arXiv:hep-ph/0008073 9 Aug 2000

hep-ph/0008073 KIAS-P00036

CP violating supersymmetric contributions to the electroweak æ parameter

Sin Kyu Kang^{1∗} and Jung Dae Kim^{1,2 †} 1 School of Physics, Korea Institute for Advanced Study, Seoul 130-012, Korea 2Physics Department and IPAP, Yonsei University, Seoul 120-749, Korea

Abstract

Effects of CP violation on the supersymmetric electroweak correction to the ρ parameter are investigated. To avoid the EDM constraints, we require that arg(μ) < 10^{−2} and the non-universal trilinear couplings A_f = (0, 0, A_0) and also assume that gluinos are heavier than 400 GeV. The CP phase ϕ_t = arg(A_0) leads to large enhancement of the relative mass splittings between t̃_2 and b̃_L(t̃_1), which in turn reduces the one-loop contribution of the stop and sbottom to Δρ. For small tan β, such a CP violating effect is prominent. We also study how much the two-loop gluon and gluino contributions are affected by the CP phase. Possible contributions to the ρ parameter arising from the Higgs sector with CP violation are discussed.

PACS number(s): 11.30.Er, 12.15.Lk, 12.60.Jv Typeset using REVTEX

∗skkang@ns.kias.re.kr †jdkim@theory.yonsei.ac.kr

The minimal supersymmetric standard model (MSSM) is the best motivated extensions of the standard model (SM). As is well known, in the MSSM, there are many new sources of CP violation beyond the Cabibbo-Kobayashi-Maskawa (CKM) phase, arizing from the complex soft supersymmetry (SUSY) breaking terms, i.e., the Majorana gaugino masses M_i, the trilinear scalar A terms, the bilinear scalar B terms, as well as from the μ parameter which is the bilinear mixing of the two Higgs chiral superfields in the superpotential. While those supersymmetric CP violating (CPV) phases could give large contributions to the neutron/electron electric dipole moments (EDMs), they are strongly constrained by the current experimental measurements of the neutron/electron EDMs, which for the neutron is d_n < 1.1 × 10^{−25}e cm [1] and for the electron is d_e < 4.3 × 10^{−27}e cm [2]. To resolve this problem, several possibilities have been suggested. The first one is to make all phases small (O(10^{−2} )) [3]. But, such small phases would require a significant amount of fine-tuning and are thus undesirable. The second is to take the SUSY spectrum heavy in the several TeV range which lies outside the reach of the accelerators [4]. Another option suggested recently is to use the cancellations among the various contributions to the neutron/electron EDMs, allowing for large CPV phases and a supersymmetric spectrum that is still within the reach of the accelerators [5]. Finally, an interesting possibility is to take a slightly non-universal scenario for the trilinear couplings A_f [6,7]. As shown in Ref. [7], requiring that arg(μ) < 10^{−2} and A_f = (0, 0, A_0), and assuming that gluinos are heavier than about 400 GeV [5], one may significantly reduce the size of the neutron/electron EDMs due to Weinberg’s three-gluon operator [8] well below the current experimental limit.

Another CP violation associated with the Higgs boson sector in the MSSM can come from the one-loop corrections of the MSSM Higgs potential through soft CPV Yukawa interactions involving squarks, i.e., A terms. As shown in Ref. [9], an immediate consequence of Higgs sector CP violation in the MSSM is the generation of mixing mass terms between the CP even and CP odd Higgs fields. Thanks to those scalar-pseudoscalar mixing mass terms, the small tree-level mass difference between the heaviest Higgs boson and the CP-odd scalar may be lifted considerably. The phenomenological consequences of Higgs sector CP violation have been studied [9,10].

