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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 % 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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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 ete™ collider
will be an ideal instrument to search for MSSM Higgs bosons [9]. However, there
are a few key issues for which an ete™ machine is not satisfactory and the pro-
duction of Higgs bosons as s-channel resonances is needed. These issues can best
be investigated at vy and p* ™ colliders.

At a vy 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 pu*pu~
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 pu*pu~ 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



CHAPTER 1. INTRODUCTION 7

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 m; < 140 GeV [18].
Therefore charginos are too heavy to be directly produced at the h resonance,
since from LEP exclusion limits m + > 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 eTe™ colliders [20-22]. At a u™u~ 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 £ = 10%* ecm™2?s™! is proposed [12], which for a collider-year = 107 s
corresponds to 10 fb™!/year. Therefore, we consider effective luminosities of

O(1fb™h).

1.2 Fermion pair production at a muon collider

Since we study the production of charginos and neutralinos in x4+ p~ 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 gm,/mw,
where ¢ is the weak coupling constant and m, and my 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 = my,
where m, is the mass of a Higgs boson ¢, the resonant amplitudes are roughly
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enhanced by a factor m,/I'y, with I, the width of the Higgs boson ¢, 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 m,/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 m,/\/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 7w 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 C'P properties of a two-fermion system.
A Dirac ff pair with spin S and orbital angular momentum L is in a state
with the following charge conjugation C', parity P and C'P quantum numbers:

C = (_1)L+S’ P = (_1)1+L’ CP = (_1)1+2L+S. (1.1)

Since L is an integer, a f f system with S =0 (S = 1) is in a C P-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,

L.=0. (1.2)

This relation implies that S, = 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 )Z?)Z? the factor 7;;, related to the intrinsic C'P quan-

tum number of the neutralino pair, modifies eq. (1.1) and one obtains CP =
nij(_1>l+2L+S-

Summarizing, to obtain a u*p~ 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 p*u~ states
with |S,;S, >= 10,0 > and |S,S, >= [1,0 >, interact with the C'P-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 C'P 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 p™p~ 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 Xf)zj[ production and decay in p*p~ 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 )ij(]_, j = 1,2, and XTx3,
respectively. In Section 2.4 we discuss chargino pair production with subsequent
two-body decay of one of the charginos: )Z;-t — (¥, for ¢ = e, pu, 7, and )sz —
WY, 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 )Z?)Z? 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: )Z? — EifﬁL, for £ = e, pu, 7. 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 1"y -annihilation

In this chapter we study the pair production of charginos in p*p~-annihilation
for center of mass energies /s around the masses of the heavy neutral Higgs
bosons in the C'P conserving MSSM,

P = XX (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 tan (3, the Higgs sector parameter i, the
gaugino mass parameter M, and the mass of the pseudoscalar Higgs m 4.

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 v, Z and 7, 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 C'P 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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A further possibility, if the Higgs resonances overlap, is to gain information
from their interference. For resonances with opposite C'P quantum numbers, the
interference vanishes in production of equal charginos. In Section 2.3 we show
that large interference effects can be observed in Yi¥4 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

X; — o, (=e,u,T (2.2)

o+ +:0
Xj _>W 9

for j = 1,2 [24]. With help of the energy distributions of the charged decay
lepton and of the W boson in egs. (2.2) and (2.3) it is possible to observe the
interference of Higgs bosons with different C'P quantum numbers, both for equal
chargino pairs and for Yix§ 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 matrixz 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,
egs. (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 ete™ 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 )Zj[ polarizations
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Figure 2.1: Resonant chargino pair production

pt Xi
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p X
Figure 2.2: Continuum contribution to chargino pair production

Aj, we use the spin density matrix formalism of [28], see Appendix C. The unnor-
malized spin density matrix for chargino pair production in gy~ -annihilation
pP, eq. (C.23), is a function of the polarization degrees of the u™ and =~ beams,
denoted with P and P™, respectively, for m = 1,2,3. With our choice of
reference system, see Section D.1.3, P2 = PL denote the longitudinal polariza-
tion degrees of the beams, i.e. the average helicities of the incoming muons and
antimuons, and PL 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=P 4 Peont, Sp=24+3%0,, SE=Sr+32., (2.4)
with a@,b = 1,...,3. The continuum contributions P.o,;, ¥¢, . and X%  are those

from the non-resonant 7, Z and 7, exchange channels. Explicit expressions can
be found in [20, 22]. The coefficients X%, and 3% 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,

Po= S POy plia), (2.5)
b=H, A
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Evaluating the production amplitudes with the interaction Lagrangians egs. (B.1)
and (B.2) in the center of mass system (CMS) we obtain for u*u~ — X7 X}

9
P = L1+ PEPIA) e (26)
172+ 1) (s = m2e = m2s) — 4Re{ el b om, | 5,
4
pHA —g—(Pf+Pf)Re{A(H)A(A)*}Im{c(H“)c(A“)*}

{4 D Hs — m2e —m2s)
i J

(H) ., A)

—2 Im{c{DelM* 4 M *}mximxi]s, (2.7)
i J

where we used the short-hand notation c%’) = c%’g ; and C(L = CL ;; for the nggs—
chargino couplings, PX and P denote the longitudinal beam polarizations of p*
and p~, respectively, and

A(p) = il(s—mj) +imely]™, ¢ =H,A, (2.8)

are the Breit-Wigner propagators of the Higgs bosons.

A comment is in place on the chargino masses. In general m_ +, i = 1,2, denote
the eigenvalues of the diagonalization mass matrix, see Appendlx A.2.1, and may
differ from the actual masses by a phase. With our choice of dlagonahzatlon
prescription, however, these phases are zero and mE > 0.

Note that P vanishes for production of equal charginos i = j smce in this
case the Higgs-chargino couplings are parity conserving, with c(L” cR“ . This
term is thus only present for Y7 X3 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 X{X; production.

For y; x; production, i = 1,2, the expression for the spin density matrix coef-
ficients, egs. (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 cgf ) = cggi = C(L¢Z?i* for the Higgs-chargino couplings the expansion

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

4

pum gz(l+PfPf)|A(H)|2\C(H“)\2|cgf)|23(5_4mi?)’ (2.9)
4

PO = L1 PEPL AP s (2.10)

while the H-A interference term vanishes due to C'P conservation. Furthermore
the interference between the Higgs boson exchange and the 7, Z and 7, chan-
nels is strongly suppressed by a factor m,/+/s, as discussed in the Introduction.
Therefore the total production cross section of y; y; can be separated into the
dominating contributions ¢% and ¢% from H and A exchange, respectively, and

the background of non-resonant channels ¢ , from v, Z, 1, and h exchange

o =0l +olh ol (2.11)

Chargino production via the v, Z, 7, 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 0% and ¢ can be expressed in the form

4
o = L (14 PEPL) ) D12 Bi(s)Ky(s), 6= H, A (2.12)

47
with
s
Ky(s) = CETT v (2.13)
L et
w(s) = 233 : , (2.14)
3y )\(SJm2:{:7m2ﬁ:)1/2
Bji(s) = - (2.15)

S
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and the triangle function A\ defined in (E.11). Note the different dependence on
the center of mass energy of the H and A exchange terms. The C' P-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 C'P-odd
resonance is expected to dominate over the C'P-even one.

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

The total cross section o/+/= for the pair production p*u~ — ¥y, with
subsequent decays X; — f, and y; — f_ factorizes into the production cross
section 0® and the branching ratios for the respective decay channels:

o/t (\/5) = 0(v/5) x BR(Y{ — f+) x BR(¥; — f-). (2.16)

f+f- f+f-
H

This result holds for each of the contributions o from H exchange, o

from A exchange and ¢/}~ 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
f+f- _‘_O.f+ff

exchange contributions oy, 1= from the total measured cross sections o/~
at /s = my and \/s = m 4, respectively. Since the interference between the Higgs
channels and the background is negligible we can subtract the contributions ijn’;’
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 aéﬂc’ which can
therefore be included in the subtraction of the non-resonant contribution from
the total cross section.

We determine the total background contribution ajj;”r T = Ufjnji’ + Ué}jc’ by
linear interpolation of o/~ 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 eTe™ 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

_olids(mu) — o (mu) _ ofi(mu) + ol (m)

oids(ma) — ob - (my) ok (ma) + ol (ma)

(2.17)
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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

2
i’

A

i

(2.18)

Tr =

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

r 1-0Cy/r 1
_r, . 2.1
YT 1= Cyr my (2.19)

with
_ ﬂg(mH)ﬁ
C = ST (2.20)
A 2.21)
3
Cy = (gg:gi) K (m?)T%, (2.22)
A(s,m2.,m?.) 1/2 s—4m2,\ /2
i - () (Y
(Hp) |2
2 = || (2.24)

where C', C'; and Cy can be determined without model dependent assumptions,
and =, = 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.



CHAPTER 2. CHARGINO PRODUCTION AND DECAY IN

18 e~ -ANNIHILATION
Scenarios A B C D E F
M, [GeV] 188  217.3 1549 169.5 400 400
w[GeV] -188  217.3  -400 400  -154.9 169.5
Uiy 0.577 -0.632 0.958 -0.943 0.056 -0.184
Uis 0.817 0.775 0.288  0.333 0.9984 0.983
Vi 0.817 0.775 0.9984 0.983 0.288  0.333
Via -0.577 -0.632 -0.056 -0.184 -0.958 -0.943
my[GeV] || 352.1 3523 351.9 3523 3522 352.3
'y [GeV] 0.67 0.58 0.31 0.32 0.32 0.39
['4[GeV] 1.05 1.33 0.43 0.57 0.43 0.64

Table 2.1: Reference scenarios with fixed m, = 350 GeV, Mgx = 155 GeV,

tan3 = 5 and my, = 261.3 GeV. Uy; and Vi; (Uyp and Vyy) 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 p,
M, tan 8 and my4 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 m, £ = = 155 GeV, my =
350 GeV, and tan 3 = 5 which differ by the mixing character of the chargino
and by the sign of the higgsino mass parameter u. The parameters, masses and
the gaugino and higgsino contents of ¥i are given in Table 2.1. In scenarios
A with p < 0 and B with g > 0 the light chargino is a wino-higgsino mixing.
In scenarios C (< 0) and D (u > 0) it has a dominant gaugino character
whereas in scenarios E (1 < 0) and F (> 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 m4 = 350 GeV, tan 8 = 5 and sfermions masses larger than M /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 m s < 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  and the masses of the light chargino and the
pseudoscalar Higgs boson.

In order to study the influence of the Higgs mass, m 4 is increased from my =
350 GeV to my = 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
mg+ = 180 GeV and my = 400 GeV in order to ensure my > my :l:/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 tan = 7 and tanf3 = 8
for my4 = 350 GeV and Myx = = 155 GeV in scenarios B7, B8 and C7, C8. To
obtain a similar chargino mlxmg character the parameters M, and p are slightly
changed compared to scenarios B and C with tan 8 = 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 Ms —p plane for tan § = 5
and m4 = 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 |Ms| = |u| of the mixed scenarios A and B. In scenario A (B) with u <0
(> 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 o'! (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. egs. (2.12) and (2.13))

alt oc |DR12/T2, 6= 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 |u| <> Ms.

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 3, compared to a
suppression by 3% 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 o' for utpu= — )Zf)zl_ in mixed, gaugino and higgsino

scenarios with ¢ < 0 (1 > 0), a

(b), ¢ (d) and e (f) respectively, corresponding to the

scenarios A (B), C (D) and E (F) of table 2.1. In all scenarios tan3 = 5, ma =
350 GeV, m_ it = = 155 GeV and my, = 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

My[GeV] || 217.3 1549 2428 180.7 214 2128 156.9 157.5

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

tan 3 5 5 5 5 7 8 7 8
m, 155 155 180 180 155 155 155 155
Ui -0.632 0.958 -0.640 0.959 -0.625 -0.622 0.955 0.954
Uis 0.775 0.288 0.768 0.283 0.781 0.783 0.297  0.300
Vi 0.775 0.9984 0.768 0.9977 0.781 0.783 0.9972 0.9967
Via -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

mpg|GeV] || 402.0 401.6 402.0 401.6 351.2 350.9 351.0 350.7

I'y[GeV] 1.17 0.61 0.82 0.52 0.71 0.80 0.44 0.53

['4[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 my4 (scenarios B400 and
C400), with different masses my+ and my, (scenarios B180 and C180) and dif-
ferent values of tan 3 (scenarios B7, B8 and C7, C8) as in the reference scenarios
(table 2.1). Uy; and Vi (Upp and Viy) are the gaugino (higgsino) components of
the charginos [33], see Appendix A.

The influence of the Higgs mass my4 and the chargino mass m, + is illustrated
in Fig. 2.5 for mixed scenarios with x4 > 0 and for scenarios Wlth a gaugino-like
light chargino and g < 0. In scenarios B400 and C400 with m, = 400 GeV
and Myt = 155 GeV the overlap of the Higgs resonances is larger than in the
corresponding scenarios with my = 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 mgs = = 180 GeV in scenarios B180 and C180 due to the smaller phase space

of the Higgs decays.

For larger values of tan 3 the H and A resonances tend to overlap since the
mass difference diminishes. As an example we compare in Fig. 2.6 for m, =
350 GeV the total cross sections for the gaugino scenarios C, C7 and C8 with
tang = 5, tan = 7 and tan § = 8 respectively, without and with an energy
spread of 150 MeV. Without energy spread both resonances are well separated
up to tan 8 = 7 whereas for tan # = 8 the H resonance can barely be discerned.
With energy spread, however, the overlap for tan 3 = 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 (tan = 5), B7
(tan = 7) and B8 (tan§ = 8) in Figs. 2.6¢ and Fig. 2.6d without and with
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Figure 2.5: Total cross section o'! for u*pu~ — Y7 ¥ with tan 3 =5, m4 = 400 GeV,
my, = 261 GeV and met+ =155 GeV (solid) and Mg+ = 180 GeV (dashed). (a) shows
the mixed scenarios of table 2.2 with x4 > 0, B400 and B180, and (b) the gaugino
scenarios with p < 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 Aog/op in the measurement of the non-resonant channels (7,
Z, 1, 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 Aog/op 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 Acp/op. 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 tan 3 of the total cross section o' for ptu~ — Y¥fx7
with ma = 350 GeV and mj, = 261 GeV. The gaugino scenarios with u < 0, C, C7
and C8, are plotted without energy spread (a) and with an energy spread of 150 MeV
(b), for tan3 = 5 (solid), 7 (dashed) and 8 (dotted), and the mixed scenarios with
© >0, B, B7 and B8, in (c) and (d), without and with energy spread respectively and
tan 8 =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 z 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 u.

In order to achieve a relative error Az/z < 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 Aog/op < 10%
in the mixed and gaugino scenarios whereas in the higgsino scenarios a much
higher precision Aog/op < 6% is necessary.

For a energy resolution R = 0.04% the error in the measurement of x becomes
Azx/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 Aop/op < 10%.

If on the other hand an energy resolution R = 0.01% is achieved and the
contributions of the background channels are well known (Acg/op < 5% in the
mixed and gaugino scenarios and Aog/op < 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 3 < 8 and m4 < 400 GeV, where the Higgs resonances can
be separated.
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Figure 2.7: Relative error in the ratio of the Higgs-chargino couplings x as a
function of the energy resolution and the relative error in the non-resonant con-

tributions. The irreducible standard model background is neglected (solid) and
25% of the supersymmetric background (dashed). Plots (a) — (f) correspond to
the scenarios A — F in Table 2.1.
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2.3 Production of 7 xJ

In this section we study XiX3 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 C'P quantum numbers does not in general van-
ish. Therefore the X{ X5 and X7 X3 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 eqgs. (C.39-C.42), are functions of the combinations of couplings
a%’ and %, eqs. (C.50) and (C.51). Here a and § denote the Higgs boson
exchange channel. The coefficient for production of unpolarized charginos P,,
depends on two terms proportional to the combinations a‘j‘rﬁ and b‘j‘rﬁ . In princi-
ple, given the different center of mass energy dependence of the two terms both
aiﬁ and biﬁ 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

4
g
p#9) — Z(H—Pﬁ?ﬁ) |A(¢)|2|C(¢“)|25[(3—mi?—m2 )aT—QmX}mX?ﬁbﬁ‘b]. (2.26)

+
T .
X;

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 bﬁ‘z’ = Re(c(qui)jcg?;).
The partial p-wave suppression of the Higgs exchange amplitudes for ;" X; pro-

duction is given by the parameter 6 = (a2? + 0%%)/2a%?, which vanishes for

c(L(if) = —cﬁ?) and is maximal for c(L‘i‘;’) = cgg;‘?).

