arXiv:hep-ph/0305201 v2 12 Jul 2003

Decays of Higgs to bb̄, ττ̄ and cc̄ as Signatures of Supersymmetry and CP Phases

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

a. Department of Physics, Faculty of Science, University of Alexandria, Alexandria, Egypt^1 b. Department of Physics, Northeastern University, Boston, MA 02115-5000, USA

Abstract The branching ratio of the lightest Higgs decay into bb̄, τ τ̄ and cc̄ is sensitive to supersymmetric effects. We include in this work the effects of CP phases on the Higgs decays. Specifically we compute the deviation of the CP phase dependent branching ratio from the standard model result. The analysis includes the full one loop corrections of fermion masses including CP phases involving the gluino, the chargino and the neutralino exchanges. The analysis shows that the supersymmetric effects with CP phases can change the branching ratios by as much as 100% for the lightest Higgs decay into bb̄ and τ τ̄ with similar results holding for the heavier Higgs decays. A detailed analysis is also given of the effects of CP phases on the Higgs decays into cc̄. The deviations of R_{b/τ} and R_{b/c} from the standard model result are investigated as a possible signature of supersymmetry and CP effects. Thus a measurement of the decays of the higgs into bb̄, τ τ̄ and cc̄ may provide important clues regarding the existence of supersymmetry and CP phases.

1: Permanent address of T.I.

1 Introduction

Is is known that supersymmetric contributions can significantly affect the Higgs decays into bb̄, τ τ̄ and cc̄[1]. We compute here the effects of CP phases on these arising from soft breaking parameters. Thus, for example, the simplest supergravity unified model mSUGRA[2], whose soft breaking sector is defined by the parameters m_0, m 1_2 , A_0, tan β (where m_0 is the universal scalar mass, m 1_2 is the universal gaugino mass, A_0 is the universal trilinear coupling and tan β =< H_2 > / < H_1 > where H_2 gives mass to the up quark and H_1 gives mass to the down quark and the lepton) can accommodate two CP violating phases which can be chosen to be the phase of the Higgs mixing parameter μ and the phase of A_0. Extended versions of mSUGRA including nonuniversalities can accommodate more phases. In this analysis we will consider the more general case of the supersymmetric standard model (MSSM) which allows for several CP phases. Thus, for example, we will allow the gaugino masses to be in general nonuniversal so that m̃_i = |m̃_i|e^{iξi} (i = 1, 2, 3). In the analysis we use the results recently obtained regarding the effects of CP phases on the third generation quark and lepton masses[3]. The analysis of Ref.[3] extends the analyses of Refs. [4, 5, 6] where large corrections to third generation masses and specifically to the b quark mass, but without inclusion of CP phases, were found. The corrections to the quark and lepton masses are of considerable importance in the analysis of Yukawa unification[7, 8, 9]. In this paper we utilize these corrections to study their effects on the Higgs decays into bb̄ and τ τ̄.

The analyses which include CP phases must be constrained by the experimental upper limits on the electric dipole moment for the electron and for the neutron which are very stringent. Thus for the electron the current experimental limit for the magnitude of electron edm is d_e < 4.3 × 10^{−27}ecm[10] while for the neutron it is d_n < 6.5 × 10^{−26}ecm[11]. There is a similar stringent limit on the edm of the H^{199}_g atom, i.e., d_{Hg} < 9 × 10^{−28}ecm[12]. A variety of techniques have been discussed in the literature to achieve consistency with experiment[13, 14, 15, 16, 17, 18, 19, 20, 21]. Specifically one finds that it is possible to accommodate large CP phases and still have consistency with the edm constraints either via the cancellation mechanism[16, 18, 20, 21] or via large phases in the third generation sector[19]. We note in passing the analyses of Refs.[20, 21] also include H^{199}_g edm constraint and show that this constraint along with the electron and the neutron edm constraint can be satisfied in the presence of large phases. Of course, if the phases are large they will affect a variety of low energy phenomena. Such effects have been investigated on a variety of processes. These include effects on the Higgs sector[22, 23], on g_μ − 2[24], on collider physics[25, 26], in B physics and in flavor violation[27, 21, 28, 29] and a variety of other low energy phenomena. The number of phenomena investigated is rather larger and a more complete list can be found in Ref.[30].

The outline of the rest of the paper is as follows: In Sec.2 we give a brief description of the basic formalism needed for the evaluation of the full one loop effects on the decays of the Higgs into quarks and leptons including the effects of CP phases. In Sec.3 we give the effective low energy interaction of the b quark with the lightest Higgs including loop corrections. The branching ratios BR(H_2 → bb̄) and BR(H_2 → τ τ̄ ) are also computed. In Sec.4 we take the limit of vanishing phases and compare our results to previous analyses. In Sec.5 we give a numerical analysis of the deviations of the branching ratios from the standard model predictions because of supersymmetric effects and discuss the sensitivity of these deviations to CP phases. Conclusions are given in Sec.6. In Appendix A we extend the results of Sec.4 to include H_2 → cc̄ decay and compute the supersymmetry and CP effects on ΔR_{b/c}. Extension of the results to decays of the Higgs bosons H_1 and H_3 is given in Appendix B.

2 The basic formalism

At the tree level the b quark couples to the neutral component of H_1 Higgs boson while the coupling to the H_2 higgs bosons is absent where

(H_1) = ( H^0_1 H^{′−}_1 ) , (H_2) = ( H^{′+}_2 H^0_2 ) (1) Loop corrections produce a shift in the H^0_1 couplings and generate a non vanishing effective coupling with H^0_2 . Thus the effective Lagrangian would be written as

−L_{ef f} = (h_b + δh_b)b̄_Rb_LH^0_1 + Δh_bb̄_Rb_LH^{0∗}_2 + H.c. (2)

where the star on H^{0∗}_2 is necessary in order to have a gauge invariant L_{ef f} . The same analysis holds for the tau-lepton sector where h_τ , δh_τ and Δh_τ are used in the Lagrangian involving τ̄_Rτ_L.

The quantities δh_f and Δh_f receive SUSY QCD and SUSY electroweak contributions. They are calculated in Ref.[3] on mass corrections to lepton and quark masses. In the analysis carried out there one finds that the couplings are generally complex due to CP phases in the soft breaking terms. Electroweak symmetry is broken spontaneously by giving vacuum expectation value to H^0_1 and H^0_2 . Thus one finds

(H_1) = 1 √ 2 ( v_1 + ϕ_1 + iψ_1

H^−_1 ) , (H_2) = e^{iθH} √ 2 ( H^+_2 v_2 + ϕ_2 + iψ_2 ) (3) Inserting in H^0_1 and H^0_2 one finds

−L_m = M_bb̄_Rb_L + H.c. (4)

where

M_b = h_bv_1 √ 2 {1 + δh_b h_b + Δh_b h_b tan β} (5)

Here M_b is complex because δh_b and Δh_b are both complex. We carry out a redefinition of the b quark field

b = e^{i 12 γ5 χb} b^′, tan χ_b = ImM_b ReM_b (6) After the redefintion of Eq.(6) the mass term reads

