arXiv:hep-ph/0003232 23 Mar 2000

CERN-TH/2000-092 March 2000 RADIATIVE HIGGS-SECTOR CP VIOLATION IN THE MSSM

APOSTOLOS PILAFTSIS^a Theory Division, CERN, CH-1211 Geneva 23, Switzerland

We briefly review the phenomenological implications of the minimal supersymmetric standard model (MSSM) with explicit radiative breaking of CP invariance in the Higgs sector for the LEP2 and Tevatron colliders.

It has recently been shown^1 that the tree-level CP invariance of the MSSM Higgs potential can sizeably be broken at the one-loop level by large soft CPviolating trilinear couplings of the Higgs bosons to stop and sbottom squarks. Several recent studies^{2,3,4,5,6} have been devoted to analyze in more detail the effective Higgs potential of the MSSM with explicit radiative breaking of CP invariance. We shall briefly review the main phenomenological implications of this rather rich and very predictive theoretical framework of the MSSM for the LEP2 and Tevatron colliders.

In the MS scheme, the one-loop CP-violating effective potential of the MSSM is given by

−L_V = −L^0_V + 3 32π^2 ∑ q=t,b [ ∑ i=1,2 ~m^4_{qi} ( ln ~m^2_{qi} Q^2 − 3 2 ) − 2m̄^4_q ( ln m̄^2_q Q^2 − 3 2 ) ] , (1) where L^0_V is the tree-level Lagrangian of the MSSM Higgs potential, and m̄_q and ~m_{qi} are the field-dependent quark and squark masses of the third generation. Here, we adopt the notation of Refs. [1,2,5]. The minimization of the CP-violating effective potential differs from that in the CP-conserving case by the presence of a non-trivial CP-odd tadpole condition^1 of the would-be CP-odd scalar a. In the MS scheme, the CP-odd tadpole condition reads^{1,7}

T_A = −v Im(m^2_{12}e^{iξ}) = − 3 16π^2 ∑ q=t,b s_{2q} s_β Im h^q_1 Δm^2_{q̃} B^{fin}_0 (0, m^2_{q̃1} , m^2_{q̃2} ) ,(2)

where t_β = s_β /c_β = v_2/v_1, s_{2q} = 2 sin θ_q cos θ_q, Δm^2_{q̃} = m^2_{q̃2} − m^2_{q̃1} , h^t_1 = −m_tμ^∗e^{−iδt} /(s_β v), h^b_1 = m_bA^∗_b e^{iδb} /(c_βv), δ_{t(b)} = arg [A_{t(b)} − μ^∗t_β (1/t_β)] and

B^{fin}_0 (0, m^2_1, m^2) = − ln ( m_1m_2 Q^2 ) + 1 + m^2_1 + m^2 m^2_1 − m^2 ln ( m_2 m_1 ) . (3)

aTo appear in the Proc. of PASCOS ’99, Lake Tahoe, California, December 10–16, 1999

Furthermore, μ and m^2_{12} are respectively the SUSY and soft SUSY-breaking Higgs-mixing terms, A_{t,b} are the soft SUSY-breaking Yukawa couplings, and θ_q is the mixing angle between the mass and weak squark eigenstates.

To one-loop order, CP violation is introduced into the MSSM Higgs potential through the complex parameters μ and A_{t,b}. The CP-violating terms are proportional to the rephasing invariant combination: Im (m^{2∗}_{12}A_{t,b}μ). From this last expression, it is clear that only the relative phase between μA_{t,b} and m^2_{12} plays a role. Therefore, a good phase convention is to define m^2_{12} to be real. This can always be achieved by a global U(1) rotation.^{1,2} As a result, the relative phase ξ between the two Higgs vacuum expectation values v_1 and v_2 vanishes at the tree level. The phase choice ξ = 0 can be preserved order by order in perturbation theory by a corresponding choice of the counter-term of Im m^2_{12}, exactly as is given in Eq. (2).^{1,5} In fact, this perturbative resetting of the phase ξ to zero is equivalent to the general requirement that within the effective-potential formalism, v_1, Re v_2 = |v_2| cos ξ and Im v_2 = |v_2| sin ξ do not receive finite radiative shifts in higher orders other than those due to Higgs wave-function renormalization. The latter approach is also consistent with the one followed in the CP-conserving studies.^8