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

4
P = S (PL 4 PL) RefAH)A(A)'} Tm(c! )
s[(s — mi_i — mii)lm(afA) — 2mximxilm(bf’4)]. (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, ¢ <» 7 and thus cancels out for the sum of production cross
sections (YT Xz + X3 X1 )-
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Table 2.3: Scenarios P1 and P2 for p*pu~ — X xa

P1 P2 P1 P2

tan | 10 10 || m,£[GeV] | 138 106
ulGeV] [ —250 —110 | m +[GeV] | 281 322
M[GeV] | 150 300 | mg[GeV]| 74 89
mo[GeV] | 200 200 [ my,[GeV]| 232 327
ma[GeV] | 500 500 | CaGev]| 37 34
my|GeV] | 5003 5004 | TylGeV]| 36 33

To isolate the resonant contributions we define the charge asymmetry

oyl S HA
.AC i = U(X;—X2 ) — U(X;Xl ) _ PT( ) (2 28)
o Ne) + (X)) P+ BT 4 P
as well as the polarization asymmetry
oyl e HA
o OR)(P) — o (%) (=P) _ B (P) (2.20)
rod ~+ ~— ~F ~— — T = , (4.
P o () (P) + o (T R2)(=P) [Py + P 4 PAY) ()

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 P, (—P) =

Pcont(P) [207 22]

2.3.1 Numerical analysis

In Fig. 2.8a we show the production cross sections of the charge conjugated pro-
cesses utp~ — X{Xy and putu~ — X[ X5 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 y; X5
cross section and suppresses that for the conjugated process. The corresponding
charge asymmetry, eq. (2.28), is AS, , = —48% at /s = 500 GeV. The asymme-
try almost reaches its maximum absolute value of |PX +PE| /(14 PLPL) ~ 55%,
here for PX = P~ = —0.3, which would be obtained in the ideal case of vanishing
continuum contributions. For scenario P2, shown in Fig. 2.8b, the x; x4 pro-

duction is instead suppressed by the H-A interference and the y{ x; production
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Figure 2.8: utu~ — Xi X4 . Cross sections o(utpu~ — X7 X3) (dashed) and o(utp~ —
X1 X3) (dash-dotted) for longitudinal beam polarizations P¥ = PL = P = —0.3, and
o(utu™ — X¥xXF) (solid) for P = 0, for scenario P1 (a) and scenario P2 (b), given
in Table 2.3.

is enhanced, such that AS_, = 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
CLRrij < C(L%ji (2.30)

under Ms < |u|. This symmetry relates the resonant amplitude for xi X5 (X1 X3 )
production for scenario P1 with the amplitude for y; x5 (X X5 ) production for
scenario P2 and explains the different signs of Agmd. Consequently, for My = |u
the asymmetries vanish.

In Fig. 2.9 we show the branching ratios of H and of A into Y{ X5 and X3 X|
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 u &= M, 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 C'P-even Higgs H are larger than those for
the C' P-odd Higgs A. This behavior hints at a stronger p-wave suppression of the
C P-odd amplitude, contrary to the case of equal charginos where the C' P-even
amplitude is suppressed.
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Figure 2.9: Branching ratios of the heavy Higgs bosons H and A into light chargino
pairs for m4 = 500 GeV, tan 3 = 10 and sfermions masses larger than M /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
m e < 103 GeV.

2.3.2 Summary of Section 2.3

Here we discussed Y5 X3 production in p*p~-annihilation with longitudinally
polarized beams. We have shown that the interference of scalar exchange channels
with different C'P 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 i X, and Y] X4 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 put p~ -annihilation at the heavy Higgs resonances with longitudinally polar-
1zed 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 mot 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-
erqy distributions of the lepton or W boson from the two-body decays )Z;-t A7
or )Zj[ — WEXY, respectively. We show that the interference of the C' P-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 C'P 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.

€+
;i
x
\ I;g
Xa

Figure 2.10: Two-body decays of charginos. Here /% = ZJLF g for £ = e, and

E} = %ff , for £ = 7. 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, egs. (C.25) and (C.26).

With our choice of the spin vectors, egs. (C.18) and (C.21), Ei}j/P is the longi-
tudinal polarization of )Zji, Z}Dj /P is its transverse polarization in the production
plane and E%j /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
2y and the continuum Xg,, ., 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

%, = Y S, 2
6=H,A

while resonant contributions ! and Y2 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 u*u~ — X7 X;

4
5 = L4 PEPHIAG)PI PP — e P)sy/ Ay, (2:32)

TJ

4
HA g *
ST = T (PE PHRe{A(H)A(4)")
Im{ i e — D LD f ) Ay g /X (2.33)
where we used the short-hand notation c%’) = cgfl)j and c(¢ = c(L(bZ for the Higgs-

chargino couplings, PX and P~ denote the longitudinal beam polarizations, A(¢)
is the Breit-Wigner propagator, eq. (2.8) and and

>\ij = )\(S>miliamif)7 (234)

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

Note that 23 (99) Vanishes for production of equal charginos ¢ = j since in this
case the Higgs- charglno Couphngs are parity conserving, with c! L“ = cR“ ThlS
term is thus only present for Y'Y production since, in general, cLU + CRU for

i 7.

2.4.3 Kinematics of chargino two-body decay

The two-body decay )Z;r — At + N has 2 x 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 AT and N are fixed. If the chargino is not at rest
the decay angle 6; and the energy E) of the decay particle AT are related due to
four-momentum conservation, by

1
—(m% +m3 —m%). (2.35)

ENE,+ = |PA||Py ] cos b = 5 N
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If my > my, with m, = (m £ m3 —m?%)/2E, £ ed. (2.35) admits two solutions

of E) for every value of §;, w1th 0<90; < Qmax < /2. The energy F), is thus a
better parameter to parametrize the decay
If my < my, eq. (2.35) simplifies to

2 2
m-i —ms
X5 N

2(Exj+ — |ﬁxj+| cosb;)

Ey = (2.36)

with 0 < 6; < 7 and a one-to-one correspondence between 6; and E,.

2.4.4 Energy distribution

The energy distribution of the charged lepton or W boson from the decay of )Zji
is obtained integrating the differential cross section for production and decay,
egs. (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” = |A(X Z P N ,\’P,\’ S0 = 4[AX] DIP(P-D+3%-53). (2.37)
AN AN,

Here we summed over the helicity indices \; and X} of x§ whose decay is not ob-
served. The resonant contributions to the production density matrix coefficients
P and X% are given in egs. (2.6), (2.7), (2.32) and (2.33). The expansion coeffi-
cients of the chargino decay matrix (C.26) for the chargino decays )Zj — 0T Dy,
with £ = e, u, 7 and X — W*x} are given in Appendix C.3.1.

In the CMS we can rewrite the factor ¥3, that multiplies the longitudinal
chargino polarization coefficient ¥, in eq. (C.30),

D _
p = mex(Bx = By, A=epnm W, (2.38)
A
where we have used the relation
m2i
mx#(sii pa) = (Ex — E)) (2.39)
70X |pxi|

and the kinematical factors E\ and A, have been defined in eqs. (D.12-D.15).
The factor my+ in eq. (2.38) is a measure of parity violation in the decay process.
It is thus maximal, 7+ = £1, for the decay f(]i — (* Dé*), for ¢ = e, u, since the
sneutrino couples purely left handed. For ¢ = 7 or for chargino decays into a W
and a neutralino, the factors n,+, eq. (C.60), and ny+, eq. (C.61), respectively,
are generally smaller, thus reducing %%,.

The energy distribution of the decay particle A* is now given by

d S3(Ey—FE
Oxt _ Ox 1_'_77>\iTP(>\ ) ’
dEA QAA P AA

(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

P= i/PdQXi, % = i/zi}gdﬁxi. (2.41)

Further, the cross section for production and subsequent decay o, is obtained
multiplying the cross section for production 07/, eq. (2.11), times the branching
ratio BR(Y;" — A*N).

Two examples of energy distributions of the decay particles ¢t and ¢~ are
shown in Fig. 2.11. The linear dependence of the distributions on the lepton
energy for /T and ¢~ is similar if the two end-points are exchanged. The slope of
the curves is proportional to X3 /P, 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 x; — e~ r7, in which the electron is left handed. Orbital angular
momentum conservation along the direction of motion of the chargino, here 2,
leads to conservation of the z spin component s,. 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 ¥3 /P leads to eq. (2.40).

2.4.5 Asymmetries in the energy distribution

For the cross section o)+ 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 A,+ and A,- for the charge
conjugated processes utuT — X;X;, X; — AN and ptps — XiX;, X; —
A~ N, respectively,

U>:i: — U<:i:
A S A=e,u, 1, W. 2.42
At O';i + O';i H ( )
with the short hand notation
Ex do+ EX doye
< = AR > = A" dE,. 2.43
O-Ai /E‘&nin dE)\ o O-Ai /E' dE)\ A ( )

Using the formula for the energy distribution of the decay particle A\*, 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)

1 3
= et 2.44
.A)\:i: 27})\:t P ( )
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Figure 2.11: Normalized energy distributions of the lepton for the process u*tu~ —
X7 X1 and decay X — (T, (dot-dashed) or Y] — £~} (dashed) with /s = 500 GeV
and longitudinal beam polarizations PL = PJLF = —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 ¥% 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 pu*u~ — x; X s
instead of ptpu~ — x; )Z;r, the coefficients transform into

Ziont - _Zionw (245>
pHA)  _, _pHA) (2.46)
23 (¢0) _, —Zf (<1><1>)7 (2.47)

while P, PT(W) and Y7 HA) 4o not change. The coefficients for the continuum
contributions from v, Z and sneutrino exchange can be found in [20, 22].

For equal beam polarizations P+ = P~ = P the resonant contributions trans-
form under P — —P into

PHA)  _, _pHA) (2.48)
SHA  _, _53(HA) (2.49)
while the terms PT(W), I %) and the continuum contributions P and X

given in [20, 22], are invariant.
It is useful to discuss the production of equal and unequal charginos separately.

3
cont’

2.4.5.1 Production of equal charginos

If equal charginos are produced, pu*u~ — )Z;F)Z]_, the resonant contributions

Zij(HA) for the longitudinal polarization of )Z;r and those for the longitudinal
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polarization of X 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

1
A = §[AA+ — Ax-] (2.50)
L R
= 57})\+ T]P y (251)
with Sfj(HA) = ij(HA), 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 egs. (2.48)
and (2.49). Then the invariant continuum contributions are eliminated in the
polarization asymmetries

1
AL = SA=(P) = A (=P)] (2.52)
1S

Since Efj(HA), eq. (2.33), describes the interference of the H and A exchange
amplitudes, non-vanishing asymmetries A§ and Aﬁl are a clear indication of
nearly degenerate scalar resonances with opposite C'P quantum numbers in the
production of equal charginos.

2.4.5.2 Production of YT Y5

The asymmetries A, eq. (2.51), and Aﬁl, eq. (2.53), have to be generalized for

the production of unequal charginos, u™u~ — X7 X5, since the coefficient PT(HA),

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

> <> <
Oy — 0Oy —05 +o0y

> < > < 7
Oy Toy +o +o,

A

A= e, p, 7, W, (254)

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

Using the definition of o)+, eq. (2.40) and the chargino charge transformation
properties of the coefficients P and ¥%;, eqs. (2.45)-(2.47), the resonant contri-
butions can be separated, in analogy to eq. (2.51),

1 23 (HA)
2 Pcont _'_ PT _'_ PT

with P*) — P9,



CHAPTER 2. CHARGINO PRODUCTION AND DECAY IN
4 1~ -ANNIHILATION 37

Analogously we define the generalized polarization asymmetry obtained from
the energy distribution of \* = e*, u*, 7%, W* from the two-body decay of one
of the charginos

ol _ 07:(P) =05 (P) =03 (=P) + 052 (—P) (2.56)
AE 07 (P) + 05 (P) + 03 (=P) + o5 (—P)’ '

1 =" (P)
= Sh+= )
2 Pcont + PTKHH) + PTKAA)

(2.57)

for equal beam polarizations PX = PL = P. For the production of equal
charginos these asymmetries reduce to their equivalents A§ and Aﬁl, defined
in egs. (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 Eij (2.33) of the
longitudinal chargino polarization is sensitive to the interference of the H and A
Higgs bosons. Their interference determines the sign «y of the product of couplings

K = Im{ W A M m { D D%} = o | lAm (LD D) (2.58)
which appears in

S = g PRe{A(H)A(A) Hm {0 A0 m{ D el sy /N5, (2.59)
where we focus on the pair production of charginos putu~ — )ij(j_ with equal
muon beam polarizations Pf = PL = P. Since we assume C'P conservation, -
can take the value £1 for interfering amplitudes of opposite C'P eigenvalues, and
vanishes for interfering amplitudes with same C'P eigenvalues. A measurement
of v would thus be a unique test of the C'P properties of the Higgs sector in the
underlying supersymmetric model.

The coefficient E%HA) can be obtained from the chargino production cross
section

\/EP (2.60)

Ams?

olptn” =X x;) =

and the charge asymmetry A¢, eq. (2.51)

23(HA) _ 87‘&92

rj
INRVNY

o(pt ™ — X7 X)) AS.- (2.61)
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Now the product of couplings x can be determined by a comparison of eq. (2.61)
with eq. (2.59). Alternatively, using the polarization asymmetry A’)’\Oil (2.53), we
find

2
3HA) _ 87s Lo e
er - \/)\7 O-(IU“ no— Xj Xj )

= 7

AP (2.62)

In addition, a measurement of the asymmetries A, eq. (2.51), or Aﬁl eq. (2.53),
allows the determination of the ratio

P, or(ptp — XX ) e
ot = X7X7) 2

— = — + (264)
ot — XIx; ) me
using the charge or polarization asymmetry, respectively. The resonant contribu-
tions

i _
o ooy i3 : _
o p” — X; Xj) = e P., with P, =P, (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

0’7’" + —_— N—.i_ n PT,
(1t ~><+j><_j) _ B (2.66)
o(wtu — X7x;) P
After inserting the expressions of L5074 (2.59) and P, (2.6) we obtain
X0 2P 2yRe{A(H)A*(A)}Vsts (2.67)
P 1+ P2 qAH)P s+ A(A) ST '
with
st = s5—4m? _ M (2.68)
B s ‘
")
g = & %1 2.69
el .

It is now possible to solve (2.67) for ¢ as well as for ~.

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 C'P quantum numbers may e.g. be determined by
using transverse beam polarizations, which enhances or suppresses the Higgs ex-
change channels depending on their C'P quantum numbers [34]. Alternatively,
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the if both chargino decays are observed, their transverse polarizations can be
used to separate the C'P-even and C'P-odd Higgs exchange contributions, see
Section 2.5.2.

Note that 7 (2.58) can only be determined by measuring the charge or po-
larization asymmetries A§ and Ai'ﬂ_,l, which are sensitive to the H—A interfer-
ence channels. A determination of v from a measurement of the cross section
o(ptp= — )Zj X; ) 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 A$ (2.50) of the lepton energy
distribution for the production of equal charginos u*u~ — ¥ X7 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

NP — €T, WD, TO Uy, ErVe, ArVu, TiaVe, WHXh, (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 M; =
5/3 My tan? Oy, and for the slepton masses, related to the scalar mass parameter
mg 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 A, = 250 GeV.

2.4.8 Production of )Zf)zl_

In the following subsections we study the dependence of the asymmetries and
cross sections on the MSSM parameters p, Ms, tan 3 and m 4, as well as on the
center of mass energy /s.

2.4.8.1 p and M, dependence

In Fig. 2.12a we show the contour lines of the chargino production cross section
o(uTu~™ — X7x7) in the u—M, plane for /s = my4 and beam polarizations
PL =PL = —0.3, with my = 500 GeV, tan 8 = 10 and mg = 70 GeV.

At /s = my ~ my 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 || 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,
7, Z and 7, exchange reach 0.5 pb at most.

We show contour lines of the chargino branching ratio BR(x; — e'7,) in the
u—Ms plane in Fig. 2.12b, where also the allowed region for the chargino two-body
decay ¥{ — e'7, is indicated. The sneutrinos are rather light for my = 70 GeV,
such that this chargino decay mode is open for |u| > 200 GeV and reaches values
of up to 20%.

For the chargino decay into an electron ¥ — e*i”, we show in Fig. 2.12c
contour lines of the charge asymmetry AS (2.50) which reaches values of up
to 24%. The asymmetry depends only weakly on the character of chargino
mixing, since A 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+ PE| /(14 PLPE) /2 = 28%, as follows from (2.51) for PL = PL = —0.3.

Thus the shown values of A¢ 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 = my. Near the production threshold /s = Qmﬁ
the asymmetry decreases due to the p-wave suppression of the C'P-even scalar
exchange amplitude.

In Fig. 2.12d we show the contour lines of the significance S, eq. (D.31), for
an integrated effective luminosity L.z = 1 fb~'. Due to the large asymmetry AS
and cross section o(utu~ — Y7 x7) X BR(X{ — e'7%) for chargino production
and subsequent decay, AS can be measured with a significance S¢ > 1 for a
luminosity L.;s = O(fb™"). The same values of the significance are obtained for
the muonic chargino decay mode x{ — pt7,.