−L_m = m_bb̄^′_Rb^′_L + H.c. (7)

where m_b is real and positive and b^′ is the physical field and m_b and h_b are related by h_b = √ 2m_b v_1

[(1 + Re δh_b h_b + Re Δh_b h_b tan β)^2 + (Im δh_b h_b + Im Δh_b h_b tan β)^2]^{− 12} (8)

The above can be approximated by h_b ≃ √ 2m_b v_1 1 (1 + Δ_b)

, Δ_b = Re δh_b h_b + Re Δh_b h_b tan β (9)

From now on we will drop the prime on b and we will assume that we are already in the basis where the b field is the physical field for the b quark. The other terms in Eq. (2) which have ϕ_1, ψ_1, ϕ_2 and ψ_2 dependence will produce the interaction between the b-quark and the mass eigen states of the Higgs fields H_i. Next we introduce the basis ϕ_1, ϕ_2, ψ_{1D}, ψ_{2D} where

ψ_{1D} = sin βψ_1 + cos βψ_2, ψ_{2D} = − cos βψ_1 + sin βψ_2 (10)

In this basis the field ψ_{2D} is the would be Goldstone field. By considering one loop contributions to the Higgs boson masses and mixings from top-stop, bottomsbottom, chargino and neutralino exchanges with CP violating phases, the mass eigen states of the Higgs fields would be mixed states of CP even and CP odd states. Thus the mass eigen states H_i (i=1,2,3) are related to the ϕ_1, ϕ_2, ψ_{1D} as follows[22, 23, 31, 32] H_1 H_2 H_3 = R ϕ_1 ϕ_2 ψ_{1D} (11)

In the absence of CP phases there is no mixing between the CP even and the CP odd Higgs and the Higgs mass^2 matrix consists of a 2 × 2 matrix for the CP even fields and a one element for the CP odd Higgs. Solving for the eigen values in this case one may choose the first eigen value to be the heavier mass and the second eigen value to be the lighter mass. In previous analyses where we considered the effects of CP phases on the Higgs sector[23], we used the convention that in the limit of vanishing CP phases one has H_1 → H, H_2 → h, H_3 → A[23]. In the present analysis we continue to use the same convention. Thus the lightest Higgs boson field corresponds to H_2 in our notation.

3 The Decays H_2 → bb̄ and H_2 → τ τ̄ including effects of CP phases

In this section we study the decay of H_2 Higgs into bb̄ and τ τ̄ . Consider the b quark first. The effective interaction of the b quark with the Higgs mass eigen states H_2 is given by

−L^b_{int} = b̄[C^S_b + iγ_5C^P_b ]bH_2 C^S_b = C̃^S_b cos χ_b − C̃^P_b sin χ_b C^P_b = C̃^S_b sin χ_b + C̃^P_b cos χ_b √ 2C̃^S_b = Re(h_b + δh_b)R_{21} + [−Im(h_b + δh_b) sin β +Im(Δh_b) cos β]R_{23} + Re(Δh_b)R_{22} √ 2C̃^P_b = −Im(h_b + δh_b)R_{21} + [−Re(h_b + δh_b) sin β +Re(Δh_b) cos β]R_{23} − Im(Δh_b)R_{22} (12)

In deriving L^b_{int} above, we redefined the quark field b such that h_b is real and is given by Eq.(8) while the quark mass M_b is complex before field redefinition. In

Figure 1: One loop contribution to the bottom quark mass involving exchange of gluino, charginos and neutralinos in the loop.

Ref. [31] the authors redefined the fields such that h_b is complex and is given by their Eq.(4.5) while the quark mass is real and positive. To compare now our Eq.(12) with Eq.(4.10) of Ref. [31] and Eq. (77) of Ref. [6], we have the phase χ_b of the quark mass apparent while h_b in C^S_b and C^P_b is real. In Eqs.(4.11, 4.12) of Ref. [31] and Eq.(78, 79) of Ref. [6] the phase χ_b is absent because of their choice of phases which makes h_b + δh_b + Δh_b tan β a real and positive quantity and our Eq.(6) would lead then to a vanishing χ_b. However h_b in these expressions is complex and this will compensate for the absence of χ_b. So both methods, the one given here and that of Refs.[31] and [6], lead to the same phenomenolgical results.

The τ lepton has similar interactions. Thus

−L^τ_{int} = τ̄ [C^S_τ + iγ_5C^P_τ ]bH_2 (13)

where C^S_τ and C^P_τ are given by Eq. (12) with the transposition b → τ . We are interested in the ratio of the branching ratios for H_2 → b̄b and H_2 → τ̄ τ , i.e., R_{b/τ} = BR(H_2 → b̄b) BR(H_2 → τ̄ τ ) (14)

Using the interactions given in Eqs. (12) and (13) we can estimate this to be R_{b/τ} = 3 m^2_b m^2_τ S_τ S_b T_b T_τ (1 + ω) (15)

Here

T_f = (

M^2_{H2} − 4m^2_f M^2_{H2}

)^{32} (A^S_f )^2 + (

M^2_{H2} − 4m^2_f

M^2_{H2}

)^{12} (A^P_f )^2 (16) where

A^S_f = Ã^S_f cos χ_f − Ã^P_f sin χ_f , A^P_f = Ã^S_f sin χ_f + Ã^P_f cos χ_f Ã^S_f = [(1 + Reδh^f h_f )R_{21} − Im δh_f h_f R_{23} sin β + Re Δh_f h_f R_{22} + Im Δh_f h_f R_{23} cos β] Ã^P_f = [−Imδh^f h_f R_{21} − (1 + Re δh_f h_f )R_{23} sin β − Im Δh_f h_f R_{22} + Re Δh_f h_f R_{23} cos β](17)

S_f = [(1 + Re δh_f h_f + Re Δh_f h_f tan β)^2 + (Im δh_f h_f + Im Δh_f h_f tan β)^2] (18)

and (1 + ω) is the QCD enhancement factor and is given by[33]

(1 + ω) = 1 + 5.67 α_s π + 29.14 α^2_s π^2

(19)

so that (1 + ω) ≃ 1.25 for α_S ≃ 0.12. CP phases enter in Eq. (15) through T_f and S_f since these depend on the phases through the couplings Δh_f , δh_f and through the matrix element R_{2i}. Now the CP dependence of Δh_b and δh_b is significantly different from the CP dependence of Δh_τ and δh_τ on phases since, for example, corrections to the b quark mass involve gluino contributions and are thus sensitive to the phase ξ_3 while the corrections to the τ lepton mass do not depend on this phase. Thus one can expect a sensitive dependence of the ratio R_{b/τ} on the phases. We may compare the above result to the result from the Standard Model. Here one has

(R_{b/τ} )_{SM} = 3( m^2_b m^2_τ )( m^2_h − 4m^2_b m^2_h − 4m^2_τ

)^{32} (1 + ω) (20)

By identifying m_h with m_{H2} we define the shift due to supersymmetric effects including the effects due to CP phases as follows ΔR_{b/τ} = R_{b/τ} − (R_{b/τ} )_{SM} R_{b/τ} (21)

