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1. Prüfer: Prof. Dr. H. Fraas
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Chapter 1

Introduction

1.1 Motivation

The ultimate goal of elementary particle physics is to gain insight of the ba-
sic principles in nature. In the past century we have been able to understand
the underlying structure of the electroweak and strong interactions as quantum
gauge field theories with three chiral fermion families. The Glashow-Weinberg-
Salam model [1] successfully unifies the electromagnetic and weak interactions
while quantum chromodynamics (QCD) [2] describes the strong interactions as
an asymptotic free SU(3) gauge theory. There is hope to describe all interactions
as a unified gauge theory.

The Standard Model (SM) of strong and electroweak interactions, despite its
impressive success in describing particle physics phenomena, has not yet been
completely verified. The spontaneous symmetry breaking mechanism predicts
the existence of a massive scalar, the Higgs boson [3], which has still to be ex-
perimentally discovered. Indirectly, however, there are strong indications from
precision measurements at lower energies that the Higgs boson, and thus the
mechanism of spontaneous symmetry breaking which generates masses for the
weak gauge bosons and the fermions, will be discovered in the next generation of
colliders.

The SM is believed to be an effective theory valid only at the present energies
of a more fundamental Grand Unified Theory (GUT) which describes the three
fundamental forces through a single gauge group. One of the most attractive
candidates for a more fundamental theory is supersymmetry (SUSY) [4], a sym-
metry which relates fermions and bosons and thus predicts a partner to every
known particle which differs in spin by 1

2
. Since no partners have been observed

so far, SUSY must be broken. Phenomenologically, the most attractive features
of low-energy SUSY theories are:

– The new supersymmetric particles contribute to the evolution of the cou-
plings with the renormalization group equation. Therefore, unification of
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6 CHAPTER 1. INTRODUCTION

couplings at a mass scale below the Plank mass is achieved automatically [5].

– One can postulate a new discrete symmetry, R parity [6], with the con-
sequence that the lightest supersymmetric particle is stable. SUSY thus
provides a suitable dark matter candidate.

– The quadratic divergences to scalar masses from fermion and boson loops
cancel out. SUSY thus stabilizes the hierarchy between the GUT scale and
solves the naturalness and hierarchy problems which are encountered in
renormalizable theories with scalars [7].

The most economical low-energy supersymmetric extension of the SM, the
Minimal Supersymmetric Standard Model (MSSM) [8], has the SM gauge group
and minimal particle content. The Higgs sector, however, requires two isodoublets
of complex scalar fields, leading to three neutral Higgs bosons, the scalars h and
H and the pseudoscalar A, and a pair of charged ones, H±. Although the Higgs
phenomenology in the MSSM is richer than in the SM, it is strongly constrained
by SUSY. A determination of the Higgs parameters is thus an essential test of
the theory.

After the potential discovery of Higgs bosons at hadron colliders, lepton col-
liders are necessary to perform precision measurements. A linear e+e− collider
will be an ideal instrument to search for MSSM Higgs bosons [9]. However, there
are a few key issues for which an e+e− machine is not satisfactory and the pro-
duction of Higgs bosons as s-channel resonances is needed. These issues can best
be investigated at γγ and µ+µ− colliders.

At a γγ collider [10, 11] neutral Higgs bosons are resonantly produced mainly
through loops of fermions and sfermions of the third generation, which couple
to the photons electromagnetically and to the Higgs bosons with large Yukawa
couplings. It has the possibility to obtain large photon polarizations. At a µ+µ−

collider [12–16] the small Yukawa coupling of the muons is compensated by the
resonant enhancement of the Higgs exchange channels, which is possible since the
energy of the muon beams, can be precisely tuned. Therefore, both machines are
ideal for precision studies of the Higgs sector.

A unique possibility for a µ+µ− collider as a Higgs factory are measurements
of the Higgs line-shape. These measurements allow to determine the widths of
the Higgs bosons, to separate the resonant and non-resonant contributions and,
eventually, to separate overlapping resonances. A requirement is here a good
energy resolution of the beams, whose energy spread should be smaller than the
widths of the resonances.

The decays of the Higgs bosons into SUSY particles may be possible if the
latter are light. A muon collider provides a clean environment to study these
interactions since no additional particles need to be produced. For charginos
and neutralinos, the charged and neutral SUSY partners, respectively, of the
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electroweak gauge and Higgs bosons, their parameters will then have been deter-
mined at the ILC [9, 17]. Therefore a measurement of their couplings to the Higgs
bosons can focus on their interaction to the Higgs sector. In the MSSM the mass
of the lightest Higgs boson is constrained by the gauge couplings, with current
limits from two-loop calculations setting the upper bound mh < 140 GeV [18].
Therefore charginos are too heavy to be directly produced at the h resonance,
since from LEP exclusion limits mχ±

1
> 104 GeV [19]. The lightest neutralino

pairs may be eventually produced at this resonance. However, due to R parity
conservation, this channel is invisible.

The neutral Higgs bosons H and A, on the other hand, may be significantly
heavier, and their decays into charginos and neutralinos open the possibility to
directly probe the interaction structure of the Higgs boson to the supersymmetric
particles.

In order to obtain as much information as possible from these processes the
dependence on the polarizations of the beams and of the charginos or neutralinos
needs to be analyzed, both for the resonant channels as for the non-resonant con-
tributions. Polarization effects in chargino and neutralino production have been
shown to be great interest at e+e− colliders [20–22]. At a µ+µ− collider the de-
pendence on the initial and final polarizations are sensitive to the Higgs couplings
to the initial and final particles and, for overlapping Higgs boson resonances, to
their interference [23–25]. It is thus necessary to classify the polarization depen-
dent observables and assess the possibility of measuring them at a muon collider.

The luminosity of a muon collider strongly depends on the center of mass
energy

√
s and on the required energy resolution of the beams. For

√
s = 400 GeV

a luminosity L = 1033 cm−2s−1 is proposed [12], which for a collider-year = 107 s
corresponds to 10 fb−1/year. Therefore, we consider effective luminosities of
O(1fb−1).

1.2 Fermion pair production at a muon collider

Since we study the production of charginos and neutralinos in µ+µ− annihilation
around the energies of the heavy neutral Higgs resonances H and A it is important
to discuss the general features of fermion pair production.

The muon-Higgs Yukawa couplings, see Appendix B, are of order gmµ/mW ,
where g is the weak coupling constant and mµ and mW are the masses of the
muon and W boson. These couplings are thus three orders of magnitude smaller
that the Z couplings to the Higgs bosons. Therefore, unless an enhancement
mechanism takes place the Higgs exchange amplitudes can safely be neglected
with respect to the non-Higgs channels. At center of mass energy

√
s = mφ,

where mφ is the mass of a Higgs boson φ, the resonant amplitudes are roughly



8 CHAPTER 1. INTRODUCTION

enhanced by a factor mφ/Γφ, with Γφ the width of the Higgs boson φ, resulting
from the Breit-Wigner propagator on top of the resonance.

For the heavier Higgs bosons H and A the widths are expected to be of
O(GeV) [26]. Therefore, the contributions to the amplitudes from Higgs exchange
and from the continuum of gauge boson and slepton exchange are expected to
be of the same order. At energies around the resonances of H and A we then
neglect the contributions of the light Higgs h, suppressed by the factor mµ/mW

with respect to the non-Higgs channels.

We analyze separately the cases of longitudinally and transversely polarized
beams.

While scalars couple left with right chiral fermion fields, gauge bosons cou-
plings conserve chirality. This implies that, for longitudinally polarized as well as
for unpolarized beams, the interference of the Higgs and gauge boson exchange
channels is suppressed by a factor of order mµ/

√
s. The same applies for the

interference of the Higgs bosons and the t- and u-channel exchange of a slepton.
In fact, the left (right) sleptons couple to left (right) chiral lepton fields, and thus
preserve chirality, as the gauge boson interactions.

Therefore we neglect the interference between Higgs and non-Higgs channels.

For transversely polarized beams the interference of the Higgs exchange chan-
nels with the continuum does not vanish and is proportional to the transverse
polarizations of the beams. These contributions must change sign under a rota-
tion of π around the beam axes, or under a change of sign of the polarizations,
and can thus be easily separated from the remaining terms.

1.2.1 CP properties of a two-fermion system

Here we analyze the CP properties of a two-fermion system.
A Dirac f f̄ pair with spin S and orbital angular momentum L is in a state

with the following charge conjugation C, parity P and CP quantum numbers:

C = (−1)L+S, P = (−1)1+L, CP = (−1)1+2L+S . (1.1)

Since L is an integer, a f f̄ system with S = 0 (S = 1) is in a CP -odd (CP -even)
state.

In addition, due to geometrical considerations, the angular orbital momentum
along the direction of the beams in the center of mass system always vanishes,

Lz = 0. (1.2)

This relation implies that Sz = 0 for a state with total angular momentum J = 0.
Therefore, only equal helicities contribute to the Higgs exchange s-channel am-
plitudes. Analogous conclusions are obtained for the produced charginos, whose
longitudinal polarizations are then correlated.
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For a pair of neutralinos χ̃0
i χ̃

0
j the factor ηij, related to the intrinsic CP quan-

tum number of the neutralino pair, modifies eq. (1.1) and one obtains CP =
ηij(−1)1+2L+S .

Summarizing, to obtain a µ+µ− state with a definite CP quantum num-
ber we need transversely polarized beams with parallel or anti-parallel polar-
izations, implying S = 1 or S = 0, respectively. The resulting µ+µ− states
with |S, Sz >= |0, 0 > and |S, Sz >= |1, 0 >, interact with the CP -odd and
the CP -even scalars, respectively. Analogously, for final fermions produced via
scalar s-channel exchange, i.e. with J = 0, the correlations of their transverse
polarizations can be linked to the CP properties of the exchanged particle.

1.3 Organization of this work

The goal of the thesis is to probe the Higgs couplings to charginos and neutralinos
in µ+µ− annihilation around the resonances of the heavy Higgs bosons in the
MSSM. We analyze the polarization effects of the beams and of the charginos
and neutralinos. The idea is to obtain observables which allow to separate the
pure exchange channels of the Higgs bosons, as well as their interference. Here we
study cross sections of chargino and neutralino pair production, as well as energy
and angular distributions of the particles of their two-body decays. We define
ratios of cross sections as well as charge, polarization and angular asymmetries
which allow to probe the Higgs couplings to charginos and neutralinos.

In order to study the dependence on the MSSM parameter space and to assess
the feasibility of observing these observables at a muon collider we perform a
numerical study for representative scenarios. For the cross sections we analyze
the effects of the finite beam energy spread and of the background. We investigate
the statistical significances of the asymmetries as a function of the luminosity.

In Chapter 2 we deal with χ̃∓
i χ̃±

j production and decay in µ+µ− annihilation.
In Section 2.1 we briefly discuss the process of chargino pair production. In
Sections 2.2 and 2.3 we discuss the production of χ̃+

j χ̃−
j , j = 1, 2, and χ̃∓

1 χ̃±
2 ,

respectively. In Section 2.4 we discuss chargino pair production with subsequent
two-body decay of one of the charginos: χ̃±

j → `±ν̃, for ` = e, µ, τ , and χ̃±
j →

W±χ̃0
k. In Section 2.5 we discuss the subsequent two-body decay of both charginos

and in Section 2.6 we discuss beam transverse polarization effects.
In Chapter 3 we focus on χ̃0

i χ̃
0
j production and decay. The organization of this

Chapter is analogous to the preceding one. In Section 3.1 we analyze neutralino
pair production. In Section 3.2 we discuss the subsequent decay of one of the
neutralinos: χ̃0

j → `± ˜̀∓
R,L, for ` = e, µ, τ . In Section 3.3 we discuss the two-body

decays of both neutralinos and in Section 3.4 the beam transverse polarization
effects.

Chapter 4 contains summary and conclusions.
In the Appendices we briefly describe the MSSM, with emphasis on the Higgs-
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chargino and Higgs-neutralino interactions. We shortly introduce the spin-density
matrix formalism and give explicit formulae for chargino and neutralino produc-
tion. We describe the kinematics. Finally we give useful formulae and definitions.



Chapter 2

Chargino production and decay
in µ+µ−-annihilation

In this chapter we study the pair production of charginos in µ+µ−-annihilation
for center of mass energies

√
s around the masses of the heavy neutral Higgs

bosons in the CP conserving MSSM,

µ+µ− → χ̃∓
i χ̃±

j . (2.1)

Our aim is to find appropriate observables with which to probe the Higgs-chargino
interactions. Therefore we study the dependence of the process on both the beam
and the chargino polarizations.

The pair production of charginos depends mainly on the MSSM parameters
that determine the chargino and Higgs sectors, namely the ratio of vacuum ex-
pectation values of the Higgs doublets tanβ, the Higgs sector parameter µ, the
gaugino mass parameter M2 and the mass of the pseudoscalar Higgs mA.

In Section 2.1 we study the pair production of charginos for longitudinally po-
larized beams. To determine the couplings we analyze the dependence of the
production line-shape on the center of mass energy in order to separate the
different contributions from the Higgs resonances and the continuum from the
non-resonant γ, Z and ν̃µ exchange channels.

This is straightforward if the resonances are not degenerate since the interfer-
ence effects are either negligible or easy to deal with.

In the CP conserving MSSM the heavier Higgs bosons are nearly degenerate
in a large region of parameter space [25]. Therefore it may be complicated to
separate the resonances from each other. It is thus necessary to analyze the de-
pendence of the production line-shape on the energy spread of the beams. In
Section 2.2 we focus on equal chargino pair production and investigate the preci-
sion of a determination of couplings on both the effects of the energy spread of the
beams and of the background. The latter is due to the continuum contributions,
as well as to the standard model processes with similar final states as, e.g., W
boson pair production.

11
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µ+µ−-ANNIHILATION

A further possibility, if the Higgs resonances overlap, is to gain information
from their interference. For resonances with opposite CP quantum numbers, the
interference vanishes in production of equal charginos. In Section 2.3 we show
that large interference effects can be observed in χ̃±

1 χ̃∓
2 production for a large

range of MSSM scenarios.

The effects of beam and chargino polarization can be analyzed studying the
angular or energy distributions of their decay products. In Section 2.4 we analyze
the subsequent two-body decay of one of the charginos

χ̃±
j → `±ν̃`, ` = e, µ, τ (2.2)

χ̃±
j → W±χ̃0, (2.3)

for j = 1, 2 [24]. With help of the energy distributions of the charged decay
lepton and of the W boson in eqs. (2.2) and (2.3) it is possible to observe the
interference of Higgs bosons with different CP quantum numbers, both for equal
chargino pairs and for χ̃±

1 χ̃∓
2 production. We build asymmetries which allow to

determine the Higgs chargino couplings, and in particular of their relative phase.

In Section 2.5 we briefly discuss the process of production with subsequent
decay of both charginos. While being more complicated to analyze, it provides
important new information through the so-called spin-spin terms, i.e. those terms
which depend on the correlation of the spins of the charginos. Similar information
can be accessed if transverse beam polarization is available. The dependence on
the transverse polarization is discussed in Section 2.6.

2.1 Chargino Production

In this section we briefly discuss the process of chargino pair production and
give the corresponding spin density matrix for the Higgs exchange channels for
longitudinally polarized beams. A more detailed analysis of this process for equal
and unequal charginos is presented in the following two sections.

At center of mass energies around the heavy Higgs bosons H and A charginos
are produced via the resonant s-channel exchange of the heavy neutral Higgs
bosons, shown in Fig. 2.1, as well as via the photon and Z-boson exchange in
s-channel and muon-sneutrino exchange in t-channel, shown in Fig. 2.2. The
interaction Lagrangians for the Higgs exchange channels are given in Appendix B,
eqs. (B.1) and (B.2). The Lagrangians for the non-Higgs exchange channels can
be found in [20, 22]. Assuming that the masses and couplings of the muon and
electron sneutrino are equal the contributions from the non-Higgs channels to the
production process are equivalent to those in e+e− collisions.

For the calculation of the cross section for the combined process of chargino
production eq. (2.1) and decay, which depends on the chargino χ̃±

j polarizations
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µ+

µ−

χ̃+
i

χ̃−
j

H, A

Figure 2.1: Resonant chargino pair production

γ, Z

µ+

µ−

χ̃+
i

χ̃−
j

µ+ χ̃+
i

µ− χ̃−
j

ν̃µ

Figure 2.2: Continuum contribution to chargino pair production

λj, we use the spin density matrix formalism of [28], see Appendix C. The unnor-
malized spin density matrix for chargino pair production in µ+µ−-annihilation
ρP , eq. (C.23), is a function of the polarization degrees of the µ+ and µ− beams,
denoted with Pm

+ and Pm
− , respectively, for m = 1, 2, 3. With our choice of

reference system, see Section D.1.3, P3
± ≡ PL

± denote the longitudinal polariza-
tion degrees of the beams, i.e. the average helicities of the incoming muons and
antimuons, and P1

± and P2
± their transverse polarization degrees.

In the following we consider only longitudinally polarized beams. Then, the
expansion coefficients of the chargino production matrix, see eqs. (C.25) and
(C.39-C.42), subdivide into contributions from the Higgs resonances and the con-
tinuum, respectively,

P = Pr + Pcont, Σa
Pj

= Σa
rj + Σa

cont j, Σab
P = Σab

r + Σab
cont , (2.4)

with a, b = 1, . . . , 3. The continuum contributions Pcont, Σa
cont and Σab

cont are those
from the non-resonant γ, Z and ν̃µ exchange channels. Explicit expressions can
be found in [20, 22]. The coefficients Σa

Pj
and Σab

P describe the polarization of the
charginos and are not further needed in this section.

The resonant contributions, from s-channel exchange of the Higgs bosons H
and A, are separated into pure exchange and interference terms,

Pr =
∑

φ=H,A

P (φφ)
r + P (HA)

r . (2.5)



14

CHAPTER 2. CHARGINO PRODUCTION AND DECAY IN

µ+µ−-ANNIHILATION

Evaluating the production amplitudes with the interaction Lagrangians eqs. (B.1)
and (B.2) in the center of mass system (CMS) we obtain for µ+µ− → χ̃−

i χ̃+
j

P (φφ)
r =

g4

8
(1 + PL

+PL
−)|∆(φ)|2|c(φµ)|2 (2.6)

[

(|c(φ)
L |2 + |c(φ)

R |2)(s − m2
χ±

i

− m2
χ±

j

) − 4Re{c(φ)
L c

(φ) ∗
R }mχ±

i
mχ±

j

]

s,

P (HA)
r = −g4

4
(PL

+ + PL
−)Re{∆(H)∆(A)∗}Im{c(Hµ)c(Aµ)∗}

[

Im{c(H)
L c

(A) ∗
L + c

(H)
R c

(A) ∗
R }(s − m2

χ±
i

− m2
χ±

j

)

−2 Im{c(H)
L c

(A) ∗
R + c

(H)
R c

(A) ∗
L }mχ±

i
mχ±

j

]

s, (2.7)

where we used the short-hand notation c
(φ)
R ≡ c

(φ)
R ij and c

(φ)
L ≡ c

(φ)
L ij for the Higgs-

chargino couplings, PL
+ and PL

− denote the longitudinal beam polarizations of µ+

and µ−, respectively, and

∆(φ) = i[(s − m2
φ) + imφΓφ]

−1, φ = H, A, (2.8)

are the Breit-Wigner propagators of the Higgs bosons.
A comment is in place on the chargino masses. In general mχ±

i
, i = 1, 2, denote

the eigenvalues of the diagonalization mass matrix, see Appendix A.2.1, and may
differ from the actual masses by a phase. With our choice of diagonalization
prescription, however, these phases are zero and mχ±

1,2
> 0.

Note that P
(HA)
r vanishes for production of equal charginos i = j since in this

case the Higgs-chargino couplings are parity conserving, with c
(φ)
L ii = c

(φ)∗
R ii . This

term is thus only present for χ̃±
1 χ̃∓

2 production.
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2.2 Production of equal charginos

Here we discuss pair production of equal charginos at center of masses near the
Higgs boson resonances for longitudinally polarized beams. We show that the ratio
of H and A couplings to the charginos can be precisely determined for scenarios
where the contributions from resonances can be disentangled. We consider both
the effects of the background and of the finite energy spread of the beams. Finally
we analyze the precision of this determination as a function of the beam energy
spread for a set of representative MSSM scenarios in χ̃+

1 χ̃−
1 production.

For χ̃+
i χ̃−

i production, i = 1, 2, the expression for the spin density matrix coef-
ficients, eqs. (2.6) and (2.7), can be further simplified using the relation between
the left and right handed Higgs-chargino couplings eq. (B.7). With the short-

hand notation c
(φ)
ii = c

(φ)
R ii = c

(φ)∗
L ii for the Higgs-chargino couplings the expansion

coefficients of the spin density matrix for pure Higgs exchange, eq. (2.6), can be
written as

P (HH)
r =

g4

4
(1 + PL

+PL
−)|∆(H)|2|c(Hµ)|2|c(H)

ii |2s(s − 4m2
χ±

i

), (2.9)

P (AA)
r =

g4

4
(1 + PL

+PL
−)|∆(A)|2|c(Aµ)|2|c(A)

ii |2s2, (2.10)

while the H-A interference term vanishes due to CP conservation. Furthermore
the interference between the Higgs boson exchange and the γ, Z and ν̃µ chan-
nels is strongly suppressed by a factor mµ/

√
s, as discussed in the Introduction.

Therefore the total production cross section of χ̃+
i χ̃−

i can be separated into the
dominating contributions σii

H and σii
A from H and A exchange, respectively, and

the background of non-resonant channels σii
cont from γ, Z, ν̃µ and h exchange

σii = σii
H + σii

A + σii
cont. (2.11)

Chargino production via the γ, Z, ν̃µ exchange channels will have been thoroughly
studied at linear colliders [9]. Here we neglect the contributions from h exchange
at the H and A resonances.

At CMS energy
√

s the cross sections σii
H and σii

A can be expressed in the form

σii
φ =

g4

4π
(1 + PL

+PL
−)|c(φµ)|2 · |c(φ)

ii |2 · Bii
φ (s)Kφ(s), φ = H, A (2.12)

with

Kφ(s) =
s

(s − m2
φ)

2 + Γ2
φm

2
φ

, (2.13)

Bii
H(s) =

λ(s, m2
χ±

i

, m2
χ±

i

)3/2

s3
, (2.14)

Bii
A(s) =

λ(s, m2
χ±

i

, m2
χ±

i

)1/2

s
, (2.15)
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and the triangle function λ defined in (E.11). Note the different dependence on
the center of mass energy of the H and A exchange terms. The CP -even exchange
is p-wave suppressed due to the intrinsic negative parity of the chargino pair as
well as to angular momentum conservation. This implies that, if the resonances
are not much lighter than the production threshold of charginos, the CP -odd
resonance is expected to dominate over the CP -even one.

Experimentally, charginos are observed through their decay products. There-
fore, precision studies must take these decays into account.

The total cross section σf+f− for the pair production µ+µ− → χ̃+
i χ̃−

i with
subsequent decays χ̃+

i → f+ and χ̃−
i → f− factorizes into the production cross

section σii and the branching ratios for the respective decay channels:

σf+f−(
√

s) = σii(
√

s) × BR(χ̃+
i → f+) × BR(χ̃−

i → f−). (2.16)

This result holds for each of the contributions σ
f+f−
H from H exchange, σ

f+f−
A

from A exchange and σ
f+f−
cont from the background channels in eq. (2.11).

2.2.1 Determination of the Higgs-chargino couplings in
production

In order to determine the Higgs-chargino couplings one has to separate the Higgs
exchange contributions σ

f+f−
H +σ

f+f−
A from the total measured cross sections σf+f−

meas ,
at

√
s = mH and

√
s = mA, respectively. Since the interference between the Higgs

channels and the background is negligible we can subtract the contributions σ
f+f−
cont

from the total cross section.
Besides the non-resonant contributions to the chargino pair production one

has to consider further background sources from standard model processes. Here
W boson pair production and single W boson production constitute the main
standard model background, which is in principle rather large [9] but can be
strongly reduced by appropriate cuts [29]. Then the resonance peaks remain

clearly visible above the smooth standard model background σ
f+f−
SM which can

therefore be included in the subtraction of the non-resonant contribution from
the total cross section.

We determine the total background contribution σ
f+f−
B = σ

f+f−
cont + σ

f+f−
SM by

linear interpolation of σf+f−
meas far below and above the resonance energies. The

precision of this estimate obviously depends on the variation of the background
contributions around the heavy Higgs resonances. By this procedure we avoid,
however, reference to other experiments at different energy scales as e. g. chargino
production at e+e− colliders combined with specific model calculations.

Due to their factorization into production and subsequent decay the ratio of
the measured minus background contributions from H and A exchange

r =
σf+f−

meas (mH) − σ
f+f−
B (mH)

σ
f+f−
meas (mA) − σ

f+f−
B (mA)

=
σii

H(mH) + σii
A(mH)

σii
H(mA) + σii

A(mA)
(2.17)



CHAPTER 2. CHARGINO PRODUCTION AND DECAY IN

µ+µ−-ANNIHILATION 17

is independent of the specific chargino decay channel which may be chosen to give
the best experimental signal. Then the measurement of the total cross section
for chargino production and decay at the Higgs resonances offers an interesting
possibility to determine the ratio of the Higgs-chargino couplings

x =

∣

∣

∣

∣

∣

c
(H)
ii

c
(A)
ii

∣

∣

∣

∣

∣

2

. (2.18)

From eqs. (2.12) and (2.17) one obtains

x =
r

C
· 1 − C1/r

1 − C2r
· 1

xµ
, (2.19)

with

C =
β3(mH)

β(mA)

Γ2
A

Γ2
H

, (2.20)

C1 =
β(mH)

β(mA)
KA(m2

H)Γ2
A, (2.21)

C2 =

(

β(mA)

β(mH)

)3

KH(m2
A)Γ2

H , (2.22)

β(
√

s) =

(

λ(s, m2
χ±

i

, m2
χ±

i

)

s2

)1/2

=

(

s − 4m2
χ±

i

s

)1/2

, (2.23)

xµ =

∣

∣

∣

∣

c(Hµ)

c(Aµ)

∣

∣

∣

∣

2

, (2.24)

where C, C1 and C2 can be determined without model dependent assumptions,
and xµ = 1 in the Higgs decoupling limit [30].

Assuming that the masses of the heavy Higgs bosons and the chargino are
precisely known [9, 31] the precision for the determination of x depends on the
energy spread of the muon beams, the width of the H and A resonances and on
the error in the determination of the background.
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Scenarios A B C D E F

M2[GeV] 188 217.3 154.9 169.5 400 400

µ[GeV] -188 217.3 -400 400 -154.9 169.5

U11 0.577 -0.632 0.958 -0.943 0.056 -0.184

U12 0.817 0.775 0.288 0.333 0.9984 0.983

V11 0.817 0.775 0.9984 0.983 0.288 0.333

V12 -0.577 -0.632 -0.056 -0.184 -0.958 -0.943

mH [GeV] 352.1 352.3 351.9 352.3 352.2 352.3

ΓH [GeV] 0.67 0.58 0.31 0.32 0.32 0.39

ΓA[GeV] 1.05 1.33 0.43 0.57 0.43 0.64

Table 2.1: Reference scenarios with fixed mA = 350 GeV, mχ̃±
1

= 155 GeV,

tan β = 5 and mν̃µ = 261.3 GeV. U11 and V11 (U12 and V12) are the gaugino
(higgsino) components of the charginos [33], see Appendix A.

2.2.2 Numerical analysis

In the numerical analysis we study the dependence on the MSSM parameters µ,
M2, tanβ and mA of the production of lighter chargino pairs at center of mass
energies around the H and A resonances. We show cross sections for unpolarized
beams. Finally we estimate how precisely the ratio of the couplings of the lighter
chargino to the heavy Higgs bosons H and A can be measured, as a function of
the energy spread of the beams and of the background contributions to the cross
section.

In our scenarios the heavier charginos are not light enough to be produced in
pairs at the neutral Higgs resonances. This process does not differ qualitatively
from the production of lighter charginos. However, the parameter space in which
it is kinematically allowed is significantly smaller.

The Higgs sector parameters and the branching ratios for the decays of H and
A into charginos are computed with the program HDECAY [32].

2.2.2.1 Scenarios

We choose six representative scenarios A – F with mχ̃±
1

= 155 GeV, mA =
350 GeV, and tanβ = 5 which differ by the mixing character of the chargino
and by the sign of the higgsino mass parameter µ. The parameters, masses and
the gaugino and higgsino contents of χ̃±

1 are given in Table 2.1. In scenarios
A with µ < 0 and B with µ > 0 the light chargino is a wino-higgsino mixing.
In scenarios C (µ < 0) and D (µ > 0) it has a dominant gaugino character
whereas in scenarios E (µ < 0) and F (µ > 0) it is nearly a pure higgsino. The
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Figure 2.3: Branching ratios of the heavy Higgs bosons H and A into light chargino
pairs for mA = 350 GeV, tanβ = 5 and sfermions masses larger than MH/2, computed
with the program HDECAY [32]. The contour lines correspond to 0.1 (dashed), 0.3
(dash-dotted) and 0.5 (dotted). The gray area is the experimentally excluded region
given here by mχ±

1

< 103 GeV, the thick dots are the scenarios A – F of table 2.1.

additional scenarios in Table 2.2 are derived from the mixed scenario B and the
gaugino scenario C by varying tan β and the masses of the light chargino and the
pseudoscalar Higgs boson.

In order to study the influence of the Higgs mass, mA is increased from mA =
350 GeV to mA = 400 GeV in scenarios B400 and C400. The influence of the
chargino mass will be analyzed with the help of scenarios B180 and C180 where
mχ̃±

1
= 180 GeV and mA = 400 GeV in order to ensure mA > mχ̃±

1
/2. However,

the character of the light chargino is nearly identical in scenarios B, B180 and
B400 (gaugino-higgsino mixing) and in scenarios C, C180 and C400 (gaugino
like), respectively.

Finally we study the influence of higher values of tanβ = 7 and tanβ = 8
for mA = 350 GeV and mχ̃±

1
= 155 GeV in scenarios B7, B8 and C7, C8. To

obtain a similar chargino mixing character the parameters M2 and µ are slightly
changed compared to scenarios B and C with tanβ = 5.

2.2.2.2 Branching ratios and cross sections

The branching ratios for the decays of the Higgs bosons H and A into a light
chargino pair are crucial for obtaining sufficient cross sections. Therefore we show
in Fig. 2.3 contour plots for the branching ratios in the M2−µ plane for tanβ = 5
and mA = 350 GeV and indicate our scenarios A – F.

Since the Higgs bosons couple to both the gaugino and higgsino component
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of the chargino, the couplings and branching ratios are large in the parameter
region |M2| ≈ |µ| of the mixed scenarios A and B. In scenario A (B) with µ < 0
(µ > 0) one obtains branching ratios up to 45% (20%) for the A decay and up
to 20% (15%) for the H decay. In scenarios C and D with a gaugino dominated
light chargino as well as in scenarios E and F with a higgsino-like light chargino
branching ratios between 20% and 30% for the A decay and between 10% and 20%
for the H decay can be observed. The production cross sections σ11 (eq. (2.11))
for the scenarios A – F are shown in Figs. 2.4 a – f.

The heights of the Higgs resonances depend both on their total widths and on
the Higgs-chargino couplings (cf. eqs. (2.12) and (2.13))

σ11
φ ∝ |c(φ)R

11 |2/Γ2
φ, φ = H, A. (2.25)

The interplay of these parameters (see table 2.1) can be observed in Fig. 2.4. In
our scenarios the pattern of the A resonance is determined by the width, whereas
for the H peaks the influence of the different H-chargino couplings generally
predominates. So the A peaks are of equal height in the mixed and gaugino
scenarios Fig. 2.4a and Fig. 2.4c and larger than in the higgsino scenario Fig. 2.4e,
inversely proportional to the widths. The H resonance is largest in the scenario
with the largest Higgs-chargino coupling Fig. 2.4a. Only comparing Fig. 2.4e and
Fig. 2.4f the relative height of the H peak is determined by their width since the
couplings are equal due to an approximate symmetry under |µ| ↔ M2.

Essential requirements for a precise determination of the Higgs-chargino cou-
plings are distinct resonance peaks and a clear separation of the Higgs resonances.
Near threshold the A resonance peak is suppressed by a factor β, compared to a
suppression by β3 of the H resonance. This effect explains the relative height of
the resonances in Fig. 2.4.

