arXiv:hep-ph/0502112 v2 3 Jun 2005

HEPHY-PUB 804/05 FI 2005-01 hep-ph/0502112

CP-violating asymmetry in chargino decay into neutralino and W boson

H. Eberl^a, T. Gajdosik^b, W. Majerotto^a, and B. Schraußer^{a,c}

aInstitut für Hochenergiephysik der Österreichischen Akademie der Wissenschaften, 1050 Vienna, Austria bInstitute of Physics, LT-02300, Vilnius, Lithuania cInstitut für Theoretische Physik, TU Graz, 8010 Graz, Austria

Abstract

In the MSSM with complex parameters, loop corrections to χ̃^±_i → χ̃^0_j W^± lead to a CP violating asymmetry A_{CP} = (Γ(χ̃^+_i → χ̃^0_j W^+) − Γ(χ̃^−_i → χ̃^0_j W^−))/(Γ(χ̃^+_i → χ̃^0_j W^+) + Γ(χ̃^−_i → χ̃^0_j W^−)). We calculate this asymmetry at full one-loop level. We perform a detailed numerical analysis for χ̃^±_1 → χ̃^0_1W^± and χ̃^±_2 → χ̃^0_1W^± analyzing the dependence on the parameters and phases involved. Asymmetries of several percent are obtained. We also discuss the feasability of measuring these asymmtries at LHC.

It is well known that supersymmetric models contain new sources of CP violation if the parameters are complex. In the Minimal Supersymmetric Standard Model (MSSM), the U(1) and SU(2) gaugino mass parameters M_1 and M_2, respectively, the higgsino mass parameter μ, as well as the trilinear couplings A_f (corresponding to a fermion f) may be complex. Usually, M_2 is made real by redefining the fields. Non-vanishing phases of M_1 and μ cause CP-violating effects already at tree-level in the chargino and neutralino production and decay [1, 2, 3]. In case the trilinear couplings of the third generation (A_t, A_b, A_τ ) are complex not only the stop, sbottom, and stau sectors [4] are strongly affected but also the Higgs sector [5, 6]. The three neutral Higgs bosons are no more CP eigenstates.

Although new phases in addition to the CKM in the Standard Model (SM) are desirable to explain baryogenesis, there are severe constraints on the phase of μ from the experimental limits on the electric dipole moments (EDMs) of the electron, neutron and Hg. For example, in the constraint MSSM |ϕ_μ| has to be small [7, 8] for a SUSY particle spectrum of the order of a few TeV.

In this note, we study CP violation in the decays χ̃^+_i (k_2) → χ̃^0_j (k_1) + W^+(−p) and χ̃^−_i (−k_2) → χ̃^0_j (−k_1) + W^−(p) in the MSSM with complex parameters by calculating the CP-violating asymmetry

A_{CP} =

Γ_{(+)}(χ̃^+_i → χ̃^0_j W^+) − Γ_{(−)}(χ̃^−_i → χ̃^0_j W^−) Γ_{(+)}(χ̃^+_i → χ̃^0_j W^+) + Γ_{(−)}(χ̃^−_i → χ̃^0_j W^−) (1) at full one-loop order. The asymmetry is zero if CP is conserved and also vanishes at tree-level in case of CP violation. In Fig. 1 we show the graphs which contribute to this asymmetry at one-loop level. Of course, they give a contribution to A_{CP} only if they have an absorptive part, i.e. some decay channels of χ̃^±_i must be open in addition to that into χ̃^0_j W^±.

This asymmetry was already calculated in [9] considering only the third generation quarks and squarks in the vertex graphs. We have improved this calculation in several points. First, we performed a full one-loop calculation. In particular, we also calculated the contributions from self-energies of the charginos. It turns out, that these are important. (The self-energies of the neutralinos do not contribute due to their Majorana nature and the W^± - H^± transition vanishes for on-shell W -bosons.) In addition, we take the Yukawa couplings running, which also gives a sizeable effect. Moreover, we take into account that the neutral Higgs bosons (h^0, H^0, A^0) mix if the SUSY parameters mentioned are complex. In our case, this influence is, however, very small. As a loop-level quantity the asymmetry A_{CP} depends on the phases of all complex parameters involved. One, however, expects that the dependence on the phases of M_1 and A_{t,b} is strongest (taking μ real). There is even a strong correlation between them. Therefore, a measurement of this asymmetry represents not only a test of CP violation in chargino decay, but can also be used for the determination of the phases of M_1 and A_{t,b}.

