arXiv:0907.1791v2 [hep-ph] 12 Nov 2009

Flavor constraints on two-Higgs-doublet models with general diagonal Yukawa couplings

F. Mahmoudi^{1,∗} and O. Stål^{2,†}

1 Laboratoire de Physique Corpusculaire de Clermont-Ferrand (LPC), Université Blaise Pascal, CNRS/IN2P3, 63177 Aubière Cedex, France 2 High-Energy Physics, Department of Physics and Astronomy, Uppsala University, PO Box 516, 751 20 Uppsala, Sweden

Abstract

We consider constraints from flavor physics on two-Higgs-doublet models (2HDM) with general, flavor-diagonal, Yukawa couplings. Analyzing the charged Higgs contribution to different observables, we find that b → sγ transitions and ΔM_{Bd} restrict the coupling λ_{tt} of the top quark (corresponding to cot β in models with a Z_2 symmetry) to |λ_{tt}| < 1 for m_H+ ≲ 500 GeV. Stringent constraints from B meson decays are obtained also on the other third generation couplings λ_{bb} and λ_{τ τ} , but with stronger dependence on m_H+ . For the second generation, we obtain constraints on combinations of λ_{ss}, λ_{cc}, and λ_{μμ} from leptonic K and D_s decays. The limits on the general couplings are translated to the common 2HDM types I – IV with a Z_2 symmetry, and presented on the (m_H+ , tan β) plane. The flavor constraints are most excluding in the type II model which lacks a decoupling limit in tan β. We obtain a lower limit m_H+ ≳ 300 GeV in models of type II and III, while no lower bound on m_H+ is found for types I and IV.

∗Electronic address: mahmoudi@in2p3.fr †Electronic address: oscar.stal@physics.uu.se

1 Introduction

The LHC will hopefully shed some light soon on the mysteries of electroweak symmetry breaking. Meanwhile we are free to speculate whether nature is endowed with new physics beyond the minimal Higgs framework with one scalar doublet, as incorporated in the standard model (SM). One of the simplest – and probably the most thoroughly studied – extension of the Higgs sector is the two-Higgs-doublet model (2HDM), in which the SM Higgs sector is duplicated by introduction of another doublet of SU(2)_L [1]. The primary motivation for considering the 2HDM is often sought in supersymmetry [2], since the minimal supersymmetric standard model (MSSM) requires at least two Higgs doublets in order to cancel gauge anomalies and keep the superpotential analytic. This second requirement fixes the pattern of Yukawa couplings at tree-level. Many interesting results [3–8] have also been obtained for more general two-Higgs-doublet models. These models can be thought of as effective theories for supersymmetric Higgs sectors beyond the MSSM (see e.g. [9] and references therein). In addition they provide a generic description for UV extensions of the SM that do not involve supersymmetry, but still contain two Higgs doublets in the low-energy effective theory. Two-Higgs-doublet models of the general form are the focus of the present work.

The additional scalar doublet in the 2HDM introduces new and interesting phenomenology, such as new sources of CP-violation, flavor-changing neutral currents (FCNC), the presence of a charged Higgs boson, and possibly even a dark matter candidate [10]. In the Yukawa sector, the additional doublet leads to a large number of couplings between fermions and scalars which are not fixed by the mass generation mechanism. When FCNCs are absent at tree-level, the most striking phenomenological difference between the SM and the 2HDM Yukawa sectors is the presence of a charged Higgs boson and its associated charged current. It is mainly through this interaction the 2HDM can reveal its presence in low-energy observables, such as the decay rates of K, D, and B mesons, complementing searches for charged Higgs bosons at high-energy colliders. Results on the 2HDM Yukawa sector are therefore useful in both these contexts.

Constraints on the 2HDM parameters have been extensively studied in the literature, in particular for the type II model [11] which is the form of the Yukawa sector in the MSSM at tree-level. For recent studies discussing flavor constraints on the charged Higgs boson in the MSSM, see [12]. To differentiate between the MSSM Higgs sector and a more general theory with two Higgs doublets, it is interesting to identify differences in phenomenologically viable signals, such as a charged Higgs boson contribution to flavor physics observables. Combining future LHC results with flavor physics could also be a means of testing the Yukawa couplings to more than one type and generation of fermions. To determine the reach in the flavor sector, we extend the previous results for the 2HDM type II to flavor constraints in the more general setting of arbitrary flavor-diagonal Yukawa couplings, i.e. with no assumptions of coupling universality between fermions of different types or generations. Limits on the relevant couplings are evaluated for each observable separately. As a special case, we then translate the general results into constraints on the (m_H+ , tan β) plane for types I – IV [13] of the 2HDM with a Z_2 symmetry.^1

1The phenomenology of the more unusual models type III and IV, which have different couplings for the down-type quarks and the leptons, has recently been studied in [14].

The organization of this paper is as follows: in Section 2 we give a brief introduction to the 2HDM, describing how the parameters of the potential are constrained by theoretical arguments and electroweak precision data. Following this discussion of the scalar sector, Section 3 deals with the 2HDM Yukawa sector in some detail. The different flavor observables of interest are introduced in Section 4, where also also our main results are presented as constraints on the individual Yukawa couplings from each observable separately. In Section 5 we specialize the general results of Section 4 to models with a Yukawa Z_2 symmetry. Finally, Section 6 presents the conclusions of this work.

2 2HDM Fundamentals

In a generic basis the most general, renormalizable, Higgs potential for two identical doublets Φ_1 and Φ_2, with hypercharge Y = 1, is given by [4]

V_{2HDM} = m^2_{11}Φ^†_1Φ_1 + m^2_2Φ^†_2Φ_2 − [ m^2_{12}Φ^†_1Φ_2 + h.c. ]

+ 1 2 λ_1 ( Φ^†_1Φ_1

)_2 + 1 2 λ_2 ( Φ^†_2Φ_2

)_2 + λ_3 ( Φ^†_1Φ_1 ) ( Φ^†_2Φ_2 ) + λ_4 ( Φ^†_1Φ_2 ) ( Φ^†_2Φ_1 )

+ { 1 2 λ_5 ( Φ^†_1Φ_2

)_2 + [ λ_6 ( Φ^†_1Φ_1 ) + λ_7 ( Φ^†_2Φ_2 )] ( Φ^†_1Φ_2 ) + h.c. } . (1)

In total there are 14 free parameters in this model, including the complex phases which may be present in λ_{5,6,7} and m^2_{12}. Restricting ourselves to the case without CP violation, all parameters are assumed to be real, and the number of free parameters is reduced to 10. For the electroweak (EW) symmetry to be broken, the scalar mass matrix has at least one negative eigenvalue. At the minimum, m^2_{11} and m^2_2 can be eliminated in favor of the vacuum expectation values ⟨Φ_i⟩ ≡ v_i/ √ 2. The 2HDM is invariant under a unitary transformation of the scalar doublets [5,6]. A basis in the doublet space is chosen by specifying tan β ≡ v_2/v_1. The overall scale (like in the SM) is set by v^2 = v^2_1 + v^2 ≃ (246 GeV)^2. For the sake of simplicity, we take λ_6 = λ_7 = 0 in this section. This is required if the potential should respect a discrete Z_2 symmetry imposed on the Φ_i fields.^2 We will return to the importance of discrete symmetries later. The number of free parameters, v being fixed, is down to six (plus tan β which specifies the basis).

When the EW symmetry is broken, three of the eight scalar degrees of freedom are used for the masses of the gauge bosons. The physical spectrum thus contains three neutral Higgs bosons and the charged Higgs pair H^±. Two of the neutrals are CP-even (h and H, with m_h < m_H ), and one (A) is CP-odd. The CP-even scalars mix with an angle α. At the minimum, the original doublets are expanded according to

Φ_1 = 1 √ 2 √ 2 ( G^+ cos β − H^+ sin β ) v cos β − h sin α + H cos α + i ( G^0 cos β − A sin β ) (2)

2The Z_2 symmetry can still be (softly) broken by dimension two terms for non-zero values of m^2_{12}.