In Fig. 2.13 we show similar contours as in Fig. 2.12 for y > 0. For tan 8 > 1
the chargino sector is not very sensitive to the sign of u. Here, for tan g = 10,
we observe that the chargino production cross section o (™~ — X7 X7 ), shown
in Fig. 2.13a, is indeed almost the same for both values of u. However, for u > 0
charginos are slightly lighter. This implies that the kinematical limit for the
two-body decay x{ — e'7, is found at larger values of |u|, as can be observed
in Fig. 2.13b for the branching ratios for this process, which are slightly smaller.
The asymmetry A (2.50) and the statistical significance S¢ for an integrated
effective luminosity L.y = 1 fb~! are shown in Figs. 2.13c and 2.13d, respectively.
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Figure 2.12: p*u~ — X7 X1, X{ — Pee™. Contour lines of the cross section o(utp~ —
X X7) (a), the branching ratio BR(Y{ — e*#,) (b), the charge asymmetry AS (c)
and the significance S¢ for an integrated effective luminosity £, =1 fb~1 (d) in the
u—Ms plane for p < 0, myg = 500 GeV, tan 3 = 10, my = 70 GeV, /s = 500 GeV
and longitudinal beam polarizations PJE = PL = —0.3. The dashed line indicates
the kinematical limit QmX%E = /s. The area A (B) is kinematically forbidden by

2m, & > Vs (mg, > mxit) The shaded area is excluded by m, + <103 GeV.
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Figure 2.13: ptu~ — X7 X1, X{ — Pee™. Contour lines of the cross section o (u*pu~ —
X7 X7) (a), the branching ratio BR(Y{ — e*#,) (b), the charge asymmetry A¢ (c)
and the significance S¢ for an integrated effective luminosity £, =1 bt (d) in the
pu—Ms plane for u > 0, ma = 500 GeV, tan 3 = 10, mg = 70 GeV, /s = 500 GeV
and longitudinal beam polarizations PJ]; = PL = —0.3. The dashed line indicates
the kinematical limit 2mxli = /s. The area A (B) is kinematically forbidden by

2m, + > Vs (mg, > mx%) The shaded area is excluded by m,+ < 103 GeV.
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Table 2.4: Scenario A for utp~ — X X7

tan = 10 ma =500 GeV | m s =197 GeV | BR(x

= —500 GeV | TI'y=141GeV m,+ = 514 GeV | BR(x

i

(X7 )=1
My = 200 GeV | mg = 500.07 GeV | myo = 100 GeV | BR(x) — 777,) = 19%
my = 70 GeV Iy =120 GeV | my =180 GeV | BR(x{ ) =4

e

tan3 =7 m+ =158 GeV BR(x{ — eTr.) = 22%
p=—400 GeV | m,+ =417 GeV | BR(x ) =2
My =160 GeV | myo =81 GeV | BR(Y{ — 777;) = 22%
mo =70 GeV | my, =145 GeV | BR(x{ — 7vr) =3

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 pu—Ms plane with = —500 GeV and My = 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 xi — W*x{ and x{ — €éjv. are smaller
than 0.3%.

In Fig. 2.14a we show the energy distribution asymmetry A.+, eq. (2.42), for
the decay X{ — e*7,, and the asymmetry A, for the charge conjugated process,
with longitudinal beam polarizations P¥ = PX = —0.3. In addition we show the
charge asymmetry AS = (A.+ —A.-)/2, see eq. (2.50), which reaches its maximal
value of 23% at /s & m4 = 500 GeV. Since the continuum contributions from
v, Z and v, exchange cancel out in AY, 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, defined in eq. (D.31), for an effective integrated luminosity L.r = 1fb™! in
Fig. 2.14c.

2.4.8.3 my4 and tan # dependence

In Fig. 2.15a we compare the charge asymmetries AS (2.50) for scenarios B7, BT’
and B7” of Tables 2.5 and 2.6, that differ only in m 4 = {350,400, 500} GeV, as a
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Asymmetries A in % o(uTu~ — X7 X;) in pb Significance S¢
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Figure 2.14: ptu~ — X7x7, )Zli — eF(*). Asymmetries (a), chargino production
cross section (b) and significance for L. = 1fb™! (c), with longitudinal beam polar-
izations Pi = PL = —0.3 for Scenario A, given in Table 2.4.

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

B7 B7T BT
ma[GeV] | 350 400 500
mu[GeV] | 350.7 400.6 500.4
T4[GeV]| 056 1.00 14
I'y[GeV] | 043 065 1.1

function of \/s—m_4. We show the corresponding cross sections for u™u~ — Y7 ¥,
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 m4 = 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
Vs & m 4, 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 my where the phases of the propagators are roughly equal
and the amplitudes of similar magnitude. In Fig. 2.15¢c we show the statistical
significance 8¢ for an integrated effective luminosity L.y = 1 fb~t. We find
statistical significances of S¢ > 3, albeit not in the entire resonance region for
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Asymmetry AS in % o(utu~ — X7x;) in pb Significance S¢

30 T T T T T 2
1.8
1.6
1.4
1.2
1
0.8
0.6
(Y
0.2

10 1 1 1 1 1 0
3 - - -

(a) Vs—ma[GeV] (b) Vs—my[GeV]
Figure 2.15: uptu~ — X%y, Xi — i) Asymmetry A (a), cross sec-
tion o(utu~ — X{x;) (b) and significance S for Loy = 1 fb™' (c) for sce-
narios B7 (solid), B7’ (dashed) and B7” (dot-dashed) of Table 2.5 and 2.6 with
mya = 350 GeV, 400 GeV and 500 GeV, respectively, and longitudinal beam polar-
izations P¥ = PL = —0.3.

scenarios B7 and B7’ with smaller m 4.

Increasing tan 3 the mass difference my — m4 decreases and the widths I'y
and I'4 increase. This results in a larger overlap of the resonances, leading to
large asymmetries AS in the resonance region. In addition, since the couplings
of the muons to the Higgs bosons (B.3) and (B.4) are proportional to tan /3,
larger values imply smaller relative continuum contributions that enhance the
asymmetries. The influence of these effects can be observed comparing the plot
of AY in Fig. 2.15a for scenario B7”, where tan 3 = 7, with the plot of A¢ in
Fig. 2.14a for scenario A, where tan 5 = 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,
& — W*YY, might be the only allowed two-body decay channel. In this case
only the asymmetries of the energy distribution of the W boson, A$, and A%li,
egs. (2.50) and (2.52), respectively, are accessible. These asymmetries are reduced
by a factor ny -+, eq. (C.61), with respect to the asymmetries for leptonic chargino
decay modes. In Fig. 2.12¢ we have shown the contour lines of the leptonic charge
asymmetry AS (2.50) in the u—M, plane for tan 3 = 10. The values of A have
to be multiplied by ny+ = —mnw-, which we show in Fig. 2.16, to obtain the
asymmetry AS§, = ny+ x AY. Although the asymmetries are suppressed by
|nw+| &~ 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 ny,— (C.61) for the decay y; — W~x? in the pu—Ms
plane for tan 3 = 10. The dashed line indicates the kinematical limit for meil: =/s=
500 GeV. The dark shaded area is kinematically forbidden by m,+ < mw + m0. The
light shaded area is experimentally excluded by My < 103 GeV.

branching ratios, BR(Y{ — W*x?) = 1.

2.4.9 Summary of Section 2.4

We studied the energy distributions of the lepton or W-boson from the decay
)Z;t — (*iy, 0 = e, u, T, or )Z;t — WY, respectively, from a chargino pro-
duced in ptp~-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 i x; 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 p™pu~ — )Zf)zji. 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 1+, where A 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
Z“b and the continuum $% . eq. (2.4). The resonant contributions are further

cont
separated into pure Higgs exchange and interference terms

et o= ) ne@) pme A g h=1,...3. (2.71)
¢=H,A
Evaluating the spin density matrix in the CMS and using the notation of Sec-
tion 2.4.2; these coefficients are given by

4
a g
yab(ed)  — 5ab§(1+PfPf)lA( IR
[(|c<5”|2 + PP A@ 2Re{cg¢>c§g”*}3<a>] s, (2.72)
Z?b(HA) — Zab(HA) _I_Z?I;%fA)’ (273)
A 5ab9—(7>£+Pf)Re{A(Hm(A)*}Im{cwwcw*} (2.74)

[Im{CL CL +cR cR 1A@ +Im{cL CR +cR cL )} B@

4
SN = L (PL 4 PLIm{AH)A(A) {00}
Im{CiH)CEl?)* - CR EA }C(ab (275>
with

AL — @ — _pB _ 2m, e+, (2.76)
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BW = _B® = _A®) = _(5— mii - mi*)’ (2.77)
o2 _ oy _ /Nij, C(@®) = otherwise, (2.78)

and \;; defined in eq. (2.34).

It is instructive to compare the spin-spin correlation coefficient % with the
spin density matrix coefficient P,, egs. (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 P,. Setting a = b = 3 in egs. (2.72) and (2.73) for the longitudinal
chargino polarization leads to

PB) — y38(aB) (2.79)
with o, 3 = 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 £, eqs. (2.72) and (2.74), relate only equal po-
larizations, i.e. £ oc §,,. The transverse polarization spin-spin correlation coeffi-
cients X! and ¥22 depend on the same combinations of couplings as P,, as found
for X33, However, these combinations of couplings appear with different coeffi-
cients A@ and B@. 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
egs. (2.72) and (2.74).

For equal charginos the relations between 2%%? ¢ = 1,2, and P*? simplify
to

$IH09) = _522(99) — _po p(#9) (2.80)

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

P, = PAAY 4 pUHH) (2.81)

D P (2.82)
from which follows
1

P = (P =), (2.83)
1

P = SR+ %), (2.84)

Note that, since for equal charginos the interference coefficients PN and

nealA) g = 1,2, vanish, eqgs. (2.83) and (2.84) just separate the C'P-even and
C P-odd contributions to the coefficient P, and may be generalized to
1

PP = 5( . — 3, (2.85)

PP (P, + %M. (2.86)

1
2
However, these relations do not allow to distinguish between two overlapping
resonances with different C'P quantum numbers and a single resonance with C'P
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

[T { ACH)A(A)}]
|ACH)||A(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 E) and E)y for the decays xj — AFN and )ZjE — NEN', respectively,
as in Section 2.4.4, egs. (2.38) and (2.40). Denoting with o 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
WY WY

— 1+ By(Ey — Ey) + By(Ey — Ey
dE\dE) 4AAAX[+ MEx = Bx) + By (E) v)

—G—C)\)\/(E)\ — EA)(EA/ — E_'N)], (288)
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with
By = ﬁA?AiAE?%, (2.89)
By = ”A’ii%’ (2.90)
O = . (2.91)

TINFTNE AMAy P

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

_ 1

P - / PdQ,.dD, -, (2.92)
\a 1 a
5 = 7 / $4dQ+dSY, - (2.93)
@ 1 a

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

A oy Fosn o + o5y
1 233
= g ?P, (2.96)
with the short hand notation
E)\ EA’ do. ,
N / N IE\dEy, (2.97)
E;ﬂax E;?%(L‘L do- ,
o = / 2B\ dEy, (2.98)
M B JB, dE\E)
12 N
N N IE\dEy, (2.99)
Eer rByo o
o5 = TN 1E\dEy. (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

1
A)\)\/ = ZT})\:}:TM/i. (2101)

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 nyzny-=.
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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 AT and X'*. 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 X%, a = 1,2 given explicitly in Section C.3.1, in
the CMS. For the decay )Zj[ — NEN', N = e, pu, 7, W, we obtain

Y = ny=Dsin 6, cos ¢, (2.102)
Y% = ny=Dsin 6, sin ;. (2.103)

Here 6; and ¢; are the polar and azimuth angles of N'* with respect to the
momentum of )Z;-t, see Section D.2.

For the decay x; — AFN the decay matrix coefficients are
Y1 = —nxx D sin ; cos p; (2.104)
Y% = nag D sin 6 sin @;, (2.105)

with ¢; and ; the polar and azimuth angles of AT in the reference frame R,
given in Section C.1.4, where the momentum of )Z;-—L, p,+ defines the z-axis.
J
The differential cross section can then be expressed in the form
oy oaw

= 221 4+ KM cos g, cosw; + K sin @, sin o,
dp;dp; 47r2[ v i HL st @

+ K2 cos s sin ¢; + K* sin ¢ cos ], (2.106)

where the coefficients K% depend on the spin-spin correlation coefficients X%.
For the resonant contributions of H and A exchange, eq. (2.106) further sim-
plifies due to the relations 3! = —%22 and 212 = ¥2! | see eqs. (2.76) and (2.77),

d20,\,>« (WY

oo, = 1 [1+ K cos(p; — ) + K2 sin(p; — ;)] (2.107)
with

K" = —npanve KKy E]il, (2.108)

K2 = —nmanveK Ky 2;2, (2.109)

where the average over the chargino production angles X% is defined in eq. (2.94).
Further, the coefficients K, and Ky result from the integration over the polar
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angles of the decay particles A and ), 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 m, < m,

with m, = (mi_i —m3 — mi?)/2Ein, the polar angle 6 is not bounded and we
J

have

1 ™
Ky = 5/0 df sin? 0 = %, (2.110)

while for my > m,
emaz 1
Ky = / df sin® 6 = §9m. (2.111)
0

Analogous expressions follow for K.

Note that the differential cross section, eq. (2.107), only depends on the differ-
ence of the azimuth angles ¢; — ¢;. The absolute value |¢; — ¢;| is independent
of the production plane since it is obtained from the relation

cosfyy = cosb,;cosb; +sinb;sinb; cos(e; — ¢;), (2.112)

where 6y, denotes the angle between A and A" and 6; and ¢, are functions of
the energies E\ and Ey/, see eq. (2.35). The sign of ¢; — ¢, depends on the
orientation of the momenta of the decay particles with respect to one of the
charginos, with the formalism chosen here )Zj[. Therefore, the momentum of
the charginos, and thus the production plane, needs to be determined. This is
possible if the subsequent decay of either N or N’ can be reconstructed.

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

_ _ 1 _ _
5= S 4 5 G — Tan) = 5, (2.113)
_ _ 1 _ _

57 = 507+ 5 S + Son) =X (2.114)

To isolate the two coefficients, X! and ' we define the angular distribution
asymmetries

i — i) >0) — i — i) <0 2 3l
A7l _ o(cos(@i = 9;) > 0) — o(cos(pi — ¢j) <0) _ 2 s KK
o(cos(p; — ;) > 0) + o(cos(p; — ;) < 0) i P
(2.115)
and
i olsin(e— 9) > 0) ~o(sin(i —p) <0) _ 2 ol

= —;T])\JFUAH—LKAKX P
(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
p p~-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 nysny+, which are needed to extract information from the
angular asymmetries A7l and ATt While the decay factors ny+ and ny+ will be
determined at an eTe™ collider, a measurement in the same process may allow to
cancel systematic uncertainties.

The azimuth angular distribution asymmetry A7l 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
ATl may be used to determine the C'P quantum number of a single resonance, or,
for overlapping resonances, to separate the C'P-even and C'P-odd contributions.

The asymmetry A7+ 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 pu*u~ 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 C'P phase. The C'P-even (C'P-odd) state would then be
obtained for parallel (anti-parallel) ™ and g~ 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
P. 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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C'P components of the u*pu~ 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 P, of the production spin
density matrix, for longitudinally and transversely polarized beams, is obtained
from egs. (2.6) and (2.7). with the new dependence on the beam polarization for

P(HA) = —2¢*Tm{A(H)A(A)*}, Re[( (P P_)]
Im[afA (pxlipxji) - bfAmXiimxji]}(pqupM*)? (2117)
where the couplings afA and bfA 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.

4
g _ %[(73+ X P_) - 1] Re{ ACH)A(A)* Him{ el (40
Im{cf e — ey s, (2.118)

where the coefficient C(®) 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 1" -annihilation

In this chapter we study the pair production of neutralinos in g+ p~-annihilation
for center of mass energies /s around the masses of the heavy neutral Higgs
bosons H and A in the MSSM,

Pt T = XX (3.1)

with4,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 )Z?)Z? with
t=1,7=2,3and 7 = 2,5 = 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 4/s for longitudinally polarized beams. In order to study

95
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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 jiz 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

X? — 507, l=e,p,T, (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 C'P 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 C'P quantum number of the resonant contributions and are thus
ideal to separate their C'P-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 p*p~ -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 A in the s-channel and of the t- and u-channel exchange of
firr, shown in Fig. 3.2 The interaction Lagrangians of the Higgs exchange
channels are given in Appendix B, egs. (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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Figure 3.1: Resonant neutralino pair production
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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 ete~”
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 )Z?
polarization, we use the spin density matrix formalism of [28], see Appendix C.
The unnormalized spin density matrix for neutralino pair production in p*p~-
annihilation p?, eq. (C.23), is a function of the polarization degrees of the u*
and p~ beams, denoted with PI* and P, respectively, for m = 1,2,3. With
our choice of reference system, see Section D.1.3, P2 = PL denote the longitu-
dinal beam polarizations, i.e. the average helicities of the incoming muons and
antimuons, and P} and P? their transverse polarizations. In the following we
consider only longitudinally polarized beams.

The expansion coefficients of the neutralino production matrix, see egs. (C.25)
and (C.39-C.42), subdivide into contributions from the Higgs resonances and the
continuum, respectively,

P = P?" + Pcont7 E(Il—’j = E?j + ZZOTLtj’ Eab = Z?b + Eggnt ) (33>
analogous to eq. (2.4) for chargino production. Here the continuum contributions
Pront, X2 . and ¥ . are those from the non-resonant Z and h in s-channel and

cont
fir, and fig in t- and u-channel exchange. These coefficients can be found in [22].



CHAPTER 3. NEUTRALINO PRODUCTION AND DECAY IN
58 4+ 1~ -ANNIHILATION

The coefficients ¥ and Y% 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,

P, = Y P¥ 4 pHA. (3.4)
¢=H,A

The H-A interference term P vanishes due to the Majorana nature of the
neutralinos.
In the center of mass system (CMS) we obtain for ppu~ — x7x9
9
P = (L PEPHA@) I Pl Psls — (myo + nimye)?]. (3.5)

T

no= nemm, ¢ =H,A, (3.6)

where 7, is the CP quantum number of the Higgs boson ¢, with ng = —na =
1, and n; and n; are the signs of the neutralino mass matrix eigenvalues, see
Section A.3.1.