Figure 1: All one-loop graphs of the decay χ̃^+_i → χ̃^0_j + W^+, which contribute to the CP asymmetry A_{CP} defined in eq. (1), f^′ (f̃^′) denotes the isospin doublet partner of the fermion f (sfermion f̃ ), e.g. f = t, f^′ = b, ϕ^0 = (H^0_1 , H^0_2 , H^0_3 , G^0), and ϕ^+ = (H^+, G^+).

The widths Γ_{(±)} can be written as Γ_{(±)} ∝ |M^{(±)}_{tree}|^2 + 2 Re[M^{(±)†}_{tree} M^{(±)}_{loop}]. The Feynman amplitudes for the tree- and one-loop level, M^{(±)}_{tree} and M^{(±)}_{loop}, are given by M^{(+)}_{tree} = i ū_{χ̃}0_j (k_1)γ^μ(O^RP_R + O^LP_L)u_{χ̃}+_i (k_2)ϵ^∗_μ(−p) , M^{(−)}_{tree} = i v̄_{χ̃}+_i (−k_2)γ^μ(O^{R∗}P_R + O^{L∗}P_L)v_{χ̃}0_j (−k_1)ϵ_μ(p) , M^{(+)}_{loop} = i ū_{χ̃}0_j (k_1)[(γ^μΛ^R_{(+)} + k^μ_2 Π^R_{(+)})P_R + (γ^μΛ^L_{(+)} + k^μ_2 Π^L_{(+)})P_L]u_{χ̃}+_i (k_2)ϵ^∗_μ(−p) , M^{(−)}_{loop} = i v̄_{χ̃}+_i (−k_2)[(γ^μΛ^R_{(−)} + k^μ_2 Π^L_{(−)})P_R + (γ^μΛ^L_{(−)} + k^μ_2 Π^R_{(−)})P_L]v_{χ̃}0_j (−k_1)ϵ_μ(p) . (2)

Since |M^{(+)}_{tree}|^2 = |M^{(−)}_{tree}|^2, and assuming, that the one-loop contribution is small compared to the tree-level one, the CP-violating asymmetry A_{CP} takes the form

A_{CP} =

Re[M^{(+)†}_{tree} M^{(+)}_{loop}] − Re[M^{(−)†}_{tree} M^{(−)}_{loop}] |M_{tree}|^2

, (3)

with the squared tree-level amplitude

|M_{tree}|^2 = ρ(|O^R|^2 + |O^L|^2) − 12m_{χ̃}+_i m_{χ̃}0_j Re[O^{R∗}O^L] , (4)

and the one-loop contributions

Re[M^{(+)†}_{tree} M^{(+)}_{loop}] = ρ Re[Λ^R_{(+)}O^{R∗} + Λ^L_{(+)}O^{L∗}] − 6m_{χ̃}+_i m_{χ̃}0_j Re[Λ^R_{(+)}O^{L∗} + Λ^L_{(+)}O^{R∗}] + λ 2m^2_W

(m_{χ̃}0_j Re[Π^R_{(+)}O^{R∗} + Π^L_{(+)}O^{L∗}] + m_{χ̃}+_i Re[Π^R_{(+)}O^{L∗} + Π^L_{(+)}O^{R∗}]) , (5)

Re[M^{(−)†}_{tree} M^{(−)}_{loop}] = ρ Re[Λ^R_{(−)}O^R + Λ^L_{(−)}O^L] − 6m_{χ̃}+_i m_{χ̃}0_j Re[Λ^R_{(−)}O^L + Λ^L_{(−)}O^R] + λ 2m^2_W

(m_{χ̃}0_j Re[Π^R_{(−)}O^R + Π^L_{(−)}O^L] + m_{χ̃}+_i Re[Π^R_{(−)}O^L + Π^L_{(−)}O^R]) , (6)

with the kinematic factor λ = λ(m^2_{χ̃}+_i , m^2_{χ̃}0_j , m^2_W ), λ(x, y, z) = (x − y − z)^2 − 4yz, and ρ =^λ_{m2W} + 3(m^2_{χ̃}+_i + m^2_{χ̃}0_j − m^2_W ).

The chargino-neutralino-W coupling parameters O^{L,R}, defined by the Lagrangian

L_{W χ̃}0_{j χ̃}+_i = W^−_μ ¯χ̃^0_j γ^μ(O^R_{ji}P_R + O^L_{ji}P_L)χ̃^+_i + W^+_μ ¯χ̃^+_i γ^μ(O^{R∗}_{ji} P_R + O^{L∗}_{ji} P_L)χ̃^0_j , (7) are O^R_{ji} = gZ^∗_{j2}U_{i1} +^{g√}_2 Z^∗_{j3}U_{i2} and O^L_{ji} = gZ_{j2}V^∗_{i1} −^{g√}_2 Z_{j4}V^∗_{i2} , (8) where U, V , and Z are the matrices diagonalizing the chargino and neutralino system (see eqs. (A.16) and (A.17)). Λ and Π are form factors which are given in the Appendix A. We only give the form factors for χ̃^+ and not for χ̃^−, so that Λ, Π always stands for Λ_{(+)}, Π_{(+)}. The form factors Λ_{(−)} and Π_{(−)}, belonging to the χ̃^− decay, can be easily obtained by conjugating all couplings.

