arXiv:hep-ph/0109151 v2 14 Oct 2001

hep-ph/0109151 IMSc/2001/09/50

Squark Mixing Contributions to CP violating phase γ

Darwin Chang^{a,b}, We-Fu Chang^{a,c}, Wai-Yee Keung^d Nita Sinha^e and Rahul Sinha^e

aNCTS and Physics Department, National Tsing-Hua University, Hsinchu 30043, Taiwan, R.O.C.

b Lawrence Berkeley Laboratory, University of California, Berkeley, CA , USA c TRIUMF, Vancouver, BC V6T2A3, Canada dPhysics Department, University of Illinois at Chicago, Illinois 60607-7059, USA eThe Institute of Mathematical Sciences, Taramani, Chennai 600 113, India

Abstract We investigate the possibility that the CP violation due to the soft supersymmetry breaking terms in squark mixing can give significant contributions to the various γ related parameters in B decays, different from those of the Standard Model. We derive the new limits on (δ^u_{12})_{LL,LR,RR} and on (δ^d_{23})_{LL,LR,RR} from the recent data on D^0–D̄^0 oscillation as well as those on B^0_s –B̄_s^0 oscillation. We show that, together with all the other constraints, the currents limits on these parameters still allow large contributions to the CP violating phases in B^0_s –B̄_s^0 as well as D^0–D̄^0 oscillations which will modify some of the proposed measurements of γ parameters in CP violating B decays. However, the current constraints already dictate that the one-loop squark mixing contributions to various B decay amplitudes cannot be competitive with that of the Standard Model (SM), at least for those B decay modes which are dominated the tree level amplitudes within the SM, and therefore they are not significant in contributing to CP asymmetries in the corresponding B decays.

PACS numbers: 14.80.Cp, 11.30.Er, 12.60.Jv, 14.40.Nd

1 Introduction

With the B factories producing physics at full steam, it is important to investigate critically the possibility of distinguishing standard Kobayashi-Maskawa (KM) [1] model from the other alternatives of CP violation. In particular, one needs to investigate if there is any non-KM mechanism that contributes to the measurement of CP violating phases which within the KM context, are labeled as α, β and γ (or ϕ_{1,2,3} in another popular convention in the literature). In fact, it is interesting to note that some of the CP violating asymmetries in B decays, which within the KM mechanism are considered identical, may correspond to different numerical asymmetries in an alternative theory of CP violation.

One of the leading extensions of the Standard Model is the supersymmetric version of the theory. The addition of supersymmetric partners, as well as the necessity of supersymmetry breaking creates large variations of such models. In this paper we shall assume that the spectrum of the supersymmetric extension is minimal in the sense that no additional supermultiplet is introduced beyond the usual two copies of the Higgs doublet needed for fermion masses. In this theory, the new parameters are the coupling constants related to soft supersymmetry breakings. It is well known that these soft breaking parameters can give rise to new sources of CP violation.

Among these soft breaking parameters, the ones most relevant to CP violation in K or B decays are the dim-2 soft squark mixing parameters (the matrices M^2_{Q̃} for left-handed squarks, and, M^2_Ũ , M^2_{D̃} for right-handed squarks), as well as the dim-3 trilinear scalar Yukawa couplings (Y^A_u , Y^A_d ) which, after the spontaneous symmetry breaking, creates the mixings between left- and right-squarks (the matrices Y^A_u ⟨H_u ⟩ and Y^A_d ⟨H_d⟩, here we follow the notation of Ref.[2]). There are many discussions in the literature about whether the new supersymmetric contributions can give large enough ϵ and ϵ^′ [2, 3, 4].

In Ref.[2], it was pointed out that even though the natural value of (δ^d_{12})_{LR} in generic models may be of order 10^{−5}, its contribution is big enough to saturate the experimental value for ϵ^′_K . One may wonder whether it is possible to use (δ^d_{12})_{LR} to saturate both ϵ_K and ϵ^′_K in kaon system[2, 5]. However it was pointed out [6] that in order to saturate both, the absolute value of (δ^d_{12})_{LR} has to be about 3 × 10^{−3} which is larger than its generic value.

On the other hand, in Ref.[4], it was pointed out that if one takes into account the isospin breaking effect of the supersymmetric ΔS = 1 box diagrams, it is possible to account for ϵ^′ even using the Im(δ^d_{12})_{LL} with a mild fine-tuning. Note that, as emphasized in Ref.[6], while δ_{LR}’s should be generically small due to its SU(2) breaking character, δ_{LL} and δ_{RR} do not have to be small. This opens up the possibility to use (δ^d_{12})_{LL} alone to saturate both ϵ and ϵ^′.

