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1. Introduction

We are standing on the edge of great discoveries in particle physics. In spring this year (2010),
the Large Hadron Collider (LHC) at the European Organization for Nuclear Research (CERN) in
Geneva started to collide highly accelerated protons at world record energies. These amount to a
multiple of hitherto existing collision energies of recent particle accelerators, such as the Tevatron
at the Fermi National Accelerator Laboratory (Fermilab) near Chicago. Particle collisions at
such high energies have never been studied under controlled laboratory conditions before. They
promise to open a window to unexplored territory in our understanding of particle physics.

The history of elementary particle physics arguably started with the discovery of the electron
by Thomson in 1897 [1]. At that time, physicists believed that they had understood the funda-
mental principles of nature. However, there were some open questions concerning the spectrum
of the black-body radiation and the photoelectric effect, which could not be explained with the
current understanding of physics at that time. The solution to these problems lead Planck and
Einstein around 1900 to postulate energy quantization, which was the first step to the theory
of quantum physics. At the same time, both conceptual and empirical arguments guided Ein-
stein to the theory of special relativity. Both theories revolutionized the understanding of the
fundamental principles of nature and formed the pillars of modern particle physics.

In the following decades more and more new particles were discovered and postulated, so far
ending up with the discovery of the top quark in 1996 [2] and the tau neutrino in 2000 [3, 4]. An
effective interplay between theory and experiment lead to the current Standard Model (SM) of
Particle Physics. Herein, the elementary particles fit into a pattern formed by the symmetries
of nature. Due to its remarkable success in the description of particle physics phenomena, the
Standard Model is so far the most precise model of modern physics. The only SM particle which
is not yet discovered is the Higgs boson [5, 6, 7]. Its potential discovery is one major purpose of
the LHC.

Despite its enormous success, particle physicists are convinced that the SM is not the com-
plete theory of the fundamental forces of nature, since it does not incorporate gravity. While
this weakness only becomes important at very high energies, a related issue commonly known as
the hierarchy problem [8] engages the particle physics community. It asks why gravity is roughly
1032 times weaker than the weak force. This problem manifests in the fact, that the Higgs mass
is unstable under quantum corrections. Within the SM, this problem can only be resolved by
an unnatural fine-tuning of the model parameters, or by accepting the fact, that new physics
will appear at the TeV energy scale, which render a new solution to this problem. Besides the
hierarchy problem, there are other open issues which cannot be explained by the SM, such as
the nature of cold dark matter in the universe [9], the origin of neutrino masses [10] or the CP
asymmetry needed for baryogenesis [11].

Most of these problems can be solved by supersymmetry (SUSY), which is a space-time
symmetry between fermions and bosons. It predicts the existence of a yet undiscovered super-
partner for each SM particle, which differs in spin by 1/2, thus basically doubling the particle
spectrum of the SM. Furthermore, it may provide a connection to string theory, which is a
promising candidate for a fundamental theory of all fundamental interactions including gravity.
If supersymmetry is realized in nature, it will most likely be discovered at the LHC.
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The supersymmetric extension of the Standard Model (SSM) introduces new particle in-
teractions and some of them lead to the rapid decay of the proton, which is not observed by
experiment. In order to prohibit these dangerous interactions, a discrete symmetry has to be
added, such as Proton-Hexality (or similarly R-Parity) or Baryon-Triality. With the first sym-
metry, Proton-Hexality, the lightest supersymmetric particle (LSP) is stable and therefore a cold
dark matter candidate. Cosmological considerations then restrict the LSP to be color, flavor and
charge neutral. The second symmetry, Baryon-Triality, allows lepton number violating (LNV)
interactions and provides an elegant mechanism to generate light neutrino masses. Here, the
LSP is unstable and thus not constrained by cosmology. Hence, in principle, every supersym-
metric particle can be the LSP. In this thesis, we study supersymmetric models which preserve
Baryon-Triality but violate Proton-Hexality (and R-Parity).

The SSM contains a large number of unknown parameters. A detailed phenomenological
study is thus only feasible for constrained models, where additional assumptions reduce the
number of free parameters to a few. In this thesis, we investigate the model of minimal super-
gravity (mSUGRA), where we account for the R-Parity violating interactions by one additional
LNV coupling at the grand unification scale, Mgur.

It has been shown in Ref. [12], that in this model there are only a few LSP candidates, which
naturally arise from the evolution of the renormalization group equations (RGEs). These are
the lightest neutralino, Y7, the lightest scalar tau (stau), 7;, the left-handed scalar neutrinos
(sneutrinos), 7;, and the right-handed scalar electron (selectron), ég, and scalar muon (smuon),
iir. The typical collider signatures of supersymmetric models significantly depend on the nature
of the LSP, since usually all supersymmetric particles rapidly cascade decay down into the LSP.
It is therefore crucial to study all possible LSP candidates and their characteristic collider
signatures in order to be prepared for what experimentalists may find in the LHC data.

Scenarios with a neutralino LSP have been studied extensively in the literature, see e.g.
Ref. [13, 14, 15, 16]. Furthermore, the stau LSP [17, 18, 19, 20] and the sneutrino LSP [21] have
been investigated. In this thesis, we focus on the remaining part, namely the case of a selectron
or smuon LSP. We discuss in detail, how certain LNV couplings at Mgyt reduce the selectron
or smuon mass via the RGE running, thus making them to possible LSP candidates. We then
present the possible supersymmetric parameter regions with a selectron or a smuon LSP.

We will further show, that these models typically lead to multi-leptonic final states at hadron
colliders. In general, these signatures are hard to achieve with the SM processes and should be
easy to identify at collider experiments. Moreover, selectron and smuon LSP scenarios with
a light mass spectrum could have been observed at the Tevatron experiments. Therefore, we
discuss in detail how the parameter space is already constrained by the SUSY trilepton search
performed by the DO experiment at the Tevatron. We further provide an estimate of the
parameter region, which may be excluded by the DO search using a larger (future) dataset.

The main goal of this thesis is to provide a search strategy of how to discover (or exclude)
these models at the LHC with early data. We therefore select three benchmark scenarios with a
selectron LSP, representing certain regions of the parameter space. We then perform a detailed
Monte Carlo (MC) study of the signal and SM background and design an inclusive search with
three final state leptons in order to improve the signal to background ratio. The analysis is then
extended to a larger supersymmetric parameter space. We present the discovery potential at
the LHC for early data at both 7 TeV and 14 TeV center-of-mass energies.

Once a discovery has been accomplished, the task will be to prove that the new physics
is really supersymmetry and to determine the model parameters, i.e. the supersymmetric par-
ticle masses and couplings. Therefore, we discuss how we can determine the masses of some
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supersymmetric particles within these models. Hereby, we adapt a method using kinematic
endpoints of invariant mass distributions, which is widely used in R-Parity conserving scenarios.
We demonstrate, that this method enables the mass reconstruction of the right-handed squarks,
dr, the lightest top squark, ¢;, the lightest neutralino, )2(1), and the ég (or fir) LSP.

The thesis is organized as follows. After this introduction, we give an overview of the
Standard Model and its underlying principles in Chapter 2. In Chapter 3 we present the super-
symmetric extension of the Standard Model. Here, we discuss the possible discrete symmetries
which prohibit rapid proton decay, and introduce the R-Parity violating mSUGRA model. In
Chapter 4, we study the renormalization group evolution of the right-handed selectron and
smuon mass and discuss the selectron and smuon LSP parameter space. The hadron collider
phenomenology of these models is then presented in Chapter 5. Here, we first present the typical
collider signatures. Then, we discuss in detail the constraints from the SUSY trilepton search
performed by the D@ experiment at the Tevatron and provide an estimate of the sensitive pa-
rameter region for a larger (future) dataset. In the remaining part of the chapter, we study
the prospects for a discovery at the LHC. In Chapter 6 we discuss our approach for the mass
reconstruction. We summarize and conclude in Chapter 7.

