arXiv:1203.6893v1 [hep-ph] 30 Mar 2012

Probing flavor changing neutral currents and CP violation through the decay h → cbW^− in the two Higgs doublet model

L. Díaz-Cruz^1, A. Díaz-Furlong^1, R. Gaitán-Lozano^2 and J.H. Montes de Oca Y.^2‡

1Cuerpo Académico de Partículas, Campos y Relatividad Facultad de Ciencias Físico-Matemáticas, BUAP. Apdo. Postal 1364, C.P. 72000 Puebla, Pue., México 2Departamento de Física, Facultad de Estudios Superiores Cuautitlán, UNAM, C.P. 54770, Estado de México, México

E-mail: jldiaz@fcfm.buap.mx

E-mail: rgaitan@servidor.unam.mx

E-mail: josehalim@comunidad.unam.mx

Abstract. We discuss the formulation of the general two-Higgs doublet model type III, which incorporates flavor changing neutral scalar interactions (FCNSI) and CP violation from several sources. CP violation can arise either from Yukawa terms or from the Higgs potential, and it can explicit or spontaneous. We discuss the case that includes CP violation with Yukawa textures to control FCNSI and evaluate the CP asymmetry for the decay h → bcW , which may allow to test the patterns of FCNSI and CP violation, that arises in these models.

PACS numbers: 12.15Mn,12.60.-i,13.38.-b,14.80.Bn

Keywords: FCNC, Models beyond the standard model, Decays of intermediate bosons,Standard-model Higgs bosons

‡ Corresponding author: josehalim@comunidad.unam.mx

Probing flavor changing neutral currents... 2

1. Introduction

After many years of expectations, LHC is currently probing the mechanism of electroweak symmetry breaking (EWSB)[1]. In fact, LHC has provided great results and we know now that only an small mass window remain open for the SM Higgs mass, namely 116 < m_{higgs} < 130 GeV [2]. This results are consistent with the analysis of electroweak precision of a Higgs mass around 125 GeV [3]. If this result is confirmed by future analysis, we will have one of the greatest discoveries of mankind. On the other hand, the SM is often considered as an effective theory, valid up to an energy scale of O(T eV ), that eventually will be replaced by a more fundamental theory [4], which will explain, among other things, the physics behind EWSB and perhaps even the origin of flavor. Many examples of candidate theories, which range from supersymmetry [5] to strongly interacting models [6] as well as some extra dimensional scenarios [7], include a multi-scalar Higgs sector. In particular, models with two scalar doublets have been studied extensively [8], as they include a rich structure with interesting phenomenology [9].

Several versions of the 2HDM have been studied in the literature [10]. Some models (known as 2HDM-I and 2HDM-II) involve natural flavor conservation [11], while other models (known as 2HDM-III) [10], allow for the presence of flavor changing scalar interactions (FCNSI) at a level consistent with low-energy constraints [12]. There are also some variants (known as top, lepton, neutrino), where one Higgs doublet couples predominantly to one type of fermion [13], while in other models it is even possible to identify a candidate for dark matter [14]. The definition of all these models, depends on the Yukawa structure and symmetries of the Higgs sector [15, 16, 17, 18, 19], whose origin is still not known. The possible appearance of new sources of CP violation is another characteristic of these models [20].

In this paper we aim to discuss FCNC within general version of the Two-Higgs doublet model (2HDM-III), which incorporates flavor and CP violation from all possible sources [21, 22, 23]. Within model I (2HDM-I) where only one Higgs doublet generates all gauge and fermion masses, while the second doublet only knows about this through mixing, and thus the Higgs phenomenology will share some similarities with the SM, although the SM Higgs couplings will now be shared among the neutral scalar spectrum. The presence of a charged Higgs boson is clearly the signal beyond the SM. Within 2DHM-II one also has natural flavor conservation [11], and its phenomenology will be similar to the 2HDM-I, although in this case the SM couplings are shared not only because of mixing, but also because of the Yukawa structure. The distinctive characteristic of 2HDM-III is the presence of FCNSI, which require a certain mechanism in order to suppress them, for instance one can imposes a certain texture for the Yukawa couplings [24], which will then predict a pattern of FCNSI Higgs couplings [25]. Within all those models (2HDM I,II,III) [26, 27, 28], the Higgs doublets couple, in principle, with all fermion families, with a strength proportional to the fermion masses, modulo other parameters.

Probing flavor changing neutral currents... 3

There are also other models where the Higgs doublets couple non-universally to the fermion families, which have also been discussed in the literature [13, 29, 30]. In principle, the general model includes CPV, which could arise from the same CPV phase that appears in the CKM matrix, as in the SM, from some other extra phase coming from the Yukawa sector or from the Higgs potential [31]. However, in order to discuss which type of CP violation can appear in each case besides containing a generic pattern of FCNSI, moduled by certain texture, will include new sources of CPV as well.

In this paper we are interested in finding a signal of both FCNC and CPV. In particular, we identify the decay h → cb̄W^− as a possible reaction where such test can be done. This decay process though the flavor current verex tch, which is not severely constrained by data, and is also sensitive to the presence of CPV phases. We define a decay asymmetry to probe the CPV. The organization of the paper goes as follows: section 2 includes the model formalism, which is based on the results of ref. [32], and two considered scenarios. Section 3 contains the estimation of the width decay, branching ratio and CP asymmetry coefficient. Finally, the conclusions.