In Ref.[7], it was pointed out that while it is possible for (δ^d_{13})_{LR} to contribute to β parameter in B decays due to the B^0_d –B̄^0_d oscillation, however its generic value is typically too small to account for the recent data from B factories, sin 2β = 0.59 ± 0.14 ± 0.05 (for Babar[8]) and sin 2β = 0.99 ± 0.14 ± 0.06 (for Belle[9]).

The purpose of this paper is to address the issue whether these new supersymmetric sources of CP violation can give rise to asymmetries which are usually associated with γ. We will consider only those B or B_s decay modes whose amplitudes are dominated by tree amplitudes within Standard Model (that is, the modes without “Penguin pollution”). We call these decays, non-Penguin type. We shall briefly comment on modes with Penguin contributions later on.

We first derive constraints on squark mixing parameters based on the most recent data on B_s–B̄_s and D^0–D̄^0 oscillations. Within SUSY, ΔB = 1 box diagrams also arise. These can contribute even to modes that have only tree level contributions within the SM. Using the constraints obtained on the squark mixing parameters, we show that the contributions of ΔB = 1 SUSY box diagrams to the these (non-Penguin) B decays are negligible. However, we find that SUSY contribution can give rise to CP asymmetries through either the initial state B^0_s –B̄^0_s oscillation or the final state D^0–D̄^0 oscillation. We compare these asymmetries with the predictions of KM model.

2 New Limits on Squark Mixings

In a comprehensive paper[10], Gabbiani et. al. work out various limits on the flavor changing couplings (δ^q_{ij} )_{LL,LR,RR}, where q can be u(up-type), d(down-type) or ℓ(lepton), and ij are generation indices. The δ’s are dimensionless parameters defined as

(δ_{ij} )_{AB} = (m^2_{ij} )_{AB} /m^2_{q̃}, (1) where AB and ij stand for the chirality and flavor respectively. For our purpose we will need only (δ^u_{12})_{LL,LR,RR} and (δ^d_{23})_{LL,LR,RR}. The earlier limits on these parameters, given in Ref.[10], are summarized in Tables 1 and 2.

Recently there are new measurements on the D^0–D̄^0 oscillation as well as on the B^0_s –B̄_s^0 oscillation. They can be translated into new limits on these δ parameters. In particular, for D^0–D̄^0 oscillation, the new measurements give △m_D < 0.461 × 10^{−10}MeV (in Ref.[11]). For B_s-B̄_s, the data have so far not been able to set a solid upper limit on the oscillation frequency, ΔM_s, due to the error in the measurement of the higher frequency region [12]. The combined data from LEP and SLD give ΔM_{Bs} > 15 ps^{−1} at 95 % C.L. However, a hint of oscillation is observed (with large error) around Δm_{Bs} of 17 ps^{−1} [12]. The new measurements from LEP and CDF can also be combined to give ΔΓ_s/Γ_s = 0.16^{+0.08}_{−0.09}, or ΔΓ_s/Γ_s < 0.31, at 95% C.L. This can be combined with the lattice calculation of ΔΓ_s/ΔM_{Bs} = 3.5^{+0.94}_{−1.55} × 10^{−3}[13] in SM, to give △m_{Bs} = (29^{+16}_{−21}) ps^{−1} . In presence of SUSY contributions, we expect, this lattice estimate to change. To obtain reasonable limits on the δ_{23} parameter, we use the suggestive values of Δm_{Bs} = 8, 17, 45 ps^{−1} as typical value in our study. Note that these are not yet serious experimental limits, however as commented later, our physical conclusions on B decays in the next section, are not significantly altered even if ΔM_{Bs} turns out to be one order of magnitude larger.

x √| | |ℜ (δ^u_{12})^2_{LL} | | √| | |ℜ (δ^u_{12})^2_{LR} | | √ |ℜ (δ^u_{12})_{LL} (δ^u_{12})_{RR}|

0.3 4.7 × 10^{−2} 6.3 × 10^{−2} 1.6 × 10^{−2} 1.0 1.0 × 10^{−1} 3.1 × 10^{−2} 1.7 × 10^{−2} 4.0 2.4 × 10^{−1} 3.5 × 10^{−2} 2.5 × 10^{−2} Table 1: Limits on Re (δ^u_{12})_{AB} (δ^u_{12})_{CD} from △m_D, with A, B, C, D = (L, R), for an average squark mass m_{q̃} = 500GeV and for different values of x = m^2_{g̃}/m^2_{q̃} .