In Appendix A we provide the SUSY particle mass spectra and branching ratios for the
selected benchmark models. Appendix B contains a discussion of the performance of the designed
event selection on the signal and SM background for the LHC at 14 TeV. For this work, some
three-body slepton decays had to be taken into account which were not investigated before. In
Appendix C we present the calculation of the squared matrix amplitude of these decays and
discuss their role in the supersymmetric parameter space.

1.1. Notation and Conventions

We use natural units throughout this thesis, i.e. h = ¢ = 1. Also, the Einstein summation
convention is used, so repeated indices are summed over unless explicitly stated otherwise. All
other conventions are introduced when they are needed.







2. The Standard Model

The Standard Model (SM) of particle physics is a quantum field theory which describes all
known fundamental forces of nature, except gravity. It was developed over the last decades by
an effective interplay between theory [22, 23, 24] and experiment [25, 26]. Nearly all known
particle physics phenomena! of the electromagnetic, weak and strong interaction are extremely
well described? by the SM.

In the present view of particle physics the symmetries of the theory play a central role. In
fact, the SM Lagrangian is usually obtained by specifying the particle content of the theory and
the symmetries it obeys. Given the symmetries and the requirement of renormalizability?, we
can write down the most general Lagrangian for the particle interactions, as we will demonstrate
in the following sections.

For the construction of the SM two types of symmetries have to be considered. Firstly, we
require the theory to be Lorentz invariant, i.e. it obeys the laws of special relativity. Lorentz
invariance is a space-time symmetry and all Lagrangians we will consider will obey this sym-
metry*. Secondly, we consider gauge symmetries which lead to gauge field theories. In these
theories the forces between the fundamental particles are mediated by the exchange of spin-1
gauge bosons. In the SM, the electromagnetic force between charged particles is mediated by the
photon, the weak force by the W and Z bosons, and the strong force between colored particles
by the gluons.

2.1. Quantum Electrodynamics (QED)

A simple example of a gauge theory is Quantum Electrodynamics (QED). The Dirac Lagrangian
for n free fermion fields is given by [39]

Lpirae = Y hi(i0,7" — mi) i, (2.1)

i=1

where 1; are the fermionic fields, v* the Dirac matrices and m; is the mass of the fermion 1.
This Lagrangian is invariant under a global U(1) phase transformation

i = €%, (2:2)

'In the SM neutrinos are taken to be massless. However, neutrino oscillations have been observed by experi-
ment [27, 28, 29, 30, 31, 32, 33, 34], which means that at least two neutrino-types have to be massive.

2Probably the most important discrepancy between a SM prediction and electroweak precision measurements
has been found for the anomalous magnetic moment of the muon [35, 36, 37, 38]. Here, a deviation of about 3¢
has been established.

3A theory is renormalizable if the ultraviolet divergencies involved in calculations beyond tree-level can be
absorbed into the bare parameters of the theory. Practically, this means that the Lagrangian of the theory involves
only terms with mass dimension < 4.

“Strictly speaking, the Lagrangian £ has to be invariant up to the addition of a total derivative under the
symmetry transformation. Actually, we are only interested in the invariance of the action, S = [ d*z £, and a
total derivative in £ will lead to a surface term which will vanish provided the fields go to zero as z — oo.
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where « is the phase change and ¢; is an a priori arbitrary fermion flavor-dependent parameter.
This invariance means that the phase a has no physical meaning and can be chosen arbitrarily.
But then it should also be possible to choose different values for « at different points in space-time
without changing the physics. However, if we consider a local change of phase, & — a(x), the
Dirac Lagrangian in Eq. (2.1) is no longer invariant under this transformation. The invariance
of the Lagrangian under a local change of phase can be achieved by introducing a new vector
field, A*, which has the kinetic term

1
Liinetic = _ZFﬂyFuw (23)
where F),, = 9,A, — 0, A, is the field strength tensor. Now we have to substitute
Oy = Dy = 0 +1QA,, (2.4)

where D), is the gauge covariant derivative and @ is the charge operator defined by Qv; = ¢;1);.
Eq. (2.4) introduces interactions between the vector field and the fermions with the formerly
arbitrary constants ¢; now reinterpreted as the couplings of these interactions. If the vector field
transforms as

A, — Ay —0ua(x) (2.5)
under a local change of phase, the Lagrangian
LqED = Z Vi(iDuy" — mi)Y; + Liinetic (2.6)
i=1

is invariant under a local U(1) phase transformation. This Lagrangian gives the interactions of
the fermions, 1;, e.g. the electron, with the electromagnetic field, A,, and the couplings ¢; are
the electric charges of the fermions.

2.2. Non-Abelian gauge theories

The gauge theories of the SM are based on generalizations of the local gauge invariance shown
in Sect. 2.1 to non-Abelian® gauge groups. The non-Abelian local gauge transformation for a
fermion field is

Yal@) = vh(@) = [ O] (@) = Qu(a)na), (2.7)

where 04 (z) are the continuous parameters of the transformation and t* are the generators of
the non-Abelian gauge group in the adjoint representation. The generalized covariant derivative
has the form

DY, = 50" + igtiy AR, (2.8)

®Non-Abelian means that the local gauge transformations do not commute. In particular, the generators t*
gaug g

of the gauge group obey the Lie algebra [tA7 tB] = ifAB%%C where fAPY € R are the structure constants of the

group and the upper case indices A, B, C run over the adjoint representation.
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where A’} are the spin-1 gauge fields in the adjoint representation of the gauge group and g is
the coupling of the fermion to the gauge field. The non-Abelian gauge transformation for the
gauge fields is

A A = Q) AN () + é(@uﬁ(m))ﬁl(aﬁ). (2.9)

Now, the Lagrangian of the non-Abelian gauge theory can be constructed,

L= Egauge + Efermion, (210)
where
1
ﬁgauge = _ZFlﬁFzy, (211)
£fermion = sza (iD;fY“ - m)abwb- (212)

Here, the field strength tensor is generalized to
Fi, = 0,47 — 0,4 — gfABCAB AT (2.13)

The additional terms of the field strength tensor lead to self-interactions of the gauge bosons in
the non-Abelian gauge theories of the SM. The weak and the strong force are both described by
non-Abelian gauge theories.

2.3. The Higgs mechanism

The W and Z gauge bosons of the weak force were observed to be massive [25, 26]. This seems
to be a problem because a mass term for a gauge boson,

1
Lo = —mP AR AL (2.14)

mass 2
is not gauge invariant and thus cannot be included in the Lagrangian. However, there is a way
of implementing a mass for the gauge bosons in a gauge-invariant manner. This is called the
Higgs mechanism [40, 41, 42, 43, 44]. We illustrate this mechanism by considering the simplest
example, i.e. a U(1) gauge field A, coupled to a complex scalar field ¢ with the Lagrangian
o= o | opselar gy Lpwp 4 (prgy(p v 2.1
— “Xkinetic + kinetic — (¢) - _Z Qv + ( (b) ( M(b) - (¢)7 ( . 5)
where D is given by Eq. (2.4). Here, the charge operator @ in D, acts on the scalar field,

ie. Q¢ = q¢, where ¢ is the coupling of the gauge field to the scalar field. The most general
renormalizable, gauge-invariant potential is

V(9) = 12676 + A&7 )", (2.16)
The sign of 12 determines the shape of the potential:
1. if g2 > 0 then the minimum of the potential is at |¢| = 0;

2. if u? < 0 then the minimum of the potential is at |¢|? = —/2”—)2\ = %, with v € R.
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In the second case, u? < 0, the field ¢ acquires a non-zero vacuum expectation value (vev)
() = v/+/2 and the U(1) global symmetry will be spontaneously broken. In other words, while
any point on the circle |¢| = v/v/2 is equally likely to be the ground state, only one point gets
chosen. This breaks the symmetry.

