arXiv:hep-ph/0512315 v2 4 May 2006

MPP-2005-168 CAFPE-67/05 UG-FT-197/05 CERN-PH-TH/2005-208

Interplay between H → bs̄ and b → sγ in the MSSM with Non-Minimal Flavour Violation

T. Hahn^a, W. Hollik^a, J.I. Illana^b, S. Peñaranda^{c ∗}

aMax-Planck-Institut für Physik, Föhringer Ring 6, D–80805 Munich, Germany bCAFPE and Departamento de Física Teórica y del Cosmos, Universidad de Granada, E–18071 Granada, Spain cCERN TH Division, Department of Physics, CH–1211 Geneva 23, Switzerland

Abstract

We investigate the constraints on flavour-changing neutral heavy Higgs-boson decays H → bs̄ from b → sγ bounds on the flavour-mixing parameters of the MSSM with non-minimal flavour violation (NMFV). In our analysis we include the contributions from the SM and new physics due to general flavour mixing in the squark mass matrices. We study the case of one and two non-zero flavour-mixing parameters and find that in the latter case the interference can raise the Higgs flavour-changing branching ratios by one or two orders of magnitude with respect to previous predictions based on a single non-zero parameter and in agreement with present constraints from B physics. In the course of our work we developed a new FeynArts model file for the NMFV MSSM and added the necessary code for the evaluation to FormCalc. Both extensions are publicly available.

∗e-mails: hahn@mppmu.mpg.de, hollik@mppmu.mpg.de, jillana@ugr.es, siannah.penaranda@cern.ch

1 Introduction

Flavour-changing neutral current (FCNC) processes provide an extraordinarily useful tool to investigate new physics beyond the Standard Model (SM). In supersymmetry (SUSY), as in other models beyond the SM, an alternative to the direct search for new particles is to look for their radiative effects. In the SM, FCNCs are absent at tree level, but they arise at one-loop order, being strongly suppressed as a consequence of the GIM mechanism [1]. The Minimal Supersymmetric Standard Model (MSSM) [2] provides a natural framework where FCNCs are enhanced. In the scenario with minimal flavour violation (MFV) of the MSSM, squarks are assumed to be aligned with the corresponding quarks, and flavour violation originates from the Cabibbo–Kobayashi–Maskawa (CKM) matrix as the only source, proceeding via loop contributions, in analogy to the SM. Therefore, its size is expected to be very small. In more general scenarios which include misalignment between the quark and squark sectors, sizeable contributions to FCNC processes are expected to occur. This is the case of the MSSM with non-minimal flavour violation (NMFV).

The quantum contributions from supersymmetric particles in B-meson physics have been studied in a series of processes, including B^0–B̄^0 mixing [3,4], leptonic B-meson decays [5–8] and B → X_sγ [9–13], and have been found to be large. In order not to be in conflict with present experimental data, these in turn imply restrictions both on the SUSY parameters and on the parameters measuring the size of flavour mixing in the squark sector [8, 13–15]. The rare decay B → X_sγ is at present one of the most important since its observation [16] sets stringent constraints on the parameter space of various extensions of the SM [12–14]. Furthermore, the recent data from B → X_sμ^+μ^− indicate that the sign of the b → sγ amplitude is the same as in the SM [17].

Moreover, it is well known that FCNC processes related to Higgs-boson physics are also very sensitive to supersymmetric quantum effects [5–8, 18–23]. In particular, large rates of neutral Higgs decays into two quarks of different flavours have been predicted [18–20].^† In the SM, one finds B(H_{SM} → bs) ≈ 4 × 10^{−8} for m_{HSM} = 114 GeV. For the neutral MSSM Higgs bosons the ratios could be of O(10^{−4}–10^{−3}). Constraints from b → sγ data reduce these rates, though [19, 20].

In this paper we provide a phenomenological analysis of the general constraints on flavourchanging neutral Higgs decays H → bs̄, sb̄, set by bounds from b → sγ on the flavour-mixing parameters in the squark mass matrices of the MSSM with NMFV. We include the SM and the full genuine SUSY contributions by taking into account their interference and, in particular, the influence of several flavour-changing parameters contributing simultaneously. Since the full diagrammatic approach is used, our computation is valid for all values of the characteristic parameter measuring the squark-mixing strength, beyond the mass-insertion approximation, and for all values of tan β. Previous analyses of bounds on SUSY flavourmixing parameters from b → sγ [13] have shown the importance of the interference effects between the different types of flavour violation [14]. In the present work we derive predictions for B(H → bs) compatible with present experimental b → sγ bounds and recent data from B → X_sμ^+μ^−, assuming first one and then several types of flavour mixing contributing at a time for comparison.

The paper is organized as follows. In Section 2 the squark mass matrices in the MSSM

† In the following, B(H → bs) denotes the sum of the Higgs branching ratios into bs̄ and b̄s. The Higgs boson H stands for that of the SM, HSM, or one of those of the MSSM, h^0 , H^0, or A^0.

with NMFV are described in detail and the notation is introduced. The numerical analysis of the branching ratios B(H → bs) compatible with the observed decay rates for B → X_sγ and B → X_sμ^+μ^− is included in Section 3. In that section, we consider only one specific flavour-mixing parameter different from zero and discuss the interference effects of the SM and the new physics contributions. The interplay between H → bs and b → sγ is presented in Section 4. The constraints on flavour-changing neutral heavy Higgs-boson decays due to different types of flavour violation are derived there. Conclusions are given in Section 5. The relevant Feynman rules are listed in Appendix A.

