CP Violation in Production and Decay of Supersymmetric Particles

Dissertation zur Erlangung des naturwissenschaftlichen Doktorgrades der Bayerischen Julius-Maximilians-Universität Würzburg

vorgelegt von

Olaf Kittel

aus Erlangen

Würzburg 2004

Eingereicht am: 13.12.2004 bei der Fakultät für Physik und Astronomie

1. Gutachter: Prof. Dr. H. Fraas 2. Gutachter: Prof. Dr. A. Bartl der Dissertation.

1. Prüfer: Prof. Dr. H. Fraas 2. Prüfer: Prof. Dr. A. Bartl 3. Prüfer: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . im Promotionskolloquium.

Tag des Promotionskolloquiums: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Doktorurkunde ausgehändigt am: . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Contents

Prologue 5

1 Introduction 7 1.1 Motivation: Symmetries and models . . . . . . . . . . . . . . . . . . . 7 1.2 CP violating phases and electric dipole moments . . . . . . . . . . . 8 1.3 Methods for analyzing CP violating phases . . . . . . . . . . . . . . . 10 1.3.1 Neutralino and chargino polarizations . . . . . . . . . . . . . . 10 1.3.2 T-odd and CP-odd triple-product asymmetries . . . . . . . . . 10 1.3.3 Statistical error and significance . . . . . . . . . . . . . . . . . 12 1.4 Organization of the work . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2 CP violation in production and decay of neutralinos 15 2.1 T-odd asymmetries in neutralino production and decay into sleptons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 2.1.1 Cross sections . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 2.1.2 T-odd asymmetries . . . . . . . . . . . . . . . . . . . . . . . . 18 2.1.3 Numerical results . . . . . . . . . . . . . . . . . . . . . . . . . 19 2.1.4 Summary of Section 2.1 . . . . . . . . . . . . . . . . . . . . . . 26

2.2 CP asymmetry in neutralino production and decay into polarized taus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 2.2.1 Tau spin-density matrix and cross section . . . . . . . . . . . 30 2.2.2 Transverse tau polarization and CP asymmetry . . . . . . . . 31 2.2.3 Numerical results . . . . . . . . . . . . . . . . . . . . . . . . . . 31 2.2.4 Summary of Section 2.2 . . . . . . . . . . . . . . . . . . . . . . 35 2.3 T-odd observables in neutralino production and decay into a Z boson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 2.3.1 Cross section . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 2.3.2 Z boson polarization . . . . . . . . . . . . . . . . . . . . . . . 39 2.3.3 T-odd asymmetry . . . . . . . . . . . . . . . . . . . . . . . . . 40 2.3.4 Numerical results . . . . . . . . . . . . . . . . . . . . . . . . . 41 2.3.5 Summary of Section 2.3 . . . . . . . . . . . . . . . . . . . . . . 50

3 CP violation in production and decay of charginos 51 3.1 CP asymmetry in chargino production and decay into a sneutrino . 52 3.1.1 Cross section . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 3.1.2 CP asymmetries . . . . . . . . . . . . . . . . . . . . . . . . . . 53 3.1.3 Numerical results . . . . . . . . . . . . . . . . . . . . . . . . . 54 3.1.4 Summary of Section 3.1 . . . . . . . . . . . . . . . . . . . . . . 57 3.2 CP violation in chargino production and decay into a W boson . . . 58 3.2.1 Spin density matrix of the W boson . . . . . . . . . . . . . . . 60 3.2.2 W boson polarization . . . . . . . . . . . . . . . . . . . . . . . 60 3.2.3 T-odd asymmetries . . . . . . . . . . . . . . . . . . . . . . . . 61 3.2.4 Numerical results . . . . . . . . . . . . . . . . . . . . . . . . . 62 3.2.5 Summary of Section 3.2 . . . . . . . . . . . . . . . . . . . . . . 68

4 CP violation in sfermion decays 70 4.1 Sfermion decay width . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 4.2 T-odd asymmetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 4.3 Numerical results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74 4.3.1 Decay chain via τ̃_1 → τ χ̃^0_2 . . . . . . . . . . . . . . . . . . . . . 75 4.3.2 Decay chain via τ̃_1 → τ χ̃^0_3 . . . . . . . . . . . . . . . . . . . . . 76 4.4 Summary of Chapter 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5 Summary and conclusions 82 5.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 5.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 5.3 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6 Zusammenfassung und Schlussfolgerungen 86 6.1 Zusammenfassung . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 6.2 Schlussfolgerungen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 6.3 Ausblick . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

A Basics of the Minimal Supersymmetric Standard Model 90 A.1 MSSM Lagrangian in terms of superfields . . . . . . . . . . . . . . . . 91 A.1.1 Superfield content . . . . . . . . . . . . . . . . . . . . . . . . . 91 A.1.2 The supersymmetric Lagrangian . . . . . . . . . . . . . . . . . 92 A.1.3 The soft SUSY breaking Lagrangian . . . . . . . . . . . . . . . 94 A.2 MSSM Lagrangian in component fields . . . . . . . . . . . . . . . . . 94 A.3 Mass matrices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 A.3.1 Neutralino mass matrix . . . . . . . . . . . . . . . . . . . . . . 96 A.3.2 Chargino mass matrix . . . . . . . . . . . . . . . . . . . . . . . 97 A.3.3 Stau mass matrix . . . . . . . . . . . . . . . . . . . . . . . . . . 98 A.3.4 First and second generation sfermion masses . . . . . . . . . 99

B Kinematics and phase space 100 B.1 Spherical trigonometry . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 B.2 Kinematics of neutralino/chargino production and decay . . . . . . 102 B.2.1 Momenta and spin vectors of the production process . . . . . 102 B.2.2 Momenta and spin vectors of leptonic decays . . . . . . . . . 102 B.2.3 Phase space for leptonic decays . . . . . . . . . . . . . . . . . 103 B.2.4 Energy distributions of the decay leptons . . . . . . . . . . . . 104 B.2.5 Momenta and spin vectors of bosonic decays . . . . . . . . . 105 B.2.6 Phase space for bosonic decays . . . . . . . . . . . . . . . . . . 106 B.3 Kinematics of sfermion decays . . . . . . . . . . . . . . . . . . . . . . 106 B.3.1 Momenta and spin vectors . . . . . . . . . . . . . . . . . . . . 106 B.3.2 Phase space for sfermion decays . . . . . . . . . . . . . . . . . 107

C Spin-density matrices for neutralino production and decay 109 C.1 Neutralino production . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 C.1.1 Neutralino polarization independent quantities . . . . . . . . 111 C.1.2 Neutralino polarization . . . . . . . . . . . . . . . . . . . . . . 112 C.2 Neutralino decay into sleptons . . . . . . . . . . . . . . . . . . . . . . 114 C.3 Neutralino decay into staus . . . . . . . . . . . . . . . . . . . . . . . . 115 C.4 Neutralino decay into the Z boson . . . . . . . . . . . . . . . . . . . . 115

D Spin-density matrices for chargino production and decay 120 D.1 Chargino production . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120 D.1.1 Chargino polarization independent quantities . . . . . . . . . 122 D.1.2 Chargino polarization . . . . . . . . . . . . . . . . . . . . . . . 123 D.2 Chargino decay into sneutrinos . . . . . . . . . . . . . . . . . . . . . . 125 D.3 Chargino decay into the W boson . . . . . . . . . . . . . . . . . . . . 125

Contents 5 E Neutralino and Chargino two-body decay widths 129 E.1 Neutralino decay widths . . . . . . . . . . . . . . . . . . . . . . . . . 129 E.2 Chargino decay widths . . . . . . . . . . . . . . . . . . . . . . . . . . 132 F Spin formalism for fermions and bosons 136 F.1 Bouchiat-Michel formulae for spin^1_2 particles . . . . . . . . . . . . . 136 F.2 Spin formulae for spin 1 particles . . . . . . . . . . . . . . . . . . . . . 137 G Definitions and conventions 139 Bibliography 141 List of own publications 147 Danksagung 149 Curriculum Vitae 150

6 Prologue

Prologue

Supersymmetry and the search for new particles

Elementary particle physics has made enormous progress in the last decades. The electroweak and strong interactions of the fundamental building blocks of matter, the quarks and leptons, are now described by the so called Standard Model (SM) of particle physics.

The development of the SM was possible due to intensive efforts and successful achievements in experiment and theory. On the one side, theoreticians have provided the physical models and the mathematical techniques necessary to define and calculate observables. On the other side, experiments with particle accelerators and detectors have not only allowed to find new fundamental particles, but also high precision measurements have made it possible to test the models.

However, there are general arguments which point towards the existence of a theory beyond the SM. One of the most attractive candidates for such a more fundamental theory is Supersymmetry (SUSY). SUSY transformations change the spin of a particle field, and thus bosonic and fermionic degrees of freedom get related to each other. Therefore, new particles are predicted in SUSY models like in the minimal supersymmetric extension of the SM. If SUSY is realized in nature, the supersymmetric partners of the SM particles have to be discovered.

The next future colliders, like the Large Hadron Collider (LHC) at CERN or a planned International Linear Collider (ILC), are designed to find these particles. Their properties will be measured with high precision in production and decay processes. The underlying physical model can then be determined by a comparison of experimental and phenomenological studies.

Chapter 1

Introduction

1.1 Motivation: Symmetries and models

Symmetries in physics have always played an important role in understanding the structure of the underlying theories. For instance, the existence of conservation laws can be explained by specific symmetry transformations under which a theory is invariant. Energy, momentum and angular momentum are conserved in field theories with continuous spacetime symmetries.

High energy models of elementary particle interactions have to be invariant under the transformations of the Poincaré group, which are relativistic generalizations of the spacetime symmetries. The interactions of the particles, the strong and electroweak forces, can be understood as a consequence of the so called gauge symmetries.

But not only such continuous symmetries are crucial. The discrete symmetries

• Charge conjugation C: interchange of particles with antiparticles

• Parity P: transformation of the space coordinates x → −x

• Time reversal T: transformation of the parameter time t → −t

are also essential for the formulation of relativistic quantum field theories. In particular, any Poincaré invariant local field theory has to be symmetric under the combined transformation of C, P and T, which is called CPT invariance.

The discovery in the fifties that weak interactions violate C and P maximally, was noted with substantial belief that a particle theory apparently still conserves the combined symmetry CP. However, a few years later, in 1964, CP violation was confirmed in the K-meson system.

This lead to a powerful prediction in 1972. The implementation of CP violation made it necessary to include a phase in the quark mixing matrix, the so called Kobayashi-Maskawa Matrix [1]. Such a phase is only CP violating if the matrix is at least of dimension three, and thus a third generation of quarks and leptons was required. This prediction of a third family was made long before the final member of the second family, the charm quark, was found.

Current experiments with B-mesons verify the existence of one CP phase in the quark mixing matrix of the SM. However, one phase alone cannot explain the observed baryon asymmetry of the universe, as shown in [2]. The fact that further sources of CP violation are needed leads to the crucial prediction of CP violating phases in theories beyond the SM.

Apart from that, a further important symmetry of physics was born in 1974: Supersymmetry (SUSY), which relates fermionic and bosonic degrees of freedom. SUSY models, like the the Minimal Supersymmetric Standard Model (MSSM), are one of the most attractive theories beyond the SM. They give a natural solution to the hierarchy problem and provide neutralinos as dark matter candidates. Furthermore, SUSY allows for grand unifications and for theories, which might include also gravity.

1.2 CP violating phases and electric dipole moments

The MSSM might have several complex parameters, which cause CP violating effects. In the neutralino and chargino sector these are the Higgsino mass parameter μ = |μ|e^{iφμ} and the U(1) gaugino mass parameter M_1 = |M_1|e^{iφM}1 [3]. The SU(2) gaugino mass parameter M_2 can be made real by redefining the fields. In the sfermion sector of the MSSM, also the trilinear scalar coupling parameter A_f of the sfermion f̃ can be complex, A_f = |A_f |e^{iφAf} .

The CP violating phases are constrained by electric dipole moments (EDMs) [4] of electron e, neutron n,^{199}Hg and^{205}Tl atoms. Their upper bounds are, respectively:

|d_e| < 4.3 × 10^{−27} e cm [5], (1.1)

1.2 CP violating phases and electric dipole moments 9

|d_n| < 6.3 × 10^{−26} e cm [6], (1.2) |d_{Hg}| < 2.1 × 10^{−28} e cm [7], (1.3) |d_{T l}| < 1.3 × 10^{−24} e cm [8]. (1.4)

The CP phase in the quark sector of the SM give contributions to EDMs, which generally arise at two loop level, and respect the bounds of the EDMs. In SUSY models, however, neutralino and chargino contributions to the electron EDM can occur at one loop level, see Fig. 1.1. For the neutron EDM in addition also gluino exchange contributions are present due to a phase of the gluino mass parameter. The phases of the SUSY parameters are thus constrained by the experimental upper limits of the EDMs. In the literature, three solutions are being proposed [9]:

• The SUSY phases are severely suppressed [10, 11].

• SUSY particles of the first two generations are rather heavy, with masses of the order of a TeV [12].

• There are strong cancellations between the different SUSY contributions to the EDMs, allowing a SUSY particle spectrum of the order of a few 100 GeV [13–15].

Due to such cancellations, for example, in the constrained MSSM [14], the phase φ_{M1} is not restricted but the phase of μ is still constrained with |φ_μ| <∼ 0.1π [14]. If lepton flavor violating terms are included [15], also the restriction on φ_μ may disappear.

The restrictions on the SUSY phases are thus very model dependent. Independent methods for their measurements are desirable, in order to clarify the situation. In order to determine the phases unambiguously, measurements of CP sensitive observables are necessary. Such observables are non-zero only if CP is violated, i.e. they are proportional to the sine of the phases.

e^− e^− ν̃_e χ̃^−_j γ

e^− e^− χ̃^0_j ẽ^−_{1,2} γ

Figure 1.1: SUSY contributions to the electron EDM.

1.3 Methods for analyzing CP violating phases

1.3.1 Neutralino and chargino polarizations

For measuring SUSY phases, the study of neutralino and chargino production at an e^+e^− linear collider with longitudinally polarized beams [16] will play an important role. By measurements of the chargino masses and production cross sections, a method has been developed [17–19] to determine cos(φ_μ), in addition to the other parameters M_2, |μ| and tan β of the chargino sector. For neutralino production analogous methods have been proposed in [19–22] to determine also cos(φ_{M1} ) and M_1, besides cos(φ_μ), M_2, |μ| and tan β.

However, in order to determine also the sign of φ_μ and φ_{M1} , the transverse neutralino and chargino polarizations perpendicular to the production plane have to be taken into account [17, 18, 23]. They are only present if there are CP violating phases in the neutralino/chargino sector, and if a pair of different neutralinos/charginos is produced. At tree level, their polarizations lead to triple-product asymmetries of the decay products [24, 25]. Energy distributions and polar angle distributions of the neutralinos and charginos or their decay products are not CP sensitive at tree level, since they do not depend on the transverse neutralino or chargino polarizations, see e.g. [26] for neutralino production.

In order to include the particle polarizations in our calculations, we use the spin density matrix formalism of [27]. For an introduction into this formalism and for our conventions and definitions used, see Appendices C and D.

1.3.2 T-odd and CP-odd triple-product asymmetries

The SUSY phases give rise to T-odd and CP-odd observables which involve triple products of momenta [28]. They allow us to define various T and CP asymmetries which are sensitive to the different SUSY phases. On the one hand, these observables can be large because they are present at tree level. On the other hand, they also allow a determination of the sign of the phases, which is impossible if only CP-even observables were studied.

We consider neutralino or chargino production

e^+ + e^− → χ̃_i + χ̃_j (1.5)

1.3 Methods for analyzing CP violating phases 11

followed by the two-body decay of one neutralino or chargino into a SM particle A (e.g. lepton or W, Z boson) and a SUSY particle X̃ (e.g. slepton or χ̃^0_1):

χ̃_i → A + X̃. (1.6)

The momenta of electron, chargino (or neutralino), and particle A define the triple product

T = (p_e− × p_{χi} ) · p_A, (1.7)

which is T-odd, i.e. changes sign under time reversal. The T-odd asymmetry of the cross section σ of production (1.5) and decay (1.6) is then defined as

A^T = σ(T > 0) − σ(T < 0) σ(T > 0) + σ(T < 0)

. (1.8)

The asymmetry can be expressed by the angular distribution of particle A

A^T =

∫_0 1 dσ d cos θ d cos θ − ∫_{−1} 0 dσ d cos θ d cos θ

∫_0 1 dσ d cos θ d cos θ + ∫_{−1} 0 dσ d cos θ d cos θ = N_+ − N_− N_+ + N_−

, (1.9)

where

cos θ := p_e− × p_{χi} |p_e− × p_{χi} | · p_A |p_A| , (1.10)

and thus A^T is the difference of the number of events with particle A above (N_+) and below (N_−) the production plane, defined by p_e− × p_{χi} , normalized by the total number of events N = N_+ + N_−.

The T-odd asymmetry is not only sensitive to CP phases, but also to absorptive contributions, which could enter via s-channel resonances or final state interactions at loop level. Although the absorptive contributions are a higher order effect, and thus expected to be small, they do not signal CP violation. However, they can be eliminated in the CP-odd asymmetry

A^{CP} = 1 2 (A^T − Ā^T), (1.11) where Ā^T denotes the asymmetry for the CP-conjugated process. Note that the triple product T (1.7) requires the identification of the neutralino (or chargino) momentum p_{χi} , which could be reconstructed by measuring the decay of the other χ̃_j . Therefore, the masses of the neutralinos/charginos as well as the masses of their decay products have to be known.

To avoid the reconstruction of p_{χi} , we can also define triple products in which p_{χi} is replaced by a momentum of the decay products of particles A, if A is a W or Z boson, or X̃, if X̃ is a slepton. In the first case, A = W or Z and X̃ = χ̃^0_1, the decay of the boson into two quarks

A → q + q^′, (1.12)

defines the triple product

T = (p_e− × p_q) · p_q′ . (1.13)

In the second case, A = ℓ and X̃ = ℓ̃, the decay X̃ → ℓ + χ̃0_1, (1.14)

defines the triple product

T = (p_e− × p_A) · p_ℓ. (1.15)

These triple products define then corresponding T or CP asymmetries, which do not require the momentum reconstruction of χ̃_i. However, for these triple products the leptons have to be distinguished by their energy distributions [29], and the quarks have to be distinguished by flavor tagging [30–32].

Triple-product asymmetries can also be defined and analyzed for three-body decays of neutralinos [23, 24, 33, 34] and charginos [25, 33, 35].

1.3.3 Statistical error and significance

The T-odd and CP-odd asymmetries, as defined in (1.8) and (1.11), could be measured in neutralino and chargino production at future linear collider experiments,

1.4 Organization of the work 13

and would allow us to determine the values of the SUSY phases. In order to decide whether an asymmetry, and thus a CP phase can be measured, we have to calculate its statistical error. Also, we have to consider the statistical significance of the asymmetry.

The relative statistical error of the asymmetry is given by

δA := ΔA |A| = 1 |A| √ N , (1.16)

with the number of events N = L · σ, where L is the integrated luminosity of the linear collider. Formula (1.16) follows from (1.9), with the estimate ΔN_± = √ N_± ≈ √ N/2. The statistical significance of the asymmetry (1.8) is then defined as S = |A^T| √ L · σ. (1.17)

For S = 1, the asymmetry can be measured at the 68% confidence level (CL), for S = 1.96 at the 95% CL, etc. The significance for the CP-odd asymmetry (1.11) is given by

S = |A^{CP}| √ 2L · σ, (1.18)

since ΔA^{CP} = ΔA^T/ √ 2, which follows from (1.11).

Also background and detector simulations have to be taken into account to predict the expected accuracies for the asymmetries, see e.g. [36]. However, this would imply detailed Monte Carlo studies, which is beyond the scope of the present work.

1.4 Organization of the work

The goal of the thesis is to analyze CP violating effects of MSSM phases in production and/or two-body decay processes of neutralinos, charginos and sfermions. We will therefore define and calculate T-odd and CP-odd asymmetries for the different supersymmetric processes.

We study neutralino and chargino production in electron-positron collisions at a future linear collider (LC) with a center of mass energy of 500 GeV to 800 GeV, high luminosity and longitudinally polarized beams. A LC of this kind is an ideal tool for measuring the properties of SUSY particles with high precision.

Finally, we address the question, whether the phases can be constrained at the LC. We thus calculate the statistical significances for measuring the asymmetries. Our analyses will also have particular emphasis on the beam-polarization dependence of the asymmetries and cross sections.

In most of the numerical examples we choose φ_{M1} = ±π/2, φ_μ = 0, which is allowed by the constraints from the electron and neutron EDMs. In order to show the full phase dependences of the asymmetries in some examples we study their φ_μ behavior in the whole φ_μ range, relaxing in this case the restrictions from the EDMs. This is justified e.g. in theories with lepton flavor violation [15], where the constraints on φ_μ disappear.

• Chapter 2 contains neutralino production e^+e^− → χ̃^0_i χ̃^0_j and decay:

– In Section 2.1 we discuss neutralino decay into sleptons: χ̃^0_i → ℓ ℓ̃ for ℓ = e, μ, τ. – In Section 2.2 we discuss neutralino decay into a stau-tau pair: χ̃^0_i → τ τ̃, including the τ polarization.

– In Section 2.3 we discuss neutralino decay into a Z boson: χ̃^0_i → χ̃^0_n Z.

• Chapter 3 deals with chargino production e^+e^− → χ̃^±_i χ̃^∓_j and decay:

– In Section 3.1 we discuss chargino decay into sneutrinos: χ̃^+_i → ℓ^+ ν̃_ℓ, ℓ = e, μ, τ. – In Section 3.2 we discuss chargino decay into a W boson: χ̃^+_i → χ̃^0_n W^+.

• In chapter 4 we analyze CP violation in the two-body decay chain of a sfermion: f̃ → f χ̃0_j , χ̃0_j → χ̃0_1 Z, Z → f f̄. • Chapter 5 contains a summary and conclusions.

• In the Appendices we give a short account on the MSSM, with emphasis on its complex parameters. We discuss details of particle kinematics and phase space and give the analytical formulae for the production and decay amplitudes squared. Finally, we give useful spin-formulae for fermions and bosons and a formulary of our definitions and conventions, used for our numerical calculations.

Chapter 2

CP violation in production and decay of neutralinos

Overview

We study neutralino production with longitudinally polarized beams e^+ e^− → χ̃^0_i χ̃^0_j with the subsequent leptonic decay of one neutralino χ̃^0_i → ℓ̃ ℓ; ℓ̃ → χ̃^0_1 ℓ, for ℓ = e, μ, τ, [29] or the decay into the Z boson χ̃^0_i → χ^0_nZ; Z → ℓℓ̄(qq̄) [37]. These decay modes allow the definition of CP observables which are sensitive to the phases φ_{M1} and φ_μ.

For the leptonic decay of the neutralino into the tau χ̃^0_i → τ̃^± τ^∓, we propose the transverse τ^∓ polarization as a CP sensitive observable [38]. This asymmetry is also sensitive to the phase φ_{Aτ} .

We present numerical results for the asymmetries, cross sections and branching ratios for a linear electron-positron collider in the 500 GeV - 800 GeV range. The asymmetries can go up to 60% and we estimate the event rates which are necessary to observe the asymmetries. Polarized electron and positron beams can significantly enhance the asymmetries and cross sections.

2.1 T-odd asymmetries in neutralino production and decay into sleptons

p_χ0_j p_e−

θ

p_e+ p_χ0_i p_{ℓ1}

θ_{D1} p~_ℓ p_{ℓ2} p_χ0_1 θD2

Figure 2.1: Schematic picture of the neutralino production and decay process. For neutralino production e^+ + e^− → χ̃^0_i + χ̃^0_j (2.1) with longitudinally polarized beams and the subsequent leptonic two-body decay of one of the neutralinos χ̃^0_i → ℓ̃ + ℓ_1, (2.2) we introduce the triple-product T_I = (p_e− × p_χ0_i ) · p_{ℓ1} , (2.3) and define the T-odd asymmetry

A^T_I = σ_I (T_I > 0) − σ_I (T_I < 0) σ_I (T_I > 0) + σ_I (T_I < 0)

, (2.4)

where σ_I is the cross section for reactions (2.1) and (2.2).

With the subsequent leptonic decay of the slepton

ℓ̃ → χ̃^0_1 + ℓ_2; ℓ = e, μ, τ, (2.5)

we can construct a further asymmetry which does not require the identification of the neutralino momentum. We replace the neutralino momentum p_χ0_i in (2.3) by the momentum p_{ℓ2} of the lepton from the slepton decay

T_{II} = (p_e− × p_{ℓ2} ) · p_{ℓ1} (2.6)

and define the asymmetry

A^T_{II} = σ_{II} (T_{II} > 0) − σ_{II} (T_{II} < 0) σ_{II} (T_{II} > 0) + σ_{II} (T_{II} < 0)

, (2.7)

where σ_{II} is the cross section for reactions (2.1) - (2.5).

These T-odd observables in the production of neutralinos at tree level are due to spin effects. Only if there are CP-violating phases φ_{M1} and φ_μ in the neutralino sector and if two different neutralinos are produced, each of them has a polarization perpendicular to the production plane [20, 23, 39]. This polarization leads to asymmetries in the angular distributions of the decay products, as defined in (2.4) and (2.7).

2.1.1 Cross sections

In order to calculate the production and decay amplitudes, we use the spin density matrix formalism of [27, 39], see Appendix C. For neutralino production (2.1) and decay (2.2), the amplitude squared can be written as

|T_I |^2 = |Δ(χ̃^0_i )|^2 ∑ λ_iλ^′_i ρ_P (χ̃^0_i )^{λiλ′i} ρ_{D1} (χ̃^0_i )_λ′_{iλi} , (2.8)

with the neutralino propagator Δ(χ̃^0_i ), the spin-density matrix of neutralino production ρ_P (χ̃^0_i ), the decay matrix ρ_{D1} (χ̃^0_i ), and the neutralino helicities λ_i, λ^′_i. Inserting the expansions of the density matrices ρ_P (χ̃^0_i ), see (C.10), and ρ_{D1} (χ̃^0_i ), see (C.28), into (2.8) gives

|T_I |^2 = 4 |Δ(χ̃^0_i )|^2 (P D_1 + ⃗Σ_P ⃗Σ_{D1} ). (2.9)

Analogously, the amplitude squared for the complete process of neutralino production, followed by the two-body decays (2.2) and (2.5), can be written as

|T_{II} |^2 = |Δ(χ̃^0_i )|^2 |Δ(ℓ̃)|^2 ∑ λ_iλ^′_i ρ_P (χ̃^0_i )^{λiλ′i} ρ_{D1} (χ̃^0_i )_λ′_{iλi} D_2 (2.10)

= 4 |Δ(χ̃^0_i )|^2 |Δ(ℓ̃)|^2(P D_1 + ⃗Σ_P ⃗Σ_{D1} ) D_2, (2.11)

where D_2 is the factor for the slepton decay, given in (C.35).

The cross sections and distributions in the laboratory system are then obtained by integrating the squared amplitudes

dσ_{I,II} = 1 2s |T_{I,II} |^2dLips_{I,II} (2.12)

over the Lorentz invariant phase space elements

dLips_I := dLips(s; p_χ0_j , p_{ℓ1} , p~_ℓ), (2.13) dLips_{II} := dLips(s; p_χ0_j , p_{ℓ1} , p_{ℓ2} , p_χ0_1 ), (2.14)

given in (B.22) and (B.23), respectively.

The contributions of the spin correlation terms ⃗Σ_P ⃗Σ_{D1} to the total cross section vanish. Their contributions to the energy distributions of the leptons ℓ_1 and ℓ_2 from decay (2.2) and (2.5) vanish due to the Majorana properties of the neutralinos [40] if CP is conserved. In our case of CP violation, they vanish to leading order perturbation theory [40], and thus the contributions can be neglected since they are proportional to the widths of the exchanged particles.

2.1.2 T-odd asymmetries

Inserting the cross sections (2.12) in the definitions of the asymmetries (2.4) and (2.7) we obtain

A^T_{I,II} = ∫ Sign[T_{I,II} ]|T |^2dLips_{I,II} ∫ |T_{I,II} |^2dLips_{I,II} = ∫ Sign[T_{I,II} ]Σ^2_P Σ^2_{D1} dLips_{I,II} ∫ P D_1dLips_{I,II} , (2.15) where we have used the narrow width approximation for the propagators. In the numerator only the spin-correlation term Σ^2_P Σ^2_{D1} remains, since only this term contains the triple products (2.3) or (2.6). Thus, the contributions to A^T_{I,II} are directly proportional to the neutralino polarization Σ^2_P perpendicular to the production plane.

In case the neutralino decays into a scalar tau, we take stau mixing into account and the asymmetries are reduced due to their dependence on the χ̃^0_i -τ̃_k-τ couplings

A^T_{I,II} ∝ |a^{τ̃}_{ki}|^2 − |b^{τ̃}_{ki}|^2 |a^{τ̃}_{ki}|^2 + |b^{τ̃}_{ki}|^2

, (2.16)

which can be seen from the expressions of D_1 and Σ^2_{D1} , given in Appendix (C.2). Since the asymmetries are proportional to the absolute values of a^{τ̃}_{ki}, b^{τ̃}_{ki}, they are not sensitive to the phase φ_{Aτ} of A_τ . As an observable which is sensitive to φ_{Aτ} , we will consider in Section 2.2 an asymmetry which involves the transverse τ polarization.

2.1.3 Numerical results

We analyze the dependence of the asymmetries A^T_I and A^T_{II} , the neutralino production cross sections σ_P (e^+e^− → χ̃^0_i χ̃^0_j ) and the branching ratios BR(χ̃^0_i → ℓ̃ℓ) on the parameters μ = |μ| e^{i φμ} , M_1 = |M_1| e^{i φM}1 and M_2 for tan β = 10. In order to reduce the number of parameters, we assume |M_1| = 5/3M_2 tan^2 θ_W and fix the universal scalar mass parameter m_0 = 100 GeV. The renormalization group equations for the slepton masses are given in (A.56) and (A.57). Since the pair production of equal neutralinos is not CP sensitive, we discuss the lightest pairs χ̃^0_1 χ̃^0_2, χ̃^0_1 χ̃^0_3 and χ̃^0_2 χ̃^0_3, for which we choose a center of mass energy of √ s = 500 GeV and longitudinal beam polarization P_e− = 0.8 and P_e+ = −0.6.

Production of χ̃^0_1 χ̃^0_2

In Fig. 2.2a we show the cross section for χ̃^0_1χ̃^0_2 production for φ_μ = 0 and φ_{M1} = 0.5 π in the |μ|–M_2 plane. The cross section reaches values up to 300 fb. For |μ| <∼ 250 GeV the right selectron exchange dominates so that our choice of polarizations (P_e− , P_e+ ) = (0.8, −0.6) enhances the cross section by a factor up to 2.5 compared to the unpolarized case. For |μ| >∼ 300 GeV the left selectron exchange dominates because of the larger χ̃^0_2 − ẽ_L coupling. In this region a sign reversal of both polarizations, i.e. (P_e− , P_e+ ) = (−0.8, 0.6), would enhance the cross section up to a factor of 20.

The branching ratio BR(χ̃^0_2 → ℓ̃_Rℓ_1) for the neutralino two-body decay into right selectrons and smuons, summed over both signs of charge, is shown in Fig. 2.2b. It reaches values up to 64% and decreases with increasing |μ| when the two-body decays into the lightest neutral Higgs boson H^0_1 and/or the Z boson are kinematically allowed. The decays χ̃^0_2 → χ̃^±_1 W^∓ are not allowed. With our choice m_0 = 100 GeV, the decays into left selectrons and smuons can be neglected because these channels are either not open or the branching ratio is smaller than 1%. As we assume that the squarks and the other Higgs bosons are heavy, the decay into the stau is competing, and dominates for M_2 <∼ 200 GeV in our scenario, see Fig. 2.4a, which is discussed below. The resulting cross section is shown in Fig. 2.2c.

Fig. 2.2d shows the |μ|–M_2 dependence of the asymmetry A^T_{II} for φ_{M1} = 0.5 π and φ_μ = 0. In the region |μ| <∼ 250 GeV, where the right selectron exchange dominates, the asymmetry reaches 9.5% for our choice of beam polarization. This enhances the asymmetry up to a factor of 2 compared to the case of unpolarized beams. With increasing |μ| the asymmetry decreases and finally changes sign. This is due to the increasing contributions of the left selectron exchange which contributes to the asymmetry with opposite sign and dominates for |μ| >∼ 300 GeV. In this region the asymmetry could be enhanced up to a factor 2 by reversing the sign of both beam polarizations.

The sensitivity of the cross section σ and the asymmetry A^T_{II} on the CP phases is shown by contour plots in the φ_μ–φ_{M1} plane for |μ| = 240 GeV and M_2 = 400 GeV (Fig. 2.3). In our scenario the variation of the cross section, Fig. 2.3a, is more than 100%. In addition to the CP sensitive observables, the cross section may serve to constrain the phases. For unpolarized beams, the cross section would be reduced by a factor 0.4. The asymmetry A^T_{II} (Fig. 2.3b) varies between -8.9% and 8.9%. It is remarkable that these maximal values are not necessarily obtained for maximal CP phases. In our scenario the asymmetry is much more sensitive to variations of the phase φ_{M1} around 0. The reason is that A^T_{II} is proportional to a product of a CP odd (Σ^2_P ) and a CP even factor (Σ^2_{D1} ), see (2.15). The CP odd (CP even) factor has as sine-like (cosine-like) dependence on the phases. Thus the maximum of A^T_{II} is shifted towards φ_{M1} = 0 in Fig. 2.3b. On the other hand, the asymmetry is rather insensitive to φ_μ. For unpolarized beams this asymmetry would be reduced roughly by a factor 0.33.

The statistical significance for measuring each asymmetry is given by S = |A^T| √ N (1.17), with N = Lσ is the number of events with L the total integrated luminosity. We show the contour lines for S = 3 and 5 for A^T_{II} in Fig. 2.3c with L = 500 fb^{−1}.

σ_P (e^+e^− → χ̃^0_1χ̃^0_2) in fb

|μ| [GeV]

M_2 [GeV]

A

300

200 100 50 25 10

Fig. 2.2a

BR(χ̃^0_2 → ℓ̃_Rℓ_1) in %

|μ| [GeV]

M_2 [GeV]

B 64 40 20 4

Fig. 2.2b

σ(e^+e^− → χ̃^0_1χ̃^0_1ℓ_1ℓ_2) in fb

|μ| [GeV]

M_2 [GeV]

A B

60 20 4 0.4

Fig. 2.2c

A^T_{II} in % M_2 [GeV]

|μ| [GeV]

A B

9.5 8 6 3 0 −3

Fig. 2.2d

Figure 2.2: Contour lines of 2.2a: σ_P (e^+e^− → χ̃^0_1χ̃^0_2), 2.2b: BR(χ̃^0_2 → ℓ̃_Rℓ_1), ℓ = e, μ, 2.2c: σ_P (e^+e^− → χ̃^0_1χ̃^0_2) × BR(χ̃^0_2 → ℓ̃_Rℓ_1) × BR(ℓ̃_R → χ̃^0_1ℓ_2) with BR(ℓ̃_R → χ̃^0_1ℓ_2) = 1, 2.2d: the asymmetry A^T_{II} , in the |μ|–M_2 plane for φ_{M1} = 0.5π, φ_μ = 0, tan β = 10, m_0 = 100 GeV, A_τ = −250 GeV, √ s = 500 GeV and (P_e− , P_e+ ) = (0.8, −0.6). The area A (B) is kinematically forbidden by m_χ0_1 + m_χ0_2 > √ s (m~_{ℓR} > m_χ0_2 ). The gray area is excluded by m_χ±_1 < 104 GeV.

22 CP violation in production and decay of neutralinos

σ(e^+ e^− → χ̃^0_1 χ̃^0_1ℓ_1 ℓ_2) in fb

φ_μ [π] φ_{M1} [π]

64 56 48 32

48

64 56 48 32

48

Fig. 2.3a

A^T_{II} in %

φ_μ [π] φ_{M1} [π] 0 5 8 8.9 8 −8.9 −8 −8 −5 0 Fig. 2.3b

A^T_I in %

φ_μ [π] φ_{M1} [π] 10 20 25 27 25

0

−27 −25 −25 −20 −10 0 Fig. 2.3c

S = A^T_{II} √ N

φ_μ [π] φ_{M1} [π] 3 5

5 5

5 3 Fig. 2.3d

Figure 2.3: Contour lines of 2.3a: σ_P (e^+e^− → χ̃^0_1χ̃^0_2) × BR(χ̃^0_2 → ℓ̃_Rℓ_1) × BR(ℓ̃_R → χ̃^0_1ℓ_2) with BR(ℓ̃_R → χ̃^0_1ℓ_2) = 1, 2.3b: the asymmetry A^T_{II} , 2.3c: the significance S, 2.3d: the asymmetry A^T_I , in the φ_μ–φ_{M1} plane for M_2 = 400 GeV, |μ| = 240 GeV, tan β = 10, m_0 = 100 GeV, A_τ = −250 GeV, √ s = 500 GeV and (P_e− , P_e+ ) = (0.8, −0.6). In the gray shaded area of 2.3c we have S < 3. For φ_{M1} , φ_μ = 0 we have m~_{ℓR} = 221 GeV, m_χ0_1 = 178 GeV and m_χ0_2 = 243 GeV.

In Fig. 2.3d we also show the asymmetry A^T_I which is a factor 2.9 larger than A^T_{II} , because in A^T_{II} the CP-violating effect from the production is partly washed out by the kinematics of the slepton decay. However, for a measurement of A^T_I the reconstruction of the χ̃^0_2 momentum is necessary. The asymmetry A^T_I shows a similar dependence on the phases as A^T_{II} because both are due to the non vanishing neutralino polarization perpendicular to the production plane. It is interesting to note that the asymmetries can be sizable for small values of φ_μ, which is suggested by the EDM constraints, see Section 1.2.

Next we comment on the neutralino decay into the scalar tau and discuss the main differences from the decay into the selectron and smuon. In some regions of the parameter space, the decay of the neutralino into the lightest stau τ̃_1 may dominate over that into the right selectron and smuon, and may even be the only decay channel. In Fig. 2.4a we show contour lines of the branching ratio BR(χ̃^0_2 → τ̃_1τ) in the |μ|–M_2 plane for A_τ = −250 GeV, φ_{M1} = 0.5 π and φ_μ = 0. For M_2 < 200 GeV the branching ratio BR(χ̃^0_2 → τ̃_1τ) is larger than 80%. However, due to the mixing in the stau sector the asymmetry A^T_{II} , Fig. 2.4b, is reduced compared to that in the selectron and smuon channels, see Fig. 2.2d. The reason is the suppression factor (|a^{τ̃}_{ki}|^2 − |b^{τ̃}_{ki}|^2)/(|a^{τ̃}_{ki}|^2 + |b^{τ̃}_{ki}|^2) (2.16), which may be small or even be zero.

Production of χ̃^0_1χ̃^0_3

We show in Fig. 2.5a and b contour lines of the cross section σ_P (e^+e^− → χ̃^0_1χ̃^0_3) × BR(χ̃^0_3 → ℓ̃_Rℓ_1) × BR(ℓ̃_R → χ̃^0_1ℓ_2) with BR(ℓ̃_R → χ̃^0_1ℓ_2) = 1, and of the asymmetry A^T_{II} , respectively. The cross section with polarized beams reaches more than 100 fb, which is up to a factor 2.5 larger than for unpolarized beams. The asymmetry A^T_{II} , shown in Fig. 2.5b, reaches -9.5%. For unpolarized beams this value would be reduced by a factor 0.75. For our choice of parameters the cross section and the asymmetry for χ̃^0_1χ̃^0_3 production and decay show a similar dependence on M_2 and |μ| as for χ̃^0_1χ̃^0_2 production, however, the kinematically allowed regions are different. We also studied the φ_μ dependence of A^T_{II} . For φ_μ = 0.5π(0.1π) and φ_{M1} = 0, the maximal values of A^T_{II} in the M_2–|μ| plane are |A^T_{II} | < 3%(1%).