A possible way to probe SUSY is to search for the virtual effects of SUSY particles which would be sizable enough to be detected in the present experiments. In most experimentally accessible processes, the heavy SUSY particles decouple from the low energy electroweak observables. However, similar to the SM, if there happens large ”custodial” SU(2)_V breaking, the electroweak observables which are parameterized by the ρ parameter [11], defined as the ratio of the strengths of neutral and charged currents at vanishing momentum transfer, can severely be affected. In the MSSM, the main potential source of SU(2)_V breaking is the splitting between the stop and sbottom masses. In addition, there can be large splitting within a supersymmetric multiplet, which also affects the ρ parameter. From the numerical analysis, it is well known that the leading contribution of the squark loops, in particular stop and sbottom loops, to the ρ parameter can reach at the level of a few 10^{−3} which lies within the range of the experimental sensitivity [12]. There are also small additional contributions coming from the exchange of the additional Higgs bosons, the charginos and neutralinos. Some discussions of supersymmetric contributions to the ρ parameter already exist in the literature [12,13]. Moreover, higher order corrections have also been studied so as to treat the SUSY loop contributions to the electroweak observables at the same level of accuracy as the SM contribution [14]. However, so far, the analyses have been done within the context of the CP conserving (CPC) MSSM. Since new CPV phases may affect the SUSY spectrum and generate additional couplings which do not appear in the CPC MSSM, it would be quite interesting to study the effects of the CPV SUSY phases on the electroweak observables via the ρ parameter.

In this respect, the purpose of this letter is to examine how much the ρ parameter can be affected by the non-vanishing CP phases in the MSSM. In this analysis, we will impose the universal conditions on the soft SUSY breaking terms which provide three complex parameters, i.e., universal gaugino mass m_{1/2}, the trilinear soft term A_0 and the bilinear soft term B_0. In addition, there is a complex mass parameter μ. However, not all phases of the four complex parameters are physical [15]. It is always possible to make a phase transformation on the gaugino fields so as to make m_{1/2} real. From minimization conditions on the Higgs potential, one can make the phase of B_0 equal to the phase difference of the two Higgs doublets in the MSSM. As a result, there are only two independent CPV phases in the MSSM with universal soft SUSY breaking terms, which are usually chosen to be arg(A_0) and arg(μ). To satisfy the EDM constraints, we will simply take arg(μ) to be zero and the trilinear coupling of the Higgs bosons to the squarks of the first and second generation to be much smaller than the one of the third generation, as mentioned above, and assume that the gluino mass to be larger than 400 GeV. Thanks to this non-vanishing phase arg(A_0), as will be shown later, the stop spectrum and their mixing angle are changed, which lead in turn to the shift of the contributions to Δρ. Also, since the neutral Higgs boson mass eigenstates in the CPV MSSM are mixtures of CP even and CP odd states, new gauge-Higgs couplings are induced at the tree level through those mixings. These couplings can generate the additional radiative corrections to the gauge boson self-energies, and may thus affect the ρ parameter. However, the contributions coming from the gaugino and higgsino exchanges will not be affected by the non-vanishing CPV phase arg(A_0) in the leading order because they are affected by only the CPV phase arg(μ) which is neglected in this analysis. Thus, we shall not consider those contributions. In addition, we shall study how much the dominant two-loop contributions via gluon and gluino exchanges can be shifted by the effect of the CPV phases. The numerical calculation will be done with the help of the program package FEYNHIGGS [16] which is modified so as to calculate the CPV SUSY contributions to the ρ parameter.

The ρ parameter is represented by ρ = 1 1 − Δρ , Δρ = Π_{ZZ}(0)

M^2_Z − Π_{W W} (0) M^2_W

, (1) where Π_{W W (ZZ)}(0) denotes the transverse parts of the W/Z-boson self-energies at zero momentum transfer. In the SM, the main contribution comes from the large splitting between the top quark and the bottom quark masses and is given by Δρ^{SM}_0 = N_cG_F 8 √ 2π^2

F_0(m^2_t , m^2_b), (2) where N_c is the color factor and the function F_0 is given by F_0(x, y) = x + y − 2xy x − y ln x y . (3)

In the limit of large mass splitting it becomes proportional to the heavy quark mass squared, i.e., F_0(m^2_t , m^2_b) ≃ m^2_t . Including QCD corrections, the SM contribution of Δρ is Δρ^{SM}_1 = −Δρ^{SM}_0 (_2 αs 3π ) (1 + π^2/3) [17]. For α_s(M_Z ) ≃ 0.12, the QCD correction reduces the one-loop result by about 10% and shifts m_t upwards by about 10 GeV [18].

(A) Squark contributions: Since the scalar partners of the light quarks are expected to be almost degenerate in most supersymmetric theories, their contributions to Δρ are negligible and thus only third generation will contribute. The stop mass matrix is given by

M^2_{t̃} = m^2_{t̃L} + m^2_t + D_L m_tm^∗_{LR} m_tm_{LR} m^2_{t̃R} + m^2_t + D_R (4) where m_{LR} = A_0 −μ^∗/ tan β, D_L =

(_1

2 −^2_3 sin^2 θ_W ) cos 2βM^2_Z and D_R =^2_3 sin^2 θ_W cos 2βM^2_Z.

