arXiv:1205.1273v2 [hep-ph] 27 Jun 2012

Preprint typeset in JHEP style - HYPER VERSION

Feynman Rules for the Rational Part of One-loop QCD Corrections in the MSSM

Hua-Sheng Shao

Department of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China E-mail: erdissshaw@gmail.com

Yu-Jie Zhang

Key Laboratory of Micro-nano Measurement-Manipulation and Physics (Ministry of Education) and School of Physics, Beihang University, Beijing 100191, China E-mail: nophy0@gmail.com

Abstract: The complete set of Feynman rules for the rational part R of QCD corrections in the MSSM are calculated at the one-loop level, which can be very useful in the next-to-leading order calculations in supersymmetric models. Our results are expressed in the ’t Hooft-Veltman regularization scheme and in the Four Dimensional Helicity scheme with non-anticommutating and anticommutating γ_5 strategies.

Keywords: NLO, Supersymmetric models, Quantum chromodynamics.

Contents

1. Introduction 1

2. Origin of Rational Part 3

3. Dimensional Regularization Schemes and γ_5 Schemes 4

4. Feynman Rules for the Rational Part 5 4.1 Effective Vertices in Pure MSSM QCD 8 4.1.1 Pure MSSM QCD effective vertices with 2 external legs 8 4.1.2 Pure MSSM QCD effective vertices with 3 external legs 10 4.1.3 Pure MSSM QCD effective vertices with 4 external legs 12 4.2 Effective Vertices in Mixed MSSM QCD 15 4.2.1 Mixed MSSM QCD effective vertices with 3 external legs 15 4.2.2 Mixed MSSM QCD effective vertices with 4 external legs 25

5. Summary 39

1. Introduction

The calculations of multi-particle processes at next-to-leading order (NLO) level are particularly important for Large Hadron Collider (LHC) and International Linear Collider (ILC) physics, especially in hunting for Higgs boson(s) and New Physics (NP) signatures. Searching for the Higgs boson is one of the central tasks required for the operation of LHC. In order to solve some difficulties encountered in the Standard Model (SM), many New Physics models have been introduced. Most notable of them are the various supersymmetric (SUSY) models. The Minimal Supersymmetric extension of the Standard Model (MSSM)[1, 2, 3, 4, 5, 6, 7, 8], the simplest one, provides many new physics benchmark points to experimentalists to search the SUSY signatures at the LHC. However, both hunting for the Higgs boson(s) and searching for the New Physics signatures are often limited by overwhelming backgrounds. Cascade decays from heavy SUSY particles often result in multi-particle final states. Therefore, precise theoretical results of multi-leg processes are urgently needed with the enhancement of accumulated data at the LHC. To accomplish this task, a significant number of multileg processes should be calculated up to the NLO accuracy in SM and NP. Nevertheless, this task can be very challenging.

– 1 –

In general, a NLO calculation includes real-radiation corrections and virtual corrections with renormalization. The real corrections, without any loop integrals at NLO level, can be accomplished with many efficient algorithms, such as Berends- Giele recursion relations[9], Britto-Cachazo-Feng-Witten (BCFW) recursion relations [10, 11], etc. Programs such as MADGRAPH[12, 13], COMPHEP[14], AMEGIC++[15] ,ALPHA[16, 17, 18], HELAC[19, 20] and COMIX[21] are all efficient tree-level matrix elements generators. Accompanied with phase space slicing method[22] or subtraction terms[23, 24, 25, 26, 27, 28, 29, 30, 31], the automation of real-radiation part seems much straightforward to be realized[32, 27, 33, 34]. On the other hand, the automatic calculation of one-loop integrals is also a feasible task nowadays. Actually, the difficulties in one-loop calculation are relevant to the simplification of the lengthy Dirac structures and the reduction of one-loop integrals to standard master integrals. The latter issue can be resolved by many existing one-loop integrals reduction algorithms, such as Passarino-Veltman reduction procedure [35, 36, 37]. The former one encounters difficulties in making the expression more compact, because one should treat the Dirac matrices in d = 4−2ϵ dimensions when using dimensional regularization and dimensional reduction.

Recently, we have witnessed a new evolution of NLO techniques. Automatic one-loop calculations have become a feasible approach after several new and efficient algorithms are proposed. Some of the most notable methods are the Unitarity [38, 39, 40, 41, 42, 43] based techniques such as the Ossola, Papadopoulos, and Pittau (OPP) reduction method [44, 45, 46, 47, 48, 49], by reducing the computation of oneloop amplitudes to a problem of a tree level calculation. This method are able to control the computational complexity efficiently with remaining tree level recursion equations. However, when applying in 4 dimensions in OPP, one can extract the Cut Constructible(CC) part of the amplitudes, while the left piece rational terms should be derived separately [50]. With the known rational part R, efficient simplifications of the lengthy Dirac structures in 4 dimensions are possible at the Feynman amplitude level, which also make it possible to do a complicated one-loop computation about multi-particle processes in other reduction algorithms [51, 52, 53].

Fortunately, the rational part R (in OPP approach, it is called R_2) is proven to be guaranteed by the ultraviolet (UV) nature of one-loop amplitudes [52, 54],i.e. the only origin of R we considered here is from a combination of O(ϵ) part in numerator of a loop integral and its UV divergence term O(^1_{ϵUV} ) . Since the UV poles,in contrast to infrared divergence ones,do not depend on kinematical properties of external legs such as on-shell relations, one can establish the Feynman rules respect to the effective vertices. This fact also ensures four external legs enough.

The complete Feynman rules for R in SM under anticommutating γ_5 strategy in the ’t Hooft-Feynman gauge, R_ξ gauge and Unitary gauge have been calculated [55, 56, 57]. Besides, their package R2SM written in FORM is also available [58]. The Feynman rules for the R in SM under the ’t Hooft-Veltman γ_5 scheme have

– 2 – been calculated by us [59]. Moreover, some simplifications to extract rational terms were suggested recently [60, 61]. For supersymmetric amplitudes, one can track to the Cachazo-Svrcek-Witten Fenyman rules[62, 63, 64] to make some simplifications in the calculation of gluonic amplitudes.In the present paper, the complete set of Feynman Rules for rational part R of QCD corrections in the MSSM are calculated at the oneloop level with two γ_5 strategies. All of these Feynman rules can be implemented in NLO matrix element generators like MADLOOP[65, 66] and HELAC-NLO[67] and also be useful in the development of FEYNRULES[68] or in any other methods such as Open Loops [69] or GOSAM [70, 71].

The organization of the paper is as follows. In Section 2, the origin of rational part R is recalled. The dimensional regularization schemes and γ_5 schemes are fixed in Section 3. The complete set of Feynman rules are listed in Section 4. Finally, we make a conclusion.

2. Origin of Rational Part

In dimensional regularization procedure, one should treat integral momentum q̄ in d = 4 − 2ϵ dimensions to maintain the gauge invariance. A generic N-point one-loop (sub-) amplitude reads as

A_N = ∫ d^dq̄ N̄(q̄) D̄_1D̄_2...D̄_N , (2.1)

where

D̄_k = (q̄ + p_k)^2 − (m_k)^2, q̄ = q + q̃. (2.2)

Here a bar denotes d dimensional objects while a tilde means something living in d − 4 dimensions.

The rational part R comes from the division of the above numerator N̄(q̄) into a 4-dimensional part and a (d − 4)-dimensional part

N̄(q̄) = N(q) + Ñ(q̃^2, ϵ, q), (2.3)

Apart from the process dependent N(q), the remaining part Ñ(q̃^2, ϵ, q) = N̄(q̄)−N(q) gives rise to rational part R R ≡ ∫ d^dq̄ Ñ(q̃2, ϵ, q) D̄_1D̄_2...D̄_N , (2.4)

To clarify the division and to avoid the possible ambiguities, we split d = 4 − 2ϵ dimensional objects in the tree like Feynman rules as follows

q̄_{μ̄} = q_μ + q̃_{μ̃}, γ̄_{μ̄} = γ_μ + γ̃_{μ̃}, ḡ_{μ̄ν̄} = g_{μν} + g̃_{μ̃ν̃} . (2.5)

– 3 –

The effective vertices for R can be obtained from all possible one-particle irreducible Green functions, which is enough up to 4 external legs in the MSSM QCD, which is a renormalizable model. It’s also worth reminding that the rational part R is not gauge invariance independently. Actually, in OPP framework, R_1 + R_2 is gauge invariant and preserves all the Ward identities of the theory [56].

3. Dimensional Regularization Schemes and γ_5 Schemes

In this section, the proposed regularization schemes and γ_5 schemes adopted in this paper are reviewed and an example of calculating rational term R is given.

First, the Feynman rules in two dimensional regularization schemes that maintain the advantages of the helicity method for loop calculation are reviewed. These schemes require all the quantities of external legs to be in four dimensions. The supersymmetry-preserving Dimensional Reduction (DRED)[72] has been proven to be equivalent to Dimensional Regularization (DREG) [73]. Thus, the Four-dimensional Helicity (FDH)[74, 75, 76, 77] and ’t Hooft-Veltman (HV) [78] schemes were chosen in our results. In the FDH scheme, the only d dimensional object is the integral momentum q̄, while in the HV scheme all the internal(unobserved) quantities such as the polarization of internal vectors are d dimensional objects, i.e. R | |_{HV} = ∫ d^dq̄ Ñ(q̃2, ϵ, q) D̄_1D̄_2...D̄_N , R | | |_{F DH} = ∫ d^dq̄ Ñ(q̃2, ϵ = 0, q) D̄_1D̄_2...D̄_N . (3.1)

When using dimensional regularization in both schemes, the common object to be analytically continued from 4 dimensions to d = 4 − 2ϵ dimensions is

q^2 → q^2 + q̃^2. (3.2)

Because of the nature of external legs in four dimensions, the contribution of q̃ to R has to be in q̃^2 forms.

As we known, there are two famous algebraic self-consistent γ_5 regularization schemes existing in the market. The first class, called ’t Hooft-Veltman (HV) γ_5- regularization scheme, was proposed by ’t Hooft and Veltman and systematized by Breitenlohner and Maison [78, 79, 80, 81, 82, 83, 84, 85, 86]. It is the first proven consistent γ_5 scheme [82, 83, 84, 85, 86]. It favors a non-vanishing anti-commutator {γ_5, γ̄_{μ̄}} ≠ 0. This scheme distinguishes 4-dimensional and (d − 4)-dimensional objects to create correct spurious anomalies. Due to the non-anticommutation relation, the tree-like Feynman rules in the theory were modified as symmetric forms [87] in our calculations. The other practicable scheme was introduced by Kreimer, Körner, and Schilcher (KKS), et al. [88, 89, 90]. Instead of violating the anticommutation

– 4 – equation, they chose to preserve the anticommutation relationship {γ_5, γ̄_{μ̄}} = 0 and prevented cyclic property in Dirac traces to avoid algebraic inconsistency. A projection on four-dimensional subspaces is needed in their redefinition of trace operation:

T r(γ_5γ̄_{μ̄1} ...γ̄_{μ̄2k} ) ≡ tr(P(γ_5)γ̄_{μ̄1} ...γ̄_{μ̄2k} ), (3.3)

where P(γ_5) ≡^i_{4!} ε_{μ1μ2μ3μ4} γ^{μ1} γ^{μ2} γ^{μ3} γ^{μ4} with Lorentz indexes of ε_{μ1μ2μ3μ4} all in 4 dimensions. To obtain the correct result in this scheme, a ”special” vertex called ”reading point” should be identified in the loops and all the γ_5 in Dirac structures should be removed to the vertex before performing projection. Generally, different treatments of ”reading point” in each Feynman graph may generate a discrepancy proportional to the totally antisymmetric Levi-Civita tensor ε. In some computations of specific processes, different intermediate results may be derived if different regularization schemes are selected [91, 92].However, physical results should be the same in different regularization schemes as long as the unitarity is kept in the theory after some necessary renormalization[93, 94, 95, 96, 97, 98].

To describe the procedure more clearly, an illustrative example of deriving R from the gluon self-energy in MSSM QCD is provided. The corresponding Feynman diagrams are shown in Fig.1. The contribution of diagram (a) in Fig.1 is vanishing because it is a massless tadpole. For (b) − (d), the internal scalar loops cannot give a non-vanishing contribution to the R of gluon self-energy because the vertices are always contracted to external polarization vectors. The nontrivial contributions are only from the last three diagrams. For the quark loop with two external gluons, the numerator can be read as

N̄(q̄) = − g^{2s} (2π)^4 δ_{ab} 2 T r[γ^μ(/q̄ + m_Q)γ^ν (/q̄ + /p + m_Q)], (3.4)

where external indices μ and ν have been taken in four dimensions. After performing some Dirac algebra, one arrive at

Ñ(q̃^2) = 4 g^{2s} (2π)^4 δ_{ab} 2 g^{μν}q̃^2. (3.5)

Integrating it with the help of any one-loop integral reduction algorithms, this quark loop contribution can be obtained. The last two diagrams are gluino loop and gluon loop. The same basic procedure is employed to deal with these loops.

4. Feynman Rules for the Rational Part

In this section, the complete list of the effective MSSM QCD vertices contributing to R in the ’t Hooft-Feynman gauge are given. We use FEYNARTS [99] to generate all of the Feynman amplitudes. Therefore, the Feynman rules are following the

– 5 –

Figure 1: Diagrams contributing to the gluon self-energy in the MSSM QCD.

conventions of Refs.[100, 101, 102, 103]. In particular, fermion chains are concatenated following the algorithm in Ref.[104], which works also for Majorana fermions and the fermion-number-violating couplings.Two parameters λ_{HV} and g5s are introduced in the formulae to denote the different dimensional regularization schemes and γ_5 schemes as in our previous paper [59]. Here, λ_{HV} = 1 corresponds to the ’t Hooft-Veltman regularization scheme and λ_{HV} = 0 to the Four Dimensional Helicity scheme, while g5s = 1 corresponds to the KKS γ_5 scheme and g5s = −1 to the HV

– 6 – γ_5 scheme. Our notations are as follows:

L_1 = e, L_2 = μ, L_3 = τ, L_4 = ν_e, L_5 = ν_μ, L_6 = ν_τ , Q_1 = u, Q_2 = d, Q_3 = s, Q_4 = c, Q_5 = b, Q_6 = t, L̃_{1,1} = ẽ_1, L̃_{1,2} = ẽ_2, L̃_{2,1} = μ̃_1, L̃_{2,2} = μ̃_2, L̃_{3,1} = τ̃_1, L̃_{3,2} = τ̃_2,

L̃_4 = ν̃_e, L̃_5 = ν̃_μ, L̃_6 = ν̃_τ , Q̃_{1,1} = ũ_1, Q̃_{1,2} = ũ_2, Q̃_{2,1} = d̃_1, Q̃_{2,2} = d̃_2, Q̃_{3,1} = s̃_1, Q̃_{3,2} = s̃_2, Q̃_{4,1} = c̃_1, Q̃_{4,2} = c̃_2, Q̃_{5,1} = b̃_1, Q̃_{5,2} = b̃_2, Q̃_{6,1} = t̃_1, Q̃_{6,2} = t̃_2. (4.1)

In addition,

e_1 = e, e_2 = μ, e_3 = τ, ν_1 = ν_e, ν_2 = ν_μ, ν_3 = ν_τ , U_1 = u, U_2 = c, U_3 = t, D_1 = d, D_2 = s, D_3 = b, ẽ_{1,1} = ẽ_1, ẽ_{1,2} = ẽ_2, ẽ_{2,1} = μ̃_1, ẽ_{2,2} = μ̃_2, ẽ_{3,1} = τ̃_1, ẽ_{3,2} = τ̃_2,

ν̃_1 = ν̃_e, ν̃_2 = ν̃_μ, ν̃_3 = ν̃_τ , Ũ_{1,1} = ũ_1, Ũ_{1,2} = ũ_2, Ũ_{2,1} = c̃_1, Ũ_{2,2} = c̃_2, Ũ_{3,1} = t̃_1, Ũ_{3,2} = t̃_2, D̃_{1,1} = d̃_1, D̃_{1,2} = d̃_2, D̃_{2,1} = s̃_1, D̃_{2,2} = s̃_2, D̃_{3,1} = b̃_1, D̃_{3,2} = b̃_2. (4.2)

N_c denotes the number of colors and V_{ui,dj} are CKM matrix elements. In MSSM, the following rotation matrices should be introduced too (~ Q_{l,1} Q̃_{l,2} ) = R_l (~ Q_{l,L} Q̃_{l,R} ) , (~ U_{l,1} Ũ_{l,2} ) = RU_l (~ U_{l,L} Ũ_{l,R} ) , (~ D_{l,1} D̃_{l,2} ) = RD_l (~ D_{l,L} D̃_{l,R} ) , ( ẽ_{l,1} ẽ_{l,2} ) = RL_l ( ẽ_{l,L} ẽ_{l,R} ) . Besides, matrices RN, CR, CL are the neutralino mixing matrix and the right-handed , left-handed chargino mixing matrices respectively, which is also following the convention of FEYNARTS. We denote the element of matrix M as M_{ij} , M_{i,j} or M_{(i,j)}.