Φ_2 = 1 √ 2 √ 2 ( G^+ sin β + H^+ cos β ) v sin β + h cos α + H sin α + i ( G^0 sin β + A cos β ) . (3) Using the notation s_β ≡ sin β, c_β ≡ cos β, the tree-level Higgs masses are given in terms of the remaining potential parameters of Eq. (1) by

m^2_A = m^2_{12} s_βc_β − λ_5v^2 (4)

for the CP-odd Higgs,

m^2_{H,h} = 1 2 [ M^2_{11} + M^2_{22} ± √ (M^2_{11} − M^2_{22})^2 + 4 (M^2_{12})^2 ] (5) for the CP-even Higgses, where the mass matrix is

M^2 = m^2_A s^{2β} −s^β c^β −s_β c_β c^2_β + v^2 λ^1c^{2β} + λ^5s^{2β} (λ^3 + λ^4)s^βc^β (λ_3 + λ_4)s_βc_β λ_2s^2_β + λ_5c^2_β , (6)

and finally m^2_H+ = m^2_A + 1 2 v^2(λ_5 − λ_4) (7)

for the charged Higgs mass. Working at tree-level, the mass relations allow the input parameters λ_{1−5} to be substituted by the four Higgs masses and the neutral sector mixing sin(β −α), giving a set of physical input parameters.

The parameters in Eq. (1) are bounded by the requirement that the potential is stable [15], i.e. that no direction in field space exists for which V → −∞. Necessary and sufficient conditions for stability are given by

λ_1 > 0, λ_2 > 0, λ_3 > − √ λ_1λ_2,

λ_3 + λ_4 − |λ_5| > − √ λ_1λ_2.

The parameters can also be bounded from above by arguments of perturbativity and perturbative unitarity of the S-matrix for Higgs and longitudinal vector boson scattering [16]. We consider the upper limits |λ_i| < 4π (perturbativity) and |L| < 16π for the eigenvalues L of the S-matrix. Assuming the 2HDM is perturbatively defined up to some scale Λ, these conditions should in principle be fulfilled at all scales μ < Λ. The resulting limits on the λ_i can then be studied in an RGE-improved treatment [17]. Since this is not the primary aim of this paper, we limit our discussion of the theoretical consistency to the input (EW) scale. When the potential has an exact Z_2 symmetry (m^2_{12} = 0), the requirement of stability, perturbativity, and unitarity leads to upper limits on the Higgs masses of m_h ≲ 600 GeV, m_H ≲ 870 GeV, m_A ≲ 870 GeV, and m_H+ ≲ 780 GeV. Breaking the Z_2 symmetry softly, the upper limits are further increased, as should be expected when introducing the new scale m^2_{12}. In the decoupling limit [4], the Higgs masses scale like m_h ∼ v, and m_{H,A,H}+ ∼ m_S (1 + v^2/m^2_S ), where m_S is some high scale

Figure 1: Mass differences for 2HDM points which give contributions to S, T , and U in agreement with the present limits [20] at the 2 σ level.

m_S ≫ v at which the heavy doublet is integrated out. The existence of the decoupling limit shows the absence of an absolute upper limit for the heavy Higgs masses in the general 2HDM. We should therefore focus on deriving lower limits on the masses, which will require additional input from experiments.

Before considering the Yukawa sector, we want to briefly discuss electroweak precision tests and the 2HDM contribution to the oblique parameters S, T , U [18]. Fixing m_h = 114 GeV, we perform a scan over the other 2HDM masses (with m_{Hi} > m_h) and sin(β − α). For each point, the results of [19] are used to evaluate the oblique parameters. Points which fulfill the PDG limits [20] at the 2 σ level are illustrated in Fig. 1. The figure shows the mass splittings |m_H+ −m_A| and |m_H+ −m_S |, where m^2_S = m^2_H sin^2(β −α)+m^2_h cos^2(β −α) is a combined scalar mass. We see that both these mass splittings cannot be simultaneously O(v) for the 2HDM to be compatible with the EW precision tests. The limits m_H+ ≃ m_A (independent of β − α), m_H+ ≃ m_H (with cos(β − α) = 0), and m_H+ ≃ m_h (with sin(β − α) = 0) correspond to the known cases when custodial symmetry ensures T ≃ 0 [8, 21].

3 The Yukawa sector

Assuming CP conservation, the general Yukawa Lagrangian of the 2HDM, expressed in the fermion mass eigenstates, is [6]

− L_Y = Q_L ~Φ_1η^U_1 U_R + Q_LΦ_1η^D_1 D_R + Q_LΦ_1η^L_1 L_R + Q_L ~Φ_2η^U_2 U_R + Q_LΦ_2η^D_2 D_R + Q_LΦ_2η^L_2 L_R, (8)

where ~Φ_i ≡ iσ_2Φ^∗_i . The η^F_i , with F = {U, D, L}, are real 3 × 3 Yukawa matrices, subject to the requirement that masses for the fermions are generated by the combination coupling to the vevs: M^F = v √ 2 ( η^F_1 cos β + η^F_2 sin β ) . (9)

M^F is here the (real and positive) mass matrix. It is convenient to introduce the short-hand notation κ^F ≡ η^F_1 cos β + η^F_2 sin β. (10)

The combination orthogonal to κ^F , and which does not participate in giving mass to the fermions, is then ρ^F ≡ −η^F_1 sin β + η^F_2 cos β. (11)

Performing a change of basis on the Higgs fields, we can also re-express the Yukawa Lagrangian, Eq. (8), in the basis (H_1, H_2) where only one Higgs doublet (here taken to be H_1) acquires a vev. The resulting Lagrangian becomes

−L_Y = Q_L ~H_1κ^U U_R +Q_LH_1κ^DD_R +Q_LH_1κ^LL_R +Q_L ~H_2ρ^U U_R +Q_LH_2ρ^DD_R +Q_LH_2ρ^LL_R. (12)

H_1 (with vev v_1 = v) generates the fermion masses and consequently couples with κ^F , while H_2 has v_2 = 0 and couples with ρ^F .

The Yukawa matrices for the Higgs doublets determine the couplings of the physical scalars to the fermions, which in an arbitrary basis are given by

−L_Y = 1 √ 2 D [ κ^Ds_{β−α} + ρ^Dc_{β−α} ] Dh + 1 √ 2 D [ κ^Dc_{β−α} − ρ^Ds_{β−α} ] DH + i √ 2 Dγ_5ρ^DDA + 1 √ 2 U [ κ^U s_{β−α} + ρ^U c_{β−α} ] Uh + 1 √ 2 U [ κ^U c_{β−α} − ρ^U s_{β−α} ] UH − i √ 2 Uγ_5ρ^U UA + 1 √ 2 L [ κ^Ls_{β−α} + ρ^Lc_{β−α} ] Lh + 1 √ 2 L [ κ^Lc_{β−α} − ρ^Ls_{β−α} ] LH + i √ 2 Lγ_5ρ^LLA + [ U ( V_{CKM}ρ^DP_R − ρ^U V_{CKM}P_L ) DH^+ + νρ^LP_RLH^+ + h.c. ] .

(13)

The general form of Eq. (13) exhibits tree-level FCNCs unless the ρ^F are diagonal. A sufficient condition for this to occur is that each fermion type F = {D, U, L} couples to only one Higgs doublet [22]. In Eq. (8) this condition translates into demanding either η^F_1 = 0 or η^F_2 = 0, which through Eqs. (10), (11) leads to the relations ρ^F = κ^F cot β and ρ^F = −κ^F tan β, respectively. A way to accomplish vanishing η^F_i naturally is to impose a symmetry to prevent some of the couplings from appearing in Eq. (8), for example a Z_2 symmetry under which one Higgs doublet and some of the right-handed fermion fields are odd. Models with such a symmetry are called 2HDM types. We choose a convention for the types I – IV given by [13].^3 The assignment of Z_2 charges, and the emergent coupling relations, are specified in Table 1.

