_bH^0_1 − μ^∗H^{0∗}_2 ) M^2_D + h^2_b |H^0_1 |^2 −^{g21}_6 (|H^0_1 |^2 − |H^0_2 |^2) )

(43) where A_b = |A_b|e^{iαAb} . The contribution to the one loop effective potential from the sbottom and b exchanges is given by

ΔV (b̃, b) = 1 64π^2 ( ∑ a=1,2 6M^4_{b̃a} (log M^2_{b̃a} Q^2 − 3 2 ) − 12m^4_b (log m^2_b Q^2 − 3 2 )) (44)

Our computation of Δ_{ij}~_b yields

Δ_{11}~_b = −2β_{hb} m^2_b

|A_b|^2[|A_b| − |μ| tan β cos γ_b]^2 (m^2_{b̃1} − m^2_{b̃2} )^2 f_2(m^2_{b̃1} , m^2_{b̃2} )

+2β_{hb} m^2_b ln( m^2_{b̃1}m^2_{b̃2}

m^4_b

) + 4β_{hb} m^2_b |A_b|[|A_b| − |μ| tan β cos γ_b] (m^2_{b̃1} − m^2_{b̃2} ) ln( m^2_{b̃1} m^2_{b̃2}

) (45)

Δ_{22}~_b = −2β_{hb} m^2_b |μ|^2

(|μ| tan β − |A_b| cos γ_b)^2 (m^2_{b̃1} − m^2_{b̃2} )^2 f_2(m^2_{b̃1} , m^2_{b̃2} ) (46)

Δ_{12}~_b = −2β_{hb} m^2_b|μ| (|A_b| cos γ_b − |μ| tan β) (m^2_{b̃1} − m^2_{b̃2} ) ln( m^2_{b̃1} m^2_{b̃2} ) +2β_{hb} m^2_b |μ||A_b|[|A_b| cos γ_b − |μ| tan β][|A_b| − |μ| tan β cos γ_b] (m^2_{b̃1} − m^2_{b̃2} )^2 f_2(m^2_{b̃1} , m^2_{b̃2} ) (47)

Δ_{13}~_b = −2β_{hb}m^2_b |μ||A_b|^2 sin γ_b (|A_b| − |μ| tan β cos γ_b) cos β(m^2_{b̃1} − m^2_{b̃2} )^2 f_2(m^2_{b̃1} , m^2_{b̃2} )

+2β_{hb} m^2_b |μ||A_b| sin γ_b cos β(m^2_{b̃1} − m^2_{b̃2} ) ln( m^2_{b̃1} m^2_{b̃2}

) (48)

Δ_{23b̃} = −2β_{hb} m^2_b|μ|^2|A_b| sin γ_b (|μ| tan β − |A_b| cos γ_b) cos β(m^2_{b̃1} − m^2_{b̃2} )^2 f_2(m^2_{b̃1} , m^2_{b̃2} ) (49)

Δ_{33b̃} = −2β_{hb} m^2_b|μ|^2|A_b|^2 sin^2 γ_b cos^2 β(m^2_{b̃1} − m^2_{b̃2} )^2 f_2(m^2_{b̃1} , m^2_{b̃2} ) (50)

In the above analysis we have ignored the D terms of the squark (mass)^2 matrices to gain approximate independence of the renormalization scale Q as in the analysis of Ref.[13, 15].

Figure Captions Fig.1: Plot of Δ_{13} including the stop, sbottom and chargino sector contributions vs ξ_2. The common input for both the top and the bottom curves is m_0 = 500, m 1_2 = 400, M_A = 200, |A_0| = 1000, α_0 = 0.5, ξ_1 = 0.4 and ξ_3 = 0.6 where all masses are in GeV and all angles are in radians. The dashed curve is the case tan β = 30, θ_μ = 1 and the dashed horizontal line is without the inclusion of the chargino sector contribution. The corresponding solid curve and the solid horizontal line are for the same input except that tan β = 40 and θ_μ = 0.5.