Now we consider fluctuations around the ground state by rewriting the scalar field as

1 4
6= 50t P/, (2.17)

where p and ¢ are real scalar fields and ve® /v/2 is the point on the circle |¢| = v/v/2 about
which we are expanding the field. With this, the kinetic part of the Lagrangian for the scalar
field turns into

1 1 1
Lt = 3 ((%0 —i(v+p) [un + ;(%5]) (8“,0 +i(v+p) [qA“ + ;8“5}) . (218)

By performing a gauge transformation on this Lagrangian,

vy oan— Lgug (2.19)
qu

we can eliminate all dependence on the field £&. This gauge choice is called the unitary gauge.
With this gauge, the complete Lagrangian is

1 1 1
L= _ZFWFW + quvQAMA“ + iaup(?“p

1 1 A
+5 Qv+ p")q Ay A = St 4 pp? = dwp? = 2p" (2.20)
This Lagrangian now includes a mass term for the gauge boson with mass M3 = ¢*v?, a
mass term for a real scalar field with mass m% = —242, self-interactions of the scalar field

and interaction terms of the scalar field with the gauge boson. This mechanism introduces the
gauge boson mass term in a manifestly gauge-invariant way. The initial complex scalar field ¢
possesses two degrees of freedom whereas the real scalar field p has only one degree of freedom.
The second degree of freedom has been “eaten” to provide the longitudinal polarization of the
massive gauge boson, which has three degrees of freedom rather than the two degrees of freedom
of a massless gauge boson.

This example describes a massive U(1) gauge boson, i.e. a massive photon. In the SM, the
photon is massless. However, we need this mechanism in its generalized form to non-Abelian
gauge theories to give masses the the W and Z gauge bosons of the weak force.

2.4. Renormalization and the running of physical quantities

Given the Lagrangian of a quantum field theory we can construct the Feynman rules for calculat-
ing elementary processes in pertubation theory. However, once we calculate diagrams containing
loops, we often encounter infinities which render the calculation meaningless. The theory of
renormalization is a prescription how to consistently isolate and remove all these infinities from
the physically measurable quantities. A detailed description of this theory can be found e.g. in
[45, 39, 46]. Here, we only want to review the idea and the main results that we will need in
this work.
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Figure 2.1.: Emission and absorption of a virtual photon from an electron. The photon polar-
izes the vacuum by creating a virtual electron-positron pair. Due to these kind of
virtual corrections the initial electron is always surrounded by a cloud of virtual
electron-positron pairs. Thus we will only be able to measure the effective charge
of the electron and its electron-positron cloud.

The parameters which appear in the Lagrangian are not measurable. This can be illustrated
within QED as follows: Given a free electron, it will always be surrounded by a cloud of virtual
electron-positron-pairs due to the emission of virtual photons which polarize the vacuum, see
Fig. 2.1. If we now try to measure the electron charge, we would in fact measure the charge
of the complete system, i.e. of the electron and its surrounding electron-positron cloud. Since
we cannot switch off these interactions, the bare charge of the electron, which appears in the
Lagrangian in form of the coupling, c¢f. Eq. (2.6), is not measurable. Moreover, we also observe
a screening effect: The further we move away from the “bare” electron the smaller its charge
appears. Therefore, in QED the charge and thus the coupling decreases with distance, i.e. it
increases with energy. Due to this energy dependence we speak of a running coupling.

The main idea of renormalization is to shuffle all divergences appearing in loop-corrections
into the bare quantities such that we get finite renormalized quantities which we can measure.
There exist several renormalization schemes which we will not further review here, see e.g.
Ref. [45, 39, 46] for more details. There are basically two strategies:

1. The divergences arising from vertex-correction, self-energy and vacuum-polarization dia-
grams lead to the renormalization of the field strength, mass and charge, respectively (see
e.g. Ref [39]). The resulting effective quantities depend on the energy scale Q? and on
boundary conditions (see below).

2. In renormalized pertubation theory, we split the Lagrangian into two parts:
L=Lo(pn)+AL(K). (2.21)

Lo(1) has the same structure as the original Lagrangian £ but contains only finite physical
quantities, i.e. the renormalized parameters. The other part, AL(u), contains counter-
terms which absorb the infinite but unobservable shifts between the bare parameters and
the physical parameters. This new Lagrangian, Eq. (2.21), gives rise to new Feynman rules
including those for the counterterms.

The precise relation between the renormalized and unrenormalized quantities depends on the
choice of renormalization conditions p. Different choices of this reference point lead to different
definitions of the physical quantities. However, the physics should not depend on the choice of
the renormalization conditions. This idea leads to the renormalization group which is the set
of all transformations between renormalization conditions which leave the physical content of
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the theory invariant. In particle physics the renormalization group equations (RGEs) describe
how the physical quantities, i.e. the couplings, masses and field strengths, change as one varies
the energy at which the physical processes occur. For the simplest case of \¢*-theory®, the
Callan-Symanzik equation has the form [46]

B B ) :
M% + ﬁ(A)ﬁ - Wm()\)mzw —ny(\) | T (p,m?, A\ p?) =0, (2.22)

and describes the evolution of the n-point correlation function I'™ (p, m?, \; u?) under variation
of the renormalization conditions p. The finite dimensionless functions 3, v,, and ~ are given
by

d
BA) = u@% (2.23)
Ym(A) = —M% Inm?, (2.24)
0
() = Mo In ¢, (2.25)

and describe the evolution of the coupling A, mass m and field strength ¢ with u, respec-
tively. They are related to renormalization constants which can be calculated perturbatively,
see Ref. [46] for more details. In SU(N) non-Abelian gauge theories with fermions in the fun-
damental representation, the 1-loop S-function is given by [39]

3
80) =~ (35 - 3m7). (2.20

where g is the gauge coupling and n; the number of fermion species.

The renormalization group equations turn out to be of great importance. Once we know
the physical quantities at one energy scale, e.g. measured by experiment, the RGEs predict the
values of these parameters at any energy scale. The SM prediction for the running of the gauge
couplings has been experimentally verified [47, 48] at accessible energies.

Now we can discuss the two theories which form the SM in slightly more detail, i.e. Quantum
Chromodynamics which describes the strong force and the Glashow-Weinberg-Salam model
which describes the electroweak force.

2.5. Quantum Chromodynamics (QCD)

Quantum Chromodynamics (QCD) describes the color force between the quarks which is medi-
ated by the exchange of gluons. The Lagrangian is

1 V o ‘
Lqcp = _ZF:}/FX + @D = mi)anah, (2.27)
i

where the non-Abelian field strength tensor F L‘f}/ is given by Eq. (2.13), ¢' are the quark fields
with mass m; and the covariant derivative D, is given by Eq. (2.8). QCD is a SU(3) non-

5The A¢*-theory is given by the Lagrangian £ = %((%(15)2 — %m2d>2 — %/\(qbQ)Q, where ¢ = (¢1, d2,...,0n) are
complex scalar fields with ¢? = Zi\;l ¢2. Because of its simple structure, it is often used as a toy model to study
the phenomena of quantum field theories.
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2.6. Electroweak Theory

Abelian gauge theory and is thus based on the general non-Abelian theory discussed in Sect. 2.2.
The fermions, i.e. the quarks, are in the fundamental representation of SU(3) and the gauge
bosons, i.e. the gluons, in the adjoint representation. Note, that we have gluon self-interactions
due to the different structure of the field strength tensor, Eq. (2.13).

