hep-ph/9906313 v2 14 Jun 1999

AS-ITP-99-14

F^0 �^¯F^0 Mixing and CP Violation

in the General Two Higgs Doublet Model

Y.L Wu and Y.F Zhou Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100080, China

Abstract

A phenomenological analysis of the general two Higgs doublet model is presented. Possible constraints of the Yukawa couplings are obtained from the K^0 − K̄^0, B^0 − B̄^0 and D^0 − D̄^0 mixings. A much larger D^0 − D̄^0 mixing than the standard model prediction is possible. It is shown that the emerging of various new sources of CP violation in the model could strongly affect the determination of the unitarity triangle. It can be helpful to look for a signal of new physics by comparing the extracted angle β from two different ways, such as from the process B → J/ψK_S and from fitting the quantities |V_{ub}|, Δm_B and ϵ.

PACS numbers: 11.30.Er, 12.60.Fr

Typeset using REVTEX

I. INTRODUCTION

In the standard model(SM) of an electroweak SU(2)_L × U(1)_Y gauge theory with only one Higgs doublet, the only source of CP violation comes from the complex Yukawa coupling between Higgs and fermion fields [1]. Since the Higgs sector of SM is not well understood yet, many possible extensions of SM have been proposed [2]. One of the simplest extensions of the SM is to simply add one Higgs doublet without imposing the ad hoc discrete symmetries. For the convenience of mention in our following discussions, we may call such a minimal extension of the standard model with generally adding an extra Higgs doublet as an S2HDM [3–11] and assume CP violation solely originating from the Higgs potential [12,7,8]. The most general Yukawa coupling and Higgs potential can be written as:

L_Y = Q̄_L(Γ^U_1 ϕ̃_1 + Γ^U_2 ϕ̃_2)U_R + Q̄_L(Γ^D_1 ϕ_1 + Γ^D_2 ϕ_2)D_R (1)

and:

V (ϕ_1, ϕ_2) = − μ^2_1ϕ^†_1ϕ_1 − μ^2ϕ^†_2ϕ_2 − (μ^2_{12}ϕ^†_1ϕ_2 + h.c) + λ_1(ϕ^†_1ϕ_1)^2 + λ_2(ϕ^†_2ϕ_2)^2 + λ_3(ϕ^†_1ϕ_1ϕ^†_2ϕ_2) + λ_4(ϕ^†_1ϕ_2ϕ^†_2ϕ_1) + 1 2 [λ_5(ϕ^†_1ϕ_2)^2 + h.c] + [(λ_6ϕ^†_1ϕ_1 + λ_7ϕ^†_2ϕ_2)(ϕ^†_1ϕ_2) + h.c] (2)

The major issue with respect to the two Higgs doublet model is that it allows flavor changing neutral current (FCNC) at tree level, which must be strongly suppressed in K^0 − K̄^0 and B^0 − B̄^0 mixing processes. In order to prevent FCNC from tree level, an ad hoc discrete symmetry is often imposed

ϕ_1 → −ϕ_1 and ϕ_2 → ϕ_2 U_{Ri} → −U_{Ri} and D_{Ri} → ∓D_{Ri} (3) Thus, one obtains the so called mode I and model II, which depends on whether the uptype and down-type quarks are coupled to the same or different Higgs doublet respectively [2]. Once the discrete symmetry is adopted, the factor μ_{12}, λ_6 and λ_7 in Eq.(2) mush vanish. As a result, no CP violation can occur from V (ϕ). Thus the only source of CP violation is the complex Yukawa couplings, which lead to a phase in the Cabibbo- Kobayashi- Maskawa(CKM) quark mixing matrix.

In contrast, one can replace the discrete symmetry by an approximate global family symmetry [4,5,7,8] , thus the suppression of FCNC can be explained via the smallness of the off-diagonal terms. Furthermore, when abondoning the discrete symmetries, one can obtain, after spontaneous symmetry breaking, rich sources of CP violation from a single relative phase between the two vacuum expectation values of Higgs fields. It has been shown [7,8] that even when the CKM matrix is real, the single phase arising from the spontaneous symmetry breaking can provide enough CP violation to meet the experimental measurments. One of particular important observations is a new source of CP violation in charged Higgs boson interactions, which is independent of the CKM phase and can lead to a value of ϵ^′/ϵ as large as 10^{−3} [5]. In the S2HDM, the two Higgs fields have, in general, the vacuum expectation values:

< ϕ^0_1 > = v √ 2 cos βe^{iδ} < ϕ^0_2 > = v √ 2 sin β (4)

It is natural to use a suitable basis:

H_1 = cos βϕ_1e^{−iδ} + sin βϕ_2 H_2 = sin βϕ_1e^{−iδ} − cos βϕ_2 (5)

such that:

H_1 = ( 0 1√ 2 (v + ρ) )

H_2 = ( H^+ 1√ 2 (R + iI) ) , (6)

where H^0, R, I are real Higgs bosons. The three neutral scalars Ĥ^0_k ≡ (R, ρ, I) can be rotated into mass engenstates h^0_k ≡ (h, H^0, A) via orthogonal matrix O^H . Ĥ^0_k = O^H_{kl} H^0_l (7)

From approximate global family symmetries, we know that the Yukawa coupling matrices Γ^F_i in Eq.(1) have small off-diagonal elements, typically between 0.01 and 0.2 in order to meet the constraint of FCNC from K^0 − K̄^0, B^0 − B̄^0 mixing. The Yukawa interaction can be rewritten as [7]:

L_Y = (L_1 + L_2)( √ 2G_F )^{1/2} (8)

with

L_1 = √ 2 H^+ 3∑ i,j ξ_{dj} m_{dj} V_{ij}ū^i_Ld^j_R − H^− 3∑ i,j ξ_{uj} m_{uj} V^†_{ij}d̄^i_Lu^j_R

+ H^0 3∑ i (m_{ui}ū^i_Lu^i_R + m_{di}d̄^i_Ld^i_R)

+ (R + iI) 3∑ i ξ_{di} m_{di}d̄^i_Ld^i_R + (R − iI) 3∑ i ξ_{ui} m_{ui}ū^i_Lu^i_R + h.c (9)

L_2 = √ 2 H^+ 3∑ i,j^0≠j V_{ij}0 μ^d_j0_jū^i_Ld^j_R − H^− 3∑ i,j^0≠j V^†_{ij} μ^u_j0_jd̄^i_Lu^j_R

+ (R + iI) 3∑ i≠j μ^d_{ij}d̄^i_Ld^j_R + (R − iI) 3∑ i≠j μ^u_{ij}ū^i_Lu^j_R + h.c, (10) where L_1 has no flavor-changing effects other than that expected for H^± from the CKM matrix V and L_2 contains the flavor-changing effects for neutral bosons as well as small additional flavor-changing terms for H^±. The factor ξ_{fi} m_{fi} and μ^f_{ij} arise primarily from the diagonal and off-diagonal elements of Γ^f_i respectively.