The phase factor n?}- can be plus or minus one for both H and A, depending
on the signs 7; and n;. Therefore, for unequal neutralinos, either the C'P-even
or the C'P-odd exchange channel is p-wave suppressed, for 7, = n; or n; = —n;,
respectively.

Since the interference of H and A vanishes due to C'P conservation, the pro-
duction cross Sectlon of XV X] can be separated into the dominating contribu-
tions a,_} and o from H and A exchange, respectively, and the background of
non-resonant channels o . from Z boson, the light Higgs boson h, and t- and
u-channel exchange of fiy r

0 = o+ 0] + o, (3.7)

Neutralino production via the Z and fij, p 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 0% and ¢'{ can be expressed in the form
(see Appendix C.1.7)

of =(2— 6”) (HPLPL)ICW 2 1di A/ Xij(s) BE(s)Ko(s), ¢ =H,A
(3.8)
with
y (mg—l—nf»m 0)?
Bl(s) = 1—————, (3.9)
Ko(s) = [(s—m2)?+T2m2] ", (3.10)
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and
Aij(s) = Als,m3o, mo) (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 o/i/i for the pair production p*pu~ — )2?)2? with subsequent de-
cays Xy — fx, k = 14, J, factorizes into the production cross section ¢* and the
branching ratios for the respective decay channels:

o5 (\/5) = 5(v/5) x BR(X! — fi) x BR(T) = f,). (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 UIJ;* Ut afff T owe
subtract from the measured cross section o/+/~ at \/s = mpy and /s = m4 the
continuum contributions afjn’;’. However, the measured cross section ¢ . 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 ;.

We determine the total background contribution af;*f S =gl 4 aéﬁ’ by
linear interpolation of ¢/+/- 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 ete™ colliders combined with specific model calculations.

We define the ratio

fif5

o Umeas(mH) - Ugfj (mH) o Ug(mH) + O'Z(mH) (3 13)
— T = — ) :

Omeas (mA> - Ugfj (mA> Of (mA) + O-f4j (mA)

T
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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

4|

ij
(4)

[L’Z‘j =

(3.14)

as a function of the ratio r, the masses and widths of H and A and the masses
of the neutralinos.
From egs. (3.8) and (3.13) results

o 1
Lij CZ] 1—02,_/77" CL’“, (3 5)
with
. — Bij(mu) Bg(mi) % (3.16)
’ Bij(mu) BY (m?%) 'y’
, Bij (M) Bi{ (m%) 2\ T2
o= ANTA) i (m2)T2, 3.17
97 Bylma) By A o
7 6ij(mA) Bg(m%) 2\ 72
o= 1\MA) g T2, 3.18
57 Bylm) Bty .
)\i' S
Bu(v7) = Y2, (319
c(Hp) |2
no= o] (3.20)

where Cy;, C}; and Cj; can be determined without model dependent assumptions,
and z, = 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 p,
My, tan 3 and ma of x7x) production in p*p~ annihilation for i = 1,7 = 2,3
and ¢ = 7 = 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 Gl H1 H2
M,[GeV] 200 200 240 150 350 350
w1[GeV] -200 200 240 -300 -150 150
my|GeV] | 352.1 352.3 3523 352.0 352.1 352.3
'y [GeV] 049 079 034 043 040 0.54
['4[GeV] 0.82 1.65 053 0.64 0.53 0.85

MMm,yo 95 84 110 76 131 113
1210 164 146 185 147 -162  -156
1310 -215 207 -246 -313 189 195

Table 3.1: Reference scenarios with fixed m4 = 350 GeV, tan 3 = 5 and mg =
200 GeV.

3.1.2.1 Scenarios

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

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 ;1 — My plane of the branching
ratios of H and A into xVx3 for tan 3 = 5 and M, = 350 GeV. For the decay of
the pseudoscalar the largest branching ratios are obtained in the mixed region,
with |u| & M;. 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 x{ and
X3 this corresponds to the mixed region.

The couplings, however, are not necessarily the most important parameter
which determines the branching ratios. The relative C'P phase-factor of the
neutralinos 7;; determines the threshold behavior. For instance, for Y9x5 in the
mixed region with ¢ > 0, we find 7,2 = 1 which leads to a p-wave suppression
of the C'P-even amplitudes and results in small relative small branching ratios
BR(H — x9%9), compared with BR(A — x?X3), see Figs. 3.3a and 3.3c. In the
higgsino region My > 2u the opposite is true, with ;o = —1, C' P-odd amplitudes
suppressed and larger branching ratios of H into x?x5.
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Figure 3.3: Branching ratios of the heavy Higgs bosons H and A into neutralino pairs
into )Z?)Zg and )Z?)Zg for my = 350 GeV, tan = 5 and sfermions masses larger than
My /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
%9 the contour line for 5 % (dash-double-dotted) is also shown. The shaded area is
the experimentally excluded region given here by My < 103 GeV. Also shown is the

kinematical limit for the neutralino pair production processes.
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Figure 3.4: Branching ratios of the heavy Higgs bosons H and A into Y9%3 for m4 =
350 GeV, tanf = 5 and sfermions masses larger than My /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 myx < 103 GeV. Also shown is the kinematical limit for the
neutralino pair production processes.

The two different values of 7,5 are due to the level crossing at My ~ 2u, where
the second and third lightest neutralinos are degenerate. The resulting exchange
of parameters between x| and Y3 is clear comparing Figs 3.3a and Figs 3.3c, as
well as Figs 3.3b and Figs 3.3d.

For mixed scenarios with p > 0 the scalar Higgs decays then predominantly
into xYx3, with 7,3 = —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 — x%x9, with BR(A — x¥%9) >
30 %, are found for relative large values of |u| & M, 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 ¥?¥9, x9x3 and ¥5x5
in p*p~ 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 3 = 5, m4 = 350 GeV
and mg = 200 GeV, as well as unpolarized beams.

In Fig. 3.5a, for the mixed scenario M1 with p < 0, the production of Y99
has peak sections of order O(pb). As in chargino production, the contributions
to ¥Uxy production can be well separated. The resonant production cross section
for X3, on the contrary, is small for the A resonance and can be better observed
via H exchange production, while for y9y9 the opposite is true.

In Fig. 3.5b, for the mixed scenario M2 with p > 0, ¥{X3 becomes the main
decay channel of the scalar Higgs boson. However, its resonant cross section at
\/8 = my cannot be clearly distinguished from the continuum and Y99 produc-
tion is necessary to test the Higgs-neutralino interactions.

In Fig. 3.5¢ we show the cross sections for scenario M2’, similar to scenario
M2 except for larger p and M, values, so that only yJ%J 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 Y'x5 and X5Xy pair production. In this scenario the p-wave suppression of
the scalar resonance is compensated by the narrower width. In scenarios in which
|| > M,, as G1, the masses of the heavier two neutralinos are large and are in
general not accessible. The threshold for y9%9 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 © < 0 and g > 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 p < 0 the resonant cross sections are relatively
small, compared to the remaining scenarios and the most promising channel is
XX production. For p > 0, however, large cross sections are expected for Y99
at the scalar resonance. Note that this cross section is similar to x{x3 production
the mixed scenario M2, as expected since at the level crossing the second and
third lightest neutralinos are exchanged.

For larger values of tan 3 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 o for putpu~ — )Z?)Z?, with ¢ = 1,5 = 2 (solid),
i =1,7 = 3 (dashed) and i = 2, j = 2 (dotted), for scenarios M1, M2, M2’ G1, H1
and H2 of Table 3.1. In all scenarios tan 3 =5, m4 = 350 GeV and mo = 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 tan3 =5
and m4 = 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 p and My parameters. The dependence on tan 3 and m 4
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 p* p~-annihilation with longitudinally polarized beams.
We analyze the energy distribution of the decay lepton in the process X — (*(F,
for ¢ = e,u, 7. 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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Figure 3.6: Two-body decays of the neutralinos. Here Z)} = ZZ, g for £ =e, p and

x =T forl=r7.

3.2.2 Neutralino polarization

With our choice of spin vectors, egs. (C.18) and (C.21), ZZI”DJ_ /P is the longitudinal
polarization of the decaying neutralino )”(?, E}pj/ P is its transverse polarization
in the production plane and E%j /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

o= > I+, (3.21)
¢=H,A

while resonant contributions ¥}; and X7, 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 Eij(w) vanish due to the Majorana

character of the neutralinos [36]. In the CMS we obtain for u*u~ — X?X)

4
S = (P + PERe{A(H)A(A)')
Im{d{"dS Vm {0 A0y s /X, (3.22)

where PX and P~L denote the longitudinal beam polarizations of u* and p~,
respectively, A(¢), is the Breit-Wigner propagator of the Higgs boson ¢, eq. (2.8),
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and
)\ij = )‘(S7mi?>mi?)v (323)

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

3.2.3 Energy distribution

The energy distribution of the lepton from the decay of )Z? is obtained integrating
the differential cross section for production and decay, egs. (C.23) and eq. (C.24),
where the amplitude squared is given by (here we suppress the chargino index of
the density matrix coefficients)

TP = [AGDE 32 Pl = HAGP(P- D+ 55 55). (324)
XAV,

Here we summed over the helicity A; of x? whose decay is not observed. The
resonant contributions to the production density matrix coefficients P and X%
are given in egs. (3.5) and (3.22). The expansion coefficients of the chargino

decay matrix (C.26) for the neutralino decays X9 — (* £F, with n = R, L for
¢=e,u (n=1,2 for £ = 1), are given in Appendix C.5.1.
In the CMS we can rewrite the factor 3% that multiplies the longitudinal

chargino polarization coefficient X% in eq. (C.30),
3 n D n
Z:D = WiE(EZ - Ef)? l= €, 1y T, (325)

where we have used the relation

2
m
X3

Mo (s5o - pr) = —=—(Ey — Ey) (3.26)
’ 7 ‘px?|

and the kinematical factors E, and A, have been defined in eq. (D.16-D.17).
The factor nyy gives a measure of parity violation in decay. For the decays

into leptons of the first two generations parity violation is maximal, with
Uﬁ = 775+ =—1, 776L+ = 77£+ =1, (3.27)

and 7). = —n}. For the decay )Z? — Tif‘f , the lepton energy dependent term
in (3.25) is suppressed, due to stau mixing, by the factor n”. given in eq. (C.84).
The decays X — hx} and X — ZX), are thus uninteresting here, since, due to
the Majorana character of the neutralinos, n, = 1z = 0.

The energy distribution of the lepton is
n Sp (B — Ey)

1 ZP ATt Y .2
+ ngi P Aé 9 (3 8)

n n
dojy o

dE, 2/,
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Figure 3.7: Normalized primary and secondary lepton energy distribution, with A% =
0.2, myg = 250 GeV, my. = 200 GeV, myo = 60 GeV and /s = 450 GeV. The dashed
curves correspond to the decay chain Yy — E_EE, EE — W+ and the dash-dotted
curves to Xy — (705, {n — XM~ .

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

_ 1 _ 1
Further,
2 2
2—5, )\Z(m Q_mN) _
o = AL R B— ] ) (3.30)

12872 52 m3,I o
X5 Xj
J

is the integrated cross section for neutralino production, eq. (3.1), and subsequent
leptonic decay )Zg — figrf, withn =R, L for ¢ =e,u (n=1,2 for { = 7).

Explicit expressions for D are given in eqgs. (C.76) and (C.80) for ¢ = e, u and
¢ = 7, respectively, and \;; 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 %% /P
times the factor n;% from the decay.

Due to the Majorana character of the neutralinos, the contribution to %%
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,

¥, = ¥l (3.31)

From eq. (C.71) follows that 2, 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

)XY with subsequent decay x) — E*lz—z, ;, with £ =
e, i, and )Z? — 7‘+7~'1_7 5, as well as the charge conjugated decays, we define the
asymmetries A7, and A}, with n = R, L for { = e and { = p, and n = 1,2 for

(=,

For the processes pu™pu~ — x

0 (Be > Ey) — o (Ey < Ey)

- _ 3.32
o O'zli (Eg > Eg) + O‘?i (Eg < Eg) ( )
Lo

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

1
Ap = (AL - AR, (3.34)

From the relation A} = —AJ,, which is fulfilled for the primary lepton from
neutralino decay, follows for the charge asymmetry A} = A} . 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 AF = 0.2.
Denoting by o.(utpu~ — )2?)2?) the resonant contribution to the production
cross section o(p ™ — X?x9) we relate P, eq. (3.29), to the resonant contribu-
tion P, by:
o(uu” — X9X3)

0

P =
or(prp= — XPX9)

B, (3.35)

and express A} in the form:

1, on(ptu™ — X9XY)

Al = —nt — I P 3.36
‘ 27 o(utpm — X9%0) (3.36)
, X3

P = 7 (3.37)

The contribution of the H-A interference to the asymmetry, eq. (3.36), is
contained in the coefficient P, which has the following dependence on the longi-
tudinal beam polarizations PX of u™ and P~ of pu~:

- PLypL

;= W JRLR_> (3.38)
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where Pl p p =P; for PL =PEL =1, ie. for right handed p* and p~ beams.
Since P] 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 C'P quantum

numbers. The statistical significance of the asymmetry A} 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 Efj (3.22) of the longitudinal neutralino polarization is sensitive to the
interference of the H and A Higgs bosons. Their interference in X7x} production
determines the sign «;; of the product of couplings

kij = Im(d" d \Im (10 ((Am) (3.39)

which appears in

rJ

4
i = (PE 4 PLRe{AH)A(A) brijsy/Any. (3.40)

The coefficient Zij(HA) can be obtained from the neutralino production cross
section

2= %)V 5ij)\/TijPr. (3.41)

ot — X)) = 53

and the charge asymmetry A}, eq. (3.36),

B(HA) _ 167s? n

rJ U(M
! (2 = dij)/Nij e

Now the product of couplings x;; can be obtained by comparison of eq. (3.40)
and (3.42).
In general the factor v;; is defined by

i — X0 AL (3.42)

T () d0") T (cFTm) cAnre)

J D] e

Since we assume CP conservation 7;; takes the values 1 for interfering am-
plitudes with opposing C'P eigenvalues, as is here the case, and vanishes for
interfering amplitudes of same C'P.
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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 A}, which allows to determine the ratio

o owteT - X0 2
Pr Oy (/~L+/~L_ - )Z?Xj_) Ne—

A (3.44)

Inserting in eq. (3.44) the expressions of P, and ¥?;, egs. (3.5) and (3.22), we
obtain,

3, PL 4+ PL 27i;Re(A(H)A*(A))7/ 5555
P 1+ PLpL ' @i |AH)? 555+ g5 [A(A) 2 s (3.45)
where
siij = s—(mmy £ nij(J))Q, (3.46)
(H) .(Hp)
q%ij = %, (3.47)

and A(H) and A(A) are the Breit-Wigner propagators. Note that the functions
siij depend on the relative C'P phase factor of the neutralinos 7;; = n,n;, with n;,
n; defined in Section B.5.

It is possible to solve eq. (3.45) for ;;¢;;. By comparison of egs. (3.45) and
(3.46) we then obtain the ratio ¢;; and the sign of the product of couplings 7;;.

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 C'P quantum numbers may e.g. be determined by
using transverse beam polarizations, which enhances or suppresses the Higgs ex-
change channels depending on their C'P quantum numbers [34]. Alternatively,
the if both neutralino decays are observed, their transverse polarizations can be
used to separate the C'P-even and C'P-odd Higgs exchange contributions, see
Section 3.3.

The neutralino-slepton couplings needed to evaluate 7, will have been precisely
studied at a linear collider, see, e.g., [9, 37|, and the resonant cross section of neu-
tralino production o, (utu~ — )Z?)Z?) can be obtained subtracting the continuum
contributions from the integrated production cross section o (pu*p~ — X?X9). 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 ¢;; and the product of H and A couplings
to the neutralinos x;;. Note that a determination of 7;; from a measurement of
the cross section o(utp~ — )Z?)Z?) alone is not possible.
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Scenarios | SPS1la N5 N10 N20 | N¥& N10o»’ N5” N10”
tan 3 10 5 10 20 5 10 5 10
M, [GeV] 192.7 280 280 280 280 280 280 280
w1[GeV] 352.4 250 250 250 250 250 250 250
myo (GeV] 359 255 257 258 255 257 255 257
myg [GeV] 177 209 212 214 209 212 209 212
Mo [GeV] 96 128 131 132 128 131 128 131
mo[GeV] 100 100 100 100 100 100 100 100
me,[GeV] 143 173 173 173 173 173 173 173
ma[GeV] 393.6 450 450 450 350 350 550 550
my|[GeV] 394.1 4514 450.4 450.1 || 351.9 350.5 551.1  550.3
['4[GeV] 1.38 229 211 4.33 0.43 0.82 3.63 3.34
Iy [GeV] 0.93 .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 M; = 5/3tan? 0y, M, 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 o(putu~ —
X?XY), the asymmetries A7 and A 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 tan (3,
i, My and m,4 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, M; = 5/3tan” 6y M,, and for the slepton masses
[35]. Mixing between left and right sleptons is neglected for the first two gener-
ations, ¢ = e, u. 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, 71 (), is of order m;_ (mz ), £ = e, u, and m; < Mmyo < mg, .
Therefore, neglecting the three-body decays of X9, only X7 — Up, (= e, p
and )Z? — 777 contribute to the energy spectrum of the leptons. We show the
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Scenarios SPSla N5 N10 N20
A [GeV] -254 0 0 0

BR(x) — ¢~ (3)[%)] 3.2 16.3 152  11.3
BR(Y§ — 7~ 7))[%] | 425 173 196 274

Table 3.3: Neutralino branching ratios, ¢ = e, p.
neutralino branching ratios into lepton slepton pairs in Table 3.3.

