Higgs Bosons and CP Violation in the MSSM

Apostolos Pilaftsis

Institut für Theoretische Physik, Universität Würzburg, Am Hubland, 97074 Würzburg, Germany

• Introduction

• Renormalization-Group-improved effective potential for the MSSM Higgs sector with explicit CP violation

• Electric Dipole Moment constraints

• Phenomenological implications for direct Higgs-boson searches at LEP2 and the Tevatron – CP-violating self-energy effects – CP-violating vertex effects

• Conclusions

∗Talk based on A.P., Phys. Rev. D58 (1998) 096010; Phys. Lett. B435 (1998) 88; D. Chang, W.-Y. Keung, A.P., Phys. Rev. Lett. 82 (1999) 900; A.P., Phys. Lett. B471 (1999) 174; Phys. Rev. D62 (2000) 016007; A.P., C.E.M. Wagner, Nucl. Phys. B553 (1999) 3;

M. Carena, J. Ellis, A.P., C.E.M. Wagner, Nucl. Phys. B586 (2000) 92; hep-ph/0009212

• Introduction

• SM has been vindicated to a high accuracy at LEP and the Tevatron. The only missing ingredient is the Higgs boson H. Direct and indirect analyses place lower and upper limits on its mass: 112 GeV^<_∼ M_H^<_∼ 230 GeV.

• Is the SM Higgs sector supersymmetric?

– SUSY appears to be a compelling ingredient for the unification of all fundamental forces in nature including gravity, by means of supergravity and superstrings

– SUSY provides an elegant solution to the gaugehierarchy problem, thus giving rise to perturbative stability between the electroweak scale (∼ 1 TeV) and M_{Plank} ∼ 10^{16} TeV

• Most of the predictions for the MSSM Higgs spectrum are obtained within the restricted framework of a CPconserving Higgs potential:

– M_h^<_∼ 110 GeV, for tan β^<_∼ 3.

– M_h^<_∼ 130 GeV, for tan β^>_∼ 15.

CP-conserving MSSM Higgs potential:

• 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 . . .

• H.E. Haber and R. Hempfling, Phys. Rev. D48 (1993) 4280; M. Carena, J.R. Espinosa, M. Quirós and C.E.M. Wagner, Phys. Lett. B355 (1995) 209.

• 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; (E) B439 (1995) 466.

• 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.

• S. Heinemeyer, W. Hollik and G. Weiglein, Phys. Lett.

B440 (1998) 96 and Phys. Rev. D58 (1998) 091701.

• R.-J. Zhang, Phys. Lett. B447 (1999) 89; J.R. Espinosa and R.-J. Zhang, hep-ph/9912236.

• M. Carena, H.E. Haber, S. Heinemeyer, W. Hollik, C.E.M.

Wagner, G. Weiglein, hep-ph/0001002.

CP-violating MSSM Higgs potential: • A. Pilaftsis, Phys. Rev. D58 (1998) 096010;

Phys. Lett. B435 (1998) 88. • A. Pilaftsis and C.E.M. Wagner,

Nucl. Phys. B553 (1999) 3.

• D.A. Demir, Phys. Rev. D60 (1999) 055006. • S.-Y. Choi, M. Drees and J.-S. Lee, hep-ph/0002287. • M. Carena, J. Ellis, A. Pilaftsis and C.E.M. Wagner, Nucl. Phys. B586 (2000) 92.

• G. Kane and L.-T. Wang, hep-ph/0003198. .

Related analyses on radiative Higgs-sector CP violation in the MSSM:

K.S. Babu, C. Kolda, J. March-Russell and F. Wilczek, Phys. Rev. D59 (1999) 016004.

T. Ibrahim and P. Nath, Phys. Lett. B418 (1998) 98, Phys. Rev. D57 (1998) 478, D58 (1998) 019901 (E), Phys. Rev. D58 (1998) 111301 and hep-ph/9910553.

M. Brhlik, G.J. Good and G.L. Kane, Phys. Rev. D59 (1999) 115004; M. Brhlik, L. Everett, G.L. Kane and J. Lykken, Phys. Rev. Lett. 83 (1999) 2124 and hep-ph/9908326.