Whether the resonances can be separated depends on both the Higgs line
shape and the energy spread of the muon beams. In Figs. 2.4 a – f we compare
the cross sections without and with a Gaussian energy spread of 150 MeV which
corresponds to an energy resolution R ≈ 0.06%.

The energy spread clearly suppresses the resonance peaks especially in scenar-
ios with gaugino-like and higgsino-like light charginos where the resonances are
narrower than in the mixed scenarios. However, also with an energy spread of
150 MeV the H and A resonances are well separated in all scenarios (A – F).
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Figure 2.4: Total cross section σ11 for µ+µ− → χ̃+
1 χ̃−

1 in mixed, gaugino and higgsino
scenarios with µ < 0 (µ > 0), a (b), c (d) and e (f) respectively, corresponding to the
scenarios A (B), C (D) and E (F) of table 2.1. In all scenarios tanβ = 5, mA =
350 GeV, mχ̃+

1

= 155 GeV and mν̃µ = 261 GeV. The dashed line corresponds to an

energy spread of 150 MeV, the solid line to no energy spread.
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Scenarios B400 C400 B180 C180 B7 B8 C7 C8

M2[GeV] 217.3 154.9 242.8 180.7 214 212.8 156.9 157.5

µ[GeV] 217.3 -400 242.8 -420 214 212.8 -400 -400

tan β 5 5 5 5 7 8 7 8

mχ±
1

155 155 180 180 155 155 155 155

U11 -0.632 0.958 -0.640 0.959 -0.625 -0.622 0.955 0.954

U12 0.775 0.288 0.768 0.283 0.781 0.783 0.297 0.300

V11 0.775 0.9984 0.768 0.9977 0.781 0.783 0.9972 0.9967

V12 -0.632 -0.056 -0.640 -0.068 -0.625 -0.622 -0.075 -0.081

mA[GeV] 400 400 400 400 350 350 350 350

mH [GeV] 402.0 401.6 402.0 401.6 351.2 350.9 351.0 350.7

ΓH [GeV] 1.17 0.61 0.82 0.52 0.71 0.80 0.44 0.53

ΓA[GeV] 2.43 1.09 1.96 1.00 1.42 1.50 0.57 0.67

Table 2.2: Reference scenarios with different mass mA (scenarios B400 and
C400), with different masses mχ̃±

1
and mA, (scenarios B180 and C180) and dif-

ferent values of tan β (scenarios B7, B8 and C7, C8) as in the reference scenarios
(table 2.1). U11 and V11 (U12 and V12) are the gaugino (higgsino) components of
the charginos [33], see Appendix A.

The influence of the Higgs mass mA and the chargino mass mχ̃±
1

is illustrated
in Fig. 2.5 for mixed scenarios with µ > 0 and for scenarios with a gaugino-like
light chargino and µ < 0. In scenarios B400 and C400 with mA = 400 GeV
and mχ̃±

1
= 155 GeV the overlap of the Higgs resonances is larger than in the

corresponding scenarios with mA = 350 GeV and the same chargino mass, see
Figs. 2.4 b and 2.4 c. The overlap diminishes when the chargino mass is increased
to mχ̃±

1
= 180 GeV in scenarios B180 and C180 due to the smaller phase space

of the Higgs decays.

For larger values of tanβ the H and A resonances tend to overlap since the
mass difference diminishes. As an example we compare in Fig. 2.6 for mA =
350 GeV the total cross sections for the gaugino scenarios C, C7 and C8 with
tan β = 5, tan β = 7 and tan β = 8 respectively, without and with an energy
spread of 150 MeV. Without energy spread both resonances are well separated
up to tanβ = 7 whereas for tan β = 8 the H resonance can barely be discerned.
With energy spread, however, the overlap for tan β = 7 is already so large that
the resonances nearly merge. Here the separation of the resonance contributions
may not be possible with a good precision. The same conclusion applies to other
chargino scenarios, as can be seen for the mixed scenarios B (tanβ = 5), B7
(tanβ = 7) and B8 (tanβ = 8) in Figs. 2.6c and Fig. 2.6d without and with
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Figure 2.5: Total cross section σ11 for µ+µ− → χ̃+
1 χ̃−

1 with tanβ = 5, mA = 400 GeV,
mν̃µ = 261 GeV and mχ̃+

1

= 155 GeV (solid) and mχ̃+

1

= 180 GeV (dashed). (a) shows

the mixed scenarios of table 2.2 with µ > 0, B400 and B180, and (b) the gaugino
scenarios with µ < 0, C400 and C180, given in table 2.2.

energy spread of 150 MeV, respectively.

2.2.3 Precision measurements of the Higgs-chargino cou-
plings

In this section we study the errors of a measurement of the ratio of couplings x
resulting from the uncertainties due to the energy spread of the beams and to
the background.

The error in the determination of the ratio x of the squared Higgs-chargino
couplings eq. (2.18) depends both on the energy resolution R of the muon beams
and on the error ∆σB/σB in the measurement of the non-resonant channels (γ,
Z, ν̃µ and h exchange as well as irreducible standard model background) at the
H and A resonances. This background contribution can be estimated from cross
section measurements sufficiently far off the Higgs resonances.

In Fig. 2.7 we plot contours of the relative error in the determination of x
in the R and ∆σB/σB plane for the scenarios A – F. The contours are shown
for the two cases that the irreducible standard model background is neglected
or reduced to 25% of the non-resonant supersymmetric channels by appropriate
cuts, respectively. For a detailed background analysis Monte Carlo simulations
taking into account the detailed detector characteristics have to be performed
and are expected to correspond to the considered range in Fig. 2.7 [29].

As a result of the error propagation one observes a stronger dependence on
R than on ∆σB/σB. Since the energy spread only changes the shape of the
resonances the relative errors in the peak cross sections and in the widths are
correlated. Generally, an irreducible standard model background up to 25% of
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Figure 2.6: Dependence on tanβ of the total cross section σ11 for µ+µ− → χ̃+
1 χ̃−

1

with mA = 350 GeV and mν̃µ = 261 GeV. The gaugino scenarios with µ < 0, C, C7
and C8, are plotted without energy spread (a) and with an energy spread of 150 MeV
(b), for tanβ = 5 (solid), 7 (dashed) and 8 (dotted), and the mixed scenarios with
µ > 0, B, B7 and B8, in (c) and (d), without and with energy spread respectively and
tanβ = 5 (solid), 7 (dashed) and 8 (dotted).

the supersymmetric background leads to a slightly reduced precision for the de-
termination of x.

Due to the narrower resonance widths the energy resolution R affects the
relative error in x in scenarios C, D and E, F with gaugino-like or higgsino-like
light charginos significantly more than in the mixed scenarios A and B. The
influence of the error in the background measurement is largest in the scenarios
with a higgsino-like light chargino and much smaller in the other chargino mixing
scenarios. In all cases only minor differences appear between the scenarios with
positive and negative µ.

In order to achieve a relative error ∆x/x < 10% an energy resolution R <
0.04% is necessary in the mixed scenarios and better than 0.02% in the gaugino
and higgsino scenarios. These values lie in the range between 0.01% and 0.06%
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of the expected energy resolution at a muon collider [12, 16]. In addition, the
background contributions have to be known with a relative error ∆σB/σB < 10%
in the mixed and gaugino scenarios whereas in the higgsino scenarios a much
higher precision ∆σB/σB < 6% is necessary.

For a energy resolution R = 0.04% the error in the measurement of x becomes
∆x/x ≈ 40% in the scenarios C and D with gaugino-like charginos and practically
independent of the background error. A similar error is expected in scenario E
with higgsino-like charginos, which decreases to 27% for ∆σB/σB < 10%.

If on the other hand an energy resolution R = 0.01% is achieved and the
contributions of the background channels are well known (∆σB/σB < 5% in the
mixed and gaugino scenarios and ∆σB/σB < 2.5% in the higgsino scenarios) the
error can be reduced to the order of a few percent.

2.2.4 Summary of Section 2.2

In this Section we have studied equal chargino pair production at a future muon
collider via resonant heavy Higgs boson exchange in the MSSM. This process
yields large cross sections of up to a few pb in relevant regions of the super-
symmetric parameter space. Due to the sharp energy resolution that allows to
separate the CP-even and CP-odd resonances a muon collider is an accurate tool
to investigate the Higgs couplings to its decay products. Here we have focused on
the determination of the Higgs-chargino couplings. We have shown that the ratio
of H-chargino and A-chargino couplings can be precisely determined indepen-
dently of the chargino decay mechanism. This method avoids reference to other
experiments and makes only a few model dependent assumptions, namely the
existence of a CP-even and a CP-odd resonance and the approximate decoupling
limit for the Higgs-muon couplings.

In representative supersymmetric scenarios we have analyzed the effect of the
energy spread and of the error from the non-resonant channels including an ir-
reducible standard model background up to 25% of the supersymmetric back-
ground. With a good energy resolution a precision as good as a few percent can
be obtained for tan β < 8 and mA ≤ 400 GeV, where the Higgs resonances can
be separated.
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2.3 Production of χ̃±
1 χ̃∓

2

In this section we study χ̃±
1 χ̃∓

2 production with longitudinally polarized beams.
Unlike the couplings for equal charginos, the left and right-handed Higgs-chargino
couplings are independent, and therefore a larger number of observables is neces-
sary to probe the interaction structure. We show that the interference of scalar
exchange channels with different CP quantum numbers does not in general van-
ish. Therefore the χ̃+

1 χ̃−
2 and χ̃−

1 χ̃+
2 production cross sections differ for longitudi-

nally polarized beams. We show that, when H and A are nearly degenerate, the
resulting asymmetries are large.

The production density matrix for chargino pair production via Higgs ex-
change, given in eqs. (C.39-C.42), are functions of the combinations of couplings
aαβ
± and bαβ

± , eqs. (C.50) and (C.51). Here α and β denote the Higgs boson
exchange channel. The coefficient for production of unpolarized charginos Pr,
depends on two terms proportional to the combinations aαβ

+ and bαβ
+ . In princi-

ple, given the different center of mass energy dependence of the two terms both
aαβ

+ and bαβ
+ could be obtained from the production process. In practice, however,

since the resonance region is not large, a study of the chargino polarizations is
necessary. Therefore, for the production process, the aim is not to determine but
to test the Higgs-chargino interaction.

For pure Higgs exchange channels eq. (C.39) can be expressed as

P (φφ)
r =

g4

4
(1+PL

+PL
−) |∆(φ)|2|c(φµ)|2s[(s−m2

χ±
i

−m2
χ±

j

)aφφ
+ −2mχ±

i
mχ±

j
bφφ
+ ]. (2.26)

Note that, while the first term inside the square brackets is positive, the second
term may be positive or negative, depending on the sign of bφφ

+ = Re(c
(φ)
L ijc

(φ)∗
R ij ).

The partial p-wave suppression of the Higgs exchange amplitudes for χ̃+
i χ̃−

j pro-

duction is given by the parameter δφ
p = (aφφ

+ + bφφ
+ )/2aφφ

+ , which vanishes for

c
(φφ)
Lij = −c

(φφ)
Rij and is maximal for c

(φφ)
Lij = c

(φφ)
Rij .

For the H-A interference eq. (C.39) simplifies to

P (HA)
r = −g4

2
(PL

+ + PL
−) Re{∆(H)∆(A)∗} Im(c(Hµ)c(Aµ)∗)

s[(s − m2
χ±

i

− m2
χ±

j

)Im(aHA
+ ) − 2mχ±

i
mχ±

j
Im(bHA

+ )]. (2.27)

Since the interference term is proportional to the sum of longitudinal beam po-
larizations, it changes sign under parity, contrary to the pure exchange contri-
butions, eq. (2.26). Therefore, beam polarization can be used to separate the
contributions. The interference term also changes sign under exchange of the
chargino indices, i ↔ j and thus cancels out for the sum of production cross
sections σ(χ̃+

1 χ̃−
2 + χ̃+

2 χ̃−
1 ).
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Table 2.3: Scenarios P1 and P2 for µ+µ− → χ̃∓
1 χ̃±

2

P1 P2 P1 P2

tan β 10 10 mχ±
1
[GeV] 138 106

µ[GeV] −250 −110 mχ±
2
[GeV] 281 322

M2[GeV] 150 300 mχ̃0
1
[GeV] 74 89

m0[GeV] 200 200 mν̃µ [GeV] 232 327

mA[GeV] 500 500 ΓA[GeV] 3.7 3.4

mH [GeV] 500.3 500.4 ΓH [GeV] 3.6 3.3

To isolate the resonant contributions we define the charge asymmetry

AC
prod =

σ(χ̃+
1 χ̃−

2 ) − σ(χ̃+
2 χ̃−

1 )

σ(χ̃+
1 χ̃−

2 ) + σ(χ̃+
2 χ̃−

1 )
=

P
(HA)
r

P̄cont + P
(HH)
r + P

(AA)
r

, (2.28)

as well as the polarization asymmetry

Apol
prod =

σ(χ̃+
1 χ̃−

2 )(P) − σ(χ̃+
1 χ̃−

2 )(−P)

σ(χ̃+
1 χ̃−

2 )(P) + σ(χ̃+
1 χ̃−

2 )(−P)
=

P
(HA)
r (P)

[P̄cont + P
(HH)
r + P

(AA)
r ](P)

, (2.29)

for PL
+ = PL

− ≡ P. To obtain eq. (2.29) we used, in addition to the dependence
of the resonant channels on the beam polarization, as previously noted, also the
dependence of the continuum contributions. The polarization dependence of the
latter is relatively complicated, since it consists of several channels with different
dependencies. However, choosing equal polarizations we obtain Pcont(−P) =
Pcont(P) [20, 22].

2.3.1 Numerical analysis

In Fig. 2.8a we show the production cross sections of the charge conjugated pro-
cesses µ+µ− → χ̃+

1 χ̃−
2 and µ+µ− → χ̃−

1 χ̃+
2 for scenario P1 of Table 2.3. Both

cross sections are equal for unpolarized beams and differ for polarized beams
PL

+ = PL
− = −0.3. In this case the H–A interference, eq. (2.7), enhances the χ̃−

1 χ̃+
2

cross section and suppresses that for the conjugated process. The corresponding
charge asymmetry, eq. (2.28), is AC

prod = −48% at
√

s = 500 GeV. The asymme-
try almost reaches its maximum absolute value of |PL

+ +PL
−|/(1+PL

+PL
−) ≈ 55%,

here for PL
+ = PL

− = −0.3, which would be obtained in the ideal case of vanishing
continuum contributions. For scenario P2, shown in Fig. 2.8b, the χ̃−

1 χ̃+
2 pro-

duction is instead suppressed by the H–A interference and the χ̃+
1 χ̃−

2 production
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Figure 2.8: µ+µ− → χ̃±
1 χ̃∓

2 . Cross sections σ(µ+µ− → χ̃+
1 χ̃−

2 ) (dashed) and σ(µ+µ− →
χ̃−

1 χ̃+
2 ) (dash-dotted) for longitudinal beam polarizations PL

+ = PL
− = P = −0.3, and

σ(µ+µ− → χ̃±
1 χ̃∓

2 ) (solid) for P = 0, for scenario P1 (a) and scenario P2 (b), given
in Table 2.3.

is enhanced, such that AC
prod = 45% changes sign. In scenario P1 (P2) the light-

est chargino has mainly gaugino (higgsino) character, i.e., the gaugino (higgsino)
components are larger. Since Higgs bosons couple to a gaugino-Higgsino pair,
the corresponding couplings, eqs. (B.5-B.7), transform as

c
(φ)
L,R ij ↔ c

(φ)
L,R ji (2.30)

under M2 ↔ |µ|. This symmetry relates the resonant amplitude for χ̃+
1 χ̃−

2 (χ̃−
1 χ̃+

2 )
production for scenario P1 with the amplitude for χ̃−

1 χ̃+
2 (χ̃+

1 χ̃−
2 ) production for

scenario P2 and explains the different signs of AC
prod. Consequently, for M2 = |µ|

the asymmetries vanish.

In Fig. 2.9 we show the branching ratios of H and of A into χ̃+
1 χ̃−

2 and χ̃+
2 χ̃−

1

pairs. Branching ratios larger than 30% are found for H decays and 20% for
A decays. This decay channel is therefore important for this set of parameters.
Contrary to what we found for the decays into lighter charginos, the decays are
slightly suppressed in the mixed regions, for µ ≈ M2, mainly due to the competing
channels from lighter charginos and neutralinos, see Sections 2.2 and 3.1.

Note that, if the mass difference between the charginos and the Higgs boson
is small, the branching ratios for the CP -even Higgs H are larger than those for
the CP -odd Higgs A. This behavior hints at a stronger p-wave suppression of the
CP -odd amplitude, contrary to the case of equal charginos where the CP -even
amplitude is suppressed.



30

CHAPTER 2. CHARGINO PRODUCTION AND DECAY IN

µ+µ−-ANNIHILATION

-400 -200 0 200 400
0

100

200

300

400

-400 -200 0 200 400
0

100

200

300

400

BR(H→χ̃+

1
χ̃−

2
+χ̃+

2
χ̃−

1
)

M2[GeV]

µ[GeV]

BR(A→χ̃+

1
χ̃−

2
+χ̃+

2
χ̃−

1
)

M2[GeV]

µ[GeV]

m
χ
±
1

≤103GeV m
χ
±
1

≤103GeV

Figure 2.9: Branching ratios of the heavy Higgs bosons H and A into light chargino
pairs for mA = 500 GeV, tanβ = 10 and sfermions masses larger than MH/2, computed
with the program HDECAY [32]. The contour lines correspond to 0.1 (dashed), 0.2
(dotted) and 0.3 (dash-dotted). The solid line corresponds to the threshold for chargino
pair production. The gray area is the experimentally excluded region given here by
mχ±

1

< 103 GeV.

2.3.2 Summary of Section 2.3

Here we discussed χ̃±
1 χ̃∓

2 production in µ+µ−-annihilation with longitudinally
polarized beams. We have shown that the interference of scalar exchange channels
with different CP quantum numbers can be large, provided the resonances are
nearly degenerate. For two example scenarios we have shown the dependence of
the cross sections for χ̃+

1 χ̃−
2 and χ̃−

1 χ̃+
2 on the center of mass energy.

2.4 Chargino production with subsequent decay

of one of the charginos

In the preceding two sections we have analyzed the chargino pair production pro-
cess in µ+µ−-annihilation at the heavy Higgs resonances with longitudinally polar-
ized beams. In this section we study the decay of one of the charginos in order to
gain information from its polarization. Since we focus on the resonant exchange
of neutral Higgs bosons, which do not contribute to the transverse polarizations
of the charginos, eqs. (C.40) and (C.41), we only need to consider longitudinal
chargino polarization. The chargino polarizations are determined through the en-
ergy distributions of the lepton or W boson from the two-body decays χ̃±

j → `∓ν̃`

or χ̃±
j → W±χ̃0

1, respectively. We show that the interference of the CP -even and
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CP -odd Higgs bosons can be analyzed using these energy distributions. Therefore
we define asymmetries in these energy distributions which allow a determination
of the H and A couplings to the charginos and in particular of their relative phase.

We analyze the asymmetries, cross sections and branching ratios in CP con-
serving MSSM scenarios. For nearly degenerate Higgs bosons we find large asym-
metries which can be measured with high statistical significance.

2.4.1 Decay channels

Provided the following channels are kinematically allowed, charginos decay pre-
dominantly into a fermion-sfermion pair, into a neutralino and a W or a charged
Higgs boson. The heavier chargino may also decay into the lighter one and a Z
or Higgs boson, shown in Fig. 2.10. The corresponding interaction Lagrangians
are given in Appendix B.4. We assume that squarks are heavier than charginos.

χ̃+
j

ν̃`

`+

χ̃+
j

ν`

˜̀+
X

χ̃+
j

χ̃0
k

W+

χ̃+
2

Z

χ̃+
1

χ̃+
2

h

χ̃+
1

Figure 2.10: Two-body decays of charginos. Here ˜̀+
X = ˜̀+

L,R for ` = e, µ and
˜̀+
X = τ̃+

1,2 for ` = τ . The charged conjugated processes are obtained inverting the
arrows and the electric charges in the Feynman diagrams.

2.4.2 Chargino polarization

To study the polarization of the produced charginos we decompose the production
spin density matrix and the decay matrix in terms of Pauli matrices and the
Kronecker delta function, eqs. (C.25) and (C.26).

With our choice of the spin vectors, eqs. (C.18) and (C.21), Σ3
Pj

/P is the longi-

tudinal polarization of χ̃±
j , Σ1

Pj
/P is its transverse polarization in the production

plane and Σ2
Pj

/P is its polarization perpendicular to the production plane.
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As discussed in Section 2.1, the expansion coefficients of the chargino produc-
tion matrix, eq. (C.25), subdivide into contributions from the Higgs resonances
Σa

rj
and the continuum Σa

contj
, eq. (2.4). The spin correlation coefficients of the

resonant contributions from s-channel exchange of the Higgs bosons H and A,
are separated into pure exchange and interference terms

Σ3
rj =

∑

φ=H,A

Σ
3 (φφ)
rj + Σ

3 (HA)
rj , (2.31)

while resonant contributions Σ1
r and Σ2

r to the transverse polarizations of the
chargino vanish since the s-channel exchange is due to scalar Higgs bosons. Eval-
uating the production amplitudes with the interaction Lagrangians eqs. (B.1) and
(B.2) in the CMS we obtain for µ+µ− → χ̃−

i χ̃+
j

Σ
3 (φφ)
rj =

g4

8
(1 + PL

+PL
−)|∆(φ)|2|c(φµ)|2(|c(φ)

L |2 − |c(φ)
R |2)s

√

λij, (2.32)

Σ
3 (HA)
rj = −g4

4
(PL

+ + PL
−)Re{∆(H)∆(A)∗}

Im{c(H)
L c

(A)∗
L − c

(H)
R c

(A)∗
R }Im{c(Hµ)c(Aµ)∗}s

√

λij, (2.33)

where we used the short-hand notation c
(φ)
R ≡ c

(φ)
R ij and c

(φ)
L ≡ c

(φ)
L ij for the Higgs-

chargino couplings, PL
+ and PL

− denote the longitudinal beam polarizations, ∆(φ)
is the Breit-Wigner propagator, eq. (2.8) and and

λij = λ(s, m2
χ±

i

, m2
χ±

j

), (2.34)

with the triangle function λ defined in eq. (E.11).

Note that Σ
3 (φφ)
rj vanishes for production of equal charginos i = j since in this

case the Higgs-chargino couplings are parity conserving, with c
(φ)
L ii = c

(φ)∗
R ii . This

term is thus only present for χ̃±
1 χ̃∓

2 production since, in general, c
(φ)
L ij 6= c

(φ)∗
R ij for

i 6= j.

2.4.3 Kinematics of chargino two-body decay

The two-body decay χ̃+
j → λ+ + Ñ has 2 × 3 − 4 = 2 degrees of freedom, which

can be parametrized by the polar and azimuth angles of the momentum of one
of the decay particles. In the center of mass system of the decaying chargino the
energies of the decay particles λ+ and Ñ are fixed. If the chargino is not at rest
the decay angle θj and the energy Eλ of the decay particle λ+ are related due to
four-momentum conservation, by

EλEχ+

j
− |~pλ||~pχ+

j
| cos θj =

1

2
(m2

χ±
j

+ m2
λ − m2

Ñ
). (2.35)
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If mλ > m̄λ, with m̄λ = (m2
χ±

j

−m2
λ −m2

Ñ
)/2Eχ+

j
, eq. (2.35) admits two solutions

of Eλ for every value of θj, with 0 ≤ θj ≤ θmax < π/2. The energy Eλ is thus a
better parameter to parametrize the decay.

If mλ < m̄λ, eq. (2.35) simplifies to

Eλ =
m2

χ±
j

− m2
Ñ

2(Eχ+

j
− |~pχ+

j
| cos θj)

(2.36)

with 0 ≤ θj ≤ π and a one-to-one correspondence between θj and Eλ.

2.4.4 Energy distribution

The energy distribution of the charged lepton or W boson from the decay of χ̃±
j

is obtained integrating the differential cross section for production and decay,
eqs. (C.23) and eq. (C.24), where the amplitude squared is given by (here we
suppress the chargino index of the density matrix coefficients)

|T |2 = |∆(χ̃±
j )|2

∑

λiλjλ′
iλ

′
j

ρP
λiλ′

iλjλ′
j
ρD

λ′
jλj

δλiλ′
i
= 4|∆(χ̃±

j )|2(P ·D+Σa
P ·Σa

D). (2.37)

Here we summed over the helicity indices λi and λ′
i of χ̃∓

i whose decay is not ob-
served. The resonant contributions to the production density matrix coefficients
P and Σa

P are given in eqs. (2.6), (2.7), (2.32) and (2.33). The expansion coeffi-
cients of the chargino decay matrix (C.26) for the chargino decays χ̃+

j → `+ ν̃`,
with ` = e, µ, τ and χ̃+

j → W+χ̃0
k are given in Appendix C.3.1.

In the CMS we can rewrite the factor Σ3
D that multiplies the longitudinal

chargino polarization coefficient Σ3
P in eq. (C.30),

Σ3
D = ηλ±

D

∆λ
(Eλ − Ēλ), λ = e, µ, τ, W, (2.38)

where we have used the relation

mχ±
j
(s3

χ±
j

· pλ) = −
m2

χ±
j

|~pχ±
j
|(Eλ − Ēλ) (2.39)

and the kinematical factors Ēλ and ∆λ have been defined in eqs. (D.12-D.15).
The factor ηλ± in eq. (2.38) is a measure of parity violation in the decay process.

It is thus maximal, η`± = ±1, for the decay χ̃±
j → `± ν̃

(∗)
` , for ` = e, µ, since the

sneutrino couples purely left handed. For ` = τ or for chargino decays into a W
and a neutralino, the factors ητ± , eq. (C.60), and ηW±, eq. (C.61), respectively,
are generally smaller, thus reducing Σ3

D.
The energy distribution of the decay particle λ± is now given by

dσλ±

dEλ

=
σλ

2∆λ

[

1 + ηλ±

Σ̄3
P

P̄

(Eλ − Ēλ)

∆λ

]

, (2.40)
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where we have defined averages of the production density matrix coefficients over
the chargino production angles in the CMS

P̄ =
1

4π

∫

PdΩχ±, Σ̄3
P =

1

4π

∫

Σ3
P dΩχ± . (2.41)

Further, the cross section for production and subsequent decay σλ is obtained
multiplying the cross section for production σjj, eq. (2.11), times the branching
ratio BR(χ̃±

j → λ±Ñ).
Two examples of energy distributions of the decay particles `+ and `− are

shown in Fig. 2.11. The linear dependence of the distributions on the lepton
energy for `+ and `− is similar if the two end-points are exchanged. The slope of
the curves is proportional to Σ̄3

P /P̄ , the average longitudinal polarization of the
decaying chargino, as follows from eq. (2.41). Note that the energy distribution
might be difficult to measure for a small chargino-sneutrino mass difference, since
the energy range of the observed lepton is proportional to the difference of their
squared masses, see (D.13).

The form of the energy distribution, eq. (2.40), can be interpreted with help
of the decay χ̃−

j → e− ν̃∗
e , in which the electron is left handed. Orbital angular

momentum conservation along the direction of motion of the chargino, here ẑ,
leads to conservation of the z spin component sz. Since the sneutrino is a scalar,
the electron and chargino have the same spin component in z direction. Therefore,
a right-handed (left-handed) chargino decays then preferably into an electron in
backward (forward) direction, which implies slower (faster) electrons. Averaging
with the chargino polarization Σ̄3

P /P̄ leads to eq. (2.40).

2.4.5 Asymmetries in the energy distribution

For the cross section σλ± of chargino production (2.1) with subsequent two-body
decay of one of the charginos into a lepton and a sneutrino (2.2) or into a W boson
and a neutralino (2.3), we define the asymmetries Aλ+ and Aλ− for the charge
conjugated processes µ+µ− → χ̃−

i χ̃+
j , χ̃+

j → λ+Ñ and µ+µ− → χ̃+
i χ̃−

j , χ̃−
j →

λ−Ñ , respectively,

Aλ± =
σ>

λ± − σ<
λ±

σ>
λ± + σ<

λ±

λ = e, µ, τ, W. (2.42)

with the short hand notation

σ<
λ± =

∫ Ēλ

Emin
λ

dσλ±

dEλ

dEλ, σ>
λ± =

∫ Emax
λ

Ēλ

dσλ±

dEλ

dEλ. (2.43)

Using the formula for the energy distribution of the decay particle λ±, eq. (2.40),
we find that the asymmetries are proportional to the averaged longitudinal po-
larization of the decaying chargino (here we suppress the chargino index)

Aλ± =
1

2
ηλ±

Σ̄3
P

P̄
. (2.44)



CHAPTER 2. CHARGINO PRODUCTION AND DECAY IN

µ+µ−-ANNIHILATION 35

������� ����� ����� ���

�
	 ���

�
	 ���

�
	 ��

�
	 � �

�

1
σ`

dσ`

dE`
[GeV−1]

E`[GeV]

`− `+

Figure 2.11: Normalized energy distributions of the lepton for the process µ+µ− →
χ̃+

1 χ̃−
1 and decay χ̃+

1 → `+ν̃` (dot-dashed) or χ̃−
1 → `−ν̃∗

` (dashed) with
√

s = 500 GeV
and longitudinal beam polarizations PL

− = PL
+ = −0.3. The MSSM parameters are

given in Table 2.4. The shown distributions have asymmetries A`+ = 0.2 and A`− =
−0.26, see eq. (2.42).

In order to separate the resonant contributions of the Higgs exchange channels
to Σ̄3

P from those of the continuum contributions, see eqs. (2.4) and (2.41), we
study the transformation properties of the production density matrix expansion
coefficients under charge conjugation and parity.

For the production of the charge conjugated pair of charginos µ+µ− → χ̃+
i χ̃−

j ,
instead of µ+µ− → χ̃−

i χ̃+
j , the coefficients transform into

Σ3
cont → −Σ3

cont, (2.45)

P (HA)
r → −P (HA)

r , (2.46)

Σ3 (φφ)
r → −Σ3 (φφ)

r , (2.47)

while Pcont, P
(φφ)
r and Σ

3 (HA)
r do not change. The coefficients for the continuum

contributions from γ, Z and sneutrino exchange can be found in [20, 22].
For equal beam polarizations PL

+ = PL
− ≡ P the resonant contributions trans-

form under P → −P into

P (HA)
r → −P (HA)

r , (2.48)

Σ3 (HA)
r → −Σ3 (HA)

r , (2.49)

while the terms P
(φφ)
r , Σ

3 (φφ)
r and the continuum contributions Pcont and Σ3

cont,
given in [20, 22], are invariant.

It is useful to discuss the production of equal and unequal charginos separately.

2.4.5.1 Production of equal charginos

If equal charginos are produced, µ+µ− → χ̃+
j χ̃−

j , the resonant contributions

Σ
3 (HA)
rj for the longitudinal polarization of χ̃+

j and those for the longitudinal
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polarization of χ̃−
j are equal. The corresponding continuum contributions, how-

ever, differ by a sign, see eq. (2.45), and are thus eliminated in the numerator of
the charge asymmetries

AC
λ =

1

2
[Aλ+ −Aλ−] (2.50)

=
1

2
ηλ+

Σ
3 (HA)
rj

P̄
, (2.51)

with Σ̄
3 (HA)
rj = Σ

3 (HA)
rj , see eq. (2.41). The resonant contributions can also be

isolated from the continuum contributions by taking into account their different
dependence on the beam polarizations for P ≡ PL

+ = PL
−, given in eqs. (2.48)

and (2.49). Then the invariant continuum contributions are eliminated in the
polarization asymmetries

Apol
λ± =

1

2
[Aλ±(P) −Aλ±(−P)] (2.52)

=
1

2
ηλ±

Σ
3 (HA)
rj (P)

P̄
. (2.53)

Since Σ
3 (HA)
rj , eq. (2.33), describes the interference of the H and A exchange

amplitudes, non-vanishing asymmetries AC
λ and Apol

λ± are a clear indication of
nearly degenerate scalar resonances with opposite CP quantum numbers in the
production of equal charginos.