3.2.5.1 x{x3 production

We first discuss, for x?x5 production, the dependence of the asymmetries and
cross sections on the beam polarization in scenario SPS1a, the dependence on
tan  in scenarios N5, N10 and N20 and the dependence on m,4 in scenarios
N5’ N5”, N10’ and N10”. All the scenarios are defined in Table 3.2

3.2.5.2 Beam polarization

1200

R
alfo] S, L (c) |
1000
1.2 -
800 L |
600 0.8 - -1
400 061 T
0.4 —
200 02 i
0 0 ! ! 0 == =7 ! ]
385 390 395 400 385 390 395 400 385 390 395 400
V/s[GeV] V/s[GeV] V/s[GeV]

Figure 3.8: ptp= — x9%9, 1§ — K_ZE, ¢ = e, u, for scenario SPSla. (a): AZ,
(b): neutralino production cross section and (c¢): significance with luminosity times
detection efficiency e£ = L. = 0.5fb! (for Y3 — 6‘[7;), 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 Al ¢ = e, pu, and the cross
section o(utu~ — XI%9), 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 C'P-even and C'P-odd
amplitudes is large, resulting in large asymmetries in the resonance region. The
largest asymmetries are found at /s ~ my where the C'P-even and C'P-odd
amplitudes are of the same order, because, due to the relative C'P phase factor
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M2 = mne = 1 of the neutralinos, the C'P-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 PX = 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+ PLPE,
and is rather weak for the polarization degrees expected at a muon collider. From
egs. (3.36) and (3.38) follows that the polarization dependence of the asymme-
try is then roughly A} ~ Pf + PL. For the statistical significance, defined in
eq. (D.33), follows then S} ~ P + PEL.

3.2.5.3 Stau mixing dependence

The asymmetry for the 7 energy spectrum depends strongly on the mixing in the
stau sector. The 7 energy asymmetry is obtained by A! = nl A% eqs. (3.36) and
(C.84). For the SPS1a scenario n! = —0.87. Note that the asymmetries Al and
AP have opposite signs. The marked difference between AL and AF is due to stau
mixing, which allows the lightest scalar tau 7; to have a large left component.
For the gaugino-like SPS1a scenario the second lightest neutralino Y9 is wino-
like, and thus has large left handed couplings to lepton-slepton pairs. Therefore,
X3 decays dominantly into 7-7; pairs, see the branching ratios for SPSla in
Table 3.3. For A, = ptan (3 the stau mass matrix is diagonal, eq. (A.23). Then,
the branching ratios for the decays Y3 — ¢/ and ¥y — 77 are comparable in
size. However, Al is still smaller than Af, with n! = 0.53, due of the larger
couplings to the higgsino components to the scalar taus.

In the resonance region we find, for P = PL = —0.3, SF' ~ 1.5/ Ly [f071],
0 = e pu, and 8! ~ 4.5\/L.s[fb7']. In Fig. 3.8¢c we show the statistical sig-
nificance, defined in eq. (D.33), for A, ¢ = e, with an effective integrated
luminosity Lepr = 0.5~

3.2.5.4 tan( dependence

In Fig. 3.9a we show the asymmetry A, ¢ = e, u, for scenarios N5, N10 and
N20, for P = PL = —0.3. These scenarios differ only by the value of tan j.
For increasing tan (3 the mass difference my — my decreases and the widths
'y and I'4 increase. This results in a larger overlap of the resonances which
leads to large asymmetries in the resonant region. For tan( = 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 ~ mpy, as already discussed for
scenario SPS1a.

In Fig. 3.9b we show the cross sections o (™~ — X{x3) for scenarios N5, N10
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Figure 3.9: ptu= — x0x9, x5 — K_ENE, { = e, u for scenarios N5, N10 and IN20.
(a): AR, (b): neutralino production cross section and (c): statistical significance with
luminosity times detection efficiency e£ = L.pp = 0.5 fo ! and 734% =Pl = —03.
tan § = 5 (dash-dotted), 10 (dashed), and 20 (solid).

and N20. The largest peak cross sections are found for tan § = 10. Fortan3 =5
the resonant cross sections are suppressed by the smaller Higgs-muon couplings,
while for tan 3 = 20 they are suppressed by the larger resonance widths.

In the resonant region we find, for ¢ = e, p, S > 31/ L.y [f0!] for tan 5 = 10
and tan 3 = 20, while for tan3 = 5 the statistical significances reach Sf ~

Lesr[fb71] at /s ~ mpy. In Fig. 3.9c we show the statistical significances for
an effective integrated luminosity L., = 0.5fb71.

The effect of stau mixing on the asymmetry A! = nl AL with 7! defined in
eq. (C.84), increases with tan . 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, n! =
0.88, 0.49 and -0.31, respectively. The statistical significance for A! is obtained
from eq. (D.33), where the branching ratios of XJ — (%, ¢ = e, u, and Y3 —
(T are shown in Table 3.3.

For A, = ptan 3, i.e. for a diagonal stau mass matrix with 7, = 7, we find
nt = 0.96, 0.79 and 0.30 for scenarios N5, N10 and N20, respectively.

3.2.5.5 m, dependence

In Fig. 3.10a we compare the asymmetries AF, ¢ = e, u, for scenarios N5’, N5
and N5”, with different values of my, as a function of \/s — my, for P¥ = PL =
—0.3. In Fig. 3.10b we show the corresponding cross section o(u*u~ — YI%9).
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 ms = 350 GeV, threshold effects are
stronger. Since 75 = 1, the asymmetries nearly vanish for /s ~ my, where
the largest cross sections are found, while the largest asymmetries are found at
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Figure 3.10: pTu~ — ¥9%9, x5 — K‘ENE, { = e, pu, with Pi = PL = —0.3, for scenarios
N5, N10 with m4 = 450 GeV (dashed), N5’, N10* with m4 = 350 GeV (solid) and
N5”, N10” with m4 = 550 GeV (dotted). (a): Al for tan 3 = 5, (b): neutralino pro-
duction cross section for tan 3 =5, (c): Af for tan § = 10, (d): neutralino production
cross section for tan g = 10.

Vs &~ my. The asymmetries change sign between the two resonances, due to the
complex phases of the propagators, and the maxima of |AF| are found at center
of mass energies slightly above and below my and not on top of the C'P-even
resonance. For larger values of m 4, here for m,4 = 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 tan = 10. The effect of larger Higgs masses is weaker
than for tan 3 = 5 because the overlap of the resonances is already large for
ma = 450 GeV.

The statistical significances at the center of mass energies where |Af| is max-
imal is S ~ 0.8y/L[fb!] for scenario N5 and SF ~ 1.4\/L.;[fb7'] at
/s =~ my for scenario N10’.
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Figure 3.11: ptpu~ — )ng(?, )29 — K_ZE, { = e, u, for scenario N10 with i =1, j =2

(solid), i = 1, j = 3 (dash-dotted) and i = 2, j = 2 (dashed). (a): Al and (b):
neutralino production cross section, with PJLF =PL=-03.

3.2.5.6  xx3, X5x5 and xYx9 production

In Fig. 3.11 we show, for scenario N10, the asymmetry A} ¢ = e, u, and the
cross sections o(utp~ — X7XJ) for the kinematically allowed pairs X{X9, X{X%
and Y5x3, for PL = P~L —0.3. Threshold effects are stronger in Y9y5 and
XIx9 production than in x{x9 production. Therefore the P-wave suppression of
the C'P-even (C'P-odd) amplitude for x5x95, (xYx3) production is stronger, since
No2 = 1 (m3 = —1). The asymmetries for yx9 and ¥9x5 production, however,
are comparable in size, since the continuum contribution to x5x3 production is
very small. For x!x9 production, the asymmetry is smaller due to the interplay of
the widths and the amplitudes, with 'y < I'4 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 < m4 and /s > my,
and of the cross section, with a maximum at /s ~ my.

For the asymmetry in Y9y production the statistical significance for ¢ =
e, i in the resonance region is S ~ 2,/L.;[fb~1]. For xix3, the statistical
significance for ¢ = e, i is significantly smaller, of order SF ~ 0.6+/L.s[fb~'] in
the resonance region, because the branching ratios of Y3 into lepton and slepton
pairs are strongly suppressed by the competing decay channels X5 — ZxY and
X3 — hxY, with BR(XS — 0lg) = 1% for { = e, u, and BR(X3 — 771) ~ 5%.

~

3.2.5.7 pu— M, plane

The MSSM parameters i and M, 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 p, 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-
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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
i — My plane of constant y12¢12 and Im(dg{) dEjA)*), respectively, for tan 8 = 10 and
ma = 450 GeV (see Section 3.2.4 for the notation on the couplings). Note that
712 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 v12q12 and k12 on p and Ms is found for
different values of tan 8 and m 4.

500
Mo [GCV]

500
Mo [GCV]

400 400

300

300

200 200

100 E 100

(a) mi%<103 GeV (b) mi%<103 GeV
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Figure 3.12: Contours of constant v;2¢12 (a) and Im(dg)dgg)*) (b), for tan 5 = 10
and my = 450 GeV. In (b) the contour lines correspond to Im(d%{)dgé)*) =0.01
(dashed), 0.03 (dash-dotted) and 0.05 (dotted). The wiggly lines in both figures
indicate the level crossing of the Y9 and Y9 states, with 1, = 1 in the area
below and 715 = —1 in the area above the level crossing line. The gray area is
experimentally excluded by m,x <103 GeV.

3.2.6 Summary of Section 3.2

We have discussed the interference of the C'P-even and C'P-odd amplitudes of
the neutral Higgs boson s-channel exchange in p*pu~ — X?X9 with longitudinally
polarized beams in the C'P conserving MSSM. To study this interference we use
the energy distribution of the lepton from the decay )29 — Kiﬁf, wml=epnT.
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 asymmetrles for x¥ X] production with
subsequent two-body decay, with emphasis on Y9x5 production. We find large
asymmetries for nearly degenerate heavy neutral Higgs bosons and intermediate
values of tan 8 and m 4. Especially for x5 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 mtemction with the correlation of the
polarizations of both neutralinos in the process p™u~ — x? Xj 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 E"Jb and the continuum Zggm , eq. (3.3), as discussed in Section 3.1.

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

S NP G IS LI E NN T TRUOO (3.48)
¢=H, A

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

S0 = f V6w <1 +PLPL)|A@) 1) P di) |
sls — (mxg + nijmxg)2], (3.49)
4
sab(HA) %(Pﬁ + P Im{A(H)A(A) Ym{H A0y

Im{dﬁf)dgf)}v Aij 8 (041002 + 042001), (3.50)
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where fi(;’qﬁ) is defined in eq. (3.6) and

(Lo) _ (2.¢) _ (3:0) _
f 771_]7 f 771_]7 fz] (351)

Comparing eq. (3.49) with the coefficient of the production spin density matrix
PT(W), eq. (3.5), we obtain

Bab 00 = 5, fi? Pl (3.52)

The relation for longitudinal neutralino polarizations, y33(#9) — pd) , 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 X' *? and 222 “?) is only due to our choice of the spin vectors, eqgs. (C.18)
and (C.21).

From the relation between the coefficient for unpolarized neutralino production
P, and the spin-spin terms, eq. (3.52), results

1

pHH) 5 —(P —niioih, (3.53)
1
PAAY — 5(P nis), (3.54)

with ng = —77{} = 1;1);.

As in Section 2.5 for equal charginos we generalize eqgs. (3.53) and (3.54) for
the case of not necessarily C'P conserving couplings and separate the C'P-even
and C'P-odd contributions to the spin density matrix coefficient P,

1

PEPD = (P = ni 5y, (3.55)
. 1

P = i(PT + i), (3.56)

which applies both to the case of interfering resonances with different C'P 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 (1~ — X?XY with subsequent decays X — (=(F and X9 — ¢=('F, the
dependence of the differential cross section on the azimuth angles ¢; and ¢; of
the final leptons ¢* and ¢*. The azimuth angles are defined with respect to the
direction of )Zg, in the reference frame R, given in Section C.1.4. Note that the
charges of the leptons £* and ¢'* are not necessary equal.
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0

)

As in Section 2.5.2 we express the differential cross section for
and decay

X; production

d20 4 Ty pr ]
d(p,;; = 46—72[1 + K" cos(ip; — ;) + K sin(gp; — ¢;)], (3.57)
iap;

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

11 i:71*1
K = —ﬁgiﬂgliKgKgl P s (358)
212
K12 = —’Ihi’/]g/:tKgKg/ }g . (359)

where the averages over the neutralino production angles P and $4 are defined
in analogy to egs. (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, < my, is
fulfilled, with 1m, = (mig —mi — m?{)/QEX?,

T

K=Ky = . (3.60)

We define the angular distribution asymmetry in the azimuth angles ¢; and
; of the decay particles ¢* and ¢ in the laboratory reference system

o(cos(p; — ;) > 0) — o(cos(p; — ;) <0 2 »i
o oleos(oi— ) > 0) —oleoslpi— ) <0) _ 2 S0
o(cos(; — ¢;) > 0) + o(cos(p; — ¢;) < 0) T P

(3.61)

where n,+ and 7.+ 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(y; — ;) from
the angle 6, between (* and ¢'*, and from the polar angles 6; and 6;, 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 p*p~-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 A”ll in this angular distribution which can be used to determine
the CP quantum number of the Higgs boson. For overlapping resonances with
opposite C'P quantum numbers the asymmetry is ideal to separate their contri-
butions. Here we have restricted the analysis to the C'P 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 p*u~ 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 C'P phase. The C'P-even (C'P-odd) state would then
be obtained for parallel (anti-parallel) u* and p~ polarizations.

The transverse polarization dependent terms for the Higgs exchange channels,
on the other hand, are proportional to |P1||PL], with the transverse polarization
vectors defined by

Pl = (PL,P2,0) (3.62)

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

As expected for resonant scalar exchange channels, these contributions only
depend on the relative orientation of PI and PL. This implies that, rotating

both 752 and 732 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 P¢
and P, 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 ¢4, 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 |PL||PZ| [39]. As for the interference term,
the dependence on the production azimuth angle ¢, can be used to separate
these terms.

Denoting p©T the transverse polarization dependent part of the production

spin density matrix p”, we separate the resonant, continuum and interference

contributions pfT, pfo’;ft and pﬁ;;f, respectively. From the dependence on the
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azimuth production angle we obtain

3
1
Peon(ra) = 7D (=10 (pra +n7/2), (3.63)
n=0
1
pznt (SOLab) = 5 [pRT(SOLab) - Pﬁ{f(@mb + 7'[-)] 3 (364)
3
1
P (ra) = 7D " (pra+n/2). (3.65)
n=0

3.4.1 Neutralino production

The neutralino polarization independent coefficient P, 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

T

4
9
P = (2= 0) T UV A0) P Py Psls — (myo + n5ma0)?](3.66)
with

06 = (14 PEPL 4 ny(PL - PT)), (3.67)

where 7,4 is the C'P quantum number of the exchanged Higgs boson and n?} is

defined in eq. (3.6). The dependence of P%?) 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 C'P-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 |J3f||7sf_p|
results in effects of O(10%). Therefore large beam polarizations are required
in order to perform a precise determination of the C'P properties of the scalar
resonances.

The production spin density matrix for general C'P violating couplings is given
in Appendix C.4.2. The polarization dependent coefficient

00 = (14+PLPL) cos(a — €9) + PLPL cos(éa + & — (o + ()
+ i(PL 4+ PL) sin(&, — &) (C.75)

is a function of the angles (, and (, which parametrize the direction of the
transverse polarization vectors PT and P in the laboratory reference frame and
on the C'P phases &, and &g of the muon couplings to the Higgs bosons a and S,
defined in eq. (B.17).

Note that, since the function ¢ depends on the difference (, — (4, 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 £, and {3, and thus the C'P 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 C'P
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 ptpu~ — X?x9

rJ

4
SHI = gl s R, (3:68)
—(PL + PEYRe{A(H)A(A)*} + 7ty - (PT x PT)Im{A(H )A(A>*}] )

with 1y = P+ /[P ]-

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 + PZPL) with the function ¢, eq. (3.67), as
for the coefficient P,. The coefficients P, and $%° must have the same dependence
on the polarizations since they are related by eq. (3.52). It is now possible to
separate the C'P-even and C'P-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,

4
I = Lol e[ d0d | /A 5 (S + Baz)

[Im{A(Hm(A)*}(Pf +PE) + Re{A(H)A(A) } oy - (BT x P .
(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 C'P-even and odd contributions, and thus determine the C'P
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 C'P-even and C'P-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 p*p~ annihilation around the center of
mass energies of the Higgs boson resonances H and A.

For the chargino pair production, pu*pu~ — X )Z;-t, we can summarize as follows:

e 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 tan 3, 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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For the neutralino pair production, u*u~ — x
lows:

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 Y1 X, 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, )Zji — (¥, for { = e, u, 7, and )Z;-t — W*XY, 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 C'P 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 tan § 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
C'P quantum number of the exchanged Higgs bosons and can thus be used
to separate overlapping resonances, as well as to determine the C' P quantum
number of a single resonance. For equal charginos, these asymmetries are
not sensitive to the interference of C'P-even and C'P-odd Higgs exchange
channels. It is here not possible to distinguish between two overlapping
C'P conserving scalar resonances with different C'P quantum numbers and
a single C'P violating one.