B. Grzadkowski, J.F. Gunion and J. Kalinowski, Phys. Rev. D60 (1999) 075011.

A. Dedes and S. Moretti, Phys. Rev. Lett. 84 (2000) 22 and Nucl. Phys. B576 (2000) 29.

S.Y. Choi and M. Drees, Phys. Rev. Lett. 81 (1998) 5509.

S. Baek and P. Ko, Phys. Rev. Lett. 83 (1999) 488, Phys. Lett. B462 (1999) 95 and hep-ph/9907572.

K. Freese and P. Gondolo, hep-ph/9908390; T. Falk, A. Frestl and K. Olive, hep-ph/9908311. .

• RG-improved effective potential for the MSSM Higgs sector with explicit CP violation

Tree-level Lagrangian of the MSSM Higgs potential:

L^0_V = μ^2_1(Φ^†_1Φ_1) + μ^2(Φ^†_2Φ_2) + m^2_{12}(Φ^†_1Φ_2) + m^{∗2}_{12}(Φ^†_2Φ_1) + λ_1(Φ^†_1Φ_1)^2 + λ_2(Φ^†_2Φ_2)^2 + λ_3(Φ^†_1Φ_1)(Φ^†_2Φ_2) + λ_4(Φ^†_1Φ_2)(Φ^†_2Φ_1) ,

with

m^2_{12} = Bμ , λ_1 = λ_2 = − 1 8 (g^2_w + g^{′2}) ,

λ_3 = − 1 4 (g^2_w − g^{′2}) , λ_4 = 1 2 g^2_w .

Since the CP-odd phase of m^2_{12} can be absorbed into the definition of Φ_2, the MSSM Higgs potential is invariant under CP at the tree level.

⇒ CP violation in the Higgs sector can be induced through loop effects at the observable level

One-loop CP-violating contributions to the effective Higgs potential:

Φ_i

Φ_j

Φ^†_k

Φ^†_l t̃ t̃

t̃

•

• h_tμ

h_tA_t h^2_t • + t̃

t̃ t̃ t̃ h_tμ

h_tA_t h_tμ

h_tA_t

•

•

•

• · · ·

⊂ L_V (Φ_1, Φ_2)

The one-loop CP-violating effects are proportional to the rephasing-invariant combinations:

Im ( m^{2∗}_{12} μ A_{t,b} ) ≠ 0

Minimization of the effective Higgs potential L_V (Φ_1, Φ_2)

Linear decomposition of the Higgs fields:

Φ1 = [ ϕ+1 1√ 2 (v1 + ϕ1 + ia1) ] , Φ2 = eiξ [ ϕ+2 1√ 2 (v2 + ϕ2 + ia2) ]

Minimization conditions:

CP-even: T_{ϕ1(ϕ2)} ≡ ⟨ ∂L_V ∂ϕ_{1(2)} ⟩ = 0 CP-odd: T_a ≡ ⟨ ∂L_V ∂a ⟩ = 0 ,

with a = cos β a_1 + sin β a_2; tan β = v_2/v_1.

Vanishing of the CP-odd tadpole parameter:

−v Im ( m^2_{12} e^{iξ} ) + t̃_1, b̃_1, t̃_2, b̃_2

a • = 0

ξ can be absorbed into the CT of m^2_{12}, Im ( δm^2_{12} ) ! ⇒ ξ = 0 scheme of renormalization

One-loop effective Higgs-boson mass matrices

Charged-Higgs-boson mass matrix:

(M^2_±)_{ij} = − ⟨ ∂^2L_V ∂ϕ^+_i ∂ϕ^−_j ⟩ , i, j = 1, 2

Since det (M^2_±) = 0, the charged-Higgs-boson mass is given by M^2_H+ = − ⟨ (M^2_±)_{12} ⟩ sin β cos β

Neutral-Higgs-boson mass matrix:

M^2_0 = ( M^2_S M^2_{SP} (M^2_{SP} )^T M^2_P ) , in the weak basis {ϕ_1, ϕ_2, a_1, a_2}.