2.4.5.2 Production of χ̃∓
1 χ̃±

2

The asymmetries AC
λ , eq. (2.51), and Apol

λ±, eq. (2.53), have to be generalized for

the production of unequal charginos, µ+µ− → χ̃+
1 χ̃−

2 , since the coefficient P
(HA)
r ,

eq. (2.7), does not vanish. We define the generalized charge asymmetry

ÃC
λ =

σ>
λ+ − σ<

λ+ − σ>
λ− + σ<

λ−

σ>
λ+ + σ<

λ+ + σ>
λ− + σ<

λ−

, λ = e, µ, τ, W, (2.54)

with the short hand notation of eq. (2.43).

Using the definition of σλ± , eq. (2.40) and the chargino charge transformation
properties of the coefficients P and Σ3

Pj, eqs. (2.45)-(2.47), the resonant contri-
butions can be separated, in analogy to eq. (2.51),

ÃC
λ =

1

2
ηλ+

Σ
3 (HA)
rj

P̄cont + P
(HH)
r + P

(AA)
r

, (2.55)

with P̄
(φφ)
r = P

(φφ)
r .
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Analogously we define the generalized polarization asymmetry obtained from
the energy distribution of λ± = e±, µ±, τ±, W± from the two-body decay of one
of the charginos

Ãpol
λ± =

σ>
λ±(P) − σ<

λ±(P) − σ>
λ±(−P) + σ<

λ±(−P)

σ>
λ±(P) + σ<

λ±(P) + σ>
λ±(−P) + σ<

λ±(−P)
, (2.56)

=
1

2
ηλ±

Σ
3 (HA)
rj (P)

P̄cont + P
(HH)
r + P

(AA)
r

, (2.57)

for equal beam polarizations PL
+ = PL

− ≡ P. For the production of equal

charginos these asymmetries reduce to their equivalents AC
λ and Apol

λ±, defined
in eqs. (2.51) and (2.53), respectively.

2.4.6 Determination of the Higgs-chargino couplings in
production and decay

In the previous sections we have shown that the coefficient Σ3
rj (2.33) of the

longitudinal chargino polarization is sensitive to the interference of the H and A
Higgs bosons. Their interference determines the sign γ of the product of couplings

κ = Im{c(Hµ)c(Aµ)∗}Im{c(H)
R c

(A)∗
R } = γ |c(Hµ)c(Aµ)c

(H)
R c

(A)
R |, (2.58)

which appears in

Σ
3(HA)
rj = g4PRe{∆(H)∆(A)∗}Im{c(Hµ)c(Aµ)∗}Im{c(H)

R c
(A)∗
R }s

√

λjj, (2.59)

where we focus on the pair production of charginos µ+µ− → χ̃+
j χ̃−

j with equal
muon beam polarizations PL

+ = PL
− ≡ P. Since we assume CP conservation, γ

can take the value ±1 for interfering amplitudes of opposite CP eigenvalues, and
vanishes for interfering amplitudes with same CP eigenvalues. A measurement
of γ would thus be a unique test of the CP properties of the Higgs sector in the
underlying supersymmetric model.

The coefficient Σ
3(HA)
rj can be obtained from the chargino production cross

section

σ(µ+µ− → χ̃+
j χ̃−

j ) =

√

λjj

4πs2
P̄ , (2.60)

and the charge asymmetry AC
λ , eq. (2.51)

Σ
3(HA)
rj =

8πs2

ηλ+

√

λjj

σ(µ+µ− → χ̃+
j χ̃−

j )AC
λ . (2.61)
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Now the product of couplings κ can be determined by a comparison of eq. (2.61)
with eq. (2.59). Alternatively, using the polarization asymmetry Apol

λ± (2.53), we
find

Σ
3(HA)
rj =

8πs2

ηλ±

√

λjj

σ(µ+µ− → χ̃+
j χ̃−

j )Apol
λ±. (2.62)

In addition, a measurement of the asymmetries AC
λ , eq. (2.51), or Apol

λ± eq. (2.53),
allows the determination of the ratio

Σ3
rj

Pr
=

σ(µ+µ− → χ̃+
j χ−

j )

σr(µ+µ− → χ̃+
j χ−

j )

2

ηλ+

AC
λ (2.63)

=
σ(µ+µ− → χ̃+

j χ−
j )

σr(µ+µ− → χ̃+
j χ−

j )

2

ηλ±

Apol
λ±, (2.64)

using the charge or polarization asymmetry, respectively. The resonant contribu-
tions

σrj(µ
+µ− → χ̃+

j χ̃−
j ) =

√

λjj

4πs2
Pr, with Pr = P̄r, (2.65)

to the cross section can be obtained by subtracting the continuum contributions.
The latter can be estimated by extrapolating the production line shape below
and above the resonance region [25]. Uncertainties due to detection efficiencies
of the chargino decay products cancel out in the ratio

σrj(µ
+µ− → χ̃+

j χ−
j )

σ(µ+µ− → χ̃+
j χ−

j )
=

Pr

P̄
. (2.66)

After inserting the expressions of Σ
3(HA)
r (2.59) and Pr (2.6) we obtain

Σ3
rj

Pr
=

2P
1 + P2

2γ Re{∆(H)∆∗(A)}
√

s+s

q |∆(H)|2 s+ + q−1 |∆(A)|2 s
, (2.67)

with

s+ = s − 4m2
χ±

j

=
λjj

s
, (2.68)

q =
|c(Hµ)c

(H)
R |

|c(Aµ)c
(A)
R |

. (2.69)

It is now possible to solve (2.67) for q as well as for γ.
For our analysis we have assumed that the masses and widths of the Higgs reso-

nances H and A can be measured. The resonance parameters of nearly degenerate
Higgs bosons with different CP quantum numbers may e.g. be determined by
using transverse beam polarizations, which enhances or suppresses the Higgs ex-
change channels depending on their CP quantum numbers [34]. Alternatively,
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the if both chargino decays are observed, their transverse polarizations can be
used to separate the CP -even and CP -odd Higgs exchange contributions, see
Section 2.5.2.

Note that γ (2.58) can only be determined by measuring the charge or po-
larization asymmetries AC

λ and Apol
λ±, which are sensitive to the H–A interfer-

ence channels. A determination of γ from a measurement of the cross section
σ(µ+µ− → χ̃+

j χ̃−
j ) is not possible, since it contains contributions from pure H or

A exchange only.

2.4.7 Numerical results

We analyze numerically the charge asymmetry AC
` (2.50) of the lepton energy

distribution for the production of equal charginos µ+µ− → χ̃+
1 χ̃−

1 in Section 2.4.8,
The feasibility of measuring the asymmetries depends also on the corresponding
production cross sections which we discuss in our scenarios. For the calculation
of the Higgs masses and widths we use the program HDECAY [32]. For the cal-
culation of the branching ratios and widths of the decaying charginos we include
the two-body decays

χ̃±
1 → e±ν̃e, µ±ν̃µ, τ±ν̃τ , ẽ±Lνe, µ̃±

Lνµ, τ̃±
1,2ντ , W±χ̃0

n, (2.70)

and neglect three-body decays. In order to reduce the number of parameters,
we assume GUT relations for the gaugino mass parameters, related by M1 =
5/3 M2 tan2 θW , and for the slepton masses, related to the scalar mass parameter
m0 at the GUT scale by the approximate renormalization group equations [35]
given in Appendix A.4.1 In the stau sector we fix the trilinear scalar coupling
parameter Aτ = 250 GeV.

2.4.8 Production of χ̃+
1 χ̃−

1

In the following subsections we study the dependence of the asymmetries and
cross sections on the MSSM parameters µ, M2, tan β and mA, as well as on the
center of mass energy

√
s.

2.4.8.1 µ and M2 dependence

In Fig. 2.12a we show the contour lines of the chargino production cross section
σ(µ+µ− → χ̃+

1 χ̃−
1 ) in the µ–M2 plane for

√
s = mA and beam polarizations

PL
− = PL

+ = −0.3, with mA = 500 GeV, tanβ = 10 and m0 = 70 GeV.
At

√
s = mA ≈ mH the production cross section is close to its peak value,

since the two Higgs resonances are nearly degenerate. The main contributions
to the cross section, which reaches up to 2 pb, are from the resonant ones. For
increasing values of |µ| the couplings of both H and A to the charginos decrease,
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leading to smaller resonant contributions. The continuum contributions from h,
γ, Z and ν̃µ exchange reach 0.5 pb at most.

We show contour lines of the chargino branching ratio BR(χ̃+
1 → e+ν̃e) in the

µ–M2 plane in Fig. 2.12b, where also the allowed region for the chargino two-body
decay χ̃+

1 → e+ν̃e is indicated. The sneutrinos are rather light for m0 = 70 GeV,
such that this chargino decay mode is open for |µ| >∼ 200 GeV and reaches values
of up to 20%.

For the chargino decay into an electron χ̃±
1 → e±ν̃

(∗)
e , we show in Fig. 2.12c

contour lines of the charge asymmetry AC
e (2.50) which reaches values of up

to 24%. The asymmetry depends only weakly on the character of chargino
mixing, since AC

e is proportional to a ratio of the couplings, see (2.63) and
(2.67). In the ideal case of maximal H-A interference and vanishing contin-
uum contributions, the asymmetry could reach its maximum absolute value of
|PL

+ + PL
−|/(1 + PL

+PL
−)/2 ≈ 28%, as follows from (2.51) for PL

+ = PL
− = −0.3.

Thus the shown values of AC
e in Fig. 2.12c are large, since the amplitudes

of the interfering H and A Higgs bosons are roughly of the same magnitude in
the resonance region

√
s = mA. Near the production threshold

√
s = 2mχ±

1

the asymmetry decreases due to the p-wave suppression of the CP -even scalar
exchange amplitude.

In Fig. 2.12d we show the contour lines of the significance SC
e , eq. (D.31), for

an integrated effective luminosity Leff = 1 fb−1. Due to the large asymmetry AC
e

and cross section σ(µ+µ− → χ̃+
1 χ̃−

1 ) × BR(χ̃+
1 → e+ν̃e) for chargino production

and subsequent decay, AC
e can be measured with a significance SC

e > 1 for a
luminosity Leff = O(fb−1). The same values of the significance are obtained for
the muonic chargino decay mode χ̃+

1 → µ+ν̃µ.
In Fig. 2.13 we show similar contours as in Fig. 2.12 for µ > 0. For tan β � 1

the chargino sector is not very sensitive to the sign of µ. Here, for tan β = 10,
we observe that the chargino production cross section σ(µ+µ− → χ̃+

1 χ̃−
1 ), shown

in Fig. 2.13a, is indeed almost the same for both values of µ. However, for µ > 0
charginos are slightly lighter. This implies that the kinematical limit for the
two-body decay χ̃+

1 → e+ν̃e is found at larger values of |µ|, as can be observed
in Fig. 2.13b for the branching ratios for this process, which are slightly smaller.
The asymmetry AC

e (2.50) and the statistical significance SC
e for an integrated

effective luminosity Leff = 1 fb−1 are shown in Figs. 2.13c and 2.13d, respectively.
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Figure 2.12: µ+µ− → χ̃+
1 χ̃−

1 , χ̃+
1 → ν̃ee

+. Contour lines of the cross section σ(µ+µ− →
χ̃+

1 χ̃−
1 ) (a), the branching ratio BR(χ̃+

1 → e+ν̃e) (b), the charge asymmetry AC
e (c)

and the significance SC
e for an integrated effective luminosity Leff = 1 fb−1 (d) in the

µ–M2 plane for µ < 0, mA = 500 GeV, tan β = 10, m0 = 70 GeV,
√

s = 500 GeV
and longitudinal beam polarizations PL

+ = PL
− = −0.3. The dashed line indicates

the kinematical limit 2mχ±
1

=
√

s. The area A (B) is kinematically forbidden by

2mχ±
1

>
√

s (mν̃e > mχ±
1

). The shaded area is excluded by mχ±
1

< 103 GeV.
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Figure 2.13: µ+µ− → χ̃+
1 χ̃−

1 , χ̃+
1 → ν̃ee

+. Contour lines of the cross section σ(µ+µ− →
χ̃+

1 χ̃−
1 ) (a), the branching ratio BR(χ̃+

1 → e+ν̃e) (b), the charge asymmetry AC
e (c)

and the significance SC
e for an integrated effective luminosity Leff = 1 fb−1 (d) in the

µ–M2 plane for µ > 0, mA = 500 GeV, tanβ = 10, m0 = 70 GeV,
√

s = 500 GeV
and longitudinal beam polarizations PL

+ = PL
− = −0.3. The dashed line indicates

the kinematical limit 2mχ±
1

=
√

s. The area A (B) is kinematically forbidden by

2mχ±
1

>
√

s (mν̃e > mχ±
1

). The shaded area is excluded by mχ±
1

< 103 GeV.
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Table 2.4: Scenario A for µ+µ− → χ̃+
1 χ̃−

1 .

tanβ = 10 mA = 500 GeV mχ±
1

= 197 GeV BR(χ̃+
1 → e+ν̃e) = 19%

µ = −500 GeV ΓA = 1.41 GeV mχ±
2

= 514 GeV BR(χ̃+
1 → µ+ν̃µ) = 19%

M2 = 200 GeV mH = 500.07 GeV mχ0
1

= 100 GeV BR(χ̃+
1 → τ+ν̃τ ) = 19%

m0 = 70 GeV ΓH = 1.20 GeV mν̃e = 180 GeV BR(χ̃+
1 → τ̃+

1 ντ ) = 43%

Table 2.5: Scenario B7 for µ+µ− → χ̃+
1 χ̃−

1 , chargino and slepton parameters.

tan β = 7 mχ±
1

= 158 GeV BR(χ̃+
1 → e+ν̃e) = 22%

µ = −400 GeV mχ±
2

= 417 GeV BR(χ̃+
1 → µ+ν̃µ) = 22%

M2 = 160 GeV mχ0
1

= 81 GeV BR(χ̃+
1 → τ+ν̃τ ) = 22%

m0 = 70 GeV mν̃e = 145 GeV BR(χ̃+
1 → τ̃+

1 ντ ) = 33%

2.4.8.2
√

s dependence

In order to study the dependence of the asymmetries and the chargino production
cross sections on the center of mass energy, we choose a representative point in
the µ–M2 plane with µ = −500 GeV and M2 = 200 GeV. The parameters and
resulting Higgs masses and widths for this point, called scenario A, are given in
Table 2.4. The branching ratios for χ̃+

1 → W+χ̃0
1 and χ̃+

1 → ẽ+
Lνe are smaller

than 0.3%.

In Fig. 2.14a we show the energy distribution asymmetry Ae+, eq. (2.42), for
the decay χ̃+

1 → e+ν̃e, and the asymmetry Ae− for the charge conjugated process,
with longitudinal beam polarizations PL

+ = PL
− = −0.3. In addition we show the

charge asymmetry AC
e = (Ae+−Ae−)/2, see eq. (2.50), which reaches its maximal

value of 23% at
√

s ≈ mA = 500 GeV. Since the continuum contributions from
γ, Z and ν̃µ exchange cancel out in AC

e , it asymptotically vanishes far from the
resonance region. The

√
s dependence of the chargino production cross section

is shown in Fig. 2.14b. We show the corresponding statistical significance
SC

e , defined in eq. (D.31), for an effective integrated luminosity Leff = 1fb−1 in
Fig. 2.14c.

2.4.8.3 mA and tan β dependence

In Fig. 2.15a we compare the charge asymmetries AC
e (2.50) for scenarios B7, B7’

and B7” of Tables 2.5 and 2.6, that differ only in mA = {350, 400, 500} GeV, as a
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Figure 2.14: µ+µ− → χ̃+
1 χ̃−

1 , χ̃±
1 → e±ν̃(∗). Asymmetries (a), chargino production

cross section (b) and significance for Leff = 1fb−1 (c), with longitudinal beam polar-
izations PL

+ = PL
− = −0.3 for Scenario A, given in Table 2.4.

Table 2.6: Scenarios B7, B7’ and B7”, Higgs sector parameters.

B7 B7’ B7”

mA[GeV] 350 400 500

mH [GeV] 350.7 400.6 500.4

ΓA[GeV] 0.56 1.00 1.4

ΓH [GeV] 0.43 0.65 1.1

function of
√

s−mA. We show the corresponding cross sections for µ+µ− → χ̃+
1 χ̃−

1

in Fig. 2.15b. For increasing Higgs masses their widths increase, and thus the
interference of the H and A exchange amplitudes. However, the maxima of the
asymmetries are reduced by larger continuum contributions to the cross section.
For smaller Higgs masses, here mA = 350 GeV, the threshold effects are stronger.
Since a Dirac fermion-antifermion pair has negative intrinsic parity, and thus the
CP -even H resonance is p-wave suppressed, the peak cross section is found at√

s ≈ mA, where the asymmetry nearly vanishes. The asymmetry changes sign
between the two resonances, whose mass difference is larger than their widths, due
to the complex phases of the propagators. Its maximum is found at center of mass
energies slightly above mH where the phases of the propagators are roughly equal
and the amplitudes of similar magnitude. In Fig. 2.15c we show the statistical
significance SC

e for an integrated effective luminosity Leff = 1 fb−1. We find
statistical significances of SC

e > 3, albeit not in the entire resonance region for
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Figure 2.15: µ+µ− → χ̃+
1 χ̃−

1 , χ̃±
1 → e±ν̃

(∗)
e . Asymmetry AC

e (a), cross sec-
tion σ(µ+µ− → χ̃+

1 χ̃−
1 ) (b) and significance SC

e for Leff = 1 fb−1 (c) for sce-
narios B7 (solid), B7’ (dashed) and B7” (dot-dashed) of Table 2.5 and 2.6 with
mA = 350 GeV, 400 GeV and 500 GeV, respectively, and longitudinal beam polar-
izations PL

+ = PL
− = −0.3.

scenarios B7 and B7’ with smaller mA.
Increasing tan β the mass difference mH − mA decreases and the widths ΓH

and ΓA increase. This results in a larger overlap of the resonances, leading to
large asymmetries AC

e in the resonance region. In addition, since the couplings
of the muons to the Higgs bosons (B.3) and (B.4) are proportional to tanβ,
larger values imply smaller relative continuum contributions that enhance the
asymmetries. The influence of these effects can be observed comparing the plot
of AC

e in Fig. 2.15a for scenario B7”, where tan β = 7, with the plot of AC
e in

Fig. 2.14a for scenario A, where tanβ = 10.

2.4.8.4 Chargino decay into W bosons

If the sleptons are heavier than the charginos, the chargino decay into a W boson,
χ̃±

1 → W±χ̃0
1, might be the only allowed two-body decay channel. In this case

only the asymmetries of the energy distribution of the W boson, AC
W and Apol

W±,
eqs. (2.50) and (2.52), respectively, are accessible. These asymmetries are reduced
by a factor ηW±, eq. (C.61), with respect to the asymmetries for leptonic chargino
decay modes. In Fig. 2.12c we have shown the contour lines of the leptonic charge
asymmetry AC

e (2.50) in the µ–M2 plane for tanβ = 10. The values of AC
e have

to be multiplied by ηW+ = −ηW−, which we show in Fig. 2.16, to obtain the
asymmetry AC

W = ηW+ × AC
e . Although the asymmetries are suppressed by

|ηW±| ≈ 0.2 − 0.4, and uncertainties in the energy measurement of the W boson
lead to lower effective integrated luminosities, statistics will be gained from large
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Figure 2.16: Contour lines of ηW− (C.61) for the decay χ̃−
1 → W−χ̃0

1 in the µ–M2

plane for tanβ = 10. The dashed line indicates the kinematical limit for 2mχ±
1

=
√

s =

500 GeV. The dark shaded area is kinematically forbidden by mχ± < mW + mχ0
1
. The

light shaded area is experimentally excluded by mχ±
1

< 103 GeV.

branching ratios, BR(χ̃±
1 → W±χ̃0

1) = 1.

2.4.9 Summary of Section 2.4

We studied the energy distributions of the lepton or W-boson from the decay
χ̃±

j → `±ν̃`, ` = e, µ, τ , or χ̃±
j → W±χ̃0

1, respectively, from a chargino pro-
duced in µ+µ−-annihilation with longitudinally polarized beams. These energy
distributions are correlated to the chargino longitudinal polarization. We have
shown that the interference of H and A can be analyzed using asymmetries in
these energy distributions. The asymmetries allow a determination of chargino
couplings to the H and A bosons and in particular a determination of their rel-
ative phase. In a numerical study we have analyzed the production of χ̃+

1 χ̃−
1 for

different MSSM scenarios and found asymmetries which are maximal for nearly
degenerate H and A bosons. In the numerical analysis of the chargino cross sec-
tions and branching ratios, we have shown that the asymmetries are accessible
at a future muon collider with polarized beams.
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2.5 Production of chargino pairs with subsequent

decay of both charginos

We can further probe the Higgs-chargino interaction with the correlation of the
polarizations of both charginos in the process µ+µ− → χ̃∓

i χ̃±
j . Therefore we study

the subsequent two-body decay of both charginos. We build asymmetries of the
energy and angular distributions of the final particles and discuss their dependence
on the Higgs-chargino couplings.

In the preceding section we have discussed the spin correlation between pro-
duction and decay of one of the charginos in the production process (2.1). We
found that two-body decays in which parity is not conserved are very useful
probes of the chargino polarizations. The parity violation in the decay is given
by the coefficient ηλ±, where λ denotes the observed final particle.

Now we analyze the spin-spin correlation terms of the charginos, described
by the last term of the spin density matrix, eq. (C.25). We analyze the polar-
izations of the charginos using their two-body decays. Therefore, the spin-spin
correlations are related to correlations of the momenta of the final particles.

As discussed in Section 2.1, we subdivide the expansion coefficients of the
chargino production density matrix into contributions from the Higgs resonances
Σab

rj
and the continuum Σab

contj
, eq. (2.4). The resonant contributions are further

separated into pure Higgs exchange and interference terms

Σab
r =

∑

φ=H,A

Σab (φφ)
r + Σab (HA)

r , a, b = 1, . . . , 3. (2.71)

Evaluating the spin density matrix in the CMS and using the notation of Sec-
tion 2.4.2, these coefficients are given by

Σab (φφ)
r = δab

g4

8
(1 + PL

+PL
−)|∆(φ)|2|c(φµ)|2

[

(|c(φ)
L |2 + |c(φ)

R |2)A(a) + 2Re{c(φ)
L c

(φ) ∗
R }B(a)

]

s, (2.72)

Σab (HA)
r = Σ

ab (HA)
r,0 + Σ

ab (HA)
r,abs , (2.73)

Σ
ab (HA)
r,0 = δab

g4

4
(PL

+ + PL
−)Re{∆(H)∆(A)∗}Im{c(Hµ)c(Aµ)∗} (2.74)

[

Im{c(H)
L c

(A) ∗
L + c

(H)
R c

(A) ∗
R }A(a) + Im{c(H)

L c
(A) ∗
R + c

(H)
R c

(A) ∗
L }B(a)

]

s,

Σ
ab (HA)
r,abs =

g4

4
(PL

+ + PL
−)Im{∆(H)∆(A)∗}Im{c(Hµ)c(Aµ)∗}

Im{c(H)
L c

(A) ∗
R − c

(H)
R c

(A) ∗
L }C(ab) s, (2.75)

with

A(1) = −A(2) = −B(3) = 2mχ±
i
mχ±

j
, (2.76)
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B(1) = −B(2) = −A(3) = −(s − m2
χ±

i

− m2
χ±

j

), (2.77)

C(12) = C(21) = −
√

λij, C(ab) = 0 otherwise, (2.78)

and λij defined in eq. (2.34).
It is instructive to compare the spin-spin correlation coefficient Σab

r with the
spin density matrix coefficient Pr, eqs. (2.6) and (2.7).

The non-absorptive parts of the spin-spin correlation coefficients, eqs. (2.72)
and (2.74), depend on the same combinations of couplings as the spin independent
coefficients Pr. Setting a = b = 3 in eqs. (2.72) and (2.73) for the longitudinal
chargino polarization leads to

P (αβ)
r = Σ33(αβ)

r , (2.79)

with α, β = H, A. This relation implies that the longitudinal polarizations of the
charginos produced via scalar exchange are equal, as follows from angular momen-
tum conservation and from the requirement that the orbital angular momentum
in the direction of motion of the charginos is zero.

More interesting are the transverse polarizations of the charginos. There is no
preferred direction in a process that proceeds via s-channel scalar exchange, as in
the case of the resonant contributions to chargino pair production. Therefore, for
the transverse polarizations of the charginos, there is a symmetry under rotations
around the direction of motion of the charginos. In Section 2.4 we found that,
summing over the transverse polarization of one of the chargino, the transverse
polarization of the other chargino had thus to vanish. For the spin-spin correla-
tion terms, this symmetry implies that observables will depend only the relative
direction of the polarizations and not on the production plane. Therefore we
expect to find two observables, one which relates parallel transverse polarizations
and one which relates polarizations orthogonal to each other.

The non-absorptive parts of Σab
r , eqs. (2.72) and (2.74), relate only equal po-

larizations, i.e. Σab
r ∝ δab. The transverse polarization spin-spin correlation coeffi-

cients Σ11
r and Σ22

r depend on the same combinations of couplings as Pr, as found
for Σ33

r . However, these combinations of couplings appear with different coeffi-
cients A(a) and B(a). Therefore, the transverse polarization coefficients contain
complementary information on the Higgs-chargino interaction.

For unequal charginos, the spin-spin polarizations provide unique information
which allows to separate the first and second term in the right hand side of
eqs. (2.72) and (2.74).

For equal charginos the relations between Σ
aa(φφ)
r , a = 1, 2, and P

(φφ)
r simplify

to

Σ11 (φφ)
r = −Σ22 (φφ)

r = −ηφP (φφ)
r , (2.80)

where ηφ = ±1 is the CP quantum number of the exchanged Higgs boson φ.
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Therefore, for a single resonance, this relation allows to measure ηφ. For
two overlapping resonances with different CP quantum numbers, we may use
eq. (2.80) to separate the production cross sections. For H and A we obtain

Pr = P (AA)
r + P (HH)

r , (2.81)

Σ11
r = P (AA)

r − P (HH)
r , (2.82)

from which follows

P (HH)
r =

1

2
(Pr − Σ11

r ), (2.83)

P (AA)
r =

1

2
(Pr + Σ11

r ). (2.84)

Note that, since for equal charginos the interference coefficients P
(HA)
r and

Σ
aa(HA)
r , a = 1, 2, vanish, eqs. (2.83) and (2.84) just separate the CP -even and

CP -odd contributions to the coefficient Pr and may be generalized to

P (CP+)
r =

1

2
(Pr − Σ11

r ), (2.85)

P (CP−)
r =

1

2
(Pr + Σ11

r ). (2.86)

However, these relations do not allow to distinguish between two overlapping
resonances with different CP quantum numbers and a single resonance with CP
violating couplings. To prove the existence of interfering resonances we need to
study the spin-correlations between production and decay as in Section 2.4.

The absorptive part of the spin-spin coefficient, eq. (2.75), which correlates or-
thogonal transverse polarizations, has no analogous term in the spin independent
coefficients. Both for equal as for different charginos pairs, eq. (2.75) depends on
a new combination of couplings. It is significant if the resonances overlap but are
not exactly degenerate, so that

|Im{∆(H)∆(A)∗}|
|∆(H)||∆(A)| ∼ O(1). (2.87)

2.5.1 Energy distribution

The amplitude squared for chargino pair production with subsequent decay of
both charginos, shown in eq. (C.32), is used to evaluate the double energy distri-
bution in Eλ and Eλ′ for the decays χ̃∓

i → λ∓Ñ and χ̃±
j → λ′±Ñ ′, respectively,

as in Section 2.4.4, eqs. (2.38) and (2.40). Denoting with σλ,λ′ the cross sec-
tion for our process of chargino production and decay and using the notation of
Section 2.4.4 for the kinematical limits, the double energy distribution can be
expressed in the form

d2σλ,λ′

dEλdEλ
=

σλ,λ′

4∆λ∆λ′

[1 + Bλ(Eλ − Ēλ) + Bλ′(Eλ′ − Ēλ′)

+Cλλ′(Eλ − Ēλ)(Eλ′ − Ēλ′)], (2.88)
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with

Bλ = ηλ∓

1

∆λ

Σ̄3
P

P̄
, (2.89)

Bλ′ = ηλ′±

1

∆λ′

Σ̄3
P

P̄
, (2.90)

Cλλ′ = ηλ∓ηλ′±

1

∆λ∆λ′

Σ̄33
P

P̄
. (2.91)

Here we have defined averages over the chargino production angles in the CMS

P̄ =
1

(4π)2

∫

PdΩχ+dΩχ−, (2.92)

Σ̄a
P =

1

(4π)2

∫

Σa
P dΩχ+dΩχ−, (2.93)

Σ̄ab
P =

1

(4π)2

∫

Σab
P dΩχ+dΩχ−. (2.94)

In order to isolate the spin-spin correlation contribution in the energy distri-
bution, eq. (2.88), we define the asymmetry

Aλλ′ =
σ<<

λλ′ + σ>>
λλ′ − σ<>

λλ′ − σ><
λλ′

σ<<
λλ′ + σ>>

λλ′ + σ<>
λλ′ + σ><

λλ′

(2.95)

=
1

4
ηλ∓ηλ′±

Σ̄33
P

P̄
, (2.96)

with the short hand notation

σ<<
λλ′ =

∫ Ēλ

Emin
λ

∫ Ēλ′

Emin
λ′

dσλλ′

dEλdE ′
λ

dEλdEλ′, (2.97)

σ<<
λλ′ =

∫ Emax
λ

Ēλ

∫ Emax
λ′

Ēλ′

dσλλ′

dEλdE ′
λ

dEλdEλ′ , (2.98)

σ<>
λλ′ =

∫ Emax
λ

Ēλ

∫ Ēλ′

Emin
λ′

dσλλ′

dEλdE ′
λ

dEλdEλ′, (2.99)

σ><
λλ′ =

∫ Emax
λ

Ēλ

∫ Ēλ′

Emin
λ′

dσλλ′

dEλdE ′
λ

dEλdEλ′. (2.100)

As discussed in the preceding section, if only scalar s-channel exchange con-
tributes to the spin-spin correlation terms inserting (2.79) into (2.96) we obtain

Aλλ′ =
1

4
ηλ∓ηλ′± . (2.101)

We conclude that, assuming that the resonant contributions can be well sepa-
rated, the asymmetry of the energy distributions is only sensitive to the scalar
character of the exchange channel and to the product of decay factors ηλ∓ηλ′± .



CHAPTER 2. CHARGINO PRODUCTION AND DECAY IN

µ+µ−-ANNIHILATION 51

2.5.2 Angular distributions

In this section we analyze the dependence of the differential cross section on the
azimuth angles of the decay particles λ∓ and λ′±. The non-absorptive and ab-
sorptive parts of the production spin density matrix depending on the transverse
polarizations can be thus extracted with two asymmetries.

To obtain the dependence of the amplitude squared of production with subse-
quent decays, eq. (C.32), on the azimuth angles of the decay particles we express
the decay matrix coefficients Σa

D, a = 1, 2 given explicitly in Section C.3.1, in
the CMS. For the decay χ̃±

j → λ′±Ñ ′, λ′ = e, µ, τ, W , we obtain

Σ1
D = ηλ′±D sin θj cos ϕj, (2.102)

Σ2
D = ηλ′±D sin θj sin ϕj. (2.103)

Here θj and ϕj are the polar and azimuth angles of λ′± with respect to the
momentum of χ̃±

j , see Section D.2.

For the decay χ̃∓
i → λ∓Ñ the decay matrix coefficients are

Σ1
D = −ηλ∓D sin θi cos ϕi (2.104)

Σ2
D = ηλ∓D sin θi sin ϕi, (2.105)

with θi and ϕi the polar and azimuth angles of λ∓ in the reference frame Rχj

given in Section C.1.4, where the momentum of χ̃±
j , ~pχ±

j
defines the z-axis.

The differential cross section can then be expressed in the form

d2σλ,λ′

dϕidϕj
=

σλ,λ′

4π2
[1 + K11 cos ϕi cos ϕj + K22 sin ϕi sin ϕj

+ K12 cos ϕi sin ϕj + K21 sin ϕi cos ϕj], (2.106)

where the coefficients Kab depend on the spin-spin correlation coefficients Σab
P .