As pointed out in Ref.[1] this ratio can be used to distinguish the SM Higgs from the lightest SUSY Higgs. The same holds here except that we also take into account the effects of CP phases. We will discuss the effects of the CP phases on ΔR_{b/τ} numerically in Sec.5. It is also of interest to analyze the ratio of the branching ratios H_2 → bb̄ and H_2 → cc̄. Thus define R_{b/c} = BR(H_2 → b̄b) BR(H_2 → cc̄) (22)

By repeating the analysis as for the previous case we get R_{b/c} = m^2_b m^2_c tan^2 β S^′_c S_b T_b T^′_c (23)

where

T^′_c = (

M^2_{H2} − 4m^2_f

M^2_{H2}

)^{32} (A^S_c )^2 + (

M^2_{H2} − 4m^2_f M^2_{H2}

)^{12} (A^P_c )^2 (24)

where

A^S_c = Ã^S_c cos χ_c − Ã^P_c sin χ_c, A^P_c = Ã^S_c sin χ_c + Ã^P_c cos χ_c Ã^S_c = [(1 + Reδh^c h_c )R_{22} − Im δh_c h_c R_{23} cos β + Re Δh_c h_c R_{21} + Im Δh_c h_c R_{23} sin β] Ã^P_c = [−Imδh^c h_c R_{22} − (1 + Re δh_c h_c )R_{23} cos β − Im Δh_c h_c R_{21} + Re Δh_c h_c R_{23} sin β] (25)

S^′_c = [(1 + Re δh_c h_c + Re Δh_c h_c cot β)^2 + (Im δh_c h_c + Im Δh_c h_c cot β)^2] (26)

We note that the prime is used on T^′_c and S^′_c for the c quark case since it has different couplings. The Δh_c and δh_c can be deduced similar to the analysis of Δh_t and δh_t given in Ref.[3]. Explicit results are given in Appendix A. An analysis similar to the above but for the decay of the heavier Higgs bosons H_1 and H_3 are given in Appendix B.

4 Limit of Vanishing Phases

We compare our results now with previous analysis of Ref.[1] by taking the limit of vanishing phases. In this limit we set

χ_f = 0, Im(δh_f ) = 0 = Im(Δh_f ) R_{11} = cos α, R_{12} = sin α R_{21} = − sin α, R_{22} = cos α R_{13} = R_{23} = 0 (27)

Neglecting the masses of b, c and τ relative to the masses of the Higgs bosons, one obtains from Eqs. (15)-(18) the result R_{b/τ} = 3 m^2_b m^2_τ

(1 + ϵ^′_b − ϵ_b/ tan α)^2 (1 + ϵ^′_b + ϵ_b tan β)^2

(1 + ϵ^′_τ + ϵ_τ tan β)^2 (1 + ϵ^′_τ − ϵ_τ / tan α)^2

(1 + ω) (28) where ϵ_{b,τ} and ϵ^′_{b,τ} are defined so that ϵ_{b,τ} = Δh_{b,τ} /h_{b,τ} ϵ^′_{b,τ} = δh_{b,τ} /h_{b,τ} (29) On neglecting the τ correction and ϵ^′_b correction this result agrees with Eq.(11) of the first paper of Ref.[1]. Similarly in the limit of vanishing phases one finds for R_{b/c} the result R_{b/c} = m^2_b m^2_c

(tan α tan β)^2

(1 + ϵ^′_b − ϵ_b cot α)^2 (1 + ϵ^′_b + ϵ_b tan β)^2

(1 + ϵ^′_c + ϵ_c cot β)^2 (1 + ϵ^′_c − ϵ_c tan α)^2

(30)

Again neglecting the ϵ^′_b and ϵ^′_c terms the above result agrees with Eq.(19) of the first paper of Ref.[1]. We note, however, that in general the ϵ^′ term is not necessarily negligible.

5 Numerical Analysis

In this section we discuss the size of the supersymmetric corrections including CP phases to ΔR_{b/τ} and ΔR_{b/c} discussed in Sec.3. We carry out the analysis in MSSM. Since the general parameter space of MSSM is rather large we shall limit our selves to a more constrained set for the purpose of this numerical study. We shall use for our parameter space the set m_A, m_0, m_{1/2}, |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 electroweak 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 electroweak scale. We then use the sparticle spectrum generated by the above method to compute the supersymmetric corrections to the Higgs decays. As mentioned above the phases chosen here for the numerical analysis are ξ_1, ξ_2, ξ_3, α_{A0} and θ_μ. This choice provides a convenient set of phases because of their appearance in the expressions for R_{ij} , Δh_f and δh_f . By examining these expressions one finds linear combinations of the phases listed above that enter the analysis. Such linear combinations have been classified for EDMs in Ref.[17]. Thus not all the phases are independent and absorbing one of these phases by redefinition of the other phases in these linear combinations will not change the numerical analysis, i.e, the effect of CP phases on Higgs decay. However, for the numerical analysis here it is more convenient to work with the set listed above.

In Fig. 2 we give a plot of ΔR_{b/τ} for the decay of Higgs H_2 as given by Eq.(21) as a function of the phase ξ_3 for values of tan β ranging from 5-50. The analysis shows a very sharp dependence of ΔR_{b/τ} on ξ_3. Thus ξ_3 affects not only the magnitude of ΔR_{b/τ} but also its sign depending on the value of ξ_3. A similar analysis holds for ΔR^{H1}_{b/τ} where R^{H1}_{b/τ} is given by Eq.(54). Fig. 3 gives a plot of ΔR^{H1}_{b/τ} as a function of ξ_3 for all the same inputs as for Fig. 2. In this case also one finds a very sharp dependence of ΔR^{H1}_{b/τ} on ξ_3. The analysis of ΔR^{H3}_{b/τ} follows a similar pattern as ΔR^{H1}_{b/τ} and is not exhibited. As discussed in Sec.4 the quantity ΔR_{b/c} is also of interest where R_{b/c} is given by Eq.(30). In Fig. 4 we give a plot of ΔR_{b/c} as a function of ξ_3 for all the same inputs as in the analysis of Fig. 2. Here also we find a very substantial dependence of ΔR_{b/c} on ξ_3. Next we analyse the variations of ΔR_{b/τ} and ΔR_{b/c} as a function of θ_μ. In Fig. 5 a plot of ΔR_{b/τ} is given as function of θ_μ for various values of ξ_3. Similar plots for ΔR^{H1}_{b/τ} and for ΔR_{b/c} are given in Fig. 6 and Fig. 7. Together Figs. 5, 6 and Fig. 7 show a rapid dependence of ΔR_{b/τ} , ΔR^{H1}_{b/τ} and of ΔR_{b/c} on θ_μ in addition to their sharp dependence on ξ_3.