Production of χ̃^0_2χ̃^0_3

The production of the neutralino pair e^+e^− → χ̃^0_2χ̃^0_3 could make it easier to reconstruct the production plane because both neutralinos decay. This allows one to determine also asymmetry A^T_I , which is a factor 2-3 larger than A^T_{II} . We discuss the decay of the heavier neutralino χ̃^0_3, which has a larger kinematically allowed region in the |μ|–M_2 plane than that of χ̃^0_2. In Fig. 2.6 we show the pro-

BR(χ̃^0_2 → τ̃_1τ) in %

|μ| [GeV]

M_2 [GeV]

15 40 40 50 80

100

B

Fig. 2.4a

A^T_{II} in %

|μ| [GeV]

M_2 [GeV]

−6 −3

0 3 0 −3

A B

Fig. 2.4b

Figure 2.4: Contour lines of 2.4a: BR(χ̃^0_2 → τ̃_1τ) and 2.4b: the asymmetry A^T_{II} , in the |μ|–M_2 plane for φ_{M1} = 0.5π, φ_μ = 0, A_τ = −250 GeV, tan β = 10, m_0 = 100 GeV, √ s = 500 GeV and (P_e− , P_e+ ) = (0.8, −0.6). The area A (B) is kinematically forbidden by m_χ0_1 +m_χ0_2 > √ s (m_{τ̃1} > m_χ0_2 ). The gray area is excluded by m_χ±_1 < 104 GeV.

duction cross section σ_P (e^+e^− → χ̃^0_2χ̃^0_3) which reaches 100 fb. The cross section σ_P (e^+e^− → χ̃^0_2χ̃^0_3) × BR(χ̃^0_3 → ℓ̃_Rℓ_1) × BR(ℓ̃_R → χ̃^0_1ℓ_2) with BR(ℓ̃_R → χ̃^0_1ℓ_2) = 1, is shown in Fig. 2.6b. The asymmetry A^T_{II} is shown in Fig. 2.6d. As to the φ_μ dependence of A^T_I , we found that for φ_μ = 0.5π(0.1π) and φ_{M1} = 0, |A^T_I | can reach 25% (2%) in the |μ|–M_2 plane.

Energy distributions of the leptons

In order to measure the asymmetries A^T_I (2.4) and A^T_{II} (2.7), the two leptons ℓ_1 and ℓ_2 from the neutralino (2.2) and slepton decay (2.5) have to be distinguished. We therefore calculate the energy distributions of the leptons from the first and second decay vertex in the laboratory system, see Appendix B.2.4. One can distinguish between the two leptons event by event, if their energy distributions do not overlap. If their energy distributions do overlap, only those leptons can be distinguished, whose energies are not both in the overlapping region.

σ(e^+ e^− → χ̃^0_1 χ̃^0_1ℓ_1 ℓ_2) in fb

|μ| [GeV]

M_2 [GeV]

100

60 20

4 0.4

A B

Fig. 2.5a

A^T_{II} in %

|μ| [GeV]

M_2 [GeV]

−9.5 −8 −6 −3 −1 0

A B

Fig. 2.5b

Figure 2.5: Contour lines of 2.5a: σ_P (e^+e^− → χ̃^0_1χ̃^0_3) × BR(χ̃^0_3 → ℓ̃_Rℓ_1) × BR(ℓ̃_R → χ̃^0_1ℓ_2) with BR(ℓ̃_R → χ̃^0_1ℓ_2) = 1 and ℓ = e, μ, 2.5b: the asymmetry A^T_{II} , in the |μ|–M_2 plane for φ_{M1} = 0.5π, φ_μ = 0, tan β = 10, m_0 = 100 GeV, A_τ = −250 GeV, √ s = 500 GeV and (P_e− , P_e+ ) = (0.8, −0.6). The area A (B) is kinematically forbidden by m_χ0_1 + m_χ0_3 > √ s (m~_{ℓR} > m_χ0_3 ). The gray area is excluded by m_χ±_1 < 104 GeV.

We show in Figs. 2.7a - c different types of energy distributions for lepton ℓ_1 (dashed line), and lepton ℓ_2 (solid line), ℓ = e, μ, for e^+e^− → χ̃^0_1χ̃^0_2 and the subsequent decays χ̃^0_2 → ℓ̃ℓ_1 and ℓ̃ → χ̃^0_1ℓ_2. The parameters tan β = 10, M_2 = 300 GeV, φ_μ = 0, φ_{M1} = 0.5π, and for |μ| = 200, 300 and 500 GeV, are chosen such that the slepton mass m~_{ℓR} = 180 GeV is constant, the LSP mass m_χ0_1 = 140, 145, 150 GeV is almost constant whereas the neutralino mass m_χ0_2 = 185, 240, 300 GeV is increasing. The mass difference between ℓ̃_R and χ̃^0_1 decreases (Δm = 40, 35, 30 GeV), whereas the mass difference between χ̃^0_2 and ℓ̃_R increases (Δm = 5, 60, 120 GeV). The endpoints of the energy distributions of the decay leptons depend on these mass differences. Thus, in Fig. 2.7a, the second lepton is more energetic than the first lepton. The energy distributions do not overlap and thus the two leptons can be distinguished by measuring their energies. This also holds for Fig. 2.7c, where the first lepton is more energetic than the second one. In Fig. 2.7b the two distributions overlap because the mass differences between χ̃^0_1, ℓ̃_R and χ̃^0_2 are similar. One has to apply cuts to distinguish the leptons, which reduce the number of events.

2.1.4 Summary of Section 2.1

We have considered two triple-product asymmetries in neutralino production e^+e^− → χ̃^0_i χ̃^0_j and the subsequent leptonic two-body decay chain of one neutralino χ̃^0_i → ℓ̃ℓ, ℓ̃ → χ̃0_1ℓ for ℓ = e, μ, τ. These asymmetries are present already at tree level and are due to spin effects in the production and decay process of two different neutralinos. The asymmetries are sensitive to CP-violating phases of the gaugino and Higgsino mass parameters M_1 and/or μ in the neutralino production process.

For the process e^+e^− → χ̃^0_1χ̃^0_2 and neutralino decay into a right slepton χ̃^0_2 → ℓ̃_Rℓ, we have shown that the asymmetries can be as large as 25%. They can be enhanced using polarized beams, and can be sizable even for a small phases, φ_μ, φ_{M1} ≈ 0.1π, which is suggested by the experimental limits on EDMs.

2.1 T-odd asymmetries in neutralino production and decay into sleptons 27

σ_P (e^+ e^− → χ̃^0_2 χ̃^0_3) in fb

|μ| [GeV]

M_2 [GeV]

100 75 50 25 10

A

Fig. 2.6a σ(e^+ e^− → χ̃^0_2 χ̃^0_1ℓ_1 ℓ_2) in fb

|μ| [GeV]

M_2 [GeV] 4 20 40 52 A

B

Fig. 2.6b

A^T_I in %

|μ| [GeV]

M_2 [GeV]

25

15 10 5 2

0 −3

A

B

Fig. 2.6c

A^T_{II} in %

|μ| [GeV]

M_2 [GeV]

10 5 2 1

0 −2

A

B

Fig. 2.6d

Figure 2.6: Contour lines of 2.6a: σ_P (e^+e^− → χ̃^0_2χ̃^0_3), 2.6b: σ_P (e^+e^− → χ̃^0_2χ̃^0_3) × BR(χ̃^0_3 → ℓ̃_Rℓ_1) × BR(ℓ̃_R → χ̃^0_1ℓ_2) for ℓ = e, μ, and BR(ℓ̃_R → χ̃^0_1ℓ_2) = 1, 2.6c: the asymmetry A^T_I , 2.6d: the asymmetry A^T_{II} , in the |μ|–M_2 plane for φ_{M1} = 0.5π, φ_μ = 0, tan β = 10, m_0 = 100 GeV, A_τ = −250 GeV, √ s = 500 GeV and (P_e− , P_e+ ) = (0.8, −0.6). The area A (B) is kinematically forbidden by m_χ0_2 + m_χ0_3 > √ s (m~_{ℓR} > m_χ0_3 ). The gray area is excluded by m_χ±_1 < 104 GeV.

E [GeV]

1 σ dσ dE

ℓ_1

ℓ_2

Fig. 2.7a E [GeV]

1 σ dσ dE ℓ_2

ℓ_1

Fig. 2.7b

E [GeV]

1 σ dσ dE ℓ_2

ℓ_1

Fig. 2.7c

Figure 2.7: Energy distributions in the laboratory system for ℓ_1 (dashed line) and ℓ_2 (solid line) for e^+e^− → χ̃^0_1χ̃^0_2 and the subsequent decays χ̃^0_2 → ℓ̃_Rℓ_1 and ℓ̃_R → χ̃^0_1ℓ_2, for M_2 = 300 GeV, m~_{ℓR} = 180 GeV, tan β = 10 and {|μ|, m_χ0_1 , m_χ0_2 }/GeV = {200, 140, 185}, {300, 145, 240}, {500, 150, 300} in a, b, c respectively.

2.2 CP asymmetry in neutralino production and decay into polarized taus

For the two-body decays of neutralinos into sleptons, where the lepton polarizations are summed, we have shown in the last section that the asymmetries have only CP-odd contributions from the neutralino production process. For neutralino decay into a tau, the tau polarization allows to define an asymmetry, which has also CP-odd contributions from the neutralino decay process. This is particularly interesting since an asymmetry can be defined, which is sensitive to the CP phase of the trilinear scalar coupling parameter A_τ .

We consider neutralino production

e^+ + e^− → χ̃^0_i + χ̃^0_j ; i, j = 1, . . . , 4, (2.17)

and the subsequent two-body decay of one neutralino into a tau

χ̃^0_i → τ̃^±_m + τ^∓; m = 1, 2. (2.18)

The τ^− polarization is given by [41]

P = Tr(ρσ ) Tr(ρ)

, (2.19)

with ρ the hermitean spin density matrix of the τ^− and σ_i the Pauli matrices. The component P_3 of the polarization vector P = (P_1, P_2, P_3) is the longitudinal polarization, P_1 is the transverse polarization in the plane and P_2 is the transverse polarization perpendicular to the plane defined by the momenta p_τ and p_e− . The transverse polarization P_2 is proportional to the triple product

T_τ = s_τ · (p_τ × p_e− ), (2.20)

where s_τ is the τ^− spin 3-vector. For its definition in the laboratory system, see B.21. In order to eliminate absorptive phases, we define the CP-odd asymmetry

A_{CP} = 1 2 (P_2 − P̄_2), (2.21) where P̄ denotes the τ^+ polarization in the charge conjugated process χ̃^0_i → τ̃^−_m τ^+. The asymmetry A_{CP} is sensitive to the phase φ_{Aτ} in the stau sector, as well as to the phases φ_μ and φ_{M1} in the neutralino sector.

Note, that for the two-body decay (2.18), the transverse τ polarization P_2 is the only observable which is sensitive to φ_{Aτ} . The asymmetries defined in Section 2.1, where the τ polarization is summed, are only sensitive to CP violation due to φ_μ and φ_{M1} in the production process.

2.2.1 Tau spin-density matrix and cross section

In the spin density matrix formalism, see Appendix C, the unnormalized spindensity matrix of the τ^− can be written as

ρ_P (τ^−)^{λkλ′k} = |Δ(χ̃^0_i )|^2 ∑ λ_i,λ^′_i ρ_P (χ̃^0_i )^{λiλ′i} ρ_D(χ̃^0_i )^{λk λ′k}_λ′_{iλi} . (2.22)

It is composed of the neutralino propagator Δ(χ̃^0_i ), the spin density matrices ρ_P (χ̃^0_i ) for neutralino production (2.17) and ρ_D(χ̃^0_i ) for neutralino decay (2.18). The χ̃^0_i helicities are denoted by λ_i and λ^′_i, and the τ^− helicities are denoted by λ_k and λ^′_k. The neutralino production matrix ρ_P (χ̃^0_i ) is defined in (C.10) and the neutralino decay matrix ρ_D(χ̃^0_i ) in (C.38). Inserting these density matrices into (2.22) gives

ρ_P (τ^−)^{λkλ′k} = 4|Δ(χ̃^0_i )|^2 [(P D + Σ^a_P Σ^a_D)δ_{λk λ}′_k + (P D^b + Σ^a_P Σ^{ab}_D )σ^b_{λk λ}′_k )]. (2.23)

The last term of the coefficient Σ^{ab}_D , see (C.44), contains for b = 2 the triple product (2.20). This term is proportional to the product of the χ̃^0_i -τ̃_k-τ couplings Im(b^{τ̃}_{mi}^∗a^{τ̃}_{mi}) and is therefore sensitive to the phases φ_{Aτ} , φ_μ and φ_{M1} .

The amplitude squared is obtained by summing over the τ helicities in (2.23)

|T |^2 = 4|Δ(χ̃^0_i )|^2 [P (2D) + Σ^a_P (2Σ^a_D)], (2.24)

where the CP sensitive term Σ^{ab}_D drops out. The cross section is then given by dσ = 1 2s |T |^2dLips(s; p_χ0_j , p_τ , p_{τ̃} ), (2.25)

with the phase space element dLips as defined in (B.22).

2.2.2 Transverse tau polarization and CP asymmetry

From (2.23) we obtain for the transverse τ^− polarization (2.19)

P_2 = ∫ Σ^a_P Σ^{a2}_D dLips ∫ P D dLips , (2.26)

which follows since we have used the narrow width approximations for the propagators and in the numerator ∫ |Δ(χ̃^0_i )|^2 P D^2 dLips = 0 and in the denominator ∫ |Δ(χ̃^0_i )|^2 Σ^a_P Σ^a_D dLips = 0.

As can be seen from (2.26), P_2 is proportional to the spin correlation term Σ^{a2}_D (C.44), which contains the CP-sensitive part Im(b^{τ̃}_{mi}^∗a^{τ̃}_{mi})ϵ_{μνρσ} p^μ_τ p^ν_{χ̃}0_i s^{a, ρ}_χ0_i s^{b, σ}_τ . In order to study the dependence of P_2 on the parameters, we expand for τ̃_1

Im(b^{τ̃}_{1i}^∗a^{τ̃}_{1i}) = g^2 cos^2 θ_{τ̃} Y_τ Im(f^τ_{Li}N_{i3}) + g^2 sin^2 θ_{τ̃} Y_τ √ 2 tan θ_W Im(N_{i1}N_{i3}) + g^2 sin^2 θ_{τ̃} cos^2 θ_{τ̃} [Y^2_τ Im(N_{i3}N_{i3}e^{iφτ̃} ) + g^2 √ 2 tan θ_W Im(f^τ_{Li}N_{i1}e^{−iφτ̃} )], (2.27)

using the definitions of the couplings in the stau sector, see Appendix A.2.

For φ_μ, φ_{M1} = 0, we find from (2.27) that P_2 ∝ sin 2θ_{τ̃} sin φ_{τ̃} . We note that the dependence of φ_{τ̃} on φ_{Aτ} is weak if |A_τ | ≪ |μ| tan β, see (A.49). Thus, we expect that P_2 increases with increasing |A_τ |.

In order to measure P_2 and the CP asymmetry A_{CP} (2.21), the τ^− from the neutralino decay χ̃^0_i → τ̃^+_m τ^− and the τ^+ from the subsequent τ̃^+_m decay τ̃^+_m → χ̃^0_1τ^+ have to be distinguished. This can be accomplished by their different energy distributions, see Appendix B.2.4.

2.2.3 Numerical results

We present numerical results for e^+e^− → χ̃^0_1χ̃^0_2 and the subsequent decay of the neutralino into the lightest stau χ̃^0_2 → τ̃_1τ for a linear collider with √ s = 500 GeV and longitudinally polarized beams with (P_e− , P_e+ ) = (±0.8, ∓0.6). This choice favors right or left selectron exchange in the neutralino production process, respectively.

We study the dependence of the asymmetry A_{CP} and the production cross sections σ = σ_P (e^+e^− → χ̃^0_1χ̃^0_2) × BR(χ̃^0_2 → τ̃^+_1 τ^−) on the parameters φ_μ, |μ|, φ_{M1} , |M_1|, φ_{Aτ} ,

A_{CP} in %

φ_{Aτ} [π]

A_τ [GeV]

−2 −4 −6 −8 −10 −12

−14

2 4 6 8 10 12

14

0

Figure 2.8: Contour lines of A_{CP} for M_2 = 200 GeV, |μ| = 250 GeV, tan β = 5, φ_{M1} = φ_μ = 0 and (P_e− , P_e+ ) = (0.8, −0.6).

A_{CP} in %

tan β φ_{M1} [π]

−20 −10 −5

0

20 10 5

Figure 2.9: Contour lines of A_{CP} for A_τ = 1 TeV, M_2 = 300 GeV, |μ| = 250 GeV, φ_{Aτ} = φ_μ = 0 and (P_e− , P_e+ ) = (0.8, −0.6).

|A_τ | and tan β. We assume |M_1| = 5/3 M_2 tan^2 θ_W , and use m_0 = 100 GeV for the universal scalar mass parameter in the renormalization group equations of the selectron masses, see (A.46) and (A.47). We take into account the restrictions on |A_τ | due to the tree-level vacuum stability conditions [42].

For the calculation of the branching ratio BR(χ̃^0_2 → τ̃^+_1 τ^−) we include the two-body decays

χ̃^0_2 → τ̃_mτ, ℓ̃_{R,L}ℓ, χ̃^0_1Z, χ̃^∓_n W^±, χ̃^0_1H^0_1 , ℓ = e, μ, m, n = 1, 2, (2.28)

with m_A = 1 TeV, such that the neutralino decays into the charged Higgs bosons χ̃^0_2 → χ̃^±_n H^∓, as well as decays into the heavy neutral Higgs bosons χ̃^0_2 → χ̃^0_1 H^0_{2,3}, are excluded in our scenarios.

In Fig. 2.8 we show the contour lines of A_{CP} in the φ_{Aτ} –|A_τ | plane. The asymmetry A_{CP} is proportional to sin 2θ_{τ̃} sin φ_{τ̃} , and increases with increasing |A_τ | ≫ |μ| tan β, which is expected from (2.27). Furthermore, in the parameter region shown the cross section σ varies between 20 fb and 30 fb.

|μ| [GeV]

M_2 [GeV] σ(e^+e^− → χ̃^0_1τ̃^+_1 τ^−) in fb

100 50 25 10

1

Fig. 2.10a |μ| [GeV]

M_2 [GeV] A_{CP} in %

-15

-12 -9 -6 -3

-9 -6 -3

0

Fig. 2.10b

Figure 2.10: Contour lines of σ and A_{CP} in the |μ|–M_2 plane for φ_{Aτ} = 0.5π, φ_{M1} = φ_μ = 0, A_τ = 1 TeV, tan β = 5 and (P_e− , P_e+ ) = (−0.8, 0.6). The blank area outside the area of the contour lines is kinematically forbidden since here either √ s < m_χ0_1 + m_χ0_2 or m_{τ̃1} + m_τ > m_χ0_2 . The gray area is excluded by m_χ±_1 < 104 GeV.

In Fig. 2.9 we show the dependence of A_{CP} on tan β and φ_{M1} . Large values up to ±20% are obtained for tan β ≈ 5. Note that these values are obtained for φ_{M1} ≈ ±0.8π rather than for maximal φ_{M1} ≈ ±0.5π. This is due to the interplay of CPeven and CP-odd contributions to the spin correlation terms in (2.26). In the region shown in Fig. 2.9, the cross section σ varies between 10 fb and 30 fb.

Figs. 2.10a and 2.10b show, for φ_{Aτ} = 0.5π and φ_{M1} = φ_μ = 0, the |μ|–M_2 dependence of the cross section σ and the asymmetry A_{CP}, respectively. The asymmetry reaches values up to −15% due to the large value of |A_τ | = 1 TeV and the choice of the beam polarization (P_e− , P_e+ ) = (−0.8, 0.6). This choice also enhances the cross section, which reaches values of more than 100 fb.

For φ_{M1} = 0.5π and φ_μ = φ_{Aτ} = 0 we show in Figs. 2.11a,b the contour lines of σ and A_{CP}, respectively, in the |μ|-M_2 plane. It is remarkable that in a large region the asymmetry is larger than −10% and reaches values up to −40%. Unpolarized beams would reduce A_{CP} only marginally, however the largest values of σ would be reduced by a factor 3.

For |μ| = 300 GeV and M_2 = 400 GeV, we show in Figs. 2.12a,b contour lines of σ

|μ| [GeV]

M_2 [GeV] σ(e^+e^− → χ̃^0_1τ̃^+_1 τ^−) in fb

150 100 50 25

10 5

Fig. 2.11a |μ| [GeV]

M_2 [GeV] A_{CP} in %

-38 -30 -20 -10

-30 -20 -10

-5

Fig. 2.11b

Figure 2.11: Contour lines of σ and A_{CP} in the |μ|–M_2 plane for φ_{M1} = 0.5π, φ_{Aτ} = φ_μ = 0, A_τ = 250 GeV, tan β = 5 and (P_e− , P_e+ ) = (−0.8, 0.6). The blank area outside the area of the contour lines is kinematically forbidden since here either √ s < m_χ0_1 + m_χ0_2 or m_{τ̃1} + m_τ > m_χ0_2 . The gray area is excluded by m_χ±_1 < 104 GeV.

and A_{CP}, respectively, in the φ_μ–φ_{M1} plane. The asymmetry A_{CP} is very sensitive to variations of the phases φ_{M1} and φ_μ. Even for small phases, e.g. φ_μ, φ_{M1} ≈ 0.1, we have A_{CP} ≈ 15%.

The polarization of the τ can be analyzed through its decay distributions. The sensitivities for measuring the polarization of the τ for the various decay modes are given in [43]. The numbers quoted there are for an ideal detector and for longitudinal τ polarization and it is expected that the sensitivities for transversely polarized τ leptons are somewhat smaller. Combining informations from all τ decay modes a sensitivity of S = 0.35 [44] has been obtained. Following [43], the relative statistical error of P_2 (and of P̄_2 analogously) can be calculated as δP_2 = ΔP_2/|P_2| = σ^s/(S|P_2| √ N), for σ^s standard deviations, and N = σL events for the integrated luminosity L and the cross section σ = σ_P (e^+e^− → χ̃^0_1χ̃^0_2) × BR(χ̃^0_2 → τ̃^+_1 τ^−). Then for A_{CP} (2.21), it follows ΔA_{CP} = ΔP_2/ √ 2. We show in Fig. 2.13 the contour lines of the sensitivity S = √ 2/(|A_{CP}| √ N) which is needed to measure A_{CP} at 95% CL (σ^s = 2) for L = 500 fb^{−1}, for φ_{Aτ} = 0.2π and φ_{M1} = φ_μ = 0. In Fig. 2.14 we show the contour lines of the sensitivity S for φ_{M1} = 0.2π and φ_μ = φ_{Aτ} = 0. It is interesting to note that in a large region in the |μ|–M_2 plane in Figs. 2.13 and 2.14 we

2.2 CP asymmetry in neutralino production and decay into polarized taus 35

φ_μ [π] φ_{M1} [π] σ(e^+e^− → χ̃^0_1τ̃^+_1 τ^−) in fb

15 10 5 1 1 5 10 15

0.2 0.2

Fig. 2.12a φ_μ [π] φ_{M1} [π] A_{CP} in %

65 45 30 0 45

30 15 45

15 0 -15

-65

-45 -30 -45 -30 -15 0 -45 -65

Fig. 2.12b

Figure 2.12: Contour lines of σ and A_{CP} in the φ_μ–φ_{M1} plane for M_2 = 400 GeV, |μ| = 300 GeV, tan β = 5, φ_{Aτ} = 0, A_τ = 250 GeV and (P_e− , P_e+ ) = (−0.8, 0.6).

obtain a sensitivity S < 0.35, which means that the asymmetries can be measured at 95% CL.

2.2.4 Summary of Section 2.2

We have defined and analyzed a CP odd asymmetry A_{CP} of the transverse τ polarization in neutralino production e^+e^− → χ̃^0_i χ̃^0_j and subsequent two-body decay χ̃^0_i → τ̃^±_k τ^∓. The asymmetry is sensitive to CP-violating phases of the the trilinear scalar coupling parameter A_τ and the gaugino and Higgsino mass parameters M_1, μ. The asymmetry occurs already at tree level and is due to spin effects in the neutralino production and decay process. In a numerical study for e^+e^− → χ̃^0_1χ̃^0_2 and neutralino decay χ̃^0_2 → τ̃^±_1 τ^∓ we have shown that the asymmetry can be as large as 60%. It can be sizable even for small phases of μ and M_1, suggested by the experimental limits on EDMs.

sensitivity S

|μ| [GeV]

M_2 [GeV]

0.15 0.3 0.5 1

Figure 2.13: Contour lines of S for φ_{Aτ} = 0.2π, φ_{M1} = φ_μ = 0, A_τ = 1 TeV, tan β = 5 and (P_e− , P_e+ ) = (−0.8, 0.6). The blank area outside the area of the contour lines is kinematically forbidden since here either √ s < m_χ0_1 + m_χ0_2 or m_{τ̃1} + m_τ > m_χ0_2 . The gray area is excluded by m_χ±_1 < 104 GeV.

sensitivity S

|μ| [GeV]

M_2 [GeV]

0.1 0.15 0.3 0.5

Figure 2.14: Contour lines of S for φ_{M1} = 0.2π, φ_{Aτ} = φ_μ = 0, A_τ = 250 GeV, tan β = 5 and (P_e− , P_e+ ) = (−0.8, 0.6). The blank area outside the area of the contour lines is kinematically forbidden since here either √ s < m_χ0_1 +m_χ0_2 or m_{τ̃1} +m_τ > m_χ0_2 . The gray area is excluded by m_χ±_1 < 104 GeV.

2.3 T-odd observables in neutralino production and decay into a Z boson

p_χ0_j p_e−

p_e+ p_χ0_i p_χ0_n

p_Z p¯_f p_f

Figure 2.15: Schematic picture of the neutralino production and decay process. A further possibility to study CP violation in the neutralino sector is the two-body decay of the neutralino into a Z boson. Due to spin correlations of the neutralino and the Z boson, observables can be defined which have not only CP-odd contributions from the neutralino production, but also from its decay. We study CP violation in neutralino production

e^+ + e^− → χ̃^0_i + χ̃^0_j ; i, j = 1, . . . , 4, (2.29)

with the subsequent two-body decay of one neutralino into a Z boson

χ̃^0_i → χ^0_n + Z; n < i, (2.30)

followed by the decay of the Z boson Z → f + f̄; f = ℓ, q, ℓ = e, μ, τ, q = c, b. (2.31) For a schematic picture of the neutralino production and decay process see Fig. 2.15. If CP is violated, the phases φ_{M1} and φ_μ lead to CP sensitive elements of the Z boson density matrix. They involve CP-odd asymmetries A_f in the angular distribution of the decay fermions

A_f = σ(T_f > 0) − σ(T_f < 0) σ(T_f > 0) + σ(T_f < 0)

, (2.32)

of the triple product

T_f = p_e− · (p_f × p¯_f ), (2.33)

and the cross section σ of neutralino production (2.29) and subsequent decay chain (2.30)-(2.31). Due to the correlations between the χ̃^0_i polarization and the Z boson polarization, there are CP-odd contributions to the Z boson density matrix and to the asymmetries A_f from the production (2.29) and from the decay process (2.30).

In Section (2.1) we have studied asymmetries for neutralino decay into sleptons χ̃^0_i → ℓ̃ℓ. We have shown that these asymmetries have in contrast only contributions from the neutralino production process, since the neutralino decay is a two-body decay into scalars.

Note that if we would replace the triple product T_f by T^′_f = p_e− · (p_χ0_i × p_Z ), and would calculate the corresponding asymmetry, where the Z boson polarization is summed, all spin correlations and thus this asymmetry would vanish identically because of the Majorana properties of the neutralinos.

2.3.1 Cross section

For the calculation of the cross section for the combined process of neutralino production (2.29) and the subsequent two-body decays (2.30), (2.31) of χ̃^0_i we use the same spin-density matrix formalism as in [27, 39]. The (unnormalized) spindensity matrix of the Z boson

ρ_P (Z)^{λkλ′k} = |Δ(χ̃^0_i )|^2 ∑ λ_i,λ^′_i ρ_P (χ̃^0_i )^{λiλ′i} ρ_{D1} (χ̃^0_i )^{λkλ′k}_λ′_{iλi} , (2.34)

is composed of the neutralino propagator Δ(χ̃^0_i ), the spin-density production matrix ρ_P (χ̃^0_i ), defined in (C.3), and the decay matrix ρ_{D1} (χ̃^0_i ), defined in (C.46). The amplitude squared for the complete process e^+e^− → χ̃^0_i χ̃^0_j ; χ̃^0_i → χ̃^0_nZ; Z → ff̄ can now be written

|T |^2 = |Δ(Z)|^2 ∑ λ_k,λ^′_k ρ_P (Z)^{λkλ′k} ρ_{D2} (Z)_λ′_{kλk} , (2.35)

with the decay matrix ρ_{D2} (Z) for the Z decay, defined in (C.49). Inserting the density matrices ρ_P (χ̃^0_i ) (C.10) and ρ_{D1} (χ̃^0_i ) (C.63) into (2.34) leads to

ρ_P (Z)^{λkλ′k} = 4 |Δ(χ̃^0_i )|^2 [ P D_1 δ^{λkλ′k} + Σ^a_P^cΣ^a_{D1} (J^c)^{λk λ′k} + P^{cd}D_1 (J^{cd})^{λkλ′k} ] , (2.36)

summed over a, c, d. Here the Z production matrix ρ_P (Z) is decomposed into contributions of scalar (first term), vector (second term) and tensor parts (third term). Inserting then ρ_P (Z) (2.36) and ρ_{D2} (Z) (C.64) into (2.35) leads finally to

|T |^2 = 4 |Δ(χ̃^0_i )|^2 |Δ(Z)|^2 [ 3P D_1D_2 + 2Σ^a_P^cΣ^a_{D1}^cD_2 + 4P (^{cd}D^{cd}_1 D_2 −^1_3^{cc}D_1^{dd}D_2) ] . (2.37)

The differential cross section is then given by

dσ = 1 2s |T |^2dLips(s; p_χ0_j , p_χ0_n , p_f , p¯_f ), (2.38)

where dLips is the Lorentz invariant phase-space element defined in (B.40).

2.3.2 Z boson polarization

The mean polarization of the Z boson is given by its 3 × 3 density matrix < ρ(Z) > with Tr{< ρ(Z) >} = 1. We obtain < ρ(Z) > in the laboratory system by integrating (2.36) over the Lorentz invariant phase-space element dLips(s; p_χ0_j , p_χ0_n , p_Z ) (B.39), and normalizing by the trace

< ρ(Z)^{λkλ′k} >= ∫ ρ_P (Z)^{λkλ′k} dLips ∫ Tr{ρ_P (Z)^{λkλ′}k } dLips =^1_3 δ^{λkλ′k} + V_c (J^c)^{λkλ′k} + T_{cd} (J^{cd})^{λkλ′k} . (2.39)

The components V_c of the vector polarization and T_{cd} of the tensor polarization are given by

V_c = ∫ Σ^a_P^cΣ^a_{D1} dLips 3 ∫ 2 P D_1 dLips , T_{cd} = T_{dc} = ∫ P^{cd}D_1 dLips 3 ∫ P D_1 dLips

, (2.40)

where we have used the narrow width approximation for the neutralino propagator. The tensor components T_{12} and T_{23} vanish due to phase-space integration. The density matrix in the helicity basis, see Appendix F.2, is given by

< ρ(Z)^{−−} > =^1_2 − V_3 + T_{33}, (2.41) < ρ(Z)^{00} > = −2T_{33}, (2.42) < ρ(Z)^{−0} > =^{1√}_2 (V_1 + iV_2) − √ 2 T_{13}, (2.43)

< ρ(Z)^{−+} > = T_{11}, (2.44) < ρ(Z)^{0+} > =^{1√}_2 (V_1 + iV_2) + √ 2 T_{13}, (2.45)

where we have used T_{11} + T_{22} + T_{33} = −^1_2 and T_{12} = T_{23} = 0.

2.3.3 T-odd asymmetry

From (2.37) we obtain for the asymmetry (2.32)

A_f = ∫ Sign[T_f ]|T |^2 dLips ∫ |T |^2 dLips = ∫ Sign[T_f ] 2 Σ^a_P^cΣ^a_{D1}^cD_2 dLips ∫ 3 P D_1D_2 dLips

, (2.46)

and dLips(s; p_χ0_j , p_χ0_n , p_f , p¯_f ) is the Lorentz invariant phase-space element defined in (B.40), where we have already used the narrow width approximation for the propagators. In the numerator only the vector part of |T |^2 remains which contains the triple product T_f = p_e− · (p_f × p¯_f ). In the denominator the vector and tensor parts of |T |^2 vanish, since the complete phase-space integration eliminates the spin correlations. Due to the correlations Σ^a_P^cΣ^a_{D1} between the χ̃^0_i and the Z boson polarization, there are CP-odd contributions to the asymmetry A_f from both the neutralino production process (2.29), and from the neutralino decay process (2.30). The contribution from the production is given by the term with a = 2 in (2.46) and is proportional to the transverse polarization Σ^2_P (C.17) of the neutralino perpendicular to the production plane. For the production of a pair of equal neutralinos, e^+e^− → χ̃^0_i χ̃^0_i , we have Σ^2_P = 0. The contributions from the decay, given by the terms with a = 1, 3 in (2.46), are proportional to

cΣ^a_{D1}^cD_2 ⊃ −8m_χ0_n (ImO^{′′L}_{ni} )(ReO^{′′L}_{ni} )(R^2_f − L^2_f )(t^c_Z · p¯_f )ϵ_{μνρσ}s^{a,μ}_χ0_i p^ν_χ0_i p^ρ_Z t^{c,σ}_Z , (2.47)

see last term of (C.62), which contains the ϵ-tensor. Thus A_f may be enhanced (reduced) if the contributions from production and decay have the same (opposite) sign.

Note that the contributions from the decay would vanish for a two-body decay of the neutralino into a scalar particle, as discussed in Section (2.1). We have found in this case, that only contributions to A_f from the production remain, which are multiplied by a decay factor ∝ (|R|^2 −|L|^2), and thus A_f ∝ (|R|^2−|L|^2)/(|R|^2+|L|^2), see (2.16), where R and L are the right and left couplings of the scalar particle to the neutralino.

For the measurement of A_f the charges and the flavors of f and f̄ have to be distinguished. For f = e, μ this will be possible on an event by event basis. For f = τ it will be possible after taking into account corrections due to the reconstruction of the τ momentum. For f = q the distinction of the quark flavors should be possible by flavor tagging in the case q = b, c [30, 31]. However, in this case the quark charges will be distinguished statistically for a given event sample only. Note that A_q is always larger than A_ℓ, due to the dependence of A_f on the Z-f̄-f couplings, which follows from (C.65), (C.66) and (2.46):

A_f ∝ R^2_f − L^2_f R^2_f + L^2_f

⇒ A_{b(c)} =

R^2_ℓ + L^2_ℓ R^2_ℓ − L^2_ℓ

R^2_{b(c)} − L^2_{b(c)} R^2_{b(c)} + L^2_{b(c)}

A_ℓ ≃ 6.3 (4.5) × A_ℓ, (2.48)

compare also Section 4.2.

The significance for measuring the asymmetry is given by S_f = |A_f | √ N, see (1.17).

Note that S_f is larger for f = b, c than for f = ℓ = e, μ, τ with S_b ≃ 7.7 × S_ℓ and S_c ≃ 4.9×S_ℓ, which follows from (2.48) and from BR(Z → bb̄) ≃ 1.5×BR(Z → ℓℓ̄), BR(Z → cc̄) ≃ 1.2 × BR(Z → ℓℓ̄) [45].

2.3.4 Numerical results

We study the dependence of the Z density matrix < ρ(Z) > (2.39), the asymmetry A_ℓ(ℓ = e, μ, τ) (2.32), and the cross section σ = σ_P (e^+e^− → χ̃^0_i χ̃^0_j ) × BR(χ̃^0_i → χ̃^0_1Z) × BR(Z → ℓℓ̄) on the MSSM parameters μ = |μ| e^{i φμ} and M_1 = |M_1| e^{i φM}1 for tan β = 10. In order to reduce the number of parameters, we assume the relation |M_1| = 5/3M_2 tan^2 θ_W and use the renormalization group equations for the sfermion masses, Appendix A.3.4, with m_0 = 300 GeV. For the branching ratio Z → ℓℓ̄, summed over ℓ = e, μ, τ, we take BR(Z → ℓℓ̄) = 0.1 [45]. The values for A_{b,c} are given by (2.48). We choose a center of mass energy of √ s = 800 GeV and longitudinally polarized beams with beam polarizations (P_e− , P_e+ ) = (±0.8, ∓0.6).

For the calculation of the neutralino widths Γ_χ0_i and branching ratios BR(χ̃^0_i → χ̃^0_1Z), see Appendix E.1, we include the following two-body decays, if kinematically allowed, χ̃^0_i → ẽ_{R,L}e, μ̃_{R,L}μ, τ̃_mτ, ν̃_ℓν̄_ℓ, χ̃^0_nZ, χ̃^∓_mW^±, χ̃^0_nH^0_1 , ℓ = e, μ, τ, m = 1, 2, n < i(2.49) and neglect three-body decays. The Higgs parameter is chosen m_A = 1 TeV and in the stau sector, we fix the trilinear scalar coupling parameter A_τ = 250 GeV.

Production of χ̃^0_1 χ̃^0_2

In Fig. 2.16a we show the cross section for χ̃^0_1χ̃^0_2 production in the |μ|–M_2 plane for φ_μ = 0 and φ_{M1} = 0.5π. For |μ| >∼ 250 GeV the left selectron exchange dominates due to the larger χ̃^0_2−ẽ_L coupling, such that the polarization (P_e− , P_e+ ) = (−0.8, 0.6) enhances the cross section to values of more than 110 fb. The branching ratio BR(χ̃^0_2 → Zχ̃^0_1), see Fig. 2.16b, can even be 100% and decreases with increasing |μ| and M_2, when the two-body decays into sleptons and/or into the lightest neutral Higgs boson are kinematically allowed. The cross section σ = σ_P (e^+e^− → χ̃^0_1χ̃^0_2) × BR(χ̃^0_2 → Zχ̃^0_1) × BR(Z → ℓℓ̄), see Fig. 2.16c, does however not exceed 7 fb, due to the small BR(Z → ℓℓ̄) = 0.1. Fig. 2.16d shows the |μ|–M_2 dependence of the asymmetry A_ℓ for φ_{M1} = 0.5π and φ_μ = 0. The asymmetry |A_ℓ| can reach a value of 1.6%. The (positive) contributions from the production cancel the (negative) contributions from the decay on the contour A_ℓ = 0. We also studied the φ_μ dependence of A_ℓ. In the |μ|–M_2 plane for φ_{M1} = 0 and φ_μ = 0.5π we found |A_ℓ| < 0.5%. In Fig. 2.17 we show the φ_μ–φ_{M1} dependence of A_ℓ for |μ| = 400 GeV and M_2 = 250 GeV. The asymmetry A_ℓ is more sensitive to φ_{M1} than to φ_μ. It is remarkable that the maximal phases of φ_{M1} , φ_μ = ±π/2 do not lead to the highest values of A_ℓ ≈ ±1.4%, which are reached for (φ_{M1} , φ_μ) ≈ (±0.3π, 0). The reason for this is that the spin-correlation terms Σ^a_P^cΣ^a_{D1}^cD_2 in the numerator of A_f (2.46), are products of CP-odd and CP-even factors. The CP-odd (CP-even) factors have a sine-like

2.3 T-odd observables in neutralino production and decay into a Z boson 43

σ_P (e^+e^− → χ̃^0_1χ̃^0_2) in fb

|μ| [GeV]

M_2 [GeV] A 10 15 25 50 75 100 110

Fig. 2.16a

BR(χ̃^0_2 → Zχ̃^0_1) in %

|μ| [GeV]

M_2 [GeV]

B

C 15 20 30

100

Fig. 2.16b

σ in fb

|μ| [GeV]

M_2 [GeV] A B 0.3 0.6 0.9 1.2 1.5 3 6

1.5

3

Fig. 2.16c

A_ℓ in % M_2 [GeV]

|μ| [GeV]

A B -1.6 -1.5 -1 0 1 1.5

Fig. 2.16d

Figure 2.16: Contour plots for 2.16a: σ_P (e^+e^− → χ̃^0_1χ̃^0_2), 2.16b: BR(χ̃^0_2 → Zχ̃^0_1), 2.16c: σ = σ_P (e^+e^− → χ̃^0_1χ̃^0_2) × BR(χ̃^0_2 → Zχ̃^0_1) × BR(Z → ℓℓ̄) with BR(Z → ℓℓ̄) = 0.1, 2.16d: the asymmetry A_ℓ, in the |μ|–M_2 plane for φ_{M1} = 0.5π, φ_μ = 0, tan β = 10, m_0 = 300 GeV, √ s = 800 GeV and (P_e− , P_e+ ) = (−0.8, 0.6). The area A (B) is kinematically forbidden by m_{χ̃}0_1 + m_{χ̃}0_2 > √ s (m_Z + m_{χ̃}0_1 > m_{χ̃}0_2 ). In area C of plot 2.16b: BR(χ̃^0_2 → Zχ̃^0_1) = 100%. The gray area is excluded by m_{χ̃}±_1 < 104 GeV.