– 7 –

To make the result readable, we introduce some notations for the following frequently used summations

SR1(l, m)_{s1,s2} ≡ 2∑ k=1 R^∗_{l,(s1,k)}R_{m,(s2,k)} = ( R_mR^†_l ) s2,s1 , SR2(l, m)_{s1,s2} ≡ R^∗_{l,(s1,1)}R_{m,(s2,2)} + R^∗_{l,(s1,2)}R_{m,(s2,1)}, SRU1(l, m)_{s1,s2} ≡ 2∑ k=1 RU^∗_{l,(s1,k)}RU_{m,(s2,k)} = ( RU_mRU^†_l ) s2,s1 , SRU2(l, m)_{s1,s2} ≡ RU^∗_{l,(s1,1)}RU_{m,(s2,2)} + RU^∗_{l,(s1,2)}RU_{m,(s2,1)}, SRD1(l, m)_{s1,s2} ≡ 2∑ k=1 RD^∗_{l,(s1,k)}RD_{m,(s2,k)} = ( RD_mRD^†_l ) s2,s1 , SRD2(l, m)_{s1,s2} ≡ RD^∗_{l,(s1,1)}RD_{m,(s2,2)} + RD^∗_{l,(s1,2)}RD_{m,(s2,1)}. Ω^− ≡^{1−γ5}_2 and Ω^+ ≡^{1+γ5}_2 are two chiral projection operators with g_s, e coupling constants in QCD and QED respectively. For brevity, t_β = tan β, c_β = cos β, s_β = sin β, c_α = cos α, s_α = sin α, c_w = cos θ_w, s_w = sin θ_w. Parameters μ and A_{Ql} are the Higgs-doublet mixing parameter and the soft breaking A-parameters. In some cases, we also use notation A = B(α → β), which means the expression A are obtained from B by all of the α in B replaced by the β.

4.1 Effective Vertices in Pure MSSM QCD In this section, we give the complete list of the non-vanishing R effective vertices in pure MSSM QCD, with all external and internal legs MSSM QCD particles.

4.1.1 Pure MSSM QCD effective vertices with 2 external legs All possible non-vanishing 2-point vertices in pure MSSM QCD are shown in Fig.2.

Squark-Squark vertices

There is no generation mixing in these vertices. The corresponding effective vertex is shown in Fig.2 (a) with their expressions as follows

Vert(Q̃^i_{l,s1}, Q̃^j_{m,s2}) = ig^2_s 24π^2 C_F δ^{ij} δ_{lm} {( 3m^2_{G̃} + 3m^2_{Ql} − p^2 ) [1 + g5s 2 SR1(l, l)_{s1,s2} − 1 − g5s 2 SR2(l, l)_{s1,s2} ] + δ_{s1,s2} 4 ( 3m^2_{Q̃l,s1} − p^2 )} . (4.3)

– 8 –

Figure 2: All possible non-vanishing 2-point vertices in pure MSSM QCD.

Gluon-Gluon vertex

The corresponding diagram is shown in Fig.2 (b) with its expression as follows

Vert(G^a_μ, G^b_ν ) = ig^2_s 48π^2 C_A δ^{ab} [ p^2 2 g_{μν} + λ_{HV} ( g_{μν} p^2 − p_μp_ν )

+ ∑ Q ( p^2 − 6m^2_Q N_c g_{μν} ) + ( p^2 − 6m^2_{G̃} ) g_{μν} ] . (4.4)

Quark-Quark vertices

The corresponding diagram is shown in Fig.2 (c) with its expression as follows

Vert(Q^i_l , Q̄^j_m) = ig^2_s 16π^2

C_F δ^{ij} δ_{lm} (−/p + 2m_{Ql} ) λ_{HV} . (4.5)

– 9 –

Figure 3: All possible non-vanishing 3-point vertices in pure MSSM QCD.

Gluino-Gluino vertex

The corresponding diagram is shown in Fig.2 (d) with its expression as follows

Vert(G̃^a, G̃^b) = ig^2_s 16π^2

C_A δ^{ab} (−/p + 2m~_G) λ_{HV} . (4.6)

4.1.2 Pure MSSM QCD effective vertices with 3 external legs All possible non-vanishing 3-point vertices in pure MSSM QCD are shown in Fig.3.

Gluon-Quark-Quark vertices

The corresponding diagram is shown in Fig.3 (a) with its expression as follows

Vert(G^a_μ, Q^i_l, Q̄^j_m) = ig^3_s 16π^2 T^a_{ji} δ_{lm} ( C_−Ω^− + C_+Ω^+ ) γ_μ, (4.7)

– 10 – where

C_− = (1 + λ_{HV} ) C_F + N_c 2 ( R^†_l R_l ) 2,2 , C_+ = (1 + λ_{HV} ) C_F + N_c 2 ( R^†_l R_l ) 1,1 . (4.8)

Gluon-Gluon-Gluon vertex

The corresponding diagram is shown in Fig.3 (b) with its expression with only N_f flavor quarks as follows

Vert(G^a_μ, G^b_ν , G^c_ρ) = − g^3_s N_c 48π^2 ( 15 4 + λ_{HV} + 2N_f N_c ) f^{abc} V_{μνρ}(p_1, p_2, p_3), (4.9)

where

V_{μνρ}(p_1, p_2, p_3) = g_{μν} (p_2 − p_1)_ρ + g_{νρ}(p_3 − p_2)_μ + g_{ρμ}(p_1 − p_3)_ν . (4.10)

Gluino-Quark-Squark vertices

The corresponding diagram are shown in Fig.3 (c, d) with their expressions as follows

Vert(G̃^a, Q^i_l, ¯Q̃^j_{m,s}) = ig^3_s π^2 T^a_{ji} δ_{lm} ( C_−Ω^− + C_+Ω^+ ) , Vert(G̃^a, Q̄^i_l, Q̃^j_{m,s}) = ig^3_s π^2 T^a_{ij} δ_{lm} ( C^∗_+Ω^− + C^∗_−Ω^+ ) , (4.11)

where

C_− = 1 32 √ 2N_c [( R_{l,(s,1)} − 1 − g5s 2 4(1 + λ_{HV} )R_{l,(s,2)} +

1 + g5s 2 4(1 + λ_{HV} )R_{l,(s,1)} ) N^2_c −R_{l,(s,1)} − 1 − g5s 2 2R_{l,(s,1)} ( R^†_l R_l ) 2,1 + 1 + g5s 2 2R_{l,(s,2)} ( R^†_l R_l ) 2,1 ] , C_+ = − 1 32 √ 2N_c [( R_{l,(s,2)} − 1 − g5s 2 4(1 + λ_{HV} )R_{l,(s,1)} +

1 + g5s 2 4(1 + λ_{HV} )R_{l,(s,2)} ) N^2_c −R_{l,(s,2)} − 1 − g5s 2 2R_{l,(s,2)} ( R^†_l R_l ) 1,2 + 1 + g5s 2 2R_{l,(s,1)} ( R^†_l R_l ) 1,2 ] . (4.12)

– 11 –

Gluon-Squark-Squark vertices

The corresponding diagram is shown in Fig.3 (e) with its expression as follows

Vert(G^a_μ, Q̃^i_{l,s1}, ¯Q̃^j_{m,s2}) = ig^3_s 12π^2 T^a_{ji} δ_{lm} [ 6N^2_c − 1 16N_c δ_{s1,s2} + 1 + g5s 2 C_F SR1(l, l)_{s1,s2} + 1 − g5s 2 C_F 2 (SR1(l, l)_{s1,s2} − SR2(l, l)_{s1,s2})] (p_1 − p_2)_μ. (4.13)

Gluon-Gluino-Gluino vertex

The corresponding diagram is shown in Fig.3 (f) with its expression as follows

Vert(G^a_μ, G̃^b, G̃^c) = ig^3_s 16π^2 ( C_−Ω^− + C_+Ω^+ ) γ_μ, (4.14)

where

C_− = 2N_c ( T r(T^aT^bT^c) − T r(T^aT^cT^b) ) (1 + λ_{HV} ) + ( T r(T^aT^bT^c) ∑ l ( R^†_l R_l ) 1,1 − T r(T^aT^cT^b) ∑ l ( R^†_l R_l ) 2,2 ) , C_+ = 2N_c ( T r(T^aT^bT^c) − T r(T^aT^cT^b) ) (1 + λ_{HV} ) + ( T r(T^aT^bT^c) ∑ l ( R^†_l R_l ) 2,2 − T r(T^aT^cT^b) ∑ l ( R^†_l R_l ) 1,1 ) . (4.15)

4.1.3 Pure MSSM QCD effective vertices with 4 external legs All possible non-vanishing 4-point vertices in pure MSSM QCD are shown in Fig.4.

Gluon-Gluon-Gluon-Gluon vertex

The corresponding diagram is shown in Fig.4 (a) with its expression with only N_f flavors quarks as follows

– 12 –

Figure 4: All possible non-vanishing 4-point vertices in pure MSSM QCD.

Vert ( G^a_μ, G^b_ν , G^c_ρ, G^d_σ ) = ig^4_s 48π^2

(C_1 g_{μν} g_{ρσ} + C_2 g_{μρ}g_{νσ} + C_3 g_{μσ}g_{νρ}) , (4.16)

where

C_1 = T r({T^a, T^b}{T^c, T^d}) (11N_c + 2λ_{HV} N_c + 6N_f ) − ( T r(T^aT^cT^bT^d) + T r(T^aT^dT^bT^c) ) (22N_c + 4λ_{HV} N_c + 10N_f ) , C_2 = C_1(b ↔ c) = T r({T^a, T^c}{T^b, T^d}) (11N_c + 2λ_{HV} N_c + 6N_f ) − ( T r(T^aT^bT^cT^d) + T r(T^aT^dT^cT^b) ) (22N_c + 4λ_{HV} N_c + 10N_f ) , C_3 = C_1(b ↔ d) = T r({T^a, T^d}{T^c, T^b}) (11N_c + 2λ_{HV} N_c + 6N_f ) − ( T r(T^aT^cT^dT^b) + T r(T^aT^bT^dT^c) ) (22N_c + 4λ_{HV} N_c + 10N_f ) . (4.17)

Gluon-Gluon-Squark-Squark vertices

The corresponding diagram is shown in Fig.4 (b) with its expression as follows

– 13 –

Vert ( G^a_μ, G^b_ν, Q̃^i_{l,s1}, ¯Q̃^j_{m,s2} ) = ig^4_s π^2

C g_{μν} . (4.18)

where

C = − 1 48 δ_{lm} [ 1 + g5s 2 ( 3 δ^{ij} δ^{ab} + 8 C_F { T^a, T^b } ji ) SR1(l, l)_{s1,s2} + 1 − g5s 2 (2 C_F { T^a, T^b } ji (5 SR1(l, l)_{s1,s2} + SR2(l, l)_{s1,s2}) + δ^{ij} δ^{ab} (7 SR1(l, l)_{s1,s2} + 4 SR2(l, l)_{s1,s2})) − δ_{s1,s2} 8 ( δ^{ij} δ^{ab} − 21N^2_c − 2 N_c { T^a, T^b } ji )] . (4.19)

Squark-Squark-Squark-Squark vertices

The corresponding diagram is shown in Fig.4 (c) with its expression as follows

Vert ( Q̃^{i1}_{l1,s1}, ¯Q̃^{i2}_{l2,s2}, Q̃^{i3}_{l3,s3}, ¯Q̃^{i4}_{l4,s4} ) = ig^4_s π^2 ( C_1 δ^{i1,i2}δ^{i3,i4} + C_2 δ^{i1,i4}δ^{i2,i3} ) (4.20)

where

C_1 = − 1 384N^2_c { K1 [( − (42 + 4 g5s) N^3_c + (78 + 8 g5s) N_c ) δ_{l1,l4} δ_{l2,l3} + ( 6N^2_c − (42 + 4 g5s) ) δ_{l1,l2} δ_{l3,l4} ] + K2 ( − (42 + 4 g5s) N^2_c − (30 + 4 g5s) ) δ_{l1,l2}δ_{l3,l4} + K3 ( 6N^3_c + (66 + 8 g5s) N_c ) δ_{l1,l4} δ_{l2,l3} + 1 − g5s 2 K4 [( −8N^2_c − 16 ) δ_{l1,l2} δ_{l3,l4} + ( −8N^3_c + 32N_c ) δ_{l1,l4} δ_{l2,l3} ] + (12λ_{HV} − 1) [( N^2_c + 2 ) δ_{s1,s2} δ_{s3,s4} δ_{l1,l2} δ_{l3,l4} + ( N^3_c − 4N_c ) δ_{s1,s4} δ_{s2,s3} δ_{l1,l4} δ_{l2,l3} ]} , C_2 = C_1 (l2 ↔ l4, s2 ↔ s4) . (4.21)

For brevity, we also introduce following notations

K1 = 2∑ k=1 ( R^∗_{l1,(s1,k)}R_{l2,(s2,k)}R^∗_{l3,(s3,k)}R_{l4,(s4,k)} ) , K2 = R^∗_{l1,(s1,1)}R_{l2,(s2,1)}R^∗_{l3,(s3,2)}R_{l4,(s4,2)} + R^∗_{l1,(s1,2)}R_{l2,(s2,2)}R^∗_{l3,(s3,1)}R_{l4,(s4,1)}, K3 = R^∗_{l1,(s1,1)}R_{l2,(s2,2)}R^∗_{l3,(s3,2)}R_{l4,(s4,1)} + R^∗_{l1,(s1,2)}R_{l2,(s2,1)}R^∗_{l3,(s3,1)}R_{l4,(s4,2)}, K4 = R^∗_{l1,(s1,1)}R_{l2,(s2,2)}R^∗_{l3,(s3,1)}R_{l4,(s4,2)} + R^∗_{l1,(s1,2)}R_{l2,(s2,1)}R^∗_{l3,(s3,2)}R_{l4,(s4,1)}.(4.22)

– 14 –

4.2 Effective Vertices in Mixed MSSM QCD In this section, we give the complete set of the non-vanishing R effective vertices in mixed MSSM QCD, with all internal legs SUSY QCD particles and parts of external legs MSSM particles.

4.2.1 Mixed MSSM QCD effective vertices with 3 external legs All possible non-vanishing 3-point vertices in mixed MSSM QCD are shown in Fig.5.

Scalar-Gluon-Gluon vertices

The generic effective vertex is shown in Fig.5 (a) with its expression as follows

Vert ( h^0, G^a_μ, G^b_ν ) = − ig^2_s e 8π^2 δ^{ab} g_{μν} 1 2m_W s_w ( c_α s_β ∑ U m^2_U − s_α c_β ∑ D m^2_D ) ,

Vert ( H^0, G^a_μ, G^b_ν ) = − ig^2_s e 8π^2 δ^{ab} g_{μν} 1 2m_W s_w ( s_α s_β ∑ U m^2_U + c_α c_β ∑ D m^2_D ) , Vert ( A^0 or ϕ^0, G^a_μ, G^b_ν ) = 0. (4.23)

Vector-Gluon-Gluon vertices

The generic effective vertex is shown in Fig.5 (b) with its expression as follows

Vert ( Z_μ, G^a_ν , G^b_ρ ) = g^2_s e 12π^2 δ^{ab} ε_{μνρ(p1−p2)} 1 2c_ws_w ∑ Q I_{3Q}, Vert ( A_μ, G^a_ν , G^b_ρ ) = 0. (4.24)

Neutralino-Gluon-Gluino vertices

The generic effective vertex is shown in Fig.5 (c) with its expression as follows

Vert ( G^a_μ, G̃^b, χ̃^0_l ) = ig^2_s e π^2 ( C_−Ω^− + C_+Ω^+ ) γ_μ, (4.25)

– 15 – where

C_− = δ^{ab} 192m_W c_ws_wc_βs_β [ m_W s_wc_βs_βRN^∗_{l,1}( ∑ m ( R^†_mR_m ) 1,1 − 4 ∑ m ( RU^†_mRU_m ) 2,2 +2 ∑ m ( RD^†_mRD_m ) 2,2) + 3m_W c_wc_β s_βRN^∗_{l,2}( ∑ m ( RU^†_mRU_m ) 1,1 − ∑ m ( RD^†_mRD_m ) 1,1) + 6c_wc_β RN^∗_{l,4} ∑ m m_{Um} ( RU^†_mRU_m ) 1,2 +6c_ws_βRN^∗_{l,3} ∑ m m_{Dm} ( RD^†_mRD_m ) 1,2 ] , C_+ = −C^∗_− . (4.26)

Scalar-Gluino-Gluino vertices

The generic effective vertex is shown in Fig.5 (d) with its generic expression as follows

Vert ( S, G̃^a, G̃^b ) = ig^2_s e π^2 ( C^S_−Ω^− + C^S_+Ω^+ ) . (4.27)

The actual values of S, C^S_− and C^S_+ are

C^{h0}_− = δ^{ab} 32m_W s_wc_βs_β ( c_αc_β ∑ l m_{Ul} ( RU^†_l RU_l ) 2,1 − s_αs_β ∑ l m_{Dl} ( RD^†_l RD_l ) 2,1 ) , C^{h0}_+ = (C^{h0}_− )^∗, C^{H0}_± = C^{h0}_± (c_α → s_α, s_α → −c_α) ,

