arXiv:hep-ph/0306076 v1 9 Jun 2003

IPPP/03/30 DCPT/03/60 HIP-2003-33/TH

Chargino contributions to the CP asymmetry in B → ϕK_S decay

D. Chakraverty^1, E. Gabrielli^1, K. Huitu^{1,2}, and S. Khalil^{3,4}

1Helsinki Institute of Physics, POB 64, 00014 University of Helsinki, Finland. 2Div. of HEP, Dept. of Phys. Sciences, POB 64,00014 University of Helsinki, Finland.

3 IPPP, University of Durham, South Rd., Durham DH1 3LE, U.K. 4 Ain Shams University, Faculty of Science, Cairo, 11566, Egypt.

Abstract

We perform a model independent analysis of the chargino contributions to the CP asymmetry in B → ϕK_S process. We use the mass insertion approximation method generalized by including the possibility of a light right-stop. We find that the dominant effect is given by the contributions of the mass insertions (δ^u_{LL})_{32} and (δ^u_{RL})_{32} to the Wilson coefficient of the chromomagnetic operator. By considering both these contributions simultaneously, the CP asymmetry in B → ϕK_S process is significantly reduced and negative values, which are within the 1σ experimental range and satisfy the b → sγ constraints, can be obtained.

The measurement of CP asymmetries in nonleptonic B decays plays a crucial role in testing the CP violation mechanism of the Standard Model (SM) and it is a powerful probe of New Physics (NP) beyond the SM. The CP asymmetries are usually described by the time dependent rates a_{fCP} (t), for B^0 and B̄^0 to a CP eigenstate f_{CP} a_{fCP} (t) = Γ(B^0(t) → f_{CP} ) − Γ(B^0(t) → f_{CP} ) Γ(B^0(t) → f_{CP} ) + Γ(B^0(t) → f_{CP} ) = C_{fCP} cos ΔM_{Bd} t + S_{fCP} sin ΔM_{Bd} t (1)

where C_{fCP} and S_{fCP} represent the coefficients of direct and indirect CP violations respectively, and ΔM_{Bd} is the B^0 eigenstate mass difference.

The time dependent CP asymmetry a_{J/ψKS} (t) in the B meson decay B → J/ΨK_S has been recently measured by BaBar and Belle Collaboration, with an average of S_{J/ΨKS} = sin 2β = 0.734 ± 0.034 [1, 2], showing the first evidence of CP violation in B meson system in perfect agreement with the Standard Model (SM) predictions. This is expected, since the SM contribution is at tree-level.

For the decay B → ϕK_S , where the same weak phase is measured, the situation is qualitatively different. The SM contribution is at one-loop level, and one can expect crucial contributions from New Physics. The branching ratio for B → ϕK_S has recently been measured by both BaBar and Belle [3] with an average for the branching ratio of BR(B → ΦK_S ) = ( 8.4^{+2.5}_{−2.1} ) × 10^{−6} which is slightly different from the SM predictions.

However, this is not a signal of a real problem, since the SM evaluation of BR(B → ΦK_S ) is largely affected by theoretical uncertainties in the evaluation of hadronic matrix elements. On the other hand, the time dependent CP asymmetry in Eq.(1) is less sensitive to these uncertainties, since the hadronic matrix elements almost cancel out in the ratio of rates.

Recently BaBar and Belle Collaborations [2, 4] have also measured the time dependent CP asymmetry in B → ϕK_S process, reporting an average value of S_{ϕKS} = −0.39 ± 0.41. In the SM, S_{ϕKS} is expected to give the same value of sin 2β as extracted from S_{J/ψKS} , up to terms of order O(λ^2) where λ is the Cabibbo mixing. Thus, the comparison of the experimental results for S_{J/ψKS} and S_{ϕKS} reveals a 2.7 σ deviation from the SM prediction. If this discrepancy will be confirmed with a better accuracy, it will be a clean signal of NP. Due to the additional sources of flavor and CP violation beyond the ones of Cabibbo- Kobayashi-Maskawa (CKM) mixing matrix, supersymmetric (SUSY) models are natural candidates for explaining the difference between the CP asymmetries S_{ϕKS} and S_{J/ψKS} . Recently, the gluino contributions to S_{ϕKS} have been analyzed in Refs.[5, 6]. In these works, it has been shown that gluino exchanges can explain the experimental results of S_{ϕKS} without conflicting the experimental constraints from S_{J/ψKS} and the branching ratio BR(b → sγ). The main purpose of this letter is to show that also the chargino contributions to S_{ϕKS} can be significant and account for these recent measurements. We perform a model independent analysis by using the well known method of mass insertion approximation [7], generalized by including the possibility of a light right-stop in the otherwise almost degenerate squark spectrum. In our analysis, we take into account all the operators that contribute to the effective Hamiltonian for ΔB = 1 transitions H^{ΔB=1}_{eff} and provide analytical results for the corresponding leading Wilson coefficients.