A_ℓ in %

φ_μ [π] φ_{M1} [π] 0 0 0.7 1.2 1.4 1.2 0.7 0 -0.7 -1.2

-1.4 -1.2

-0.7 0 0

Figure 2.17: Contour lines of the asymmetry A_ℓ for e^+e^− → χ̃^0_1χ̃^0_2; χ̃^0_2 → Zχ̃^0_1; Z → ℓℓ̄(ℓ = e, μ, τ), in the φ_μ–φ_{M1} plane for M_2 = 250 GeV, |μ| = 400 GeV, tan β = 10, m_0 = 300 GeV, √ s = 800 GeV and (P_e− , P_e+ ) = (−0.8, 0.6).

φ_{M1} [π]

V_1

V_2

V_3 ≈ 0

T_{11} ≈ T_{22}

Figure 2.18: Vector (V_i) and tensor (T_{ii}) components of the Z density matrix for e^+e^− → χ̃^0_1χ̃^0_2; χ̃^0_2 → Zχ̃^0_1, for M_2 = 250 GeV, |μ| = 400 GeV, φ_μ = 0, tan β = 10, m_0 = 300 GeV, √ s = 800 GeV and (P_e− , P_e+ ) = (−0.8, 0.6). (cosine-like) phase dependence. Therefore, the maximum of the CP asymmetry A_f is shifted from φ_{M1} , φ_μ = ±π/2 to a smaller or larger value.

In the φ_μ–φ_{M1} region shown in Fig. 2.17 also the cross section σ = σ_P (e^+e^− → χ̃^0_1χ̃^0_2) × BR(χ̃^0_2 → Zχ̃^0_1) × BR(Z → ℓℓ̄) with BR(χ̃^0_2 → Zχ̃^0_1) = 1 and BR(Z → ℓℓ̄) = 0.1, is rather insensitive to φ_μ and varies between 7 fb (φ_{M1} = 0) and 14 fb (φ_{M1} = ±π). The statistical significance for measuring the asymmetry for the leptonic decay of the Z is given by S_ℓ = |A_ℓ| √ L · σ, see Section 2.3.3. For L = 500 fb^{−1}, we have S_ℓ < 1 in the scenario of Fig. 2.17 and thus A_ℓ cannot be measured at the 68% confidence level (S_ℓ = 1). For hadronic decays into b(c) quarks, however, the significance is larger S_{b(c)} = 7.7(4.9)S_ℓ, as discussed Section 2.3.3. For L = 500 fb^{−1} and (φ_{M1} , φ_μ) = (±0.3π, 0) in Fig. 2.17 we find S_{b(c)} = 8(5) and thus A_{b(c)} can be measured.

In Fig. 2.18 we show the φ_{M1} dependence of the vector (V_i) (V_i) and tensor (T_{ii}) components of the Z boson polarization. The components T_{11}, T_{22} and V_1 have a CP-even dependence on φ_{M1} . The component V_2 is CP-odd and is not only zero for φ_{M1} = 0 and φ_{M1} = π, but also for φ_{M1} ≈ (1 ± 0.2)π, due to the destructive interference of the contributions from CP violation in production and decay. The interference of the contributions from the CP-even effects in production and decay cause the two maxima of V_1. As discussed in Appendix C.4, the tensor components T_{11} and T_{22} are almost equal. Compared to V_1 and V_2, they have the same order of magnitude but their dependence on φ_{M1} is rather weak. The components T_{13}, V_3 < 10^{−6} are small, and thus the density matrix < ρ(Z) > is almost symmetric. In the CP conserving case, e.g. for φ_{M1} = φ_μ = 0, M_2 = 250 GeV, |μ| = 400 GeV, tan β = 10, m_0 = 300 GeV, √ s = 800 GeV and (P_e− , P_e+ ) = (−0.8, 0.6) it reads

< ρ(Z) >= 0.329 0.049 0.0003 0.049 0.343 0.049 0.0003 0.049 0.329

. (2.50)

In the CP violating case, e.g. for φ_{M1} = 0.5π and the other parameters as above, < ρ(Z) > has imaginary parts due to a non-vanishing V_2

< ρ(Z) >= 0.324 0.107 + 0.037i 0.0003 0.107 − 0.037i 0.352 0.107 + 0.037i 0.0003 0.107 − 0.037i 0.324

. (2.51)

Imaginary elements of < ρ(Z) > are thus an indication of CP violation. Note that also the CP even diagonal elements are changed for φ_{M1} ≠ 0 (and also for φ_μ ≠ 0). This fact has been exploited in [46] as a possibility to determine the CP violating phases. The φ_{M1} , φ_μ dependence of the Z-density matrix elements has also been studied in [47], for e^+e^− → χ̃^0_1χ̃^0_3 followed by χ̃^0_3 → Zχ̃^0_1.

Production of χ̃^0_2 χ̃^0_2

In Fig. 2.19a we show the cross section σ = σ_P (e^+e^− → χ̃^0_2χ̃^0_2) × BR(χ̃^0_2 → Zχ̃^0_1) × BR(Z → ℓℓ̄) in the |μ|–M_2 plane for φ_μ = 0 and φ_{M1} = 0.5π. The production cross section σ_P (e^+e^− → χ̃^0_2χ̃^0_2), which is not shown, is enhanced by the choice (P_e− , P_e+ ) = (−0.8, 0.6) and reaches values up to 130 fb. The branching ratio BR(χ̃^0_2 → Zχ̃^0_1) can be 100%, see Fig. 2.16b, however, due to BR(Z → ℓℓ̄) = 0.1, σ is not larger than 13 fb, see Fig. 2.19a.

If two equal neutralinos are produced, the CP sensitive transverse polarization of the neutralinos perpendicular to the production plane vanishes, Σ^2_P = 0 in (2.46). However, the asymmetry A_f obtains CP sensitive contributions from the neutralino decay process, terms with a = 1, 3 in (2.47). In Fig. 2.19b we show for σ in fb

|μ| [GeV]

M_2 [GeV]

12 9 6 3 1.5 1.5 0.3 0.03

A B

Fig. 2.19a

A_ℓ in %

|μ| [GeV]

M_2 [GeV]

3 1

0.2

0 -0.01 -0.05

A B

Fig. 2.19b

Figure 2.19: Contour lines of σ = σ_P (e^+e^− → χ̃^0_2χ̃^0_2) × BR(χ̃^0_2 → Zχ̃^0_1) × BR(Z → ℓℓ̄) (2.19a), and the asymmetry A_ℓ (2.19b) in the |μ|–M_2 plane for φ_{M1} = 0.5π, φ_μ = 0, tan β = 10, m_0 = 300 GeV, √ s = 800 GeV and (P_e− , P_e+ ) = (−0.8, 0.6). The area A (B) is kinematically forbidden by m_{χ̃}0_2 + m_{χ̃}0_2 > √ s (m_Z + m_{χ̃}0_1 > m_{χ̃}0_2 ).

φ_{M1} [π]

V_1

V_3 = 0

V_2

T_{11}

T_{22}

Figure 2.20: Vector (V_i) and tensor (T_{ii}) components of the Z density matrix for e^+e^− → χ̃^0_2χ̃^0_2; χ̃^0_2 → Zχ̃^0_1, for M_2 = 250 GeV, |μ| = 400 GeV, φ_μ = 0, tan β = 10, m_0 = 300 GeV, √ s = 800 GeV and (P_e− , P_e+ ) = (−0.8, 0.6).

φ_{M1} = 0.5π and φ_μ = 0 the |μ| and M_2 dependence of the asymmetry A_ℓ, which reaches more than 3%. Along the contour A_ℓ = 0 in Fig. 2.19b the contribution to A_ℓ which is proportional to Σ^1_P , see 2.46, cancels that which is proportional to Σ^3_P . As the largest values of A_ℓ >∼ 0.2% and A_q >∼ 1% lie in a region of the |μ|–M_2 plane where σ <∼ 0.3 fb, it will be difficult to measure A_f in a statistically significant way. We also studied the φ_μ dependence of A_ℓ. In the |μ|–M_2 plane for φ_{M1} = 0 and φ_μ = 0.5π we found |A_ℓ| < 0.5%, and thus the influence of φ_μ is also small.

In Fig. 2.20 we show the φ_{M1} dependence of the vector (V_i) and tensor (T_{ii}) components of the Z boson polarization. Because there are only CP sensitive contributions from the neutralino decay process, V_2 is only zero at φ_{M1} = 0, π and V_1 has one maximum at φ_{M1} = π, compared to the components for χ̃^0_1 χ̃^0_2 production, shown in Fig. 2.18. In addition, the vector components V_1 and V_2 in Fig. 2.20 are much smaller than the tensor components T_{11} ≈ T_{22}. The smallness of V_2 accounts for the smallness of the asymmetry |A_ℓ| < 0.05%. Furthermore, the other components are small, i.e. T_{13} < 10^{−6} and V_3 = 0.

σ in fb

|μ| [GeV]

M_2 [GeV]

0.03

0.3

3 1.5 0.3

0.03

A

B

Fig. 2.21a

A_ℓ in %

|μ| [GeV]

M_2 [GeV] 1 0.5 -1.3 -1

-0.5

0 0.5 1

A

B

Fig. 2.21b

Figure 2.21: Contour lines of σ = σ_P (e^+e^− → χ̃^0_1χ̃^0_3) × BR(χ̃^0_3 → Zχ̃^0_1) × BR(Z → ℓℓ̄) (2.21a), and the asymmetry A_ℓ (2.21b) in the |μ|–M_2 plane for φ_{M1} = 0.5π, φ_μ = 0, tan β = 10, m_0 = 300 GeV, √ s = 800 GeV and (P_e− , P_e+ ) = (0.8, −0.6). The area A (B) is kinematically forbidden by m_{χ̃}0_1 + m_{χ̃}0_3 > √ s (m_Z + m_{χ̃}0_1 > m_{χ̃}0_3 ). The gray area is excluded by m_{χ̃}±_1 < 104 GeV.

Production of χ̃^0_1 χ̃^0_3

In Fig. 2.21a we show the cross section σ = σ_P (e^+e^− → χ̃^0_1χ̃^0_3) × BR(χ̃^0_3 → Zχ̃^0_1) × BR(Z → ℓℓ̄) in the |μ|–M_2 plane for φ_μ = 0 and φ_{M1} = 0.5π. The production cross section σ_P (e^+e^− → χ̃^0_1χ̃^0_3), which is not shown, is enhanced by the choice (P_e− , P_e+ ) = (0.8, −0.6) and reaches up to 50 fb. The branching ratio BR(χ̃^0_3 → Zχ̃^0_1), which is not shown, can be 100%, however, due to BR(Z → ℓℓ̄) = 0.1, the cross section shown in Fig. 2.21a does not exceed 5 fb. In Fig. 2.21b we show the |μ|–M_2 dependence of the asymmetry A_ℓ. The asymmetry |A_ℓ| reaches 1.3% at its maximum, however in a region, where σ < 0.3 fb, the asymmetry A_ℓ thus cannot be measured. In the |μ|–M_2 plane for φ_{M1} = 0 and φ_μ = 0.5π we found |A_ℓ| < 0.7%.

Production of χ̃^0_2 χ̃^0_3

For the process e^+e^− → χ̃^0_2χ̃^0_3 we discuss the decay χ̃^0_3 → Zχ̃^0_1 of the heavier neutralino which has a larger kinematically allowed region than that for χ̃^0_2 → Zχ̃^0_1. Similar to χ̃^0_1 χ̃^0_3 production and decay, the cross section σ_P (e^+e^− → χ̃^0_2χ̃^0_3) reaches σ in fb

|μ| [GeV]

M_2 [GeV]

0.03 0.3

4.5 1.5 0.3 0.03

0.003

A B

Fig. 2.22a

A_ℓ in %

|μ| [GeV]

M_2 [GeV] 1 0.5 0 -1 -.5 -2

-1 -0.5

A B

Fig. 2.22b

Figure 2.22: Contour lines of σ = σ_P (e^+e^− → χ̃^0_2χ̃^0_3) × BR(χ̃^0_3 → Zχ̃^0_1) × BR(Z → ℓℓ̄) (2.22a), and the asymmetry A_ℓ (2.22b) in the |μ|–M_2 plane for φ_{M1} = 0.5π, φ_μ = 0, tan β = 10, m_0 = 300 GeV, √ s = 800 GeV and (P_e− , P_e+ ) = (0.8, −0.6). The area A (B) is kinematically forbidden by m_{χ̃}0_2 + m_{χ̃}0_3 > √ s (m_Z + m_{χ̃}0_1 > m_{χ̃}0_3 ). The gray area is excluded by m_{χ̃}±_1 < 104 GeV.

values up to 50 fb for a beam polarization of (P_e− , P_e+ ) = (0.8, −0.6) and that for the complete process σ = σ_P (e^+e^− → χ̃^0_2χ̃^0_3) × BR(χ̃^0_3 → Zχ̃^0_1) × BR(Z → ℓℓ̄) attains values up to 5 fb in the investigated regions of the |μ|–M_2 plane in Fig. 2.22a.

The asymmetry A_ℓ, Fig. 2.22b, is somewhat larger than that for χ̃^0_1 χ̃^0_3 production and decay, and reaches at its maximum 2%. However, it will be difficult to measure A_ℓ, since e.g. for |μ| = 380 GeV, M_2 = 560 GeV and (φ_{M1} , φ_μ) = (0.5π, 0), we found S_ℓ ≈ 1, for L = 500 fb^{−1}. For the hadronic decays of the Z boson we have S_{b(c)} ≈ 8(5) and thus A_{b(c)} is accessible for χ̃^0_1 χ̃^0_3 production. For φ_μ = 0.5π and φ_{M1} = 0 we found that |A_ℓ| <∼ 1% in regions of the |μ|–M_2 plane where σ <∼ 0.5 fb, and |A_ℓ| <∼ 0.4% in regions where σ <∼ 5 fb.

2.3.5 Summary of Section 2.3

We have analyzed CP sensitive observables in neutralino production e^+e^− → χ̃^0_i χ̃^0_j and the subsequent two-body decay of one neutralino into a Z boson χ̃^0_i → χ̃^0_nZ, followed by the decay Z → ℓℓ̄ for ℓ = e, μ, τ, or Z → qq̄ with q = c, b. The CP sensitive observables are defined by the vector component V_2 of the Z boson density matrix and the CP asymmetry A_{ℓ(q)}, which involves the triple product T_{ℓ(q)} = p_e− · (p_{ℓ(q)} × p¯_{ℓ(q̄)}). The tree level contributions to these observables are due to correlations of the neutralino χ̃^0_i spin and the Z boson spin. In a numerical study of the MSSM parameter space with complex M_1 and μ for χ̃^0_1χ̃^0_2, χ̃^0_2χ̃^0_2, χ̃^0_1χ̃^0_3 and χ̃^0_2χ̃^0_3 production, we have shown that the asymmetry A_ℓ can go up to 3%. For the hadronic decays of the Z boson, larger asymmetries are obtained with A_{c(b)} ≃ 6.3(4.5) × A_ℓ.

Chapter 3

CP violation in production and decay of charginos

Overview

We study chargino production with longitudinally polarized beams e^+ e^− → χ̃^+_i χ̃^−_j with the subsequent leptonic decay of one chargino χ̃^+_i → ℓ^+ν̃_ℓ for ℓ = e, μ, τ [48]. This decay mode allows the definition of a CP asymmetry which is sensitive to the phase φ_μ and probes CP violation in the neutralino production process. For chargino decay into a W boson χ̃^+_i → W^+χ^0_n [49], CP observables can be obtained which are also sensitive to φ_{M1} . We present numerical results for the asymmetries, W polarizations, cross sections and branching ratios at a linear electron-positron collider with √ s = 800 GeV.

3.1 CP asymmetry in chargino production and decay into a sneutrino

We study chargino production

e^+ + e^− → χ̃^+_i + χ̃^−_j ; i, j = 1, 2, (3.1)

with longitudinally polarized beams and the subsequent two-body decay of one of the charginos into a sneutrino

χ̃^+_i → ℓ^+ + ν̃_ℓ; ℓ = e, μ, τ. (3.2)

We define the triple product

T_ℓ = (p_e− × p_χ+_i ) · p_ℓ (3.3)

and the T-odd asymmetry

A^T_ℓ = σ(T_ℓ > 0) − σ(T_ℓ < 0) σ(T_ℓ > 0) + σ(T_ℓ < 0)

, (3.4)

of the cross section σ for chargino production (3.1) and decay (3.2). The asymmetry A^T_ℓ is not only sensitive to the phase φ_μ, but also to absorptive contributions, which are eliminated in the CP asymmetry

A_ℓ = 1 2 (A^T_ℓ − Ā^T_ℓ ), (3.5)

where Ā^T_ℓ is the CP conjugated asymmetry for the process e^+e^− → χ̃^−_i χ̃^+_j ; χ̃^−_i → ℓ^− ¯ν̃_ℓ. In this context it is interesting to note that in chargino production it is not possible to construct a triple product and a corresponding asymmetry by using transversely polarized e^+ and e^− beams [17, 50], therefore, one has to rely on the transverse polarization of the produced chargino.

3.1.1 Cross section

For the calculation of the cross section for the combined process of chargino production (3.1) and the subsequent two-body decay of χ̃^+_i (3.2), we use the spindensity matrix formalism as in [27, 51]. The amplitude squared,

|T |^2 = |Δ(χ̃^+_i )|^2 ∑ λ_i,λ^′_i ρ_P (χ̃^+_i )^{λiλ′i} ρ_D(χ̃^+_i )_λ′_{iλi} , (3.6)

is composed of the (unnormalized) spin-density production matrix ρ_P (χ̃^+_i ), defined in (D.8), and the decay matrix ρ_D(χ̃^+_i ), defined in (D.36), with the helicity indices λ_i and λ^′_i of the chargino. Inserting the density matrices into (3.6) leads to

|T |^2 = 4 |Δ(χ̃^+_i )|^2 (P D + Σ^a_P Σ^a_D), (3.7)

where we sum over a. The cross section and distributions are then obtained by integrating |T |^2 over the Lorentz invariant phase space element dLips, defined in (B.22): dσ = 1 2s |T |^2dLips(s; p_χ−_j , p_ℓ, p_{ν̃ℓ} ). (3.8)

3.1.2 CP asymmetries

Inserting the cross section (3.8) into the definition of the asymmetry (3.4) we obtain

A^T_ℓ = ∫ Sign[T_ℓ] |T |^2 dLips ∫ |T |^2 dLips = ∫ Sign[T_ℓ] Σ^2_P Σ^2_D dLips ∫ P D dLips , (3.9)

where we have already used the narrow width approximation for the chargino propagator. In the numerator of (3.9) only the CP sensitive contribution Σ^2_P Σ^2_D from chargino polarization perpendicular to the production plane remains, since only this term contains the triple product T_ℓ = (p_e− × p_χ+_i ) · p_ℓ (3.3). In the denominator only the term P D remains, since all spin correlations Σ^a_P Σ^a_D vanish due to the integration over the complete phase space.

The coefficient Σ^2_P is non-zero only for production of an unequal pair of charginos, e^+e^− → χ̃^±_1 χ̃^∓_2 , and obtains contributions from Z-exchange and Z-ν̃ interference only, see (D.17). The contribution to Σ^2_P from Z-exchange, see (D.27), is non-zero only for φ_μ ≠ 0, π, whereas the Z-ν̃ interference term, see (D.28), obtains also absorptive contributions due to the finite Z-width which do not signal CP violation. These, however, will be eliminated in the asymmetry A_ℓ (3.5).

For chargino decay into a tau sneutrino, χ̃^+_i → τ^+ν̃_τ , the asymmetry A^T_τ ∝ (|V_{i1}|^2 − Y^2_τ |U_{i2}|^2)/(|V_{i1}|^2 + Y^2_τ |U_{i2}|^2) is reduced, which follows from the expressions for D and Σ^2_D, given in (D.39) and (D.40).

3.1.3 Numerical results

We present numerical results for the asymmetries A_ℓ (3.5), for ℓ = e, μ, and the cross sections σ = σ_P (e^+e^− → χ̃^+_1 χ̃^−_2 ) × BR(χ̃^+_1 → ℓ^+ν̃_ℓ). We study the dependence of the asymmetries and cross sections on the MSSM parameters μ = |μ| e^{i φμ} , M_2 and tan β. We choose a center of mass energy of √ s = 800 GeV and longitudinally polarized beams with beam polarizations (P_e− , P_e+ ) = (−0.8, +0.6), which enhance ν̃_e exchange in the production process. This results in larger cross sections and asymmetries.

We study the decays of the lighter chargino χ̃^+_1 . For the calculation of the chargino widths Γ_χ+_1 and the branching ratios BR(χ̃^+_1 → ℓ^+ν̃_ℓ) we include the following two-body decays,

χ̃^+_1 → W^+χ̃^0_n, e^+ν̃_e, μ^+ν̃_μ, τ^+ν̃_τ , ẽ^+_L ν_e, μ̃^+_L ν_μ, τ̃^+_{1,2}ν_τ , (3.10)

and neglect three-body decays. In order to reduce the number of parameters, we assume the relation |M_1| = 5/3 M_2 tan^2 θ_W . For all scenarios we fix the sneutrino and slepton masses, m_{ν̃ℓ} = 185 GeV, ℓ = e, μ, τ, m~_{ℓL} = 200 GeV, ℓ = e, μ. These values are obtained from the renormalization group equations (A.57) and (A.58), for M_2 = 200 GeV, m_0 = 80 GeV and tan β = 5. In the stau sector, see Appendix A.3.3, we fix the trilinear scalar coupling parameter to A_τ = 250 GeV. The stau masses are fixed to m_{τ̃1} = 129 GeV and m_{τ̃2} = 202 GeV.

In Fig. 3.1a we show the contour lines of the cross section for chargino production and decay σ = σ_P (e^+e^− → χ̃^+_1 χ̃^−_2 ) × BR(χ̃^+_1 → ℓ^+ν̃_ℓ) in the M_2–φ_μ plane for |μ| = 400 GeV and tan β = 5. The production cross section σ_P (e^+e^− → χ̃^+_1 χ̃^−_2 ) can attain values from 10 fb to 150 fb and BR(χ̃^+_1 → ℓ^+ν̃_ℓ), summed over ℓ = e, μ, can be as large as 50%. Note that σ is very sensitive to φ_μ, which has been exploited in [17, 18] to constrain cos(φ_μ).

σ in fb

M_2 [GeV] φ_μ [π]

0 10 20 40

58 A B

Fig. 3.1a

A_ℓ in %

M_2 [GeV] φ_μ [π]

10 5 2 1 0.5

0

-10 -5 -2 -1 -0.5

0

A B

Fig. 3.1b

Figure 3.1: Contour lines of σ = σ_P (e^+e^− → χ̃^+_1 χ̃^−_2 ) × BR(χ̃^+_1 → ℓ^+ν̃_ℓ), summed over ℓ = e, μ, (3.1a), and the asymmetry A_ℓ for ℓ = e or μ (3.1b), in the M_2– φ_μ plane for |μ| = 400 GeV, tan β = 5, m_{ν̃ℓ} = 185 GeV, √ s = 800 GeV and (P_e− , P_e+ ) = (−0.8, 0.6). The gray area is excluded by m_χ±_1 < 104 GeV. The area A is kinematically forbidden by m_{ν̃ℓ} + m_χ0_1 > m_χ+_1 . The area B is kinematically forbidden by m_χ+_1 + m_χ−_2 > √ s.

The M_2–φ_μ dependence of the CP asymmetry A_ℓ for ℓ = e or μ is shown in Fig. 3.1b. The asymmetry can be as large as 10% and it does, however, not attain maximal values for φ_μ = ±0.5π. The reason is that A_ℓ is proportional to a product of a CPodd (Σ^2_P ) and a CP-even factor (Σ^2_D), see (3.9). The CP-odd (CP-even) factor has as sine-like (cosine-like) dependence on φ_μ. Thus the maximum of A_ℓ is shifted towards φ_μ = ±π in Fig. 3.1b. Phases close to the CP conserving points, φ_μ = 0, ±π, are favored by the experimental upper limits on the EDMs, as discussed in Section 1.2.

For M_2 = 200 GeV, we show the tan β–φ_μ dependence of σ and A_ℓ in Figs. 3.2a,b. The asymmetry can reach values up to 30% and shows a strong tan β dependence and decreases with increasing tan β. The feasibility of measuring the asymmetry depends also on the cross section σ = σ_P (e^+e^− → χ̃^+_1 χ̃^−_2 ) × BR(χ̃^+_1 → ℓ^+ν̃_ℓ), Fig. 3.2a, which attains values up to 20 fb.

σ in fb

tan β φ_μ [π]

20 15 10 5 2

2 5

0

20 15 10 5 2

2 5

A

Fig. 3.2a

A_ℓ in %

tan β φ_μ [π]

30 20 10 5 2.5

2.5

0

0

-30 -20 -10 -5

-2.5

-2.5

A

Fig. 3.2b

Figure 3.2: Contour lines of σ = σ_P (e^+e^− → χ̃^+_1 χ̃^−_2 ) × BR(χ̃^+_1 → ℓ^+ν̃_ℓ), summed over ℓ = e, μ, (3.2a), and the asymmetry A_ℓ for ℓ = e or μ (3.2b), in the tan β– φ_μ plane for M_2 = 200 GeV, |μ| = 400 GeV, m_{ν̃ℓ} = 185 GeV, √ s = 800 GeV and (P_e− , P_e+ ) = (−0.8, 0.6). The area A is kinematically forbidden by m_{ν̃ℓ} +m_χ0_1 > m_χ+_1 .

For the phase φ_μ = 0.9π and tan β = 5, we study the beam polarization dependence of A_ℓ, which can be strong as shown in Fig. 3.3a. An electron beam polarization P_e− > 0 and a positron beam polarization P_e+ < 0 enhance the channels with ν̃_e exchange in the chargino production process. For e.g. (P_e− , P_e+ ) = (−0.8, 0.6) the asymmetry can attain −7%, Fig. 3.3a, with σ_P (e^+e^− → χ̃^+_1 χ̃^−_2 ) ≈ 10 fb and BR(χ̃^+_1 → ℓ^+ν̃_ℓ) ≈ 50%, summed over ℓ = e, μ. The cross section σ = σ_P (e^+e^− → χ̃^+_1 χ̃^−_2 ) × BR(χ̃^+_1 → ℓ^+ν̃_ℓ) ranges between 2.3 fb for (P_e− , P_e+ ) = (0, 0) and 6.8 fb for (P_e− , P_e+ ) = (−1, 1). The statistical significance of A_ℓ, given by S_ℓ = |A_ℓ| √ 2L · σ, is shown in Fig. 3.3b for L = 500 fb^{−1}. We have S_ℓ ≈ 5 for (P_e− , P_e+ ) = (−0.8, 0.6), and thus A_ℓ could be accessible at a linear collider, even for φ_μ = 0.9π, by using polarized beams.

A_ℓ in %

P_e−

P_e+

-7.3 -7

-6 -5 -4 -3

-2 Fig. 3.3a

S_ℓ = |A_ℓ| √ 2L · σ

P_e−

P_e+ 6 5 4 3 2

1

Fig. 3.3b

Figure 3.3: Contour lines of the asymmetry A_ℓ for ℓ = e or μ (3.3a), and the significance S_ℓ (3.3b), for e^+e^− → χ̃^+_1 χ̃^−_2 ; χ̃^+_1 → ℓ^+ν̃_ℓ in the P_e− –P_e+ plane for φ_μ = 0.9π, |μ| = 400 GeV, M_2 = 200 GeV, tan β = 5, m_{ν̃ℓ} = 185 GeV, √ s = 800 GeV and L = 500 fb^{−1}.

3.1.4 Summary of Section 3.1

We have studied CP violation in chargino production with longitudinally polarized beams, e^+e^− → χ̃^+_i χ̃^−_j , and subsequent two-body decay of one chargino into the sneutrino χ̃^+_i → ℓ^+ν̃_ℓ. We have defined the T-odd asymmetries A^T_ℓ of the triple product (p_e− × p_{χ̃}+_i ) · p_ℓ. The CP-odd asymmetries A_ℓ =^1_2 (A^T_ℓ − Ā^T_ℓ ), where Ā^T_ℓ denote the CP conjugated of A^T_ℓ , are sensitive to the phase φ_μ of the Higgsino mass parameter μ. At tree level, the asymmetries have large CP sensitive contributions from spin-correlation effects in the production of an unequal pair of charginos. In a numerical discussion for e^+e^− → χ̃^+_1 χ̃^−_2 production, we have found that A_ℓ for ℓ = e or μ can attain values up to 30%. By analyzing the statistical errors, we have shown that, even for e.g. φ_μ ≈ 0.9π, the asymmetries could be accessible in future e^+e^− collider experiments in the 800 GeV range with high luminosity and longitudinally polarized beams.

3.2 CP violation in chargino production and decay into a W boson

p_χ−_j p_e−

p_e+ p_χ+_i p_χ0_n

p_W + p¯_f p_f ′

Figure 3.4: Schematic picture of the chargino production and decay process. CP violation in the chargino sector can be studied also by the two-body decay of the chargino into a W boson. In contrast to the decay into a sneutrino, the spin correlations of chargino and W lead to CP observables, which are also sensitive to the phase of M_1. Since these observables have in addition contributions from the decay, they do not necessarily vanish for e^+e^− → χ̃^±_1 χ̃^∓_1 production. In this mode CP violation could be established, even if the production of the heavier pair χ̃^±_1 χ̃^∓_2 is not yet accessible.

We study chargino production

e^+ + e^− → χ̃^+_i + χ̃^−_j ; i, j = 1, 2, (3.11)

with longitudinally polarized beams and the subsequent two-body decay

χ̃^+_i → W^+ + χ̃^0_n. (3.12)

We define the triple product

T_I = p_e− · (p_χ+_i × p_W ) (3.13) and the T-odd asymmetry

A^T_I = σ(T_I > 0) − σ(T_I < 0) σ(T_I > 0) + σ(T_I < 0)

, (3.14)

with σ the cross section of chargino production (3.11) and decay (3.12). The asymmetry A^T_I is sensitive to the CP violating phase φ_μ.

In order to probe also the phase φ_{M1} , which enters in the chargino decay process (3.12), we consider the subsequent hadronic decay of the W boson

W^+ → c + s̄. (3.15)

The correlations between the χ̃^+_i polarization and the W boson polarization lead to CP sensitive elements of the W boson density matrix. The triple product

T_{II} = p_e− · (p_c × p_{s̄}), (3.16)

which includes the momenta of the W decay products, and thus probes the W polarization, defines a second T-odd asymmetry

A^T_{II} = σ(T_{II} > 0) − σ(T_{II} < 0) σ(T_{II} > 0) + σ(T_{II} < 0)

. (3.17)

Here, σ is the cross section of production (3.11) and decay of the chargino (3.12) followed by that of the W boson (3.15). Owing to the spin correlations, A^T_{II} has CP sensitive contributions from φ_μ due to the chargino production process (3.11) and contributions due to φ_μ and φ_{M1} from the chargino decay process (3.12).

The T-odd asymmetries A^T_I and A^T_{II} have also absorptive contributions from schannel resonances or final-state interactions, which are eliminated in the CP-odd asymmetries

A_I = 1 2 (A^T_I − Ā^T_I ), A_{II} = 1 2 (A^T_{II} − Ā^T_{II} ), (3.18)

where Ā^T_{I,II} are the CP conjugated asymmetries for the processes e^+e^− → χ̃^−_i χ̃^+_j ; χ̃^−_i → W^−χ̃^0_n and e^+e^− → χ̃^−_i χ̃^+_j ; χ̃^−_i → W^−χ̃^0_n; W^− → c̄s, respectively.

3.2.1 Spin density matrix of the W boson

For the calculation of the amplitudes squared for the combined process of chargino production (3.11) and the subsequent two-body decays (3.12) and (3.15) of χ̃^+_i we use the same spin-density matrix formalism as in [27, 51]. The (unnormalized) spin-density matrix of the W boson

ρ_P (W^+)^{λk λ′k} = |Δ(χ̃^+_i )|^2 ∑ λ_i,λ^′_i ρ_P (χ̃^+_i )^{λiλ′i} ρ_{D1} (χ̃^+_i )^{λkλ′k}_λ′_{iλi} , (3.19)

is composed of the chargino propagator Δ(χ̃^+_i ), the spin-density production matrix ρ_P (χ̃^+_i ), defined in (D.8), and the decay matrix ρ_{D1} (χ̃^+_i ), defined in (D.42). The amplitude squared for the complete process e^+e^− → χ̃^+_i χ̃^−_j ; χ̃^+_i → W^+χ̃^0_n; W^+ → f^′f̄ can now be written

|T |^2 = |Δ(W^+)|^2 ∑ λ_k ,λ^′_k ρ_P (W^+)^{λkλ′k} ρ_{D2} (W^+)_λ′_{kλk} , (3.20)

with the decay matrix for W decay ρ_{D2} (W^+), defined in (D.45). Inserting the density matrices ρ_P (χ̃^+_i ) (D.8) and ρ_{D1} (χ̃^+_i ) (D.62) into (3.19) gives

ρ_P (W^+)^{λk λ′k} = 4 |Δ(χ̃^+_i )|^2 [(P D_1 + Σ^a_P Σ^a_{D1} ) δ^{λkλ′k} + (P^cD_1 + Σ^a_P^cΣ^a_{D1} ) (J^c)^{λkλ′k} +(P^{cd}D_1 + Σ^a_P^{cd}Σ^a_{D1} ) (J^{cd})^{λk λ′k} ], (3.21)

summed over a, c, d. We have thus decomposed the W production matrix ρ_P (W^+) into contributions of scalar (first term), vector (second term), and tensor parts (third term). Inserting then ρ_P (W^+) (3.21) and ρ_{D2} (W^+) (D.63) into (3.20) gives

|T |^2 = 4 |Δ(χ̃^+_i )|^2 |Δ(W^+)|^2{3(P D_1 + Σ^a_P Σ^a_{D1} )D_2 + 2(P^cD_1 + Σ^a_P^cΣ^a_{D1} )^cD_2 +4[(P^{cd}D_1 + Σ^a_P^{cd}Σ^a_{D1} )^{cd}D_2 −^1_3 (P^{cc}D_1 + Σ^a_P^{cc}Σ^a_{D1} )^{dd}D_2]}. (3.22)

3.2.2 W boson polarization

The mean polarization of the W bosons in the laboratory system is given by the 3 × 3 density matrix < ρ(W^+) >, obtained by integrating (3.21) over the Lorentz invariant phase-space element dLips(s; p_χ−_j , p_χ0_n , p_W ), see (B.39), and normalizing by the trace

< ρ(W^+)^{λkλ′k} >= ∫ ρ_P (W^+)^{λkλ′}k dLips ∫ Tr{ρ_P (W^+)^{λkλ′}k } dLips

=^1_3 δ^{λkλ′k} +V_c (J^c)^{λkλ′k} +T_{cd} (J^{cd})^{λkλ′k} .(3.23)

The components V_c of the vector polarization and T_{cd} of the tensor polarization are

V_c = ∫ (P^cD_1 + Σ^a_P^cΣ^a_{D1} ) dLips 3 ∫ P D_1 dLips

, (3.24)

T_{cd} = T_{dc} = ∫ (P^{cd}D_1 + Σ^a_P^{cd}Σ^a_{D1} ) dLips 3 ∫ P D_1 dLips

, (3.25)

where we have already used the narrow width approximation for the chargino propagator. The density matrix elements in the helicity basis (B.38) are given by

< ρ(W^+)^{−−} > =^1_2 − V_3 + T_{33}, (3.26) < ρ(W^+)^{00} > = −2 T_{33}, (3.27) < ρ(W^+)^{−0} > =^{1√}_2 (V_1 + iV_2) − √ 2 (T_{13} + iT_{23}), (3.28) < ρ(W^+)^{−+} > = T_{11} − T_{23} + 2iT_{12}, (3.29) < ρ(W^+)^{0+} > =^{1√}_2 (V_1 + iV_2) + √ 2 (T_{13} + iT_{23}), (3.30)

where we have used T_{11} + T_{22} + T_{33} = −^1_2 .

3.2.3 T-odd asymmetries

From (3.21) we obtain for asymmetry A^T_I (3.14):

A^T_I = ∫ Sign[T_I ]Tr{ρ_P (W^+)^{λk λ′k} } dLips ∫ Tr{ρ_P (W^+)^{λkλ′}k } dLips = ∫ Sign[T_I ]Σ^2_P Σ^2_{D1} dLips ∫ P D_1 dLips

, (3.31)

with dLips(s; p_χ−_j , p_χ0_n , p_W ) given in (B.39), where we have used the narrow width approximation. In the numerator of (3.31), only the spin correlations Σ^2_P Σ^2_{D1} perpendicular to the production plane remain, since only this term contains the triple product T_I = p_e− ·(p_χ+_i ×p_W ). In the denominator only the term P D_1 remains, and all spin correlations vanish due to the integration over the complete phase space. Note that A^T_I ∝ Σ^2_{D1} ∝ (|O^R_{ni}|^2 − |O^L_{ni}|^2), see (D.59), and thus A^T_I may be reduced for |O^R_{ni}| ≈ |O^L_{ni}|. Moreover, A^T_I will be small for m^2_χ+_i − m^2_χ0_n ≈ 2m^2_W , see (D.59).

For the asymmetry A^T_{II} (3.17), we obtain from (3.22):

A^T_{II} = ∫ Sign[T_{II} ]|T |^2dLips ∫ |T |^2dLips = ∫ Sign[T_{II} ]2Σ^a_P^cΣ^a_{D1}^cD_2 dLips ∫ 3P D_1D_2 dLips

, (3.32)

with dLips(s; p_χ−_j , p_χ0_n , p_f ′ , p¯_f ), defined in (B.40), where we have used the narrow width approximations for the propagators. In the numerator only the vector part of |T |^2 remains because only the vector part contains the triple product T_{II} = p_e− · (p_c × p_{s̄}). In the denominator the vector and tensor parts of |T |^2 vanish due to phase-space integration. Owing to the correlations Σ^a_P^cΣ^a_{D1} between the χ̃^+_i and the W boson polarization, there are contributions to the asymmetry A^T_{II} from the chargino production process (3.11), and/or from the chargino decay process (3.12). The contribution from the production is given by the term with a = 2 in (3.32) and it is proportional to the transverse polarization of the chargino perpendicular to the production plane Σ^2_P , see Appendix D.1.2. For the production of a pair of equal charginos, e^+e^− → χ̃^+_i χ̃^−_i , we have Σ^2_P = 0. The contributions from the decay, given by terms with a = 1, 3 in (3.32), are proportional to

cΣ^a_{D1}^cD_2 ⊃ −2g^4m_χ0_n Im(O^{R∗}_{ni} O^L_{ni})(t^c_W · p¯_f )ϵ_{μνρσ} s^{a,μ}_χ+_i p^ν_χ+_i p^ρ_W t^{c,σ}_W , (3.33)

see last term of (D.60), which contains the ϵ-tensor. Thus A^T_{II} can be enhanced (reduced) if the contributions from production and decay have the same (opposite) sign. Note that the contributions from the decay vanish for a two-body decay of the chargino into a scalar particle instead of a W boson. In order to measure A_I the momentum of χ̃^+_i , i.e. the production plane, has to be determined. This could be accomplished by measuring the decay of the other chargino χ̃^−_j . For the measurement of A_{II} , the flavors of the quarks c and s̄ have to be distinguished, which will be possible by flavor tagging of the c-quark [30, 32]. In principle, for the decay W → u d̄ also an asymmetry similar to A_{II} can be considered, if it is possible to distinguish between the u and d̄ jet, for instance, by measuring the average charge.