Fig.2: Plot of Δ_{23} including the stop, sbottom and chargino sector contributions vs ξ_2 for the same input as in Fig.1. The dashed and solid curves have the same meaning as in Fig.1 and the horizontal lines are the plots without inclusion of the chargino sector contribution also as in Fig.1.

Fig.3: Plot of the CP even component ϕ_1 of H_1 (upper curves) and the CP odd component ψ_{1D} of H_1 (lower curves) including the stop, sbottom and chargino sector contributions as a function of ξ_2 for the same inputs as in Fig.1. The dashed curves are for the case tan β = 30, θ_μ = 1, and the solid curves are for the case tan β = 40 θ_μ = 0.5, and the corresponding horizontal lines are for the cases when the chargino sector contributions are neglected.

Fig.4: Plot of the modulus square of the CP odd component in H_1 as a function of ξ_2 for various values of tan β with all the other parameters being the same as in Fig.3 with θ_μ = 0.5. The values of tan β from bottom up are 5,10,15,20,30,40.

Fig.5: Plot of the CP even component ϕ_1 of H_1 (upper curves) and the CP odd component ψ_{1D} of H_1 (lower curves) as a function of θ_μ including the stop, sbottom and chargino sector contributions (solid) and without inclusion of chargino contributions (dashed) for the following input: m_0 = 500, m 1_2 = 400, m_A = 300,

A_0 = 1000, tan β = 30, α_{A0} = −0.4, ξ_1 = 0.4, ξ_2 = 0.5, ξ_3 = 0.6, where all masses are in GeV and all angles are in radians.

References

[1] For reviews see, P. Nath, R. Arnowitt and A.H. Chamseddine, “Applied N =1 Supergravity” (World Scientific, Singapore, 1984); H.P. Nilles, Phys. Rep. 110, 1(1984); H.E. Haber and G. Kane, Phys. Rep. 117, 195(1985)

[2] S. Coleman and E. Weinberg, Phys. Rev. D7, 1888(1973); S. Weinberg, ibid., 7, 2887(1973).

[3] R. Arnowitt and P. Nath, Phys. Rev. D46, 3981(1992); G. Gamberini, G.

Ridolfi and F. Zwirner, Nucl. Phys. B331, 331(1990).

[4] J. Ellis, G. Ridolfi and F. Zwirner, Phys. Lett. B257, 83(1991); M.S.

Berger,Phys. Rev. D41, 225(1990); H.E. Haber and R. Hempling,Phys. Rev. Lett. 66, 1815(1991); Y. Okada, M. Yamaguchi and T. Yanagida, Prog. Theor. Phys. 85, 1(1991); R. Barbieri, M. Frigeni and F, Caravaglio, Phys. Lett. B258, 167(1991); A. Brignole, J.Ellis, G. Ridolfi and F. Zwirner, Phys. Lett. 371, 123(1991); M. Drees and M. Nojiri, Phys. Rev.D45, 2482(1992); P.H. Chankowski, S. Pokorski and J. Rosiek, Phys. Lett. B281, 100(1992); Nucl. Phys.B423, 437(1994); D.M. Pierce, A. Papadopoulos and S.B. Johnson, Phys. Rev.Lett. 68, 3678(1992); A. Brignole, Phys. Lett.B281, 284(1992); M. Drees and M.M. Nojiri, Phys. Rev. D45, 2482(1992); V. Barger, M.S. Berger and P. Ohmann, Phys. Rev.D49, 4908(1994). R. Hempfling and A.H. Hoang, Phys. Lett.B33, 99(1994); Haber and R. Hempfling, Phys. Rev. D48, 4280(1993); J. Kodaira, Y. Yasui and K. Sasaki, Phys. Rev. D50, 7035(1994); J.A. Casas, J.R. Espinosa, M. Quiros and A. Riotto, Nucl. Phys.B436, 3(1995); M. Carena, J.R. Espinosa, M. Quiros and C. Wagner, Phys. Lett. B355, 209(1995); M. Carena, M. Quiros and C. Wagner, Nucl. Phys. B461, 407(1996); S. Heinemeyer, W. Hollik and QG. Weiglein, Phys. Lett. B440, 96(1998); Phys. Rev. D58, 091701(1998); R.-J. Zhang, Phys. Lett. B447, 89(1999); R.-J. Zhang, hep-ph/9912236.