CP-conserving submatrices:

(M^2_S)_{ij} = − ⟨ ∂^2L_V ∂ϕ_i ∂ϕ_j ⟩ , (M^2_P )_{ij} = − ⟨ ∂^2L_V ∂a_i ∂a_j ⟩

CP-violating submatrix:

(M^2_{SP} )_{ij} = − ⟨ ∂^2L_V ∂ϕ_i ∂a_j ⟩

RG-improved Higgs-boson mass matrices

The RG-improved Higgs-boson mass matrix M^2(m_t) may be written conceptually as a sum of two terms:

M^2(m_t) = M^2(m_t) + M^{2,th}(m_t)

• M^2(m_t) is the two-loop Born-improved mass matrix that contains the genuine logarithmic contributions determining the whole scale dependence of the one-loop effective potential:

M^2(m_t) = M^{2 (0)} [ Re m̄^2_{12}(m_t), λ̄_i(m_t) ] , with Re m̄^2_{12} = Re m^2_{12} + Re m^{2(1)}_{12} + Re m^{2(2)}_{12} and λ̄_i = λ_i + λ^{(1)}_i + λ^{(2)}_i .

• M^{2,th}(m_t) describes the threshold effect of the decoupling of the heavier stop and sbottom squarks:

M^{2,th}_{ij} (m_t) = ΔM^2_{ij}(Q_{tb}) ξ^{−1}_i (m_t) ξ^{−1}_j (m_t) ,

where Q_{tb} is the decoupling scale, ξ_{1,2} are the Higgs-boson anomalous-dimension factors, and ΔM^2(Q_{tb}) ≡ M^{2,th}(Q_{tb}), with

ΔM^2(Q_{tb}) = M^{2 (1)}(Q_{tb})

− M^{2 (0)} [ Re m^{2(1)}_{12} (Q_{tb}), λ^{(1)}_i (Q_{tb}) ]

• Electric Dipole Moment constraints

One-loop contributions to the EDMs:

× × f_L f_R g̃ f̃_L f̃_R × × ~W_3, ~B f̃_L f̃_R × f̃ ′_L

~W − h̃^−_2 , h̃^−_1 with f = e, u, d. Crude estimate of the one-loop contributions to the neutron and electron EDMs: ( d_f e )_{1−loop} ∼ (10^{−25} cm) × {Im μ, Im A_f } max(M_{f̃} , m_λ) × ( 1 TeV max(M_{f̃} , m_λ)

)_2 ( m_f 10 MeV )

with λ = g̃, ~W^−, h̃^−_{1,2}.

Schemes for resolving the one-loop CP crisis: • Im μ/|μ|, Im A_f /|A_f |^<_∼ 10^{−2}, with M_{f̃} , m_λ ∼ 200 GeV • CP phases ∼ 1, but M_{f̃}^>_∼ 1 TeV, for f̃ = ũ, d̃, ẽ, ν̃_L • Cancellations between the different EDM terms

Contributions to e and n EDMs:

• 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 · · ·

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

• T. Ibrahim and P. Nath, Phys. Lett. B418 (1998) 98;

Phys. Rev. D58 (1998) 111301; 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, hep-ph/9907555 and hepph/9910553.

• J. Ellis and R.A. Flores, Phys. Lett. B377 (1996) 83.

• J. Dai, H. Dykstra, R.G. Leigh, S. Paban and D. Dicus, Phys. Lett. B237 (1990) 216; B242 (1990) 547 (E).

• D. Chang, W.-Y. Keung and A. Pilaftsis, Phys. Rev. Lett.

82 (1999) 900; A. Pilaftsis, Phys. Lett. B471 (1999) 174.

• A. Pilaftsis, hep-ph/9912253.

Higgs-boson two-loop contributions to EDM and CEDM of a fermion in the Feynman–’t Hooft gauge; f^′ represents the conjugate fermion of f under T^f_z [ D. Chang, W.-Y. Keung, A.P.,

Phys. Rev. Lett. 82 (1999) 900; A.P., Phys. Lett. B471 (1999) 174. ]

f a Aλ, Zλ, gλ f f

Aμ, gμ t̃1,2, b̃1,2

(a) f a Aλ, Zλ, gλ

Aμ, gμ

f f t̃1,2, b̃1,2

(b)

f H− W +λ f ′ f

Aμ t̃1,2, b̃∗1,2

(c) f H− W +λ

Aμ

f ′ f b̃∗1,2 t̃∗1,2

(d)

f H− W −ν W +λ

Aμ

f ′ f b̃∗1,2 t̃∗1,2

(e) f H− G− W +λ

Aμ

f ′ f b̃∗1,2 t̃∗1,2

(f)

f H− G− × W + λ Aμ

f ′ f (g)