2 Non-minimal Flavour Mixing in the MSSM

In the MSSM there are two sources of flavour violation. The first one arises from different rotations of the d- and u-quark fields from the interaction to the physical bases, and its strength is driven by the off-diagonal CKM-matrix elements, as in the SM. The second one consists of a possible misalignment between the rotations that diagonalize the quark and squark sectors (NMFV). The part of the soft-SUSY-breaking Lagrangian responsible for this non-minimal squark family mixing is given by

L^{squark}

soft = −Q̃ † i (M^2_{Q̃})_{ij}Q̃_j − Ũ^†_i (M^2_Ũ )_{ij}Ũ_j − D̃^†_i (M^2_{D̃})_{ij}D̃_j

+ y^u_i A^u_{ij}Q̃_iH_uŨ_j + y^d_i A^d_{ij}Q̃_iH_dD̃_j , (2.1)

where Q̃ is the SU(2) scalar doublet, Ũ, D̃ are the up- and down-squark SU(2) singlets, respectively, y^{u,d} are the Yukawa couplings and i, j are generation indices. The flavourchanging effects come from the non-diagonal entries in the bilinear terms M^2_{Q̃}, M^2_Ũ , and M^2_{D̃}, and from the trilinear terms A_u and A_d.

We assume that the non-CKM squark mixing is significant only for transitions between the squarks of the second and third generations. They are expected to be the largest in Grand Unified Models and are also experimentally the least constrained. The most stringent bounds are set by b → sγ. In contrast, there exist strong experimental bounds involving the first squark generation, based on data from K^0–K̄^0 and D^0–D̄^0 mixing [14, 15].

Our parameterization of the flavour-non-diagonal squark mass matrices for the up- and down-type squarks, for the MSSM with real parameters, reads as follows,

M^2_ũ =

M^2_{L̃,u} 0 0 m_uX_u 0 0

0 M^2_{L̃,c} Δ^u_{LL} 0 m_cX_c Δ^u_{LR} 0 Δ^u_{LL} M^2_{L̃,t} 0 Δ^u_{RL} m_tX_t m_uX_u 0 0 M^2_{R̃,u} 0 0 0 m_cX_c Δ^u_{RL} 0 M^2_{R̃,c} Δ^u_{RR} 0 Δ^u_{LR} m_tX_t 0 Δ^u_{RR} M^2_{R̃,t}

, (2.2)

M^2_{d̃} =

M^2_{L̃,d} 0 0 m_dX_d 0 0

0 M^2_{L̃,s} Δ^d_{LL} 0 m_sX_s Δ^d_{LR} 0 Δ^d_{LL} M^2_{L̃,b} 0 Δ^d_{RL} m_bX_b m_dX_d 0 0 M^2_{R̃,d} 0 0 0 m_sX_s Δ^d_{RL} 0 M^2_{R̃,s} Δ^d_{RR} 0 Δ^d_{LR} m_bX_b 0 Δ^d_{RR} M^2_{R̃,b}

, (2.3) where M^2_{L̃,q} = M^2_{Q̃,q} + m^2_q + cos 2β(T^q_3 − Q_qs^2_W )m^2_Z , M^2_{R̃,{u,c,t}} = M^2_{Ũ,{u,c,t}} + m^2_{u,c,t} + cos 2βQ_ts^2_W m^2_Z , M^2_{R̃,{d,s,b}} = M^2_{D̃,{d,s,b}} + m^2_{d,s,b} + cos 2βQ_bs^2_W m^2_Z , X_{u,c,t} = A_{u,c,t} − μ cot β , X_{d,s,b} = A_{d,s,b} − μ tan β ,

(2.4)

with m_q, T^q_3 , Q_q the mass, isospin, and electric charge of the quark q, m_Z the Z-boson mass, s_W ≡ sin θ_W , θ_W the electroweak mixing angle, and μ the Higgsino mass parameter.

We define the dimensionless flavour-changing parameters (δ^{u,d}_{ab} )_{23} (ab = LL, LR, RL, RR) from the flavour-off-diagonal elements of the squark mass matrices (2.2) and (2.3) in the following way,

Δ^u_{LL} ≡ (δ^u_{LL})_{23}M_{L̃,c}M_{L̃,t} , Δ^d_{LL} ≡ (δ^d_{LL})_{23}M_{L̃,s}M_{L̃,b} ,

Δ^u_{LR} ≡ (δ^u_{LR})_{23}M_{L̃,c}M_{R̃,t} , Δ^d_{LR} ≡ (δ^d_{LR})_{23}M_{L̃,s}M_{R̃,b} ,

Δ^u_{RL} ≡ (δ^u_{RL})_{23}M_{R̃,c}M_{L̃,t} , Δ^d_{RL} ≡ (δ^d_{RL})_{23}M_{R̃,s}M_{L̃,b} ,

Δ^u_{RR} ≡ (δ^u_{RR})_{23}M_{R̃,c}M_{R̃,t} , Δ^d_{RR} ≡ (δ^d_{RR})_{23}M_{R̃,s}M_{R̃,b} .

(2.5)

In our phenomenological study, they are free parameters determining the size of NMFV induced by SUSY and are analogous to those defined in the mass-insertion approximation [14].