The stop fields (t̃_L, t̃_R) are linear combinations of the mass eigenstates t̃_{1,2} so that t̃_L = cos θ~_tt̃_1 − sin θ~_te^{−iφt}t̃_2, t̃_R = sin θ~_te^{iφt}t̃_1 + cos θ~_tt̃_2, where

tan 2θ~_t = 2m_t|m_{LR}| m^2_{t̃L} − m^2_{t̃R} + D_L − D_R

, (5)

and the mass eigenvalues of stop fields are given by

m^2_{t̃1,2} = 1 2 [ m^2_{t̃L} + m^2_{t̃R} + 2m^2_t + D_L + D_R ∓ ( [m^2_{t̃L} − m^2_{t̃R} + D_L − D_R]^2 + 4m^2_t |m_{LR}|^2

)_1/_2]

, (6) |m_{LR}| = |A_0 − μ^∗/ tan β| = √ |A_0|^2 + |μ|^2/ tan^2 β − 2|A_0||μ|/ tan β cos ϕ_t, (7) where ϕ_t ≡ arg(A_0). As expected, the non-vanishing phase ϕ_t will change the stop mass spectrum which can in turn lead to the shift of Δρ. Neglecting the mixing in b̃ sector, the contribution of (t̃, b̃) to Δρ is presented at one-loop order by:

Δρ_{t̃}~_b = 3G_F 8 √ 2π^2

[− sin^2 θ~_t cos^2 θ~_tF_0(m^2_{t̃1}, m^2_{t̃2} ) + cos^2 θ~_tF_0(m^2_{t̃1} , m^2_{b̃L} ) + sin^2 θ~_tF_0(m^2_{t̃2} , m^2_{b̃L} )], (8)

Before examining how much the value of Δρ_{t̃}~_b can be affected by the phase ϕ_t, let us first investigate the mass splittings between the two squark mass eigenstates which may indicate to what extent the contribution of (t̃, b̃) to Δρ is deviated. In Fig. 1 a (b), we present numerical estimation of the relative mass splittings between the two squark mass eigenstates, |m^2_{t̃1} − m^2_{t̃2} |/m^2_{q̃} and |m^2_{t̃2} − m^2_{b̃L} |/m^2_{q̃}, as a function of the phase ϕ_t, for tan β = 1.6(20), m_{q̃} = 200 GeV, |A_0| = 200 GeV and |μ| = 100 GeV. Here we take 0 ≤ ϕ_t ≤ π. As the phase ϕ_t increases, the both relative mass splittings increase. The effect of the maximal CP violation corresponding to ϕ_t = π may lead to the enhancement of the relative mass splittings by about 90%(40%) for |m^2_{t̃1} − m^2_{t̃2} |/m^2_{q̃} (|m^2_{t̃2} − m^2_{b̃L} |/m^2_{q̃}) compared to the CPC case. This is attributed to the fact that the absolute value of m_{LR} monotonically increases with the increasing phase ϕ_t, which makes the mass splitting between t̃_1(b̃_L) and t̃_2 larger, and the mixing angle θ~_t closer to π/4. Note that the mixing angle θ~_t close to π/4 are naturally obtained because the off-diagonal elements of the stop mass matrix may be larger than the difference of the diagonal entries. As one can see from Fig. 1 a, in the case of small tan β, the splitting |m^2_{t̃2} − m^2_{b̃L} |/m^2_{q̃} is larger than |m^2_{t̃1} − m^2_{t̃2} |/m^2_{q̃} for ϕ_t = 0 (CPC case), whereas the latter becomes larger than the former for large ϕ_t. Thus, the splitting originating from the left-right mixing of stops may be more important for the CPV case with large phase. In the case of large tan β, |m^2_{t̃1} − m^2_{t̃2}|/m^2_{q̃} is larger than |m^2_{t̃2} − m^2_{b̃L} |/m^2_{q̃} for all ϕ_t, and the mass splittings are weakly dependent on ϕ_t since the term concerned with the phase ϕ_t in |m_{LR}| is suppressed by the large tan β. We also observed that the mass splitting |m^2_{t̃1} − m~_{bL} |/m^2_{q̃} is much smaller than the other two. For the same input values of the SUSY parameters, the dependence of Δρ_{t̃}~_b on the phase ϕ_t is shown as solid lines in Fig. 2. Although the CPV case provides larger mass splitting than the CPC case, Δρ_{t̃}~_b is monotonically decreased with the increasing ϕ_t. The effect of the CPV phase reduces the value of Δρ_{t̃}~_b for the CPC case by about up to 35%. The reason is that as the phase increases, the mixing angle θ~_t gets close to the maximal mixing and F_0(m^2_{t̃1} , m^2_{t̃2}) increases faster than F_0(m^2_{t̃2} , m^2_{b̃L} ) in Eq. (8) so that they lead to destructive contribution to Δρ_{t̃}~_b. As |A_0| increases, Δρ_{t̃}~_b tends to decrease, whereas it tends to increase with the increasing |μ|. We have observed that the effect of the