The analysis given in Fig. 2, Fig. 3 and Fig. 4, and also in Figs. 5, 6 and Fig. 7 include CP effects arising from both supersymmetric QCD and supersymmetric electroweak effects. Next we study the dependence of the branching ratios on the electroweak CP phase ξ_2. In Fig. 8 we give an analysis of ΔR_{b/τ} for the decay of Higgs H_2 as a function of ξ_2 for values of m_0, m 1_2 ranging from 200 GeV -400 GeV. Here we see that the dependence of ΔR_{b/τ} on ξ_2 is not as strong as it is on ξ_3. Nonetheless the ξ_2 dependence of ΔR_{b/τ} is still quite substantial as the variations in ΔR_{b/τ} can be as much as 40%. In Fig. 9 we exhibit the dependence of ΔR^{H1}_{b/τ} on ξ_2 and one finds that once again the dependence though not as strong as the ξ_3 dependence is still quite substantial and one can get variations of as much as 40% over the full range of ξ_2. The analysis of ΔR^{H3}_{b/τ} is very similar and is not displayed. In Fig. 10 the dependence of ΔR_{b/c} on ξ_2 for the H_2 decay is given. Again although the dependence of ΔR_{b/c} on ξ_2 is not as strong as on ξ_3 it is still quite substantial as one finds that ΔR_{b/c} can vary about 20% over the full range of ξ_2.

In Fig. 11 we give a plot of ΔR_{b/τ} as a function of tan β for three different inputs which for the largest value of tan β satisfy the edm constraints including the H^{199}_g edm constraint. (The H^{199}_g edm constraint translates into C_{Hg} = |d^C_d − d^C_u − 0.012d^C_s | < 3.0 × 10^{−26}cm[20, 21].) The lower set of curves are for the cases when phases are included while similar upper curves are without phases. First one finds the effect of phases is so large as to not only affect the magnitude of ΔR_{b/τ} but also affect its sign. Further, one finds that ΔR_{b/τ} is strongly dependent on tan β for cases with and without phases. An identical analysis for ΔR^{H1}_{b/τ} is given in Fig. 12 where ΔR^{H1}_{b/τ} is plotted as a function of tan β for exactly the same set of inputs as in Fig. 11. One finds once again a very similar behavior in that both the magnitude and the sign of ΔR^{H1}_{b/τ} are affected and also one finds a very strong dependence on tan β. The analysis of ΔR^{H3}_{b/τ} is very similar to that of ΔR^{H1}_{b/τ} and is not given. In Fig. 13 we give a plot of ΔR_{b/c} as a function of tan β again for the same identical inputs as in Fig. 11. In this case also the effects of phases though smaller than in the case of ΔR_{b/τ} are still substantial in that the CP phase effects can be up to 30%. Further, one finds about 20% variation due to variations in tan β.

Table 1: EDM constraints for the points of tan β = 50 of Figs. 11 , 12 and 13. Case |d_e|e.cm |d_n|e.cm C_{Hg}cm (i) 1.67 × 10^{−27} 1.59 × 10^{−27} 1.18 × 10^{−27} (ii) 6.05 × 10^{−28} 3.47 × 10^{−27} 1.29 × 10^{−26} (iii) 2.14 × 10^{−27} 8.90 × 10^{−28} 1.25 × 10^{−26}

6 Conclusions

In this paper we have computed the effects of CP phases on the Higgs boson decays. In supersymmetry after spontaneous breaking one is left with three neutral Higgs bosons which in the absence of CP phases consist of two CP even Higgs and one CP odd Higgs. With the inclusion of CP phases the Higgs mass eigen states are no longer CP eigen states but rather admixtures of CP even and CP odd states when loop corrections to the Higgs boson masses are included. Further, inclusion of loop corrections to the quarks and lepton masses are in general dependent on CP phases and these effects can be very significant for the case of the b quark mass. Additionally inclusion of CP dependent loop effects on the quark and lepton masses modify the vertices involving the quarks and leptons and the Higgs mass eigen states and these modifications also affect the Higgs boson decays. In this paper we have computed the effects of CP phases on the decays of the light and the heavy Higgs boson decays to bb̄ and to τ τ̄ . Specifically we computed the deviation of R_{b/τ} from the standard model prediction in the presence of CP phases. We find that these effects can be rather large. Thus ΔR_{b/τ} can vary by as much as 100% or more due to the variation in the θ_μ and ξ_3 while variations with ξ_2 are relatively small although still substantial. A similar analysis was also carried out for ΔR_{b/c} and one finds that the variations of ΔR_{b/c} with phases are also substantial. The analysis presented here points to the possible detection of CP phases via accurate measurement of the branching ratios provided we have sufficient constraints on the remaining SUSY input parameters from other experiment. Thus the decays of the Higgs if measured with sufficient accuracy may provide a signal for the presence of both supersymmetry and CP phases. Acknowledgments This research was also supported in part by NSF grant PHY-0139967 Appendix A: Analysis of Δh_c and δh_c.

Following the same technique as given in Ref..[3] we give below explicit expressions for Δh_c and δh_c. Thus the c quark mass at the Z scale is given by

m_c(M_Z ) = h_c(M_Z ) v √ 2 sin β(1 + Δ_c) (31)

where Δ_c gives the loop correction to the c quark mass m_c. and Δ_c is given by

Δ_c = (Re Δh_c h_c cotβ + Re δh_c h_c ) (32)

An analysis of Δh_c to one loop order gives

Δh_c = − 2∑ i=1 2∑ j=1 2α_s 3π e^{−iξ3} m_{g̃}F^∗_{cij} D^∗_{c1i}D_{c2j} f(m^2_{g̃}, m^2_{c̃i} , m^2_{c̃j} ) − 2∑ i=1 2∑ j=1 2∑ k=1 g^2H^∗_{cij} {U^∗_{k1}D^∗_{s1i} − k_sU^∗_{k2}D^∗_{s2i}}(k_cV^∗_{k2}D_{s1j} ) m_χ+_k 16π^2 f(m^2_χ+_k , m^2_{s̃i} , m^2_{s̃j} ) − 2∑ i=1 2∑ j=1 2∑ k=1 g^2K^∗_{ji}{U^∗_{i1}D^∗_{s1k} − k_sU^∗_{i2}D^∗_{s2k} }(k_cV^∗_{j2}D_{s1k} ) m_χ+_i m_χ+_j 16π^2 f(m^2_{s̃k} , m^2_χ+_i , m^2_χ+_j ) − 2∑ i=1 2∑ j=1 4∑ k=1 2F^∗_{cij} {α_{ck}D_{c1j} − γ_{ck} D_{c2j} }{β^∗_{ck}D^∗_{c1i} + α_{ck} D^∗_{c2i}} m_χ0_k 16π^2 f(m^2_χ0_k , m^2_{c̃i} , m^2_{c̃j} ) − 4∑ i=1 4∑ j=1 2∑ k=1 2Δ^∗_{ij} {α_{cj} D_{c1k} − γ_{cj} D_{c2k} }{β^∗_{ci}D^∗_{c1k} + α_{ci}D^∗_{c2k}} m_χ0_i m_χ0_j 16π^2 f(m^2_{c̃k} , m^2_χ0_i , m^2_χ0_j )(33)

where α_{ck} = g_2m_cX_{4k} 2m_W sin β β_{ck} = eQ_cX^{′ ∗}_{1k} + g cos θ_W

X^{′ ∗}_{2k} (T_{3c} − Q_c sin^2 θ_W ) γ_{ck} = eQ_cX^′_{1k} − gQ_c sin^2 θ_W

cos θ_W

X^′_{2k} (34) k_{c(s)} = m_{c(s)} √ 2m_W sin β(cos β)