2. General two Higgs doublet model with textures in Yukawa matrices

The scalar field content of the model is two doublets under SU(2)_L with hypercharges Y_1 = Y_2 = 1/2. The model is classified by choice of the Higgs potential and the scalarfermion couplings. The simpler versions are considered when the potential is invariant under Z_2 discrete symmetry and none of the doublets couples simultaneously to the uptype and down-type fermions. These are known as 2HDM type I and II. In type I, only one of the doublets couples to fermions [gordon fest]. In type II, one doublet couples to up-type fermions, the other to down-type fermions to prevent tree-level FCNCs [gordon fest]. Type III is more general and realistic model which allows all possible Higgsfermion couplings [gordon-sher]. This work is based on 2HDM type III with a general potential which contains explicit and spontaneous CP violation.

2.1. General Higgs potential and Higgs mass-eigenstates

We follow closely the formalism developed and notation introduced by [32]. The most general gauge invariant renormalizable Higgs scalar potential in a covariant form with respect to global U(2) transformation is given by

V = Y_{a,b}Φ^†_aΦ_b + 1 2 Z_{abcd} ( Φ^†_aΦ_b ) ( Φ^†_cΦ_d ) , (1)

where Φ_a = (ϕ^+_a , ϕ^0_a)^T and a, b, c, d are labels with respect to two dimensional Higgs flavor space. The index conventions means that replacing an unbarred index with a barred index is equivalent to complex conjugation and barred.unbarred index pair denotes a sum. The most general U(1)_{EM} -conserving vacuum expectation values are

⟨Φ_a⟩ = v √ 2 ( 0 v̂_a ) , (2)

Probing flavor changing neutral currents... 4 r q_{r1} q_{r2} 1 cos θ_{12} cos θ_{13} − sin θ_{12} − i cos θ_{12} sin θ_{13} 2 sin θ_{12} cos θ_{13} cos θ_{12} − i sin θ_{12} sin θ_{13} 3 sin θ_{13} i cos θ_{13}

Table 1. Mixing angles for Higgs bosons which consider spontaneous and explicit CPV [32].

where ( v̂_1, v̂_2 ) = e^{iη} ( cos β, sin βe^{iξ} ) and v = 246 GeV. The covariant form for the scalar potential minimum conditions is vv̂^∗_ā [ Y_a¯_b + 1 2 v^2Z_a¯_{bc}¯_dv̂^∗_{c̄} v̂_d ] = 0. (3) The Higgs mass-eigenstates of the neutral Higgs bosons are explicitly derived in Ref. [32]. The expressions for Higgs bosons in terms of the generic basis is

h_k = 1 √ 2 Φ^{0†}_a (q_{k1}v̂_a + q_{k2}ŵ_ae^{−iθ23} ) 1 √ 2 (q^∗_{k1}v̂^∗_a + q_{k2} ∗ ŵ^∗_ae^{iθ23} )Φ^0_a (4)

for k = 1, ..., 4, where h_{1,2,3} are the neutral physical Higgs bosons and h_4 = G^0 is the goldstone boson. The parameters q_{k1,2} are functions of the neutral Higgs mixing angles and the explicit values are shown in table 1. It is possible to invert the expression (4) and the result is given by

Φ_a =

G^+v̂_a + H^+ŵ_a v√ 2v̂_a +^{1√}_2

∑_4 k=1 ( q_{k1}v̂_a + q_{k2}e^{−θ23}ŵ_a ) h_k , (5) where ŵ^T_a = e^{−iη} ( − sin βe^{−iξ}, cos β ) . 2.2. Higgs-fermions couplings

We focus on quarks fields with analogous treatment for leptons. The most general structure of the Yukawa lagrangian for the quark fields can be written as follows: L^{quarks} Y = q^0_LY^D_1 Φ_1d^0_R + q^0_LY^D_2 Φ_2d^0_R + q^0_LY^U_1 ~Φ_1u^0_R + q^0_LY^U_2 ~Φ_2u^0_R + h.c., (6) where Y^{U,D}_{1,2} are the 3 × 3 Yukawa matrices, q_L denotes the left handed quarks doublets and u_R, d_R correspond to the right handed singlets. The superscript zero means that the quarks are weak eigenstates. Here ~ϕ_{1,2} = iσ_2ϕ^∗_{1,2}. After getting a correct SSB [48, 49, 50, 51], the Higgs doublets are decomposed as shown in (5) and the neutral scalar and pseudoscalar couplings within up-type quarks in mass eigenstate basis are L^{neutral} up = u_i ( S^u_{ijr} + γ^5P^u_{ijr} ) u_jH_r + u_iM^U_{ij} u_j, (7) where we have denoted the scalar and pseudoscalar couplings as S^u_{ijr} = 1 v M^U_{ij} ( q_{r1} + cot βRe [ q_{r2}e^{−i(θ23+ξ)} ])

+ 1 2 √ 2 sin β ( q^∗_{r2}e^{iθ23} ~Y^U_{2ij} + q_{r2}e^{−iθ23} ~Y^{U†}_{2ij} ) (8)

Probing flavor changing neutral currents... 5 and P^u_{ijr} = 1 v M^U_{ij} cot βIm [ q_{r2}e^{−i(θ23+ξ)} ]