In order to diagonalize the two 6 × 6 squark-mass matrices given above, the 6 × 6 matrices R^ũ for the up-type squarks and R^{d̃} for the down-type squarks are needed,

ũ_σ = R^ũ_{σ,j} ũ_L c̃_L t̃_L ũ_R c̃_R t̃_R j

, d̃_σ = R^{d̃}_{σ,j} d̃_L s̃_L b̃_L d̃_R s̃_R b̃_R j

. (2.6)

The diagonalization yields the squark mass eigenvalues and eigenstates depending on the flavour-mixing parameters (δ_{ab})_{23}, i.e. R^{q̃}M^2_{q̃} R^{q̃†} = diag(M^2_{q̃1} , . . ., M^2_{q̃6} ). The dependence of the squark masses on (δ_{LL})_{23} has already been studied in [18]. Typically, out of the four eigenvalues involving the second and third generations, two are weakly dependent on the amount of flavour mixing and for the other two, one grows and the other decreases with (δ_{LL})_{23}. In general, flavour mixing through the flavour non-diagonal entries in the squark mass matrices generates large splittings between the squark mass eigenvalues.

3 Flavour-changing decay processes

We focus here on the loop-induced flavour-changing decays of the MSSM heavy neutral Higgs bosons H = H^0, A^0 into second- and third-generation quarks, H → bs̄, sb̄ (an independent analysis for the lightest Higgs boson h^0 will be reported elsewhere [24]). We include the contributions from SM particles and their superpartners (squarks, gluinos, charginos, and neutralinos), as well as those from the MSSM Higgs sector, and also their interference effects.

We use the full diagrammatic approach for arbitrary values of tan β and of the flavour-mixing parameters (δ^{u,d}_{ab} )_{23}. Note that b → sγ constrains (δ^d_{ab})_{23} only. For simplicity, we take the same values for the flavour-mixing parameters in the up- and down-squark sectors: (δ_{ab})_{23} ≡ (δ^u_{ab})_{23} = (δ^d_{ab})_{23}. Actually, the LL blocks of the up- and down-squark mass matrices are related by the SU(2)_L gauge symmetry [14], therefore a large difference between (δ^u_{LL})_{23} and (δ^d_{LL})_{23} is not allowed. For the same reason, M_{Q̃,u} ≈ M_{Q̃,d}, M_{Q̃,c} ≈ M_{Q̃,s}, and M_{Q̃,t} ≈ M_{Q̃,b}.

We have taken the expression for the branching ratio B(B → X_sγ) to NLO from [25]. In the MSSM with NMFV, the relevant operators of the effective Hamiltonian are

O_2 = s̄_Lγ_μc_Lγ^μb_L,

O_7 = e 16π^2 m_bs̄_Lσ_{μν} F^{μν} b_R, Õ_7 = e 16π^2 m_bs̄_Rσ_{μν} F^{μν} b_L, O_8 = g_s 16π^2 m_bs̄_Lσ_{μν} G^{μν}_a t_ab_R, Õ_8 = g_s 16π^2 m_bs̄_Rσ_{μν} G^{μν}_a t_ab_L. (3.1)

We have calculated the corresponding Wilson coefficients C_{2,7,8} and C̃_{7,8} to one loop. The tilded operators do not contribute in the SM or in the MSSM with MFV, in the limit of massless strange quark. The data from B → X_sμ^+μ^− require that the sign of the coefficient C_7(m_b) is the same as in the SM.

We used FeynArts, FormCalc, and LoopTools to obtain our results. To this end, we had to modify the MSSM model file of FeynArts to include general flavour mixing, and we added 6 × 6 squark mass and mixing matrices to the FormCalc evaluation [26, 27]. A list of the Feynman rules needed for our computation is given in Appendix A. The masses and total decay widths of the Higgs bosons were computed with FeynHiggs [28].

For a concrete evaluation, we choose the following six flavour-diagonal MSSM parameters as input parameters: m_A, tan β, μ, M_2, M_{SUSY}, A, where m_A denotes the mass of the CP-odd Higgs boson A^0. For simplicity, we have taken a common value for the soft SUSY-breaking squark mass parameters M_{SUSY} ≡ M_{Ũ,{u,t,c}} = M_{D̃,{d,b,s}}, and all the various trilinear parameters to be universal, A ≡ A_t = A_b = A_c = A_s. These parameters and the δ’s will be varied over a wide range, subject only to the requirements that all the squark masses be heavier than 100 GeV, |μ| > 90 GeV and M_2 > 46 GeV [29].

The following MSSM parameters have been chosen as a default set (if not specified differently),

M_{SUSY} = 800 GeV , M_2 = 300 GeV , M_1 = 5 3 s^2_W c^2_W

M_2 ,

A = 500 GeV , m_A = 400 GeV , tan β = 35 , μ = −700 GeV .

(3.2)

A detailed study of the values of the Higgs-boson decay widths in a wider range of these parameters and for (δ^u_{LL})_{23} ≠ 0 has been done in [19].

Let us remark that the μ-parameter plays an important role in our analysis. The H^0 decay width is approximately symmetric under μ → −μ, depending on the m_A values, and increases with μ up to a certain value around 600 GeV; then it reaches a maximum value, and finally decreases [18, 19]. Moreover, the μ-parameter enters in the gluino and chargino contributions to b → sγ, producing significant cancellations at large tan β.