For the resonant contributions of H and A exchange, eq. (2.106) further sim-
plifies due to the relations Σ11

r = −Σ22
r and Σ12

r = Σ21
r , see eqs. (2.76) and (2.77),

d2σλ,λ′

dϕidϕj

=
σλ,λ′

4π2
[1 + K11 cos(ϕi − ϕj) + K12 sin(ϕi − ϕj)], (2.107)

with

K11 = −ηλ∓ηλ′±KλKλ′

Σ̄11
r

P̄
, (2.108)

K12 = −ηλ∓ηλ′±KλKλ′

Σ̄12
r

P̄
, (2.109)

where the average over the chargino production angles Σ̄ab
P is defined in eq. (2.94).

Further, the coefficients Kλ and Kλ′ result from the integration over the polar
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angles of the decay particles λ and λ′, respectively. Since the kinematics of
the decay depends on the mass difference between the chargino and its decay
particles, we need to distinguish the two cases, see Section 2.4.3. For mλ < m̄λ,
with m̄λ = (m2

χ±
j

− m2
λ − m2

Ñ
)/2Eχ±

j
, the polar angle θ is not bounded and we

have

Kλ =
1

2

∫ π

0

dθ sin2 θ =
π

4
, (2.110)

while for mλ > m̄λ

Kλ =

∫ θmax

0

dθ sin2 θ =
1

2
θmax. (2.111)

Analogous expressions follow for Kλ′ .
Note that the differential cross section, eq. (2.107), only depends on the differ-

ence of the azimuth angles ϕi − ϕj. The absolute value |ϕi − ϕj| is independent
of the production plane since it is obtained from the relation

cos θλλ′ = cos θi cos θj + sin θi sin θj cos(ϕi − ϕj), (2.112)

where θλλ′ denotes the angle between λ and λ′ and θj and θi are functions of
the energies Eλ and Eλ′ , see eq. (2.35). The sign of ϕi − ϕj depends on the
orientation of the momenta of the decay particles with respect to one of the
charginos, with the formalism chosen here χ̃±

j . Therefore, the momentum of
the charginos, and thus the production plane, needs to be determined. This is
possible if the subsequent decay of either Ñ or Ñ ′ can be reconstructed.

If the continuum contributions need to be taken into account we must substi-
tute in eqs. (2.108) and (2.109)

Σ̄11
r → Σ̄11

r +
1

2
(Σ̄11

cont − Σ̄22
cont) ≡ Σ̄‖, (2.113)

Σ̄12
r → Σ̄12

r +
1

2
(Σ̄12

cont + Σ̄21
cont) ≡ Σ̄⊥. (2.114)

To isolate the two coefficients, Σ̄‖ and Σ̄⊥ we define the angular distribution
asymmetries

AT‖ =
σ(cos(ϕi − ϕj) > 0) − σ(cos(ϕi − ϕj) < 0)

σ(cos(ϕi − ϕj) > 0) + σ(cos(ϕi − ϕj) < 0)
= − 2

π
ηλ∓ηλ′±KλKλ′

Σ̄‖

P̄

(2.115)

and

AT⊥ =
σ(sin(ϕi − ϕj) > 0) − σ(sin(ϕi − ϕj) < 0)

σ(sin(ϕi − ϕj) > 0) + σ(sin(ϕi − ϕj) < 0)
= − 2

π
ηλ∓ηλ′±KλKλ′

Σ̄⊥

P̄
.

(2.116)
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2.5.3 Summary of Section 2.5

In order to analyze the spin-spin correlation terms in chargino pair production in
µ+µ−-annihilation with longitudinally polarized beams we have studied the two-
body decays of both charginos. We have defined three independent asymmetries
in the momenta of the decay particles: an asymmetry in the energy distribu-
tions of the decay particles, and two asymmetries in their transverse momentum
distributions.

For Higgs exchange channels the energy distribution asymmetry does not pro-
vide additional information on the production process. It is thus ideal to deter-
mine the decay factor ηλ∓ηλ′± , which are needed to extract information from the
angular asymmetries AT‖ and AT⊥. While the decay factors ηλ∓ and ηλ′± will be
determined at an e+e− collider, a measurement in the same process may allow to
cancel systematic uncertainties.

The azimuth angular distribution asymmetry AT‖, which is sensitive to paral-
lel transverse chargino polarizations, is of greatest interest for unequal chargino
production, since in this process it is not possible to determine the couplings in a
model independent way with the production process alone. For equal charginos
AT‖ may be used to determine the CP quantum number of a single resonance, or,
for overlapping resonances, to separate the CP -even and CP -odd contributions.

The asymmetry AT⊥ is sensitive to the absorptive parts of the production spin
density matrix, which is possible for partially interfering scalar and pseudoscalar
resonances.

2.6 Production and decay with transverse beam

polarization

Here we briefly discuss the effect of transverse polarization on pair production
and decay of charginos in µ+µ− annihilation at the neutral Higgs resonances H
and A.

The dependence of the chargino production process on transverse polarization
introduces new possibilities to probe the Higgs-neutralino interactions. Specif-
ically, for completely polarized beams, transverse polarization would allow to
create states with any CP phase. The CP -even (CP -odd) state would then be
obtained for parallel (anti-parallel) µ+ and µ− polarizations.

A general expression for the resonant contributions to the spin-density matrix
coefficients is given in Appendix C.2.1. For polarization independent coefficient
Pr for the pure Higgs exchange channels we can refer to Section 3.4, where the
effects of the transverse polarization on neutralino production is analyzed. The
analysis for charginos is analogous, in what regards the beam polarization addi-
tional effects. Transverse polarizations allow to enhance or suppress states the
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CP components of the µ+µ− pair.
For the interference of H and A, however, there is no analog in neutralino pro-

duction. In addition to the term which depends on the longitudinal beam polar-
izations there is an absorptive term given by, in the formalism of Appendix C.2.1.

The chargino polarization independent coefficient Pr of the production spin
density matrix, for longitudinally and transversely polarized beams, is obtained
from eqs. (2.6) and (2.7). with the new dependence on the beam polarization for

Pr(HA) = −2g4 Im{∆(H)∆(A)∗}, Re[`(HA)( ~P,
~P−)]

Im[aHA
+ (pχ±

i
pχ±

j
) − bHA

+ mχ±
i
mχ±

j
]}(pµ+pµ−), (2.117)

where the couplings aHA
+ and bHA

+ can be found in Appendix C.2.1.
The additional most interesting term arises in the spin-spin correlation terms,

where a non-absorptive term is obtained, which contributes to the asymmetry
AT⊥, eq. 2.116.

Σ
ab (HA)
r,T =

g4

4
[( ~P+ × ~P−) · n̂µ+] Re{∆(H)∆(A)∗}Im{c(Hµ)c(Aµ)}

Im{c(H)
L c

(A) ∗
R − c

(H)
R c

(A) ∗
L }C(ab) s, (2.118)

where the coefficient C(ab) is defined in eq. (2.78), for the notation for the cou-
plings see e.g. Section 2.5.

For detailed conclusions on the effect of transverse beam polarization of the
pure Higgs exchange contributions to the production process see Section 3.4.



Chapter 3

Neutralino production and decay
in µ+µ−-annihilation

In this chapter we study the pair production of neutralinos in µ+µ−-annihilation
for center of mass energies

√
s around the masses of the heavy neutral Higgs

bosons H and A in the MSSM,

µ+ µ− → χ̃0
i χ̃0

j , (3.1)

with i, j = 1, . . . , 4.
In order to probe the Higgs-neutralino interaction we study cross sections,

energy and angular distributions, in analogy to the chargino production process
in Chapter 2, using beam and neutralino polarizations.

The analysis of neutralino production and decay is strongly correlated to that
of charginos since both are mixing states of the supersymmetric partners of the
Higgs and electroweak gauge bosons. Therefore the structures of the Higgs-
neutralino and of the Higgs-chargino interaction are very similar. An important
difference, however, lies in the fact that neutralinos are Majorana fermions. The
couplings of the Higgs bosons to their left-handed and right-handed components
must then be related, as follows from the interaction Lagrangian, eq. (B.10). An
analogous relation is fulfilled for the Higgs-chargino couplings for equal chargino
pairs, see eq. (B.7). We thus expect the analysis of neutralino production via
Higgs boson exchange to have a strong similarity to the analysis of pair production
of equal charginos.

A phenomenological analysis of neutralino pair production is complicated by
the fact that in the MSSM there are four neutralinos and the lighter one is the
lightest supersymmetric particle (LSP) and thus escapes undetected from the
detector. We focus on the production of the lighter neutralino pairs χ̃0

i χ̃
0
j with

i = 1, j = 2, 3 and i = 2, j = 2. These neutralinos are expected to be among the
lightest observed supersymmetric particles.

We first study in Section 3.1 the dependence of the neutralino pair produc-
tion cross sections on

√
s for longitudinally polarized beams. In order to study

55
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the Higgs-neutralino interactions we need to separate the contributions from the
Higgs resonances from each other and from the non-resonant Z boson in s-channel
and µ̃L,R in t- and u-channel exchange. If the resonances do not overlap this is
straightforward and we can build ratios of cross sections which allow to determine
the Higgs-neutralino couplings, in analogy to Section 2.1 for chargino production.
An additional complication appears in neutralino production, however, since for
some neutralino pairs their couplings to one of the Higgs bosons may be small,
strongly suppressing one of the resonances.

In Section 3.2 we study neutralino pair production with the subsequent two-
body decay of one of the neutralinos

χ̃0
j → `± ˜̀∓, ` = e, µ, τ, (3.2)

for j = 2, . . . , 4 [27]. We can thus analyze the longitudinal polarizations of the
neutralinos through the energy distributions of their decays, eq. (3.2). The neu-
tralino polarizations allow to measure the interference of the overlapping Higgs
boson resonances with different CP quantum numbers. For the remaining contri-
butions to neutralino pair production from pure Higgs exchange as well as from
the continuum, the neutralino polarizations, averaged over their production an-
gles, must vanish due to their Majorana character. Here we build asymmetries in
the energy distribution of the decay leptons and numerically investigate the cross
sections, asymmetries and statistical significances for a set of sample scenarios.

In Section 3.3, we analyze the two-body decays of both neutralinos, which are
sensitive to the neutralino spin-spin correlations. and build asymmetries in the
energy and angular distributions of their final particles. Finally, in Section 3.4, we
analyze the effect of transverse beam polarization in neutralino pair production.
Both the transverse polarizations of the beams and those of the neutralinos are
sensitive to the CP quantum number of the resonant contributions and are thus
ideal to separate their CP -even and odd contributions.

3.1 Neutralino production

Here we show that, for scenarios where the two resonances can be separated, we
can probe the Higgs-neutralino interactions studying the line-shape of neutralino
pair production in µ+µ−-annihilation with longitudinally polarized beams.

At center of mass energies around the heavy Higgs bosons H and A neutralinos
are produced via the resonant s-channel exchange of H and A bosons, shown in
Fig. 3.1, as well as via the non-resonant exchange of the Z boson and of the
light Higgs boson h in the s-channel and of the t- and u-channel exchange of
µ̃L,R, shown in Fig. 3.2. The interaction Lagrangians of the Higgs exchange
channels are given in Appendix B, eqs. (B.1) and (B.10). The Lagrangians for
the non-Higgs exchange channels can be found in [22]. Assuming that the masses
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χ̃0
i

χ̃0
j
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Figure 3.1: Resonant neutralino pair production
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µ+ χ̃0
i

µ− χ̃0
j

µ̃R,L

µ+ χ̃0
j

µ− χ̃0
i

µ̃R,L

Figure 3.2: Continuum contribution to neutralino pair production

and couplings of the smuons and selectrons are equal, the contributions from the
non-Higgs channels to the production process are equivalent to those in e+e−

collisions.
For the calculation of the cross section for the combined process of neutralino

production eq. (3.1) and decay, eq. (3.2), which depends on the neutralino χ̃0
j

polarization, we use the spin density matrix formalism of [28], see Appendix C.
The unnormalized spin density matrix for neutralino pair production in µ+µ−-
annihilation ρP , eq. (C.23), is a function of the polarization degrees of the µ+

and µ− beams, denoted with Pm
+ and Pm

− , respectively, for m = 1, 2, 3. With
our choice of reference system, see Section D.1.3, P3

± ≡ PL
± denote the longitu-

dinal beam polarizations, i.e. the average helicities of the incoming muons and
antimuons, and P1

± and P2
± their transverse polarizations. In the following we

consider only longitudinally polarized beams.
The expansion coefficients of the neutralino production matrix, see eqs. (C.25)

and (C.39-C.42), subdivide into contributions from the Higgs resonances and the
continuum, respectively,

P = Pr + Pcont, Σa
Pj

= Σa
rj + Σa

cont j, Σab
P = Σab

r + Σab
cont , (3.3)

analogous to eq. (2.4) for chargino production. Here the continuum contributions
Pcont, Σa

cont and Σab
cont are those from the non-resonant Z and h in s-channel and

µ̃L and µ̃R in t- and u-channel exchange. These coefficients can be found in [22].



58

CHAPTER 3. NEUTRALINO PRODUCTION AND DECAY IN

µ+µ−-ANNIHILATION

The coefficients Σa
Pj

and Σab
P describe the polarization of the charginos and are

discussed in Sections 3.2 and 3.3.
The resonant contributions, from s-channel exchange of the Higgs bosons H

and A, are separated into pure exchange and interference terms,

Pr =
∑

φ=H,A

P (φφ)
r + P (HA)

r . (3.4)

The H-A interference term P
(HA)
r vanishes due to the Majorana nature of the

neutralinos.
In the center of mass system (CMS) we obtain for µ+µ− → χ̃0

i χ̃
0
j

P (φφ)
r =

g4

4
(1 + PL

+PL
−)|∆(φ)|2|c(φµ)|2|d(φ)

ij |2s[s − (mχ0
i
+ ηφ

ijmχ0
j
)2], (3.5)

ηφ
ij = ηφηiηj, φ = H, A, (3.6)

where ηφ is the CP quantum number of the Higgs boson φ, with ηH = −ηA =
1, and ηi and ηj are the signs of the neutralino mass matrix eigenvalues, see
Section A.3.1.

The phase factor ηφ
ij can be plus or minus one for both H and A, depending

on the signs ηi and ηj. Therefore, for unequal neutralinos, either the CP -even
or the CP -odd exchange channel is p-wave suppressed, for ηi = ηj or ηi = −ηj,
respectively.

Since the interference of H and A vanishes due to CP conservation, the pro-
duction cross section of χ̃0

i χ̃
0
j can be separated into the dominating contribu-

tions σij
H and σij

A from H and A exchange, respectively, and the background of
non-resonant channels σij

cont from Z boson, the light Higgs boson h, and t- and
u-channel exchange of µ̃L,R

σij = σij
H + σij

A + σij
cont. (3.7)

Neutralino production via the Z and µ̃L,R exchange channels will have been
thoroughly studied at linear colliders [9]. Here we neglect the contributions from
h exchange at the H and A resonances.

At CMS energy
√

s the cross sections σij
H and σij

A can be expressed in the form
(see Appendix C.1.7)

σij
φ = (2−δij)

g4

8π
(1+PL

+PL
−)|c(φµ)|2 · |d(φ)

ij |2 ·
√

λij(s) Bij
φ (s)Kφ(s), φ = H, A

(3.8)

with

Bij
φ (s) = 1 −

(mχ0
i
+ ηφ

ijmχ0
j
)2

s
, (3.9)

Kφ(s) =
[

(s − m2
φ)2 + Γ2

φm
2
φ

]−1
, (3.10)
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and

λij(s) = λ(s, m2
χ0

i
, m2

χ0
j
) (3.11)

is the triangle function defined in (E.11).

Experimentally, cross sections of neutralino production and decay are ob-
served. Therefore, for precision studies, their decays need to be taken into ac-
count. We neglect widths effects in the decays of neutralinos. Then, the total
cross section σfifj for the pair production µ+µ− → χ̃0

i χ̃
0
j with subsequent de-

cays χ̃0
k → fk, k = i, j, factorizes into the production cross section σij and the

branching ratios for the respective decay channels:

σfifj (
√

s) = σij(
√

s) × BR(χ̃0
i → fi) × BR(χ̃0

j → fj). (3.12)

Since this results holds independently of the production channel, the decay factors
out in ratios of the cross sections.

3.1.1 Determination of the Higgs-neutralino couplings in
production

Here we relate ratios of neutralino cross sections to the ratio of H-neutralino
and A-neutralino couplings. In the preceding section we have seen that, for lon-
gitudinally polarized beams, the contributions from the scalar and pseudoscalar
Higgs exchange, as well as those from the continuum, can be separated since their
interference is negligible. To isolate the resonant contributions σ

f+f−
H + σ

f+f−
A we

subtract from the measured cross section σf+f−
meas at

√
s = mH and

√
s = mA the

continuum contributions σ
f+f−
cont . However, the measured cross section σij

meas con-
tains, in addition to the resonant and continuum contributions, the background
from standard model sources. Here Z pair production constitutes the main source
of standard model background, which can be significantly reduced with appropri-
ate cuts. Therefore the resonances can be observed above the smooth standard
model background σij

SM .

We determine the total background contribution σ
f+f−
B = σ

f+f−
cont + σ

f+f−
SM by

linear interpolation of σf+f−
meas far below and above the resonance energies. The

precision of this estimate obviously depends on the variation of the background
contributions around the heavy Higgs resonances. By this procedure we avoid,
however, reference to other experiments at different energy scales as e. g. chargino
production at e+e− colliders combined with specific model calculations.

We define the ratio

r =
σ

fifj
meas(mH) − σ

fifj

B (mH)

σ
fifj
meas(mA) − σ

fifj

B (mA)
=

σij
H(mH) + σij

A(mH)

σij
H(mA) + σij

A(mA)
, (3.13)
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where in the last equality the branching ratios for the decays of the neutralinos
factor out. Therefore r is independent of the specific neutralino decay channel and
probes only the production process. We can then express the ratio of couplings

xij =

∣

∣

∣

∣

∣

d
(H)
ij

d
(A)
ij

∣

∣

∣

∣

∣

2

. (3.14)

as a function of the ratio r, the masses and widths of H and A and the masses
of the neutralinos.

From eqs. (3.8) and (3.13) results

xij =
r

Cij
·
1 − C ′

ij/r

1 − C ′′
ijr

· 1

xµ
, (3.15)

with

Cij =
βij(mH)

βij(mH)

Bij
H(m2

A)

Bij
A (m2

A)

Γ2
A

Γ2
H

, (3.16)

C ′
ij =

βij(mH)

βij(mA)

Bij
A (m2

A)

Bij
A (m2

A)
KA(m2

H)Γ2
A, (3.17)

C ′′
ij =

βij(mA)

βij(mH)

Bij
H(m2

A)

Bij
H(m2

H)
KH(m2

A)Γ2
H , (3.18)

βij(
√

s) =

√

λij(s)

s
, (3.19)

xµ =

∣

∣

∣

∣

c(Hµ)

c(Aµ)

∣

∣

∣

∣

2

, (3.20)

where Cij, C ′
ij and C ′′

ij can be determined without model dependent assumptions,
and xµ = 1 in the Higgs decoupling limit [30].

Assuming that the masses of the heavy Higgs bosons and the neutralino are
precisely known [9, 31] the precision for the determination of x depends on the
energy spread of the muon beams, the width of the H and A resonances and on
the error in the determination of the background.

3.1.2 Numerical analysis

In the numerical analysis we study the dependence on the MSSM parameters µ,
M2, tanβ and mA of χ̃0

i χ̃
0
j production in µ+µ− annihilation for i = 1, j = 2, 3

and i = j = 2 near the H and A resonances. We show neutralino production
cross sections for unpolarized beams for a set of representative scenarios.

The Higgs sector parameters and the branching ratios for the decays of H and
A into neutralinos are computed with the program HDECAY [32].
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Scenarios M1 M2 M2′ G1 H1 H2

M2[GeV] 200 200 240 150 350 350

µ[GeV] -200 200 240 -300 -150 150

mH [GeV] 352.1 352.3 352.3 352.0 352.1 352.3

ΓH [GeV] 0.49 0.79 0.34 0.43 0.40 0.54

ΓA[GeV] 0.82 1.65 0.53 0.64 0.53 0.85

η1mχ0
1

95 84 110 76 131 113

η2mχ0
2

164 146 185 147 -162 -156

η3mχ0
3

-215 -207 - 246 -313 189 195

Table 3.1: Reference scenarios with fixed mA = 350 GeV, tan β = 5 and m0 =
200 GeV.

3.1.2.1 Scenarios

We choose six representative scenarios with mA = 350 GeV, and tanβ = 5 which
differ by the mixing character of the neutralino and by the sign of the higgsino
mass parameter µ.

3.1.2.2 Branching ratios

The branching ratios for the decays of the Higgs bosons H and A into neutralino
pairs are crucial for obtaining sufficient cross sections.

In Figs. 3.3a and 3.3b we show contours in the µ−M2 plane of the branching
ratios of H and A into χ̃0

1χ̃
0
2 for tanβ = 5 and MA = 350 GeV. For the decay of

the pseudoscalar the largest branching ratios are obtained in the mixed region,
with |µ| ≈ M2. The enhancement of the mixed region is due to the larger Higgs-
neutralino couplings. Higgs bosons couple to a gaugino-higgsino pair and are
therefore larger in regions of parameter space where one of the neutralinos is
gaugino-like while the other is higgsino-like. For the lighter neutralinos χ̃0

1 and
χ̃0

2 this corresponds to the mixed region.
The couplings, however, are not necessarily the most important parameter

which determines the branching ratios. The relative CP phase-factor of the
neutralinos ηij determines the threshold behavior. For instance, for χ̃0

1χ̃
0
2 in the

mixed region with µ > 0, we find η12 = 1 which leads to a p-wave suppression
of the CP -even amplitudes and results in small relative small branching ratios
BR(H → χ̃0

1χ̃
0
2), compared with BR(A → χ̃0

1χ̃
0
2), see Figs. 3.3a and 3.3c. In the

higgsino region M2 > 2µ the opposite is true, with η12 = −1, CP -odd amplitudes
suppressed and larger branching ratios of H into χ̃0

1χ̃
0
2.
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Figure 3.3: Branching ratios of the heavy Higgs bosons H and A into neutralino pairs
into χ̃0

1χ̃
0
2 and χ̃0

1χ̃
0
3 for mA = 350 GeV, tanβ = 5 and sfermions masses larger than

MH/2, computed with the program HDECAY [32]. The contour lines correspond to
2 % (solid), 10 % (dotted), 20 % (dashed) and 30 % (dash-dotted). For the decays into
χ̃0

1χ̃
0
3 the contour line for 5 % (dash-double-dotted) is also shown. The shaded area is

the experimentally excluded region given here by mχ±
1

< 103 GeV. Also shown is the

kinematical limit for the neutralino pair production processes.



CHAPTER 3. NEUTRALINO PRODUCTION AND DECAY IN

µ+µ−-ANNIHILATION 63

-400 -200 0 200 400
0

100

200

300

400

-400 -200 0 200 400
0

100

200

300

400

BR(A→χ̃0
2χ̃0

2)BR(H→χ̃0
2χ̃0

2)

(a) (b)
M2[GeV]

µ[GeV]

M2[GeV]

µ[GeV]

m
χ
±
1

≤103GeV m
χ
±
1

≤103GeV

excluded excluded

Figure 3.4: Branching ratios of the heavy Higgs bosons H and A into χ̃0
2χ̃

0
2 for mA =

350 GeV, tanβ = 5 and sfermions masses larger than MH/2, computed with the
program HDECAY [32]. The contour lines correspond to 2 % (solid), 5 % (dash-
double-dotted) and 10 % (dotted). The shaded area is the experimentally excluded
region given here by mχ±

1

< 103 GeV. Also shown is the kinematical limit for the

neutralino pair production processes.

The two different values of η12 are due to the level crossing at M2 ≈ 2µ, where
the second and third lightest neutralinos are degenerate. The resulting exchange
of parameters between χ̃0

1 and χ̃0
2 is clear comparing Figs 3.3a and Figs 3.3c, as

well as Figs 3.3b and Figs 3.3d.
For mixed scenarios with µ > 0 the scalar Higgs decays then predominantly

into χ̃0
1χ̃

0
3, with η13 = −1. The level crossing discussed here is a consequence of

the convention used to label the neutralinos, namely through their masses, and
introduces an additional complication to the dependence of the neutralino sector
on the supersymmetric parameters. Therefore some care is needed in regions of
parameter space where two neutralinos are nearly degenerate.

Note that the largest branching ratios for A → χ̃0
1χ̃

0
2, with BR(A → χ̃0

1χ̃
0
2) >

30 %, are found for relative large values of |µ| ≈ M2, since in this parameter
space region charginos are too heavy to be produced and the only competing
supersymmetric process is pair production of LSPs.
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3.1.2.3 Cross sections

In Figs. 3.5a-3.5f we show the production cross sections for χ̃0
1χ̃

0
2, χ̃0

1χ̃
0
3 and χ̃0

2χ̃
0
2

in µ+µ− annihilation as a function of the CMS energy around the H and A
resonances for the scenarios of Table 3.1. In all scenarios we have chosen the
same parameters as for the branching ratios, namely tan β = 5, mA = 350 GeV
and m0 = 200 GeV, as well as unpolarized beams.

In Fig. 3.5a, for the mixed scenario M1 with µ < 0, the production of χ̃0
1χ̃

0
2

has peak sections of order O(pb). As in chargino production, the contributions
to χ̃0

1χ̃
0
2 production can be well separated. The resonant production cross section

for χ̃0
1χ̃

0
3, on the contrary, is small for the A resonance and can be better observed

via H exchange production, while for χ̃0
2χ̃

0
2 the opposite is true.

In Fig. 3.5b, for the mixed scenario M2 with µ > 0, χ̃0
1χ̃

0
3 becomes the main

decay channel of the scalar Higgs boson. However, its resonant cross section at√
s = mA cannot be clearly distinguished from the continuum and χ̃0

1χ̃
0
2 produc-

tion is necessary to test the Higgs-neutralino interactions.
In Fig. 3.5c we show the cross sections for scenario M2′, similar to scenario

M2 except for larger µ and M2 values, so that only χ̃0
1χ̃

0
2 is kinematically acces-

sible. For this scenario, no other visible supersymmetric particles are produced.
Therefore, the peak cross section at the A resonance is enhanced by the result-
ing narrower widths, despite the smaller available phase space, while at the H
resonance the p-wave suppression can be clearly observed.

In Fig. 3.5d we show production cross sections for the gaugino scenario G1, for
which the LSP is roughly bino-like while the second lightest neutralino is wino-
like, with a larger higgsino component than the LSP. The only observable channels
are χ̃0

1χ̃
0
2 and χ̃0

2χ̃
0
2 pair production. In this scenario the p-wave suppression of

the scalar resonance is compensated by the narrower width. In scenarios in which
|µ| � M2, as G1, the masses of the heavier two neutralinos are large and are in
general not accessible. The threshold for χ̃0

1χ̃
0
3 production is shown in Figs 3.3c

and 3.3d.
In Figs. 3.5e and 3.5f we show cross sections for the higgsino scenarios H1 and

H2, with µ < 0 and µ > 0, respectively, in which the lightest two neutralinos
have larger higgsino components. Since the Z boson couples to higgsino pairs, its
couplings to the lighter neutralinos are large in these scenarios, resulting in large
continuum contributions. For µ < 0 the resonant cross sections are relatively
small, compared to the remaining scenarios and the most promising channel is
χ̃0

2χ̃
0
2 production. For µ > 0, however, large cross sections are expected for χ̃0

1χ̃
0
2

at the scalar resonance. Note that this cross section is similar to χ̃0
1χ̃

0
3 production

the mixed scenario M2, as expected since at the level crossing the second and
third lightest neutralinos are exchanged.

For larger values of tanβ the resonances tend to overlap, see f.i. Section 2.1,
and a separation of the resonances in total production is more difficult.
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Figure 3.5: Total cross section σij for µ+µ− → χ̃0
i χ̃

0
j , with i = 1, j = 2 (solid),

i = 1, j = 3 (dashed) and i = 2, j = 2 (dotted), for scenarios M1, M2, M2′, G1, H1
and H2 of Table 3.1. In all scenarios tanβ = 5, mA = 350 GeV and m0 = 200 GeV.
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3.1.3 Summary of Section 3.1

In this Section we have studied neutralino production at a muon collider via
resonant heavy Higgs boson exchange in the MSSM. In analogy to chargino pro-
duction, we have proposed to determine the ratio of couplings of H and A to
neutralino pairs in a model independent way from the production cross section
dependence on the center of mass energy. For a set of scenarios with tan β = 5
and mA = 350 GeV we have shown branching ratios of the neutral Higgs bosons
into neutralinos, as well as production cross sections around the neutral Higgs
boson resonances. The most important result is that, even though neutralino
production cross sections are large, which neutralino pairs can be studied de-
pends strongly on the µ and M2 parameters. The dependence on tanβ and mA

of the neutralino production process can be inferred from our analysis of chargino
production since, in the regions of interest of parameter space, they affect mainly
the Higgs sector.

3.2 Neutralino production with subsequent de-

cay of one of the neutralinos

In this section we study the interference of resonant Higgs boson exchange in neu-
tralino pair production in µ+µ−-annihilation with longitudinally polarized beams.
We analyze the energy distribution of the decay lepton in the process χ̃0

j → `± ˜̀∓,
for ` = e, µ, τ . In the CP conserving MSSM a non-vanishing asymmetry in the
lepton energy spectrum is caused by the interference of Higgs boson exchange
channels with different CP eigenvalues. The contribution of this interference is
large if the heavy neutral bosons H and A are nearly degenerate. We show that
the asymmetry can be used to determine the product of couplings of the neutral
Higgs bosons to the neutralinos and their couplings to the muons. In particular,
the asymmetry allows to determine the relative phase of the couplings. We find
large asymmetries and cross sections for a set of reference scenarios with nearly
degenerate neutral Higgs bosons.

3.2.1 Decay channels

Provided these decays are allowed, neutralinos decay dominantly into a fermion-
sfermion pair or into a lighter neutralino and a Z or light Higgs boson, heavier
neutralinos may also decay into a chargino and a W boson, shown in Fig. 3.6.
The corresponding interaction Lagrangians are given in Appendix B.5.
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χ̃0
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+ h.c.,
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ν̃`
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j

χ̃0
k

Z

χ̃0
j

W−

χ̃+
k

+ h.c.
χ̃0

j

h

χ̃0
k

Figure 3.6: Two-body decays of the neutralinos. Here ˜̀−
X = ˜̀−

L,R for ` = e, µ and
˜̀−
X = τ̃−

1,2 for ` = τ .

3.2.2 Neutralino polarization

With our choice of spin vectors, eqs. (C.18) and (C.21), Σ3
Pj

/P is the longitudinal

polarization of the decaying neutralino χ̃0
j , Σ1

Pj
/P is its transverse polarization

in the production plane and Σ2
Pj

/P is its polarization perpendicular to the pro-
duction plane.

As discussed in Section 3.1, the expansion coefficients of the neutralino pro-
duction matrix subdivide into contributions from the Higgs resonances and the
continuum, respectively, eq. (3.3). The spin correlation coefficients of the reso-
nant contributions from s-channel exchange of the Higgs bosons H and A, are
further separated into pure exchange and interference terms

Σ3
rj =

∑

φ=H,A

Σ
3 (φφ)
rj + Σ

3 (HA)
rj , (3.21)

while resonant contributions Σ1
rj and Σ2

rj to the transverse polarizations of the
neutralino vanish since the s-channel exchange is due to scalar Higgs bosons.
The contributions from pure Higgs exchange Σ

3 (φφ)
rj vanish due to the Majorana

character of the neutralinos [36]. In the CMS we obtain for µ+µ− → χ̃0
i χ̃

0
j

Σ
3 (HA)
rj =

g4

2
(PL

+ + PL
−)Re{∆(H)∆(A)∗}

Im{d(H)
ij d

(A)∗
ij }Im{c(Hµ)c(Aµ)∗}s

√

λijηj, (3.22)

where PL
+ and PL

− denote the longitudinal beam polarizations of µ+ and µ−,
respectively, ∆(φ), is the Breit-Wigner propagator of the Higgs boson φ, eq. (2.8),
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and

λij = λ(s, m2
χ0

i
, m2

χ0
j
), (3.23)

is the triangle function defined in eq. (E.11).