(35)

and where Q_c =^2_3 and T_{3c} =^1_2 . In the above D_{cij} is the matrix that diagonalizes the c squark mass^2 matrix and c̃_i are the c squark mass eigen states so that

c̃_L = 2∑ i=1 D_{c1i}c̃_i, c̃_R = 2∑ i=1 D_{c2i}c̃_i (36)

Similarly D_{sij} is the matrix that diagonalizes the s squark mass^2 matrix and s̃_i are the s squark mass eigen states so that

s̃_L = 2∑ i=1 D_{s1i}s̃_i, s̃_R = 2∑ i=1 D_{s2i}s̃_i (37)

Further, U and V are the matrices that diagonalize the chargino mass matrix and the matrix X diagonalizes the neutralino mass matrix and the elements of the X^′ matrix are defined by

X^′_{1k} = X_{1k} cos θ_W + X_{2k} sin θ_W , X^′_{2k} = −X_{1k} sin θ_W + X_{2k} cos θ_W (38)

where we are using a notation of Ref.[3]. F_{cij} and H_{cij} are defined by F_{cij} √ 2 = − gM_Z 2 cos θ_W {( 1 2 − 2 3 sin^2 θ_W )D^∗_{c1i}D_{c1j} + 2 3 sin^2 θ_W D^∗_{c2i}D_{c2j} } cos β + gm_cμ 2M_W sin β

D^∗_{c1i}D_{c2j} (39) and H_{cij} √ 2 = − gM_Z 2 cos θ_W {(− 1 2 + 1 3 sin^2 θ_W )D^∗_{s1i}D_{s1j} − 1 3 sin^2 θ_W D^∗_{s2i}D_{s2j} } cos β − gm^2_s 2M_W cos β

[D^∗_{s1i}D_{s1j} + D^∗_{s2i}D_{s2j} ] − gm_sm_0A_s 2M_W cos β

D^∗_{s2i}D_{s1j} (40)

while K_{ij} and Δ_{ij} are defined by K_{ij} √ 2 = − g 2 Q_{ji}, Δ_{ij} √ 2 = − g 2 Q_{ij}^{′′} (41)

where Q_{ij} = √ 1 2 U_{i2}V_{j1} gQ^{′′}_{ij} = 1 2 [X^∗_{3i}(gX^∗_{2j} − g^′X^∗_{1j} ) + (i ←→ j)] (42)

Finally the function f(m^2, m^2_i , m^2_j ) is given by

f(m^2, m^2_i , m^2_j ) = 1 (m^2 − m^2_i )(m^2 − m^2_j )(m^2_j − m^2_i )

(m^2_j m^2ln m^2_j m^2

+ m^2m^2_i ln m^2 m^2_i

+ m^2_i m^2_j ln m^2_i m^2_j

)(43)

for the case i ≠ j and

f(m^2, m^2_i , m^2_j ) = 1 (m^2_i − m^2)^2 (m^2ln m^2_i m^2

+ (m^2 − m^2_i )) (44)

for the case i=j. Similarly for δh_c we find the result δh_c = − 2∑ i=1 2∑ j=1 2α_s 3π e^{−iξ3} m_{g̃}E_{cji}D^∗_{c1i}D_{c2j} f(m^2_{g̃}, m^2_{c̃i} , m^2_{c̃j} ) − 2∑ i=1 2∑ j=1 2∑ k=1 g^2G_{cji}{U^∗_{k1}D^∗_{s1i} − k_sU^∗_{k2}D^∗_{s2i}}(k_cV^∗_{k2}D_{s1j} ) m_χ+_k 16π^2 f(m^2_χ+_k , m^2_{s̃i} , m^2_{s̃j} ) − 2∑ i=1 2∑ j=1 2∑ k=1 g^2C^∗_{ji}{U^∗_{i1}D^∗_{s1k} − k_sU^∗_{i2}D^∗_{s2k} }(k_cV^∗_{j2}D_{s1k} ) m_χ+_i m_χ+_j

16π^2 f(m^2_{s̃k} , m^2_χ+_i , m^2_χ+_j ) − 2∑ i=1 2∑ j=1 4∑ k=1 2E_{cji}{α_{ck} D_{c1j} − γ_{ck} D_{c2j} }{β^∗_{ck}D^∗_{c1i} + α_{ck}D^∗_{c2i}} m_χ0_k 16π^2 f(m^2_χ0_k , m^2_{c̃i} , m^2_{c̃j} ) − 4∑ i=1 4∑ j=1 2∑ k=1 2Γ^∗_{ij} {α_{cj} D_{c1k} − γ_{cj} D_{c2k}}{β^∗_{ci}D^∗_{c1k} + α_{ci}D^∗_{c2k} } m_χ0_i m_χ0_j

16π^2 f(m^2_{c̃k} , m^2_χ0_i , m^2_χ0_j )(45)

where E_{cij} and G_{cij} are given by E_{cij} √ 2 = gM_Z 2 cos θ_W {( 1 2 − 2 3 sin^2 θ_W )D^∗_{c1i}D_{c1j} + 2 3 sin^2 θ_W D^∗_{c2i}D_{c2j} } sin β − gm^2_c 2M_W sin β

[D^∗_{c1i}D_{c1j} + D^∗_{c2i}D_{c2j} ] − gm_cm_0A_c 2M_W sin β

D^∗_{c2i}D_{c1j} (46) and G_{cij} √ 2 = gM_Z 2 cos θ_W {(− 1 2 + 1 3 sin^2 θ_W )D^∗_{s1i}D_{s1j} − 1 3 sin^2 θ_W D^∗_{s2i}D_{s2j} } sin β + gm_sμ 2M_W cos β

D^∗_{s1i}D_{s2j} (47)

while C_{ij} and Γ_{ij} are defined by C_{ij} √ 2 = − g 2 sin β [ m_χ+_i 2M_W δ_{ij} − Q^∗_{ij} cos β − R^∗_{ij} ] (48) and Γ_{ij} √ 2 = − g 2 sin β [ m_χ0_i 2M_W δ_{ij} − Q^{′′∗}_{ij} cos β − R^{′′ ∗}_{ij} ] (49) where R_{ij} = 1 2M_W [m̃^∗_2U_{i1}V_{j1} + μ^∗U_{i2}V_{j2}] R^{′′}_{ij} = 1 2M_W [m̃^∗_1X^∗_{1i}X^∗_{1j} + m̃^∗_2X^∗_{2i}X^∗_{2j} − μ^∗(X^∗_{3i}X^∗_{4j} + X^∗_{4i}X^∗_{3j} )] (50)

Appendix B: Decays of H_1 and H_3 Higgs bosons.