For illustration, we give in this section an overview over the various contributions to both H^0 → bs and B → X_sγ, keeping only a single flavour-off-diagonal element, (δ_{LL})_{23}. For the Higgs decays, we agree with the results of previous studies on the subject [18–20].

Figure 1: B(H^0 → bs) [left] and B(B → X_sγ) [right] as a function of (δ_{LL})_{23}. In the upper row M_{g̃} is determined from M_2 through the GUT relation, in the lower row M_{g̃} = 300 GeV is chosen. The other input parameters are given in Eq. (3.2). The SM and the MSSM Higgs sector contributions (sH) are included (horizontal lines in B(B → X_sγ) [right], but invisible in B(H^0 → bs) [left]).

Fig. 1 shows on the left B(H^0 → bs) and on the right B(B → X_sγ) as a function of (δ_{LL})_{23}. In the upper row the GUT relation M_3 = α_s/(αs^2_W )M_2 is assumed, yielding the rather large gluino mass of M_{g̃} ≈ 1 TeV. In the lower row M_{g̃} = 300 GeV is chosen.

Our purpose is to show the size of the radiative corrections separately for the different sectors and their interference effects. The SUSY electroweak (SUSY-EW) contribution includes charginos, neutralinos, and the MSSM Higgs sector, the latter being negligible in H^0 → bs but important in b → sγ (horizontal lines in B(b → sγ) because they do not depend on (δ_{LL})_{23}). The chargino and neutralino contributions are plotted independently to show that in both cases the charginos dominate. Gluino–squark loops constitute the SUSY-QCD contribution.

B(H^0 → bs) increases with (δ_{LL})_{23}, as already known [18–20]. We can see that the SUSY- QCD contribution is dominant, at least one order of magnitude larger than that of SUSY-EW. Both interfere with opposite signs, as discussed in [19]. The SM value for the Higgs branching ratio is several orders of magnitude smaller than the corresponding MSSM value, of O(10^{−8}).

In b → sγ, the SUSY-QCD contribution is also dominant in most of the flavour parameter space, but becomes subdominant for large gluino masses (see the upper row in Fig. 1). This result, however, strongly depends on the choice of parameters and changes if the GUT relation is relaxed. The interference effects of the various MSSM sectors in b → sγ must therefore be carefully considered.

4 Compatibility between H^0 → bs and b → sγ

Next we derive the maximum values of B(H^0 → bs) compatible with B(B → X_sγ)_{exp} = (3.3 ± 0.4) × 10^{−4} [16] within three standard deviations by varying the flavour-changing parameters of the squark mass matrices. The results for the A^0 boson are very similar and we do not show them separately.

4.1 One flavour-mixing parameter

As a first step, we select one possible type of flavour violation in the squark sector, assuming that all the others vanish. The interference between different types of flavour mixing is thus ignored. Previous analyses on bounds coming from b → sγ, by using the mass-insertion approximation and by neglecting any kind of interference effects, led to bounds on the single off-diagonal element for the down sector of |(δ^d_{LL,RR})_{23}| < O(1), |(δ^d_{LR,RL})_{23}| < O(10^{−2}) (see [13, 14] and references therein). The MSSM inputs are those in Eq. (3.2) with GUT relations.

In Fig. 2 we show B(B → X_sγ) as a function of the flavour parameters (δ_{ab})_{23} with ab = LL, LR, RL, RR. The results are expressed in standard deviations (s.d.) through ΔB(B → X_sγ) 1 s.d. = B(B → X_sγ) − B(B → X_sγ)_{exp} ΔB_{exp}

. (4.1)

We can see in Fig. 2 that the flavour-off-diagonal elements are independently constrained to be at most (δ_{ab})_{23} ∼ 10^{−3}–10^{−1}. As expected [13,14], the bounds on (δ_{LR})_{23} are the strongest, (δ_{LR})_{23} ∼ 10^{−3}–10^{−2}. The data from B → X_sμ^+μ^− further constrain the parameters (δ_{LL})_{23} and (δ_{LR})_{23}, the others remaining untouched.

The allowed intervals for the corresponding flavour-mixing parameters thus obtained are indicated in Fig. 3, in which we present the results for B(H^0 → bs) as a function of (δ_{ab})_{23}. The predictions compatible with the b → sγ constraints can be read off directly from there.

Figure 2: ΔB(B → X_sγ) in standard deviations (see text) as a function of (δ_{LL,LR,RL,RR})_{23}. The thinner lines for (δ_{LL})_{23} and (δ_{LR})_{23} correspond to regions disfavoured by B → X_sμ^+μ^−.

For our reference point (3.2) we find that the largest allowed value of B(H^0 → bs), of O(10^{−3}) or O(10^{−5}), is induced by (δ_{RR})_{23} or (δ_{LL})_{23}, respectively. These are the flavourchanging parameters least stringently constrained by the b → sγ data. B(H^0 → bs) can reach O(10^{−6}) if induced by (δ_{LR})_{23} or by (δ_{RL})_{23}, the most stringently constrained flavour-changing parameter. We remark that, because of the restrictions imposed by b → sγ, B(H^0 → bs) depends very little on (δ_{LR})_{23} and (δ_{RL})_{23}.