In Appendix A we present all formulas for the vertex contributions with the t̃tb and bb̃t̃ loops and the chargino self-energy contribution with the t̃b loop, see graphs SF_1F_2, F S_1S_2, and SF of Fig. 1. The complete analytical formulas will be given in [10]. All individual one-loop graphs were numerically checked using the packages FeynArts, FormCalc, and LoopTools [11], and FF [12]. We included the CP-violating mixing of the neutral Higgs bosons by writing our own FeynArts model file. For the numerical program we used FeynHiggs [13].

1 Numerical results

We present numerical results for the decay rate asymmetries A_{CP} according to eq. (1) χ̃^±_i → χ̃^0_j W^±, for i = 1, 2 and j = 1. A discussion of the other channels will be given in [10]. For the SM input parameters we take m_Z = 91.1875 GeV, m_W = 80.45 GeV, cos θ_W = m_W /m_Z , α(m_Z ) = 1/127.9, the on-shell parameters m_t = 178 GeV, and m_τ = 1.777 GeV. For the bottom mass, our input is the MS value m_b(m_b) = 4.2 GeV. For the values of the Yukawa couplings of the third generation quarks (h_t, h_b), we take the running ones at the scale of the decaying particle mass. In principle, the parameters A_f , the U(1) gaugino mass parameter M_1 of the neutralino sector, and μ can be complex. We assume that |M_1| = M_2/2. In general, there are 15 independent sfermion breaking mass parameters. We take M~_Q as input and assume the MSUGRA inspired ratios m_{q̃} : M~_Q : m~_l = 3 : 2 : 1 with m_{q̃} = M~_{Q1,2} = M~_{U1,2} = M~_{D1,2} , M~_Q ≡ M~_{Q3} = M~_{U3} = M~_{D3} , and m~_l = M~_{L1,2,3} = M~_{E1,2,3} . In order to reduce the number of input parameters further, we use A_t = A_b = A_τ =: A. In all figures we take M_A0 = 300 GeV, tan β = 10, and ϕ_μ = π/10.

For the decay χ̃^±_1 → χ̃^0_1W^±, the total one-loop asymmetry A_{CP} is shown in Fig. 2a and the tree-level branching ratio (BR) in Fig. 2b, for M_2 = 500 GeV, |A| = 400 GeV, ϕ_A = −π/4, ϕ_{M1} = 3π/4, and three values of M~_Q as a function of |μ|. |A_{CP}| increases for increasing values of |μ| because the tree-level decay width of χ̃^±_1 → χ̃^0_1W^± goes to zero, as χ̃^0_1 becomes almost a pure bino which does not couple to W^±. Therefore, for |μ| >∼ 550 GeV the branching ratio drops below 1%. The higher the value of M~_Q the heavier becomes the stop mass. Hence A_{CP} goes down but the branching ratio in (b) increases.

Figure 2: For M_2 = 500 GeV, |A| = 400 GeV, ϕ_A = −π/4, ϕ_{M1} = 3π/4, and three values of M~_Q, (a) the asymmetry A_{CP} and (b) the tree-level branching ratio BR are given as functions of |μ|.

Fig. 3 shows the dependence of A_{CP} on ϕ_A for M_2 = 500 GeV, |μ| = 600 GeV, |A| = 400 GeV, M~_Q = 400 GeV, and various ϕ_{M1} . A_{CP} has its maximum at |ϕ_A| ∼ π/2 and is larger at large negative values of the phase ϕ_{M1} .

Figure 3: The dependence of A_{CP} on ϕ_A, and various values of ϕ_{M1} , with M_2 = 500 GeV, |μ| = 600 GeV, |A| = 400 GeV, and M~_Q = 400 GeV.