[5] E. Commins, et. al., Phys. Rev. A50, 2960(1994); K. Abdullah, et. al., Phys.

Rev. Lett. 65, 234(1990).

[6] P.G. Harris et.al., Phys. Rev. Lett. 82, 904(1999); see also S.K. Lamoreaux and R. Golub, Phys. Rev. D61, 051301(2000).

[7] See, e.g., J. Ellis, S. Ferrara and D.V. Nanopoulos, Phys. Lett. B114, 231(1982); J. Polchinski and M.B. Wise, Phys.Lett.B125,393(1983); E. Franco and M. Mangano, Phys.Lett.B135,445(1984); R.Garisto and J. Wells, Phys. Rev. D55, 611(1997); M. Dugan, B. Grinstein and L. Hall, Nucl. Phys. B255, 413(1985).

[8] P. Nath, Phys. Rev. Lett.66, 2565(1991); Y. Kizukuri and N. Oshimo, Phys.Rev.D46,3025(1992.

[9] T. Ibrahim and P. Nath, Phys. Lett. B 418, 98(1998).

[10] T. Ibrahim and P. Nath, Phys. Rev. D57, 478(1998); E ibid D58, 019901(1998); Phys. Rev. D58, 111301(1998); T. Falk and K Olive, Phys. Lett. B 439, 71(1998); M. Brhlik, G.J. Good, and G.L. Kane, Phys. Rev. D59, 115004 (1999); A. Bartl, T. Gajdosik, W. Porod, P. Stockinger, and H. Stremnitzer, Phys. Rev. 60, 073003(1999); T. Falk, K.A. Olive, M. Prospelov, and R. Roiban, Nucl. Phys. B560, 3(1999); S. Pokorski, J. Rosiek and C.A. Savoy, Nucl. Phys. B570, 81(2000); M. Brhlik, L. Everett, G. Kane and J. Lykken, Phys. Rev. Lett. 83, 2124, 1999; hep-ph/9908326; E. Accomando, R. Arnowitt and B. Datta, hep-ph/9907446; Phys. Rev. D61, 075010(2000); T. Ibrahim and P. Nath, Phys. Rev. D61, 093004(2000).

[11] A. Pilaftsis, Phys. Rev. D58, 096010; Phys. Lett.B435, 88(1998).

[12] A. Pilaftsis and C.E.M. Wagner, Nucl. Phys. B553, 3(1999).

[13] D.A. Demir, Phys. Rev. D60, 055006(1999); Mugo Boz, hep-ph/0008052.

[14] C.Y.Choi, M. Drees and J.S. Lee, Phys. Lett. B481, 57(2000).

[15] M. Carena, J. Ellis, A. Pilaftsis and C.E.M. Wagner, hep-ph/0003180.

[16] A.H. Chamseddine, R. Arnowitt and P. Nath, Phys. Rev. Lett. 49, 970 (1982).

[17] LEP working group for Higgs boson searches, P.Bock et.al., see http://www.cern.ch/LEPHIGGS/papers/index.html

[18] T. Ibrahim and P. Nath, Phys. Rev. D62, 015004(2000); Phys.Rev.D61, 095008(2000); hep-ph/0004098 (to be published in Phys. Rev. D).

[19] K.L. Chan, U. Chattopadhyay and P. Nath, Phys. Rev. D58, 096004(1998).

For other discusions of fine tuning see, R. Barbieri and G.F. Giudice, Nucl. Phys. B306, 63(1988); G.W. Anderson, D.J. Castano and A. Riotto, Phys. Rev.D55, 2950(1997); J.I. Feng, K.T. Matchev and T. Moroi, Phys. Rev. D61, 075005(2000); G.L. Kane and S.F. King, Phys. Lett.B45, 113(1999).