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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 pro-
vided the physical models and the mathematical techniques necessary to define
and calculate observables. On the other side, experiments with particle accelera-
tors 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 the-
ory beyond the SM. One of the most attractive candidates for such a more funda-
mental 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 compari-
son 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 elec-
troweak forces, can be understood as a consequence of the so called gauge sym-
metries.

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

e Charge conjugation C: interchange of particles with antiparticles
e Parity P: transformation of the space coordinates x — —x

e Time reversal T: transformation of the parameter time t — —t

are also essential for the formulation of relativistic quantum field theories. In par-
ticular, any Poincaré invariant local field theory has to be symmetric under the
combined transformation of C, P and T, which is called CPT invariance.
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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 ob-
served 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: Super-
symmetry (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. Further-
more, 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 ef-
fects. In the neutralino and chargino sector these are the Higgsino mass param-
eter 4 = |ple’+ and the U(1) gaugino mass parameter M; = |M;|e**1 [3]. The
SU(2) gaugino mass parameter M, can be made real by redefining the fields. In
the sfermion sector of the MSSM, also the trilinear scalar coupling parameter A;
of the sfermion f can be complex, A; = |As|e"#*7.

The CP violating phases are constrained by electric dipole moments (EDMs) [4] of
electron e, neutron n, 'Hg and ?%T1 atoms. Their upper bounds are, respectively:

de| < 4.3 x 1072 e cm [5], (1.1)
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|d,| < 6.3 x 1072 ¢ cm [6], (1.2)
i, < 2.1 x10 2 ecm [7], (1.3)
ldry| < 1.3 x 1072* 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 up-
per limits of the EDMs. In the literature, three solutions are being proposed [9]:

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

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

e 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
¢, is not restricted but the phase of p is still constrained with |¢,| < 0.17 [14].
If lepton flavor violating terms are included [15], also the restriction on ¢, 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.

/o €12 N
RN N N —
_ -0 -
€ f €
X

Figure 1.1: SUSY contributions to the electron EDM.
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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 ete” linear collider with longitudinally polarized beams [16] will play an im-
portant role. By measurements of the chargino masses and production cross sec-
tions, a method has been developed [17-19] to determine cos(¢,,), in addition to the
other parameters M, |u| and tan § of the chargino sector. For neutralino produc-
tion analogous methods have been proposed in [19-22] to determine also cos(¢ar,)
and M, besides cos(y,), Ms, |11| and tan 3.

However, in order to determine also the sign of ¢, and ¢y, the transverse neu-
tralino 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 violat-
ing phases in the neutralino/chargino sector, and if a pair of different neutrali-
nos/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 observ-
ables 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 — x; + )Zj (15)
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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 X (e.g. slepton or x9):

i = A+X. (1.6)

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

T = (Pe- X Py;) ' P4, (1.7)

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

v _ o(T>0)-0o(T <0)

AT = : 1.8
o(T > 0)+o(T <0) (1.8)
The asymmetry can be expressed by the angular distribution of particle A
0 o -1 o
AT — fl déio—sadcose - fO mdcose _ N_|_ — N_ (19)
Iy di;'sadcosﬁ-l-fo*l sdodcosf Ny + N’
where
cosf = Pe- X Py, Pa 110)

P X Py [Pl

and thus A" is the difference of the number of events with particle A above (N,)
and below (N_) the production plane, defined by p.- x p,,, 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 interac-
tions 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

ACY = %(AT — A", (1.11)
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where AT denotes the asymmetry for the CP-conjugated process.

Note that the triple product 7 (1.7) requires the identification of the neutralino (or
chargino) momentum p,,, which could be reconstructed by measuring the decay
of the other x;. 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,,, we can also define triple products in which p,,
is replaced by a momentum of the decay products of particles A, if Aisa W or Z
boson, or X, if X is a slepton. In the first case, A = W or Z and X = X}, the decay
of the boson into two quarks

A= qg+¢, (1.12)
defines the triple product

T = (Pe- X Pq) * Pg'- (1.13)
In the second case, A = £ and X = /, the decay

X = +%°, (1.14)
defines the triple product

T = (pe— X pA) ' Pe. (115)

These triple products define then corresponding T or CP asymmetries, which do
not require the momentum reconstruction of ;. 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 de-
cays 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 mea-
sured 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 de-
cide 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

AA 1
0A = = , 1.16
A~ AN (116

with the number of events N = L - o, where L is the integrated luminosity of the
linear collider. Formula (1.16) follows from (1.9), with the estimate AN, = /N1 =

N/2.

The statistical significance of the asymmetry (1.8) is then defined as
S =|ATIVL 0. (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 = |AF V2L - o, (1.18)

since AAY = AAT/\/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 im-
ply 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 produc-
tion 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 dif-
ferent supersymmetric processes.
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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 ¢y, = +7/2, ¢, = 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
¢, behavior in the whole ¢, range, relaxing in this case the restrictions from the
EDM:s. This is justified e.g. in theories with lepton flavor violation [15], where the
constraints on ¢, disappear.

e Chapter 2 contains neutralino production e*e™ — X7 X} and decay:

— In Section 2.1 we discuss neutralino decay into sleptons: ¥ — ¢ ¢ for
{=e, u,T.

- In Section 2.2 we discuss neutralino decay into a stau-tau pair: Xy — 7 7,
including the 7 polarization.

— In Section 2.3 we discuss neutralino decay into a Z boson: x9 — x° Z.
e Chapter 3 deals with chargino production ee™ — %;” X7 and decay:

- In Section 3.1 we discuss chargino decay into sneutrinos: x;” — ¢* 7,
{=e,u,T.

— In Section 3.2 we discuss chargino decay into a W boson: x; — 2 W+.

o Inchapter 4 we analyze CP violation in the two-body decay chain of a sfermion:
f=15%5.%8-X82 Z— [
e Chapter 5 contains a summary and conclusions.

e 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 ete~ —
Xi X; with the subsequent leptonic decay of one neutralino xi — 060 — 30,
for £ = e, pu,7, [29] or the decay into the Z boson ¥¥ — x°Z; Z — €¢(qq) [37].
These decay modes allow the definition of CP observables which are sensitive to
the phases ¢y, and ¢,,.

For the leptonic decay of the neutralino into the tau X} — 7% 7F, we propose the
transverse 7T polarization as a CP sensitive observable [38]. This asymmetry is
also sensitive to the phase ¢4 .

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 nec-
essary to observe the asymmetries. Polarized electron and positron beams can
significantly enhance the asymmetries and cross sections.
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2.1 T-odd asymmetries in neutralino production and
decay into sleptons

Py

J

Figure 2.1: Schematic picture of the neutralino production and decay process.
For neutralino production
ef+e = X+ X (2.1)

with longitudinally polarized beams and the subsequent leptonic two-body decay
of one of the neutralinos

X — L+, (2.2)
we introduce the triple-product

Tr = (Pe- X Pyo) * Pey, (2.3)

and define the T-odd asymmetry

T 0'](7-]>0)—0'](7}<0)

AI N 0'[(7} >0)+0’1(7} <0)’

(2.4)

where o7 is the cross section for reactions (2.1) and (2.2).
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With the subsequent leptonic decay of the slepton
0= 0+ 0y L=ep,T, (2.5)
we can construct a further asymmetry which does not require the identification of

the neutralino momentum. We replace the neutralino momentum P, in (2.3) by
the momentum py, of the lepton from the slepton decay

Tir = (pe— X péz) “Peo (2.6)
and define the asymmetry

o11(Trr > 0) — o1 (T < 0)
o11(Trr > 0) + o1 (Trr < 0)’

Af = (27)

where o/ 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 ¢, and ¢, in the neutralino
sector and if two different neutralinos are produced, each of them has a polariza-
tion 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:” = [AGDE Y. pp(R) o0, (X)) xin (2.8)
AN,

with the neutralino propagator A(x?), the spin-density matrix of neutralino pro-
duction pp(x?), the decay matrix pp, (x?), and the neutralino helicities \;, \. In-
serting the expansions of the density matrices pp(X}), see (C.10), and pp, (X?),
see (C.28), into (2.8) gives

T7? = 4|AG) (PDy + 2p%0,). (2.9)
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Analogously, the amplitude squared for the complete process of neutralino pro-
duction, followed by the two-body decays (2.2) and (2.5), can be written as

|TU|2 = | ‘2 |A | Z pp Xz )\)\;le(Xz))\' D (210)
Ai )\'
= 4|AF) 1 |AW@)*(PDy + EpSp,) Da, (2.11)

where D, 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

1 :
dorr = % |TI,H|2dL1pSI,H (2.12)

over the Lorentz invariant phase space elements

dLips; := dLips(s; pyo, puy, Pp), (2.13)
dLips;; = dLips(s; pyo, Py, Pez» Pyt)s (2.14)

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

The contributions of the spin correlation terms ¥ pf] p, to the total cross section
vanish. Their contributions to the energy distributions of the leptons ¢; and ¢,
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

fSign['E,H”T‘QdLiPSI,H _ fSign[']},H]E%EQDI dLipSI,II

AT = )
L= J |TI,H|2dLiPSI,H fPDldLiPSI,H

(2.15)
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where we have used the narrow width approximation for the propagators. In the
numerator only the spin-correlation term £33, remains, since only this term con-
tains the triple products (2.3) or (2.6). Thus, the contributions to A}: 11 are directly
proportional to the neutralino polarization ¥% 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 x?-7-7 couplings

|aZi\2 - ‘bZz’P

AT i i
LI o P+ B[

(2.16)

which can be seen from the expressions of D; and ¥, , given in Appendix (C.2).
Since the asymmetries are proportional to the absolute values of af;, b, they are
not sensitive to the phase ¢4, of A;. As an observable which is sensitive to ¢4,
we will consider in Section 2.2 an asymmetry which involves the transverse 7 po-
larization.

2.1.3 Numerical results

We analyze the dependence of the asymmetries A] and A7, the neutralino pro-
duction cross sections op(ete” — %?%°) and the branching ratios BR(x? — /)
on the parameters u = |u|e'?+, My = |M;|e'*™1 and M, for tan 8 = 10. In or-
der to reduce the number of parameters, we assume |M;| = 5/3M, tan® 0y, and
tix the universal scalar mass parameter my = 100 GeV. The renormalization group
equations for the slepton masses are given in (A.56) and (A.57). Since the pair pro-
duction of equal neutralinos is not CP sensitive, we discuss the lightest pairs xJ x3,
XY x5 and x93 X3, for which we choose a center of mass energy of /s = 500 GeV and
longitudinal beam polarization P,- = 0.8 and P.+ = —0.6.

m  Production of X9 X3

In Fig. 2.2a we show the cross section for x{x3 production for ¢, = 0 and ¢y, =
0.5 7 in the |u|-M, plane. The cross section reaches values up to 300 fb. For
lu| <250 GeV the right selectron exchange dominates so that our choice of po-
larizations (P,.-, P,+) = (0.8, —0.6) enhances the cross section by a factor up to 2.5
compared to the unpolarized case. For |u| > 300 GeV the left selectron exchange
dominates because of the larger Y3 — é;, coupling. In this region a sign reversal of
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both polarizations, i.e. (P.-,P.+) = (—0.8,0.6), would enhance the cross section
up to a factor of 20.

The branching ratio BR(X3 — /z¢,) 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 |;:| when the two-body de-
cays into the lightest neutral Higgs boson HY and/or the Z boson are kinematically
allowed. The decays 3 — ¥ W ¥ are not allowed. With our choice my = 100 GeV,
the decays into left selectrons and smuons can be neglected because these chan-
nels 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, < 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 |u|-M, dependence of the asymmetry A7, for ¢, = 0.5 7 and
¢, = 0. In the region || < 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 |u| 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 |1 2 300 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 o and the asymmetry A}, on the CP phases is
shown by contour plots in the ¢,—xs, plane for |u| = 240 GeV and M, = 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 A7; (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 ¢y, around 0. The reason is that A7}, is proportional to a product of a
CP odd (X}) and a CP even factor (¥7, ), see (2.15). The CP odd (CP even) factor
has as sine-like (cosine-like) dependence on the phases. Thus the maximum of
A7, is shifted towards ¢y, = 0 in Fig. 2.3b. On the other hand, the asymmetry is
rather insensitive to ¢,. 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 = |AT|v/N
(1.17), with N = Lo is the number of events with £ the total integrated luminosity.
We show the contour lines for S = 3 and 5 for A7, in Fig. 2.3c with £ = 500 fb".
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Figure 2.2: Contour lines of 2.2a: op(ete™ — %9%3), 2.2b: BR(X3 — lrl1), £ = e, 1,
2.2¢: op(ete™ = x0%9) x BR(X3 — fxt1) x BR(£5 — x%4,) with BR({x — ¥%%;) = 1,
2.2d: the asymmetry A7, in the |u[-M; plane for ¢, = 0.5, ¢, = 0, tan 8 = 10,
mo = 100 GeV, A, = —250 GeV, /5 = 500 GeV and (P.-, P.+) = (0.8, —0.6). The
area A (B) is kinematically forbidden by m,o + myo > /s (m;, > m,g). The gray
area is excluded by m, + < 104 GeV.
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Figure 2.3: Contour lines of 2.3a: op(efe” — X7%3) x BR(X3 — (rly) x BR({g —
X162) with BR(¢r — x30) = 1, 2.3b: the asymmetry A}, 2.3c: the significance
S, 2.3d: the asymmetry A7, in the p,—pn, plane for M, = 400 GeV, |u| = 240

GeV, tan § = 10, mg = 100 GeV, A, = —250 GeV, /s = 500 GeV and (P.-, P.+)

(0.8, —0.6). In the gray shaded area of 2.3c we have S < 3. For ¢, , ¢, = 0 we have
m;, = 221 GeV, m,0 = 178 GeV and m,q = 243 GeV.
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In Fig. 2.3d we also show the asymmetry A7 which is a factor 2.9 larger than A7,
because in Aj; the CP-violating effect from the production is partly washed out
by the kinematics of the slepton decay. However, for a measurement of A7 the
reconstruction of the X3 momentum is necessary. The asymmetry A] shows a
similar dependence on the phases as A7, 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 ¢,, 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 7; 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(X3 — 717)
in the |u|-M; plane for A, = =250 GeV, ¢, = 0.5 7 and ¢, = 0. For M, < 200 GeV
the branching ratio BR(x3 — 717) is larger than 80%. However, due to the mixing
in the stau sector the asymmetry .A7;, Fig. 2.4b, is reduced compared to that in the
selectron and smuon channels, see Fig. 2.2d. The reason is the suppression factor
(lak;1? — [0F:1)/ (|ak;)? + |b%;1?) (2.16), which may be small or even be zero.

m Production of Y%}

We show in Fig. 2.5a and b contour lines of the cross section op(ete™ — XX3) X
BR(XJ — frt1) x BR({gr — X%4,) with BR(Zr — ¥2/3) = 1, and of the asymmetry
Af;, 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
Af;, 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 xJx3 production and decay show a similar dependence on M,
and |p| as for x}x5 production, however, the kinematically allowed regions are
different. We also studied the ¢, dependence of A7J,. For ¢, = 0.57(0.17) and
o, = 0, the maximal values of AJ; in the My—|u| plane are | A7;| < 3%(1%).

m  Production of X5X3

The production of the neutralino pair eTe™ — x5X5 could make it easier to re-
construct the production plane because both neutralinos decay. This allows one
to determine also asymmetry AT, which is a factor 2-3 larger than A7,. We dis-
cuss the decay of the heavier neutralino %9, which has a larger kinematically al-
lowed region in the |u|-M; plane than that of 3. In Fig. 2.6 we show the pro-
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Figure 2.4: Contour lines of 2.4a: BR(x5 — 717) and 2.4b: the asymmetry A7J;, in

the |u|-M; plane for pu, = 0.57, ¢, = 0, A, = —250 GeV, tan 8 = 10, my = 100

GeV, /s = 500 GeV and (P.-, P.+) = (0.8, —0.6). The area A (B) is kinematically

fc(;)rl\;)/idden by myo+myg > /s (mz >m,g). The gray area is excluded by m, =+ < 104
eV.

duction cross section op(ete™ — x9%3) which reaches 100 fb. The cross section
op(ete™ = X9%3) x BR(X) — fgrt1) x BR({r — X04;) with BR(fr — ¥3¢5) = 1, is
shown in Fig. 2.6b. The asymmetry Aj; is shown in Fig. 2.6d. As to the ¢, depen-
dence of A7, we found that for ¢, = 0.57(0.17) and ¢, = 0, |AF| can reach 25%
(2%) in the |pu|-M; plane.

m Energy distributions of the leptons

In order to measure the asymmetries A7 (2.4) and A7; (2.7), the two leptons ¢; and
¢y 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 be-
tween 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.
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Figure 2.5: Contour lines of 2.5a: op(efe” — X}x3) x BR(X3 — lrty) x BR(fp —
X202) with BR({r — x%4y) = 1 and £ = e, , 2.5b: the asymmetry A7;, in the |p|-M,
plane for ¢y, = 0.57, ¢, =0, tan 5 = 10, my = 100 GeV, A, = —250 GeV, /s = 500
GeV and (P,-, P.+) = (0.8,—0.6). The area A (B) is kinematically forbidden by
Myo + myo > /s (mg, > mye). The gray area is excluded by m,+ < 104 GeV.

We show in Figs. 2.7a - c different types of energy distributions for lepton ¢;
(dashed line), and lepton 4, (solid line), £ = e, u, for ete™ — x5 and the sub-
sequent decays x5 — £/, and £ — X%/,. The parameters tan § = 10, My = 300 GeV,
v, =0, o, = 0.5m, and for |u| = 200, 300 and 500 GeV, are chosen such that the
slepton mass m;, = 180 GeV is constant, the LSP mass myo = 140,145,150 GeV is
almost constant whereas the neutralino mass myg = 185,240,300 GeV is increas-

ing. The mass difference between /r and X} decreases (Am = 40,35,30 GeV),
whereas the mass difference between x5 and /g increases (Am = 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
tirst 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 distribu-
tions overlap because the mass differences between X9, / r and x93 are similar. One
has to apply cuts to distinguish the leptons, which reduce the number of events.
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214 Summary of Section 2.1

We have considered two triple-product asymmetries in neutralino productionete™ —
XiXj and the subsequent leptonic two-body decay chain of one neutralino 37 — ¢/,

¢ — X% for £ = e, i, 7. These asymmetries are present already at tree level and are
due to spin effects in the production and decay process of two different neutrali-
nos. The asymmetries are sensitive to CP-violating phases of the gaugino and
Higgsino mass parameters M; and/or 4 in the neutralino production process.

For the process ete~ — ¥I%3 and neutralino decay into a right slepton X3 — £z,
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, ¢, o, = 0.17,
which is suggested by the experimental limits on EDMs.
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Figure 2.6: Contour lines of 2.6a: op(ete™ — X3x%3), 2.6b: op(ete™ — X3x3) x
BR(XY — lrty) x BR({g — X%,) for £ = e,u, and BR({g — X)) = 1, 2.6¢:
the asymmetry A7, 2.6d: the asymmetry A}, in the |u|-M, plane for py, = 0.57,
¢, =0,tan § =10, mg = 100 GeV, A, = —250 GeV, /s = 500 GeV and (P,-, P.+) =
(0.8, —0.6). The area A (B) is kinematically forbidden by m,q + My > Vs (mg, >
myo). The gray area is excluded by m, + <104 GeV.
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2.2 CP asymmetry in neutralino production and decay
into polarized taus

For the two-body decays of neutralinos into sleptons, where the lepton polariza-
tions 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,.

We consider neutralino production

efteT X HXs hi=1,....4, (2.17)
and the subsequent two-body decay of one neutralino into a tau

O =47 m=1,2. (2.18)
The 7~ polarization is given by [41]

Tr(po )

=)

(2.19)

with p the hermitean spin density matrix of the 7~ and o; the Pauli matrices. The
component P; of the polarization vector P = (P, P,, P) is the longitudinal po-
larization, P; is the transverse polarization in the plane and P, is the transverse
polarization perpendicular to the plane defined by the momenta p, and p.-. The
transverse polarization P; is proportional to the triple product

7'-r = S; - (p’r X pe*)a (220)

where s, is the 7~ 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

1 _
ACP = §(P2 - PQ), (221)
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where P denotes the 7F polarization in the charge conjugated process X9 — 7, 7+.
The asymmetry Acp is sensitive to the phase ¢4, in the stau sector, as well as to
the phases ¢, and ¢, in the neutralino sector.

Note, that for the two-body decay (2.18), the transverse 7 polarization P, is the
only observable which is sensitive to ¢ 4,. The asymmetries defined in Section 2.1,
where the 7 polarization is summed, are only sensitive to CP violation due to ¢,
and ¢, 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 spin-
density matrix of the 7~ can be written as

WY - _o\ i, ~0\ M,
pr(T )N = AGH Yo ()™ po (RN (2.22)
Ai,

It is composed of the neutralino propagator A(x?), the spin density matrices pp(x?)
for neutralino production (2.17) and pp(x?) for neutralino decay (2.18). The x?
helicities are denoted by ); and A}, and the 7~ helicities are denoted by A, and A},.

The neutralino production matrix pp(x?) is defined in (C.10) and the neutralino
decay matrix pp(X?) in (C.38). Inserting these density matrices into (2.22) gives

pp(r7 ) = 4|A(RY)1? [(PD + Z35%)8xx, + (PD° + S4T5) 03, 50 )] (2.23)
The last term of the coefficient X%, see (C.44), contains for b = 2 the triple prod-

uct (2.20). This term is proportional to the product of the ¥?-7-7 couplings Im (b, “a’ )
and is therefore sensitive to the phases ¢4, ¢, and ¢, .