x | | | ( δ^d_{23} ) LL | | | | | | ( δ^d_{23} ) LR | | |

0.3 4.4 1.3 × 10^{−2} 1.0 8.2 1.6 × 10^{−2} 4.0 26 3.0 × 10^{−2}

Table 2: Limits on the | | |δ^d_{23} | | | from b → sγ decay for an average squark mass m_{q̃} = 500 GeV and for different values of x = m^2_{g̃}/m^2_{q̃} . For different values of m_{q̃}, the limits can be obtained multiplying the ones in the table by (m_{q̃}/500 GeV)^2.

For B^0_s –B̄^0_s oscillation, the (δ^d_{23})_{ab} mixing contributes to the operator

Q_1 = s̄^α_Lγ_μb^α_Ls̄^β_Lγ^μb^β_L , Q_2 = s̄^α_Rb^α_Ls̄^β_Rb^β_L , Q_3 = s̄^α_Rb^β_Ls̄^β_Rb^α_L , Q_4 = s̄^α_Rb^α_Ls̄^β_Lb^β_R , Q_5 = s̄^α_Rb^β_Ls̄^β_Lb^α_R , (2)

plus the operators Q̃_{1,2,3} obtained from the Q_{1,2,3} by the exchange L ↔ R. Here q_{R,L} = 1 2 (1 ± γ_5)q, and α and β are color indices. The color matrices normalization is Tr(t^At^B) = 1 2 δ^{AB}. The ΔB = 2 effective Hamiltonian reads:

Heff = − α^2_s 216m^2_{q̃} { ( δ^d_{23}

)_2 LL ( 24 Q_1 x f_6(x) + 66 Q_1 f̃_6(x) )

+ ( δ^d_{23}

)_2 RR ( 24 Q̃_1 x f_6(x) + 66 Q̃_1 f̃_6(x) ) + ( δ^d_{23} ) LL ( δ^d_{23} ) RR ( 504 Q_4 x f_6(x) − 72 Q_4 f̃_6(x) + 24 Q_5 x f_6(x) + 120 Q_5 f̃_6(x) ) + ( δ^d_{23}

)_2

RL (204 Q_2 x f_6(x) − 36 Q_3 x f_6(x)) + ( δ^d_{23}

)_2 LR ( 204 Q̃_2 x f_6(x) − 36 Q̃_3 x f_6(x) )

+ ( δ^d_{23} ) LR ( δ^d_{23} ) RL ( −132 Q_4 f̃_6(x) − 180 Q_5 f̃_6(x) )} , (3) where x = m^2_{g̃}/m^2_{q̃} , m_{q̃} is the average squark mass involved in the box diagram, m_{g̃} is the gluino mass and the functions f_6(x) and f̃_6(x) are given by :

f_6(x) =

6(1 + 3x) ln x + x^3 − 9x^2 − 9x + 17 6(x − 1)^5 , f̃_6(x) = 6x(1 + x) ln x − x^3 − 9x^2 + 9x + 1 3(x − 1)^5

. (4)

Note that f_6(x = 1) = 1/20 while f̃_6(x = 1) = −1/30, therefore they cancel a lot in the combination 24xf_6(x) + 66f̃_6(x) = −1 for x = 1.

The matrix elements of the operators Q_1, Q_2 are defined as ⟨B̄_s|Q_1|B_s⟩ = 2 3 f^2_{Bs} M^2_{Bs} B, (5) ⟨B̄_s|Q_2|B_s⟩ = − 5 12 f^2_{Bs} M^2_{Bs} M^2_{Bs} (m̄_b + m̄_s)^2 B_S , ≡ − 5 12 f^2_{Bs} M^2_{Bs}B̄_S . (6)

The matrix elements of the other operators in Eq.(2) can be obtained in terms of those given in Eqs.(5,6). The bag factors B and B_S parameterize the non perturbative contributions to the matrix elements and have been evaluated [14] on the lattice to be B = 0.9±0.1 and B̄_S = 1.25 ± 0.1.

Similar equations apply to the calculation of the mass difference of D^0-D̄^0 system. Using the same naive estimate of hadronic matrix element used in Ref.[10], the results may be summarized in Table 3. Note that, while for the B_s, the hadronic matrix elements discussed above, have been obtained with some rigor, those for the D meson assume an universal bag parameter of unity.