It is known that the MSSM faces the difficulty of explaining naturally the apparent absence of electric dipole moments (EDMs) of the neutron and electron.^{9,12,10,11,13,14,15} Several suggestions have been made to suppress the SUSY contributions to electron and neutron EDMs, at a level just below their present experimental upper limits. Apart from the obvious choice of suppressing the new CP-violating phases of the theory to the 10^{−3} level,^9 a more phenomenologically appealing possibility is to make the first two generations of scalar fermions as heavy as few TeV,^{10} but keep the soft-breaking mass parameters of the third generation relatively small, e.g. 0.5–0.7 TeV. An interesting alternative is to arrange for partial cancellations among the different EDM contributions either at the short-distance level^{11} or the non-perturbative long-distance one.^{13}

In addition to the one-loop EDM contributions of the first two generations, one may have to worry that third-generation squarks do not induce observable effects on the electron and neutron EDMs through the three-gluon operator 12, through the effective coupling of the ‘CP-odd’ Higgs boson to the gauge bosons^{14}, and through two-loop gaugino/higgsino-mediated EDM graphs^{15}. For low-t_β scenarios, the two-loop EDM contributions are found to be of the order of the experimental upper bounds.^{14} Therefore, it not very difficult to arrange the different two-loop EDM terms to partially cancel one another,^{15} and so reduce significantly their total size.

An immediate consequence of CP violation in the Higgs potential of the

MSSM is the presence of mixing-mass terms between the CP-even and CPodd Higgs fields.^1 In the weak basis (ϕ_1, ϕ_2, a), the neutral Higgs-boson mass matrix M^2_N takes on the form

M^2_N = [ M^2_S M^2_{SP} (M^2_{SP} )^T M^2_P ] , (4)

where M^2_S and M^2_P describe the CP-conserving transitions between scalar and pseudoscalar particles, respectively, whereas M^2_{SP} describes CP-violating scalar-pseudoscalar transitions. The characteristic size of these CP-violating off-diagonal terms in the Higgs-boson mass matrix was found to be^{1,2} M^2_{SP} ≃ O ( m^4_t v^2 |μ||A_t| 32π^2M^2_{SUSY} ) sin ϕ_{CP} × ( 6, |A_t|^2 M^2_{SUSY} , |μ|^2 tan β M^2_{SUSY} , sin 2ϕ_{CP} sin ϕ_{CP} |μ||A_t| M^2_{SUSY} ) , (5)

where the last bracket summarizes the relative sizes of the different contributions, and ϕ_{CP} = arg(A_tμ). As can be seen from Eq. (5), the CPviolating effects can become substantial if |μ| and |A_t| are larger than the average of the stop masses, denoted as M_{SUSY}. For example, the off-diagonal terms of the neutral Higgs-mass matrix may be of order (100 GeV)^2, for |μ| ≃ |A_t|^<_∼ 3M_{SUSY}, and ϕ_{CP} ≃ 90^∘.