The amplitude squared is obtained by summing over the 7 helicities in (2.23)

T = 4]AGG)I° [P (2D) + X% (25)], (2.24)

where the CP sensitive term X% drops out. The cross section is then given by

do = | T12dLips(s; pyo, s 7). (2.25)
2s X3

with the phase space element dLips as defined in (B.22).
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2.2.2 Transverse tau polarization and CP asymmetry

From (2.23) we obtain for the transverse 7~ polarization (2.19)

b, _ JZ22F dLips
>~ [ PDdLips ’

(2.26)

which follows since we have used the narrow width approximations for the prop-
agators and in the numerator [|A(x?)|? PD? dLips = 0 and in the denominator
[ IAGR)? 253 dLips = 0.

As can be seen from (2.26), P, is proportional to the spin correlation term ¥4 (C.44),
which contains the CP-sensitive part Tm(b},;" a7,;)€up0 P4 Do 5% sv?. In order to

study the dependence of P, on the parameters, we expand for 7

Im(b7,"a?,) = g2 cos? 0: Y. Im(f7;N;3) + g° sin? 0:Y,v/2 tan 0y Im(N;; Nj3)
+ g? sin® 0; cos® 0; [V’ Im(N;3 Nize™7) + V2 tan Ow Im(f1, Nye 7)), (2.27)

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

For ., om, = 0, we find from (2.27) that P, o sin 20;sin ;. We note that the
dependence of ¢; on ¢4 is weak if |A,| < |u|tan 3, see (A.49). Thus, we expect
that P, increases with increasing |A.|.

In order to measure P, and the CP asymmetry Acp (2.21), the 7~ from the neu-
tralino decay x? — 7,;7~ and the 7 from the subsequent 7,; decay 7,; — X7

have to be distinguished. This can be accomplished by their different energy dis-
tributions, see Appendix B.2.4.

2.2.3 Numerical results

We present numerical results for efe~ — xx3 and the subsequent decay of the
neutralino into the lightest stau x5 — 717 for a linear collider with /s = 500 GeV
and longitudinally polarized beams with (P.-, P.+) = (£0.8,7F0.6). This choice
favors right or left selectron exchange in the neutralino production process, re-
spectively.

We study the dependence of the asymmetry Acp and the production cross sections
o =op(ete” = X¥%3) x BR(X3 — 71 7~) on the parameters ¢, |ul, orrn, |Mi|, ¢a,,



32 CP violation in production and decay of neutralinos

4, (G o I

1750 1

0.5
0
'
10 20 30 40

P4, [7] tan 3

1500

1250

1000

750

-0.5
500

250

Figure 2.8: Contour lines of Acp for  Figure 2.9: Contour lines of Acp

M, =200 GeV, |u| =250 GeV, tan 3 = for A, = 1 TeV, My = 300 GeV,
5, ¢, = ¢u = 0and (P-,Per) = |u| = 250 GeV, g1, = ¢, = 0 and
(0.8, —0.6). (P,-, Pot) = (0.8, —0.6).

|A,| and tan 8. We assume |M;| = 5/3 M, tan? 6y, and use mg = 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;| due to the tree-level vacuum stability conditions [42].

For the calculation of the branching ratio BR(x3 — 7i 7~) we include the two-body
decays

XS = Tty bril, X°Z, TWE, °HY, t=e,p, m,n=1,2, (2.28)

with m4 = 1 TeV, such that the neutralino decays into the charged Higgs bosons
X3 — Xz HT, as well as decays into the heavy neutral Higgs bosons x5 — X} Hj s,
are excluded in our scenarios.

In Fig. 2.8 we show the contour lines of Acp in the ¢4, —|A4;| plane. The asymmetry
Acp is proportional to sin 26; sin ¢z, and increases with increasing |A,| > |u|tan S,
which is expected from (2.27). Furthermore, in the parameter region shown the
cross section ¢ varies between 20 fb and 30 fb.
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Figure 2.10: Contour lines of o and Acp in the |u|-M; plane for 4. = 0.57, o, =
0, =0,A, =1TeV,tanf = 5 and (P,-, P.+) = (—0.8,0.6). The blank area outside
the area of the contour lines is kinematically forbidden since here either /s <
Myo + Myg OF Mz + My > myo. The gray area is excluded by m, + <104 GeV.

In Fig. 2.9 we show the dependence of Acp on tan 3 and ¢,y,. Large values up to
+20% are obtained for tan 5 = 5. Note that these values are obtained for ¢;;, ~
+0.87 rather than for maximal ¢, ~ £0.57. This is due to the interplay of CP-
even and CP-odd contributions to the spin correlation terms in (2.26). In the region
shown in Fig. 2.9, the cross section o varies between 10 fb and 30 fb.

Figs. 2.10a and 2.10b show, for ¢4, = 0.57 and ¢y, = ¢, = 0, the |u|-M; depen-
dence of the cross section o and the asymmetry Acp, respectively. The asymmetry
reaches values up to —15% due to the large value of |A,| = 1 TeV and the choice of
the beam polarization (P,-, P.+) = (—0.8,0.6). This choice also enhances the cross
section, which reaches values of more than 100 fb.

For ¢a, = 0.57m and ¢, = ¢4, = 0 we show in Figs. 2.11a,b the contour lines of o
and Acp, respectively, in the |u|-M, 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 Acp only marginally, however the largest values of o would
be reduced by a factor 3.

For || = 300 GeV and M, = 400 GeV, we show in Figs. 2.12a,b contour lines of o
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Figure 2.11: Contour lines of o and Acp in the |p|—-M; plane for ¢, = 0.57, g4, =
v, = 0, A, = 250 GeV, tan 8 = 5 and (P,-, P.+) = (—0.8,0.6). The blank area
outside the area of the contour lines is kinematically forbidden since here either
Vs < myg +1myg OF mz +m. > myg. The gray area is excluded by m, + < 104 GeV.

and Acp, respectively, in the ¢,—py, plane. The asymmetry Acp is very sensitive
to variations of the phases ¢, and ¢,. Even for small phases, e.g. ¢,, ¢, ~ 0.1,
we have Acp ~ 15%.

The polarization of the 7 can be analyzed through its decay distributions. The sen-
sitivities for measuring the polarization of the 7 for the various decay modes are
given in [43]. The numbers quoted there are for an ideal detector and for longitudi-
nal 7 polarization and it is expected that the sensitivities for transversely polarized
7 leptons are somewhat smaller. Combining informations from all 7 decay modes
a sensitivity of S = 0.35 [44] has been obtained. Following [43], the relative sta-
tistical error of P, (and of P, analogously) can be calculated as 6P, = AP /| P| =
0°/(S|Py|V/N), for o° standard deviations, and N = oL events for the integrated
luminosity £ and the cross section 0 = op(eTe” — XI%3) x BR(X3 — 71 7). Then
for Acp (2.21), it follows AAcp = AP,/+/2. We show in Fig. 2.13 the contour lines
of the sensitivity S = v/2/(].Acp|v/N) which is needed to measure Acp at 95% CL
(0° = 2) for £ = 500 b, for w4, = 0.27 and ¢a, = ¢, = 0. In Fig. 2.14 we show
the contour lines of the sensitivity S for g, = 0.27 and ¢, = ¢4, = 0. It is inter-
esting to note that in a large region in the |u|-M; plane in Figs. 2.13 and 2.14 we
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Figure 2.12: Contour lines of o and Acp in the ¢,—¢u, plane for M, = 400 GeV,
lu| =300 GeV, tan 8 =5, o4, =0, A, = 250 GeV and (P.-, P,+) = (—0.8,0.6).

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

2.24 Summary of Section 2.2

We have defined and analyzed a CP odd asymmetry Acp of the transverse 7 po-
larization in neutralino production e*e™ — XX} and subsequent two-body decay
) — 7577, The asymmetry is sensitive to CP-violating phases of the the trilin-
ear scalar coupling parameter A, and the gaugino and Higgsino mass parameters
M, pr. 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 ete™ — Xx9x3
and neutralino decay ¥ — 77T we have shown that the asymmetry can be as
large as 60%. It can be sizable even for small phases of 1 and M, suggested by the
experimental limits on EDMs.
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Figure 2.13: Contour lines of S for
o4, =027, om, =0 =0, A, =1TeV,
tan 8 = 5 and (P,-, P.+) = (—0.8,0.6).
The blank area outside the area of the
contour lines is kinematically forbid-
den since here either /s < m,o + m,g
or mz + m; > m,q. The gray area is
excluded by m, + <104 GeV.
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Figure 2.14: Contour lines of S for
omy = 027, w4, = ¢, = 0, A, =
250 GeV, tan = 5 and (P.-,P,+) =
(—0.8,0.6). The blank area outside the
area of the contour lines is kinemati-
cally forbidden since here either /s <
M0 +My0 OF myz, +m, > m,g. The gray
area is excluded by m, + < 104 GeV.
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2.3 T-odd observables in neutralino production and
decay into a Z boson
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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 contri-
butions from the neutralino production, but also from its decay.

We study CP violation in neutralino production

ef+e” > X +X; hi=1,...,4, (2.29)
with the subsequent two-body decay of one neutralino into a Z boson

Xi = xn+7Z; n<i (2.30)
followed by the decay of the Z boson

Z—=f+f f=4Lgq L=eut, q=cb. (2.31)

For a schematic picture of the neutralino production and decay process see Fig. 2.15.
If CP is violated, the phases ¢, and ¢, lead to CP sensitive elements of the Z
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boson density matrix. They involve CP-odd asymmetries A in the angular distri-
bution of the decay fermions

0Ty > 0) = o(T; < 0)

A = , 2.32
= 6(T; > 0) +o(T; < 0) (2.32)

of the triple product

Tr = pe - (P X Pj), (2.33)

and the cross section o of neutralino production (2.29) and subsequent decay chain
(2.30)-(2.31). Due to the correlations between the %! polarization and the Z boson
polarization, there are CP-odd contributions to the Z boson density matrix and to
the asymmetries A; 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
%) — £¢. We have shown that these asymmetries have in contrast only contri-
butions 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 7; by 7; = p.- - (Py0 X Pz), 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 pro-
duction (2.29) and the subsequent two-body decays (2.30), (2.31) of X? we use
the same spin-density matrix formalism as in [27,39]. The (unnormalized) spin-
density matrix of the Z boson

! ~ ~ A\ ~ A )\I
pp(Z)MN% = AP D0 pp(RDM ooy (DN (2.34)
Ais X,

is composed of the neutralino propagator A(x?), the spin-density production ma-
trix pp(X?), defined in (C.3), and the decay matrix pp, (x?), defined in (C.46). The
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amplitude squared for the complete process ete™ — ¥9X%; X? = X0Z; Z — f [ can
now be written

T2 = [AZ)2 Y pp(2) ppy(Z)x e (2.35)
AN,

with the decay matrix pp,(Z) for the Z decay, defined in (C.49). Inserting the
density matrices pp(x?) (C.10) and pp, (x?) (C.63) into (2.34) leads to

pr(ZP = 4 |ARDP [PDy N+ 5go53, (J)MM 4 P oDy (JP] - (2.36)

summed over a, ¢, d. Here the Z production matrix pp(Z) is decomposed into con-
tributions of scalar (first term), vector (second term) and tensor parts (third term).
Inserting then pp(Z) (2.36) and pp,(Z) (C.64) into (2.35) leads finally to

IT]? = 4 AP |A(Z)? [BPD1D, + 254 °5%, “Dy + 4P(“/D§*Dy — LDy “Dy)) .
(2.37)

The differential cross section is then given by

1 :
do = %|T‘2dL1pS(8;px?,px%apfapf_)’ (238)

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 x 3 density matrix < p(Z) >
with Tr{< p(Z) >} = 1. We obtain < p(Z) > in the laboratory system by inte-
grating (2.36) over the Lorentz invariant phase-space element dLips(s; Px0,Px%, P 7)

(B.39), and normalizing by the trace

< p(ZN >= fPP(Z)M;c,dLipS
J Tr{pp(Z)**} dLips

= 10NN £V, (NN o T (J)MM. (2.39)
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The components V, of the vector polarization and 7, of the tensor polarization are
given by

_ [¥8°%% dLips
©" 3[2PD; dLips’

[ P <D, dLips
3[PD, dLips’

ed = Tge = (240)

where we have used the narrow width approximation for the neutralino propaga-
tor. The tensor components 72 and 753 vanish due to phase-space integration. The
density matrix in the helicity basis, see Appendix F.2, is given by

<p(Z)7 > = 45— Vs+ T, (2.41)
< ,O(Z)OO > = —2T33, (242)
<p(2)" > = H(Vi+iVs) = V2T, (2.43)
< p(Z)_+ > = Tn, (244)
<p(2)* > = %(‘/1 +iVh) + V2T, (2.45)

where we have used T1; + Toy + T33 = —3 and Ty = To; = 0.

2.3.3 T-odd asymmetry

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

[ Sign[T;]|T|? dLips _ [ Sign[T;] 2 X% °X%, D, dLips
~ [|T|?dLips [3 PD,D, dLips

Ay (2.46)

and dLips(s; Py Px2s Pf> P 7) 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'|> remains which contains
the triple product 7; = p.- - (py X py). In the denominator the vector and ten-
sor parts of |T'|? vanish, since the complete phase-space integration eliminates the
spin correlations. Due to the correlations X% X%, between the x? and the Z boson
polarization, there are CP-odd contributions to the asymmetry A; 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 ¥% (C.17) of the neutralino perpen-
dicular to the production plane. For the production of a pair of equal neutralinos,
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ete = XV%?, we have Y% = 0. The contributions from the decay, given by the
terms with @ = 1, 3 in (2.46), are proportional to

!

‘Y, ‘Dz DO —8myo (ImO;iL)(ReO;;ZL)(R? — L?)(tcz -pf)cu,,pasi’?”p;?p%t%”, (2.47)

see last term of (C.62), which contains the e-tensor. Thus .A; 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; from the production remain, which are
multiplied by a decay factor o< (|R|*—|L|?), and thus A o< (|R|>*—|L|?)/(|R|*+|L|?),
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; the charges and the flavors of f and f have to be
distinguished. For f = e, p this will be possible on an event by event basis. For f =
7 it will be possible after taking into account corrections due to the reconstruction
of the 7 momentum. For f = ¢ the distinction of the quark flavors should be
possible by flavor tagging in the case ¢ = b, ¢ [30,31]. However, in this case the
quark charges will be distinguished statistically for a given event sample only.
Note that A, is always larger than A;, due to the dependence of A; on the Z-f-f
couplings, which follows from (C.65), (C.66) and (2.46):

2 2
fOCRf_Lf
2 2
Rf—i-Lf

R? + L2 R} c) Ly c
_ g Ly e 1) Ay~ 6.3 (4.5) x Ay, (2.48)

A =
R} — L Ry, + Ly,

= Ab(c)

compare also Section 4.2.

The significance for measuring the asymmetry is given by S = | A;|v/N, see (1.17).
Note that Sy is larger for f = b, c than for f = £ = e, u, 7 with S, ~ 7.7 x Sp and
Se ~ 4.9 x Sy, which follows from (2.48) and from BR(Z — bb) ~ 1.5 x BR(Z — #¢),

BR(Z — cc) ~ 1.2 x BR(Z — /) [45].

2.3.4 Numerical results

We study the dependence of the Z density matrix < p(Z) > (2.39), the asymme-
try Ay(¢ = e, 1, 7) (2.32), and the cross section 0 = ogp(ete” = /X)) x BR(X} —
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Z) x BR(Z — (f) on the MSSM parameters p = |u| e'¥* and M; = |M;|e'¥™
for tan 5 = 10. In order to reduce the number of parameters, we assume the re-
lation |M;| = 5/3M, tan? 6y, and use the renormalization group equations for the
sfermion masses, Appendix A.3.4, with my = 300 GeV. For the branching ratio
Z — 0, summed over £ = e, u,7, we take BR(Z — ¢f) = 0.1 [45]. The values for
Ay . are given by (2.48). We choose a center of mass energy of /s = 800 GeV and
longitudinally polarized beams with beam polarizations (P,-, P.+) = (£0.8, 0.6).

For the calculation of the neutralino widths T'yo and branching ratios BR(x; —
X1Z), see Appendix E.1, we include the followmg two-body decays, if kinemati-
Cally allowed,

X — eRLe /-‘LRL/-‘La TmT Vﬁl/b XnZ X:FW:E )Z?ZH?’ L= €, T, M= 132a n < (249)

and neglect three-body decays. The Higgs parameter is chosen m4 = 1 TeV and in
the stau sector, we fix the trilinear scalar coupling parameter A, = 250 GeV.

m Production of X° X}

In Fig. 2.16a we show the cross section for x{x5 production in the |u|-M, plane for
¢, = 0and ¢u, = 0.57. For |u| 2 250 GeV the left selectron exchange dominates
due to the larger x5 —¢;, coupling, such that the polarization (P.-, P.+) = (—0.8,0.6)
enhances the cross section to values of more than 110 fb. The branching ratio
BR(X5 — Zx3), see Fig. 2.16b, can even be 100% and decreases with increasing
|| and Mj;, when the two-body decays into sleptons and/or into the lightest neu-
tral Higgs boson are kinematically allowed. The cross section 0 = op(efe” —
Vx3) x BR(x3 — Zx?) x BR(Z — #4), see Fig. 2.16¢c, does however not exceed
7 fb, due to the small BR(Z — £¢) = 0.1. Fig. 2.16d shows the |u|-M, dependence
of the asymmetry A, for ¢, = 0.57 and ¢, = 0. The asymmetry |A,| can reach
a value of 1.6%. The (positive) contributions from the production cancel the (neg-
ative) contributions from the decay on the contour A, = 0. We also studied the
¢, dependence of A,. In the |u|-M; plane for ¢y, = 0 and ¢, = 0.57 we found
|A¢| < 0.5%.

In Fig. 2.17 we show the ¢, dependence of A, for |u| = 400 GeV and M, =
250 GeV. The asymmetry .4, is more sensitive to ¢, than to ¢,. It is remarkable
that the maximal phases of ¢y, ¢, = £7/2 do not lead to the highest values of
Ay ~ £1.4%, which are reached for (o, @) ~ (£0.37,0). The reason for this is
that the spin-correlation terms X% ¥, D, in the numerator of Ay (2.46), are prod-
ucts of CP-odd and CP-even factors. The CP-odd (CP-even) factors have a sine-like
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Figure 2.16: Contour plots for 2.16a: op(ete™ — x3%3), 2.16b: BR(x3 — Zx?),
216¢: 0 = op(ete” — ¥K8) x BR(W — Z%°) x BR(Z — ¢f) with BR(Z —
00) = 0.1, 2.16d: the asymmetry Ay, in the |u|-M; plane for ¢y, = 0.57, ¢, = 0,
tan 8 = 10, mg = 300 GeV, /s = 800 GeV and (P,-, P,+) = (—0.8,0.6). The area A
(B) is kinematically forbidden by mgs + mgg > /s (mz + mge > myg). In area C of

plot 2.16b: BR(X5 — ZX}) = 100%. The gray area is excluded by m+ < 104 GeV.
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(Ti;) components of the Z density
matrix for ete™ — %% x5 — 7%,
for My = 250 GeV, |u| = 400 GeV,
¢y = 0, tang = 10, my = 300
GeV, /s = 800 GeV and (P,-, P.+) =
(—0.8,0.6).

(cosine-like) phase dependence. Therefore, the maximum of the CP asymmetry A;
is shifted from ¢, , ¢, = £7/2 to a smaller or larger value.

In the ¢,—¢u, region shown in Fig. 2.17 also the cross section 0 = op(efe” —
2%3) x BR(Z) = Z%?) x BR(Z — #f) with BR(¥3 — Z%) = 1 and BR(Z —
¢) = 0.1, is rather insensitive to ¢, and varies between 7 fb (¢a, = 0) and 14 fb
(par, = £m). The statistical significance for measuring the asymmetry for the lep-
tonic decay of the Z is given by Sy = | A¢[V/L - 0, see Section 2.3.3. For £ = 500 fb~",
we have S, < 1 in the scenario of Fig. 2.17 and thus A, cannot be measured at the
68% confidence level (S; = 1). For hadronic decays into b(c) quarks, however, the
significance is larger Sy, = 7.7(4.9)S,, as discussed Section 2.3.3. For £ = 500 fb~*
and (¢, ¢u) = (£0.37,0) in Fig. 2.17 we find Sy) = 8(5) and thus Ay can be
measured.