As one can see by comparing Table 3 with Table 1 and Table 2, the recent (and coming) data do provide significant improvement on the limits on (δ^u_{12})_{AB} .

x √| | |ℜ (δ^u_{12})^2_{LL} | | | √| | |ℜ (δ^u_{12})^2_{LR} | | | √ |ℜ (δ^u_{12})_{LL} (δ^u_{12})_{RR}|

0.3 2.58 × 10^{−2} 3.43 × 10^{−2} 8.52 × 10^{−3}

1.0 5.46 × 10^{−2} 1.72 × 10^{−2} 9.49 × 10^{−3}

4.0 1.28 × 10^{œ[B−1} 1.90 × 10^{−2} 1.34 × 10^{−2}

x √| | |ℜ ( δ^d_{23}

)_2 LL | | | √| | |ℜ ( δ^d_{23}

)_2 LR | | | √| | |ℜ ( δ^d_{23} ) LL ( δ^d_{23} ) RR | | |

0.3 0.16, 0.23, 0.38 0.20, 0.29, 0.46 0.06, 0.08, 0.13

1.0 0.34, 0.50, 0.81 0.11, 0.17, 0.27 0.06, 0.09, 0.15

4.0 0.80, 1.17, 1.90 0.13, 0.18, 0.30 0.09, 0.13, 0.21

Table 3: Values of Re (δ_{ij})_{AB} (δ_{ij} )_{CD} , with A, B, C, D = (L, R). The upper part of the

table are derived from saturating △m_D < 0.479 × 10^{−10} MeV by squark mixing contribu-

tion. The lower part of the table are based on suggestive values △m_{Bs} = 8, 17, 45 ps^{−1}.

We use an average squark mass m_{q̃} = 500 GeV and choose different values of x = m^2_{g̃}/m^2_{q̃} .

The constraints on (δ_{ij} )_{RR} are the same as those on (δ_{ij} )_{LL} in the Table.

3 SUSY contributions to γ

The clean measurement of γ has been a challenge, leading to several attempts at providing

feasible techniques to measure it. SUSY contributions to γ therefore vary, depending on

the method used. We therefore first discuss the various methods proposed to measure

γ. The original suggestion [15] for cleanly measuring γ involved the decays B^± → (—) D^0

K^± and D^0_{CP} K^±, where D^0_{CP} stands for the CP eigenstate of D. However, since it is

virtually impossible to tag the flavor of the D meson, the method was improved. Ref. [16]

considered the (—) D^0 produced, to subsequently decay to at least two final states. The mode B^± → (—) D^{0∗}K^{∗±} was proposed in Ref. [17]. For the purpose of this paper the arguments

made to the generic mode B^± → (—) D^0 K^± applies to all the methods in Ref.[15, 16, 17].

Alternative modes involving B_s mesons have also been suggested to measure γ. They include B^0_s /B^0_s → D^∓_s K^± [18] (see Fig. 1) and its final state vector meson analogue B^0_s /B^0_s → D^∗_s^∓K^{∗±}[19]. One may note that all the modes discussed above only have tree level contributions. Other methods involving B → Kπ together with B → KK, etc., which include penguin contribution, have also been considered[20]. However, they involve theoretical assumptions like the inherent use of SU(3) or factorization assumption.

All CP asymmetries arise from a relative phase between two decay channels to the same final state. This may arise either due to two or more contributions to the direct decay or, due to the oscillation of the initial or final state neutral meson.

Let us consider the CP asymmetry appearing in charged decay modes B^± → D^0K^± or D̄^0K^±. In SM, the first stage of the decay subprocess at quark level is either due to b → u(c̄s), which is severely Cabbibo suppressed but complex in the Wolfenstein (or Chau-Keung) convention[21], or, due to b → c(ūs) which is doubly Cabbibo suppressed and real in the same convention. By observing decays of D^0 and D^0 to a common final state f (which may be a CP eigenstate), one achieves the required interference. The relevant effective Hamiltonian for the quark level process b → u(c̄s), in SM is 1 2 (g^2 /M^2_W )V^∗_{cs} V_{ub}(ū_Lγ_μb_L)(s̄_Lγ^μc_L) , (7) where V^∗_{cs}V_{ub} ∼ Aλ^3e^{−iγ} ; while for the quark level process b → c(ūs), it is, 1 2 (g^2 /M^2_W )V^∗_{us} V_{cb}(c̄_Lγ_μb_L)(s̄_Lγ^μu_L) , (8) where V^∗_{us}V_{cb} ∼ Aλ^3. The relative phase gives rise to CP violating parameter γ directly.

