Received: April 3, 2001, Accepted: May 31, 2001

HYPER VERSION

Prototype graphs for radiative corrections to polarized chargino or neutralino production in electron-positron annihilation

Marco Aurelio Diaz

Departamento de Fisica, Pontificia Universidad Católica de Chile Santiago 690441, Chile E-mail: mad@susy.fis.puc.cl

Douglas A. Ross^∗

Division Théorique, CERN 1211 Geneva 23, Switzerland E-mail: dar@phys.soton.ac.uk

Abstract: We present the contributions from all types of one-loop corrections to the scattering amplitude for the pair production of polarized charginos or neutralinos from polarized electron-positron annihilation. The contributions are classified in terms of “prototypes” distinguished by the number of particles inside the loops and their spins. The results are quoted in terms of the Veltman-Passarino functions in terms of general couplings and internal masses. The results can therefore be applied to any supersymmetric extension of the Standard Model or indeed to any polarized fermion pair production process in electron-positron annihilation. A FORTRAN program which encodes the results of the paper is available here.

Keywords: NLO Computations, Supersymmetric Standard Model, Spin and Polarization Effects.

∗On leave of absence from: Department of Physics and Astronomy, University of Southampton, Southampton SO17 1BJ, U.K.

Contents

1. Introduction 1

2. Generalized polarized scattering amplitudes 3

3. Self-energy and vertex corrections 5 3.1 Self-energy insertions 6 3.2 Triangle graphs 8

4. Box graphs 8

5. Conclusions 8

A. Vector and axial helicity amplitudes 9

B. Prototype self-energy graphs. 10 B.1 Scalar self-energy 10 B.2 Vector self-energy 11 B.3 Fermion self-energy 12

C. Prototype triangle graphs 13 C.1 Scalar form-factor diagrams 14 C.2 Vector form-factor diagrams 15

D. Prototype box graphs 17

1. Introduction

The results from the last days of the running of LEP, which suggest that the mass of the Higgs scalar is around 115 GeV, has further enhanced the expectation that supersymmetry is realized in nature [1, 2]. A supersymmetric extension of the Standard Model is the only known scenario which can stabilise the effective potential whilst maintaining the experimental limits on the gauge-boson masses [3], as well as providing the possibility for a scenario of Grand Unification with a natural heirachy.

Nevertheless, a confirmation of supersymmetry can only result from the experimental identification of supersymmetric partners. The cleanest signal comes from the fermionic superpartners of the gauge bosons and Higgs bosons, the charginos and neutralinos. Regrettably LEP produced no evidence whatsoever for the existence of such particles and their existence is expected to be confirmed or negated by the next generation of hadron colliders. Notwithstanding this, the cleanest signal is still expected from electron-positron colliders and as such a possible future linear collider has an important role to play in the identification and study of fermionic superpartners.

The production cross-section for these superpartners is sensitive to the parameters of the supersymmetry extension. Conversely, a study of the production crosssection can be used to deduce information about the supersymmetry parameters. As has been shown by Choi. et al. [4], even more information can be gleaned from the study of cross-sections in which both the initial electron and positron beams are polarized and the spin polarization of the final state fermion is also measured.

The polarized cross-section was studied in detail at the tree-level in [4]. It is known, however, [5, 6] that at least for certain regions of parameter space, the higher order corrections to the production cross-section can be substantial and they are also sensitive to supersymmetry breaking parameters such as the squark masses, which do not enter into the tree-level calculation.

Recently Blank and Hollick [7] have reported on a complete calculation of the higher order corrections to the forward-backward asymmetry in the case of polarized electron and positron beams, but did not consider the polarization of the final state fermions.

Reports of numerical calculations for higher order corrections are undoubtedly very useful, but in the case of supersymmetric theories they inevitably refer to a particular set of parameters and need to be entirely repeated should one wish to calculate the effect of higher order corrections in a different part of parameter space.

For this reason we present in this paper the contributions to the polarized scattering amplitudes from all the one-loop prototype diagrams that can occur in a supersymmetric extension of the Standard Model. A prototype diagram is defined by the spins of the internal particles of the loop and we present the results in terms of the Veltman-Passarino functions [8] for completely general values of the couplings and masses of the internal particles. The formulae presented in this paper can be applied to polarized chargino or neutralino production in electron-positron annihilation, or indeed to any process in which a pair of massive fermions is produced and their polarization measured.

Although the total correction to the cross-section is inevitably gauge invariant, the contribution from individual graphs is not, and we work consistently in the ‘t Hooft-Feynman gauge, in which a gauge boson with momentum k and mass M has the propagator − i g^{μν} (k^2 − M^2) . Some of the Veltman-Passarino functions are ultraviolet divergent. It is assumed that these divergences have been regulated using dimensional regularization. On the other hand the renormalization scheme is, in general, unspecified and is reflected in the precise value assigned to the finite parts of the ultraviolet divergent Passarino- Veltman functions. Mass renormalizations of self-energy insertions are physical (i.e. the renormalization has been affected on mass-shell) and physical wavefunction renormalization has been carried out for the external particles.

The mass of the electron is neglected throughout.

The paper is organized as follows: in section 2 we discuss the general formalism for the calculation of the polarized scattering amplitudes in terms of a set of coefficient functions Q_{L(R)i,j} , which are a generalization of the coefficient functions used in [4] for the tree-level calculation. These coefficient functions multiply matrix elements of various Dirac-matrix structures, some of which have been relegated to appendix A. In section 3, we discuss the contribution to these coefficient functions from self-energy and vertex-correction graphs in terms of the more familiar language of form-factors. The relations between the form-factors and the coefficient functions is given. The detailed contributions from the various prototype graphs to the self-energies are given in appendix B, to the vertex corrections in appendix C, and to the box-diagrams, which must be expressed directly in terms of the coefficient functions, in appendix D. In section 4 we present our conclusions.

2. Generalized polarized scattering amplitudes

In this section we restrict our discussion to charginos, although it can be equally applied to neutralino production.

We write the scattering amplitude for an electron with helicity α = R, L and momentum p_1, and a positron of opposite helicity and momentum p_2 into a (positively charged) chargino of mass m_{χb} with momentum k_2 and helicity λ_2 and a (negatively charged) anti-chargino of mass m_{χa} , momentum k_1 and helicity λ_1 as A^α_{λ2,λ1} = 2 s L^μ_α Q^i_{μ α} ⟨k_2, λ_2|Γ^i|k_1, λ_1⟩ . (2.1)

These amplitudes are normalized as in [4], such that the differential cross-section is given by dσ(α, λ_2, λ_1) d cos θ = λ^{1/2}(s, m^2_{χa} , m^2_{χb} ) 128 π s | |A^α_{λ2,λ1} | |^2 , (2.2)

where λ(x, y, z) ≡ x^2 + y^2 + z^2 − 2xy − 2xz − 2yz . The contribution from any Feynman graph to such an amplitude can always be expressed in this form by making a suitable Fierz transformation where necessary. Here L^μ_{R(L)} is the leptonic matrix element

L^μ_{R(L)} = v̄(p_2)γ^μ

(1 ± γ^5) 2 u(p_1) .

Since the leptons are considered to be massless these two are the only possible structures for the lepton factor. On the other hand the chargino factor is the sum of matrix elements of five possible γ−matrix structures Γ_i, i = 1, . . . , 5 are given by

Γ^1 =

(1 + γ^5) 2 Γ^2 =

(1 − γ^5) 2 Γ^3 = γ^ν

(1 + γ^5) 2 Γ^4 = γ^ν

(1 − γ^5) 2 Γ^5 = −i σ^{νρ} . (2.3)

The coefficients Q^i_{μ α} are tensors which can be reduced to the following structures, in terms of scalar quantities Q_{L(R)i,j} , j = 1, 2, as follows

Q^μ_{L(R)1} = Q_{L(R)1} k^μ_− Q^μ_{L(R)2} = Q_{L(R)2} k^ν_− Q^{μν}_{L(R)3} = Q_{L(R)3,1} g^{μν} + Q_{L(R)3,2} k^μ_− p^ν Q^{μν}_{L(R)4} = Q_{L(R)4,1} g^{μν} + Q_{L(R)4,2} k^μ_− p^ν Q^{μνρ}_{L(R)5} = Q_{L(R)5,1} g^{μν} p^ρ − i Q_{L(R)5,2} ϵ^{μνρτ} p_τ , (2.4) where k^μ_− = (k^μ_1 − k^μ_2 ) and p^μ = (p^μ_1 − p^μ_2 ). Any other structure can be expressed in terms of the above quantities, by exploiting the fact that the leptonic current is conserved and that the matrix elements of Γ^i are taken between on-shell chargino states. We note here that at the tree level, only Q_{L(R)3,1} and Q_{L(R)4,1} are non-zero. Furthermore Q_{L(R)3,2}, Q_{L(R)4,2}, Q_{L(R)5,1} and Q_{L(R)5,2} do not occur in self-energy or vertex correction graphs, but only arise when boxes are taken into consideration.