We can repeat the same analysis for the heavy Higgs bosons H_1 and H_3. The effective interaction of the b quark with the Higgs mass eigen state H_1 is given by −L^b_{int} = b̄[C^{S′}_b + iγ_5C^{P ′}_b ]bH_1 C^{S′}_b = C̃^{S′}_b cos χ_b − C̃^{P ′}_b sin χ_b C^{P ′}_b = C̃^{S′}_b sin χ_b + C̃^{P ′}_b cos χ_b √ 2C̃^{S′}_b = Re(h_b + δh_b)R_{11} + [−Im(h_b + δh_b) sin β +Im(Δh_b) cos β]R_{13} + Re(Δh_b)R_{12} √ 2C̃^{P ′}_b = −Im(h_b + δh_b)R_{11} + [−Re(h_b + δh_b) sin β +Re(Δh_b) cos β]R_{13} − Im(Δh_b)R_{12} (51) The τ lepton has similar interactions. Thus −L^τ_{int} = τ̄ [C^{S′}_τ + iγ_5C^{P ′}_τ ]τ H_1 (52) and C^{S′}_τ and C^{P ′}_τ can be obtained from Eq. (51) by the interchange b → τ . For the H_1 decays one finds R^{H1}_{b/τ} = BR(H_1 → b̄b) BR(H_1 → τ̄ τ ) (53)

Using the interactions given by Eqs. (51)and (52) we dertmine this to be

R^{H1}_{b/τ} = 3 m^2_b m^2_τ S_τ S_b T^{H1}_b T^{H1}_τ (1 + ω) (54)

where

T^{H1}_f = (

M^2_{H1} − 4m^2_f

M^2_{H1}

)^{32} (A^{S′}_f )^2 + (

M^2_{H1} − 4m^2_f

M^2_{H1}

)^{12} (A^{P ′}_f )^2 (55)

where A^{S′}_f = Ã^{S′}_f cos χ_f − Ã^{P ′}_f sin χ_f , A^{P ′}_f = Ã^{S′}_f sin χ_f + Ã^{P ′}_f cos χ_f Ã^{S′}_f = [(1 + Reδh^f h_f )R_{11} − Im δh_f h_f R_{13} sin β + Re Δh_f h_f R_{12} + Im Δh_f h_f R_{13} cos β] Ã^{P ′}_f = [−Imδh^f h_f R_{11} − (1 + Re δh_f h_f )R_{13} sin β − Im Δh_f h_f R_{12} + Re Δh_f h_f R_{13} cos β](56)

The interaction that governs the H_3 decay is −L^b_{int} = b̄[C^{S′′}_b + iγ_5C^{P ′′}_b ]bH_3 C^{S′′}_b = C̃^{S′′}_b cos χ_b − C̃^{P ′′}_b sin χ_b C^{P ′′}_b = C̃^{S′′}_b sin χ_b + C̃^{P ′′}_b cos χ_b √ 2C̃^{S′′}_b = Re(h_b + δh_b)R_{31} + [−Im(h_b + δh_b) sin β +Im(Δh_b) cos β]R_{33} + Re(Δh_b)R_{32} √ 2C̃^{P ′′}_b = −Im(h_b + δh_b)R_{31} + [−Re(h_b + δh_b) sin β +Re(Δh_b) cos β]R_{33} − Im(Δh_b)R_{32} (57)

Similarly the τ lepton interaction with H_3 is given by

−L^τ_{int} = τ̄ [C^{S′′}_τ + iγ_5C^{P ′′}_τ ]τ H_3 (58)

and C^{S′′}_τ and C^{P ′′}_τ can be obtained from Eq. (57) by the interchange b → τ . For the H_3 decays one finds R^{H3}_{b/τ} = BR(H_3 → b̄b) BR(H_3 → τ̄ τ ) (59)

Using the interactions given in Eqs. (57) and (58) we dertmine this to be

R^{H3}_{b/τ} = 3 m^2_b m^2_τ S_τ S_b T^{H3}_b T^{H3}_τ (1 + ω) (60)

where

T^{H3}_f = (

M^2_{H3} − 4m^2_f M^2_{H3}

)^{32} (A^{S′′}_f )^2 + (

M^2_{H3} − 4m^2_f

M^2_{H3}

)^{12} (A^{P ′′}_f )^2 (61)

where

A^{S′′}_f = Ã^{S′′}_f cos χ_f − Ã^{P ′′}_f sin χ_f , A^{P ′′}_f = Ã^{S′′}_f sin χ_f + Ã^{P ′′}_f cos χ_f Ã^{S′′}_f = [(1 + Reδh^f h_f )R_{31} − Im δh_f h_f R_{33} sin β + Re Δh_f h_f R_{32} + Im Δh_f h_f R_{33} cos β] Ã^{P ′′}_f = [−Imδh^f h_f R_{31} − (1 + Re δh_f h_f )R_{33} sin β − Im Δh_f h_f R_{32} + Re Δh_f h_f R_{33} cos β](62)

References

[1] K. S. Babu and C. F. Kolda, Phys. Lett. B 451, 77 (1999); M. Carena, S. Mrenna and C. E. Wagner, Phys. Rev. D 60, 075010 (1999); J. Guasch, W. Hollik and S. Penaranda, Phys. Lett. B 515, 367 (2001); H. E. Haber, M. J. Herrero, H. E. Logan, S. Penaranda, S. Rigolin and D. Temes, Phys. Rev. D 63, 055004 (2001); M. Carena, H. E. Haber, H. E. Logan and S. Mrenna, Phys. Rev. D 65, 055005 (2002) [Erratum-ibid. D 65, 099902 (2002)]; A. Belyaev, D. Garcia, J. Guasch and J. Sola, JHEP 0206, 059 (2002); J. Guasch, P. Hafliger and M. Spira, arXiv:hep-ph/0305101.

[2] A.H. Chamseddine, R. Arnowitt and P. Nath, Phys. Rev. Lett. 49, 970 (1982); R. Barbieri, S. Ferrara and C.A. Savoy, Phys. Lett. B 119, 343 (1982); L. Hall, J. Lykken, and S. Weinberg, Phys. Rev. D 27, 2359 (1983): P. Nath, R. Arnowitt and A.H. Chamseddine, Nucl. Phys. B 227, 121 (1983).

[3] T. Ibrahim and P. Nath, Phys. Rev. D 67, 095003 (2003) [arXiv:hepph/0301110].

[4] L. J. Hall, R. Rattazzi and U. Sarid, Phys. Rev. D 50, 7048 (1994);

M. Carena, M. Olechowski, S. Pokorski and C. E. Wagner, Nucl. Phys. B 426, 269 (1994); D. M. Pierce, J. A. Bagger, K. T. Matchev and R. j. Zhang, Nucl. Phys. B 491, 3 (1997).

[5] M. Carena, D. Garcia, U. Nierste and C. E. Wagner, Nucl. Phys. B 577, 88 (2000); H. Eberl, K. Hidaka, S. Kraml, W. Majerotto and Y. Yamada, Phys. Rev. D 62, 055006 (2000);

[6] M. Carena and H. E. Haber, arXiv:hep-ph/0208209;

[7] H. Arason, D.J. Castano, B.E. Kesthelyi, S. Mikaelian, E.J. Piard, P.

Ramond, and B.D. Wright, Phys. Rev. Lett. 67, 2933(1991); V. Barger, M.S. Berger, and P. Ohman, Phys. Lett. B314, 351(1993); Phys. Rev. D47, 1093(1993); T. Dasgupta, P. Mamales and P. Nath, Phys. Rev. D52, 5366(1995); D. Pierce, J. Bagger, K. Matchev and R. Zhang, Nucl. Phys. B491, 3(1997); H. Baer, H. Diaz, J. Ferrandis and X. Tata, Phys. Rev. D61, 111701(2000); W. de Boer, M. Huber, A.V. Gladyshev, D.I. Kazakov, Eur. Phys. J. C 20, 689 (2001).