There are four major sources of CP violation [7,8]: (1) CKM matrix,(2) the phases in factors ξ_{fi} which provide CP violation in charged-Higgs boson exchange; (3) the phases in μ^f_{ij}, this yields CP violation in FCNC. (4) CP violation in mixing matrix O^H . One of the most distinctive features of these sources is that the factors ξ_{fi} can provide CP violation in charged Higgs boson exchange in addition to and independent of CKM phase. As a consequence, in ΔS = 1 transitions its contribution to ϵ^′/ϵ could be as large as 10^{−3} and become comparable with the experimental data [13,14]. Thus a measurement of ϵ^′/ϵ would not necessarily be due to CKM mechanism [7,8,15]. This paper is organized as follows: In section 2, the analysis of the possible constraints of the Yukawa couplings from F^0 − F̄^0 mixings is presented. The various sources of CP violation and their influence on the determination of unitarity triangle are discussed in section 3, and section 4 contains our conclusions.

II. CONSTRAINTS FROM K^0 − K̄^0, B^0 − B̄^0 AND D^0 − D̄^0 MIXINGS

In the standard model, it is known that the neutral meson mixings arise from the box diagram through two-W-boson exchange. The extremely small values of the neutral K and B mass differences impose severe constraints on new physics beyond the SM, especially on those with FCNC at tree level. In the S2HDM, additional contributions to the neutral meson mixings can arise from the box diagrams with charged-scalar exchanges and tree diagrams with neutral-scalar exchanges. The mass difference of K_L − K_S is given by

Δm_K ≃ 2ReM_{12} ≡ 2Re(M^{W W}_{12} + M^{HH}_{12} + M^{HW}_{12} + M^H

0_{12} + M^′_{12}) (11)

where M^{W W}_{12} , M^{HH}_{12} and M^{HW}_{12} are the contributions from box diagrams through two W^±- boson, two charged-scalar H^± and one W - boson and one charged-scalar exchanges respectively. M^H0_{12} is the one from the FCNC through neutral scalar exchanges at tree level . M^′_{12} presents other possible contributions, such as two-coupled penguin diagrams and nonperturbative effects. They are resulted from the corresponding effective Hamiltonian H^{W W}_{eff} = − G^2_F 16π^2 m^2_W c,t∑ i,j η_{ij} λ_iλ_j √ x_ix_jB^{W W} (x_i, x_j)d̄γ_μ(1 − γ_5)sd̄γ^μ(1 − γ_5)s (12)

H^{HH}_{eff} = − G^2_F 16π^2 m^2_W u,c,t∑ i,j η^{HH}_{ij} λ_iλ_j 1 4 {B^{HH}_V (y_i, y_j)[ √ x_ix_j √ y_iy_j|ξ_i|^2|ξ_j |^2

·d̄γ_μ(1 − γ_5)sd̄γ^μ(1 − γ_5)s + √ x_sx_d √ y_sy_dξ^2_s ξ^{∗2}_d d̄γ_μ(1 + γ_5)sd̄γ^μ(1 + γ_5)s +2δ_{ij} √ x_ix_j √ y_sy_dξ_sξ^∗_dξ_iξ^∗_j d̄γ_μ(1 + γ_5)sd̄γ^μ(1 − γ_5)s] (13) +B^{HH}_S (y_i, y_j) √ x_iy_j[x_dξ^{∗2}_d ξ^∗_i ξ^∗_j d̄(1 − γ_5)sd̄(1 − γ_5)s +x_sξ^2_s ξ_iξ_jd̄(1 + γ_5)sd̄(1 + γ_5)s + 2 √ x_sx_dξ_sξ^∗_dξ_iξ^∗_j d̄(1 + γ_5)sd̄(1 − γ_5)s]} H^{HW}_{eff} = − G 16π^2 m^2_W u,c,t∑ i,j η^{HW}_{ij} λ_iλ_j {2 √ x_ix_j √ y_iy_jξ_iξ^∗_j B^{HW}_V (y_i, y_j, y_w) ·d̄γ_μ(1 − γ_5)sd̄γ^μ(1 − γ_5)s + (y_i + y_j) √ x_dx_sξ_sξ^∗_d [B^{HW}_T (y_i, y_j, y_w) (14) ·d̄σ_{μν} (1 − γ_5)sd̄σ^{μν} (1 + γ_5)s + B^{HW}_S (y_i, y_j, y_w)d̄(1 − γ_5)sd̄(1 + γ_5)s]} where the B^{W W} , B^{HH}_V , B^{HH}_S , B^{HW}_V , B^{HW}_S and B^{HW}_T arise from the loop integrals, and they are the functions of x_i = m^2_i /m^2_W and y_i = m^2_i /m^2_H with i = u, c, t, W , their explicit expressions are presented in the Appendix. Here η_{ij}, η^{HH}_{ij} and η^{HW}_{ij} are the possible QCD corrections and λ_i = V_{is}V^∗_{id}. Note that in obtaining above results the external momentum of the d- and s-quark has been neglected. Except this approximation which should be reliable as their current masses are small, we need to keep all the terms. This is because all the couplings λ_i and ξ_i are complex in the model, even if some terms are small, they can still play an important role on CP violation since the observed CP-violating effect in kaon decays is of order 10^{−3}. The contributions of neutral Higgs bosons exchange at tree level can be evaluated by M^H 0_{12} = < P^0|H^H 0_{eff} |P̄^0 > = G^2_F 12π^2 f^2_P 0B̃_P 0m_P 0( √ m_{fi} m_{fj} )^2(1 + m_{fi} m_{fj} )^{−1}m^2_f 0_j ∑ k ( 2 √ 3πvm_P 0 m_H0_k m_f 0_j