We express the contributions to the scattering amplitude multiplying the scalar quantities Q_{L(R)i,j} , using the following notation: k is the 3-momentum of the χ in the C.M. frame and θ is the scattering angle in the C.M. frame, i.e. the angle between the incident electron and the final-state χ^−. We define further:

f_+ = √ (s − m^2_{χa} − m^2_{χb} ) + 2 k √ s f_− = √ (s − m^2_{χa} − m^2_{χb} ) − 2 k √ s . (2.5)

The scattering amplitude contributions from each of the Q_{L(R)i,j} are given by:

−Q_{L(R)1} { 2 √ 2 k sin θ √ s (f_−δ_{λ2+}δ_{λ1+} + f_+δ_{λ2−}δ_{λ1−}) } , (2.6)

Q_{L(R)2} { 2 √ 2 k sin θ √ s (f_+δ_{λ2+}δ_{λ1+} + f_−δ_{λ2−}δ_{λ1−}) } , (2.7) −Q_{R,3,1} { 2 k sin θ √ s (a_1(R, λ_2, λ_1) − a_2(R, λ_2, λ_1)) − 2 a_4((R, λ_2, λ_1) } , (2.8) −Q_{L,3,1} { 2 k sin θ √ s (a_1(R, λ_2, λ_1) − a_2(R, λ_2, λ_1)) + 2 a_4((R, λ_2, λ_1) } , (2.9) −Q_{R(L),3,2} { 4 k sin θ √ s ã_3(R, λ_2, λ_1) } , (2.10) −Q_{R,4,1} { 2 k sin θ √ s (a_1(L, λ_2, λ_1) − a_2(L, λ_2, λ_1)) − 2 a_4((L, λ_2, λ_1) } , (2.11) −Q_{L,4,1} { 2 k sin θ √ s (a_1(L, λ_2, λ_1) − a_2(L, λ_2, λ_1)) + 2 a_4((L, λ_2, λ_1) } , (2.12) −Q_{R(L),4,2} { 4 k sin θ √ s ã_3(L, λ_2, λ_1) } , (2.13) Q_{R,5,1} {√ 2 (f_+ − f_−) [ sin θ δ_{λ2λ1} + (m_{χa} − m_{χb} ) √ s (cos θ sgn(λ_1) + 1) δ_{λ2,−λ1} ]} , (2.14) −Q_{L,5,1} {√ 2 (f_+ − f_−) [ sin θ δ_{λ2λ1} + (m_{χa} − m_{χb} ) √ s (cos θ sgn(λ_1) − 1) δ_{λ2,−λ1} ]} , (2.15) −Q_{R,5,2} { 2 √ 2 (f_+ + f_−) [ sin θ δ_{λ2λ1} sgn(λ_1) −

(m_{χa} + m_{χb} ) √ s × × (cos θ + sgn(λ_1)) δ_{λ2,−λ1} ]} , (2.16) Q_{L,5,2} { 2 √ 2 (f_+ + f_−) [ sin θ δ_{λ2λ1} sgn(λ_1) −

(m_{χa} + m_{χb} ) √ s × × (cos θ − sgn(λ_1)) δ_{λ2,−λ1} ]} . (2.17)

The amplitudes, a_i(α, λ_2, λ_1), (i = 1, . . . , 4) and ã_3(α, λ_2, λ_1) are given in appendix A.

3. Self-energy and vertex corrections

The coefficient functions, Q_{L(R)i,j} , which acquire contributions from self-energy insertions and triangle graphs are best treated in terms of form-factors, which replace point-like vertices in the tree-level contributions that arise either from a graph involving an exchange in the s−channel of a vector boson, or the t−channel exchange of a scalar particle (a sneutrino in the case of chargino pair production from electronpositron annihilation).

We write the general vertex for a vector boson coupling to an anti-fermion momentum fermion with (on-shell) momenta k_1 and k_2 respectively, as

F^+_0 γ^μ

(1 + γ^5) 2 + F^−_0 γ^μ

(1 − γ^5) 2 + F^+_k k^μ_−

(1 + γ^5) 2 + F^−_k k^μ_−

(1 − γ^5) 2 . Note that the form-factors F^+_k , F^−_k are absent at tree-level.

The Yukawa coupling of fermions to a scalar particle is given by F^±_{ν̃} (1 ± γ^5) 2 for right-(left-) handed incoming fermions respectively.

Thus the contributions to the coefficient functions from the exchange of a vector boson of mass M_V in the s−channel are:

ΔQ_{L(R)3,1} = g_{L(R)} s (s − M^2_V )

F^+_{0 (V )}

ΔQ_{L(R)4,1} = g_{L(R)} s (s − M^2_V )

F^−_{0 (V )}

ΔQ_{L(R)1} = g_{L(R)} s (s − M^2_V )

F^+_{k (V )}

ΔQ_{L(R)2} = g_{L(R)} s (s − M^2_V )

F^−_{k (V )} (3.1)

where g_{L(R)} is the coupling of the left-(right-)handed electrons to the vector boson.

Upon performing a Fierz transformation, the contributions to the coefficient functions from the exchange of a scalar particle of mass m_{ν̃} in the t−channel, is given by ΔQ_{L 4,1} = − 1 2 s (t − m^2_{ν̃} )

F^−_{ν̃} (F^−_{ν̃} )^† , (3.2)

for a scalar particle that couples to left-handed incoming electrons and

ΔQ_{R 3,1} = − 1 2 s (t − m^2_{ν̃} )

F^+_{ν̃} (F^+_{ν̃} )^† , (3.3)

for a scalar particle that couples to right-handed incoming electrons.

Note that F^±_{ν̃} are the form-factors for an incoming electron and outgoing antichargino or anti-neutralino with helicities ±, whereas (F^±_{ν̃} )^† are the form-factors for an incoming positron and outgoing chargino or neutralino with helicities ±.

3.1 Self-energy insertions The contribution to the form-factors F^±_{ν̃} from the self-energy Σ_{ν̃} (t) of the scalar particle exchanged in the t−channel is given by

ΔF^±_{ν̃} =

(Σ_{ν̃} (t) − Σ_{ν̃} (m^2_{ν̃} )) (t − m^2_{ν̃} )

F^±_{ν̃} . (3.4)

For the exchange of a gauge-boson in the s-channel, we need to account for possible mixing at the one-loop level between a gauge-boson V and a gauge-boson V^′. The transverse part of the self-energy can be written in general as Σ_{V V} ′ (s), and the contribution to the form-factors F^±_{0 (V )} is given by

ΔF^±_{0 (V )} =

(Σ_{V V} ′ (s) − Σ_{V V} ′ (M^2_V ′ )) (s − M^2_V ′ )

F^±_{0 (V ′)} . (3.5)

The contribution to the form-factors from the self-energy of the charginos (or neutralinos) is more complicated owing to different one-loop contributions to leftand right-handed components and to the mixing between the different species of charginos (neutralinos). The was discussed in detail in [5]. Here we reproduce the main results.

The general self-energy of a chargino or neutralino of momentum p can be written as Σ_{ab}(p) = ( A^+_{ab}(p^2) + B^+_{ab}(p^2) γ · p

) (1 + γ^5) 2 + ( A^−_{ab}(p^2) + B^−_{ab}(p^2) γ · p

) (1 − γ^5) 2 , (3.6) where the suffix ab refers to an outgoing chargino (neutralino) of type a and an incoming chargino (neutralino) of type b.

We denote F^{± a} to mean the form-factor involving a chargino or neutralino of type a (with mass m_a).

The correction to the form-factors due to the self-energies of the external fermion is given by

ΔF^{± a} = 1 2 { ± (A^+_{aa} − A^−_{aa}) 2m_a + B^±_{aa} + m_a ( A^{+ ′}_{aa} + A^{− ′}_{aa} + m_a(B^{+ ′}_{aa} + B^{− ′}_{aa} ) ) } F^{± a} + + ∑ b≠a { m_aA^±_{ab} + m_bA^∓_{ab} + m^2_aB^±_{ab} + m_am_bB^∓_{ab} (m^2_a − m^2_b ) } F^{± b} (3.7)

for the self-energy correction to a chargino (neutralino), and

ΔF^{± a} = 1 2 { ± (A^−_{aa} − A^+_{aa}) 2m_a + B^±_{aa} + m_a ( A^{+ ′}_{aa} + A^{− ′}_{aa} + m_a(B^{+ ′}_{aa} + B^{− ′}_{aa} ) ) } F^{± a} + + ∑ b≠a { m_aA^∓_{ba} + m_bA^±_{ba} + m^2_aB^±_{ba} + m_am_bB^∓_{ba} (m^2_a − m^2_b ) } F^{± b} (3.8)

for the self-energy correction to an anti-chargino (anti-neutralino). The ′ refers to the derivative w.r.t. p^2 and all the functions are taken at the point p^2 = m^2_a.