The main effect of Higgs-sector CP violation is the modification of the couplings of the Higgs bosons to fermions and the W and Z bosons, i.e. ffH_i, W W H_i, ZZH_i and ZH_iH_j. The modified effective Lagrangians are given by

L_H¯_{ff} = − 3∑ i=1 H_i [ g_wm_d 2M_W c_β d̄ (O_{1i} − is_β O_{3i}γ_5) d + g_wm_u 2M_W s_β ū (O_{2i} − ic_β O_{3i}γ_5) u ] , (6) L_{HV V} = g_wM_W 3∑ i=1 (c_β O_{1i} + s_β O_{2i}) ( H_iW^+_μ W^{−,μ} + 1 2c^2_w H_iZ_μZ^μ ) , (7) L_{HHZ} = g_w 4c_w 3∑ i,j=1 [ O_{3i} (c_β O_{2j} − s_β O_{1j}) − O_{3j} (c_β O_{2i} − s_β O_{1i}) ]

× Z^μ (H_i^↔∂_μ H_j) , (8)

Figure 1: Numerical estimates 5 of (a) MH1 ˇ MH2 and (b) g2H_iZZ and as a function of arg (At).

where c_w = M_W /M_Z,^↔∂_μ ≡^→∂_μ −^←∂_μ, and O is the orthogonal transformation matrix relating the weak with the mass Higgs-boson eigenstates.^{2,5} Let us now discuss a representative example demonstrating the phenomenological consequences of Higgs-sector CP violation on the LEP2 and Tevatron colliders. We consider an intermediate value for tan β = 4, and a relatively light charged Higgs boson M_H+ = 150 GeV, with M_{SUSY} = 0.5 TeV, A_t = A_b = 1 TeV and μ = 2 TeV. In Fig. 1, we then find regions for which the lightest Higgs-boson mass M_{H1} is as small as 60–70 GeV for arg(A_t) ≈ 90^∘, and the H_1ZZ coupling g_{H1ZZ}, which is normalized to its SM value, is small enough for the H_1 boson to escape detection at the latest LEP2 run with √ s = 202 GeV.^5 Moreover, the H_2 boson is too heavy to be detected through the H_2ZZ channel. In addition, either the coupling H_1H_2Z, g_{H1H2Z} = g_{H3ZZ}, is too small or H_2 is too heavy to allow Higgs detection in the H_1H_2Z channel.^5 An upgraded Tevatron machine has the potential capabilities to close most of such experimentally open windows. The results of the recent complete RG analysis of Ref. [5] are in good qualitative agreement with earlier studies.^{2,4} In conclusion, the MSSM with explicit radiative breaking of CP invariance in the Higgs sector^1 constitutes a very rich and predictive theoretical framework, with interesting consequences on collider experiments,^{1,3,2,4,5,6,16} CP asymmetries in B-meson decays,^{17} and electroweak baryogenesis.^{18} I wish to thank Marcela Carena, Darwin Chang, John Ellis, Wai-Yee Keung and Carlos Wagner for collaboration.

1. A. Pilaftsis, Phys. Rev. D58 (1998) 096010; Phys. Lett. B435 (1998) 88. 2. A. Pilaftsis and C.E.M. Wagner, Nucl. Phys. B553 (1999) 3. 3. D.A. Demir, Phys. Rev. D60 (1999) 055006. 4. S.-Y. Choi, M. Drees and J.-S. Lee, hep-ph/0002287. 5. M. Carena, J. Ellis, A. Pilaftsis and C.E.M. Wagner, hep-ph/0003180. 6. G. Kane and L.-T. Wang, hep-ph/0003198.

7. See Eq. (27) in the second reference in [1] [cf. Eqs. (4.8) and (4.9) in the first reference of [1]]. Note that Eq. (2) fully agrees with subsequent calculations in [2–6].

8. J. Ellis, G. Ridolfi and F. Zwirner, Phys. Lett. B257 (1991) 83; Y. Okada, M. Yamaguchi and T. Yanagida, Prog. Theor. Phys. 85 (1991) 1; Phys. Lett. B262 (1991) 54; H.E. Haber and R. Hempfling, Phys. Rev. Lett. 66 (1991) 1815 and Phys. Rev. D48 (1993) 4280; M. Drees and M.M. Nojiri, Phys. Rev. D45 (1992) 2482; J. Kodaira, Y. Yasui and K. Sasaki, Phys. Rev. D50 (1994) 7035; J.A. Casas, J.R. Espinosa, M. Quirós and A. Riotto, Nucl. Phys. B436 (1995) 3; M. Carena, M. Quiros and C.E.M. Wagner, Nucl. Phys. B461 (1996) 407; H.E. Haber, R. Hempfling and

A.H. Hoang, Z. Phys. C75 (1997) 539.