)^2(Y^f_{k,ij} )^2 (15)

with

(Y^f_{k,ij})^2 = (Z^f_{k,ij} )^2 + 1 2 r_P 0S^f_{k,ij}S^{f ∗}_{k,ji}, Z^f_{k,ij} = − i 2 (S^f_{k,ij} − S^{f ∗}_{k,ji}) S_{k,ij} is related to μ^f_{ij} through:

S^f_{k,ij} = (O^H_{1k} + iσ_f O^H_{3k}) μ^f_{ij} √m_im_j (16)

where σ_f = 1 for d-type quarks, σ_f = −1 for u-type quarks. The formula is expressed in a form which is convenient in comparison with the one obtained from the box diagram in the SM, here √ m_{fi} /m_{fj} with convention i < j plays the role of the CKM matrix element V_{ij} , and m_f 0_j is introduced to correspond to the loop-quark mass of box diagram. Namely f^′_j and f_j are the two quarks in the same weak isospin doublet. Note that the result is actually independent of m_f 0_j . Here m_{fi} are understood as the current quark masses. In our following numerical estimations we will use m_u = 5.5 MeV, m_d = 9 MeV, m_s = 180 MeV, m_c = 1.4 GeV and m_b = 6 GeV with being defined at a renormalization scale of 1 GeV. f_P 0 and m_P 0 are the leptonic decay constant (with normalization f_π = 133MeV) and the mass of the meson P^0 respectively. B̃_P 0 and r̃_P 0 are bag parameters defined via

< P^0|(f̄_i(1 ± γ_5)f_j)^2|P̄^0 >= − f_P 0m^3_P 0 (m_{fi} + m_{fj} )^2

B̃_P 0 (17)

1 + r̃_P 0 = −

< P^0|f̄_i(1 ± γ_5)f_jf̄_i(1 ∓ γ_5)f_j|P̄^0 > < P^0|f̄_i(1 ± γ_5)f_jf̄_i(1 ± γ_5)f_j|P̄^0 >

(18)

In the vacuum saturation and factorization approximation with the limit of a large number of colors, we have B̃_P 0 → 1 and r̃_P 0 → 0, thus Y^f_{k,ij} = Z^f_{k,ij} .

It is known that H^{W W}_{eff} contribution to Δm_K is dominated by the c-quark exchange and its value is still uncertain due to the large uncertainties of the hadronic matrix element

< K^0|(d̄γ_μ(1 − γ_5)s)^2|K̄^0 >= − 8 3 f^2_Km^2_KB_K (19) where B_K ranges from 1/3 [16] (by the PCAC and SU(3) symmetry), 3/4 [17] (in the limit of a large number of colors) to 1 [19] (by the vacuum insertion approximation). The results from QCD sum rule and Lattice calculations lie in this range. For small B_K, the short-distance H^{W W}_{eff} contribution to Δm_K fails badly to account for the measured mass difference.

In general, we obtain

Δm_K =

G^2_F 6π^2 f^2_KB_K m_Km^2_c sin^2 θ{η_{cc}B^{W W} (x_c) + 1 4 η^{HH}_{cc} y_c|ξ_c|^4B^{HH}_V (y_c) +2η^{HW}_{cc} y_c|ξ_c|^2B^{HW}_V (y_c, y_w) + B̃_K B_K ∑ k ( 2 √ 3πvm_K m_H0_k m_c

)^2Re(Y^d_{k,12})^2} (20)

which is subject to the experimental constraint [18]

Δm_K = 3.5 × 10^{−6}eV ∼ √ 2 G^2_F 6π^2 f^2_Km_Km^2_c sin^2 θ (21)

The effective Hamiltonian for B^0_d −B̄^0_d Mixing is calculated with the aid of the box diagrams in full analogy to the treatment of the K^0 − K̄^0 system. Its explicit expression can be simply read off from the one for K^0 − K̄^0 system by a corresponding replacement: s ↔ b. The ”standard approximation” made there, namely neglecting the external momenta of the quarks, is also reliable since dominant contributions come from the intermediate top quark. With this analogy, the considerations and discussions on K^0 − K̄^0 mixing can be applied to the B^0_d − B̄^0_d mixing for the contributions from box diagrams. As it is expected that |Γ_{12}|/2 ≪ |M_{12}| in the B-system (which is different from K-system), the mass difference for B^0_d − B̄^0_d system is given by Δm_B ≃ 2|M_{12}|.

The general form for the mass difference in the B^0_d − B̄^0_d system can be written Δm_B ≃ G^2_F 6π^2 (f_B √ B_Bη_{tt})^2m_Bm^2_t |V_{td}|^2 1 η_{tt} |{η_{tt}B^{W W} (x_t) + 1 4 η^{HH}_{tt} y_t|ξ_t|^4B^{HH}_V (y_t) (22)

+2η^{HW}_{tt} y_t|ξ_t|^2B^{HW}_V (y_t, y_w)] + B̃_B B_B ∑ k ( 2 √ 3πvm_B m_H0_k m_t

)^2 m_d m_b 1 V^2_{td} (Y^d_{k,13})^2}|

which is subject to the experimental constraint [18]

Δm_B = (3.1 ± 0.12) × 10^{−4}eV ∼

G^2_F 12π^2

(125MeV )^2m_B(176GeV )^2(sin θ = 0.22)^6 (23)

It is known that in the standard model the short-distance contribution to Δm_D from the box diagram with W-boson exchange is of order of magnitude Δm^{Box}_D ∼ O(10^{−9}) eV, here the external momentum effects have to be considered and were found to suppress the contribution by two orders of magnitude [20]. This is because of the low mass of the intermediate state. It is not difficult to see that the additional box diagram with charged-scalar exchange gives even smaller contribution except |ξ_s| is as large as |ξ_s| ∼ 2m_H+/m_s which is unreliable large for the present bound m_H+ > 54.5 GeV [21]. It has been shown that dominant contribution to Δm_D may come from the long-distance effect since the intermediate states in the box diagram are d- and s-quraks. The original estimations were found that Δm_D ∼ 3 × 10^{−5} eV [22] and Δm_D ∼ 1 × 10^{−6} eV [23]. An alternative calculation [24] using the heavy quark effective theory showed that large cancellations among the intermediate states may occur so that the long-distance standard model contribution to Δm_D is only larger by about one order of magnitude than the shortdistance contribution, which was also supported in a subsequent calculation [25].