3The notation and meaning of the different types varies in the literature. Sometimes type Y (III) and type X (IV) is used. In supersymmetry, type III usually refers to the general model encountered when the Z_2 symmetry of the tree-level type II model is broken by higher order corrections.

Type U_R D_R L_R ρ^U ρ^D ρ^L

I + + + κ^U cot β κ^D cot β κ^L cot β

II + − − κ^U cot β −κ^D tan β −κ^L tan β

III/Y + − + κ^U cot β −κ^D tan β κ^L cot β

IV/X + + − κ^U cot β κ^D cot β −κ^L tan β

Table 1: Assignment of Z_2 charges for the right-handed fermions, and the resulting relations among Yukawa coupling matrices in the Z_2-symmetric types of 2HDM Yukawa sectors. The Higgs doublets have Z_2 quantum numbers − (Φ_1) and + (Φ_2).

The Z_2-symmetric 2HDM types constitute minimal models for the Yukawa sector in the sense that they are one-parameter descriptions. From a phenomenological viewpoint, a rather natural step beyond the types are models with Yukawa alignment [23]. Assuming that the Yukawa matrices for each type of fermions are proportional by a constant ξ^F , one can define three tan β-like parameters through ρ^F = tan β^F κ^F , where tan β^F =^{ξF −tan β}_{1+ξF tan β} . Since κ^F and ρ^F can be diagonalized simultaneously, the model is free of tree-level FCNCs. A further generalization is offered by models where the off-diagonal Yukawa elements are non-zero, but still sufficiently small to avoid the experimental bounds from FCNC. Using a a Hermitian six-zero texture for the Yukawa matrices,^4 a phenomenologically viable ansatz for this type of models was introduced by Cheng and Sher [25]

[ρ^F ]_{ij} = [λ^F ]_{ij} √ 2m_im_j v (no sum). (14)

It leads to a natural suppression of the off-diagonal elements for λ ∼ O(1) by the quark mass hierarchy, in particular for the first generation where the experimental constraints are most restrictive. Different scenarios have been investigated in [26]. The Cheng-Sher ansatz provides a parametrization useful also for general, flavor-diagonal, Yukawa couplings. From the definition of κ^F , it follows that the diagonal elements are

[ρ^F ]_{ii} = [λ^F ]_{ii} √ 2 m_i v = [λ^F ]_{ii}[κ^F ]_{ii} (no sum). (15)

This relation describes general flavor-diagonal couplings with a preserved mass hierarchy.^5 The nine λ^F_{ii} (one for each fermion) are free tan β-like parameters. Both the case of alignment (λ^U_{11} = λ^U_{22} = λ^U_{33} = tan β^U , similarly for D and L), and the models with a Z_2 symmetry (e.g. type II: λ^U_{ii} = cot β, λ^D_{ii} = λ^F_{ii} = − tan β) are contained as special cases of this general framework. We shall use this phenomenological approach in the following. The Yukawa couplings have been implemented in the generic code 2HDMC [27] used throughout this work. When there is no

4The phenomenology of the related case with four-zero textures was recently discussed in [24]. 5From the appearance of equation (15) one could refer to this case as generalized alignment, although the motivation in terms of a proportionality between the Yukawa matrices no longer holds.

risk of confusion, we use the notation λ_{tt} ≡ λ^U_{33}, λ_{bb} ≡ λ^D_{33}, etc. Inspired by the Z_2-symmetric models, we further restrict the couplings to, at most, allow for hierarchies of the order m_d|λ_{dd}| ∼ m_u|λ_{uu}| ∼ 0 m_s|λ_{ss}| ∼ m_c|λ_{cc}|, m_c|λ_{cc}| ∼ m_b|λ_{bb}|, m_b|λ_{bb}| ∼ m_t|λ_{tt}| m_e|λ_{ee}| ≪ m_μ|λ_{μμ}| ≪ m_τ |λ_{τ τ} |. (16)

This means couplings to the first generation are always neglected. Couplings to the nearest neighbors in mass can have a hierarchy allowing them to be of similar magnitude, hence they must be considered simultaneously in observables where both couplings appear. No strong hierarchy is allowed between generations of equal charge fermions, since this would be unnatural under the Cheng-Sher assumption.

4 Constraints from flavor physics

The most stringent experimental constraints on the 2HDM come from flavor physics. When the Yukawa couplings are diagonal in flavor space, one could still have sizeable contributions to many observables due to charged Higgs exchange, either at tree-level or at one-loop. We shall focus on such processes here. The Yukawa coupling dependence from the lowest order charged Higgs contribution to the interesting observables is listed in Table 2, together with the current experimental results and the SM expectations. For the numerical evaluation we use SuperIso v2.6 [28], both for the SM and the 2HDM contributions. The slight differences in some of the SM values compared to earlier published results are explained by parametric updates. The top quark pole mass is set to the latest combined Tevatron value m_t = 173.1±0.6±1.1 [29], corresponding to m_t = 164.0 GeV using the 2-loop relation. For the other quark masses, we use the PDG MS values [20] m_b = 4.20^{+0.17}_{−0.07} GeV, m_c = 1.27^{+0.07}_{−0.11} GeV, and m_s = 104^{+26}_{−34} MeV as input. When calculating leptonic- and semi-leptonic decays of mesons, the running quark masses appearing in the H^+ couplings are evaluated at the scale of the meson mass. This ensures that the effective four-fermion operators u_Ld_Rℓ_Rν_L, obtained when integrating out H^+, renormalize in the same way as the corresponding quark currents [30]. Constraints on the 2HDM parameters from each observable are presented as exclusion regions at 95% C.L., using Gaussian two-sided confidence intervals and one degree of freedom.

Negative searches for the charged Higgs at LEP lead to a lower limit m_H+ ≳ 78 – 90 GeV [36]. The exact value depends on the H^+ decay mode. Strictly speaking, these limits are only valid under the assumption that the H^+ decays with total BR = 1 in the modes H^+ → τ^+ν_τ and H^+ → cs̄, with certain benchmarks investigated for H^+ → W^{+(∗)}A showing similar exclusion. Even if the 2HDM with general Yukawa couplings could certainly allow for exotic decay channels, hierarchical couplings still favor decays into these channels. We will therefore respect the LEP limits in the following and not consider the possibility m_H+ ≲ m_W .