3.2.4 Numerical results

We study the dependence of A_I , A_{II} , and the density matrix < ρ(W^+) > on the MSSM parameters μ = |μ| e^{i φμ} , M_1 = |M_1| e^{i φM}1 , tan β and the universal scalar mass parameter m_0. The feasibility of measuring the asymmetries depends also on the cross sections σ = σ_P (e^+e^− → χ̃^+_i χ̃^−_j ) × BR(χ̃^+_i → W^+χ̃^0_1) × BR(W^+ → cs̄), which we will discuss in our scenarios. We choose a center of mass energy of √ s = 800 GeV and longitudinally polarized beams with (P_e− , P_e+ ) = (−0.8, +0.6). This choice enhances sneutrino exchange in the chargino production process, which results in larger cross sections and asymmetries. For the calculation of the branching ratios BR(χ̃^+_i → W^+χ̃^0_1) and widths Γ_χ+_1 , we include the two-body decays

χ̃^+_1 → W^+χ̃^0_n, ẽ^+_L ν_e, μ̃^+_L ν_μ, τ̃^+_{1,2}ν_τ , e^+ν̃_e, μ^+ν̃_μ, τ^+ν̃_τ , (3.34)

and neglect three-body decays. For the W boson decay we take the experimental value BR(W^+ → cs̄) = 0.31 [45]. In order to reduce the number of parameters, we assume the relation |M_1| = 5/3 M_2 tan^2 θ_W and use the renormalization group equations for the slepton and sneutrino masses, see Appendix A.3.4. In the stau sector, see Appendix A.3.3, we fix the trilinear scalar coupling parameter A_τ = 250 GeV.

Production of χ̃^+_1 χ̃^−_1

For the production e^+e^− → χ̃^+_i χ̃^−_i of a pair of charginos the polarization perpendicular to the production plane vanishes, and thus A_I = 0. However, A_{II} need not to be zero and is sensitive to φ_μ and φ_{M1} , because this asymmetry has contributions from the chargino decay process. For (φ_{M1} , φ_μ) = (0.5π, 0) we show in Fig. 3.5a the |μ|–M_2 dependence of A_{II} , which can reach values of 5% − 7% for M_2 >∼ 400 GeV. We also studied the φ_μ dependence of A_{II} in the |μ|–M_2 plane. For φ_{M1} = 0, φ_μ = 0.1π(0.5π) and the other parameters as given in the caption of Fig. 3.5, we find |A_{II} | < 2%(7%).

In Fig. 3.5b we show the contour lines of the cross section σ = σ_P (e^+e^− → χ̃^+_1 χ̃^−_1 ) × BR(χ̃^+_1 → W^+χ̃^0_1) × BR(W^+ → cs̄) in the |μ|–M_2 plane for (φ_{M1} , φ_μ) = (0.5π, 0). The production cross section σ_P (e^+e^− → χ̃^+_1 χ̃^−_1 ) reaches more than 400 fb. For our choice of m_0 = 300 GeV, χ̃^+_1 → W^+χ̃^0_1 is the only allowed two-body decay channel.

In Fig. 3.6a we plot the contour lines of A_{II} for |μ| = 350 GeV and M_2 = 400 GeV in the φ_μ–φ_{M1} plane. Fig. 3.6a shows that A_{II} is essentially depending on the sum φ_μ +φ_{M1} . However, maximal phases of φ_{M1} = ±0.5π and φ_μ = ±0.5π do not lead to the highest values of |A_{II} | >∼ 6%, which are reached for (φ_{M1} , φ_μ) ≈ (±0.8π, ±0.6π). The reason for this is that the spin-correlation terms Σ^a_P^cΣ^a_{D1}^cD_2 in the numerator of A_{II} (3.32) are products of CP-odd and CP-even factors. The CP-odd (CP-even)

A_{II} in %

|μ| [GeV]

M_2 [GeV] 7 6

5 4 3 2

1

A B

Fig. 3.5a σ in fb

|μ| [GeV]

M_2 [GeV]

10 25 50 75 100 125

A B

Fig. 3.5b

Figure 3.5: Contour lines of the asymmetry A_{II} (3.5a) and σ = σ_P (e^+e^− → χ̃^+_1 χ̃^−_1 )× BR(χ̃^+_1 → W^+χ̃^0_1) × BR(W^+ → cs̄) (3.5b), in the |μ|–M_2 plane for (φ_{M1} , φ_μ) = (0.5π, 0), tan β = 5, m_0 = 300 GeV, √ s = 800 GeV and (P_e− , P_e+ ) = (−0.8, 0.6). The area A (B) is kinematically forbidden by m_χ+_1 + m_χ−_1 > √ s (m_W + m_χ0_1 > m_χ+_1 ). The gray area is excluded by m_χ±_1 < 104 GeV.

factors have a sine-like (cosine-like) phase dependence. Therefore, the maximum of the CP asymmetry A_{II} may be shifted to smaller or larger values of the phases. In the φ_μ–φ_{M1} region shown in Fig. 3.6a the cross section σ = σ_P (e^+e^− → χ̃^+_1 χ̃^−_1 ) × BR(χ̃^+_1 → W^+χ̃^0_1) × BR(W^+ → cs̄) with BR(χ̃^+_1 → χ̃^0_1W^+) = 1 does not depend on φ_{M1} and ranges between 74 fb for φ_μ = 0 and 66 fb for φ_μ = π.

In Fig. 3.6b we show the contour lines of the significance S_{II} = |A_{II} | √ 2L · σ, defined in (1.18). For L = 500 fb^{−1} and for e.g. (φ_{M1} , φ_μ) ≈ (π, 0.1π) we have S_{II} ≈ 8 and thus A_{II} should be measured even for small φ_μ.

A_{II} in %

φ_μ[π] φ_{M1} [π]

3 6 3 0 -3

-6

-3 0 3

6

3 0 -3 -6 -3

Fig. 3.6a

S_{II} = |A_{II} | √ 2L · σ

φ_μ[π] φ_{M1} [π]

10 15 10 10 10

15

15 10

15

10 10

15 15 10

Fig. 3.6b

Figure 3.6: Contour lines of and the asymmetry A_{II} (3.6a) and the significance S_{II} (3.6b) for e^+e^− → χ̃^+_1 χ̃^−_1 ; χ̃^+_1 → W^+χ̃^0_1; W^+ → cs̄, in the φ_μ–φ_{M1} plane for |μ| = 350 GeV, M_2 = 400 GeV, tan β = 5, m_0 = 300 GeV, √ s = 800 GeV, (P_e− , P_e+ ) = (−0.8, 0.6) and L = 500 fb^{−1}. In the gray shaded area of Fig. 3.6b we have S_{II} < 5.

In Figs. 3.7a,b we show the tan β–m_0 dependence of A_{II} and σ for (φ_{M1} , φ_μ) = (0.7π, 0). The asymmetry is rather insensitive to m_0 and shows strong dependence on tan β and decreases with increasing tan β >∼ 2. The production cross section σ_P (e^+e^− → χ̃^+_1 χ̃^−_1 ) increases with increasing m_0 and decreasing tan β. For m_0 <∼ 200 GeV, the branching ratio BR(χ̃^+_1 → W^+χ̃^0_1) < 1, since the decay channels of χ̃^+_1 into sleptons and/or sneutrinos open, see (3.34).

In Fig. 3.8a we show the φ_μ dependence of the vector (V_i) and tensor (T_{ij} ) components of the density matrix < ρ(W^+) > for φ_{M1} = π. In Fig. 3.8b we plot their φ_{M1} dependence for φ_μ = 0. In both figures, the element V_2 is CP-odd, while T_{13}, T_{11}, T_{22} and V_1, V_3 show a CP-even behavior. As discussed in Appendix D.3, the components T_{11} and T_{22} are almost equal and have the same order of magnitude as V_1 and V_3, whereas T_{12}, |T_{23}| < 10^{−5} are small. For CP conserving phases (φ_{M1} , φ_μ) = (0, 0) the density matrix reads

< ρ(W^+) >= < ρ^{−−} > < ρ^{−0} > < ρ^{−+} > < ρ^{0−} > < ρ^{00} > < ρ^{0+} > < ρ^{+−} > < ρ^{+0} > < ρ^{++} > = 0.200 −0.010 −0.001 −0.010 0.487 0.137 −0.001 0.137 0.313

, (3.35)

A_{II} in %

tan β m_0[GeV]

8

9

9

8 7 6 5 4

3 Fig. 3.7a σ in fb

tan β m_0[GeV]

100

80

60

40 Fig. 3.7b

Figure 3.7: Contour lines of the asymmetry A_{II} (3.7a) and σ = σ_P (e^+e^− → χ̃^+_1 χ̃^−_1 )× BR(χ̃^+_1 → W^+χ̃^0_1) × BR(W^+ → cs̄) (3.7b), in the tan β–m_0 plane for (φ_{M1} , φ_μ) = (0.7π, 0), M_2 = 400 GeV, |μ| = 350 GeV, √ s = 800 GeV and (P_e− , P_e+ ) = (−0.8, 0.6).

for M_2 = 400 GeV, |μ| = 350 GeV, tan β = 5, m_0 = 300 GeV, √ s = 800 GeV, (P_e− , P_e+ ) = (−0.8, 0.6) For CP violating phases, e.g. (φ_{M1} , φ_μ) = (0.7π, 0) and the other parameters as above, the density matrix has imaginary parts due to a non-vanishing V_2:

< ρ(W^+) >=

0.219 −0.010 + 0.025i 0.002 −0.010 − 0.025i 0.405 0.171 + 0.025i 0.002 0.171 − 0.025i 0.376 . (3.36)

Imaginary parts of the density matrix are thus an indication of CP violation.

Production of χ̃^+_1 χ̃^−_2

For the production of an unequal pair of charginos, e^+e^− → χ̃^+_1 χ̃^−_2 , their polarization perpendicular to the production plane is sensitive to the phase φ_μ, which leads to a non-vanishing asymmetry A_I (3.31). We will study the decay of the

V_1 T_{13}

V_2

V_3

T_{12} ≈ T_{23} ≈ 0

T_{11} ≈ T_{22}

components for φ_{M1} = π

φ_μ[π] Fig. 3.8a components for φ_μ = 0

φ_{M1} [π]

V_1

V_3

V_2

T_{13}

T_{12} ≈ T_{23} ≈ 0

T_{11} ≈ T_{22}

Fig. 3.8b

Figure 3.8: Dependence of vector (V_i) and tensor (T_{ij}) components of the W^+ density matrix on φ_μ (3.8a) and on φ_{M1} (3.8b), for e^+e^− → χ̃^+_1 χ̃^−_1 ; χ̃^+_1 → W^+χ̃^0_1, for |μ| = 350 GeV, M_2 = 400 GeV, tan β = 5, m_0 = 300 GeV, √ s = 800 GeV and (P_e− , P_e+ ) = (−0.8, 0.6).

lighter chargino χ̃^+_1 → W^+χ̃^0_1. For |M_2| = 250 GeV and φ_{M1} = 0, we show in Fig. 3.9a the |μ|–φ_μ dependence of A_I , which attains values up to 4%. Note that A_I is not maximal for φ_μ = 0.5π, but is rather sensitive for phases in the regions φ_μ ∈ [0.7π, π] and φ_μ ∈ [−0.7π, −π]. As discussed in Section 1.2, values of φ_μ close to the CP conserving points φ_μ = 0, ±π are suggested by EDM analyses. For φ_μ = 0.9π and |μ| = 350 GeV the statistical significance is S_I = |A_I | √ 2L · σ ≈ 1.5 with L = 500 fb^{−1}. Thus A_I could be measured at a confidence level larger than 68% (S_I = 1).

In Fig. 3.9b we show contour lines of the corresponding cross section σ = σ_P (e^+e^− → χ̃^+_1 χ̃^−_2 ) × BR(χ̃^+_1 → W^+χ̃^0_1) in the |μ|–φ_μ plane for the parameters as above. The cross section shows a CP even behavior, which has been used in [17, 18, 50] to constrain cos φ_μ. In our scenario we have considered the decay of the lighter chargino χ̃^+_1 → W^+χ̃^0_1 since for our choice m_0 = 300 GeV we have BR(χ̃^+_1 → W^+χ̃^0_1) = 1. For the decay of χ̃^+_2 , one would have to take into account also the decays into the Z boson and the lightest neutral Higgs, which would reduce BR(χ̃^+_2 → W^+χ̃^0_1) ≈ 0.2.

A_I in %

|μ| [GeV] φ_μ[π]

4 3 2 1 0.5 0 -0.5

-4 -3 -2 -1 A B

Fig. 3.9a σ in fb

|μ| [GeV] φ_μ[π]

75 50 25 15 5 A B

Fig. 3.9b

Figure 3.9: Contour lines of the asymmetry A_I (3.9a) and σ = σ_P (e^+e^− → χ̃^+_1 χ̃^−_2 ) × BR(χ̃^+_1 → W^+χ̃^0_1) (3.9b), in the |μ|–φ_μ plane for φ_{M1} = 0, M_2 = 250 GeV, tan β = 5, m_0 = 300 GeV, √ s = 800 GeV and (P_e− , P_e+ ) = (−0.8, 0.6). The area A (B) is kinematically forbidden by m_χ+_2 + m_χ−_1 > √ s (m_W + m_χ0_1 > m_χ+_1 ). The gray area is excluded by m_χ±_1 < 104 GeV.

The asymmetry A_{II} is also sensitive to the phase φ_{M1} . We show the φ_μ–φ_{M1} dependence of A_{II} , choosing the parameters as above, in Fig. 3.10a. In Fig. 3.10b we show the contour lines of the significance S_{II} = |A_{II} | √ 2L · σ for L = 500 fb^{−1}. For (φ_{M1} , φ_μ) ≈ (π, 0.1π) we have S_{II} ≈ 2.4 and thus A_{II} could be accessible even for small phases by using polarized beams.

3.2.5 Summary of Section 3.2

We have analyzed CP sensitive observables in chargino production, e^+e^− → χ̃^+_i χ̃^−_j , with subsequent two-body decay, χ̃^+_i → W^+χ^0_n. We have defined the CP asymmetry A_I of the triple product p_e− ·(p_{χ̃}+_i ×p_W ). In the MSSM with complex parameters μ and M_1, we have shown that A_I can reach 4% and that even for φ_μ ≈ 0.9π the asymmetry could be accessible in the process e^+e^− → χ̃^+_1 χ̃^−_2 . Further we have analyzed the CP sensitive density-matrix elements of the W boson. The phase φ_{M1}

3.2 CP violation in chargino production and decay into a W boson 69

A_{II} in %

φ_μ[π] φ_{M1} [π]

0 3 6.5

1 0 -1 3

1 0

-1

-3

-1 -3 -6.5

-3 -1

0 1

Fig. 3.10a

S_{II} = |A_{II} | √ 2L · σ

φ_μ[π] φ_{M1} [π]

6 4 2

2 2

4 6

4 2

2

4 2

Fig. 3.10b

Figure 3.10: Contour lines of and the asymmetry A_{II} (3.10a) and the significance S_{II} (3.10b) for e^+e^− → χ̃^+_1 χ̃^−_2 ; χ̃^+_1 → W^+χ̃^0_1; W^+ → cs̄, in the φ_μ–φ_{M1} plane for |μ| = 350 GeV, M_2 = 250 GeV, tan β = 5, m_0 = 300 GeV, √ s = 800 GeV, (P_e− , P_e+ ) = (−0.8, 0.6) and L = 500 fb^{−1}. In the gray shaded area of Fig. 3.10b we have S_{II} < 1.

enters in the decay χ̃^+_i → W^+χ^0_n due to correlations of the chargino and the W boson spins, which can be probed via the hadronic decay W^+ → cs̄. Moreover the triple product p_e− · (p_c × p_{s̄}) defines the CP asymmetry A_{II} , which can be as large as 7% for χ̃^+_1 χ̃^−_1 or χ̃^+_1 χ̃^−_2 production. By analyzing the statistical errors of A_I and A_{II} we found that the phases φ_μ and φ_{M1} could be strongly constrained at a future e^+e^− collider with √ s = 800 GeV, high luminosity and longitudinally polarized beams.

Chapter 4

CP violation in sfermion decays

For the sfermion decays

f̃ → f + χ̃^0_j ; χ̃^0_j → Z + χ̃^0_1; Z → ℓ + ℓ̄ ℓ = e, μ, τ, (4.1) f̃ → f + χ̃^0_j ; χ̃^0_j → Z + χ̃^0_1; Z → q + q̄, q = b, c, (4.2)

schematically shown in Fig. (4.1), the triple product of the momenta of the outgoing leptons

T_ℓ = p_f · (p_ℓ × p¯_ℓ), (4.3)

and that of the outgoing quarks,

T_q = p_f · (p_q × p_{q̄}), (4.4)

χ̃^0_1 f̃ f χ̃^0j θ_1 Z ℓ̄ (q̄) θ_2 ℓ (q) Figure 4.1: Schematic picture of the sfermion decay process.

4.1 Sfermion decay width 71

define T-odd asymmetries

A^T_{ℓ,q} = Γ(T_{ℓ,q} > 0) − Γ(T_{ℓ,q} < 0) Γ(T_{ℓ,q} > 0) + Γ(T_{ℓ,q} < 0)

(4.5)

of the partial sfermion decay width Γ for the process (4.1). The asymmetries [52] are sensitive to correlations between the χ̃^0_j polarization and the Z boson polarization, which are encoded in the momenta of the final leptons or quarks. The correlations thus would vanish if a scalar particle in place of the Z boson is exchanged. The tree-level contribution to the asymmetries (4.5) are proportional to the imaginary part of a product of the χ̃^0_j -Z-χ̃^0_1 couplings. However, they are not sensitive to the phase φ_{Af} of the trilinear scalar coupling parameter A_f , since the decay f̃ → fχ̃0_j (4.1) is a two-body decay of a scalar particle. As an observable in the process (4.1) which is sensitive to φ_{Af} , one would have to measure the transverse polarization of the fermion f, which is possible for f = τ, t [53]. Also three-body decays of the sfermion f̃ can be studied alternatively [54].

In the numerical study we estimate the event rates necessary to measure the asymmetries, which can reach 3% for leptonic decays τ̃_1 → τ χ̃^0_1 ℓ ℓ̄, and 20% for semileptonic decays like τ̃_1 → τ χ̃^0_1 b b̄.

The triple product (4.3) was proposed in [55] and the size of the asymmetry was calculated for the decay μ̃ → μ χ̃^0_2 → χ̃^0_1 μ ℓ ℓ̄, however, for a specific final state configuration only. We extend the work of [55] by calculating the asymmetries (4.5) in the entire phase space.

4.1 Sfermion decay width

For the calculation of the amplitude squared of the subsequent two-body decays of the sfermion (4.1), we use the spin-density matrix formalism of [27]:

|T |^2 = |Δ(χ̃^0_j )|^2 |Δ(Z)|^2 ∑ λ_j ,λ^′_j ,λ_k,λ^′_k ρ_{D1} (f̃)_{λj λ}′_j ρ_{D2} (χ̃^0_j )^{λ′j λj}_{λk λ}′_k ρ_{D3} (Z)^{λ′kλk} . (4.6)

The amplitude squared is composed of the propagators Δ(χ̃^0_j ), Δ(Z), the unnormalized spin density matrices ρ_{D1} (f̃), ρ_{D2} (χ̃^0_j ) and ρ_{D3} (Z), with the helicity indices λ_j, λ^′_j of the neutralino and/or the helicity indices λ_k, λ^′_k of the Z boson. Introducing a set of spin four-vectors s^a_χ0_j , a = 1, 2, 3, for the neutralino χ̃^0_j , see Appendix (B.49), the density matrices can be expanded in terms of the Pauli matrices ρ_{D1} (f̃)_{λj λ}′_j = δ_{λj λ}′_j D_1 + σ^a_{λj λ}′_j Σ^a_{D1} , (4.7) ρ_{D2} (χ̃^0_j )^{λ′j ,λj}_{λk,λ}′_k = [ δ_λ′_{j λj} D^{μν}_2 + σ^b_λ′_{j λj} Σ^{b μν}_{D2} ] ε^{λk∗}_μ ε^{λ′k}ν , (4.8) ρ_{D3} (Z)^{λ′kλk} = D^{ρσ}_3 ε^{λ′k∗}σ ε^{λk}_ρ . (4.9) The polarization vectors ε^{λk}_μ of the Z boson obey p^μ_Z ε^{λk}_μ = 0 and the completeness relation ∑ λ_k ε λ_k∗ μ ε^{λk}_ν = −g_{μν} + p_{Zμ}p_{Zν} /m^2_Z . The expansion coefficients of the density matrices (4.7)-(4.9) are

D_1 = (|a^{f̃}_{kj}|^2 + |b^{f̃}_{kj}|^2)(p_f ′ · p_χ0_j ), (4.10) Σ^a_{D1} = ±m_χ0_j (|a^{f̃}_{kj}|^2 − |b^{f̃}_{kj}|^2)(p_f ′ · s^a_χ0_j ), (4.11) D_{2ρσ} =

4 g^2 cos^2 θ_W { g_{ρσ} [ 2 Re(O^{′′L}_{1j} O^{′′R}_{1j}^∗)m_χ0_1 m_χ0_j − (|O^{′′L}_{1j} |^2 + |O^{′′R}_{1j} |^2)(p_χ0_1 · p_χ0_j ) ]

+ (|O^{′′L}_{1j} |^2 + |O^{′′R}_{1j} |^2)(p_χ0_{j ρ}p_χ0_{1σ} + p_χ0_{j σ}p_χ0_{1ρ}) } , (4.12) Σ^a_{D2ρσ} =

4 i g^2 cos^2 θ_W { 2 m_χ0_1 Im(O^{′′L}_{1j} O^{′′R}_{1j}^∗)(p_χ0_{j ρ} s^a_χ0_{j σ} − p_χ0_{j σ} s^a_χ0_{j ρ}) − ε_{ρσμν} p^μ_χ0_1 s^{aν}_χ0_j m_χ0_j (|O^{′′L}_{1j} |^2 + |O^{′′R}_{1j} |^2) + 2 ε_{ρσμν} p^μ_χ0_j s^{aν}_χ0_j m_χ0_1 Re(O^{′′L}_{1j} O^{′′R}_{1j}^∗) } , (4.13) D^{ρσ}_3 =

2 g^2 cos^2 θ_W { − g^{ρσ}(L^2_f + R^2_f )(p_f · p¯_f ) + (p^ρ_f p^σ¯_f + p^ρ_{f̄} p^σ_f )(L^2_f + R^2_f ) − i (R^2_f − L^2_f ) ε^{ρσμν} p_{fμ} p¯_{fν} } , (4.14) with ε_{0123} = 1 and the couplings as defined in Appendix A.2. The negative sign in (4.11) holds for the decay of a negatively charged sfermion. In (4.10) and (4.11), f^′ denotes the fermion from the first decay f̃ → f^′ χ̃^0_j in (4.1). Inserting the density matrices (4.7)-(4.9) in (4.6), we obtain for the amplitude squared |T |^2 = 2 |Δ(χ̃^0_j )|^2 |Δ(Z)|^2 {D_1 D_{2ρσ} + Σ^a_{D1} Σ^a_{D2ρσ}}D^{ρσ}_3 . (4.15)

4.2 T-odd asymmetry 73

The f̃ decay width for the decay chain (4.1) is then given by

Γ(f̃ → f^′ χ̃^0_1 f f̄) = 1 2m~_f ∫ |T |^2dLips(m^2_{f̃} ; p_f ′ , p_χ0_1 , p¯_f , p_f ), (4.16)

with the phase-space element dLips defined in Appendix B.3.2.

4.2 T-odd asymmetry

In the following we present in some detail the calculation of the T-odd asymmetry (4.5) for the slepton decays ℓ̃ → ℓ χ̃^0_j → ℓ χ̃^0_1 Z → ℓ χ̃^0_1 f f̄. The replacements that must be made to obtain the asymmetry for q̃ decays are obvious. From (4.5) and (4.15) we find

A^T_{ℓ,q} = ∫ Sign[T_{ℓ,q}]Σ^a_{D1} Σ^a_{D2ρσ}D^{ρσ}_3 dLips ∫ D_1 D_{2ρσ}D^{ρσ}_3 dLips

, (4.17)

where we have already used the narrow width approximation for the propagators. In the numerator we have used ∫ Sign[T_{ℓ,q}]D_1 D_{2ρσ} D^{ρσ}_3 dLips = 0 and in the denominator ∫ Σ^a_{D1} Σ^a_{D2ρσ}D^{ρσ}_3 dLips = 0. Among the spin correlation terms Σ^a_{D1} Σ^a_{D2ρσ}D^{ρσ}_3 only those contribute to A^T_{ℓ,q}, which are proportional to the triple product T_{ℓ,q}

Σ^a_{D2ρσ}D^{ρσ}_3 ⊃ 32 m_{χ1} Im(O^{′′L}_{1j} O^{′′R}_{1j}^∗)(R^2_f − L^2_f )ε^{ρσμν} p_χ0_{j ρ} s^a_χ0_{j σ} p_{fμ} p¯_{fν} , (4.18)

see first term of (4.13) and the last term of (4.14). From the explicit representations of the neutralino spin vector (B.49) and the lepton momentum vector (B.46), we find in the sfermion rest frame (p_ℓ · s^a_χ0_j ) = 0 for a = 1, 2 so that Σ^{1,2}_{D1} = 0 in (4.11). Thus only Σ^3_{D2ρσ} contributes and the momentum dependent part of (4.18) can be written as

ε^{ρσμν} p_χ0_{j ρ} s^3_χ0_{j σ} p_{fμ} p¯_{fν} = m_χ0_j p̂_ℓ · (p_f × p¯_f ), (4.19)

with p̂ = p/|p|.

The dependence of A^T_f on the ℓ̃_k-ℓ-χ̃^0_j couplings a^{ℓ̃}_{kj}, b^{ℓ̃}_{kj}, on the Z-f̄-f couplings L_f , R_f and on the Z-χ̃^0_1-χ̃^0_j couplings O^{′′L,R}_{1j} follows from (4.17) and (4.18):

A^T_f ∝ |a^{ℓ̃}_{kj}|^2 − |b^{ℓ̃}_{kj}|^2 |a^{ℓ̃}_{kj}|^2 + |b^{ℓ̃}_{kj}|^2

L^2_f − R^2_f L^2_f + R^2_f

Im(O^{′′L}_{1j} O^{′′R}_{1j}^∗). (4.20)

Due to the first factor^{|a} ℓ̃ kj |^2−|b^{ℓ̃}_{kj} |^2 |a^{ℓ̃}_{kj} |^2+|b^{ℓ̃}_{kj} |^2 , the asymmetry will be strongly suppressed for

|a^{ℓ̃}_{kj}| ≈ |b^{ℓ̃}_{kj}| and maximally enhanced for vanishing mixing in the slepton sector.

Due to the second factor^{L2f −R2f}_{L2f +R2f} , the asymmetry A^T_{b(c)} for hadronic decays of the Z boson is larger than the asymmetry A^T_ℓ for leptonic decays:

A^T_{b(c)} =

L^2_ℓ + R^2_ℓ L^2_ℓ − R^2_ℓ

L^2_{b(c)} − R^2_{b(c)} L^2_{b(c)} + R^2_{b(c)}

A^T_ℓ ≃ 6.3 (4.5) × A^T_ℓ . (4.21)

For the measurement of A^T_f the charges and the flavors of f and f̄ have to be distinguished. For f = e, μ this will be possible on an event by event basis. For f = τ one has to take into account corrections due to the reconstruction of the τ momentum. For f = b, c the distinction of the quark flavors should be possible by flavor tagging [30, 31]. However, in this case the quark charges will be distinguished statistically for a given event sample only.

4.3 Numerical results

We assume that τ̃_1 is the lightest sfermion and study the decay chain τ̃_1 → τχ̃^0_j ; χ̃^0_j → χ̃^0_1Z; Z → ℓℓ̄ for the two cases τ̃_1 → τχ̃^0_2 and τ̃_1 → τχ̃^0_3 separately. We present numerical results for the T-odd asymmetry A^T_ℓ (4.5) and the branching ratios BR(τ_1 → τ χ̃^0_1 ℓ ℓ̄) := BR(τ̃_1 → τ χ̃^0_j ) × BR(χ̃^0_j → Zχ̃^0_1) × BR(Z → ℓ ℓ̄). The size of the asymmetry A^T_{b,c} for hadronic decays may be obtained from (4.21).

The relevant MSSM parameters are |μ|, φ_μ, |M_1|, φ_{M1} , M_2, tan β, |A_τ |, φ_{Aτ} , m_{τ̃1} and m_{τ̃2} . We fix tan β = 10, |A_τ | = 1 TeV, φ_{Aτ} = 0, m_{τ̃1} = 300 GeV, m_{τ̃2} = 800 GeV and use the relation |M_1| = 5/3 M_2 tan^2 θ_W in order to reduce the number of parameters.

4.3 Numerical results 75

Table 4.1: Masses and widths for various combinations of φ_μ and φ_{M1} , for |μ| = 300 GeV, M_2 = 280 GeV, tan β = 10, A_τ = 1 TeV, m_{τ̃1} = 300 GeV, m_{τ̃2} = 800 GeV.

φ_μ φ_{M1} m_χ0_1 , m_χ0_2 , m_χ0_3 , m_χ0_4 [GeV] Γ_χ0_2 [MeV] Γ_{τ̃1} [MeV] 0 0 135, 234, 306, 358 4.06 527 0^π_2 137, 233, 308, 357 1.79 550 0 π 138, 231, 309, 356 0.09 573 π 2 0 137, 239, 307, 353 5.43 487 π 2 π 2 138, 238, 309, 352 2.89 511 π 2 π 137, 237, 311, 351 1.49 529 π 0 138, 245, 309, 347 7.25 448 π^π_2 137, 244, 311, 346 5.78 466 π π 136, 243, 313, 345 4.32 484

For the calculation of the branching ratios BR(τ̃_1 → τ χ̃^0_j ) and BR(χ̃^0_j → Zχ̃^0_1), we include the decays

τ̃_1 → τ χ̃^0_j , χ̃^−_j ν_τ , (4.22) χ̃^0_j → Zχ̃^0_1, χ̃^∓_mW^±, χ̃^0_nH^0_1 , m = 1, 2, n < j. (4.23)

We fix the Higgs mass parameter m_A = 800 GeV so that the decays of the neutralino into charged Higgs bosons χ̃^0_j → χ̃^±_mH^∓, as well as decays into heavy neutral Higgs bosons χ̃^0_j → χ̃^0_n H^0_{2,3} are forbidden. The decays via sleptons χ̃^0_j → ℓ ℓ̃ are forbidden due to our assumption that τ̃_1 is the lightest sfermion.

4.3.1 Decay chain via τ̃_1 → τ χ̃^0_2

We study A^T_ℓ for the decay chain τ̃_1 → τχ̃^0_2; χ̃^0_2 → χ̃^0_1Z; Z → ℓℓ̄ for ℓ = e, μ, τ. In Fig. 4.2a we show the contour lines for the branching ratio BR(τ_1 → τ χ̃^0_1 ℓ ℓ̄) = BR(τ̃_1 → τ χ̃^0_2) × BR(χ̃^0_2 → Zχ̃^0_1) × BR(Z → ℓ ℓ̄), summed over ℓ = e, μ, τ, in the M_2-|μ| plane for φ_{M1} = π/2 and φ_μ = 0. The τ̃_1-τ-χ̃^0_2 coupling |a^{τ̃}_{12}| is larger, which implies a larger BR(τ̃_1 → τ χ̃^0_2) if we choose M~_E > M~_L. We use the usual notation M~_E ≡ M_{Rτ̃} , M~_L ≡ M_{Lτ̃} , see (A.46) and (A.47). The ordering M~_E > M~_L is suggested in some scenarios with non-universal scalar mass parameters at the GUT scale [56]. Furthermore, in (A.46) and (A.47) one could have M_{τ̃RR} > M_{τ̃LL} in extended models with additional D-terms [57].

than for M~_E < M~_L. In a large region of the parameter space BR(χ̃^0_2 → Zχ̃^0_1) = 1. The asymmetry A^T_ℓ is shown in Fig. 4.2b. The dependence of A^T_ℓ on M_2 and |μ| is dominantly determined by Im(O^{′′L}_{12} O^{′′R}_{12}^∗), as expected from (4.20).

In Fig. 4.3 we show the φ_{M1} and φ_μ dependence of BR(τ̃_1 → τ χ^0_1 ℓ ℓ̄) and of A^ℓ_T for |μ| = 300 GeV and M_2 = 280 GeV. For these parameters, we also give in Table 4.3.1 the neutralino masses and the total neutralino and stau widths for various phase combinations. Note that maximal phases φ_μ, φ_{M1} = ±π/2 do not lead to the highest value of A^T_ℓ , since the asymmetry is proportional to a product of CP even (Σ^3_{D1} ) and CP odd terms (Σ^3_{D2ρσ}D^{ρσ}_3 ), see (4.17). We give a lower bound on the number N of τ̃_1’s to be produced at a linear collider, in order to measure A^T_ℓ at 1σ. We estimate N = [(A^T_ℓ )^2×BR]^{−1} from the relative statistical error of the asymmetry, see (1.16), with BR = BR(τ_1 → τ χ̃^0_1 ℓ ℓ̄). For the point φ_μ = π/2 and φ_{M1} = π/2, marked by • in Fig. 4.3, BR ≈ 2.5% and |A^T_ℓ | ≈ 3%, so that N ≈ 4.4 × 10^5. For the decay τ̃_1 → bb̄χ̃^0_1τ, however, BR ≈ 3.6% and |A^T_b | ≈ 19%, so that only N ≈ 7.7 × 10^2 τ̃_1’s are needed. We obtain almost the same results for smaller CP phases φ_μ = 0 and φ_{M1} = −0.3π, marked by ⊗ in Fig. 4.3. In these two examples A^T_{ℓ,q} should be measurable at an e^+e^− linear collider with √ s = 800 GeV and an integrated luminosity of 500 fb^{−1}.

4.3.2 Decay chain via τ̃_1 → τ χ̃^0_3

We discuss the decay chain τ̃_1 → τχ̃^0_3; χ̃^0_3 → χ̃^0_1Z; Z → ℓℓ̄ for ℓ = e, μ, τ. The decay τ̃_1 → τ χ̃^0_3 can be distinguished from τ̃_1 → τ χ̃^0_2 by the τ energy. In Fig. 4.4a we show the contour lines of BR(τ_1 → τ χ̃^0_1 ℓ ℓ̄) = BR(τ̃_1 → τ χ̃^0_3)×BR(χ̃^0_3 → Zχ̃^0_1)×BR(Z → ℓ ℓ̄) in the |μ|–M_2 plane for φ_{M1} = π/2 and φ_μ = 0. We choose M~_E < M~_L since the τ̃_1-τ-χ̃^0_3 coupling |a^{τ̃}_{13}| is larger, thus BR(τ̃_1 → τ χ̃^0_3) is larger than for M~_E > M~_L. However, the total branching ratio is smaller than for the previous decay chain due to the small BR(τ̃_1 → τ χ̃^0_3) < .75(0.05) in the upper (lower) part of Fig. 4.4a.

The asymmetry A^T_ℓ , shown in Fig. 4.4b, vanishes on contours where either |a^{τ̃}_{13}| = |b^{τ̃}_{13}| or Im(O^{′′L}_{13} O^{′′R}_{13}^∗) = 0, see (4.20). Along the contour A^T_ℓ = 0 in the lower part of Fig. 4.4b we have |a^{τ̃}_{13}| = |b^{τ̃}_{13}|, whereas along the contour line 0 in the upper part of Fig. 4.4b we have Im(O^{′′L}_{13} O^{′′R}_{13}^∗) = 0. Furthermore, there is a sign change of Im(O^{′′L}_{13} O^{′′R}_{13}^∗) between the upper and the lower part of Fig. 4.4b (area A). The first factor in (4.20) increases for |μ|/M_2 → 0, since the gaugino component of χ̃^0_3 gets enhanced, resulting in |b^{τ̃}_{13}|/|a^{τ̃}_{13}| → 0.

In Fig. 4.5 we show the φ_{M1} , φ_μ dependence of BR(τ_1 → τ χ^0_1 ℓ ℓ̄) and A^T_ℓ , for |μ| = 150 GeV and M_2 = 450 GeV. Two points of level crossing appear at (φ_{M1} , φ_μ) ≈

(±0.95π, ±0.7π) in Fig. 4.5b. Neutralino masses and the neutralino and stau widths are given in Table 4.2. Comparing Fig. 4.3b and Fig. 4.5b, one can see the common and strong φ_{M1} dependence of the asymmetries. In a good approximation Sign[A^T_ℓ ] ≈ Sign[φ_{M1} ] in Fig. 4.3b and Sign[A^T_ℓ ] ≈ −Sign[φ_{M1} ] in Fig. 4.5b, due to the different phase dependence of Im(O^{′′L}_{12} O^{′′R}_{12}^∗) and Im(O^{′′L}_{13} O^{′′R}_{13}^∗).

4.4 Summary of Chapter 4

We have considered a T-odd asymmetry in the sequential decay of a sfermion f̃ → f^′ χ̃^0_j → f^′ χ̃^0_1 Z → f^′ χ̃^0_1 ff̄. The asymmetry is sensitive to the phases in the neutralino sector. In a numerical study for stau decay τ̃_1 → τχ̃^0_1 ff̄, we have shown that the asymmetry can be of the order of 3% for leptonic final states τ χ̃^0_1 ℓ̄ℓ, and is larger by a factor 6.3 for the semi-leptonic final state τ χ̃^0_1 b̄b. The number of produced τ̃’s which are necessary to observe the asymmetry is at least of the order 10^5 for leptonic final states, and 10^3 for semi-leptonic final states, such that the phases in the neutralino sector may be accessible at future collider experiments.

|μ| [GeV]

M_2[GeV] BR(τ̃_1 → τ χ̃^0_1 ℓ ℓ̄) in %

1 2 2.5

Fig. 4.2a |μ| [GeV]

M_2[GeV] A^T_ℓ in %

3 2.5 1

Fig. 4.2b

Figure 4.2: Contour lines of the branching ratio for τ̃_1 → χ̃^0_1τℓℓ̄ and asymmetry A^T_ℓ in the μ–M_2 plane for φ_{M1} = π/2 and φ_μ = 0, taking tan β = 10, A_τ = 1 TeV, m_{τ̃1} = 300 GeV, m_{τ̃2} = 800 GeV for M~_E > M~_L. The gray areas are kinematically forbidden by m_{τ̃1} < m_χ0_2 + m_τ (light gray) or m_χ0_2 < m_χ0_1 + m_Z (dark gray).

Table 4.2: Masses and widths for various combinations of φ_μ and φ_{M1} , for |μ| = 150 GeV, M_2 = 450 GeV, tan β = 10, A_τ = 1 TeV, m_{τ̃1} = 300 GeV, m_{τ̃2} = 800 GeV.

φ_μ φ_{M1} m_χ0_1 , m_χ0_2 , m_χ0_3 , m_χ0_4 [GeV] Γ_χ0_3 [MeV] Γ_{τ̃1} [MeV] 0 0 128, 156, 238, 467 59.0 362 0^π_2 132, 153, 238, 466 68.2 359 0 π 141, 145, 238, 466 75.5 356 π 2 0 131, 158, 237, 466 41.5 356 π 2 π 2 136, 154, 237, 466 49.4 353 π 2 π 142, 145, 240, 465 73.8 360 π 0 135, 159, 236, 465 27.7 351 π^π_2 137, 154, 239, 465 47.5 357 π π 143, 144, 242, 464 71.0 364 φ_μ[π] φ_{M1} [π] BR(τ̃_1 → τ χ̃^0_1 ℓ ℓ̄) in %

2.8 2.6 2.4 2.2 2.0 ⊗

•

Fig. 4.3a φ_μ[π] φ_{M1} [π] A^T_ℓ in % 1.5 3 3 1.5 0 −1.5 −3 −3 −1.5 ⊗

•

Fig. 4.3b Figure 4.3: Contour lines of the branching ratio for τ̃_1 → χ̃^0_1τℓℓ̄ and asymmetry A^T_ℓ in the φ_μ–φ_{M1} plane for |μ| = 300 GeV, M_2 = 280 GeV, taking tan β = 10, A_τ = 1 TeV, m_{τ̃1} = 300 GeV, m_{τ̃2} = 800 GeV for M~_E > M~_L.