With this in mind, we now consider the contribution to Δm_D from the neutral scalar interaction in the S2HDM. It is easy to read off from eq.(15)

Δm^H_D = 2|M^H_{12}| =

G^2_F 6π^2 f^2_DB̃_Dm_D( √ m_u m_c )^2m^2_s ∑ k ( 2 √ 3πvm_D m_H0_k m_s

)^2|Y^u_{k,12}|^2

= 0.64 × 10^{−4}( f_D √ B̃_D 210MeV )^2 3∑ k=1 ( 500GeV m_H0_k

)^2 |Y^u_{k,12}|^2 1 (24)

With the above expected values in the second line for various parameters, the predicted value for Δm_D can be closed to the current experimental limit |Δm_D| < 1.58 × 10^{−4} eV [18], this implies that a big D^0 − D̄^0 mixing which is larger than the standard model prediction is not excluded. With this analysis, we come to the conclusion that a positive signal of neutral D meson mixing from the future experiments at Fermilab, CESR at Cornell and at a τ -charm factory would be in favor of the S2HDM especially when the exotic neutral scalars are not so heavy.

We now proceed to study the constraints on the parameters of the model. Since the parameters ξ_{fi} and μ^f_{ij} are in general all free parameters, for simplicity we will consider the constraints in two extreme cases.

Case 1: the mass difference is purely explained through the additional box diagrams from two scalar-boson and one W-boson one scalar-boson. In this case, the parameter ξ_{fi} is of particular importance. Both its amplitude and phase will play an important role in the neutral meson mass difference and CP violation. It is quite different from the earlier analysis in type 1 and type 2 2HDM [26] in which the three couplings ξ_u, ξ_c, and ξ_t are equal, i.e., ξ_u = ξ_c = ξ_t = tan β . This is why the constraint from ϵ is much stronger than the one from Δm_K in those models. In the S2HDM, one has in general ξ_u ≠ ξ_c ≠ ξ_t, there are more degrees of freedom to fit ϵ and Δm_K, Δm_B as well as Δm_D . Since the main contribution to Δm_K comes from c-quark though the loop, the upper bound of ξ_c can be extracted from K^0 − K̄^0 mixing. The result is plotted in Fig.1. In the numerical calculations we take f_K = 161 MeV and B_K = 0.75. The rang of m^+_H is from 100 to 500 GeV. Since the bound of |ξ_c| strongly depends on the SM prediction on Δm_K, three different values of Λ_{QCD}(Λ_{QCD} = 0.21, 0.31, 0.41) have been used, the corresponding ratios to the experimental data (Δm_K)_{exp} are 0.52,0.67 and 0.91 [27]

In the B system, It is of interest to study its relative ratio to the SM, since large degree of uncertainty can be avoided from CKM matrix |V_{td}| and hardonic matrix elements. In Fig.2 we illustrate the relation between |ξ_t| and the charged Higgs mass m^+_H when the ratios of the HW and HH box diagram contributions to the WW-box diagram contribution in the SM are 2:1, 1:1 and 0.5:1.

As it is shown in Fig.1 and Fig.2, in general |ξ_c| is much larger than |ξ_t|. Even when the HW and HH contributions to Δm_B are twice as much as the SM one, |ξ_c| can still be larger than |ξ_t| by an order of magnitude.

FIGURES

FIG. 1. The upper bound of |ξ_c| with respect to the mass of the charged Higgs scalar in case 1. The three curves are corresponding to the ratios (Δm_K)_{SM} /(Δm_K)_{exp} = 0.52 (dotted), 0.67 (dashed) 0.91 (solid)

FIG. 2. The value of |ξ_t| with respect to the mass of charged Higgs m^+_H. The three curves are corresponding to the different ratios of HW and HH box diagram to the one from the SM: 2:1 (dotted), 1:1 (dashed), 0.5:1 (solid).

Case 2: the mass difference is fitted through neutral-scalar exchange at tree level. From Eq.(15) we know that the parameters arise in M^0_{12} are Y^f_{k,ij} rather then μ^f_{ij} . If S^f_{ij} is expected to be symmetric under the exchange i ↔ j and r_P 0 = 1, Y^f_{k,ij} gets the following simple form Y^f_{k,i,j} = O^H_{1k} Imμ^f_{ij} √m_im_j + σf O^H_{3k} Reμ^f_{ij} √m_im_j (25)

Hence both imaginary and real part of μ^f_{ij} are of importance. Futher more, the phases in μ^f_{ij} also provide a new source of CP violation as we have mentioned in the previous section. To simplify the discussions, we assume that one of the scalar-bosons, for example, the scalar h is much lighter than the other two scalars H and A. The scalar bosons H and A are assumed to be heavier than 500 GeV. The upper bounds can be obtained from K^0 − K̄^0, B^0 − B̄^0 and D^0 − D̄^0 mixings. The present consideration is more general than the one in [9] where all the couplings Y^f_{k,ij} are setted to be equal. As a consequence, the constraints from different meson mixings provide different upper bounds upon different Y^f_{k,ij} . The results are shown in Fig.3. It is seen from the fig.3 that the upper bound of Y^u_{k,12} is much higher than that from K^0 and B^0 system. This implies that a larger D^0 −D̄^0 mixing than the standard model prediction is possible.

FIG. 3. The m^0_h dependence of the upper bound of ReY^f_{k,ij} . ReY^d_{1,12} from K^0 − K̄^0(solid), ReY^d_{1,13} from B^0 − B̄^0(dashed) and ReY^u_{1,12} from D^0 − D̄^0(dotted). The mass of the other scalar m^0_A is fixed at m^0_A = 500 GeV.