0

)

)Z?, we can summarize as fol-

e 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, X — F%ZEL, for ¢ = e, p, 7, 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 .

e 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 C'P quantum number of the neutralinos
which depends on the scenario and on the neutralino pair.

e 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 § = 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 § =~ 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=1MH"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
konnen. Wir hoffen, diesen Mechanismus in der nachsten Generation von Teil-
chenbeschleunigern nachweisen zu konnen. Obwohl die Vorhersagen des Stan-
dardmodels (SM) bisher mit sehr grofier Prézision bestétigt werden konnten,
glaubt man, dass es sich um einen effektiven Niederenergielimes einer fundamen-
taleren Grofivereinheitlichten Theorie handelt. Supersymmetrie (SUSY) ist eine
der attraktivsten Erweiterungen des Standardmodels der Teilchenphysik. Deswe-
gen ist die Suche nach SUSY eine der Prioritaten der niachsten Generation von
Beschleunigern.

Werden Higgs-Bosonen entdeckt, ist eine prazise Bestimmung ihrer Eigen-
schaften ndtig. Ein Myonenbeschleuniger mit einer Schwerpunktsenergie in der
Néhe der Resonanzen der neutralen Higgs-Bosonen wiirde eine ideale , ,Higgs-
Fabrik” darstellen, die genaue Messungen der Massen und Breiten sowie der
Kopplungen und Zerfallsprodukte der Higgsbosonen erlauben wiirde. Insbeson-
dere deren Kopplungen an SUSY-Teilchen ist wichtig, um das in der Natur real-
isierte SUSY-Szenario zu ermitteln. Deswegen haben wir die Zerfélle der schwer-
eren C'P-geraden und C'P-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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Fir die Produktion ptu~ — )fo(f konnen wir folgendermaflen zusammen-
fassen:

e Fiir die Produktion gleicher Charginos wurde gezeigt, dass das Verhaltnis
der H-Chargino-und der A-Chargino Kopplungen unabhéngig vom Char-
gino Zerfallsmechanismus mit hoher Prazision bestimmt werden kann. Diese
Methode vermeidet Anleihen bei anderen Experimenten und macht nur
wenige modelabhangige Annahmen. In der numerischen Auswertung haben
wir gezeigt, dass fiir kleine Werte von tan 3 der Prozess groflie Wirkungs-
querschnitte von bis zu einem pb erzielt. Zuletzt haben wir den Effekt
der Energieverteilung der Myonenstrahlen und des Fehlers aus den nicht-
resonanten Kanéle, mit Berticksichtigung des irreduziblen Standardmodel-
Hintergrundbeitrags, untersucht.

e Fiir die Produktion von zwei unterschiedlichen Charginos wurde gezeigt,
dass die H-A-Interferenz mit der Asymmetrie der Wirkungsquerschnitte fiir
phtp~ — X7 X, und dessen ladungskonjugierten Prozess analysiert werden
kann.

e Fir Chargino-Paarproduktion mit anschlieendem Zweikorperzerfall eines
der Charginos, )”(j[ — (*D, fir { = e,pu, 7, und )ZjE — W=*XY, haben
wir gezeigt, dass die Ladungs-und Polarisationsasymmetrien den Energiev-
erteilungen der Zerfallsprodukte auf die Interferenz der skalaren Austausch-
Kanéle mit unterschiedlichen C' P-Quantenzahlen sensitiv sind. Diese Asym-
metrien sind von der Longitudinalenpolarisation abhéangig. In einer nu-
merischen Analyse haben wir gezeigt, dass die Asymmetrien mit ausre-
ichender statistischer Signifikanz gemessen werden konnen. Der Effekt ist
fiir Regionen des Parameterraums mit mittleren Werten von tan 3 und fiir
leichte Sleptonen oder LSPs Y grofer. Dieser Prozess liefert eindeutige
Informationen iiber die Interferenz tiberlappender Higgsboson-Austausch-
Resonanzen.

e Fiir Chargino-Paarproduktion mit anschlieendem Zweikorperzerfall beider
Charginos wurden Energie- und Winkelverteilungen der Zerfallsprodukte
definiert, um damit die Chargino-Spin-Spin-Korrelationen analysieren zu
konnen. Die transversalen Polarisationen der Charginos sind auf die C'P-
Quantenzahl des ausgetauschten Higgs-Bosons sensitiv. Dadurch kann man
iiberlappende Resonanzen trennen, sowie auch die C'P-Quantenzahl einer
einzelnen Resonanz bestimmen. Fiir gleiche Charginos sind diese Asym-
metrien auf die Interferenz C'P-gerader und C'P-ungerader Higgs-Kanéle
nicht sensitiv. Es ist deswegen nicht moglich, mit ihrer Hilfe zwischen zwei
iiberlappenden skalaren Resonanzen mit unterschiedlichen C'P-Quanten-
zahlen und einer C P-verletzenden einzelnen Resonanz zu unterscheiden.
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Fiir die Produktion putpu~ — ¥y

0

7

)Z? kénnen wir folgendermaflen zusammen-

fassen:

e Line-Shape-Messungen der Neutralino-Paarproduktion erlauben eine prazise

Bestimmung des Verhaltnisses der H-Neutralino- und A-Neutralino-Kop-
plungen, unabhéngig vom Zerfallsmechanismus der Neutralinos, analog der
Chargino-Paarproduktion. In der numerischen Analyse untersuchten wir
die Abhéngigkeit der Produktionswirkungsquerschnitte verschiedener Neu-
tralino-Paare vom MSSM Parameterraum.

Fiir Neutralino Paarproduktion mit anschlieBendem Zweikorperzerfall eines
der Neutralinos, )2? — F@,L, fir ¢ = e, u, 7, 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 flir reprasentative Szenarien mit mittleren Werten von
tan 3, dass die Asymmetrien grofl sind und mit ausreichender statistischer
Signifikanz gemessen werden kénnen.

Fiir Neutralino-Paarproduktion mit anschliefendem Zweikorperzerfall bei-
der Neutralinos analysierten wir die Energie- und Winkelverteilungen der
Zerfallsprodukte. Die Abhangigkeit der Neutralino-Spin-Spin-Korrelationen
von der Higgs-Neutralino-Wechselwirkung ist ahnlich der der Charginos,
mit dem Unterschied, dass die intrinsische C'P-Quantenzahl des erzeugten
Neutralinopaares vom Szenario abhangt.

Zuletzt untersuchten wir den Effekt der Transversalpolarisation der Strah-
len auf die Neutralino-Produktionsobservablen. Analog wie bei den Spin-
Spin-Korrelationen konnen wir die C' P-geraden und C'P-ungeraden Higgs-
austausch-Beitrdage anhand deren Abhéngigkeit 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 konnen. Wenn
die Beitrage der Resonanzen mit Hilfe der Linienform getrennt werden konnen
ist es moglich, das Verhaltnis der H-und A-Kopplungen an die Charginos oder
Neutralinos mit hoher Prazision zu bestimmen. Besonders interessant sind hier
Szenarien mit tan 3 & 5, in denen H und A hauptséachlich in Charginos und Neu-
tralinos zerfallen, sodafl deren Produktionswirkungsquerschnitte im pb-Bereich
liegen konnen.
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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 Zweikorperzerfillen konnen die Spinkorellationen
der Charginos oder Neutralinos bei transversaler Polarisation untersucht werden.
Die leptonischen Zerfalle, wenn kinematisch erlaubt, sind optimale Proben der
Polarisation.

Wir finden grofle Korrelationen zwischen Strahl-und Chargino-Polarisationen,
die auf die Interferenz von H und A sensitiv sind. Fiir eine longitudinale Strahlpo-
larisation von 30% bekommen wir Ladungs- und Polarisationsasymmetrien die
groBer als 20% sind wenn der Uberlapp der Resonanzen gro8 ist. Die hochsten
Asymmetrien findet man hier in Szenarien mit tan 3 = 10, in denen die schweren
Higgsbosonen fast entartet sind und gleichzeitig grofle Verzweigungsverhaltnisse
in Charginos und Neutralinso aufweisen. In diesen Féallen finden wir statistische
Signifikanzen im Bereich zwischen 1 und 5 bei einer integrierten Luminositét von
L=1f""



Appendix A

Minimal Supersymmetric
Standard Model

A.1 Introduction
The MSSM is defined by the four basic assumptions [33, 41]:
e Minimal gauge group: SU(3)c x SU(2), x U(1)y, i.e. SM gauge symmetry.

e 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.

e Minimal Yukawa interactions and R-parity conservation: To enforce lep-
ton and baryon number conservation the symmetry R = (—1)*"3B+L g
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.

e Minimal set of soft SUSY-breaking terms.

A.2 Chargino sector

A.2.1 Chargino mixing
The mass eigenvalues of the charginos, M, , are determined diagonalizing the

chargino mass matrix, given in the {—iW =, H~} basis [33] by

My V2myy sin 3
Me = , (A.1)
V2myy cos 3 I
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SUSY-partners
SM particles weak eigenstates ‘ mass eigenstates

Gu = U, 1
qd = d7 S, b q[n QR Squarks qh 62 Squa’rks
C=e u,T lr,lr  sleptons 01,0y sleptons

V= Ve, Vy, Vs Uy sneutrinos Uy sneutrinos
g g gluino g gluino
W W= wino
(Hf,Hy) || Hy,H; higgsinos | Y, charginos
v A photino
Z Z Zino X\..4 neutralinos

H?, (HY) HO HY  higgsinos

Table A.1: Particle spectrum of the MSSM

which depends on the SU(2) gaugino mass parameter M,, the Higgs mass pa-
rameter u, and the ratio of vacuum expectation values of the neutral Higgs fields
tan # = vy /vy. The gaugino mass parameter can be chosen real, absorbing the
phases into the electroweak eigenstates. The Higgs mass parameter p is in general
complex while in the C'P 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 {—iW; , H; } and
{—iW,g, H,g}, respectively [33],

MG = U MVT (A.2)

The choice of the diagonalization matrices U and V fixes the phases of the
eigenvalues of M. The matrices U and V' can be chosen unitary. In this case
the eigenvalues of M are not always positive. In the C'P conserving chargino
sector the relative phase of the eigenvalues is given by

n, = sgn(det M) = sgn(Map — miy, sin 23). (A.3)

The chargino masses, given by the absolute values of the eigenvalues of M, are
1 1

M, = §{M22+,u2+2m%/q:/\2}2 : (A.4)

A = \/(M22 + p? + 2m,)? — 4(Mop — mi, sin 23)2. (A.5)

Alternatively, in order to obtain positive mass eigenvalues we can parametrize
the matrices U and V' by

cos ¢y sing¢g,
U= , (A.6)
sin ¢y,  cosor,
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COS QR sin ¢r
V= , (A.7)
Ny Sinor 1y COSPR

with the angles ¢ and ¢g obtained from

sin gy, = _2\/§mW(M2 j:\();ﬂ + pusin ) | (A8)
cosdy = — (M3 + p? —A22m%V cos 26)’ (A.9)
Sinn = 2V 2my (M, j\i?ﬁ+MCOSﬁ)’ (A.10)
cospr = — (M + 4 +A22m12/1/ cos 25) , (A.11)

with A% given in (A.5).
The left- and right-handed chiral components of the eigenstates )ng are related
to the wino and higgsino components by

Xop = UaWp +UenHg, (A.12)
Xer = VaWpg + VieHp. (A.13)

A.2.1.1 Approximate solution to chargino mixing

For tan # > 1 the chargino mixing matrix can be approximated by a triangular
matrix,

M, \/§mw
Me = , (A.14)
0 It

leading to chargino masses and relative phase

mys &~ min(Ma, [p]),  mge ~max(Ma, [u]), 0y =~ sgn(p). (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 M; and Ms, respectively, the higgsino mass parameter p, and the

ratio tan f = wvy/v; of the vacuum expectation values of the two neutral Higgs
fields.
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In the {%, Z, H?, H)} basis [33] the neutralino mass matrix My is given by

Mlc%,v + MQS%/V (Mg — Ml)chW 0 0
(M2 — Ml)chW MQC%/V + Mls%/V mzcg —MzSp
My = , (A.16)
0 mzca 0 —
0 —mzSsg — 0

with the short-hand notation sg = sin 3, c¢g = cos 3, sw = sinby, cw = cos Oy .
The neutralino mass eigenvalues are obtained diagonalizing the neutralino

mass matrix. If C'P is conserved in the neutralino sector the matrix My is

real and symmetric and can be diagonalized with a 4 X 4 unitary matrix N:

MBS — N* My NT, (A.17)

with (M%), = diknMkMyo, where the masses myo, k = 1,...,4 are positive and
Nk is a phase which depends on the choice of diagonalization matrix N. Since
it is possible to redefine one phase 7,0 through a phase reparametrization of the
fields, only the relative phases are physical and we define

Nij = Ni7;- (A.18)

The relative phases 7;; are related to the relative C'P intrinsic phase of x{x).

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 mgq at the unification
energy scale (GUT-scale) via the Hall-Polchiski renormalization group relations

(RGE) [35]

mfgL’R = mfc +mg + Cy, . M3 +m3 cos 28(Ts; — egsin’® Oy ), (A.19)

where my is the mass of the fermion partner, 75 is the third component of the
weak isospin of the fermion f, e; is its electric charge and Cy, , is a coefficient
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evaluated with the RGE. At the electroweak breaking scale C'y, ,, has the approx-
imate values

CZL =~ 079, CgR =~ 023,

Cq, = 10.8, Cqr =~ 10.1.
Note that for the squarks C, , > 1. This implies that squarks are expected to
be considerably heavier than sleptons. When GU'T 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 mg 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

1
m%L = mp+m; + 0.79M; — m?% cos 26(5 — sin® Oy), (A.20)
mE, = i 4 0.23M — i con2sin’ O, en
1
m3, = mj+0.79M; + §m2z cos 23. (A.22)

A.4.1.1 Mixing in the third generation

The mass eigenvalues of the staus, msz ,, are determined diagonalizing the stau
mass matrix, given in the 7, — 7r basis by

) mZ,  —mA, TR
‘C}\—J = _(T}*%> Tz) _ ’ (A23)
—m;\; mZ, TL

with m2_ and m2, given by eqgs. (A.21) and (A.20) replacing mj by mZ, and
A = A, —ptanp, (A.24)
where A, is the trilinear scalar coupling parameter. The 7 mass eigenstates are
. - T o .
(T1,72) = (Tr, 70)R™" with the stau mixing matrix

cosf: sinf:
R = , (A.25)
—sinf: cosfx

and
2 2
mf’ - mf' . mTAT
cos 0z L L ., sinfz = (A.26)
2 2 2 2
\/m3A3 +(mf, —m3))? \/miAi + (m3, —mz))?

The mass eigenvalues are

1
mz,, = B ((m% +mZ,)F \/(m% —mZ )%+ 4m3A3) : (A.27)




Appendix B

Lagrange densities and couplings

B.1 Chargino production

The MSSM interaction Lagrangians for chargino production in p ™y~ -annihilation
eq. (2.1) via Higgs exchange are

Lity-¢ = gR (C(W)*PL + C(W)PR) wo, (B.1)
‘C)~(+)~(+¢ = g)?j(c(Ld)i)jPL + C%)BJPR))N(;_ ¢, (B2)

where Pr = %(1 +95), g is the weak coupling constant and ¢ = H, A, h. The
muon couplings to H and A are [40]:

(Hp) _ Ty cosa B.3
¢ 2myy cos 3’ (B.3)
A = 127:;;/ tan 3, (B.4)

where « is the Higgs mixing angle, tan § = wvy/v; is the ratio of the vacuum
expectation values of the two neutral Higgs fields. The chargino couplings to H
and A are [40]:

C(LIQ = —Qjcosa — Ssina, (B.5)

& = i(Q)sin B+ Sjcos 9), (B.6)

dth = A e=HA, (B.7)
1

Qi = ﬁUﬁle, (B.8)
1

Sij —=UiVj2, (B.9)

V2
where U and V' are the 2 x 2 diagonalization unitary matrices U and V' given in
egs. (A.6) and (A.7), respectively.

The muon and chargino couplings to the lighter Higgs boson h are obtained
substituting o by a+ 7/2 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 p* -
annihilation via Higgs exchange, eq. (3.1), is

1 - . -
Logo = 39 X P+ dY Pr)X) o, (B.10)
where Pg, = £(1£19°), g is the weak coupling constant and ¢ = H, A, h.

In the neutralino basis {¥, Z, H?, HY} [33, 42] the neutralino couplings to H
and A are [40]:

H) _ .
dij’ = —Qjjcosa+ Sisina, (B.11)
. :
dij’ = —i(Qjjsin 5 — 5jj cos §), (B.12)
1 S
@ = Foos g WNialNio + (i = 7)), (B.13)
1 S
Si = Sooste g Nialio + (i = 7)), (B.14)

where « is the Higgs mixing angle, tan 3 = wvs/v; is the ratio of the vacuum
expectation values of the two neutral Higgs fields, 0y is the weak mixing angle
and N is the unitary 4 x 4 matrix which diagonalizes the neutralino mass matrix
My If CP is conserved My is real and the matrix N can be chosen real and
orthogonal: NiaMNagNgk = 1My, 0i, Where m,,,7 = 1,...,4 are the masses of
the neutralinos and 7; = 41 is related to the C'P eigenvalue of the neutralino y?.