In the scenario of squark mixing, the effective Hamiltonian for b → u(c̄s) is H^{b→u(c̄s)} eff = − α^2_s 108m^2_{q̃}

(δ^u_{12})_{LL}(δ^d_{23})_{LL} ( 24x f_6(x) + 66f̃_6(x) ) (ū_Lγ_μb_L)(s̄_Lγ^μc_L) + · · · , (9)

with x = m^2_{g̃}/m^2_{q̃} . We only list the contribution from the channel LL in chirality. Other amplitudes due to the insertion of other δ parameters are easily obtained from Eq. (3).

For SUSY contribution to the ΔB = 1 amplitude to be relevant to CP asymmetry, it has to be a sizable contribution to the decay amplitude. To estimate the SUSY contribution we take x = 1, 24x f_6(x) + 66f̃_6(x) = −1 and optimistically use α^2_s ∼ 0.02 |V_{ub}| ∼ 0.003, (δ^u_{12})_{LL} ∼ 0.06, (δ^d_{23})_{LL} ∼ 0.7. The amplitude ratio of the SUSY to the SM is about

(α^2_s /108)10^{−4} GeV^{−2}(100 GeV/M_{q̃} )^2 × 0.06 × 0.7 (4G_F / √ 2) × 0.003 ∼ ( 100 GeV M_{q̃} )_2

× 10^{−2} . (10)

Assuming that the SUSY ΔB = 2 box diagrams dominate in the B_s − B^0_s and D^0 − D^0 oscillations, the same ratio can be expressed more directly in terms of measured quantities as, 3 √ ΔM_DΔM_{Bs} f_Df_{Bs} √ M_D M_{Bs} / 4G_F |V_{ub}| √ 2 ∼ 10^{−4} . (11) The numerical result is based on the central values of the parameters, ΔM_D = 0.07 ps^{−1}, f_D = 0.2 GeV, and f_{Bs} = 0.23 GeV, as well as the suggestive value ΔM_{Bs} = 45 ps^{−1}. If one takes M_{q̃} = 500 GeV in Eq. (10), The number comes up to be 10^{−4} as in Eq. (11). Therefore even after taking the parameters to be favorable to the SUSY contribution, such one loop contribution is still much smaller than the highly KM suppressed SM tree amplitude. (Even if the color suppression of the contribution of the KM operator to B^+ → D^0K^+ is taken into account, SUSY is still very much a minor contribution to decay amplitudes). Therefore we conclude that SUSY contribution to the ΔB = 1 box diagram (Fig. 2) is irrelevant to the CP asymmetry as long as we limit our consideration to δ^d_{23} and δ^u_{12}. The same conclusion can be applied to all the B decay modes.

One may hence conclude that the only possible SUSY contributions to the CP asymmetries arise from initial state ΔB = 2 or final state ΔD = 2 transition, or both. Among the various methods to determine γ, B_s → D^∓_s K^± get contributions from initial state B^0_s − B^0_s oscillation, B^± → (—) D^0 K^± get contributions from final state D^0 − D^0 oscillation and and B_s → (—) D^0 ϕ get contributions from both B^0_s − B^0_s and D^0 − D^0 oscillations.

We first consider the contributions from initial state B^0_s − B^0_s oscillation. Since SUSY particles are heavy, we assume that Γ_{12} is not modified by SUSY and parameterize the SUSY contributions by M^{SU SY}_{12} = M^{SM}_{12} ye^{iη}. Hence, we have, Γ_{12} M_{12} = Γ^{SM}_{12} /M^{SM}_{12} 1 + M^{SU SY}_{12} /M^{SM}_{12} = se^{iϕ} 1 + ye^{iη} . (12)

s and ϕ are SM parameters, with s ∼ O(10^{−2}) and ϕ ≈ 0. In terms of the SUSY parameters discussed earlier, for the LL chirality we have, y = α^2_s 216m^2_{q̃} 1 3 M_{Bs} f^2_{Bs} B_S

M^{SM}_{12} ( 24 x f_6(x) + 66 f̃_6(x) ) | | | ( δ^d_{12}

)_2 LL | | | | . The expression for M^{SM}_{12} may be taken from Ref.[22]. Using,