In Fig. 2.18 we show the ¢, dependence of the vector (V;) (Vi) and tensor (73;)
components of the Z boson polarization. The components 7i;, T3, and V; have a
CP-even dependence on ¢,s,. The component V; is CP-odd and is not only zero



2.3 T-odd observables in neutralino production and decay into a Z boson 45

for op, = 0 and ¢y, = 7, but also for ¢y, = (1 + 0.2)7, 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;. As discussed in Appendix C.4, the tensor components
T4 and T are almost equal. Compared to V; and V,, they have the same order of
magnitude but their dependence on ¢y, is rather weak. The components T3, V3 <
10°% are small, and thus the density matrix < p(Z) > is almost symmetric. In
the CP conserving case, e.g. for ¢y, = ¢, = 0, My = 250 GeV, |u| = 400 GeV,
tan 8 = 10, mg = 300 GeV, /s = 800 GeV and (P,-, P.+) = (—0.8,0.6) it reads
0.329 0.049 0.0003
< p(Z) >= ( 0.049 0.343 0.049 ) . (2.50)
0.0003 0.049 0.329

In the CP violating case, e.g. for ¢y, = 0.57 and the other parameters as above,

< p(Z) > has imaginary parts due to a non-vanishing V5
0.324 0.107 4+ 0.0372 0.0003

<p(Z)>=1]0.107-0.037  0.352  0.107 + 0.037 (2.51)
0.0003 0.107 — 0.0372 0.324

Imaginary elements of < p(Z) > are thus an indication of CP violation. Note that
also the CP even diagonal elements are changed for ¢, # 0 (and also for ¢, # 0).
This fact has been exploited in [46] as a possibility to determine the CP violating
phases. The ¢, ¢, dependence of the Z-density matrix elements has also been
studied in [47], for eTe™ — xI%3 followed by X3 — Zx?3.

m  Production of X3 X3

In Fig. 2.19a we show the cross section o = op(ete” — x9%5) X BR(x5 = Zx)) x
BR(Z — ¢¢) in the |u|-M, plane for ¢, = 0 and ¢, = 0.57. The production
cross section op(ete™ — ¥5%3), which is not shown, is enhanced by the choice
(P.-,P.+) = (—0.8,0.6) and reaches values up to 130 fb. The branching ratio

BR(X3 — ZX?) can be 100%, see Fig. 2.16b, however, due to BR(Z — £¢) = 0.1,
o 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, ¥% = 0 in (2.46).
However, the asymmetry A; obtains CP sensitive contributions from the neu-
tralino decay process, terms with ¢ = 1,3 in (2.47). In Fig. 2.19b we show for
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Figure 2.19: Contour lines of 0 = op(ete™ — x9x5) X BR(x — Zx}) x BR(Z — )
(2.19a), and the asymmetry A, (2.19b) in the |u|-M; plane for ¢y, = 0.57, ¢, =0,
tan 8 = 10, mg = 300 GeV, /s = 800 GeV and (P,-, P,+) = (—0.8,0.6). The area A
(B) is kinematically forbidden by mygg + mgg > /s (mz + mgo > mg).
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Figure 2.20: Vector (V;) and tensor (7};) components of the Z density matrix for
ete™ = XoX2; X2 — ZX), for My = 250 GeV, |u| = 400 GeV, ¢, = 0, tan § = 10,
mg = 300 GeV, /s = 800 GeV and (P,-, P.+) = (—0.8,0.6).

oum, = 0.5m and ¢, = 0 the |p| and M, dependence of the asymmetry A,, which
reaches more than 3%. Along the contour A, = 0 in Fig. 2.19b the contribution to
A, which is proportional to X}, see 2.46, cancels that which is proportional to X%.
As the largest values of A, > 0.2% and A, 2 1% lie in a region of the |u|-M, plane
where o < 0.3 fb, it will be difficult to measure Ay in a statistically significant way.
We also studied the ¢, dependence of A;. In the |u|-M, plane for ¢, = 0 and
¢, = 0.5m we found |A4,| < 0.5%, and thus the influence of ¢, is also small.

In Fig. 2.20 we show the ¢,;, dependence of the vector (V;) and tensor (7};) com-
ponents of the Z boson polarization. Because there are only CP sensitive contribu-
tions from the neutralino decay process, V3 is only zero at ¢, = 0,7 and V; has one
maximum at ¢, = 7, compared to the components for X! ¥ production, shown
in Fig. 2.18. In addition, the vector components V; and V; in Fig. 2.20 are much
smaller than the tensor components 771 ~ T%. The smallness of V, accounts for
the smallness of the asymmetry |A;| < 0.05%. Furthermore, the other components
are small, i.e. T3 < 10 %and V5 = 0.
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Figure 2.21: Contour lines of 0 = op(ete — $V%3) x BR(XS — Z%}) x BR(Z — #f)
(2.21a), and the asymmetry A, (2.21b) in the |u|-M; plane for ¢u, = 0.57, ¢, =0,
tan 8 = 10, my = 300 GeV, /s = 800 GeV and (P,.-, P.+) = (0.8, —0.6). The area
A (B) is kinematically forbidden by mgo +myg > /s (mz + mge > myg). The gray
area is excluded by m g+ <104 GeV.

m  Production of 3 3

In Fig. 2.21a we show the cross section 0 = op(ete” — xVx3) x BR(x) = Zx?) x
BR(Z — #0) in the |u|-M, plane for ¢, = 0 and ¢), = 0.5m. The production
cross section op(ete™ — x7x3), which is not shown, is enhanced by the choice
(P.-,P.+) = (0.8,—0.6) and reaches up to 50 fb. The branching ratio BR(y3 —
7Zx%), which is not shown, can be 100%, however, due to BR(Z — ¢£) = 0.1, the
cross section shown in Fig. 2.21a does not exceed 5 fb. In Fig. 2.21b we show the
|pu|-Ms dependence of the asymmetry A,. The asymmetry |A,| reaches 1.3% at its
maximum, however in a region, where o < 0.3 fb, the asymmetry .4, thus cannot

be measured. In the |p|-M; plane for ¢, = 0 and ¢, = 0.57 we found |4, < 0.7%.

m Production of X5 X3

For the process eTe™ — x5X3 we discuss the decay X3 — Zx? of the heavier neu-
tralino which has a larger kinematically allowed region than that for xJ — Zx%.
Similar to X} 3 production and decay, the cross section op(ete” — X3%3) reaches
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Figure 2.22: Contour lines of 0 = op(ete™ — ¥3%3) x BR(X3 — ZxX}) x BR(Z — ¢0)
(2.22a), and the asymmetry .4, (2.22b) in the |u|-M; plane for ¢y, = 0.57, ¢, =0,
tan 8 = 10, mg = 300 GeV, /s = 800 GeV and (P,-, P.+) = (0.8,—0.6). The area
A (B) is kinematically forbidden by mygo + mgo > /s (mz + mg > myg). The gray
area is excluded by mg+ < 104 GeV.

values up to 50 fb for a beam polarization of (P,-, P.+) = (0.8, —0.6) and that for

the complete process 0 = gp(ete — X3x3) X BR(X3 = Zx?}) x BR(Z — #/) attains
values up to 5 fb in the investigated regions of the |i|-M; plane in Fig. 2.22a.

The asymmetry A, Fig. 2.22b, is somewhat larger than that for %} xJ production
and decay, and reaches at its maximum 2%. However, it will be difficult to measure
Ay, since e.g. for |u| = 380 GeV, My, = 560 GeV and (¢a,¢u) = (0.57,0), we
found S, ~ 1, for £ = 500 fb~". For the hadronic decays of the Z boson we have
Se(e) = 8(5) and thus Ay is accessible for x{ xJ production. For ¢, = 0.5 and
ou, = 0 we found that |4, < 1% in regions of the |u|-M; plane where o < 0.5 fb,
and |A,| < 0.4% in regions where o < 5 fb.
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2.3.5 Summary of Section 2.3

We have analyzed CP sensitive observables in neutralino production e*e™ — x7x}
and the subsequent two-body decay of one neutralino into a Z boson x? — Xx2Z7,
followed by the decay Z — ¢ for £ = e, u,7, or Z — qq with ¢ = ¢,b. The
CP sensitive observables are defined by the vector component V; of the Z boson
density matrix and the CP asymmetry Ayg), which involves the triple product
Tuq) = Pe- - (Pe(g) X Pgg)- The tree level contributions to these observables are
due to correlations of the neutralino x? spin and the Z boson spin. In a numer-
ical study of the MSSM parameter space with complex M; and u for X¥x5, x3x3,
XIx3 and x9x3 production, we have shown that the asymmetry A, can go up to
3%. For the hadronic decays of the Z boson, larger asymmetries are obtained with
Ac(b) ~ 6.3(4.5) X Ag.



Chapter 3

CP violation in production and decay
of charginos

Overview

We study chargino production with longitudinally polarized beams e e~ — X" X;
with the subsequent leptonic decay of one chargino x; — £, for £ = e, i, 7 [48].
This decay mode allows the definition of a CP asymmetry which is sensitive to
the phase ¢, and probes CP violation in the chargino production process. For
chargino decay into a W boson x;” — W*x" [49], CP observables can be obtained
which are also sensitive to ¢, . We present numerical results for the asymmetries,

W polarizations, cross sections and branching ratios at a linear electron-positron
collider with /s = 800 GeV.
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3.1 CP asymmetry in chargino production and decay
into a sneutrino

We study chargino production
et +e — )Z;-F—I—)Zj_; 1,7 =1,2, (3.1)

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

i =0+ L=ep,T. (3.2)
We define the triple product

Te = (Pe- X Pyt) - Py (3.3)
and the T-odd asymmetry

v _ 0(T>0)—o(T, <0
A = o(Te > 0)+0(Te < 0)’ (3.4)

~—

of the cross section o for chargino production (3.1) and decay (3.2). The asymmetry
A/ isnot only sensitive to the phase ¢, but also to absorptive contributions, which
are eliminated in the CP asymmetry

1 _
Ag = 5(«4? —A), (3.5)

where AT is the CP conjugated asymmetry for the process ete™ — ¥ )2;; X; —
¢~ . 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.
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3.1.1 Cross section

For the calculation of the cross section for the combined process of chargino pro-
duction (3.1) and the subsequent two-body decay of X; (3.2), we use the spin-
density matrix formalism as in [27,51]. The amplitude squared,

IT1> = AP Y pp()™ oo (X ) A (3.6)
PYPV

is composed of the (unnormalized) spin-density production matrix pp(X;), de-
fined in (D.8), and the decay matrix pp(x;), defined in (D.36), with the helicity
indices A; and )} of the chargino. Inserting the density matrices into (3.6) leads to

7" = 4|AG) (PD +Z355), (3.7)

where we sum over a. The cross section and distributions are then obtained by
integrating |T'|* over the Lorentz invariant phase space element dLips, defined
in (B.22):

1 :
do = % |T|*dLips(s; Py Pty D5, )- (3.8)

3.1.2 CP asymmetries

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

AT — J Sign[T] |T|* dLips _ [ Sign[Te] X33 dLips
¢ [ |T)? dLips [ PD 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 %%
from chargino polarization perpendicular to the production plane remains, since
only this term contains the triple product 7; = (pe- X pxgr) - pr (3.3). In the denom-
inator only the term PD remains, since all spin correlations ¥4¥% vanish due to
the integration over the complete phase space.

The coefficient ¥% is non-zero only for production of an unequal pair of charginos,
ete” — XiX3, and obtains contributions from Z-exchange and Z-7 interference
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only, see (D.17). The contribution to Y2 from Z -exchange, see (D.27), is non-zero
only for ¢, # 0,7, whereas the Z-7 interference term, see (D.28), obtains also ab-
sorptive contributions due to the finite Z-width which do not signal CP violation.
These, however, will be eliminated in the asymmetry A, (3.5).

For chargino decay into a tau sneutrino, x;” — 77 7., the asymmetry AT oc (|Vi;]2 —
Y2|Ui?)/(|Vir|? + Y2|Uie|?) is reduced, which follows from the expressions for D
and X2, given in (D.39) and (D.40).

3.1.3 Numerical results

We present numerical results for the asymmetries A, (3.5), for ¢ = e, p1, and the
cross sections 0 = op(ete” — X{x5) x BR(x7 — £71,). We study the depen-
dence of the asymmetries and cross sections on the MSSM parameters p = || e?#*,
M, and tan 5. We choose a center of mass energy of /s = 800 GeV and longitu-
dinally polarized beams with beam polarizations (P,-, P.+) = (—0.8, +0.6), which
enhance 7, exchange in the production process. This results in larger cross sections
and asymmetries.

We study the decays of the lighter chargino x{ . For the calculation of the chargino
widths I, + and the branching ratios BR(x{ — ¢'y) we include the following

two-body decays
W+Xn, 6 Vea N’ I//.La 7—+V’ra €2LVe, IU'LV/M 7—1+2V’ra (310)

and neglect three-body decays. In order to reduce the number of parameters, we
assume the relation |M;| = 5/3 M, tan? fy,. For all scenarios we fix the sneutrino
and slepton masses, my, = 185 GeV, £ = e, pu, 7, m;, = 200 GeV, £ = e, u. These
values are obtained from the renormalization group equations (A.57) and (A.58),
for My = 200 GeV, my = 80 GeV and tan 8 = 5. In the stau sector, see Appendix
A.3.3, we fix the trilinear scalar coupling parameter to A, = 250 GeV. The stau
masses are fixed to mz = 129 GeV and m;, = 202 GeV.

In Fig. 3.1a we show the contour lines of the cross section for chargino production
and decay o0 = op(ete™ = x{x5) x BR(Xx{ — £77;) in the My—p,, plane for |u| =
400 GeV and tan 8 = 5. The production cross section op(eTe™ — ¥{ X5 ) can attain
values from 10 fb to 150 fb and BR(%; — ¢*iy), summed over £ = e, u, can be
as large as 50%. Note that o is very sensitive to ¢,, which has been exploited in
[17,18] to constrain cos(¢p,,).
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Figure 3.1: Contour lines of ¢ = op(ete” — x{X2) X BR(x7 — £*1), summed
over ¢/ = e,pu, (3.1a), and the asymmetry A, for { = e or p (3.1b), in the M-
¢, plane for |u| = 400 GeV, tan = 5, m;, = 185 GeV, /s = 800 GeV and
(Pe-, Pet) = (—0.8,0.6). The gray area is excluded by m,+ < 104 GeV. The area
A is kinematically forbidden by m;, + Myo > Myt The area B is kinematically

forbidden by m, + + m,- > /s.

The My—¢p, dependence of the CP asymmetry .4, for £ = e or ;1is shown in Fig. 3.1b.
The asymmetry can be as large as 10% and it does, however, not attain maximal
values for ¢, = £0.57. The reason is that A, is proportional to a product of a CP-
odd (X%) and a CP-even factor (X%), see (3.9). The CP-odd (CP-even) factor has
as sine-like (cosine-like) dependence on ¢,. Thus the maximum of A, is shifted
towards ¢, = =£7 in Fig. 3.1b. Phases close to the CP conserving points, ¢, =
0, £m, are favored by the experimental upper limits on the EDMs, as discussed in
Section 1.2.

For M, = 200 GeV, we show the tan f—¢, dependence of ¢ and A, in Figs. 3.2a,b.
The asymmetry can reach values up to 30% and shows a strong tan 8 dependence
and decreases with increasing tan 3. The feasibility of measuring the asymme-
try depends also on the cross section 0 = op(efe” — ¥ X3) X BR(X7 — £1iy),
Fig. 3.2a, which attains values up to 20 fb.
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Figure 3.2: Contour lines of 0 = op(ete” — X{x5) X BR(x{ — £77,), summed
over { = e, u, (3.2a), and the asymmetry A, for { = e or p (3.2b), in the tan -
¢, plane for My = 200 GeV, |u| = 400 GeV, m;, = 185 GeV, /s = 800 GeV and
(Pe-, Per) = (—0.8,0.6). The area A is kinematically forbidden by mg, +m,o > my+.

For the phase ¢, = 0.97 and tan 8 = 5, we study the beam polarization depen-
dence of Ay, which can be strong as shown in Fig. 3.3a. An electron beam polariza-
tion P,- > 0 and a positron beam polarization P.+ < 0 enhance the channels with
7, exchange in the chargino production process. For e.g. (P.-, P.+) = (—0.8,0.6)
the asymmetry can attain —7%, Fig. 3.3a, with op(ete” — ¥{%5) ~ 10 fb and
BR(x7 — ¢Ti) =~ 50%, summed over ¢ = e, u. The cross section o = op(ete” —
X1 Xz) x BR(X{ — £"1,) ranges between 2.3 b for (P.-, P.+) = (0,0) and 6.8 fb for
(P.-, P.+) = (—1,1). The statistical significance of A, given by S, = |Ay|vV2L - o,
is shown in Fig. 3.3b for £ = 500 fb~'. We have S, = 5 for (P.-, P,+) = (—0.8,0.6),
and thus A, could be accessible at a linear collider, even for ¢, = 0.97, by using
polarized beams.
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Figure 3.3: Contour lines of the asymmetry A, for ¢ = e or i (3.3a), and the signif-
icance S (3.3b), for ee™ — X{X5; Xi — {70 in the P,-—P,+ plane for ¢, = 0.9,
lp| = 400 GeV, M, = 200 GeV, tan§ = 5, my, = 185 GeV, /s = 800 GeV and
L =5001b".

3.14 Summary of Section 3.1

We have studied CP violation in chargino production with longitudinally polar-
ized beams, e*e”™ — X/ X;, and subsequent two-body decay of one chargino into
the sneutrino x;° — £*7,. We have defined the T-odd asymmetries A; of the triple
product (pe- X py+) - Pe. The CP-odd asymmetries A, = 3(A; — A7), where A7
denote the CP conjugated of A7, are sensitive to the phase ¢, of the Higgsino mass
parameter u. 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 eTe™ — X{ %, production, we have found that A, for
¢ = e or u can attain values up to 30%. By analyzing the statistical errors, we
have shown that, even for e.g. ¢, ~ 0.97, the asymmetries could be accessible in
future ete~ collider experiments in the 800 GeV range with high luminosity and
longitudinally polarized beams.
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3.2 CPviolation in chargino production and decay into
a W boson

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;. Since these observables have in addition contributions from the
decay, they do not necessarily vanish for ete™ — ¥ix{ production. In this mode
CP violation could be established, even if the production of the heavier pair Y5
is not yet accessible.

We study chargino production

e +e = X +x5; L,i=1,2, (3.11)
with longitudinally polarized beams and the subsequent two-body decay

Xi = W +x,. (3.12)
We define the triple product

Ti = Pe- - (Py+ X Pw) (3.13)
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and the T-odd asymmetry

v _ o(Tr>0)—0o(7T1<0)

Ar = o(Tr > 0)+o(Tr <0)’

(3.14)

with o the cross section of chargino production (3.11) and decay (3.12). The asym-
metry A7 is sensitive to the CP violating phase ¢,,.

In order to probe also the phase ¢, which enters in the chargino decay pro-
cess (3.12), we consider the subsequent hadronic decay of the W boson

W+ —c+s. (3.15)

The correlations between the y;” polarization and the W boson polarization lead
to CP sensitive elements of the W boson density matrix. The triple product

Tir = Pe- * (Pe X Ps), (3.16)

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

o(Tir > 0) —o(Tir <0)

T _
AH B 0(7}1>0)+0’(7}[<0)'

(3.17)

Here, o 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, A7, has CP
sensitive contributions from ¢, due to the chargino production process (3.11) and
contributions due to ¢, and ¢, from the chargino decay process (3.12).

The T-odd asymmetries A7 and A}, have also absorptive contributions from s-
channel resonances or final-state interactions, which are eliminated in the CP-odd
asymmetries

1 - 1 _
A= 5(%@ —Af), Au= 5( o —An), (3.18)

where fl}r, ;7 are the CP conjugated asymmetries for the processes ee™ — x; )ch; Xi —
W xS andete” — x; Xj;Xi — W xp; W~ — €s, respectively.
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3.2.1 Spin density matrix of the IV 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 x;” we
use the same spin-density matrix formalism as in [27,51]. The (unnormalized)
spin-density matrix of the W boson

’ ~ - )/ - A\
pr(WH = AP D0 pr(X)M™ poy ()0 (3.19)
Ay AL

is composed of the chargino propagator A(x; ), the spin-density production matrix
pp(xi), defined in (D.8), and the decay matrix pp, (X; ), defined in (D.42). The
amplitude squared for the complete process ete™ — X Xxj; Xi = WX, Wt —
f'f can now be written

TP = AW D pp(WH% pp, (W), (3.20)
s N

with the decay matrix for W decay pp,(W™), defined in (D.45). Inserting the den-
sity matrices pp(X;") (D.8) and pp, (x;) (D.62) into (3.19) gives

pp(WHPNNe = 4 |A(RH) P [(PDy + X555,) %% + (P °Dy + %% %5, ) (JO) M
+(P Dy + X 55, ) (J)MN], (3.21)

summed over a, ¢, d. We have thus decomposed the W production matrix pp (W)
into contributions of scalar (first term), vector (second term), and tensor parts
(third term). Inserting then pp(W™) (3.21) and pp, (W) (D.63) into (3.20) gives

T = 4]AGRH* AW P{3(PDy + £33, ) Dy + 2(P °Dy + X5 °X,, ) “De
+4[(P ““Dy + X% “%% ) ““Dy — L(P ““Dy 4+ £ “S%,) “Ds]}. (3.22)
3.2.2 W boson polarization

The mean polarization of the W bosons in the laboratory system is given by the
3 x 3 density matrix < p(WW*) >, obtained by integrating (3.21) over the Lorentz
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invariant phase-space element dLips(s; Py Px0s pw), see (B.39), and normalizing
J
by the trace

[ pp (W)X dLips
J Te{pp(W+)*} dLips

< pWH)PNe >= = FONAV, (TP T (J°4) M (3.23)

The components V, of the vector polarization and 7, of the tensor polarization are

V. — J(P¢D, + X% °X%,) dLips

¢ 3 [ PD, dLips ’
J(P D, + 2% <4528 ) dLips
3 [ PD, dLips ’

(3.24)

Tcd = Tdc =

(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

<pWH ™" > =1 — Vi34 T, (3.26)
< pWH0 > = 2 Ty, (3.27)
<pWH) 0> = Z(Vi+iVh) — V2 (Tis + iTas), (3.28)
< p(WH) ™+ > = Ty — Toy + 2iTho, (3.29)
<pWH)t > = %(Vl + Vo) + V2 (Tis + iThs), (3.30)
where we have used Ty + To + T35 = —3.