[8] T. Banks, Nucl. Phys. B 303, 172 (1988); M. Olechowski and S. Pokorski, Phys. Lett. B 214, 393 (1988); B. Ananthanarayan, G. Lazarides and Q. Shafi, Phys. Rev. D 44, 1613 (1991); S. Dimopoulos, L. J. Hall and S. Raby, Phys. Rev. Lett. 68, 1984 (1992).

[9] H. Baer and J. Ferrandis, Phys. Rev. Lett.87, 211803 (2001); T. Blazek, R. Dermisek and S. Raby, Phys. Rev. Lett. 88, 111804 (2002); Phys. Rev. D 65, 115004 (2002); S. Komine and M. Yamaguchi, Phys. Rev. D 65, 075013 (2002); U. Chattopadhyay and P. Nath, Phys. Rev. D 65, 075009 (2002);

[10] E. Commins, et. al., Phys. Rev. A50, 2960(1994).

[11] P.G. Harris et.al., Phys. Rev. Lett. 82, 904(1999).

[12] S. K. Lamoreaux, J. P. Jacobs, B. R. Heckel, F. J. Raab and E. N. Fortson, Phys. Rev. Lett. 57, 3125 (1986).

[13] See, e.g., J. Ellis, S. Ferrara and D.V. Nanopoulos, Phys. Lett. B114, 231(1982); W. Buchmuller and D. Wyler, Phys. Lett. B121,321(1983); M. Dugan, B. Grinstein and L. Hall, Nucl. Phys. B255, 413(1985); R.Garisto and J. Wells, Phys. Rev. D55, 611(1997).

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

[15] K.S. Babu, B. Dutta and R. N. Mohapatra, Phys. Rev. D61, 091701(2000).

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

D57, 478(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); S. Pokorski, J. Rosiek and C.A. Savoy, Nucl.Phys. B570, 81(2000); E. Accomando, R. Arnowitt and B. Dutta, Phys. Rev. D 61, 115003 (2000); U. Chattopadhyay, T. Ibrahim, D.P. Roy, Phys.Rev.D64:013004,2001; C. S. Huang and W. Liao, Phys. Rev. D 61, 116002 (2000); ibid, Phys. Rev. D 62, 016008 (2000); A.Bartl, T. Gajdosik, E.Lunghi, A. Masiero, W. Porod, H. Stremnitzer and O. Vives, hepph/0103324. For analyses in the context string and brane models see, M. Brhlik, L. Everett, G. Kane and J. Lykken, Phys. Rev. Lett. 83, 2124, 1999;

Phys. Rev. D62, 035005(2000); E. Accomando, R. Arnowitt and B. Datta, Phys. Rev. D61, 075010(2000); T. Ibrahim and P. Nath, Phys. Rev. D61, 093004(2000).

[17] T. Ibrahim and P. Nath, Phys. Rev. D 58, 111301 (1998) [arXiv:hepph/9807501].

[18] T. Ibrahim and P. Nath, Phys. Rev. D 61, 093004 (2000) [arXiv:hepph/9910553].

[19] D. Chang, W-Y.Keung,and A. Pilaftsis, Phys. Rev. Lett. 82, 900(1999).

[20] T. Falk, K.A. Olive, M. Prospelov, and R. Roiban, Nucl. Phys. B560, 3(1999); V. D. Barger, T. Falk, T. Han, J. Jiang, T. Li and T. Plehn, Phys. Rev. D 64, 056007 (2001); S.Abel, S. Khalil, O.Lebedev, Phys. Rev. Lett. 86, 5850(2001)

[21] T. Ibrahim and P. Nath, Phys. Rev. D 67, 016005 (2003)

[22] A. Pilaftsis, Phys. Rev. D58, 096010; Phys. Lett.B435, 88(1998); A. Pilaftsis and C.E.M. Wagner, Nucl. Phys. B553, 3(1999); D.A. Demir, Phys. Rev. D60, 055006(1999); S. Y. Choi, M. Drees and J. S. Lee, Phys. Lett. B 481, 57 (2000); M. Boz, Mod. Phys. Lett. A 17, 215 (2002).

[23] T. Ibrahim and P. Nath, Phys.Rev.D63:035009,2001; hep-ph/0008237;

T. Ibrahim, Phys. Rev. D 64, 035009 (2001); T. Ibrahim and P. Nath, Phys. Rev. D 66, 015005 (2002); S. W. Ham, S. K. Oh, E. J. Yoo, C. M. Kim and D. Son, arXiv:hep-ph/0205244.

[24] T. Ibrahim and P. Nath, Phys. Rev. D 62, 015004 (2000) ; Phys. Rev. D 61, 095008 (2000). T. Ibrahim, U. Chattopadhyay and P. Nath, Phys. Rev. D 64, 016010 (2001)

[25] S. Mrenna, G. L. Kane and L. T. Wang, Phys. Lett. B 483, 175 (2000); A.

Dedes, S. Moretti, Phys.Rev.Lett.84:22-25,2000; Nucl.Phys.B576:29-55,2000; S.Y.Choi and J.S. Lee, Phys. Rev.D61, 111702(2000).

[26] S. Y. Choi, M. Guchait, J. Kalinowski and P. M. Zerwas, Phys. Lett. B 479, 235 (2000); S. Y. Choi, A. Djouadi, H. K. Dreiner, J. Kalinowski and P. M. Zerwas, Eur. Phys. J. C 7, 123 (1999); V. Barger, Tao Han, Tian-Jun Li, Tilman Plehn, Phys.Lett.B475:342-350,2000.

[27] See, e.g., A. Masiero and H. Murayama, Phys. Rev. Lett. 83, 907 (1999);

S. Khalil and T. Kobayashi, Phys. Lett. B 460, 341 (1999); D. A. Demir, A. Masiero and O. Vives, Phys. Lett. B 479, 230 (2000).

[28] C. S. Huang and W. Liao, Phys. Lett. B 538, 301 (2002); S. w. Baek, arXiv:hep-ph/0301269.

[29] A. Dedes and A. Pilaftsis, Phys. Rev. D 67, 015012 (2003); D. A. Demir, arXiv:hep-ph/0303249.

[30] T. Ibrahim and P. Nath, arXiv:hep-ph/0210251; arXiv:hep-ph/0207213.

[31] M. Carena, J. R. Ellis, A. Pilaftsis and C. E. Wagner, Nucl. Phys. B 586, 92 (2000); [arXiv:hep-ph/0003180].

[32] M. Carena, J. R. Ellis, A. Pilaftsis and C. E. Wagner, Nucl. Phys. B 625, 345 (2002) [arXiv:hep-ph/0111245] ; M. Carena, J. Ellis, S. Mrenna, A. Pilaftsis and C. E. Wagner, arXiv:hep-ph/0211467.

[33] S. G. Gorishnii, A. L. Kataev, S. A. Larin and L. R. Surguladze, Mod. Phys.

Lett. A 5, 2703 (1990).