C^{A0}_− = g5s −iδ^{ab} 32m_W s_wt_β ( ∑ l m_{Ul} ( RU^†_l RU_l ) 2,1 + t^2_β ∑ l m_{Dl} ( RD^†_l RD_l ) 2,1 ) , C^{A0}_+ = (C^{A0}_− )^∗,

C^{ϕ0}_− = g5s iδ^{ab} 32m_W s_w ( − ∑ l m_{Ul} ( RU^†_l RU_l ) 2,1 + ∑ l m_{Dl} ( RD^†_l RD_l ) 2,1 ) , C^{ϕ0}_+ = (C^{ϕ0}_− )^∗ . (4.28)

Vector-Gluino-Gluino vertices

– 16 –

The generic effective vertex is shown in Fig.5 (e) with its generic expression as follows

Vert ( V_μ, G̃^a, G̃^b ) = ig^2_s e π^2 ( C^V_− Ω^− + C^V_+ Ω^+ ) γ_μ. (4.29)

The actual values of V, C^V_− and C^V_+ are

C^A_− = δ^{ab} 96 [ 2 ∑ l (( RU^†_l RU_l ) 1,1 − ( RU^†_l RU_l ) 2,2 )

− ∑ l (( RD^†_l RD_l ) 1,1 − ( RD^†_l RD_l ) 2,2 )] , C^A_+ = −C^A_− ,

C^Z_− = − δ^{ab} 192c_ws_w { ∑ l [( 4s^2_w −

1 + g5s 2 3 ) ( RU^†_l RU_l ) 1,1 − ( 4s^2_w − 1 − g5s 2 3 ) ( RU^†_l RU_l ) 2,2 ]

− ∑ l [( 2s^2_w −

1 + g5s 2 3 ) ( RD^†_l RD_l ) 1,1 − ( 2s^2_w − 1 − g5s 2 3 ) ( RD^†_l RD_l ) 2,2 ]} , C^Z_+ = −C^Z_− . (4.30)

Neutralino-Quark-Squark vertices

The generic effective vertices are shown in Fig.5 (f, g) with their generic expressions as follows

Vert ( χ̃^0_n, Q^i_l , ¯Q̃^j_{m,s} ) = ig^2_s e π^2 δ_{lm} ( C^{Ql}_− Ω^− + C^{Ql}_+ Ω^+ ) , Vert ( χ̃^0_n, Q̄^i_l , Q̃^j_{m,s} ) = ig^2_s e π^2 δ_{lm} ( C^{Q̄l}_− Ω^− + C^{Q̄l}_+ Ω^+ ) . (4.31)

The actual values of χ̃^0, Q, Q̃, C^Q_− and C^Q_+ are

– 17 –

C^{Ul}_− = δ^{ij} 96 √ 2m_W c_ws_ws_β C_F [ m_W s_ws_βRN^∗_{n,1}RU_{l,(s,1)} +3m_W c_ws_βRN^∗_{n,2}RU_{l,(s,1)} + g5s 6m_{Ul} c_wRN^∗_{n,4} ( RU^†_l RU_l ) 1,1 RU_{l,(s,} 3+g5s_{2 )} −g5s 8m_W s_ws_βRN^∗_{n,1} ( RU^†_l RU_l ) 2,1 RU_{l,(s,} 3+g5s_{2 )} +3c_wm_{Ul} RN^∗_{n,4}RU_{l,(s,2)} ] , C^{Ul}_+ = δ^{ij} 96 √ 2m_W c_ws_ws_β C_F [ −4m_W s_ws_βRN_{n,1}RU_{l,(s,2)} +3m_{Ul} c_wRN_{n,4}RU_{l,(s,1)} + g5s 2m_W s_ws_βRN_{n,1} ( RU^†_l RU_l ) 1,2 RU_{l,(s,} 3−g5s_{2 )} +g5s 6m_W c_ws_βRN_{n,2} ( RU^†_l RU_l ) 1,2 RU_{l,(s,} 3−g5s_{2 )} +g5s 6m_{Ul} c_wRN_{n,4} ( RU^†_l RU_l ) 2,2 RU_{l,(s,} 3−g5s_{2 )} ] , C^{Dl}_− = δ^{ij} 96 √ 2m_W c_ws_wc_β C_F [ m_W s_wc_βRN^∗_{n,1}RD_{l,(s,1)} −3m_W c_wc_β RN^∗_{n,2}RD_{l,(s,1)} + g5s 6m_{Dl} c_wRN^∗_{n,3} ( RD^†_l RD_l ) 1,1 RD_{l,(s,} 3+g5s_{2 )} +g5s 4m_W s_wc_βRN^∗_{n,1} ( RD^†_l RD_l ) 2,1 RD_{l,(s,} 3+g5s_{2 )} +3m_{Dl} c_wRN^∗_{n,3}RD_{l,(s,2)} ] , C^{Dl}_+ = δ^{ij} 96 √ 2m_W c_ws_wc_β C_F [ 2m_W s_wc_βRN_{n,1}RD_{l,(s,2)} +3m_{Dl} c_wRN_{n,3}RD_{l,(s,1)} + g5s 2m_W s_wc_β RN_{n,1} ( RD^†_l RD_l ) 1,2 RD_{l,(s,} 3−g5s_{2 )} −g5s 6m_W c_wc_βRN_{n,2} ( RD^†_l RD_l ) 1,2 RD_{l,(s,} 3−g5s_{2 )} +g5s 6m_{Dl} c_wRN_{n,3} ( RD^†_l RD_l ) 2,2 RD_{l,(s,} 3−g5s_{2 )} ] , C^{Ūl}_± = ( C^{Ul}_∓ )_∗ , C^{D̄l}_± = ( C^{Dl}_∓ )_∗ . (4.32)

Chargino-Quark-Squark vertices

The generic effective vertices are shown in Fig.5 (h, i) with their generic expressions as follows

– 18 –

Vert ( χ̃^−_n , U^i_l , ¯D̃^j_{m,s} ) = ig^2_s e π^2 ( C^{Ul, ¯D̃m,s} − Ω^− + C^{Ul, ¯D̃m,s}_+ Ω^+ ) , Vert ( χ̃^+_n , D^i_l , ¯Ũ^j_{m,s} ) = ig^2_s e π^2 ( C^{Dl, ¯Ũm,s} − Ω^− + C^{Dl, ¯Ũm,s}_+ Ω^+ ) , Vert ( χ̃^−_n , D̄^i_l , Ũ^j_{m,s} ) = ig^2_s e π^2 ( C^{D̄l,Ũm,s} − Ω^− + C^{D̄l,Ũm,s}_+ Ω^+ ) , Vert ( χ̃^+_n , Ū^i_l , D̃^j_{m,s} ) = ig^2_s e π^2 ( C^{Ūl,D̃m,s} − Ω^− + C^{Ūl,D̃m,s}_+ Ω^+ ) , (4.33)

where

C^{Ul, ¯D̃m,s} − = δ^{ij} 64m_W s_wc_β C_F V^†_{Dm,Ul} [ −2m_W c_β CR^∗_{n,1}RD_{m,(s,1)} + √ 2m_{Dm} CR^∗_{n,2}RD_{m,(s,2)} +g5s 2 √ 2m_{Dm} CR^∗_{n,2} ( RU^†_l RU_l ) 1,1 RD_{m,(s,} 3+g5s_{2 )} ] , C^{Ul, ¯D̃m,s} + = δ^{ij} 64m_W s_ws_β C_F V^†_{Dm,Ul} [√ 2m_{Ul} CL_{n,2}RD_{m,(s,1)} +g5s 2 √ 2m_{Ul} CL_{n,2} ( RU^†_l RU_l ) 2,2 RD_{m,(s,} 3−g5s_{2 )} −g5s 4m_W s_β CL_{n,1} ( RU^†_l RU_l ) 1,2 RD_{m,(s,} 3−g5s_{2 )} ] , C^{Dl, ¯Ũm,s} − = δ^{ij} 64m_W s_ws_β C_F V_{Um,Dl} [ 2m_W s_β CL^∗_{n,1}RU_{m,(s,1)} − √ 2m_{Um} CL^∗_{n,2}RU_{m,(s,2)} −g5s 2 √ 2m_{Um} CL^∗_{n,2} ( RD^†_l RD_l ) 1,1 RU_{m,(s,} 3+g5s_{2 )} ] , C^{Dl, ¯Ũm,s} + = δ^{ij} 64m_W s_wc_β C_F V_{Um,Dl} [ − √ 2m_{Dl} CR_{n,2}RU_{m,(s,1)} −g5s 2 √ 2m_{Dl} CR_{n,2} ( RD^†_l RD_l ) 2,2 RU_{m,(s,} 3−g5s_{2 )} +g5s 4m_W c_β CR_{n,1} ( RD^†_l RD_l ) 1,2 RU_{m,(s,} 3−g5s_{2 )} ] , C^{Ūl,D̃m,s} ± = − ( C^{Ul, ¯D̃m,s} ∓ )_∗ , C^{D̄l,Ũm,s} ± = ( C^{Dl, ¯Ũm,s} ∓ )_∗ . (4.34)

Scalar-Quark-Quark vertices

– 19 –

The generic effective vertex is shown in Fig.5 (j) with its generic expression as follows

Vert ( S, Q^i_l, Q̄^j_m ) = − g^2_s 8π^2

C_F δ_{ij} (1 + λ_{HV} ) ( v^{SQlQ̄m} + g5s a^{SQlQ̄m} γ_5 ) . (4.35)

The actual values of S, Q_l, Q̄_m, v^{SQlQ̄m} and a^{SQlQ̄m} are

v^{h0UlŪm} = − iec_αm_{Ul} δ_{lm} 2m_W s_ws_β , v^{h0DlD̄m} = ies_αm_{Dl} δ_{lm} 2m_W s_wc_β , a^{h0QlQ̄m} = 0, v^{H0UlŪm} = − ies_αm_{Ul} δ_{lm} 2m_W s_ws_β , v^{H0DlD̄m} = − iec_αm_{Dl} δ_{lm} 2m_W s_wc_β , a^{H0QlQ̄m} = 0, v^{A0QlQ̄m} = 0, a^{A0UlŪm} = − em_{Ul} δ_{lm} 2m_W s_wt_β , a^{A0DlD̄m} = − et_β m_{Dl} δ_{lm} 2m_W s_w , v^{ϕ0QlQ̄m} = 0, a^{ϕ0UlŪm} = − em_{Ul} δ_{lm} 2m_W s_w , a^{ϕ0DlD̄m} = em_{Dl} 2m_W s_w , v^{H−UlD̄m} = V^†_{Dm,Ul} ie 2 √ 2m_W s_w ( m_{Ul} (t_β)^{−1} + m_{Dm} (t_β ) ) , a^{H−UlD̄m} = V^†_{Dm,Ul} ie 2 √ 2m_W s_w ( m_{Ul} (t_β)^{−1} − m_{Dm} (t_β) ) , v^{H+DlŪm} = V_{Um,Dl} ie 2 √ 2m_W s_w ( m_{Um} (t_β )^{−1} + m_{Dl} (t_β ) ) , a^{H+DlŪm} = −V_{Um,Dl} ie 2 √ 2m_W s_w ( m_{Um} (t_β)^{−1} − m_{Dl} (t_β) ) , v^{ϕ−UlD̄m} = V^†_{Dm,Ul} ie 2 √ 2m_W s_w (m_{Ul} − m_{Dm} ) , a^{ϕ−UlD̄m} = V^†_{Dm,Ul} ie 2 √ 2m_W s_w (m_{Ul} + m_{Dm} ) , v^{ϕ+DlŪm} = V_{Um,Dl} ie 2 √ 2m_W s_w (m_{Um} − m_{Dl} ) , a^{ϕ+DlŪm} = −V_{Um,Dl} ie 2 √ 2m_W s_w (m_{Um} + m_{Dl} ) . (4.36)

Vector-Quark-Quark vertices

The generic effective vertex is shown in Fig.5 (k) with its generic expression as follows

– 20 –

Vert ( V_μ, Q^i_l, Q̄^j_m ) = − g^2_s 16π^2

C_F δ^{ij} (1 + λ_{HV} ) ( v^{V QlQ̄m} γ_μ + g5s a^{V QlQ̄m} γ_μγ_5 ) .(4.37)

The actual values of V , Q_l, Q̄_m, v^{V QlQ̄m} and a^{V QlQ̄m} are

v^{AQlQ̄m} = −ieQ_{Ql} δ_{lm}, a^{AQlQ̄m} = 0, v^{ZQlQ̄m} = ies_w c_w ( Q_{Ql} − I_{3Ql} 2s^2_w ) δ_{lm}, a^{ZQlQ̄m} = ieI_{3Ql} 2s_wc_w δ_{lm}, v^{W −UlD̄m} = −V^†_{Dm,Ul} ie 2 √ 2s_w , a^{W −UlD̄m} = V^†_{Dm,Ul} ie 2 √ 2s_w , v^{W +DlŪm} = −V_{Um,Dl} ie 2 √ 2s_w , a^{W +DlŪm} = V_{Um,Dl} ie 2 √ 2s_w . (4.38)

Scalar-Squark-Squark vertices

The generic effective vertex is shown in Fig.5 (l) with its generic expression as follows

Vert ( S, Q̃^i_{l,s1}, ¯Q̃^j_{m,s2} ) = ig^2_s e π^2 C^{SQ̃l,s1 ¯Q̃m,s2} . (4.39) The actual values of S, Q̃_{l,s1}, ¯Q̃_{m,s2} and C^{SQ̃l,s1 ¯Q̃m,s2} are

C^{h0Ũl,s1 ¯Ũm,s2} = δ_{lm} 1 192m_W s_wc_ws_β C_F δ^{ij} {_2 ∑ k=1 [( (18 + 12 g5s) c_wc_αm^2_{Ul} + (−1)^{(k+1)} 4m_W m_Z s^2_ws_βs_{α+β} −δ_{k,1} 3m_W m_Z s_βs_{α+β}) RU^∗_{l,(s1,k)}RU_{l,(s2,k)} ] −3m_{Ul} c_w [( 4c_αm~_G − μs_α − c_αA^∗_{Ul} + 1 − g5s 2 8m_{Ul} c_α ) RU^∗_{l,(s1,2)}RU_{l,(s2,1)} + ( 4c_αm~_G − μ^∗s_α − c_αA_{Ul} + 1 − g5s 2 8m_{Ul} c_α ) RU^∗_{l,(s1,1)}RU_{l,(s2,2)} ]} ,

– 21 –

C^{h0D̃l,s1 ¯D̃m,s2} = −δ_{lm} 1 192m_W s_wc_wc_β C_F δ^{ij} {_2 ∑ k=1 [( (18 + 12 g5s) c_ws_αm^2_{Dl} + (−1)^{(k+1)} 2m_W m_Z s^2_wc_βs_{α+β} − δ_{k,1} 3m_W m_Z c_βs_{α+β} ) RD^∗_{l,(s1,k)}RD_{l,(s2,k)} ] −3m_{Dl} c_w [( 4s_αm~_G − μc_α − s_αA^∗_{Dl} + 1 − g5s 2 8m_{Dl} s_α ) RD^∗_{l,(s1,2)}RD_{l,(s2,1)} + ( 4s_αm~_G − μ^∗c_α − s_αA_{Dl} + 1 − g5s 2 8m_{Dl} s_α ) RD^∗_{l,(s1,1)}RD_{l,(s2,2)} ]} , C^{H0Q̃l,s1 ¯Q̃m,s2} = C^{h0Q̃l,s1 ¯Q̃m,s2} (s_α → −c_α, c_α → s_α, s_{α+β} → −c_{α+β} , c_{α+β} → s_{α+β}) , C^{A0Ũl,s1 ¯Ũm,s2} = −δ_{lm} i 64m_W s_w

C_F δ^{ij} m_{Ul} (t_β)^{−1} [( −g5s 4m~_G + μ(t_β) + 1 − g5s 2 8m_{Ul} + A^∗_{Ul} ) RU^∗_{l,(s1,2)}RU_{l,(s2,1)} − ( −g5s 4m~_G + μ^∗(t_β ) + 1 − g5s 2 8m_{Ul} + A_{Ul} ) RU^∗_{l,(s1,1)}RU_{l,(s2,2)} ] , C^{A0D̃l,s1 ¯D̃m,s2} = −δ_{lm} i 64m_W s_w

C_F δ^{ij} m_{Dl} (t_β ) [( −g5s 4m~_G + μ(t_β)^{−1} + 1 − g5s 2 8m_{Dl} + A^∗_{Dl} ) RD^∗_{l,(s1,2)}RD_{l,(s2,1)} − ( −g5s 4m~_G + μ^∗(t_β )^{−1} + 1 − g5s 2 8m_{Dl} + A_{Dl} ) RD^∗_{l,(s1,1)}RD_{l,(s2,2)} ] , C^{ϕ0Ũl,s1 ¯Ũm,s2} = δ_{lm} i 64m_W s_w C_F δ^{ij} m_{Ul} [( g5s 4m~_G + μ(t_β)^{−1} − 1 − g5s 2 8m_{Ul} − A^∗_{Ul} ) RU^∗_{l,(s1,2)}RU_{l,(s2,1)} − ( g5s 4m~_G + μ^∗(t_β)^{−1} − 1 − g5s 2 8m_{Ul} − A_{Ul} ) RU^∗_{l,(s1,1)}RU_{l,(s2,2)} ] , C^{ϕ0D̃l,s1 ¯D̃m,s2} = −δ_{lm} i 64m_W s_w