CPV phase is diminished as long as m_{q̃} becomes larger than |A_0| and |μ|. This is because m~_{t1} ∼ m~_{t2} ∼ m~_{bL} in the limit of large m_{q̃}.

The two-loop QCD correction to Δρ_{t̃}~_b is given by Eq.(8) in Ref. [14], and the two-loop contribution mediated by gluino exchange is also represented in Ref. [14]. Those gluon and gluino contributions add up to about 30% of the one-loop value in the CPC case.

In Fig. 3, the dependence of the dominant two-loop QCD correction and gluino contribution to the ρ parameter on the phase ϕ_t is plotted by the dashed line and dotted line, respectively, for tan β = 1.6 (a) and tan β = 20 (b). As the phase ϕ_t increases, the two-loop gluonic SUSY contribution decreases, whereas the gluino contribution increases. The reason that the gluino contribution increases with the increasing phase ϕ_t is that its contribution depends inversely on the mass splittings between t̃_1(b̃_L) and t̃_2. In particular, for small tan β, the value of the gluino contribution becomes larger than that of the gluonic SUSY contribution at large ϕ_t.

(B) Higgs sector contributions: There are also possible contributions arising from the Higgs sector to the ρ parameter. In the CPC case, it is known [12] that the Higgs boson masses and couplings to gauge bosons are related in such a way that they lead to large cancellations in their contributions to the ρ parameter, which is at most of order of 10^{−4}. In the decoupling limit where the heavy neutral CP-even Higgs, CP-odd Higgs and the charged Higgs bosons are nearly degenerate and their couplings to gauge bosons tend to zero, while the lightest CP-even Higgs boson reaches its maximal mass value and has almost the same properties as the SM Higgs boson. Then, the contribution of the Higgs sector of the MSSM to the ρ parameter is practically the same as in the SM. However, while the contribution of the SM Higgs sector gives rise to logarithmic log M_h/M_Z in the limit of large Higgs mass which may reach about 10^{−3} order, the MSSM contribution reaches at most 10^{−4} due to the upper bound on the mass of the lightest Higgs boson.

Now, let us take into account the contributions coming from the neutral Higgs sector with CP violation. The decomposition of the two Higgs doublets is given by

Φ_1 = ϕ^+_1 1√ 2 (v_1 + ϕ_1 + ia_1)

, Φ_2 = e^{iθ} ϕ^+_2 1√ 2 (v_2 + ϕ_2 + ia_2) , (9) where v_1 and v_2 are the vacuum expectation values and θ is their relative phase. As shown in Ref. [19], the Higgs quartic couplings receive significant radiative corrections from A_f terms. The vacuum expectation values v_1, v_2 and the phase θ are determined from the minimization conditions on the Higgs potential of the MSSM. The CP odd fields are rotated to a_1 = cos βG^0 − sin βa and a_2 = sin βG^0 + cos βa so that the Higgs potential shows up a flat direction with respect to the Goldstone field G^0. The non-vanishing CPV phases in A_t and A_b can lead to the non-vanishing θ, for which the scalar-pseudoscalar mixing mass terms are generated and the neutral Higgs boson mass matrix in the weak basis (G^0, a, ϕ_1, ϕ_2) can be written by

M^2_0 =

M^2_P M^2_{P S} M^2_{SP} M^2_S , (10) where M^2_P and M^2_S are 2 × 2 matrix for CPC parts in the basis (G^0, a) and (ϕ_1, ϕ_2), respectively, and M^2_{P S} = (M^2_{SP} )^T describes the CPV mixings between (G^0, a) and (ϕ_1, ϕ_2). From the tadpole condition, the Goldstone field G^0 does not mix with the other neutral fields and thus becomes massless. Then, the neutral Higgs mass matrix M^2_0 reduces to a 3 × 3 matrix M^2, which is spanned in the basis (a, ϕ_1, ϕ_2). The Higgs boson mass matrix M^2 can be diagonalized with the help of an orthogonal rotation matrix U: U^T M^2U = diag(M^2_{H3} , M^2_{H2} , M^2_{H1} ).