4.2 Two flavour-mixing parameters

In this second part of our analysis, we investigate whether the maximum values reachable by the H^0 branching ratios remain stable when several off-diagonal elements of the squark mass matrix contribute simultaneously. It is known that the participation of several types of flavour-changing parameters weaken the bounds, imposed by b → sγ, on the off-diagonal elements of the squark-mass matrix by at least one order of magnitude [13]. We derive bounds on these flavour-mixing parameters by switching on simultaneously two of those parameters, with all the others vanishing. Indeed, we performed the analysis for all possible combinations of two of the four dimensionless parameters (2.5).

Fig. 4 displays the results for our parameter set (3.2). Drawn are contours of constant Γ(H^0 → bs) ≡ Γ(H^0 → bs̄) + Γ(H^0 → sb̄) for various combinations (δ_{ab})_{23}–(δ_{cd})_{23} of flavourmixing parameters, which we shall refer to as “ab–cd planes” for short in the following. The coloured bands represent regions experimentally allowed by B → X_sγ. The red bands are regions disfavoured by B → X_sμ^+μ^−.

Figure 3: B(H^0 → bs) as a function of (δ_{LL,RR,LR,RL})_{23}. The allowed intervals of these parameters determined from b → sγ (see Fig. 2) are indicated by coloured areas. The red areas (b) are disfavoured by B → X_sμ^+μ^−.

Figure 4: Contours of constant Γ(H^0 → bs) in various planes of the flavour-mixing parameters (δ_{ab})_{23}. The coloured bands indicate regions experimentally allowed by B → X_sγ. The red bands show regions disfavoured by B → X_sμ^+μ^−.

Contributions in the LR–RL and LR–RR planes lead to maximal values

Γ(H^0 → bs)_{max} = 3 × 10^{−4} GeV for (δ_{LR})_{23} = 0.04, (δ_{RL})_{23} = 0.04 , (4.2) Γ(H^0 → bs)_{max} = 0.15 GeV for (δ_{LR})_{23} = 0.035, (δ_{RR})_{23} = ±0.7 . (4.3)

This translates to branching ratios compatible with experimental data of B(H^0 → bs)_{max} ∼ 10^{−5} in the first, and O(10^{−3}) in the second case. Here we have used the total width of Γ(H → X) ≈ 26 GeV, H = H^0, A^0, for the point (3.2) in the MSSM with MFV.

The bounds on (δ_{LR})_{23}, the best constrained for only one non-zero flavour-off-diagonal element, are dramatically relaxed when other flavour-changing parameters contribute simultaneously. Values of (δ_{LR})_{23} ∼ 10^{−1} are allowed. In particular, large although fine-tuned values of (δ_{LL})_{23} and (δ_{LR})_{23} combined are not excluded by b → sγ, yielding e.g.

Γ(H^0 → bs)_{max} = 0.25 GeV for (δ_{LR})_{23} = −0.22, (δ_{LL})_{23} = −0.8 , (4.4) Γ(H^0 → bs)_{max} = 0.35 GeV for (δ_{RL})_{23} = ±0.04, (δ_{RR})_{23} = −0.15 . (4.5)

The branching ratio is B(H^0 → bs)_{max} ∼ 10^{−2} in both cases.

Finally, we studied the combined effects of RL–LL and RR–LL. We obtain

Γ(H^0 → bs)_{max} = 2.5 × 10^{−3} GeV for (δ_{RL})_{23} = 0.006, (δ_{LL})_{23} = −0.128 , (4.6) Γ(H^0 → bs)_{max} = 0.12 GeV for (δ_{RR})_{23} = 0.65, (δ_{LL})_{23} = ±0.14 . (4.7)

This means B(H^0 → bs)_{max} ∼ 10^{−4} for the RL–LL and B(H^0 → bs)_{max} ∼ 10^{−2} for the RR–LL case.

Therefore, we conclude that the predictions on B(H^0 → bs) induced by (δ_{RR})_{23} or (δ_{LL})_{23} only, of O(10^{−3}) or O(10^{−5}), are greatly exceeded by the combination of (δ_{LL})_{23} and (δ_{LR})_{23} or (δ_{RR})_{23} and (δ_{RL})_{23} or (δ_{LL})_{23} and (δ_{RR})_{23}, which are of O(10^{−2}). Values of B(H^0 → bs) ∼ O(10^{−3}) emerge when considering the LR–RR. Thus, the destructive interference of the combined set of flavour-mixing parameters leads to large allowed values for the H^0 → bs branching ratio, which in general can be two orders of magnitude larger than if induced by just one flavour-mixing parameter.

5 Conclusions

In this work we carried out a phenomenological analysis of the predictions for flavour-changing neutral heavy Higgs decays H → bs̄, sb̄, taking into account the constraints from b → sγ on the flavour-mixing parameters (δ_{LL,LR,RL,RR})_{23} of the MSSM with NMFV. We followed a fully diagrammatic approach at one loop, valid for arbitrary values of tan β and the δ’s, as long as they are kinematically allowed. The calculations were performed with FeynArts, FormCalc, and LoopTools, which were extended to include the MSSM with NMFV in a new model file and the corresponding 6 × 6 diagonalization, both of which are now available in the public distributions of FeynArts and FormCalc. The contributions and interfering effects of the SM and the various sectors of the MSSM were fully accounted for and the interplay between the different types of non-minimal flavour mixing explored, both individually and in combinations.