80 CP violation in sfermion decays

|μ| [GeV]

M_2 [GeV] BR(τ̃_1 → τ χ̃^0_1 ℓ ℓ̄) in % B

A B 0.6

0.3 0.1 0.01

0.3 0.1 0.01

Fig. 4.4a |μ| [GeV]

M_2 [GeV] A^T_ℓ in % B

A B

0 −1 −2 −3

1

0.5

0

−0.2

Fig. 4.4b

Figure 4.4: Contour lines of the branching ratio for τ̃_1 → χ̃^0_1τℓℓ̄ and asymmetry A^T_ℓ in the |μ|–M_2 plane for φ_{M1} = π/2, φ_μ = 0, tan β = 10, A_τ = 1 TeV, m_{τ̃1} = 300 GeV, m_{τ̃2} = 800 GeV and M~_E < M~_L. The area A (B) is kinematically forbidden by m_{χ̃}0_3 < m_{χ̃}0_1 + m_Z (m_{τ̃1} < m_{χ̃}0_3 + m_τ ). The gray area is excluded by m_χ±_1 < 104 GeV.

4.4 Summary of Chapter 4 81

φ_μ [π] φ_{M1} [π] BR(τ̃_1 → τ χ̃^0_1 ℓ ℓ̄) in %

0.2 0.4 0.6 0.8

0.8

0.8

0.8

0.8

0.6

Fig. 4.5a φ_μ [π] φ_{M1} [π] A^T_ℓ in %

−3

−3 −3.3

0 3 3 3.3

Fig. 4.5b

Figure 4.5: Contour lines of the branching ratio for τ̃_1 → χ̃^0_1τℓℓ̄ and asymmetry A^T_ℓ in the φ_μ–φ_{M1} plane for |μ| = 150 GeV, M_2 = 450 GeV, tan β = 10, A_τ = 1 TeV, m_{τ̃1} = 300 GeV, m_{τ̃2} = 800 GeV and M~_E < M~_L.

Chapter 5

Summary and conclusions

5.1 Summary

In supersymmetric (SUSY) extensions of the Standard Model (SM), several parameters can be complex. In the neutralino sector of the Minimal extended Supersymmetric Standard Model (MSSM), these are the Higgsino mass parameter μ and the gaugino mass parameter M_1. In addition, in the sfermion sector also the trilinear scalar coupling parameter A_f can be complex. The imaginary parts of these parameters imply CP violating effects in the production and decay of SUSY particles.

In this thesis we have analyzed the implications of φ_μ, φ_{M1} and φ_{Aτ} in neutralino and chargino production and decay in electron-positron collisions. For the decays of sfermions we have analyzed the effects of φ_μ and φ_{M1} . We have analyzed T-odd and CP-odd asymmetries of triple products of particle momenta or spins. Such asymmetries are non-zero only if CP is violated. Their measurements at future colliders allow a determination of the phases, in particular also their signs.

The asymmetries involve angular distributions of the neutralino, chargino and sfermion decay products. The tree-level calculations in the spin-density formalism include the complete spin correlations between production and decay. Modular FORTRAN codes have been programmed for numerical analyses.

5.1 Summary 83

For neutralino production, e^+e^− → χ̃^0_i χ̃^0_j , we can summarize as follows:

• For the leptonic two-body decay chain of one of the neutralinos χ̃^0_i → ℓ̃ℓ_1, ℓ̃ → χ̃^0_1ℓ_2 for ℓ = e, μ, τ, we have analyzed the asymmetries of two triple products T_I = (p_e− × p_{χ̃}0_i ) · p_{ℓ1} and T_{II} = (p_e− × p_{ℓ2} ) · p_{ℓ1} , which are sensitive to φ_μ and φ_{M1} . In a numerical study for e^+e^− → χ̃^0_1χ̃^0_2 and subsequent neutralino decay into a right slepton χ̃^0_2 → ℓ̃_Rℓ we have shown that the asymmetry A_I can be as large as 25%. The asymmetry A_{II} , which does not require the identification of the neutralino momentum, can reach 10%. Asymmetries of the same order are obtained for the processes e^+e^− → χ̃^0_1χ̃^0_3 and e^+e^− → χ̃^0_2χ̃^0_3.

• For the two-body decay of one neutralino into a stau-tau pair, χ̃^0_i → τ̃_kτ, we have analyzed the asymmetry of the triple product T_τ = s_τ ·(p_τ ×p_e− ), which includes the transverse τ polarization s_τ . The asymmetry is sensitive to the phases φ_μ, φ_{M1} and φ_{Aτ} and can attain values up to 60% for e^+e^− → χ̃^0_1χ̃^0_2.

• For the neutralino decay into a Z boson, χ̃^0_i → Zχ̃^0_n, followed by the decay Z → ℓℓ̄ for ℓ = e, μ, τ, or Z → qq̄ for q = c, b, we have defined and analyzed the asymmetry A_{ℓ(q)} of the triple product T_{ℓ(q)} = p_e− · (p_{ℓ(q)} × p¯_{ℓ(q̄)}), which is sensitive to φ_μ and φ_{M1} . We have also identified the CP sensitive elements of the Z spin-density matrix. For χ̃^0_1χ̃^0_2, χ̃^0_2χ̃^0_2, χ̃^0_1χ̃^0_3 and χ̃^0_2χ̃^0_3 production, the asymmetry A_ℓ can go up to 3%. For the hadronic decays of the Z boson, larger asymmetries A_{c(b)} ≃ 6.3(4.5) × A_ℓ are obtained.

The results for chargino production, e^+e^− → χ̃^±_i χ̃^∓_j , can be summarized as follows:

• For the two-body decay of one of the charginos into a sneutrino χ̃^+_i → ℓ^+ν̃_ℓ, the asymmetry of the triple product (p_e− × p_{χ̃}+_i ) · p_ℓ is sensitive to φ_μ and can be as large as 30% for e^+e^− → χ̃^±_1 χ̃^∓_2 .

• For the decay χ̃^+_i → W^+χ^0_n the triple product T_I = p_e− · (p_{χ̃}+_i × p_W ) defines the asymmetry A_I , which is sensitive to φ_μ. The asymmetry A_I can reach 4% for e^+e^− → χ̃^±_1 χ̃^∓_2 production. Further, we have analyzed the CP sensitive elements of the W boson spin-density matrix. The phase φ_{M1} enters in the decay χ̃^+_i → W^+χ^0_n due to correlations of the chargino and the W boson polarizations, which can be probed via the hadronic decay W^+ → cs̄. Moreover the triple product T_{II} = p_e− · (p_c × p_{s̄}) defines the φ_μ and φ_{M1} sensitive asymmetry A_{II} , which can be as large as 7% for χ̃^+_1 χ̃^−_1 or χ̃^+_1 χ̃^−_2 production.

84 Summary and conclusions

We note in addition that if the neutralinos or charginos decay into scalar particles, like sleptons or sneutrinos, the asymmetries probe CP violation in the production process only. The asymmetries are then caused by the neutralino or chargino polarizations perpendicular to the production plane, which are non-vanishing only for the production of a non-diagonal pair of neutralinos e^+e^− → χ̃^0_i χ̃^0_j , i ≠ j or charginos e^+e^− → χ̃^±_1 χ̃^∓_2 . If the neutralinos and charginos decay into particles with spin, like τ or W and Z bosons, we have found that also the CP phases which enter in the decay can be probed, in addition to the CP contributions from the production. This is due to the spin correlations between production and decay.

For the two-body decay chain of a sfermion f̃ → fχ̃^0_j → fχ̃^0_1 Z → f^′χ̃^0_1 l l̄ (f^′χ̃^0_1 q q̄) we have obtained the following results:

• We have defined the asymmetries A_{ℓ,q} of the triple products of the momenta of the outgoing leptons T_ℓ = p_f · (p_ℓ × p¯_ℓ) or quarks T_q = p_f · (p_q × p_{q̄}), which are sensitive to φ_μ and φ_{M1} . In a numerical study of stau decay τ̃_1 → τχ^0_1 ff̄ we found that the asymmetry A_ℓ can be of the order of 3% percent for leptonic final states. The number of produced τ̃’s necessary to observe A_ℓ is at least of the order 10^5, which may be accessible at future collider experiments. For the semi-leptonic final state τ̃_1 → τ χ̃^0_1 b b̄ the asymmetry A_b is larger by a factor 6.3 and could be measured if the number of produced τ̃’s is of the order 10^3.

• The asymmetries are not sensitive to the phase φ_{Af} , since the decay f̃ → f χ̃^0_j is a two-body decay of a scalar particle. As an observable sensitive to φ_{Af} , one would have to measure the transverse polarization of the fermion f, or study asymmetries in three-body decays of the sfermion f̃.

5.2 Conclusions

We have shown that in all the processes studied, triple-product asymmetries can be defined which are sensitive to the CP phases. Especially promising for measuring the phases are leptonic decays of charginos and neutralinos, where the asymmetries can be as large as 30%. For neutralino decays into a stau-tau pair, the asymmetry of the τ polarization may even reach 60%. The asymmetries of neutralino and chargino decays into a Z or W boson may be as large as 18% and 7%, respectively. For the neutralino and chargino production processes, we have

5.3 Outlook 85

found that longitudinal polarization of both beams can significantly enhance the asymmetries and cross sections.

By analyzing the statistical significances, we have shown that the asymmetries are accessible in future electron-positron linear collider experiments in the 500 GeV - 800 GeV range with high luminosity and polarized beams. The MSSM phases φ_μ, φ_{M1} and φ_{Aτ} could thus be strongly constrained.

5.3 Outlook

In further investigations our analysis of CP-odd asymmetries in the production and decay of neutralinos and charginos should be extended to electron-positron collisions with transverse beam polarizations. For chargino production the asymmetries of triple products including the transverse beam polarization are only nonvanishing if the decay of both particles is included.

Moreover, triple products which involve the momenta of the decay products of both neutralinos (or charginos) could be sensitive to correlations between their polarizations. These spin-spin correlations would yield additional information on the CP phases.

Chapter 6

Zusammenfassung und Schlussfolgerungen

6.1 Zusammenfassung

Einige Parameter in supersymmetrischen (SUSY) Erweiterungen des Standardmodells (SM) können komplex sein. Im Neutralinosektor des minimal erweiterten supersymmetrischen Standardmodells (MSSM) sind dies der Higgsino-Massenpa-rameter μ und der Gaugino-Massenparameter M_1. Im Sfermionsektor ist der trilineare skalare Kopplungsparameter A_f im Allgemeinen komplex. Die Imaginärteile dieser Parameter verursachen CP-verletzende Effekte in Produktion und Zerfall von SUSY Teilchen.

In dieser Arbeit wurde der Einfluss der Phasen φ_μ, φ_{M1} und φ_{Aτ} auf die Produktion und den Zerfall von Neutralinos und Charginos in Elektron-Positron- Kollisionen untersucht. Für Sfermionzerfälle wurden die Effekte der Phasen φ_μ und φ_{M1} studiert. Es wurden auf Spatprodukten basierende T- und CP-ungerade Asymmetrien definiert und berechnet. Solche Asymmetrien verschwinden nur im Falle der CP-Erhaltung und signalisieren daher die Existenz von CP-Phasen. Messungen der Asymmetrien an zukünftigen Beschleunigern erlauben nicht nur eine Bestimmung der Phasen, sonderen auch eine Bestimmung ihrers Vorzeichens.

Die Asymmetrien erfordern Berechnungen von Winkelverteilungen der Zerfallsprodukte von Neutralinos, Charginos und Sfermionen. Die Rechnungen auf Baum- Graphen-Niveau im Spin-Dichtematrix-Formalismus beinhalten die vollständigen Spinkorrelationen zwischen Produktion und Zerfall. Für numerische Analysen wurden modulare Fortran-Programme erstellt.

6.1 Zusammenfassung 87

Die Ergebnisse für Neutralino-Produktion e^+e^− → χ̃^0_i χ̃^0_j und -Zerfall können folgendermaßen zusammengefasst werden:

• Für den leptonischen Zerfall des Neutralinos χ̃^0_i → ℓ̃ℓ_1, ℓ̃ → χ̃^0_1ℓ_2 mit ℓ = e, μ, τ, wurden die Asymmetrien der zwei Spatprodukte T_I = (p_e− ×p_{χ̃}0_i )·p_{ℓ1} und T_{II} = (p_e− × p_{ℓ2} ) · p_{ℓ1} betrachtet, die auf die Phasen φ_μ und φ_{M1} sensitiv sind. In der numerischen Analyse für e^+e^− → χ̃^0_1χ̃^0_2 und Zerfall des Neutralinos in ein rechtshändiges Slepton χ̃^0_2 → ℓ̃_Rℓ erreicht A_I Werte von 25%. Die Asymmetrie A_{II} erreicht 10%, erfordert jedoch nicht die Rekonstruktion des Neutralinoimpulses. Die Asymmetrien haben für die Prozesse e^+e^− → χ̃^0_1χ̃^0_3 und e^+e^− → χ̃^0_2χ̃^0_3 ähnliche Werte.

• Für den Zerfall des Neutralinos in ein Stau-Tau Paar, χ̃^0_i → τ̃_kτ, wurde die Asymmetry des Spatprodukts T_τ = s_τ · (p_τ × p_e− ) untersucht, welches die transversale τ-Polarisation s_τ enthält. Die Asymmetrie ist auf die Phasen φ_μ, φ_{M1} und φ_{Aτ} sensitiv und kann für den Prozess e^+e^− → χ̃^0_1χ̃^0_2 bis zu 60% betragen.

• Für den Zerfall des Neutralinos in ein Z-Boson, mit anschließendem Zerfall Z → ℓℓ̄ mit ℓ = e, μ, τ, bzw. Z → qq̄ mit q = c, b, wurde eine Asymmetrie A_{ℓ(q)} des Spatprodukts T_{ℓ(q)} = p_e− · (p_{ℓ(q)} × p¯_{ℓ(q̄)}) definiert und untersucht. Sie ist sensitiv auf die Phasen φ_μ und φ_{M1} . Des Weiteren wurden die CP-sensitiven Elemente der Dichtematrix des Z-Bosons identifiziert und berechnet. Die Asymmetrie A_ℓ kann für die Neutralinoproduktionen χ̃^0_1χ̃^0_2, χ̃^0_2χ̃^0_2, χ̃^0_1χ̃^0_3 und χ̃^0_2χ̃^0_3 Werte bis 3% erreichen. Für die hadronischen Zerfälle des Z-Bosons sind die Asymmetrien größer A_{c(b)} ≃ 6.3(4.5) × A_ℓ.

Die Ergebnisse für Chargino-Produktion e^+e^− → χ̃^±_i χ̃^∓_j und -Zerfall können folgendermaßen zusammengefasst werden:

• Der Zerfall des Charginos in ein Sneutrino, χ̃^+_i → ℓ^+ν̃_ℓ, definiert eine Asymmetrie des Spatprodukts T_ℓ = (p_e− ×p_{χ̃}+_i )·p_ℓ. Die Asymmetrie ist φ_μ-sensitiv und erreicht für e^+e^− → χ̃^±_1 χ̃^∓_2 Werte bis 30%.

• Der Zerfall in ein W -Boson, χ̃^+_i → W^+χ^0_n, definiert die φ_μ-sensitive Asymmetrie A_I des Spatprodukts T_I = p_e− · (p_{χ̃}+_i × p_W ). Sie kann im Prozess e^+e^− → χ̃^±_1 χ̃^∓_2 bis zu 4% erreichen. Durch die Spinkorrelationen zwischen Chargino und W -Boson ist der Zerfall χ̃^+_i → W^+χ^0_n auch sensitiv auf die

88 Zusammenfassung und Schlussfolgerungen

Phase φ_{M1} . Die CP-sensitiven Dichtematrixelemente des W -Bosons wurden identifiziert, welche durch den hadronischen Zerfall W^+ → cs̄ untersucht werden können. Das Spatprodukt T_{II} = p_e− · (p_c × p_{s̄}) definiert die φ_μ- und φ_{M1} -sensitive Asymmetrie A_{II} , welche 7% in der χ̃^+_1 χ̃^−_1 - und χ̃^+_1 χ̃^−_2 - Produktion erreicht.

Die Untersuchungen der Neutralino- und Chargino-Zerfälle haben gezeigt, dass die Asymmetrien für Zerfälle in skalare Teilchen, wie z.B. Sleptonen und Sneutrinos, ein Maß für CP-Verletzung im Produktionsprozess darstellen. Diese Asymmetrien sind sensitiv auf die Neutralino- und Chargino-Polarisation senkrecht zur Produktionsebene, welche nur für die Produktion verschiedener Neutralinos e^+e^− → χ̃^0_i χ̃^0_j , i ≠ j, oder Charginos e^+e^− → χ̃^±_1 χ̃^∓_2 nicht verschwinden. Falls die Neutralinos oder Charginos in Teilchen mit Spin, also z.B. in τ’s, W - oder Z-Bosonen zerfallen, erhält man aufgrund der Spinkorrelationen zusätzliche Information über die CP-Verletzung im Zerfall.

Die Ergebnisse für Sfermionzerfälle f̃ → fχ̃^0_j → fχ̃^0_1 Z → f^′χ̃^0_1 l l̄ (f^′χ̃^0_1 q q̄) können folgendermaßen zusammengefasst werden:

• Die Spatprodukte T_ℓ und T_q, bestehend aus den Impulsen der auslaufenden Leptonen T_ℓ = p_f · (p_ℓ × p¯_ℓ) oder Quarks T_q = p_f · (p_q × p_{q̄}), definieren die Asymmetrien A_{ℓ,q}, die sensitiv auf die Phasen φ_μ und φ_{M1} sind. Für den leptonischen Stau-Zerfall τ̃_1 → τχ^0_1 l l̄ wurde in einer numerischen Studie gezeigt, dass die Asymmetrie A_ℓ 3% erreichen kann. Für die Messung von A_ℓ werden etwa 10^5 Stau-Zerfälle benötigt. Solche Ereignisraten können bei zukünftigen Beschleunigerexperimenten erreicht werden. Für den semileptonischen Zerfall τ̃_1 → χ̃^0_1 τ b̄ b ist die Asymmetrie A_b um einen Faktor 6.3 größer. Zu ihrer Messung werden daher etwa nur 10^3 Staus benötigt.

• Da es sich bei dem untersuchten Prozess um einen Zwei-Körper-Zerfall eines skalaren Teilchens handelt, sind die Asymmetrien nicht auf die Phase φ_{Af} sensitiv. Um eine solche Sensitivität zu erhalten, ist die Messung der transversalen Polarisation des Fermions f erforderlich. Alternativ können auch Drei- Körper-Zerfälle des Sfermions f̃ untersucht werden.

6.2 Schlussfolgerungen 89

6.2 Schlussfolgerungen

Es wurde gezeigt, dass in allen betrachteten Prozessen geeignete Spatprodukte und die zugehörigen Asymmetrien definiert werden konnten, um die CP-Phasen des MSSM zu messen. Besonders geeignet sind die Asymmetrien in leptonischen Zerfällen der Neutralinos und Charginos, da Werte bis zu 30% erreicht werden. Die Asymmetrien der τ-Polarisation können sogar 60% erreichen. In den Zerfällen der Neutralinos und Charginos in Z- und W -Bosonen haben die Asymmetrien Werte von 18% bzw. 7%.

Durch eine Analyse der statistischen Signifikanz konnte gezeigt werden, dass die Asymmetrien – und damit die komplexen MSSM Phasen φ_μ, φ_{M1} und φ_{Aτ} – bei zukünftigen Elektron-Positron-Beschleunigerexperimenten mit Strahlenergien von 500 GeV bis 800 GeV und hoher Luminosität messbar sein werden bzw. stark eingeschränkt werden können. Eine beidseitige Strahlpolarisation erhöht dabei erheblich die Asymmetrien und Wirkungsquerschnitte.

6.3 Ausblick

In weiteren Untersuchungen von CP-Asymmetrien in Produktion und Zerfall von Neutralinos und Charginos durch Elektron-Positron-Kollisionen sollte auch die transversale Strahlpolarisation einbezogen werden. In der Chargino-Produktion sind Asymmetrien von Spatprodukten, welche die transversale Strahlpolarisation beinhalten, nur dann nichtverschwindend, wenn die Zerfälle beider Teilchen berücksichtig werden.

Des Weiteren könnten aber auch Asymmetrien von Spatprodukten definiert werden, welche die Impulse der Zerfallsprodukte beider Neutralinos bzw. Charginos enthalten. Es bleibt zu klären ob dadurch eine Sensitivität auf die CP-Phasen in den Spin-Spin-Korrelationen erlangt wird, welche die Korrelationen der Polarisationen beider Neutralinos bzw. Charginos beschreiben.

Appendix A

Basics of the Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) is characterized by the following properties:

• A minimal gauge group: SU(3) × SU(2) × U(1).

• A minimal content of fields: 3 generations of leptons and quarks, 12 gauge bosons, 2 Higgs doublets, and their super partners, see Table A.1.

• Explicit SUSY breaking parametrized by soft breaking terms.

• R-parity conservation.

In the following we give a short account on the relevant Lagrangians and couplings, and mixing of neutralinos, charginos and staus.

In terms of superfields, the field content and the parameter content of the MSSM is well visible, and the Lagrangian can be written in an elegant and short way. We thus give its electroweak part in terms of superfields in Section A.1, where we also define the parameters.

For calculations of interaction amplitudes, however, it is more convenient to expand the MSSM Lagrangian in component fields, which is albeit a more complex procedure with a longish result. We thus restrict our discussions on the neutralino, chargino and stau sector, and give the mass matrices in Section A.3. In Section A.2 we give the relevant parts of the Lagrangian.

For detailed reviews of the MSSM and its Lagrangians, see e.g., [58–60]. For a detailed study of CP violating sources in the MSSM, see [61].

Table A.1: Particle spectrum of the MSSM

SUSY-partners SM particles weak eigenstates mass eigenstates q_u = u, c, t q_d = d, s, b q̃_L, q̃_R squarks q̃_1, q̃_2 squarks

ℓ = e, μ, τ ℓ̃_L, ℓ̃_R sleptons ℓ̃_1, ℓ̃_2 sleptons ν = ν_e, ν_μ, ν_τ ν̃_ℓ sneutrinos ν̃_ℓ sneutrinos g g̃ gluino g̃ gluino W^± W̃^± wino (H^+_1 , H^−_2 ) H̃^+_1 , H̃^−_2 Higgsinos χ̃^±_{1,2} charginos

γ γ̃ photino Z^0 Z̃^0 zino χ̃^0_{1,...,4} neutralinos H^0_1 , (H^0_2 ) H̃^0_1 , H̃^0_2 Higgsinos

A.1 MSSM Lagrangian in terms of superfields

We give the electroweak (EW) part of the MSSM Lagrangian in the superfield formalism, which consists of a supersymmetric part and terms which break SUSY softly L_{EW} = L_{SUSY} + L_{soft}. (A.1)

A.1.1 Superfield content

The left-handed lepton superfields are arranged in SU(2) doublets and the righthanded ones in SU(2) singlets,

L̂ = ( ν̂_l(x, θ, θ̄) l̂(x, θ, θ̄) ) L , R̂ = l̂_R(x, θ, θ̄), (A.2)

where the generation indices of e, μ and τ have been suppressed. The superfields are functions on the superspace, with spacetime coordinates x^μ and anticommuting Grassmann variables θ_α. The lepton superfield contains both bosonic and fermionic degrees of freedom. It can be expanded L̂ = L̃(x) + iθσ^μθ̄∂_μ L̃(x) − 1 4 θθθ̄θ̄∂^μ∂_μ L̃(x) + + √ 2θ L^{(2)}(x) + i √ 2 θθθ̄σ̄^μ∂_μ L^{(2)}(x) + θθ F_L(x), (A.3)

in terms of the spin-0 slepton field L̃, the spin-1/2 Weyl field L^{(2)} and a spin-0 auxiliary field F_L, which however can be removed by the Euler-Lagrange equations. The right-handed field R̂ is expanded similarly to L̂.

There are two doublets of chiral Higgs superfields

Ĥ_1 = ( Ĥ 1_1 (x, θ, θ̄) Ĥ 2_1 (x, θ, θ̄) ) , Ĥ_2 = ( Ĥ 1_2 (x, θ, θ̄) Ĥ 2_2 (x, θ, θ̄) ) , (A.4)

where the upper index denotes the SU(2) index. The component field expansions of the Higgs fields is similar to that of the lepton field L̂ (A.3).

The U(1) and SU(2) gauge vector superfields are respectively given by

V̂^′ = Y v̂^′(x, θ, θ̄), V̂ = T^a V̂^a(x, θ, θ̄), (A.5)

with sum over a = 1, 2, 3 and Y and T^a are the U(1) and SU(2) generators. The gauge vector superfield contains a bosonic (spin 1) gauge field V^a_μ , and a fermionic (spin 1/2) gaugino Weyl field λ^a V̂^a(x, θ, θ̄) = − θσ^μθ̄ V^a_μ (x) + iθθθ̄ λ̄^a(x) − iθ̄θ̄θ λ^a(x) + 1 2 θθθ̄θ̄ D^a(x). (A.6) The auxiliary spin-1/2 field D^a can be removed by the Euler-Lagrange equations. The gauge field v̂^′ is expanded similarly to V̂^a.

A.1.2 The supersymmetric Lagrangian

The supersymmetric Lagrangian contains the kinetic terms for chiral and vector superfields, as well as a Higgs part L_{SUSY} = L_{Lepton} + L_{Gauge} + L_{Higgs}. (A.7)

The lepton and gauge parts are given by

L_{Lepton} = ∫ d^4θ [L̂^† e^{2gV̂ +g′V̂ ′}L̂ + R̂^† e^{2gV̂ +g′V̂ ′}R̂], (A.8) L_{Gauge} = 1 4 ∫ d^4θ [W^{aα}W^a_α + W^{′α}W^′_α] δ^2(θ̄) + h.c., (A.9)

where g and g^′ are the SU(2) and U(1) gauge couplings. The SU(2) and U(1) field strengths are defined by

W_α = − 1 8g D̄D̄e^{−2gV̂} D_αe^{2gV̂} , W^′_α = −1 4 DDD̄_αV̂^′, (A.10)

where D are covariant derivatives. The Higgs part

L_{Higgs} = ∫ d^4θ [ Ĥ^†_1 e^{2gV̂} + g^′V̂^′Ĥ_1 + Ĥ^†_2 e^{2gV̂} + g^′V̂^′Ĥ_2 + W δ^2(θ̄) + W̄ δ^2(θ) ] (A.11)

contains the superpotential

W = W_H + W_Y . (A.12)

The Higgs (H) and Yukawa (Y) parts are

W_H = μ ϵ^{ij}Ĥ^i_1Ĥ^j_2 , W_Y = ϵ^{ij} [fĤ^i_1L̂^jR̂ + f_1Ĥ^i_1Q̂^jD̂ + f_2Ĥ^j_2Q̂^iÛ], (A.13)

with μ the Higgsino mass parameter, f_i the Yukawa couplings, with the generation index suppressed, and the antisymmetric tensor ϵ^{11} = ϵ^{22} = 0, ϵ^{12} = −ϵ^{21} = 1. Note that in order to be renormalizable, the superpotential can only be cubic in the superfields at its maximum.

By construction, the Lagrangians given in this section are gauge invariant and invariant under supersymmetry transformations. In addition, they are R-parity conserving, if trilinear terms in W |_{θ=0} are disregarded. The Higgsino mass parameter μ and the Yukawa couplings f can have physical CP-phases.

A.1.3 The soft SUSY breaking Lagrangian

The most general Lagrangian, which breaks SUSY softly, i.e., which does not lead to quadratical divergencies, can be classified in scalar mass terms (S) and gaugino mass terms (G) [62]:

L_{soft} = L_S + L_G. (A.14) Note that trilinear scalar interaction terms are not R-invariant and will thus be neglected. The scalar mass term reads (neglecting squark fields) L_S = − ∫ d^4θ [ M^2_LL̂^†L̂ + m^2_RR̂^†R̂ + m^2_1Ĥ^†_1Ĥ_1 + m^2Ĥ^†_2Ĥ_2 + +m^2_3ϵ^{ij} (Ĥ^i_1Ĥ^j_2 + h.c.) ] δ^4(θ, θ̄), (A.15) with the abbreviation M^2_LL̂^†L̂ = m^2_{ν̃}ν̂^† + m^2_Ll̂^†_Ll̂_L. The gaugino mass term

L_G = 1 2 ∫ d^4θ [ (M_1W^{′α}W^′_α + M_2W^{aα}W^a_α ) + h.c. ] δ^4(θ, θ̄) (A.16) includes the U(1) and SU(2) gaugino mass parameters M_1 and M_2, respectively. By redefining the fields, one parameter, usually M_2, can be made real, while M_1 can have a CP violating phase.

A.2 MSSM Lagrangian in component fields

The MSSM Lagrangians relevant for chargino production and decay are [58]:

L_Z0_ℓ¯_ℓ = − g cos θ_W

Z_μℓ̄γ^μ[L_ℓP_L + R_ℓP_R]ℓ, (A.17) L_{γχ̃}+_{j χ̃}−_i = −eA_μ ¯χ̃^+_i γ^μχ̃^+_j δ_{ij} , e > 0, (A.18) L_Z0_{χ̃}+_{j χ̃}−_i = g cos θ_W

Z_μ ¯χ̃^+_i γ^μ[O^{′L}_{ij} P_L + O^{′R}_{ij} P_R]χ̃^+_j , (A.19) L_W −_{χ̃}+_{i χ̃}0_k = gW^−_μ ¯χ̃^0_kγ^μ[O^L_{ki}P_L + O^R_{ki}P_R]χ̃^+_i + h.c., (A.20) L_{ℓν̃χ̃}+_i = −gU^∗_{i1} ¯χ̃^+_i P_Lνℓ̃^∗_L − gV^∗_{i1} ¯χ̃^{+C}_i P_Lℓν̃^∗ + h.c., ℓ = e, μ, (A.21) L_{τ ν̃τ χ̃}+_i = −g¯χ̃^{+C}_i (V^∗_{i1}P_L − Y_τ U_{i2}P_R)τν̃^∗_τ + h.c., (A.22)

A.2 MSSM Lagrangian in component fields 95

Table A.2: Electric charge e_ℓ and weak isospin T_{3ℓ} of fermions

d u e_L e_R ν e_ℓ −^1_3 +^2_3 −1 −1 0 T_{3ℓ} −^1_2 +^1_2 −^1_2 0^1_2

and the terms relevant also for neutralino production and decay are [58]:

L_Z0_{χ̃}0_{mχ̃}0_n = 1 2 g cos θ_W

Z_μ ¯χ̃^0_mγ^μ[O^{′′L}_{mn}P_L + O^{′′R}_{mn}P_R]χ̃^0_n, (A.23)

L_ℓ~_{ℓχ̃}0_k = gf^L_{ℓk}ℓ̄P_Rχ̃^0_kℓ̃_L + gf^R_{ℓk}ℓ̄P_Lχ̃^0_kℓ̃_R + h.c., (A.24) L_{νν̃χ̃}0_k = gf^L_{νk}ν̄P_Rχ̃^0_kν̃_L + h.c., (A.25)

with the couplings

L_ℓ = T_{3ℓ} − e_ℓ sin^2 θ_W , R_ℓ = −e_ℓ sin^2 θ_W , (A.26) O^{′L}_{ij} = −V_{i1}V^∗_{j1} − 1 2 V_{i2}V^∗_{j2} + δ_{ij} sin^2 θ_W , (A.27) O^{′R}_{ij} = −U^∗_{i1}U_{j1} − 1 2 U^∗_{i2}U_{j2} + δ_{ij} sin^2 θ_W , (A.28) O^L_{ki} = −1/ √ 2 ( cos βN_{k4} − sin βN_{k3} ) V^∗_{i2} + ( sin θ_W N_{k1} + cos θ_W N_{k2} ) V^∗_{i1}, (A.29) O^R_{ki} = +1/ √ 2 ( sin βN^∗_{k4} + cos βN^∗_{k3} ) U_{i2} + ( sin θ_W N^∗_{k1} + cos θ_W N^∗_{k2} ) U_{i1}, (A.30) O^{′′L}_{mn} = − 1 2 (N_{m3}N^∗_{n3} − N_{m4}N^∗_{n4}) cos 2β − 1 2 (N_{m3}N^∗_{n4} + N_{m4}N^∗_{n3}) sin 2β, (A.31) O^{′′R}_{mn} = −O^{′′L∗}_{mn} , (A.32) f^L_{ℓk} = − √ 2 [ 1 cos θ_W

(T_{3ℓ} − e_ℓ sin^2 θ_W )N_{k2} + e_ℓ sin θ_W N_{k1} ] , (A.33) f^R_{ℓk} = − √ 2e_ℓ sin θ_W [ tan θ_W N^∗_{k2} − N^∗_{k1} ] , (A.34) f^L_{νk} = − √ 2 1 cos θ_W

T_{3ν} N_{k2}, (A.35)

with i, j = 1, 2 and k, m, n = 1, . . . , 4. The charge e_ℓ and the third component of the weak isospin T_{3ℓ} of each fermion is given in Tab. (A.2). The τ-Yukawa coupling is given by Y_τ = m_τ /( √ 2m_W cos β).

For the neutralino decay into staus χ̃^0_i → τ̃_kτ, we take stau mixing into account and write for the Lagrangian [63]:

L_{τ τ̃χi} = gτ̃_kτ̄(a^{τ̃}_{ki}P_R + b^{τ̃}_{ki}P_L)χ^0_i + h.c. , k = 1, 2; i = 1, . . . , 4, (A.36)

with

a^{τ̃}_{kj} = (R^{τ̃}_{kn})^∗A^τ_{jn}, b^{τ̃}_{kj} = (R^{τ̃}_{kn})^∗B^τ_{jn}, ℓ^{τ̃}_{kj} = (R^{τ̃}_{kn})^∗O^τ_{jn}, (n = L, R), (A.37)

A^τ_j = f^L_{τ j} h^R_{τ j} , B^τ_j = h^L_{τ j} f^R_{τ j} , O^τ_j = −U_{j1} Y_τ U_{j2} , (A.38)

h^L_{τ j} = (h^R_{τ j} )^∗ = −Y_τ (N^∗_{j3} cos β + N^∗_{j4} sin β), (A.39) Y_τ = m_τ /( √ 2m_W cos β), (A.40)

with R^{τ̃}_{kn} given in (A.50) and f^{L,R}_{τ j} given in (A.33), (A.34).

A.3 Mass matrices

A.3.1 Neutralino mass matrix

The complex symmetric mass matrix of the neutral gauginos and Higgsinos in the basis (γ̃, Z̃, H̃^0_a , H̃^0_b ) is given by

Y = M_2 sin^2 θ_W + M_1 cos^2 θ_W (M_2 − M_1) sin θ_W cos θ_W 0 0 (M_2 − M_1) sin θ_W cos θ_W M_2 cos^2 θ_W + M_1 sin^2 θ_W m_Z 0 0 m_Z μ sin 2β −μ cos 2β 0 0 −μ cos 2β −μ sin 2β ,

(A.41)

with μ the Higgsino mass parameter and tan β =^{v2}_{v1} , where v_{1,2} are the vacuum expectation values of the two neutral Higgs fields. The mass matrix Y_{αβ} (A.41) can be diagonalized by a complex, unitary 4 × 4 matrix N_{ij} [58],

N^∗_{iα} Y_{αβ} N^†_{βk} = m_{χ̃}0_i δ_{ik}, (A.42) with the neutralino masses m_{χ̃}0_i > 0. Then the weak eigenstates (γ̃, Z̃, H̃^0_a , H̃^0_b ) mix to the neutralino mass eigenstates (χ̃^0_1, χ̃^0_2, χ̃^0_3, χ̃^0_4).

The diagonalization of the neutralino matrix is achieved with the singular value decomposition [61]. Let Z be a complex n × n matrix, then:

• The matrices ZZ^† and Z^†Z are selfadjoint and have the same real eigenvalues λ_i ≥ 0.

• The eigenvectors ê_i connected to the eigenvalues λ_i built an orthonormal system. If some of the λ_i = 0, the eigenvectors can be completed to built an orthonormal system.

• Let ê_i be an eigenvector of Z^†Z with eigenvalue λ_i ≠ 0, that is Z^†Z ê_i = λ_i ê_i, then the vectors ê^′_i :=^{1√}_{λi} Z ê_i also built an orthonormal system with Z^† ê^′_i = √ λ_i ê_i.

Thus Z can be decomposed into its singular values: Z̃ = (ê^′_1 . . . ê^′_2)^†Z(ê_1 . . . ê_2) = diag( √ λ_i).

A.3.2 Chargino mass matrix

The complex chargino mass matrix is given by

X = ( M_2 m_W √ 2 sin β m_W √ 2 cos β μ ) . (A.43)

It can be diagonalized by two complex unitary 2 × 2 matrices U_{mn} and V_{mn} [58],

U^∗_{mα} X_{αβ} V^{−1}_{βn} = m_{χ̃}+_i δ_{mn}, (A.44)

with the chargino masses m_{χ̃}+_i > 0. The chargino-mass eigenstates χ̃^+_i = (_{χ+i} χ̄^−_i ) are defined by χ^+_i = V_{i1}w^+ + V_{i2}h^+ and χ^−_j = U_{j1}w^− + U_{j2}h^− with w^± and h^± the twocomponent spinor fields of the W-ino and the charged Higgsinos, respectively. We diagonalize the chargino mass matrix with the singular value decomposition, see Section A.3.1.

A.3.3 Stau mass matrix

The masses and couplings of the τ-sleptons follow from the hermitian 2 × 2 τ̃_L − τ̃_R mass matrix [63]:

L^{τ̃}_M = −(τ̃^∗_L, τ̃^∗_R) M^2_{τ̃LL} e^{−iφτ̃} |M^2_{τ̃LR} | e^{iφτ̃} |M^2_{τ̃LR} | M^2_{τ̃RR} τ̃_L τ̃_R , (A.45)

with M^2_{τ̃LL} = M^2_{L̃} + (− 1 2 + sin^2 θ_W ) cos 2β m^2_Z + m^2_τ , (A.46) M^2_{τ̃RR} = M^2_Ẽ − sin^2 θ_W cos 2β m^2_Z + m^2_τ , (A.47) M^2_{τ̃RL} = (M^2_{τ̃LR} )^∗ = m_τ (A_τ − μ^∗ tan β), (A.48) φ_{τ̃} = arg[A_τ − μ^∗ tan β], (A.49) where A_τ is the complex trilinear scalar coupling parameter and M~_L, M~_E are the other soft SUSY–breaking parameters of the τ̃_i system. In order to reduce the number of MSSM parameters, we will often use the renormalization group equations [64], M^2_{L̃} = m^2_0 + 0.79M^2_2 and M^2_Ẽ = m^2_0 + 0.23M^2_2 . The τ̃ mass eigenstates are (τ̃_1, τ̃_2) = (τ̃_L, τ̃_R)R^{τ̃ T} , with

R^{τ̃} = e^{iφτ̃} cos θ_{τ̃} sin θ_{τ̃} − sin θ_{τ̃} e^{−iφτ̃} cos θ_{τ̃}

, (A.50)

with the mixing angle

cos θ_{τ̃} = −|M^2_{τ̃LR} | √ |M^2_{τ̃LR} |^2 + (m^2_{τ̃1} − M^2_{τ̃LL} )^2

, sin θ_{τ̃} =

M^2_{τ̃LL} − m^2_{τ̃1} √ |M^2_{τ̃LR} |^2 + (m^2_{τ̃1} − M^2_{τ̃LL} )^2

, (A.51)

and the mass eigenvalues

m^2_{τ̃1,2} = 1 2 [ (M^2_{τ̃LL} + M^2_{τ̃RR} ) ∓ √ (M^2_{τ̃LL} − M^2_{τ̃RR} )^2 + 4|M^2_{τ̃LR} |^2 ] . (A.52)

A.3.4 First and second generation sfermion masses

The off-diagonal terms of the sfermion mass matrices are proportional to the fermion mass. For fermions of the first and second generation, whose masses are small compared to SUSY masses, their mass matrices are diagonal to a good approximation. For these sfermions we will assume the approximate solutions to the renormalization group equations [64]:

m^2_{f̃L,R} = m^2_f + m^2_0 + C(f̃)M^2_2 ± m^2_Z cos 2β(T_{3f} − e_f sin^2 θ_W ). (A.53)

where T_{3f} is the third component of weak isospin, m_0 is the common scalar mass parameter at the GUT-scale, and C(f̃) depends on the sfermion

C(ℓ̃_L) ≈ 0.79, C(ℓ̃_R) ≈ 0.23, (A.54) C(q̃_L) ≈ 10.8, C(q̃_R) ≈ 10.1. (A.55)

For the slepton and sneutrino masses we have

m^2_{ℓ̃R} = m^2_0 + 0.23M^2_2 − m^2_Z cos 2β sin^2 θ_W , (A.56)

m^2_{ℓ̃L} = m^2_0 + 0.79M^2_2 + m^2_Z cos 2β(− 1 2 + sin^2 θ_W ), (A.57)

m^2_{ν̃ℓ} = m^2_0 + 0.79M^2_2 + 1 2 m^2_Z cos 2β. (A.58)

Appendix B

Kinematics and phase space

B.1 Spherical trigonometry

For the parametrization of the phase space one often needs the following relations from spherical trigonometry. Consider the following spherical triangle with sides a, b, c and angles A, B, C.

x y z

A ê_1

ê_2 ê_3

a c b

B C A

The unit vectors of the triangle sides are given by

ê_1 = (0, 0, 1), (B.1)

B.1 Spherical trigonometry 101

ê_2 = (sin c, 0, cos c), (B.2) ê_3 = (sin b cos A, sin b sin A, cos b). (B.3) In the following we give formulas relating the sides and the angles of the triangle [65, 66]:

• law of sines

sin a sin A = sin b sin B = sin c sin C

. (B.4) • law of cosines for sides (cosine theorem) cos a = cos b cos c + sin b sin c cos A. (B.5) Similar formulae for the other sides may be obtained by cyclical permutations.