Now we start our analysis of the SUSY contributions to the time dependent CP asymmetry in B → ϕK_S decay. In the following we will adopt the parameterization of the SM and SUSY amplitudes as in Ref.[5], namely ( A^{SUSY} A^{SM} ) ϕK_S ≡ R_ϕ e^{iθϕ} e^{iδ12} (2) where θ_ϕ is the SUSY CP violating phase, and δ_{12} = δ_{SM} − δ_{SU SY} is the strong (CP conserving) phase. In this case, the mixing CP asymmetry S_{ϕKS} takes the following form S_{ϕKS} = sin 2β +2R_ϕ cos δ_{12} sin(θ_ϕ +2β)+ R^2_ϕ sin(2θ_ϕ +2β) 1 + 2R_ϕ cos δ_{12} cos θ_ϕ + R^2_ϕ

. (3)

The most general amplitude for B → ϕK_S process can be written as A(ϕK) = − G_F √ 2 12∑ i=1 [ C_i(μ) + C̃_i(μ) ] ⟨ϕK̄^0|Q_i(μ)|B̄^0⟩, (4)

where Q_i are the operators which contribute to the effective Hamiltonian for ΔB = 1 transitions and C_i(μ) are the corresponding Wilson coefficients at energy scale μ. The matrix elements ⟨ϕK̄^0|Q_i|B̄^0⟩ are calculated in the naive factorization approximation [8], and their expressions can be found in Ref.[5]. In this notation, the Q_{i=1−10} represent the four-fermion operators, and Q_{11} and Q_{12} the magnetic and chromomagnetic dipole operators respectively. The Wilson coefficients C̃_i are associated to the operators Q̃_i which are obtained from Q_i by exchanging γ_5 → −γ_5 in their chiral structure, see Ref.[5] for their definition. In the SM, C̃_i are chirally suppressed with respect to C_i ones by terms proportional to light quark masses. However, in non-minimal SUSY extensions of the SM they can receive sizeable contributions, for instance from the gluino mediated penguin and box diagrams. On the other hand, the chargino contributions to C̃_i are always suppressed by Yukawas of the first two generations. Thus, we can safely neglect C̃_i contributions in our analysis.

The Wilson coefficients C_i(μ) at a lower scale μ ≃ O(m_b) can be extrapolated by the corresponding ones at high scale C_i(μ_W ) as C_i(μ) = ∑ j Û_{ij} (μ, μ_W ) C_j (m_W ), where Û_{ij} (μ, μ_W ) is the QCD evolution matrix and μ_W ≃ m_W . Since the operator Q_{12} is of order α_s, we include in our analysis the LO corrections only for the effective Wilson coefficient C_{12}(μ), while for the remaining ones C_{i=1−10}(μ) we use the matrix Û_{ij} (μ, μ_W ) at NLO order in QCD and QED [9].

As is well known, supersymmetry affects the Wilson coefficients C_i(μ) only at high scale μ ≃ μ_W . The chargino contributions to C_i(μ_W ), corresponding to the effective Hamiltonian for ΔB = 1 transitions, have been calculated exactly (at 1-loop) in Refs.[10] and [11]. Here we provide the results for chargino contributions to C_i(μ_W ), evaluated at the first order in mass insertion approximation. By using the notation of Ref.[11] we obtain

F_χ = [ ∑ a,b K^⋆_{a2}K_{b3}(δ^u_{LL})_{ba} ] R^{LL}_F + [ ∑ a K^⋆_{a2}K_{33}(δ^u_{RL})_{3a} ] Y_t R^{RL}_F + [ ∑ a K^⋆_{32}K_{a3}(δ^u_{LR})_{a3} ] Y_t R^{LR}_F + [ K^⋆_{32}K_{33}(δ^u_{RR})_{33} ] Y^2_t R^{RR}_F (5)

where for the definition of mass insertions (δ^u_{AB})_{ij} see Ref.[7]. Same notation of Ref.[11] has been used to relate F quantities to the Wilson coefficients C_{i=1−10}(μ_W ), while for the magnetic and chromomagnetic contributions we have C_{11}(μ_W ) = M^γ and C_{12}(μ_W ) = M^g . Here Y_t is Yukawa coupling of the top quark and F refers to the photon-penguins (D), Zpenguins (C), gluon-penguins (E), boxes with external down quarks (B^{(d)}) and up quarks (B^{(u)}), magnetic-penguins (M^γ ), and chromomagnetic (M^g ) penguin diagrams. We want to stress that there are also contributions from box diagrams mediated by both gluino and chargino exchanges, which affect only C_{i=1,2}(μ_W ), but their effect is negligible [11], [12] and we will not include them in our analysis.

The detailed expressions for R_F , including contributions from chargino-gluino box diagrams, are given in the appendix. Here we will just concentrate on the dominant contributions which turn out to be due to the chromomagnetic (M^g) penguin and Zpenguin (C) diagrams. In fact, for light SUSY particles ( <∼ 1 TeV), the contribution from the chromomagnetic penguin is one order and two orders of magnitudes larger than the corresponding ones from Z-penguin and other diagrams, respectively. However, in our numerical analysis we take into account all the contributions.