III. CP VIOLATION AND UNITARITY TRIANGLE

Besides the neutral meson mass difference, the indirect CP violation parameter ϵ_K could also provide constraints on the values of ξ_{fi} and μ^f_{ij} . The standard definition of ϵ is ϵ = 1 √ 2 ( ImM_{12} 2ReM_{12} + ξ_0)e^{iπ/4} (26)

where ξ_0 = ImA_0/ReA_0 with |A_0| = (3.314±0.004)×10^{−7} GeV the isospin-zero amplitude of K → ππ decay. Usually, the ξ_0 term is relatively small as it is proportional to the small direct CP-violating parameter ϵ^′.

The first part of contribution to ϵ comes from the box diagram through W-boson and charged-scalar exchanges

ImM^{Box}_{12} = ImM^{W W}_{12} + ImM^{HH}_{12} + ImM^{HW}_{12} = G^2 12π^2 f^2_KB_Km_Km_im_j{ c,t∑ i,j Im(λ_iλ_j )ReB_{ij}(m_i, m_j; ξ_i, ξ_j ) +Re(λ_iλ_j )ImB_{ij}(m_i, m_j; ξ_i, ξ_j)} (27) where B_{ij}(m_i, m_j; ξ_i, ξ_j) depend on the integral functions of the box diagrams and their general form is given in the Appendix. The imaginary part ImB_{ij}(m_i, m_j; ξ_i, ξ_j ) arises from the complex couplings ξ_i.

The second part is due to the flavor changing neutral scalar inteactions at tree level ImM^H 0_{12} = G^2 12π^2 f^2_KB̃_Km_K( √ m_d m_s )^2m^2_c ∑ k ( 2 √ 3πvm_K m_H0_k m_c

)^2Im(Y^d_{k,12})^2 (28)

This provides a contribution to ϵ in almost any models which possess CP-violating flavor changing neutral scalar inteactions.

In particular, the parameter ϵ could receive large contributions from the long-distance dispersive effects through the π, η and η^′ poles [28]. For a quantitative estimate of these effects, we follow the analyses in refs. [28–31]

(ImM^′_{12})_{LD} = 1 4m_K π,η,η^0∑ i Im(< K^0|L_{eff} |i >< i|L_{eff} |K̄^0 >) m^2_K − m^2_π = 1 4m_K 2κ m^2_K − m^2_π

< K^0|L_−|π^0 >< π^0|L_+|K̄^0 >) (29) = G^2 12π^2 f^2_K B^′_Km_K( m_K m_s )^2 sin θm^2_s( √πα_s 2 3κA_{Kπ} 4m_s(m^2_K − m^2_π) ) · ∑ i [Imλ_iReP^H_i (m_i, ξ_i) + Reλ_iImP^H_i (m_i, ξ_i)] (30) where κ is found to be κ ≃ 0.15 when considering the SU(3)− breaking effects in the K −η_8 transition, and nonet-symmtry- breaking in K −η_o as well as η−η^′ mixing. We shall not repeat these analyses, and the reader who is interested in it is refered to the paper [31] and references therein. L_− and L_+ are CP-odd and CP-even lagrangians respectively (with convention L_{eff} = L_+ + iL_−). The L_− is induced from the gluon-penguin diagram with charged-scalar

L_− = f_sd̄σ_{μν} (1 + γ_5)λ^asG^a_{μν} − f_dd̄σ_{μν} (1 − γ_5)λ^asG^a_{μν} (31)

with f_q = G √ 2 g_s 32π^2 m_q ∑ i Im(ξ_qξ_iλ_i)y_iP^H_T (y_i) (32)

where P^H_T (y_i) is the integral function and presented in the Appendix. From f_s and f_d it is not difficult to read off the ReP^H_i (m_i, ξ_i) and ImP^H_i (m_i, ξ_i) (see Appendix). In obtaining the last expression of the above equation, we have used the result for the hadronic matrix element < K^0|L_−|π^0 >= (f_s − f_d)A_{Kπ} where A_{Kπ} has been computed in the MIT bag model and was found [32] to be A_{Kπ} = 0.4GeV^3 for α_s = 1, and the convention < π^0|L_+|K̄^0 >=^1_2Gf^2_K B^′_Km^2_K(2m_K/m_s)^2 sin θ, where B^′_K is introduced to fit the experimental value < π^0|L_+|K̄^0 >= 2.58 × 10^{−7}GeV^2 and is found to be B^′_K = 1.08. We then obtain √ πα_s3κA_{Kπ}/[4 √ 2m_s(m^2_K − m^2_π)] ≃ 1.4.

Neglecting the t− and u−quark contributions and also the terms proportional to m_d in comparison with the terms proportional to m_s, the total contributions to the CP-violating parameter ϵ can be simply calaculated from the following formula

|ϵ| = 3.2 × 10^{−3}B_K( |V_{cb}| 0.04

)^2 2|V_{ub}| |V_{cb}||V_{us}| sin δ_{KM} {− 1 4 [η_{cc}B^{W W} (x_c) + 1 4 η^{HH}_{cc} y_c|ξ_c|^4B^{HH}_V (y_c) + 2η^{HW}_{cc} y_c|ξ_c|^2B^{HW}_V (y_c, y_w)] +( |V_{cb}|m_t 2m_c )^2(1 − |V_{ub}| |V_{cb}||V_{us}| cos δ_{KM} )[η_{tt}B^{W W} (x_t) + 1 4 η^{HH}_{tt} y_t|ξ_t|^4B^{HH}_V (y_t) + 2η^{HW}_{tt} y_t|ξ_t|^2B^{HW}_V (y_t, y_w)] + m_t 4m_c [η_{ct}B^{W W} (x_c, x_t) + 1 2 η^{HH}_{ct} √ y_cy_t|ξ_c|^2|ξ_t|^2B^{HH}_V (y_c, y_t) +4η^{HW}_{ct} √ y_cy_tRe(ξ_cξ_t)B^{HW}_V (y_c, y_t, y_w)]} (33)