C_F δ^{ij} m_{Dl} (t_β ) [( g5s 4m~_G + μ(t_β) − 1 − g5s 2 8m_{Dl} − A^∗_{Dl} ) RD^∗_{l,(s1,2)}RD_{l,(s2,1)} − ( g5s 4m~_G + μ^∗(t_β) − 1 − g5s 2 8m_{Dl} − A_{Dl} ) RD^∗_{l,(s1,1)}RD_{l,(s2,2)} ] ,

– 22 –

C^{H−Ũl,s1 ¯D̃m,s2} = − 1 32 √ 2m_W s_wt_β C_F δ^{ij} V^†_{Dm,Ul} { (3 + 2g5s) ( 1 + t^2_β ) m_{Ul} m_{Dm} RU^∗_{l,(s1,2)}RD_{m,(s2,2)} + [ μt_βm_{Ul} − 1 + g5s 2 4m~_Gm_{Ul} − 1 − g5s 2 4m_{Dm} t^2_β (m_{Ul} + m_{Dm} + m~_G) + m_{Ul} A^∗_{Ul} ] RU^∗_{l,(s1,2)}RD_{m,(s2,1)} + [ (3 + 2g5s) m^2_{Ul} + (3 + 2g5s) m^2_{Dm} t^2_β − m^2_W t_β s_{2β} ] RU^∗_{l,(s1,1)}RD_{m,(s2,1)} + [ μ^∗m_{Dm} t_β + t^2_β m_{Dm} ( A_{Dm} − 1 + g5s 2 4m~_G )

− 1 − g5s 2 4m_{Ul} (m_{Ul} + m_{Dm} + m~_G) ] RU^∗_{l,(s1,1)}RD_{m,(s2,2)} } , C^{H+D̃l,s1 ¯Ũm,s2} = − 1 32 √ 2m_W s_wt_β C_F δ^{ij} V_{Um,Dl} { (3 + 2g5s) ( 1 + t^2_β ) m_{Um} m_{Dl} RD^∗_{l,(s1,2)}RU_{m,(s2,2)} + [ μt_βm_{Dl} − 1 + g5s 2 4m~_Gm_{Dl} t^2_β − 1 − g5s 2 4m_{Um} (m_{Dl} + m_{Um} + m~_G) + m_{Dl} A^∗_{Dl} t^2_β ] RD^∗_{l,(s1,2)}RU_{m,(s2,1)} + [ (3 + 2g5s) m^2_{Um} + (3 + 2g5s) m^2_{Dl} t^2_β − m^2_W t_β s_{2β} ] RD^∗_{l,(s1,1)}RU_{m,(s2,1)} + [ μ^∗m_{Um} t_β + m_{Um} ( A_{Um} − 1 + g5s 2 4m~_G )

− 1 − g5s 2 4m_{Dl} t^2_β (m_{Dl} + m_{Um} + m~_G) ] RU^∗_{l,(s1,1)}RD_{m,(s2,2)} } , C^{ϕ−Ũl,s1 ¯D̃m,s2} = 1 32 √ 2m_W s_wt_β C_F δ^{ij} V^†_{Dm,Ul} {[ μm_{Ul} + 1 + g5s 2 4m~_Gm_{Ul} t_β − 1 − g5s 2 4m_{Dm} (m_{Dm} + m_{Ul} + m~_G) t_β − A^∗_{Ul} m_{Ul} t_β ] RU^∗_{l,(s1,2)}RD_{m,(s2,1)} −t_β [ − (3 + 2g5s) m^2_{Dm} + (3 + 2g5s) m^2_{Ul} + m^2_W c_{2β} ] RU^∗_{l,(s1,1)}RD_{m,(s2,1)} −t_β [ m_{Dm} μ^∗t_β + m_{Dm} ( −A_{Dm} + 1 + g5s 2 4m~_G )

− 1 − g5s 2 4m_{Ul} (m_{Ul} + m_{Dm} + m~_G) ] RU^∗_{l,(s1,1)}RD_{m,(s2,2)} } , C^{ϕ+D̃l,s1 ¯Ũm,s2} = − 1 32 √ 2m_W s_wt_β C_F δ^{ij} V_{Um,Dl} { t_β [ μm_{Dl} t_β + 1 + g5s 2 4m~_Gm_{Dl} − 1 − g5s 2 4m_{Um} (m_{Um} + m_{Dl} + m~_G) − A^∗_{Dl} m_{Dl} ] RD^∗_{l,(s1,2)}RU_{m,(s2,1)} +t_β [ − (3 + 2g5s) m^2_{Dl} + (3 + 2g5s) m^2_{Um} + m^2_W c_{2β} ] RD^∗_{l,(s1,1)}RU_{m,(s2,1)} + [ −m_{Um} μ^∗ + m_{Um} ( A_{Um} − 1 + g5s 2 4m~_G ) t_β + 1 − g5s 2 4m_{Dl} (m_{Dl} + m_{Um} + m~_G) t_β ] RU^∗_{l,(s1,1)}RD_{m,(s2,2)} } . (4.40)

– 23 –

Vector-Squark-Squark vertices

The generic effective vertex is shown in Fig.5 (m) with its generic expression as follows

Vert ( V_μ, Q̃^i_{l,s1}, ¯Q̃^j_{m,s2} ) = ig^2_s e π^2 C^{V Q̃l,s1 ¯Q̃m,s2} . (4.41) The actual values of V , Q̃_{l,s1}, ¯Q̃_{m,s2} and C^{V Q̃l,s1 ¯Q̃m,s2} are

C^{AQ̃l,s1 ¯Q̃m,s2} = δ_{lm} δ^{ij}Q_{Ql} 96 C_F ( δ_{s1,s2} + 1 + g5s 2 8SR1(l, l)_{s1,s2} + 1 − g5s 2 4 (SR1(l, l)_{s1,s2} − SR2(l, l)_{s1,s2}) ) (p_1 − p_2)_μ , C^{ZŨl,s1 ¯Ũm,s2} = −δ_{lm} δ^{ij} 576c_ws_w C_F [ 1 + g5s 2 9 2∑ k=1 ( 4s^2_w − 3δ_{k,1} ) RU^∗_{l,(s1,k)}RU_{l,(s2,k)}

(p_1 − p_2)_μ + 1 − g5s 2 ( (p_1 − p_2)_μ

(_2 ∑ k=1 ( 20s^2_w − 3k^2 )

RU^∗_{l,(s1,k)}RU_{l,(s2,k)} − 16s^2_w SRU2(l, l)_{s1,s2} ) + (p_1)_μ ( 24RU^∗_{l,(s1,1)}RU_{l,(s2,2)} − 12RU^∗_{l,(s1,2)}RU_{l,(s2,1)} ) −(p_2)_μ ( 24RU^∗_{l,(s1,2)}RU_{l,(s2,1)} − 12RU^∗_{l,(s1,1)}RU_{l,(s2,2)} ))] , C^{ZD̃l,s1 ¯D̃m,s2} = δ_{lm} δ^{ij} 576c_ws_w C_F [ 1 + g5s 2 9 2∑ k=1 ( 2s^2_w − 3δ_{k,1} ) RD^∗_{l,(s1,k)}RD_{l,(s2,k)}

(p_1 − p_2)_μ + 1 − g5s 2 ( (p_1 − p_2)_μ

(_2 ∑ k=1 ( 10s^2_w − 3k^2 )

RD^∗_{l,(s1,k)}RD_{l,(s2,k)} − 8s^2_w SRD2(l, l)_{s1,s2} ) + (p_1)_μ ( 24RD^∗_{l,(s1,1)}RD_{l,(s2,2)} − 12RD^∗_{l,(s1,2)}RD_{l,(s2,1)} ) −(p_2)_μ ( 24RD^∗_{l,(s1,2)}RD_{l,(s2,1)} − 12RD^∗_{l,(s1,1)}RD_{l,(s2,2)} ))] , C^{W −Ũl,s1 ¯D̃m,s2} = δ^{ij} 96 √ 2s_w C_F V^†_{Dm,Ul} [ 1 + g5s 2 9 (p_1 − p_2)_μ RU^∗_{l,(s1,1)}RD_{m,(s2,1)} + 1 − g5s 2 ( (p_1 − p_2)_μ 2∑ k=1 ( k^2 RU^∗_{l,(s1,k)}RD_{m,(s2,k)} ) + (p_1)_μ ( 4RU^∗_{l,(s1,2)}RD_{m,(s2,1)} − 8RU^∗_{l,(s1,1)}RD_{m,(s2,2)} ) − (p_2)_μ ( 4RU^∗_{l,(s1,1)}RD_{m,(s2,2)} − 8RU^∗_{l,(s1,2)}RD_{m,(s2,1)} ))] ,

– 24 –

C^{W +D̃l,s1 ¯Ũm,s2} = δ^{ij} 96 √ 2s_w C_F V_{Um,Dl} [ 1 + g5s 2 9 (p_1 − p_2)_μ RD^∗_{l,(s1,1)}RU_{m,(s2,1)} + 1 − g5s 2 ( (p_1 − p_2)_μ 2∑ k=1 ( k^2 RD^∗_{l,(s1,k)}RU_{m,(s2,k)} ) + (p_1)_μ ( 4RD^∗_{l,(s1,2)}RU_{m,(s2,1)} − 8RD^∗_{l,(s1,1)}RU_{m,(s2,2)} ) − (p_2)_μ ( 4RD^∗_{l,(s1,1)}RU_{m,(s2,2)} − 8RD^∗_{l,(s1,2)}RU_{m,(s2,1)} ))] . (4.42)

4.2.2 Mixed MSSM QCD effective vertices with 4 external legs All possible non-vanishing 4-point vertices in mixed MSSM QCD are shown in Fig.6.

Vector-Gluon-Gluon-Gluon vertices

The generic effective vertex is shown in Fig.6 (a) with its expression as follows

Vert ( V_μ, G^a_ν , G^b_ρ, G^c_σ ) = ig^3_s e π^2 [ C^V_1 (g_{μν} g_{ρσ} + g_{μρ}g_{σν} + g_{μσ}g_{νρ}) + C^V_2 ε_{μνρσ} ] .(4.43)

The actual values of V , C^V_1 and C^V_2 are

C^A_1 = 1 24 ( ∑ Q Q_Q T r(T^a { T^b, T^c } ) ) , C^A_2 = 0,

C^Z_1 = − s_w 24c_w ∑ Q ( Q_Q − I_{3Q} 2s^2_w ) T r(T^a { T^b, T^c } ), C^Z_2 = − 9i 24c_ws_w ∑ Q I_{3Q} 2 T r(T^a [ T^b, T^c ] ) . (4.44)

Vector-Vector-Gluon-Gluon vertices

The generic effective vertex is shown in Fig.6 (b) with its expression as follows

– 25 –

Vert ( V_{1μ}, V_{2ν} , G^a_ρ, G^b_σ ) = − ig^2_s 24π^2 δ^{ab} (g_{μν} g_{ρσ} + g_{μρ}g_{σν} + g_{μσ} g_{νρ}) ∑ l,m ( v^{V1QlQ̄m} v^{V2QmQ̄l} + a^{V1QlQ̄m} a^{V2QmQ̄l} ) , (4.45)

where all non-vanish v^{V QlQ̄m} and a^{V QlQ̄m} are shown in Eq.(4.38).

Scalar-Scalar-Gluon-Gluon vertices

The generic effective vertex is shown in Fig.6 (c) with its expression as follows

Vert ( S_1, S_2, G^a_μ, G^b_ν ) = ig^2_s 8π^2 δ^{ab} g_{μν} ∑ l,m ( v^{S1QlQ̄m} v^{S2QmQ̄l} − a^{S1QlQ̄m} a^{S2QmQ̄l} ) ,(4.46)

where all non-vanish v^{SQlQ̄m} and a^{SQlQ̄m} are shown in Eq.(4.36).

Vector-Gluon-Squark-Squark vertices

The generic effective vertex is shown in Fig.6 (d) with its generic expression as follows

Vert ( V_μ, G^a_ν , Q̃^i_{l,s1}, ¯Q̃^j_{m,s2} ) = ig^3_s e π^2 g_{μν} C^{V Q̃l,s1 ¯Q̃m,s2} . (4.47) The actual values of V , Q̃, ¯Q̃ and C^{V Q̃l,s1 ¯Q̃m,s2} are

C^{AQ̃l,s1 ¯Q̃m,s2} = −δ_{lm} Q_{Ql} 96N_c T^a_{ji} [( 6N^2_c − 1 ) δ_{s1,s2} + 2 ( 5N^2_c − 8 ) SR1(l, l)_{s1,s2} − 1 − g5s 2 4 ( N^2_c + 1 ) (SR1(l, l)_{s1,s2} + SR2(l, l)_{s1,s2}) ] , C^{ZŨl,s1 ¯Ũm,s2} = δ_{lm} 1 576c_ws_wN_c T^a_{ji} { 1 + g5s 2 8 ( 5N^2_c − 7 ) s^2_w SRU1(l, l)_{s1,s2} + ( 51 − 48N^2_c ) RU^∗_{l,(s1,1)}RU_{l,(s2,1)} + 12 ( 2N^2_c − 1 ) s^2_wδ_{s1,s2} + 1 − g5s 2 [ −2 ( N^2_c + 1 ) ( 8s^2_w − 3 ) SRU2(l, l)_{s1,s2} + 12 2∑ k=1 (( 2 ( N^2_c − 3 ) s^2_w + N^2_c δ_{k,1} + δ_{k,2} ) RU^∗_{l,(s1,k)}RU_{l,(s2,k)} ) ]} ,

– 26 –

C^{ZD̃l,s1 ¯D̃m,s2} = −δ_{lm} 1 576c_ws_wN_c T^a_{ji} { 1 + g5s 2 4 ( 5N^2_c − 7 ) s^2_w SRD1(l, l)_{s1,s2} + ( 51 − 48N^2_c ) RD^∗_{l,(s1,1)}RD_{l,(s2,1)} + 6 ( 2N^2_c − 1 ) s^2_wδ_{s1,s2} + 1 − g5s 2 [ −2 ( N^2_c + 1 ) ( 4s^2_w − 3 ) SRD2(l, l)_{s1,s2} + 12 2∑ k=1 ((( N^2_c − 3 ) s^2_w + N^2_c δ_{k,1} + δ_{k,2} ) RD^∗_{l,(s1,k)}RD_{l,(s2,k)} ) ]} , C^{W −Ũl,s1 ¯D̃m,s2} = 1 96 √ 2s_wN_c T^a_{ji} V^†_{Dm,Ul} {( 17 − 16N^2_c ) RU^∗_{l,(s1,1)}RD_{m,(s2,1)} + 1 − g5s 2 [ 4 2∑ k=1 (( N^2_c δ_{k,1} + δ_{k,2} ) RU^∗_{l,(s1,k)}RD_{m,(s2,k)} + 2 ( N^2_c + 1 ) ( RU^∗_{l,(s1,1)}RD_{m,(s2,2)} + RU^∗_{l,(s1,2)}RD_{m,(s2,1)} ))]} , C^{W +D̃l,s1 ¯Ũm,s2} = 1 96 √ 2s_wN_c T^a_{ji} V_{Um,Dl} {( 17 − 16N^2_c ) RD^∗_{l,(s1,1)}RU_{m,(s2,1)} + 1 − g5s 2 [ 4 2∑ k=1 (( N^2_c δ_{k,1} + δ_{k,2} ) RD^∗_{l,(s1,k)}RU_{m,(s2,k)} + 2 ( N^2_c + 1 ) ( RD^∗_{l,(s1,1)}RU_{m,(s2,2)} + RD^∗_{l,(s1,2)}RU_{m,(s2,1)} ))]} .(4.48)

Vector-Vector-Squark-Squark vertices

The generic effective vertex is shown in Fig.6 (e) with its generic expression as follows

Vert ( V_{1μ}, V_{2ν} , Q̃^i_{l,s1}, ¯Q̃^j_{m,s2} ) = ig^2_s π^2 C^{V1V2Q̃l,s1 ¯Q̃m,s2} g_{μν} . (4.49) The actual values of V_1, V_2, Q̃, ¯Q̃ and C^{V1V2Q̃l,s1 ¯Q̃m,s2} are

C^{AAQ̃l,s1 ¯Q̃m,s2} = −δ_{lm} δ^{ij}Q^2_{Ql} e^2 48 C_F [ δ_{s1,s2} + 1 + g5s 2 16 SR1(l, l)_{s1,s2} + 1 − g5s 2 (20 SR1(l, l)_{s1,s2} + 4 SR2(l, l)_{s1,s2}) ] , C^{AZQ̃l,s1 ¯Q̃m,s2} = δ_{lm} δ^{ij} 48 C_F {_2 ∑ k=1 [ 17v^{AQlQ̄l} ( v^{ZQlQ̄l} + (−1)^ka^{ZQlQ̄l} )