This theory has two important features which are related to the running of the gauge cou-
pling. As we have seen in Sect. 2.4 this is described by the S-function, Eq. (2.23). In QCD,
the g-function in Eq. (2.26) is negative for ny < 17 quark flavors. Six quark flavors have been
observed, so even at energy scales above the top quark mass the S-function is negative. This
has the following consequences:

1. Asymptotic freedom. The coupling decreases as the energy scale at which it is evaluated
increases. Thus, in high energy processes, we can make use of perturbation theory due
to the small coupling constant. In general, pertubation theory is only applicable if the
quantity we are calculating is infra-red safe, i.e. it does not receive large corrections due
to long-range physics.

2. Confinement. The coupling becomes large at low energies Q% < O(1 GeV?) and we can
no longer use pertubation theory to perform calculations. At these energies, all quarks and
gluons are strongly bound together in hadrons. Experimentally, no free quarks and gluons
have been observed. Once free quarks or gluons are produced in high-energy-collisions
they will form color-singlet bound states in the hadronization process. These bound states,
which we then observe, either contain a valence quark-antiquark pair, a meson, or three
valence quarks, a baryon. Moreover, these bound states contain gluons which bind the
quarks together and a sea of virtual quark-antiquark pairs produced by gluon splitting.

2.6. Electroweak Theory

The unification of the electromagnetic and weak force into a single gauge theory is a major
success in theoretical particle physics and was achieved by Glashow, Weinberg and Salam’ in
the 1960’s [22, 23, 24]. It is based on the symmetry group SU(2); x U(1)y. Via the Higgs
mechanism, this symmetry is broken spontaneously into the U(1)qy, gauge symmetry of QED.
The Lagrangian is given by

Lelectroweak = LHiggs T Lgauge + Lermionss (2.28)
where
Litiggs = (Do) (DF¢) — 61 d — A1), (2.29)
Loange = —iF:},FX” — iBu,,B“”, (2.30)
Liermions = QLiPQr + urilPur + drilpdr + LrilD Ly, + erilDer
—geLrder — guQréur — 9aQrodr + h.c., (2.31)

are the Lagrangians for the Higgs field, the gauge fields and the fermions, respectively. Here, we
have two type of gauge fields: The first is the SU(2), field, Aﬁ, with the field strength tensor,
F;ﬁ,. It lives in the adjoint of SU(2)z, i.e. Af} is a SU(2), triplet with gauge coupling g. The
associated charge is called weak isospin T. The second is the U (1) field, By, with field strength
tensor By, and gauge coupling ¢’. The associated U (1) charge is called hypercharge Y. The fields

"For this work, Glashow, Weinberg and Salam were awarded with the Nobel prize in 1979.
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2. The Standard Model

Qr, L1 (ug, dr, er) are the left-handed (right-handed) components of the up and down quark
and lepton fields and are SU(2)r, doublets (singlets). We distinguish between left- and right-
handed fields because experimentally the W bosons only couple to the left-handed fermions.
The Higgs field ¢ = (¢ #°) is a complex scalar isospin doublet with hypercharge Y = 1/2.
The second row of Eqn. (2.31) contains Yukawa interaction terms of the Higgs fields with the
leptons, up- and down-type quarks with Yukawa couplings g., g, and g4, respectively. Here,
the up-type quarks couple to the charge conjugate Higgs field ¢¢ = —imo¢™ with hypercharge
Y = —1/2. We introduced a short notation, ) = D,~v*, where the covariant derivative is given
by

Dy, = 0, +igTaAll +igY B, (2.32)
We shall first discuss the Higgs part of the Lagrangian, Luiges, Eq. (2.29). The Higgs potential
is similar to the U(1) case, Eq. (2.16), however, here ¢ is a SU(2) doublet. We expand the

Higgs field about the ground state (¢) = (0 v)/+/2 in terms of one real field and three phases in
SU(2)r, space to obtain the following mass terms for the gauge bosons:

mass 1
ﬁgauge - 5921)2 [92(A;1L)2 + 92(A;2L)2 + (_gAi + g/BM)2] (233)

Thus, the interaction fields A;‘, B,, mix to form the mass eigenstates

1 . . gu
Wui = —2(A;1L F ZAZ) with mass My = bX (2.34)
ZS = cos HWAi —sinfw B, with mass My = ﬁ, (2.35)
and the massless eigenstate
A, =sin HWAz +cosbw B, with mass My =0, (2.36)

where the weak mixing angle is given by tanfy = ¢'/g. By using the Higgs mechanism,
we obtain two massive charged vector bosons, W*, and one massive neutral vector boson,
ZY, carrying the weak force, and a massless neutral vector boson, A, which is the photon of
electromagnetism.

The second term in the Lagrangian, Lgauge, Eq. (2.30), contains the kinetic terms of the
gauge fields, which lead to interactions between the gauge bosons. Thus we obtain for example
interactions of the photon with the W bosons.

Finally, Ltermions, Eq. (2.31), gives the interactions of the gauge and the Higgs boson with the
Standard Model fermions. Using the expressions for the mass eigenstates, Eq. (2.34) - (2.36),
we can express the couplings of the fermions to the photon and the Z boson in terms of their
hypercharge and isospin:

photon-coupling = (7% + Y)gsin by = Qe, (2.37)

g
. 2.
cos Oy (2.38)

Z-coupling = (T2 cos? Oy — Y sin® fyy)

Here, T? is the third component of the weak isospin 7', and e is the magnitude of the electric
charge of the electron, given by e = gcosfyy. The electric charge, (), of a fermion is related to

12



2.6. Electroweak Theory

Fermion Isospin T' T3 Hypercharge Y Charge Q
dr 0 0 —1 -1
up 0 0 +2 +2

1 2

_ u 1 +§ 1 +§

L 3 ~3
€R 0 0 -1 —1
1
Y 1 T2 1 0
Ly = ( . ) 3 ) —3
L -3 -1

Table 2.1.: SU(2)r, x U(1)y gauge quantum numbers of the Standard Model fermions. All
fermions come in three generations. Here, only the first generation is shown.

its weak isospin and hypercharge via
Q=T3+Y. (2.39)

In Tab. 2.1 we give the gauge quantum numbers of the electroweak force for the Standard Model
fermions.

The last three terms in Leermions, Eq. (2.31), couple the Higgs field and the fermions in a
gauge-invariant manner. This is necessary because a Dirac mass term, as in Eq. (2.1), violates
the SU(2) gauge invariance. Given in terms of the left- and right-handed fields, a Dirac mass
term would be

Ditae = —m) = —m(Yryr + YrYL). (2.40)

Since the SU(2)r, gauge transformation only acts upon the left-handed fields this term is not
gauge invariant. However, after electroweak symmetry breaking (EWSB) the last three terms
in Leermions (and their hermitian conjugates) give fermion mass terms in a gauge invariant way,

formions = —9ev(€rer + erer) — gav(drdr + drdy) — guv(ULur + UruL), (2.41)
where the fermion mass is given by m; = gyv. Here, we have only considered one generation of
fermions. Note that we had to use both the Higgs field ¢ and its charge conjugate ¢¢ to give
masses to both the up- and down-type quarks.