3.2.3 Energy distribution

The energy distribution of the lepton from the decay of χ̃0
j is obtained integrating

the differential cross section for production and decay, eqs. (C.23) and eq. (C.24),
where the amplitude squared is given by (here we suppress the chargino index of
the density matrix coefficients)

|T |2 = |∆(χ̃0
j)|2

∑

λiλjλ′
iλ

′
j

ρP
λiλ′

iλjλ′
j
ρD

λ′
jλj

δλiλ′
i
= 4|∆(χ̃0

j)|2(P ·D +Σa
P ·Σa

D). (3.24)

Here we summed over the helicity λi of χ̃0
i whose decay is not observed. The

resonant contributions to the production density matrix coefficients P and Σa
P

are given in eqs. (3.5) and (3.22). The expansion coefficients of the chargino
decay matrix (C.26) for the neutralino decays χ̃0

j → `± ˜̀∓
n , with n = R, L for

` = e, µ (n=1,2 for ` = τ), are given in Appendix C.5.1.
In the CMS we can rewrite the factor Σ3

D that multiplies the longitudinal
chargino polarization coefficient Σ3

P in eq. (C.30),

Σ3
D = ηn

`±
D

∆`
(E` − Ē`), ` = e, µ, τ, (3.25)

where we have used the relation

mχ0
j
(s3

χ0
j
· p`) = −

m2
χ0

j

|~pχ0
j
|(E` − Ē`) (3.26)

and the kinematical factors Ē` and ∆` have been defined in eq. (D.16-D.17).
The factor ηn

`± gives a measure of parity violation in decay. For the decays
into leptons of the first two generations parity violation is maximal, with

ηR
e+ = ηR

µ+ = −1, ηL
e+ = ηL

µ+ = 1, (3.27)

and ηn
`− = −ηn

`+. For the decay χ̃0
j → τ±τ̃∓

1,2 the lepton energy dependent term
in (3.25) is suppressed, due to stau mixing, by the factor ηn

τ± given in eq. (C.84).
The decays χ̃0

j → hχ̃0
k and χ̃0

j → Zχ̃0
k are thus uninteresting here, since, due to

the Majorana character of the neutralinos, ηh = ηZ = 0.
The energy distribution of the lepton is

dσn
`±

dE`

=
σn

`

2∆`

[

1 + ηn
`±

Σ̄3
P

P̄

(E` − Ē`)

∆`

]

, (3.28)
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Figure 3.7: Normalized primary and secondary lepton energy distribution, with AR
` =

0.2, mχ0
2

= 250 GeV, m ˜̀
R

= 200 GeV, mχ0
1

= 60 GeV and
√

s = 450 GeV. The dashed

curves correspond to the decay chain χ̃0
2 → `− ˜̀+

R, ˜̀+
R → χ̃0

1`
+ and the dash-dotted

curves to χ̃0
2 → `+ ˜̀−

R, ˜̀−
R → χ̃0

1`
− .

where we have defined the averages over the neutralino production angles in the
CMS by

P̄ =
1

4π

∫

PdΩχ̃0. Σ̄3
P =

1

4π

∫

Σ3
P dΩχ̃0 . (3.29)

Further,

σn
` =

2 − δij

128π2

√

λij

s2

(m2
χ0

j
− m2

˜̀)

m3
χ0

j

Γχ0
j

P̄D. (3.30)

is the integrated cross section for neutralino production, eq. (3.1), and subsequent
leptonic decay χ̃0

j → `± ˜̀∓
n , with n = R, L for ` = e, µ (n = 1, 2 for ` = τ).

Explicit expressions for D are given in eqs. (C.76) and (C.80) for ` = e, µ and
` = τ , respectively, and λij is the triangle function, defined in eq. (E.11).

The lepton energy dependent part of the energy distribution eq. (3.28) is thus
proportional to the average longitudinal polarization of the neutralinos Σ̄3

P /P̄
times the factor ηn

`± from the decay.
Due to the Majorana character of the neutralinos, the contribution to Σ3

P

from the non-Higgs channels is forward-backward antisymmetric [36], whereas
that from Higgs exchange is isotropic. Then, the non-resonant contribution in
eq. (3.29) vanishes and, neglecting the interference of the resonant amplitudes
with the Z and slepton exchange amplitudes,

Σ̄3
P = Σ3

r. (3.31)

From eq. (C.71) follows that Σ3
r, and thus the energy dependent term in eq. (3.28),

are proportional to the interference of the H and A exchange amplitudes.
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3.2.3.1 Lepton energy distribution asymmetry

For the processes µ+µ− → χ̃0
i χ̃

0
j with subsequent decay χ̃0

j → `+ ˜̀−
R,L, with ` =

e, µ, and χ̃0
j → τ+τ̃−

1,2, as well as the charge conjugated decays, we define the
asymmetries An

`+ and An
`−, with n = R, L for ` = e and ` = µ, and n = 1, 2 for

` = τ ,

An
`± =

σn
`±(E` > Ē`) − σn

`±(E` < Ē`)

σn
`±(E` > Ē`) + σn

`±(E` < Ē`)
(3.32)

=
1

2
ηn

`±
Σ3

r

P̄
(3.33)

in order to isolate the H-A interference term in eq. (3.28).
We assume that the slepton decays subsequently into a neutralino and a sec-

ondary lepton. The latter needs to be distinguished from the primary lepton.
Therefore, it is useful to define the charge asymmetry

An
` =

1

2
(An

`− −An
`+). (3.34)

From the relation An
`− = −An

`+, which is fulfilled for the primary lepton from
neutralino decay, follows for the charge asymmetry An

` = An
`−. The advantage

of the new asymmetry, eq. (3.34), is that the largest part of the non-irreducible
background from the secondary lepton drops out because its energy distribution
is only weakly dependent on the sign of the lepton charge, as can be observed in
Fig. 3.7, where we show the normalized energy distributions of the primary and
secondary leptons for both charge cases, for a sample scenario with AR

` = 0.2.
Denoting by σr(µ

+µ− → χ̃0
i χ̃

0
j) the resonant contribution to the production

cross section σ(µ+µ− → χ̃0
i χ̃

0
j) we relate P̄ , eq. (3.29), to the resonant contribu-

tion Pr by:

P̄ =
σ(µ+µ− → χ̃0

i χ̃
0
j)

σr(µ+µ− → χ̃0
i χ̃

0
j)

Pr, (3.35)

and express An
` in the form:

An
` =

1

2
ηn

`−
σr(µ

+µ− → χ̃0
i χ̃

0
j)

σ(µ+µ− → χ̃0
i χ̃

0
j)

Pr
j , (3.36)

Pr
j =

Σ3
r

Pr
. (3.37)

The contribution of the H-A interference to the asymmetry, eq. (3.36), is
contained in the coefficient Pr

j , which has the following dependence on the longi-
tudinal beam polarizations PL

+ of µ+ and PL
− of µ−:

Pr
j =

PL
+ + PL

−
1 + PL

+PL
−
Pr

j,R+R−
, (3.38)
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where Pr
j,R+R−

= Pr
j for PL

+ = PL
− = 1, i.e. for right handed µ+ and µ− beams.

Since Pr
j is proportional to the interference of the H and A exchange am-

plitudes a non-vanishing asymmetry of the lepton energy distribution is a clear
indication of nearly degenerate scalar resonances with opposite CP quantum
numbers. The statistical significance of the asymmetry An

` is defined in Ap-
pendix D.4, eq. (D.33).

3.2.4 Determination of the Higgs-neutralino couplings in

production and decay

In the previous sections we have shown that the production spin density matrix
coefficient Σ3

rj (3.22) of the longitudinal neutralino polarization is sensitive to the
interference of the H and A Higgs bosons. Their interference in χ̃0

i χ̃
0
j production

determines the sign γij of the product of couplings

κij = Im(d
(H)
ij d

(A)∗
ij )Im(c(Hµ)c(Aµ)∗) (3.39)

which appears in

Σ
3 (HA)
rj =

g4

2
(PL

+ + PL
−)Re{∆(H)∆(A)∗}κijs

√

λijηj. (3.40)

The coefficient Σ
3 (HA)
rj can be obtained from the neutralino production cross

section

σr(µ
+µ− → χ̃0

i χ̃
0
j) =

(2 − δij)
√

λij

2πs2
Pr. (3.41)

and the charge asymmetry An
` , eq. (3.36),

Σ
3(HA)
rj =

16πs2

(2 − δij)
√

λij η`−
σ(µ+µ− → χ̃0

i χ̃
0
j)An

` . (3.42)

Now the product of couplings κij can be obtained by comparison of eq. (3.40)
and (3.42).

In general the factor γij is defined by

γij =
Im(d

(H)
ij d

(A)∗
ij )

|d(H)
ij d

(A)
ij |

Im(c(Hµ)c(Aµ)∗)

|c(Hµ)c(Aµ)| . (3.43)

Since we assume CP conservation γij takes the values ±1 for interfering am-
plitudes with opposing CP eigenvalues, as is here the case, and vanishes for
interfering amplitudes of same CP .
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It is also possible to determine the ratio of H and A couplings to the neutralinos
with from the charge asymmetry An

` , which allows to determine the ratio

Σ3
rj

Pr
=

σ(µ+µ− → χ̃0
jχ

0
j)

σr(µ+µ− → χ̃0
jχ

−
j )

2

η`−
An

` . (3.44)

Inserting in eq. (3.44) the expressions of Pr and Σ3
rj, eqs. (3.5) and (3.22), we

obtain,

Σ3
rj

Pr

=
PL

+ + PL
−

1 + PL
+PL

−
·

2γijRe(∆(H)∆∗(A))
√

s+
ijs

−
ij

qij |∆(H)|2 s+
ij + q−1

ij |∆(A)|2 s−ij
, (3.45)

where

s±ij = s − (ηimχ0
i
± ηjmχ0

j
)2, (3.46)

qij =
|d(H)

ij c(Hµ)|
|d(A)

ij c(Aµ)|
, (3.47)

and ∆(H) and ∆(A) are the Breit-Wigner propagators. Note that the functions
s±ij depend on the relative CP phase factor of the neutralinos ηij = ηiηj, with ηi,
ηj defined in Section B.5.

It is possible to solve eq. (3.45) for γijqij. By comparison of eqs. (3.45) and
(3.46) we then obtain the ratio qij and the sign of the product of couplings γij.

For our analysis we have assumed that the masses and widths of the Higgs reso-
nances H and A can be measured. The resonance parameters of nearly degenerate
Higgs bosons with different CP quantum numbers may e.g. be determined by
using transverse beam polarizations, which enhances or suppresses the Higgs ex-
change channels depending on their CP quantum numbers [34]. Alternatively,
the if both neutralino decays are observed, their transverse polarizations can be
used to separate the CP -even and CP -odd Higgs exchange contributions, see
Section 3.3.

The neutralino-slepton couplings needed to evaluate ηn
` will have been precisely

studied at a linear collider, see, e.g., [9, 37], and the resonant cross section of neu-
tralino production σr(µ

+µ− → χ̃0
i χ̃

0
j) can be obtained subtracting the continuum

contributions from the integrated production cross section σ(µ+µ− → χ̃0
i χ̃

0
j). The

continuum can be estimated extrapolating the production cross sections measured
below and above the resonance region [25].

We can then use a measurement of the charge asymmetry and of the cross
sections to determine both the ratio qij and the product of H and A couplings
to the neutralinos κij. Note that a determination of γij from a measurement of
the cross section σ(µ+µ− → χ̃0

i χ̃
0
j) alone is not possible.
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Scenarios SPS1a N5 N10 N20 N5’ N10’ N5” N10”

tan β 10 5 10 20 5 10 5 10

M2[GeV] 192.7 280 280 280 280 280 280 280

µ[GeV] 352.4 250 250 250 250 250 250 250

mχ0
3
[GeV] 359 255 257 258 255 257 255 257

mχ0
2
[GeV] 177 209 212 214 209 212 209 212

mχ0
1
[GeV] 96 128 131 132 128 131 128 131

m0[GeV] 100 100 100 100 100 100 100 100

mẽR
[GeV] 143 173 173 173 173 173 173 173

mA[GeV] 393.6 450 450 450 350 350 550 550

mH [GeV] 394.1 451.4 450.4 450.1 351.9 350.5 551.1 550.3

ΓA[GeV] 1.38 2.29 2.11 4.33 0.43 0.82 3.63 3.34

ΓH [GeV] 0.93 1.12 1.33 3.68 0.27 0.71 2.83 2.76

Table 3.2: Reference scenarios. GUT relations are assumed for the gaugino soft
breaking symmetry mass parameters M1 = 5/3 tan2 θW M2 and for the slepton
mass parameters [35]. The resonance parameters are evaluated with HDECAY
[32].

3.2.5 Numerical analysis

We present numerical results for the neutralino production cross sections σ(µ+µ− →
χ̃0

i χ̃
0
j), the asymmetries AR

` and A1
τ of the lepton energy distribution and the sta-

tistical significance at center of mass energies around the resonances of the neutral
Higgs bosons H and A. We study the dependence on the MSSM parameters tanβ,
µ, M2 and mA in the mixed scenarios N and in the gaugino-like scenario SPS1a
defined in Table 3.2. Further, we discuss in scenario SPS1a [38] the influence of
beam polarization.

In order to reduce the number of parameters we assume the GUT relations for
the gaugino mass parameters, M1 = 5/3 tan2 θW M2, and for the slepton masses
[35]. Mixing between left and right sleptons is neglected for the first two gener-
ations, ` = e, µ. For staus, on the other hand, mixing has a strong effect on the
masses and couplings. Explicit expressions for the masses of the sleptons of the
first two generations as well as for the mixing formalism of the staus is given in
Appendix A.4. Our scenarios have been chosen such that the mass of the lightest
(heaviest) stau, τ̃1 (τ̃2), is of order m ˜̀

R
(m˜̀

L
), ` = e, µ, and m ˜̀

R
< mχ0

j
< m˜̀

L
.

Therefore, neglecting the three-body decays of χ̃0
j , only χ̃0

j → `˜̀R, ` = e, µ
and χ̃0

j → τ τ̃1 contribute to the energy spectrum of the leptons. We show the
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Scenarios SPS1a N5 N10 N20

Aτ [GeV] -254 0 0 0

BR(χ̃0
2 → `− ˜̀+

R)[%] 3.2 16.3 15.2 11.3

BR(χ̃0
2 → τ−τ̃+

1 )[%] 42.5 17.3 19.6 27.4

Table 3.3: Neutralino branching ratios, ` = e, µ.

neutralino branching ratios into lepton slepton pairs in Table 3.3.

3.2.5.1 χ̃0
1χ̃

0
2 production

We first discuss, for χ̃0
1χ̃

0
2 production, the dependence of the asymmetries and

cross sections on the beam polarization in scenario SPS1a, the dependence on
tan β in scenarios N5, N10 and N20 and the dependence on mA in scenarios
N5’,N5”, N10’ and N10”. All the scenarios are defined in Table 3.2

3.2.5.2 Beam polarization
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(a) (b) (c)AR
`

σ[fb]

√
s[GeV]

√
s[GeV]

SR
`

√
s[GeV]

Figure 3.8: µ+µ− → χ̃0
1χ̃

0
2, χ̃0

2 → `− ˜̀+
R, ` = e, µ, for scenario SPS1a. (a): AR

` ,
(b): neutralino production cross section and (c): significance with luminosity times
detection efficiency εL = Leff = 0.5fb−1 (for χ̃0

2 → `− ˜̀+
R), for beam polarizations:

PL
+ = PL

− = −0.2 (dash-dotted), -0.3 (dashed), and -0.4 (solid).

In Figs. 3.8a and 3.8b we show the asymmetry AR
` , ` = e, µ, and the cross

section σ(µ+µ− → χ̃0
1χ̃

0
2), respectively, for scenario SPS1a as a function of the

center of mass energy around the heavy Higgs resonances. Since the resonances
are completely overlapping the interference between the CP -even and CP -odd
amplitudes is large, resulting in large asymmetries in the resonance region. The
largest asymmetries are found at

√
s ' mH where the CP -even and CP -odd

amplitudes are of the same order, because, due to the relative CP phase factor
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η12 ≡ η1η2 = 1 of the neutralinos, the CP -even amplitudes are P-wave suppressed.
The largest production cross sections are found at

√
s ' mA.

We show the cross section, the asymmetry and the significance of scenario
SPS1a for PL

+ = PL
− = −0.2, −0.3, −0.4. The dependence on the longitudinal

beam polarization of the resonant cross section is given by the factor 1 + PL
+PL

−,
and is rather weak for the polarization degrees expected at a muon collider. From
eqs. (3.36) and (3.38) follows that the polarization dependence of the asymme-
try is then roughly An

` ∼ PL
+ + PL

−. For the statistical significance, defined in
eq. (D.33), follows then Sn

` ∼ PL
+ + PL

−.

3.2.5.3 Stau mixing dependence

The asymmetry for the τ energy spectrum depends strongly on the mixing in the
stau sector. The τ energy asymmetry is obtained by A1

τ = η1
τAR

` , eqs. (3.36) and
(C.84). For the SPS1a scenario η1

τ = −0.87. Note that the asymmetries A1
τ and

AR
` have opposite signs. The marked difference between A1

τ and AR
` is due to stau

mixing, which allows the lightest scalar tau τ̃1 to have a large left component.
For the gaugino-like SPS1a scenario the second lightest neutralino χ̃0

2 is wino-
like, and thus has large left handed couplings to lepton-slepton pairs. Therefore,
χ̃0

2 decays dominantly into τ -τ̃1 pairs, see the branching ratios for SPS1a in
Table 3.3. For Aτ = µ tanβ the stau mass matrix is diagonal, eq. (A.23). Then,
the branching ratios for the decays χ̃0

2 → `˜̀R and χ̃0
2 → τ τ̃1 are comparable in

size. However, A1
τ is still smaller than AR

` , with η1
τ = 0.53, due of the larger

couplings to the higgsino components to the scalar taus.
In the resonance region we find, for PL

+ = PL
− = −0.3, SR

` ' 1.5
√

Leff [fb−1],

` = e, µ, and S1
τ ' 4.5

√

Leff [fb−1]. In Fig. 3.8c we show the statistical sig-
nificance, defined in eq. (D.33), for AR

` , ` = e, µ with an effective integrated
luminosity Leff = 0.5fb−1.

3.2.5.4 tanβ dependence

In Fig. 3.9a we show the asymmetry AR
` , ` = e, µ, for scenarios N5, N10 and

N20, for PL
+ = PL

− = −0.3. These scenarios differ only by the value of tanβ.
For increasing tanβ the mass difference mH − mA decreases and the widths
ΓH and ΓA increase. This results in a larger overlap of the resonances which
leads to large asymmetries in the resonant region. For tan β = 5, with only
partial overlap of the resonances, the asymmetry is further suppressed by the
relative larger continuum contribution to the cross section due to the smaller
Higgs-muon couplings. However, it shows an interesting energy dependence due
to the different complex phases of the Breit-Wigner propagators of H and A.
The maximum of the asymmetry is found at

√
s ' mH , as already discussed for

scenario SPS1a.
In Fig. 3.9b we show the cross sections σ(µ+µ− → χ̃0

1χ̃
0
2) for scenarios N5, N10
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Figure 3.9: µ+µ− → χ̃0
1χ̃

0
2, χ̃0

2 → `− ˜̀+
R, ` = e, µ for scenarios N5, N10 and N20.

(a): AR
` , (b): neutralino production cross section and (c): statistical significance with

luminosity times detection efficiency εL = Leff = 0.5fb−1 and PL
+ = PL

− = −0.3.
tanβ = 5 (dash-dotted), 10 (dashed), and 20 (solid).

and N20. The largest peak cross sections are found for tan β = 10. For tanβ = 5
the resonant cross sections are suppressed by the smaller Higgs-muon couplings,
while for tanβ = 20 they are suppressed by the larger resonance widths.

In the resonant region we find, for ` = e, µ, SR
` ≥ 3

√

Leff [fb−1] for tan β = 10
and tanβ = 20, while for tanβ = 5 the statistical significances reach SR

` '
√

Leff [fb−1] at
√

s ' mH . In Fig. 3.9c we show the statistical significances for
an effective integrated luminosity Leff = 0.5fb−1.

The effect of stau mixing on the asymmetry A1
τ = η1

τAR
` , with η1

τ defined in
eq. (C.84), increases with tan β. It is weaker in the mixed scenarios than in the
gaugino-like SPS1a scenario, as can also be observed comparing the neutralino
branching ratios of Table 3.3. We find, for scenarios N5, N10 and N20, η1

τ =
0.88, 0.49 and -0.31, respectively. The statistical significance for A1

τ is obtained
from eq. (D.33), where the branching ratios of χ̃0

2 → `∓ ˜̀±
R, ` = e, µ, and χ̃0

2 →
`∓τ̃±

1 are shown in Table 3.3.
For Aτ = µ tanβ, i.e. for a diagonal stau mass matrix with τ̃1 = τ̃R, we find

η1
τ = 0.96, 0.79 and 0.30 for scenarios N5, N10 and N20, respectively.

3.2.5.5 mA dependence

In Fig. 3.10a we compare the asymmetries AR
` , ` = e, µ, for scenarios N5’, N5

and N5”, with different values of mA, as a function of
√

s−mA, for PL
+ = PL

− =
−0.3. In Fig. 3.10b we show the corresponding cross section σ(µ+µ− → χ̃0

1χ̃
0
2).

For larger Higgs masses their widths increase, and thus the interference of the H
and A exchange amplitudes. However, the asymmetries are reduced by the larger
continuum contribution to the cross section.

For smaller Higgs masses, here for mA = 350 GeV, threshold effects are
stronger. Since η12 = 1, the asymmetries nearly vanish for

√
s ' mA, where

the largest cross sections are found, while the largest asymmetries are found at
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Figure 3.10: µ+µ− → χ̃0
1χ̃

0
2, χ̃0

2 → `− ˜̀+
R, ` = e, µ, with PL

+ = PL
− = −0.3, for scenarios

N5, N10 with mA = 450 GeV (dashed), N5’, N10’ with mA = 350 GeV (solid) and
N5”, N10” with mA = 550 GeV (dotted). (a): AR

` for tanβ = 5, (b): neutralino pro-
duction cross section for tanβ = 5, (c): AR

` for tan β = 10, (d): neutralino production
cross section for tan β = 10.

√
s ≈ mH . The asymmetries change sign between the two resonances, due to the

complex phases of the propagators, and the maxima of |AR
` | are found at center

of mass energies slightly above and below mH and not on top of the CP -even
resonance. For larger values of mA, here for mA = 550 GeV, the peak cross sec-
tions are suppressed by the larger widths. To a lesser degree, they are enhanced
by the larger phase space for neutralino production.

In Figs. 3.10b and 3.10d we show the analogous figures for scenarios N10’,
N10 and N10”, with tanβ = 10. The effect of larger Higgs masses is weaker
than for tanβ = 5 because the overlap of the resonances is already large for
mA = 450 GeV.

The statistical significances at the center of mass energies where |AR
` | is max-

imal is SR
` ∼ 0.8

√

Leff [fb−1] for scenario N5’ and SR
` ∼ 1.4

√

Leff [fb−1] at√
s ' mH for scenario N10’.
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χ̃0

1
χ̃0

2

χ̃0

2
χ̃0

2

χ̃0

1
χ̃0

3

AR
` σ[fb]

√
s[GeV]

√
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Figure 3.11: µ+µ− → χ̃0
i χ̃

0
j , χ̃0

j → `− ˜̀+
R, ` = e, µ, for scenario N10 with i = 1, j = 2

(solid), i = 1, j = 3 (dash-dotted) and i = 2, j = 2 (dashed). (a): AR
` and (b):

neutralino production cross section, with PL
+ = PL

− = −0.3.

3.2.5.6 χ̃0
1χ̃

0
2, χ̃

0
2χ̃

0
2 and χ̃0

1χ̃
0
3 production

In Fig. 3.11 we show, for scenario N10, the asymmetry AR
` , ` = e, µ, and the

cross sections σ(µ+µ− → χ̃0
i χ̃

0
j) for the kinematically allowed pairs χ̃0

1χ̃
0
2, χ̃0

1χ̃
0
3

and χ̃0
2χ̃

0
2, for PL

+ = PL
− = −0.3. Threshold effects are stronger in χ̃0

2χ̃
0
2 and

χ̃0
1χ̃

0
3 production than in χ̃0

1χ̃
0
2 production. Therefore the P-wave suppression of

the CP -even (CP -odd) amplitude for χ̃0
2χ̃

0
2, (χ̃0

1χ̃
0
3) production is stronger, since

η22 = 1 (η13 = −1). The asymmetries for χ̃0
1χ̃

0
2 and χ̃0

2χ̃
0
2 production, however,

are comparable in size, since the continuum contribution to χ̃0
2χ̃

0
2 production is

very small. For χ̃0
1χ̃

0
3 production, the asymmetry is smaller due to the interplay of

the widths and the amplitudes, with ΓH < ΓA and A exchange suppressed, which
results in a smaller interference of the two amplitudes. Note also the different
energy dependence of the asymmetry, with maxima at

√
s < mA and

√
s > mH ,

and of the cross section, with a maximum at
√

s ' mH .
For the asymmetry in χ̃0

2χ̃
0
2 production the statistical significance for ` =

e, µ in the resonance region is SR
` ' 2

√

Leff [fb−1]. For χ̃0
1χ̃

0
3, the statistical

significance for ` = e, µ is significantly smaller, of order SR
` ' 0.6

√

Leff [fb−1] in
the resonance region, because the branching ratios of χ̃0

3 into lepton and slepton
pairs are strongly suppressed by the competing decay channels χ̃0

3 → Zχ̃0
1 and

χ̃0
3 → hχ̃0

1, with BR(χ̃0
3 → `˜̀R) = 1% for ` = e, µ, and BR(χ̃0

3 → τ τ̃1) ' 5%.

3.2.5.7 µ − M2 plane

The MSSM parameters µ and M2 affect strongly the neutralino couplings both to
the Higgs bosons as to the lepton-slepton pairs. The lepton energy asymmetries
for neutralino decays into leptons of the first two families, e and µ, do not depend
on the couplings, while the dependence of stau mixing on the neutralino character
has been briefly discussed in Section 3.2.5.4. The neutralino couplings to H and
A are both enhanced in mixed scenarios since Higgs bosons couple to a higgsino-



CHAPTER 3. NEUTRALINO PRODUCTION AND DECAY IN

µ+µ−-ANNIHILATION 79

gaugino pair. Therefore, the Higgs boson widths, and thus the interference of the
resonances, are also enhanced. In figs 3.12a and 3.12b we show contours in the
µ−M2 plane of constant γ12q12 and Im(d

(H)
ij d

(A)∗
ij ), respectively, for tan β = 10 and

mA = 450 GeV (see Section 3.2.4 for the notation on the couplings). Note that
γ12 is negative in most of the experimentally allowed parameter space. Therefore
the sign of the asymmetries for the first two lepton families constitutes a test of
the Higgs-neutralino couplings in the MSSM.

The same qualitative dependence of γ12q12 and κ12 on µ and M2 is found for
different values of tan β and mA.
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200
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500

-400 -200 0 200 400
0
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500

M2[GeV]

µ[GeV]

M2[GeV]

µ[GeV]

(a) (b)

−0.67 0 −1.5
−1.2 −0.83

−0.91

−1.05

−1.1

m
χ̃
±
1

<103 GeV m
χ̃
±
1

<103 GeV

Figure 3.12: Contours of constant γ12q12 (a) and Im(d
(H)
12 d

(A)∗
12 ) (b), for tan β = 10

and mA = 450 GeV. In (b) the contour lines correspond to Im(d
(H)
12 d

(A)∗
12 ) = 0.01

(dashed), 0.03 (dash-dotted) and 0.05 (dotted). The wiggly lines in both figures
indicate the level crossing of the χ̃0

2 and χ̃0
3 states, with η12 = 1 in the area

below and η12 = −1 in the area above the level crossing line. The gray area is
experimentally excluded by mχ±

1
< 103 GeV.

3.2.6 Summary of Section 3.2

We have discussed the interference of the CP -even and CP -odd amplitudes of
the neutral Higgs boson s-channel exchange in µ+µ− → χ̃0

i χ̃
0
j with longitudinally

polarized beams in the CP conserving MSSM. To study this interference we use
the energy distribution of the lepton from the decay χ̃0

j → `± ˜̀∓
L,R, ` = e, µ, τ .

The asymmetry of the lepton energy distributions is correlated to the longitu-
dinal neutralino polarization, averaged over the production angles. Since the
average neutralino longitudinal polarization can only be non-vanishing for scalar
and pseudoscalar Higgs exchange interference terms, this asymmetry can be used
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to determine the product of the couplings of the H and A bosons to the neutrali-
nos and those to the muons. In particular, the sign of the asymmetry is sensitive
to the sign of the product of couplings of neutralinos and muons. For a set of sce-
narios we have analyzed the lepton energy asymmetries for χ̃0

i χ̃
0
j production with

subsequent two-body decay, with emphasis on χ̃0
1χ̃

0
2 production. We find large

asymmetries for nearly degenerate heavy neutral Higgs bosons and intermediate
values of tan β and mA. Especially for χ̃0

1χ̃
0
2 we find statistical significances which

would allow one to measure the asymmetries at a muon collider.

3.3 Production of neutralino pairs with subse-

quent decay of both neutralinos

We can further probe the Higgs-neutralino interaction with the correlation of the
polarizations of both neutralinos in the process µ+µ− → χ̃0

i χ̃
0
j . Therefore we

study their subsequent two-body decays. We build asymmetries of the energy and
angular distributions of the final particles and discuss their dependence on the
Higgs-neutralino couplings.

In the preceding section we discussed the spin correlation between production
and decay in the production process eq. (3.1). We found that two-body decays in
which parity is not conserved can be used to probe the neutralino polarizations.
The spin-spin correlation terms of the neutralinos are described by the last term of
the spin density matrix, eq. (C.25), which we subdivide the expansion coefficients
of the neutralino production density matrix into contributions from the Higgs
resonances Σab

rj
and the continuum Σab

contj
, eq. (3.3), as discussed in Section 3.1.

The resonant contributions are further separated into pure Higgs exchange and
interference terms

Σab
r =

∑

φ=H,A

Σab (φφ)
r + Σab (HA)

r , a, b = 1, . . . , 3. (3.48)

Due to the Majorana character of the neutralinos only absorptive term contribute
to the H-A interference contributions. Evaluating the spin density matrix in the
CMS and using the notation of Section 3.1, the pure Higgs exchange terms are
given by

Σab (φφ)
r = f

(a,φ)
ij δab

g4

4
(1 + PL

+PL
−)|∆(φ)|2|c(φµ)|2|d(φ)

ij |2

s[s − (mχ0
i
+ ηφ

ijmχ0
j
)2], (3.49)

Σab (HA)
r =

g4

2
(PL

+ + PL
−)Im{∆(H)∆(A)∗}Im{c(Hµ)c(Aµ)∗}

Im{d(H)
ij d

(A)
ij }

√

λij s (δa1δb2 + δa2δb1), (3.50)
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where f
(a,φ)
ij is defined in eq. (3.6) and

f
(1,φ)
ij = −ηφ

ij, f
(2,φ)
ij = ηφ

ij, f
(3,φ)
ij = 1. (3.51)

Comparing eq. (3.49) with the coefficient of the production spin density matrix

P
(φφ)
r , eq. (3.5), we obtain

Σab (φφ)
r = δabf

(a,φ)
ij P (φφ)

r . (3.52)

The relation for longitudinal neutralino polarizations, Σ
33 (φφ)
r = P

(φφ)
r , follows

from angular momentum conservation for a pair of fermions produced in scalar
s-channel exchange, and is equivalent to the analogous relation for spin-spin cor-
relations in chargino production, eq. (2.79).