9. J. Ellis, S. Ferrara and D.V. Nanopoulos, Phys. Lett. B114 (1982) 231;

W. Buchmüller and D. Wyler, Phys. Lett. B121 (1983) 321; J. Polchinski and M. Wise, Phys. Lett. B125 (1983) 393; M. Dugan, B. Grinstein and L. Hall, Nucl. Phys. B255 (1985) 413; T. Falk, K.A. Olive and M. Srednicki, Phys. Lett. B354 (1995) 99; S. Pokorski, J. Rosiek and C.A. Savoy, hep-ph/9906206; E. Accomando, R. Arnowitt and B. Dutta, hep-ph/9907446.

10. P. Nath, Phys. Rev. Lett. 66 (1991) 2565; Y. Kizukuri and N. Oshimo, Phys. Rev. D46 (1992) 3025 11. T. Ibrahim and P. Nath, Phys. Lett. B418 (1998) 98; Phys. Rev. D57 (1998) 478; D58 (1998) 019901 (E); Phys. Rev. D58 (1998) 111301; T. Falk and K.A. Olive, hep-ph/9806236; M. Brhlik, G.J. Good and G.L. Kane, hep-ph/9810457; M. Brhlik, L. Everett, G.L. Kane and J. Lykken, hep-ph/9905215; hep-ph/9908326; T. Ibrahim and P. Nath, hepph/9907555 and hep-ph/9910553.

12. J. Dai, H. Dykstra, R.G. Leigh, S. Paban and D. Dicus, Phys. Lett.

B237 (1990) 216; B242 (1990) 547 (E).

13. J. Ellis and R.A. Flores, Phys. Lett. B377 (1996) 83; A. Bartl, T.

Gajdosik, W. Porod, P. Stockinger and H. Stremnitzer, Phys. Rev. D60 (1999) 073003.

14. D. Chang, W.-Y. Keung and A. Pilaftsis, Phys. Rev. Lett. 82 (1999) 900; A. Pilaftsis, Phys. Lett. B471 (1999) 174; D. Chang, W-F. Chang and W.-Y. Keung, hep-ph/9910465.

15. A. Pilaftsis, hep-ph/9912253.

16. B. Grzadkowski, J.F. Gunion and J. Kalinowski, Phys. Rev. D60 (1999) 075011; hep-ph/0001093; J. Kalinowski, hep-ph/9906336; S.Y. Choi and J.S. Lee, hep-ph/9907496; M. Carena, S. Mrenna and C.E.M. Wagner, hep-ph/9907424.

17. S. Baek and P. Ko, Phys. Rev. Lett. 83 (1999) 488, hep-ph/9904283 and hep-ph/9907572; A. Ali and D. London, hep-ph/9907243; hepph/9903535; C.-S. Huang and L. Wei, hep-ph/9908246 and hepph/0001174; F. Kruger and J.C. Romao, hep-ph/0002089. For reviews, see M. Neubert, Int. J. Mod. Phys. A11 (1996) 4173; A.J. Buras, hepph/9806471.

18. For recent analyses, see M. Laine and M. Rummukainen, Phys. Rev.

Lett. 80 (1998) 5259 and Nucl. Phys. B545 (1999) 141; A.B. Lahanas, V.C. Spanos and V. Zarikas, Phys. Lett. B472 (2000) 119; S. Davidson, M. Losada and A. Riotto, hep-ph/0001301, S.J. Huber and M.G. Schmidt, hep-ph/0003122.