Then, the contributions of the Higgs sector with CP violation to the ρ parameter can be given by

Δρ_H = 3α 16πc^2_W 3∑ i=1 U^2_{1i}Δρ^{SM}_H (M^2_{Hi} ) + α 16πs^2_W M^2_W × 3∑ i=1 (1 − U^2_{1i})F_0(M^2_{Hi} , M^2_{Hc} ) − 1 2 3∑ i,j (U_{1i}U_{2j} − U_{2i}U_{1j})^2F_0(M^2_{Hi} , M^2_{Hj} )

(11) where M_{Hc} denotes the charged Higgs boson mass and

Δρ^{SM}_H (M^2) = α 16πs^2_W M^2_W

[F_0(M^2, M^2_W ) − F_0(M^2, M^2_Z )] + α 16πs^2_W [ M^2 M^2 − M^2_W log M^2 M^2_W − 1 c^2_W

M^2 M^2 − M^2_Z log M^2 M^2_Z ] (12) corresponds to the SM Higgs boson contribution to Δρ.

In Fig. 3, we present the dependence of the Higgs boson sector contribution to Δρ on the phase ϕ_t (solid lines). Similar to the one-loop contribution of stop quark to Δρ, the one-loop contribution of Higgs sector is decreased with the increasing phase ϕ_t. This is mainly because the relative mass splittings among three neutral Higgs bosons decrease as the phase ϕ_t increases as shown in Fig. 4. In the case of small tan β, |M^2_3 − M^2_2 |/M^2_{Hc} (solid line) is larger than |M^2_2 − M^2_1 |/M^2_{Hc} (dotted line). For only small tan β, the contribution of the Higgs sector is larger than the two-loop contributions mediated by the gluon and gluino exchanges, and those three contributions are almost the same at ϕ_t = π, which increase the one-loop contribution of stop and sbottom by about 30 − 35%. For large tan β, the Higgs sector contribution to Δρ is negligibly small.

In summary, effects of CP violation on the supersymmetric electroweak correction to the ρ parameter have been investigated. To avoid the EDM constraints, we have required negligibly small arg(μ) and the non-universal couplings A_f = (0, 0, A_0) and also assumed that the mass of gluino is larger than 400 GeV. The CP phase ϕ_t leads to large enhancement of the relative mass splittings between t̃_2 and b̃_L(t̃_1), which in turn reduces the one-loop contribution of the stop and sbottom to the ρ parameter. For small tan β, such a CP violating effect is prominent. We have also studied how much the two-loop gluon and gluino contributions are affected by the CP phase. Possible contributions to the ρ parameter arising from the Higgs sector with CP violation have been discussed.

The work of JDK is supported in part by the Korea Institute for Advanced Study.

REFERENCES

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

Golub, Phys. Rev. D 61, 051301 (2000).

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

65, 2347 (1990).

[3] J. Ellis, S. Ferrara, and D. V. Nanopoulos, Phys. Lett. B 114, 231 (1982); W. Buchmüller and D. Wyler, ibid. 121, 321 (1983); J. Polchinski and M. B. Wise, ibid. 125, 393 (1983); E, Franco and M. Mangano, ibid. 135, 445 (1984); see also S. M. Barr and W. J. Marciano, in CP Violation, edited by C. Jarskog (World Scientific, Singapore, 1989), p455; W. Bernreuther and M. Suzuki, Rev. Mod. Phys. 63, 313 (1991).

[4] P. Nath, Phys. Rev. Lett. 66, 2565 (1991); Y. Kizukuri and N. Oshimo, Phys. Rev. D 46, 3025 (1992); ibid. 45, 1806 (1992).

[5] T. Ibrahim and P. Nath, Phys. Lett. B 418, 98 (1998); Phys. Rev. D 57, 478 (1998) ;58, 019901(E) (1998); M. Brhlik, G. J. Good and G. L. Kane, ibid. 59, 115004 (1999).