More interesting are the transverse polarizations of the neutralinos. As dis-
cussed in Section 2.5 for the chargino spin-spin correlations, there is no preferred
direction in a process that proceeds via s-channel scalar exchange and the sign be-
tween Σ

11 (φφ)
r and Σ

22 (φφ)
r is only due to our choice of the spin vectors, eqs. (C.18)

and (C.21).
From the relation between the coefficient for unpolarized neutralino production

Pr and the spin-spin terms, eq. (3.52), results

P (HH)
r =

1

2
(Pr − ηH

ij Σ11
r ), (3.53)

P (AA)
r =

1

2
(Pr − ηA

ijΣ
11
r ), (3.54)

with ηH
ij = −ηA

ij = ηiηj.
As in Section 2.5 for equal charginos we generalize eqs. (3.53) and (3.54) for

the case of not necessarily CP conserving couplings and separate the CP -even
and CP -odd contributions to the spin density matrix coefficient Pr

P (CP+)
r =

1

2
(Pr − ηiηjΣ

11
r ), (3.55)

P (CP−)
r =

1

2
(Pr + ηiηjΣ

11
r ), (3.56)

which applies both to the case of interfering resonances with different CP quan-
tum numbers as well as to a single resonance.

In order to determine the spin-spin correlation terms we study the leptonic
two-body decays of both neutralinos, eq. (3.2). In analogy to Section 2.5.2 for
chargino production with subsequent decay of both charginos, we study, for the
process µ+µ− → χ̃0

i χ̃
0
j with subsequent decays χ̃0

i → `± ˜̀∓ and χ̃0
j → `′± ˜̀′∓, the

dependence of the differential cross section on the azimuth angles ϕi and ϕj of
the final leptons `± and `′±. The azimuth angles are defined with respect to the
direction of χ̃0

j , in the reference frame Rχj
given in Section C.1.4. Note that the

charges of the leptons `± and `′± are not necessary equal.
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As in Section 2.5.2 we express the differential cross section for χ̃0
i χ̃

0
j production

and decay

d2σ`,`′

dϕidϕj
=

σ`,`′

4π2
[1 + K11 cos(ϕi − ϕj) + K12 sin(ϕi − ϕj)], (3.57)

where σ`,`′ is the cross section for neutralino production and subsequent two-body
decays with ` and `′ in the final state. Further,

K11 = −η`±η`′±K`K`′
Σ̄11

r

P̄
, (3.58)

K12 = −η`±η`′±K`K`′
Σ̄12

r

P̄
. (3.59)

where the averages over the neutralino production angles P̄ and Σ̄ab
P are defined

in analogy to eqs. (2.92) and (2.94), and the coefficients K` and K`′ result from
the integration over the polar angles of the decay particles ` and `′, respectively.
Since we assume that leptons are light enough so that the relation m` < m̄`, is
fulfilled, with m̄` = (m2

χ0
j
− m2

` − m2
˜̀̀ )/2Eχ0

j
,

K` = K`′ =
π

4
. (3.60)

We define the angular distribution asymmetry in the azimuth angles ϕi and
ϕj of the decay particles `± and `′± in the laboratory reference system

AT‖ =
σ(cos(ϕi − ϕj) > 0) − σ(cos(ϕi − ϕj) < 0)

σ(cos(ϕi − ϕj) > 0) + σ(cos(ϕi − ϕj) < 0)
= − 2

π
η`±η`′±K`K`′

Σ̄11

P̄
,

(3.61)

where η`± and η`± are the decay factors defined in eq. (3.25). Note that the
asymmetry only depends on the absolute value of the difference of azimuth angles
and is thus independent of the production plane, as expected from resonant scalar
exchange channels. With the cosine theorem relation we obtain cos(ϕi−ϕj) from
the angle θ`,`′ between `± and `′±, and from the polar angles θi and θj, which in
turn are obtained from the energies of `± and `′±.

3.3.1 Summary of Section 3.3

In this section we analyzed the spin-spin correlation terms in neutralino pair
production in µ+µ−-annihilation with longitudinally polarized beams. We have
shown that the correlation of the transverse neutralino polarizations can be stud-
ied with the azimuth angular distribution of the decay leptons. We have defined
the asymmetry AT‖ in this angular distribution which can be used to determine
the CP quantum number of the Higgs boson. For overlapping resonances with
opposite CP quantum numbers the asymmetry is ideal to separate their contri-
butions. Here we have restricted the analysis to the CP conserving case.
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3.4 Production and decay with transverse beam

polarization

Here we briefly discuss the effect of transverse polarization on pair production
and decay of neutralinos in µ+µ− annihilation at the neutral Higgs resonances H
and A.

The dependence of the neutralino production process on transverse polar-
ization introduces new possibilities to probe the Higgs-neutralino interactions.
Specifically, for completely polarized beams, transverse polarization would allow
to create states with any CP phase. The CP -even (CP -odd) state would then
be obtained for parallel (anti-parallel) µ+ and µ− polarizations.

The transverse polarization dependent terms for the Higgs exchange channels,
on the other hand, are proportional to | ~PT

+|| ~PT
−|, with the transverse polarization

vectors defined by

~PT
± = (P1

±,P2
±, 0) (3.62)

in the reference frame defined in Section C.1.3, with the x-axis on the production
plane.

As expected for resonant scalar exchange channels, these contributions only
depend on the relative orientation of ~PT

+ and ~PT
− . This implies that, rotating

both ~PT
+ and ~PT

− has no effect on the resonant channels.

Unlike for longitudinally polarized beams, for transverse polarization the in-
terference of the Higgs and non-Higgs exchange channels is not suppressed by
approximate chirality conservation. These interference effects are linear in Pa

+

and Pa
−, a = 1, 2, Therefore, they depend on the production plane, and may thus

be either eliminated or isolated using their dependence on the azimuth angle in
the laboratory reference frame ϕLab, see Section D.1.1.

The non-Higgs contributions from Z boson s-channel and scalar muon t- and u-
channel exchange are proportional to | ~PT

+|| ~PT
−| [39]. As for the interference term,

the dependence on the production azimuth angle ϕLab can be used to separate
these terms.

Denoting ρP,T the transverse polarization dependent part of the production
spin density matrix ρP , we separate the resonant, continuum and interference
contributions ρP,T

r , ρP,T
cont and ρP,T

int , respectively. From the dependence on the
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azimuth production angle we obtain

ρP,T
cont(ϕLab) =

1

4

3
∑

n=0

(−1)nρP,T (ϕLab + nπ/2), (3.63)

ρP,T
int (ϕLab) =

1

2

[

ρP,T (ϕLab) − ρP,T
int (ϕLab + π)

]

, (3.64)

ρP,T
r (ϕLab) =

1

4

3
∑

n=0

ρP,T (ϕLab + nπ/2). (3.65)

3.4.1 Neutralino production

The neutralino polarization independent coefficient Pr of the production spin
density matrix, for longitudinally and transversely polarized beams, is obtained
from eq. (3.5) with the new dependence on the beam polarization

P (φφ)
r = (2 − δij)

g4

8
`′(φφ)|∆(φ)|2|c(φµ)|2|d(φ)

ij |2s[s − (mχ0
i
+ ηφ

ijmχ0
j
)2],(3.66)

with

`′(φφ) =
(

1 + PL
+PL

− + ηφ( ~PT
+ · ~PT

−)
)

, (3.67)

where ηφ is the CP quantum number of the exchanged Higgs boson and ηφ
ij is

defined in eq. (3.6). The dependence of P
(φφ)
r on the beam transverse polarization

is thus similar to the polarization dependence on the final neutralinos, discussed
in the preceding section. It is then possible, for parallel and anti-parallel beam
polarizations, to enhance the CP -even and CP -odd amplitudes, respectively.
This is a powerful tool discussed in [34]. The only drawback is that, for realistic

values of beam polarizations of O(30%), the quadratic dependence on | ~P T
+ || ~PT

−|
results in effects of O(10%). Therefore large beam polarizations are required
in order to perform a precise determination of the CP properties of the scalar
resonances.

The production spin density matrix for general CP violating couplings is given
in Appendix C.4.2. The polarization dependent coefficient

`′(αβ) = (1 + PL
+PL

−) cos(ξα − ξβ) + PT
+PT

− cos(ξα + ξβ − ζ+ + ζ−)

+ i(PL
+ + PL

−) sin(ξα − ξβ) (C.75)

is a function of the angles ζ+ and ζ+ which parametrize the direction of the
transverse polarization vectors ~PT

+ and ~PT
− in the laboratory reference frame and

on the CP phases ξα and ξβ of the muon couplings to the Higgs bosons α and β,
defined in eq. (B.17).

Note that, since the function `′ depends on the difference ζ+ − ζ+, it is in-
dependent of a specific choice of reference frame. From eq. (C.75) follows that
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a measurement of the production cross section with longitudinal and transverse
polarizations allows to measure the phases ξα and ξβ, and thus the CP quantum
number of a single Higgs resonance. However, in order to distinguish the inter-
ference of scalar and pseudoscalar resonances from a single resonance with CP
violating couplings to the muons we need to consider the subsequent decays of
the neutralinos.

3.4.2 Production with subsequent decay of one neutralino

For transversely polarized beams, the spin-correlation term of the production
spin density matrix has an additional absorptive term. Therefore, the pure Higgs
exchange contributions still vanish, as with longitudinal polarization only. We
obtain for µ+µ− → χ̃0

i χ̃
0
j

Σ
3 (HA)
rj =

g4

2
|d(H)

ij ||d(A)
ij ||c(Hµ)||c(Aµ)|s

√

λijηj (3.68)
[

−(PL
+ + PL

−)Re{∆(H)∆(A)∗} + n̂+ · ( ~PT
+ × ~PT

−)Im{∆(H)∆(A)∗}
]

,

with n̂+ = ~pµ+/|~pµ+|.
We conclude that here longitudinal polarization is more convenient to analyze

the H-A interference, since its contribution is to the polarization of the neutrali-
nos is larger.

3.4.3 Production with subsequent decay of both neutrali-

nos

The spin-spin correlations for pure Higgs exchange are obtained from eq. (3.49)
substituting the polarization term (1+PL

+PL
−) with the function `′, eq. (3.67), as

for the coefficient Pr. The coefficients Pr and Σab
r must have the same dependence

on the polarizations since they are related by eq. (3.52). It is now possible to
separate the CP -even and CP -odd amplitudes either analyzing the transverse
polarizations of the beams or those of the neutralinos.

For the contribution to the spin-spin correlations from H-A interference we
find an additional non-absorptive term,

Σab (HA)
r =

g4

2
|c(Hµ)||c(Aµ)||d(H)

ij ||d(A)
ij |
√

λij s (δa1δb2 + δa2δb1)

[

Im{∆(H)∆(A)∗}(PL
+ + PL

−) + Re{∆(H)∆(A)∗} n̂+ · ( ~PT
+ × ~PT

−)
]

.

(3.69)

This term gains relevance when the resonances are completely degenerate and
thus the absorptive term vanishes.
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3.4.4 Summary of Section 3.4

We have analyzed the effect of transverse beam polarization on the neutralino
production spin density matrix in order to identify interesting new observables.
We found a strong similarity between transverse beam and neutralino polarization
effects. Both tuning the transverse beam polarization in neutralino production
as well as studying the angular distributions of the decays of both neutralinos
we can separate the CP -even and odd contributions, and thus determine the CP
properties of the resonance region. While beam polarization is a very interesting
tool, at a muon collider polarization it will be difficult to achieve large degrees of
polarization. Of less interest are the effects of transverse beam polarization on the
polarizations of neutralinos. For the spin correlation terms between production
and decay, transverse polarization adds a new absorptive contribution to the
longitudinal neutralino polarization which, however, is expected to be small. For
the spin-spin correlation terms, transverse beam polarization adds a new non-
absorptive contribution to the H-A interference term.



Chapter 4

Summary and Conclusions

4.1 Summary

The mechanism of spontaneous symmetry breaking is essential to provide masses
to the W± and Z gauge bosons and fermions of the SM. We hope to elucidate this
mechanism at the next generation of colliders. While the SM has been tested with
astonishing precision it is believed to be an effective theory of a more fundamental
Great Unified Theory. SUSY is one of the most attractive extensions of the SM
of particle physics. Therefore, the search for SUSY is a top priority at the next
generation of colliders.

Once Higgs bosons are discovered, a precise determination of their properties
is necessary to differentiate between different models, in particular the MSSM.
A muon collider, running at center of mass energies around the neutral Higgs
boson resonances, would allow precise measurements of masses and widths, as
well as the couplings to their decay products. In particular their couplings to
supersymmetric particles are essential to probe SUSY. Therefore, we study the
decays of the heavier CP -even and CP -odd Higgs bosons into lighter chargino or
neutralino pairs.

In this thesis we have analyzed the polarization effects of the beams and the
charginos and neutralinos produced in µ+µ− annihilation around the center of
mass energies of the Higgs boson resonances H and A.

For the chargino pair production, µ+µ− → χ̃∓
i χ̃±

j , we can summarize as follows:

• For the production of equal charginos we have shown that the ratio of
H-chargino and A-chargino couplings can be precisely determined indepen-
dently of the chargino decay mechanism. This method avoids reference to
other experiments and makes only a few model-dependent assumptions. In
the numerical analysis we have shown that, for small tanβ, the process
yields large cross sections of up to a pb. Finally we have analyzed the ef-
fect of the energy spread and of the error from the non-resonant channels,
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including an irreducible standard model background contribution.

• For the production of two different charginos we have shown that the H-A
interference can be analyzed using asymmetries of the χ̃+

1 χ̃−
2 cross section

and its charge conjugate. The asymmetries depend on the muon beam
polarizations and vanish for unpolarized beams.

• For the chargino pair production with subsequent two-body decay of one of
the charginos, χ̃±

j → `±ν̃, for ` = e, µ, τ , and χ̃±
j → W±χ̃0

k, we have shown
that charge and polarization asymmetries in the energy distributions of the
decay particles are sensitive to the interference of scalar exchange channels
with different CP quantum numbers. These asymmetries depend on the
longitudinal beam polarizations. In the numerical analysis we have shown
that the asymmetries can be measured with enough statistical significance.
The effect is larger for regions of parameter space with intermediate values
of tanβ and light sleptons or LSP. This process provides unique information
on the interference of overlapping Higgs boson resonances.

• For the chargino pair production with subsequent two-body decays of both
charginos we have defined energy distribution and angular asymmetries
in the final particles, in order to analyze the spin-spin correlations of the
charginos. The transverse polarizations of the charginos are sensitive to the
CP quantum number of the exchanged Higgs bosons and can thus be used
to separate overlapping resonances, as well as to determine the CP quantum
number of a single resonance. For equal charginos, these asymmetries are
not sensitive to the interference of CP -even and CP -odd Higgs exchange
channels. It is here not possible to distinguish between two overlapping
CP conserving scalar resonances with different CP quantum numbers and
a single CP violating one.

For the neutralino pair production, µ+µ− → χ̃0
i χ̃

0
j , we can summarize as fol-

lows:

• Line shape measurements of neutralino pair production allow to precisely
determine the ratio of H-neutralino and A-neutralino couplings indepen-
dently of the decay mechanism of the neutralinos, in analogy to the analysis
of the production of equal charginos. In the numerical analysis we briefly
analyze the dependence on the production cross sections for neutralino pairs
on the MSSM parameter space.

• For neutralino pair production with subsequent two-body decay of one of
the neutralinos, χ̃0

j → `± ˜̀∓
R,L, for ` = e, µ, τ , we have shown that the

asymmetry in the energy distribution of the decay lepton is sensitive to the
interference of H and A when they are nearly degenerate. In the numerical
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analysis we have shown that the asymmetries are large and can be measured
with enough statistical significance for a set of representative scenarios with
intermediate tan β.

• For neutralino pair production with subsequent two-body decays of both
neutralinos we analyze the energy and angular distributions of the decay
particles. This dependence of the neutralino spin-spin correlations on the
Higgs-neutralino interaction is similar to that of charginos, with the dif-
ference that the intrinsic relative CP quantum number of the neutralinos
which depends on the scenario and on the neutralino pair.

• Finally we analyzed the effect of transverse beam polarization on neutralino
production. Similarly as for the spin-spin correlations, we can separate the
CP even and odd Higgs exchange contributions using their dependence
on the correlations of transverse beam polarizations. We also analyze the
effects on the neutralino polarizations and on the spin-spin correlations.

4.2 Conclusions

We have shown that the interaction of the Higgs bosons to the gaugino-higgsino
sector can be probed at a muon collider in chargino and neutralino pair produc-
tion. When the resonance contributions can be separated in the production line
shape the ratio of couplings of H and A to the charginos and neutralinos can
be determined with precisions of down to the O(%). Especially interesting are
here scenarios with tan β ≈ 5, for which the H and A may decay mainly into
charginos and neutralinos and their production cross sections are up to a pb.

Alternatively, beam polarization correlations provide a very elegant tool to
separate the resonances. However, large polarizations are needed, obtained at
a cost of luminosity, since this effects are proportional to the product of beam
polarizations. The correlations of the transverse polarizations of the charginos or
neutralinos can be analyzed when both subsequent two-body decays are observed.
For charginos and neutralinos, the leptonic decays, if kinematically allowed, are
optimal probes of their polarization.

We find large correlations between the beam and the chargino or neutralino
polarizations, shown to be sensitive to the interference of H and A. Assuming
longitudinal polarizations of 30% we obtain charge and polarization asymmetries
larger than 20% when the overlap of the resonances is large. Here, scenarios with
tan β ≈ 10, with nearly degenerate heavier Higgs bosons and large branching ra-
tios into charginos and neutralinos, are the best case scenario. For these scenarios
we obtain statistical significances in the range 1 − 5 for integrated luminosities
L = 1 fb−1.



Chapter 5

Zusammenfassung und
Schlussfolgerungen

Der Mechanismus der spontanen Symmetriebrechung ist notwendig, um den W -
und Z-Eichbosonen sowie den Fermionen des Standardmodels Masse geben zu
können. Wir hoffen, diesen Mechanismus in der nächsten Generation von Teil-
chenbeschleunigern nachweisen zu können. Obwohl die Vorhersagen des Stan-
dardmodels (SM) bisher mit sehr großer Präzision bestätigt werden konnten,
glaubt man, dass es sich um einen effektiven Niederenergielimes einer fundamen-
taleren Großvereinheitlichten Theorie handelt. Supersymmetrie (SUSY) ist eine
der attraktivsten Erweiterungen des Standardmodels der Teilchenphysik. Deswe-
gen ist die Suche nach SUSY eine der Prioritäten der nächsten Generation von
Beschleunigern.

Werden Higgs-Bosonen entdeckt, ist eine präzise Bestimmung ihrer Eigen-
schaften nötig. Ein Myonenbeschleuniger mit einer Schwerpunktsenergie in der
Nähe der Resonanzen der neutralen Higgs-Bosonen würde eine ideale ,,Higgs-
Fabrik” darstellen, die genaue Messungen der Massen und Breiten sowie der
Kopplungen und Zerfallsprodukte der Higgsbosonen erlauben würde. Insbeson-
dere deren Kopplungen an SUSY-Teilchen ist wichtig, um das in der Natur real-
isierte SUSY-Szenario zu ermitteln. Deswegen haben wir die Zerfälle der schwer-
eren CP -geraden und CP -ungeraden Higgs-Bosonen in leichtere Chargino- oder
Neutralino-Paare studiert.

In dieser Arbeit wurden der Einfluss der Strahlpolarisation der Myonen sowie
die Polarisation der erzeugten Charginos und Neutralinos untersucht.
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Für die Produktion µ+µ− → χ̃∓
i χ̃±

j können wir folgendermaßen zusammen-
fassen:

• Für die Produktion gleicher Charginos wurde gezeigt, dass das Verhältnis
der H-Chargino-und der A-Chargino Kopplungen unabhängig vom Char-
gino Zerfallsmechanismus mit hoher Präzision bestimmt werden kann. Diese
Methode vermeidet Anleihen bei anderen Experimenten und macht nur
wenige modelabhängige Annahmen. In der numerischen Auswertung haben
wir gezeigt, dass für kleine Werte von tanβ der Prozess große Wirkungs-
querschnitte von bis zu einem pb erzielt. Zuletzt haben wir den Effekt
der Energieverteilung der Myonenstrahlen und des Fehlers aus den nicht-
resonanten Kanäle, mit Berücksichtigung des irreduziblen Standardmodel-
Hintergrundbeitrags, untersucht.

• Für die Produktion von zwei unterschiedlichen Charginos wurde gezeigt,
dass die H-A-Interferenz mit der Asymmetrie der Wirkungsquerschnitte für
µ+µ− → χ̃+

1 χ̃−
2 und dessen ladungskonjugierten Prozess analysiert werden

kann.

• Für Chargino-Paarproduktion mit anschließendem Zweikörperzerfall eines
der Charginos, χ̃±

j → `±ν̃, für ` = e, µ, τ , und χ̃±
j → W±χ̃0

k, haben
wir gezeigt, dass die Ladungs-und Polarisationsasymmetrien den Energiev-
erteilungen der Zerfallsprodukte auf die Interferenz der skalaren Austausch-
Kanäle mit unterschiedlichen CP -Quantenzahlen sensitiv sind. Diese Asym-
metrien sind von der Longitudinalenpolarisation abhängig. In einer nu-
merischen Analyse haben wir gezeigt, dass die Asymmetrien mit ausre-
ichender statistischer Signifikanz gemessen werden können. Der Effekt ist
für Regionen des Parameterraums mit mittleren Werten von tanβ und für
leichte Sleptonen oder LSPs χ̃0

1 größer. Dieser Prozess liefert eindeutige
Informationen über die Interferenz überlappender Higgsboson-Austausch-
Resonanzen.

• Für Chargino-Paarproduktion mit anschließendem Zweikörperzerfall beider
Charginos wurden Energie- und Winkelverteilungen der Zerfallsprodukte
definiert, um damit die Chargino-Spin-Spin-Korrelationen analysieren zu
können. Die transversalen Polarisationen der Charginos sind auf die CP -
Quantenzahl des ausgetauschten Higgs-Bosons sensitiv. Dadurch kann man
überlappende Resonanzen trennen, sowie auch die CP -Quantenzahl einer
einzelnen Resonanz bestimmen. Für gleiche Charginos sind diese Asym-
metrien auf die Interferenz CP -gerader und CP -ungerader Higgs-Kanäle
nicht sensitiv. Es ist deswegen nicht möglich, mit ihrer Hilfe zwischen zwei
überlappenden skalaren Resonanzen mit unterschiedlichen CP -Quanten-
zahlen und einer CP -verletzenden einzelnen Resonanz zu unterscheiden.
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Für die Produktion µ+µ− → χ̃0
i χ̃

0
j können wir folgendermaßen zusammen-

fassen:

• Line-Shape-Messungen der Neutralino-Paarproduktion erlauben eine präzise
Bestimmung des Verhältnisses der H-Neutralino- und A-Neutralino-Kop-
plungen, unabhängig vom Zerfallsmechanismus der Neutralinos, analog der
Chargino-Paarproduktion. In der numerischen Analyse untersuchten wir
die Abhängigkeit der Produktionswirkungsquerschnitte verschiedener Neu-
tralino-Paare vom MSSM Parameterraum.

• Für Neutralino Paarproduktion mit anschließendem Zweikörperzerfall eines
der Neutralinos, χ̃0

j → `± ˜̀∓
R,L, für ` = e, µ, τ , haben wir gezeigt, dass die

Energieverteilungsasymmetrie des Zerfallsleptons sensitiv auf Interferenz
von H und A ist, wenn letztere teilweise entartet sind. In der numerischen
Analyse zeigten wir für repräsentative Szenarien mit mittleren Werten von
tanβ, dass die Asymmetrien groß sind und mit ausreichender statistischer
Signifikanz gemessen werden können.

• Für Neutralino-Paarproduktion mit anschließendem Zweikörperzerfall bei-
der Neutralinos analysierten wir die Energie- und Winkelverteilungen der
Zerfallsprodukte. Die Abhängigkeit der Neutralino-Spin-Spin-Korrelationen
von der Higgs-Neutralino-Wechselwirkung ist ähnlich der der Charginos,
mit dem Unterschied, dass die intrinsische CP -Quantenzahl des erzeugten
Neutralinopaares vom Szenario abhängt.

• Zuletzt untersuchten wir den Effekt der Transversalpolarisation der Strah-
len auf die Neutralino-Produktionsobservablen. Analog wie bei den Spin-
Spin-Korrelationen können wir die CP -geraden und CP -ungeraden Higgs-
austausch-Beiträge anhand deren Abhängigkeit von der Strahlpolarisation
trennen.

5.1 Schlussfolgerungen

Wir haben gezeigt, dass die Kopplungen der Higgsbosonen an den Gaugino-
Higgsino-Sektor an einem Myonbeschleuniger getestet werden können. Wenn
die Beiträge der Resonanzen mit Hilfe der Linienform getrennt werden können
ist es möglich, das Verhältnis der H-und A-Kopplungen an die Charginos oder
Neutralinos mit hoher Präzision zu bestimmen. Besonders interessant sind hier
Szenarien mit tanβ ≈ 5, in denen H und A hauptsächlich in Charginos und Neu-
tralinos zerfallen, sodaß deren Produktionswirkungsquerschnitte im pb-Bereich
liegen können.
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Die Strahlenpolarisation liefert ein sehr elegantes Mittel um die Resonanzen zu
trennen. Dies setzt allerdings, da die Effekte proportional zum Polarisationsgrad
sind, hohe Polarisationsgrade voraus, welche an einem Myonbeschleuniger schwer
zu erreichen sind. Im Falle von Zweikörperzerfällen können die Spinkorellationen
der Charginos oder Neutralinos bei transversaler Polarisation untersucht werden.
Die leptonischen Zerfälle, wenn kinematisch erlaubt, sind optimale Proben der
Polarisation.

Wir finden große Korrelationen zwischen Strahl-und Chargino-Polarisationen,
die auf die Interferenz von H und A sensitiv sind. Für eine longitudinale Strahlpo-
larisation von 30% bekommen wir Ladungs- und Polarisationsasymmetrien die
größer als 20% sind wenn der Überlapp der Resonanzen groß ist. Die höchsten
Asymmetrien findet man hier in Szenarien mit tan β ≈ 10, in denen die schweren
Higgsbosonen fast entartet sind und gleichzeitig große Verzweigungsverhältnisse
in Charginos und Neutralinso aufweisen. In diesen Fällen finden wir statistische
Signifikanzen im Bereich zwischen 1 und 5 bei einer integrierten Luminosität von
L = 1 fb−1.



Appendix A

Minimal Supersymmetric
Standard Model

A.1 Introduction

The MSSM is defined by the four basic assumptions [33, 41]:

• Minimal gauge group: SU(3)C ×SU(2)L ×U(1)Y , i.e. SM gauge symmetry.

• Minimal particle content: 3 generations of leptons and quarks as in the SM,
12 gauge bosons, 2 Higgs doublets, and their superpartners, see Table A.1.

• Minimal Yukawa interactions and R-parity conservation: To enforce lep-
ton and baryon number conservation the symmetry R = (−1)2s+3B+L is
postulated, where L and B are lepton and barion numbers and s is the
spin quantum number. Ordinary particles have thus R = +1 while their
superpartners have R = −1.

• Minimal set of soft SUSY-breaking terms.

A.2 Chargino sector

A.2.1 Chargino mixing

The mass eigenvalues of the charginos, mχ±
1,2

, are determined diagonalizing the

chargino mass matrix, given in the {−iW̃−, H̃−} basis [33] by

MC =





M2

√
2mW sin β

√
2mW cos β µ



 , (A.1)
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SUSY-partners
SM particles weak eigenstates mass eigenstates

qu = u, c, t
qd = d, s, b q̃L, q̃R squarks q̃1, q̃2 squarks

` = e, µ, τ ˜̀
L, ˜̀

R sleptons ˜̀
1, ˜̀

2 sleptons
ν = νe, νµ, ντ ν̃` sneutrinos ν̃` sneutrinos

g g̃ gluino g̃ gluino

W± W̃± wino

(H+
1 , H−

2 ) H̃+
1 , H̃−

2 higgsinos χ̃±
1,2 charginos

γ γ̃ photino

Z Z̃ zino χ̃0
1,...,4 neutralinos

H0
1 , (H

0
2 ) H̃0

1 , H̃
0
2 higgsinos

Table A.1: Particle spectrum of the MSSM

which depends on the SU(2) gaugino mass parameter M2, the Higgs mass pa-
rameter µ, and the ratio of vacuum expectation values of the neutral Higgs fields
tan β = v1/v2. The gaugino mass parameter can be chosen real, absorbing the
phases into the electroweak eigenstates. The Higgs mass parameter µ is in general
complex while in the CP conserving MSSM it is either positive or negative.

Since the chargino mass matrix is not hermitian we need two different matrices,
U and V , to diagonalize it, acting on the left- and right-chiral {−iW̃−

L , H̃−
L } and

{−iW̃−
R , H̃−

R}, respectively [33],

Mdiag
C = U∗MCV T . (A.2)

The choice of the diagonalization matrices U and V fixes the phases of the
eigenvalues of MC. The matrices U and V can be chosen unitary. In this case
the eigenvalues of MC are not always positive. In the CP conserving chargino
sector the relative phase of the eigenvalues is given by

ηχ = sgn(detMC) = sgn(M2µ − m2
W sin 2β). (A.3)

The chargino masses, given by the absolute values of the eigenvalues of MC , are

mχ±
1,2

=
1

2

{

M2
2 + µ2 + 2m2

W ∓ Λ2
}

1

2 , (A.4)

Λ2 =
√

(M2
2 + µ2 + 2m2

W )2 − 4(M2µ − m2
W sin 2β)2. (A.5)

Alternatively, in order to obtain positive mass eigenvalues we can parametrize
the matrices U and V by

U =





cos φL sin φL

sin φL cos φL



 , (A.6)
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V =





cos φR sin φR

ηχ sin φR ηχ cos φR



 , (A.7)

with the angles φL and φR obtained from

sin φL = −2
√

2mW (M2 cos β + µ sinβ)

Λ2
, (A.8)

cos φL = −(M2
2 + µ2 − 2m2

W cos 2β)

Λ2
, (A.9)

sin φR = −2
√

2mW (M2 sin β + µ cosβ)

Λ2
, (A.10)

cos φR = −(M2
2 + µ2 + 2m2

W cos 2β)

Λ2
, (A.11)

with Λ2 given in (A.5).

The left- and right-handed chiral components of the eigenstates χ̃+
1,2 are related

to the wino and higgsino components by

χ̃−
kL = Uk1W̃

−
L + Uk2H̃

−
L , (A.12)

χ̃−
kR = Vk1W̃

−
R + Vk2H̃

−
R . (A.13)

A.2.1.1 Approximate solution to chargino mixing

For tan β � 1 the chargino mixing matrix can be approximated by a triangular
matrix,

MC ≈





M2

√
2mW

0 µ



 , (A.14)

leading to chargino masses and relative phase

mχ̃±
1
≈ min(M2, |µ|), mχ̃±

2
≈ max(M2, |µ|), ηχ ≈ sgn(µ). (A.15)

A.3 Neutralino sector

A.3.1 Neutralino mixing

The neutralino mass matrix is built up by the U(1) and SU(2) gaugino mass
parameters M1 and M2, respectively, the higgsino mass parameter µ, and the
ratio tan β = v2/v1 of the vacuum expectation values of the two neutral Higgs
fields.
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In the {γ̃, Z̃, H̃0
1 , H̃

0
2} basis [33] the neutralino mass matrix MN is given by

MN =



















M1c
2
W + M2s

2
W (M2 − M1)cWsW 0 0

(M2 − M1)cWsW M2c
2
W + M1s

2
W mZcβ −mZsβ

0 mZcβ 0 −µ

0 −mZsβ −µ 0



















, (A.16)

with the short-hand notation sβ = sin β, cβ = cos β, sW = sin θW , cW = cos θW .

The neutralino mass eigenvalues are obtained diagonalizing the neutralino
mass matrix. If CP is conserved in the neutralino sector the matrix MN is
real and symmetric and can be diagonalized with a 4 × 4 unitary matrix N :

Mdiag
N = N∗MNN †, (A.17)

with (Mdiag
N )ik = δikηkmχ0

k
, where the masses mχ0

k
, k = 1, ..., 4 are positive and

ηk is a phase which depends on the choice of diagonalization matrix N . Since
it is possible to redefine one phase ηχ0

k
through a phase reparametrization of the

fields, only the relative phases are physical and we define

ηij = ηiηj. (A.18)

The relative phases ηij are related to the relative CP intrinsic phase of χ̃0
i χ̃

0
j .