3.2.3 T-odd asymmetries

From (3.21) we obtain for asymmetry A7 (3.14):

v — 1 Sign[Ti] Tr{pp(W*)**} dLips _ [ Sign[T;|Zp X, dLips
! [ Tr{pp(W+)*} dLips [ PD, dLips

, (3.31)

with dLips(s; Dy Px0s pw) given in (B.39), where we have used the narrow width
J

approximation. In the numerator of (3.31), only the spin correlations ¥% X%, per-
pendicular to the production plane remain, since only this term contains the triple
product 7; = pe- - (pxgr X pw ). In the denominator only the term PD; remains, and
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all spin correlations vanish due to the integration over the complete phase space.
Note that AT « ¥%, « (|OL]? — |OL|?), see (D.59), and thus A7 may be reduced
for |OE | ~ |OL|. Moreover, A} will be small for m% —m2, & 2myy, see (D.59).

For the asymmetry A7, (3.17), we obtain from (3.22):

v JSign[T]|T?dLips [ Sign[T7]25% °X4,, ¢D, dLips

= 3.32
1 [ |T|2dLips [3PD, D, dLips ’ (3.32)

with dLips(s; Py 1 PxQs Py s P 7), defined in (B.40), where we have used the narrow

width approximations for the propagators. In the numerator only the vector part
of |T'|? remains because only the vector part contains the triple product 7;; = pe- -
(Pe X ps). In the denominator the vector and tensor parts of |7|? vanish due to
phase-space integration. Owing to the correlations % °X%, between the X;" and
the W boson polarization, there are contributions to the asymmetry A7, 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 ¢ = 2 in (3.32)
and it is proportional to the transverse polarization of the chargino perpendicular
to the production plane Y%, see Appendix D.1.2. For the production of a pair of
equal charginos, ete™ — X X;, we have £% = 0. The contributions from the decay,
given by terms with a = 1, 3 in (3.32), are proportional to

%%, °Dy D —2¢ "m0 Im(O5 OL) 5y - PF)€upo sij‘f p;;r Py 17 s (3.33)

see last term of (D.60), which contains the e-tensor. Thus A7, 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; the momentum of %, i.e. the production plane, has to be determined. This
could be accomplished by measuring the decay of the other chargino x; . For the
measurement of A;;, the flavors of the quarks c and s have to be distinguished,
which will be possible by flavor tagging of the c-quark [30,32]. In principle, for
the decay W — u d also an asymmetry similar to A;; can be considered, if it is
possible to distinguish between the u and d jet, for instance, by measuring the
average charge.

3.2.4 Numerical results

We study the dependence of A;, A, and the density matrix < p(W™*) > on the
MSSM parameters p = |u|e'¥#, My, = |M;|e'¥1, tan 8 and the universal scalar
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mass parameter my. The feasibility of measuring the asymmetries depends also
on the cross sections o0 = op(ete” — X x;) x BR(X{ = W*x}) x BR(IW™T — ¢5),
which we will discuss in our scenarios. We choose a center of mass energy of /s =
800 GeV and longitudinally polarized beams with (P,-, P.+) = (—0.8,40.6). This
choice enhances sneutrino exchange in the chargino production process, which re-
sults in larger cross sections and asymmetries. For the calculation of the branching
ratios BR(x; — W*x?) and widths I+, we include the two-body decays

+50 s+ =+ +5 +5
— WXL, & ve, Bf vy, T oVr, € Ve, wr o, 0., (3.34)

and neglect three-body decays. For the W boson decay we take the experimental
value BR(W* — ¢s) = 0.31 [45]. In order to reduce the number of parameters,
we assume the relation |M;| = 5/3 M, tan? 6y, 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, =
250 GeV.

m Production of X{ X1

For the production ete™ — X/ x; of a pair of charginos the polarization perpen-
dicular to the production plane vanishes, and thus A; = 0. However, A;; need
not to be zero and is sensitive to ¢, and ¢),, because this asymmetry has con-
tributions from the chargino decay process. For (¢, ¢,) = (0.57,0) we show in
Fig. 3.5a the |u|-M, dependence of A;;, which can reach values of 5% — 7% for
M, > 400 GeV. We also studied the ¢, dependence of A;; in the |u|-M; plane. For
om, = 0, ¢, = 0.17(0.57) and the other parameters as given in the caption of
Fig. 3.5, we find | A;7| < 2%(7%).

In Fig. 3.5b we show the contour lines of the cross section o = op(ete™ — X X1 ) X
BR(x{ — W*xX?) x BR(W™ — ¢3) in the |u|-M, plane for (¢u,, ¢,) = (0.57,0).
The production cross section op(ete™ — X7 X7 ) reaches more than 400 fb. For our
choice of mg = 300 GeV, x{ — W*x{ is the only allowed two-body decay channel.

In Fig. 3.6a we plot the contour lines of A;; for |u| = 350 GeV and M, = 400 GeV
in the ¢,—¢u, plane. Fig. 3.6a shows that A;; is essentially depending on the sum
vu+¢u, . However, maximal phases of ¢, = +0.5m and ¢, = £0.57 do not lead to
the highest values of |A;;| > 6%, which are reached for (s, ¢,) ~ (£0.87, £0.67).

The reason for this is that the spin-correlation terms X% °X¢, “D, in the numerator
of A;r (3.32) are products of CP-odd and CP-even factors. The CP-odd (CP-even)
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Figure 3.5: Contour lines of the asymmetry A;; (3.5a) and 0 = op(eTe™ — x{X7) X
BR(x7 — WY x BR(WT — ¢5) (3.5b), in the |u|-M, plane for (o, ) =
(0.57,0), tan B = 5, mg = 300 GeV, /s = 800 GeV and (P.-, P.+) = (—0.8,0.6). The
area A (B) is kinematically forbidden by m, + +m, - > Vs (mw +myo > mx{“)' The
gray area is excluded by m, + <104 GeV.

factors have a sine-like (cosine-like) phase dependence. Therefore, the maximum
of the CP asymmetry A;; may be shifted to smaller or larger values of the phases.
In the ¢,—pu, region shown in Fig. 3.6a the cross section o = op(ete” — X7 X7) X
BR(x{ = WTx?) x BR(W™' — ¢s) with BR(x{ — XYW ™) = 1 does not depend on
¢um, and ranges between 74 fb for ¢, = 0 and 66 b for ¢, = .

In Fig. 3.6b we show the contour lines of the significance S;; = |Asr[vV2L - o, de-
fined in (1.18). For £ = 500 fb ! and for e.g. (¢, pu) = (7, 0.17) we have S =~ 8
and thus A;; should be measured even for small ¢,,.
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Figure 3.6: Contour lines of and the asymmetry A;; (3.6a) and the significance
Sir (3.6b) for ete™ — xix1; xi =& WY Wt — c¢s, in the p,~pu, plane for
1| = 350 GeV, M, = 400 GeV, tan 8 = 5, mg = 300 GeV, v/5 = 800 GeV, (P, , Pps) =
(—0.8,0.6) and £ = 500 fb~". In the gray shaded area of Fig. 3.6b we have S;; < 5.

In Figs. 3.7a,b we show the tan f—m, dependence of A;; and o for (¢a,0u) =
(0.77,0). The asymmetry is rather insensitive to m, and shows strong depen-
dence on tan § and decreases with increasing tan § 2 2. The production cross sec-
tion op(ete™ — X{X1) increases with increasing mq and decreasing tan 8. For
mgy < 200 GeV, the branching ratio BR(x{ — W*x?) < 1, since the decay channels
of i into sleptons and/or sneutrinos open, see (3.34).

In Fig. 3.8a we show the ¢, dependence of the vector (V;) and tensor (7;;) com-
ponents of the density matrix < p(W™*) > for ¢, = 7. In Fig. 3.8b we plot their
o, dependence for ¢, = 0. In both figures, the element V; is CP-odd, while
Tis, Th1, Too and Vi, V3 show a CP-even behavior. As discussed in Appendix D.3,
the components 77; and 75, are almost equal and have the same order of magni-
tude as Vi and V3, whereas Tho, [Th3| < 107° are small. For CP conserving phases
(¢as> 0u) = (0,0) the density matrix reads

<p TT><pi><pt> 0.200 —0.010 —0.001
<pWH)>=| <p¥ > <p”> <p > | = -0.010 0.487 0.137 |, (3.35)
<pt= > <p> <ptt> —0.001 0.137 0.313
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Figure 3.7: Contour lines of the asymmetry A;; (3.7a) and 0 = op(eTe™ — X{X7) X
BR(x7 — WTx?) x BR(Wt — ¢5) (3.7b), in the tan S—my plane for (o, ¢,) =
(0.77,0), My = 400 GeV, |p1| = 350 GeV, /s = 800 GeV and (P.-, Po+) = (—0.8,0.6).

for My = 400 GeV, |u| = 350 GeV, tan 8 = 5, mg = 300 GeV, /s = 800 GeV,
(P, P.+) = (—0.8,0.6) For CP violating phases, e.g. (¢, ¢,) = (0.77,0) and
the other parameters as above, the density matrix has imaginary parts due to a
non-vanishing V5:

0.219 —0.010 + 0.025;  0.002
< p(W*) >= | —0.010 — 0.025i 0.405 0.171 + 0.025i . (3.36)
0.002 0.171 — 0.025 0.376

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

m Production of X{ X5

For the production of an unequal pair of charginos, efe~ — x{ X3, their polar-
ization perpendicular to the production plane is sensitive to the phase ¢,, which
leads to a non-vanishing asymmetry A; (3.31). We will study the decay of the
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Figure 3.8: Dependence of vector (V;) and tensor (7;;) components of the W+ den-
sity matrix on ¢, (3.8a) and on ¢, (3.8b), for ete™ — x{x1i; xi — WTX?, for
lu| = 350 GeV, My = 400 GeV, tan 3 = 5, my = 300 GeV, /s = 800 GeV and
(P, Pt) = (—0.8,0.6).

lighter chargino ¥ — WTx? For |M;| = 250 GeV and ¢5;, = 0, we show in
Fig. 3.9a the |u|—¢, dependence of A;, which attains values up to 4%. Note that
Ar is not maximal for ¢, = 0.57, but is rather sensitive for phases in the regions
v, € [0.7m,7] and ¢, € [-0.77, —7]. As discussed in Section 1.2, values of ¢,
close to the CP conserving points ¢, = 0, £ are suggested by EDM analyses. For
¢, = 0.97 and |u| = 350 GeV the statistical significance is S; = |A;|V2L -0 = 1.5
with £ = 500 fb~". Thus A; could be measured at a confidence level larger than
68% (Sr=1).

In Fig. 3.9b we show contour lines of the corresponding cross section o = op(efe” —
X1 Xz) X BR(Xi — W*X?) in the |u|-p, plane for the parameters as above. The
cross section shows a CP even behavior, which has been used in [17, 18, 50] to con-
strain cos ¢,,. In our scenario we have considered the decay of the lighter chargino
X1 — WTx? since for our choice my = 300 GeV we have BR(x{ — WTx)) = 1.
For the decay of x5, one would have to take into account also the decays into the Z
boson and the lightest neutral Higgs, which would reduce BR(y3 — W+x?) ~ 0.2.
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Figure 3.9: Contour lines of the asymmetry A; (3.9a) and 0 = op(ete” — Xix2) X
BR(x7 — WTx?) (3.9b), in the |u|-p, plane for ¢, = 0, My = 250 GeV, tan 8 = 5,
mo = 300 GeV, /s = 800 GeV and (P,-, P.+) = (—0.8,0.6). The area A (B) is
kinematically forbidden by m,+ +m, - > /s (mw + m,9 > m,+). The gray area is
excluded by m, = <104 GeV.

The asymmetry A4;; is also sensitive to the phase ¢,;,. We show the ¢,—¢y;, de-
pendence of A;;, choosing the parameters as above, in Fig. 3.10a. In Fig. 3.10b we
show the contour lines of the significance Sr; = | A;7|vV2L - o for £ = 500 fb~!. For
(on, ¢u) = (7,0.17) we have S;; = 2.4 and thus A;; 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, ete™ — X;"X;,
with subsequent two-body decay, x;” — W*x%. We have defined the CP asymme-
try A; of the triple product p.- - (p%r X pw). In the MSSM with complex parameters
p and M;, we have shown that A; can reach 4% and that even for ¢, =~ 0.97 the
asymmetry could be accessible in the process ete~ — Y{ X5 . Further we have an-
alyzed the CP sensitive density-matrix elements of the W boson. The phase ¢,



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

orn ] ol S = AulVeL -0
O\ 3 N
0. )2 2
4
2
2
4

-0.

0.5} -

&)

o

-0.5

[¢)]

2

kQ o

-1 -0.5 0 0.5 1
Fig. 3.10a our]  Fig.3.10b o]

]

-1 -

Figure 3.10: Contour lines of and the asymmetry .A;; (3.10a) and the significance
Sir (3.10b) for ete™ — X xa; xi = W% Wt — c¢s, in the p,—¢u, plane for
1| = 350 GeV, M, = 250 GeV, tan 8 = 5, mg = 300 GeV, v/5 = 800 GeV, (P, , Pps) =
(—0.8,0.6) and £ = 500 fb . In the gray shaded area of Fig. 3.10b we have S;; < 1.

enters in the decay x;7 — W*x2 due to correlations of the chargino and the W
boson spins, which can be probed via the hadronic decay W* — ¢5. Moreover the
triple product p.- - (p. X ps) defines the CP asymmetry .A;;, which can be as large
as 7% for x{ X1 or X{ X5 production. By analyzing the statistical errors of A; and
Arr we found that the phases ¢, and ¢,, could be strongly constrained at a future
ete~ collider with /s = 800 GeV, high luminosity and longitudinally polarized
beams.



Chapter 4

CP violation in sfermion decays

For the sfermion decays

F=Ff+% D-=2+% Z—ot+1 (=ep,r, (4.1)
f=f+X5 Xj—=2Z2+X Z—=q+3 q=bg (4.2)

schematically shown in Fig. (4.1), the triple product of the momenta of the outgo-
ing leptons

Te=py - (Pe X Pz), (4.3)

and that of the outgoing quarks,

T =Py - (Pq X Pg), (4.4)

Figure 4.1: Schematic picture of the sfermion decay process.
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define T-odd asymmetries

[(Teq>0)—T(7s, <0)
I'(Teq >0)+ T (Tey <0)

A, = (4.5)

of the partial sfermion decay width I' for the process (4.1). The asymmetries [52]
are sensitive to correlations between the ¥} polarization and the Z boson polariza-
tion, which are encoded in the momenta of the final leptons or quarks. The corre-
lations 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 imag-
inary part of a product of the Xj-Z-x couplings. However, they are not sensitive
to the phase ¢4, of the trilinear scalar coupling parameter Ay, since the decay
f=f )22 (4.1) is a two-body decay of a scalar particle. As an observable in the
process (4.1) which is sensitive to ¢4, one would have to measure the transverse
polarization of the fermion f, which is possible for f = 7, [53]. Also three-body
decays of the sfermion f can be studied alternatively [54].

In the numerical study we estimate the event rates necessary to measure the asym-
metries, which can reach 3% for leptonic decays 7 — 7 %2 £ £, and 20% for semi-
leptonic decays like 7 — 7 X% b b.

The triple product (4.3) was proposed in [55] and the size of the asymmetry was
calculated for the decay i — p X3 — X? 1 £ ¢, 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]:

N ~ ~o\ N '
T2 = AP AP S ooy (D omu GO pa(2)%. 6)
NPUSYY

The amplitude squared is composed of the propagators A(x3), A(Z), the unnor-

malized spin density matrices pp, (f), pp,(X}) and pp,(Z), with the helicity indices
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Aj, Aj of the neutralino and/or the helicity indices Mg, A, of the Z boson. Intro-

ducing a set of spin four-vectors s? o @ = 1,2,3, for the neutralino X]/ see Ap-
pendix (B.49), the density matrices can be expanded in terms of the Pauli matrices

le(f))\j)\;- = 5)\ )\' D1 +0'/\ )‘I EDN (4:7)
~ A’,,A‘ v "

pDz(X?))\i,)\];c = [5)\’/\ D2 +0-,\’,\ Ebu ] Ak 51/ , (4.8)

po,(2) = D§7 e ey, (49)

The polarization vectors )¢ of the Z boson obey pzenk = 0 and the completeness

relation -, 6’\’“*6)"“ = —Gu +Dzupz,/m%. The expansion coefficients of the density

matrices (4. 7) (4 9) are

Dy = (laf;” + b, (s - pye). (4.10)
b, = £my(laf;” = b))y - s5o). (4.11)
Dy = CO‘;—%W{% [2 Re(O1F 0L Ymygmyo — (101 + 101 (pyg - o)
+ (|07 17 + [O771%) (Pyo,pyes + pxgapxgp)}, (4.12)
Yo = c:)lsiZiV {2 m,, Im(O"LO"R*)( Px2 Sxoo. Px% Sx?p)

— Epopw pxos om (|O’1']f,3|2 + |O/1/]1_%‘2)

+ 2 Epop P, os om oRe(O'l']-LO'l'f*)}, (4.13)

2

a 29 a a a
Df = ZJ{ = (4 Ry pg) + 0 07+ P + )

—i (RS~ L3) ™ pp, pp, }, (4.14)

with 9123 = 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),
[’ denotes the fermion from the first decay f—=f )22 in (4.1). Inserting the density
matrices (4.7)-(4.9) in (4.6), we obtain for the amplitude squared

71" =2 |AG)I |A(2)[* {D1 Dapo + X5, }D5”. (4.15)

D2p0’
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The f decay width for the decay chain (4.1) is then given by
P> fh =5 / T dLips(m by, by, b2y, (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 asymme-
try (4.5) for the slepton decays / — ¢ X9 = €xXYZ — £X} f f. The replacements
that must be made to obtain the asymmetry for ¢ decays are obvious. From (4.5)
and (4.15) we find

_ S Sign[Te )29, £, ,, D4’ dLips
[ Dy Dy,; D5’ dLips ’

Ag (4.17)

where we have already used the narrow width approximation for the propagators.
In the numerator we have used [ Sign[7;,4] D1 Ds,, D5’ dLips = 0 and in the denom-
inator [ X%, X%, ,D4’dLips = 0. Among the spin correlation terms X, X%, , D5’
only those contribute to .47, which are proportional to the triple product Teq

Ea

bpe D5 D 32 my Im(OFOYF) (R} — L})erom Px%p Sx05 Pt Dfu (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; - s{o) = 0 for a = 1,2 so that Y2 = 0in (4.11).
J

Thus only 3
written as

Dypo cONtributes and the momentum dependent part of (4.18) can be

S NP Sigg PfuPfy = Myo Do+ (P X Pj), (4.19)

with p = p/|p|.
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The dependence of A} on the Cy-t- -Xj couplings ak], bk], on the Z-f-f couplings
Ly, Ry and on the Z-x2-x? couplings O7;"" follows from (4.17) and (4.18):

2 712 12 2

T |ak9| |bk:j| Lf_Rf nL A MR*
i Im(O7-0O7: ). 4.20
P e g OO .

|a£j\2—| }{;j|2

Due to the first factor —*——=2-,
akj‘ +|bkj|

the asymmetry will be strongly suppressed for

|a,; il ~ |b~ | and maximally enhanced for vanishing mixing in the slepton sector.

Due to the second factor £, the asymmetry Aj; ., for hadronic decays of the Z

L2 +R2 7
boson is larger than the asymmetry Ay for leptomc decays:

L; + R} Lb(c) Rb(c

T
'Ab( L2 R2 L2 + R2

A ~ 6.3 (4.5) x Aj. (4.21)

For the measurement of .A? the charges and the flavors of f and f have to be dis-
tinguished. For f = e, p this will be possible on an event by event basis. For f =7
one has to take into account corrections due to the reconstruction of the 7 momen-
tum. 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 7, is the lightest sfermion and study the decay chain 7, — 7x}; X7 —

2Z; Z — UL for the two cases 7, — T7X5 and 7, — 7X) separately. We present nu-
mer1cal results for the T-odd asymmetry A7 (4.5) and the branching ratios BR(r; —
7 Xy £0) :=BR(7 — 7 XJ) X BR(X} = ZX?) x BR(Z — £ {). The size of the asym-
metry Aj , for hadronic decays may be obtained from (4.21).

The relevant MSSM parameters are |pl, ¢y, | M1|, o, Mo, tan B, |A;|, pa,, mz and
ms,. We fix tan 8 = 10, |A,| = 1TeV, p4. = 0, mz, = 300 GeV, mz, = 800 GeV and
use the relation |M;| = 5/3 M, tan? fy in order to reduce the number of parame-
ters.
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Table 4.1: Masses and widths for various combinations of ¢, and ¢y, for |u| =
300 GeV, My = 280 GeV, tan 5 = 10, A, = 1 TeV, m;, = 300 GeV, mz, = 800 GeV.

[ 0u | oan | myo, myg, mya, myo [GeV] [ T o [MeV] | Tz, [MeV] |

0] 0 |135, 234, 306, 358 4.06 527
0| = |137, 233, 308, 357 1.79 550
0| « |[138, 231, 309, 356 0.09 573
TT0 | 137, 239, 307, 353 5.43 487
ToloTo 138, 238, 309, 352 2.89 511
T | ¢ |137, 237, 311, 351 1.49 529
™ | 0 |138, 245, 309, 347 7.25 448
| T 137, 244, 311, 346 5.78 466
m | 7 | 136, 243, 313, 345 4.32 484

For the calculation of the branching ratios BR(7; — 7 XJ) and BR(X§ — Zx}), we
include the decays

L= T XD X Ve (4.22)
Xy = ZX%, XmW*, XoHY, m=1,2, n < j. (4.23)

We fix the Higgs mass parameter m, = 800 GeV so that the decays of the neu-
tralino into charged Higgs bosons X9 — X;: H, as well as decays into heavy neu-

tral Higgs bosons X% — %% HJ, are forbidden. The decays via sleptons ¥ — ¢ £
are forbidden due to our assumption that 7; is the lightest sfermion.