From Eq. (5), it is clear that LR and RR contributions are suppressed by order λ^2 or λ^3. Since we will work in O(λ) order, we can neglect them and simplify F_χ as,

F_χ = [ (δ^u_{LL})_{32} + λ(δ^u_{LL})_{31} ] R^{LL}_F + [ (δ^u_{RL})_{32} + λ(δ^u_{RL})_{31} ] Y_t R^{RL}_F . (6)

The functions R^{LL}_F and R^{RL}_F depend on the SUSY parameters through the chargino masses (m_{χi} ), squark masses (m̃) and the entries of the chargino mass matrix. For instance for Z and magnetic (chromomagnetic) dipole penguins R^{LL,RL}_C and R^{LL,RL}_{M γ(g)} respectively, we have R^{LL}_C = ∑ i=1,2 |V_{i1}|^2 P^{(0)}_C (x̄_i) + ∑ i,j=1,2 [ U_{i1}V_{i1}U^⋆_{j1}V^⋆_{j1} P^{(2)}_C (x_i, x_j )

+ |V_{i1}|^2|V_{j1}|^2 ( 1 8 − P^{(1)}_C (x_i, x_j ) )]

R^{RL}_C = − 1 2 ∑ i=1,2 V^⋆_{i2}V_{i1} P^{(0)}_C (x̄_i) − ∑ i,j=1,2 V^⋆_{j2}V_{i1} ( U_{i1}U^⋆_{j1} P^{(2)}_C (x_i, x_j )

+ V^⋆_{i1}V_{j1} P^{(1)}_C (x_i, x_j ) ) R^{LL}_M γ,g = ∑ i |V_{i1}|^2 x_{W i} P^{LL}_M γ,g (x_i) − Y_b ∑ i V_{i1}U_{i2} x_{W i} m_{χi} m_b P^{LR}_{Mγ,g} (x_i) R^{RL}_M γ,g = − ∑ i V_{i1}V^⋆_{i2} x_{W i} P^{LL}_{Mγ,g} (x_i), (7)

where Y_b is the Yukawa coupling of bottom quark, x_{W i} = m^2_W /m^2_{χi} , x_i = m^2_{χi} /m̃^2, x̄_i = m̃^2/m^2_{χi} , and x_{ij} = m^2_{χi} /m^2_{χj} . The loop functions P^{(1,2)}_C , P^{LL(LR)}_{Mγ,g} are given by

P^{(1,2)}_C (x, y) = −2 ( x ∂ ∂x + y ∂ ∂y ) C^{(1,2)}_χ (x, y), P^{LL(LR)} M_γ (x) = −x d dx ( xF_{1(3)}(x) + 2 3 xF_{2(4)}(x) ) , P^{LL(LR)} M_g = −x d dx ( xF_{2(4)}(x) ) , (8) 4 where P^{(0)}_C (x) = − lim_{y→x} P^{(1)}_C (x, y), and the functions C^{(1,2)}_χ (x, y) and F_i(x) can be found in Refs.[10] and [11], respectively. Finally, U and V are the matrices that diagonalize chargino mass matrix, defined as U^∗M_{χ̃}+ V^{−1} = diag(m_{χ̃}+_1 , m_{χ̃}+_2 ) where we adopted the notation of Ref.[11] for the chargino matrix M_{χ̃}+ .

Notice that the dependence from Yukawa bottom Y_b in Eq.(5) leads to enhancing C_{12} at large tan β. Here, we also considered the case in which the mass of stop-right (m~_{tR} ) is lighter than other squarks. In this case the functional form of Eq.(5) remains unchanged, while only the expressions of R^{RL}_F should be modified by replacing the functions inside P^{LL,RL}_M γ,g as −x_i^d_{dxi} x_iF_a(x_i) →^1_{(xt−1)} [x_{it}F_a(x_{it}) − x_iF_a(x_i)], with index a = 1 − 4, P^{(1,2)}_C (x_i, x_j ) →^2_{(xt−1)} [ C^{(1,2)}_χ (x_{jt}, x_{it}) − C^{(1,2)}_χ (x_j , x_i) ] , and P^{(0)}_C (x̄_i, x̄_{it}) = 4 (x_t−1) [ C^{(1)}_χ (x̄_{it}, x̄_i) − C^{(1)}_χ (x̄_i, x̄_i) ] , where x_{it} =^{m2χi}_{m2t̃R} = 1/x̄_{it} and x_t =^m 2 t̃R m̃^2 .