The contributions from the various prototype diagrams to the self energies, Σ_{ν̃} , Σ_{V V} ′ , Σ_{ab} are given in appendix B.

3.2 Triangle graphs

The contributions to the form-factors, F^±_0 , F^±_k , F^±_{ν̃} from the different possible triangle graphs are given in appendix C.

We note here that for a complete one-loop calculation, we also need to account for the form-factor of the vertex between the intermediate gauge bosons and the incoming electron-positron pair. Since we neglect the masses of the leptons only the form-factors, F^±_0 are non-zero. The contributions to these are obtained form the vertex protoypes 5 - 8 by setting m_{χa} , m_{χb} = 0.

4. Box graphs

The contibutions to the coefficient functions Q_{L(R)i,j} from all the prototype box graphs are given in appendix D. All box graphs contributing to the process under consideration can be expressed in terms of these prototypes or prototypes which can be obtained from them by the simple crossing relations t ↔ u, m_{χa} ↔ m_{χb} .

5. Conclusions

In this paper we have presented explicit expressions for the contributions from all prototypes of one-loop corrections in terms of the Veltman-Passarino functions. The results are given in terms of general couplings and internal masses, so that they can be used in any model for the determination of the scattering amplitudes of polarized fermion pair production.

The results are presented in two stages. Firstly, the helicity amplitudes are given in terms of a small number of coefficient functions, Q_{L(R)i,j} , of various effective interaction structures. Secondly the contributions from all prototype Feynman diagrams to these coefficient functions are given.

There exist [8] relations between the Veltman-Passarino functions used in this paper, such that they can all be reduced to “scalar” types functions, A0, B0, C0 and D0. We have chosen not to implement these relations in the expressions presented here. With the exception of cases in which some of the internal particles masses vanish, the expressions tend be be considerably longer when only this minimal set of functions is used. Instead, it is probably more efficient to implement these relations at the point of numerical calculations. A FORTRAN library exists [10] for the numerical calculation of the Veltman-Passarino functions, but unfortunately these only calculate such functions with up to one power of the loop momentum in the numerator. We have written a set of FORTRAN subroutines which are to be used in conjunction with this library and can be used to calculate the Veltman-Passarino functions with up to three powers of loop momenta in the numerator (for the calculation addressed in this paper only two powers of loop momenta are required). These routines are available upon request as well as a set of subroutines that calculate the

contributions to the coefficient functions, Q_{L(R)i,j} , from all the prototype diagrams

considered in this paper.

Acknowledgments

The authors wish to thank Steve King for useful conversations, assistance, and many

helpful suggestions. Many of the algebraic manipulations performed in this work were

carried out using FORM [11]. This work was partially supported by CONICYT grant

No: 1010974.

A. Vector and axial helicity amplitudes

The quantities a_i(α, λ_2, λ_1) used in eqs. (2.8)–(2.13) are given by

a_i(α, λ_2, λ_1) = R^j_i ã_j (α, λ_2, λ_1) . (A.1)

The 4 × 4 matrix, R, can be written in terms of the is the the matrix 3 × 3

matrix, T as R = 1 sk^2 sin^2 θ ( T −k^2 sin^2 θ ) , (A.2)

where T = −m^2_{χb} − k^2 cos^2 θ^1_2 s_{−−} − k^2 cos^2 θ^{k cos θ}_2^√_s s_{−+} 1 2 s_{−−} − k^2 cos^2 θ −m^2_{χa} − k^2 cos^2 θ −^{k cos θ}_2^√_s s_{+−}

k cos θ 2 √ s s_{−+} −^{k cos θ}_2^√_s s_{+−} −k^2

, (A.3)

with s_{−−} = s − m^2_{χa} − m^2_{χb} , s_{+−} = s + m^2_{χa} − m^2_{χb} , and s_{−+} = s − m^2_{χa} + m^2_{χb} . The

quantities ã_i(α, λ_2, λ_1) are given (in four vector notation, i = 1, . . . , 4) by

ã(R, +, +) = 1 √ 2 (m_{χa} f_+, m_{χb} f_−, (m_{χa} f_+ + m_{χb} f_−) cos θ, 0) ã(R, +, −) = 1 √ 2 ( 0, 0, √ sf_+ sin θ, − √ sf_+ )

ã(R, −, +) = 1 √ 2 ( 0, 0, √ sf_− sin θ, √ sf_− )

ã(R, −, −) = 1 √ 2 (m_{χa} f_−, m_{χb} f_+, − (m_{χa} f_− + m_{χb} f_+) cos θ, 0)

ã(L, +, +) = 1 √ 2 (−m_{χa} f_−, −m_{χb} f_+, (m_{χa} f_− + m_{χb} f_+) cos θ, 0) ã(L, +, −) = 1 √ 2 ( 0, 0, √ sf_− sin θ, − √ sf_− )

ã(L, −, +) = 1 √ 2 ( 0, 0, √ sf_+ sin θ, √ sf_+ )

ã(L, −, −) = 1 √ 2 (−m_{χa} f_+, −m_{χb} f_−, − (m_{χa} f_+ + m_{χb} f_−) cos θ, 0) . (A.4)

Note that the quantities ã_3(R(L)(λ_2, λ_1) of eqs. (2.10), (2.13) are the third components of these vectors.

B. Prototype self-energy graphs.

The self-energy corrections in a general supersymmetric theory have been considered in detail in [9]. For completeness, and to conform with the notation used in this paper, we repeat the results for the various self-energy prototype diagrams in this appendix, in terms of the Veltman-Passarino functions, A0, B0, B1, B21, B22, defined as − i ∫ d^4l (2π)^4 1 (l^2 − m^2_1)((l + v)^2 − m^2)

= B0 − i ∫ d^4l (2π)^4 l^ρ (l^2 − m^2_1)((l + v)^2 − m^2) = B1v^ρ, − i ∫ d^4l (2π)^4 l^2 (l^2 − m^2_1)((l + v)^2 − m^2)

= A0(m^2) + m^2_1 B0 − i ∫ d^4l (2π)^4 l^ρl^σ (l^2 − m^2_1)((l + v)^2 − m^2)

= g^{ρσ}B22 + B21v^ρv^σ . (B.1)

B.1 Scalar self-energy

Self-energy prototype 1.

t aM_W bW_W m_1 m_2

16π^2 ΔΣ_{ν̃} (t) = 4 a b M^2_W [ B0 − 1 2 ] (B.2)

Self-energy prototype 2.

t a b m_1 m_2

16π^2 ΔΣ_{ν̃} (t) = − a b [( t + m^2_1 ) B0 − 2 t B1 + A0 ] (B.3)

Self-energy prototype 3.

t aM_W bM_W m_1 m_2

16π^2 ΔΣ_{ν̃} (t) = a b M^2_W B0 (B.4) Self-energy prototype 4.

t cP_R + dP_L aP_R + bP_L m_1 m_2

16π^2 ΔΣ_{ν̃} (t) = −2 (a d + b c) [ A0 + m^2_1B_0 + t B1 ] − 2 (a c + b d) m_1m_2B0 (B.5)

B.2 Vector self-energy Self-energy prototype 5. s a^{μρσ} b_{νρσ} m_1 m_2

a^{μρσ} and b_{νρσ} are the usual triple gauge boson vertices with gauge couplings a and b respectively. The contribution from Faddeev-Popov ghosts has been added to this graph.