4.3.1 Decay chain via 7| — 7 X3

We study A7 for the decay chain 7, — 7X3; X3 = X°Z; Z — ¢l for £ = e, p,7. In

Fig. 4.2a we show the contour lines for the branching ratio BR(r; — 7 X £ {) =
BR(f; — 7 X3) x BR(%3 = Z%%) x BR(Z — ¢ {), summed over { = e, p, 7, in
the Ms-|u| plane for ¢y, = 7/2 and ¢, = 0. The 7;-7-x5 coupling |al,| is larger,
which implies a larger BR(7;, — 7 x3) if we choose M3 > M;. We use the usual
notation Mz = Mgz, Mj = My;, see (A.46) and (A.47). The ordering My > M;
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;,, > M;,, in

extended models with additional D-terms [57].
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than for Mz < M;. In a large region of the parameter space BR(x5 — Zx?) = 1.
The asymmetry Aj is shown in Fig. 4.2b. The dependence of A} on M, and |u| is
dominantly determined by Im (O} O/E"), as expected from (4.20).

In Fig. 4.3 we show the ¢y, and ¢, dependence of BR(7 — 7 X! £ /) and of A%
for || = 300 GeV and M, = 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 ¢,,, o, = £7/2 do not lead to the
highest value of A/, since the asymmetry is proportional to a product of CP even
(X%,) and CP odd terms (X3, ,,D57), see (4.17). We give a lower bound on the
number N of 7;’s to be produced at a linear collider, in order to measure .AZT atlo.
We estimate N = [(A7)?xBR] ! from the relative statistical error of the asymmetry,
see (1.16), with BR = BR(r; — 7 X? £ £). For the point ¢, = /2 and @, = 7/2,
marked by e in Fig. 4.3, BR = 2.5% and | A} | &~ 3%, so that N ~ 4.4 x 10°. For the
decay 7 — bbx?1, however, BR ~ 3.6% and |A]| ~ 19%, so that only N ~ 7.7 x 102
71’s are needed. We obtain almost the same results for smaller CP phases ¢, = 0
and ¢y, = —0.37, marked by ® in Fig. 4.3. In these two examples A;, should
be measurable at an e*e™ linear collider with /s = 800 GeV and an integrated

luminosity of 500 fb~".

4.3.2 Decay chain via 7, — 7 X}

We discuss the decay chain 7, — 7X3; X3 — X\Z; Z — ¢ for £ = e, u, 7. The decay
71 — T X3 can be distinguished from 7; — 7 X3 by the 7 energy. In Fig. 4.4a we show

the contour lines of BR(r; — 7 X £¢) = BR(71 — 7 X3) x BR(X} — Zx}) xBR(Z —
¢ ?) in the |p|-M, plane for ¢, = /2 and ¢, = 0. We choose Mz < M; since the
71-7-X3 coupling |aT,| is larger, thus BR(7; — 7 X3) is larger than for M; > M;.
However, the total branching ratio is smaller than for the previous decay chain
due to the small BR(7; — 7 X3) < .75(0.05) in the upper (lower) part of Fig. 4.4a.

The asymmetry A7, shown in Fig. 4.4b, vanishes on contours where either |a];| =
|b7,] or Im(OYFOVE™) = 0, see (4.20). Along the contour A} = 0 in the lower part
of Fig. 4.4b we have |al;| = [b];|, whereas along the contour line 0 in the upper
part of Fig. 4.4b we have Im(OYLOE") = 0. Furthermore, there is a sign change of
Im(OyFOYE™) between the upper and the lower part of Fig. 4.4b (area A). The first
factor in (4.20) increases for |u|/M; — 0, since the gaugino component of Y3 gets
enhanced, resulting in [b7,|/]a];] — 0.

In Fig. 4.5 we show the ¢y, ¢, dependence of BR(1; — 7 X9 £ ¢) and A7, for |u| =
150 GeV and M, = 450 GeV. Two points of level crossing appear at (¢, ¢,u) &
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(£0.95m, +£0.77) 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 com-
mon and strong ¢, dependence of the asymmetries. In a good approximation
Sign[A}] =~ Sign[ea,] in Fig. 4.3b and Sign[A}] ~ —Sign[pa] in Fig. 4.5b, due to
the different phase dependence of Im(O¥}O'R*) and Im(OVF O'F").

4.4 Summary of Chapter 4

We have considered a T-odd asymmetry in the sequential decay of a sfermion f —
30— 02— ;X3 ff. The asymmetry is sensitive to the phases in the
neutralino sector. In a numerical study for stau decay 7; — 17X f f, we have shown
that the asymmetry can be of the order of 3% for leptonic final states 7 {9 #¢, and
is larger by a factor 6.3 for the semi-leptonic final state 7 ¥ bb. The number of
produced 7’s which are necessary to observe the asymmetry is at least of the order
10° for leptonic final states, and 103 for semi-leptonic final states, such that the
phases in the neutralino sector may be accessible at future collider experiments.
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Figure 4.2: Contour lines of the branching ratio for 7, — ¥)7/¢ and asymmetry
A; in the p—M, plane for ¢y, = /2 and ¢, = 0, taking tan g = 10, A, = 1 TeV,
ms# = 300 GeV, m;, = 800 GeV for Mj > M;. The gray areas are kinematically
forbidden by mz < m,g + m, (light gray) or m,q < m,o + mz (dark gray).

Table 4.2: Masses and widths for various combinations of ¢, and ¢, for |u| =
150 GeV, My = 450 GeV, tan f = 10, A, = 1 TeV, m;, = 300 GeV, m;, = 800 GeV.

| ou | oa | myo,myg, myo, myo [GeV] | Tyo [MeV] | T, [MeV] |

0 | 0 |128, 156, 238, 467 59.0 362
0| = |132, 153, 238, 466 68.2 359
0 | = |141, 145, 238, 466 75.5 356
T0 | 131, 158, 237, 466 415 356
I|oT 1136, 154, 237, 466 49.4 353
T x| 142, 145, 240, 465 73.8 360
7 | 0 | 135, 159, 236, 465 277 351
7 | T |137, 154, 239, 465 475 357
m | m | 143, 144, 242, 464 71.0 364
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Figure 4.3: Contour lines of the branching ratio for 7, — {7/ and asymmetry
A7 in the ¢,—pu, plane for [u| = 300 GeV, M, = 280 GeV, taking tan 3 = 10,
A, =1TeV, msz = 300 GeV, mz, = 800 GeV for Mz > M;.
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Figure 4.4: Contour lines of the branching ratio for 7, — ¥97¢¢ and asymmetry A}
in the |pu|-M, plane for pu, = 7/2, ¢, =0, tan § = 10, A, = 1 TeV, mz = 300 GeV,
ms = 800 GeV and M < Mj. The area A (B) is kinematically forbidden by
Mg < mgo +mz (mz < mgo +m,). The gray area is excluded by m,+ <104 GeV.
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Figure 4.5: Contour lines of the branching ratio for 7, — Y74/ and asymmetry A7
in the ¢,—pu, plane for |u| = 150 GeV, My = 450 GeV, tan§ = 10, A, = 1 TeV,
ms = 300 GeV, m;, = 800 GeV and Mz < Mj.



Chapter 5

Summary and conclusions

51 Summary

In supersymmetric (SUSY) extensions of the Standard Model (SM), several param-
eters can be complex. In the neutralino sector of the Minimal extended Supersym-
metric Standard Model (MSSM)), these are the Higgsino mass parameter y and the
gaugino mass parameter M. In addition, in the sfermion sector also the trilinear
scalar coupling parameter Ay can be complex. The imaginary parts of these pa-
rameters imply CP violating effects in the production and decay of SUSY particles.

In this thesis we have analyzed the implications of ¢, ¢y, and ¢4, in neutralino
and chargino production and decay in electron-positron collisions. For the decays
of sfermions we have analyzed the effects of ¢, and ¢,;,. 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 formal-
ism include the complete spin correlations between production and decay. Modu-
lar FORTRAN codes have been programmed for numerical analyses.
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For neutralino production, eTe™ — x? )22 , we can summarize as follows:

e For the leptonic two-body decay chain of one of the neutralinos %9 — 2¢;, / —
X2, for £ = e, u, 7, we have analyzed the asymmetries of two triple products
Tr = (Pe- X pi?) -Pe, and Tr; = (Pe- X Pe,) - Pey, Which are sensitive to ¢, and
¢, - In a numerical study for eTe™ — X3 and subsequent neutralino decay
into a right slepton ¥ — £/ we have shown that the asymmetry .4; can be as
large as 25%. The asymmetry .A;;, which does not require the identification
of the neutralino momentum, can reach 10%. Asymmetries of the same order
are obtained for the processes ete™ — x5 and ete™ — X5x3.

e For the two-body decay of one neutralino into a stau-tau pair, x! — 77, we
have analyzed the asymmetry of the triple product 7; = s, - (p; X pe- ), which
includes the transverse 7 polarization s,. The asymmetry is sensitive to the
phases ¢, pu, and ¢4, and can attain values up to 60% for ete™ — xIx5.

e For the neutralino decay into a Z boson, x? — Zx?, followed by the decay
Z — U for £ = e, pu,7,0or Z — qq for ¢ = c, b, we have defined and analyzed
the asymmetry Ay, of the triple product Tyy) = Pe- - (Pe(q) X Pr(g)), which
is sensitive to ¢, and ¢,s,. We have also identified the CP sensitive elements
of the Z spin-density matrix. For xx5, X5x3, X1x3 and x5x3 production, the
asymmetry 4, can go up to 3%. For the hadronic decays of the Z boson,
larger asymmetries A.@) ~ 6.3(4.5) x A, are obtained.

The results for chargino production, e*e™ — )”(;t )Zf, can be summarized as follows:

e For the two-body decay of one of the charginos into a sneutrino x;° — £,
the asymmetry of the triple product (p.- X pg+) - pe is sensitive to ¢, and can

be as large as 30% for ete™ — X X7 .

e For the decay x; — W2 the triple product 77 = p.- - (Pg+ x pw) defines
the asymmetry A;, which is sensitive to ¢,. The asymmet}y A can reach
4% for ete” — Xi X3 production. Further, we have analyzed the CP sensi-
tive elements of the W boson spin-density matrix. The phase ¢, enters in
the decay x;7 — W*x? due to correlations of the chargino and the W boson
polarizations, which can be probed via the hadronic decay W+ — c¢s. More-
over the triple product 7;; = p.- - (P. X ps) defines the ¢, and ¢, sensitive
asymmetry A;;, which can be as large as 7% for x{ X1 or i X production.
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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 po-
larizations perpendicular to the production plane, which are non-vanishing only
for the production of a non-diagonal pair of neutralinos ete™ — X7 X%,7 # j or
charginos ete™ — Xf %F. If the neutralinos and charginos decay into particles
with spin, like 7 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 f — f N=fXZ— f'RA(FXqq)
we have obtained the following results:

e We have defined the asymmetries A, , of the triple products of the momenta
of the outgoing leptons 7; = ps - (p¢ X pg) or quarks 7, = p; - (pPq X P3), Which
are sensitive to ¢, and ¢yy,. In a numerical study of stau decay 7, — 7X? ff
we found that the asymmetry .4, can be of the order of 3% percent for lep-
tonic final states. The number of produced 7’s necessary to observe Ay is at
least of the order 10°, which may be accessible at future collider experiments.
For the semi-leptonic final state 7, — 7 X} b b the asymmetry A, is larger by
a factor 6.3 and could be measured if the number of produced 7’s is of the
order 10°.

e The asymmetries are not sensitive to the phase ¢ ,, since the decay f—f )22
is a two-body decay of a scalar particle. As an observable sensitive to ¢4,
one would have to measure the transverse polarization of the fermion f, or
study asymmetries in three-body decays of the sfermion f.

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 mea-
suring 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 7 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
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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 ¢,,,
¢wn, and @4, 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 asym-
metries of triple products including the transverse beam polarization are only non-
vanishing 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 Standard-
modells (SM) konnen komplex sein. Im Neutralinosektor des minimal erweiterten
supersymmetrischen Standardmodells (MSSM) sind dies der Higgsino-Massenpa-
rameter ;1 und der Gaugino-Massenparameter M;. Im Sfermionsektor ist der tri-
lineare skalare Kopplungsparameter Ay im Allgemeinen komplex. Die Imaginér-
teile dieser Parameter verursachen CP-verletzende Effekte in Produktion und Zer-
fall von SUSY Teilchen.

In dieser Arbeit wurde der Einfluss der Phasen ¢,, ¢y, und ¢4, auf die Pro-
duktion und den Zerfall von Neutralinos und Charginos in Elektron-Positron-
Kollisionen untersucht. Fiir Sfermionzerfille wurden die Effekte der Phasen ¢,
und ¢y, 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. Mes-
sungen der Asymmetrien an zukiinftigen Beschleunigern erlauben nicht nur eine
Bestimmung der Phasen, sonderen auch eine Bestimmung ihrers Vorzeichens.

Die Asymmetrien erfordern Berechnungen von Winkelverteilungen der Zerfalls-
produkte von Neutralinos, Charginos und Sfermionen. Die Rechnungen auf Baum-
Graphen-Niveau im Spin-Dichtematrix-Formalismus beinhalten die vollstandigen
Spinkorrelationen zwischen Produktion und Zerfall. Fiir numerische Analysen
wurden modulare Fortran-Programme erstellt.
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Die Ergebnisse fiir Neutralino-Produktion ete™ — X} x) und -Zerfall konnen fol-
gendermafien zusammengefasst werden:

e Fiir den leptonischen Zerfall des Neutralinos x) — 0y, 0 — %y mit £ =
e, b, 7, wurden die Asymmetrien der zwei Spatprodukte 7; = (p.- X pxg) ‘Pe,
und 777 = (Pe- X Pe,) - Py, betrachtet, die auf die Phasen ¢, und ¢, sensitiv
sind. In der numerischen Analyse fiir e*e™ — %5 und Zerfall des Neutrali-
nos in ein rechtshiandiges Slepton {3 — £/ erreicht .A; Werte von 25%. Die
Asymmetrie A;; erreicht 10%, erfordert jedoch nicht die Rekonstruktion des
Neutralinoimpulses. Die Asymmetrien haben fiir die Prozesse ete™ — Y9X}
und ete™ — x93 dhnliche Werte.

e Fiir den Zerfall des Neutralinos in ein Stau-Tau Paar, x) — 7,7, wurde die
Asymmetry des Spatprodukts 7; = s; - (p- X P.-) untersucht, welches die
transversale T-Polarisation s, enthilt. Die Asymmetrie ist auf die Phasen ¢,
o, und @4 sensitiv und kann fiir den Prozess ete” — x?%3 bis zu 60%
betragen.

e Fiir den Zerfall des Neutralinos in ein Z-Boson, mit anschlieSendem Zerfall
Z — Umitl = e, u,7,bzw. Z — g7 mit ¢ = ¢, b, wurde eine Asymmetrie A
des Spatprodukts Tyq) = Pe- - (Pe(q) X Pi(g)) definiert und untersucht. Sie ist
sensitiv auf die Phasen ¢, und ¢y, . Des Weiteren wurden die CP-sensitiven
Elemente der Dichtematrix des Z-Bosons identifiziert und berechnet. Die
Asymmetrie A, kann fiir die Neutralinoproduktionen x9x3, X3x5, x?x3 und
Xox3 Werte bis 3% erreichen. Fiir die hadronischen Zerfille des Z-Bosons
sind die Asymmetrien grofier A,y =~ 6.3(4.5) x A,.

Die Ergebnisse fiir Chargino-Produktion e*e~ — X;* XJ und -Zerfall kénnen fol-
gendermafien zusammengefasst werden:

e Der Zerfall des Charginos in ein Sneutrino, Y;” — ¢*7, definiert eine Asym-
metrie des Spatprodukts 7, = (p.- X p;+) - pr- Die Asymmetrie ist ¢,-sensitiv

und erreicht fiir ete~ — i x§ Werte bis 30%.

e Der Zerfall in ein W-Boson, i — W0, definiert die ¢,-sensitive Asym-
metrie A; des Spatprodukts 7; = p.- - (p)z;r X pw). Sie kann im Prozess
ete” — X¥ X3 bis zu 4% erreichen. Durch die Spinkorrelationen zwischen
Chargino und W-Boson ist der Zerfall ;7 — WTx2 auch sensitiv auf die
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Phase ¢,;,. Die CP-sensitiven Dichtematrixelemente des W-Bosons wur-
den identifiziert, welche durch den hadronischen Zerfall W+ — ¢5 unter-
sucht werden konnen. Das Spatprodukt 7;; = pe- - (p. X ps) definiert die
@, und @y, -sensitive Asymmetrie Aj;, welche 7% in der x{ x; - und X7 x5 -
Produktion erreicht.

Die Untersuchungen der Neutralino- und Chargino-Zerfélle haben gezeigt, dass
die Asymmetrien fiir Zerféille in skalare Teilchen, wie z.B. Sleptonen und Sneutri-
nos, ein Maf fiir CP-Verletzung im Produktionsprozess darstellen. Diese Asym-
metrien sind sensitiv auf die Neutralino- und Chargino-Polarisation senkrecht zur
Produktionsebene, welche nur fiir die Produktion verschiedener Neutralinos eTe ™
— X? XY,7 # j, oder Charginos e"e~ — X7 X3 nicht verschwinden. Falls die Neu-
tralinos oder Charginos in Teilchen mit Spin, also z.B. in 7’s, W- oder Z-Bosonen
zerfallen, erhdlt man aufgrund der Spinkorrelationen zuséatzliche Information tiber
die CP-Verletzung im Zerfall.

Die Ergebnisse fiir Sfermionzerfille f — f X=X Z— (XY ¢ ) konnen
folgendermafien zusammengefasst werden:

e Die Spatprodukte 7, und 7,, bestehend aus den Impulsen der auslaufenden
Leptonen 7, = p; - (pr X pz) oder Quarks 7, = p; - (P, X pg), definieren
die Asymmetrien A, ,, die sensitiv auf die Phasen ¢, und ¢, sind. Fiir den
leptonischen Stau-Zerfall 7; — 7x? | [ wurde in einer numerischen Studie
gezeigt, dass die Asymmetrie A, 3% erreichen kann. Fiir die Messung von
A, werden etwa 10° Stau-Zerfille benétigt. Solche Ereignisraten konnen bei
zukiinftigen Beschleunigerexperimenten erreicht werden. Fiir den semilep-
tonischen Zerfall 7, — x? 7 b b ist die Asymmetrie A, um einen Faktor 6.3
grofer. Zu ihrer Messung werden daher etwa nur 10? Staus benétigt.

e Da es sich bei dem untersuchten Prozess um einen Zwei-Korper-Zerfall eines
skalaren Teilchens handelt, sind die Asymmetrien nicht auf die Phase ¢4,
sensitiv. Um eine solche Sensitivitdt zu erhalten, ist die Messung der transver-
salen Polarisation des Fermions f erforderlich. Alternativ kénnen auch Drei-
Korper-Zerfille des Sfermions f untersucht werden.
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6.2 Schlussfolgerungen

Es wurde gezeigt, dass in allen betrachteten Prozessen geeignete Spatprodukte
und die zugehorigen Asymmetrien definiert werden konnten, um die CP-Phasen
des MSSM zu messen. Besonders geeignet sind die Asymmetrien in leptonischen
Zerfillen der Neutralinos und Charginos, da Werte bis zu 30% erreicht werden.
Die Asymmetrien der 7-Polarisation konnen sogar 60% erreichen. In den Zerfillen
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 ¢,,, ¢, und 4, —bei zu-
kiinftigen Elektron-Positron-Beschleunigerexperimenten mit Strahlenergien von
500 GeV bis 800 GeV und hoher Luminositdt messbar sein werden bzw. stark
eingeschrankt werden konnen. Eine beidseitige Strahlpolarisation erhoht 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 Zerfille beider Teilchen be-
riicksichtig werden.

Des Weiteren konnten aber auch Asymmetrien von Spatprodukten definiert wer-
den, welche die Impulse der Zerfallsprodukte beider Neutralinos bzw. Charginos
enthalten. Es bleibt zu kldren ob dadurch eine Sensitivitdt auf die CP-Phasen in
den Spin-Spin-Korrelationen erlangt wird, welche die Korrelationen der Polarisa-
tionen beider Neutralinos bzw. Charginos beschreiben.



Appendix A

Basics of the Minimal
Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) is characterized by the fol-
lowing properties:

e A minimal gauge group: SU(3) x SU(2) x U(1).

e 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.

o Explicit SUSY breaking parametrized by soft breaking terms.

e R-parity conservation.