In order to simplify our analysis, we consider first the case where a mass insertion is dominant over the others. In this case we retain only the effect of a mass insertion per time, switching off all the others. Thus, there is only one SUSY CP phase which factorizes in the SUSY amplitude, and so θ_ϕ in Eq. (2) can be identified with the corresponding arg[(δ^u_{AB} )_{ij} ]. We present our numerical results in Figs. 1-3, where the CP asymmetry S_{ΦKS} is plotted versus the SUSY CP violating phase. In this analysis we worked at fixed values of tan β and scanned over all the relevant SUSY parameters - m̃, the weak gaugino mass M_2, the μ term, and m~_{tR} - and required that they satisfy the present experimental lower mass bounds, namely the lightest chargino m_χ > 90 GeV, heavy squarks m̃ > 300 GeV, and light right-stop m~_{tR} > 150 GeV. In addition, we scanned over the real and imaginary part of the corresponding mass insertions, by requiring that the b → sγ and B −B̄ mixing constraints are satisfied. In our calculation we have used the formula of the branching ratio (BR) b → sγ at the NLO in QCD, as provided in Ref.[13]. Indeed, the BR of b → sγ can be easily parametrized in terms of the SUSY contributions to Wilson coefficients C_{11} and C_{12} at μ_W scale given in Eq. (5). For this parametrization, we used the central values of the SM parameters as provided in Ref.[13], and the low energy renormalization scale fixed at μ = m_b.

In Figs.1 and 2 we show the effects of one mass insertion per time, (δ^u_{LL})_{32} and (δ^u_{RL})_{32}, evaluated at tan β = 40. In all these plots, the red points are allowed by all experimental constraints, while light-blue points correspond to the points disallowed by BR(b → sγ) constraints at 95% C.L. , namely 2.0 × 10^{−4} < BR(b → sγ) < 4.5 × 10^{−4}. In order to get the maximum effect for the negative values of CP asymmetry, we fixed the strong CP conserving phase δ_{12} to be zero. We have not shown the contributions of the other mass insertions since they are sub-leading, being suppressed by terms of order λ.

As we can see from the results in Figs.1-2, there is no chance with only one mass insertion to achieve negative values for the CP asymmetry. The main reason for (δ^u_{LL})_{32} is due to the b → sγ constraints which are particularly sensitive to tan β, while this is not the case for (δ^u_{RL})_{32}. Clearly, we have considered also different values of tan β, and we found that the allowed regions in the scatter plots are not very sensitive to tan β.

In Fig. 3 we show another example, where we take simultaneously both the mass insertions (δ^u_{LL})_{32} and (δ^u_{RL})_{32} per time, but assuming that their CP violating phase is the same. As can be seen from Fig. 3 there are points, allowed by b → sγ constraints, which can fit inside the 1σ experimental region.

In order to understand the behavior of these results, it is very useful to look at the numerical parametrization of the ratios of amplitudes in terms of the relevant mass insertions. Indeed, we would like to show that the main contribution to the SUSY amplitude is provided by the chromomagnetic dipole operator. For example, with M_2 = 200 GeV, μ = 300 GeV, m_{q̃} = 400 GeV, m~_{tR} = 150 GeV, and tan β = 30, we find R^{RL}_C ≃ −0.033, R^{LL}_M g ≃ −0.068, while for all the other ones R^{AB}_F ≃ O(10^{−3}), and the amplitudes ratio R_A ≡^{ASU SY}_{ASM} is given by

R_A ≃ 0.37(δ^u_{LL})_{31} + 1.64(δ^u_{LL})_{32} − 0.05(δ^u_{RL})_{31} − 0.21(δ^u_{RL})_{32}. (9)

Now, if we switch off the chromomagnetic dipole operator, the coefficients of the mass insertions δ^u_{LL} are significantly reduced, while the coefficients of δ^u_{RL} are slightly changed and R_A takes the form

R_A ≃ −0.0031(δ^u_{LL})_{31} − 0.014(δ^u_{LL})_{32} − 0.045(δ^u_{RL})_{31} − 0.20(δ^u_{RL})_{32}. (10)

It is worth mentioning that the chromomagnetic contributions are sensitive to the value of tan β. Indeed, the contribution coming from R^{LL}_M g in Eq.(7) is enhanced by tan β, due to the term proportional to Y_b. For instance, for tan β ∼ 10, the value of R^{LL}_M g is reduced to R^{LL}_M g ≃ −0.023, while R^{RL}_C is slightly increased to R^{RL}_C ≃ −0.033 and the amplitudes ratio becomes

R_A ≃ 0.12(δ^u_{LL})_{31} + 0.54(δ^u_{LL})_{32} − 0.05(δ^u_{RL})_{31} − 0.21(δ^u_{RL})_{32}. (11)

Furthermore it is remarkable to notice that, with heavy SUSY particles (M_{q̃} ∼ 1 TeV), the Z-penguin diagram would provide the dominant contributions to F_χ, since R^{RL}_C tends to a constant value of order −0.05. This effect clearly shows the phenomena of non-decoupling of the chargino contribution to the Z penguin, as discussed for instance in Ref.[14].