(_{de} e )_{2σ} exp

(_{dn} e )_{2σ} exp

Ma = 150, 300 GeV

(_{de} e )_{2σ} exp

(_{dn} e )_{2σ} exp

Ma = 150, 300 GeV

Three-loop contribution to EDMs

Induced by Weinberg’s three-gluon operator:

L_{3g} = − 1 3! d_{3g} f^{abc} ~G^{a μ}_ν G^{b ν}_λ G^{c λ}_μ

× × × g_μ g_ν

g_λ g̃_R

g̃_L t_L

t_R t̃_L t̃_R

An estimate based on naive dimensional analysis gives d_{3g} ∼ g^3_s 4π 3α^2_s 16π^2 m_{g̃} m^2_t Im (A_t − μ^∗ cot β) m^4_{g̃} M^2_{t̃} and ( d_n e )_{3g} ∼ (10^{−26} cm) × ( 0.5 TeV m_{g̃} )_2

m^2_t Im (A_t − μ^∗ cot β) M^2_{t̃} m_{g̃}

EDM constraint: m_{g̃}^>_∼ 400 GeV.

• Phenomenological implications for direct Higgs-boson searches at LEP2 and the Tevatron

Two major effects of CP violation on the Higgs sector: – CP-violating self-energy effects – CP-violating vertex effects

– CP-violating self-energy effects:

a ϕ1, ϕ2 t̃_1, t̃_2, t̃_1, t̃^∗_1

t̃_1, t̃_2, t̃_2, t̃^∗_2 a ϕ1, ϕ2 × T_a t̃_1, t̃_2

a

M^2_{SP} ∼ m_t^4 v^2

Im (μA_t) 32π^2Q^2_t × ( 6, |A_t|^2 Q^2_t , |μ|^2 tan β Q^2_t , 2Re (μA_t) Q^2_t )

< ∼ (100 GeV)^2

The mixing of the three neutral Higgs bosons

ϕ_1 ϕ_2 a = O H_1 H_2 H_3

O is a 3×3 orthogonal matrix which also describes the mixing of the Higgs bosons with different CP parities. In analogy to the case of neutrinos and quarks, Higgs bosons with mixed CP parities are ordered according to their weights: M_{H1} ≤ M_{H2} ≤ M_{H3}

At the one-loop level, M_{Hi} (with i = 1, 2, 3) and O are analytically determined by the input parameters:

M_H+(m_t) , tan β(m_t) , μ(Q_{tb}) , A_t(Q_{tb}) , A_b(Q_{tb}) , ~M^2_Q(Q_{tb}) , ~M^2_t (Q_{tb}) , ~M^2_b (Q_{tb}) .

CP-conserving versus CP-violating MSSM parameters:

CP-conserving: CP-violating: tan β tan β , with ξ = 0 ~M 2_Q , ~M 2_t , ~M 2_b ~M 2_Q , ~M 2_t , ~M 2_b μ |μ| , arg (μ) A_{t,b} |A_{t,b}| , arg (A_{t,b}) M_A M_H+

At two loops:

m_{g̃} |m_{g̃}| and arg (m_{g̃})

– CP-violating vertex effects:

Effective H_1bb-coupling

× b_L b_R g̃ ϕ^{0∗}_{1,2} b̃∗_L b̃∗_R × b_L b_R h̃^−_2 h̃^−_1 ϕ^{0∗}_{1,2} t̃^∗_R t̃^∗_L

− L^{eff}_{ϕ0b̄b} = (h_b + δh_b) ϕ^{0∗}_1 b̄_Rb_L + Δh_b ϕ^{0∗}_2 b̄_Rb_L + h.c.

with δh_b h_b ∼ − 2α_s 3π m^∗_{g̃}A_b max (Q^2_b, |m_{g̃}|^2) − |h_t|^2 16π^2 |μ|^2 max (Q^2_t , |μ|^2) Δh_b h_b ∼ 2α_s 3π m^∗_{g̃}μ^∗ max (Q^2_b, |m_{g̃}|^2) + |h_t|^2 16π^2 A^∗_t μ^∗ max (Q^2_t , |μ|^2)

and h_b = g_wm_b √ 2M_W cos β [ 1 + δh_b/h_b + (Δh_b/h_b) tan β ]