In the Standard Model, the fermions given in Tab. 2.1 come in three generations. In general,
the mass eigenstates of the fermions and their weak interaction states can be different. By
writing down all possible terms in the Lagrangian which are renormalizable and invariant under

13



2. The Standard Model

the symmetries, the masses of the quark sector are given by

B - 9dd  9ds 9db dr
a?la;fks = —U( dL S bL ) 9sd Yss YGsb SR
9bd  Gbs  Gbb br
Guu  YGue Yut UR
_U( urp c¢L tr ) Geuw  YGec Gt CR + h.c. (2.42)
Gtu  Gtc Gt lr
= —DLMdDR — ULMUUR + h.c., (243)

where Dy,  is a vector containing the three (left-/right-handed) down-type quark fields and Uy, g
is a vector containing the three (left-/right-handed) up-type quark fields. M, and M, are the
mass matrices for the up- and down-type quarks, respectively. We thus observe mixing between
the quark generations. The fields in Eq. (2.43) are the weak interaction eigenstates. By applying
separate rotations to the left- and right-handed components of the quark fields, we can express
Eq. (2.43) in terms of the mass eigenstates. If the left-handed (right-handed) components are
rotated by the unitary matrix L (R) we can obtain a diagonal mass matrix, M’ = LM R'. We
need two different rotation matrices for the up- and down-quarks, which we will denote by the
subscripts v and d, respectively. This rotation of the quark fields has to be performed for the
complete SM Lagrangian. However, the neutral-current parts of the electroweak and the QCD
Lagrangians are flavor diagonal in terms of either their mass or weak interaction eigenstates®.
The only parts of the Lagrangian which are not flavor diagonal are those which involve the
coupling of the W boson to the quark fields. These terms involve the combination of fields

WULDy, = WU, L, L\ D} = WU, VDY, (2.44)

where V' = LuLIl is the Cabibbo-Kobayashi-Maskawa (CKM) matrix and U; = L, U (D} =
L4Dy) are the up-type (down-type) quark mass eigenstates. Hence, we can work in a physical,
i.e. mass, basis for the quarks by simply including the relevant elements of the CKM matrix
at the vertex which couples the W boson to the quarks. Conventionally”, the rotation is only
applied to either the up- or the down-type quark sector, leaving the other sector flavor-diagonal.
The CKM matrix is given by three real mixing angles and one CP-violating complex phase.

2.7. Lepton- and Baryon-number conservation

In addition to the gauge and Lorentz symmetries, there are more symmetries in the Standard
Model. These symmetries are consequences of the gauge and Lorentz symmetries, the particle
content of the SM and the requirement of renormalizability. There are two global symmetries'°
of particular interest for this thesis:

e Lepton Number. The mixing between weak interaction eigenstates and mass eigenstates,
which we observed in the quark sector in the previous section, does not appear in the
lepton-sector of the Standard Model''. This is due to an additional symmetry called

8Hence, flavor-changing neutral currents (FCNCs) are forbidden at tree-level within the SM.

9In supersymmetric theories with R-parity violation, which will be discussed in the next chapter, the choice
of the rotation basis can have phenomenological consequences, see Ref. [17].

"These symmetries are violated in the Standard Model by non-perturbative effects [49, 50].

"However, the observation of neutrino oscillations indicates the violation of lepton flavor [51]. The neutrino
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2.7. Lepton- and Baryon-number conservation

Lepton Number. Here, the lepton number is a quantum number assigned to the SM
fermions such that the lepton fields have lepton number +1, the antileptons have lepton
number —1 and all the other fields have lepton number zero. This symmetry is respected
by the electroweak Lagrangian, Eq. (2.28).

e Baryon Number. We assign the baryon number such that the quarks have baryon
number +1/3, the antiquarks have baryon number —1/3 and all other fields have baryon
number zero. This choice leads to the fact, that baryons have baryon number +1 and
mesons and all other fields have baryon number zero. Both the QCD Lagrangian, Eq.
(2.27), and the electroweak Lagrangian, Eq. (2.28), respect this symmetry.

We want to emphasize that we did not construct the Lagrangian to have these symmetries.
It is impossible to write down a term in the Lagrangian which is renormalizable, Lorentz and
gauge invariant, but violates one of these discrete symmetries given the particle content of the
Standard Model. This is important as in a supersymmetric theory it is possible to have such
terms in the Lagrangian.

mixing can then be parametrized by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. If we further assume
neutrinos to be Majorana particles, lepton-number is also violated [52].
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Despite its great success the Standard Model is not considered as a complete theory of the
fundamental forces, if for no other reason than that it does not include gravity. It is rather
accepted to be a low-energy effective theory of some larger theory which may be

e a grand unified theory (GUT) in which the gauge group of the SM is unified as a part of
a larger gauge group, e.g. SU(5) or SO(10) [53, 54];
e a string theory, which would also include gravity. Here, we usually have more than four
space-time dimensions [55, 56].
This larger theory is hoped to explain some of the open questions of the SM, for example, why
there are three generations of fermions. Also it should predict some of the free parameters of
the SM, e.g. the particle masses.

Besides these rather deep theoretical questions, there are also experimental observations
which can not be explained by the SM, most importantly the observation of cold dark matter [9]
and dark energy [57], neutrino oscillations [10], and the matter-antimatter asymmetry of the
universe [11].

The theory of supersymmetry (SUSY) may provide an explanation for some of these phe-
nomena. Furthermore, it may elegantly solve the hierarchy problem, which we will discuss in
detail in the next section. Supersymmetry is considered as a promising intermediate theory on
the way to the Theory of Everything (TOE). And in fact, the most promising string theories are
based on supersymmetry.

A detailed introduction to supersymmetry is e.g. given in Ref. [58, 59, 60, 61, 55, 62, 63].
Here, we concentrate only on the main aspects relevant for this work.

3.1. Motivation for Supersymmetry

The hierarchy problem [8, 58, 64, 65, 66] is one of the most striking arguments that the SM is
not the complete story and supersymmetry provides a very natural solution to this problem.
Note, that other solutions exist for instance in technicolor models [67], little Higgs models [68]
or models with extra dimensions [69, 70, 71].

s

Figure 3.1.: Fermionic one-loop contribution to the Higgs mass.
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3. Supersymmetry

Figure 3.2.: One-loop contribution to the Higgs mass from an extra scalar field.

Consider the one-loop corrections from fermion loops to the Higgs mass' of the SM, shown
in Fig. 3.1. From this diagram we get a contribution

5MY ;= (M), (3.1)

where

My (p®) =

P / (d4l<: tr{(f -+ + my)(f +my)] (3.2)

4 2m)* [(k + p)* — m3][k* — m7]
and Ay = my/v is the coupling of the fermion f to the Higgs field H. Naively, from power
counting, this diagram is quadratically divergent. The divergence can be regulated by imposing
an ultraviolet momentum cut-off, A, yielding

sl
M, = 16; 5 [~2A% + 6M7 In(A/M;)] . (3.3)

Here, we neglected terms which are finite in the limit A — oo.

We see from Eq. (3.3), that the SM Higgs mass depends quadratically on the cut-off scale A,
which is understood to be the energy scale at which new physics enters to alter the high-energy
bahavior of the theory. Assuming the SM is valid up to typical GUT or string energy scales,
ie. A~ Mgyt ~ 2-106 GeV or A ~ Mp; ~ 10" GeV, the natural® value of the Higgs mass
is 10 — 10'7 GeV rather than the upper limit of around 170 GeV suggested by electroweak
precision data [72, 73, 74, 75]. This huge discrepancy, which is directly related to the energy
scale of new physics, is known as the hierarchy problem.

To solve this problem, one might want to pick a A that is not too large. In this case, new
physics at the scale A still has to explain, why the loop integral cuts off at A. Moreover, new
particles that couple directly or indirectly to the Higgs field will give contributions similar to
Eq. (3.3) via virtual effects. Thus, the Higgs mass remains very sensitive to any new particles
entering at higher energies.

We can see how this problem is solved in supersymmetry by considering an additional scalar
field S which couples to the Higgs field via the Lagrangian term —\g|H|?|S|?. This gives an
extra one-loop contribution, Fig. 3.2, to the Higgs mass

As|?
1672

M3 g = [A? — 2MEIn(A/Ms)] (3.4)

'In fact, this argument counts for any scalar fields of a theory, which couple to fermions.