+2.27 × 10^{−3}

Im(Ỹ^d_{k,12})^2 6.4 × 10^{−3} B̃_K ∑ k ( 10^3GeV

m_H0_k

)^2

+2.27 × 10^{−3}Im(ξ^∗_c ξ^∗_s )^2 6.8GeV^2 m^2_H+ B̃_K(lnm^{2H}+ m^2_c

− 2)

+2.27 × 10^{−3}Im(ξ_cξ_s) 37GeV^2 m^2_H+ B^′_K(ln m^2_H+ m^2_c − 3 2 ) + ξ_o √ 2 where we have used the experimental constraint on 2ReM_{12} = Δm^{exp.}_K

It is analogous to the section 2, we consider the contributions to ϵ in two different cases. The first one, CP violation is governed by the induced KM mechanism, i.e., the first term of the above equation becomes dominant. In this case, new contributions come from the box diagrams of two charged-scalar, and one W-boson and one charged scalar exchanges. Since the expression contains Re(ξ_cξ_t), the relative phase θ between ξ_c and ξ_t, i.e., Re(ξ_cξ_t) = |ξ_c||ξ_t| cos θ, may play an important role. It is of interest to illustrate how such effects can influence the determination of the unitarity triangle. In Fig.4, the constraint to the vertex of the unitarity triangle is given from |V_{ub}|, Δm_B and ϵ. Here the new physics effect can change the value of |V_{td}| and the shape of the bounds from ϵ. It is different from the ref. [10] in which |V_{td}| was fixed and taken the value |V_{td}| = 0.0084. In our numerical calculations, we take |ξ_c| = 9.8 and |ξ_t| = 0.54, the mass of charged Higgs is fixed at M^+_H = 200 GeV. The relative phase between them is taken to be π/3 and 2π/3 as two examples. The other input parameters are: B_K = 0.75±0.15, |V_{ub}|/|V_{cb}| = 0.08±0.02 and |V_{cb}| = 0.04. For a comparison, we carry out a similar calculation in the SM with the same parameters, the result is plotted in Fig.5. It is found that the shape of the triangle can be largely changed when taking different values of the relative phase between ξ_c and ξ_t. The angle β of the triangle may be extremely small when cos θ is close to 1.

The second case, ϵ_K receives contributions from both the charged-scalar and the neutral-scalar exchanges. This case is more important than the one in which only the neutral-scalar exchange is dominant. This is because the relative phase between the the two contributions can largely affect the determination of |V_{td}|. To illustrate such phase effect, we choose the ratio between the charged- and neutral-scalar contributions to Δm_B to be 2:1, and take four typical values for the relative phase between them as 0, π/3, 2π/3 and π. As it was pointed out by Soares and Wolfenstein [33] that if such phase emerges, then the unitarity angle extracted from B → J/ψK_S will be the total phase ϕ_M rather than β. Here ϕ_M is defined by

M^{total}_{12} = |M^{SM}_{12} + M^{NEW}_{12} | exp^{2iϕM}

with the index ’SM’ and ’NEW’ denoting the contributions from the SM and new physics. Recently, the preliminary measurement of B → JψK_S was reported by CDF Collaboration [34] with a_{ψKS} = 0.79^{+0.41}_{−0.44}. However, the resulting constraints on new physics are not very strong [35] due to the large errors. A more precise measurement is expected at B factories.

In Fig.6, we plot the value of V_{td} extracted from Δm_B in the ρ − η plane without considering the uncertainty of B_K(B_K = 0.75). The four curves are corresponding to the above four cases. The figure shows that the additional phase from Y^f_{k,ij} can strongly change the value of V_{td}. Its modulus varies in the interval between 0.7 and 1.2 in this situation.

As an example, the influence on the determination of the unitarity triangle in the case 3 (see fig. 6) is plotted in Fig.7. The bounds from ϵ become lower than that from the SM due to the relative phase effect. As the three bounds from |V_{ub}|, Δm_B and ϵ still have area in common, the triangle remains to be closed. However, as we have mentioned above, when the angle β is extracted from B → J/ψK_S , its value will be the total phase ϕ_M which may be much larger. As a consequence, it could make the unitarity triangle to be ‘open. This possibility has been shown to happen in the case 3, where tan ϕ_M is three times as large as tan β.

FIG. 4. The constraints on the unitarity triangle in η − ρ plane, the two different triangles correspond to θ = π/3 (case a) and θ = 2π/3 (case b). Where θ is the relative phase between ξ_c and ξ_t. Other parameters are B_K = 0.75 ± 0.15, |V_{ub}|/|V_{cb}| = 0.08 ± 0.02 and |V_{cb}| = 0.04. The allowed region between the two dashed curves are from |V_{cb}|, the allowed region between two dotted curves are from Δm_B and the allowed region between two solid curves are from |ϵ_K| (the two curves below are for the case a for θ = π/3 and the two curves above are for the case b for θ = 2π/3.)

FIG. 5. The constraints on the unitarity triangle from SM. The parameters B_K , |V_{ub}|, |V_{cb}| are as the same as in Fig.4

FIG. 6. Constraints on V_{td} from Δm_B. The relative phase between charged- and neutral-scalar exchange is taken to be 0(case 1, solid),π/3( case 2, dashed),2π/3(case 3, dash-dotted) and π(case 4, dotted)

FIG. 7. The constraints on the unitarity triangle in case 3, where tan ϕ_M is three times as large as tan β

IV. CONCLUSIONS

In conclusion, we have studied one of the simplest extentions of the standard model with an extra Higgs doublet, which we have simply called as an S2HDM, some constraints on the parameters in the S2HDM have been obtained from F^0 − F̄^0 mixing processes. It has been shown that in general ξ_u ≠ ξ_c ≠ ξ_t and |ξ_c| ≫ |ξ_t|. A much larger D^0 −D̄^0 mixing than the SM prediction is possible. Various sources of CP violation have been discussed. Their influences on the determination of the unitarity triangle have also been studied in detail. We found that angle β of unitarity triangle could be largely suppressed due to the new contribution from Higgs box diagrams. The phase from neutral Higgs exchange could strongly affect the extraction of β from B → J/ψK_S. In some cases, such an effect could be so large that the unitarity triangle cannot remain to be closed. In particular, it may even result in the angle β determined from fitting the quantities |V_{ub}|, Δm_K and ϵ being different from the one extracted from the decay process B → J/ψK_S . If it is so, a clear signal of new physics is indicated.