Figure 2: Plot of ΔR_{b/τ} for the decay of H_2 Higgs as a function of the phase ξ_3. The other input parameters are: m_A = 200 GeV, m_0 = m 1_2 = 200 GeV, ξ_1 = .5, ξ_2 = .7, θ_μ = .1, α_{A0} = 1.0, and |A_0| = 4. The curves in descending order at the point ξ_3 = π correspond to tan β = 5, 10, 20, 30, 50. All angles here and in succeeding figure captions are in radians.

Figure 3: Plot of ΔR_{b/τ} for the decay of H_1 Higgs as a function of the phase ξ_3. The other input parameters are: m_A = 200 GeV, m_0 = m 1_2 = 200 GeV, ξ_1 = .5, ξ_2 = .7, θ_μ = .1, α_{A0} = 1.0, and |A_0| = 4. The curves in descending order at the point ξ_3 = π correspond to tan β = 5, 10, 20, 50, 30.

Figure 4: Plot of ΔR_{b/c} for the decay of H_2 Higgs as a function of the phase ξ_3. The other input parameters are: m_A = 200 GeV, m_0 = m 1_2 = 200 GeV, ξ_1 = .5, ξ_2 = .7, θ_μ = .1, α_{A0} = 1.0, and |A_0| = 4. The curves in descending order at the point ξ_3 = π correspond to tan β = 5, 10, 20, 30, 50.

Figure 5: Plot of ΔR_{b/τ} for the decay of H_2 Higgs as a function of the phase θ_μ. The other input parameters are: m_A = 200 GeV, m_0 = m 1_2 = 300, ξ_1 = .5, ξ_2 = .7, α_{A0} = 1.0, |A_0| = 5, and tan β = 20. The curves in descending order at θ_μ = 0 correspond to ξ_3 = 0, .75, 1.5, 2.25, 3

Figure 6: Plot of ΔR_{b/τ} for the decay of H_1 Higgs as a function of the phase θ_μ. The other input parameters are: m_A = 200 GeV, m_0 = m 1_2 = 300, ξ_1 = .5, ξ_2 = .7, α_{A0} = 1.0, |A_0| = 5, and tan β = 20. The curves in descending order at θ_μ = 0 correspond to ξ_3 = 0, .75, 1.5, 2.25, 3

Figure 7: Plot of ΔR_{b/c} for the decay of H_2 Higgs as a function of the phase θ_μ. The other input parameters are: m_A = 200 GeV, m_0 = m 1_2 = 300, ξ_1 = .5, ξ_2 = .7, α_{A0} = 1.0, |A_0| = 5, and tan β = 20. The curves in descending order at θ_μ = 0 correspond to ξ_3 = 0, .75, 1.5, 2.25, 3

Figure 8: Plot of ΔR_{b/τ} for the decay of H_2 Higgs as a function of the phase ξ_2. The other input parameters are: m_A = 200 GeV, ξ_1 = .5, ξ_3 = 0, θ_μ = .1, α_{A0} = 1.0, |A_0| = 5, and tan β = 50. The curves in ascending order correspond to m_0 = m 1_2 = 200, 250, 300, 350, 400 GeV.

Figure 9: Plot of ΔR_{b/τ} for the decay of H_1 Higgs as a function of the phase ξ_2. The other input parameters are: m_A = 200 GeV, ξ_1 = .5, ξ_3 = 0, θ_μ = .1, α_{A0} = 1.0, |A_0| = 5, and tan β = 50. The curves in ascending order correspond to m_0 = m 1_2 = 200, 250, 300, 350, 400 GeV.

Figure 10: Plot of ΔR_{b/c} for the decay of H_2 Higgs as a function of the phase ξ_2. The other input parameters are: m_A = 200 GeV, ξ_1 = .5, ξ_3 = 0, θ_μ = .1, α_{A0} = 1.0, |A_0| = 5, and tan β = 50. The curves in ascending order correspond to m_0 = m 1_2 = 200, 250, 300, 350, 400 GeV.

Figure 11: Plot ΔR_{b/τ} for the decay of H_2 Higgs as a function of tan β. The three lower curves are for the cases (i), (ii) and (iii) as follows: (i)m_A = 200 GeV, m_0 = m 1_2 = 300 GeV, A_0 = 4, α_{A0} = 1, ξ_1 = .5, ξ_2 = .659, ξ_3 = .633, θ_μ = 2.5 (solid) ; (ii) m_A = 200 GeV, m_0 = m 1_2 = 555 GeV, A_0 = 4, α_{A0} = 2, ξ_1 = .6, ξ_2 = .653, ξ_3 = .672,θ_μ = 2.5 (dot-dashed); (iii) m_A = 200 GeV, m_0 = m 1_2 = 480 GeV, A_0 = 3, α_{A0} = .8, ξ_1 = .4, ξ_2 = .668, ξ_3 = .6, θ_μ = 2.5 (long-dashed). The edm constraints including the H^{199}_g are satisfied for the above curves at tan β = 50 as shown in Table 1. The three similar curves in the upper half plane are for the three cases above when the phases are all set to zero.

Figure 12: Plot ΔR_{b/τ} for the decay of H_1 Higgs as a function of tan β. The three lower curves are for the cases (i), (ii) and (iii) as follows: (i)m_A = 200 GeV, m_0 = m 1_2 = 300 GeV, A_0 = 4, α_{A0} = 1, ξ_1 = .5, ξ_2 = .659, ξ_3 = .633, θ_μ = 2.5 (solid); (ii) m_A = 200 GeV, m_0 = m 1_2 = 555 GeV, A_0 = 4, α_{A0} = 2, ξ_1 = .6, ξ_2 = .653, ξ_3 = .672,θ_μ = 2.5 (dot-dashed); (iii) m_A = 200 GeV, m_0 = m 1_2 = 480 GeV, A_0 = 3, α_{A0} = .8, ξ_1 = .4, ξ_2 = .668, ξ_3 = .6, θ_μ = 2.5 (long-dashed). The edm constraints including the H^{199}_g are satisfied for the above curves at tan β = 50 as shown in Table 1. The three similar curves in the upper half plane are for the three cases above when the phases are all set to zero.

Figure 13: Plot ΔR_{b/c} for the decay of H_2 Higgs as a function of tan β. The three lower curves are for the cases (i), (ii) and (iii) as follows: (i)m_A = 200 GeV, m_0 = m 1_2 = 300 GeV, A_0 = 4, α_{A0} = 1, ξ_1 = .5, ξ_2 = .659, ξ_3 = .633, θ_μ = 2.5 (solid); (ii) m_A = 200 GeV, m_0 = m 1_2 = 555 GeV, A_0 = 4, α_{A0} = 2, ξ_1 = .6, ξ_2 = .653, ξ_3 = .672,θ_μ = 2.5 (dot-dashed); (iii) m_A = 200 GeV, m_0 = m 1_2 = 480 GeV, A_0 = 3, α_{A0} = .8, ξ_1 = .4, ξ_2 = .668, ξ_3 = .6, θ_μ = 2.5 (long-dashed). The edm constraints including the H^{199}_g are satisfied for the above curves at tan β = 50 as shown in Table 1. The three similar curves in the upper half plane are for the three cases above when the phases are all set to zero.