ΔM = −2Re ( q p (M_{12} − i 2 Γ_{12}) ) , (13) the expressions for ΔM including SUSY may be written as,

ΔM = 2|M^{SM}_{12} | Re ( 1 + 2y cos η + y^2 − s^2 4 − is ( cos ϕ + y cos(ϕ − η) ) ) 1_2

= 2|M^{SM}_{12} | √ (1 + 2y cos η + y^2) (1 + O(s^2)) (14)

The effect of SUSY on the meson mixing parameter (q/p) can be expressed as, ( q p )_2 = M^{SM}_{12}^∗ M^{SM}_{12} (1 + ye^{−iη}) (1 + ye^{iη})

. (15)

Since, M^{SM}_{12} is real for B_s, the argument θ_{Bs} of (q/p) is given by, θ_{Bs} = 1 2 tan^{−1} ( −y^2 sin(2η) − 2y sin η 1 + y^2 cos(2η) + 2y cos η ) . (16)

y may be solved using Eq. (14) as a function of η, leading to the oscillation phase θ_{Bs} as a function of η. Using the upper limit of ΔM_{Bs} = 45 ps^{−1} and theoretical estimate of M^{SM}_{12} , from Ref. [22], we find that values of θ_{Bs} are allowed in the full range (−45^∘, +45^∘). If, however, M^{SU SY}_{12} ≫ M^{SM}_{12} , i.e. in the limit, y → ∞, we get θ_{Bs} = −η = − Arg ((δ^d_{23})^2_{AA}), with A = L or R.

The mode B_s → D^∓_s K^± has been proposed to measure sin^2 γ (see Fig. 1). In the presence of SUSY contributions to B^0_s −B^0_s oscillation, the angle γ gets modified, γ → γ^′ = γ_{KM} ± θ_{Bs} , where, θ_{Bs} is given by Eq.(16) and γ_{KM} is the contribution from Kobayashi- Maskawa phase. The contribution from SUSY to both the modes B_s → D^∓_s K^± and B_s → (ψ/J)ϕ are identical. This is very much different from the KM predictions in which the asymmetry in B^0_s → ψ/J + ϕ is negligible while that is B^0_s → D^−_s K^+ is large. Note that the phase θ_{Bs} can be measured directly using the mode B_s → (ψ/J)ϕ, which has a large branching ratio and should be easier to measure.

In decays of the type B^± → D^0K^±, as discussed earlier, γ is measured by utilizing a possibility of interference between the two quark level processes b → cūs and b → uc̄s. Along the decay chain the c or c̄ produce in the final state a D^0 or D^0 mesons respectively. The two contributions are added and interfere if both D^0 or D^0 decay to the same final state f_D and have a relative phase γ. Here, f_D is one of the states that both D and D̄ can decay into, such as K^−π^+ or CP eigenstates K^+K^−, π^+π^−, K_sπ^0 or K_sϕ. In fact the whole discussion can be applied to the modes in which final state K^+ is replaced by π^+ or ρ^+. In the presence of D^0–D̄^0 oscillation there are additional contributions to this process. As discussed in details in Ref.[23, 24], there are many different types of CP violation that can manifest themselves in such decays. SUSY can have potentially large contribution to the D^0–D̄^0 oscillation, even providing a large phase to the oscillation. One can estimate the D^0–D̄^0 oscillation phase, θ_D, by repeating the procedure used to determine θ_{Bs} , except that here Γ^{SM}_{12} /M^{SM}_{12} cannot be ignored. In the SM model, γ is large, and θ_D is small. However, if SUSY were to dominate, θ_D = − Arg((δ^u_{12})_{AB} (δ^d_{12})_{CD}), with A,B,C,D=(L,R), could give large contributions to CP asymmetries even if γ is small, especially Arg((δ^u_{12})^2_{LL} or Arg((δ^u_{12})^2_{RR}. Ref.[24] has considered the various possible CP violating asymmetries in detail for arbitrary θ_D. First of all, there is the phase in the B^+ decay amplitude, which in KM model, is exactly the γ parameter. Then there is the phase in the D^0-D̄^0 oscillation, θ_D = arg(q_D/p_D ) (here, q_D p_D are the composition amplitudes in the D-D̄ system). In addition, the differences in strong final state phase shifts in B^+ decays (Δ_B) and in D decays (Δ_D) may become relevant for some CP observables. There is CP violation of the type proportional to sin γ sin Δ_B which is due to the CP asymmetry in the decays B^± → DK^±, the final state phase shift is needed to produce the CP asymmetry for charged B decay as expected. There is CP violation proportional to sin θ_D sin Δ_D which is similar to the CP asymmetry in the decays D → f_D. There is CP violation proportional to sin θ_D cos Δ_D which is due to D-D̄ oscillation. Finally, there is CP violation of the type proportional to sin(γ + θ_D) cos Δ_B which is due to interference between B → D decays and the subsequent D-D̄ mixing. Last category is of course most interesting. In the KM model, γ is large, however θ_D is small, while in the SUSY model we consider, γ is small but θ_D = arg((δ^u_{12})^2_{AA}) can be quite large (here, (AA) can be either LL or RR). Of course, in the fourth type of CP violation listed above, θ_D in SUSY model can duplicate the effect of γ in KM model, however as discussed in Ref.[24] in details, there are enough CP asymmetries that one can measure to distinguish the two contributions in principle.