Acknowledgments: This work was supported in part by the NSF of China under the grant No. 19625514.

Appendix

In this appendix, we present some functions and quantities appearing in the text. A. The integral functions from the box diagrams with W boson and charged scalar exchanges

B^{W W} (x, x^′) = √ xx^′{ 1 4 + 3 2 1 1 − x − 3 4 1 (1 − x)^2 ln x x − x^′ +(x ↔ x^′) − 3 4 1 (1 − x)(1 − x^′) } B^{W W} (x) = 1 4 + 9 4 1 1 − x − 3 2 1 (1 − x)^2 + 3 2 x^2 (1 − x)^3 ln x

B^{HH}_V (y, y^′) = 16π^2m^2_HI_4 = y^2 (y − y^′)(1 − y)^2 ln y + (y ↔ y^′) + 1 (1 − y)(1 − y^′) B^{HH}_V (y) = 16π^2m^2_HI_1 = 1 + y (1 − y)^2 + 2y (1 − y)^3 ln y

B^{HW}_V (y, y^′, y_W ) = 16π^2m^2_H( 1 4 I_6 + m^2_W I_5) =

(y_W − 1/4) ln y_W (1 − y)(1 − y^′)(1 − y_W ) − y(y_W − y/4) (y − y^′)(1 − y)(y − y_W ) ln y_W y + (y ↔ y^′)

B^{HW}_V (y, y_W ) = 16π^2m^2_H( 1 4 I_3 + m^2_W I_2) = y_W − 1/4y (1 − y)(y − y_W ) + (y_W − 1/4) (1 − y)^2(1 − y_W ) ln y + 3 4 y^2_W (y_W − y)^2(1 − y_W ) ln y_W y B^{HH}_S (y, y^′) = − y ln y (y − y^′)(1 − y)^2 ln y − (y ↔ y^′) − 1 (1 − y)(1 − y^′) B^{HH}_S (y) = − 1 (1 − y)^2 [ 1 + y 1 − y ln y + 2]

B^{HW}_S (y, y^′, y_W ) = 16π^2m^2_HI_6 = − ln y_W (1 − y)(1 − y^′)(1 − y_W )

+ y^2 (y − y^′)(1 − y)(y − y_W ) ln y_W y + (y ↔ y^′)

B^{HW}_S (y, y_W ) = 16π^2m^2_HI_3 = − y (1 − y)(y − y_W ) − ln y (1 − y)^2(1 − y_W ) − y^2_W (y_W − y)^2(1 − y_W ) ln y_W y B^{HW}_T (y, y^′, y_W ) = 16π^2m^2_Hm^2_W I_5 = y_W { ln y_W (1 − y)(1 − y^′)(1 − y_W ) + y ln y/y_W (y − y^′)(1 − y)(y − y_W )

+ (y ↔ y^′)

B^{HW}_T (y, y_W ) = 16π^2m^2_Hm^2_W I_2 = y_W { 1 (1 − y)(y − y_W ) + ln y (1 − y)^2(1 − y_W ) − y_W ln y/y_W (y_W − y)^2(1 − y_W )

where the functions I_i (i = 1, · · · , 6) are the euclidean integrals [36]:

I_1(m) = 1 16π^2 [ M^2_H + m^2 M^2_H − m^2)^2 + 2m^2M^2_H M^2_H − m^2)^3 ln ( m^2 M^2 )]

I_2(m) = −1 16π^2M^2_W M^2_H [ M^2_W ln(M^2_H /m^2)

(M^2_H − M^2_W ) + M^2_W ln(M^2_W /m^2)

(M^2_W − M^2_H ) + 1 ]

I_3(m) = 1 16π^2 [ ln(M^2_H /M^2_W ) (M^2_H − M^2_W ]

I_4(m_i, m_j) = 1 16π^2 [ m^4_i ln(m^2_i /M_H )^2 (m^2_i − m^2_j )(M^2_H − m^2_i )^2 + m^4_j ln(m^2_j /M_H )^2 (m^2_j − m^2_i )(M^2_H − m^2_j )^2 + M^2_H (M^2_H − m^2_i )(M^2_H − m^2_j ) ]

I_5(m_i, m_j) = 1 16π^2 [ M^2_H ln(M^2_W /M^2_H ) (M^2_H − M^2_W )(M^2_H − m^2_i )(M^2_H − m^2_j ) + m^2_i ln(M^2_W /m^2_i ) (m^2_i − M^2_W )(m^2_i − M^2_H )(m^2_i − m^2_j ) + m^2_j ln(M^2_W /m^2_j ) (m^2_j − M^2_W )(m^2_j − M^2_H )(m^2_j − m^2_i ) ]

I_6(m_i, m_j) = 1 16π^2 [ M^4_H ln(M^2_H /M^2_W ) (M^2_H − M^2_W )(M^2_H − m^2_i )(M^2_H − m^2_j ) + m^4_i ln(m^2_i /M^2_W ) (m^2_i − M^2_W )(m^2_i − m^2_H)(m^2_i − m^2_j ) + m^4_j ln(m^2_j /M^2_W ) (m^2_j − M^2_W )(m^2_j − m^2_H)(m^2_j − m^2_i ) ]

B. The quantities used for calculating the CP-violating parameter ϵ.

B_{ij}(m_i, m_j) = √ y_iy_j{ 1 4 |ξ_i|^2|ξ_j|^2B^{HH}_V (y_i, y_j) + 2Re(ξ_iξ^∗_j )B^{HW}_V (y_i, y_j, y_W )}

+η_{ij}B^{W W} (x_i, x_j) + m^2_s 4m_im_j { B̃_K B_K ( m_K (m_d + m_s)