Finally, we stress that the contribution of (δ^u_{LL})_{32} to the chromomagnetic dipole operator, which leads to the dominant contribution to S_{ϕKS} , is strongly constrained by b → sγ (which is particularly sensitive to C_{11}(μ_W ) ). This is due to the fact that (δ^u_{LL})_{32} gives almost the same contribution to both C_{11}(μ_W ) and C_{12}(μ_W ), as can be seen from Eq.(7). Notice that this is not the case for gluino exchanges, since there the contributions to the chromomagnetic dipole operator are enhanced by color factors with respect to the magnetic dipole ones, allowing large contributions to C_{12} while respecting the b → sγ constraints [15]. Regarding the effects of (δ^u_{RL})_{31} and (δ^u_{LL})_{31}, their contributions to S_{ϕKS} is quite small since they are mostly constrained by ΔM_B and sin 2β [16].

For the above set of input parameters, the b → sγ limits impose |(δ^u_{LL})_{32}| < 0.58. Thus, the maximum individual mass insertion contributions are given by | | | |^A SU SY LL32 A^{SM} | | | | < 0.31 and | | |^A SU SY RL32 A^{SM} | | | < 0.21. This shows that after imposing the b → sγ constraints, the contribution from (δ^u_{LL})_{32} is of the same order as the contribution from (δ^u_{RL})_{32}.

Since the ratio R_ϕ ≡ |A^{SU SY} /A^{SM} | < 1, one can expand the expression of S_{ϕKS} in Eq. (3) in terms of R_ϕ and gets the following simplified formula

S_{ϕKS} = sin 2β + 2 cos 2β sin θ_ϕ R_ϕ, (12)

which shows that with R_ϕ ∼ 0.4 and even if sin θ_ϕ ∼ −1, one can reduce S_{ϕKS} from the SM prediction sin 2β to 0.2 at most and it is not possible with one mass insertion contribution to reach negative CP asymmetry. However, by considering the contributions from both (δ^u_{LL})_{32} and (δ^u_{RL})_{32} simultaneously, R_ϕ can become large and values of order S_{ϕKS} ≃ −0.2 can be achieved.

It is worth mentioning that we have also considered the BR of B^0 → ϕK^0 decay and ensured that the SUSY effects do not violate the experimental limits observed by BaBar and Belle [3].

Finally, let us emphasize that generally in supersymmetric models the lighter chargino is expected to be one of the lightest sparticles (for instance, in Anomaly Mediated SUSY breaking models it is almost degenerate with the lightest one). Thus, it can be expected to contribute significantly in the one-loop processes. Although the gluino contribution to the studied asymmetry can be very large, on the other hand gluino in many models is one of the heaviest SUSY partners and thus its contribution may be reduced essentially.

To conclude, we have studied the chargino contributions to the CP asymmetry S_{ϕKS} and showed that, although the experimental limits on b → sγ impose stringent constraints on the parameter space, it is still possible to reduce S_{ϕKS} significantly and negative values within the 1σ experimental range can be obtained.

Acknowledgments

DC, EG, and KH thank the Academy of Finland (project number 48787) for financial support. SK would like to thank the Helsinki Institue of Physics for its kind hospitality.

Appendix

Here we provide the analytical results for the the expressions R_F and R̄_F appearing in Eq.(5), which are given by

R^{LL}_D = ∑ i=1,2 |V_{i1}|^2 x_{W i} P_D (x_i) 7

R^{RL}_D = − ∑ i=1,2 V^⋆_{i2}V_{i1} x_{W i} P_D(x_i) R^{RR}_D = ∑ i=1,2 |V_{i2}|^2 x_{W i} P_D (x_i) R^{LR}_D = ( R^{RL}_D )_⋆ R^{LL}_E = ∑ i=1,2 |V_{i1}|^2 x_{W i} P_E (x_i) R^{RL}_E = − ∑ i=1,2 V^⋆_{i2}V_{i1} x_{W i} P_E (x_i) R^{RR}_E = ∑ i=1,2 |V_{i2}|^2 x_{W i} P_E (x_i) R^{LR}_E = ( R^{RL}_E )_⋆ R^{LL}_C = ∑ i=1,2 |V_{i1}|^2 P^{(0)}_C (x̄_i) + ∑ i,j=1,2 [ U_{i1}V_{i1}U^⋆_{j1}V^⋆_{j1} P^{(2)}_C (x_i, x_j ) + |V_{i1}|^2|V_{j1}|^2 ( 1 8 − P^{(1)}_C (x_i, x_j ) )]

R^{RL}_C = − 1 2 ∑ i=1,2 V^⋆_{i2}V_{i1} P^{(0)}_C (x̄_i) − ∑ i,j=1,2 V^⋆_{j2}V_{i1} ( U_{i1}U^⋆_{j1} P^{(2)}_C (x_i, x_j ) + V^⋆_{i1}V_{j1} P^{(1)}_C (x_i, x_j) ) R^{LR}_C = ( R^{RL}_C )_⋆ , R^{RR}_C = ∑ i,j=1,2 V^⋆_{j2}V_{i2} ( U_{i1}U^⋆_{j1} P^{(2)}_C (x_i, x_j ) + V^⋆_{i1}V_{j1} P^{(1)}_C (x_i, x_j) )