We found that B(H → bs), whose value is at most of O(10^{−6}) when induced by (δ_{RL})_{23} or (δ_{LR})_{23}, can be of O(10^{−5}) or O(10^{−3}) if induced by (δ_{RR})_{23} or (δ_{LL})_{23}. By imposing the constraints from b → sγ over the flavour-changing parameters, the H → bs branching ratio depends only weakly on (δ_{RL})_{23} and (δ_{LR})_{23}. The combined effect of two of the flavour-mixing parameters may raise the predictions for B(H → bs) by one or two orders of magnitude, typically O(10^{−3}–10^{−2}).

Overall, the predictions for H → bs̄ are more optimistic when the bounds from b → sγ are accounted for in the more realistic case of several flavour-mixing parameters contributing simultaneously.

Acknowledgements

We thank D. Stöckinger, S. Heinemeyer, J. Guasch and J. Prades for very helpful discussions. The work of S.P. has been supported by the European Union under contract No. MEIF-CT- 2003-500030. J.I.I. acknowledges the financial support by the E.U. (HPRN-CT-2000-149), the Spanish MCYT (FPA2003-09298-C02-01) and Junta de Andalucía (FQM-101).

A NMFV Feynman Rules

The following table lists Feynman rules needed for our computation in the MSSM with NMFV. These vertices were generated automatically from the new FeynArts model file FVMSSM.mod, available from www.feynarts.de.

The upper and lower entries of the FFS couplings are the prefactors of the left- and righthanded chirality projectors. The matrices T^g_{ab} are the SU(3) generators with gluon index g and colour indices a, b. The matrices U, V (Z) are the chargino (neutralino) mixing matrices and CKM is the Cabibbo–Kobayashi–Maskawa quark mixing matrix, with i, j the fermion and ρ, σ the squark generation indices. The angle α is the mixing angle in the neutral Higgs sector.

[FFS] Gluino – Quark – Squark C(g̃, ū_i, ũ_σ) = [ √ 2 i g_s R^{ũ∗}_{σ,3+i} T^g_{ab} − √ 2 i g_s R^{ũ∗}_{σ,i} T^g_{ab} ]

C(g̃, d̄_i, d̃_σ) = [ √ 2 i g_s R^{d̃∗}_{σ,3+i} T^g_{ab} − √ 2 i g_s R^{d̃∗}_{σ,i} T^g_{ab} ]

C(g̃, u_i, ũ^†_σ) = [ − √ 2 i g_s R^ũ_{σ,i} T^g_{ba} √ 2 i g_s R^ũ_{σ,3+i} T^g_{ba} ]

C(g̃, d_i, d̃^†_σ) = [ − √ 2 i g_s R^{d̃}_{σ,i} T^g_{ba} √ 2 i g_s R^{d̃}_{σ,3+i} T^g_{ba} ]

[FFS] Chargino – Quark – Squark

C(χ̃^−_c , d̄_j, ũ_σ) = 3∑ i=1 i e m_{dj} CKM^∗_{ij} R^{ũ∗}_{σ,i} U^∗_{c2} √ 2 c_β M_W s_W − 3∑ i=1 i e CKM^∗_{ij} 2 M_W s_β s_W ( 2 M_W R^{ũ∗}_{σ,i} s_β V_{c1} − √ 2 m_{ui} R^{ũ∗}_{σ,3+i} V_{c2} )

C(χ̃^+_c , ū_i, d̃_σ) = 3∑ j=1 i e m_{ui} CKM_{ij} R^{d̃∗}_{σ,j} V^∗_{c2} √ 2 M_W s_β s_W − 3∑ j=1 i e CKM_{ij} 2 c_β M_W s_W ( 2 c_β M_W R^{d̃∗}_{σ,j} U_{c1} − √ 2 m_{dj} R^{d̃∗}_{σ,3+j} U_{c2} )

C(d_j, χ̃^+_c , ũ^†_σ) = − 3∑ i=1 i e CKM_{ij} 2 M_W s_β s_W ( 2 M_W R^ũ_{σ,i} s_β V^∗_{c1} − √ 2 m_{ui} R^ũ_{σ,3+i} V^∗_{c2} ) 3∑ i=1 i e m_{dj} CKM_{ij} R^ũ_{σ,i} U_{c2} √ 2 c_β M_W s_W

C(u_i, χ̃^−_c , d̃^†_σ) = − 3∑ j=1 i e CKM^∗_{ij} 2 c_β M_W s_W ( 2 c_β M_W R^{d̃}_{σ,j} U^∗_{c1} − √ 2 m_{dj} R^{d̃}_{σ,3+j} U^∗_{c2} )

3∑ j=1 i e m_{ui} CKM^∗_{ij} R^{d̃}_{σ,j} V_{c2} √ 2 M_W s_β s_W

[FFS] Neutralino – Quark – Squark

C(χ̃^0_n, ū_i, ũ_σ) = i e 3 √ 2 c_W M_W s_β s_W ( 4 M_W R^{ũ∗}_{σ,3+i} s_β s_W Z^∗_{n1} − 3 c_W m_{ui} R^{ũ∗}_{σ,i} Z^∗_{n4} ) − i e 3 √ 2 c_W M_W s_β s_W ( 3 c_W m_{ui} R^{ũ∗}_{σ,3+i} Z_{n4} + M_W R^{ũ∗}_{σ,i} s_β (s_W Z_{n1} + 3 c_W Z_{n2}) )

C(χ̃^0_n, d̄_i, d̃_σ) = − i e 3 √ 2 c_β c_W M_W s_W ( 2 c_β M_W R^{d̃∗}_{σ,3+i} s_W Z^∗_{n1} + 3 c_W m_{di} R^{d̃∗}_{σ,i} Z^∗_{n3} )