In the following we give a short account on the relevant Lagrangians and cou-
plings, 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 ex-
pand 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].
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Table A.1: Particle spectrum of the MSSM

SM particles SUSY-partners
p weak eigenstates \ mass eigenstates
gz ; g; g;z dr,qr  squarks G1,G2 squarks
C=e,u,T ¢r,lr  sleptons 4,45 sleptons
V= Ve, Vy, Vr Up sneutrinos Up sneutrinos
g g gluino g gluino
w#* w#* wino ~t harei
(Hf,Hy) || Hf,H,; Higgsinos Xiz  ChATBINGS
y 0% photino
A Z° zino Xi..4 neutralinos
HY, (HY) H? HY Higgsinos

A.1 MSSM Lagrangian in terms of superfields

We give the electroweak (EW) part of the MSSM Lagrangian in the superfield for-
malism, which consists of a supersymmetric part and terms which break SUSY
softly

Lew = Lsusy + Lsoft- (A.1)

A.1.1 Superfield content

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

& I?l(l',e, 9_) 57 =,
L= ( i(m,&,é) L7 R = lR(iU,H,e), (AZ)

where the generation indices of e, 4 and 7 have been suppressed. The super-
tields are functions on the superspace, with spacetime coordinates z# and anti-
commuting Grassmann variables §,. The lepton superfield contains both bosonic
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and fermionic degrees of freedom. It can be expanded

~ ~ _ ~ 1 ~
L = L(z) + 105”60, L(z) — 200008“8!‘ L(z) +

V20 LO(z) + %0005”(% L®(z) + 00 Fy (v), (A.3)
in terms of the spin-0 slepton field L, the spin-1/2 Weyl field L®? and a spin-0 aux-

iliary field F,, which however can be removed by the Euler-Lagrange equations.
The right-handed field R is expanded similarly to L.

There are two doublets of chiral Higgs superfields

- Hl(z,0,0) - Hl(z,0,0)
— (00 Hy = [ 22\ %0 A4
Hl (Hf(x,e,e) ’ 27\ B(z,0,0) ) (Aad)

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 L (A.3).

The U(1) and SU(2) gauge vector superfields are respectively given by
V=Y ¥'(2,0,0), V=T*Vx0,60), (A.5)
with sum over ¢ = 1,2,3 and Y and T* are the U(1) and SU(2) generators. The

gauge vector superfield contains a bosonic (spin 1) gauge field V/?, and a fermionic
(spin 1/2) gaugino Weyl field \*

Ve(2,0,0) = — 008 V2(z) + 000 X (z) — iB00 X*(z) + %0050‘ D). (A6)
The auxiliary spin-1/2 field D* can be removed by the Euler-Lagrange equations.
The gauge field ' is expanded similarly to V.

A.1.2 The supersymmetric Lagrangian

The supersymmetric Lagrangian contains the kinetic terms for chiral and vector
superfields, as well as a Higgs part

ESUSY = /CLepton + EGauge + EHiggs- (A7)
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The lepton and gauge parts are given by

LLepton — /d49 []A;T 629V+9"7’f, + RT 629V+91V/R]’ (AS)

1
Loumge = 7 / d*0 [WWe + WW!] 62(6) + h.c., (A.9)

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

; L onm v
W, = —S—DDe_QgVDae2gV, W, = —ZDDDaV', (A.10)
g

where D are covariant derivatives. The Higgs part

Liiggs = / d'o [H] eV 4 g V'H, + H}e*V + ¢ V'H, + W52(0) + we(0)] (A1)
contains the superpotential

W =Wy + Wy. (A.12)
The Higgs (H) and Yukawa (Y) parts are

Wy =pHIH,  Wy=€fHIL'R+ f{H!Q'D + £ HIQ'U], (A.13)

with i the Higgsino mass parameter, f; the Yukawa couplings, with the generation
index suppressed, and the antisymmetric tensor €'’ = €2 = 0, €!? = —¢*! = 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 in-
variant under supersymmetry transformations. In addition, they are R-parity con-
serving, if trilinear terms in Wy, are disregarded. The Higgsino mass parameter
w1 and the Yukawa couplings f can have physical CP-phases.
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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]:

»Csoft =Ls+ Lg. (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 = — / d*0 MQﬁTf, +miRIR+m2HIH, + m2HIH, +
+m3el (HiH] + h.c.)|6%(0,0), (A.15)

with the abbreviation M? L1, = m20t + m2[}[,. The gaugino mass term
1 _
= / d*6 [(M W' W, + MyW ™ W2) + h.e] 64(9,0) (A.16)

includes the U(1) and SU(2) gaugino mass parameters M; and M,, respectively.
By redefining the fields, one parameter, usually M,, can be made real, while M;
can have a CP violating phase.

A.2 MSSM Lagrangian in component fields

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

g

Lyoyg = — Zu0y*|LePp + RyPgY, (A.17)
cos Oy

Lotz = —eA X V"X 6y, e >0, (A.18)

Loogrsr = Cosgg WX M0 PL+ OF PRIX (A.19)

Lyy-zrzo = 9W, 7' Ok PL + O PrlX; +hc., (A.20)

Logr = —9UAX{ Povly — gVax{ Pty +he., L=ep, (A21)

L - o+ = —g)%;rc(‘/;-lPL — YTUZ'QPR)T&: +h.c, (A22)
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Table A.2: Electric charge e, and weak isospin T3, of fermions
d u €r, €R 14
e —% +2 -1 -1 0
|-} +f -f o0 )
and the terms relevant also for neutralino production and decay are [58]:
1 g " "

Lzoz0,%0 = 2 cos O ZuSo M ONE P + OLF PRIR0, (A.23)
Ea&g = 9f4lPriplL + 9 fil PLolR + hec,, (A.24)
ijf(g = gfyk;VPRXkyL + h.C., (A25)

with the couplings

Ly = Ty —egsin® Oy, Ry = —egsin® Oy, (A.26)
! * 1 * :

O,L]L = —‘/;-1 1~ 5‘/;'2‘/;-2 + 51']' SlIl2 gw, (A27)
, 1

OZ;B = _Ui*lUjl — EU:QUJQ + (Sz'j Sin2 ew, (A28)

Ol?z = —1/\/5( COS ﬁNk4 — sin ﬁng) V;; + (sin ewN]d —+ cos ekag) VZ{, (A29)
Of = +1/v2(sin BN}, + cos BNy ) Ui + (sin 0w Ny + cos 0w Nip)Un,  (A.30)
n ]. 1
oL = _i(ngN;?’ — NpuNJ,) cos 28 — 5( N3N}, + NpaNJi3) sin 23, (A.31)
Opn = =Opi, (A32)
1
feLk = 2 (T3p — egsin? Oy ) Nyo + g sin HWNH] , (A.33)
cos Oy
= —V/2e;sin Oy [ tan 0w N — N7y, (A.34)
1
fly = —V2 T3, N2, (A.35)
cos Oy

withi,j =1,2and k,m,n =1, ..., 4. The charge e; and the third component of the
weak isospin T3, of each fermion is given in Tab. (A.2). The 7-Yukawa coupling is

given by Y, = m,/(v/2myy cos B).
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For the neutralino decay into staus X} — 7,7, we take stau mixing into account
and write for the Lagrangian [63]:

Loz, = 97T(ah;Pr+ b PL)X) +he., k=1,2;i=1,...,4, (A.36)
with
L' hL' _U'1
AT = ”>, BT.:(”), orz( ”), (A.38)
! (hfj ! R ’ Y:Ujs
hE = (hE)* = —Y,(Njycos B + N}, sin ), (A.39)
Y, = m./(V2mw cos B), (A.40)

with R7, given in (A.50) and fTLj’R 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 (7, Z, H?, HY) is given by

M, sin? Oy, + M cos? Oy (M. Ml) sm@WCOSOW 0 0
v - (My — M) sin By cos Oy M2 cos? Oy + M, sin? Oy, my 0
0 my psin2B —pcos2B |’
0 0 —pcos2 —usin2p

(A.41)

with p the Higgsino mass parameter and tan 3 = 22, where v, » are the vacuum
expectation values of the two neutral Higgs fields. The mass matrix Y,5 (A.41) can
be diagonalized by a complex, unitary 4 x 4 matrix N;; [58],

N}, Yap Nbj = mgo 6, (A42)
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with the neutralino masses mygo > 0. Then the weak eigenstates (7, Z, Hy, Hy) mix
to the neutralino mass elgenstates (x%, %3, %3, x9)-

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

e The matrices ZZ' and Z1Z are selfadjoint and have the same real eigenvalues
Ai > 0.

e The eigenvectors é; connected to the eigenvalues A; built an orthonormal sys-
tem. If some of the \; = 0, the eigenvectors can be completed to built an
orthonormal system.

e Let é; be an eigenvector of Z1Z with eigenvalue \; # 0, thatis Z1Z ¢; = \; é;,
then the vectors ¢, := \/%Z é; also built an orthonormal system with Z1 &, =

Vi é.
Thus Z can be decomposed into its singular values: Z = (& ...¢&)){Z(é,...¢&) =

diag(v/'\).

A.3.2 Chargino mass matrix

The complex chargino mass matrix is given by

_ M2 mwﬂsinﬁ
) i

It can be diagonalized by two complex unitary 2 x 2 matrices Uy, and V,,, [58],

Upioo Xap Vin' = Myt Sym, (A.44)

+
with the chargino masses m. zr > 0. The chargino-mass eigenstates x;" (;L) are

defined by x;" = Viwt + V;Qh+ and x; = Ujpw™ + Ujh~™ with w* and h* the two-
component 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.
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A.3.3 Stau mass matrix

The masses and couplings of the 7-sleptons follow from the hermitian 2 x 2 7, — 7
mass matrix [63]:

7 ~x ~x MgLL eii(p; ‘MgLR| L
Ly=—-0r. TR) | . ) e (A .45)
e ‘MfLR ‘ M’T'RR TR
with
r .
M?LL = M? + (—5 + sin® Oy) cos 28 m3, + m2, (A.46)
M2, = MZ —sin® Oy cos 28 my + m?, (A.47)
MZ = (M )" =m.(A, — p*tan B), (A.48)
@ = arg[A, — p" tan f], (A.49)

where A, is the complex trilinear scalar coupling parameter and Mj, My are the
other soft SUSY-breaking parameters of the 7; system. In order to reduce the num-
ber of MSSM parameters, we will often use the renormalization group equations
[64], M? = m§ + 0.79M3 and M%Z = mg + 0.23M3. The 7 mass eigenstates are

(F1,72) = (71, Fr)RT', with
i e cosfz  sinf:
R = ) (A.50)
—sinf; e 97 cos b

with the mixing angle

_ 1Mz, | M2 m?

cosf; = = LQR ——, sin 0; = = LL - L —, (A.51)
\/|M%LR 24 (mz, — Mz, )? \/|M%LR 24 (m3, — M7 )?

and the mass eigenvalues
1

ml, =5 |, + M) /O, = M2, )P+ 4MZ, P . (A52)
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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 approx-
imation. For these sfermions we will assume the approximate solutions to the
renormalization group equations [64]:

mfgL L= m5 +mg + C(f)M; £ m cos 28(Tsy — ey sin® Oyy). (A.53)

where T3 is the third component of weak isospin, my is the common scalar mass

parameter at the GUT-scale, and C( f) depends on the sfermion

C(ly) ~0.79, C(lg) ~0.23, (A.54)
C(q,) ~10.8,  C(Gr) ~ 10.1. (A.55)

For the slepton and sneutrino masses we have

m% = mj + 0.23M; — m7% cos 23 sin® Oy, (A.56)
1
mi = mg + 0.79M3 4+ m, cos 25(—5 + sin” Oy ), (A.57)

1
m2, = m§ + 0.79M; + §m2z cos 213. (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,cand angles A, B, C.

z
A\ €1
. VB
€2
€3
)
a,\
Yy

A

e

The unit vectors of the triangle sides are given by

€ = (anal)a (B.1)
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éy = (sinc, 0, cosc), (B.2)
é3 = (sinbcos A,sinbsin A, cos b). (B.3)

In the following we give formulas relating the sides and the angles of the triangle
[65, 66]:

e law of sines

sin a sin b sin ¢
— = = . (B4)
sinA sinB sinC
e law of cosines for sides (cosine theorem)
cosa = cos b cos ¢ + sin bsin ccos A. (B.5)

Similar formulae for the other sides may be obtained by cyclical permuta-
tions.

e law of cosines for angles
cos A = —cos B cos C + sin B sin C cos a, (B.6)

etc, cyclically.

e products of functions from sides and angles

sinacos B = cosbsinc — sinbcos ccos A, (B.7)

sinagcos C' = coscsinb — sin ccosbcos A. (B.8)

The products sin b cos C' and sin c cos A are obtained from (B.7) by cyclical per-
mutations. The products sin bcos A and sin ¢ cos B are obtained from (B.8) by
cyclical permutations.

sin Acosb = cos Bsin C + sin B cos C cos a, (B.9)
sin Acosc = 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 per-
mutations. The products sin B cos a and sin C' cos b are obtained from (B.10) by
cyclical permutations.
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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 x? or chargino X;, denoted by p,,,
points in the z-direction (in our definitions we follow closely [39,51]). The scat-
tering angle is 6/(p.-, py,;) and the azimuth ¢ can be chosen zero. The momenta
are

P = Ey(1,—sin6,0,cos6), ply = Ey(1,sin6,0, —cosh), (B.11)
p;i = (Exi’ 0,0, —q), p;j = (EX]'7 0,0,q), (B.12)

with the beam energy E, = 1/s/2 and

2 2 2 2 L 2 2
i — 2
S+ mxl, mxj S+ mxj mXi A (S, mXi, mxj)

E. E,. =
Xi 2\/§ ) Xj 2\/5 ?q 2\/§ )

where \(z,y, 2) = 2% +y*+2%2—2(zy+z2+y2). For the description of the polarization
of the neutralino x? or chargino x;” we choose three spin vectors

(B.13)

1
syl = (07_17()’0)’ sl = (analao)a Si’iu = m—(anaoa_Exi)' (814)

Xi

1, 2,
Xi Xi

Together with p¥ /m,, they form an orthonormal set

s¢ .50 =59 Sy, Dyi = 0. (B.15)

B.2.2 Momenta and spin vectors of leptonic decays

If the neutralino or chargino decays into a lepton, X9 — £, or X; — 11, in short
Xi — 4&, it is suitable to parametrize in terms of the angle 6, = /(pg,, Py;):

Py, = (Eoy, —|Pe, | sin 01 cos ¢y, |pe, | sin 0y sin ¢1, —|py, | cos by), (B.16)
m2 —m?
Ey, = |py| = g : (B.17)

2(E,, —qcosby)
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For the subsequent slepton decay ¢ — 5% we define 6, = /(py,, Py;) and write

Py, = (Egy, —|Pe, | sin 0 cos ¢g, | Py, | sin b, sin ¢y, —|py, | cos by), (B.18)
E mg B.19
=Pl = 5 Ty, b eon) B4

with 6, = Z(pg,, Py, ), the decay angles 6p, Z(pz, Ps,), O, Z(Py;, P7) and

pxi (pX1 - pzl) (B.ZO)
‘px¢'| |pXi - pZ1|

cos fp, = cosfp, cos By —sin Op, sin B cos(pa— 1), cosbp, =

If the neutralino decays into a stau, x? — 7,7, m = 1,2, the 7 spin vectors are
chosen by

T e~ 1 ET
o= (0, m) 2 (0, &) gL <|p7|, _pT> B2
|82 X s3] [Pr X Pe- | My pr|
B.2.3 Phase space for leptonic decays
For neutralino/chargino production ete™ — X;X; and subsequent leptonic decay

v — 0,0 or Xi — {10, in short x; — Elé, the Lorentz invariant phase-space ele-
ment can be decomposed into two-body phase-space elements [65]:

) 1 ) )
dLips(s; py;» Doy Pg) = - dLips(s; Pyis Px;) d8y; dLipS(Sy;; pes, Pe)- (B.22)

For £ = /, we can include the subsequent selectron decay ¢ — /,%? and have for
the complete process ete™ — )2?)22; XY = 010, 0 — £oXY:

. 1 . .
dLlps(s;pXjapélapézapx(l)) = % dLlps(S;pXj’pflapZ) dsf dLlpS(SZ’ p@Q:px(l]a ) (BZS)

The several parts of the phase space elements are

dLips(s; py,, py;) = 8;;\/5 sin 6 df, (B.24)
dLips(s, : pr.pr.) = —— pal® g B.25
Xi £
1 2
dLips(sg; pes, Pyo) = P, dQs, (B.26)

2(2m)? m% —m2,
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with s\, = p},, s = p% and d€; = sin6; df; d¢;. We use the narrow width ap-
‘2

dsy, = i JIA(Dds; = ;7. The

approximation is justified for (I'y,/m,,)? < 1, and (I';/m;)* < 1, which holds in
our case with I',, < O(1GeV) and I'; < O(1GeV).

proximation for the propagators [ |A(x;)

B.2.4 Energy distributions of the decay leptons

For neutralino production ete™ — X{X} and the subsequent leptonic decay x; —

0.0, and { — 0, X), the two decay leptons ¢; and /5 can be distinguished by their dif-
ferent energy distributions. The energy distribution of lepton ¢; in the laboratory
system has the form of a box with the endpoints

m2, — m?2

E min,maxr — Xt B.27
Zl; ) 2(EX£) :tq)’ ( )

with ¢ the neutralino momentum. The energy distribution of the second lepton ¢,
is obtained by integrating over the energy F; of the decaying slepton

1 d mg m20 ln%l ) A S Egz S a
e L X x{ In% ;o <E,< b (B.28)
odE,  qlmZ, — m2)[m? — m2,] 3
Xi ¢ ¢ X1 lnE— ; < Eg2 < B
2
with
m2 — m2,
ap =" (g, B ) (B.29)
i
m2 —m2,
7

E Q(m20 + mg) :i: (m20 - mg) E20 - m20
_ X3 X; 0 X; ¢ X; X; ) (B.31)

Qmio
i

£,max,min
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B.2.5 Momenta and spin vectors of bosonic decays

For the bosonic two-body decays of neutralino ¥? — Z°%% or chargino ' —
Wtx?, in short x; — Bx?, we define the decay angle between neutralino (or
chargino) and the boson B as 6 Z(p,,, Pg). The angle is constrained by sin "> =
¢ /q for ¢ > ¢, where ¢ = \z (m?,,m%, mion )/2mp is the neutralino (chargino) mo-
mentum if the boson B is produced at rest. In this case there are two solutions

(m3, +mp — mio)gcos by £ EX¢\/)‘(m§¢’ my,m2,) — 4¢> my (1 — cos? 6;)

2¢(1 — cos? 0,) + 2m2,

P3| =

(B.32)

For ¢' > ¢, the angle 6; is not constrained and only the physical solution |p3| is left.
We parametrize the momenta of the decay B — f f in the laboratory system as

p" = (EE, —|pE|sin by cos ¢y, |p5|sin by sin ¢y, —|p| cos 6y), (B.33)
p}f = (Ef, —|py|sin by cos ¢, |pf|sin by sin ¢o, —|pj| cos b;), (B.34)
E}f = lpsl = 2(Ej§E — \ng cosfp,)’ (B.35)

with 65/(py;, Py) and the decay angle fp,/(ps, Pf) given by

cos Op, = cos b cos Oy + sin 6 sin Oy cos(Pa — ¢1). (B.36)

The three spin vectors t$ of the boson B = Z° W are in the laboratory system

t% x t3 Pe- X PB 1 PB
tl,u: Oa u) 3 t2,u: (ani ) t3,H: — PB aEB— -
B < th X t}] B |Pe- X Pg| B mp pa P&/

(B.37)

Together with p; /mp they form an orthonormal set. The polarization four-vectors
g™ for helicities A\, = —1, 0, +1 of the boson are defined by

e = Lth—ith); =t et =—L(th+ith). (B.38)
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B.2.6 Phase space for bosonic decays

For neutralino/chargino production ete~ — x;x; and subsequent decay of the
neutralino ¥ — Z°%? or chargino x; — W*X?, in short y; — Bx?, the Lorentz
invariant phase-space element can be decomposed into two-body phase-space el-
ements [65]:

: r . :
dLips(s; py;, P2, PB) = 7 dLips(s; Dy;» Py;) dSy; ZdLlps(in;pX%,pﬁ). (B.39)
+
If we include the subsequent decay B — f f we have

) 1 ) )
dLips(s; py;, Px2, Pf, Pf) = gy dLips(s; py;, Px2, PB) dsp dLips(sg; ps, pf)- (B.40)

The several parts of the phase space elements are given by

dLips(s; Py, Py,) = %\/g sin 6 df, (B.A1)
_ 1 P35/

) ’. L = ~ B.42

dLips(sx; Pxs V) 2(2m)? 2|E5 qeosby — By, |p3l| s B

dLivs(smpepa) — L P o B43

lpS(SBapf?pf) 2(271-)2 m% 2 ( . )

with s, = p2,, sp = pg and d€; = sin6; df; dp;. We use the narrow width ap-
proximation for the propagators [ |A(x;)|? dsy, = o |A(B)2dsp =
The approximation is justified for (I',/m,,)? < 1, which holds in our case with

T, < O(1GeV).

mpl'p”

B.3 Kinematics of sfermion decays

B.3.1 Momenta and spin vectors

We consider the slepton decay chain £ — X%, X0 = X2, Z — ff. The substitu-
tions which must be made for similar decay chains of a squark are obvious. The
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momenta in the slepton rest frame are

Py = (Ez,0,0,|pz)), (B.44)
pi? = |px?|(EX;.)/|pX;)|a sin 01: Oa COs 91), (B45)
p’;— = |pf|(E7/|pl, sin b cos ¢, sin b, sin ¢, cos 05), (B.46)
m? — m20 2
i : m
Pl = ——,  |pfl= Z (B.47)

i 2my 2(Ez — |pz| cosby)’

There are two solutions for |p%|, see (B.32), if the decay angle 6, = /(pz,p,,) is
constrained by

A2 (m2, mZ,m?
sin gmax = 2 (M, mz, ) < 1. (B.48)

ma (mf =)

The X} spin vectors in the { rest frame are

2 3
Slo X S o o X 0
SXQ - ) 3 ’ SXQ - ) ’ SXQ - |px(.)|> x° .
J |SXQ X SXQ| J |pX? X pZ| J M0 J J |pX§;|
J J

J (B.49)

Together with p} o /m,o they form an orthonormal set.
j J

B.3.2 Phase space for sfermion decays

The Lorentz invariant phase-space element for the decay chain 7 — X9, X) = X2,
Z — ff can be written in the rest frame of ¢ as

dLips(m3; pe, pyo, P, Df) =

1 ) ) .
W dLlps(m%; Do, px;’) dsX? > dLlps(sX?; Pyo; pz) dsz dLips(sz; pf, py), (B.50)
¥



108 Kinematics and phase space

: 1 M
dLips(mg; pe, pyo) = 8@n) 1- ﬁ d<2, (B.51)
7
dLips(s,0; pyo, pg) = ! Pz d), (B.52)
GPP2) = G578 [BE [pyalcos by — Eyg %]
. 1 m2
dLips(sz; pf,py) = Z Sy, (B.53)

8(2m)? (EZ — [pz] cos bz)?

with S0 = pi?, sz = py and dQ; = sin#; db; d¢;. We use the narrow width ap-

proximation for the propagators [ |A(X9)[? dsyo = =5, [ A(Z)Pdsz = 05
X5 -
The approximation is justified for (FX? / mx;’)Q < 1, which holds in our case with

Tyo < O(1GeV).
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Spin-density matrices for neutralino
production and decay

We give the analytic formulae for the squared amplitudes for neutralino produc-
tion, et e= — X! )Zg, with longitudinally polarized beams, and for different sub-
sequent 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 = Z pr X'L )\ )\2 pD(Xz))\ I Xi o (Cl)

AN,

with pp(%?) the spin density production matrix of neutralino ¥, the propagator
A(X9) = 1/[sy0 — mig + im,oI', o] and the neutralino decay matrix pp (X7)-

C.1 Neutralino production

For the production of neutralinos
e" +e — 5(? (pX?7 /\1) + )22 (pxj?v /\j)7 (CZ)

with momentum p and helicity A, the unnormalized spin-density matrix of neu-
tralino x? is defined as

pp (O = ST (C3)
)‘J
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The helicity amplitudes are [39, 66]:

2

Tp™ (s, 2) = cos29 A*(Z)v(pe+ )" (LePr + RePr)u(pe-)

X(pyo; Aj) 1 (05 Pr, + O3 Pr)v(pyo, Ai), (€4
Tp™ (t,61) = —gF5 15 A (En)0(per ) Pro(pyo, M) i(pyo, Aj) Pru(pe-), (©5)
Tp™ (b 2r) = —g* A1 A @) (per) PLo(pye, M)ilpye, Ay) Prau(pe-). (C6)
TN (u,e) = g2 5 fEAY(@ )6(pe+)PRU(pX?’)\j)a( 02 i) Pru(pe-), (C7)
Tp™ (u,er) = ¢° Fi7 LA (ER)0(per) Pro(Dyg, M) (D30, M) Prt(pe). (C8)
The propagators are
A(Z) = —— N(es) = o M) =y (€©9)

8—m2z+imZFZ’ ’ tl—m eRL’ 7 u_m%R’L’

with s = (pe- + pe+ )%, t = (Pe- — pxg)2 and u = (pe- — pxg)Q. The Feynman diagrams
are shown in Fig. C.1.