+ 1 − g5s 2 4v^{AQlQ̄l} ( v^{ZQlQ̄l} + (−1)^{(k+1)}a^{ZQlQ̄l} )] R^∗_{l,(s1,k)}R_{l,(s2,k)} + 1 − g5s 2 4v^{AQlQ̄l} v^{ZQlQ̄l} SR2(l, l)_{s1,s2} } ,

– 27 –

C^{ZZQ̃l,s1 ¯Q̃m,s2} = −δ_{lm} δ^{ij} 48 C_F { 2 2∑ k=1 2∑ r=1 [( v^{ZQlQ̄l} + (−1)^ka^{ZQlQ̄l} ) ( v^{ZQlQ̄l} + (−1)^ra^{ZQlQ̄l} ) R^∗_{l,(s1,k)}R_{l,(s2,r)} ( R^†_l R_l ) k,r ]

− 2∑ k=1 [( 19 ( v^{ZQlQ̄l} + (−1)^ka^{ZQlQ̄l} )_2

+ 1 − g5s 2 4 ( v^{ZQlQ̄l} + (−1)^{(k+1)}a^{ZQlQ̄l} )_2) R^∗_{l,(s1,k)}R_{l,(s2,k)} ]

− 1 − g5s 2 4 (( v^{ZQlQ̄l} + a^{ZQlQ̄l} )_2 + 3 ( v^{ZQlQ̄l} − a^{ZQlQ̄l} )) SR2(l, l)_{s1,s2}} , C^{W −W +Ũl,s1 ¯Ũm,s2} = − δ^{ij} 96 C_F { RU^∗_{l,(s1,1)}RU_{m,(s2,1)} [ 2 ∑ g ( v^{W −UlD̄g} − a^{W −UlD̄g} ) ( v^{W +DgŪm} − a^{W +DgŪm} ) (( RD^†_gRD_g ) 1,1 − 8 ) − 3δ_{lm} ]

− 1 − g5s 2 4 ∑ g ( v^{W −UlD̄g} − a^{W −UlD̄g} ) ( v^{W +DgŪm} − a^{W +DgŪm} ) ( SRD2(l, m)_{s1,s2} + RD^∗_{l,(s1,2)}RD_{m,(s2,2)} )} , C^{W −W +D̃l,s1 ¯D̃m,s2} = − δ^{ij} 96 C_F { RD^∗_{l,(s1,1)}RD_{m,(s2,1)} [ 2 ∑ g ( v^{W +DlŪg} − a^{W +DlŪg} ) ( v^{W −UgD̄m} − a^{W −UgD̄m} ) (( RU^†_g RU_g ) 1,1 − 8 ) − 3δ_{lm} ]

− 1 − g5s 2 4 ∑ g ( v^{W +DlŪg} − a^{W +DlD̄g} ) ( v^{W −UgD̄m} − a^{W −UgD̄m} ) ( SRU2(l, m)_{s1,s2} + RU^∗_{l,(s1,2)}RU_{m,(s2,2)} )} , C^{AW −Ũl,s1 ¯D̃m,s2} = − iδ^{ij} e 144 C_F v^{W −UlD̄m} [ 17RU^∗_{l,(s1,1)}RD_{m,(s2,1)} + 1 − g5s 2 ( −4RU^∗_{l,(s1,1)}RD_{m,(s2,2)} + 8RU^∗_{l,(s1,2)}RD_{m,(s2,1)} + 4RU^∗_{l,(s1,2)}RD_{m,(s2,2)} )] , C^{AW +D̃l,s1 ¯Ũm,s2} = − iδ^{ij} e 144 C_F v^{W +DlŪm} [ 17RD^∗_{l,(s1,1)}RU_{m,(s2,1)} + 1 − g5s 2 ( −4RD^∗_{l,(s1,2)}RU_{m,(s2,1)} + 8RD^∗_{l,(s1,1)}RU_{m,(s2,2)} + 4RD^∗_{l,(s1,2)}RU_{m,(s2,2)} )] ,

– 28 –

C^{ZW −Ũl,s1 ¯D̃m,s2} = − iδ^{ij} e 144c_ws_w C_F v^{W −UlD̄m} [ 4s^2_wRU^∗_{l,(s1,2)}RD_{m,(s2,1)} ( RU^†_l RU_l ) 1,2 + ( 4s^2_w − 3 ) RU^∗_{l,(s1,1)}RD_{m,(s2,1)} ( RU^†_l RU_l ) 1,1 − ( 2s^2_w − 3 ) RU^∗_{l,(s1,1)}RD_{m,(s2,1)} ( RD^†_mRD_m ) 1,1 −2s^2_wRU^∗_{l,(s1,1)}RD_{m,(s2,2)} ( RD^†_mRD_m ) 2,1 − 19s^2_wRU^∗_{l,(s1,1)}RD_{m,(s2,1)} + 1 − g5s 2 ( 4s^2_wRU^∗_{l,(s1,1)}RD_{m,(s2,2)} − 8s^2_wRU^∗_{l,(s1,2)}RD_{m,(s2,1)} − 4s^2_wRU^∗_{l,(s1,2)}RD_{m,(s2,2)} )] , C^{ZW +D̃l,s1 ¯Ũm,s2} = iδ^{ij} e 144c_ws_w C_F v^{W +DlŪm} [ 2s^2_wRD^∗_{l,(s1,2)}RU_{m,(s2,1)} ( RD^†_l RD_l ) 1,2 + ( 2s^2_w − 3 ) RD^∗_{l,(s1,1)}RU_{m,(s2,1)} ( RD^†_l RD_l ) 1,1 − ( 4s^2_w − 3 ) RD^∗_{l,(s1,1)}RU_{m,(s2,1)} ( RU^†_mRU_m ) 1,1 −4s^2_wRD^∗_{l,(s1,1)}RU_{m,(s2,2)} ( RU^†_mRU_m ) 2,1 + 19s^2_wRD^∗_{l,(s1,1)}RU_{m,(s2,1)} + 1 − g5s 2 ( −4s^2_wRD^∗_{l,(s1,2)}RU_{m,(s2,1)} + 8s^2_wRD^∗_{l,(s1,1)}RU_{m,(s2,2)} + 4s^2_wRD^∗_{l,(s1,2)}RU_{m,(s2,2)} )] , (4.50)

where the explicit expressions of v^{V QlQ̄m} and a^{V QlQ̄m} are given in Eq.(4.38).

Scalar-Scalar-Squark-Squark vertices

The generic effective vertex is shown in Fig.6 (f) with its expression as follows

Vert ( S_1, S_2, Q̃^i_{l,s1}, ¯Q̃^j_{m,s2} ) = ig^2_s e^2 π^2 C^{S1S2Q̃l,s1 ¯Q̃m,s2} . (4.51) The actual values of S_1, S_2, Q̃, ¯Q̃ and C^{S1S2Q̃l,s1 ¯Q̃m,s2} are

C^{ν̃n1,¯ν̃n2,Ũl,s1, ¯Ũm,s2} = δ_{lm}δ_{n1,n2} δ^{ij} 384c^2_ws^2_w C_F ( 4s^2_wRU^∗_{l,(s1,2)}RU_{l,(s2,2)} + ( 3c^2_w − s^2_w ) RU^∗_{l,(s1,1)}RU_{l,(s2,1)} ) , C^{ν̃n1,¯ν̃n2,D̃l,s1, ¯D̃m,s2} = −δ_{lm}δ_{n1,n2} δ^{ij} 384c^2_ws^2_w C_F ( 2s^2_wRD^∗_{l,(s1,2)}RD_{l,(s2,2)} + ( 2c^2_w + 1 ) RD^∗_{l,(s1,1)}RD_{l,(s2,1)} ) ,

– 29 –

C^{ẽn1,r1,¯ẽn2,r2,Ũl,s1, ¯Ũm,s2} = −δ_{lm}δ_{n1,n2} δ^{ij} 384c^2_ws^2_w C_F [( 2c^2_w + 1 ) RU^∗_{l,(s1,1)}RU_{l,(s2,1)} RL^∗_{n1,(r1,1)}RL_{n1,(r2,1)} − 4s^2_wRU^∗_{l,(s1,2)}RU_{l,(s2,2)}RL^∗_{n1,(r1,1)}RL_{n1,(r2,1)} −2s^2_wRU^∗_{l,(s1,1)}RU_{l,(s2,1)}RL^∗_{n1,(r1,2)}RL_{n1,(r2,2)} + 8s^2_wRU^∗_{l,(s1,2)}RU_{l,(s2,2)}RL^∗_{n1,(r1,2)}RL_{n1,(r2,2)} ] , C^{ẽn1,r1,¯ẽn2,r2,D̃l,s1, ¯D̃m,s2} = δ_{lm}δ_{n1,n2} δ^{ij} 384m^2_W c^2_ws^2_wc^2_β C_F [ 4m^2_W s^2_wc^2_βRD^∗_{l,(s1,2)}RD_{l,(s2,2)} RL^∗_{n1,(r1,2)}RL_{n1,(r2,2)} + 6m_{Dl} m_{en1} c^2_wRD^∗_{l,(s1,1)}RD_{l,(s2,2)} RL^∗_{n1,(r1,2)}RL_{n1,(r2,1)} + 6m_{Dl} m_{en1} c^2_wRD^∗_{l,(s1,2)}RD_{l,(s2,1)} RL^∗_{n1,(r1,1)}RL_{n1,(r2,2)} + 2m^2_W s^2_wc^2_βRD^∗_{l,(s1,1)}RD_{l,(s2,1)} RL^∗_{n1,(r1,2)}RL_{n1,(r2,2)} + m^2_W ( 3c^2_w − s^2_w ) c^2_βRD^∗_{l,(s1,1)}RD_{l,(s2,1)} RL^∗_{n1,(r1,1)}RL_{n1,(r2,1)} − 2m^2_W s^2_wc^2_β RD^∗_{l,(s1,2)}RD_{l,(s2,2)} RL^∗_{n1,(r1,1)}RL_{n1,(r2,1)} ] , C^{ẽn1,r1,¯ν̃n2,Ũl,s1, ¯D̃m,s2} = δ_{n1,n2} δ^{ij} 64s^2_wc^2_β C_F V^†_{Dm,Ul} RU^∗_{l,(s1,1)} ( m^2_W c^2_βRD_{m,(s2,1)}RL^∗_{n1,(r1,1)} + m_{Dm} m_{en1} RD_{m,(s2,2)}RL^∗_{n1,(r1,2)} ) , C^{ν̃n1,¯ẽn2,r1,D̃l,s1, ¯Ũm,s2} = δ_{n1,n2} δ^{ij} 64m^2_W s^2_wc^2_β C_F V_{Um,Dl} RU_{m,(s2,1)} ( m^2_W c^2_βRD^∗_{l,(s1,1)}RL_{n2,(r1,1)} + m_{Dl} m_{en2} RD^∗_{l,(s1,2)}RL_{n2,(r1,2)} ) , C^{h0h0Ũl,s1 ¯Ũm,s2} = δ_{lm} δ^{ij} 384m^2_W c^2_ws^2_ws^2_β C_F [( 46m^2_{Ul} c^2_wc^2_α + m^2_W ( 4s^2_w − 3 ) c_{2α}s^2_β ) RU^∗_{l,(s1,1)}RU_{l,(s2,1)} + 2 ( 23m^2_{Ul} c^2_wc^2_α − 2m^2_W s^2_wc_{2α}s^2_β ) RU^∗_{l,(s1,2)}RU_{l,(s2,2)} − 1 − g5s 2 8m^2_{Ul} c^2_wc^2_α (SRU1(l, l)_{s1,s2} +SRU2(l, l)_{s1,s2})] , C^{h0h0D̃l,s1 ¯D̃m,s2} = −δ_{lm} δ^{ij} 384m^2_W c^2_ws^2_wc^2_β C_F [( −46m^2_{Dl} c^2_ws^2_α + m^2_W ( 2s^2_w − 3 ) c_{2α}c^2_β ) RD^∗_{l,(s1,1)}RD_{l,(s2,1)} − 2 ( 23m^2_{Dl} c^2_ws^2_α + m^2_W s^2_wc_{2α}c^2_β ) RD^∗_{l,(s1,2)}RD_{l,(s2,2)} + 1 − g5s 2 8m^2_{Dl} c^2_ws^2_α (SRD1(l, l)_{s1,s2} +SRD2(l, l)_{s1,s2})] , C^{H0H0Q̃l,s1 ¯Q̃m,s2} = C^{h0h0Q̃l,s1 ¯Q̃m,s2} (s_α → −c_α, c_α → s_α, c_{2α} → −c_{2α}) ,

– 30 –

C^{A0A0Ũl,s1 ¯Ũm,s2} = δ_{lm} δ^{ij} 384m^2_W c^2_ws^2_wt^2_β C_F [( 46m^2_{Ul} c^2_w + m^2_W ( 4s^2_w − 3 ) c_{2β}t^2_β ) RU^∗_{l,(s1,1)}RU_{l,(s2,1)} + 2 ( 23m^2_{Ul} c^2_w − 2m^2_W s^2_wc_{2β}t^2_β ) RU^∗_{l,(s1,2)}RU_{l,(s2,2)} − 1 − g5s 2 8m^2_{Ul} c^2_w (SRU1(l, l)_{s1,s2} −SRU2(l, l)_{s1,s2})] , C^{A0A0D̃l,s1 ¯D̃m,s2} = δ_{lm} δ^{ij} 384m^2_W c^2_ws^2_w C_F [( 46m^2_{Dl} c^2_wt^2_β − m^2_W ( 2s^2_w − 3 ) c_{2β} ) RD^∗_{l,(s1,1)}RD_{l,(s2,1)} + 2 ( 23m^2_{Dl} c^2_wt^2_β + m^2_W s^2_wc_{2β} ) RD^∗_{l,(s1,2)}RD_{l,(s2,2)} − 1 − g5s 2 8m^2_{Dl} c^2_wt^2_β (SRD1(l, l)_{s1,s2} −SRD2(l, l)_{s1,s2})] , C^{ϕ0ϕ0Ũl,s1 ¯Ũm,s2} = δ_{lm} δ^{ij} 384m^2_W c^2_ws^2_w C_F [( 46m^2_{Ul} c^2_w − m^2_W ( 4s^2_w − 3 ) c_{2β} ) RU^∗_{l,(s1,1)}RU_{l,(s2,1)} + 2 ( 23m^2_{Ul} c^2_w + 2m^2_W s^2_wc_{2β} ) RU^∗_{l,(s1,2)}RU_{l,(s2,2)} − 1 − g5s 2 8m^2_{Ul} c^2_w (SRU1(l, l)_{s1,s2} −SRU2(l, l)_{s1,s2})] , C^{ϕ0ϕ0D̃l,s1 ¯D̃m,s2} = δ_{lm} δ^{ij} 384m^2_W c^2_ws^2_w C_F [( 46m^2_{Dl} c^2_w + m^2_W ( 2s^2_w − 3 ) c_{2β} ) RD^∗_{l,(s1,1)}RD_{l,(s2,1)} + 2 ( 23m^2_{Dl} c^2_w − m^2_W s^2_wc_{2β} ) RD^∗_{l,(s1,2)}RD_{l,(s2,2)} − 1 − g5s 2 8m^2_{Dl} c^2_w (SRD1(l, l)_{s1,s2} −SRD2(l, l)_{s1,s2})] , C^{H−H+Ũl,s1 ¯Ũm,s2} = δ^{ij} 384m^2_W c^2_ws^2_wt^2_β C_F { t^2_β [( 2m^2_W c^2_wc_{2β} + m^2_W c_{2β} ) δ_{lm} + 46c^2_wt^2_β ∑ g m^2_{Dg} V^†_{Dg ,Ul} V_{Um,Dg} ] RU^∗_{l,(s1,1)}RU_{m,(s2,1)} +2 [( 3c^2_wm_{Ul} m_{Um} − 2m^2_W s^2_wc_{2β} t^2_β ) δ_{lm} + 20m_{Ul} m_{Um} c^2_w ∑ g ( V^†_{Dg ,Ul} V_{Um,Dg} ) ] RU^∗_{l,(s1,2)}RU_{m,(s2,2)} − 1 − g5s 2 8c^2_w ∑ g [ V^†_{Dg ,Ul} V_{Um,Dg} ( t^2_β m_{Dg} RU^∗_{l,(s1,1)} + m_{Um} RU^∗_{l,(s1,2)} ) ( m_{Dg} t^2_βRU_{m,(s2,1)} + m_{Ul} RU_{m,(s2,2)} )]} ,