+ 1 2 √ 2 sin β ( q^∗_{r2}e^{iθ23} ~Y^U_{2ij} − q_{r2}e^{−iθ23} ~Y^{U†}_{2ij} ) , (9)

respectively. The mass matrices are given as follows: M^U = v_1 √ 2 ~Y^U_1 + e^{−iξ} v_2 √ 2 ~Y^U_2 (10) and M^D = v_1 √ 2 ~Y^D_1 + e^{iξ} v_2 √ 2 ~Y^D_2 , (11)

where ~Y^U_{1,2} = U_LY^U_{1,2}U^†_R and ~Y^D_{1,2} = D_LY^D_{1,2}D^†_R with u_{L,R} = U_{L,R}u^0_{L,R} and d_{L,R} = D_{L,R}d^0_{L,R}. The vacuum expectation values v_1 and v_2 are real and positive, while the phase ξ introduces spontaneous CP violation. Analogously, the down-type quarks are L^{neutral} down = di ( S^d_{ijr} + γ^5P^d_{ijr} ) d_j H_r + d_iM^D_{ij} d_j, (12) with S^d_{ijr} = 1 v M^D_{ij} ( q_{r1} − tan βRe [ q_{r2}e^{−i(θ23+ξ)} ])

+ 1 2 √ 2 cos β ( q_{r2}e^{−iθ23} Y^D_2 + q^∗_{r2}e^{iθ23} ~Y^{D†}_2 ) (13) and P^d_{ijr} = − 1 v M^D_{ij} tan βIm [ q_{r2}e^{−i(θ23+ξ)} ]

+ 1 2 √ 2 cos β ( q_{r2}e^{−iθ23} ~Y^D_2 − q^∗_{r2}e^{iθ23} ~Y^{D†}_2 ) . (14)

For completeness, the Yukawa couplings for charged Higgs bosons is written as

L^{H+}_Y = u [ H^+e^{−iξ}M^U V I − γ^5 √ 2 − H^+e^{−iξ}V M^D I + γ^5 √ 2 + 1 cos β

H^+ ( V ~Y^D_2 I + γ^5 2 − ~Y^{U†}_2 V I − γ^5 2 )] d + h.c., (15) where V denotes the CKM matrix and physical eigenstates for the charged Higgs boson (H^±) can be obtain through (5).

2.3. Universal Yukawa textures

Suppression for FCNC can be achieved when a certain form of the Yukawa matrices that reproduce the observed fermion masses and mixing angles is implemented in the model. This could be done either by implementing the Frogart-Nielsen mechanism to generate the fermion mass hierarchies [39], or by studying a certain ansatz for the fermion mass

Probing flavor changing neutral currents... 6

matrices [24]. The first proposal for the Higgs boson couplings [25], the so called Cheng- Sher ansazt, was based on the Fritzsch six-texture form of the mass matrices, namely:

M_l =

0 C_q 0 C^∗_q 0 B_q 0 B^∗_q A_q . (16) Then, by assuming that each Yukawa matrix Y^q_{1,2} has the same hierarchy, one finds: A_q ≃ m_{q3} , B_q ≃ √m_{q2} m_{q3} and C_q ≃ √m_{q1} m_{q2} . Then, the fermion-fermion^′-Higgs boson (ff^{′0}) couplings obey the following pattern: Hf_if_j ∼ √m_{fi} m_{fj} /m_W , which is also known as the Cheng-Sher ansatz. This brings under control the FCNC problem, and it has been extensively studied in the literature to search for flavor-violating signals in the Higgs sector

In our previous work we considered in detail the case of universal four-texture Yukawa matrices [12], and derived the scalar-fermion interactions, showing that it was possible to satisfy current constraints from LFV and FCNC [40, 41]. Predictions for Higgs phenomenology at the LHC was also studied in ref. [42, 43]. We can consider this a universal model, in the sense that it was assumed that each Yukawa matrix Y^q_{1,2} has the same hierarchy.

2.4. FCNC and CPV Feynman rules

The Higgs-fermions interactions and the scalar potential of the general 2HDM contain several sources of CPV and FCNC. In order to explore these sources we consider some limiting cases. As it is discussed in previous sections, the assumption of universal 4- textures for the Yukawa matrices, allows to express one Yukawa matrix in terms of the quark masses, and parametrization of the FCNSI in terms of the unknown coefficients χ_{ij} , namely ~Y^U_{2ij} = χ_{ij}^{√mimj}_v . These parameters can be constrained by considering all types of low energy FCNC transitions. Although these constraints are quite strong for transitions involving the first and second families, as well as for the b-quark, it turns out that they are rather mild for the top quark. In this paper we shall consider two scenarios:

A) Explicit CPV in the Higgs sector. In this case we assume the hermiticity condition for the Yukawa matrices, but the Higgs sector admits explicit CP violating. Then, from (8) and (9), one obtains the following expressions for the couplings of the neutral Higgs bosons with up-type quarks, namely: S^u_{ijr} = 1 v M^U_{ij} (q_{r1} + cot βRe [q_{r2}]) + √m_im_j √ 2v sin β χ_{ij} (Re [q_{r2}]) (17) and P^u_{ijr} = i v M^U_{ij} cot βIm [q_{r2}] , (18)

similar expressions can be obtained for the down-type quarks and leptons. B) CP conserving Higgs sector. In this case we shall consider that the Higgs sector is CP conserving and the Yukawa matrices could be also hermitian. Then, without loss

Probing flavor changing neutral currents... 7

of generality, we can assume that h_3 is CP odd, while h_1 and h_2 are CP even. Then: cos θ_{12} = sin (β − α), sin θ_{12} = cos (β − α), sin θ_{13} = 0, and e^{−iθ13} = 1. The mixing angles α and β that appear in the neutral Higgs mixing, corresponds to the standard notation. Additionally, when one assumes a 4-texture for the Yukawa matrices, the Higgs-fermion couplings further simplify as ~Y^U_{2ij} = χ_{ij}^{√mimj}_v . Then, the corresponding coefficients for up sector and h^0 (r = 1) are