Finally, we have so far avoided discussing B decays that can receive significant contributions from penguin or chromo-dipole moment types of diagrams such as, at quark level, b → ds̄s, b → ss̄s, b → dd̄d or b → sd̄d, either in KM or in SUSY models. They contribute partially to B → ππ, B → Kπ, B → Kϕ and other processes. While the ΔB = 1 box diagram SUSY contribution is still negligible for these processes as long as one considers only δ^d_{23} and δ^u_{12} parameters, as discuss in Ref.[25], the SUSY penguin and/or chromo-dipole moment types of contributions can play important role in their CP asymmetries. This issue is discussed in Ref.[26].

4 Conclusion

We list below the results of our study of (δ^d_{LL,RR})_{23} and (δ^u_{LL,RR})_{12} on the CP asymmetries in B_d or B_s decays.

(I) We use the stringent D^0–D̄^0 mixing data to obtain tighter limits on (δ^u_{LL,RR})_{12}.

Based on suggestive values of B_s–B̄_s[12], we illustrate the amount of improvement can be made on the constraint of (δ^d_{LL,RR})_{23} in the near future.

(II) For CP asymmetry in B decays, SUSY can give large contribution to B_s decays due to B_s–B̄_s oscillation, but cannot give large contribution to the complex phase in the decay amplitude via ΔB = 1 box diagram. Thus SUSY produces CP asymmetries different from those in the KM model. For example, while in KM the B^± → (—) D^0 K^± process has large phase γ and B_s → (ψ/J)ϕ has negligible CP violating phase, however in SUSY, both processes receive the same CP phase due to the B_s–B̄_s oscillation.

(III) For B_d decay modes or charged B^± decays modes, the CP asymmetries due to the above δ’s are negligible. However an exception is B^± → (—) D^0 K^±, where there can be SUSY contribution to the CP asymmetry due to the final state D^0–D̄^0 oscillation.

Acknowledgments This work was partially supported in parts by U.S. Department of Energy (grant number DE-FG02-84ER40173) and by National Science Council of R.O.C. The work of NS was supported by the Young Scientist scheme of the Department of Science and Technology, India. DC wishes to thank H. Murayama, A. Masiero and L. Wolfenstein for discussions and SLAC Theory Group for hospitality. NS and RS thank National Center for Theoretical Physics in Taiwan for hospitality during the visit when this work originated.

References

[1] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 653 (1973).

[2] A. Masiero and H. Murayama, Phys. Rev. Lett. 83, 907 (1999), hep-ph/9903363.

[3] S. A. Abel and J. M. Frere, Phys. Rev. D55, 1623 (1997), hep-ph/9608251;

K. S. Babu, B. Dutta and R. N. Mohapatra, Phys. Rev. D61, 091701 (2000), hepph/9905464;

S. Khalil, T. Kobayashi and A. Masiero, Phys. Rev. D60, 075003 (1999), hepph/9903544;

S. Khalil and T. Kobayashi, Phys. Lett. B460, 341 (1999), hep-ph/9906374; R. Barbieri, R. Contino and A. Strumia, Nucl. Phys. B578, 153 (2000), hepph/9908255;

S. Baek, J. H. Jang, P. Ko and J. H. Park, Korea Inst. Sci preprint no. KAIST-TH- 99-1, hep-ph/9907572;

E. Gabrielli, S. Khalil and E. Torrente-Lujan, Madrid Autonoma Univ. preprint no. FTUAM-00-12, hep-ph/0005303;

In the case of light charginos, see: S. Khalil and O. Lebedev, hep-ph/0106023.