2Natural in the sense that the Higgs mass is not fine-tuned. Fine-tuning means, there is an accidental
cancellation between large quantities (here, the bare mass and the mass correction), that does not rely on any
known physical mechanism.
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where we have again neglected terms which are finite in the limit A — oco. In supersymmetry,
we have two complex scalar fields for each Dirac fermion and hence the quadratic dependencies
on A in Eq. (3.3) and Eq. (3.4) will cancel provided that Ag = |Af[>. This is the case if
supersymmetry is unbroken. In order to guarantee that supersymmetry breaking does not spoil
this solution to the hierarchy problem, the relationships between the dimensionless couplings
have to be maintained. This is the case if the supersymmetry breaking is “soft”, i.e. the effective
Lagrangian of the theory can be written in the form

L = Lsusy + Lsoft (3.5)

where Lgyusy preserves supersymmetry invariance and Lgog violates supersymmetry but con-
tains only mass terms and coupling parameters of positive mass dimension. However, the mass
splittings between SM particles and their superpartners cannot be too large. The masses of the
(lighter) superpartners should be at most of about 1 TeV in order to derive a Higgs vev resulting
in My, Mz =80.4, 91.2 GeV without miraculous cancellations [58].

Apart from the solution of the hierarchy problem, there are further theoretical as well as
experimental facts pointing to a supersymmetric extension of the Standard Model (SSM):

e Supersymmetry is the only possible way to extend the Lorentz- (or Poincaré-) space-time
symmetry [76, 77]. This will be discussed in some detail in Sect. 3.2.

e We have seen in Sect. 2.3 that local gauge invariance requires the introduction of a gauge
boson. Similarly, local supersymmetry requires the introduction of a massless spin-2 field,
the graviton (and its spin-3/2 superpartner, the gravitino) which mediates gravitational
interactions. Thus we have a connection to general relativity [78, 79, 80, 81, 82, 83, 84].

e Realistic string theories are based on supersymmetry. However, this does not necessarily
imply weak-scale SUSY, see e.g. Ref [55, 56].

e In the Standard Model the gauge couplings do not unify. However, in the SSM the gauge
couplings will meet at a scale of O(10'6 GeV) as long as the SUSY particle masses are of
O(100 GeV — 10 TeV) and there are no intermediate fields [85, 86, 87, 88, 89]. This gives
a connection to GUTs.

e The SSM provides a natural explanation for the origin of electroweak symmetry breaking
and the large difference between My and Mp;. A positive Higgs mass parameter squared
of O(100? GeV?) at a scale of O(10'® GeV) can run to a negative value at the electroweak
scale, Mz, which is needed for EWSB (see Sect. 2.3). This mechanism is called radiative
electroweak symmetry breaking (REWSB) [90]. Again, the superpartners of the SM fields
are required not to be heavier than a few TeV.

e The SSM contributions to the anomalous magnetic moment of the muon may explain the
3o deviation between the SM prediction and the experimental observations [35, 36, 37, 38].

e In case both lepton-number and baryon-number are conserved, the SSM contains a good
cold dark matter candidate, the neutralino [91]. However, there also exist possible candi-
dates in case one of these symmetries is violated, cf. also Sect. 3.4.3.

e If lepton-number is violated, the SSM possesses an elegant mechanism to generate neutrino
masses [92, 93, 94, 95, 96]3. We briefly discuss this in Sect. 3.4.3.

Remarkably, there are several arguments for SUSY requiring that the masses of the super-

partners of the SM fields are of O(< 1 TeV). This is the reason for the optimism of particle

3We can also generate neutrino masses via the seesaw mechanism if we introduce right-handed neutrinos in
the SSM [97, 98, 99, 100, 101]. However, this introduces an additional scale in the theory, namely the Majorana
mass of the right-handed neutrinos.
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physicists that supersymmetry will be discovered at the Large Hadron Collider (LHC) [102, 103]
or even at Tevatron [104] if it is realized in nature.

3.2. Global Supersymmetry

A supersymmetry transformation turns a bosonic state into a fermionic state, and vice versa.
The generator of the SUSY transformation, ¢, must be an anticommuting spinor, with

@ | boson) =| fermion), @ | fermion) =| boson). (3.6)

Because the SUSY generators are fermionic operators, they carry spin 1/2. This means that
supersymmetry must be a space-time symmetry. For interacting quantum field theories the pos-
sible forms of such symmetries are highly restricted by the Haag-Lopuszanski-Sohnius extension
of the Coleman-Mandula theorem [76, 77]. This theorem states, that the only possibility to
extend the Poincaré algebra in a non-trivial way is to introduce N sets of fermionic generators
{Q%,, Q%}i—1.. N which transform as (%, 0) and (0, %) representations of the proper orthochronous
Lorentz group. In general there can be up to N = 8 of these sets, however for realistic theories
that, like the Standard Model, have chiral fermions and thus allow for parity-violating interac-

tions, only N = 1 supersymmetric quantum field theories are suitable. The SUSY generators

have to satisfy the following algebra of anti-commutation and commutation relations?:
{Qa, Qﬁ} = QUZBP;U (3.7)
{Qa. Qs = {Qa, Qz} = 0, (3.8)
[Qa, P*] = [Qa, P*] = 0, (3.9)

where @ (Q) is a left-handed (right-handed) two-component Weyl spinor with o, 8 (&, 8) = 1, 2,
and o = (1,5) with & the Pauli matrices. P* is the momentum operator, i.e. the generator of
space-time translations.

In N =1 SUSY, each SM particle has a superpartner with its spin differing by 1/2. Together
they form a supermultiplet, which is an irreducible representation of the SUSY algebra. One
can show by use of Eq. (3.9) that each supermultiplet contains an equal number of fermionic
and bosonic degrees of freedom [58]. The superpartners of the SM fields have the same gauge
quantum numbers, since () commutes with the generators of the gauge interactions. From Eq.
(3.9) follows also that @ commutes with P? = M?2. Thus, all fields in a supermultiplet possess
the same mass M. However, we have not observed any superpartners of SM particles yet, so
SUSY must be a broken symmetry, if it really exists in nature.

For the construction of a supersymmetric extension of the SM there are two relevant kinds
of supermultiplets: A chiral (or matter) supermultiplet, which contains a single two-component
Weyl fermion (spin 1/2) and a complex scalar field (spin 0), and a vector (or gauge) superfield
with a massless vector boson (spin 1) and a two-component Weyl fermion. In order to in-
clude gravity, we need an additional supermultiplet with the graviton (spin 2) and its fermionic
superpartner the gravitino (spin 3/2).

Moreover, each supermultiplet contains an auxiliary field which allows the SUSY algebra to
close off-shell, i.e. when the classical equations of motion are not satisfied. However, at the end

4We do not show the commutation relations involving rotation generators, because they are not important
for the further discussion.
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of the day, these fields can be eliminated and expressed in terms of the physical fields by use of
their classical equations of motion.

It is most convenient to write the supermultiplets in a compact form using the so-called
superfield formalism. A detailed description of this formalism can be found in the literature, see
e.g. [59, 60, 61].

3.3. The Supersymmetric Extension of the Standard Model

3.3.1. Particle Content

The Supersymmetric Extension of the Standard Model with minimal particle content (SSM) is
given by the chiral and gauge supermultiplets shown in Tab. 3.1 and 3.2, respectively.

To understand the allocation of the SM fields to the supermultiplets it is important to
note that only chiral supermultiplets can accommodate fermions whose left-handed parts trans-
form differently under the gauge group than their right-handed parts. Hence, the left- and
right-handed SM fermions belong to different chiral supermultiplets and therefore have different
superpartners called sfermions. We have three generations, i = 1,2,3, of left-handed (right-
handed) squarks, i, dri (Up;, cZRi), which are the spin-0 superpartners® of the left-handed
(right-handed) up- and down-type quarks, respectively; the superpartners of the left-handed
(right-handed) charged leptons, the left-handed (right-handed) charged sleptons, (1; (¢g;); and
the sneutrinos, 7;, which are the superpartners of the neutrinos. It is conventional that all SM
fermions are described by left-handed Weyl spinors. Thus, we have given the conjugates of the
right-handed quarks and leptons in Tab. 3.1, which are left-handed spinors.