The first flavor observable we consider is the branching ratio for the rare FCNC inclusive decay B → X_sγ, which receives contributions from the charged Higgs at the same level as the W contribution in the SM. Using an effective Hamiltonian approach, the leading order 2HDM

Observable Couplings Experimental value Standard Model

BR(B → X_sγ) λ^2_{tt}, λ_{tt}λ_{bb} (3.52 ± 0.23 ± 0.09) × 10^{−4} [31] (3.07 ± 0.22) × 10^{−4} Δ_0(B → K^∗γ) λ^2_{tt}, λ_{tt}λ_{bb} (3.1 ± 2.3) × 10^{−2} [28] (7.8 ± 1.7) × 10^{−2} ΔM_{Bd} λ^2_{tt} (0.507 ± 0.004) ps^{−1} [31] (0.53 ± 0.08) ps^{−1} BR(B_u → τν_τ ) λ_{bb}λ_{τ τ} (1.73 ± 0.35) × 10^{−4} [32] (0.95 ± 0.27) × 10^{−4} ξ_{Dℓν} λ_{bb}λ_{τ τ} , λ_{cc}λ_{τ τ} 0.416 ± 0.117 ± 0.052 [33] 0.30 ± 0.02 R_{ℓ23}(K → μν_μ) λ_{ss}λ_{μμ} 1.004 ± 0.007 [34] 1 BR(D_s → μν_μ) λ_{ss}λ_{μμ}, λ_{cc}λ_{μμ} (5.8 ± 0.4) × 10^{−3} [35] (4.98 ± 0.15) × 10^{−3} BR(D_s → τν_τ ) λ_{ss}λ_{τ τ} , λ_{cc}λ_{τ τ} (5.7 ± 0.4) × 10^{−2} [35] (4.82 ± 0.14) × 10^{−2}

Table 2: List of observables sensitive to a charged Higgs contribution at lowest order, their dependence on the 2HDM Yukawa couplings, the current experimental and SM values. For cases where the experimental value is a combination of several values, we reference the paper where the combination is performed. The SM values are evaluated with SuperIso v2.6 [28], using the methods and input parameters described in the text.

contribution to the relevant Wilson coefficients at the matching scale μ_W is [37]

δC^{2HDM}

7,8 (μ_W ) = 1 3 λ^2_{tt}F^{(1)}_{7,8} (y) − λ_{tt}λ_{bb}F^{(2)}_{7,8} (y) (17)

where y = m^2_t /m^2_{H+} , and

F^{(1)}_7 (y) = y(7 − 5y − 8y^2) 24(y − 1)^3 + y^2(3y − 2) 4(y − 1)^4 ln y

F^{(1)}_8 (y) = y(2 + 5y − y^2) 8(y − 1)^3 − 3y^2 4(y − 1)^4 ln y

F^{(2)}_7 (y) = y(3 − 5y) 12(y − 1)^2 + y(3y − 2) 6(y − 1)^3 ln y

F^{(2)}_8 (y) = y(3 − y) 4(y − 1)^2 − y 2(y − 1)^3 ln y.

(18)

The lowest order expression given by Eq. (17) captures the essential dependence on the Yukawa couplings λ_{tt}, λ_{bb} even when higher order corrections are included. The numerical evaluation of BR(B → X_sγ) [28] is performed to NNLO for the SM [38], and to NLO for the 2HDM contribution [39]. Results on the excluded regions of parameter space (λ_{tt}, λ_{bb}) are shown in Fig. 2 for two values of the charged Higgs mass: m_H+ = 150 GeV and m_H+ = 400 GeV. These were chosen having the well-known limit m_H+ ≳ 300 GeV for the 2HDM II in mind. When

Figure 2: Constraints on (λ_{tt}, λ_{bb}) from BR(B → X_sγ) for fixed m_H+ = 150 GeV (left) and m_H+ = 400 GeV (right). The highlighted region is excluded at 95% C.L.

m_H+ = 150 GeV, we find that a large fraction of the parameter space is excluded, with a preference for smaller values of the couplings in the allowed region. We also see allowed regions in Fig. 2 with simultaneously large and equal sign values for λ_{bb} and λ_{tt}. For these fine-tuned values, a cancellation occurs in the new physics contribution to the Wilson coefficients. The situation is similar for m_H+ = 400 GeV, except that the size of the allowed region increases. As expected from Eq. (17), taking λ_{bb} → 0 is in general not enough to avoid generating a large H^+ contribution, but λ_{tt} → 0 always is.

Another quantity measured in b → sγ transitions is the degree of isospin asymmetry in the exclusive decay mode B → K^∗γ, defined as [40]

Δ_{0−} ≡

Γ(B̄^0 → K̄^{∗0}γ) − Γ(B̄^− → K̄^{∗−}γ) Γ(B̄^0 → K̄^{∗0}γ) + Γ(B̄^− → K̄^{∗−}γ)

. (19)

This observable gives more stringent constraints on the model parameters than BR(B → X_sγ) in several MSSM scenarios [41]. Using the NLO prediction we investigate, for the first time, constraints from Δ_{0−} on the Yukawa sector of the general 2HDM. The excluded region in (λ_{tt}, λ_{bb}) is presented in Fig. 3. To facilitate a comparison with the results for the branching ratio, the same values as in Fig. 2 are chosen for m_H+ . From Figs. 2 and 3, one notices a similarity in the regions excluded by BR(B → X_sγ) and Δ_{0−}. This results from the common dependence of both observables on the Wilson coefficient C_7: BR(B → X_sγ) is proportional to C^2_7 , while Δ_{0−} varies like C^{−1}_7 to first order. The isospin asymmetry results exclude the large-coupling solution observed in Figure 2 for same-sign couplings.

The ΔM_{Bd} and ΔM_{Bs} mass differences measured in B^0–B̄^0 mixing are sensitive to charged Higgs exchange through box diagrams involving internal top quarks. Including the leading

Figure 3: Constraints on (λ_{tt}, λ_{bb}) from the isospin asymmetry Δ_{0−} for fixed m_H+ = 150 GeV (left) and m_H+ = 400 GeV (right). The highlighted region is excluded at 95% C.L.

order contributions, the 2HDM prediction for ΔM_{Bd} is [42, 43]

ΔM_{Bd} =

G^2_F m^2_t f^2_{Bd}B̂_dM_B |V^∗_{td}V_{tb}|^2η_b 24π^2 [ I_{W W} (y^W ) + I_{W H} (y^W , y^H , x) + I_{HH} (y^H ) ] , (20)

where y^i = m^2_t /m^2_i (i = W, H^+), x = m^2_H+ /m^2_W , and

I_{W W} = 1 + 9 1 − y^W − 6 (1 − y^W )^2 − 6 y^W ( y^W 1 − y^W )_3 ln y^W

I_{W H} = λ^2_{tt} y^H [ (2x − 8) ln y^H (1 − x)(1 − y^H )^2 + 6x ln y^W (1 − x)(1 − y^W )^2 − 8 − 2y^W (1 − y^W )(1 − y^H ) ]

I_{HH} = λ^4_{tt} y^H [ 1 + y^H (1 − y^H )^2 + 2y^H ln y^H (1 − y^H )^3 ] .

(21)

Approximate effects of short-distance QCD corrections are incorporated in Eq. (20) through the factor η_b = 0.552 [44]. The non-perturbative decay constant f_{Bd} and the bag parameter B̂_d are evaluated simultaneously from lattice QCD. We use the value f_{Bd}B̂^{1/2}_d = 216±15 MeV [45], adding all errors in quadrature. Since the uncertainty in f_{Bd}B̂^{1/2}_d is correlated to the error in the corresponding parameters for B_s decays, and since the theoretical uncertainty dominates the experimental uncertainties, ΔM_{Bd} and ΔM_{Bs} do not provide independent constraints on the 2HDM. We therefore consider only ΔM_{Bd} which has the smallest total uncertainty of the two. In Fig. 4 the excluded region for |λ_{tt}| is shown as a function of m_H+ . Nothing can be said about the sign of λ_{tt} since it enters ΔM_{Bd} quadratically. From Fig. 4 it is clear that large values of |λ_{tt}| are disfavored; we find that |λ_{tt}| > 1 is ruled out for m_H+ ≲ 500 GeV, independently of the other couplings.

Figure 4: Constraints on (m_H+ , |λ_{tt}|) from ΔM_{Bd} . The highlighted region is excluded at 95% C.L.