S^u_{ij1} = 1 v M^U_{ij} [sin(β − α) + cot β cos(β − α)] + √m_im_j χ_{ij} √ 2v cos(β − α) sin β

(19)

For H^0 (r = 2) one finds:

S^u_{ij2} = 1 v M^U_{ij} [cos(β − α) + cot β sin(β − α)] + √m_im_j χ_{ij} √ 2v sin(β − α) sin β

. (20)

Finally, for A^0 (r = 3) one obtains:

P^u_{ij3} = i 2v M^U_{ij} cot β − i √m_im_j χ_{ij} 2 √ 2v sin β

(21)

Note that under hermiticity of the Yukawa matrices the P^u_{ijr} couplings for the h^0 and H^0 and the coupling S^u_{ij3} for the A^0 are vanished.

3. The Higgs decay h → cbW^−

In this section we shall evaluate the width of the decay h → cb̄W^− and its respective branching ratio. Besides the decay width and branching ratio, we are also interested in defining a decay asymmetry coefficient for the decay h → cb̄W in order to analyze presence of both FCNSI and CPV within the 2HDM. We consider the neutral Higgs boson decay h −→ W bc at tree level. Two diagrams contribute to this decay, the first one is through the FCNC coupling h −→ t^∗c −→ W^−bc, its Feynman diagram is shown on figure 1. The other one goes through h −→ W^{+∗}W^− −→ W^−bc, see figure 2. The amplitude for these diagrams is thus

|M|^2 = |M_1|^2 + |M_2|^2 + M^†_1M_2 + M^†_2M_1 (22) We can obtain an approximation when the terms proportional to the charm and bottom masses are neglected. Then, the explicit expressions are

|M_1|^2 = g^4 4M^2_W |P_t|^2 { |S^u_{231} + P^u_{231}|^2 [4 (p_1 · p_2) (p_1 · q) (p_3 · q)

+2M^2_W (p_2 · q) (p_3 · q) − M^2_W q^2 (p_2 · p_3) − 2q^2 (p_1 · p_2) (p_1 · p_3) ] +m^2_t |S^u_{231} − P^u_{231}|^2 [ M^2_W (p_2 · p_3) + 2 (p_1 · p_2) (p_1 · p_3) ]} , (23)

|M_2|^2 = g^4 (q_{11})^2 |V_{cb}|^2 |P_W (k)|^2 ( M^2_W p_2 · p_3 + 2p_1 · p_2p_1 · p_3 ) , (24)

M^†_1M_2 + M^†_2M_1 = g^4m_t M_W q_{11}V_{cb}P_W (k) ( M^2_W p_2 · p_3 + 2p_1 · p_2p_1 · p_3 ) [Re (S^u_{231} + P^u_{231}) ReP_t − Im (S^u_{231} + P^u_{231}) ImP_t] , (25)

Probing flavor changing neutral currents... 8

Figure 1. Tree level Feynman diagrams for h −→ W^−bc. Figure 2. Tree level Feynman diagrams for h −→ W^−bc. where P_W (k) = (k^2 − M^2_W + iM_W Γ_W )^{−1} and P_t (q) = (q^2 − m^2_t + im_tΓ_t)^{−1}. Then, the decay width is Γ_{h→W bc} = g^4m_h 256π^3

[|S^u_{231} − P^u_{231}|^2 I_1 + |S^u_{231} + P^u_{231}|^2 I_2 + q^2_{11} |V_{cb}|^2 I_3 + Re(S^u_{231} + P^u_{231})q_{11}V_{cb}I_4 − Im(S^u_{231} + P^u_{231})q_{11}V_{cb}I_5] (26) The analytical expressions and numerical values for the integrals I_{1,...,5} are shown in appendix. For scenario A

Γ^A_{h→W bc} = g^4m_h 256π^3 { |χ_{23}|^2 m_cm_tv^{−2} sin^2 θ_{12} 2 sin^2 β

(I_1 + I_2)

+ |V_{cb}|^2 cos^2 θ_{12} cos^2 θ_{13}I_3 + V_{cb} √ m_cm_tv^{−1} sin θ_{12} cos θ_{12} cos θ_{13} 2 sin β [I_5Im (χ_{23}) − I_4Re (χ_{23})]} , (27) while for scenario B we have:

Γ^B_{h→W bc} = g^4m_h 256π^3 [ m_cm_tv^{−2} cos^2 (β − α)

2 sin^2 β

|χ_{23}|^2 (I_1 + I_2)

+ |V_{cb}|^2 sin^2 (β − α) I_3 − V_{cb} √ m_cm_tv^{−1} sin (β − α) cos (β − α) 2 sin β (I_4Re (χ_{23}) − I_5Im (χ_{23}))] , (28)

3.1. Branching ratio for h → cb̄W^−

Since the analysis of electroweak precision test favors a Higgs mass in the range 115 < m_h < 160 GeV, we should consider Higgs decay modes that could complete

Probing flavor changing neutral currents... 9

with the dominant decay in this window, which in most models is h → bb̄, although h → W W^∗ h → ZZ^∗ could also significant contribution. Furthermore, given the recent LHC data, one could assume that the light Higgs boson will have SM like couplings, but current LHC precision admits some moderate deviations from SM. Thus, we shall include the 3-body decay h → cb̄W^−, which could receive an enhancement coming from the vertex ht^∗c. The total width for the littlest neutral Higgs boson can be approximated by Γ_{T otal} ≈ Γ(h → bb̄) + Γ(h → cc̄) + Γ(h → ZZ^∗) + Γ(h → W W^∗) + Γ(h → cb̄W^−), (29) The decay width for the decay of the Higgs boson to fermion and anti-fermion pair at tree level is given by Γ ( h → f_if_j ) = g^2m_h 8π ( 1 − 4 m^2_f m^2_h )