A.4 Sfermion sector

The left and right sfermions are the scalar supersymmetric partners of the left
handed and right fermions, respectively. Their couplings to the gauge sector are
thus fixed by the gauge structure. Mixing between the left and right sfermions is
proportional to the mass of the associated fermion, see Section A.4.1.1. Therefore,
for the first two fermion families we neglect mixing. We also neglect mixing
between sfermion families.

If gauge unification is assumed and left and right sfermions do not mix then the
sfermion masses can be evaluated from their common mass m0 at the unification
energy scale (GUT-scale) via the Hall-Polchiski renormalization group relations
(RGE) [35]

m2
f̃L,R

= m2
f + m2

0 + CfLR
M2

2 + m2
Z cos 2β(T3f − ef sin2 θW ), (A.19)

where mf is the mass of the fermion partner, T3f is the third component of the
weak isospin of the fermion f , ef is its electric charge and CfL,R

is a coefficient
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evaluated with the RGE. At the electroweak breaking scale CfL,R
has the approx-

imate values

C`L
≈ 0.79, C`R

≈ 0.23,

CqL
≈ 10.8, CqR

≈ 10.1.

Note that for the squarks CqL,R
� 1. This implies that squarks are expected to

be considerably heavier than sleptons. When GUT relations are assumed squarks
are heavier than the lighter chargino and, for a large region of parameter space,
heavier than the heavier chargino. If the scalar mass m0 is of the order of the
electroweak energy scale squarks are also considerably heavier than sleptons.

A.4.1 Scalar lepton sector

Explicitly for leptons, eq. (A.19) reads

m2
˜̀
L

= m2
0 + m2

` + 0.79M2
2 − m2

Z cos 2β(
1

2
− sin2 θW ), (A.20)

m2
˜̀
R

= m2
0 + m2

` + 0.23M2
2 − m2

Z cos 2β sin2 θW , (A.21)

m2
ν̃`

= m2
0 + 0.79M2

2 +
1

2
m2

Z cos 2β. (A.22)

A.4.1.1 Mixing in the third generation

The mass eigenvalues of the staus, mτ̃1,2
, are determined diagonalizing the stau

mass matrix, given in the τ̃L − τ̃R basis by

Lτ̃
M = −(τ̃ ∗

R, τ̃ ∗
L)





m2
τ̃R

−mτΛτ

−mτΛτ m2
τ̃L









τ̃R

τ̃L



 , (A.23)

with m2
τ̃R

and m2
τ̃L

given by eqs. (A.21) and (A.20) replacing m2
` by m2

τ , and

Λτ = Aτ − µ tanβ, (A.24)

where Aτ is the trilinear scalar coupling parameter. The τ̃ mass eigenstates are
(τ̃1, τ̃2) = (τ̃R, τ̃L)Rτ̃ T

with the stau mixing matrix

Rτ̃ =





cos θτ̃ sin θτ̃

− sin θτ̃ cos θτ̃



 , (A.25)

and

cos θτ̃ =
m2

τ̃L
− m2

τ̃1
√

m2
τΛ

2
τ + (m2

τ̃1
− m2

τ̃L
)2

., sin θτ̃ =
mτΛτ

√

m2
τΛ

2
τ + (m2

τ̃1
− m2

τ̃L
)2

(A.26)

The mass eigenvalues are

m2
τ̃1,2

=
1

2

(

(m2
τ̃L

+ m2
τ̃R

) ∓
√

(m2
τ̃L

− m2
τ̃R

)2 + 4m2
τΛ

2
τ

)

. (A.27)



Appendix B

Lagrange densities and couplings

B.1 Chargino production

The MSSM interaction Lagrangians for chargino production in µ+µ−-annihilation
eq. (2.1) via Higgs exchange are

Lµ+µ−φ = g µ̄ (c(φµ) ∗PL + c(φµ)PR) µ φ, (B.1)

Lχ̃+χ̃+φ = g ¯̃χ+
i (c

(φ)
L ijPL + c

(φ)
R ijPR)χ̃+

j φ, (B.2)

where PR,L = 1
2
(1 ± γ5), g is the weak coupling constant and φ = H, A, h. The

muon couplings to H and A are [40]:

c(Hµ) = − mµ

2mW

cos α

cos β
, (B.3)

c(Aµ) = i
mµ

2mW

tanβ, (B.4)

where α is the Higgs mixing angle, tanβ = v2/v1 is the ratio of the vacuum
expectation values of the two neutral Higgs fields. The chargino couplings to H
and A are [40]:

c
(H)
L ij = −Q∗

ij cos α − S∗
ij sin α, (B.5)

c
(A)
L ij = i(Q∗

ij sin β + S∗
ij cos β), (B.6)

c
(φ)
R ij = c

(φ)∗
Lji , φ = H, A, (B.7)

Qij =
1√
2
Ui2Vj1, (B.8)

Sij =
1√
2
Ui1Vj2, (B.9)

where U and V are the 2 × 2 diagonalization unitary matrices U and V given in
eqs. (A.6) and (A.7), respectively.

The muon and chargino couplings to the lighter Higgs boson h are obtained
substituting α by α + π/2 in (B.3) and (B.5), respectively.
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B.2 Neutralino production

The MSSM muon-Higgs interaction Lagrangian (B.1) has been given in the pre-
ceding section. The interaction Lagrangian for neutralino production in µ+µ−-
annihilation via Higgs exchange, eq. (3.1), is

Lχ̃0χ̃0φ =
1

2
g ¯̃χ0

i (d
(φ) ∗
ij PL + d

(φ)
ij PR)χ̃0

j φ, (B.10)

where PR,L = 1
2
(1 ± γ5), g is the weak coupling constant and φ = H, A, h.

In the neutralino basis {γ̃, Z̃, H̃0
1 , H̃

0
2} [33, 42] the neutralino couplings to H

and A are [40]:

d
(H)
ij = −Q′′

ij cos α + S ′′
ij sin α, (B.11)

d
(A)
ij = −i(Q′′

ij sin β − S ′′
ij cos β), (B.12)

Q′′
ij =

1

2 cos θW

[Ni3Nj2 + (i ↔ j)], (B.13)

S ′′
ij =

1

2 cos θW

[Ni4Nj2 + (i ↔ j)], (B.14)

where α is the Higgs mixing angle, tanβ = v2/v1 is the ratio of the vacuum
expectation values of the two neutral Higgs fields, θW is the weak mixing angle
and N is the unitary 4× 4 matrix which diagonalizes the neutralino mass matrix
MN If CP is conserved MN is real and the matrix N can be chosen real and
orthogonal: NiαMN αβNT

βk = ηimχi
δik, where mχi

, i = 1, . . . , 4 are the masses of
the neutralinos and ηi = ±1 is related to the CP eigenvalue of the neutralino χ̃0

i .

The neutralino couplings to the lighter Higgs boson h are obtained substituting
α with α + π/2 in (B.11).

B.3 CP conserving and CP violating couplings

When CP is conserved in the chargino sector the chargino mass matrix MC ,
eq. (A.1), is real and the diagonalization matrices U and V can be chosen real.
In analogous way for the CP conserving neutralino sector the neutralino mass
matrix MN is real and symmetric and the diagonalization matrix N can be chosen
real and orthogonal. Therefore, with this choice of diagonalization prescription,
the chargino and neutralino couplings to the CP -even Higgs boson, (B.5) and
(B.11), are real those to the CP odd Higgs boson, (B.6) and (B.12), are pure
imaginary.

In the general case of non CP conserving chargino or neutralino sectors the
coefficients Qij and Sij as well as Q′′

ij and S ′′
ij are complex. We define the phases

of the couplings of the Higgs bosons to charginos and neutralinos γφij and δφij,
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respectively, in the relations

c
(φ)
ij = c̄

(φ)
ij eiγφij , (B.15)

d
(φ)
ij = d̄

(φ)
ij eiδφij . (B.16)

where φ = H, A. These phases may be defined in the interval [0, π), which implies
γHij = δHij = 0 and γAij = δAij = π/2 in the CP conserving limit.

At tree level, the MSSM Higgs sector is CP conserving. However, CP violating
phases arise through loop corrections. These phases can be absorbed in the
couplings to the charginos and neutralinos, (B.15) and (B.15), respectively, as
well as in those to the muons, with

c(φµ) = c̄(φµ)eiξφ. (B.17)

with c̄(φµ) real. Defining the muon-Higgs couplings in the interval [0, π) leads to
ξH = 0 and ξA = π/2 for the CP conserving Higgs sector.

B.4 Chargino decay

The Lagrangians for chargino decay into a charged lepton ` and a sneutrino,
χ̃±

j → `± ν̃
(∗)
` , with ` = e, µ, τ , are

L`ν̃`χ̃+ = −gVj1
¯̀PRχ̃+C

j ν̃` + h.c., ` = e, µ, (B.18)

Lτ ν̃τ χ̃+ = −gτ̄(Vj1PR − YτU
∗
j2PL)χ̃+C

j ν̃τ + h.c., (B.19)

with the τ -Yukawa coupling Yτ = mτ/(
√

2mW cos β).

The Lagrangian for chargino decay into a W boson and a neutralino, χ̃±
j →

W±χ̃0
k, is

LW−χ̃+χ̃0 = gW−
µ

¯̃χ0
kγ

µ[OL
kjPL + OR

kjPR]χ̃+
j + h.c., (B.20)

with the couplings [33]

OL
kj = − 1√

2
Nk4V

∗
j2 + (sin θW Nk1 + cos θW Nk2)V

∗
j1, (B.21)

OR
kj = +

1√
2
N∗

k3Uj2 + (sin θW N∗
k1 + cos θW N∗

k2)Uj1. (B.22)

The 4× 4 unitary matrix N diagonalizes the neutralino mass matrix MN in the
basis {γ̃, Z̃, H̃0

1 , H̃
0
2} [33, 42] with N ∗

ilMN lmN †
mj = δijηjmχ0

j
.

Alternatively, diagonalizing the matrix MN in the basis {γ̃, Z̃, H̃a, H̃b} [42]
with the the 4×4 unitary matrix N ′, with N ′∗

il MN lmN ′†
mj = δijηjmχ0

j
, eqs. (B.21)
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and (B.21) read [33]

OL
kj = − 1√

2
(cos βN ′

k4 − sin βN ′
k3)V

∗
j2

+(sin θW N ′
k1 + cos θW N ′

k2)V
∗
j1, (B.23)

OR
kj = +

1√
2
(sin βN ′∗

k4 + cos βN ′∗
k3)Uj2

+(sin θW N ′∗
k1 + cos θW N ′∗

k2)Uj1. (B.24)

The Lagrangian for heavier chargino decay into a Z boson and a lighter
chargino, χ̃±

2 → χ̃±
1 Z is

LZχ̃+χ̃+ =
g

cos θW
Zµ

¯̃χ+
i γµ[O′L

ij PL + O′R
ij PR]χ̃+

j , (B.25)

with the couplings [33]

O′L
ij = −Vi1V

∗
j1 −

1

2
Vi2V

∗
j2 + δij sin2 θW , (B.26)

O′R
ij = −U∗

i1Uj1 −
1

2
U∗

i2Uj2 + δij sin2 θW . (B.27)

The Lagrangian for the decay χ̃±
2 → χ̃±

1 h is given by the Lagrangian for pro-

duction, eq. (B.2), where the couplings c
(h)
L ij and c

(h)
R ij are obtained from eqs. (B.5)

and (B.7) substituting α by α + π/2.

B.5 Neutralino decay

The interaction Lagrangian for neutralino decay into a lepton and a slepton of
the first two generations is [33]

L`˜̀χ̃0
j

= gfL
`j

¯̀PRχ̃0
j
˜̀
L + gfR

`j

¯̀PLχ̃0
j
˜̀
R + h.c., ` = e, µ, (B.28)

with couplings

fL
`j = −

√
2

[

1

cos θW

(T3` − e` sin2 θW )Nj2 + e` sin θW Nj1

]

, (B.29)

fR
`j = −

√
2e` sin θW

[

tan θW N∗
j2 − N∗

j1

]

, (B.30)

where e` and T3` denote the electric charge and third component of the weak
isospin of the lepton `.

For the neutralino decay into staus χ̃0
i → τ̃±

n τ∓, stau mixing has to be taken
into account. The interaction Lagrangian is [43]

Lτ τ̃χi
= gτ̃nτ̄(aτ̃

njPR + bτ̃
njPL)χ̃0

i + h.c. , n = 1, 2; j = 1, . . . , 4, (B.31)
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with couplings

aτ̃
nj = (Rτ̃

nm)∗Aτ
jm, bτ̃

nj = (Rτ̃
nm)∗Bτ

jm, m = L, R (B.32)

with Rτ̃
nm the stau mixing matrix defined in eq. (A.25) and

Aτ
j =

(

fL
τj

hR
τj

)

, Bτ
j =

(

hL
τj

fR
τj

)

. (B.33)

In eq. (B.33), fL
τj and fR

τj are defined by eqs. (B.29) and (B.30), respectively, and

hL
τj = (hR

τj)
∗ = mτ/(

√
2mW cos β)N∗

j3, (B.34)

with mW the mass of the W boson, mτ the mass of the τ -lepton and N the
neutralino mixing matrix in the γ̃, Z̃, H̃0

1 , H̃
0
2 basis.

The Lagrangian for the decay χ̃0
k → χ̃±

i W∓ is given in eq. (B.20).

The Lagrangian for the decay χ̃0
k → χ̃0h is given by (B.10), where the coupling

d
(h)
ij is obtained substituting α by α + π/2 in from eq. (B.11).

The Lagrangian for heavier neutralino decay into a Z boson and a lighter
neutralino, χ̃0

k → χ̃0
i Z, k = 2, 3, 4 and i = 1, 2, 3 is

LZχ̃0χ̃0 =
1

2

g

cos θW

Zµ
¯̃χ0

kγ
µ[O′′L

ki PL + O′′R
ki PR]χ̃0

i , (B.35)

with the couplings [33]

O′′L
ki = −1

2
(Nk3N

∗
i3 − Nk4N

∗
i4), (B.36)

O′′R
ki = −O′′L∗

ki , (B.37)

in the γ̃, Z̃, H̃0
1 , H̃

0
2 basis.



Appendix C

Chargino and neutralino spin
density matrices

Here we present the spin formalism used to evaluate the spin-correlations between
production and decay, as well as the spin-spin correlations, for chargino and
neutralino production in
mu+µ−-annihilation.

C.1 Spin density matrix formalism

In this section we present the spin density matrix formalism, see, e.g. [28], for
chargino and neutralino production and decay in µ+µ−-annihilation with polar-
ized beams. We denote here with χi and χj the produced charginos or neutralinos,
where i and j label the chargino or neutralino mass eigenstates. The helicities of
χi and χj are denoted by λi, λ

′
i and λj, λ

′
j, respectively. The helicities of µ+ and

µ− are denoted by λ+, λ′
+ and λ−, λ′

−, respectively.

C.1.1 Helicity spinor formalism for spin-1
2 particles

For the calculation of the cross sections for production and decay we use the spin
density formalism [28].

The helicity spinor u(p, λ) is the solution of the Dirac equation of a particle
with four-momentum p, mass m and helicity λ

( /p − m)u(p, λ) = 0 (C.1)

and are eigenvectors of γ5

γ5u(p, λ) = 2λu(p, λ). (C.2)

The spinor for its antiparticle is obtained through charge conjugation

v(p, λ) = CūT (p, λ), (C.3)
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where C is the charge conjugation operator. The spinor for the antiparticle is a
solution of the Dirac equation

( /p + m)v(p, λ) = 0 (C.4)

and

γ5v(p, λ) = 2λv(p, λ). (C.5)

Here the spinors are normed such that

ū(p, λ)u(p, λ) = 2m, (C.6)

v̄(p, λ)v(p, λ) = −2m, (C.7)

The gamma matrices in the Weyl representation are given in Appendix E.

C.1.2 Bouchiat-Michel formalism for spin-1
2 particles

Using a set of spin-basis vectors sa,µ, a = 1, 2, 3, for an initial or final fermion
the amplitudes squared are expanded in terms of Pauli matrices σa and the
Kronecker delta in helicity-space. The spin vectors and the four-momentum p
form an orthogonal set

pµsa
µ = 0, (C.8)

sa,µsb
µ = −δab, (C.9)

sa
νs

a
ν = −gµµ +

pµpν

m2
. (C.10)

The Bouchiat-Michel formulae for massive spin 1/2 particles are then [28]

u(p, λ′)ū(p, λ) =
1

2
[δλλ′ + γ5 /saσa

λλ′ ]( /p + m), (C.11)

v(p, λ′)v̄(p, λ) =
1

2
[δλ′λ + γ5 /saσa

λ′λ]( /p − m). (C.12)

C.1.3 Muon spin density matrix

The spin density matrix ρ of a particle with spin s and with eigenvalue of the
z-component of the spin operator ms is given by [44, 45]

ρ =
∑

ms,m′
s

|sm′
s〉ρms,m′

s
〈sms|. (C.13)

The density matrix for the incoming spin- 1
2

µ+ and µ−, with spin vectors Pm
+ and

Pm
− , respectively, can then be expressed as

ρ
(µ±)
λ±λ′

±
=

1

2
(I + Pm

± σm)λ±λ′
±

(C.14)
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where σm, m = 1, . . . , 3 are the Pauli matrices and I is the 2×2 identity matrix.
We define the spin vectors in the µ+ and µ− reference frames, Section D.1.3,

where the z-axis is chosen, respectively, in the direction of the µ+ and µ− beams.
Then P3

± denotes the longitudinal polarizations of the beams. The x axis lies on
the production plane and the y axis is perpendicular to the production plane,
for both reference frames. Thus P1

± and P2
± are the transverse polarizations

on the production plane and perpendicular to it. The transverse parts of the

spin vectors can be described by PT
± =

√

P1
±

2
+ P2

±
2

and the unit vectors ~t± =

(P1
±,P2

±, 0)/PT
±.

C.1.4 Chargino and neutralino spin vectors

We define the spin vectors of the charginos χ̃∓
i and χ̃±

j (neutralinos χ̃0
i and χ̃0

j),
in the reference frame in the center of mass system (CMS) Rχj

. In Rχj
the four-

momentum of the chargino χ̃±
j (neutralino χ̃0

j), denoted here with χj, is given
by

pν
χj

= (Eχj
; 0, 0, |~pχj

|), (C.15)

with

Eχj
=

s + m2
χj

− m2
χi

2
√

s
, |~pχj

| =
λ

1

2 (s, m2
χi

, m2
χj

)

2
√

s
. (C.16)

The four-momentum of the incoming µ− is given by

pν
µ− =

√
s

2
(1; β sin θ, 0, β cos θ), (C.17)

with β =
√

1 − 4m2
µ±/s.

The spin vectors of the chargino (neutralino) in the CMS are chosen such that
~s 1

χj
and ~s 2

χj
are perpendicular to the momentum of the chargino (neutralino) ~pχj

and ~s 3
χj

is parallel to ~pχj
. They are defined by

s1,ν
χj

= (0; 1, 0, 0), s2,ν
χj

= (0; 0, 1, 0), s3,ν
χj

=
1

mχj

(|~pχj
|; 0, 0, Eχj

). (C.18)

The production plane is defined by

~pµ− × ~pχj

|~pµ− × ~pχj
| = (0, 1, 0), (C.19)

Then s1,ν
χj

and s2,ν
χj

lie parallel and perpendicular to the production plane, respec-

tively.
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The four-momentum of the chargino χ̃∓
i (neutralino χ̃0

i ), denoted here with χi,
is then

pν
χi

= (Eχi
; 0, 0,−|~pχi

|), (C.20)

with Eχi
and ~pχi

defined in analogy to eq. (C.16).

The spin vectors of χi are defined by

s1,ν
χi

= (0;−1, 0, 0), s2,ν
χi

= (0; 0, 1, 0), s3,ν
χi

=
1

mχi

(|~pχi
|; 0, 0,−Eχi

). (C.21)

Note that in our convention s2,ν
χi

= s2,ν
χj

while s1,ν
χi

= −s1,ν
χj

.

C.1.5 Production and decay spin density matrices

For the calculation of the cross section for the combined process of chargino pro-
duction eq. (2.1) and decay, we use the spin density matrix formalism of [28], as
e.g. used for chargino production in e+e−-annihilation in [21, 22]. The unnor-
malized spin matrix ρP of χ̃∓

i χ̃±
j production is given by

ρ̃P
λ+λ′

+
λ−λ′

−,λiλ′
iλjλ′

j
= T P

λ+λ−,λiλj
T P∗

λ′
+

λ′
−,λ′

iλ
′
j
, (C.22)

where T P
λ+λ−,λiλj

is the helicity amplitude for production, λ+, λ− are the helicities

indices of µ+ and µ−, respectively, and λi, λj those of the charginos. To obtain the
beam polarization dependent production density matrix we contract eq. (C.22)
with the muon spin density matrices, eq. (C.14),

ρP
λiλ′

iλjλ′
j

=
∑

λ+,λ′
+

∑

λ−,λ′
−

ρ
(µ+)
λ+λ′

+

ρ
(µ−)
λ−λ′

−
ρ̃P

λ+λ′
+

λ−λ′
−,λiλ′

iλjλ′
j
. (C.23)

The spin density matrix is then a function of the µ+ and µ− polarization degrees
Pm

+ and Pm
− , respectively, with m = 1, 2, 3.

Similarly, the unnormalized spin matrix ρD of χ̃±
j decay is given by

ρD
λ′

jλj
= T D∗

λ′
j

T D
λj

, (C.24)

where T D
λj

are the helicity amplitudes for decay. The unnormalized spin density

matrix ρD of χ̃∓
i decay is obtained from eq. (C.24) replacing λj and λ′

j with λi

and λ′
i, respectively, in the helicity amplitudes for the chargino with opposite

charge.

Introducing the set of chargino spin vectors sa
χi

and sb
χj

, given in Appendix C.1.4,

the spin density matrices (C.22) and (C.24) can be expanded in terms of the Pauli



108 APPENDIX C. CHARGINO AND NEUTRALINO SPIN DENSITY MATRICES

matrices τ a and the Kronecker δ,

ρP
λjλ′

j
= δλiλ′

i
δλjλ′

j
P

+

3
∑

a=1

δλjλ′
j
τa
λiλ′

i
Σa

Pi
+

3
∑

b=1

δλiλ′
i
τ b
λjλ′

j
Σb

Pj

+

3
∑

a,b=1

τa
λiλ′

i
τ b
λjλ′

j
Σab

Pij
, (C.25)

ρD
λ′

k
λk

= δλ′
kλk

Dk +

3
∑

c=1

τ c
λ′

k
λk

Σc
Dk

. (C.26)

With our choice of the spin vectors, Σ3
Pj

/P is the longitudinal polarization of

χ̃±
j , Σ1

Pj
/P is its transverse polarization in the production plane and Σ2

Pj
/P is

its polarization perpendicular to the production plane. The spin tensor Σab
Pij

/P

gives the probability of χ̃∓
i and χ̃±

j having polarizations in the a and b directions,
respectively. Note that the chargino polarizations are defined in two different
reference systems, each with the third component pointing in the direction of
motion of the corresponding chargino. For instance, Σ33

Pij
/P = 1(−1) implies

that the helicities of both charginos are equal (opposite), independent of the
polarization degree of the charginos.

C.1.6 Amplitudes squared

The amplitude squared for chargino production is obtained contracting the chargino
spins of the production spin density matrix,

|T P |2 =
∑

λiλjλ′
iλ

′
j

ρP
λiλ′

iλjλ′
j
δλiλ′

i
δλjλ′

j
. (C.27)

Here we summed over the helicity indices λi and λ′
i of χ̃∓

i and λj and λ′
j of χ̃±

j

whose decays are not observed. Expressing the production spin density matrix
as in eq. (C.25) we obtain

|T P |2 = 4P. (C.28)

The amplitude squared for production and decay of one of the charginos, here
χ̃±

j , is obtained contracting the spin indices of the decaying chargino with those
of the decay matrix,

|T PD
j |2 = |∆(χ̃±

j )|2
∑

λiλjλ′
iλ

′
j

ρP
λiλ′

iλjλ′
j
ρD

λ′
jλj

δλiλ′
i
, (C.29)

with the propagator ∆(χ̃±
j ) = i/[p2

χ±
j

− m2
χ±

j

+ imχ±
j
Γχ±

j
], where pχ±

j
, mχ±

j
and

Γχ±
j

denote the four-momentum, mass and width of the chargino, respectively.
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Expressing the production spin density matrix as in eqs. (C.25) and (C.26) we
obtain

|T PD
j |2 = 4|∆(χ̃±

j )|2
(

PDj +

3
∑

b=1

Σb
Pj

Σb
Dj

)

. (C.30)

where we sum over the helicity indices λi and λ′
i of χ̃∓

i whose decay is not observed.
The amplitude squared for production and decay of both charginos is obtained

contracting the spin indices of both charginos with those of the decay matrices,

|T PD
ij |2 = |∆(χ̃∓

i )|2|∆(χ̃±
j )|2

∑

λiλjλ′
iλ

′
j

ρP
λiλ′

iλjλ′
j
ρD

λ′
iλi

ρD
λ′

jλj
. (C.31)

From eqs. (C.25) and (C.26) we obtain

|T PD
ij |2 = 4|∆(χ̃∓

i )|2|∆(χ̃±
j )|2 (C.32)

×
(

PDiDj + Dj

3
∑

a=1

Σa
Pi

Σa
Di

+ Di

3
∑

b=1

Σb
Pj

Σb
Dj

+
3
∑

a,b=1

Σab
Pij

Σa
Di

Σb
Dj

)

.

As expected from eq. (C.23), the terms proportional to P in eqs. (C.30) and
(C.32), (as well as the amplitude squared for total production, eq. (C.28) ) are
independent of the chargino polarization. The terms proportional to Σa

Pi
or Σb

Pj

in eqs. (C.30) and (C.32) describe the spin correlations between production and
decay while the third term in eq. (C.32), proportional to Σab

Pij
, describes the spin

correlation between the two charginos.

C.1.7 Differential cross sections

The differential cross section for chargino pair production is given by

dσP =
1

2s
|T P |2dLips(p; pχi

, pχj
), (C.33)

where the Lorentz invariant phase space element is given in eq. (D.21).
For chargino production and decay analogous expressions follow, replacing the

the amplitude squared and the phase space element.
For neutralino production the differential cross section is obtained as eq. (C.33),

taking into account of the statistical factor 1
2

necessary for equal neutralinos,

dσP = (2 − δij)
1

4s
|T P |2dLips(p; pχi

, pχj
). (C.34)

Analogous expressions are derived for neutralino production with subsequent de-
cay
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C.1.8 Contributions to the spin density matrix

It is useful to express the production density matrix as a sum of the contributions
from the different production channels α, β,

ρP =
∑

α≤β

ρP (αβ) (C.35)

where the channels have been ordered in some arbitrary way. The amplitudes are

T P
λ =

∑

α

T P
λ (α), (C.36)

where λ denotes all the helicity indices. Then

ρP
λλ′(αβ) = T P

λ (α)T P ∗
λ′(β) + T P

λ (β)T P ∗
λ′(α) (C.37)

for α 6= β, and

ρP
λλ′(αα) = T P

λ (α)T P ∗
λ′(α). (C.38)

From eqs. (C.37) and (C.38) follows that ρP (αβ) is hermitian in the spin indices
and thus the coefficients P (αβ), Σa

Pi
(αβ), Σb

Pj
(αβ) and Σab

P (αβ), are real.

C.2 Spin density matrix for chargino produc-

tion

C.2.1 Higgs exchange channels

The contribution to the spin density matrix for µ+µ− → χ̃∓
i χ̃±

j from the resonant
Higgs boson exchange channels, denoted here α and β, can be expressed in the
general form

Pr(αβ) = N (αβ)g4 Re{∆(α)∆(β)∗ `(αβ)( ~P+, ~P−)

[aαβ
+ (pipj) − bαβ

+ mimj]}(p1p2), (C.39)

Σa
r i(αβ) = −N (αβ)g4 Re{∆(α)∆(β)∗ `(αβ)( ~P+, ~P−)

aαβ
− mi (s

a
i pj)(p1p2) }, (C.40)

Σb
r j(αβ) = −N (αβ)g4 Re{∆(α)∆(β)∗ `(αβ)( ~P+, ~P−)

aαβ
− mj (sb

jpi)(p1p2) }, (C.41)

Σab
r (αβ) = N (αβ)g4 Re{∆(α)∆(β)∗ `(αβ)( ~P+, ~P−)

{ aαβ
+ mimj (sa

i s
b
j)

+bαβ
+

[

(sa
i pj)(s

b
jpi) − (sa

i s
b
j)(pipj)

]

+ibαβ
− [sa

i , pi, s
b
j, pj] }(p1p2)}, (C.42)
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where ∆(H) and ∆(A) are the Breit-Wigner propagators, eq. (2.8). We used the
short hand notation for momenta and masses

p1 = pµ+, p2 = pµ−, pi = pχ∓
i
, pj = pχ±

j
, mk = mχ±

k
, k = i, j, (C.43)

and for the spin vectors

sa
i = sa

χ∓
i

, sb
j = sb

χ±
j

. (C.44)

In eq. (C.42) we used the function

[a, b, c, d] = − i

4
Tr{6a 6b 6c 6dγ5} = εαβγδa

αbβcγdδ. (C.45)

The coefficients `(αβ) are functions of the muon-Higgs couplings,

`(αβ) = `
(αβ)
1 + `

(αβ)
2 + i`

(αβ)
3 , (C.46)

`
(αβ)
1 = Re(c(αµ)c(βµ)∗)(1 + PL

+PL
−),

+Re(c(αµ)c(βµ))( ~PT
+ · ~PT

−), (C.47)

`
(αβ)
2 = Im(c(αµ)c(βµ)) ( ~PT

+ × ~PT
−) · ~n+, (C.48)

`
(αβ)
3 = Im(c(αµ)c(βµ)∗)(PL

+ + PL
−), (C.49)

and a
(αβ)
± , b

(αβ)
± are functions of the the chargino-Higgs couplings,

aαβ
± =

1

2

(

c
(α)
R ijc

(β)∗
R ij ± c

(α)
L ijc

(β)∗
L ij

)

, (C.50)

bαβ
± =

1

2

(

c
(α)
R ijc

(β)∗
L ij ± c

(α)
L ijc

(β)∗
R ij

)

. (C.51)

The coefficient N (αβ) = 2−δαβ takes into account the sum of eq. (C.37) for α 6= β.

Note that for pure Higgs exchange, with α = β, the functions a
(αα)
± , b

(αα)
±

and `(αα) are real, which implies that the linear dependence on the sum of beam
polarizations PL

+ + PL
− vanishes, both for CP conserving as for CP violating

couplings. Thus, it is possible to build observables using this dependence on
the beam polarizations to study the interference of overlapping scalar exchange
channels.

C.2.2 Non-Higgs exchange channels

The contributions to the spin density matrix for chargino pair production from
γ, Z s-channel and ν̃µ t-channel exchange can be found in Appendix C of [22] for
e+e− → χ̃∓

i χ̃±
j and can be used for µ+µ−-annihilation. An important difference

with respect to the Higgs exchange channels is the dependence on the longitudinal
beam polarizations. In Higgs exchange the beam polarization dependence is
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described by the functions `(αβ), eq. (C.46). These contributions depend on the
combinations of beam polarizations 1+PL

+PL
+ and PL

++PL
+, which are maximal for

PL
+ = PL

+ = ±1 and vanish for PL
+ = −PL

+ = ±1. The non-Higgs contributions,
on the other hand, depend on the combinations of beam polarizations 1−PL

+PL
+

and PL
+ − PL

+, whose behavior is exactly opposite.

C.3 Spin density matrix for chargino decay

C.3.1 Two-body decays

The expansion coefficients of the chargino decay matrix, eq. (C.26), for χ̃+
j →

`+ ν̃`, with ` = e, µ, are

D =
g2

2
|Vj1|2(m2

χ±
j

− m2
ν̃`

), (C.52)

Σa
D = −g2|Vj1|2mχ±

j
(sa

χ±
j

· p`). (C.53)

Here sa
χ±

j

are the neutralino spin-vectors defined in Section C.1.4, and p` is the

four-momentum of the lepton `. The coefficient Σa
D for the charge conjugated

process, χ̃−
j → `− ν̃∗

` , is obtained by inverting the sign of (C.53).