There are a number of decays which the charged Higgs can mediate already at tree-level. The first such observable we consider is B_u → τν_τ , which has a small branching ratio in the SM caused by helicity suppression. Since no suppression occurs for the H^+, the two contributions may be of similar magnitude, leading to sizable interference and a reduced branching fraction. The 2HDM contribution factorizes, giving [46]

BR(B_u → τν_τ ) =

G^2_F f^2_B|V_{ub}|^2 8πΓ_B m_B m^2_τ ( 1 − m^2_τ m^2_B

)_2 R^{2HDM} τ ν , (22)

with

R^{2HDM} Bτ ν = [ 1 − ( m^2_B m^2_{H+} ) λ_{bb}λ_{τ τ} ]_2

. (23)

For the B decay constant we use the value f_B = 190 ± 13 MeV [45], which together with V_{ub} constitutes the main theoretical uncertainty. We use the combined CKMfitter value |V_{ub}| = 3.87 ± 0.09 ± 0.46 [32]. Since only the product λ_{bb}λ_{τ τ} enters Eq. (23), the exclusion region is presented for this quantity versus m_H+ . The result is shown in Fig. 5, where λ_{bb}λ_{τ τ} /|λ_{bb}λ_{τ τ} |^{1/2} on the y-axis corresponds to tan β in the familiar type II model (for positive values). B_u → τν_τ excludes a large region of the parameter space, with stronger limits obtained on the product of couplings for lower values of m_H+ . Around m_H+ = 100–250 GeV, there is a region for λ_{bb}λ_{τ τ} > 20 where the interference is exactly twice the SM amplitude, but opposite in sign, leading to a cancellation in Eq. (23).

Another third generation observable, complementary to B_u → τν_τ , is the semi-leptonic mode B → Dτν_τ . With the 2HDM contribution included, the differential decay rate with respect to w = v_B · v_D is given by [47, 48] dΓ(B → Dτν_τ ) dw = G^2_F |V_{cb}|^2m^5_B 192π^3 ρ_V (w)× [ 1 − m^2_τ m^2_B | | |1 − t(w) m_bλ_{bb} − m_cλ_{cc} (m_b − m_c)m^2_{H+} λ_{τ τ} | | | 2 ρ_S (w) ] , (24)

Figure 5: Constraints on (m_H+ , λ_{bb}λ_{τ τ} ) from BR(B_u → τν_τ ). The highlighted region is excluded at 95% C.L. The y-axis normalization corresponds to tan β in the 2HDM II (for positive values only).

where ρ_V (ρ_S ) are vector (scalar) form factors and t(w) = m^2_B + m^2_D − 2wm_Dm_B . It has been shown [48] that comparing differential distributions directly would be a superior method to extract the charged Higgs contribution. However, since the collected statistics is still too low, this method has so far not been pursued experimentally. To reduce the uncertainty from the vector form factor, we consider the ratio [47] ξ_{Dℓν} = BR(B → Dτν_τ ) BR(B → Deν_e) , (25)

where the 2HDM contributes only to the numerator. The resulting constraints based on ξ_{Dℓν} are shown in Fig. 6 for m_H+ = 100, 200 GeV. Similarly to the result for B_u → τν_τ , the 2HDM contribution in Eq. (24) can be twice the SM contribution with opposite sign, leading to the two disjoint exclusion regions as observed in Fig. 6. When λ_{cc} ≪ λ_{bb} – like in the 2HDM II at high tan β – the effective constraint on λ_{bb}λ_{τ τ} can be combined with that from B_u → τν_τ to cover fully the cancellation region observed for low m_H+ .

The last B decay we consider is B_s → μ^+μ^−, which has so far not been observed experimentally. The SM prediction for the branching ratio is

BR(B_s → μ^+μ^−)_{SM} = (3.2 ± 0.5) × 10^{−9}, (26)

while the current experimental limit, derived by the CDF collaboration, is [49]:

BR(B_s → μ^+μ^−) < 5.8 × 10^{−8} (27)

at 95% C.L. The gap between the SM prediction and the current experimental limit makes this observable particularly interesting in SUSY, since this difference leaves room for SUSY contributions. In the 2HDM however, we found that the experimental limit can be reached only

Figure 6: Constraints on (λ_{cc}λ_{τ τ} , λ_{bb}λ_{τ τ} ) from BR(B → Dτν_τ ) for fixed m_H+ = 100 GeV (left) and m_H+ = 200 GeV (right). The highlighted region is excluded at 95% C.L. The axes are normalized such that the values correspond to tan β (cot β) in the Z_2 symmetric versions of the 2HDM.

for very large values of λ_{μμ} and λ_{bb} or λ_{tt} and small charged Higgs masses. The constraining power of B_s → μ^+μ^− in this study is hence rather limited as compared to the other flavor observables and therefore we do not investigate it further.

Recently it was suggested [34] to use the observable

R_{ℓ23} ≡ | | | | V_{us}(K_{ℓ2}) V_{us}(K_{ℓ3}) × V_{ud}(0^+ → 0^+) V_{ud}(π_{ℓ2}) | | | | (28)

from K → μν_μ transitions to search for charged Higgs contributions. In this expression V_{us}(K_{ℓi}) means V_{us} measured in leptonic kaon decay with i particles in the final state (two leptons and i − 2 neutral pions). The same notation applies for π_{ℓ2} while V_{ud}(0^+ → 0^+) refers to V_{ud} measured in nuclear beta decay. The 2HDM contribution to R_{ℓ23} is given by

R_{ℓ23} = | | |1 − m^2_{K+} M^2_{H+} ( 1 − m_d m_s ) λ_{ss}λ_{μμ} | | | , (29)

where we use m_d/m_s = 1/20 [20]. The major source of uncertainty in extracting R_{ℓ23} experimentally originates in the necessary input of the form factor ratio f_K /f_π from lattice QCD. From an unquenched calculation with staggered fermions, the HPQCD and UKQCD groups have determined f_K /f_π = 1.189 ± 0.007 [50] which is the number adopted in [34]. We will make use of that same result, keeping in mind that alternative determinations with larger errors exist. Using these would of course reduce the constraining power of K → μν_μ transitions. Fig. 7 shows the result for the product λ_{ss}λ_{μμ} as a function of m_H+ . Exclusion is obtained for low m_H+ and large absolute values of the coupling, |λ_{ss}λ_{μμ}| ≳ 20 for m_H+ = 100 GeV. The R_{ℓ23} observable is interesting since it provides constraints on the Yukawa couplings to the second generation of fermions.

Figure 7: Constraints on (m_H+ , λ_{ss}λ_{μμ}) from R_{ℓ23}(K → μν_μ). The highlighted region is excluded at 95% C.L. The axis normalization is similar to B_u → τν_τ .

The modes D_s → μν_μ and D_s → τν_τ were shown in [35] to give constraints on (m_H+ , tan β) in 2HDM II competitive to those from B meson decays. Here we would like to stress the additional role played by these observables as tests of the couplings to the second generation of quarks in connection with both second and third generation leptons. At tree-level, the D_s → ℓν_ℓ branching ratio is given by [51, 52]

BR(D_s → ℓν_ℓ) =

G^2_F f^2_{Ds} |V_{cs}|^2M_{Ds} 8πΓ_{Ds} m^2_ℓ ( 1 − m^2_ℓ m^2_{Ds} )_2 R_{Dℓν} , (30) with the 2HDM factor R_{Dℓν} = [ 1 − m^2_{Ds} m_sλ_{ss} − m_cλ_{cc} (m_c + m_s)m^2_{H+} λ_{ℓℓ} ]_2

. (31)

From lattice QCD we adopt the value f_{Ds} = 241 ± 3 MeV [50] which has the smallest quoted uncertainty. A major source of concern in Eq. (31) is the dependence on the light quark masses. Effects of parametric uncertainties in the masses on the constraints from D_s was investigated in [35]. We will not repeat this discussion here, but treat the center values as exact quantities.