In Tab. 3.1 we observe, that we need at least two Higgs doublets to construct the SSM.
This is due to the fact, that the fermionic partner of a single Higgs doublet would lead to a
gauge anomaly of the electroweak symmetry [105]. With two Higgs doublets of opposite U(1)y
charge, cf. Tab. 3.1, the contributions to this anomaly cancel. Moreover, SUSY requires the
superpotential (see below) to be an analytic function of the chiral superfield. Thus we need two
Higgs doublets to be able to give mass to both the up- and the down-type quarks via the Higgs
mechanism.

The SM gauge bosons and their fermionic superpartners, the gauginos, reside in gauge su-
permultiplets, ¢f. Tab. 3.2. We have the bino, B?, the superpartner of the U(1)y gauge boson;
the neutral and charged winos, WO, W=, the superpartners of the SU (2) gauge bosons; and the
gluinos, g4, a = 1,...,8, the superpartners of the SU(3)¢c gauge bosons.

After electroweak symmetry breaking (EWSB), some of the fields in Tab. 3.1 and Tab. 3.2
will have the same quantum numbers and thus they can mix. In the case of lepton-number
conservation, we will have the following mixings [63, 106]:

e The bino and the neutral winos and Higgsinos mix and their mass eigenstates are called
neutralinos, YO, with n = 1,2,3,4 denoting an increasing mass hierarchy (i.e. ¥{ is the
lightest neutralino).

e From the mixing of the charged winos and higgsinos we get the charginos, )Zli, with [ =1,2.
Again, )ZI—L is the lighter mass eigenstate.

®Note, that the R and L chirality indices on scalar fields only distinguish between independent fields corre-
sponding to the superpartners of right- and left-handed fermion fields, respectively. In fact, since the sfermions
are spin-0 particles, they have no “handedness”.
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Field names superfield  spin 0  spin 1/2  SU(3)¢, SU(2)r, U(1)y

Qi (pidrs)  (upidrs) (3, 2, +1/6)
squarks, quarks i . t (3,1, ~2/3)
) at ub 1, —

(x3 families) _! {21 fz _
D; dp; dp; (3,1, +1/3)
sleptons, leptons L; (75 013) (vi lrs) (1, 2, —1/2)
(x3 families) o s . (1,1, +1)
H HYHy) (HYH[ 1,2, —1/2
g gm0 D) () (12172
H2 (HQ H2) (H2 H2) (15 2’ +1/2)

Table 3.1.: Chiral supermultiplets (with their gauge representation) of the SSM. ¢ = 1,2,3 is
the generation index.

Field names superfield spin 1/2  spinl  SU(3)c, SU(2)L, U(1)y

bino, B boson Vi B B (1,1,0)
winos, W bosons %) wE, wo wE wo (1, 3,0)
gluinos, gluons Vs Ja Ja (8,1,0)

Table 3.2.: Gauge supermultiplets (with their gauge representation) of the SSM.

e The squarks and sleptons in Tab. 3.1 are given in the flavor basis. These can mix between
different generations and between the left- and right-handed fields, leading in general to
6 x 6 mass matrices for each the sleptons, the down-type and the up-type squarks. How-
ever, the mixing between different generations of squarks and sleptons is highly restricted
by experimental bounds on flavor-changing-neutral-currents (FCNCs) [107, 108]. More-
over, the (squared) mass terms and trilinear scalar interactions® which lead to the mixing
between the left- and right-handed states within one generation are usually assumed to be
proportional to the respective SM fermion mass and Yukawa couplings, respectively, see
also Sect. 3.4. Thus, we will only consider L-R mixing for the third generation squarks
and sleptons. There, we will denote the mass eigenstates by #;, b, and 7, respectively, with
[ = 1,2 denoting the mass hierarchy as above.
In the SM, lepton number is accidentally conserved, i.e. lepton-number conservation is only
a consequence of gauge invariance and the SM particle content. However, as we will see in
Sect. 3.3.2, lepton-number is not protected by gauge invariance in the SSM and in fact can be
violated. In Tab. 3.1, we observe that the lepton and Higgs superfields have the same quantum
numbers after EWSB. Thus, if lepton-number is violated, the lepton and Higgs superfields can
mix. We will then have [17]
e Mixing between neutralinos and neutrinos given by a 7 X 7 mass matrix.
e Mixing between charginos and charged leptons. We will have a 5 x 5 mass matrix then.

e Mixing between charged sleptons and charged Higgs scalars by a 8 x 8 mass matrix. We
have one zero mass eigenstate which corresponds to a Goldstone boson of EWSB.

e Mixing between sneutrinos and neutral Higgs scalars. Assuming CP conservation, there
are two 5 X 5 mass matrices: One mixes the CP-even part of the sneutrino fields with

5These terms break supersymmetry explicitly. They will be discussed in Sect. 3.3.4.
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the CP-even Higgs fields, and the other mixes the CP-odd part of the sneutrino fields
with the CP-odd Higgs fields. The latter mass matrix possesses again a zero mass eigen-
state, corresponding to a Goldstone boson. The CP-even sneutrinos can get non-zero
vacuum-expectation-values (vevs) after EWSB. However, in order to avoid unphysically
large neutrino masses, these vevs must be small [17].

3.3.2. Superpotential and Proton Decay

In a renormalizable supersymmetric field theory”, the interactions and masses of all particles are
determined just by their gauge transformation properties and by the superpotential W, which
is a holomorphic function of the chiral superfields. With the field content given in Tab. 3.1, the
most general gauge invariant and renormalizable superpotential of the SSM is [109, 110]

Wssm = Wp, + Wy, (3.10)
Wp, = € [(YE)Z']‘L?H{)E]‘ + (YD)Z']‘Q;M:H{)D]‘J; + (YU)ijQ?xHQb(?jx + MH?HQI) , (3.11)

1 _ _ 1
Wy, = €ap [ixijkLng;Ek + N L¢QY Dy + ks LY HS | + + SemyA U DY Dy, (3.12)

where i, 7,k = 1,2,3 are generation indices, a,b = 1,2 are SU(2) indices and z,y,z = 1,2,3 are
SU(3) color indices. We follow the notation of [17].

We divided the superpotential, Eq. (3.10), into two parts®. The first part, Wp,, involves
the 3 x 3 Yukawa matrices for the leptons, Y g, down-quarks, Y p, and up-quarks, Y. These
give masses to the leptons and quarks after EWSB. p is the Higgs mixing parameter, which
contributes to the Higgs masses.

While these interactions conserve baryon- and lepton-number, the second part, Wy, contains
baryon-number-violating (BNV) and lepton-number-violating (LNV) operators. Expanded in
standard four-component Dirac notation, the trilinear interaction terms associated with the A,
N and A" couplings read, respectively

Luy5 = —hak (P62 + BTl + @) )8, — (i 0 7)) +he, (3.13)
L1.0,D, = zgk( Ld] dy + d dRVL + (dp)* (Vi)cdi

O] — @ Aty — (dR)*(6)°u]) + e, (3.14)
£0,0,5, = — 5N () B @h)° + (@) il )" + (@) () +he..  (3.15)

Here, the superscript ¢ denotes the charge conjugate of a spinor and the superscript * the
complex conjugate of a scalar field. We suppressed the summation over gauge indices. The
terms proportional to \”, Eq. (3.15), violate baryon number, whereas the terms proportional to
A, N and k, Eq. (3.13), Eq. (3.14) and the bilinear term in Eq. (3.12), violate lepton number.
In Fig. 3.3, we give some example Feynman diagrams, which arise from these interactions.