0
et )22 € Xi
e’ X3 \\/

ZO

Figure C.1: Feynman diagrams for neutralino production

For the polarization of the decaying neutralino ¥? with momentum pyo we have
introduced three space like spin vectors s¢ % (B.14). Then the neutralino productlon

matrix (C.3) can be expanded in terms of the Pauli matrices, see Appendix F.1:
pp(X9)N = 2(03x P + 05, 5%), (C.10)

where we sum over a and the factor 2 is due to the summation of the helicities of
the second neutralino %7, whose decay will not be considered. With our choice of
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the spin vectors, ¥%/P is the longitudinal polarization of neutralino x?, X} /P is
the transverse polarization in the production plane and ¥%/P is the polarization
perpendicular to the production plane. Only if there are non-vanishing CP phases
¢oum, and/or ¢, in the neutralino sector, and only if two different neutralinos are
produced, et e= — X} X}, i # j, the polarization ¥%/P perpendicular to the pro-
duction plane is non-zero. Thus it is a probe for CP violation in the production of
an unequal pair of neutralinos. Note that ¥ also gets contributions from the finite
Z width, which however do not signal CP violation.

We give the analytical formulae for P and £}, ¥%, ¥% 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

with
4 2 2 2 2
P(Z7) = 2cos4 GW\AS( )*(R2cg + L%cr)E?
x<{|0;1(E w0 Eyo + ¢° cos” 0) — [(ReO)* — (ImO;'jR)Q]mxng?}, (C.12)
4
~ - g 2 S
P(Zeég) = cosZ 0 ———R.crE} Re{A (Z)
X[ = (A" (@) £ TEO + A (er) f1 5O ymyom,
(A (Er) £ fHOT + A (Er) f 5 04 ) (Bxo By + ¢ cos §)
— (A" (&R) 2 RO — A (Er) fE£1 0172 By cos 6] }, (C.13)

4

Plentr) = L-crB{|FEPIFEP %
(A @R)” + A (@R) ) (Byg Eyp + ¢* cos” )
(1A' (@R)? = |A"(@R) ) 2Epq cos 6]

—Re{(f£)(f5)*A"(Er) A" (ér) }2myomyo |- (C.14)
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To obtain the quantities P(Zéy,), P(é1€r,) one has to exchange in (C.13) and (C.14)

At(éR) — At(éL), Au(éR) — Au(éL), Cr — CL,
R.— L., Oft—=0;, fE—rfh (R (L (C.15)

% %

The longitudinal beam polarizations are included in the weighting factors
:(I_Pe—)(1+Pe+)a CR:(1+P€_)(]‘_P€+)‘ (C.16)
Generally the contributions from the exchange of éx (€,) is enhanced and that of

€y, (ég) is suppressed for P,- > 0, P.+ < 0 (P.- < 0, P,+ > 0).

C.1.2 Neutralino polarization

The coefficients 3%, which describe the polarization of the neutralino %7, decom-
pose into

$% = $%(Z2) + X% (Z6g) + 5% (Erér) + £4(Z61) + X% (81ér). (C.17)

e The contributions to the transverse polarization in the production plane are

4

»h(Z2Z) = zcos4 |A*(Z)|2E}? sin 0(R2cg — Lcp)
x[|O? myo By — [(ReO;!)” (Jmo;;R)Q]mxgEX?}, (C.18)
4
-
Yp(Zeg) = p—" 9WR CcrE;sinf
x| — Re{A(Z)[fEfE O A (er) + [ FROFA™ (ER)Imp E 0}

—Re{A*(Z)[fEfE O A™* (eR) — fRO"RAt*(eR)]m 0q cos B}
+Re{A*(Z)[fE B O A (e) + £ fRO"R*At*(eR)]mX?EX?}], (C.19)

ej’ij
g4
Sp(Erér) = ZCREESin9{| I fel?
X [(|At(éR)|2 +|A"(Er) ") myo Eyo — (|A"(€r)[* — |A"(ER)|*)myoq cos 9]

—2Re{(f1)(£5)? A" (€R) A" (R) }myo Eyo }. (C.20)
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To obtain the expressions for XL(Zé;) and Y1(éré;) one has to apply the ex-
changes (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).

e The contributions to the transverse X! polarization perpendicular to the pro-
duction plane are

4
S2(27) = Cojf o IN(2)(Rlen — Licr) mypa sin 0Re(Of) Im(O}fY),  (C.21)
w J
4
Y2(Zég) = = ewRecRm oEZqsin 0
x Im{ A*(Z)[fE RO F A" (ér) — 2 fRO A" ()]}, (C22)
4
S22 (Epér) = 92 crmyo Egsin 0 Im{ (£3)2(£2)? A" (ér) A™ (én) . (C.23)

To obtain the expressions for % (Zé;) and Y% (é.ér) one has to apply the ex-
changes (C.15) in (C.22) and (C.23).

e The contributions to the longitudinal %! polarization are

2g*
3 _ s 212, _ P2 2
Yp(ZZ7) = COS40W\A (Z)|*(L;er — Rcr)Ej cosf
x [0 1? (Exo Eyo + ¢°) = [(ReO;)* = (ImO;*)*Imyom,a, (C.24)
4
3/~ 9 2
EP(ZGR) = 7COSZ OWReCREb
[R@{AS(Z)[f fR*O”R*Au*(eR) fe}JlO;’]RAt*( )]E Q(]}
+Re{ AN Z) 515 O A" Er) + [1 50, A" (Er))(Eyo Eyo + ¢°) cos 0}
—Re{A(Z)[f 1 O A" (er) + f1F F5O A™ (ér)Imyom,o cos 0}
+Re{AS(Z)[ RO A (eg) — £ FROLR A ()| Eyoq cos® 0], (C.25)
¥} (€rer) = ——CRE [| el

{[IA"( en)[* — |AY(Er) ) Eyoq + [|A(6r) | — |A"(ER)[*g Byo cos® 0
+HA"@ER) [ + |A(ER) ") (Eyo Byo + °) cos b |
—2Re{(f1")(115)° A" (€r) A" (&R) }myomyo cos ]. (C.26)
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To obtain the expressions for ¥%,(Zé;) and Y% (éré;) one has to apply the ex-
changes (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
Xi(Po \i) = L+ b L=e,p,T, (C.27)
the neutralino decay matrix (2.8) is given by
poy (X2 )an = O D1 + 0%\, B, (C.28)

where we sum over a. For the decay into right sleptons X? — % £, £ = e, 1, the
expansion coefficients are

2

g
Dy = 5|f£|2(mig —my), (C.29)
Sh, = £9°|filPmye (syo - pay). (C.30)

For the decay into the left sleptons X9 — £F ¢, £ = e, i1, the coefficients are

b4
S, = F| P mye (%0 - pey)- (C.32)

2
Dy = IfEP(m3y — m3), (C:3D)

For the decay into the stau x? — 7,7 7%, k = 1, 2, one obtains

2
9 (7 7
D, = E(|aki|2 + |bki|2)(mi? —mz), (C.33)

S, = Fo (laial* — [0 )ymyo (syo - per)- (C.34)
The factor for the subsequent slepton decays /r ;, — £2X%, £ = e, p, is given by

Dy = ¢*|fn"*(mF —m), (C.35)
and that for stau decay 7, — 7X} by

Dy = g*(lagal” + [b5a]*) (m5, — m3o)- (C.36)

Tk
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C.3 Neutralino decay into staus

For neutralino two-body decay into staus
X?(px% Ai) = %i (Ps,) + T:F(pT: Ae); m=1,2, (C.37)

the decay matrix is

Po(RONAE = Oy, DM +Zax (292N (C.38)

With the spin basis vectors s? for the 7F, given in (B.21), we can expand

DY = 6y D+ ng)\lk D, (C.39)
(ZHH% = 6y T + 03 B (C.40)

The expansion coefficients are given by

D = g*Re(b},; al)m-myo + % (|b il + lag ) (0r - pyo), (C41)
2
D" = £ m, (5l” = lag) (pyo - 52). (C.42)
a __ g2 2 a
ZD =+ 9 m 0(|U, | |b z‘ )( Pz - SX?): (C43)

2y = QZRe(b:m*a;n)(pr ' S;g)(px? - s7)
RAGYRE )[ (107 + lafuiPYmemyo + Re(b],;" a7,) (pr - pyo)]
Fo (b agi) €pwpo P Do 8 & 577 (a3 = 1). (C.44)

C.4 Neutralino decay into the Z boson

For the neutralino two-body decay into the Z boson
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the decay matrix is given by

A A )\n)\ *
PD, (X ) k)\ = ZTST:\’CTDI X (C.46)
An

with the helicity amplitude

w“&+o 7 Prlu(pyo, A ek, (C.47)

,u

An
TD1 )\k = u(px%’ An)7 COS
For the subsequent decay of the Z boson

the decay matrix is

AA7 AP
pD2 )" e = Z Tp D2, Ay Dz,)\’ (C.49)
AfAF

and the helicity amplitude

A7 _
TDé,Afk = Uu(ps, Ap)V"

wéﬁh&+&&M@MM% (C.50)

The polarization vectors of the Z boson 5 k. Ax = 0,=%1, are given in (B.38). With
the set of neutralino spin vectors 5%, glven in (B. 14) we obtain for the neutralino

decay matrix

e, v v Py
P, (X5) k,\ (Oxx D1 + 03\, ED Jepktent, (C.51)

and for the Z decay matrix

v )\ *
pD2(Z))\;c/\k = Dg gAkgV ’ (C52)
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with
v 292 v v v v "
DY = o {[2epo — (Whoply + Do) — S (me + my — m3)g" 1|01
—g"'m,omyg [(ReO,})* — (ImO, )]}, (C.53)
L 2ig* VB L2
E = oo L~ e S0 Paps — P28) |00
+2my (538" Pyo — 83 o) (ImO,[) (ReO,f)
—myg e ste pyo sl(ReO,{)? — (I mO;;iL)Z]}; (€o123 = 1), (C.54)
and
pw = 2 {(=2 s + pips + pipy — sm%g™) (L3 + R})
> = s fP5 T PzPf T+ PiPz — 37 [t
—ie"*Pp opj 5(L3 — R})}. (C.55)

Due to the Majorana character of the neutralinos, D" is symmetric and X3! is
antisymmetric under interchange of 1 and v. In (C.51) and (C.52) we use the ex-
pansion (F.12) for the Z polarization vectors

! % li Z c.o 1 1
e’ = 3Ly = ool (S = 35 1 (TP, (C.56)
summed over c, d. The decay matrices can be expanded in terms of the spin matri-
ces J¢ and J, given in Appendix F.2. The first term of the decay matrix pp, (C.51),
which is independent of the neutralino polarization, then gives

D{Wsl’)k*e;}”“ = D3NN 4 <Dy (JO)MN 4 D, (TN (C.57)
with
2 2
_ 9 2 1, 2 o 4Py -pz) "2
= el by 4242 o
+2m,omyg [(ReO,F)? — (ImO, 1)1}, (C.58)
2
dpy. _ 9 c d 1/, 2 2 2\ sed] [)'L|2
Dy = —m{ [Q(tz - Px0) (87 - Pyo) + 3(myo + mye — m3z)0 ] O |

ne

+8mygmyg [(ReO,))” — (ImO,})?]}, (C.59)
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and “D; = 0 due to the Majorana character of the neutralinos. As a consequence of
the completeness relation (F.14), the diagonal coefficients are linearly dependent

D, + 2D, 4 8D, = 3D, (C.60)

For large three momentum p,o, the Z boson will mainly be emitted into the for-
ward direction with respect to p,o, i.e. pyo ~ pz, withp = p /|p|, so that (- px?) ~
0 in (C.59). Therefore, for high energies ''D; ~ *2D;, and the contributions of the
non-diagonal coefficients “D; (¢ # d) will be small.

For the second term of pp, (C.51), which depends on the polarization of the decay-
ing neutralino, we obtain

Ea uv )‘k*gu — Ea 5)\k)\k + cza (Jc)/\k)\’k + cdz%l(ch))\k/\;c’ (C61)
with
exa 2792{[|O”L\2m o + [(ReOLE)? — (ImOLE)mg
U mycos? Oy Xi e e Xn
X (8% - p2) (8 - Pyo) = (580 - 15) (2 - yo) | + |OnF Pmyom (sho - 15)
~2(ImO,F ) (RO, Mg €uupo sy Diobyts” | (C.62)

and X9, = “%% = 0 due to the Majorana character of the neutralinos. Insert-
ing (C.57) and (C.61) into (C.51), we obtain the expansion of the neutralino decay
matrix

Mg A i’ a cya c ! c c !
PD, (Xz))\’k = O, D1 N + O p, (J )k + O 1Dy (JN, (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

PDs (Z)A%Ak = D, 5)‘%)"6 + D, (JC))"k)‘k + cdl)2 (ch))\’k)\k’ (C.64)
with
D, — 29 R2 4+ I2)m2 C.65
2—m(f+ 1mz, (C.65)
2g° 2 2 ¢
cDy = cos? Oy (Rf - Lf)mZ(tZ 'pf)7 (C.66)
2
Ci g C Ci
"Dy = ——(Rj+ L}) [2(t5 - pp)(t5 - py) — sm%0%] . (C.67)

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

D, + 2D, + 3D, = _%DZ- (C.68)

For large three-momentum p, the fermion f will mainlg be emitted into the for-
ward direction with respecttopz,i.e. pz ~ p 7,80 that (tlz p f) ~ 01in (C.67). There-
fore, for high energies "' Dy ~ ??D,, and the contributions for the non-diagonal

coefficients “Dy(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
et e~ — Xi Xj, 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

TP = [AGH X op (%™ po (X an O

AN,

with pp(xj) the spin density production matrix of chargino x;°, the propagator
A(X) =i/[s,+ — mi* +im,+T, +] and the chargino decay matrix pp(X;")-

'L

D.1 Chargino production

For the production of charginos
et +e — )2:— (prr’ )\z) -+ )2; (pxj— , )\j), (D2)

with momentum p and helicity A, the unnormalized spin-density matrix of chargino
X; is defined as

pp(PN = S TN TN (D.3)
Aj
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The helicity amplitudes are [51, 66]:

TN (y) = —eQA(’y)(Sij@(peJr)’Y“u(pe—)ﬂ(pxj,)\i)%v(pxj_’/\j)’ D4
2
TYN(Z) = ——3——A(Z)0(pe+)r*(LePr + R Pr)u(p.-)
cos? Oy
xu(p s M) (O Pr + O;f Pr)u(py -, Ay), (D.5)
T (9) = —g"Va Vi A@D)0(per) Prolpye, Mi(py - Ay) Pru(pe-), (D6)
with the propagators
A =L Az) = i A) = - (D.7)
V= T Py —my+imgl, T p-mE '

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

et Xi et Xi et Xi
i y \/
v
|
e )Zj_ e 5(]._ e X;

Figure D.1: Feynman diagrams for chargino production

For the polarization of the decaying chargino x;” with momentum p, + we have
introduced three space like spin vectors s® o (B.14). Then the chargino product1on

matrix (D.1) can be expanded in terms of the Pauli matrices, see Appendix F.1:
pP(f(j—))\M; = 2(5)\1)\;P + O'i.)\riz?:), (D8)

where we sum over a. The factor 2 in (D.8) is due to the summation of the helicities
of the second chargino X; » whose decay will not be considered. With our choice
of the spin vectors, Y%/ P is the longitudinal polarization of chargino x;", ¥5/P
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is the transverse polarization in the production plane and Y% /P is the polariza-
tion perpendicular to the production plane. Only if there is a non-vanishing CP
phase ¢, in the chargino sector, and only if two different charginos are produced,
et e~ — XF X7, the polarization ¥.2 /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 Y% also gets contributions from the finite Z width, which
however do not signal CP violation.

We give the analytical formulae for P and X},¥%, 3% 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(yy)+P(vZ)+ P(yo)+ P(ZZ) + P(Zv) + P(vp) (D.9)
which read
P(yy) = 6;;2¢* | A(7)[*(cr + cr)EL (E +E - +m,+m, - + q* cos® 0), (D.10)
2 2
PZ) = b2 55— iR AM)AZ)[(Leew — Recr) (Oif = Of*)2Eug cos

+(LecL + RecR)(O;JL* + O;?*)(EX?—EXJ'_ + M-+ q* cos® 0)] }, (D.11)
P(y9) = 8ye’g*Eger Re{ ViV A(7)A(9)"}

x(E, .+E - +m +m, - — 2Epq cosf + q? cos?9), (D.12)
i j
gt
P(22) = S5 |AZ)PER[(L2er — Ree) (O ~ [O22)2Euq cos
+(Lier + Ric)(|057” + |0 ) (Ey+ By~ + ¢* cos®6)
+(L2cr, + RZCR)QRe{OILO =Ym ;rmxj—], (D.13)
4
~ g * *
P(Z0) = — T ccr B} Re{ ViV A(Z)A(D)
[Oz-]- (Ex? EX; — 2Eyqcos + ¢° cos’ §) + O,F J M T ]} (D.14)

4
P(op) = chLH/;l|2\V}1\2|A(D)|2E§(EXTEX; — 2Eyqcos 0 + > cos® 0). (D.15)
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The longitudinal beam polarizations are included in the weighting factors
c. =(1—-P-)1+P+), crp=1+PFP.-)(1—Pe). (D.16)

Sneutrino exchange is enhanced for P,- < 0 and P,+ > 0.