• law of cosines for angles

cos A = − cos B cos C + sin B sin C cos a, (B.6) etc, cyclically.

• products of functions from sides and angles sin a cos B = cos b sin c − sin b cos c cos A, (B.7) sin a cos C = cos c sin b − sin c cos b cos A. (B.8) The products sin b cos C and sin c cos A are obtained from (B.7) by cyclical permutations. The products sin b cos A and sin c cos B are obtained from (B.8) by cyclical permutations.

sin A cos b = cos B sin C + sin B cos C cos a, (B.9) sin A cos c = cos C sin B + sin C cos B cos a. (B.10) The products sin B cos c and sin C cos a are obtained from (B.9) by cyclical permutations. The products sin B cos a and sin C cos b are obtained from (B.10) by cyclical permutations.

B.2 Kinematics of neutralino/chargino production and decay

B.2.1 Momenta and spin vectors of the production process

We choose a coordinate frame in the laboratory system (center of mass system) such that the momentum of the neutralino χ̃^0_j or chargino χ̃^−_j , denoted by p_{χj} , points in the z-direction (in our definitions we follow closely [39, 51]). The scattering angle is θ̸ (p_e− , p_{χj} ) and the azimuth ϕ can be chosen zero. The momenta are p^μ_e− = E_b(1, − sin θ, 0, cos θ), p^μ_e+ = E_b(1, sin θ, 0, − cos θ), (B.11) p^μ_{χi} = (E_{χi} , 0, 0, −q), p^μ_{χj} = (E_{χj} , 0, 0, q), (B.12) with the beam energy E_b = √ s/2 and

E_{χi} = s + m^2_{χi} − m^2_{χj} 2 √ s , E_{χj} = s + m^2_{χj} − m^2_{χi} 2 √ s , q = λ^12 (s, m^2_{χi} , m^2_{χj} ) 2 √ s , (B.13)

where λ(x, y, z) = x^2+y^2+z^2−2(xy+xz+yz). For the description of the polarization of the neutralino χ̃^0_i or chargino χ̃^+_i we choose three spin vectors

s^{1, μ}_{χi} = (0, −1, 0, 0), s^{2, μ}_{χi} = (0, 0, 1, 0), s^{3, μ}_{χi} = 1 m_{χi} (q, 0, 0, −E_{χi} ). (B.14)

Together with p^μ_{χi} /m_{χi} they form an orthonormal set s^a_{χi} · s^b_{χi} = −δ^{ab}, s^a_{χi} · p_{χi} = 0. (B.15) B.2.2 Momenta and spin vectors of leptonic decays

If the neutralino or chargino decays into a lepton, χ̃^0_i → ℓ_1ℓ̃ or χ̃^+_i → ℓ_1ν̃_ℓ, in short χ̃_i → ℓ_1ξ̃, it is suitable to parametrize in terms of the angle θ_1 ≠ (p_{ℓ1} , p_{χi} ):

p^μ_{ℓ1} = (E_{ℓ1} , −|p_{ℓ1} | sin θ_1 cos ϕ_1, |p_{ℓ1} | sin θ_1 sin ϕ_1, −|p_{ℓ1} | cos θ_1), (B.16)

E_{ℓ1} = |p_{ℓ1} | = m^2_{χi} − m^2_{ξ̃} 2(E_{χi} − q cos θ_1)

. (B.17)

For the subsequent slepton decay ℓ̃ → ℓ_2χ̃^0_1 we define θ_2 ≠ (p_{ℓ2} , p_{χi} ) and write

p^μ_{ℓ2} = (E_{ℓ2} , −|p_{ℓ2} | sin θ_2 cos ϕ_2, |p_{ℓ2} | sin θ_2 sin ϕ_2, −|p_{ℓ2} | cos θ_2), (B.18)

E_{ℓ2} = |p_{ℓ2} | = m^2_{ℓ̃} − m^2_χ0_1 2(E~_ℓ − |p_{χi} − p_{ℓ1} | cos θ_{D2} )

, (B.19)

with θ_2 ≠ (p_{ℓ2} , p_{χi} ), the decay angles θ_{D2}̸ (p~_ℓ, p_{ℓ2} ), θ_{D1}̸ (p_{χi} , p~_ℓ) and

cos θ_{D2} = cos θ_{D1} cos θ_2 −sin θ_{D1} sin θ_2 cos(ϕ_2 −ϕ_1), cos θ_{D1} = p_{χi} (p_{χi} − p_{ℓ1} ) |p_{χi} | |p_{χi} − p_{ℓ1} |

.(B.20)

If the neutralino decays into a stau, χ̃^0_i → τ̃_mτ, m = 1, 2 , the τ spin vectors are chosen by

s^1_τ = ( 0, s_2 × s_3 |s_2 × s_3| ) , s^2_τ = ( 0, p_τ × p_e− |p_τ × p_e− | ) , s^3_τ = 1 m_τ ( |p_τ |, E_τ |p_τ | p_τ ) . (B.21)

B.2.3 Phase space for leptonic decays

For neutralino/chargino production e^+e^− → χ̃_iχ̃_j and subsequent leptonic decay χ̃^0_i → ℓ_1ℓ̃ or χ̃^+_i → ℓ_1ν̃_ℓ, in short χ̃_i → ℓ_1ξ̃, the Lorentz invariant phase-space element can be decomposed into two-body phase-space elements [65]:

dLips(s; p_{χj} , p_{ℓ1} , p~_ξ) = 1 2π dLips(s; p_{χi} , p_{χj} ) ds_{χi} dLips(s_{χi} ; p_{ℓ1} , p~_ξ). (B.22)

For ξ̃ = ℓ̃, we can include the subsequent selectron decay ℓ̃ → ℓ_2χ̃^0_1 and have for the complete process e^+e^− → χ̃^0_i χ̃^0_j ; χ̃^0_i → ℓ_1ℓ̃; ℓ̃ → ℓ_2χ̃^0_1:

dLips(s; p_{χj} , p_{ℓ1} , p_{ℓ2} , p_χ0_1 ) = 1 2π dLips(s; p_{χj} , p_{ℓ1} , p~_ℓ) ds~_ℓ dLips(s~_ℓ; p_{ℓ2} , p_χ0_1 , ). (B.23)

The several parts of the phase space elements are

dLips(s; p_{χi} , p_{χj} ) = q 8π √ s sin θ dθ, (B.24)

dLips(s_{χi} ; p~_ξ, p_{ℓ1} ) = 1 2(2π)^2

|p_{ℓ1} |^2 m^2_{χi} − m^2_{ξ̃} dΩ_1, (B.25)

dLips(s~_ℓ; p_{ℓ2} , p_χ0_1 ) = 1 2(2π)^2

|p_{ℓ2} |^2 m^2_{ξ̃} − m^2_{χ1} dΩ_2, (B.26) with s_{χi} = p^2_{χi} , s~_ξ = p^2_{ξ̃} and dΩ_i = sin θ_i dθ_i dϕ_i. We use the narrow width approximation for the propagators ∫ |Δ(χ̃_i)|^2 ds_{χi} =^π_{mχi Γχi} , ∫ |Δ(ℓ̃)|^2ds~_ℓ =^π_{mℓ̃Γℓ̃} . The approximation is justified for (Γ_{χi} /m_{χi} )^2 ≪ 1, and (Γ~_ℓ/m~_ℓ)^2 ≪ 1, which holds in our case with Γ_{χi} <∼ O(1GeV) and Γ~_ℓ <∼ O(1GeV).

B.2.4 Energy distributions of the decay leptons

For neutralino production e^+e^− → χ̃^0_i χ̃^0_j and the subsequent leptonic decay χ̃^0_i → ℓ_1ℓ̃, and ℓ̃ → ℓ_2χ̃^0_1, the two decay leptons ℓ_1 and ℓ_2 can be distinguished by their different energy distributions. The energy distribution of lepton ℓ_1 in the laboratory system has the form of a box with the endpoints

E_{ℓ1,min,max} = m^2_χ0_i − m^2_{ℓ̃} 2(E_χ0_i ± q)

, (B.27)

with q the neutralino momentum. The energy distribution of the second lepton ℓ_2 is obtained by integrating over the energy E~_ℓ of the decaying slepton

1 σ dσ dE_{ℓ2} = m^2_{ℓ̃} m^2_χ0_i q[m^2_χ0_i − m^2_{ℓ̃} ][m^2_{ℓ̃} − m^2_χ0_1 ] × lnE^{ℓ2}A ; A ≤ E_{ℓ2} ≤ a ln aA ; a ≤ E_{ℓ2} ≤ b ln BE_{ℓ2} ; b ≤ E_{ℓ2} ≤ B (B.28)

with

A, B = m^2_{ℓ̃} − m^2_χ0_1

2m^2_{ℓ̃} ( E~_{ℓ,max} ∓ √ E^2_{ℓ̃,max} − m^2_{ℓ̃} ) (B.29) a, b = m^2_{ℓ̃} − m^2_χ0_1

2m^2_{ℓ̃} ( E~_{ℓ,min} ∓ √ E^2_{ℓ̃,min} − m^2_{ℓ̃} ) (B.30)

E~_{ℓ,max,min} = E_χ0_i (m^2_χ0_i + m^2_{ℓ̃} ) ± (m^2_χ0_i − m^2_{ℓ̃} ) √ E^2_χ0_i − m^2_χ0_i 2m^2_χ0_i

. (B.31)

B.2.5 Momenta and spin vectors of bosonic decays

For the bosonic two-body decays of neutralino χ̃^0_i → Z^0χ̃^0_n or chargino χ̃^+_i → W^+χ̃^0_n, in short χ̃_i → Bχ̃^0_n, we define the decay angle between neutralino (or chargino) and the boson B as θ_1̸ (p_{χi} , p_B ). The angle is constrained by sin θ^{max}_1 = q^′/q for q > q^′, where q^′ = λ^12 (m^2_{χi} , m^2_B , m^2_χ0_n )/2m_B is the neutralino (chargino) momentum if the boson B is produced at rest. In this case there are two solutions

|p^±_B | =

(m^2_{χi} + m^2_B − m^2_χ0_n )q cos θ_1 ± E_{χi} √ λ(m^2_{χi} , m^2_B , m^2_χ0_n ) − 4q^2 m^2_B (1 − cos^2 θ_1) 2q^2(1 − cos^2 θ_1) + 2m^2_{χi} . (B.32)

For q^′ > q, the angle θ_1 is not constrained and only the physical solution |p^+_B | is left. We parametrize the momenta of the decay B → ff̄ in the laboratory system as

p^{±, μ}_B = (E^±_B , −|p^±_B | sin θ_1 cos ϕ_1, |p^±_B | sin θ_1 sin ϕ_1, −|p^±_B | cos θ_1), (B.33) p^μ_{f̄} = (E¯_f , −|p¯_f | sin θ_2 cos ϕ_2, |p¯_f | sin θ_2 sin ϕ_2, −|p¯_f | cos θ_2), (B.34)

E^μ_{f̄} = |p¯_f | = m^2_B 2(E^±_B − |p^±_B| cos θ_{D2} )

, (B.35)

with θ_2̸ (p_{χi} , p¯_f ) and the decay angle θ_{D2}̸ (p_B, p¯_f ) given by

cos θ_{D2} = cos θ_1 cos θ_2 + sin θ_1 sin θ_2 cos(ϕ_2 − ϕ_1). (B.36)

The three spin vectors t^c_B of the boson B = Z^0, W^+ are in the laboratory system

t^{1, μ}_B = ( 0, t^2_B × t^3_B |t^2_B × t^3_B| ) , t^{2, μ}_B = ( 0, p_e− × p_B |p_e− × p_B | ) , t^{3, μ}_B = 1 m_B ( |p_B |, E_B p_B |p_B| ) . (B.37)

Together with p^μ_B /m_B they form an orthonormal set. The polarization four-vectors ε^{λk} for helicities λ_k = −1, 0, +1 of the boson are defined by

ε^− =^{1√}_2 (t^1_B − it^2_B ); ε^0 = t^3_B ; ε^+ = −^{1√}_2 (t^1_B + it^2_B ). (B.38)

B.2.6 Phase space for bosonic decays

For neutralino/chargino production e^+e^− → χ̃_iχ̃_j and subsequent decay of the neutralino χ̃^0_i → Z^0χ̃^0_n or chargino χ̃^+_i → W^+χ̃^0_n, in short χ̃_i → Bχ̃^0_n, the Lorentz invariant phase-space element can be decomposed into two-body phase-space elements [65]:

dLips(s; p_{χj} , p_χ0_n , p_B ) = 1 2π dLips(s; p_{χi} , p_{χj} ) ds_{χi} ∑ ± dLips(s_{χi} ; p_χ0_n , p^±_B ). (B.39)

If we include the subsequent decay B → ff̄ we have

dLips(s; p_{χj} , p_χ0_n , p_f , p¯_f ) = 1 2π dLips(s; p_{χj} , p_χ0_n , p_B) ds_B dLips(s_B ; p_f , p¯_f ). (B.40)

The several parts of the phase space elements are given by

dLips(s; p_{χi} , p_{χj} ) = q 8π √ s sin θ dθ, (B.41)

dLips(s_{χi} ; p_χ0_n , p^±_B ) = 1 2(2π)^2

|p^±_B |^2 2|E^±_B q cos θ_1 − E_{χi} |p^±_B || dΩ_1, (B.42)

dLips(s_B ; p_f , p¯_f ) = 1 2(2π)^2

|p¯_f |^2 m^2_B dΩ_2, (B.43)

with s_{χi} = p^2_{χi} , s_B = p^2_B and dΩ_i = sin θ_i dθ_i dϕ_i. We use the narrow width approximation for the propagators ∫ |Δ(χ̃_i)|^2 ds_{χi} =^π_{mχi Γχi} , ∫ |Δ(B)|^2ds_B =^π_{mB ΓB} .

The approximation is justified for (Γ_{χi} /m_{χi} )^2 ≪ 1, which holds in our case with Γ_{χi} <∼ O(1GeV).

B.3 Kinematics of sfermion decays

B.3.1 Momenta and spin vectors

We consider the slepton decay chain ℓ̃ → ℓχ̃^0_j , χ̃^0_j → χ̃^0_1Z, Z → ff̄. The substitutions which must be made for similar decay chains of a squark are obvious. The

B.3 Kinematics of sfermion decays 107

momenta in the slepton rest frame are

p^μ_Z = (E_Z , 0, 0, |p^±_Z |), (B.44) p^μ_χ0_j = |p_χ0_j |(E_χ0_j /|p_χ0_j |, sin θ_1, 0, cos θ_1), (B.45) p^μ_{f̄} = |p¯_f |(E¯_f /|p¯_f |, sin θ_2 cos ϕ_2, sin θ_2 sin ϕ_2, cos θ_2), (B.46)

|p_χ0_j | = m^2_{ℓ̃} − m^2_χ0_j 2 m~_ℓ

, |p¯_f | = m^2_Z 2(E_Z − |p_Z | cos θ_2)

. (B.47)

There are two solutions for |p^±_Z |, see (B.32), if the decay angle θ_1 ≠ (p_Z , p_{χi} ) is constrained by

sin θ^{max}_1 = m~_ℓ m_Z λ^12 (m^2_{χj} , m^2_Z , m^2_{χ1} ) (m^2_{ℓ̃} − m^2_{χj} )

≤ 1. (B.48)

The χ̃^0_j spin vectors in the ℓ̃ rest frame are

s^{1, μ}_χ0_j = 0, s^2_χ0_j × s^3_χ0_j |s^2_χ0_j × s^3_χ0_j |

, s^{2, μ}_χ0_j = 0, p_χ0_j × p_Z |p_χ0_j × p_Z |

, s^{3, μ}_χ0_j = 1 m_χ0_j |p_χ0_j |, E_χ0_j p_χ0_j |p_χ0_j | . (B.49)

Together with p^μ_χ0_j /m_χ0_j they form an orthonormal set.

B.3.2 Phase space for sfermion decays

The Lorentz invariant phase-space element for the decay chain ℓ̃ → ℓχ̃^0_j , χ̃^0_j → χ̃^0_1Z, Z → ff̄ can be written in the rest frame of ℓ̃ as

dLips(m^2_{ℓ̃} ; p_ℓ, p_χ0_1 , p¯_f , p_f ) = 1 (2π)^2 dLips(m^2_{ℓ̃} ; p_ℓ, p_χ0_j ) ds_χ0_j ∑ ± dLips(s_χ0_j ; p_χ0_1 , p^±_Z ) ds_Z dLips(s_Z ; p¯_f , p_f ), (B.50) dLips(m^2_{ℓ̃} ; p_ℓ, p_χ0_j ) = 1 8(2π)^2 1 − m^2_χ0_j m^2_{ℓ̃} dΩ, (B.51)

dLips(s_χ0_j ; p_χ0_1 , p^±_Z ) = 1 4(2π)^2

|p^±_Z |^2 |E^±_Z |p_χ0_j | cos θ_1 − E_χ0_j |p^±_Z || dΩ_1, (B.52)

dLips(s_Z ; p¯_f , p_f ) = 1 8(2π)^2 m^2_Z (E^±_Z − |p^±_Z | cos θ_2)^2 dΩ_2, (B.53)

with s_χ0_j = p^2_χ0_j , s_Z = p^2_Z and dΩ_i = sin θ_i dθ_i dϕ_i. We use the narrow width approximation for the propagators ∫ |Δ(χ̃^0_j )|^2 ds_χ0_j =^π_{mχ0j Γχ0j} , ∫ |Δ(Z)|^2ds_Z =^π_{mZ ΓZ} .

The approximation is justified for (Γ_χ0_j /m_χ0_j )^2 ≪ 1, which holds in our case with Γ_χ0_j <∼ O(1GeV).

Appendix C

Spin-density matrices for neutralino production and decay

We give the analytic formulae for the squared amplitudes for neutralino production, e^+ e^− → χ̃^0_i χ̃^0_j , with longitudinally polarized beams, and for different subsequent two-body decay chains of one neutralino. We use the spin density matrix formalism as in [27, 39, 66]. The amplitude squared can then be written

|T |^2 = |Δ(χ̃^0_i )|^2 ∑ λ_iλ^′_i ρ_P (χ̃^0_i )^{λiλ′i} ρ_D(χ̃^0_i )_λ′_{iλi} , (C.1)

with ρ_P (χ̃^0_i ) the spin density production matrix of neutralino χ̃^0_i , the propagator Δ(χ̃^0_i ) = i/[s_χ0_i − m^2_χ0_i + im_χ0_i Γ_χ0_i ] and the neutralino decay matrix ρ_D(χ̃^0_i ).

C.1 Neutralino production

For the production of neutralinos

e^+ + e^− → χ̃^0_i (p_χ0_i , λ_i) + χ̃^0_j (p_χ0_j , λ_j ), (C.2)

with momentum p and helicity λ, the unnormalized spin-density matrix of neutralino χ̃^0_i is defined as

ρ_P (χ̃^0_i )^{λiλ′i} = ∑ λ_j T^{λiλj}_P T^{λ′iλj ∗}_P . (C.3)

The helicity amplitudes are [39, 66]: T^{λiλj}_P (s, Z) = g^2 cos^2 θ_W

Δ^s(Z)v̄(p_e+ )γ^μ(L_eP_L + R_eP_R)u(p_e− ) ×ū(p_χ0_j , λ_j)γ_μ(O^{′′L}_{ji} P_L + O^{′′R}_{ji} P_R)v(p_χ0_i , λ_i), (C.4) T^{λiλj}_P (t, ẽ_L) = −g^2f^L_{ei}f^{L∗}_{ej} Δ^t(ẽ_L)v̄(p_e+ )P_Rv(p_χ0_i , λ_i)ū(p_χ0_j , λ_j)P_Lu(p_e− ), (C.5) T^{λiλj}_P (t, ẽ_R) = −g^2f^R_{ei} f^{R∗}_{ej} Δ^t(ẽ_R)v̄(p_e+ )P_Lv(p_χ0_i , λ_i)ū(p_χ0_j , λ_j)P_Ru(p_e− ), (C.6) T^{λiλj}_P (u, ẽ_L) = g^2f^{L∗}_{ei} f^L_{ej}Δ^u(ẽ_L)v̄(p_e+ )P_Rv(p_χ0_j , λ_j )ū(p_χ0_i , λ_i)P_Lu(p_e− ), (C.7) T^{λiλj}_P (u, ẽ_R) = g^2f^{R∗}_{ei} f^R_{ej} Δ^u(ẽ_R)v̄(p_e+ )P_Lv(p_χ0_j , λ_j)ū(p_χ0_i , λ_i)P_Ru(p_e− ). (C.8)

The propagators are

Δ^s(Z) = i s − m^2_Z + im_Z Γ_Z

, Δ^t(ẽ_{R,L}) = i t − m^2_{ẽR,L} , Δ^u(ẽ_{R,L}) = i u − m^2_{ẽR,L} , (C.9)

with s = (p_e− + p_e+ )^2, t = (p_e− − p_χ0_j )^2 and u = (p_e− − p_χ0_i )^2. The Feynman diagrams are shown in Fig. C.1.

e^− χ̃^0_i e^+ χ̃^0_j Z^0

e^− χ̃^0_i e^+ χ̃^0_j

ẽ_{L,R}

e^− e^+ χ̃^0_i

χ̃^0_j ẽ_{L,R}

Figure C.1: Feynman diagrams for neutralino production

For the polarization of the decaying neutralino χ̃^0_i with momentum p_χ0_i we have introduced three space like spin vectors s^a_χ0_i (B.14). Then the neutralino production matrix (C.3) can be expanded in terms of the Pauli matrices, see Appendix F.1: ρ_P (χ̃^0_i )^{λiλ′i} = 2(δ_{λiλ}′_i P + σ^a_{λiλ}′_i Σ^a_P ), (C.10) where we sum over a and the factor 2 is due to the summation of the helicities of the second neutralino χ̃^0_j , whose decay will not be considered. With our choice of the spin vectors, Σ^3_P /P is the longitudinal polarization of neutralino χ̃^0_i , Σ^1_P /P is the transverse polarization in the production plane and Σ^2_P /P is the polarization perpendicular to the production plane. Only if there are non-vanishing CP phases φ_{M1} and/or φ_μ in the neutralino sector, and only if two different neutralinos are produced, e^+ e^− → χ̃^0_i χ̃^0_j , i ≠ j, the polarization Σ^2_P /P perpendicular to the production plane is non-zero. Thus it is a probe for CP violation in the production of an unequal pair of neutralinos. Note that Σ^2_P also gets contributions from the finite Z width, which however do not signal CP violation.

We give the analytical formulae for P and Σ^1_P , Σ^2_P , Σ^3_P in the laboratory system [66] in the following sections. Lorentz invariant expressions for these functions can be found in [39, 66].

C.1.1 Neutralino polarization independent quantities

The coefficient P is independent of the neutralino polarization. It can be composed into contributions from the different production channels

P = P (ZZ) + P (Zẽ_R) + P (ẽ_Rẽ_R) + P (Zẽ_L) + P (ẽ_Lẽ_L), (C.11)

with

P (ZZ) = 2 g^4 cos^4 θ_W

|Δ^s(Z)|^2(R^2_e c_R + L^2_ec_L)E^2_b × { |O^{′′R}_{ij} |^2(E_χ0_i E_χ0_j + q^2 cos^2 θ) − [(ReO^{′′R}_{ij} )^2 − (ImO^{′′R}_{ij} )^2]m_χ0_i m_χ0_j } , (C.12)

P (Zẽ_R) = g^4 cos^2 θ_W R_ec_RE^2_b Re { Δ^s(Z) × [ − (Δ^{t∗}(ẽ_R)f^{R∗}_{ei} f^R_{ej} O^{′′R∗}_{ij} + Δ^{u∗}(ẽ_R)f^R_{ei} f^{R∗}_{ej} O^{′′R}_{ij} )m_χ0_i m_χ0_j +(Δ^{t∗}(ẽ_R)f^{R∗}_{ei} f^R_{ej}O^{′′R}_{ij} + Δ^{u∗}(ẽ_R)f^R_{ei} f^{R∗}_{ej} O^{′′R∗}_{ij} )(E_χ0_i E_χ0_j + q^2 cos^2 θ) −(Δ^{t∗}(ẽ_R)f^{R∗}_{ei} f^R_{ej} O^{′′R}_{ij} − Δ^{u∗}(ẽ_R)f^R_{ei} f^{R∗}_{ej} O^{′′R∗}_{ij} )2E_bq cos θ ]} , (C.13)

P (ẽ_Rẽ_R) = g^4 4 c_RE^2_b { |f^R_{ei} |^2|f^R_{ej}|^2 × [ (|Δ^t(ẽ_R)|^2 + |Δ^u(ẽ_R)|^2)(E_χ0_i E_χ0_j + q^2 cos^2 θ)

−(|Δ^t(ẽ_R)|^2 − |Δ^u(ẽ_R)|^2)2E_bq cos θ ] −Re{(f^{R∗}_{ei} )^2(f^R_{ej})^2Δ^u(ẽ_R)Δ^{t∗}(ẽ_R)}2m_χ0_i m_χ0_j } . (C.14)

To obtain the quantities P (Zẽ_L), P (ẽ_Lẽ_L) one has to exchange in (C.13) and (C.14) Δ^t(ẽ_R) → Δ^t(ẽ_L), Δ^u(ẽ_R) → Δ^u(ẽ_L), c_R → c_L R_e → L_e, O^{′′R}_{ij} → O^{′′L}_{ij} , f^R_{ei} → f^L_{ei}, f^R_{ej} → f^L_{ej} . (C.15) The longitudinal beam polarizations are included in the weighting factors c_L = (1 − P_e− )(1 + P_e+ ), c_R = (1 + P_e− )(1 − P_e+ ). (C.16) Generally the contributions from the exchange of ẽ_R (ẽ_L) is enhanced and that of ẽ_L (ẽ_R) is suppressed for P_e− > 0, P_e+ < 0 (P_e− < 0, P_e+ > 0).

C.1.2 Neutralino polarization

The coefficients Σ^a_P , which describe the polarization of the neutralino χ̃^0_i , decompose into Σ^a_P = Σ^a_P (ZZ) + Σ^a_P (Zẽ_R) + Σ^a_P (ẽ_Rẽ_R) + Σ^a_P (Zẽ_L) + Σ^a_P (ẽ_Lẽ_L). (C.17) • The contributions to the transverse polarization in the production plane are

Σ^1_P (ZZ) = 2 g^4 cos^4 θ_W

|Δ^s(Z)|^2E^2_b sin θ(R^2_e c_R − L^2_ec_L) × [ |O^{′′R}_{ij} |^2m_χ0_i E_χ0_j − [(ReO^{′′R}_{ij} )^2 − (ImO^{′′R}_{ij} )^2]m_χ0_j E_χ0_i ] , (C.18) Σ^1_P (Zẽ_R) = −g^4 cos^2 θ_W

R_ec_RE^2_b sin θ × [ − Re{Δ^s(Z)[f^R_{ei} f^{R∗}_{ej} O^{′′R∗}_{ij} Δ^{u∗}(ẽ_R) + f^{R∗}_{ei} f^R_{ej} O^{′′R}_{ij} Δ^{t∗}(ẽ_R)]m_χ0_i E_χ0_j } −Re{Δ^s(Z)[f^R_{ei} f^{R∗}_{ej} O^{′′R∗}_{ij} Δ^{u∗}(ẽ_R) − f^{R∗}_{ei} f^R_{ej}O^{′′R}_{ij} Δ^{t∗}(ẽ_R)]m_χ0_i q cos θ} +Re{Δ^s(Z)[f^R_{ei} f^{R∗}_{ej} O^{′′R}_{ij} Δ^{u∗}(ẽ_R) + f^{R∗}_{ei} f^R_{ej} O^{′′R∗}_{ij} Δ^{t∗}(ẽ_R)]m_χ0_j E_χ0_i } ] , (C.19) Σ^1_P (ẽ_Rẽ_R) = g^4 4 c_RE^2_b sin θ { |f^R_{ei} |^2|f^R_{ej}|^2 × [ (|Δ^t(ẽ_R)|^2 + |Δ^u(ẽ_R)|^2)m_χ0_i E_χ0_j − (|Δ^t(ẽ_R)|^2 − |Δ^u(ẽ_R)|^2)m_χ0_i q cos θ ] −2Re{(f^{R∗}_{ei} )^2(f^R_{ej})^2Δ^u(ẽ_R)Δ^{t∗}(ẽ_R)}m_χ0_j E_χ0_i } . (C.20)

To obtain the expressions for Σ^1_P (Zẽ_L) and Σ^1_P (ẽ_Lẽ_L) one has to apply the exchanges (C.15) in (C.19) and (C.20) and to change the overall sign of the right hand side of (C.19) and (C.20).

• The contributions to the transverse χ̃^0_i polarization perpendicular to the production plane are

Σ^2_P (ZZ) =

4g^4 cos^4 θ_W

|Δ^s(Z)|^2(R^2_e c_R − L^2_ec_L) m_χ0_j qE^2_b sin θRe(O^{′′R}_{ij} )Im(O^{′′R}_{ij} ), (C.21) Σ^2_P (Zẽ_R) = g^4 cos^2 θ_W

R_ec_Rm_χ0_j E^2_b q sin θ × Im { Δ^s(Z)[f^R_{ei} f^{R∗}_{ej} O^{′′R}_{ij} Δ^{u∗}(ẽ_R) − f^{R∗}_{ei} f^R_{ej}O^{′′R∗}_{ij} Δ^{t∗}(ẽ_R)] } , (C.22) Σ^2_P (ẽ_Rẽ_R) = − g^4 2 c_Rm_χ0_j E^2_b q sin θ Im { (f^{R∗}_{ei} )^2(f^R_{ej} )^2Δ^u(ẽ_R)Δ^{t∗}(ẽ_R) } . (C.23) To obtain the expressions for Σ^2_P (Zẽ_L) and Σ^2_P (ẽ_Lẽ_L) one has to apply the exchanges (C.15) in (C.22) and (C.23).

• The contributions to the longitudinal χ̃^0_i polarization are

Σ^3_P (ZZ) =

2g^4 cos^4 θ_W

|Δ^s(Z)|^2(L^2_ec_L − R^2_ec_R)E^2_b cos θ × [ |O^{′′R}_{ij} |^2(E_χ0_i E_χ0_j + q^2) − [(ReO^{′′R}_{ij} )^2 − (ImO^{′′R∗}_{ij} )^2]m_χ0_i m_χ0_j ] , (C.24) Σ^3_P (Zẽ_R) = −g^4 cos^2 θ_W

R_ec_RE^2_b × [ Re { Δ^s(Z)[f^R_{ei} f^{R∗}_{ej} O^{′′R∗}_{ij} Δ^{u∗}(ẽ_R) − f^{R∗}_{ei} f^R_{ej}O^{′′R}_{ij} Δ^{t∗}(ẽ_R)]E_χ0_j q } +Re { Δ^s(Z)[f^R_{ei} f^{R∗}_{ej} O^{′′R∗}_{ij} Δ^{u∗}(ẽ_R) + f^{R∗}_{ei} f^R_{ej}O^{′′R}_{ij} Δ^{t∗}(ẽ_R)](E_χ0_i E_χ0_j + q^2) cos θ } −Re { Δ^s(Z)[f^R_{ei} f^{R∗}_{ej} O^{′′R}_{ij} Δ^{u∗}(ẽ_R) + f^{R∗}_{ei} f^R_{ej}O^{′′R∗}_{ij} Δ^{t∗}(ẽ_R)]m_χ0_i m_χ0_j cos θ } +Re { Δ^s(Z)[f^R_{ei} f^{R∗}_{ej} O^{′′R∗}_{ij} Δ^{u∗}(ẽ_R) − f^{R∗}_{ei} f^R_{ej} O^{′′R}_{ij} Δ^{t∗}(ẽ_R)]E_χ0_i q cos^2 θ }] , (C.25) Σ^3_P (ẽ_Rẽ_R) = − g^4 4 c_RE^2_b [ |f^R_{ei} |^2|f^R_{ej}|^2 × { [|Δ^u(ẽ_R)|^2 − |Δ^t(ẽ_R)|^2]E_χ0_j q + [|Δ^u(ẽ_R)|^2 − |Δ^t(ẽ_R)|^2]qE_χ0_i cos^2 θ +[|Δ^t(ẽ_R)|^2 + |Δ^u(ẽ_R)|^2](E_χ0_i E_χ0_j + q^2) cos θ } −2Re{(f^{R∗}_{ei} )^2(f^R_{ej} )^2Δ^u(ẽ_R)Δ^{t∗}(ẽ_R)}m_χ0_i m_χ0_j cos θ ] . (C.26)

To obtain the expressions for Σ^3_P (Zẽ_L) and Σ^3_P (ẽ_Lẽ_L) one has to apply the exchanges (C.15) in (C.25) and (C.26) and to change the overall sign of the right hand side of (C.25) and (C.26).

C.2 Neutralino decay into sleptons

For neutralino two-body decay into sleptons χ̃^0_i (p_χ0_i , λ_i) → ℓ̃ + ℓ_1; ℓ = e, μ, τ, (C.27) the neutralino decay matrix (2.8) is given by ρ_{D1} (χ̃^0_i )_λ′_{iλi} = δ_λ′_{iλi} D_1 + σ^a_λ′_{iλi} Σ^a_{D1} , (C.28) where we sum over a. For the decay into right sleptons χ̃^0_i → ℓ̃^∓_R ℓ^±_1 , ℓ = e, μ, the expansion coefficients are D_1 = g^2 2 |f^R_{ℓi} |^2(m^2_χ0_i − m^2_{ℓ̃} ), (C.29) Σ^a_{D1} = ±g^2|f^R_{ℓi} |^2m_χ0_i (s^a_χ0_i · p_{ℓ1} ). (C.30) For the decay into the left sleptons χ̃^0_i → ℓ̃^∓_L ℓ^±_1 , ℓ = e, μ, the coefficients are D_1 = g^2 2 |f^L_{ℓi} |^2(m^2_χ0_i − m^2_{ℓ̃} ), (C.31) Σ^a_{D1} = ∓g^2|f^L_{ℓi} |^2m_χ0_i (s^a_χ0_i · p_{ℓ1} ). (C.32) For the decay into the stau χ̃^0_i → τ̃^∓_k τ^±, k = 1, 2, one obtains D_1 = g^2 2 (|a^{τ̃}_{ki}|^2 + |b^{τ̃}_{ki}|^2)(m^2_χ0_i − m^2_{τ̃k} ), (C.33) Σ^a_{D1} = ∓g^2(|a^{τ̃}_{ki}|^2 − |b^{τ̃}_{ki}|^2)m_χ0_i (s^a_χ0_i · p_{ℓ1} ). (C.34) The factor for the subsequent slepton decays ℓ̃_{R,L} → ℓ_2χ̃^0_1, ℓ = e, μ, is given by D_2 = g^2|f^{R,L}_{ℓ1} |^2(m^2_{ℓ̃} − m^2_χ0_1 ), (C.35) and that for stau decay τ̃_k → τχ̃^0_1 by D_2 = g^2(|a^{τ̃}_{k1}|^2 + |b^{τ̃}_{k1}|^2)(m^2_{τ̃k} − m^2_χ0_1 ). (C.36)

C.3 Neutralino decay into staus 115

C.3 Neutralino decay into staus

For neutralino two-body decay into staus χ̃^0_i (p_χ0_i , λ_i) → τ̃^±_m (p_{τ̃m} ) + τ^∓(p_τ , λ_k); m = 1, 2, (C.37) the decay matrix is ρ_D(χ̃^0_i )^{λkλ′k}_λ′_{iλi} = δ_λ′_{iλi} D^{λkλ′k} + ∑ a σ^a_λ′_{iλi} (Σ^a_D)^{λkλ′k} . (C.38) With the spin basis vectors s^b_τ for the τ^∓, given in (B.21), we can expand D^{λkλ′k} = δ_{λk λ}′_k D + σ^b_{λk λ}′_k D^b, (C.39) (Σ^a_D)^{λkλ′k} = δ_{λk λ}′_k Σ^a_D + σ^b_{λkλ}′_k Σ^{ab}_D . (C.40) The expansion coefficients are given by D = g^2Re(b^{τ̃}_{mi}^∗a^{τ̃}_{mi})m_τ m_χ0_i + g^2 2 (|b^{τ̃}_{mi}|^2 + |a^{τ̃}_{mi}|^2)(p_τ · p_χ0_i ), (C.41) D^b = ± g^2 2 m_τ (|b^{τ̃}_{mi}|^2 − |a^{τ̃}_{mi}|^2)(p_χ0_i · s^b_τ ), (C.42) Σ^a_D = ± g^2 2 m_χ0_i (|a^{τ̃}_{mi}|^2 − |b^{τ̃}_{mi}|^2)(p_τ · s^a_χ0_i ), (C.43) Σ^{ab}_D = g^2Re(b^{τ̃}_{mi}^∗a^{τ̃}_{mi})(p_τ · s^a_χ0_i )(p_χ0_i · s^b_τ )

−g^2(s^a_χ0_i · s^b_τ )[ 1 2 (|b^{τ̃}_{mi}|^2 + |a^{τ̃}_{mi}|^2)m_τ m_χ0_i + Re(b^{τ̃}_{mi}^∗a^{τ̃}_{mi})(p_τ · p_χ0_i )] ∓g^2Im(b^{τ̃}_{mi}^∗a^{τ̃}_{mi})ϵ_{μνρσ} p^μ_τ p^ν_{χ̃}0_i s^{a, ρ}_{χ0i} s^{b, σ}_τ , (ϵ_{0123} = 1). (C.44)

C.4 Neutralino decay into the Z boson

For the neutralino two-body decay into the Z boson χ̃^0_i (p_χ0_i , λ_i) → χ^0_n(p_χ0_n , λ_n) + Z(p_Z , λ_k); n < i, (C.45) the decay matrix is given by

ρ_{D1} (χ̃^0_i )^{λkλ′k}_λ′_{iλi} = ∑ λ_n T^{λnλk}_{D1,λi} T^{λnλ′k∗}_{D1,λ}′_i , (C.46)

with the helicity amplitude

T^{λnλk}_{D1,λi} = ū(p_χ0_n , λ_n)γ^μ g cos θ_W [O^{′′L}_{ni} P_L + O^{′′R}_{ni} P_R]u(p_χ0_i , λ_i)ε^{λk∗}_μ . (C.47)

For the subsequent decay of the Z boson

Z(p_Z , λ_k) → f(p_f , λ_f ) + f̄(p¯_f , λ¯_f ); f = ℓ, q, (C.48)

the decay matrix is

ρ_{D2} (Z)_λ′_{kλk} = ∑ λ_f ,λ¯_f T^{λf λf̄}_{D2,λk} T^{λf λf̄ ∗}_{D2,λ}′_k , (C.49)

and the helicity amplitude

T^{λf λf̄}_{D2,λk} = ū(p_f , λ_f )γ^μ g cos θ_W

[L_f P_L + R_f P_R]v(p¯_f , λ¯_f )ε^{λk}_μ . (C.50)

The polarization vectors of the Z boson ε^{λk}_μ , λ_k = 0, ±1, are given in (B.38). With the set of neutralino spin vectors s^a_χ0_i , given in (B.14), we obtain for the neutralino decay matrix

ρ_{D1} (χ̃^0_i )^{λkλ′k}_λ′_{iλi} = (δ_λ′_{iλi} D^{μν}_1 + σ^a_λ′_{iλi} Σ^{a μν}_{D1} )ε^{λk∗}_μ ε^{λ′k}ν , (C.51)

and for the Z decay matrix

ρ_{D2} (Z)_λ′_{kλk} = D^{μν}_2 ε^{λk}_μ ε^{λ′k∗}ν , (C.52) with D^{μν}_1 =

2g^2 cos^2 θ_W { [2 p^μ_χ0_i p^ν_χ0_i − (p^μ_χ0_i p^ν_Z + p^ν_χ0_i p^μ_Z ) −^1_2 (m^2_χ0_i + m^2_χ0_n − m^2_Z )g^{μν} ]|O^{′′L}_{ni} |^2 −g^{μν} m_χ0_i m_χ0_n [(ReO^{′′L}_{ni} )^2 − (ImO^{′′L}_{ni} )^2] } , (C.53) Σ^{a μν}_{D1} = 2ig^2 cos^2 θ_W { − m_χ0_i ϵ^{μανβ} s^a_χ0_{i ,α}(p_χ0_{i ,β} − p_{Z,β})|O^{′′L}_{ni} |^2 +2m_χ0_n (s^{a,μ}_χ0_i p^ν_χ0_i − s^{a,ν}_χ0_i p^μ_χ0_i )(ImO^{′′L}_{ni} )(ReO^{′′L}_{ni} ) −m_χ0_n ϵ^{μανβ} s^a_χ0_{i ,α}p_χ0_{i ,β}[(ReO^{′′L}_{ni} )^2 − (ImO^{′′L}_{ni} )^2] } ; (ϵ_{0123} = 1), (C.54) and D^{μν}_2 =

2g^2 cos^2 θ_W { (−2 p^μ_{f̄} p^ν¯_f + p^μ_Z p^ν¯_f + p^μ_{f̄} p^ν_Z −^1_2 m^2_Z g^{μν} )(L^2_f + R^2_f ) −iϵ^{μανβ} p_{Z,α}p¯_{f,β}(L^2_f − R^2_f ) } . (C.55) Due to the Majorana character of the neutralinos, D^{μν}_1 is symmetric and Σ^{a μν}_{D1} is antisymmetric under interchange of μ and ν. In (C.51) and (C.52) we use the expansion (F.12) for the Z polarization vectors ε^{λk}_μ ε^{λ′k∗}ν =^1_3 δ^{λ′kλk} I_{μν} − i 2m_Z ϵ_{μνρσ}p^ρ_Z t^{c,σ}_Z (J^c)^{λ′kλk} −^1_2 t^c_{Z,μ}t^d_{Z,ν}(J^{cd})^{λ′k λk} , (C.56) summed over c, d. The decay matrices can be expanded in terms of the spin matrices J^c and J^{cd}, given in Appendix F.2. The first term of the decay matrix ρ_{D1} (C.51), which is independent of the neutralino polarization, then gives D^{μν}_1 ε^{λk∗}_μ ε^{λ′k}ν = D_1δ^{λk λ′k} +^cD_1(J^c)^{λkλ′k} +^{cd}D_1(J^{cd})^{λkλ′k} , (C.57) with

D_1 = g^2 cos^2 θ_W {[ m^2_χ0_n −^1_3 m^2_χ0_i − m^2_Z + 4 3 (p_χ0_i · p_Z )^2 m^2_Z ] |O^{′′L}_{ni} |^2 +2m_χ0_i m_χ0_n [(ReO^{′′L}_{ni} )^2 − (ImO^{′′L}_{ni} )^2] } , (C.58) cdD_1 = − g^2 cos^2 θ_W { [ 2(t^c_Z · p_χ0_i )(t^d_Z · p_χ0_i ) +^1_2 (m^2_χ0_i + m^2_χ0_n − m^2_Z )δ^{cd} ] |O^{′′L}_{ni} |^2 +δ^{cd}m_χ0_i m_χ0_n [(ReO^{′′L}_{ni} )^2 − (ImO^{′′L}_{ni} )^2] } , (C.59) and^cD_1 = 0 due to the Majorana character of the neutralinos. As a consequence of the completeness relation (F.14), the diagonal coefficients are linearly dependent 11D_1 +^{22}D_1 +^{33}D_1 = −^3_2 D_1. (C.60) For large three momentum p_χ0_i , the Z boson will mainly be emitted into the forward direction with respect to p_χ0_i , i.e. p̂_χ0_i ≈ p̂_Z , with p̂ = p/|p|, so that (t^{1,2}_Z ·p_χ0_i ) ≈ 0 in (C.59). Therefore, for high energies^{11}D_1 ≈^{22}D_1, and the contributions of the non-diagonal coefficients^{cd}D_1(c ≠ d) will be small.