The neutralino couplings to the lighter Higgs boson h are obtained substituting
a with a+7/2 in (B.11).

B.3 (P conserving and C'P violating couplings

When CP is conserved in the chargino sector the chargino mass matrix Mg,
eq. (A.1), is real and the diagonalization matrices U and V can be chosen real.
In analogous way for the C'P conserving neutralino sector the neutralino mass
matrix My 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 C'P-even Higgs boson, (B.5) and
(B.11), are real those to the C'P odd Higgs boson, (B.6) and (B.12), are pure
imaginary.

In the general case of non C'P conserving chargino or neutralino sectors the
coefficients (QQ;; and Sj; as well as Qf; and Sj; are complex. We define the phases
of the couplings of the Higgs bosons to charginos and neutralinos v4;; and d4;;,
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respectively, in the relations

cl(-j)) = ng) e (B.15)

® ?) ibpij
d? = e, (B.16)
where ¢ = H, A. These phases may be defined in the interval [0, 7), which implies
Yri; = Omij = 0 and ya;; = d4; = 7/2 in the C'P conserving limit.
At tree level, the MSSM Higgs sector is C'P conserving. However, C'P 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

om0 giks (B.17)

with &®*) real. Defining the muon-Higgs couplings in the interval [0, 7r) leads to
g =0 and £4 = 7/2 for the C'P conserving Higgs sector.

B.4 Chargino decay

The Lagrangians for chargino decay into a charged lepton ¢ and a sneutrino,
)ij-[ R Dé* , with ¢ = e, i, T, are

Loyt = —ngJPR)Z;’CDg + h.c., (=e,u, (B.18)
Log i+ = —g7(ViiPr— Y ULPL)X 0r + hoc, (B.19)

with the 7-Yukawa coupling Y, = m./(v/2my cos f3).

The Lagrangian for chargino decay into a W boson and a neutralino, X?E —
WL, s

Ly-z+z0 = W X" [0k Pr + O PrIXS +hec., (B.20)

with the couplings [33]

1

Oy = —7§Nk4sz + (sin O Nyt + cos 0w Ny2) Vi, (B.21)
1

Olljj = +—N;3Uj2 + (sin engl 4+ cos QwN,;k2)Uj1. (B22)

V2
The 4 x 4 unitary matrix N diagonalizes the neutralino mass matrix My in the
basis {7, Z, HY, H§} [33, 42] with NjMnmNJ,; = disnmo.
Alternatively, diagonalizing the matrix My in the basis {¥, Z, H,, H,} [42]
with the the 4 x 4 unitary matrix N’, with N;;MNlmN;Ij = 5,-3-77ij?, egs. (B.21)
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and (B.21) read [33]

1 . *
Op;, = —ﬁ(cos BN, —sin BN;3) Vi
+(sin Oy Ny, + cos Ow Npo) Vi, (B.23)

1
O = +ﬁ(sm BN}, + cos BN Uss
+(sin QwN,/;i -+ cos ewN];*Q)U]l (B24)

The Lagrangian for heavier chargino decay into a Z boson and a lighter
chargino, Y5 — XiZ is

Loz p—— Z, X905 Py + O PRI (B.25)
with the couplings [33]

O;JL = —VaVj - %VQV;; + 6;; sin” Oy, (B.26)

oOf = Uy U; — %U;;Uj2 + 6;5 sin” Oy . (B.27)

The Lagrangian for the decay Y3 — Xih is given by the Lagrangian for pro-
duction, eq. (B.2), where the couplings c(LhZ.)j and c@j are obtained from eqgs. (B.5)

and (B.7) substituting o by o + 7/2.

B.5 Neutralino decay

The interaction Lagrangian for neutralino decay into a lepton and a slepton of
the first two generations is [33]

Lo = 9fEPRXle+ gf TP g + b, C=eop, (B.28)
with couplings
1
fé’ = —\/§|i (ng — €y sin2 HW)N]'Q + €y sin QWNj1:| ) (B29)
cos By
fg = —V/2¢,sin by [tan Ow Ny — Nj’-kl], (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 Y — 777, stau mixing has to be taken
into account. The interaction Lagrangian is [43]

Lrz, = gTaT(al;Pr+ b PL)X) +he . n=12 j=1..4, (B3l
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with couplings

m=L,R (B.32)

with R7 . the stau mixing matrix defined in eq. (A.25) and

L hL
AT = 7 B =| " B.33
= x| = ] (B.33)
TJ TJ

In eq. (B.33), fL and f are defined by eqgs. (B.29) and (B.30), respectively, and

hy; = (hfﬂ = mT/(fmw cos B) N7, (B.34)
with my, the mass of the W boson, m, the mass of the 7-lepton and N the
neutralino mixing matrix in the 7, Z, H?, HY basis.

The Lagrangian for the decay Y} — YWT is given in eq. (B.20).

The Lagrangian for the decay x2 — x"h is given by (B.10), where the coupling
dz(-?) is obtained substituting a by o + 7/2 in from eq. (B.11).

The Lagrangian for heavier neutralino decay into a Z boson and a lighter
neutralino, Y2 — Y7, k=2,3,4and i = 1,2,3 is

1
- — I 7 0401 P + OLR PRI, (B.35)

L 75050
XX 2cosby M

with the couplings [33]
1
o = —5 (NiksNii = NealVi), (B.36)
ot = —oyt, (B.37)
in the 4, Z, HY, HY 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™t u~ -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 p+p~-annihilation with polar-
ized beams. We denote here with y; and ; the produced charginos or neutralinos,
where ¢ and j label the chargino or neutralino mass eigenstates. The helicities of
x: and x; are denoted by A;, \j and Aj, X}, respectively. The helicities of 4™ and
p~ are denoted by Ay, X and A_, X', respectively.

C.1.1 Helicity spinor formalism for spin—% particles

For the calculation of the cross sections for production and decay we use the spin
density formalism [28].

The helicity spinor u(p, A) is the solution of the Dirac equation of a particle
with four-momentum p, mass m and helicity A

(5~ mu(p.X) = 0 )
and are eigenvectors of ~°
Youlp, \) = 2u(p, \). (C.2)

The spinor for its antiparticle is obtained through charge conjugation

v(p,A) = Ca’ (p, \), (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

(#+m)u(p,A) =0 (C.4)
and
Yu(p, A) = 2Xv(p, N). (C.5)
Here the spinors are normed such that

u(p, Nu(p,A) = 2m, (C.6)
u(p, Av(p,A) = —2m, (C.7)

The gamma matrices in the Weyl representation are given in Appendix E.

C.1.2 Bouchiat-Michel formalism for spin—% particles

Using a set of spin-basis vectors s®*, a = 1,2, 3, for an initial or final fermion
the amplitudes squared are expanded in terms of Pauli matrices ¢ and the
Kronecker delta in helicity-space. The spin vectors and the four-momentum p
form an orthogonal set

sy = 0, (C.8)
s“’“sz = —5‘“’,
Sy, = —Guu Tt % (C.10)

The Bouchiat-Michel formulae for massive spin 1/2 particles are then [28]
_ 1 a
u(p, N)u(p, A) = 50w+ Foln](# +m), (C.11)

o N5 N) = 5lva+ 7" ol (- m). (©12)

C.1.3 Muon spin density matrix

The spin density matrix p of a particle with spin s and with eigenvalue of the
z-component of the spin operator m; is given by [44, 45]

P = Z |ST) Py, (51705 (C.13)

/
ms,m’

The density matrix for the incoming spin—% pt and p~, with spin vectors P7* and
P respectively, can then be expressed as

+ 1 mm
P(A/ix)'i = 5( + PLo™ ), (C.14)
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where 0™, m = 1,...,3 are the Pauli matrices and [ is the 2 x 2 identity matrix.

We define the spin vectors in the u™ and p~ reference frames, Section D.1.3,
where the z-axis is chosen, respectively, in the direction of the ™ and p~ beams.
Then P} 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 PL 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 PL = 4/ 7711_L2 + 77:2t2 and the unit vectors ty =
(Pi,P1,0)/PL.

C.1.4 Chargino and neutralino spin vectors

We define the spin vectors of the charginos ¥ and Y, (neutralinos x? and YY),
in the reference frame in the center of mass system (CMS) R,,. In R, the four-

momentum of the chargino in (neutralino x9), denoted here with y;, is given
by

p; (EXJ_;O,O, |ﬁxj|)7 (Cl5>

j p—
with

2 2 1 2 2
s+ my —my, A2(s,mi ,mi )

E, = D, | = : . 1

The four-momentum of the incoming p~ is given by

s .
P = %(1;681119,0,60039), (C.17)

with 3=, /1 —4m?. /s.

The spin vectors of the chargino (neutralino) in the CMS are chosen such that

5; and 5’3 are perpendicular to the momentum of the chargino (neutralino) ﬁxj
J J

and 5}? is parallel to ﬁxj. They are defined by

1
s =(0:1,0,0), 57 =(0;0,1,0), sy = ——(|p,[;0,0, Ey). (C.18)
X.

X;j Xj X;j
J

The production plane is defined by

Pu- X Dy,
N —(0,1,0), (C.19)
D= % Dy |

Then 5)1(’7’ and si’f’ lie parallel and perpendicular to the production plane, respec-
J J
tively.
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The four-momentum of the chargino x; (neutralino x?), denoted here with x;,
is then

with F, and p, defined in analogy to eq. (C.16).
The spin vectors of x; are defined by

14 14 14 1 =
s = (0;-1,0,0), sy’ = (0;0,1,0), sy = — (I5x,1: 0,0, —E,. ). (C.21)
Xi
Note that in our convention si{b_” = Si’;’ while 5)1(’2_” = —5)1(’;’,

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 p? of )Zf)zji production is given by

~P _ P Px
pA+A’+A,AL,AiA;AjA; - T)\+)\,,)\i)\jT)\’+)\L,)\;)\37 (022)

where T/ﬁ A, is the helicity amplitude for production, Ay, A are the helicities
indices of ™ and p~, respectively, and \;, A; 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),

p - -
PN N, = E E PMX PA A /),\+,\' AN NNAGN, (C.23)
A Ny AN

The spin density matrix is then a function of the pu* and p~ polarization degrees
P and P, respectively, with m = 1,2, 3.
Similarly, the unnormalized spin matrix p” of )Zji decay is given by

pf,j N = TQ*TQ, (C.24)

where T/\D are the helicity amplitudes for decay. The unnormalized spin density
matrix p” of Y7 decay is obtained from eq. (C.24) replacing A; and X} with \;
and A}, respectively, in the helicity amplitudes for the chargino with opposite
charge.

Introducing the set of chargino spin vectors s%. and sg’(j , given in Appendix C.1.4,

the spin density matrices (C.22) and (C.24) can be expanded in terms of the Pauli
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matrices 7® and the Kronecker ¢,

P _
PaN, = OO P

3 3
a a b b
+ E 5>\j>\§-T)\i)\;EPi+§ ONNTX N, 2,
a=1 b=1

3
+ D T R (C.25)
a,b=1
3
D c c
c=1

With our choice of the spin vectors, Z‘;’gj /P is the longitudinal polarization of
)Zj[, E}Jj/ P is its transverse polarization in the production plane and 2%},/ P is
its polarization perpendicular to the production plane. The spin tensor Z‘}% /P

gives the probability of y; and )Zf 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, E‘;’%/ 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,

TP = Z P,I\Di,\;,\j,\g_éAiA;(;Aj,\g- (C.27)

AN,

Here we summed over the helicity indices A; and ] of X7 and \; and ) of )NCjE
whose decays are not observed. Expressing the production spin density matrix
as in eq. (C.25) we obtain

ITF)? = 4P. (C.28)

The amplitude squared for production and decay of one of the charginos, here
)Z;t, is obtained contracting the spin indices of the decaying chargino with those
of the decay matrix,

|TjPD|2 = |A(>Z§E)|2 Z Pi,\;,\j,\;P,\D;.,\j(SAM;a (C.29)
XA,

with the propagator A()Zj[) = i/[pii - mii + imxfrxf]’ where Dys Myt and
J J

I = denote the four-momentum, mass and width of the chargino, respectively.
J
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Expressing the production spin density matrix as in eqgs. (C.25) and (C.26) we
obtain

3
ITFPP? = 4]A()[? (PDj+ZZl}3jZl’Dj>. (C.30)
b=1

where we sum over the helicity indices \; and X, of X7 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,

TEPR = IAGDPIAGHE S o sbanls, (C.31)
AN

From egs. (C.25) and (C.26) we obtain

75717 = AARDIFIAG) (C.32)

3 3 3
X (PDZ-D]- +D;) S5 + DY ST+ Y 2?%2%1-2%> -

a=1 b=1 a,b=1

As expected from eq. (C.23), the terms proportional to P in eqgs. (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 X% or Zl}’)j
in egs. (C.30) and (C.32) describe the spin correlations between production and
decay while the third term in eq. (C.32), proportional to E‘}lzj, 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

1

do? = —
2s

| T |2dLips(p; Py, Py, ) (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 % necessary for equal neutralinos,

1 .
do” = (2 - 5ij)4—S\TP|2dLlpS(p;pxl-,pxj)- (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 «, 3,

p"=>"p"(ap) (C.35)
a<p

where the channels have been ordered in some arbitrary way. The amplitudes are

TV =Y T{(a), (C.36)
where A\ denotes all the helicity indices. Then

pav(@B) = T ()T (8) + TV (BT () (C.37)
for a # (3, and

phv(aa) = Tf ()T (o). (C.38)

From eqs. (C.37) and (C.38) follows that p”(af3) is hermitian in the spin indices
and thus the coefficients P(af3), X% (a3), legj(aﬁ) and Y% (a/3), 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 p*p~ — X7 )Zji from the resonant
Higgs boson exchange channels, denoted here o and (3, can be expressed in the
general form

P(aB) = NDg'Re{A(a)A(B) ) (P, P-)

[aiﬁ (pipj) — biﬁmimj]}(plpz% (C.39)
Siaf) = —NODg'Re{A(a)A(B)" (**)(Py, P-)

a®’m; (s¢p;)(p1p2) (C.40)
$2i(aB) = —NEg'Re{A(a)A(B)" (D (P, P_)

a®’m; (s4p:) (pip2) }, (C.41)
SP(aB) = N@g'Re{A(a)A(B)" (P, P.)

{ a2’ mim; (s7s})

+057 [ (sps) (shpi) — (852 (pipy) |
+ib™ [s¢, pi, s7, ;] Hpip2) ¥, (C.42)
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where A(H) and A(A) are the Breit-Wigner propagators, eq. (2.8). We used the
short hand notation for momenta and masses

b1 =DPut, P2 =DPu—> pi:prv by :pxjia Mg :kai’ k:i,j, (043)
and for the spin vectors

st = s sh=s".. (C.44)
J

7 X;F’ J X5
In eq. (C.42) we used the function

[a,b,c,d] = —iTr{d V¢ dy°} = eaprsa®b’cd’. (C.45)

The coefficients ¢(*?) are functions of the muon-Higgs couplings,

(@9 = By goB) P, (C.46)
Egaﬁ) = Re(c* P u)*)(l +PEph),
+Re (@ ) (P PT), (C.47)
gé‘)‘ﬁ) = Im(c@)Bm) (73T x PLY - ity (C.48)
géaﬁ) = Im(c@® (B )(pL +Phy, (C.49)
and af A ), bf ) are functions of the the chargino-Higgs couplings,
«@ 1 [ B)x* « B)*
aiﬁ - 3 (Cg%i)jcg%gj + CS;z)gC(Lz)g> ) (C.50)
o 1 a B)* « B)*
by = 2 (ngz‘)jc(u)j + C(Lz’)jcgzz?j) : (C.51)

The coefficient N9 = 2§, takes into account the sum of eq. (C.37) for a # 3.

Note that for pure Higgs exchange, with o = 3, the functions a{™®, ("
and £(®®) are real, which implies that the linear dependence on the sum of beam
polarizations P¥ + P~ vanishes, both for C'P conserving as for C'P 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
7, Z s-channel and 7, t-channel exchange can be found in Appendix C of [22] for
ete” — )fo(;t and can be used for p*p~-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 £ eq. (C.46). These contributions depend on the
combinations of beam polarizations 1+P%~ P+ and PL+P~, 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 — PLPL
and P¥ — P~ 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 )Zj —
0t Dy, with £ = e, u, are

2
D = %|Vj1|2(mi# —m2), (C.52)

Ve

Z% = —92|\/j1|2mxf(si¢-pg). (053)

J
Here s® Y are the neutralino spin-vectors defined in Section C.1.4, and p, is the

four- momentum of the lepton ¢. The coefficient X, for the charge conjugated
process, X; — (= 7}, is obtained by inverting the sign of (C.53).

The expansion coefficients of the chargino decay matrix, eq. (C.26), for )Zj —
Tt U, are

D = (|V31|2+Y2|U32| J(me —mg) (C.54)

Dy /o

p = —g([Val = Y7 Ul )mxji(sxf *pr)- (C.55)
The expansion coefficients for the decay X — WX} are

(m2, —m2,)?