[(| |S^f_{ij1} + P^f_{ij1} | |^2 + | |S^f_{ij1} − P^f_{ij1} | |^2 ) ( 1 − 2 m^2_f m^2_h )

−Re [( S^f_{ij1} + P^f_{ij1} ) ( S^{f∗}_{ij1} − P^{f∗}_{ij1} )]] (30)

In general, the couplings S^f_{ij1} and P^f_{ij1} are given by the equations (8) and (9) for any of the proposed scenarios. Now, the decay width into a real W and virtual W^∗ is given by [44]

Γ (h → W W^∗) = g^4m_h 128π^3 cos^2 (θ_{12}) F ( m_W m_h ) . (31)

While the decay width h → ZZ^∗ is given by

Γ (h → ZZ^∗) = g^4m_h 2048π^3 F ( m_Z m_h ) cos^2 (θ_{12})

7 −^{40}_3 sin^2 θ_W +^{160}_9 sin^4 θ_W cos^4 θ_W

(32)

where F (x) = − ( 1 − x^2 ) ( 47 2 x^2 − 13 2 + 1 x^2 ) − 3 ( 1 − 6x^2 + 4x^4 ) ln (x) + 3 1 − 8x^2 + 20x^4 √ 4x^2 − 1 cos^{−1} ( 3x^2 − 1

2x^3 ) . (33)

It is possible to write the explicit expressions of the total decay width for each scenario. However, the section 3.3 shows the behavior for the branching ratio and the CP asymmetry coefficient.

3.2. CPV decay asymmetry

In order to find the CP asymmetry coefficient we also need to calculate the conjugate decay. We denote the average amplitude of the conjugate decay as

| ~M|^2 = | ~M_1|^2 + | ~M_2|^2 + ~M_1^† ~M_2 + ~M_2^† ~M_1. (34)

Probing flavor changing neutral currents... 10

The square terms are the same as the above, | | | ~M_{1,2} | | | 2 = |M_{1,2}|^2, while for the interference terms we have

~M^†_1 ~M_2 + ~M^†_2 ~M_1 = g^4m_t M_W q_{11}V_{cb}P_W (k) ( M^2_W p_2 · p_3 ) +2p_1 · p_2p_1 · p_3) [Re (S^u_{231} + P^u_{231}) Re(P_t) +Im (S^u_{231} + P^u_{231}) Im(P_t)] . (35) The CP asymmetry coefficient is defined as A_{CP} = Γ_{h→W} +_{bc} − Γ_{h→W} −_{bc} Γ_{h→W} +_{bc} + Γ_{h→W} −_{bc} . (36)

Therefore, the CP asymmetry coefficient of the decay in general 2HDM is given by:

A_{CP} = V_{cb}q_{11}I_5Im (S^u_{231} + P^u_{231}) [ |S^u_{231} − P^u_{231}|^2 I_1 + |S^u_{231} + P^u_{231}|^2 I_2

+ |V_{cb}|^2 q^2_{11}I_3 + q_{11}V_{cb}Re (S^u_{231} + P^u_{231}) I_4 ]_{−1} , (37)

In case of CP explicit violation or CP conserving the asymmetry coefficient is written as A^A_{h→W bc} = Im (χ_{23}) I_5 f_A (θ_{12}, θ_{13}, β, χ_{23})

(38) or A^B_{h→W bc} = I_5Im (χ_{23}) f_B (α, β, χ_{23}, m_h)

, (39)

respectively. The f_A and f_B are defined as

f_A = I_4Re (χ_{23}) − √ 2 I_3V_{cb}v √ m_cm_t cos θ_{13} sin β

tan θ_{12}

− (I_1 + I_2)

|χ_{23}|^2 √ m_cm_t √ 2v tan θ_{12} sin β cos θ_{13}

(40) and f_B = I_4Re (χ_{23}) − √ 2 I_3V_{cb}v √ m_cm_t sin β tan (β − α)

− (I_1 + I_2)

|χ_{23}|^2 √ m_cm_t √ 2v sin β tan (β − α)

(41)

3.3. Numerical results

The central numerical values for the SM parameters are the reported by [52]. Nevertheless, the mixing angles, texture parameters and neutral scalar mass are free parameters of the 2HDM. However, If the neutral scalar is considered like the Higgs boson scalar in the SM, the current experimental results and data analysis allow to take a central value equal to 125 GeV for the neutral scalar mass [2]. Additionally, the ratio of the vacuum expectation values, β parameter, is bounded by the region 1 ≤ tan β ≤ 50 [52].

Probing flavor changing neutral currents... 11

Figure 3. Branching ratio of the decay h → cb̄W^− for (θ_{12}, θ_{13}) bellows to region [0, 1] × [0, 1] taking |χ| = 0.1, δ = 0.01 and tan β = 1 in scenario A.

Figure 4. Branching ratio of the decay h → cb̄W^− for (α, β) bellows to region [0, π/2] × [arctan 1, arctan 50] taking |χ| = 0.1 and δ = 0.01 in scenario B.