)^2 √ y_iy_jB^{HH}_S (y_i, y_j)ξ^2_{ij} +2 m_d m_s √ y_iy_jB^{HH}_V (y_i, y_j)[ξ_sξ^∗_dξ_iξ^∗_j + 1 2 √ m_dm_s m_im_j (ξ_sξ^∗_d)^2]} with

ξ^2_{ij} = (ξ_iξ_s − m_d m_s ξ^∗_i ξ^∗_d)(ξ_j ξ_s − m_d m_s ξ^∗_j ξ^∗_d ) − 2r̃_K m_d m_s ξ_iξ_s(ξ_jξ_d)^∗

The involved functions arise from the box graphs. From gluonic penguin graph with charged scalar exchange, we have

P^H_T (y_i) = 1 2(1 − y_i) + 1 (1 − y_i)^2 + 1 (1 − y_i)^3 ln y_i and P^H_i (m_i, ξ_i) = (ξ_sξ_i − m_d m_s ξ_dξ_i)y_iP^H_T (y_i)

REFERENCES

[1] M.Kobayashi and T.Maskawa, Prog.Theor.Phys.49,652(1973). [2] P. Sikivie, Phys. Lett. B65, 141 (1976);

H.E. Haber, G.L. Kane and T. Sterling, Nucl. Phys. B161, 493 (1979); N.G. Deshpande and E. Ma, Phys. rev. D18, 2574 (1978); H. Georgi, Hadronic J. 1, 155 (1978);

J.F. Donoghue and L.-F. Li, Phys. Rev. D19, 945 (1979); A.B. Lahanas and C.E. Vayonakis, Phys. Rev. D19, 2158 (1979); L.F. Abbott, P. Sikivie and M.B. Wise, Phys. Rev. D21, 1393 (1980); G.C. Branco, A.J. Buras and J.M. Gerard, Nucl. Phys. B259, 306 (1985); B. McWilliams and L.-F. Li, Nucl. Phys. B179, 62 (1981); J.F. Gunion and H.E. Haber, Nucl. Phys. B272, 1 (1986); J. Liu and L. Wolfenstein, Nucl. Phys. B289, 1 (1987).

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

[4] A. Antaramian, L.J. Hall, and A. Rasin, Phys. Rev. Lett. 69, 1871 (1992). [5] W.S. Hou, Phys. Lett. B296, 179 (1992);

D.W. Chang, W.S. Hou and W.Y. Keung, Phys. Rev. D48, 217 (1993); M.J. Savage, Phys. Lett. B266, 135 (1991).

[6] L.J. Hall and S. Weinberg, Phys. Rev. D48, 979 (1993).

[7] Y.L. Wu and L. Wolfenstein, Phys. Rev. Lett. 73, 1762 (1994); L. Wolfenstein and Y.L. Wu, Phys. Rev. Lett., 73, 2809 (1994).

[8] Y.L. Wu, in: Proceedings at 5th Conference on the Intersections of Particle and Nuclear Physics, St. Petersburg, FL, 31 May- 6 Jun 1994, pp338, edited by S.J. Seestrom (AIP, New York, 1995), hep-ph/9406306;

Carnegie-Mellon Univ. report, CMU-HEP94-01, hep-ph/9404241, 1994 (unpublished).

[9] D.Atwood, L.Reina and A.soni, phys. Rev. D55, 3156 (1997).

[10] D. Bowser-Chao , K. Cheung, and Wai-Yee Keung, Phys.Rev. D59 115006, (1999). [11] K. Kiers, A. Soni, and G.H. Wu, hep-ph/9810552. [12] T.D. Lee, Phys. Rev. D8, 1226 (1973); Phys. Rep. 9, 143 (1974). [13] G. Barr et al., NA31 Collaboration, Phys. Lett. B317, 233 (1993). [14] KTeV collaboration, http://fnphyx-www.fnal.gov/experiments/ktev/ktev.html. [15] For the most recent analysis see, Y.L. Wu, AS-ITP-99-10, 1999. [16] J.F. Donoghue, E. Golowich and B.R. Holstein, Phys. Lett. B119, 412 (1983). [17] W.A. Bardeen, A.J. Buras and J.-M. Gérard, Phys. Lett. B211, 343 (1988). [18] Particle Data Group, Euro. Phys. J. C3, 1 (1998). [19] M.K. Gaillard and B.W. Lee, Phys. Rev. D10, 897 (1974). [20] A. Datta and D. Khumbhakar, Z. Phys. C27, 515 (1985). [21] P. Abreu, et. al., Phys. Lett. B420, 140 (1998). [22] L. Wolfenstein, Phys. Lett. B164, 170 (1985).

[23] J.F. Donoghue, E. Golowich and B.R. Holstein, Phys. Rev. D33, 179 (1986). [24] H. Georgi, Phys. Lett. B297, 353 (1992).

[25] T. Ohl, G. Ricciardi and E. Simmons, Harvard University Report No. HUTP- 92/A053, 1992.

[26] G.G.Athhanasiu and F.J.Gilman, Phys.Lett.B153,274(1985).

P.A.S.De Sousa Gerbert, Nucl.Phys.B272,581(1986) [27] S.Herrlich and U.Nierste Phys. Rev. D52,6505(1995). [28] Y. Dupont and T.N. Pham, Phys. Rev. D28, 2169 (1983);

D. Chang, Phys. Rev. D25 (1982) 1318; J. Haglin, Phys. Lett. B117, 441 (1982). [29] J.F. Donoghue and B.R. Holstein, Phys. Rev. D32, 1152 (1985). [30] H.Y. Cheng, Phys. Rev. D34, 1397 (1986).

[31] H.Y. Cheng, Int. J. Mod. Phys. A7, 1059 (1992), and references therein. [32] J.F. Donoghue, J.S. Hagelin and B.R. Holstein, Phys. Rev. D25, 195 (1982). [33] M.Soares and L. Wolfenstein Phys. Rev. D47, 1021 (1993). [34] CDF Collaboration, CDF/PUB/BOTTOM/CDF/4855 (1999). [35] G.Barenboim, G.Eyal and Y.Nir, hep/9905397.

[36] L.F. Abbott, P.Sikivie and M.B. Wise, Phys.Rev.D21,1393 (1980).