Constraints on the 2HDM couplings from the two modes D_s → τν_τ and D_s → μν_μ are summarized in Figs. 8 and 9, respectively. The excluded regions appear quite similar in these figures, as a result of the helicity suppression in the SM, which gives the same relative 2HDM contribution to both decay modes. This is interesting for the prospects of testing the hypothesis λ_{τ τ} = λ_{μμ}. A similar test could be performed using the third generation quarks by considering B_u → μν_μ in addition to B_u → τν_τ . Using the same input as above, the SM prediction becomes BR(B_u → μν_μ) = 4.3 × 10^{−7}. Unfortunately, experiments are not yet sensitive at this level, with the current best limit BR(B_u → μν_μ) < 1.6 × 10^{−6} [53] reported at 95% C.L.

For D_s → μν_μ, one may also combine the result with that from K → μν_μ on the coupling λ_{ss}λ_{μμ}, for which we found −40 < λ_{ss}λ_{μμ} < 30 when m_H+ = 150 GeV. For m_H+ = 300 GeV

Figure 8: Constraints on (λ_{cc}λ_{τ τ} , λ_{ss}λ_{τ τ} ) from BR(D_s → τν_τ ) for fixed m_H+ = 150 GeV (left) and m_H+ = 300 GeV (right). The highlighted region is excluded at 95% C.L. The axes are normalized similarly to Fig. 6.

Figure 9: Constraints on (λ_{cc}λ_{μμ}, λ_{ss}λ_{μμ}) from BR(D_s → μν_μ) for fixed m_H+ = 150 GeV (left) and m_H+ = 300 GeV (right). The highlighted region is excluded at 95% C.L. The axes are normalized similarly to Fig. 6.

we obtained essentially no constraint from K → μν_μ.

5 Models with a Yukawa Z_2 symmetry

Having discussed constraints on the general model in the previous section, we now specialize to the 2HDM with a Yukawa Z_2 symmetry. In the language of the general model, this corresponds to universal couplings over the fermion generations and types with tan β the only free parameter, e.g. 1/λ_{tt} = 1/λ_{cc} = −λ_{bb} = −λ_{ss} = tan β for type II couplings. The coupling patterns in the four different models we consider are described in Table 1. The results, as shown in Fig. 10 in the (m_H+ , tan β) plane, are superimposed to combine the exclusion regions of all flavor observables in the same figure. This also means that some regions of the parameter space are excluded by more than one observable, such as the high tan β region in the type II model.

From Fig. 10, we first note the exclusion of low tan β < 1 in all four models for m_H+ < 500 GeV. This exclusion comes as a result of three observables: BR(B → X_sγ), Δ_0, and ΔM_{Bd} . The constraints at low tan β are similar between the models, since the couplings to the up-type quarks are universal. In the type I model, a value of tan β > 1 signals decoupling of one Higgs doublet from the whole fermion sector. In 2HDM types II and III, which share the same coupling pattern for the quarks, there exists a tan β-independent lower limit of m_H+ ≳ 300 GeV imposed by BR(B → X_sγ). No generic lower limit on m_H+ is found in type I and type IV models. Constraints for high tan β are only obtained in the type II model. The reason behind this is that the leptonic and semi-leptonic observables require tan β-enhanced couplings λ_{dd}λ_{ℓℓ} ∼ tan^2 β ≫ 1 (d = d, s, b) for the contributions to be interesting. In the 2HDM III, and IV these couplings are instead always λ_{dd}λ_{ℓℓ} = −1, while in type I they are proportional to cot^2 β.

An alternative approach to constraining the parameter space is to assume the 2HDM is the correct theory and estimate the parameters by fitting to the available data. To compare with our results in Figure 10, we perform a basic χ^2 fit to the flavor data of the parameters (m_H+ , tan β) for the Z_2 symmetric models. The χ^2 measure is constructed in the usual way

χ^2 = ∑ i (O^{exp}_i −O^{2HDM}_i )^2

σ^2_i , where σ 2 i = (σ^{exp}_i )^2 + (σ^{2HDM}_i )^2 combines experimental and theoretical uncertainties in quadrature. Parametric uncertainties are not included. We use the eight observables listed in Table 3 as independent probes of the 2HDM. Minimizing the χ^2, the first observation is that the 2HDM types I, III, and IV, do not contain enough predictive power for the flavor observables to restrict the parameter space (m_H+ , tan β). In all these models, the decoupling limit in one variable (or both) is essentially the best fit. For the 2HDM II on the other hand, we obtain a best fit point: m_H+ = 609 GeV, tan β = 5. The fit is illustrated in Fig. 11. The obtained exclusion region is similar to the combination presented in Fig. 10. At the level of 2 σ, charged Higgs masses m_H+ < 260 GeV are excluded (m_H+ < 300 GeV for one degree of freedom). The exclusion in tan β extends to tan β < 1 and tan β > 60 for m_H+ = 500 GeV. Both the lower and the upper limits on tan β become stricter for lower m_H+ . In Table 3, the results for the 2HDM II are given in more detail. The results for b → sγ transitions is what drives the fit away from decoupling in m_H+ . In fact, all other measurements favor new physics contributions of opposite sign to those generated by the 2HDM II. This results in a tan β close to

Figure 10: Excluded regions of the (m_H+ , tan β) parameter space for Z_2-symmetric 2HDM types. The color coding is as follows: BR(B → X_sγ) (red), Δ_{0−} (black contour), ΔM_{Bd} (cyan), B_u → τν_τ (blue), B → Dτν_τ (yellow), K → μν_μ (gray contour), D_s → τν_τ (light green), and D_s → μν_μ (dark green).

Figure 11: Combined parameter estimation in (m_H+ , tan β) for the 2HDM II (left). The red cross indicates the best fit point m_H+ = 609 GeV, tan β = 5. The contours show levels of Δχ^2 = 2.30 (6.18), corresponding to probabilities for 1 σ (2 σ) Gaussian confidence intervals with two degrees of freedom. The center and right panels show variation of Δχ^2 when changing the parameters m_H+ and tan β around their best fit values.

its value of minimum influence, tan β = √ m_t/m_b ∼ 6.5 (tan β = √ m_c/m_s ∼ 3.5) for the third (second) generation, since no decoupling limit in tan β exists in the 2HDM II. Figure 11 shows that the χ^2 does not deteriorate significantly when increasing m_H+ , illustrating that decoupling is not far from being the best fit to the 2HDM II either. The reduced χ^2/d.o.f. = 2.1 for the 2HDM fit, versus χ^2/d.o.f. = 1.8 for the SM reference, confirms that the flavor data does not favor a 2HDM II over the SM at this point.

6 Conclusions

Allowing for non-universal Yukawa couplings, the 2HDM can modify significantly the theoretical predictions for many flavor physics observables. Using the public codes 2HDMC [27] and SuperIso [28], we have exploited this fact and used available experimental results to place constraints on the couplings of the second and third generation fermions to the charged Higgs boson in models with general, flavor-diagonal, Yukawa couplings. Strong and universal constraints are found on the top quark coupling λ_{tt} from ΔM_B and b → sγ transitions, requiring |λ_{tt}| ≲ 1 for m_H+ ≲ 500 GeV. Observables such as B_u → τν_τ or D_s → ℓν_ℓ, with a tree-level charged Higgs contribution depending on products of quark and lepton couplings, show sensitivity at low masses m_H+ ≲ 300 GeV both for the second and the third generations. Typically, the exclusion limit starts at values |λ_{qq}λ_{ℓℓ}|^{1/2} ≳ 10 for m_H+ = 100 GeV with softer limits for higher masses.

For the versions of the 2HDM with a Yukawa Z_2 symmetry, the lower limit m_H+ ≳ 300 GeV from BR(B → X_sγ) is valid for type II and III models, while no general limit on m_H+ exists for types I and IV. The bound on λ_{tt} in the general model translates into a requirement of tan β > 1. The tree-level observables investigated yield constraints almost exclusively on the type II model at high tan β. For this model, we find that only the observables from b → sγ transitions favor a non-zero 2HDM contribution, leading to a best fit point m_H+ = 609 GeV, tan β = 5 close to decoupling.