16π^2 ΔΣ_{V V ′}(s) = − a b [ 8 B22 + 2 A0 + ( 5 s + 2 m^2_1 ) B0 + 2 s B1 + 2 3 s ] (B.6)

Self-energy prototype 6. s aM_W bM_W m_1 m_2

16π^2 ΔΣ_{V V ′}(s) = a b M^2_W B0 (B.7)

Self-energy prototype 7. s a b m_1 m_2

16π^2 ΔΣ_{V V ′}(s) = − 4 a b B22 (B.8)

Self-energy prototype 8. s cγ^μP_R + dγ^μP_L aγ^ν P_R + bγ^ν P_L m_1 m_2

16π^2 ΔΣ_{V V ′}(s) = 2 (a d + b c) m_1m_2B0 − 2 (a c + b d) [ A0 + m^2_1B0 + s B1 − 2 B22 ] (B.9)

B.3 Fermion self-energy

Self-energy prototype 9.

cγ^μP_R + dγ^μP_L aγ^μP_R + bγ^μP_L m_1 m_2

16π^2 ΔA^+ = −4 b c m_1 [ B0 − 1 2 ]

16π^2 ΔA^− = −4 a d m_1 [ B0 − 1 2 ]

16π^2 ΔB^+ = −2 a c [ B1 + 1 2 ]

16π^2 ΔB^− = −2 b d [ B1 + 1 2 ] (B.10)

Self-energy prototype 10.

cP_R + dP_L aP_R + bP_L m_1 m_2

16π^2 ΔA^+ = a c m_1B0 16π^2 ΔA^− = b d m_1B0 16π^2 ΔB^+ = − b cB1 16π^2 ΔB^− = − a d B1 (B.11)

C. Prototype triangle graphs

In this appendix we give the expressions for the prototype triangle diagrams, with couplings indicated in the diagrams, in terms of the Veltman-Passarino functions, C0, C11, C12, C21, C23, C24, These functions, with arguments v^2_1 , v^2 , (v_1 + v_2)^2, m^2_1, m^2, m^2_3 are defined as −i ∫ d^4l (2π)^4 1 (l^2 − m^2_1)((l + v_1)^2 − m^2) (l + v_1 + v_2)^2 − m^2_3)

= C0 (C.1) −i ∫ d^4l (2π)^4 l^ρ (l^2 − m^2_1)((l + v_1)^2 − m^2) (l + v_1 + v_2)^2 − m^2_3)

= C11 v^ρ_1 + C12 v^ρ_2 , −i ∫ d^4l (2π)^4 l^2 (l^2 − m^2_1)((l + v_1)^2 − m^2) (l + v_1 + v_2)^2 − m^2_3)

= B0 + m^2_1 C0 −i ∫ d^4l (2π)^4 l^ρ l^σ (l^2 − m^2_1)((l + v_1)^2 − m^2) (l + v_1 + v_2)^2 − m^2_3)

= g^{ρσ} C24 + C21v^ρ_1 v^σ_1 +

+C22v^ρ_2 v^σ_2 + +C23 (v^ρ_1 v^σ_2 + v^ρ_2 v^σ_1 ) .

The arguments of the function B0 are (v^2 , m^2, m^2_3).

For the form-factor of the scalar particles, exchanged in the t−channel, one substitutes, 0, m^2_{χa} , (or m^2_{χb} ), t, for v^2_1 , v^2 , (v_1 + v_2)^2 respectively, whereas for the vector-boson form factors one substitutes m^2_{χa} , m^2_{χb} , s for v^2_1 , v^2 , (v_1 + v_2)^2 respectively.

The contributions to the form-factors from each prototype vertex diagram are given below. Diagrams involving internal gauge-bosons are calculated in Feynman gauge.

C.1 Scalar form-factor diagrams

Vertex prototype 1.

eP_L m_1

m_2 m_3

cγ^μP_R + dγ^μP_L aγ^μP_R + bγ^μP_L

−k_1 p_1

16π^2ΔF^−_{ν̃} = bde [ 2 − 4B0 + 2 ( m^2_{χa} − t ) (C11 + C12) − 4m^2_{χa} C12 ] + 2bcem_3m_{χa} C12 (C.2)

Vertex prototype 2.

a(p_1 − k_1 − l)_μ m_1

m_2 m_3

cγ^μP_R + dγ^μP_L eP_L

−k_1 p_1

16π^2ΔF^−_{ν̃} = ade [ B0 + m^2_1C0 − tC12 ] + acem_2m_{χa} [C0 − C12] (C.3)

Vertex prototype 3.

a(2p_1 − 2k_1 + l)_μ m_1

m_2

m_3 cγ^μP_R + dγ^μP_L

eP_L −k_1 p_1

16π^2ΔF^−_{ν̃} = ade [ B0 + m^2_1C0 + 2m^2_{χa} C12 + ( t − m^2_{χa} ) (C12 + 2C11 − 2C0) ] (C.4)

Vertex prototype 4.

aM_W m_1 m_2 m_3 eP_L

cP_R + dP_L −k_1 p_1

16π^2ΔF^−_{ν̃} = 2adeM_W m_2C0 − 2aceM_W m_{χa} C12 (C.5) For all the above prototype graphs, we obtain similar expressions for Δ(F^−_{ν̃} )^† with m_{χa} → m_{χb} .

C.2 Vector form-factor diagrams Vertex prototype 5.

aγ^μP_R + bγ^μP_L m_3 m_2 m_1 eP_R + fP_L

cP_R + dP_L −k_1 k_2

16π^2ΔF^+_0 = acem_{χb} m_3C12 + bdfm_{χa} m_3C11 + +acf [ 2C24 − 1 2 + m^2_{χa} (C11 − C12 + C21 − C23) +

+ m^2_{χb} (C22 − C23) + s (C12 + C23) ] + +bdem_{χa} m_{χb} [C11 − C12] − bcfm_1m_3C0 − −adfm_1m_{χa} [C0 + C11] − bcem_1m_{χb} [C0 + C12] (C.6) 16π^2ΔF^−_0 = acem_{χa} m_3C11 + bdfm_{χb} m_3C12 + +bde [ 2C24 − 1 2 + m^2_{χa} (C11 − C12 + C21 − C23) +

+ m^2_{χb} (C22 − C23) + s (C12 + C23) ] + +acfm_{χa} m_{χb} [C11 − C12] − adem_1m_3C0 − −bcem_1m_{χa} [C0 + C11] − adfm_1m_{χb} [C0 + C12] (C.7) 16π^2ΔF^+_k = acfm_{χb} [C22 − C23] + bdem_{χa} [C11 − C12 + C21 − C23] + +acem_3C12 − bcem_1 [C0 + C11] (C.8) 16π^2ΔF^−_k = bdem_{χb} [C22 − C23] + acfm_{χa} [C11 − C12 + C21 − C23] + +bdfm_3C12 − adfm_1 [C0 + C11] (C.9)

Vertex prototype 6.

aγ^μP_R + bγ^μP_L m_3 m_2 m_1 eγ^ν P_R + fγ^νP_L

cγ_ν P_R + dγ_ν P_L −k_1 k_2

16π^2ΔF^+_0 = 2ace [ 2C24 − 1 + m^2_{χa} (C21 − C23) + +m^2_{χb} (C12 − C11 + C22 − C23) + s (C11 + C23) ] − −2bdfm_{χa} m_{χb} [C11 − C12] − 2bcem_1m_3C0 (C.10) 16π^2ΔF^−_0 = 2bdf [ 2C24 − 1 + m^2_{χa} (C21 − C23) + +m^2_{χb} (C12 − C11 + C22 − C23) + s (C11 + C23) ] − −2acem_{χa} m_{χb} [C11 − C12] − 2adfm_1m_3C0 (C.11) 16π^2ΔF^+_k = 2bdfm_{χa} [C21 − C23] + 2acem_{χb} [C12 − C11 + C22 − C23] + +2bcfm_1 [C11 − C12] + 2acfm_3 [C11 − C12] (C.12) 16π^2ΔF^−_k = 2acem_{χa} [C21 − C23] + 2bdfm_{χb} [C12 − C11 + C22 − C23] + +2adem_1 [C11 − C12] + 2bdem_3 [C11 − C12] (C.13)

Vertex prototype 7.

a^μ_{νρ} m_3 m_2 m_1 eγ^ν P_R + fγ^νP_L

cγ^ρP_R + dγ^ρP_L −k_1 k_2

a^μ_{νρ} is the usual triple gauge-boson vertex, multiplied by a gauge coupling, a.

16π^2ΔF^+_0 = ace [ 4C24 + 2B0 − 1 + 2m^2_1C0 + m^2_{χa} (2C0 + 4C11 − 3C12) + +m^2_{χb} (C0 + C11 − 2C12) + s (3C12 − C11 − C0) ] + +3adfm_{χa} m_{χb} [C0 + C11 − C12] − −3acfm_2m_{χb} C0 − 3adem_2m_{χa} C0 (C.14) 16π^2ΔF^−_0 = adf [ 4C24 + 2B0 − 1 + 2m^2_1C0 + m^2_{χa} (2C0 + 4C11 − 3C12) + +m^2_{χb} (C0 + C11 − 2C12) + s (3C12 − C11 − C0) ] + +3acem_{χa} m_{χb} [C0 + C11 − C12] − −3adem_2m_{χb} C0 − 3acfm_2m_{χa} C0 (C.15)

16π^2ΔF^+_k = acem_{χb} [2C0 + 2C11 − C12 − 2C22 + 2C23] + +ad fm_{χa} [C0 − C11 − 2C21 + 2C23] − −3acfm_2 [C0 − C11 + C12] (C.16) 16π^2ΔF^−_k = adfm_{χb} [2C0 + 2C11 − C12 − 2C22 + 2C23] + +ac em_{χa} [C0 − C11 − 2C21 + 2C23] − −3adem_2 [C0 − C11 + C12] (C.17)

Vertex prototype 8.