Figure 5. CP asymmetry of the decay h → cb̄W^− for (θ_{12}, θ_{13}) bellows to region [0, 1] × [0, 1] taking |χ| = 0.1, δ = 0.01 and tan β = 1 in scenario A.

Figure 6. CP asymmetry of the decay h → cb̄W^− for (α, β) bellows to region [0, π/2] × [arctan 1, arctan 50] taking |χ| = 0.1 and δ = 0.01 in scenario B.

Probing flavor changing neutral currents... 12

We have noted that the texture parameters, χ_{ij} , have a small contribution in the branching ratio for both considered scenarios. Then, χ_{23} = χe^{iδ} are taken as same magnitude order as the CKM parameter, that is, χ ≈ 0.1 and δ ≈ 0.01. In figures and the dependence of the branching ratio on the mixing angles is shown. The textures parameters controls the magnitude order of the CP asymmetry coefficient defined previously, see (5), (6). The CP asymmetry coefficient behavior is shown in figures and for the same numerical values of χ_{23}.

4. Conclusion

In summary, we have considered a general scalar potential written in U(2) covariant form and the Yukawa couplings of the tipe III with 4-texture ansatz. Under these assumptions the CP violation such as spontaneous or explicit from scalar sector are not the only source but Yukawa couplings contribute. For sake of simplicity, the spontaneous CP violation phase was assumed to be zero and the CP asymmetry coefficient has been obtained. The CP asymmetry coefficient not only depends of mixing angles but texture parameters of the Yukawa couplings. The explicit CP violation and CP conserving possibilities have been considered for scalar sector, which were named as scenario A and B respectively. The CP asymmetry coefficient has the order of magnitude from 0 to 10^{−2} for both scenarios.

The total width decay in the considered model was approximated by the (29). Then an approximated expressions for the branching ratio of the decay h → cb̄W^− were obtained for the proposed scenarios. The order of magnitude bellows to range [0, 4 × 10^{−5}] for 0 ≤ θ_{12,13} ≤ π/2 taking scenario A, meanwhile the order of magnitude bellows to range [0, 6 × 10^{−5}] for 0 ≤ α ≤ π/2 and 1 ≤ tan β ≤ 50 taking scenario B.

The decay h → cb̄W^− is a important signal for this type of model, 2HDM-III, which could be discriminated from others types of models.

Acknowledgments

This work is supported in part by PAPIIT project IN117611-3, Sistema Nacional de Investigadores (SNI) in México. J.H.Montes de Oca Y. is thankful for support from the postdoctoral DGAPA-UNAM grant.

Appendix A. The integrals I_i

Defining the dimensionless variables as ( x, y ) = (_{2E1} m_h , 2E_2 m_h ) , μ_1 =^{m2W}_{m2h} , μ =^{m2t}_{m2h} , and Γ^2 =^{Γ2t}_{m2h} , the integrals are

I_1 = ∫ ∫ R_{xy} ( (x + y − 1 − μ)^2 + μΓ^2 )_{−1} [4μ_1 (x + y − μ_1 − 1) (x + y + μ_1 − 1) (2 − x − y) 2 (x + y − μ_1 − 1) (2 − x − y)

Probing flavor changing neutral currents... 13

Figure A1. Numerical integrals I_{1,4,5}.

Figure A2. Numerical integrals I_{2,3}.

− (x + y − 1) (1 − x + μ_1) −2μ_1 (x + y − 1) (x + y − μ_1 − 1) (1 − y − μ_1)] dxdy,

I_2 = ∫ ∫ R_{xy} ( (x + y − 1 − μ)^2 + μΓ^2 )_{−1} [2μμ_1 (x + y − μ_1 − 1) (1 − y − μ_1) μ (1 − x + μ_1)] dxdy, I_3 = ∫ ∫ R_{xy} [ (x − 1)^{−2} μ_1 (1 − x + μ_1) +2 (x + y − μ_1 − 1) (1 − y − μ_1)] dxdy,

I_4 = ∫ ∫ R_{xy} [( (x + y − 1 − μ)^2 + μΓ^2 )_{−1} (1 − x)^{−2} [ +2 μ μ_1

(x + y + μ_1 − 1) (1 − y − μ_1) +μμ_1 (1 − x + μ_1)] (x + y − μ) dxdy,

I_5 = ∫ ∫ R_{xy} [( (x + y − 1 − μ)^2 + μΓ^2 )_{−1} (1 − x)^{−2} [ +2 μ μ_1

(x + y + μ_1 − 1) (1 − y − μ_1) +μμ_1 (1 − x + μ_1)] √ μΓdxdy, where the R_{xy} region is defined by 1 2 ( 2 − x − √ x^2 − 4μ_1 ) ≤ y ≤ 1 2 ( 2 − x + √ x^2 − 4μ_1 )

and 2 √ μ_1 ≤ x ≤ 1 + μ_1.

In figures A1 and A2 the dependence of the integrals I_{1,...,5} on the scalar mass h is shown.