R^{LL}_Bu = 2 ∑ i,j=1,2 V_{i1}V^⋆_{j1}U_{i1}U^⋆_{j1} x_{W j} √ x_{ij} P^u_B (x̄_j , x_{ij} ) R^{RL}_Bu = −2 ∑ i,j=1,2 V_{i1}V^⋆_{j2}U_{i1}U^⋆_{j1} x_{W j} √ x_{ij} P^u_B (x̄_j , x_{ij}) R^{LR}_Bu = ( R^{RL}_Bu )_⋆ R^{RR}_Bu = 2 ∑ i,j=1,2 V_{i2}V^⋆_{j2}U_{i1}U^⋆_{j1} x_{W j} √ x_{ij} P^u_B (x̄_j , x_{ij} ) R^{LL}_Bd = ∑ i,j=1,2 |V_{i1}|^2|V_{j1}|^2 x_{W j} P^d_B (x̄_j , x_{ij}) R^{RL}_Bd = − ∑ i,j=1,2 V^⋆_{i2}V_{i1}|V_{j1}|^2 x_{W j} P^d_B(x̄_j , x_{ij} ) R^{LR}_Bd = ( R^{RL}_Bd )_⋆ R^{RR}_Bd = ∑ i,j=1,2 V^⋆_{i2}V_{i1}V^⋆_{j1}V_{j2} x_{W j} P^d_B(x̄_j , x_{ij} ) R^{LL}_M γ,g = ∑ i |V_{i1}|^2 x_{W i} P^{LL}_M γ,g (x_i) − Y_b ∑ i V_{i1}U_{i2} x_{W i} m_{χi} m_b P^{LR}_{Mγ,g} (x_i) R^{LR}_M γ,g = − ∑ i V^⋆_{i1}V_{i2} x_{W i} P^{LL}_{Mγ,g} (x_i) + Y_b ∑ i V_{i2}U_{i2} x_{W i} m_{χi} m_b P^{LR}_{Mγ,g} (x_i)

R^{RL}_M γ,g = − ∑ i V_{i1}V^⋆_{i2} x_{W i} P^{LL}_{Mγ,g} (x_i) R^{RR}_M γ,g = ∑ i |V_{i2}|^2 x_{W i} P^{LL}_{Mγ,g} (x_i) (13)

where x_{W i} = m^2_W /m^2_{χi} , x_i = m^2_{χi} /m̃^2, x̄_i = m̃^2/m^2_{χi} , and x_{ij} = m^2_{χi} /m^2_{χj} . The expressions for the functions P_{E,D,C} , P^{(u,d)}_B , P^{LL}_{Mγ,g} , and P^{LR}_{M(γ,g)} , are given in the next subsection.

There are other contributions which come from box diagrams, where both chargino and gluino are exchanged (B^{u,c}_{g̃} ), and cannot be expressed in the same form of Eq.(5). We provide below the results for these contributions, which affect only the Wilson coefficients C^{(u,c)}_{1,2} (μ_W ) as

C^{(u,c)}_1 (μ_W ) = α_s(m_W ) 16π ( 14 − B^{(u,c)}_{g̃} )

C^{(u,c)}_2 (μ_W ) = 1 + α_s(m_W ) 48π B^{(u,c)}_{g̃} (14)

where

B^u_{g̃} = [ ∑ a K^⋆_{a2}K_{13}(δ^u_{LL})_{1a} ] R^{LL}_{g̃} (u) + [ ∑ a K^⋆_{12}K_{a3}(δ^u_{LL})_{a1} ] ( R^{LL}_{g̃} (u) )_⋆

+ [ ∑ a K^⋆_{1a}K_{13} ( δ^d_{LL} ) a2 ] R^{LL}_{g̃} (d) + [ ∑ a K^⋆_{12}K_{1a} ( δ^d_{LL} ) 3a ] ( R^{LL}_{g̃} (d) )_⋆

+ [ ∑ a K^⋆_{12}K_{33}(δ^u_{RL})_{31} ] Y_t R^{RL}_{g̃} (15)

B^c_{g̃} = [ ∑ a K^⋆_{a2}K_{23}(δ^u_{LL})_{2a} ] R^{LL}_{g̃} (u) + [ ∑ a K^⋆_{22}K_{a3}(δ^u_{LL})_{a2} ] ( R^{LL}_{g̃} (u) )_⋆

+ [ ∑ a K^⋆_{2a}K_{23} ( δ^d_{LL} ) a2 ] R^{LL}_{g̃} (d) + [ ∑ a K^⋆_{22}K_{2a} ( δ^d_{LL} ) 3a ] ( R^{LL}_{g̃} (d) )_⋆

+ [ ∑ a K^⋆_{22}K_{33}(δ^u_{RL})_{32} ] Y_t R^{RL}_{g̃} (16)

and the functions R_i are given by

R^{LL}_{g̃} (u) = 4x_{W g̃} ∑ i=1,2 [ |V_{i1}|^2P^d_B (z_i, y) + 2U_{i1}V_{i1} ( m_{χi} m_{g̃} ) P^u_B (z_i, y) ] (17)