Effective H_1tt-coupling

× t_L t_R g̃ ϕ^0_{1,2} t̃^∗_L t̃^∗_R × t_L t_R h̃^+_1 h̃^+_2 ϕ^0_{1,2} b̃∗_R b̃∗_L

− L^{eff}_{ϕ0t̄t} = Δh_t ϕ^0_1 t̄_Rt_L + (h_t + δh_t) ϕ^0_2 t̄_Rt_L + h.c.

with Δh_t h_t ∼ 2α_s 3π m^∗_{g̃}μ^∗ max (Q^2_t , |m_{g̃}|^2) + |h_b|^2 16π^2 A^∗_b μ^∗ max (Q^2_b, |μ|^2) δh_t h_t ∼ − 2α_s 3π m^∗_{g̃}A_t max (Q^2_t , |m_{g̃}|^2) − |h_b|^2 16π^2 |μ|^2 max (Q^2_b, |μ|^2)

and h_t = g_wm_t √ 2M_W sin β [ 1 + δh_t/h_t + (Δh_t/h_t) cot β ]

Effective Higgs-boson couplings to gauge bosons and fermions H_i W^+_μ W^−_ν : ig_wM_W (c_βO_{1i} + s_βO_{2i}) g_{μν}

H_i Z_μ Z_ν : ig_w^{M 2W}_{MZ} (c_βO_{1i} + s_βO_{2i}) g_{μν}

H_i(k) W^{±μ} H^∓(p) : ±^i_2g_w (c_βO_{2i} − s_βO_{1i} + iO_{3i})(p − k)_μ

H_i(k) Z^μ H_j(p) : −^{igwMZ} 2MW [ O_{3i} (c_βO_{2j} − s_βO_{1j}) − (i ↔ j) ] (p − k)_μ H_i d d : −^{igwmd} 2MW cβ (O1i − isβ O3i γ5) + · · ·

H_i u u : −^{igwmu} 2MW sβ (O2i − icβ O3i γ5) + · · ·

Generated with cph.f

Generated with cph.f

Generated with cph.f

Generated with cph.f

Generated with cph.f

Generated with cph.f

Generated with cph.f

Generated with cph.f

~M 2_Q = ~M 2_b = 0.6 TeV ~M 2_t = 0

Generated with cph.f

Generated with cph.f

Generated with cph.f

Generated with cph.f

Generated with cph.f

• Conclusions

• The mass upper bound of the lightest Higgs boson H_1 predicted in the CP-violating MSSM is identical to that already known from the CP-invariant theory, for both low and high values of tan β.

• Important input in the analysis is the one-loop RGimproved charged Higgs-boson mass.

• Large radiative effects of CP violation can drastically modify the Higgs-boson couplings to fermions and to the W^± and Z bosons. In particular, for 120^<_∼ M_H+^<_∼ 160 GeV and tan β^<_∼ 4, even a neutral Higgs boson as light as 60 GeV may escape detection at LEP2. The upgraded Tevatron collider will reduce/close most of such ‘open’ windows in M_{H1}.

• The CP-odd gluino phase arg(m_{g̃}) enters the Higgs potential at the two-loop level. In addition, a nontrivial arg(m_{g̃}) can suppress the H_1bb-coupling, and so B(H_1 → bb̄).

• CP violation decouples from the lightest Higgs sector for M_H+ ≫ M_Z, but it does not decouple from the heaviest one, opening up new possibilities for studying CP-violating phenomena at the LHC, NLC or the FMC.

• Implications for (i) B-meson physics, (ii) dark-matter searches, (iii) electroweak baryogenesis.

Experimental information needed for a more precise analysis:

• Exclusion plots for (g^2_{H1ZZ}, M_{H1}) at the 95% CL, and at the 3-σ and 5-σ levels.

• Exclusion plots for [ g^2_{H1H2Z},^1_2(M_{H1} + M_{H2}) ]

at the 95% CL, and at the 3-σ and 5-σ levels.

• If possible, exclusion plots including B(H_1 → τ^+τ^−) into the analysis