– 31 –

C^{H−H+D̃l,s1 ¯D̃m,s2} = − δ^{ij} 384m^2_W c^2_ws^2_wt^2_β C_F {[( 4m^2_W c^2_wc_{2β}t^2_β − m^2_W c_{2β} t^2_β ) δ_{lm} − 46c^2_w ∑ g m^2_{Ug} V^†_{Dm,Ug} V_{Ug ,Dl} ] RD^∗_{l,(s1,1)}RD_{m,(s2,1)} −2t^2_β [( 3c^2_wt^2_βm_{Dl} m_{Dm} + m^2_W s^2_wc_{2β} ) δ_{lm} + 20m_{Dl} m_{Dm} c^2_wt^2_β ∑ g ( V^†_{Dm,Ug} V_{Ug ,Dl} )] RD^∗_{l,(s1,2)}RD_{m,(s2,2)} + 1 − g5s 2 8c^2_w ∑ g [ V^†_{Dm,Ug} V_{Ug,Dl} ( t^2_β m_{Dm} RD^∗_{l,(s1,2)} + m_{Ug} RD^∗_{l,(s1,1)} ) ( m_{Dl} t^2_βRD_{m,(s2,2)} + m_{Ug} RD_{m,(s2,1)} )]} , C^{ϕ−ϕ+Ũl,s1 ¯Ũm,s2} = − δ^{ij} 384m^2_W c^2_ws^2_w C_F {[( 2m^2_W c^2_wc_{2β} + m^2_W c_{2β} ) δ_{lm} − 46c^2_w ∑ g m^2_{Dg} V^†_{Dg ,Ul} V_{Um,Dg} ] RU^∗_{l,(s1,1)}RU_{m,(s2,1)} −2 [( 3c^2_wm_{Ul} m_{Um} + 2m^2_W s^2_wc_{2β} ) δ_{lm} + 20m_{Ul} m_{Um} c^2_w ∑ g ( V^†_{Dg,Ul} V_{Um,Dg} )] RU^∗_{l,(s1,2)}RU_{m,(s2,2)} + 1 − g5s 2 8c^2_w ∑ g [ V^†_{Dg ,Ul} V_{Um,Dg} ( m_{Dg} RU^∗_{l,(s1,1)} − m_{Um} RU^∗_{l,(s1,2)} ) ( m_{Dg} RU_{m,(s2,1)} − m_{Ul} RU_{m,(s2,2)} )]} , C^{ϕ−ϕ+D̃l,s1 ¯D̃m,s2} = δ^{ij} 384m^2_W c^2_ws^2_w C_F {[( 4m^2_W c^2_wc_{2β} − m^2_W c_{2β} ) δ_{lm} + 46c^2_w ∑ g m^2_{Ug} V^†_{Dm,Ug} V_{Ug ,Dl} ] RD^∗_{l,(s1,1)}RD_{m,(s2,1)} +2 [( 3c^2_wm_{Dl} m_{Dm} − m^2_W s^2_wc_{2β} ) δ_{lm} + 20m_{Dl} m_{Dm} c^2_w ∑ g ( V^†_{Dm,Ug} V_{Ug ,Dl} ) ] RD^∗_{l,(s1,2)}RD_{m,(s2,2)} − 1 − g5s 2 8c^2_w ∑ g [ V^†_{Dm,Ug} V_{Ug ,Dl} ( −m_{Dm} RD^∗_{l,(s1,2)} + m_{Ug} RD^∗_{l,(s1,1)} ) ( −m_{Dl} RD_{m,(s2,2)} + m_{Ug} RD_{m,(s2,1)} )]} ,

– 32 –

C^{h0,H0,Ũl,s1, ¯Ũm,s2} = δ_{lm} δ^{ij} 384m^2_W c^2_ws^2_ws^2_β C_F {[ m^2_{Ul} c^2_w (3s_{2α} + 40c_αs_α)

+ m^2_W ( 4s^2_w − 3 ) s_{2α}s^2_β ] RU^∗_{l,(s1,1)}RU_{l,(s2,1)} + [ m^2_{Ul} c^2_w (3s_{2α} + 40c_αs_α) − 4m^2_W s^2_ws_{2α}s^2_β ] RU^∗_{l,(s1,2)}RU_{l,(s2,2)} − 1 − g5s 2 8m^2_{Ul} c^2_wc_αs_α (SRU1(l, l)_{s1,s2} + SRU2(l, l)_{s1,s2}) } , C^{h0,H0,D̃l,s1, ¯D̃m,s2} = −δ_{lm} δ^{ij} 384m^2_W c^2_ws^2_wc^2_β C_F {[ m^2_{Dl} c^2_w (3s_{2α} + 40c_αs_α)

+ m^2_W ( 2s^2_w − 3 ) s_{2α}c^2_β ] RD^∗_{l,(s1,1)}RD_{l,(s2,1)} + [ m^2_{Dl} c^2_w (3s_{2α} + 40c_αs_α) − 2m^2_W s^2_ws_{2α}c^2_β ] RD^∗_{l,(s1,2)}RD_{l,(s2,2)} − 1 − g5s 2 8m^2_{Dl} c^2_wc_αs_α (SRD1(l, l)_{s1,s2} + SRD2(l, l)_{s1,s2}) } , C^{h0A0Ũl,s1 ¯Ũm,s2} = − 1 − g5s 2 δ_{lm} iδ^{ij} 48m^2_W s^2_ws_βt_β

C_F m^2_{Ul} c_α ( RU^∗_{l,(s1,2)}RU_{l,(s2,1)} − RU^∗_{l,(s1,1)}RU_{l,(s2,2)} ) , C^{h0A0D̃l,s1 ¯D̃m,s2} = 1 − g5s 2 δ_{lm} iδ^{ij} 48m^2_W s^2_wc_β

C_F m^2_{Dl} s_αt_β ( RD^∗_{l,(s1,2)}RD_{l,(s2,1)} − RD^∗_{l,(s1,1)}RD_{l,(s2,2)} ) , C^{h0ϕ0Ũl,s1 ¯Ũm,s2} = − 1 − g5s 2 δ_{lm} iδ^{ij} 48m^2_W s^2_ws_β

C_F m^2_{Ul} c_α ( RU^∗_{l,(s1,2)}RU_{l,(s2,1)} − RU^∗_{l,(s1,1)}RU_{l,(s2,2)} ) , C^{h0ϕ0D̃l,s1 ¯D̃m,s2} = − 1 − g5s 2 δ_{lm} iδ^{ij} 48m^2_W s^2_wc_β

C_F m^2_{Dl} s_α ( RD^∗_{l,(s1,2)}RD_{l,(s2,1)} − RD^∗_{l,(s1,1)}RD_{l,(s2,2)} ) , C^{H0A0Q̃l,s1 ¯Q̃m,s2} = C^{h0A0Q̃l,s1 ¯Q̃m,s2} (s_α → −c_α, c_α → s_α) , C^{H0ϕ0Q̃l,s1 ¯Q̃m,s2} = C^{h0G0Q̃l,s1 ¯Q̃m,s2} (s_α → −c_α, c_α → s_α) , C^{A0ϕ0Ũl,s1 ¯Ũm,s2} = δ^{ij} 384m^2_W c^2_ws^2_ws^2_βt_β C_F [( m^2_{Ul} c^2_w ( 40s^2_β + 3s_{2β} t_β ) + m^2_W s^2_βs_{2β}t_β ( 4s^2_w − 3 )) RU^∗_{l,(s1,1)}RU_{l,(s2,1)} + ( m^2_{Ul} c^2_w ( 40s^2_β + 3s_{2β}t_β ) − 4m^2_W s^2_ws^2_βs_{2β}t_β ) RU^∗_{l,(s1,2)}RU_{l,(s2,2)} − 1 − g5s 2 8m^2_{Ul} c^2_ws^2_β (SRU1(l, l)_{s1,s2} − SRU2(l, l)_{s1,s2})] ,

– 33 –

C^{A0ϕ0D̃l,s1 ¯D̃m,s2} = − δ^{ij} 384m^2_W c^2_ws^2_wc^2_β C_F [( m^2_{Dl} c^2_w ( 40c^2_βt_β + 3s_{2β} ) + m^2_W c^2_β s_{2β} ( 2s^2_w − 3 )) RD^∗_{l,(s1,1)}RD_{l,(s2,1)} + ( m^2_{Dl} c^2_w ( 40c^2_βt_β + 3s_{2β} ) − 2m^2_W s^2_wc^2_βs_{2β} ) RD^∗_{l,(s1,2)}RD_{l,(s2,2)} − 1 − g5s 2 8m^2_{Dl} c^2_wc^2_β t_β (SRD1(l, l)_{s1,s2} − SRD2(l, l)_{s1,s2})] , C^{h0H−Ũl,s1 ¯D̃m,s2} = − δ^{ij} 192 √ 2m^2_W s^2_wc_βs^2_βt_β s_{2β} C_F V^†_{Dm,Ul} { s_{2β} ( m^2_{Ul} c_αc_β (20s_β + 3c_βt_β )

−m^2_{Dm} s_αs_βt^2_β (20s_β + 3c_βt_β) − 3m^2_W s^2_β c_βt_βc_{α+β} ) RU^∗_{l,(s1,1)}RD_{m,(s2,1)} + 2m_{Ul} m_{Dm} s_β ( 10c_αc_β s_{2β}t^2_β + 3c_βs_βt_β s_{β−α} −10s_αs_βs_{2β}) RU^∗_{l,(s1,2)}RD_{m,(s2,2)} − 1 − g5s 2 4s_βs_{2β} [( m^2_{Ul} c_αc_β − m^2_{Dm} s_αs_β t^2_β ) RU^∗_{l,(s1,1)}RD_{m,(s2,1)} + ( −m_{Ul} m_{Dm} s_αs_β + m^2_{Ul} c_αc_β ) RU^∗_{l,(s1,1)}RD_{m,(s2,2)} + ( m_{Ul} m_{Dm} c_αc_βt^2_β − m^2_{Dm} s_αs_βt^2_β ) RU^∗_{l,(s1,2)}RD_{m,(s2,1)} +m_{Ul} m_{Dm} ( c_αc_βt^2_β − s_αs_β ) RU^∗_{l,(s1,2)}RD_{m,(s2,2)} ]} , C^{h0H+D̃l,s1 ¯Ũm,s2} = − δ^{ij} 192 √ 2m^2_W s^2_wc_βs^2_βt_β s_{2β} C_F V_{Um,Dl} { s_{2β} ( m^2_{Um} c_αc_β (20s_β + 3c_βt_β)

−m^2_{Dl} s_αs_βt^2_β (20s_β + 3c_βt_β ) − 3m^2_W s^2_βc_βt_β c_{α+β} ) RD^∗_{l,(s1,1)}RU_{m,(s2,1)} + 2m_{Um} m_{Dl} s_β ( 10c_αc_β s_{2β}t^2_β + 3c_βs_βt_β s_{β−α} −10s_αs_βs_{2β}) RD^∗_{l,(s1,2)}RU_{m,(s2,2)} − 1 − g5s 2 4s_βs_{2β} [( m^2_{Um} c_αc_β − m^2_{Dl} s_αs_β t^2_β ) RD^∗_{l,(s1,1)}RU_{m,(s2,1)} + ( m_{Um} m_{Dl} c_αc_βt^2_β − m^2_{Dl} s_αs_βt^2_β ) RD^∗_{l,(s1,1)}RU_{m,(s2,2)} + ( −m_{Dl} m_{Um} s_αs_β + m^2_{Um} c_αc_β ) RD^∗_{l,(s1,2)}RU_{m,(s2,1)} +m_{Um} m_{Dl} ( c_αc_βt^2_β − s_αs_β ) RD^∗_{l,(s1,2)}RU_{m,(s2,2)} ]} , C^{H0H−Ũl,s1 ¯D̃m,s2} = C^{h0H−Ũl,s1 ¯D̃m,s2} (c_α → s_α, s_α → −c_α, c_{α+β} → s_{α+β}, s_{α+β} → −c_{α+β} , s_{β−α} → c_{β−α}, c_{β−α} → −s_{β−α}) , C^{H0H+D̃l,s1 ¯Ũm,s2} = C^{h0H+D̃l,s1 ¯Ũm,s2} (c_α → s_α, s_α → −c_α, c_{α+β} → s_{α+β}, s_{α+β} → −c_{α+β} , s_{β−α} → c_{β−α}, c_{β−α} → −s_{β−α}) ,

– 34 –

C^{A0H−Ũl,s1 ¯D̃m,s2} = iδ^{ij} 192 √ 2m^2_W s^2_wt^2_β C_F V^†_{Dm,Ul} [( 23m^2_{Dm} t^4_β − 23m^2_{Ul} + 3m^2_W c_{2β} t^2_β )

RU^∗_{l,(s1,1)}RD_{m,(s2,1)} + 1 − g5s 2 4 ( m_{Dm} t^2_β + m_{Ul} ) (( m_{Ul} − m_{Dm} t^2_β ) RU^∗_{l,(s1,1)}RD_{m,(s2,1)} + m_{Dm} t^2_βRU^∗_{l,(s1,2)}RD_{m,(s2,1)} −m_{Ul} RU^∗_{l,(s1,1)}RD_{m,(s2,2)} )] , C^{A0H+D̃l,s1 ¯Ũm,s2} = − iδ^{ij} 192 √ 2m^2_W s^2_wt^2_β C_F V_{Um,Dl} [( 23m^2_{Dl} t^4_β − 23m^2_{Um} + 3m^2_W c_{2β}t^2_β )

RD^∗_{l,(s1,1)}RU_{m,(s2,1)} + 1 − g5s 2 4 ( m_{Dl} t^2_β + m_{Um} ) (( m_{Um} − m_{Dl} t^2_β ) RD^∗_{l,(s1,1)}RU_{m,(s2,1)} + m_{Dl} t^2_β RD^∗_{l,(s1,1)}RU_{m,(s2,2)} −m_{Um} RD^∗_{l,(s1,2)}RU_{m,(s2,1)} )] , C^{ϕ0H−Ũl,s1 ¯D̃m,s2} = − iδ^{ij} 192 √ 2m^2_W s^2_ws_{2β}t_β C_F V^†_{Dm,Ul} [ s_{2β} ( 23m^2_{Dm} t^2_β + 23m^2_{Ul} − 3m^2_W s_{2β} t_β ) RU^∗_{l,(s1,1)}RD_{m,(s2,1)} − 2m_{Ul} m_{Dm} ( 3t_β + 10s_{2β}t^2_β + 10s_{2β} ) RU^∗_{l,(s1,2)}RD_{m,(s2,2)} − 1 − g5s 2 4s_{2β} (( m^2_{Ul} + m^2_{Dm} t^2_β ) RU^∗_{l,(s1,1)}RD_{m,(s2,1)} + ( −m^2_{Ul} + m_{Ul} m_{Dm} ) RU^∗_{l,(s1,1)}RD_{m,(s2,2)} − ( m^2_{Dm} t^2_β − m_{Ul} m_{Dm} t^2_β ) RU^∗_{l,(s1,2)}RD_{m,(s2,1)} − ( m_{Ul} m_{Dm} t^2_β + m_{Ul} m_{Dm} ) RU^∗_{l,(s1,2)}RD_{m,(s2,2)} )] , C^{ϕ0H+D̃l,s1 ¯Ũm,s2} = − iδ^{ij} 192 √ 2m^2_W s^2_ws_{2β}t_β C_F V_{Um,Dl} [ −s_{2β} ( 23m^2_{Dl} t^2_β + 23m^2_{Um} − 3m^2_W s_{2β}t_β ) RD^∗_{l,(s1,1)}RU_{m,(s2,1)} + 2m_{Um} m_{Dl} ( 3t_β + 10s_{2β}t^2_β + 10s_{2β} ) RD^∗_{l,(s1,2)}RU_{m,(s2,2)} + 1 − g5s 2 4s_{2β} (( m^2_{Um} + m^2_{Dl} t^2_β ) RD^∗_{l,(s1,1)}RU_{m,(s2,1)} + t^2_β ( −m^2_{Dl} + m_{Dl} m_{Um} ) RD^∗_{l,(s1,1)}RU_{m,(s2,2)} − ( m^2_{Um} − m_{Dl} m_{Um} ) RD^∗_{l,(s1,2)}RU_{m,(s2,1)} − ( m_{Dl} m_{Um} t^2_β + m_{Dl} m_{Um} ) RD^∗_{l,(s1,2)}RU_{m,(s2,2)} )] ,

– 35 –

C^{h0ϕ−Ũl,s1 ¯D̃m,s2} = δ^{ij} 192 √ 2m^2_W s^2_ws_βc_βs_{2β} C_F V^†_{Dm,Ul} [ −s_{2β} ( 23m^2_{Ul} c_αc_β + 23m^2_{Dm} s_αs_β

−3m^2_W s_βc_β s_{α+β} ) RU^∗_{l,(s1,1)}RD_{m,(s2,1)} + 2m_{Ul} m_{Dm} (10c_αc_βs_{2β} +10s_αs_βs_{2β} + 3c_βs_βc_{β−α}) RU^∗_{l,(s1,2)}RD_{m,(s2,2)} + 1 − g5s 2 4s_{2β} (( m^2_{Ul} c_αc_β + m^2_{Dm} s_αs_β ) RU^∗_{l,(s1,1)}RD_{m,(s2,1)} + ( m^2_{Ul} c_αc_β − m_{Ul} m_{Dm} s_αs_β ) RU^∗_{l,(s1,1)}RD_{m,(s2,2)} + ( m^2_{Dm} s_αs_β − m_{Ul} m_{Dm} c_αc_β ) RU^∗_{l,(s1,2)}RD_{m,(s2,1)} − m_{Ul} m_{Dm} (c_αc_β + s_αs_β) RU^∗_{l,(s1,2)}RD_{m,(s2,2)} )] , C^{h0ϕ+D̃l,s1 ¯Ũm,s2} = δ^{ij} 192 √ 2m^2_W s^2_ws_βc_βs_{2β} C_F V_{Um,Dl} [ −s_{2β} ( 23m^2_{Um} c_αc_β + 23m^2_{Dl} s_αs_β