R^{LL}_{g̃} (d) = 4x_{W g̃} ∑ i=1,2 [ |U_{i1}|^2P^d_B(z_i, y) + 2U^⋆_{i1}V^⋆_{i1} ( m_{χi} m_{g̃} ) P^u_B (z_i, y) ] (18) R^{RL}_{g̃} = −4x_{W g̃} ∑ i=1,2 [ V_{i1}V^⋆_{i2}P^d_B (z_i, y) + 2V^⋆_{i2}U^⋆_{i1} ( m_{χi} m_{g̃} ) P^u_B (z_i, y) ] (19)

with x_{W g̃} = m^2_W /m^2_{g̃}, z_i = m^2_{χi} /m^2_{g̃}, and y = m̃^2/m^2_{g̃}. In obtaining the above results in Eqs.(15)-(16) we neglect terms of order of O(Y_b).

Loop functions

Here we provide the expressions for the loop functions of penguin P_{D,E,C} , box P^{(u,d,g̃)}_B , and magnetic– and chromomagnetic–penguin diagrams P^{LL}_{Mγ,g} , and P^{LR}_{Mγ,g} respectively, which enter in Eqs.(13),(19)

P_D (x) =

2 x (−22 + 60 x − 45 x^2 + 4 x^3 + 3 x^4 − 3 (3 − 9 x^2 + 4 x^3) log x) 27 (1 − x)^5

P_E (x) = x (−1 + 6 x − 18 x^2 + 10 x^3 + 3 x^4 − 12 x^3 log x) 9 (1 − x)^5

P^{(0)}_C (x) = x (3 − 4 x + x^2 + 2 log x)

8 (1 − x)^3

P^{(1)}_C (x, y) = 1 8 (x − y) [ x^2 (x − 1 − log x) (x − 1)^2 − y^2 (y − 1 − log y) (y − 1)^2 ]

P^{(2)}_C (x, y) = √ xy 4 (x − y) [ x (x − 1 − log x) (x − 1)^2 − y (y − 1 − log y) (y − 1)^2 ]

P^u_B (x, y) = −y − x (1 − 3 x + y) 4 (x − 1)^2 (x − y)^2 − x (x^3 + y − 3 x y + y^2) log x 2 (x − 1)^3 (x − y)^3 + x y log y 2 (x − y)^3 (y − 1) P^d_B (x, y) = − x (3 y − x (1 + x + y)) 4 (x − 1)^2 (x − y)^2 − x (x^3 + (x − 3) x^2 y + y^2) log x 2 (x − 1)^3 (x − y)^3 + x y^2 log y 2 (x − y)^3 (y − 1) P^{LL}_{Mγ} (x) = −x d dx ( xF_1(x) + 2 3 xF_2(x) )

P^{LR}_{Mγ} (x) = −x d dx ( xF_3(x) + 2 3 xF_4(x) )

P^{LL}_{Mg} (x) = −x d dx ( xF_2(x) )

P^{LR}_{Mg} (x) = −x d dx ( xF_4(x) ) (20)

where the functions F_i(x) are provided in Ref.[10].

Light right-stop

Here we generalize the above formulas for the case in which the right-stop is lighter than other squarks. Notice, that this will modify only the expressions of R^{RL}_F and R^{RR}_F , since the light right-stop does not affect R^{LL}_F . In the case of R^{RR}_F the functional forms of R^{RR}_F remain unchanged, while the arguments of the functions involved are changed as x_i → x_{it} and x̄_i → x̄_{it}. In the case of R^{LR}_F and R^{RL}_F the analytical expression of loop functions of penguin P_{D,E,C} , box P^{(u,d,g̃)}_B , and magnetic and chromomagnetic penguin diagrams P^{LL}_{Mγ,g} and P^{LR}_{Mγ,g} respectively, should be changed as follows

P_D(x_i, x_{it}) = 2 (x_t − 1)

[x_{it}D_χ(x_{it}) − x_iD_χ(x_i)]

P_E (x_i, x_{it}) = 2 (x_t − 1)

[x_{it}E_χ(x_{it}) − x_iE_χ(x_i)]

P^{(1,2)}_C (x_i, x_{it}, x_j , x_{jt}) = 2 (x_t − 1) [ C^{(1,2)}_χ (x_{jt}, x_{it}) − C^{(1,2)}_χ (x_j , x_i) ]

P^{(0)}_C (x̄_i, x̄_{it}) = 4 (x_t − 1) [ C^{(1)}_χ (x̄_{it}, x̄_i) − C^{(1)}_χ (x̄_i, x̄_i) ]

P^{(u)}_B (x̄_j , x̄_{jt}, x_{ij}) = 1 2(x_t − 1) [ B^{(u)}_χ (x̄_{jt}, x̄_j, x_{ij} ) − B^{(u)}_χ (x̄_j , x̄_j, x_{ij} ) ]