[4] A. Kagan and M. Neubert Phys. Rev. Lett. 83, 4929 (1999),.

[5] M. Brhlik, L. Everett, G.L. Kane, S.F. King and O. Lebedev, Phys. Rev. Lett. 84, 3041 (2000), hep-ph/9909480.

[6] A. Masiero and O. Vives Phys. Rev. Lett. 86, 26 (2001); hep-ph/9812337.

[7] A. Masiero, M. Piai and O. Vives, Phys. Rev. D 64, 055008 (2001) [hep-ph/0012096].

[8] B. Aubert, et al (BABAR Collaboration) BABAR-PUB-01/18, SLAC-PUB-8904;

hep-ex/0107013.

[9] K. Abe, et al, (BELLE Collaboration) KEK Preprint 2001-50, BELLE Preprint 2001- 10; hep-ex/0107061.

[10] F.Gabbiani, E.Gabrielli, A.Masiero, L.Silvestrini, Nucl. Phys. B 477, 321 (1996);

hep-ph/9604387.

[11] J. Bartels et. al. Particle Data Group, Eur. Phys. J. C15, 1 (2000). [12] G. Boix, Proceedings of BCP4, hep-ex/0104048.

[13] N. Yamada, S. Hashimoto, Proceedings of BCP4; hep-ph/0104080 and hep-ph/0104136.

[14] M. Beneke and A. Lenz, J. Phys. G G27, 1219 (2001) [hep-ph/0012222] and references therin.

[15] M. Gronau and D. London, Phys. Lett. B 253, 483 (1991);

M. Gronau and D. Wyler, Phys. Lett. B 265, 172 (1991).

[16] D. Atwood, I. Dunietz and A. Soni, Phys. Rev. Lett. 78, 3257 (1997) [hepph/9612433].

[17] N. Sinha and R. Sinha, Phys. Rev. Lett. 80, 3706 (1998) [hep-ph/9712502]. [18] R. Aleksan, I. Dunietz and B. Kayser, Z. Phys. C 54, 653 (1992). [19] D. London, N. Sinha and R. Sinha, Phys. Rev. Lett. 85, 1807 (2000) [hepph/0005248].

[20] The Babar Physics Book, SLAC-R-504(1998);

M. Gronau, “Recent theoretical developments in CP violation,” hep-ph/0104050. [21] L. Wolfenstein, Phys. Rev. Lett. 51 1945 (1983); L. L. Chau and W. Y. Keung, Phys.

Rev. Lett. 53, 1805 (1984).

[22] A. J. Buras, P. H. Chankowski, J. Rosiek and L. Slawianowska, hep-ph/0107048. [23] I.I. Bigi, hep-ph/0104008; C.C. Meca and J. Silva, Phys. Rev. Lett. 81, 1337 (1998);

hep-ph/9807320.

[24] J. Silva and A. Soffer Phys. Rev. D 61, 112001 (2000); hep-ph/9912242. [25] M. Ciuchini, E. Franco, G. Martinelli, A.Masiero, L.Silvestrini Phys. Rev. Lett. 79 978 (1997); hep-ph/9704274.

[26] A. Masiero and H. Murayama, private communication;

see also A. Kagan, hep-ph/9806266; E. Lunghi and D. Wyler, hep-ph/0109149.

Standard Model Contribution b

s B̄_s(bs̄) → u s

W

→ K^+(s̄u) c s → D^−_s (c̄s)

∼ V_{ub}V^∗_{cs} ∼ Aλ^3e^{−iγ} b

s B_s(b̄s) → c s

W

→ D^−_s (c̄s) u s → K^+(s̄u)

∼ V^∗_{cb}V_{us} ∼ Aλ^3

Fig. 1 Quark diagrams for the tree-amplitudes in SM for the process (B_s/B̄_s) → K^+D^−_s .

Squark Mixing Contribution b

s B̄_s(bs̄) → u s

+ + → K^+(s̄u) c s → D^−_s (c̄s)

∼ δ^d_{23}δ^u_{12} b

s B_s(b̄s) → c s

+ + → D^−_s (c̄s) u s → K^+(s̄u)

∼ δ^{d∗}_{23}δ^u_{12}

Fig. 2 The Box-graph contribution in SUSY via squark mixing to the process (B_s/B̄_s) →

K^+D^−_s .