D.1.2 Chargino polarization

The coefficients X%, which describe the polarization of the chargino y;, decompose
into

Yp =3p(17) + Xp(v2) + Ep(v0) + Xp(22) + X5(27) + X (00). (D.17)

e The contributions to the transverse polarization in the production plane are

Yp(1y) = 62| A(7)]*(cr — cr) Ef sin e(mxTExj_ + M- EXZL)’ (D.18)
vL(v2) = 5@%&3 sin 0Re{A(y)A(2)"

X [ — (Lecr, + RecR)(O;f* — O;]L*)mxlgrq cos 6

+(Recg — Lecr) (O + o;;i*)(mijX; - B}, (D.19)
Sp(vP) = —die*g’cr By sin HRe{V;*{leA(fy)A(D)*}

X [mxfr (Exj_ —qcosf) + M- Exlgr], (D.20)
Yp(Z2Z) = COS{;W \A(2)|?E} sinH[(Lch + RgcR)(|O;JL|2 — \O;ﬂQ)mX:rq cos f

+(RZcg — chL)2Re{O;JLO;f*}mX7EX;r

J

+(Rier — Lien) (10, + 05 [P)ym,+ B, -], (D21)

4
$L(Z5) = —CongowLecLEf sin 0Re{V;iV;1 A(Z)A ()"

X [O;JmeT (Ex; —qcosf) + O;me; EX;F]}, (D.22)

4
SL(o9) = _%chﬂvjl\?m(a)FEg sinm, + (E, - — gcos ). (D.23)
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e The contributions to the transverse ;" polarization perpendicular to the pro-

duction plane are

Sp(ry) = 5 (W)

Y5(vZ) = (5132 o5

2_
0

><Eb m-q sin 6,

S (70) = b€ g e Im{Vii Vit A(7) A(9)" } Eym, - gsin

(Recr — Lecr) Im{ A(7)A(2)* (O — O}F")}

17

4

S2(27) = 20051 5 102) P (Rien - L2e,)Im{OfO/f*} EZm, _qsin0,

4
S2(Z9) = COS% 5 Le e Im{ViVai O A(Z)A(9) } EZm, ~gsin 6.

e The contributions to the longitudinal ¥; polarization are

Y5(vy) = 62| A(Y)|* (e, — cr)Ef cos 0(q” + E+E - +m+m,-),
[ J T J
2 2

Y3i(vZ) = 5132 0

E;Re{A(y)A(2)"

X [(LeCL - RecR)(O;f* + O'.L*)(qQ +E, +E -+ myem ) cost
]

+(Lecy, + Recr) (O — O0F%)q (Ey- + E, cos 9)]}
Sh(y0) = —dye’g e By Re{ViVi A(y) A( )*}

x[qE, ;= (¢ + E +E -)cost + qE, + cos? 6 — m,+m, - cos 0],
i J ? g J

(D.24)

(D.25)
(D.26)

(D.27)

(D.28)

(D.29)

(D.30)

(D.31)

(D.32)

$3,(27) = 00849 AP E}[(Liew + Ricr) (O = |05 ))a(B,~ + Ey+ cos” )
+(L2er, — chR)2Re{O;fO;f*}mxjmxj— cos 0
+(Lier = Ricr)(03  + |0 P) (@ + B+ E, ) cos 6],
Y3.(Z0) = g’ —t [, cLEQRe{ TVaA(Z)A(D)" [O MM - - cosf

cos? Oy
2 2
—0;F (qE - — (¢ + ExfEx;) cos ) + qE, + cos 0)]},

Sp(o0) = —ZCL|W1|2\‘G1\2|A(17)|2E5
X [quj‘ — (¢ + EX;FExj—) cost + qE, + cos” 4.

(D.33)

(D.34)
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D.2 Chargino decay into sneutrinos

For chargino two-body decay into sneutrinos

Xj(pxl-y, X)) = T+ Dy L=ep,T, (D.35)
the chargino decay matrix is given by

po (X Ina = ona D + 0%, T (D.36)

For the chargino decay into an electron or muon sneutrino the coefficients are

2
D = Lo, ) 037)

Vg

£h = G IValm(sps pe); forb=e,p, (D.38)

where the sign in parenthesis holds for the conjugated process x; — ¢~ ;. For the
decay into the tau sneutrino the coefficients are given by

2
D= %(\Vﬂ\? + Y7 |Us|?) (2 —m3, ), (D.39)

vy

Sh = o8 (Val* = Y2 |Us)m (st - pr), (D.40)

where Y, = m, /(v/2my cos j3) is the T Yukawa coupling, and the sign in parenthe-
sis holds for the conjugated process x; — 77 0,.

D.3 Chargino decay into the I/ boson

For the chargino two-body decay into the W boson
X (D s Ai) = Xn(Pyg, An) + W (0w, M), (D.41)

the decay matrix is given by

~+ AN, _ An An AL
po; (X; )A;)\f = ZTDY,)ﬁTDT,)\Z ) (D.42)
An
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with helicity amplitude
Tg:"\)\’z = igu(pyo, )Y [OF P + sz-PR]u(prr, )\i)sz’“*. (D.43)
For the subsequent decay of the W boson

the decay matrix is

AJgAF A Azx
pDz(W+))\',C)\k = Z TDg,)\,fTD;)J: (D.45)
XA
i
and the helicity amplitude
)\fl)\f .9 L A
Toyn, = lﬁu(pf',)\f')’y Pru(py, )\f_)su . (D.46)

The W polarization vectors 5;}’2 A = 0,=£1, are defined in (B.38). With the set of
chargino spin vectors 57, given in (B.14), we obtain for the chargino decay matrix

o\ BN v v Y
PD; (XZL),\'fAf = (O D" + 035, Ep;) Jenk et (D.47)
and for the W boson decay matrix

!
AL*

po, (W), = D’eprelt”. (D.48)
The expansion coefficients are

DY = g* (105 + O ") (28 spy = Wemiy + Pialy) — 5(ms + mig — miy)g"]
22 Re(OF 0L )m, 1myg g™ (*ig*((OR[? — [OL[2)e p . piys, (DA9)
Spt = (05 — 105 my [s3E (s — ply) + 53 (e = ply) + (s5s - pw)g™]
~ig?(OR P + (OLDmys sty (ps. 5 = P
+2ig* Re(OF* O{Zz')mx% hovh S;j,a Pyt s

—2ig”Im(OL OF;)myo (s;’ffp;j — si’ﬁpﬁﬁ; (€0123 = 1), (D.50)
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and
DY = g*(=20pF + piywf + Vo — 5mivg") (ig" e P wa by g, (D.51)

where here, and in the following, the signs in parenthesis hold for the charge con-
jugated processes, ¥; — W~X% and W~ — f f, respectively. In (D.47) and (D.48)
we use the expansion (F.12) for the W polarization vectors

Ak MF LA i P 4C,0 ( TC\NLA [T cd\ N\
eptevt = g0l — Weuvmpwtw (J) % = 3t b, ()57 (D.52)
w

The decay matrices can be expanded in terms of the spin matrices J¢ and J*,
given in Appendix F2. The first term of the decay matrix pp, (D.47), which is
independent of the chargino polarization, then is

D{Wé“zk*&)/\’k — Dlé)\k)\’k + ch(Jc))\k)\;c + Cle(JCd))‘k)‘;c’ (D53)

with

(m2: — mig)Q

Dy = L (ORF + 05y +my — 2wy + = ]

~2¢*Re(Oy; O )m, smiy, (D.54)

‘D1 = 50°(|05]" = |05 ymw (i - pyt), (D.55)
“Dy = —g*(|Of* + 105" [(t5y Dy ) (B Py) + 3 (mis +miy — my)5%]

+9”Re (O Oy )my +my 6%, (D.56)

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

"Di 4+ *D; + ¥Dy = -3D;. (D.57)
For large chargino momentum p, +, the W boson will mainly be emitted into the

forward direction with respect to p, +, i.e. p,+ ~ pw, with p = p/|p|. Therefore,

for high energies we have (¢ - py+) & 0in (D.56), and in "' Dy ~ *D;.
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For the second term of pp, (D.47), which depends on the polarization of the decay-
ing chargino, we obtain

Ea puv )‘k*gu — Ea 5)‘k)‘k + cza (Jc)/\k)\’k + chaDl(ch))\k/\’k’ (D58)
with
R 2 L2 mif B mi%
EaD1 = (lO | ‘Om| )mxj' (S;?' ’ pW)[lQT%V - 1]a (D59)

2
T, = 5 [<|o 2+ |OL[P)m, — 2Re(O% OF)myg] %

[(t%/ 'pxj)(sij cpw) + 5ty - S;j)(mi% — mij + m%v)]

2
+if (Oifi*OL )mxo Cunpr St Ds oy 13 (D.60)
[<sx,.+ o D)t - t) = (B p) B - 5] (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):

P (X3 ) I (5/\;,\- D, + 03‘\,)\, 25,) SN
(5)"¢)‘z °Dy + U)\’ CE%I) (JC)A’CA% +
(Oxa, D1 + 0%y, “I55,) ()M, D62

A similar expansion for the W decay matrix (D.48), results in

pDz(W—i—))\'k)\k — Dy &M 4 <D, (J’C)/\’k/\k +<p, (JCd)Xk)‘k, (D.63)
with

Dy = 39°miy, (D.64)
Dy = (;)g2mw(t§V “DF)s (D.65)
“Dy = ¢ (i - ) (- pf) = jmid*] (D.66)

The diagonal coefficients are linearly dependent

Up, 4+ 2p, + Bp, = _%DQ. (D.67)
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Neutralino and Chargino two-body
decay widths

For the two-body decay of a massive particle in its rest frame
a—+b+ec (E.1)

the decay width of particle a is

A(mg, mg, m?)

16 ™ m3

D(a—be) = ﬂ/m?dg -

T|? .
EE TP, (E2)

with A(z,y, 2) = 2% + y* + 2° — 2(zy + zz + yz) and |T'|? 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 I',0 for
the decays

Xi = €rpe, irLll, TmT, Delt, XnZy XeW*, XoHY; £= e, 1,75 m = 1,2, (E.3)
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e Neutralino decay into right selectrons or smuons: X0 — /}, +£~; L =e,

2
- 5t p— 9
ITI*(xX] = £h07) = 5|fe§|2(mio —m; ),

7 (E.4)
~ (m2y —m? )?
D(R0 = Fhem) = — 5t g2 fRp2, E.5
e Neutralino decay into left selectrons or smuons: x9 — b+t 0=ep
2,0 7 g9’ L2/, 2 2
TP — £07) = 5|f£z‘ (mxg —mg, ), (E.6)
_ (m2p —m3 )?
D(X0 = fH0) = — 52 g2 L2, E.7
e Neutralino decay into staus: X — 7 +77; m=1,2
2
S ~t 9, 7 7
‘T|2(X? — T;;T ) = 5(|amz 2 + |bmz 2)(mi? - mim), (ES)
<0 ot — (mio—m%nZQ 72 712
I'(X; = 77 ) = 3§7T—m;;,<09 (Jamil™ =+ [bmsl%)- (E.9)
e Neutralino decay into sneutrinos: X? — 7, + p; £ = e, i, T
y i M
2 g’ L|2(, 2 2
TP~ o) = |52 m2y — ), (E.10)
o (Mo —m3,)?
F(X,(L) — Vgﬂe) = —3X2’ - m3 ¢ g2| 5‘2 (Ell)

x?
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e Neutralino decay into Z boson: X9 — Z + x2

2

TR = Z30) = 55— {6 mamyg (ReO[)? = (1m0, +

cos? Oy,
, (Mo —m3,)?
+ |O L| [mi() + mi% - 2m2Z + Xl—an] }, (E12)
7 mZ
A(m2,, m2,,m%)
0 2 = Y o OE TR - 230, (E.13)
X

e Neutralino decay into W boson: X{ — W* + x;

TP = WTX7) = 6 ¢*mygm, - Re(Off"OF) +

g R|2 Li2y[, .2 2 2 (mig—mif)2
+ 5 (Of> + |0 )[mxg+mxj, =2y —, (E.14)
\/)\(mQO,m _,miy)
~0 +o— XX 20 +o—
L(x; = Wrxy) = 3 T|*(x; = W X; ). (E.15)

16 7 mx?

e Neutralino decay into Higgs boson: x? — H}Y + x2

TP — HYXn) = 29°myomyg [Re(Hy) Re(Hyg) + Im(Hy) Im(H,0)] +

2

% (mlo +mly —miye) (HL + |HEP), (E16)
\/)\(m%,mf< m30)
D(¥ — HiY)) = e TP (R - HY). (E17)
x?

1
. "
with Hf, = Z-j*cosoz—S sino, HfYf = H* and

" 1 .

Qi = o050 [(Niz cos B + Njgsin f)Njs + (Njs cos f + Njgsin B) Ny, (E.18)
I ]_

Sij = Tcos O [(Nig cos B — Nigsin B)Njg + (Njscos B — Njzsin f)Njo] . (E.19)
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The Higgs mixing angle a for small tan 8 can be obtained approximately by
diagonalization of the neutral Higgs mass matrix

m% cos? B+ m? sin? 8 —(m?% + m?) cos Bsin 3
ME = . (E.20)
—(m?% +m?) cos Bsin 3 m? cos? B + m% sin? 8 + 6,
which includes the largest term (top-loop) of the one-loop radiative correc-
tions
3g%m} mz m;
8 = L1 Lot E21
"7 16 72m2, sin? 3 o8 ( mj (E.21)

We obtain for the Higgs masses

1
(mug)? = 5 [+ Mafg — Ol — Mg + 4 ()2 |, (£.22)

1
(may)® = 5 [M{{ + M /(M = M) + 4 (M) ] . (E.23)

For the mixing angle we obtain

—Mg
cosa = , (E.24)
JOIEY + IE = (myg)?P
MH _ 2
sina = U (mH?) . (E.25)
JOIEY + IE = (myg?P

If we choose a large Higgs mass parameter, e.g. ms = 1 TeV, we have very
approximately mpyo = 115 — 130 GeV and myo ~ My, 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 I, + for
the decays

o+ +.50 0 S+ ~+ ~+ + -~ + -~ + ~
Xi — W Xna eLl}ea N’Lyu’ TI,ZV’H € Ve, /1' V/u T Vr. (E26)
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For the heavy chargino X3 also the decays into the lightest neutral Higgs boson HY
and the Z boson are possible

X3 — Xi{Z, X{ HY. (E.27)

e Chargino decay into W boson: x;7 — W+ + x?

2 .02 \2
TR = W8 = S0P + 10k [m + my — 2y + ot )
—69°m, +my Re(OFFO), (E.28)
)\(m2+am20am%V)
L% = wHyl) = \/ _x T2 = WHR0). (E.29)

16 7 mxi+

e Chargino decay into selectrons or smuons: x; — !72 +ug b=e

5 2
IT*(x — tive) = %|Ui1‘2(mi;}- —mj), (E.30)
- ~ (mifr —m;)* o 19
PG = bive) = —5 59 [Ual”. (E.31)
xXi

e Chargino decay into staus: ;7 — 7,7 + v;; m=1,2

2
s 9
TR - 7o) = Ly —m2), (€32)
. - (mi*_mgmy 21 g7 12
F(X;L —>T{£1/T) = 3§7rm3+ g°|e 1%, (E.33)
Xi

and /7 . defined in (A.37).

e Chargino decay into electron or muon sneutrinos: x; — ¢+ + y; £ =€,

2
TP = 7)) = TVl (m2e = m3), (E34)
- + e (mi* —m;)” 21 |2
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e Chargino decay into tau sneutrino: ;7 — 77 + o,

2
TPOG =7 0r) = (Val? + Y2 Ual?) (m2 = m3), (E36)
(mi* - ;) 2 2 2 2
DG = 770) = g5 —5—g"(Val” + Y2|UsP), (E37)

3327 mt

2

and Y, defined in (A.40).
e Chargino decay into Z boson: X3 — Z + X1

2

- ~ g *
TP = 2351 = 5 { — 6 mygm, g Re(O5 0) +
2 2 \2
1 (my —m?,)
+ S(OBP + 0L P) 2y +m2y —2m + —5 _ ]}, (E.38)
NGz N
I'(X3 — Zx{) = S— TI* (X3 — ZX7). (E.39)

16 ™ m3.,
X2

e Chargino decay into Higgs boson: x4 — H{ + x{

TP*(Xs — HiXT) = 2g°mypms[Re(Fi3) Re(F3) + Im(Fyg)Im(Fi3)] +

2

L (m2e +mle —mi)(IFG P + | Ff), (E.40)

N2 m? i)
v oG — Hixd), (EA1)
+
X2

L(Xs — HIXY) =

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



Appendix F

Spin formalism for fermions and
bosons

F1 Bouchiat-Michel formulae for spin } particles

For the calculation of cross sections we expand the spin density matrices in terms
of the Pauli matrices, see e.g. (C.1), (C.10) for neutralinos. This expansion is straight
forward if for the neutralinos or charginos a set of spin-basis vectors s** has been
introduced, see (B.14). Together with p#* = p*/m they form an orthonormal set

p-st =0, (F1)
st 5P = —§%, (E2)
a.a __ Pubv
SuSy = —Gu + o (sum over a). (E3)

The helicity spinors are normalized by

ﬂ(pa /\) U(p, )‘,) =2m 5)\)\’5 (F4:)
?_)(pa /\) U(pa A,) = -2m 5)\)\’- (FS)

The Bouchiat-Michel formulae for massive spin 1/2 particles are then [68]

u(p, X) 1(p, X) = 5 [Base +75 #of](+m), (E6)

v(p, \) v(p,\) = % [Oxa+ 75 £2o%,](B—m), (sum over a). (E7)
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E2 Spin formulae for spin 1 particles

The Bouchiat-Michel formulae for spin 1/2 particles can be generalized for higher
spins [69]. In order to describe the polarization states of a spin 1 boson, we have
introduced a set of spin vectors ¢, see (B.37). Note that they are are not helicity
eigenstates like the polarization vectors ¢*, defined in (B.38). The spin vectors ¢}

and k* = k*/m form an orthonormal set:

k-t* =0, (F.8)

14t = —§9, (E.9)
a 4a kﬂk’/

thty = —guw + 2 (sum over a). (F.10)

The 3 x 3 spin 1 matrices J¢ obey [J¢, J9| = ie.4.J¢ and are given below. We can
define six further matrices

Je = Jegt+ JUJe — 45, (F.11)

with J'" 4+ J?2 + J33 = 0. They are the components of a symmetric, traceless tensor.
We now can expand [69]

! % 1 'l 1 1
Ezkgﬁk = 30NN, — %%upaplétc’g(JC)AkAk S UACA ] (E12)

summed over ¢, d. The tensor

k,k,
I;u/ = —Guw + m2 (F13)
guarantees the completeness relation of the polarization vectors
. kuk,
Yot = —gu + # (F.14)

Ak

The second term of (F.12) describes the vector polarization and the third term de-
scribes the tensor polarization of the boson.
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In the linear basis (B.37) the spin-1 matrices are defined as (J¢)* = —ie.j:
00 0 00 3 0—30
Ji=100—i|, J2=| 000]|, JP=]4 00], (F.15)
0i 0 —i 00 0 00
-300 2 .00 20 0
Ji'=| 020, JB=|0-30], JP=|0% 0], (F.16)
002 0 02 00—3
0-10 0 0 0 00 —1
JZ2=|-1 o00|,J2=|0 0-1],J2=]| 00 0]. (F.17)
0 00 0-1 0 -10 0

The matrices J¢ and J* in the circular basis, see (B.38), are obtained by the unitary
transformations J¢ = Af - J¢ - Aand J = AT - J¢ . A, respectively, with

1

1
20~
A=|-50-%|; At = A7 (F.18)
01 0
1 1
1 10%10 2 10 ﬁio ) -100
J=| % 10ﬁ 2= -2 ioﬁ 2= 000 (F.19)
0% 0 (]_E 0 001
~1o 1 -10-1 200
JH = 02 o0f, J2= 02 of, J¥=]0-30], (F.20)
10 -1 —10.—§ 0 02
00 i 0-7% 0 0-7 0
J12 — 0 00 ’ J23 — ﬁ () % , J13 — _\/Lﬁ 10 % . (F21)
—i00 0 -7 0 0 5 0

In calculating products of density matrices, the following relations are helpful
Tr{J*} =0, Tr{J®} =0, Te{J%J*} =0, (F.22)

Te{JeJ%} = 26%, Te{J®J°J¢} = ie®e, Tr{JJ°JcJ%} = §%65¢ + §edgb,  (F.23)
Tr{J®J} = =366 + 26°76* + 256", (F.24)



Appendix G

Definitions and conventions

We use natural units ¢ =1, h/27 = 1.

The metric tensor

—1

1
0

= v =
(gMV) (g ) 0 0
0 0

defines scalar products
(a-b):= gu,a"b” = a"b, = a"b’ — ab

between covariant and contravariant four-vectors

a* = (a®,a',a* a®) = (d°, a), a, = guwa” = (ag, a1, az, az) = (ag, —a).

The total antisymmetric e-tensor is defined as

+1,  if uvpo is an even permutation of 0123,
€uvpe = —€"P? :=¢ =1, if prpo is an odd permutation,
0, ifany two indices are the same.

The analog definition in three dimensions, the Levi-Cevita-Tensor is

-1, ife¢jkis an odd permutation,

+1, if ijk is an even permutation of 123,
eijk = Cij k =
0, if any two indices are the same.

(G.1)

(G.2)

(G.3)

(G.4)

(G.5)
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Useful relations of the e-tensor
—eaﬁ““eag,w = 2(5;;5; - 5;,*5;), —eaﬁ““eagup =6 55, —eaﬁ““eag,w = 24, (G.6)

with 68 = g"” g,

The Pauli matrices are

() a=(07). m-(20) @

The Dirac matrices obey the commutation relations
{77} ="+ = 29" (G8)

In the Dirac representation they read

I 0 , 0 of .
0 = ) = . =
Y (0_1): Y (_O_] 0)5 ] 1a2a3a (G9)

0~1~243

and ;5 := —ipY172ys = Yy =40

Trace theorems:
Prr:=3(1F ), d:="ay,, Tr{Ppr} =2,

Tr{d PLr} =0, Tr{d §y PLr} =2 (a-b), Tr{d ¥ ¢ PL.r} =0, (G.10)
Te{d J ¢ d Prr} =2[(a-b)(c-d) —(a-c)(b-d)+ (a-d)(b-c)] F 2i[a,b,c,dl,

and [a, b, ¢, d] 1= €,p,0"b" cPd°.

For numerical calculations we have used the values

a =1/128 fine — structure constant at 500 GeV
sin? @y = 0.2315 weak mixing angle
mw = 80.41 GeV W boson mass (G.11)
'y = 2.12GeV W boson width '
myz = 91.187 GeV Z boson mass

= 2.49 GeV  Z boson width

}1
N
|
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