a(2l − k_1 − k_2)^μ m_3 m_2 m_1 eP_R + fP_L

cP_R + dP_L −k_1 k_2

16π^2ΔF^+_0 = −2acfC24 16π^2ΔF^−_0 = −2adeC24 (C.18) 16π^2ΔF^+_k = acfm_{χb} [C22 − C23] + adem_{χa} [C11 − C12 + C21 − C23] + +acem_2 [C11 − C12] (C.19) 16π^2ΔF^−_k = adem_{χb} [C22 − C23] + acfm_{χa} [C11 − C12 + C21 − C23] + +adfm_2 [C11 − C12] (C.20)

D. Prototype box graphs

In this appendix we give the expressions for the prototype box diagrams, with couplings indicated in the diagrams, in terms of the Veltman-Passarino functions, D0, D1(i), i = 1, . . . , 3, D20 and D2(i, j), i, j = 1, . . . , 3. These are defined as −i ∫ d^4l π^2 1 (l^2 − m^2_1)((l + v_1)^2 − m^2)(l + v_1 + v_2)^2 − m^2_3)((l − v_4)^2 − m^2_4)

= D0 −i ∫ d^4l π^2 l^ρ (l^2 − m^2_1)((l + v_1)^2 − m^2)(l + v_1 + v_2)^2 − m^2_3)((l − v_4)^2 − m^2_4) = = 3∑ i=1 D1(i)v^ρ_i , −i ∫ d^4l π^2 l^2 (l^2 − m^2_1)((l + v_1)^2 − m^2)(l + v_1 + v_2)^2 − m^2_3)((l − v_4)^2 − m^2_4) = = C0(1) + m^2_1D0 −i ∫ d^4l π^2 l^ρl^σ (l^2 − m^2_1)((l + v_1)^2 − m^2)(l + v_1 + v_2)^2 − m^2_3)((l − v_4)^2 − m^2_4) =

= g^{ρσ}D20 + 3∑ i,j=1 D2(i, j)v^ρ_i v^σ_j (D.1)

For the uncrossed box prototypes 1, 2, 3a, 3b, 4a the vectors v_i are v^μ_1 = p^μ_1 v^μ_2 = p^μ_2 v^μ_3 = −k^μ_2 v^μ_4 = −k^μ_1 .

The arguments of the D-functions are Di(α) = Di(α)(s, t, 0, 0, m^2_{χb} , m^2_{χa} , m_1, m_2, m_3, m_4) and C0(1) means C0(0, m^2_{χb} , t, m^2, m^2_3, m^2_4), whereas for the crossed box prototypes 4b, 5a and 5b v^μ_1 = p^μ_1 v^μ_2 = −k^μ_2 v^μ_3 = p^μ_2 v^μ_4 = −k^μ_1 .

The arguments of the D-functions are Di(α) = Di(α)(u, t, 0, m^2_{χb} , 0, m^2_{χa} , m_1, m_2, m_3, m_4) and C0(1) means C0(m^2_{χb} , 0, t, m^2, m^2_3, m^2_4) .

The contributions, ΔQ_{α,i,j} to the coefficient function Q_{α,i,j} from each prototype box diagram are given below. Diagrams involving internal gauge-bosons are calculated in Feynman gauge. Box prototype 1.

m_1 m_2 m_3 m_4

γ^σ(fP_R + hP_L) γ^σ(cP_R + dP_L) γ^τ (fP_R + hP_L) γ^τ (aP_R + bP_L)

p_1 −k_1

−p_2 k_2

16π^2 s ΔQ_{R,1} = m_{χa} bdf^2 [D0 + D1(1) + D1(2) + D1(3) + D2(3, 1) + D2(3, 2)] −

−m_4bcf^2 [D0 + D1(1) + D1(2)] (D.2) 16π^2 s ΔQ_{R,2} = −m_{χb} bdf^2 [D0 + D1(1) + D1(2) − D1(3)+

+D2(3, 1) + D2(3, 2) − 2D2(3, 3)] + +m_4adf^2 [D0 + D1(1) + D1(2) − 2D1(3)] (D.3) 16π^2 s ΔQ_{R,3,1} = m_{χa} m_4adf^2 [D0 + D1(1) + D1(2)] −

−2m^2_{χa} acf^2 [D0 + D1(1) + D1(2) + D1(3)] − (D.4) −m_{χb} m_4bcf^2 [D0 + D1(1) + D1(2) − 2D1(3)] − 4m^2_1acf^2D0 + +acf^2 [2t (D0 + D1(1)) − 4C0(1) − 2(s − u)(D1(2) − D1(3))] 16π^2 s ΔQ_{R,3,2} = 0 (D.5) 16π^2 s ΔQ_{R,4,1} = −m_{χa} m_4bcf^2 [D0 + D1(1) + D1(2)] +

+m_{χb} m_4adf^2 [(D0 + D1(1) + D1(2) − 2D1(3)] − −4bdf^2D20 (D.6) 16π^2 s ΔQ_{R,4,2} = −bdf^2 [D0 + D1(1) − D1(2) + D1(3) + D2(3, 1) − D2(3, 2)] (D.7) 16π^2 s ΔQ_{R,5,1} = − 1 2 m_4 (ad − bc) f^2 [D0 + D1(1) − D1(2)] (D.8) 16π^2 s ΔQ_{R,5,2} = − 1 4 m_4 (ad + bc) f^2 [D0 + D1(1) − D1(2)] (D.9) 16π^2 s ΔQ_{L,1} = −m_{χb} ach^2 [ D0 + D1(1) + D1(2) − D1(3) +

+ D2(3, 1) + D2(3, 2) − 2D2(3, 3) ] + +m_4bch^2 [D0 + D1(1) + D1(2) − 2D1(3)] (D.10) 16π^2 s ΔQ_{L,2} = m_{χa} ach^2 [D0 + D1(1) + D1(2) + D1(3) + D2(3, 1) + D2(3, 2)] −

−m_4adh^2 [D0 + D1(1) + D1(2)] (D.11) 16π^2 s ΔQ_{L,3,1} = −m_{χa} m_4adh^2 [D0 + D1(1) + D1(2)] +

+m_{χb} m_4bch^2 [(D0 + D1(1) + D1(2) − 2D1(3)] − 4ach^2D20 (D.12) 16π^2 s ΔQ_{L,3,2} = −ach^2 [D0 + D1(1) − D1(2) + D1(3) + D2(3, 1) − D2(3, 2)](D.13) 16π^2 s ΔQ_{L,4,1} = m_{χa} m_4bch^2 [ D0 + D1(1) + D1(2) ] − −2m^2_{χa} bdh^2 [D0 + D1(1) + D1(2) + D1(3)] −

−m_{χb} m_4adh^2 [D0 + D1(1) + D1(2) − 2D1(3)] − −4m^2_1bdh^2D0 + (D.14) +bdh^2 [ 2t (D0 + D1(1)) − 4C0(1) − 2(s − u)(D1(2) − D1(3)) ] 16π^2 s ΔQ_{L,4,2} = 0 (D.15) 16π^2 s ΔQ_{L,5,1} = 1 2 m_4 (ad − bc) h^2 [D0 + D1(1) − D1(2)] (D.16) 16π^2 s ΔQ_{L,5,2} = 1 4 m_4 (ad + bc) h^2 [D0 + D1(1) − D1(2)] (D.17)

Box prototype 2.

m_1 m_2 m_3

m_4

fP_R + hP_L cP_R + dP_L hP_R + fP_L aP_R + bP_L

p_1 −k_1

−p_2 k_2

16π^2 s ΔQ_{R,1} = 1 4 m_{χa} adf^2 [2D1(3) + D2(3, 1) + D2(3, 2)] + (D.18) + 1 4 m_{χb} bcf^2 [2D2(3, 3) − D2(3, 1) − D2(3, 2)] + 1 2 m_4acf^2D1(3) 16π^2 s ΔQ_{R,2} = 1 4 m_{χa} bcf^2 [2D1(3) + D2(3, 1) + D2(3, 2)] + (D.19) + 1 4 m_{χb} adf^2 [2D2(3, 3) − D2(3, 1) − D2(3, 2)] + 1 2 m_4bdf^2D1(3) 16π^2 s ΔQ_{R,3,1} = −bcf^2D20 (D.20) 16π^2 s ΔQ_{R,3,2} = 1 4 bcf^2 [D2(3, 2) − D2(3, 1)] (D.21) 16π^2 s ΔQ_{R,4,1} = −adf^2D20 (D.22) 16π^2 s ΔQ_{R,4,2} = 1 4 adf^2 [D2(3, 2) − D2(3, 1)] (D.23) 16π^2 s ΔQ_{R,5,1} = 0 (D.24) 16π^2 s ΔQ_{R,5,2} = 0 (D.25) 16π^2 s ΔQ_{L,1} = 1 4 m_{χa} adh^2 [2D1(3) + D2(3, 1) + D2(3, 2)] + (D.26) + 1 4 m_{χb} bch^2 [2D2(3, 3) − D2(3, 1) − D2(3, 2)] + 1 2 m_4ach^2D1(3)