[6] See, for example, S. A. Abel and J.-M. Frère, Phys. Rev. D 55, 1623 (1997), and references therein.

[7] D. Chang, W. Y. Keung and A. Pilaftsis, Phys. Rev. Lett. 82, 900 (1999). [8] S. Weinberg, Phys. Rev. Lett. 63, 2333 (1989); E. Braaten, C. S. Li and T. C. Yuan, ibid. 64, 1709 (1990).

[9] A. Pilaftsis, Phys. Rev. D 58, 096010 (1998); Phys. Lett. B 435, 88 (1998); A. Pilaftsis and C. E. M. Wagner, Nucl. Phy. B553, 3 (1999); D. A. Demir, Phys. Rev. D 60, 055006 (1999); ibid. 60, 095007 (1999); Phys. Lett. B 465, 177 (1999); G. L. Kane and L.-T. Wang, hep-ph/0003198; S. Y. Choi and J. S. Lee, Phys. Rev. D 61, 015003 (2000); ibid. 61, 111702 (2000); ibid. 61, 115002 (2000); ibid. 62, 036005 (2000); S. Y. Choi, M. Drees and J. S. Lee, Phys. Lett. B 481, 57 (2000).

[10] See also A. Pilaftsis, hep-ph/9908373. [11] M. Veltman, Nucl. Phy. B123, 89 (1977).

[12] R. Barbieri et al., Nucl. Phy. B341, 209 (1990); M. Drees and G. Hagiwara, Phys. Rev.

D 42, 1709 (1990); P. Chankowski et al., Nucl. Phy. B417, 101 (1994). [13] C. S. Lim, T. Inami and N. Sakai, Phys. Rev. D 29, 1488 (1984); P. H. Chankowski and S. Pokorski, hep-ph/9707497; D. Garcia and J. Solà, Mod. Phys. Lett. A 9, 211 (1994).

[14] A. Djouadi et al., Phys. Rev. Lett. 78, 3626 (1997); Phys. Rev. D 57, 4179 (1998). [15] J. M. Frère and M. B. Gavela, Phys. Lett. B 132, 107 (1983). [16] S. Heinemeyer, W. Hollik and G. Weigleim, Comp. Phys. Comm., 124, 76 (2000). [17] A. Djouadi and C. Verzegnassi, Phys. Lett. B 195, 265 (1987); A. Djouadi, Nuovo Cimento Soc. Ital. Fis. 100A, 357 (1988).

[18] K. Chetyrkin, J. Kühn and M. Steinhauser, Phys. Rev. Lett. 75, 3394 (1995); L. Avdeev et al., Phys. Lett. B 336, 560 (1994).

[19] M. Carena, J. R. Espinosa, M. Quirós and C.E.M. Wagner, Phys. Lett. B 355, 209 (1995).

FIGURES

FIG. 1. The relative mass splittings between the two squark mass eigenstates, jm^2_{t̃1} � m^2_{t̃2} j/m^2_{q̃} (solid line) and jm^2_{t̃2} � m^2_{b̃L} j/m^2_{q̃} (dotted line) as a function of the phase ϕ_t for tan β = 1.6 (a) and tan β = 20 (b). We take m_{q̃} = 200 GeV, jA_0j = 200 GeV, and jμj = 100 GeV.

FIG. 2. The contribution of stop and sbottom to Δρ as a function of the phase ϕ_t for the same input values of the SUSY parameters as those in Fig. 1.

FIG. 3. The contributions of the two-loop QCD correction (dashed line), the two-loop gluino (dotted line) and the Higgs boson sector (solid line) to Δρ as a function of the phase ϕ_t for tan β = 1.6 (a) and tan β = 20 (b). The input values of the SUSY parameters are taken to be the same as those in Fig. 1, and the gluino mass and the charged Higgs boson mass to be m_{g̃} = 500 GeV M_{Hc} = 200 GeV, respectively.

FIG. 4. The relative mass splittings among three neutral Higgs bosons: jM^2_3 �M^2_2 j/M^2_{Hc} (solid line) and jM^2_2 � M^2_1 j/M^2_{Hc} (dotted line). The input values of the SUSY parameters are taken to be the same as the case of Fig. 3. The lightest (heaviest) Higgs masses are denoted by M_2(M_3).