Now we discuss the asymmetry A_{CP} for χ̃^±_2 → χ̃^0_1W^±. Fig. 4a shows the dependence of the asymmetry A_{CP} on the gaugino mass parameter M_2 for various values of |A|, ϕ_{M1} = π, M~_Q = 300 GeV, ϕ_A = −π/4, and |μ| = 200 GeV. For M_2 > 200 GeV, the lighter chargino and the two lighter neutralinos have dominating higgsino components and the heavier chargino is mostly gaugino-like (> 90%). The bigger |A|, the bigger is the mixing in the squark sector and hence A_{CP} . Around M_2 ∼ 450 GeV the χ̃^+_2 becomes massive enough so that the channels into bt̃_2 and tb̃_{1,2} open. For M_2 >∼ 250 GeV, the third generation (s)quark contributions clearly dominate the asymmetry, the self-energy contribution being bigger than the vertex contribution. For M_2 < 680 GeV, the vertex and the self-energy contributions for the third generation (s)quarks have opposite signs and cancel each other to a high degree. Nevertheless, they remain the dominant contributions in a large part of Fig. 4b.

Various pseudothresholds are visible in Fig. 5a, where the squark mass parameter M~_Q is varied. The parameter set M_2 = 450 GeV, ϕ_{M1} = π, and |μ| = 200 GeV gives the masses m_{χ̃}+_2 = 468.55 GeV and m_{χ̃}0_1 = 185.66 GeV. The strong dependence of A_{CP} on the phase is clearly visible. Fig. 5b illustrates the dependence on the phase ϕ_A for M~_Q = {230, 300, 400} GeV. That A_{CP} does not factorize into a ϕ_A dependent and a ϕ_A independent part can be seen from the fact that the three curves do not meet in a single point. The other phases ϕ_μ and ϕ_{M1} distort the factorization.

The |μ| dependence of the decay χ̃^±_2 → χ̃^0_1W^± is shown in Fig. 6 for the same parameter set as used in Fig. 2. The total one-loop asymmetry A_{CP} is shown in Fig. 6a and the tree-level branching ratio (BR) in Fig. 6b. In the region |μ| ∼ 400 GeV to 600 GeV the character of the χ̃^+_2 and χ̃^0_1 changes, for χ̃^+_2 from gaugino to higgsino and for χ̃^0_1 from higgsino to mainly bino. Therefore, one has a strong dependence in A_{CP} and BR there. The dependence on M~_Q is analogous to that in Fig. 2. For |μ| >∼ 600 GeV, the mass of χ̃^+_2 ∼ |μ| and χ̃^0_1 ∼ M_2/2 = 250 GeV. Therefore, the decay width of χ̃^±_2 → χ̃^0_1W^±

Figure 4: The dependence of A_{CP} on M_2 for ϕ_{M1} = π, M~_Q = 300 GeV, ϕ_A = −π/4, |μ| = 200 GeV, (a) the total asymmetry A_{CP} for various values of |A|.

(b) the different contributions to the asymmetry for |A| = 400 GeV: the vertex contribution with the third generation (s)quarks in the loop in black (1); the chargino selfenergy contribution with the third generation (s)quarks in the loop in red (2); vertex and self-energy corrections with all other (s)fermions in the loop in blue (3); all remaining corrections in green (4).

Figure 5: For M_2 = 450 GeV, ϕ_{M1} = π, |A| = 400 GeV, |μ| = 200 GeV, (a) the total asymmetry depending on M~_Q for various values of ϕ_A. (b) the total asymmetry depending on ϕ_A for various values of M~_Q.

increases with |μ| and A_{CP} goes to zero. The hump in Fig. 6b at |μ| ∼ 600 GeV for M~_Q = 500 GeV is due to the opening of the t̃_2b channel.

It is known that the electric dipole moments (EDM) of the electron, the neutron and mercury strongly depend on the phase of μ for a light SUSY spectrum [14]. The experimental constraints for the EDMs of the electron [15], the neutron [16], and mercury [17] can

Figure 6: For M_2 = 500 GeV, |A| = 400 GeV, ϕ_A = −π/4, ϕ_{M1} = 3π/4, and three values of M~_Q, (a) the asymmetry A_{CP} and (b) the tree-level branching ratio BR are given as functions of |μ|.

be fulfilled by heavy sfermions of the first generations [18] or if cancellations of different contributions occur [8]. We checked for all plots all three EDMs and found always (small) values of ϕ_μ that fulfill all EDM constraints.