16π^2 s ΔQ_{L,2} = 1 4 m_{χa} bch^2 [2D1(3) + D2(3, 1) + D2(3, 2)] + (D.27) + 1 4 m_{χb} adh^2 [2D2(3, 3) − D2(3, 1) − D2(3, 2)] + 1 2 m_4bdh^2D1(3) 16π^2 s ΔQ_{L,3,1} = −bch^2D20 (D.28) 16π^2 s ΔQ_{L,3,2} = 1 4 bch^2 [D2(3, 2) − D2(3, 1)] (D.29) 16π^2 s ΔQ_{L,4,1} = −adh^2D20 (D.30) 16π^2 s ΔQ_{L,4,2} = 1 4 adh^2 [D2(3, 2) − D2(3, 1)] (D.31) 16π^2 s ΔQ_{L,5,1} = 0 (D.32) 16π^2 s ΔQ_{L,5,2} = 0 (D.33)

Box prototype 3a.

m_1 m_2 m_3

m_4

fP_R + hP_L γ^σ(cP_R + dP_L) hP_R + fP_L γ^σ(aP_R + bP_L)

p_1 −k_1

−p_2 k_2

16π^2 s ΔQ_{R,1} = − 1 2 m_{χa} bdf^2 [2D1(3) + D2(3, 1) + D2(3, 2)] + m_3adf^2D1(3) (D.34) 16π^2 s ΔQ_{R,2} = 1 2 m_{χb} bdf^2 [D2(3, 1) + D2(3, 2) − 2D2(3, 3)] + m_1bcf^2D1(3) (D.35) 16π^2 s ΔQ_{R,3,1} = −m_{χa} m_{χb} bdf^2D1(3) + m_1m_3acf^2D0 (D.36) 16π^2 s ΔQ_{R,3,2} = 0 (D.37) 16π^2 s ΔQ_{R,4,1} = 1 2 bdf^2 ( m^2_{χb} − m^2_{χa} ) D1(3) − m^2_1bdf^2D0 + + 1 2 bdf^2 [ 4D20 − 2C0(1) − (s − t + u)D1(1) −

− (s + t − u)D1(2) + (s − t − u)D1(3) ] (D.38) 16π^2 s ΔQ_{R,4,2} = 1 2 bdf^2 [D1(1) − D1(2) + D2(3, 1) − D2(3, 2)] (D.39)

16π^2 s ΔQ_{R,5,1} = 1 4 bdf^2 (m_{χb} − m_{χa} ) [D1(1) − D1(2)] (D.40) 16π^2 s ΔQ_{R,5,2} = 1 8 bdf^2 (m_{χb} + m_{χa} ) [D1(1) − D1(2)] (D.41) 16π^2 s ΔQ_{L,1} = 1 2 m_{χb} ach^2 [D2(3, 1) + D2(3, 2) − 2D2(3, 3)] + m_1adh^2D1(3) (D.42) 16π^2 s ΔQ_{L,2} = − 1 2 m_{χa} ach^2 [2D1(3) + D2(3, 1) + D2(3, 2)] + m_3bch^2D1(3) (D.43) 16π^2 s ΔQ_{L,3,1} = 1 2 ach^2 ( m^2_{χb} − m^2_{χa} ) D1(3) − m^2_1ach^2D0 + + 1 2 ach^2 [ 4D20 − 2C0(1) − (s − t + u)D1(1) −

− (s + t − u)D1(2) + (s − t − u)D1(3) ] (D.44) 16π^2 s ΔQ_{L,3,2} = 1 2 ach^2 [D1(1) − D1(2) + D2(3, 1) − D2(3, 2)] (D.45) 16π^2 s ΔQ_{L,4,1} = −m_{χa} m_{χb} ach^2D1(3) + m_1m_3bdh^2D0 (D.46) 16π^2 s ΔQ_{L,4,2} = 0 (D.47) 16π^2 s ΔQ_{L,5,1} = 1 4 ach^2 (m_{χb} − m_{χa} ) [D1(1) − D1(2)] (D.48) 16π^2 s ΔQ_{L,5,2} = − 1 8 ach^2 (m_{χb} + m_{χa} ) [D1(1) − D1(2)] (D.49)

Box prototype 3b.

m_1 m_2 m_3

m_4

γ_σ(fP_R + hP_L) cP_R + dP_L γ^σ(fP_R + hP_L) aP_R + bP_L

p_1 −k_1

−p_2 k_2

16π^2 s ΔQ_{R,1} = − 1 2 m_{χa} bcf^2 [D2(3, 1) + D2(3, 2)] − − 1 2 m_3acf^2 [D1(1) + D1(2)] (D.50) 16π^2 s ΔQ_{R,2} = 1 2 m_{χb} bcf^2 [2D1(3) + D2(3, 1) + D2(3, 2) − 2D2(3, 3)] + + 1 2 m_1bdf^2 [2D0 + D1(1) + D1(2) − 2D1(3)] (D.51)

16π^2 s ΔQ_{R,3,1} = m_{χa} m_{χb} bcf^2D1(3) + m_1m_3adf^2D0 + + 1 2 m_{χa} m_1bdf^2 [2D0 + D1(1) + D1(2)] + + 1 2 m_{χb} m_3acf^2 [2D1(3) − D1(1) − D1(2)] (D.52) 16π^2 s ΔQ_{R,3,2} = 0 (D.53)

16π^2 s ΔQ_{R,4,1} = 1 2 m_{χb} m_1bdf^2 [2D0 + D1(1) + D1(2) − 2D1(3)] − − 1 2 m_{χa} m_3acf^2 [D1(1) + D1(2)] − m^2_1bcf^2D0 + + 1 2 bcf^2 [ 4D20 − 2C0(1) − (s + t − u)D1(1) −

− (s − t + u)D1(2) + 2m^2_{χb} D1(3) ] (D.54)

16π^2 s ΔQ_{R,4,2} = − 1 2 bcf^2 [D1(1) − D1(2) − D2(3, 1) + D2(3, 2)] (D.55)

16π^2 s ΔQ_{R,5,1} = 1 4 f^2 ((m_{χa} − m_{χb} ) bc − m_1bd + m_3ac) [D1(1) − D1(2)] (D.56)

16π^2 s ΔQ_{R,5,2} = − 1 8 f^2 ((m_{χa} + m_{χb} ) bc + m_1bd + m_3ac) [D1(1) − D1(2)] (D.57)

16π^2 s ΔQ_{L,1} = 1 2 m_{χb} adh^2 [2D1(3) + D2(3, 1) + D2(3, 2) − 2D2(3, 3)] + + 1 2 m_1ach^2 [2D0 + D1(1) + D1(2) − 2D1(3)] (D.58)

16π^2 s ΔQ_{L,2} = − 1 2 m_{χa} adh^2 [D2(3, 1) + D2(3, 2)] − 1 2 m_3bdh^2 [D1(1) + D1(2)] (D.59) 16π^2 s ΔQ_{L,3,1} = 1 2 m_{χb} m_1ach^2 [2D0 + D1(1) + D1(2) − 2D1(3)] − − 1 2 m_{χa} m_3bdh^2 [D1(1) + D1(2)] − m^2_1adh^2D0 + + 1 2 adh^2 [ 4D20 − 2C0(1) − (s + t − u)D1(1) −

− (s − t + u)D1(2) + 2m^2_{χb} D1(3) ] (D.60)

16π^2 s ΔQ_{L,3,2} = − 1 2 adh^2 [D1(1) − D1(2) − D2(3, 1) + D2(3, 2)] (D.61)

16π^2 s ΔQ_{L,4,1} = m_{χa} m_{χb} adh^2D1(3) + m_1m_3bch^2D0 + + 1 2 m_{χa} m_1ach^2 [2D0 + D1(1) + D1(2)] + + 1 2 m_{χb} m_3bdh^2 [2D1(3) − D1(1) − D1(2)] (D.62)

16π^2 s ΔQ_{L,4,2} = 0 (D.63) 16π^2 s ΔQ_{L,5,1} = 1 4 h^2 ((m_{χa} − m_{χb} ) ad − m_1ac + m_3bd) [D1(1) − D1(2)] (D.64) 16π^2 s ΔQ_{L,5,2} = 1 8 h^2 ((m_{χa} + m_{χb} ) ad + m_1ac + m_3bd) [D1(1) − D1(2)] (D.65)

Box prototype 4a.