2
_ 9 L2 R |2 2 2 2 X Xk
D = §(|ij\ + 10517 mX}+mxg_2mw+Jm—2W
—6g2Re{ijO Sym, £, (C.56)
(m2. —m2, —2m¥,)
a X] X a
5 = (05 — 1051 m%’; myz(sys - pw). (C.57)

With these definitions we can rewrite the factor ¥% eqs. (C.53), (C.55) and
(C.57), in the CMS for A\ = e, u, 7, W, respectively,

D _
E% = ’f])\:tA—A(E)\—E)\), (C58)
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where E) is the energy of A, E, is defined in Section D.2.1 and given explicitly
for A = e, yu, 7, W, and we have used the relation

mxf(si;: “Pr) = —

(B B (C.59)

+
Xj

The factor ny+ is a measure of parity violation, which is maximal n,+ = +£1 for the
decay )Z;-t — (* Dé*), for ¢ = e, p, since the sneutrino couples purely left handed.

The factor ny+ (C.58) for the decay )Z;-t — 7 o s given by

\Vil? = Y2|Ujs |

o+ =+ : C.60
T VAP Y0P o
For the decay x; — W* X (C.56) and (C.57) lead to
me = 4 (1051 = 10G 1) f (C.61)
(1051 + (0% P) f2 + Re{ O 055 } f5
with
fi = (mif — mig — 2m%V)\/)\(m%,m%V,mig),
fy = (m% + mig —2miy,) miy + (m% — mi2)2,
fzs = —12 LN miy,.
The factors ¥}, and 3%, eqgs. (C.53), (C.55) and (C.57), are
Yp = mxDsin; cos p;, (C.62)
Y% = max D sin 0 sin 5, (C.63)

Here the polar and azimuth angles of A* with respect to the the momentum of
)Zf 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 o # (3, 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

P(af) = NODg*Re{A(a)A(B)* (D (P, P_)}
Re(d(}d)") (pipy) — Re(d )" ngmm; | (pip2),  (C.64)

2e(aB) = NEeDg Im{A(a)A(B)* (D (P., P_)}

T( d\d) nms (529,) (p1ps). (C.65)
2 (af) = NG m{A(a)A(B)" (D (P, P_)}
Im( dg?)dz(f)*) 151 (Sgpi)(plpz)a (C.66)

S(af) = NG Re{A(0)AB) (9 (P, P)}
{Re(d( ) ynaymim; (¢t
+Re(dd)) [ (sip)(stpi) — (s852) (pipy) ]
+Im( dl('jo'l)dl('jﬁ)> [S?pisz’-pj] Hpip2), (C.67)

where N = 2 — §,5 has been introduced in Section C.2.1, A(H) and A(A)
are Breit-Wigner propagators, eq. (2.8). We used the short hand notation for
momenta and masses

PL=Duts P2=DPu-s PE=Dyo, My =mp, k=417, (C.68)
and for the spin vectors

b_ b
st = s‘;{?, 5j = Sy (C.69)

The function [abcd] has been defined in eq. (E.10). Further, the functions ¢(%)
of the polarizations of the u* and p~ are given in Section C.2.1, eqs. (C.46-C.49),

C.4.2 General CP violating couplings

For C'P non-conserving muon-Higgs and neutralino-Higgs couplings, given in
egs. (B.16) and (B.17), the spin density matrix coefficients, eqs. (C.64-C.67),
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read
P(af) = K57 Re{A(a)A(B)" ¢“)(P,,P_)}
[c08(0aij — 0pij) (Pipy) — €O8(daij + Opi) mimymim;] (pip2), (C.70)
S(af) = K57 Im{A(a)AB) 0@D(P,, Po)}

Sin(dai; — 0gij) Mimi (5{D;)(P1p2), (C.71)
2P (af) = K Im{A(a)A(B)* ¢ (P, P)}
$in(Gai; — 0gi;) Nym; (s7pi) (p1p2), (C.72)

S(af) = K7 Ref{A(@)AB) (P (P, P)}
{ cos(baij — dpij)minymam; (s7s))
+08(0aij + Opij) [ (57;)(s0ps) — (s¢s7)(pip;) |
+ 510 (8aij + 0gig) [8{Dis5p5] }(pr1p2), (C.73)
with

(aB) (aB) Az(ap) =(Br) 7() 7(5)
Kij = N gc”c“dijdij,

(C.74)
and
0B = (14 PEPL) cos(én — &5) + PIPT cos(€n+ &5 — (4 + ()
+ i(PL 4+ PL) sin(&, — &) (C.75)

Here we used the short hand notation Py = |75£ |. The coefficient N*® has

been defined in Section C.4.1. The laboratory angles (;, and (, of 7335 and 75?,
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 egs. (B.28) and (B.31). The neutralino
decay density matrix, eq. (C.26), is
Ao a a
pp = onaD+ Z TN A; 2D

The expansion coefficients D and X, for the two-body decay into a positive
charged lepton of the first two generations and a right or left slepton are [46]:

2
9 1 m
D = Lipem —md) (©.76)

Sh = —nihg’lf5Pma(se - pony, n=R, L, (C.77)



116 APPENDIX C. CHARGINO AND NEUTRALINO SPIN DENSITY MATRICES

respectively, with S;Q the neutralino spin-vector defined in Section C.1.4, p, the
J

lepton four-momentum, and nﬁ = —1 and néﬂ = 1. The couplings f;; are defined

in egs. (B.29) and (B.30).

In the CMS
o 1o mio _
23D = U?Jrg |fZ‘ — 0]‘ (Ef - EZ)? (C78>
X
m2, —m?2
B = -8 _'p C.79
T (€
X

J
For the decay 5(? — 7777, n = 1,2 the coefficients are

2

9 7 7
D = Z(lagl” + 07,1 (5 —m3), (C.80)
S = gl — P (st - o (s1)
The couplings a;,;,n = 1,2 are defined in eq. (B.32).
In the CMS
. . mio _
23D = _n:—l+g2(|a’;rtj|+|b;j|2) |ﬁ O]‘ (ET - E‘F)nj> n = 17 27 (082)
X;

_ mio —mZ
B - N ", .83
amZ, Y (C.83)

J
with the stau decay factor is given by
- IaZjlz - |bfm‘|2

B |aZj‘2 + |b2j‘2’

n
T+

(C.84)
The decay density matrix coefficients for the charge conjugated processes,
Xj = £4f,n =R, Land X} — 7 7,7,n = 1,2 are obtained exchanging 7},

A= e, pu, 7, with nf_ = —n}, in egs. (C.77), (C.78), (C.81) and (C.83), which
corresponds to inverting the sign of ¥¢,.



Appendix D

Kinematics and phase space

D.1 Reference frames

In this section we define the laboratory reference frame Ry, 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 Rp.,, with basis vectors {Zpap, Jrab, ZLab}, 1S de-
fined here with respect to the the momentum of x~. Denoting with é, the unit
vector pointing from the center of the muon storage ring outward the basis vectors
are given by

ZLab = Dy /1P|, Trap = —€p, YLab = ZLab X T Lab- (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 x;” and )ZjE (neutralinos Xj and X9), denoted
with x; and x;, respectively, have been defined in the chargino (neutralino) ref-
erence frame R, , see Section C.1.4. In Rpq these four-momenta are given by

p;j - (Exj;ﬁxj)’ p;L - (EXN _ﬁXj>7 (D2>
with
Py, = |ﬁxj |(sin Orap €OS @rap, SN Orap SIN @ rap, €08 Orap), (D.3)

which define the production polar and azimuth angles 0.4, = 0, and Y. = @p.

Analogously, the momentum of the muon is given in R, by

Pu- = |Pu-|(—sind, 0, cos0),,. (D.4)

117
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D.1.2 Reference frame RL‘.LZ’

We define the reference frame RL“b obtained from Rx rotating the x — y plane
with the production azimuth angle ¢, so that the § = ¢r4. The momentum of
the muon is then

Py~ = |Pu|(—sin 0 cos p, — sin O sin @, cos ), rav. (D.5)
J

D.1.3 Muon reference frames

We define the pt and p~-reference frames {Z 1, g+, 2+ } for the production process
ptpu™ — xixj, where y; and x; denote either charginos or neutralinos. The z-axis
is given by the direction of the corresponding muon, i.e.

p= D — g (D.6)
‘pui‘

and the z and y axes lie, respectively, on the production plane and perpendicular
to it. We choose

. A (ﬁ;f X ﬁXj)

Yo =9 = — =2 D.7
* P < B (B-7)

fjj_i_ — —Li’_ — g+ X 24_. (DS)

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 Y& — AN and ¥} —
)\iAqE respectively, where N and A are the supersymmetric decay particles and
k=1,7.

We express the momenta of the standard model decay particles A; and \; as
a function of the polar and azimuth angles 0;, ¢; and 6;, ;, respectively, defined
with respect to the momentum of the chargino or neutralino x;

Pn, = [Py |(sind; cos p;, sin 0; sin p;, cos 0;)y, (D.9)
Pr = || (sin0; cos @, sin 0; sin g, cos 0;) ;.- (D.10)
This corresponds to the reference frame R, ;, Section C.1.4, In the reference frame

RL“b Section D.1.2, the momenta of A; and \A; are obtained from egs. (D.9) and
(D 10) substituting ¢y with ¢, — ¢, k =1, J.
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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 A = e, u, 7, W from the chargino
decays (2.2) and (2.3) are

EPeiming B4 A, (D.11)
which read for the leptonic (A = ¢) chargino decays

. 2 _ 02
= Epee 4 ppin. The = 1y,

E . = g Bt (D.12)
2 2
Emax _ pmin mxf —mg, .
AZ - 92 . = 2m2 |pr|7 l= € s T (Dlg)
+
X

J

For the decays into a W-boson and a neutralino, eq. (D.11) reads

2 2 2
_ Ea@/ax 4 Ea@/m me + miyy — mxg
EW = 2 = 2m2i Ein’ (D14)
Xj
; A(m?., m3,,m2,)
Fmaz _ prmin \/ X:_i:v W o0 .
By = A N ) (D.15)
Xj

with Mz, vy, 2) = 2% + 4% + 2% — 20y — 222 — 2y2.

The kinematical limits of the two-body decays of neutralinos in the CMS,
Xy — MENT, with A = e, ju, 7, Z are parametrized by Ey and Ay, as in eq. (D.11).
For the leptonic decays of the neutralino (A = ¢) the kinematical limits are given
by

. 2
_ B Ezna:c + Ezmn B mX? m

¢
E, 5 = o ~Ey, (D.16)
X
. 2 2
Emaz _ prmin mxg — mg .
A= T = e | (D.17)
Xj

with /£ = lﬁfR for ¢ = e, and /% = %fQ for 0 =7.
For the decays of a neutralino into a Z-boson and another neutralino, eq. (D.11)
reads

. 2 2 2
ErZrLam + ErZer B mx(; + my mXO

E, = ; — T, “E\o, (D.18)
Xj
; A(m2,, m%,m2,)
Emam _ Emm \/ X?’ A XO .
AZ Z 9 Z = 2m20 - |px(;‘7 (D19>

Xj
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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) = (2m)*6W(p Zpk

where p is the total momenta of the system, in the CMS p = (4/s, 6) and py, is
the momentum of k-th final particle.

D.3.1 Chargino and neutralino production

For chargino (neutralino) pair production in p*p~ annihilation, eq (D.20) reads
in the CMS, after integration over the momentum of the chargino (neutralino)
X and the energy of x;

. q
dLlpS(p;pXi’pXj) = md@xj, (D21)

where ¢ = |py,| = [P\, p = pur + 0~ = (V5 6), and 2, is the solid angle
of x;, with dQ,, = sin6;d0;dp;, with 0; and ; 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 ¢; in eq. (D.21) and obtain

dLips(p; Py, Py;) = o \/,sm€ db;. (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 p,, is obtained from eq. (D.20) with p = p,, and pi,...,p, the
momenta of the final particles. In general the decaying chargino (neutralino) is
not on shell and its momentum p, ; is a free parameter. However, since charginos
and neutralinos decay weakly their decay widths I'y, are small compared to their
masses. When two-body decays are allowed I'y, ~ O(GeV), while for three-body
decays I'y, < 1GeV. Therefore the chargino (neutralino) will be nearly on shell,
with pij ~ mij.

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 = / dLips(pu+ + Pu3 Prs Py )| A(XG) P dLipS(y, s pj1, py2). (D.23)
p

Xj
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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

[AGG)I?

8(sy, —m> D.24

where m, . is the mass of the chargino or neutralino x;, I'y, its width, and s, =

2
Py;-

For the subsequent decay of both charginos or neutralinos it follows,

dLips = / ALipS (Pt + P P ) IACG) PIA ) 2
lepx]

dLips(py;; i1, Pi2)ALips(py,; Dj1, Pj2), (D.25)
and the corresoponding substitutions for |A(x;)|? and |A(x;)|*.

D.4 Statistical significances

In this section we define statistical significances for the asymmetries for Yi Y3 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 o and luminosity £ can be defined by

S = |A|Vo x L. (D.26)

Eq. D.26 assumes that A < 1 and will be used here. A more exact definition
would be

S = Al o x L, D.27

=MV (D.27)
which takes into account the fact that the absolute value of the asymmetry is
bounded.

D.4.1 Chargino production and decay

o T — i3

For the asymmetries for i X3 production discussed in Chapter 2 we define sta-
tistical significances for an effective integrated luminosity for chargino production
Ei}?fl For the charge asymmetry .Agmd, eq. (2.28), we define statistical signifi-
cance

85 = MGl lo (%) + o (i 1)1 (D.28)
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Here we assume that the cross sections o (Y] ¥, ) and (x5 X; ) are both obtained
with the same effective luminosity.

For the polarization asymmetry .Apmd, eq. (2.29), we define statistical signifi-
cance

sty = Ao () (P) + o (X ) (~ LY. (D.29)

Here we assume that the cross sections o(y{ x5 )(P) and o(x; X5 )(—P) are both
obtained with the same luminosity.

o WtuT = XTXT, X — AEN,

For the asymmetry A+, eq. (2.42), for chargino pair production with subsequent
two-body decay of one of the charginos we define statistical significance

Sw = Awh/olun — FBR(G — AN Loy, (D.30)

with A = £ or W and N, the associated sneutrino or neutralino, respectively.
Further the effective integrated luminosity L.y = exL depends on the de-
tectlon efﬁc1ency ex of leptons or W bosons in the processes Xj 7 ~(*)
X] — W= X%, respectively.
The statistical significance for the charge asymmetry A§, eq. (2.50), is given

by

8¢ = AW 20(utum — % X)BR(T — M Na)Legr (D31)

Assuming that Ay+ (P) and A+ (—P) are both obtained with the same integrated
luminosity £, we define the statistical significance for the polarization asymmetry
ALY, eq. (2.52), by

S = A 20wt — BRI — AN, Loy, (D.32)
D.4.2 Neutralino production and decay

o 1t — XY, X§ — AENT

For the (charge) asymmetry A} of neutralino pair production with subsequent
two-body decay of one of the neutralinos, eq. (3.34), we define the statistical
significance

A /20 (et e — RORQBR(E — €-65) Loy, (D.33)

where L.; = e; L denotes the effective integrated luminosity, with €} the detec-
tion efficiency of the leptons in the processes )Z? — (F/* and L the integrated
luminosity.
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Definitions and conventions

We use the metric tensor

1 0 0 0
w o1 0 o0
I =9 =10 0 -1 0
0 0 —1

Covariant and contravariant four-vectors are defined by, respectively
(0 1 2 2 3 — _
a = (a",a,a*,a%,a’), a,:=guad" = (ay, a,as, as,as),
with the scalar product

guat't” = ab,,.

The Dirac matrices in the Weyl representation are

o 0 I i 0 o’ 193
/7_ IO ) ry_ —O'j 0 ) .]_777

I 0
5 _ ;. 0.1.2.3 _
V=1 Ty (0 _I),

where I denotes the 2 x 2 unity matrix. and the Pauli matrices are ,

ol 0 1 52— 0 —i o = 1 0
1 0)’ i 0 )’ 0 -1/’
The Dirac matrices obey the Clifford algebra relations
{277} = 29"

123

(E.1)

(E.2)
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(E4)

(E.5)
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The left and right chirality projectors are

1
Prr= 5(1 7). (E.8)
The total antisymmetric e-tensor in four dimensions is defined as

+1 odd permutation of u,v,a, 3 =0,1,2,3,
€vaf = —ef — ¢ 1 even permutation of u,v,a,3=0,1,2,3, (E.9)
0 any two indices are equal.

The total antisymmetric function of four-momenta is defined by

la,b,c,d] = %Tr{y[ V¢ dV°} = eaprsabPcd’. (E.10)
Triangle function

Mz, y,2) = 22 +y* + 22 — 2(wy + 22 + y2). (E.11)

The function (s, m?,m3) can also be expressed as

Ms,mi,m3) = s —2s(mi +mj) + (mi —mj)?, (E.12)

which for m; = m; = m simplifies (reduces) to A = s(s — 4m?).
In the center of mass system (CMS) the absolute value of the momenta of the
particles ¢ and j, |p;| = |pj| = |p] is

A(s,m;,m7) = 4s|p*. (E.13)

Physical constants

For numerical calculations we have used the values

a = 1/128 fine — structure constant at 500 GeV
sin?fy = 0.2315 weak mixing angle
my = 80.41 GeV W boson mass (E.14)
'y = 212 GeV W boson width )
my = 91.187 GeV Z boson mass

'y = 2.49 GeV Z boson width
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