Finally, we want to comment on the measurability of this asymmetry. At LHC charginos are mainly produced in the cascade decays of gluinos and squarks so that the production rate strongly depends on their masses. If the gluino and squark masses are about the same, the gluino production cross section is far the dominant one. With m_{g̃} ∼ m_{q̃} = 750 GeV, we expect roughly 2.4 × 10^5 events containing χ̃^±_1 (one has the same amount of χ̃^+_1 and χ̃^−_1 in the case where they originate from gluinos or from a gluon-gluon process), assuming a luminosity of 10^5 pb^{−1} and a branching ratio of a gluino decaying into a χ̃^±_1 of 40%. Taking into account the branching ratio for χ̃^±_1 → χ̃^0_1W^±, one can measure A_{CP} for this decay with a statistical significance of ∼ 2 (confidence level of 95%). For measuring A_{CP} for χ̃^±_2 → χ̃^0_1W^±, assuming 5 × 10^4 events containing a χ̃^+_2 or χ̃^−_2 , one gets a similar statistical significance.

2 Conclusions

We have calculated the CP-violating asymmetry between the partial decay rates Γ(χ̃^+_i → χ̃^0_j W^+) and Γ(χ̃^−_i → χ̃^0_j W^−) due to phases in the MSSM. It is a pure loop effect. We have calculated this asymmetry at full one-loop order. We have given numerical results for χ̃^±_1 → χ̃^0_1W^± and χ̃^±_2 → χ̃^0_1W^±. The respective asymmetries are of the order of several percent, depending on the values of parameters and phases involved. In order to have reasonable branching ratios for the decays the χ̃^0_1 must not be very bino like. We also discussed the feasability of measuring such an asymmetry at LHC. It might be possible to measured it with a confidence level of 95%.

Acknowledgements

This work was supported by the EU under the HPRN-CT-2000-00149 network programme and the “Fonds zur Förderung der wissenschaftlichen Forschung” of Austria, project no. P13139-PHY. T. G. thanks the Institut für Hochenergiephysik der ÖAW for the hospitality.

A The (s)top/(s)bottom contributions to A_{CP}

The relevant parts of the Lagrangian are L = − g √ 2 W^−_μ b̄γ^μP_Lt − g √ 2 W^+_μ t̄γ^μP_Lb (9) +ic^+_{mn}W^−_μ b̃^∗_m^↔∂^μt̃_n + ic^{+∗}_{mn}W^+_μ t̃^∗_n^↔∂^μb̃_m +t̄ ( l^{b̃}_{mi}P_R + k^{b̃}_{mi}P_L ) χ̃^+_i b̃_m + ¯χ̃^+_i ( l^{b̃∗}_{mi}P_L + k^{b̃∗}_{mi}P_R ) t b̃^∗_m +b̄ ( l^{t̃}_{ni}P_R + k^{t̃}_{ni}P_L ) χ̃^−_i t̃_n + ¯χ̃^−_i ( l^{t̃∗}_{ni}P_L + k^{t̃∗}_{ni}P_R ) b t̃^∗_n +t̄ ( a^{t̃}_{nj} P_R + b^{t̃}_{nj} P_L ) χ̃^0_jt̃_n + ¯χ̃^0_j ( a^{t̃∗}_{nj} P_L + b^{t̃∗}_{nj} P_R ) t t̃^∗_n +b̄ ( a^{b̃}_{mj} P_R + b^{b̃}_{mj} P_L ) χ̃^0_j b̃_m + ¯χ̃^0_j ( a^{b̃∗}_{mj} P_L + b^{b̃∗}_{mj} P_R ) b b̃^∗_m , (10) with the coupling parameters to the W boson, c^+_{mn} = − g √ 2 R^{b̃}_{mL}R^{t̃ ∗}_{nL} , (11)

the chargino, l^{t̃}_{ni} = −gV_{i1}R^{t̃ ∗}_{nL} + gh_tV_{i2}R^{t̃ ∗}_{nR} , k^{t̃}_{ni} = gh_bU^∗_{i2}R^{t̃ ∗}_{nL} , l^{b̃}_{mi} = −gU_{i1}R^{b̃ ∗}_{mL} + gh_bU_{i2}R^{b̃ ∗}_{mR} , k^{b̃}_{mi} = gh_tV^∗_{i2}R^{b̃ ∗}_{mL} , (12)

and the neutralino, a^{t̃}_{nj} = gR^{t̃ ∗}_{nL}f^{t̃}_{Lj} − gh_tR^{t̃ ∗}_{nR}Z_{j4} , b^{t̃}_{nj} = −gh_tR^{t̃ ∗}_{nL}Z^∗_{j4} + gR^{t̃ ∗}_{nR}f^{t̃}_{Rj} , a^{b̃}_{mj} = gR^{b̃ ∗}_{mL}f^{b̃}_{Lj} − gh_bR^{b̃ ∗}_{mR}Z_{j3} , b^{b̃}_{mj} = −gh_bR^{b̃ ∗}_{mL}Z^∗_{j3} + gR^{b̃ ∗}_{mR}f^{b̃}_{Rj} , (13)

with the gaugino components of the neutralino

f^{q̃}_{Rj} = √ 2e_q tan θ_W Z^∗_{j1} , f^{q̃}_{Lj} = − √ 2 ( (e_q − I^q_{3L}) tan θ_W Z_{j1} + I^q_{3L}Z_{j2} ) , (14) and the Yukawa couplings h_t =^{mt} √ 2m_W sin β , and hb = m_b √ 2m_W cos β . (15)

The charge and the isospin of the quark q are given by e_q and I^q_{3L}, g is the SU(2) coupling parameter.