For the second term of ρ_{D1} (C.51), which depends on the polarization of the decaying neutralino, we obtain Σ^{a μν}_{D1} ε^{λk∗}_μ ε^{λ′k}ν = Σ^a_{D1} δ^{λkλ′k} +^cΣ^a_{D1} (J^c)^{λkλ′k} +^{cd}Σ^a_{D1} (J^{cd})^{λkλ′k} , (C.61) with

cΣ^a_{D1} =

2g^2 m_Z cos^2 θ_W {[ |O^{′′L}_{ni} |^2m_χ0_i + [(ReO^{′′L}_{ni} )^2 − (ImO^{′′L}_{ni} )^2]m_χ0_n ] × [ (s^a_χ0_i · p_Z )(t^c_Z · p_χ0_i ) − (s^a_χ0_i · t^c_Z )(p_Z · p_χ0_i ) ] + |O^{′′L}_{ni} |^2m_χ0_i m^2_Z (s^a_χ0_i · t^c_Z ) −2(ImO^{′′L}_{ni} )(ReO^{′′L}_{ni} )m_χ0_n ϵ_{μνρσ} s^{a,μ}_χ0_i p^ν_χ0_i p^ρ_Z t^{c,σ}_Z } , (C.62) and Σ^a_{D1} =^{cd}Σ^a_{D1} = 0 due to the Majorana character of the neutralinos. Inserting (C.57) and (C.61) into (C.51), we obtain the expansion of the neutralino decay matrix ρ_{D1} (χ̃^0_i )^{λkλ′k}_λ′_{iλi} = δ_λ′_{iλi} D_1 δ^{λk λ′k} + σ^a_λ′_{iλi}^cΣ^a_{D1} (J^c)^{λkλ′k} + δ_λ′_{iλi}^{cd}D_1 (J^{cd})^{λkλ′k} , (C.63) into the scalar (first term), vector (second term) and tensor part (third term). A similar expansion for the Z decay matrix (C.52) results in ρ_{D2} (Z)_λ′_{kλk} = D_2 δ^{λ′k λk} +^cD_2 (J^c)^{λ′kλk} +^{cd}D_2 (J^{cd})^{λ′kλk} , (C.64) with

D_2 =

2g^2 3 cos^2 θ_W

(R^2_f + L^2_f )m^2_Z , (C.65)

cD_2 =

2g^2 cos^2 θ_W

(R^2_f − L^2_f )m_Z (t^c_Z · p¯_f ), (C.66)

cdD_2 = g^2 cos^2 θ_W

(R^2_f + L^2_f ) [ 2(t^c_Z · p¯_f )(t^d_Z · p¯_f ) −^1_2 m^2_Z δ^{cd} ] . (C.67)

As a consequence of the completeness relation (F.14), the diagonal coefficients are linearly dependent

11D_2 +^{22}D_2 +^{33}D_2 = −^3_2 D_2. (C.68)

For large three-momentum p_Z , the fermion f̄ will mainly be emitted into the forward direction with respect to p_Z , i.e. p̂_Z ≈ p̂¯_f , so that (t^{1,2}_Z ·p¯_f ) ≈ 0 in (C.67). Therefore, for high energies^{11}D_2 ≈^{22}D_2, and the contributions for the non-diagonal coefficients^{cd}D_2(c ≠ d) will be small.

Appendix D

Spin-density matrices for chargino production and decay

We give the analytic formulae for the squared amplitudes for chargino production e^+ e^− → χ̃^+_i χ̃^−_j , with longitudinally polarized beams and for different subsequent two-body decay chains of one chargino. We use the spin density matrix formalism as in [27, 51, 66]. The amplitude squared can then be written

|T |^2 = |Δ(χ̃^+_i )|^2 ∑ λ_iλ^′_i ρ_P (χ̃^+_i )^{λiλ′i} ρ_D(χ̃^+_i )_λ′_{iλi} , (D.1)

with ρ_P (χ̃^+_i ) the spin density production matrix of chargino χ̃^+_i , the propagator Δ(χ̃^+_i ) = i/[s_χ+_i − m^2_χ+_i + im_χ+_i Γ_χ+_i ] and the chargino decay matrix ρ_D(χ̃^+_i ).

D.1 Chargino production

For the production of charginos

e^+ + e^− → χ̃^+_i (p_χ+_i , λ_i) + χ̃^−_j (p_χ−_j , λ_j), (D.2)

with momentum p and helicity λ, the unnormalized spin-density matrix of chargino χ̃^+_i is defined as

ρ_P (χ̃^+_i )^{λiλ′i} = ∑ λ_j T^{λiλj}_P T^{λ′iλj ∗}_P . (D.3)

The helicity amplitudes are [51, 66]:

T^{λiλj}_P (γ) = −e^2Δ(γ)δ_{ij}v̄(p_e+ )γ^μu(p_e− )ū(p_χ+_i , λ_i)γ_μv(p_χ−_j , λ_j), (D.4) T^{λiλj}_P (Z) = − g^2 cos^2 θ_W

Δ(Z)v̄(p_e+ )γ^μ(L_eP_L + R_eP_R)u(p_e− ) ×ū(p_χ+_i , λ_i)γ_μ(O^{′L}_{ij} P_L + O^{′R}_{ij} P_R)v(p_χ−_j , λ_j), (D.5) T^{λiλj}_P (ν̃) = −g^2V_{i1}V^∗_{j1}Δ(ν̃)v̄(p_e+ )P_Rv(p_χ+_i , λ_i)ū(p_χ−_j , λ_j)P_Lu(p_e− ), (D.6)

with the propagators

Δ(γ) = i p^2_γ

, Δ(Z) = i p^2_Z − m^2_Z + im_Z Γ_Z

, Δ(ν̃) = i p^2_{ν̃} − m^2_{ν̃}

. (D.7)

The Feynman diagrams are shown in Fig. D.1.

e^− χ̃^−_j e^+ χ̃^+_i γ

e^− χ̃^−_j e^+ χ̃^+_i

Z^0

e^− e^+

χ̃^−_j χ̃^+_i

ν̃

Figure D.1: Feynman diagrams for chargino production

For the polarization of the decaying chargino χ̃^+_i with momentum p_χ+_i we have introduced three space like spin vectors s^a_χ+_i (B.14). Then the chargino production matrix (D.1) can be expanded in terms of the Pauli matrices, see Appendix F.1: ρ_P (χ̃^+_i )^{λiλ′i} = 2(δ_{λiλ}′_i P + σ^a_{λiλ}′_i Σ^a_P ), (D.8)

where we sum over a. The factor 2 in (D.8) is due to the summation of the helicities of the second chargino χ̃^−_j , whose decay will not be considered. With our choice of the spin vectors, Σ^3_P /P is the longitudinal polarization of chargino χ̃^+_i , Σ^1_P /P is the transverse polarization in the production plane and Σ^2_P /P is the polarization perpendicular to the production plane. Only if there is a non-vanishing CP phase φ_μ in the chargino sector, and only if two different charginos are produced, e^+ e^− → χ̃^±_1 χ̃^∓_2 , the polarization Σ^2_P /P perpendicular to the production plane is non-zero. Thus it is a probe for CP violation in the production of an unequal pair of charginos. Note that Σ^2_P also gets contributions from the finite Z width, which however do not signal CP violation.

We give the analytical formulae for P and Σ^1_P , Σ^2_P , Σ^3_P in the laboratory system in the following sections. Lorentz invariant expressions for these functions can be found in [51, 66].

D.1.1 Chargino polarization independent quantities

The coefficient P is independent of the chargino polarization. It can be composed into contributions from the different production channels P = P (γγ) + P (γZ) + P (γν̃) + P (ZZ) + P (Zν̃) + P (ν̃ν̃) (D.9) which read P (γγ) = δ_{ij} 2e^4|Δ(γ)|^2(c_L + c_R)E^2_b (E_χ+_i E_χ−_j + m_χ+_i m_χ−_j + q^2 cos^2 θ), (D.10) P (γZ) = δ_{ij} 2 e^2g^2 cos^2 θ_W E^2_b Re { Δ(γ)Δ(Z)^∗ [ (L_ec_L − R_ec_R)(O^{′R∗}_{ij} − O^{′L∗}_{ij} )2E_bq cos θ +(L_ec_L + R_ec_R)(O^{′L∗}_{ij} + O^{′R∗}_{ij} )(E_χ+_i E_χ−_j + m_χ+_i m_χ−_j + q^2 cos^2 θ) ]} , (D.11) P (γν̃) = δ_{ij} e^2g^2E^2_b c_LRe { V^∗_{i1}V_{j1}Δ(γ)Δ(ν̃)^∗ } ×(E_χ+_i E_χ−_j + m_χ+_i m_χ−_j − 2E_bq cos θ + q^2 cos^2 θ), (D.12) P (ZZ) = g^4 cos^4 θ_W

|Δ(Z)|^2E^2_b [ (L^2_ec_L − R^2_ec_R)(|O^{′R}_{ij} |^2 − |O^{′L}_{ij} |^2)2E_bq cos θ +(L^2_ec_L + R^2_ec_R)(|O^{′L}_{ij} |^2 + |O^{′R}_{ij} |^2)(E_χ+_i E_χ−_j + q^2 cos^2 θ) +(L^2_ec_L + R^2_ec_R)2Re{O^{′L}_{ij} O^{′R∗}_{ij} }m_χ+_i m_χ−_j ] , (D.13) P (Zν̃) = g^4 cos^2 θ_W L_ec_LE^2_b Re { V^∗_{i1}V_{j1}Δ(Z)Δ(ν̃)^∗ ×[O^{′L}_{ij} (E_χ+_i E_χ−_j − 2E_bq cos θ + q^2 cos^2 θ) + O^{′R}_{ij} m_χ+_i m_χ−_j ] } , (D.14)

P (ν̃ν̃) = g^4 4 c_L|V_{i1}|^2|V_{j1}|^2|Δ(ν̃)|^2E^2_b (E_χ+_i E_χ−_j − 2E_bq cos θ + q^2 cos^2 θ). (D.15)

The longitudinal beam polarizations are included in the weighting factors c_L = (1 − P_e− )(1 + P_e+ ), c_R = (1 + P_e− )(1 − P_e+ ). (D.16) Sneutrino exchange is enhanced for P_e− < 0 and P_e+ > 0.

D.1.2 Chargino polarization

The coefficients Σ^a_P , which describe the polarization of the chargino χ̃^+_i , decompose into Σ^a_P = Σ^a_P (γγ) + Σ^a_P (γZ) + Σ^a_P (γν̃) + Σ^a_P (ZZ) + Σ^a_P (Zν̃) + Σ^a_P (ν̃ν̃). (D.17) • The contributions to the transverse polarization in the production plane are

Σ^1_P (γγ) = δ_{ij} 2e^4|Δ(γ)|^2(c_R − c_L)E^2_b sin θ(m_χ+_i E_χ−_j + m_χ−_j E_χ+_i ), (D.18) Σ^1_P (γZ) = δ_{ij} 2 e^2g^2 cos^2 θ_W

E^2_b sin θRe { Δ(γ)Δ(Z)^∗ × [ − (L_ec_L + R_ec_R)(O^{′R∗}_{ij} − O^{′L∗}_{ij} )m_χ+_i q cos θ +(R_ec_R − L_ec_L)(O^{′L∗}_{ij} + O^{′R∗}_{ij} )(m_χ+_i E_χ−_j + m_χ−_j E_χ+_i ) ]} , (D.19) Σ^1_P (γν̃) = −δ_{ij} e^2g^2c_LE^2_b sin θRe { V^∗_{i1}V_{j1}Δ(γ)Δ(ν̃)^∗ } ×[m_χ+_i (E_χ−_j − q cos θ) + m_χ−_j E_χ+_i ], (D.20) Σ^1_P (ZZ) = g^4 cos^4 θ_W

|Δ(Z)|^2E^2_b sin θ [ (L^2_ec_L + R^2_e c_R)(|O^{′L}_{ij} |^2 − |O^{′R}_{ij} |^2)m_χ+_i q cos θ +(R^2_ec_R − L^2_ec_L)2Re { O^{′L}_{ij} O^{′R∗}_{ij} } m_χ−_j E_χ+_i +(R^2_ec_R − L^2_ec_L)(|O^{′R}_{ij} |^2 + |O^{′L}_{ij} |^2)m_χ+_i E_χ−_j ] , (D.21) Σ^1_P (Zν̃) = − g^4 cos^2 θ_W

L_ec_LE^2_b sin θRe { V^∗_{i1}V_{j1}Δ(Z)Δ(ν̃)^∗ ×[O^{′L}_{ij} m_χ+_i (E_χ−_j − q cos θ) + O^{′R}_{ij} m_χ−_j E_χ+_i ] } , (D.22) Σ^1_P (ν̃ν̃) = − g^4 4 c_L|V_{i1}|^2|V_{j1}|^2|Δ(ν̃)|^2E^2_b sin θm_χ+_i (E_χ−_j − q cos θ). (D.23)

• The contributions to the transverse χ̃^+_i polarization perpendicular to the production plane are

Σ^2_P (γγ) = Σ^2_P (ν̃ν̃) = 0, (D.24) Σ^2_P (γZ) = δ_{ij}2 e^2g^2 cos^2 θ_W (R_ec_R − L_ec_L)Im { Δ(γ)Δ(Z)^∗(O^{′R∗}_{ij} − O^{′L∗}_{ij} ) } ×E^2_b m_χ−_j q sin θ, (D.25) Σ^2_P (γν̃) = δ_{ij}e^2g^2c_LIm { V^∗_{i1}V_{j1}Δ(γ)Δ(ν̃)^∗ } E^2_b m_χ−_j q sin θ, (D.26) Σ^2_P (ZZ) = 2 g^4 cos^4 θ_W

|Δ(Z)|^2(R^2_ec_R − L^2_ec_L)Im { O^{′L}_{ij} O^{′R∗}_{ij} } E^2_b m_χ−_j q sin θ, (D.27)

Σ^2_P (Zν̃) = g^4 cos^2 θ_W L_ec_LIm { V^∗_{i1}V_{j1}O^{′R}_{ij} Δ(Z)Δ(ν̃)^∗ } E^2_b m_χ−_j q sin θ. (D.28)

• The contributions to the longitudinal χ̃^+_i polarization are

Σ^3_P (γγ) = δ_{ij}2e^4|Δ(γ)|^2(c_L − c_R)E^2_b cos θ(q^2 + E_χ+_i E_χ−_j + m_χ+_i m_χ−_j ), (D.29) Σ^3_P (γZ) = δ_{ij}2 e^2g^2 cos^2 θ_W E^2_b Re { Δ(γ)Δ(Z)^∗ × [ (L_ec_L − R_ec_R)(O^{′R∗}_{ij} + O^{′L∗}_{ij} )(q^2 + E_χ+_i E_χ−_j + m_χ+_i m_χ−_j ) cos θ +(L_ec_L + R_ec_R)(O^{′R∗}_{ij} − O^{′L∗}_{ij} )q(E_χ−_j + E_χ+_i cos^2 θ) ]} , (D.30) Σ^3_P (γν̃) = −δ_{ij} e^2g^2c_LE^2_b Re { V^∗_{i1}V_{j1}Δ(γ)Δ(ν̃)^∗ } ×[qE_χ−_j − (q^2 + E_χ+_i E_χ−_j ) cos θ + qE_χ+_i cos^2 θ − m_χ+_i m_χ−_j cos θ], (D.31) Σ^3_P (ZZ) = g^4 cos^4 θ_W

|Δ(Z)|^2E^2_b [ (L^2_ec_L + R^2_ec_R)(|O^{′R}_{ij} |^2 − |O^{′L}_{ij} |^2)q(E_χ−_j + E_χ+_i cos^2 θ) +(L^2_ec_L − R^2_e c_R)2Re { O^{′L}_{ij} O^{′R∗}_{ij} } m_χ+_i m_χ−_j cos θ +(L^2_ec_L − R^2_e c_R)(|O^{′L}_{ij} |^2 + |O^{′R}_{ij} |^2)(q^2 + E_χ+_i E_χ−_j ) cos θ ] , (D.32) Σ^3_P (Zν̃) = g^4 cos^2 θ_W L_ec_LE^2_b Re { V^∗_{i1}V_{j1}Δ(Z)Δ(ν̃)^∗[O^{′R}_{ij} m_χ+_i m_χ−_j cos θ −O^{′L}_{ij} (qE_χ−_j − (q^2 + E_χ+_i E_χ−_j ) cos θ + qE_χ+_i cos^2 θ)] } , (D.33) Σ^3_P (ν̃ν̃) = − g^4 4 c_L|V_{i1}|^2|V_{j1}|^2|Δ(ν̃)|^2E^2_b ×[qE_χ−_j − (q^2 + E_χ+_i E_χ−_j ) cos θ + qE_χ+_i cos^2 θ]. (D.34)

D.2 Chargino decay into sneutrinos 125

D.2 Chargino decay into sneutrinos

For chargino two-body decay into sneutrinos χ̃^+_i (p_χ+_i , λ_i) → ℓ^+ + ν̃_ℓ; ℓ = e, μ, τ, (D.35) the chargino decay matrix is given by ρ_D(χ̃^+_i )_λ′_{iλi} = δ_λ′_{iλi} D + σ^a_λ′_{iλi} Σ^a_D. (D.36) For the chargino decay into an electron or muon sneutrino the coefficients are D = g^2 2 |V_{i1}|^2(m^2_χ+_i − m^2_{ν̃ℓ} ), (D.37) Σ^a_D =^−_{(+)}g^2|V_{i1}|^2m_χ+_i (s^a_χ+_i · p_ℓ); for ℓ = e, μ, (D.38) where the sign in parenthesis holds for the conjugated process χ̃^−_i → ℓ^−¯ν̃_ℓ. For the decay into the tau sneutrino the coefficients are given by D = g^2 2 (|V_{i1}|^2 + Y^2_τ |U_{i2}|^2)(m^2_χ+_i − m^2_{ν̃τ} ), (D.39) Σ^a_D =^−_{(+)}g^2(|V_{i1}|^2 − Y^2_τ |U_{i2}|^2)m_χ+_i (s^a_χ+_i · p_τ ), (D.40) where Y_τ = m_τ /( √ 2m_W cos β) is the τ Yukawa coupling, and the sign in parenthesis holds for the conjugated process χ̃^−_i → τ^− ¯ν̃_τ .

D.3 Chargino decay into the W boson

For the chargino two-body decay into the W boson χ̃^+_i (p_χ+_i , λ_i) → χ̃^0_n(p_χ0_n , λ_n) + W^+(p_W , λ_k), (D.41) the decay matrix is given by ρ_{D1} (χ̃^+_i )^{λkλ′k}_λ′_{iλi} = ∑ λ_n T^{λnλk}_{D1,λi} T^{λnλ′k∗}_{D1,λ}′_i , (D.42) with helicity amplitude T^{λnλk}_{D1,λi} = igū(p_χ0_n , λ_n)γ^μ[O^L_{ni}P_L + O^R_{ni}P_R]u(p_χ+_i , λ_i)ε^{λk∗}_μ . (D.43) For the subsequent decay of the W boson W^+(p_W , λ_k) → f^′ (p_f ′ , λ_f ′ ) + f̄(p¯_f , λ¯_f ), (D.44) the decay matrix is ρ_{D2} (W^+)_λ′_{k λk} = ∑ λ_f ′ ,λ¯_f T^{λf ′ λf̄}_{D2,λk} T^{λf ′ λf̄ ∗}_{D2,λ}′_k (D.45)

and the helicity amplitude T^{λf ′ λf̄}_{D2,λk} = i g √ 2 ū(p_f ′ , λ_f ′ )γ^μP_Lv(p¯_f , λ¯_f )ε^{λk}_μ . (D.46) The W polarization vectors ε^{λk}_μ , λ_k = 0, ±1, are defined in (B.38). With the set of chargino spin vectors s^a_χ+_i , given in (B.14), we obtain for the chargino decay matrix ρ_{D1} (χ̃^+_i )^{λkλ′k}_λ′_{iλi} = (δ_λ′_{iλi} D^{μν}_1 + σ^a_λ′_{iλi} Σ^{a μν}_{D1} )ε^{λk∗}_μ ε^{λ′k}ν (D.47) and for the W boson decay matrix ρ_{D2} (W^+)_λ′_{k λk} = D^{μν}_2 ε^{λk}_μ ε^{λ′k∗}ν . (D.48) The expansion coefficients are D^{μν}_1 = g^2(|O^R_{ni}|^2 + |O^L_{ni}|^2)[2p^μ_χ+_i p^ν_χ+_i − (p^μ_χ+_i p^ν_W + p^ν_χ+_i p^μ_W ) −^1_2 (m^2_χ+_i + m^2_χ0_n − m^2_W )g^{μν} ] +2g^2Re(O^{R∗}_{ni} O^L_{ni})m_χ+_i m_χ0_n g^{μν +}_{(−)}ig^2(|O^R_{ni}|^2 − |O^L_{ni}|^2)ϵ^{μανβ} p_χ+_{i ,α} p_{W,β}, (D.49) Σ^{a μν}_{D1} =^+_{(−)}g^2(|O^R_{ni}|^2 − |O^L_{ni}|^2)m_χ+_i [s^{a,μ}_χ+_i (p^ν_χ+_i − p^ν_W ) + s^{a,ν}_χ+_i (p^μ_χ+_i − p^μ_W ) + (s^a_χ+_i · p_W )g^{μν}] −ig^2(|O^R_{ni}|^2 + |O^L_{ni}|^2)m_χ+_i ϵ^{μανβ} s^a_χ+_{i , α}(p_χ+_{i , β} − p_{W,β}) +2ig^2Re(O^{R∗}_{ni} O^L_{ni})m_χ0_n ϵ^{μανβ} s^a_χ+_{i ,α} p_χ+_{i ,β} −2ig^2Im(O^{R∗}_{ni} O^L_{ni})m_χ0_n (s^{a,μ}_χ+_i p^ν_χ+_i − s^{a,ν}_χ+_i p^μ_χ+_i ); (ϵ_{0123} = 1), (D.50)

D.3 Chargino decay into the W boson 127

and D^{μν}_2 = g^2(−2p^μ_{f̄} p^ν¯_f + p^μ_W p^ν¯_f + p^μ_{f̄} p^ν_W −^1_2 m^2_W g^{μν} )^−_{(+)}ig^2ϵ^{μανβ} p_{W,α} p¯_{f,β}, (D.51)

where here, and in the following, the signs in parenthesis hold for the charge conjugated processes, χ̃^−_i → W^−χ̃^0_n and W^− → f̄^′ f, respectively. In (D.47) and (D.48) we use the expansion (F.12) for the W polarization vectors

ε^{λk}_μ ε^{λ′k∗}ν =^1_3 δ^{λ′kλk} I_{μν} − i 2m_W ϵ_{μνρσ} p^ρ_W t^{c,σ}_W (J^c)^{λ′kλk} −^1_2 t^c_{W,μ}t^d_{W,ν} (J^{cd})^{λ′kλk} . (D.52)

The decay matrices can be expanded in terms of the spin matrices J^c and J^{cd}, given in Appendix F.2. The first term of the decay matrix ρ_{D1} (D.47), which is independent of the chargino polarization, then is

D^{μν}_1 ε^{λk∗}_μ ε^{λ′k}ν = D_1δ^{λk λ′k} +^cD_1(J^c)^{λkλ′k} +^{cd}D_1(J^{cd})^{λkλ′k} , (D.53)

with

D_1 =^1_6 g^2(|O^R_{ni}|^2 + |O^L_{ni}|^2) [ m^2_χ+_i + m^2_χ0_n − 2m^2_W +

(m^2_χ+_i − m^2_χ0_n )^2 m^2_W ] −2g^2Re(O^{R∗}_{ni} O^L_{ni})m_χ+_i m_χ0_n , (D.54) cD_1 =^+_{(−)}g^2(|O^R_{ni}|^2 − |O^L_{ni}|^2)m_W (t^c_W · p_χ+_i ), (D.55) cdD_1 = −g^2(|O^R_{ni}|^2 + |O^L_{ni}|^2) [ (t^c_W · p_χ+_i )(t^d_W · p_χ+_i ) +^1_4 (m^2_χ+_i + m^2_χ0_n − m^2_W )δ^{cd} ] +g^2Re(O^{R∗}_{ni} O^L_{ni})m_χ+_i m_χ0_n δ^{cd}. (D.56)

As a consequence of the completeness relation (F.14), the diagonal coefficients are linearly dependent

11D_1 +^{22}D_1 +^{33}D_1 = −^3_2 D_1. (D.57)

For large chargino momentum p_χ+_i , the W boson will mainly be emitted into the forward direction with respect to p_χ+_i , i.e. p̂_χ+_i ≈ p̂_W , with p̂ = p/|p|. Therefore, for high energies we have (t^{1,2}_W · p_χ+_i ) ≈ 0 in (D.56), and in^{11}D_1 ≈^{22}D_1.

For the second term of ρ_{D1} (D.47), which depends on the polarization of the decaying chargino, we obtain Σ^{a μν}_{D1} ε^{λk∗}_μ ε^{λ′k}ν = Σ^a_{D1} δ^{λkλ′k} +^cΣ^a_{D1} (J^c)^{λkλ′k} +^{cd}Σ^a_{D1} (J^{cd})^{λkλ′k} , (D.58) with

Σ^a_{D1} =^+_{(−)}^2_3 g^2(|O^R_{ni}|^2 − |O^L_{ni}|^2)m_χ+_i (s^a_χ+_i · p_W )[ m^2_χ+_i − m^2_χ0_n 2m^2_W

− 1], (D.59) cΣ^a_{D1} = g^2 m_W [ (|O^R_{ni}|^2 + |O^L_{ni}|^2)m_χ+_i − 2Re(O^{R∗}_{ni} O^L_{ni})m_χ0_n ] × [ (t^c_W · p_χ+_i )(s^a_χ+_i · p_W ) +^1_2 (t^c_W · s^a_χ+_i )(m^2_χ0_n − m^2_χ+_i + m^2_W ) ]

+ 2g^2 m_W Im(O^{R∗}_{ni} O^L_{ni})m_χ0_n ϵ_{μνρσ} s^{a,μ}_χ+_i p^ν_χ+_i p^ρ_W t^{c,σ}_W , (D.60) cdΣ^a_{D1} =^+_{(−)}^1_2 g^2(|O^R_{ni}|^2 − |O^L_{ni}|^2)m_χ+_i × [ (s^a_χ+_i · p_W )δ^{cd} − (t^c_W · p_χ+_i )(t^d_W · s^a_χ+_i ) − (t^d_W · p_χ+_i )(t^c_W · s^a_χ+_i ) ] . (D.61) Inserting (D.53) and (D.58) into (D.47), we obtain the expansion of the chargino decay matrix in the scalar (first term), vector (second term) and tensor part (third term):

ρ_{D1} (χ̃^+_i )^{λkλ′k}_λ′_{iλi} = (δ_λ′_{iλi} D_1 + σ^a_λ′_{iλi} Σ^a_{D1} ) δ^{λk λ′k} + (δ_λ′_{iλi}^cD_1 + σ^a_λ′_{iλi}^cΣ^a_{D1} ) (J^c)^{λkλ′k} + (δ_λ′_{iλi}^{cd}D_1 + σ^a_λ′_{iλi}^{cd}Σ^a_{D1} ) (J^{cd})^{λkλ′k} . (D.62) A similar expansion for the W decay matrix (D.48), results in ρ_{D2} (W^+)_λ′_{k λk} = D_2 δ^{λ′kλk} +^cD_2 (J^c)^{λ′k λk} +^{cd}D_2 (J^{cd})^{λ′k λk} , (D.63) with

D_2 =^1_3 g^2m^2_W , (D.64) cD_2 =^−_{(+)}g^2m_W (t^c_W · p¯_f ), (D.65) cdD_2 = g^2 [ (t^c_W · p¯_f )(t^d_W · p¯_f ) −^1_4 m^2_W δ^{cd} ] . (D.66) The diagonal coefficients are linearly dependent 11D_2 +^{22}D_2 +^{33}D_2 = −^3_2 D_2. (D.67)

Appendix E

Neutralino and Chargino two-body decay widths

For the two-body decay of a massive particle in its rest frame

a → b + c (E.1)

the decay width of particle a is

Γ(a → b c) = |p_b| 32 π^2 m^2_a ∫ |T |^2dΩ = √ λ(m^2_a, m^2_b , m^2_c ) 16 π m^3_a

|T |^2, (E.2)

with λ(x, y, z) = x^2 + y^2 + z^2 − 2(xy + xz + yz) and |T |^2 the amplitude squared for decay (E.1), where we average over the spins of particle a and sum over the spins of particles b,c.

E.1 Neutralino decay widths

We give the tree-level formulae for the neutralino two-body decay widths Γ_χ0_i for the decays

χ̃^0_i → ẽ_{R,L}e, μ̃_{R,L}μ, τ̃_mτ, ν̃_ℓν̄_ℓ, χ̃^0_nZ, χ̃^∓_mW^±, χ̃^0_nH^0_1 ; ℓ = e, μ, τ; m = 1, 2. (E.3)

• Neutralino decay into right selectrons or smuons: χ̃^0_i → ℓ̃^+_R + ℓ^−; ℓ = e, μ

|T |^2(χ̃^0_i → ℓ̃^+_Rℓ^−) = g^2 2 |f^R_{ℓi} |^2(m^2_χ0_i − m^2_{ℓ̃R} ), (E.4)

Γ(χ̃^0_i → ℓ̃^+_Rℓ^−) =

(m^2_χ0_i − m^2_{ℓ̃R} )^2 32 π m^3_χ0_i g^2|f^R_{ℓi} |^2. (E.5)

• Neutralino decay into left selectrons or smuons: χ̃^0_i → ℓ̃^+_L + ℓ^−; ℓ = e, μ

|T |^2(χ̃^0_i → ℓ̃^+_L ℓ^−) = g^2 2 |f^L_{ℓi} |^2(m^2_χ0_i − m^2_{ℓ̃L} ), (E.6)

Γ(χ̃^0_i → ℓ̃^+_L ℓ^−) =

(m^2_χ0_i − m^2_{ℓ̃L} )^2 32 π m^3_χ0_i g^2|f^L_{ℓi} |^2. (E.7)

• Neutralino decay into staus: χ̃^0_i → τ̃^+_m + τ^−; m = 1, 2

|T |^2(χ̃^0_i → τ̃^+_m τ^−) = g^2 2 (|a^{τ̃}_{mi}|^2 + |b^{τ̃}_{mi}|^2)(m^2_χ0_i − m^2_{τ̃m} ), (E.8)

Γ(χ̃^0_i → τ̃^+_m τ^−) =

(m^2_χ0_i − m^2_{τ̃m} )^2 32 π m^3_χ0_i g^2(|a^{τ̃}_{mi}|^2 + |b^{τ̃}_{mi}|^2). (E.9)

• Neutralino decay into sneutrinos: χ̃^0_i → ν̃_ℓ + ν̄_ℓ; ℓ = e, μ, τ

|T |^2(χ̃^0_i → ν̃_ℓν̄_ℓ) = g^2 2 |f^L_{νi}|^2(m^2_χ0_i − m^2_{ν̃ℓ} ), (E.10)

Γ(χ̃^0_i → ν̃_ℓν̄_ℓ) =

(m^2_χ0_i − m^2_{ν̃ℓ} )^2 32 π m^3_χ0_i g^2|f^L_{νi}|^2. (E.11)

E.1 Neutralino decay widths 131

• Neutralino decay into Z boson: χ̃^0_i → Z + χ̃^0_n

|T |^2(χ̃^0_i → Zχ̃^0_n) = g^2 cos^2 θ_W { 6 m_χ0_i m_χ0_n [(ReO^{′′L}_{ni} )^2 − (ImO^{′′L}_{ni} )^2] +

+ |O^{′′L}_{ni} |^2 [ m^2_χ0_i + m^2_χ0_n − 2m^2_Z +

(m^2_χ0_i − m^2_χ0_n )^2 m^2_Z ]} , (E.12)

Γ(χ̃^0_i → Zχ̃^0_n) = √ λ(m^2_χ0_i , m^2_χ0_n , m^2_Z ) 16 π m^3_χ0_i

|T |^2(χ̃^0_i → Zχ̃^0_n). (E.13)

• Neutralino decay into W boson: χ̃^0_i → W^+ + χ̃^−_j |T |^2(χ̃^0_i → W^+χ̃^−_j ) = −6 g^2m_χ0_i m_χ−_j Re(O^{R∗}_{ij} O^L_{ij}) +

+ g^2 2 (|O^R_{ij}|^2 + |O^L_{ij}|^2) [ m^2_χ0_i + m^2_χ−_j − 2m^2_W +

(m^2_χ0_i − m^2_χ−_j )^2 m^2_W ] , (E.14)

Γ(χ̃^0_i → W^+χ̃^−_j ) = √ λ(m^2_χ0_i , m^2_χ−_j , m^2_W )

16 π m^3_χ0_i

|T |^2(χ̃^0_i → W^+χ̃^−_j ). (E.15)

• Neutralino decay into Higgs boson: χ̃^0_i → H^0_1 + χ̃^0_n |T |^2(χ̃^0_i → H^0_1 χ̃^0_n) = 2g^2m_χ0_i m_χ0_n [Re(H^L_{ni})Re(H^R_{ni}) + Im(H^L_{ni})Im(H^R_{ni})] + g^2 2 (m^2_χ0_i + m^2_χ0_n − m^2_H0_1 )(|H^L_{ni}|^2 + |H^R_{ni}|^2), (E.16)

Γ(χ̃^0_i → H^0_1 χ̃^0_n) = √ λ(m^2_{χ0i} , m^2_{χ0n} , m^2_{H01} )

16 π m^3_χ0_i

|T |^2(χ̃^0_i → H^0_1 χ̃^0_n), (E.17)

with H^L_{ij} = Q^{′′∗}_{ij} cos α − S^{′′∗}_{ij} sin α, H^R_{ij} = H^{L∗}_{ij} and Q^{′′}_{ij} = 1 2 cos θ_W

[(N_{i3} cos β + N_{i4} sin β)N_{j2} + (N_{j3} cos β + N_{j4} sin β)N_{i2}] , (E.18) S^{′′}_{ij} = 1 2 cos θ_W

[(N_{i4} cos β − N_{i3} sin β)N_{j2} + (N_{j4} cos β − N_{j3} sin β)N_{i2}] . (E.19)

The Higgs mixing angle α for small tan β can be obtained approximately by diagonalization of the neutral Higgs mass matrix

M^H = m^2_Z cos^2 β + m^2_A sin^2 β −(m^2_Z + m^2_A) cos β sin β

−(m^2_Z + m^2_A) cos β sin β m^2_A cos^2 β + m^2_Z sin^2 β + δ_t

, (E.20)

which includes the largest term (top-loop) of the one-loop radiative corrections

δ_t =

3g^2m^4_t 16 π^2m^2_W sin^2 β log ( m^2_{t̃1} m^2_{t̃2} m^4_t ) . (E.21)

We obtain for the Higgs masses

(m_H0_1 )^2 = 1 2 [ M^H_{11} + M^H_{22} − √ (M^H_{11} − M^H_{22} )^2 + 4 (M^H_{12} )^2 ] , (E.22)

(m_H0_2 )^2 = 1 2 [ M^H_{11} + M^H_{22} + √ (M^H_{11} − M^H_{22} )^2 + 4 (M^H_{12} )^2 ] . (E.23)

For the mixing angle we obtain

cos α =

−M^H_{12} √ (M^H_{12} )^2 + [M^H_{11} − (m_H0_1 )^2]^2

, (E.24)

sin α =

M^H_{11} − (m_H0_1 )^2 √ (M^H_{12} )^2 + [M^H_{11} − (m_H0_1 )^2]^2

. (E.25)

If we choose a large Higgs mass parameter, e.g. m_A = 1 TeV, we have very approximately m_H0_1 ≈ 115 − 130 GeV and m_H0_2 ≈ M_A, which follows from (E.22) and (E.23). In addition, explicit CP violation is not relevant for the lightest Higgs state [67].