−3m^2_W s_βc_β s_{α+β} ) RD^∗_{l,(s1,1)}RU_{m,(s2,1)} + 2m_{Dl} m_{Um} (10c_αc_βs_{2β} +10s_αs_βs_{2β} + 3c_βs_βc_{β−α}) RD^∗_{l,(s1,2)}RU_{m,(s2,2)} + 1 − g5s 2 4s_{2β} (( m^2_{Um} c_αc_β + m^2_{Dl} s_αs_β ) RD^∗_{l,(s1,1)}RU_{m,(s2,1)} + ( m^2_{Dl} s_αs_β − m_{Dl} m_{Um} c_αc_β ) RD^∗_{l,(s1,1)}RU_{m,(s2,2)} + ( m^2_{Um} c_αc_β − m_{Dl} m_{Um} s_αs_β ) RD^∗_{l,(s1,2)}RU_{m,(s2,1)} − m_{Dl} m_{Um} (c_αc_β + s_αs_β) RD^∗_{l,(s1,2)}RU_{m,(s2,2)} )] , C^{H0ϕ−Ũl,s1 ¯D̃m,s2} = C^{h0G−Ũl,s1 ¯D̃m,s2} (c_α → s_α, s_α → −c_α, c_{α+β} → s_{α+β}, s_{α+β} → −c_{α+β} , s_{β−α} → c_{β−α}, c_{β−α} → −s_{β−α}) , C^{H0ϕ+D̃l,s1 ¯Ũm,s2} = C^{h0G+D̃l,s1 ¯Ũm,s2} (c_α → s_α, s_α → −c_α, c_{α+β} → s_{α+β}, s_{α+β} → −c_{α+β} , s_{β−α} → c_{β−α}, c_{β−α} → −s_{β−α}) , C^{A0ϕ−Ũl,s1 ¯D̃m,s2} = − iδ^{ij} 192 √ 2m^2_W s^2_ws_{2β} t_β C_F V^†_{Dm,Ul} [ s_{2β} ( 23m^2_{Ul} + 23m^2_{Dm} t^2_β

−3m^2_W t_β s_{2β} ) RU^∗_{l,(s1,1)}RD_{m,(s2,1)} + 2m_{Ul} m_{Dm} ( 3t_β + 10s_{2β}t^2_β + 10s_{2β} ) RU^∗_{l,(s1,2)}RD_{m,(s2,2)} + 1 − g5s 2 4s_{2β} ( − ( m^2_{Ul} + m^2_{Dm} t^2_β ) RU^∗_{l,(s1,1)}RD_{m,(s2,1)} + ( m^2_{Ul} + m_{Ul} m_{Dm} t^2_β ) RU^∗_{l,(s1,1)}RD_{m,(s2,2)} + ( m^2_{Dm} t^2_β + m_{Ul} m_{Dm} ) RU^∗_{l,(s1,2)}RD_{m,(s2,1)} − m_{Ul} m_{Dm} ( 1 + t^2_β ) RU^∗_{l,(s1,2)}RD_{m,(s2,2)} )] ,

– 36 –

C^{A0ϕ+D̃l,s1 ¯Ũm,s2} = iδ^{ij} 192 √ 2m^2_W s^2_ws_{2β}t_β C_F V_{Um,Dl} [ s_{2β} ( 23m^2_{Um} + 23m^2_{Dl} t^2_β

−3m^2_W t_β s_{2β} ) RD^∗_{l,(s1,1)}RU_{m,(s2,1)} + 2m_{Um} m_{Dl} ( 3t_β + 10s_{2β}t^2_β + 10s_{2β} ) RD^∗_{l,(s1,2)}RU_{m,(s2,2)} − 1 − g5s 2 4s_{2β} (( m^2_{Um} + m^2_{Dl} t^2_β ) RD^∗_{l,(s1,1)}RU_{m,(s2,1)} − ( m^2_{Dl} t^2_β + m_{Um} m_{Dl} ) RD^∗_{l,(s1,1)}RU_{m,(s2,2)} − ( m^2_{Um} + m_{Um} m_{Dl} t^2_β ) RD^∗_{l,(s1,2)}RU_{m,(s2,1)} + m_{Dl} m_{Um} ( 1 + t^2_β ) RD^∗_{l,(s1,2)}RU_{m,(s2,2)} )] , C^{ϕ0ϕ−Ũl,s1 ¯D̃m,s2} = − iδ^{ij} 192 √ 2m^2_W s^2_w C_F V^†_{Dm,Ul} [( 23m^2_{Ul} − 23m^2_{Dm}

+3m^2_W c_{2β} ) RU^∗_{l,(s1,1)}RD_{m,(s2,1)} + 1 − g5s 2 4 (m_{Dm} − m_{Ul} ) ( (m_{Ul} + m_{Dm} ) RU^∗_{l,(s1,1)}RD_{m,(s2,1)} − m_{Ul} RU^∗_{l,(s1,1)}RD_{m,(s2,2)} − m_{Dm} RU^∗_{l,(s1,2)}RD_{m,(s2,1)} )] , C^{ϕ0ϕ+D̃l,s1 ¯Ũm,s2} = − iδ^{ij} 192 √ 2m^2_W s^2_w C_F V_{Um,Dl} [( 23m^2_{Um} − 23m^2_{Dl}

+3m^2_W c_{2β} ) RD^∗_{l,(s1,1)}RU_{m,(s2,1)} + 1 − g5s 2 4 (m_{Dl} − m_{Um} ) ( (m_{Um} + m_{Dl} ) RD^∗_{l,(s1,1)}RU_{m,(s2,1)} − m_{Dl} RD^∗_{l,(s1,1)}RU_{m,(s2,2)} − m_{Um} RD^∗_{l,(s1,2)}RU_{m,(s2,1)} )] , C^{H+ϕ−Ũl,s1 ¯Ũm,s2} = δ^{ij} 384m^2_W c^2_ws^2_wt_β C_F [ t_β (( 2m^2_W c^2_ws_{2β} + m^2_W s_{2β} ) δ_{lm} − 46c^2_wt_β ∑ g ( m^2_{Dg} V^†_{Dg ,Ul} V_{Um,Dg} )) RU^∗_{l,(s1,1)}RU_{m,(s2,1)} +2 (( 3m^2_{Ul} c^2_w − 2m^2_W s^2_ws_{2β} t_β ) δ_{lm} + 20m_{Ul} m_{Um} c^2_w ∑ g ( V^†_{Dg ,Ul} V_{Ul,Dg} ) ) RU^∗_{l,(s1,2)}RU_{m,(s2,2)} + 1 − g5s 2 8c^2_w ∑ g ( V^†_{Dg ,Ul} V_{Um,Dg} ) ( m_{Dg} t^2_βRU^∗_{l,(s1,1)} + m_{Um} RU^∗_{l,(s1,2)} ) ( m_{Dg} RU_{m,(s2,1)} − m_{Ul} RU_{m,(s2,2)} )] ,

– 37 –

C^{H+ϕ−D̃l,s1 ¯D̃m,s2} = − δ^{ij} 384m^2_W c^2_ws^2_wt_β C_F [(( 4m^2_W c^2_ws_{2β} t_β − m^2_W s_{2β}t_β ) δ_{lm} − 46c^2_w ∑ g ( m^2_{Ug} V^†_{Dm,Ug} V_{Ug ,Dl} )) RD^∗_{l,(s1,1)}RD_{m,(s2,1)} +2t_β (( 3m^2_{Dl} c^2_wt_β − m^2_W s^2_ws_{2β} ) δ_{lm} + 20m_{Dl} m_{Dm} c^2_wt_β ∑ g ( V^†_{Dm,Ug} V_{Ug ,Dl} ) ) RD^∗_{l,(s1,2)}RD_{m,(s2,2)} + 1 − g5s 2 8c^2_w ∑ g ( V^†_{Dm,Ug} V_{Ug,Dl} ) ( m_{Ug} RD^∗_{l,(s1,1)} − m_{Dm} RD^∗_{l,(s1,2)} ) ( m_{Ug} RD_{m,(s2,1)} + m_{Dl} t^2_βRD_{m,(s2,2)} )] , C^{H−ϕ+Ũl,s1 ¯Ũm,s2} = δ^{ij} 384m^2_W c^2_ws^2_wt_β C_F [ t_β (( 2m^2_W c^2_ws_{2β} + m^2_W s_{2β} ) δ_{lm} − 46c^2_wt_β ∑ g ( m^2_{Dg} V^†_{Dg ,Ul} V_{Um,Dg} ) ) RU^∗_{l,(s1,1)}RU_{m,(s2,1)} +2 (( 3m^2_{Ul} c^2_w − 2m^2_W s^2_ws_{2β} t_β ) δ_{lm} + 20m_{Ul} m_{Um} c^2_w ∑ g ( V^†_{Dg ,Ul} V_{Ul,Dg} ) ) RU^∗_{l,(s1,2)}RU_{m,(s2,2)} + 1 − g5s 2 8c^2_w ∑ g ( V^†_{Dg ,Ul} V_{Um,Dg} ) ( m_{Dg} RU^∗_{l,(s1,1)} − m_{Um} RU^∗_{l,(s1,2)} ) ( m_{Dg} RU_{m,(s2,1)} + m_{Ul} t^2_βRU_{m,(s2,2)} )] , C^{H−ϕ+D̃l,s1 ¯D̃m,s2} = − δ^{ij} 384m^2_W c^2_ws^2_wt_β C_F [(( 4m^2_W c^2_ws_{2β} t_β − m^2_W s_{2β}t_β ) δ_{lm} − 46c^2_w ∑ g ( m^2_{Ug} V^†_{Dm,Ug} V_{Ug ,Dl} )) RD^∗_{l,(s1,1)}RD_{m,(s2,1)} +2t_β (( 3m^2_{Dl} c^2_wt_β − m^2_W s^2_ws_{2β} ) δ_{lm} + 20m_{Dl} m_{Dm} c^2_wt_β ∑ g ( V^†_{Dm,Ug} V_{Ug ,Dl} ) ) RD^∗_{l,(s1,2)}RD_{m,(s2,2)} + 1 − g5s 2 8c^2_w ∑ g ( V^†_{Dm,Ug} V_{Ug,Dl} ) ( m_{Ug} RD^∗_{l,(s1,1)} + m_{Dm} t^2_βRD^∗_{l,(s1,2)} ) ( m_{Ug} RD_{m,(s2,1)} − m_{Dl} RD_{m,(s2,2)} )] . (4.52)

All of the other effective vertices which don’t appear above are zero. We have checked that if we include all of the quarks and squarks, the terms proportional

– 38 – to totally antisymmetry tensor ε_{μνρσ} are vanishing due to the cancelation of gauge anomaly in MSSM QCD.

5. Summary

Given the data accumulated at the LHC, searching the supersymmetry signatures seems feasible, which has been attracted a lot of interests from both theoretical and experimental sides. It is important to note that ATLAS and CMS are mainly focused on the MSSM to interpret what they have observed (or not observed). To be more specifically, a special theoretical model the so-called constrained MSSM was often used to reduce the number of unknow parameters from dozens to fourand-a-half[105, 106, 107, 108, 109, 110]. Hence, phenomenologically, MSSM plays a special role in discovering or excluding supersymmetry. As a consequence of R-parity conservation, a pair of gluino or squarks are produced dominantly at the LHC and then cascade decays into multi QCD particles. Its irreducible background are mainly multijets final states, and it may also be background of other interesting processes. Therefore, higher order corrections especially including SUSY QCD corrections are predominantly in investigating SUSY phenomenology.

In the paper, we have given a complete list of Feynman rules for the rational part of one-loop amplitudes in the MSSM QCD. The numerators of one-loop amplitudes can be simplified in four-dimensions if the corresponding rational terms are added correctly. It makes the NLO SUSY QCD calculation in multi-particle processes much easier than before. With the nature of rational part R described above, the regularization scheme dependence is included in the expressions of R. Therefore, γ_5 problems in dimensional regularization can be clarified with the investigation of R in supersymmetric models. To meet the needs of practical NLO calculation, the results are expressed in two dimensional regularization schemes and two γ_5 schemes. The usefulness of our results will be shown in analyzing SUSY phenomenology up to NLO SUSY QCD corrections.

Acknowledgments

H.S.Shao would like to thank Professor R.Pittau for useful discussions. We are also grateful to Professor K.T.Chao for his support on the project. This work was supported in part by the National Natural Science Foundation of China (Nos.11021092, 11075002,11075011), and the Ministry of Science and Technology of China (2009CB825200). Y.J.Zhang is also supported by the Foundation for the Author of National Excellent Doctoral Dissertation of China (Grant No. 201020).

– 39 –

References

[1] P. Fayet, Supergauge Invariant Extension of the Higgs Mechanism and a Model for the electron and Its Neutrino, Nucl.Phys. B90 (1975) 104–124.

[2] P. Fayet, Supersymmetry and Weak, Electromagnetic and Strong Interactions, Phys.Lett. B64 (1976) 159.

[3] P. Fayet, Spontaneously Broken Supersymmetric Theories of Weak, Electromagnetic and Strong Interactions, Phys.Lett. B69 (1977) 489.

[4] S. Dimopoulos and H. Georgi, Softly Broken Supersymmetry and SU(5), Nucl.Phys.

B193 (1981) 150.

[5] N. Sakai, Naturalness in Supersymmetric Guts, Z.Phys. C11 (1981) 153.

[6] K. Inoue, A. Kakuto, H. Komatsu, and S. Takeshita, Low-Energy Parameters and Particle Masses in a Supersymmetric Grand Unified Model, Prog.Theor.Phys. 67 (1982) 1889. Revised version.

[7] K. Inoue, A. Kakuto, H. Komatsu, and S. Takeshita, Aspects of Grand Unified Models with Softly Broken Supersymmetry, Prog.Theor.Phys. 68 (1982) 927.

[8] K. Inoue, A. Kakuto, H. Komatsu, and S. Takeshita, Renormalization of Supersymmetry Breaking Parameters Revisited, Prog.Theor.Phys. 71 (1984) 413.

[9] F. A. Berends and W. T. Giele, Recursive Calculations for Processes with n Gluons, Nucl. Phys. B306 (1988) 759.

[10] R. Britto, F. Cachazo, and B. Feng, New Recursion Relations for Tree Amplitudes of Gluons, Nucl. Phys. B715 (2005) 499–522, [hep-th/0412308].

[11] R. Britto, F. Cachazo, B. Feng, and E. Witten, Direct Proof Of Tree-Level Recursion Relation In Yang- Mills Theory, Phys. Rev. Lett. 94 (2005) 181602, [hep-th/0501052].

[12] T. Stelzer and W. F. Long, Automatic generation of tree level helicity amplitudes, Comput. Phys. Commun. 81 (1994) 357–371, [hep-ph/9401258].

[13] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and T. Stelzer, MadGraph 5 :

Going Beyond, JHEP 06 (2011) 128, [arXiv:1106.0522].

[14] A. Pukhov et. al., CompHEP: A package for evaluation of Feynman diagrams and integration over multi-particle phase space. User’s manual for version 33,

hep-ph/9908288.

[15] F. Krauss, R. Kuhn, and G. Soff, AMEGIC++ 1.0: A Matrix element generator in C++, JHEP 02 (2002) 044, [hep-ph/0109036].

– 40 –

[16] F. Caravaglios and M. Moretti, An algorithm to compute Born scattering amplitudes without Feynman graphs, Phys. Lett. B358 (1995) 332–338, [hep-ph/9507237].

[17] F. Caravaglios, M. L. Mangano, M. Moretti, and R. Pittau, A new approach to multi-jet calculations in hadron collisions, Nucl. Phys. B539 (1999) 215–232, [hep-ph/9807570].

[18] M. L. Mangano, M. Moretti, F. Piccinini, R. Pittau, and A. D. Polosa, ALPGEN, a generator for hard multiparton processes in hadronic collisions, JHEP 0307 (2003) 001, [hep-ph/0206293].

[19] A. Kanaki and C. G. Papadopoulos, HELAC: A package to compute electroweak helicity amplitudes, Comput. Phys. Commun. 132 (2000) 306–315, [hep-ph/0002082].

[20] A. Cafarella, C. G. Papadopoulos, and M. Worek, Helac-Phegas: a generator for all parton level processes, Comput. Phys. Commun. 180 (2009) 1941–1955, [arXiv:0710.2427].

[21] T. Gleisberg and S. Hoeche, Comix, a new matrix element generator, JHEP 12 (2008) 039, [arXiv:0808.3674].

[22] B. W. Harris and J. F. Owens, The two cutoff phase space slicing method, Phys.

Rev. D65 (2002) 094032, [hep-ph/0102128].