The mixing matrices are defined as U^∗_{jα}M^{χ+}_{αβ} V^∗_{kβ} = δ_{jk}m_{χ̃}+_k , (16) Z^∗_{jα}M^{χ0}_{αβ}Z^∗_{kβ} = δ_{jk}m_{χ̃}0_k for the basis {b̃, ω̃^3, h̃^0_1, h̃^0_2} , (17) R^{q̃}_{jα}(M^2)^{q̃}_{αβ}R^{q̃ ∗}_{kβ} = δ_{jk}m^2_{q̃k} , (18) with the mass matrices

M^{χ̃+} = ( M_2 √ 2 m_W sin β √ 2 m_W cos β μ ) , (19)

M^{χ̃0} =

M_1 0 −m_Z s_W c_β m_Z s_W s_β 0 M_2 m_Z c_W c_β −m_Z c_W s_β −m_Z s_W c_β m_Z c_W c_β 0 −μ m_Z s_W s_β −m_Z c_W s_β −μ 0 , (20)

(M^2)^{q̃} = ( m^2_{q̃L} a^∗_q m_q a_qm_q m^2_{q̃R} ) , (21)

where the abbreviations s_W = sin θ_W , c_W = cos θ_W , s_β = sin β, c_β = cos β, and

m^2_{q̃L} = M^2_{Q̃} + m^2_Z cos 2β (I^q_{3L} − e_q sin^2 θ_W ) + m^2_q , (22)

m^2_{q̃R} = M^2_{q̃R} + e_q m^2_Z cos 2β sin^2 θ_W + m^2_q , (23) a_q = A_q − μ^∗ (tan β)^{−2I q3L} = |a_q| e^{iϕq̃} , (24)

are introduced for a more convenient notation. M^2_{q̃R} = M^2_Ũ (M^2_{D̃}) is the soft breaking mass parameter for the right stops (sbottoms).

The form factors giving the major contribution for most of the parameter regions studied, can be split into the contributions (t̃tb), (bb̃t̃), and (t̃b):

Λ^{L,R}_{(+)} = Λ^{L,R}_{(t̃tb)} + Λ^{L,R}_{(bb̃t̃)} + Λ^{L,R}_{(t̃b)} , (25) Π^{L,R}_{(+)} = Π^{L,R}_{(t̃tb)} + Π^{L,R}_{(bb̃t̃)} , (26)

with

Λ^R_{(t̃tb)} = − 3 16π^2 √ 2 2∑ n=1 a^{t̃}_{nj} m_{χ̃}0_j (k^{t̃∗}_{ni}(C_0 + C_1)m_b + l^{t̃∗}_{ni}(C_0 + C_1 + C_2)m_{χ̃}+_i ) (27) + b^{t̃}_{nj} m_t(k^{t̃∗}_{ni}C_0m_b + l^{t̃∗}_{ni}(C_0 + C_2)m_{χ̃}+_i ) ,

Λ^L_{(t̃tb)} = 3 16π^2 √ 2 2∑ n=1 a^{t̃}_{nj} l^{t̃∗}_{ni}(B_0 − 2C_{00} + C_0m^2_{t̃n} + C_1m^2_{χ̃}0_j + C_2m^2_{χ̃}+_i ) (28) + b^{t̃}_{nj} l^{t̃∗}_{ni}C_1m_{χ̃}0_j m_t + a^{t̃}_{nj} k^{t̃∗}_{ni}C_2m_bm_{χ̃}+_i ,

Π^R_{(t̃tb)} = − 3 8π^2 √ 2 2∑ n=1 a^{t̃}_{nj} (k^{t̃∗}_{ni}C_2m_b + l^{t̃∗}_{ni}(C_2 + C_{12} + C_{22})m_{χ̃}+_i ) , (29)

Π^L_{(t̃tb)} = − 3 8π^2 √ 2 2∑ n=1 l^{t̃∗}_{ni}(a^{t̃}_{nj} (C_1 + C_{11} + C_{12})m_{χ̃}0_j + b^{t̃}_{nj} C_1m_t) , (30)