m_1 m_2 m_3

m_4

fP_R + hP_L cP_R + dP_L hP_R + fP_L aP_R + bP_L

p_1 −k_1

−p_2 k_2

16π^2 s ΔQ_{R,1} = 1 4 m_{χb} adf^2 [2D1(3) + D2(3, 1) + D2(3, 2) − 2D2(3, 3)] + + 1 4 m_1acf^2 [2D0 + D1(1) + D1(2) − 2D1(3)] (D.66) 16π^2 s ΔQ_{R,2} = − 1 4 m_{χa} adf^2 [D2(3, 1) + D2(3, 2)] − 1 4 m_3bdf^2 [D1(1) + D1(2)] (D.67) 16π^2 s ΔQ_{R,3,1} = 1 4 m_{χb} m_1acf^2 [2D0 + D1(1) + D1(2) − 2D1(3)] − − 1 4 m_{χa} m_3bdf^2 [D1(1) + D1(2)] − 1 2 m^2_1adf^2D0 + + 1 4 adf^2 [ 4D20 − 2C0(1) − (s + t − u)D1(1) −

− (s − t + u)D1(2) + 2m^2_{χb} D1(3) ] (D.68) 16π^2 s ΔQ_{R,3,2} = − 1 4 adf^2 [D1(1) − D1(2) − D2(3, 1) + D2(3, 2)] (D.69) 16π^2 s ΔQ_{R,4,1} = 1 2 m_{χa} m_{χb} adf^2D1(3) + 1 2 m_1m_3bcf^2D0 + + 1 4 m_{χa} m_1acf^2 [2D0 + D1(1) + D1(2)] + + 1 4 m_{χb} m_3bdf^2 [2D1(3) − D1(1) − D1(2)] (D.70) 16π^2 s ΔQ_{R,4,2} = 0 (D.71) 16π^2 s ΔQ_{R,5,1} = 1 8 f^2 ((m_{χa} − m_{χb} ) ad − m_1ac + m_3bd) [D1(1) − D1(2)] (D.72) 16π^2 s ΔQ_{R,5,2} = 1 16 f^2 ((m_{χa} + m_{χb} ) ad + m_1ac + m_3bd) [D1(1) − D1(2)] (D.73)

16π^2 s ΔQ_{L,1} = − 1 4 m_{χa} bch^2 [D2(3, 1) + D2(3, 2)] − 1 4 m_3ach^2 [D1(1) + D1(2)] (D.74) 16π^2 s ΔQ_{L,2} = 1 4 m_{χb} bch^2 [2D1(3) + D2(3, 1) + D2(3, 2) − 2D2(3, 3)] + + 1 4 m_1bdh^2 [2D0 + D1(1) + D1(2) − 2D1(3)] (D.75) 16π^2 s ΔQ_{L,3,1} = 1 2 m_{χa} m_{χb} bch^2D1(3) + 1 2 m_1m_3adh^2D0 + + 1 4 m_{χa} m_1bdh^2 [2D0 + D1(1) + D1(2)] + + 1 4 m_{χb} m_3ach^2 [2D1(3) − D1(1) − D1(2)] (D.76) 16π^2 s ΔQ_{L,3,2} = 0 (D.77) 16π^2 s ΔQ_{L,4,1} = 1 4 m_{χb} m_1bdh^2 [2D0 + D1(1) + D1(2) − 2D1(3)] − − 1 4 m_{χa} m_3ach^2 [D1(1) + D1(2)] − 1 2 m^2_1bch^2D0 + + 1 4 bch^2 [ 4D20 − 2C0(1) − (s + t − u)D1(1) −

− (s − t + u)D1(2) + 2m^2_{χb} D1(3) ] (D.78) 16π^2 s ΔQ_{L,4,2} = − 1 4 bch^2 [D1(1) − D1(2) − D2(3, 1) + D2(3, 2)] (D.79) 16π^2 s ΔQ_{L,5,1} = 1 8 h^2 ((m_{χa} − m_{χb} ) bc − m_1bd + m_3ac) [D1(1) − D1(2)] (D.80) 16π^2 s ΔQ_{L,5,2} = − 1 16 h^2 ((m_{χa} + m_{χb} ) bc + m_1bd + m_3ac) [D1(1) − D1(2)] (D.81)

Box prototype 4b.

m_1 m_2 m_3

m_4

fP_R + hP_L cP_R + dP_L hP_R + fP_L aP_R + bP_L

p_1 k_1

−p_2 −k_2

16π^2 s ΔQ_{R,1} = 1 4 m_{χb} adf^2 [D1(2) − D2(3, 1) + 2D2(3, 2) − D2(3, 3)] + + 1 4 m_1acf^2 [D0 − D1(1) + 2D1(2) − D1(3)] (D.82) 16π^2 s ΔQ_{R,2} = 1 4 m_{χa} adf^2 [D1(1) + D1(3) + D2(3, 1) + D2(3, 3)] −

− 1 4 m_3bdf^2 [D1(1) + D1(3)] (D.83) 16π^2 s ΔQ_{R,3,1} = 1 8 adf^2 ( m^2_{χa} − m^2_{χb} ) [D1(1) − D1(2) + D1(3)] + 1 2 m^2_1adf^2D0 + + 1 4 m_{χb} m_1acf^2 [D0 − D1(1) + 2D1(2) − D1(3)] − − 1 4 m_{χa} m_3bdf^2 [D1(1) + D1(3)] − − 1 8 adf^2 [ 8D20 − 4C0(1) + (s + t − 3u)D1(1) −

− (s + t + u)(D1(2) + D1(3)) ] (D.84)

16π^2 s ΔQ_{R,3,2} = − 1 4 adf^2 [D1(1) + D2(3, 1) − D2(3, 3)] (D.85)

16π^2 s ΔQ_{R,4,1} = 1 4 m_{χa} m_{χb} adf^2 [D1(1) − D1(2) + D1(3)] + 1 2 m_1m_3bcf^2D0 − − 1 4 m_{χa} m_1acf^2 [D0 + D1(1) + D1(3)] − − 1 4 m_{χb} m_3bdf^2 [D1(1) − 2D1(2) + D1(3)] (D.86)

16π^2 s ΔQ_{R,4,2} = 0 (D.87)

16π^2 s ΔQ_{R,5,1} = − 1 8 adf^2m_{χb} [D1(1) − D1(2)] + 1 8 adf^2m_{χa} D1(3) + (D.88) + 1 8 m_3bdf^2 [D1(1) − D1(3)] + 1 8 m_1acf^2 [D0 + D1(1) − D1(3)]

16π^2 s ΔQ_{R,5,2} = 1 16 adf^2m_{χb} [D1(1) − D1(2)] + 1 16 adf^2m_{χa} D1(3) + (D.89) + 1 16 m_3bdf^2 [D1(1) − D1(3)] − 1 16 m_1acf^2 [D0 + D1(1) − D1(3)]

16π^2 s ΔQ_{L,1} = 1 4 m_{χa} bch^2 [D1(1) + D1(3) + D2(3, 1) + D2(3, 3)] − − 1 4 m_3ach^2 [D1(1) + D1(3)] (D.90)

16π^2 s ΔQ_{L,2} = 1 4 m_{χb} bch^2 [D1(2) − D2(3, 1) + 2D2(3, 2) − D2(3, 3)] + + 1 4 m_1bdh^2 [D0 − D1(1) + 2D1(2) − D1(3)] (D.91)

16π^2 s ΔQ_{L,3,1} = 1 4 m_{χa} m_{χb} bch^2 [D1(1) − D1(2) + D1(3)] + 1 2 m_1m_3adh^2D0 − − 1 4 m_{χa} m_1bdh^2 [D0 + D1(1) + D1(3)] − − 1 4 m_{χb} m_3ach^2 [D1(1) − 2D1(2) + D1(3)] (D.92)

16π^2 s ΔQ_{L,3,2} = 0 (D.93) 16π^2 s ΔQ_{L,4,1} = 1 8 bch^2 ( m^2_{χa} − m^2_{χb} ) [D1(1) − D1(2) + D1(3)] + 1 2 m^2_1bch^2D0 + + 1 4 m_{χb} m_1bdh^2 [D0 − D1(1) + 2D1(2) − D1(3)] − − 1 4 m_{χa} m_3ach^2 [D1(1) + D1(3)] − − 1 8 bch^2 [ 8D20 − 4C0(1) + (s + t − 3u)D1(1) −

− (s + t + u)(D1(2) + D1(3)) ] (D.94) 16π^2 s ΔQ_{L,4,2} = − 1 4 bch^2 [D1(1) + D2(3, 1) − D2(3, 3)] (D.95) 16π^2 s ΔQ_{L,5,1} = − 1 8 bch^2m_{χb} [D1(1) − D1(2)] + 1 8 bch^2m_{χa} D1(3) + (D.96) + 1 8 m_3ach^2 [D1(1) − D1(3)] + 1 8 m_1bdh^2 [D0 + D1(1) − D1(3)] 16π^2 s ΔQ_{L,5,2} = − 1 16 bch^2m_{χb} [D1(1) − D1(2)] − 1 16 bch^2m_{χa} D1(3) − (D.97) − 1 16 m_3ach^2 [D1(1) − D1(3)] + 1 16 m_1bdh^2 [D0 + D1(1) − D1(3)]