Probing flavor changing neutral currents... 14

References

[1] Gunion J F, Haber H E, Kane G L and Dawson S 1990 The Higgs Hunter’s Guide (Reading, MA;

Addison-Wesley) [2] Nisati A [for the ATLAS Collaboration] Preprint hep-ex/1111.7132 [ATLAS Collaboration] Preprint hep-ex/109.3615 [ATLAS Collaboration] 2011 Phys. Rev. Lett. 107 221802 (Preprint hep-ex/1109.3357) Aad G et al. [ATLAS Collaboration] 2011 Phys. Lett. B 705 , 435 (Preprint hep-ex/1109.5945) Pelliccioni M [CMS Collaboration] Preprint hep-ex/1109.6814 Sung K [CMS Collaboration] Preprint hep-ex/1109.2457 ATLAS Collaboration Higgs search status report http://www.atlas.ch/news/2011/status-report-dec-2011.html CMS Collaboratioin Higgs search status report http://cdsweb.cern.ch/record/1406347/ les-static/HIG-11-032-pas.pdf [3] Erler J 2010 Phys. Rev. D 81 051301 (Preprint hep-ph/1002.1320)

Flacher H, Goebel M, Haller J, Hocker A, Moenig K and Stelzer J 2009 Eur. Phys. J. C 60 543 (Preprint hep-ph/0811.0009) Diaz-Cruz J L and Lopez-Falcon D A 2003 Phys. Lett. B 568 245 (Preprint hep-ph/0304212) Nath P et al. 2010 Nucl. Phys. Proc. Suppl. 200-202 185 (Preprint hep-ph/1001.2693) Carena M S and Haber H E 2003 Prog. Part. Nucl. Phys. 50 63 (Preprint hep-ph/0208209) [4] Bustamante M, Cieri L and Ellis J (Preprint hep-ph/0911.4409) [5] Ellis J 2010 Int. J. Mod. Phys. A 25 2409 (Preprint hep-ph/1004.0648)

See, for instance, recent reviews in Kane G L 1998 Perspectives on Supersymmetry (World Scientific Publishing Co.)

Haber H E 2001 Nucl. Phys. Proc. Suppl. 101 217 (Preprint hep-ph/0103095) [6] Arkani-Hamed N, Cohen A and Georgi H 2001 Phys. Lett. B513 232 (Preprint hep-ph/0105239) Aranda A, Diaz-Cruz J L, Hernandez-Sanchez J and Noriega-Papaqui R 2007 Phys. Lett. B 658 57 (Preprint hep-ph/0708.3821) [7] Aranda A, Balazs C and Diaz-Cruz J L 2003 Nucl. Phys. B 670 90 (Preprint hep-ph/0212133) Chang W F, Ng J N and Spray A P (Preprint hep-ph/1004.2953) Iltan E O 2007 Eur. Phys. J. C 51 689 (Preprint hep-ph/0511241) [8] Haber H E, Kane G L and Sterling T 1979 Nucl. Phys. B 161 493

Liu J and Wolfenstein L 1987 Nucl. Phys. B 289 1 Wu Y L and Wolfenstein L 1994 Phys. Rev. Lett. 73 1762 (Preprint hep-ph/9409421) [9] Carena M and others 2000 Report of the Tevatron Higgs working group (Preprint hep-ph/0010338) Ginzburg I F, Krawczyk M and Osland P (Preprint hep-ph/0211371) Ginzburg I F and Krawczyk M 2005 Phys. Rev. D 72 115013 (Preprint hep-ph/0408011) [10] E. Accomando et al., arXiv:hep-ph/0608079.

[11] S. L. Glashow and S. Weinberg, Phys. Rev. D 15, 1958 (1977).

[12] J. L. Diaz-Cruz, R. Noriega-Papaqui and A. Rosado, Phys. Rev. D 69, 095002 (2004) [arXiv:hep-ph/0401194].

[13] D. Atwood, S. Bar-Shalom and A. Soni, Phys. Lett. B 635, 112 (2006) [arXiv:hep-ph/0502234]. [14] J. L. Diaz-Cruz, Phys. Rev. Lett. 100, 221802 (2008) [arXiv:0711.0488 [hep-ph]]. [15] J. L. Diaz-Cruz, Mod. Phys. Lett. A 20, 2397 (2005) [arXiv:hep-ph/0409216]. [16] A. Aranda, J. L. Diaz-Cruz and A. Rosado, Int. J. Mod. Phys. A 22, 1417 (2007) [arXiv:hep-ph/0507230].

[17] J. L. Diaz-Cruz and A. Rosado, Rev. Mex. Fis. 53, 396 (2007) [arXiv:hep-ph/0610167]. [18] R. Barbieri and L. J. Hall, arXiv:hep-ph/0510243.

[19] C. D. Froggatt, R. Nevzorov, H. B. Nielsen and D. Thompson, Phys. Lett. B 657, 95 (2007) [arXiv:0708.2903 [hep-ph]].

[20] I. F. Ginzburg, Acta Phys. Polon. B 37, 1161 (2006) [arXiv:hep-ph/0512102]. [21] M. Maniatis, A. von Manteuffel and O. Nachtmann, Eur. Phys. J. C 57, 719 (2008)

Probing flavor changing neutral currents... 15

[arXiv:0707.3344 [hep-ph]].

[22] J. M. Gerard and M. Herquet, Phys. Rev. Lett. 98, 251802 (2007) [arXiv:hep-ph/0703051]. [23] A. W. El Kaffas, P. Osland and O. M. Ogreid, Nonlin. Phenom. Complex Syst. 10, 347 (2007) [arXiv:hep-ph/0702097].

[24] H. Fritzsch, Phys. Lett. B70 (1977) 436.

[25] T. P. Cheng and M. Sher, Phys. Rev. D 35, 3484 (1987).

[26] A. E. Carcamo Hernandez, R. Martinez and J. A. Rodriguez, Eur. Phys. J. C 50, 935 (2007) [arXiv:hep-ph/0606190].

[27] Y. F. Zhou, J. Phys. G 30, 783 (2004) [arXiv:hep-ph/0307240].