Λ^R_{(bb̃t̃)} = 3 8π^2 2∑ m,n=1 b^{b̃}_{mj} k^{t̃∗}_{ni}c^+_{mn}C_{00} , (31)

Λ^L_{(bb̃t̃)} = 3 8π^2 2∑ m,n=1 a^{b̃}_{mj} l^{t̃∗}_{ni}c^+_{mn}C_{00} , (32)

Π^R_{(bb̃t̃)} = 3 8π^2 2∑ m,n=1 c^+_{mn}(a^{b̃}_{mj} l^{t̃∗}_{ni}(C_2 + C_{12} + C_{22})m_{χ̃}+_i + b^{b̃}_{mj} k^{t̃∗}_{ni}(C_1 + C_{11} + C_{12})m_{χ̃}0_j (33)

− a^{b̃}_{mj} k^{t̃∗}_{ni}(C_0 + C_1 + C_2)m_b) ,

Π^L_{(bb̃t̃)} = 3 8π^2 2∑ m,n=1 c^+_{mn}(a^{b̃}_{mj} l^{t̃∗}_{ni}(C_1 + C_{11} + C_{12})m_{χ̃}0_j + b^{b̃}_{mj} k^{t̃∗}_{ni}(C_2 + C_{12} + C_{22})m_{χ̃}+_i (34)

− b^{b̃}_{mj} l^{t̃∗}_{ni}(C_0 + C_1 + C_2)m_b) ,

Λ^R_{(t̃b)} = − 3 16π^2 O^R_{j(3−i)} m^2_{χ̃}+_i − m^2_{χ̃}+_{(3−i)} 2∑ n=1 B_0m_b(k^{t̃}_{n(3−i)}l^{t̃∗}_{ni}m_{χ̃}+_i + l^{t̃}_{n(3−i)}k^{t̃∗}_{ni}m_{χ̃}+_{(3−i)} ) (35)

+ (B_0 + B_1)m_{χ̃}+_i (k^{t̃}_{n(3−i)}k^{t̃∗}_{ni}m_{χ̃}+_i + l^{t̃}_{n(3−i)}l^{t̃∗}_{ni}m_{χ̃}+_{(3−i)} ) ,

Λ^L_{(t̃b)} = − 3 16π^2 O^L_{j(3−i)} m^2_{χ̃}+_i − m^2_{χ̃}+_{(3−i)} 2∑ n=1 B_0m_b(l^{t̃}_{n(3−i)}k^{t̃∗}_{ni}m_{χ̃}+_i + k^{t̃}_{n(3−i)}l^{t̃∗}_{ni}m_{χ̃}+_{(3−i)} ) (36)

+ (B_0 + B_1)m_{χ̃}+_i (l^{t̃}_{n(3−i)}l^{t̃∗}_{ni}m_{χ̃}+_i + k^{t̃}_{n(3−i)}k^{t̃∗}_{ni}m_{χ̃}+_{(3−i)} ) ,

where

C^{(t̃tb)}_X = C_X (m^2_{χ̃}0_j , m^2_W , m^2_{χ̃}+_i , m^2_{t̃n} , m^2_t , m^2_b ) , (37) B^{(t̃tb)}_0 = B_0(m^2_W , m^2_t , m^2_b ) , (38) C^{(bb̃t̃)}_X = C_X (m^2_{χ̃}0_j , m^2_W , m^2_{χ̃}+_i , m^2_b , m^2_{b̃m} , m^2_{t̃n} ) , (39) B^{(t̃b)}_X = B_X (m^2_{χ̃}+_i , m^2_{t̃n} , m^2_b ) . (40)

The B- and C-functions are given in the notation of [19].

References

[1] J. A. Aguilar-Saavedra et al. [ECFA/DESY LC Physics Working Group Collaboration], hep-ph/0106315; T. Abe et al. [American Linear Collider Working Group Collaboration], in Proc. of the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001) ed. N. Graf, hep-ex/0106056; K. Abe et al., JLC Roadmap Report, presented at the ACFA LC Symposium, Tsukuba, Japan 2003, http://lcdev.kek.jp/RMdraft/ [2] S. Y. Choi, A. Djouadi, H. S. Song and P. M. Zerwas, Eur. Phys. J. C 8 (1999) 669;

S. Y. Choi, A. Djouadi, M. Guchait, J. Kalinowski, H. S. Song and P. M. Zerwas, Eur. Phys. J. C 14 (2000) 535; S. Y. Choi, M. Guchait, J. Kalinowski and P. M. Zerwas, Phys. Lett. B 479 (2000) 235; S. Y. Choi, J. Kalinowski, G. Moortgat-Pick and

P. M. Zerwas, Eur. Phys. J. C 22 (2001) 563 [Addendum-ibid. C 23 (2002) 769]; S. Y. Choi, M. Drees and B. Gaissmaier, Phys. Rev. D 70 (2004) 014010.