The expansion coefficients of the chargino decay matrix, eq. (C.26), for χ̃+
j →

τ+ ν̃τ are

D =
g2

2
(|Vj1|2 + Y 2

τ |Uj2|2)(m2
χ±

j

− m2
ν̃τ

), (C.54)

Σa
D = −g2(|Vj1|2 − Y 2

τ |Uj2|2)mχ±
j
(sa

χ±
j

· pτ ). (C.55)

The expansion coefficients for the decay χ̃+
j → W+χ̃0

k are

D =
g2

2
(|OL

kj|2 + |OR
kj|2)



m2
χ±

j

+ m2
χ0

k
− 2m2

W +
(m2

χ±
j

− m2
χ0

k

)2

m2
W





−6g2Re{OL
kjO

R∗
kj }mχ±

j
mχ0

k
, (C.56)

Σa
D = g2(|OL

kj|2 − |OR
kj|2)

(m2
χ±

j

− m2
χ0

k

− 2m2
W )

m2
W

mχ±
j
(sa

χ±
j

· pW ). (C.57)

With these definitions we can rewrite the factor Σ3
D, eqs. (C.53), (C.55) and

(C.57), in the CMS for λ = e, µ, τ, W , respectively,

Σ3
D = ηλ±

D

∆λ
(Eλ − Ēλ), (C.58)
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where Eλ is the energy of λ, Ēλ is defined in Section D.2.1 and given explicitly
for λ = e, µ, τ, W , and we have used the relation

mχ±
j
(s3

χ±
j

· pλ) = −
m2

χ±
j

|~pχ±
j
|(Eλ − Ēλ). (C.59)

The factor ηλ± is a measure of parity violation, which is maximal η`± = ±1 for the
decay χ̃±

j → `± ν̃
(∗)
` , for ` = e, µ, since the sneutrino couples purely left handed.

The factor ηλ± (C.58) for the decay χ̃±
j → τ± ν̃

(∗)
τ is given by

ητ± = ±|Vj1|2 − Y 2
τ |Uj2|2

|Vj1|2 + Y 2
τ |Uj2|2

. (C.60)

For the decay χ̃±
j → W± χ̃0

k (C.56) and (C.57) lead to

ηW± = ±
(|OL

kj|2 − |OR
kj|2)f1

(|OL
kj|2 + |OR

kj|2)f2 + Re{OL
kjO

R∗
kj }f3

, (C.61)

with

f1 = (m2
χ±

j

− m2
χ0

k
− 2m2

W )
√

λ(m2
χ±

j

, m2
W , m2

χ0
k

),

f2 = (m2
χ±

j

+ m2
χ0

k
− 2m2

W ) m2
W + (m2

χ±
j

− m2
χ0

k
)2,

f3 = −12 mχ±
j

mχ0
k

m2
W .

The factors Σ1
D and Σ2

D, eqs. (C.53), (C.55) and (C.57), are

Σ1
D = ηλ±D sin θj cos ϕj, (C.62)

Σ2
D = ηλ±D sin θj sin ϕj, (C.63)

Here the polar and azimuth angles of λ± with respect to the the momentum of
χ̃±

j are defined in Section D.2.

C.4 Spin density matrix for neutralino produc-

tion

C.4.1 Higgs exchange channels

The contributions to the density matrix from Z boson and slepton exchange can
be found in [21] for neutralino production in e+e−-annihilation. Therefore, in the
t and u channels, the exchanged selectron needs to be substituted by a smuon.
In addition, for α 6= β, a factor two needs multiplied, due to a different definition
of the spin density matrix contributions.
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The contribution to the production spin density matrix from the Higgs boson
exchange channels are

Pr(αβ) = N (αβ)g4 Re{∆(α)∆(β)∗ `(αβ)( ~P+, ~P−)}
[

Re(d
(α)
ij d

(β)∗
ij ) (pipj) − Re(d

(α)
ij d

(β)
ij ) ηiηjmimj

]

(p1p2), (C.64)

Σa
r i(αβ) = N (αβ)g4 Im{∆(α)∆(β)∗ `(αβ)( ~P+, ~P−)}

Im( d
(α)
ij d

(β)∗
ij ) ηimi (s

a
i pj)(p1p2), (C.65)

Σb
r j(αβ) = N (αβ)g4 Im{∆(α)∆(β)∗ `(αβ)( ~P+, ~P−)}

Im( d
(α)
ij d

(β)∗
ij ) ηjmj (sb

jpi)(p1p2), (C.66)

Σab
r (αβ) = N (αβ)g4 Re{∆(α)∆(β)∗ `(αβ)( ~P+, ~P−)}

{Re( d
(α)
ij d

(β)∗
ij )ηiηjmimj (sa

i s
b
j)

+Re( d
(α)
ij d

(β)
ij )

[

(sa
i pj)(s

b
jpi) − (sa

i s
b
j)(pipj)

]

+Im( d
(α)
ij d

(β)
ij ) [sa

i pis
b
jpj] }(p1p2), (C.67)

where N (αβ) = 2 − δαβ has been introduced in Section C.2.1, ∆(H) and ∆(A)
are Breit-Wigner propagators, eq. (2.8). We used the short hand notation for
momenta and masses

p1 = pµ+ , p2 = pµ−, pk = pχ0
k
, mk = mχ0

k
, k = i, j, (C.68)

and for the spin vectors

sa
i = sa

χ0
i
, sb

j = sb
χ0

j
. (C.69)

The function [a b c d] has been defined in eq. (E.10). Further, the functions `(αβ)

of the polarizations of the µ+ and µ− are given in Section C.2.1, eqs. (C.46-C.49),

C.4.2 General CP violating couplings

For CP non-conserving muon-Higgs and neutralino-Higgs couplings, given in
eqs. (B.16) and (B.17), the spin density matrix coefficients, eqs. (C.64-C.67),
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read

Pr(αβ) = K
(αβ)
ij Re{∆(α)∆(β)∗ `′(αβ)( ~P+, ~P−)}

[cos(δαij − δβij) (pipj) − cos(δαij + δβij) ηiηjmimj] (p1p2), .(C.70)

Σa
r i(αβ) = K

(αβ)
ij Im{∆(α)∆(β)∗ `′(αβ)( ~P+, ~P−)}

sin(δαij − δβij) ηimi (s
a
i pj)(p1p2), (C.71)

Σb
r j(αβ) = K

(αβ)
ij Im{∆(α)∆(β)∗ `′(αβ)( ~P+, ~P−)}

sin(δαij − δβij) ηjmj (sb
jpi)(p1p2), (C.72)

Σab
r (αβ) = K

(αβ)
ij Re{∆(α)∆(β)∗ `′(αβ)( ~P+, ~P−)}

{ cos(δαij − δβij)ηiηjmimj (sa
i s

b
j)

+ cos(δαij + δβij)
[

(sa
i pj)(s

b
jpi) − (sa

i s
b
j)(pipj)

]

+ sin(δαij + δβij) [sa
i pis

b
jpj] }(p1p2), (C.73)

with

K
(αβ)
ij = N (αβ)g4c̄(αµ)c̄(βµ)d̄

(α)
ij d̄

(β)
ij , (C.74)

and

`′(αβ) = (1 + PL
+PL

−) cos(ξα − ξβ) + PT
+PT

− cos(ξα + ξβ − ζ+ + ζ−)

+ i(PL
+ + PL

−) sin(ξα − ξβ). (C.75)

Here we used the short hand notation PT
± ≡ | ~PT

±|. The coefficient N (αβ) has

been defined in Section C.4.1. The laboratory angles ζ+ and ζ+ of ~PT
+ and ~PT

− ,
respectively, are defined Appendix Laboratory.reference.frame

C.5 Spin density matrix for neutralino decay

C.5.1 Two-body decays

The interaction Lagrangians are given in eqs. (B.28) and (B.31). The neutralino
decay density matrix, eq. (C.26), is

ρ
λ′

jλj

D = δλ′
jλj

D +
∑

a

σa
λ′

jλj
Σa

D.

The expansion coefficients D and Σa
D for the two-body decay into a positive

charged lepton of the first two generations and a right or left slepton are [46]:

D =
g2

2
|fn

`j|2(m2
χ0

j
− m2

˜̀), (C.76)

Σa
D = −ηn

`+g2|fn
`j|2mχ0

j
(sa

χ0
j
· p`)ηj, n = R, L, (C.77)



116 APPENDIX C. CHARGINO AND NEUTRALINO SPIN DENSITY MATRICES

respectively, with sa
χ0

j
the neutralino spin-vector defined in Section C.1.4, p` the

lepton four-momentum, and ηR
`+ = −1 and ηL

`+ = 1. The couplings fn
`j are defined

in eqs. (B.29) and (B.30).
In the CMS

Σ3
D = ηn

`+g2|fn
`j|2

m2
χ0

j

|~pχ0
j
|(E` − Ē`), (C.78)

Ē` =
m2

χ0
j
− m2

˜̀

2m2
χ0

j

Eχ0
j
. (C.79)

For the decay χ̃0
j → τ+τ̃−

n , n = 1, 2 the coefficients are

D =
g2

2
(|aτ̃

nj|2 + |bτ̃
nj|2)(m2

χ0
j
− m2

τ̃ ), (C.80)

Σa
D = g2(|aτ̃

nj|2 − |bτ̃
nj|2)mχ0

j
(sa

χ0
j
· p`)ηj. (C.81)

The couplings aτ̃
nj, n = 1, 2 are defined in eq. (B.32).

In the CMS

Σ3
D = −ηn

τ+g2(|aτ̃
nj|+|bτ̃

nj|2)
m2

χ0
j

|~pχ0
j
|(Eτ − Ēτ )ηj, n = 1, 2, (C.82)

Ēτ =
m2

χ0
j
− m2

τ̃

2m2
χ0

j

Eχ0
j
, (C.83)

with the stau decay factor is given by

ηn
τ± = ±

|aτ̃
nj|2 − |bτ̃

nj|2
|aτ̃

nj|2 + |bτ̃
nj|2

, (C.84)

The decay density matrix coefficients for the charge conjugated processes,
χ̃0

j → `− ˜̀+
n , n = R, L and χ̃0

j → τ−τ̃+
n , n = 1, 2 are obtained exchanging ηn

λ+,
λ = e, µ, τ , with ηn

λ− = −ηn
λ+ in eqs. (C.77), (C.78), (C.81) and (C.83), which

corresponds to inverting the sign of Σa
D.



Appendix D

Kinematics and phase space

D.1 Reference frames

In this section we define the laboratory reference frame RLab and give the mo-
menta of the muons, charginos or neutralinos. Then we define the momenta of
the two-body decays of the charginos or neutralinos and give the kinematical
limits as a function of the energy of the decay particles.

D.1.1 Laboratory reference frame

The laboratory reference frame RLab, with basis vectors {x̂Lab, ŷLab, ẑLab}, is de-
fined here with respect to the the momentum of µ−. Denoting with êr the unit
vector pointing from the center of the muon storage ring outward the basis vectors
are given by

ẑLab = ~pµ−/|~pµ−|, x̂Lab = −êr, ŷLab = ẑLab × x̂Lab. (D.1)

This reference frame is independent of the production process and thus useful to
study transverse beam and chargino polarization effects.

The momentum of the charginos χ̃∓
i and χ̃±

j (neutralinos χ̃0
i and χ̃0

j), denoted
with χi and χj, respectively, have been defined in the chargino (neutralino) ref-
erence frame Rχj

, see Section C.1.4. In RLab these four-momenta are given by

pν
χj

= (Eχj
; ~pχj

), pν
χi

= (Eχi
;−~pχj

), (D.2)

with

~pχj
= |~pχj

|(sin θLab cos ϕLab, sin θLab sin ϕLab, cos θLab), (D.3)

which define the production polar and azimuth angles θLab ≡ θp and ϕLab ≡ ϕp.

Analogously, the momentum of the muon is given in Rχj
by

~pµ− = |~pµ−|(− sin θ, 0, cos θ)χj
. (D.4)

117
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D.1.2 Reference frame RLab
χj

We define the reference frame RLab
χj

obtained from Rχj
rotating the x − y plane

with the production azimuth angle ϕp so that the ŷ = ŷLab. The momentum of
the muon is then

~pµ− = |~pµ−|(− sin θ cos ϕ,− sin θ sin ϕ, cos θ)χLab
j

. (D.5)

D.1.3 Muon reference frames

We define the µ+ and µ−-reference frames {x̂±, ŷ±, ẑ±} for the production process
µ+µ− → χiχj, where χi and χj denote either charginos or neutralinos. The z-axis
is given by the direction of the corresponding muon, i.e.

ẑ± =
~pµ±

|~pµ± | ≡ ~n±, (D.6)

and the x and y axes lie, respectively, on the production plane and perpendicular
to it. We choose

ŷ+ = ŷ− =
(~pµ− × ~pχj

)

|~pµ− × ~pχj
| . (D.7)

Then

x̂+ = −x̂− = ŷ+ × ẑ+. (D.8)

D.2 Two-body decays of charginos and neutrali-

nos

In this section we define the momenta for the two-body decays of the chargino
(2.2) and (2.3) and of the neutralino (3.2), denoted here χ̃±

k → λ±
k Ñ and χ̃0

k →
λ±

k Λ̃∓, respectively, where Ñ and Λ̃ are the supersymmetric decay particles and
k = i, j.

We express the momenta of the standard model decay particles λi and λj as
a function of the polar and azimuth angles θi, ϕi and θj, ϕj, respectively, defined
with respect to the momentum of the chargino or neutralino χj

~pλj
= |~pλj

|(sin θj cos ϕj, sin θj sin ϕj, cos θj)χj
, (D.9)

~pλi
= |~pλi

|(sin θi cos ϕi, sin θi sin ϕi, cos θi)χj
. (D.10)

This corresponds to the reference frame Rχj
, Section C.1.4, In the reference frame

RLab
χj

, Section D.1.2, the momenta of λi and λj are obtained from eqs. (D.9) and
(D.10) substituting ϕk with ϕk − ϕp, k = i, j.



APPENDIX D. KINEMATICS AND PHASE SPACE 119

D.2.1 Kinematical limits for charginos and neutralinos

In the center of mass system of the two produced charginos (CMS), the kinemat-
ical limits of the energy of the decay particle λ = e, µ, τ, W from the chargino
decays (2.2) and (2.3) are

E
max(min)
λ = Ēλ ± ∆λ, (D.11)

which read for the leptonic (λ = `) chargino decays

Ē` =
Emax

` + Emin
`

2
=

m2
χ±

j

− m2
ν̃`

2m2
χ±

j

Eχ±
j
, (D.12)

∆` =
Emax

` − Emin
`

2
=

m2
χ±

j

− m2
ν̃`

2m2
χ±

j

|~pχ±
j
|, ` = e, µ, τ. (D.13)

For the decays into a W -boson and a neutralino, eq. (D.11) reads

ĒW =
Emax

W + Emin
W

2
=

m2
χ±

j

+ m2
W − m2

χ0
k

2m2
χ±

j

Eχ±
j
, (D.14)

∆W =
Emax

W − Emin
W

2
=

√

λ(m2
χ±

j

, m2
W , m2

χ0
k

)

2m2
χ±

j

|~pχ±
j
|, (D.15)

with λ(x, y, z) = x2 + y2 + z2 − 2xy − 2xz − 2yz.
The kinematical limits of the two-body decays of neutralinos in the CMS,

χ̃0
j → λ±Ñ∓, with λ = e, µ, τ, Z are parametrized by Ēλ and ∆λ, as in eq. (D.11).

For the leptonic decays of the neutralino (λ = `) the kinematical limits are given
by

Ē` =
Emax

` + Emin
`

2
=

m2
χ0

j
− m2

˜̀
X

2m2
χ0

j

Eχ0
j
, (D.16)

∆` =
Emax

` − Emin
`

2
=

m2
χ0

j
− m2

˜̀
X

2m2
χ0

j

|~pχ0
j
|, (D.17)

with ˜̀±
X = ˜̀±

L,R for ` = e, µ and ˜̀±
X = τ̃±

1,2 for ` = τ .
For the decays of a neutralino into a Z-boson and another neutralino, eq. (D.11)

reads

ĒZ =
Emax

Z + Emin
Z

2
=

m2
χ0

j
+ m2

Z − m2
χ0

k

2m2
χ0

j

Eχ0
j
, (D.18)

∆Z =
Emax

Z − Emin
Z

2
=

√

λ(m2
χ0

j

, m2
Z , m2

χ0
k

)

2m2
χ0

j

|~pχ0
j
|, (D.19)
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D.3 Phase space

The Lorentz invariant phase space for the production of n particles is given by

dLips(p; p1, . . . , pn) = (2π)4δ(4)(p −
∑

k

pk)
∏

k

1

(2π)3
d3pk, (D.20)

where p is the total momenta of the system, in the CMS p = (
√

s,~0) and pk is
the momentum of k-th final particle.

D.3.1 Chargino and neutralino production

For chargino (neutralino) pair production in µ+µ− annihilation, eq (D.20) reads
in the CMS, after integration over the momentum of the chargino (neutralino)
χi and the energy of χj

dLips(p; pχi
, pχj

) =
q

16π2
√

s
dΩχj

, (D.21)

where q = |~pχi
| = |~pχj

|, p = pµ+ + pµ− = (
√

s,~0), and Ωχj
is the solid angle

of χj, with dΩχj
= sin θjdθjdϕj, with θj and ϕj its polar and azimuth angles in

some reference system in the CMS. If the amplitude squared is independent of
the azimuth angle, we integrate over ϕj in eq. (D.21) and obtain

dLips(p; pχi
, pχj

) =
q

8π
√

s
sin θjdθj. (D.22)

D.3.2 Pair production with subsequent two-body decays

The Lorentz invariant phase space for the decay of a chargino (neutralino) with
momentum pχj

is obtained from eq. (D.20) with p = pχj
and p1, . . . , pn the

momenta of the final particles. In general the decaying chargino (neutralino) is
not on shell and its momentum pχj

is a free parameter. However, since charginos
and neutralinos decay weakly their decay widths Γχj

are small compared to their
masses. When two-body decays are allowed Γχj

∼ O(GeV), while for three-body
decays Γχj

� 1GeV. Therefore the chargino (neutralino) will be nearly on shell,
with p2

χj
' m2

χj
.

The Lorentz invariant phase space for the production of a pair of charginos
(neutralinos) with the subsequent two-body decay of one of the charginos (neu-
tralinos) is obtained multiplying the phase space for chargino (neutralino) pair
production times the phase space for chargino (neutralino) decay times the chargino
(neutralino) propagator,

dLips =

∫

pχj

dLips(pµ+ + pµ− ; pχi
, pχj

)|∆(χj)|2dLips(pχj
; pj1, pj2). (D.23)
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Since the decaying chargino (neutralino) is nearly on shell we use the narrow
width approximation, see f.i. [22], and replace

|∆(χj)|2 →
π

mχj
Γχj

δ(sχj
− m2

χj
), (D.24)

where mχj
is the mass of the chargino or neutralino χj, Γχj

its width, and sχj
=

p2
χj

.
For the subsequent decay of both charginos or neutralinos it follows,

dLips =

∫

pχi
pχj

dLips(pµ+ + pµ− ; pχi
, pχj

)|∆(χj)|2|∆(χi)|2

dLips(pχj
; pi1, pi2)dLips(pχj

; pj1, pj2), (D.25)

and the corresoponding substitutions for |∆(χi)|2 and |∆(χj)|2.

D.4 Statistical significances

In this section we define statistical significances for the asymmetries for χ̃±
1 χ̃∓

2 pro-
duction, chargino pair production with subsequent decay of one of the charginos
and for neutralino pair production and subsequent decay, given in Chapters 2
and 3.1.

The statistical significance for the measurement of an asymmetry A obtained
in a process with cross section σ and luminosity L can be defined by

S = |A|
√

σ × L. (D.26)

Eq. D.26 assumes that A � 1 and will be used here. A more exact definition
would be

S ′ =
1√

1 − A2
|A|
√

σ × L, (D.27)

which takes into account the fact that the absolute value of the asymmetry is
bounded.

D.4.1 Chargino production and decay

• µ+µ− → χ̃±
1 χ̃∓

2

For the asymmetries for χ̃±
1 χ̃∓

2 production discussed in Chapter 2 we define sta-
tistical significances for an effective integrated luminosity for chargino production
Lprod

eff . For the charge asymmetry AC
prod, eq. (2.28), we define statistical signifi-

cance

SC
prod = |AC

prod|
√

[σ(χ̃+
1 χ̃−

2 ) + σ(χ̃+
2 χ̃−

1 )]Lprod
eff . (D.28)
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Here we assume that the cross sections σ(χ̃+
1 χ̃−

2 ) and σ(χ̃+
2 χ̃−

1 ) are both obtained
with the same effective luminosity.

For the polarization asymmetry Apol
prod, eq. (2.29), we define statistical signifi-

cance

Spol
prod = |Apol

prod|
√

[σ(χ̃+
1 χ̃−

2 )(P) + σ(χ̃+
1 χ̃−

2 )(−P)]Lprod
eff . (D.29)

Here we assume that the cross sections σ(χ̃+
1 χ̃−

2 )(P) and σ(χ̃+
1 χ̃−

2 )(−P) are both
obtained with the same luminosity.

• µ+µ− → χ̃∓
i χ̃±

j , χ̃±
j → λ±Ñλ

For the asymmetry Aλ±, eq. (2.42), for chargino pair production with subsequent
two-body decay of one of the charginos we define statistical significance

Sλ± = |Aλ±|
√

σ(µ+µ− → χ̃∓
i χ̃±

j )BR(χ̃±
j → λ±Ñλ)Leff , (D.30)

with λ = ` or W and Ñλ the associated sneutrino or neutralino, respectively.
Further the effective integrated luminosity Leff = ελL depends on the de-

tection efficiency ελ of leptons or W bosons in the processes χ̃±
j → `± ν̃

(∗)
` or

χ̃±
j → W± χ̃0

k, respectively.
The statistical significance for the charge asymmetry AC

λ , eq. (2.50), is given
by

SC
λ = |AC

λ |
√

2 σ(µ+µ− → χ̃−
i χ̃+

j )BR(χ̃+
j → λ+Ñλ)Leff . (D.31)

Assuming that Aλ±(P) and Aλ±(−P) are both obtained with the same integrated
luminosity L, we define the statistical significance for the polarization asymmetry
Apol

λ±, eq. (2.52), by

Spol
λ± = |Apol

λ±|
√

2 σ(µ+µ− → χ̃∓
i χ̃±

j )BR(χ̃±
j → λ±Ñλ)Leff . (D.32)

D.4.2 Neutralino production and decay

• µ+µ− → χ̃0
i χ̃

0
j , χ̃0

j → λ±Ñ∓
λ

For the (charge) asymmetry An
` of neutralino pair production with subsequent

two-body decay of one of the neutralinos, eq. (3.34), we define the statistical
significance

Sn
` = |An

` |
√

2σ(µ+µ− → χ̃0
i χ̃

0
j)BR(χ̃0

j → `− ˜̀+
n )Leff , (D.33)

where Leff = εn
` L denotes the effective integrated luminosity, with εn

` the detec-
tion efficiency of the leptons in the processes χ̃0

j → `∓ ˜̀±
n and L the integrated

luminosity.



Appendix E

Definitions and conventions

We use the metric tensor

gµν = gµν :=











1 0 0 0

0 −1 0 0

0 0 −1 0

0 0 0 −1











(E.1)

Covariant and contravariant four-vectors are defined by, respectively

aµ := (a0, a1, a2, a2, a3), aµ := gµνa
µ = (a0, a1, a2, a2, a3), (E.2)

with the scalar product

gµνa
µbν = aµbµ. (E.3)

The Dirac matrices in the Weyl representation are

γ0 =

(

0 I

I 0

)

, γi =

(

0 σj

−σj 0

)

, j = 1, 2, 3, (E.4)

γ5 = iγ0γ1γ2γ3 =

(

I 0

0 −I

)

, (E.5)

where I denotes the 2 × 2 unity matrix. and the Pauli matrices are ,

σ1 =

(

0 1

1 0

)

, σ2 =

(

0 −i

i 0

)

, σ3 =

(

1 0

0 −1

)

, (E.6)

The Dirac matrices obey the Clifford algebra relations

{γµ, γν} = 2gµν. (E.7)
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The left and right chirality projectors are

PL,R =
1

2
(1 ∓ γ5). (E.8)

The total antisymmetric ε-tensor in four dimensions is defined as

εµναβ = −εµναβ =







+1 odd permutation of µ, ν, α, β = 0, 1, 2, 3,
−1 even permutation of µ, ν, α, β = 0, 1, 2, 3,
0 any two indices are equal.

(E.9)

The total antisymmetric function of four-momenta is defined by

[a, b, c, d] =
i

4
Tr{6a 6b 6c 6dγ5} = εαβγδa

αbβcγdδ. (E.10)

Triangle function

λ(x, y, z) = x2 + y2 + z2 − 2(xy + xz + yz). (E.11)

The function λ(s, m2
i , m

2
j) can also be expressed as

λ(s, m2
i , m

2
j) = s2 − 2s(m2

i + m2
j) + (m2

i − m2
j)

2, (E.12)

which for mi = mj ≡ m simplifies (reduces) to λ = s(s − 4m2).
In the center of mass system (CMS) the absolute value of the momenta of the

particles i and j, |~pi| = |~pj| ≡ |~p| is

λ(s, m2
i , m

2
j) = 4s|~p|2. (E.13)

Physical constants

For numerical calculations we have used the values

α = 1/128 fine − structure constant at 500 GeV
sin2 θW = 0.2315 weak mixing angle

mW = 80.41 GeV W boson mass
ΓW = 2.12 GeV W boson width
mZ = 91.187 GeV Z boson mass
ΓZ = 2.49 GeV Z boson width

(E.14)



Bibliography

[1] S. L. Glashow, Nucl. Phys. 22 (1961) 579;
S. Weinberg, Phys. Rev. Lett. 19 (1967) 1264;
A. Salam, in “Elementary Particle Theory”, ed. N. Svartholm, Almqvist and
Wiskells, Stockolm (1969), p. 367.

[2] M. Gell-Mann, Phys. Lett. 8 (1964) 214; G. Zweig, CERN-Report
8182/TH401 (1964); H. Fritzsch, M. Gell-Mann and H. Leutwyler, Phys.
Lett. B 47 (1973) 365; D. Gross and F. Wilczek, Phys. Rev. Lett. 30 (1973)
1343; H.D. Politzer, Phys. Rev. Lett. 30 (1973) 1346; G. ’t Hooft, Marseille
Conference on Yang–Mills fields (1972).

[3] P.W. Higgs, Phys. Rev. Lett. 13 (1964) 508; ibid. Phys. Rev. 145 (1966)
1156; F. Englert and R. Brout, Phys. Rev. Lett. 13 (1964) 321; G.S. Gural-
nik, C.R. Hagen and T. Kibble, Phys. Rev. Lett. 13 (1965) 585; T. Kibble,
Phys. Rev. 155 (1967) 1554.

[4] J. Wess and B. Zumino, Nucl. Phys. B 70 (1974) 39;
R. Haag, J. T. Lopuszanski and M. Sohnius, Nucl. Phys. B 88 (1975) 257;
J. Wess and V. D. Bager, Supersymmetry and Supergravity, Princeton Series
in Physics, New Jersey, 1992.

[5] J. Ellis, S. Kelley and D.V. Nanopoulos, Phys. Lett. B260 (1991) 131;
U. Amaldi, W. de Boer and H. Fürstenau, Phys. Lett. B 260 (1991) 447;
P. Langacker and M. Luo, Phys. Rev. D 44 (1991) 817; C. Giunti, C.W. Kim
and U.W. Lee, Mod. Phys. Lett. A 6 (1991) 1745.

[6] G.R. Farrar and P. Fayet, Phys. Lett. B 76 (1978) 575.

[7] E. Witten, Nucl. Phys. B 188 (1981) 513; ibid Nucl. Phys. B202 (1982) 253;
N. Sakai, Z. Phys. C 11 (1981) 153; S. Dimopoulos and H. Georgi, Nucl.
Phys. B 193 (1981) 150; R.K. Kaul and P. Majumdar, Nucl. Phys. B 199
(1982) 36.

[8] P. Fayet, Nucl. Phys. B 90 (1975) 104; ibid. Phys. Lett. B 64 (1976) 159;
ibid. Phys. Lett. B 69 (1977) 489; ibid. Phys. Lett. B 84 (1979) 416.

125



126 BIBLIOGRAPHY

[9] TESLA Technical Design Report, DESY 2001-011 Part III: Physics at an
e+e- Linear Collider, hep-ph/0106315;
ACFA Linear Collider Working Group, KEK Report 2001-11, hep-
ph/0109166;
T. Abe et al., Linear collider physics resource book for Snowmass 2001. 2:
Higgs and supersymmetry studies, in Proc. of the APS/DPF/DPB Summer
Study on the Future of Particle Physics (Snowmass 2001) ed. R. Davidson
and C. Quigg, hep-ex/0106056.

[10] B. Badelek et al., The Photon Collider at TESLA, hep-ph/0108012; A. de
Roeck, hep-ph/0311138; E. Boos et al., Nucl. Instrum. Meth. A 472 (2001)
100;
M.M. Velasco et al., Photon–Photon and Electron-Photon Colliders with
energies below a TeV, Snowmass 2001 Study, hep-ex/0111055; D. Asner,
J. Gronberg and J. F. Gunion, Phys. Rev. D67 (2003) 035009.
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sionen und Gespräche. Des Weiteren danke ich Brigitte Wehner für die hervor-
rangenden Leistungen bei ihren stets professionellen und gewissenhaften Einsatz.
Auch allen Systembetreuern, insbesondere Alexander Wagner und Andreas Vet-
ter, sei gedankt für die Aufrechterhaltung eines optimal funktionierenden Rech-
nerbetriebs an unserem Institut.



132

Curriculum Vitae
Federico von der Pahlen

Address for Correspondence

Mail: Institut für Theoretische Physik und Astrophysik
Universität Würzburg
Am Hubland
D-97074 Würzburg, Germany

Phone: +49-931-888-5859
Fax: +49-931-888-4604
E-mail: pahlen@physik.uni-wuerzburg.de

Personal Data

Date/Place of Birth: June 9, 1967 / Buenos Aires, Argentina
Nationality: argentine
Marital Status: unmarried

Positions

• August 1999 - August 2001: Research Assistant at the Institute for
Theoretical Physics and Astrophysics, University of Würzburg; Supervisor:
Prof. Dr. H. Fraas



133

Education

• Diploma in Physics
University of Rome ,,La Sapienza”, Italy, November 1993
Theoretical Physics
Diploma Thesis: Radiative corrections to inclusive semileptonic decays
of mesons with charm
Advisor: Prof. M. Lusignoli, University of Rome ,,La Sapienza”, Italy

• Bachillerato (School leaving certificate, no grades)
Colegio San Jose, Pergamino, Argentinien, Dezember 1984

Research Fellowships

1. Fellowship of the Graduiertenkolleg, Institut for Theoretical Physics, Uni-
versity of Karlsruhe, April - September 1995

Teaching Activities

1. Tutor for undergraduate students in Mechanics and Electrodynamics
University of Karlsruhe, 1995 - 1998,

2. Tutor for graduate students in Mathematics, Quantum Mechanics, Theo-
retical Mechanics, Electrodynamics
University of Würzburg, 1998 - 2005

Scientific Talks

1. Constraining chargino-Higgs and neutralino-Higgs couplings at a muon col-
lider;
Würzburg, February 2004

2. Precise determination of the Higgs-chargino and Higgs-neutralino couplings
in chargino and neutralino production at µ+µ− annihilation;
64. Physikertagung der DPG; Bonn, March 2001

3. Chargino production and decay at a Muon Collider;
63. Physikertagung der DPG; Dresden, March 2000

4. Chargino-Produktion und Zerfall an einem Muon Collider;
,,31. Herbstschule für Hochenergiephysik Maria Laach” Maria Laach, Septem-
ber 1999

5. Chargino Produktion und Zerfall an einem Muon Collider;
62. Physikertagung der DPG; Heidelberg, March 1999



134

6. Chargino production and decay at the Muon Collider;
University of Würzburg, January 1999

7. Massive neutrinos;
University of Karlsruhe, November 1996

8. Radiative corrections to inclusive semileptonic decays of mesons with charm;
University of La Plata, Argentina, May 1994