Box prototype 5a.

m_1 m_2 m_3

m_4

fP_R + hP_L γ^σ(cP_R + dP_L) γ_σ(fP_R + hP_L) aP_R + bP_L

p_1 k_1

−p_2 −k_2

16π^2 s ΔQ_{R,1} = − 1 2 m_{χa} bdf^2 [D1(2) + D2(3, 1) + D2(3, 3)] +

+m_3adf^2D1(2) (D.98) 16π^2 s ΔQ_{R,2} = − 1 2 m_{χb} bdf^2 [D1(2) − D2(3, 1) + 2D2(3, 2) − D2(3, 3)] + + 1 2 m_1bcf^2 [D0 − D1(1) + 2D1(2) − D1(3)] (D.99) 16π^2 s ΔQ_{R,3,1} = − 1 2 m_{χa} m_1bcf^2 [D0 + D1(1) + D1(3)] + m_1m_3acf^2D0 (D.100) 16π^2 s ΔQ_{R,3,2} = 0 (D.101) 16π^2 s ΔQ_{R,4,1} = 1 2 m_{χb} m_1bcf^2 [D0 − D1(1) + 2D1(2) − D1(3)] + 2bdf^2D20

(D.102) 16π^2 s ΔQ_{R,4,2} = 1 2 bdf^2 [D1(2) + D2(3, 1) − D2(3, 3)] (D.103) 16π^2 s ΔQ_{R,5,1} = 1 4 m_1bcf^2 [D0 + D1(1) − D1(3)] (D.104) 16π^2 s ΔQ_{R,5,2} = 1 8 m_1bcf^2 [D0 + D1(1) − D1(3)] (D.105) 16π^2 s ΔQ_{L,1} = − 1 2 m_{χb} ach^2 [D1(2) − D2(3, 1) + 2D2(3, 2) − D2(3, 3)] + + 1 2 m_1adh^2 [D0 − D1(1) + 2D1(2) − D1(3)] (D.106) 16π^2 s ΔQ_{L,2} = − 1 2 m_{χa} ach^2 [D1(2) + D2(3, 1) + D2(3, 3)] + m_3bch^2D1(2) (D.107) 16π^2 s ΔQ_{L,3,1} = 1 2 m_{χb} m_1adh^2 [D0 − D1(1) + 2D1(2) − D1(3)] + 2ach^2D20 (D.108) 16π^2 s ΔQ_{L,3,2} = 1 2 ach^2 [D1(2) + D2(3, 1) − D2(3, 3)] (D.109) 16π^2 s ΔQ_{L,4,1} = − 1 2 m_{χa} m_1adh^2 [D0 + D1(1) + D1(3)] + m_1m_3bdh^2D0 (D.110) 16π^2 s ΔQ_{L,4,2} = 0 (D.111) 16π^2 s ΔQ_{L,5,1} = 1 4 m_1adh^2 [D0 + D1(1) − D1(3)] (D.112) 16π^2 s ΔQ_{L,5,2} = − 1 8 m_1adh^2 [D0 + D1(1) − D1(3)] (D.113)

Box prototype 5b.

m_1 m_2 m_3

m_4

γ^σ(fP_R + hP_L) cP_R + dP_L hP_R + fP_L γ_σ(aP_R + bP_L)

p_1 k_1

−p_2 −k_2

16π^2 s ΔQ_{R,1} = − 1 2 m_{χa} bcf^2 [D1(1) + D1(3) + D2(3, 1) + D2(3, 3)] − − 1 2 m_3acf^2 [D1(1) + D1(3)] (D.114) 16π^2 s ΔQ_{R,2} = 1 2 m_{χb} bcf^2 [ D1(1) − 2D1(2) + D1(3) +

+D2(3, 1) − 2D2(3, 2) + D2(3, 3) ] − −m_1bdf^2 [D0 + D1(2)] (D.115) 16π^2 s ΔQ_{R,3,1} = − 1 2 m_{χb} m_3acf^2 [D1(1) − 2D1(2) + D1(3)] + m_1m_3adf^2D0(D.116) 16π^2 s ΔQ_{R,3,2} = 0 (D.117) 16π^2 s ΔQ_{R,4,1} = − 1 2 m_{χa} m_3acf^2 [D1(1) + D1(3)] + 2bcf^2D20 (D.118) 16π^2 s ΔQ_{R,4,2} = 1 2 bcf^2 [D1(1) − D1(3) + D2(3, 1) − D2(3, 3)] (D.119) 16π^2 s ΔQ_{R,5,1} = 1 4 m_3acf^2 [D1(1) − D1(3)] (D.120) 16π^2 s ΔQ_{R,5,2} = − 1 8 m_3acf^2 [D1(1) − D1(3)] (D.121) 16π^2 s ΔQ_{L,1} = 1 2 m_{χb} adh^2 [ D1(1) − 2D1(2) + D1(3) + D2(3, 1) − 2D2(3, 2) +

+ D2(3, 3) ] − m_1ach^2 [D0 + D1(2)] (D.122) 16π^2 s ΔQ_{L,2} = − 1 2 m_{χa} adh^2 [D1(1) + D1(3) + D2(3, 1) + D2(3, 3)] − − 1 2 m_3bdh^2 [D1(1) + D1(3)] (D.123) 16π^2 s ΔQ_{L,3,1} = − 1 2 m_{χa} m_3bdh^2 [D1(1) + D1(3)] + 2adh^2D20 (D.124) 16π^2 s ΔQ_{L,3,2} = 1 2 adh^2 [D1(1) − D1(3) + D2(3, 1) − D2(3, 3)] (D.125) 16π^2 s ΔQ_{L,4,1} = − 1 2 m_{χb} m_3bdh^2 [D1(1) − 2D1(2) + D1(3)] + m_1m_3bch^2D0(D.126) 16π^2 s ΔQ_{L,4,2} = 0 (D.127) 16π^2 s ΔQ_{L,5,1} = 1 4 m_3bdh^2 [D1(1) − D1(3)] (D.128) 16π^2 s ΔQ_{L,5,2} = 1 8 m_3bdh^2 [D1(1) − D1(3)] (D.129)

All other box diagram prototypes that give contributions to these amplitudes can be obtained from the above box prototypes by means of crossing relations (e.g. u ↔ t, and m_{χa} ↔ m_{χb} ).

References

[1] J. Ellis, G. Ganis, D.V. Nanopoulos and K.A. Olive, What if the Higgs boson weighs 115 GeV?, Phys. Lett. B 502 (2001) 171 [hep-ph/0009355].

[2] G.L. Kane, S.F. King and L.-T. Wang What will we learn if a Higgs boson is found?,

hep-ph/0010312.

[3] J. Ellis and D. Ross, A light Higgs boson would invite supersymmmetry, Phys. Lett. B 506 (2001) 331 [hep-ph/0012067].

[4] S.Y. Choi, A. Djouadi, M. Guchait, J. Kalinowski, H.S. Song and P.M. Zerwas, Reconstructing the chargino system at e^+e^− linear colliders, Eur. Phys. J. C 14 (2000) 535 [hep-ph/0002033];

S.Y. Choi, A. Djouadi, H. Dreiner, J. Kalinowski and P.M. Zerwas, Chargino pair production in e^+e^− collisions, Eur. Phys. J. C 7 (1999) 123 [hep-ph/9806279]; J. Kalinowski, Determining susy parameters from chargino pair production,

hep-ph/9905558.

[5] M.A. Diaz, S.F. King and D.A. Ross, Radiative corrections to chargino production in electron positron collisions, Nucl. Phys. B 529 (1998) 23 [hep-ph/9711307].

[6] S. Kiyoura, M.M. Nojiri, D.M. Pierce and Y. Yamada, Radiative corrections to a supersymmetric relation: a new approach, Phys. Rev. D 58 (1998) 075002 [hep-ph/9803210]; M.A. Diaz, S.F. King and D.A. Ross, Radiative corrections to chargino production in electron positron collisions with polarized beams, hep-ph/0008117.

[7] T. Blank and W. Hollik, Radiative corrections to chargino production in electron positron collisions, hep-ph/0011092.

[8] G. Passarino and M. Veltman, One loop corrections for e^+e^− annihilation into μ^+μ^− in the weinberg model, Nucl. Phys. B 160 (1979) 151.

[9] D.M. Pierce, J.A.Bagger, K.Matchev and R. Zhang, Precision corrections in the minimal supersymmetric standard model, Nucl. Phys. B 491 (1997) 3 [hep-ph/9606211].

[10] G.J. van Oldenborgh, FF: a package to evaluate one loop Feynman diagrams, Comput.

Phys. Commun. 66 (1991) 1.

[11] J.A.M. Vermaseren, New features of FORM, math-ph/0010025.