Observable Experimental SM prediction Δχ^2_{SM} 2HDM fit Δχ^2_{HDM} Pull

BR(B → X_sγ) 3.52 × 10^{−4} 3.07 × 10^{−4} 1.65 3.59 × 10^{−4} 0.04 0.21

Δ_0(B → K^∗γ) 3.1 × 10^{−2} 7.8 × 10^{−2} 2.82 7.0 × 10^{−2} 1.88 1.37

ΔM_{Bd} (ps^{−1}) 0.507 0.53 0.08 0.53 0.10 0.32

BR(B_u → τν_τ ) 1.73 × 10^{−4} 0.95 × 10^{−4} 1.71 0.95 × 10^{−4} 1.72 −1.31

ξ_{Dℓν} 0.416 0.30 0.84 0.30 0.84 −0.91

R_{ℓ23}(K → μν_μ) 1.004 1.000 0.33 1.000 0.33 −0.58

BR(D_s → μν_μ) 5.8 × 10^{−3} 4.98 × 10^{−3} 3.32 4.98 × 10^{−3} 3.36 −1.83

BR(D_s → τν_τ ) 5.7 × 10^{−2} 4.82 × 10^{−2} 3.82 4.82 × 10^{−2} 3.82 −1.95

Total χ^2(ν): 14.6 (8) 12.1 (6)

Table 3: Best fit of the 2HDM II to the flavor observables compared to the results for the SM. The experimental and theoretical uncertainties are given in Table 2.

The region of 2HDM parameter space where the LHC experiments expect sensitivity (small m_H+ , large tan β) [54,55] is very interesting for most of the observables discussed here. Should a charged Higgs be discovered at the LHC, the underlying model still needs to be determined. A low mass charged Higgs points to either the existence of additional low-energy states (as in supersymmetry), or non-type II couplings for H^+. The 2HDM Yukawa sector is accessible through flavor physics. In favorable cases, coupling universality between λ_{τ τ} and λ_{μμ} can be tested using leptonic B and D_s decays which are helicity suppressed in the SM. Likewise it might be possible to test universality over the fermion generations by combining results from B decays with those from K → μν or D_s → ℓν. To summarize, a charged Higgs boson discovery would provide great opportunities for a rich interplay between flavor and collider physics for many years to come.

Acknowledgments

We are grateful to David Eriksson and Johan Rathsman for interesting and useful discussions.

References

[1] T. D. Lee Phys. Rev. D8 (1973) 1226–1239; T. D. Lee Phys. Rept. 9 (1974) 143–177;

P. Fayet Nucl. Phys. B78 (1974) 14; P. Fayet Nucl. Phys. B90 (1975) 104–124; R. A. Flores and M. Sher Ann. Phys. 148 (1983) 95.

[2] M. S. Carena and H. E. Haber Prog. Part. Nucl. Phys. 50 (2003) 63–152, [hep-ph/0208209]; A. Djouadi Phys. Rept. 459 (2008) 1–241, [hep-ph/0503173].

[3] J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson, The Higgs Hunter’s Guide.

Perseus Publishing, Cambridge, MA, 2 ed., 1990.

[4] J. F. Gunion and H. E. Haber Phys. Rev. D67 (2003) 075019, [hep-ph/0207010].

[5] I. F. Ginzburg and M. Krawczyk Phys. Rev. D72 (2005) 115013, [hep-ph/0408011].

[6] S. Davidson and H. E. Haber Phys. Rev. D72 (2005) 035004, [hep-ph/0504050].

Erratum: Phys. Rev. D72 099902 (2005); H. E. Haber and D. O’Neil Phys. Rev. D74 (2006) 015018, [hep-ph/0602242]. Erratum: Phys. Rev. D74 059905(E) (2006).

[7] R. A. Diaz hep-ph/0212237; G. C. Branco, M. N. Rebelo, and J. I. Silva-Marcos Phys.

Lett. B614 (2005) 187–194, [hep-ph/0502118]; J. F. Gunion and H. E. Haber Phys. Rev. D72 (2005) 095002, [hep-ph/0506227]; M. Maniatis, A. von Manteuffel, O. Nachtmann, and F. Nagel Eur. Phys. J. C48 (2006) 805–823, [hep-ph/0605184]; I. P. Ivanov Phys. Rev. D75 (2007) 035001, [hep-ph/0609018]; I. F. Ginzburg and K. A. Kanishev Phys. Rev. D76 (2007) 095013, [arXiv:0704.3664]; M. Maniatis, A. von Manteuffel, and O. Nachtmann Eur. Phys. J. C57 (2008) 719–738, [arXiv:0707.3344]; I. P. Ivanov Phys. Rev. D77 (2008) 015017, [arXiv:0710.3490]; D. Sokolowska, K. A. Kanishev, and M. Krawczyk arXiv:0812.0296; M. Maniatis and O. Nachtmann JHEP 05 (2009) 028, [arXiv:0901.4341]; P. M. Ferreira, H. E. Haber, and J. P. Silva Phys. Rev. D79 (2009) 116004, [arXiv:0902.1537].

[8] J. M. Gerard and M. Herquet Phys. Rev. Lett. 98 (2007) 251802, [hep-ph/0703051];

S. de Visscher, J.-M. Gerard, M. Herquet, V. Lemaitre, and F. Maltoni JHEP 08 (2009) 042, [arXiv:0904.0705].

[9] M. Dine, N. Seiberg, and S. Thomas Phys. Rev. D76 (2007) 095004, [arXiv:0707.0005];

M. Carena, K. Kong, E. Ponton, and J. Zurita arXiv:0909.5434; I. Antoniadis, E. Dudas, D. M. Ghilencea, and P. Tziveloglou arXiv:0910.1100.

[10] E. Ma Phys. Rev. D73 (2006) 077301, [hep-ph/0601225].

[11] K. Cheung and O. C. W. Kong Phys. Rev. D68 (2003) 053003, [hep-ph/0302111];

A. Wahab El Kaffas, P. Osland, and O. M. Ogreid Phys. Rev. D76 (2007) 095001, [arXiv:0706.2997]; H. Flacher et. al. Eur. Phys. J. C60 (2009) 543–583, [arXiv:0811.0009]; O. Deschamps et. al. arXiv:0907.5135; UTfit collaboration, M. Bona et. al. arXiv:0908.3470.

[12] M. S. Carena, A. Menon, R. Noriega-Papaqui, A. Szynkman, and C. E. M. Wagner Phys.

Rev. D74 (2006) 015009, [hep-ph/0603106]; G. Barenboim, P. Paradisi, O. Vives, E. Lunghi, and W. Porod JHEP 04 (2008) 079, [arXiv:0712.3559]; D. Eriksson, F. Mahmoudi, and O. Stål JHEP 11 (2008) 035, [arXiv:0808.3551].

[13] V. D. Barger, J. L. Hewett, and R. J. N. Phillips Phys. Rev. D41 (1990) 3421.

[14] M. Aoki, S. Kanemura, K. Tsumura, and K. Yagyu Phys. Rev. D80 (2009) 015017, [arXiv:0902.4665]; H. E. Logan and D. MacLennan Phys. Rev. D79 (2009) 115022, [arXiv:0903.2246]; S. Su and B. Thomas arXiv:0903.0667.

[15] N. G. Deshpande and E. Ma Phys. Rev. D18 (1978) 2574; M. Sher Phys. Rept. 179 (1989) 273–418.