− i e 3 √ 2 c_β c_W M_W s_W ( 3 c_W m_{di} R^{d̃∗}_{σ,3+i} Z_{n3} + c_β M_W R^{d̃∗}_{σ,i} (s_W Z_{n1} − 3 c_W Z_{n2}) )

C(u_i, χ̃^0_n, ũ^†_σ) = − i e 3 √ 2 c_W M_W s_β s_W ( M_W R^ũ_{σ,i} s_β s_W Z^∗_{n1} + 3 c_W ( M_W R^ũ_{σ,i} s_β Z^∗_{n2} + m_{ui} R^ũ_{σ,3+i} Z^∗_{n4} )) i e 3 √ 2 c_W M_W s_β s_W ( 4 M_W R^ũ_{σ,3+i} s_β s_W Z_{n1} − 3 c_W m_{ui} R^ũ_{σ,i} Z_{n4} )

C(d_i, χ̃^0_n, d̃^†_σ) = − i e 3 √ 2 c_β c_W M_W s_W ( c_β M_W R^{d̃}_{σ,i} s_W Z^∗_{n1} − 3 c_W ( c_β M_W R^{d̃}_{σ,i} Z^∗_{n2} − m_{di} R^{d̃}_{σ,3+i} Z^∗_{n3} ))

− i e 3 √ 2 c_β c_W M_W s_W ( 2 c_β M_W R^{d̃}_{σ,3+i} s_W Z_{n1} + 3 c_W m_{di} R^{d̃}_{σ,i} Z_{n3} )

[SSS] Higgs – 2 Squarks

C(H^0, ũ_ρ, ũ^†_σ) =

− 3∑ i,j=1 i e 6 c_W M_W s_β s_W R^{ũ∗}_{ρ,3+i} 4 c_{α+β} δ_{ij} M_W M_Z R^ũ_{σ,3+j} s_β s^2_W −3 c_W R^ũ_{σ,j} (c_α δ_{ij} m_{ui} μ − m_{uj} s_α A^{u∗}_{ji} ) +6 c_W δ_{ij} m^2_{ui} R^ũ_{σ,3+j} s_α −R^{ũ∗}_{ρ,i} { 3 c_W R^ũ_{σ,3+j} (c_α δ_{ij} m_{ui} μ^∗ − A^u_{ij} m_{ui} s_α) −δ_{ij} R^ũ_{σ,j} (6 c_W m^2_{ui} s_α + c_{α+β} M_W M_Z s_β (3 − 4 s^2_W )) }

C(H^0, d̃_ρ, d̃^†_σ) =

3∑ i,j=1 i e 6 c_β c_W M_W s_W R^{d̃∗}_{ρ,3+i} 2 c_{α+β} c_β δ_{ij} M_W M_Z R^{d̃}_{σ,3+j} s^2_W +3 c_W R^{d̃}_{σ,j} (δ_{ij} m_{di} μ s_α − c_α m_{dj} A^{d∗}_{ji} ) −6 c_α c_W δ_{ij} m^2_{di} R^{d̃}_{σ,3+j} −R^{d̃∗}_{ρ,i} { 3 c_W R^{d̃}_{σ,3+j} (A^d_{ij} c_α m_{di} − δ_{ij} m_{di} μ^∗ s_α) +δ_{ij} R^{d̃}_{σ,j} (6 c_α c_W m^2_{di} − c_{α+β} c_β M_W M_Z (3 − 2 s^2_W )) }

References

[1] S. L. Glashow, J. Iliopoulos, L. Maiani, Phys. Rev. D2, 1285 (1970).

[2] H. E. Haber, G. L. Kane, Phys. Rep. 117, 75 (1985).

[3] C. Hamzaoui, M. Pospelov, M. Toharia, Phys. Rev. D59, 095005 (1999), hep-ph/9807350; G. Isidori, A. Retico, JHEP 0111 (2001) 001, hep-ph/0110121.

[4] A. J. Buras, P. H. Chankowski, J. Rosiek, L. Slawianowska, Nucl. Phys. B619 434 (2001), hep-ph/0107048; Phys. Lett. B546, 96 (2002), hep-ph/0207241; Nucl. Phys. B659, 3 (2003), hep-ph/0210145.

[5] K. S. Babu, C. F. Kolda, Rev. Lett. 84, 228 (2000), hep-ph/9909476; C.-S. Huang, W. Liao, Q.-S. Yan, S.-H. Zhu, Phys. Rev. D63, 114021 (2001), Erratum-ibid. D64 059902 (2001), hep-ph/0006250.

[6] P. H. Chankowski, L. Slawianowska, Phys. Rev. D63, 054012 (2001), hep-ph/0008046.

[7] C. Bobeth, T. Ewerth, F. Kruger, J. Urban, Phys. Rev. D64, 074014 (2001), hep-ph/0104284; and D66 074021 (2002), hep-ph/0204225.

[8] G. Isidori, A. Retico, JHEP 0209 (2002) 063, hep-ph/0208159.

[9] M. A. Diaz, Phys. Lett. B304, 278 (1993), hep-ph/9303280; R. Garisto, J. N. Ng, Phys.