[3] J. F. Donoghue, Phys. Rev. D 18 (1978) 1632; G. Valencia, hep-ph/9411441;

Y. Kizukuri and N. Oshimo, hep-ph/9310224; J. Kalinowski, Acta Phys. Polon. B 34 (2003) 3441; A. Bartl, H. Fraas, O. Kittel and W. Majerotto, Phys. Rev. D 69, 035007 (2004), hep-ph/0308143, Eur. Phys. J. C 36, 233 (2004), Phys. Lett. B 598, 76 (2004); O. Kittel, A. Bartl, H. Fraas, and W. Majerotto, hep-ph/0410054, to be published in PRD; J. A. Aguilar-Saavedra, Nucl. Phys. B 697 (2004) 207, Phys. Lett. B 596 (2004) 247, Nucl. Phys. B 697, 207 (2004).

[4] A. Bartl, K. Hidaka, T. Kernreiter and W. Porod, Phys. Lett. B 538 (2002) 137, Phys. Rev. D 66, 115009 (2002); A. Bartl, S. Hesselbach, K. Hidaka, T. Kernreiter and W. Porod, hep-ph/0306281; T. Gajdosik, R. M. Godbole and S. Kraml, JHEP 0409 (2004) 051; A. Bartl, H. Fraas, T. Kernreiter and O. Kittel, Eur. Phys. J. C 33 (2004) 433.

[5] A. Pilaftsis, Phys. Rev. D 58 (1998) 096010, Phys. Lett. B 435 (1998) 88, A. Pilaftsis and C. E. Wagner, Nucl. Phys. B 553 (1999) 3; D. A. Demir, Phys. Rev. D 60 (1999) 055006; M. Carena, J. R. Ellis, A. Pilaftsis and C. E. Wagner, Nucl. Phys. B 586 (2000) 92.

[6] E. Christova, H. Eberl, W. Majerotto and S. Kraml, Nucl. Phys. B 639 (2002) 263 [Erratum-ibid. B 647 (2002) 359], JHEP 0212, 021 (2002).

[7] P. Nath, Phys. Rev. Lett. 66 (1991) 2565; Y. Kizukuri and N. Oshimo, Phys. Rev. D 46 (1992) 3025; R. Garisto and J. D. Wells, Phys. Rev. D 55 (1997) 1611; Y. Grossman, Y. Nir and R. Rattazzi, Adv. Ser. Direct. High Energy Phys. 15 (1998) 755.

[8] T. Ibrahim and P. Nath, Phys. Lett. B 418 (1998) 98; M. Brhlik, G. J. Good and G. L. Kane, Phys. Rev. D 59 (1999) 115004; A. Bartl, T. Gajdosik, W. Porod, P. Stockinger and H. Stremnitzer, Phys. Rev. D 60 (1999) 073003.

[9] W. M. Yang and D. S. Du, Phys. Rev. D 67 (2003) 055004.

[10] H. Eberl, T. Gajdosik, W. Majerotto, and B. Schraußer, work in progress

[11] T. Hahn, Nucl. Phys. Proc. Suppl. B 89 (2000) 231; Comp. Phys. Commun. 140 (2001) 418; FeynArts User’s Guide, FormCalc User’s Guide and LoopTools User’s Guide, available at http://www.feynarts.de

[12] G. J. van Oldenborgh, Comput. Phys. Commun. 66 (1991) 1.

[13] S. Heinemeyer, T. Hahn, G. Weiglein, W. Hollik, http://www.feynhiggs.de/

[14] for a summary see: S. Abel, S. Khalil and O. Lebedev, Nucl. Phys. B 606 (2001) 151.

[15] E. D. Commins, S. B. Ross, D. DeMille and B. C. Regan, Phys. Rev. A 50, 2960 (1994).

[16] P. G. Harris et al., Phys. Rev. Lett. 82, 904 (1999); see also the discussion in S. K. Lamoreaux and R. Golub, Phys. Rev. D 61, 051301 (2000) [17] M. V. Romalis, W. C. Griffith and E. N. Fortson, Phys. Rev. Lett. 86, 2505 (2001) [18] P. Nath, Phys. Rev. Lett. 66, 2565 (1991); Y. Kizukuri and N. Oshimo, Phys. Rev.

D 46, 3025 (1992).

[19] A. Denner, Fortschr. Phys. 41 (1993) 307.