[16] H. Huffel and G. Pocsik Zeit. Phys. C8 (1981) 13; J. Maalampi, J. Sirkka, and I. Vilja Phys. Lett. B265 (1991) 371–376; S. Kanemura, T. Kubota, and E. Takasugi Phys. Lett. B313 (1993) 155–160, [hep-ph/9303263]; A. G. Akeroyd, A. Arhrib, and E.-M. Naimi Phys. Lett. B490 (2000) 119–124, [hep-ph/0006035]; I. F. Ginzburg and I. P. Ivanov Phys. Rev. D72 (2005) 115010, [hep-ph/0508020].

[17] S. Nie and M. Sher Phys. Lett. B449 (1999) 89–92, [hep-ph/9811234]; S. Kanemura, T. Kasai, and Y. Okada Phys. Lett. B471 (1999) 182–190, [hep-ph/9903289]; P. M. Ferreira and D. R. T. Jones arXiv:0903.2856.

[18] M. E. Peskin and T. Takeuchi Phys. Rev. Lett. 65 (1990) 964–967; G. Altarelli and R. Barbieri Phys. Lett. B253 (1991) 161–167; G. Altarelli, R. Barbieri, and S. Jadach Nucl. Phys. B369 (1992) 3–32; M. E. Peskin and T. Takeuchi Phys. Rev. D46 (1992) 381–409.

[19] W. Grimus, L. Lavoura, O. M. Ogreid, and P. Osland J. Phys. G35 (2008) 075001, [arXiv:0711.4022]; W. Grimus, L. Lavoura, O. M. Ogreid, and P. Osland Nucl. Phys. B801 (2008) 81–96, [arXiv:0802.4353].

[20] Particle Data Group collaboration, C. Amsler et. al. Phys. Lett. B667 (2008) 1.

[21] H. E. Haber and A. Pomarol Phys. Lett. B302 (1993) 435–441, [hep-ph/9207267];

A. Pomarol and R. Vega Nucl. Phys. B413 (1994) 3–15, [hep-ph/9305272].

[22] S. L. Glashow and S. Weinberg Phys. Rev. D15 (1977) 1958.

[23] A. Pich and P. Tuzon arXiv:0908.1554.

[24] J. L. Diaz-Cruz, R. Noriega-Papaqui, and A. Rosado Phys. Rev. D69 (2004) 095002, [hep-ph/0401194]; J. L. Diaz-Cruz, R. Noriega-Papaqui, and A. Rosado Phys. Rev. D71 (2005) 015014, [hep-ph/0410391]; J. L. Diaz-Cruz, J. Hernandez-Sanchez, S. Moretti, R. Noriega-Papaqui, and A. Rosado Phys. Rev. D79 (2009) 095025, [arXiv:0902.4490].

[25] T. P. Cheng and M. Sher Phys. Rev. D35 (1987) 3484.

[26] D. Atwood, L. Reina, and A. Soni Phys. Rev. D55 (1997) 3156–3176, [hep-ph/9609279].

[27] D. Eriksson, J. Rathsman, and O. Stål Comput. Phys. Commun. (in press) (2009) [arXiv:0902.0851]. Code website: http://www.isv.uu.se/thep/MC/2HDMC.

[28] F. Mahmoudi Comput. Phys. Commun. 178 (2008) 745–754, [arXiv:0710.2067];

F. Mahmoudi Comput. Phys. Commun. 180 (2009) 1579–1613, [arXiv:0808.3144]. Code website: http://superiso.in2p3.fr.

[29] Tevatron Electroweak Working Group arXiv:0903.2503.

[30] M. S. Carena, D. Garcia, U. Nierste, and C. E. M. Wagner Nucl. Phys. B577 (2000) 88–120, [hep-ph/9912516].

[31] Heavy Flavor Averaging Group collaboration, E. Barberio et. al. arXiv:0808.1297. [32] CKMfitter Group collaboration, J. Charles et. al. Eur. Phys. J. C41 (2005) 1–131, [hep-ph/0406184]. Updated results and plots available at:

http://ckmfitter.in2p3.fr; V. Tisserand arXiv:0905.1572.

[33] BABAR collaboration, B. Aubert et. al. Phys. Rev. Lett. 100 (2008) 021801, [arXiv:0709.1698].

[34] FlaviaNet Working Group on Kaon Decays collaboration, M. Antonelli et. al.

arXiv:0801.1817.

[35] A. G. Akeroyd and F. Mahmoudi JHEP 04 (2009) 121, [arXiv:0902.2393]. [36] DELPHI collaboration, J. Abdallah et. al. Eur. Phys. J. C34 (2004) 399–418, [hep-ex/0404012].

[37] W.-S. Hou and R. S. Willey Phys. Lett. B202 (1988) 591; B. Grinstein, R. P. Springer, and M. B. Wise Nucl. Phys. B339 (1990) 269–309.

[38] M. Misiak and M. Steinhauser Nucl. Phys. B764 (2007) 62–82, [hep-ph/0609241]. [39] M. Ciuchini, G. Degrassi, P. Gambino, and G. F. Giudice Nucl. Phys. B527 (1998) 21–43, [hep-ph/9710335].

[40] A. L. Kagan and M. Neubert Phys. Lett. B539 (2002) 227–234, [hep-ph/0110078]; S. W.

Bosch and G. Buchalla Nucl. Phys. B621 (2002) 459–478, [hep-ph/0106081]. [41] M. R. Ahmady and F. Mahmoudi Phys. Rev. D75 (2007) 015007, [hep-ph/0608212];

F. Mahmoudi JHEP 12 (2007) 026, [arXiv:0710.3791]. [42] C. Q. Geng and J. N. Ng Phys. Rev. D38 (1988) 2857.

[43] P. Ball and R. Fleischer Eur. Phys. J. C48 (2006) 413–426, [hep-ph/0604249]. [44] G. Buchalla, A. J. Buras, and M. E. Lautenbacher Rev. Mod. Phys. 68 (1996) 1125–1144, [hep-ph/9512380].

[45] HPQCD collaboration, E. Gamiz, C. T. H. Davies, G. P. Lepage, J. Shigemitsu, and M. Wingate Phys. Rev. D80 (2009) 014503, [arXiv:0902.1815].

[46] W.-S. Hou Phys. Rev. D48 (1993) 2342–2344; A. G. Akeroyd and S. Recksiegel J. Phys.

G29 (2003) 2311–2317, [hep-ph/0306037]; A. G. Akeroyd and C. H. Chen Phys. Rev. D75 (2007) 075004, [hep-ph/0701078].

[47] B. Grzadkowski and W.-S. Hou Phys. Lett. B272 (1991) 383–390; K. Kiers and A. Soni Phys. Rev. D56 (1997) 5786–5793, [hep-ph/9706337]; J. F. Kamenik and F. Mescia Phys. Rev. D78 (2008) 014003, [arXiv:0802.3790].

[48] U. Nierste, S. Trine, and S. Westhoff Phys. Rev. D78 (2008) 015006, [arXiv:0801.4938]. [49] CDF collaboration, T. Aaltonen et. al. Phys. Rev. Lett. 100 (2008) 101802, [arXiv:0712.1708].

[50] HPQCD and UKQCD collaboration, E. Follana, C. T. H. Davies, G. P. Lepage, and J. Shigemitsu Phys. Rev. Lett. 100 (2008) 062002, [arXiv:0706.1726].

[51] A. G. Akeroyd Prog. Theor. Phys. 111 (2004) 295–299, [hep-ph/0308260]. [52] B. A. Dobrescu and A. S. Kronfeld Phys. Rev. Lett. 100 (2008) 241802, [arXiv:0803.0512].

[53] BABAR collaboration, B. Aubert et. al. arXiv:0807.4187.

[54] CMS collaboration, A. de Roeck, A. Ball, M. Della Negra, L. Fo, and A. Petrilli, CMS physics: Technical Design Report. Technical Design Report CMS. CERN, Geneva, 2006.

[55] ATLAS collaboration, G. Aad et. al. arXiv:0901.0512.