[28] M. Aoki, S. Kanemura, K. Tsumura and K. Yagyu, Phys. Rev. D 80, 015017 (2009) [arXiv:0902.4665 [hep-ph]].

[29] H. E. Logan and D. MacLennan, Phys. Rev. D 81, 075016 (2010) [arXiv:1002.4916 [hep-ph]]. [30] H. E. Logan and D. MacLennan, Phys. Rev. D 79, 115022 (2009) [arXiv:0903.2246 [hep-ph]]. [31] J. F. Gunion and H. E. Haber, Phys. Rev. D 72, 095002 (2005) [arXiv:hep-ph/0506227]. [32] Haber H E and O’Neil D 2006 Phys. Rev. D 74 015018 (Preprint hep-ph/0602242) [33] J. L. Diaz-Cruz and A. Mendez, Nucl. Phys. B 380, 39 (1992). [34] T.D. Lee, Phys. Rev. D8, 1226 (1973).

[35] L. J. Hall and M. B. Wise, Nucl. Phys. B187, 397, (1981). [36] J.F. Donoghue and L. F. Li, Phys. Rev. D19, 945 (1979).

[37] P. Osland, P. N. Pandita and L. Selbuz, Phys. Rev. D 78, 015003 (2008) [arXiv:0802.0060 [hep-ph]]. [38] J. L. Diaz-Cruz, JHEP 0305, 036 (2003) [arXiv:hep-ph/0207030]. [39] C. D. Frogatt and H. B. Nielsen, Nucl. Phys. B147, 277 (1979). [40] J. L. Diaz-Cruz and G. Lopez Castro, Phys. Lett. B 301, 405 (1993);

J. L. Diaz-Cruz, R. Noriega-Papaqui and A. Rosado, Phys. Rev. D 71, 015014 (2005) [arXiv:hep-ph/0410391];

A. Aranda, J. Lorenzo Diaz-Cruz, J. Hernandez-Sanchez and E. Ma, Phys. Rev. D 81, 075010 (2010) [arXiv:1001.4057 [hep-ph]];

[41] J. L. Diaz-Cruz and J. J. Toscano, Phys. Rev. D 62, 116005 (2000) [arXiv:hep-ph/9910233];

U. Cotti, J. L. Diaz-Cruz, R. Gaitan, H. Gonzales and A. Hernandez-Galeana, Phys. Rev. D 66, 015004 (2002) [arXiv:hep-ph/0205170];

J. L. Diaz-Cruz, D. K. Ghosh and S. Moretti, Phys. Lett. B 679, 376 (2009) [arXiv:0809.5158 [hep-ph]];

[42] J. L. Diaz-Cruz, J. Hernandez–Sanchez, S. Moretti, R. Noriega-Papaqui and A. Rosado, Phys.

Rev. D 79, 095025 (2009) [arXiv:0902.4490 [hep-ph]];

C. Balazs, J. L. Diaz-Cruz, H. J. He, T. M. P. Tait and C. P. Yuan, Phys. Rev. D 59, 055016 (1999) [arXiv:hep-ph/9807349];

J. L. Diaz-Cruz and O. A. Sampayo, Int. J. Mod. Phys. A 8, 4339 (1993); J. L. Diaz-Cruz and O. A. Sampayo, Phys. Rev. D 50, 6820 (1994).

[43] A. Arhrib, M. Capdequi Peyranere, W. Hollik and S. Penaranda, arXiv:hep-ph/0307391;

L. Randall, JHEP 0802, 084 (2008) [arXiv:0711.4360 [hep-ph]];

S. Bejar, J. Guasch and J. Sola, Nucl. Phys. B 675, 270 (2003) [arXiv:hep-ph/0307144]; A. Arhrib, Phys. Rev. D 72, 075016 (2005) [arXiv:hep-ph/0510107].

[44] Gómez-Bock M and Noriega-Papaqui R 2006 J. Phys. G: Nucl. Part. Phys 32 761 [45] A. Pich and P. Tuzon, Phys. Rev. D80 091702 (2009), hep-ph/09081554. [46] , M. Jung, A. Pich and P. Tuzon, hep-ph/10060470 [47] Braeuninger, Carolin B. and Ibarra, Alejandro and Simonetto, Cristoforo, Phys. Lett. B692 189 (2010), hep-ph/1005.5706 [48] N. Barros e Sa, A. Barroso, P. Ferreira and R. Santos, PoS C HARGED2008, 014 (2008) [arXiv:0906.5453 [hep-ph]];

A. Barroso, P. M. Ferreira and R. Santos, Phys. Lett. B 652, 181 (2007) [arXiv:hep-ph/0702098]; A. Barroso, P. M. Ferreira and R. Santos, Afr. J. Math. Phys. 3, 103 (2006)

Probing flavor changing neutral currents... 16

[arXiv:hep-ph/0507329];

A. Barroso, P. M. Ferreira and R. Santos, Phys. Lett. B 632, 684 (2006) [arXiv:hep-ph/0507224]. [49] I. P. Ivanov, Phys. Rev. D 75, 035001 (2007) [Erratum-ibid. D 76, 039902 (2007)] [arXiv:hep-ph/0609018].

[50] M. Maniatis, A. von Manteuffel, O. Nachtmann and F. Nagel, Eur. Phys. J. C 48, 805 (2006) [arXiv:hep-ph/0605184].

[51] E. Ma and M. Maniatis, arXiv:1005.3305 [hep-ph].

[52] K. Nakamura et al. (Particle Data Group), J. Phys. G 37, 075021 (2010)