[23] S. Catani and M. Seymour, A General algorithm for calculating jet cross-sections in NLO QCD, Nucl.Phys. B485 (1997) 291–419, [hep-ph/9605323].

[24] S. Catani, S. Dittmaier, M. H. Seymour, and Z. Trocsanyi, The Dipole formalism for next-to-leading order QCD calculations with massive partons, Nucl.Phys. B627 (2002) 189–265, [hep-ph/0201036].

[25] S. Dittmaier, A General approach to photon radiation off fermions, Nucl.Phys.

B565 (2000) 69–122, [hep-ph/9904440].

[26] L. Phaf and S. Weinzierl, Dipole formalism with heavy fermions, JHEP 0104 (2001) 006, [hep-ph/0102207].

[27] M. Czakon, C. Papadopoulos, and M. Worek, Polarizing the Dipoles, JHEP 0908 (2009) 085, [arXiv:0905.0883].

[28] S. Frixione, Z. Kunszt, and A. Signer, Three jet cross-sections to next-to-leading order, Nucl.Phys. B467 (1996) 399–442, [hep-ph/9512328].

[29] S. Frixione, A General approach to jet cross-sections in QCD, Nucl.Phys. B507 (1997) 295–314, [hep-ph/9706545].

[30] D. A. Kosower, Antenna factorization in strongly ordered limits, Phys.Rev. D71 (2005) 045016, [hep-ph/0311272].

– 41 –

[31] G. Somogyi, Subtraction with hadronic initial states at NLO: An NNLO-compatible scheme, JHEP 0905 (2009) 016, [arXiv:0903.1218].

[32] K. Hasegawa, S. Moch, and P. Uwer, AutoDipole: Automated generation of dipole subtraction terms, Comput.Phys.Commun. 181 (2010) 1802–1817, [arXiv:0911.4371].

[33] R. Frederix, T. Gehrmann, and N. Greiner, Integrated dipoles with MadDipole in the MadGraph framework, JHEP 1006 (2010) 086, [arXiv:1004.2905].

[34] R. Frederix, S. Frixione, F. Maltoni, and T. Stelzer, Automation of next-to-leading order computations in QCD: The FKS subtraction, JHEP 0910 (2009) 003, [arXiv:0908.4272].

[35] G. Passarino and M. J. G. Veltman, One Loop Corrections for e+ e- Annihilation Into mu+ mu- in the Weinberg Model, Nucl. Phys. B160 (1979) 151.

[36] A. Denner and S. Dittmaier, Reduction of one-loop tensor 5-point integrals, Nucl.

Phys. B658 (2003) 175–202, [hep-ph/0212259].

[37] A. Denner and S. Dittmaier, Reduction schemes for one-loop tensor integrals, Nucl.

Phys. B734 (2006) 62–115, [hep-ph/0509141].

[38] Z. Bern, L. J. Dixon, and D. A. Kosower, One loop corrections to five gluon amplitudes, Phys. Rev. Lett. 70 (1993) 2677–2680, [hep-ph/9302280].

[39] Z. Bern, L. J. Dixon, D. C. Dunbar, and D. A. Kosower, One-Loop n-Point Gauge Theory Amplitudes, Unitarity and Collinear Limits, Nucl. Phys. B425 (1994) 217–260, [hep-ph/9403226].

[40] Z. Bern, L. J. Dixon, D. C. Dunbar, and D. A. Kosower, Fusing gauge theory tree amplitudes into loop amplitudes, Nucl. Phys. B435 (1995) 59–101, [hep-ph/9409265].

[41] Z. Bern, L. J. Dixon, and D. A. Kosower, One loop corrections to two quark three gluon amplitudes, Nucl. Phys. B437 (1995) 259–304, [hep-ph/9409393].

[42] R. Britto, F. Cachazo, and B. Feng, Generalized unitarity and one-loop amplitudes in N = 4 super-Yang-Mills, Nucl. Phys. B725 (2005) 275–305, [hep-th/0412103].

[43] R. K. Ellis, Z. Kunszt, K. Melnikov, and G. Zanderighi, One-loop calculations in quantum field theory: from Feynman diagrams to unitarity cuts, arXiv:1105.4319.

[44] F. del Aguila and R. Pittau, Recursive numerical calculus of one-loop tensor integrals, JHEP 07 (2004) 017, [hep-ph/0404120].

[45] R. Pittau, Formulae for a numerical computation of one-loop tensor integrals,

hep-ph/0406105.

– 42 –

[46] G. Ossola, C. G. Papadopoulos, and R. Pittau, Reducing full one-loop amplitudes to scalar integrals at the integrand level, Nucl. Phys. B763 (2007) 147–169, [hep-ph/0609007].

[47] G. Ossola, C. G. Papadopoulos, and R. Pittau, Numerical Evaluation of Six-Photon Amplitudes, JHEP 07 (2007) 085, [arXiv:0704.1271].

[48] G. Ossola, C. G. Papadopoulos, and R. Pittau, CutTools: a program implementing the OPP reduction method to compute one-loop amplitudes, JHEP 03 (2008) 042, [arXiv:0711.3596].

[49] P. Mastrolia, G. Ossola, C. G. Papadopoulos, and R. Pittau, Optimizing the Reduction of One-Loop Amplitudes, JHEP 06 (2008) 030, [arXiv:0803.3964].

[50] G. Ossola, C. G. Papadopoulos, and R. Pittau, On the Rational Terms of the one-loop amplitudes, JHEP 05 (2008) 004, [arXiv:0802.1876].

[51] A. Denner, S. Dittmaier, M. Roth, and L. H. Wieders, Electroweak corrections to charged-current e+ e- –¿ 4 fermion processes: Technical details and further results, Nucl. Phys. B724 (2005) 247–294, [hep-ph/0505042].

[52] A. Bredenstein, A. Denner, S. Dittmaier, and S. Pozzorini, NLO QCD corrections to top anti-top bottom anti-bottom production at the LHC: 1. quark-antiquark annihilation, JHEP 08 (2008) 108, [arXiv:0807.1248].

[53] A. Bredenstein, A. Denner, S. Dittmaier, and S. Pozzorini, NLO QCD corrections to top anti-top bottom anti-bottom production at the LHC: 2. full hadronic results, JHEP 03 (2010) 021, [arXiv:1001.4006].

[54] T. Binoth, J. P. Guillet, and G. Heinrich, Algebraic evaluation of rational polynomials in one-loop amplitudes, JHEP 02 (2007) 013, [hep-ph/0609054].

[55] M. V. Garzelli, I. Malamos, and R. Pittau, Feynman rules for the rational part of the Electroweak 1- loop amplitudes in the R_ξ gauge and in the Unitary gauge, JHEP 01 (2011) 029, [arXiv:1009.4302].

[56] M. V. Garzelli, I. Malamos, and R. Pittau, Feynman rules for the rational part of the Electroweak 1- loop amplitudes, JHEP 01 (2010) 040, [arXiv:0910.3130].

[57] P. Draggiotis, M. V. Garzelli, C. G. Papadopoulos, and R. Pittau, Feynman Rules for the Rational Part of the QCD 1-loop amplitudes, JHEP 04 (2009) 072, [arXiv:0903.0356].

[58] M. V. Garzelli and I. Malamos, R2SM: a package for the analytic computation of the R2 Rational terms in the Standard Model of the Electroweak interactions, Eur. Phys. J. C71 (2011) 1605, [arXiv:1010.1248].

[59] H.-S. Shao, Y.-J. Zhang, and K.-T. Chao, Feynman Rules for the Rational Part of the Standard Model One-loop Amplitudes in the ’t Hooft-Veltman γ_5 Scheme, JHEP 09 (2011) 048, [arXiv:1106.5030].

– 43 –

[60] F. Campanario, Towards pp -¿ VVjj at NLO QCD: Bosonic contributions to triple vector boson production plus jet, JHEP 10 (2011) 070, [arXiv:1105.0920].

[61] R. Pittau, Primary Feynman rules to calculate the epsilon-dimensional integrand of any 1-loop amplitude, JHEP 1202 (2012) 029, [arXiv:1111.4965].

[62] R. Boels and C. Schwinn, CSW rules for a massive scalar, Phys. Lett. B662 (2008) 80–86, [arXiv:0712.3409].

[63] E. W. Nigel Glover and C. Williams, One-Loop Gluonic Amplitudes from Single Unitarity Cuts, JHEP 12 (2008) 067, [arXiv:0810.2964].

[64] H. Elvang, D. Z. Freedman, and M. Kiermaier, Integrands for QCD rational terms and N=4 SYM from massive CSW rules, arXiv:1111.0635.

[65] V. Hirschi, R. Frederix, S. Frixione, M. V. Garzelli, F. Maltoni, et. al., Automation of one-loop QCD corrections, JHEP 1105 (2011) 044, [arXiv:1103.0621].

[66] R. Pittau, Status of MadLoop/aMC@NLO, arXiv:1202.5781.

[67] G. Bevilacqua, M. Czakon, M. Garzelli, A. van Hameren, A. Kardos, et. al., HELAC-NLO, arXiv:1110.1499.

[68] N. D. Christensen and C. Duhr, FeynRules - Feynman rules made easy, Comput.

Phys. Commun. 180 (2009) 1614–1641, [arXiv:0806.4194].

[69] F. Cascioli, P. Maierhofer, and S. Pozzorini, Scattering Amplitudes with Open Loops, Phys. Rev. Lett. 108 (2012) 111601, [arXiv:1111.5206].

[70] G. Cullen et. al., Automation of One-Loop Calculations with GoSam: Present Status and Future Outlook, Acta Phys. Polon. B42 (2011) 2351–2362, [arXiv:1111.3339].

[71] G. Cullen et. al., Automated One-Loop Calculations with GoSam, Eur. Phys. J. C (2012) 72 (1889) [arXiv:1111.2034].

[72] W. Siegel, Supersymmetric Dimensional Regularization via Dimensional Reduction, Phys. Lett. B84 (1979) 193.

[73] I. Jack, D. R. T. Jones, and K. L. Roberts, Equivalence of dimensional reduction and dimensional regularization, Z. Phys. C63 (1994) 151–160, [hep-ph/9401349].

[74] Z. Bern and D. A. Kosower, The Computation of loop amplitudes in gauge theories, Nucl. Phys. B379 (1992) 451–561.

[75] Z. Kunszt, A. Signer, and Z. Trocsanyi, One loop helicity amplitudes for all 2 → 2 processes in QCD and N=1 supersymmetric Yang-Mills theory, Nucl. Phys. B411 (1994) 397–442, [hep-ph/9305239].

– 44 –

[76] S. Catani, M. H. Seymour, and Z. Trocsanyi, Regularization scheme independence and unitarity in QCD cross sections, Phys. Rev. D55 (1997) 6819–6829, [hep-ph/9610553].

[77] Z. Bern, A. De Freitas, L. J. Dixon, and H. L. Wong, Supersymmetric regularization, two-loop QCD amplitudes and coupling shifts, Phys. Rev. D66 (2002) 085002, [hep-ph/0202271].

[78] G. ’t Hooft and M. J. G. Veltman, Regularization and Renormalization of Gauge Fields, Nucl. Phys. B44 (1972) 189–213.

[79] C. G. Bollini and J. J. Giambiagi, Lowest order divergent graphs in nu-dimensional space, Phys. Lett. B40 (1972) 566–568.

[80] G. M. Cicuta and E. Montaldi, Analytic renormalization via continuous space dimension, Nuovo Cim. Lett. 4 (1972) 329–332.

[81] J. F. Ashmore, A Method of Gauge Invariant Regularization, Lett. Nuovo Cim. 4 (1972) 289–290.

[82] P. Breitenlohner and D. Maison, Dimensional Renormalization and the Action Principle, Commun. Math. Phys. 52 (1977) 11–38.

[83] P. Breitenlohner and D. Maison, Dimensionally Renormalized Green’s Functions for Theories with Massless Particles. 2, Commun. Math. Phys. 52 (1977) 55.

[84] P. Breitenlohner and D. Maison, Dimensionally Renormalized Green’s Functions for Theories with Massless Particles. 1, Commun. Math. Phys. 52 (1977) 39.

[85] G. Bonneau, CONSISTENCY IN DIMENSIONAL REGULARIZATION WITH gamma(5), Phys. Lett. B96 (1980) 147.

[86] G. Bonneau, PRESERVING CANONICAL WARD IDENTITIES IN DIMENSIONAL REGULARIZATION WITH A NONANTICOMMUTING gamma(5), Nucl. Phys. B177 (1981) 523.

[87] J. G. Korner, N. Nasrallah, and K. Schilcher, EVALUATION OF THE FLAVOR CHANGING VERTEX b → s H USING THE BREITENLOHNER-MAISON-’t HOOFT-VELTMAN gamma(5) SCHEME, Phys. Rev. D41 (1990) 888.

[88] D. Kreimer, The Role of gamma(5) in dimensional regularization, hep-ph/9401354.

[89] J. G. Korner, D. Kreimer, and K. Schilcher, A Practicable gamma(5) scheme in dimensional regularization, Z. Phys. C54 (1992) 503–512.

[90] D. Kreimer, THE gamma(5) PROBLEM AND ANOMALIES: A CLIFFORD ALGEBRA APPROACH, Phys. Lett. B237 (1990) 59.

[91] B. Grinstein, R. P. Springer, and M. B. Wise, Effective Hamiltonian for Weak Radiative B Meson Decay, Phys. Lett. B202 (1988) 138.

– 45 –

[92] R. Grigjanis, P. J. O’Donnell, M. Sutherland, and H. Navelet, QCD Corrected Effective Lagrangian for B → s Processes, Phys. Lett. B213 (1988) 355.

[93] C. P. Martin and D. Sanchez-Ruiz, Action principles, restoration of BRS symmetry and the renormalization group equation for chiral non-Abelian gauge theories in dimensional renormalization with a non- anticommuting gamma(5), Nucl. Phys. B572 (2000) 387–477, [hep-th/9905076].

[94] C. Schubert, THE YUKAWA MODEL AS AN EXAMPLE FOR DIMENSIONAL RENORMALIZATION WITH gamma (5), Nucl. Phys. B323 (1989) 478.

[95] M. Pernici, M. Raciti, and F. Riva, Dimensional renormalization of Yukawa theories via Wilsonian methods, Nucl. Phys. B577 (2000) 293–324, [hep-th/9912248].

[96] M. Pernici, Semi-naive dimensional renormalization, Nucl. Phys. B582 (2000) 733–755, [hep-th/9912278].

[97] M. Pernici and M. Raciti, Axial current in QED and semi-naive dimensional renormalization, Phys. Lett. B513 (2001) 421–428, [hep-th/0003062].

[98] R. Ferrari, A. Le Yaouanc, L. Oliver, and J. C. Raynal, Gauge invariance and dimensional regularization with gamma(5) in flavor changing neutral processes, Phys. Rev. D52 (1995) 3036–3047.

[99] T. Hahn, Generating Feynman diagrams and amplitudes with FeynArts 3, Comput.

Phys. Commun. 140 (2001) 418–431, [hep-ph/0012260].

[100] T. Hahn and C. Schappacher, The implementation of the minimal supersymmetric standard model in FeynArts and FormCalc, Comput. Phys. Commun. 143 (2002) 54–68, [hep-ph/0105349].

[101] H. E. Haber and G. L. Kane, The Search for Supersymmetry: Probing Physics Beyond the Standard Model, Phys. Rept. 117 (1985) 75–263.

[102] J. F. Gunion and H. E. Haber, Higgs Bosons in Supersymmetric Models. 1, Nucl.

Phys. B272 (1986) 1.

[103] J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson, THE HIGGS HUNTER’S GUIDE, . SCIPP-89/13.

[104] A. Denner, H. Eck, O. Hahn, and J. Kublbeck, Feynman rules for fermion number violating interactions, Nucl.Phys. B387 (1992) 467–484.

[105] A. H. Chamseddine, R. L. Arnowitt, and P. Nath, Locally Supersymmetric Grand Unification, Phys.Rev.Lett. 49 (1982) 970.

[106] R. Barbieri, S. Ferrara, and C. A. Savoy, Gauge Models with Spontaneously Broken Local Supersymmetry, Phys.Lett. B119 (1982) 343.

– 46 –

[107] L. E. Ibanez, Locally Supersymmetric SU(5) Grand Unification, Phys.Lett. B118 (1982) 73.

[108] L. J. Hall, J. D. Lykken, and S. Weinberg, Supergravity as the Messenger of Supersymmetry Breaking, Phys.Rev. D27 (1983) 2359–2378.

[109] G. L. Kane, C. F. Kolda, L. Roszkowski, and J. D. Wells, Study of constrained minimal supersymmetry, Phys.Rev. D49 (1994) 6173–6210, [hep-ph/9312272].

[110] N. Ohta, GRAND UNIFIED THEORIES BASED ON LOCAL

SUPERSYMMETRY, Prog.Theor.Phys. 70 (1983) 542.

– 47 –

Figure 5: All possible non-vanishing 3-point vertices in mixed MSSM QCD.

– 48 –

Figure 6: All possible non-vanishing 4-point vertices in mixed SUSY QCD (MSSM).

– 49 –