P^{(d)}_B (x̄_j , x̄_{jt}, x_{ij}) = − 1 2(x_t − 1) [ B^{(d)}_χ (x̄_{jt}, x̄_j , x_{ij} ) − B^{(d)}_χ (x̄_j , x̄_j , x_{ij}) ]

P^{LL}_{Mγ} (x_i, x_{it}) = 1 (x_t − 1) [ x_{it} ( F_1(x_{it}) + 2 3 F_2(x_{it}) ) − x_i ( F_1(x_i) + 2 3 F_2(x_i) )]

P^{LR}_{Mγ} (x_i, x_{it}) = 1 (x_t − 1) [ x_{it} ( F_3(x_{it}) + 2 3 F_4(x_{it}) ) − x_i ( F_3(x_i) + 2 3 F_4(x_i) )]

P^{LL}_{Mg} (x_i, x_{it}) = 1 (x_t − 1)

[x_{it}F_2(x_{it}) − x_iF_2(x_i)] P^{LR}_{Mg} (x_i, x_{it}) = 1 (x_t − 1)

[x_{it}F_4(x_{it}) − x_iF_4(x_i)] (21)

where x_i = m^2_{χi} /m̃^2, x̄_i = m̃^2/m^2_{χi} , x_{it} = m^2_{χi} /m^2_{t̃R} , x̄_{it} = m^2_{t̃R} /m^2_{χi} , x_{ij} = m^2_{χi} /m^2_{χj} and x_t = m^2_{t̃R} /m̃^2. The functions D_χ, C_χ, E_χ, C^{(1,2)}_χ , B^{(u,d)}_χ and F_i are provided in Ref.[11] and Ref.[10] respectively.

References

[1] B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 89 (2002) 201802.

[2] K. Abe et al. [Belle Collaboration], arXiv:hep-ex/0207098.

[3] K. F. Chen [BELLE Collaboration], talk given at 31st International Conference On High Energy Physics (ICHEP 2002) 24-31 Jul 2002, Amsterdam, The Netherlands; B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 87 (2001) 151801.

[4] B. Aubert et al. [BABAR Collaboration], arXiv:hep-ex/0207070.

[5] S. Khalil and E. Kou, Phys. Rev. D 67, 055009 (2003) and arXiv:hep-ph/0303214.

[6] G. L. Kane, P. Ko, H. b. Wang, C. Kolda, J. h. Park and L. T. Wang, Phys. Rev.

Lett. 90, 141803 (2003); R. Harnik, D. T. Larson, H. Murayama and A. Pierce, arXiv:hep-ph/0212180; M. Ciuchini, E. Franco, A. Masiero and L. Silvestrini, Phys. Rev. D 67, 075016 (2003).

[7] L. J. Hall, V. A. Kostelecky and S. Raby, Nucl. Phys. B 267, 415 (1986). [8] A. Ali, G. Kramer and C. D. Lu, Phys. Rev. D 58 (1998) 094009. [9] G. Buchalla, A. J. Buras and M. E. Lautenbacher, Rev. Mod. Phys. 68, 1125 (1996). [10] S. Bertolini, F. Borzumati, A. Masiero and G. Ridolfi, Nucl. Phys. B 353, 591 (1991). [11] E. Gabrielli and G. F. Giudice, Nucl. Phys. B 433, 3 (1995) [Erratum-ibid. B 507, 549 (1997)]; A.J. Buras, P. Gambino, M. Gorbahn, S. Jager, and L. Silvestrini, Nucl. Phys. B 592, 55 (2001).

[12] D. Chakraverty, E. Gabrielli, K. Huitu, and S. Khalil (in preparation) [13] A. L. Kagan and M. Neubert, Phys. Rev. D 58, 094012 (1998). [14] G. Isidori, Osaka 2000, High Energy Physics, vol. 2, 795, hep-ph/0009024. [15] M. Ciuchini, E. Gabrielli, and G. F. Giudice, Phys. Lett. B388 353 (1996); Erratumibid. B393 489 (1997).

[16] E. Gabrielli and S. Khalil, Phys. Rev. D 67, 015008 (2003).

Figure 1: The mixing CP asymmetry as function of arg[(δ^u_{LL})_{32}], for tan β = 40, and with the contribution of one mass insertion |(δ^u_{LL})_{32}|. Red points correspond to |(δ^u_{LL})_{32}| that satisfy all the experimental bounds. The light blue points are not allowed by BR(b → sγ). The strong phase δ_{12} is fixed at cos δ_{12} = 1.

Figure 2: As in Fig. 1, but for the mass insertion (δ^u_{RL})_{32}.

Figure 3: The mixing CP asymmetry as function of arg[(δ^u_{LL})_{32}] = arg[(δ^u_{RL})_{32}], for tan β = 40, and with the contribution of two mass insertions |(δ^u_{RL})_{32}| and |(δ^u_{LL})_{32}|. Red points correspond to |(δ^d_{LL})_{32}| and |(δ^d_{RL})_{32}| that satisfy all the experimental bounds. The light blue points are not allowed by BR(b → sγ). The strong phase δ_{12} is fixed at cos δ_{12} = 1.