Lett. B315, 372 (1993), hep-ph/9307301; F. M. Borzumati, Z. Phys. C63, 291 (1994), hep-ph/9310212; H. Baer, M. Brhlik, D. Castaño, X. Tata, Phys. Rev. D58, 015007 (1998), hep-ph/9712305; M. Carena, D. Garcia, U. Nierste, C. E. M. Wagner, Phys. Lett. B499 141 (2001), hep-ph/0010003.

[10] S. Bertolini, F. Borzumati, A. Masiero, Phys. Lett. B192, 437 (1987); S. Bertolini, F. Borzumati, A. Masiero, G. Ridolfi, Nucl. Phys. B353, 591 (1991); R. Barbieri, G. F. Giudice, Phys. Lett. B309, 86 (1993), hep-ph/9303270; N. Oshimo, Nucl. Phys. B404, 20 (1993); Y. Okada, Phys. Lett. B315, 119 (1993), hep-ph/9307249.

[11] V. D. Barger, M. S. Berger, P. Ohmann, R. J. Phillips, Phys. Rev. D 51 (1995) 2438, hep-ph/9407273.

[12] G. Degrassi, P. Gambino, G. F. Giudice, JHEP 0012 (2000) 009, hep-ph/0009337.

[13] F. Borzumati, C. Greub, T. Hurth, D. Wyler, Phys. Rev. D62 (2000) 075005, hep-ph/9911245; T. Besmer, C. Greub, T. Hurth, Nucl. Phys. B609 (2001) 359, hep-ph/0105292; hep-ph/0111389; and references therein.

[14] For an extensive analysis of the phenomenological implications, see for instance:

F. Gabbiani, E. Gabrielli, A. Masiero, L. Silvestrini, Nucl. Phys. B477, 321 (1996), hep-ph/9604387; M. Misiak, S. Pokorski, J. Rosiek, Adv. Ser. Direct. High Energy Phys. 15, 795 (1998), hep-ph/9703442.

[15] M. Ciuchini, E. Franco, A. Masiero, L. Silvestrini, Phys. Rev. D67 (2003) 075016 [Erratum ibid. D68 (2003) 079901], hep-ph/0212397; M. Endo, M. Kakizaki, M. Yamaguchi, Phys. Lett. B583, 186 (2004), hep-ph/0311072.

[16] S. Chen et al. [CLEO Collaboration], Phys. Rev. Lett. 87 (2001) 251807, hep-ex/0108032;

B. Aubert et al. [BABAR Collaboration], hep-ex/0207074.

[17] P. Gambino, U. Haisch and M. Misiak, Phys. Rev. Lett. 94 (2005) 061803, hep-ph/0410155.

[18] A. M. Curiel, M. J. Herrero, D. Temes, Phys. Rev. D67 (2003) 075008, hep-ph/0210335.

[19] A. M. Curiel, M. J. Herrero, W. Hollik, F. Merz, S. Peñaranda, Phys. Rev. D69 (2004) 075009, hep-ph/0312135.

[20] S. Bejar, F. Dilme, J. Guasch, J. Sola, JHEP 0408 (2004) 018, hep-ph/0402188; S. Bejar, J. Guasch, J. Sola, hep-ph/0508043; hep-ph/0601191.

[21] A. Dedes, A. Pilaftsis, Phys. Rev. D 67 (2003) 015012, hep-ph/0209306.

[22] D. A. Demir, Phys. Lett. B571, 193 (2003), hep-ph/0303249.

[23] M. E. Luke, M. J. Savage, Phys. Lett. B 307 (1993) 387, hep-ph/9303249; J. Guasch, J. Sola, Nucl. Phys. B 562 (1999) 3, hep-ph/9906268; C. F. Kolda, hep-ph/0003265; J. A. Aguilar-Saavedra, G. C. Branco, Phys. Lett. B 495 (2000) 347, hep-ph/0004190; S. Bejar, J. Guasch, J. Sola, Proc. of RADCOR 2000, ed. Howard E. Haber, hep-ph/0101294.

[24] W. Hollik, T. Hahn, J.I. Illana, S. Peñaranda, work in progress.

[25] A. L. Kagan and M. Neubert, Phys. Rev. D 58 (1998) 094012 [arXiv:hep-ph/9803368];

Eur. Phys. J. C 7 (1999) 5 [arXiv:hep-ph/9805303].

[26] T. Hahn, Comput. Phys. Commun. 140 (2001) 418, hep-ph/0012260; T. Hahn, C. Schappacher, ibid. 143 (2002) 54, hep-ph/0105349; T. Hahn, M. Perez-Victoria, ibid. 118 (1999) 153, hep-ph/9807565; see also the web page www.feynarts.de.

[27] T. Hahn, hep-ph/0506201, Proc. of 2005 International Linear Collider Workshop (LCWS 2005), Stanford, California, 18–22 March 2005.

[28] T. Hahn, W. Hollik, S. Heinemeyer, G. Weiglein, hep-ph/0507009, Proc. of 2005 International Linear Collider Workshop (LCWS 2005), Stanford, California, 18–22 March 2005; S. Heinemeyer, W. Hollik, G. Weiglein, Comput. Phys. Commun. 124 (2000) 76, hep-ph/9812320; S. Heinemeyer, W. Hollik and G. Weiglein, Eur. Phys. J. C 9 (1999) 343, hep-ph/9812472; see also the web page www.feynhiggs.de.

[29] S. Eidelman et al., Particle Data Group, Phys. Lett. B 592 (2004) 1.