E.2 Chargino decay widths

We give the tree-level formulae for the chargino two-body decay widths Γ_χ+_i for the decays

χ̃^+_i → W^+χ̃^0_n, ẽ^+_L ν_e, μ̃^+_L ν_μ, τ̃^+_{1,2}ν_τ , e^+ν̃_e, μ^+ν̃_μ, τ^+ν̃_τ . (E.26)

For the heavy chargino χ̃^+_2 also the decays into the lightest neutral Higgs boson H^0_1 and the Z boson are possible

χ̃^+_2 → χ̃^+_1 Z, χ̃^+_1 H^0_1 . (E.27)

• Chargino decay into W boson: χ̃^+_i → W^+ + χ̃^0_n

|T |^2(χ̃^+_i → W^+χ̃^0_n) = g^2 2 (|O^R_{ni}|^2 + |O^L_{ni}|^2) [ m^2_χ+_i + m^2_χ0_n − 2m^2_W +

(m^2_χ+_i − m^2_χ0_n )^2 m^2_W ]

−6g^2m_χ+_i m_χ0_n Re(O^{R∗}_{ni} O^L_{ni}), (E.28)

Γ(χ̃^+_i → W^+χ̃^0_n) = √ λ(m^2_χ+_i , m^2_χ0_n , m^2_W ) 16 π m^3_χ+_i

|T |^2(χ̃^+_i → W^+χ̃^0_n). (E.29)

• Chargino decay into selectrons or smuons: χ̃^+_i → ℓ̃^+_L + ν_ℓ; ℓ = e, μ

|T |^2(χ̃^+_i → ℓ̃^+_L ν_ℓ) = g^2 2 |U_{i1}|^2(m^2_χ+_i − m^2_{ℓ̃} ), (E.30)

Γ(χ̃^+_i → ℓ̃^+_L ν_ℓ) =

(m^2_χ+_i − m^2_{ℓ̃} )^2 32 π m^3_χ+_i g^2|U_{i1}|^2. (E.31)

• Chargino decay into staus: χ̃^+_i → τ̃^+_m + ν_τ ; m = 1, 2

|T |^2(χ̃^+_i → τ̃^+_m ν_τ ) = g^2 2 |ℓ^{τ̃}_{mi}|^2(m^2_χ+_i − m^2_{τ̃m} ), (E.32)

Γ(χ̃^+_i → τ̃^+_m ν_τ ) =

(m^2_χ+_i − m^2_{τ̃m} )^2 32 π m^3_χ+_i g^2|ℓ^{τ̃}_{mi}|^2, (E.33)

and ℓ^{τ̃}_{mi} defined in (A.37).

• Chargino decay into electron or muon sneutrinos: χ̃^+_i → ℓ^+ + ν̃_ℓ; ℓ = e, μ

|T |^2(χ̃^+_i → ℓ^+ν̃_ℓ) = g^2 2 |V_{i1}|^2(m^2_χ+_i − m^2_{ν̃} ), (E.34)

Γ(χ̃^+_i → ℓ^+ν̃_ℓ) =

(m^2_χ+_i − m^2_{ν̃} )^2 32 π m^3_χ+_i g^2|V_{i1}|^2. (E.35)

• Chargino decay into tau sneutrino: χ̃^+_i → τ^+ + ν̃_τ

|T |^2(χ̃^+_i → τ^+ν̃_τ ) = g^2 2 (|V_{i1}|^2 + Y^2_τ |U_{i2}|^2)(m^2_χ+_i − m^2_{ν̃} ), (E.36)

Γ(χ̃^+_i → τ^+ν̃_τ ) =

(m^2_χ+_i − m^2_{ν̃} )^2 32 π m^3_χ+_i g^2(|V_{i1}|^2 + Y^2_τ |U_{i2}|^2), (E.37)

and Y_τ defined in (A.40).

• Chargino decay into Z boson: χ̃^+_2 → Z + χ̃^+_1

|T |^2(χ̃^+_2 → Zχ̃^+_1 ) = g^2 cos^2 θ_W { − 6 m_χ+_1 m_χ+_2 Re(O^{R∗}_{12} O^L_{12}) +

+ 1 2 (|O^R_{12}|^2 + |O^L_{12}|^2) [ m^2_χ+_2 + m^2_χ+_1 − 2m^2_Z +

(m^2_χ+_2 − m^2_χ+_1 )^2 m^2_Z ]} , (E.38)

Γ(χ̃^+_2 → Zχ̃^+_1 ) = √ λ(m^2_χ+_2 , m^2_χ+_1 , m^2_Z )

16 π m^3_χ+_2

|T |^2(χ̃^+_2 → Zχ̃^+_1 ). (E.39)

• Chargino decay into Higgs boson: χ̃^+_2 → H^0_1 + χ̃^+_1

|T |^2(χ̃^+_2 → H^0_1 χ̃^+_1 ) = 2g^2m_χ+_1 m_χ+_2 [Re(F^L_{12})Re(F^R_{12}) + Im(F^L_{12})Im(F^R_{12})] +

g^2 2 (m^2_χ+_1 + m^2_χ+_2 − m^2_H0_1 )(|F^L_{12}|^2 + |F^R_{12}|^2), (E.40)

Γ(χ̃^+_2 → H^0_1 χ̃^+_1 ) = √ λ(m^2_χ+_2 , m^2_χ+_1 , m^2_H0_1 )

16 π m^3_χ+_2

|T |^2(χ̃^+_2 → H^0_1 χ̃^+_1 ), (E.41)

with F^L_{ij} =^{1√}_2 (U^∗_{i2}V^∗_{j1} sin α − U^∗_{i1}V^∗_{j2} cos α) and F^R_{ij} = F^{L∗}_{ji} .

The Higgs mixing angle α is given in (E.24) and (E.25).

Appendix F

Spin formalism for fermions and bosons

F.1 Bouchiat-Michel formulae for spin^1_2 particles

For the calculation of cross sections in the spin density matrix formalism, the amplitudes squared are expanded in terms of the Pauli matrices σ. This expansion is straight forward, if a set of spin-basis vectors s^{a,μ} for the neutralinos or charginos have been introduced, see (B.14). Together with p̂^μ = p^μ/m they form an orthonormal set

p̂ · s^a = 0, (F.1) s^a · s^b = −δ^{ab}, (F.2) s^a_μs^a_ν = −g_{μν} + p_μp_ν m^2

, (sum over a). (F.3)

The helicity spinors are normalized by ū(p, λ) u(p, λ^′) = 2 m δ_{λλ}′ , (F.4) v̄(p, λ) v(p, λ^′) = −2 m δ_{λλ}′ . (F.5) The Bouchiat-Michel formulae for massive spin 1/2 particles are then [68] u(p, λ^′) ū(p, λ) = 1 2 [δ_{λλ}′ + γ_5 s̸^aσ^a_{λλ}′ ](p̸ + m), (F.6) v(p, λ^′) v̄(p, λ) = 1 2 [δ_λ′_λ + γ_5 s̸^aσ^a_λ′_λ](p̸ − m), (sum over a). (F.7)

F.2 Spin formulae for spin 1 particles 137

F.2 Spin formulae for spin 1 particles

The Bouchiat-Michel formulae for spin 1/2 particles can be generalized for higher spins. In order to describe the polarization states of a spin 1 boson, we have introduced a set spin vectors t^a_μ, see (B.37). Note that they are are not helicity eigenstates like the polarization vectors ε^{λk}_μ , defined in (B.38). The spin vectors t^a_μ and k̂μ = kμ/m form an orthonormal set:

k̂ · t^a = 0, (F.8) t^a · t^b = −δ^{ab}, (F.9)

t^a_μ t^a_ν = −g_{μν} + k_μk_ν m^2

, (sum over a). (F.10)

The 3 × 3 spin 1 matrices J^c obey [J^c, J^d] = iϵ_{cde}J^e and are given below. We can define six further matrices

J^{cd} = J^cJ^d + J^dJ^c −^4_3 δ^{cd}, (F.11)

with J^{11} + J^{22} + J^{33} = 0. They are the components of a symmetric, traceless tensor. We now can expand [69]

ε^{λk}_μ ε^{λ′k∗}ν =^1_3 δ^{λ′kλk} I_{μν} − i 2m ϵ_{μνρσ} p^ρ_Z t^{c,σ}(J^c)^{λ′k λk} −^1_2 t^c_μt^d_ν (J^{cd})^{λ′k λk} , (F.12)

summed over c, d. The tensor

I_{μν} = −g_{μν} + k_μk_ν m^2

(F.13)

guarantees the completeness relation of the polarization vectors ∑ λ_k ε^{λk∗}_μ ε^{λk}_ν = −g_{μν} + k_μk_ν m^2

. (F.14)

The second term of (F.12) describes the vector polarization and the third term describes the tensor polarization of the boson.

138 Spin formalism for fermions and bosons

In the linear basis (B.37) the spin-1 matrices are defined as (J^c_L)^{jk} = −iϵ_{cjk}:

J^1_L =

0 0 0 0 0 −i 0 i 0

, J^2_L =

0 0 i 0 0 0 −i 0 0 , J^3_L = 0 −i 0 i 0 0 0 0 0

, (F.15)

J^{11}_L =

−^4_3 0 0 0^2_3 0 0 0^2_3

, J^{22}_L = 2 3 0 0 0 −^4_3 0 0 0^2_3

, J^{33}_L = 2 3 0 0 0^2_3 0 0 0 −^4_3

, (F.16)

J^{12}_L =

0 −1 0 −1 0 0 0 0 0

, J^{23}_L =

0 0 0 0 0 −1 0 −1 0

, J^{13}_L =

0 0 −1 0 0 0 −1 0 0

. (F.17)

The matrices J^c and J^{cd} in the circular basis, see (B.38), are obtained by the unitary transformations J^c = A^† · J^c_L · A and J^{cd} = A^† · J^{cd}_L · A, respectively, with

A = 1√ 2 0 −^{1√}_2 −^{i√}_2 0 −^{i√}_2 0 1 0

; A^† = A^{−1}, (F.18)

J^1 =

0^{1√}_2 0 1√ 2 0^{1√}_2 0^{1√}_2 0

, J^2 =

0^{i√}_2 0 −^{i√}_2 0^{i√}_2 0 −^{i√}_2 0

, J^3 =

−1 0 0

0 0 0 0 0 1

, (F.19)

J^{11} =

−^1_3 0 1 0^2_3 0 1 0 −^1_3

, J^{22} =

−^1_3 0 −1 0^2_3 0 −1 0 −^1_3

, J^{33} = 2 3 0 0 0 −^4_3 0 0 0^2_3

, (F.20)

J^{12} =

0 0 i 0 0 0 −i 0 0 , J^{23} =

0 −^{i√}_2 0 i√ 2 0^{i√}_2 0 −^{i√}_2 0

, J^{13} =

0 −^{1√}_2 0 −^{1√}_2 0^{1√}_2 0^{1√}_2 0

. (F.21)

In calculating products of density matrices, the following relations are helpful

Tr{J^a} = 0, Tr{J^{ab}} = 0, Tr{J^aJ^{bc}} = 0, (F.22) Tr{J^aJ^b} = 2δ^{ab}, Tr{J^aJ^bJ^c} = iϵ^{abc}, Tr{J^aJ^bJ^cJ^d} = δ^{ab}δ^{cd} + δ^{ad}δ^{bc}, (F.23) Tr{J^{ab}J^{cd}} = −^4_3 δ^{ab}δ^{cd} + 2δ^{ad}δ^{bc} + 2δ^{ac}δ^{bd}. (F.24)

Appendix G

Definitions and conventions

We use natural units c = 1, h/2π = 1.

The metric tensor

(g_{μν} ) = (g^{μν} ) :=

1 0 0 0 0 −1 0 0 0 0 −1 0 0 0 0 −1

(G.1)

defines scalar products

(a · b) := g_{μν} a^μb^ν = a^μb_μ = a^0b^0 − ab (G.2)

between covariant and contravariant four-vectors

a^μ := (a^0, a^1, a^2, a^3) = (a^0, a), a_μ := g_{μν} a^ν = (a_0, a_1, a_2, a_3) = (a_0, −a). (G.3)

The total antisymmetric ϵ-tensor is defined as

ϵ_{μνρσ} = −ϵ^{μνρσ} := +1 , if μνρσ is an even permutation of 0123, −1 , if μνρσ is an odd permutation, 0 , if any two indices are the same.

(G.4)

The analog definition in three dimensions, the Levi-Cevita-Tensor is

ϵ_{ijk} = ϵ^{ijk} := +1 , if ijk is an even permutation of 123, −1 , if ijk is an odd permutation, 0 , if any two indices are the same.

(G.5)

140 Definitions and conventions

Useful relations of the ϵ-tensor −ϵ^{αβμν} ϵ_{αβρσ} = 2(δ^μ_ρ δ^ν_σ − δ^μ_σ δ^ν_ρ ), −ϵ^{αβμν} ϵ_{αβμρ} = 6 δ^ν_ρ , −ϵ^{αβμν} ϵ_{αβμν} = 24, (G.6) with δ^μ_ρ = g^{μν} g_{νρ}. The Pauli matrices are

σ_1 = ( 0 1 1 0 ) , σ_2 = ( 0 −i i 0 ) , σ_3 = ( 1 0 0 −1 ) . (G.7)

The Dirac matrices obey the commutation relations

{γ^μ, γ^ν } = γ^μγ^ν + γ^ν γ^μ = 2g^{μν} . (G.8)

In the Dirac representation they read

γ^0 = ( I 0 0 −I ) , γ^j = ( 0 σ^j −σ^j 0 ) , j = 1, 2, 3, (G.9)

and γ_5 := −iγ_0γ_1γ_2γ_3 = iγ^0γ^1γ^2γ^3 = γ^5. Trace theorems:

P_{L,R} :=^1_2 (1 ∓ γ_5), a̸ := γ^μa_μ, Tr{P_{L,R}} = 2, Tr{a̸ P_{L,R}} = 0, Tr{a̸ b̸ P_{L,R}} = 2 (a · b), Tr{a̸ b̸ c̸ P_{L,R}} = 0, Tr{a̸ b̸ c̸ d̸ P_{L,R}} = 2 [(a · b)(c · d) − (a · c)(b · d) + (a · d)(b · c)] ∓ 2i[a, b, c, d], (G.10)

and [a, b, c, d] := ϵ_{μνρσ} a^μb^ν c^ρd^σ. For numerical calculations we have used the values

α = 1/128 fine − structure constant at 500 GeV sin^2 θ_W = 0.2315 weak mixing angle m_W = 80.41 GeV W boson mass Γ_W = 2.12 GeV W boson width m_Z = 91.187 GeV Z boson mass Γ_Z = 2.49 GeV Z boson width

(G.11)

Bibliography

[1] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49 (1973) 652. [2] F. Csikor, Z. Fodor and J. Heitger, Phys. Rev. Lett. 82, 21 (1999) [arXiv:hepph/9809291].

[3] M. Dugan, B. Grinstein and L. J. Hall, Nucl. Phys. B 255 (1985) 413. [4] For a recent review see, for example A. Masiero and O. Vives, New J. Phys. 4 (2002) 4.

[5] E. D. Commins et al., Phys. Rev. A50, (1994) 2960. [6] P. G. Harris et al., Phys. Rev. Lett. 82, (1999) 904.

[7] M. V. Romalis, W. C. Griffith, and E. N. Fortson, Phys. Rev. Lett. 86, (2001) 2505; J. P. Jacobs et al., Phys. Rev. Lett. 71, (1993) 3782.

[8] B. C. Regan, E. D. Commins, C. J. Schmidt and D. DeMille, Phys. Rev. Lett. 88, (2002) 071805.

[9] For a review see, e.g., T. Ibrahim and P. Nath, arXiv:hep-ph/0107325 and arXiv:hep-ph/0210251.

[10] S. Abel, S. Khalil and O. Lebedev, Nucl. Phys. B 606 (2001) 151 [arXiv:hepph/0103320].

[11] J. Ellis, S. Ferrara, and D.V. Nanopoulos, Phys. Lett. 114B, 231 (1982); W.

Buchmüller and D. Wyler, Phys. Lett. 121B, 321 (1983); J. Polchinski and M.B. Wise, Phys. Lett. 125B, 393 (1983); J.M. Gerard, W. Grimus, A. Masiero, D.V.

Nanopoulos, and A. Raychaudhuri, Nucl. Phys. B253, 93 (1985); P. Nath, Phys. Rev. Lett. 66, 2565 (1991); Y. Kizukuri and N. Oshimo, Phys. Rev. D 45, 1806 (1992); Phys. Rev. D 46, 3025 (1992); T. Falk and K. A. Olive, Phys. Lett. B 375, 196 (1996).

[12] M. Dine, A. Kagan and S. Samuel, Phys. Lett. B 243 (1990) 250; S. Dimopoulos and G. F. Giudice, Phys. Lett. B 357 (1995) 573 [arXiv:hep-ph/9507282]; A. Pomarol and D. Tommasini, Nucl. Phys. B 466 (1996) 3 [arXiv:hep-ph/9507462]; A. G. Cohen, D. B. Kaplan and A. E. Nelson, Phys. Lett. B 388 (1996) 588 [arXiv:hep-ph/9607394]; J. Hisano, K. Kurosawa and Y. Nomura, Phys. Lett. B 445 (1999) 316 [arXiv:hep-ph/9810411]; Nucl. Phys. B 584 (2000) 3 [arXiv:hepph/0002286]; J. A. Bagger, J. L. Feng, N. Polonsky and R. J. Zhang, Phys. Lett. B 473 (2000) 264 [arXiv:hep-ph/9911255]; J. Bagger, J. L. Feng and N. Polonsky, Nucl. Phys. B 563 (1999) 3 [arXiv:hep-ph/9905292]; K. Agashe and M. Graesser, Phys. Rev. D 59 (1999) 015007 [arXiv:hep-ph/9801446]; J. L. Feng, C. F. Kolda and N. Polonsky, Nucl. Phys. B 546 (1999) 3 [arXiv:hepph/9810500].

[13] T. Ibrahim and P. Nath, Phys. Rev. D 57, 478 (1998); Phys. Rev. D 58, 111301 (1998); Erratum-ibid. D 60, 099902 (1998); Phys. Rev. D 61, 093004 (2000); Phys. Rev. D 58 (1998) 111301; M. Brhlik, G. J. Good and G. L. Kane, Phys. Rev. D 59 (1999) 115004 [arXiv:hep-ph/9810457].

[14] see, e.g., A. Bartl, T. Gajdosik, W. Porod, P. Stockinger and H. Stremnitzer, Phys. Rev. D 60 (1999) 073003 [arXiv:hep-ph/9903402]; A. Bartl, T. Gajdosik, E. Lunghi, A. Masiero, W. Porod, H. Stremnitzer and O. Vives, Phys. Rev. D 64 (2001) 076009 [arXiv:hep-ph/0103324]; V. D. Barger, T. Falk, T. Han, J. Jiang, T. Li and T. Plehn, Phys. Rev. D 64 (2001) 056007 [arXiv:hep-ph/0101106].

[15] A. Bartl, W. Majerotto, W. Porod and D. Wyler, Phys. Rev. D 68 (2003) 053005 [arXiv:hep-ph/0306050].

[16] J. A. Aguilar-Saavedra et al. [ECFA/DESY LC Physics Working Group Collaboration], arXiv:hep-ph/0106315; T. Abe et al. [American Linear Collider Working Group Collaboration], in Proc. of the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001) ed. N. Graf, arXiv:hep-ex/0106056; K. Abe et al., JLC Roadmap Report, presented at the ACFA LC Symposium, Tsukuba, Japan 2003, http://lcdev.kek.jp/RMdraft/

[17] S. Y. Choi, A. Djouadi, M. Guchait, J. Kalinowski, H. S. Song and P. M. Zerwas, Eur. Phys. J. C 14 (2000) 535, [arXiv:hep-ph/0002033]; S. Y. Choi, M. Guchait,

J. Kalinowski and P. M. Zerwas, Phys. Lett. B 479 (2000) 235 [arXiv:hepph/0001175]; S. Y. Choi, A. Djouadi, H. S. Song and P. M. Zerwas, Eur. Phys. J. C 8 (1999) 669 [arXiv:hep-ph/9812236].

[18] S. Y. Choi, M. Drees and B. Gaissmaier, Phys. Rev. D 70 (2004) 014010 [arXiv:hep-ph/0403054].

[19] J. L. Kneur and G. Moultaka, Phys. Rev. D 61 (2000) 095003 [arXiv:hepph/9907360]; V. D. Barger, T. Han, T. J. Li and T. Plehn, Phys. Lett. B 475 (2000) 342 [arXiv:hep-ph/9907425].

[20] S. Y. Choi, J. Kalinowski, G. Moortgat-Pick and P. M. Zerwas, Eur. Phys. J. C 22 (2001) 563 [Addendum-ibid. C 23 (2002) 769] [arXiv:hep-ph/0108117].

[21] S. Y. Choi, Phys. Rev. D 69 (2004) 096003 [arXiv:hep-ph/0308060].

[22] G. J. Gounaris and C. Le Mouel, Phys. Rev. D 66 (2002) 055007 [arXiv:hepph/0204152].

[23] S. Y. Choi, H. S. Song and W. Y. Song, Phys. Rev. D 61 (2000) 075004 [arXiv:hep-ph/9907474].

[24] Y. Kizukuri and N. Oshimo, Phys. Lett. B 249 (1990) 449.

[25] Y. Kizukuri and N. Oshimo, arXiv:hep-ph/9310224.

[26] S. M. Bilenky, N. P. Nedelcheva and E. K. Khristova, Phys. Lett. B 161 (1985) 397; S. T. Petcov, Phys. Lett. B 139 (1984) 421.

[27] H. E. Haber, “Spin formalism and applications to new physics searches,” arXiv:hep-ph/9405376, SLAC-0444, To be published in the proceedings of 21st Annual SLAC Summer Institute on Particle Physics (SSI 93): Spin Structure in High-Energy Processes (School: 26 Jul - 3 Aug, Topical Conference: 4-6 Aug), Stanford, CA, 26 Jul - 6 Aug 1993, eds. L. DePorcel and C. Dunwoodie.

[28] J. F. Donoghue, Phys. Rev. D 18 (1978) 1632; G. Valencia, arXiv:hepph/9411441; G.C. Branco, L. Lavoura, and J.P. Silva, CP violation, Oxford University Press, New York (1999).

[29] A. Bartl, H. Fraas, O. Kittel and W. Majerotto, Phys. Rev. D 69, 035007 (2004) [arXiv:hep-ph/0308141]; A. Bartl, H. Fraas, O. Kittel and W. Majerotto, arXiv:hep-ph/0308143.

[30] C. J. S. Damerell and D. J. Jackson, eConf C960625 (1996) DET078; S. M. Xella- Hansen, M. Wing, D. J. Jackson, N. de Groot, C. J. S. Damerell, Update on flavour tagging studies for the Future Linear Collider using the Brahms simulation, LC-PHSM-2003-061; K. Abe et al. [SLD Collaboration], Phys. Rev. Lett. 88, 151801 (2002).

[31] B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 66 (2002) 032003 [arXiv:hep-ex/0201020].

[32] R. Barate et al. [ALEPH Collaboration], Phys. Lett. B 465 (1999) 349; G. Abbiendi et al. [OPAL Collaboration], Phys. Lett. B 490 (2000) 71 [arXiv:hepex/0009020].

[33] K. Hohenwarter-Sodek, “CP-Verletzung bei Chargino- und Neutralino- Produktion mit direktem Drei-Körper-Zerfall”, Diploma thesis (2003), University of Vienna, Austria.

[34] A. Bartl, H. Fraas, S. Hesselbach, K. Hohenwarter-Sodek and G. Moortgat- Pick, JHEP 0408 (2004) 038 [arXiv:hep-ph/0406190].

[35] H. Wachter, “CP-Asymmetrien bei Spinkorrelationen zwischen Charginoproduktion und -Zerfall”, Diploma thesis (1998), University of Würzburg, Germany.

[36] J. A. Aguilar-Saavedra, arXiv:hep-ph/0410068; J. A. Aguilar-Saavedra, Nucl.

Phys. B 697 (2004) 207 [arXiv:hep-ph/0404104]; J. A. Aguilar-Saavedra, Phys. Lett. B 596 (2004) 247 [arXiv:hep-ph/0403243].

[37] A. Bartl, H. Fraas, O. Kittel and W. Majerotto, Eur. Phys. J. C 36 (2004) 233 [arXiv:hep-ph/0402016].

[38] A. Bartl, T. Kernreiter and O. Kittel, Phys. Lett. B 578 (2004) 341 [arXiv:hepph/0309340]; A. Bartl, H. Fraas, T. Kernreiter, O. Kittel and W. Majerotto, arXiv:hep-ph/0310011; O. Kittel, arXiv:hep-ph/0311169.

[39] G. Moortgat-Pick, H. Fraas, A. Bartl and W. Majerotto, Eur. Phys. J. C 9 (1999) 521 [Erratum-ibid. C 9 (1999) 549] [arXiv:hep-ph/9903220].

[40] S. T. Petcov, Phys. Lett. B 139 (1984) 421; G. Moortgat-Pick and H. Fraas, Eur.

Phys. J. C 25 (2002) 189 [arXiv:hep-ph/0204333].

[41] F. M. Renard, Basics of Electron Positron Collisions, Editiors Frontieres, Dreux (1981).

[42] J.P. Derendinger and C.A. Savoy, Nucl. Phys. B 237 (1984) 307; J.A. Casas and S. Dimopoulos, Phys. Lett. B 387 (1996) 107–112.

[43] M. Davier, L. Duflot, F. Le Diberder and A. Rougé, Phys. Lett. B 306, 411–417 (1993).

[44] D. Atwood, G. Eilam and A. Soni, Phys. Rev. Lett. 71 (1993) 492.

[45] S. Eidelman et al. [Particle Data Group Collaboration], Phys. Lett. B 592 (2004) 1. [46] S. Y. Choi and Y. G. Kim, Phys. Rev. D 69 (2004) 015011 [arXiv:hepph/0311037].

[47] R. Selle, “Produktion und Zweikörperzerfall von Neutralinos: Effekte CPverletzender Phasen”, Diploma thesis (2001), University of Würzburg, Germany.

[48] A. Bartl, H. Fraas, O. Kittel and W. Majerotto, Phys. Lett. B 598 (2004) 76 [arXiv:hep-ph/0406309].

[49] O. Kittel, A. Bartl, H. Fraas and W. Majerotto, Phys. Rev. D 70 (2004) 115005 [arXiv:hep-ph/0410054].

[50] A. Bartl, K. Hohenwarter-Sodek, T. Kernreiter and H. Rud, Eur. Phys. J. C 36 (2004) 515 [arXiv:hep-ph/0403265].

[51] G. Moortgat-Pick, H. Fraas, A. Bartl and W. Majerotto, Eur. Phys. J. C 7 (1999) 113, [arXiv:hep-ph/9804306].

[52] A. Bartl, H. Fraas, T. Kernreiter and O. Kittel, Eur. Phys. J. C 33 (2004) 433 [arXiv:hep-ph/0306304].

[53] M. M. Nojiri, Phys. Rev. D 51, 6281 (1995); M. M. Nojiri, K. Fujii and T. Tsukamoto, Phys. Rev. D 54, 6756 (1996) [arXiv:hep-ph/9606370]; A. Bartl, T. Kernreiter and W. Porod, Phys. Lett. B 538 (2002) 59 [arXiv:hepph/0202198]; E. Boos, H. U. Martyn, G. Moortgat-Pick, M. Sachwitz, A. Sherstnev and P. M. Zerwas, arXiv:hep-ph/0303110; A. Bartl, E. Christova, K. Hohenwarter-Sodek and T. Kernreiter, arXiv:hep-ph/0409060.

[54] A. Bartl, T. Kernreiter and W. Porod, Phys. Lett. B 538 (2002) 59 [arXiv:hepph/0202198].

[55] N. Oshimo, Mod. Phys. Lett. A 4, 145, 1989.

[56] H. Baer, C. Balazs, S. Hesselbach, J. K. Mizukoshi and X. Tata, Phys. Rev. D 63, 095008 (2001) [arXiv:hep-ph/0012205] (and references therein).

[57] S. Hesselbach, F. Franke and H. Fraas, Eur. Phys. J. C 23, 149 (2002) [arXiv:hepph/0107080] (and references therein).

[58] H. E. Haber and G. L. Kane, Phys. Rept. 117 (1985) 75. [59] M. F. Sohnius, Phys. Rept. 128 (1985) 39. [60] I. Simonsen, arXiv:hep-ph/9506369.

[61] Th. Gajdosik, ”Quellen der CP-Verletzung im minimalen supersymmetrischen Standadmodell”, doctoral thesis (1995), in German, Technische Universität Wien, Austria.

[62] L. Girardello and M. T. Grisaru, Nucl. Phys. B 194 (1982) 65. [63] A. Bartl, K. Hidaka, T. Kernreiter and W. Porod, Phys. Rev. D 66, 115009 (2002) [arXiv:hep-ph/0207186].

[64] L. J. Hall and J. Polchinski, Phys. Lett. B 152, 335 (1985). [65] E. Byckling, K. Kajantie, Particle Kinematics, John Wiley& Sons, 1973;

G. Costa et al., TEPP, Kinematics and Symmetries, Bd.1, ed. M. Nikolić, Paris 1979 [66] G. Moortgat-Pick, “Spin effects in chargino/neutralino production and decay”, in German, doctoral thesis (1999), University of Würzburg, Germany.

[67] M. Carena, J. Ellis, A. Pilaftsis, C.E.M. Wagner, Nucl. Phys. B586 (2000) 92. [68] C. Bouchiat and L. Michel, Nucl. Phys. 5 (1958) 416, in French. [69] S. Y. Choi, T. Lee and H. S. Song, Phys. Rev. D 40 (1989) 2477; H. S. Song, Phys.

Rev. D 33 (1986) 1252, A. Bacchetta and P. J. Mulders, Phys. Rev. D 62, 114004 (2000) [arXiv:hep-ph/0007120].

List of own publications

1. CP Sensitive Observables in Chargino Production and Decay into a W Boson A. Bartl, H. Fraas, O. Kittel and W. Majerotto, Phys. Rev. D 70 (2004) 115005, hep-ph/0410054.

2. CP Violation in Chargino Production and Decay into Sneutrino A. Bartl, H. Fraas, O. Kittel and W. Majerotto, Phys. Lett. B 598 (2004) 76, hep-ph/0406309.

3. CP Sensitive Observables in e^+e^− → χ̃^0_i χ̃^0_j and Neutralino Decay into Z Bo- son A. Bartl, H. Fraas, O. Kittel and W. Majerotto, Eur. Phys. J. C 36 (2004) 233, hep-ph/0402016.

4. Impact of CP Phases on SUSY Particle Production and Decays A. Bartl, H. Fraas, S. Hesselbach, K. Hidaka, T. Kernreiter, O. Kittel and W. Porod, Proc. of International Workshop on Astroparticle and High Energy Physics (AHEP), Valencia, Spain, October 14-18, 2003, hep-ph/0312306.

5. CP Violation in e^+e^− → χ̃^0_i χ̃^0_j

O. Kittel, Proc. of International Workshop on Astroparticle and High Energy Physics (AHEP), Valencia, Spain, October 14-18, 2003, hep-ph/0311169.

6. New Ideas on SUSY Searches at Future Linear Colliders

S. Hesselbach, O. Kittel, G. Moortgat-Pick and W. Oeller, Proc. of International Europhysics Conference on High Energy Physics (HEP 2003), July 17-23 2003, Aachen, hep-ph/0310367.

7. Impact of Beam Polarization on CP Asymmetries in neutralino pair production A. Bartl, H. Fraas, T. Kernreiter, O. Kittel and W. Majerotto, Contribution to the POWER (polarization at work in energetic reactions) working group, hep-ph/0310011 (2003), to appear in The case for positron polarization at a LC, Status Report, to be published by POWER group.

8. A CP Asymmetry in e^+e^− → χ̃^0_i χ̃^0_j → χ̃^0_j ττ̃_k with tau Polarization A. Bartl, T. Kernreiter and O. Kittel, Phys. Lett. B 578 (2004) 341, hep-ph/0309340.

9. CP Asymmetries in e^+e^− → χ̃^0_i χ̃^0_j

A. Bartl, H. Fraas, O. Kittel and W. Majerotto, Contribution to the Extended Joint ECFA/DESY Study on Physics and Detectors for a Linear Electron-Positron Collider, hep-ph/0308143 (2003).

10. CP Asymmetries in Neutralino Production in Electron-Positron Collisions A. Bartl, H. Fraas, O. Kittel and W. Majerotto, Phys. Rev. D 69 (2004) 035007, hep-ph/0308141.

11. T-odd Correlations in the Decay of Scalar Fermions

A. Bartl, H. Fraas, T. Kernreiter and O. Kittel, Eur. Phys. J. C 33 (2004) 43, hep-ph/0306304.

12. Masses of Flavor Singlet Hybrid Baryons

O. Kittel and G. R. Farrar, hep-ph/0010186 (2000).

13. Masses of Flavor Singlet Hybrid Baryons

O. Kittel, Master Thesis, Rutgers, The State University of New Jersey, USA (1998).

Danksagung

An dieser Stelle möchte ich all jenen danken, die zum Gelingen dieser Arbeit beigetragen haben.

Mein besonderer Dank gilt meinem ”Doktorvater” Herrn Prof. Dr. Hans Fraas für die ausgezeichnete Betreuung meiner Dissertation. Zahlreiche Diskussionen, hilfreiche Anregungen sowie seine stetige Unterstützung haben diese Arbeit ermöglicht.

Herrn Prof. Dr. Alfred Bartl und Herrn Prof. Dr. Walter Majerotto aus Wien fühle ich mich nach einer langen und äußerst fruchtbaren Zusammenarbeit sehr verbunden und danke ihnen sehr. An die intensiven Diskussionen in der Boltzmanngasse wie auch in der Nikolsdorfergasse während meiner Besuche in Wien erinnere ich mich gerne.

Auch dem ”Weana Bazi” Thomas Kernreiter und den ”Kärntner Buam”, namentlich Karl Hohenwarter-Sodek und Holger Rud, möchte ich danken für die herrliche Zeit in Wien, wo ein Großteil der Arbeit entstanden ist.

Weiter möchte ich der High Energy Group an der Universität Valencia danken. Insbesondere sei hier Herrn Prof. Dr. Jose Valle für die Einladung nach Valencia gedankt, und Senõr Martin Hirsch für geduldige Erklärungen in physikalischen Notlagen. Frank Deppisch und Heinrich Päs danke ich nicht nur für die gemeinsame Zeit in Valencia.

Aufrichtiger Dank gilt den jetzigen und ehemaligen Mitarbeitern und Mitarbeiterinnen unserer Arbeitsgruppe, insbesondere Claus Blöchinger, Sigrun Csallner, Fabian Franke, Stefan Hesselbach, Gudrid Moortgat-Pick, Federico von der Pahlen, Reimer Selle und Alexander Wagner für viele wertvolle Diskussionen und Gespräche. Des Weiteren danke ich der Weltbesten, nämlich unserer Sekräterin Brigitte Wehner für ihren stets professionellen und gewissenhaften Einsatz. Auch allen Systembetreuern sei gedankt für die Aufrechterhaltung eines exquisiten Rechnerbetriebs an unserem Institut.

Die Finanzierung dieser Arbeit wurde durch die Deutsche Forschungsgemeinschaft im Rahmen des Projekts Fr 1064/5-1,2 ermöglicht, sowie durch ein Stipendium der Universität Würzburg.

Schließlich will ich mich bei meinen Eltern und meiner Schwester bedanken, die mich mit ihrer stetigen Unterstützung durch das Studium und die Promotion geleitet haben.

Curriculum Vitae

Olaf Kittel M. S.

Address for Correspondence

Mail: Institut für Theoretische Physik II Universität Würzburg Am Hubland D-97074 Würzburg, Germany Phone: +49-931-888-5723 Fax: +49-931-888-4604 E-mail: kittel@physik.uni-wuerzburg.de

Personal Data

Date/Place of Birth: January 5, 1974 / Erlangen, Germany Nationality: german Marital Status: unmarried

Positions

• Dec. 2001 - current:

Research Assistant at the Institute of Theoretical Physics, Univ. of Würzburg, Germany, Supervisor: Prof. Dr. H. Fraas

• Oct. 2003 - March 2004:

Marie Curie Trainee at the Instituto de Fisica Corpuscular, Univ. of Valencia, Spain Supervisor: Prof. Dr. J. F. Valle

• Feb. 2002 - Sept. 2002 and July 2003 - Sept. 2003:

Visiting Positions at the Institute of Theoretical Physics, Univ. of Vienna, Austria Supervisor: Prof. Dr. A. Bartl

Education

• Master of Science, Oct. 1998

Dep. of Physics and Astronomy, Rutgers, The State University of New Jersey, USA Master Thesis: “Masses of Flavor Singlet Hybrid Baryons” Thesis advisor: Prof. Dr. G. R. Farrar

• Pre-Diploma Physics, Sept. 1996 (Diplom-Zwischenprüfung) University of Dortmund, Germany, Result: very good

• Military Service, July 1993 - June 1994

Neustadt a. Rbg., Germany

• Abitur, June 1993 (School leaving examination, A-level)

Theodor-Heuss-Gymnasium Hagen, Germany Result: 1.9

Research Fellowships

1. Fellowship of the European Union for working as a Marie Curie trainee at the training site of the University of Valencia, Spain, Oct. 2003 - Feb. 2004

2. Fellowship of the University of Würzburg for working as a Ph.D. student, Sept. 1999 - Aug. 2001

3. Scholarship of the German Academic Exchange Service (DAAD) for studies at Rutgers, The State University of New Jersey, USA, Oct. 1997 - Oct. 1998

Teaching Activities

1. Tutor for undergraduate students in Mechanics and Electrodynamics University of Dortmund, 1995/1996, Rutgers, The State University of New Jersey, USA, 1998

2. Tutor for graduate students in Mathematics, Quantum Mechanics, Advanced Quantum Mechanics, Theoretical Mechanics, Electrodynamics University of Würzburg, 1999 - current

3. Co-examiner for diploma exams

University of Würzburg, 1999 - current

Scientific Talks

1. CP and T-odd Obsevables in Neutralino Production and Decay Seminar, IFIC/CSIC, University of Valencia, November, 2003

2. CP Violation in e^+ e^− → χ̃^0_i χ̃^0_j

International Workshop on Astroparticle and High Energy Physics (AHEP), Valencia, Spain, October 15, 2003

3. CP Violation in Neutralino Production

International School on CP Violation and Heavy Quarks, Prerow, Germany, September 26, 2003

4. CP Violation in e^+ e^− → χ̃^0_i χ̃^0_j

67. Tagung der Deutschen Physikalischen Gesellschaft, Aachen, Germany, March 12, 2003

5. CP Violation in Neutralino Production

Seminar, IFIC/CSIC, University of Valencia, Spain, March 5, 2003

6. CP Violation in e^+ e^− → χ̃^0_i χ̃^0_j

Third ECFA/DESY workshop on Physics and Detectors for a 90 to 800 GeV Collider, Prague, Czech Republic, November 15, 2002

7. CP Violation in Neutralino Production

Seminar, Institute of Theoretical Physics, University of Würzburg, Germany, November 7, 2002

8. CP Violation in Chargino and Neutralino Production

Seminar, Institute of Theoretical Physics, University of Vienna, Austria, May 7, 2002

9. CP-Verletzung bei Produktion und Zerfall von Neutralinos und Charginos 66. Tagung der Deutschen Physikalischen Gesellschaft, Leipzig, Germany, March 21, 2002

10. CP Violation in the MSSM

Seminar, Institute of Theoretical Physics, University of Würzburg, Germany, October 25, 2001

11. CP-Verletzung bei Produktion und Zerfall von Neutralinos und Charginos 23rd Autumn School for High Energy Physics, Maria Laach, Germany, September 5-15, 2000