However, BNV and LNV terms can not be simultaneously present in the theory, otherwise
the proton will decay rapidly [111, 112, 113, 114, 115]. This is in contradiction with experiments

"Once we consider a broken supersymmetric field theory, the soft SUSY-breaking Lagrangian Lef must be
taken into account (see Sec. 3.3.4).
8The terminology of Ps and Ps will become clear in section 3.3.3.
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Figure 3.3.: Lepton-number violating (a,b,c) and baryon-number violating (d) interactions.
Diagram (a) corresponds to the third term in Eq. (3.13), (b) shows the sixth term
in Eq. (3.14), and (d) gives the third term in Eq. (3.15). The bilinear interaction
(c) is contained in the term x; L¢HY in Eq. (3.12).

Figure 3.4.: Proton decay P — 7’e* via non-vanishing couplings Ay, x A}, (left figure) and
P — K*v,.v.1, via non-vanishing couplings X123 X N1, (right figure).

[116, 117] and the proton lifetime [118] puts strict bounds on the products of BNV and LNV
couplings. In Fig. 3.4 we give an example for the proton decays P — Vet (left figure) and
P — K*v.v.i, (right figure), mediated by a non-vanishing product Xj;5 X A{;5 and A1z x Af},,
respectively. Non-observation of proton decay yields the following bounds on these coupling
products [115]:

100 GeV
Ai23 o] < 1071 (3.17)

e 2
N1\ o] S2x 10727 <7s> ; (3.16)

In Eq. (3.17) a common sparticle mass of 1 TeV was assumed. Hence, even for loop-suppressed
proton decays (e.g. right diagram in Fig. 3.4), the proton lifetime still puts a strict upper bound
on (all) products of LNV and BNV couplings. Since the Yukawa couplings A, X' and \” are
dimensionless parameters, it would be unnatural if they were extremely small but non-zero.
Thus we need a symmetry to prohibit either BNV or LNV.

3.3.3. Discrete Symmetries

One way to prohibit LNV or BNV, and thus protect the proton from its supersymmetric death,
is to introduce a discrete symmetry. The discrete symmetry has to be a remnant of a broken
gauge symmetry”, because otherwise, it will be broken by quantum gravity effects once gravity is
included [119]. Requiring the discrete symmetry to be consistent with an underlying anomaly-

9Discrete symmetries of this kind are called discrete gauge symmetries.
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3.3. The Supersymmetric Extension of the Standard Model

free’® U(1) gauge symmetry and to allow a Majorana neutrino mass term'! LLHyH,, only
three possibilities are left [113, 122, 123, 124, 125]: R-parity (R,), baryon-triality (Bs), and
proton-hexality (Pg). The most popular choice is the Zy-symmetry R, usually defined as:

o 1e2s+3BrL )+l for SM particles
Ry = (=1) N { —1 for SUSY particles (3.18)

Here, S, B and L denote the spin, baryon number and lepton number of a particle, respectively.
Consequently, all SM (SUSY) particles are even (odd) under R-parity. An equivalent symmetry
is matter-parity My

{H1, Ha} — {Hy, Ha},

{Li, EZ', Qi, Ui, Dl} — €2m/2{LZ’, E@', Qi, Ui, Dz} (319)
Both symmetries forbid all terms in Wy, Eq. (3.12). The minimal supersymmetric extension of
the Standard Model (MSSM) is given by the particle content of Sec. 3.3.1 and the assumption
of R, (or My). In the MSSM, an important phenomenological feature is that SUSY particles
can only be produced (and annihilated) pairwise. Once SUSY particles are produced, they will
decay into the lightest supersymmetric particle (LSP), which cannot further decay due to the
symmetry. Thus, it is a promising dark matter candidate. However, the latter requires the LSP

to be charge-, flavor- and color-neutral. Therefore, SUSY models with R-parity conservation
generally assume the lightest neutralino ¥ to be the LSP [91].

However, while these symmetries forbid all dimension-4 proton decay operators, the dimension-
5 proton decay operators QQQL and UUDUFE, both violating baryon- and lepton number, are
still allowed [17]. These operators lead to suppressed proton decay.

The second possible discrete gauge symmetry, baryon triality Bs, is defined by the following
Zs-transformation of the left-chiral superfields:

Qi — Qi
{H2, Dl} — 627Ti/3{H2, Dz},
{Hl,Ui,Li,Ei} — 64ﬂi/3{Hl,Ui,Li,Ei}. (320)
This symmetry prohibits the BNV operator UU D but allows the LNV terms in Wy, Eq. (3.12).

In addition, the dangerous dimension-5 proton decay operators, which were allowed by R-parity,
are forbidden by baryon triality.

Finally, we have the Zg-symmetry proton-hexality, which is isomorphic to the direct product
of matter parity and baryon triality, Ps = My X Bs:
Qi — Qi
{H\, U3, B} — ™/5{H,,U;, By},
Li — 687ri/6LZ',

{Hy, D} — €'"/%{ Hy, D;} (3.21)

“Note, that anomalies can be cancelled by the introduction of new fields, see e.g. [120, 121]. We shall not
consider this possibility here.

"' The non-renormalizable five-dimensional operator LLH>Hs violates lepton-number by AL = 2. It is neces-
sary for the generation of neutrino masses in models, which prohibit lepton number violation at the renormalizable
level.
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Proton hexality has the same phenomenological consequences as R-parity, but forbids the dan-
gerous dimension-5 proton decay operators.

In order to forbid proton decay, one might want to only forbid the LNV terms and allow the
BNV term UDD in the superpotential via a discrete symmetry called lepton parity. However, it
turned out that this discrete symmetry is not consistent with the requirement that it has to be
a remnant of a broken anomaly-free gauge symmetry [17]. Thus, from this point of view, lepton
number violation seems to be favored over baryon number violation.

Finally, we want to note that both Bs and Pg treat quark and lepton superfields differently.
In grand unified theories (GUTSs) this is unnatural'?. However, there are string models which
can successfully incorporate both lepton- and baryon-number violation [126]. Concerning proton
decay, there is no preference between Pg and Bs. However, lepton-number-violation will have
some important phenomenological consequences, as discussed in Sec. 3.4.3.

3.3.4. Supersymmetry breaking

A realistic phenomenological model must contain supersymmetry breaking, since SUSY particles
with equal mass as their SM partners are ruled out by experiment. We expect supersymmetry
to be spontaneously broken. In this way, supersymmetry is hidden at low energies analogous
to the electroweak symmetry in the SM. However, there is no consensus on exactly how the
SUSY breaking should be done and many models of spontaneous symmetry breaking have been
proposed. For phenomenological studies, it is very useful to parametrize our ignorance of these
issues by adding extra interaction terms to the supersymmetrized SM Lagrangian, which break
supersymmetry explicitly. The SUSY-breaking couplings should be soft (i.e. of positive mass
dimension) in order not to reintroduce quadratic divergencies in quantum corrections to scalar
masses, which would spoil the natural solution of the hierarchy problem. The most general form
of explicit SUSY-breaking consistent with Ps and the minimal particle content of the SSM is'3
[127, 128]

I L A
b, = <§M1BB + 5 MWW + 2 Msgg + h.c.> +m%, HHy +m%, H}H,
+L(m2);;L; + Ef (m3);; E; + Ql(m});;Q; + U} (m%)i;U; + D) (md)i; D;

|:—BH1H2 + (hE)Z_]-ElHlE:] + (hD)ijQiHll:)j + (hU)ijQiHQﬁj + hC] . (322)

Here, F € {Q, (:], 117, E:, fl} denotes the scalar component of the corresponding chiral superfield,
cf. Tab. 3.1. We sum over repeated (generation) indices while we have suppressed the summation
over the gauge indices.

In the first row we have the mass terms for the gauginos and the Higgs scalars. M7, Ms and
M3 refer to the masses of the bino, the three winos and the eight gluinos, respectively. In the
second row, we have the soft breaking scalar masses, mFQ, of the corresponding scalar fields F.
The last row contains the scalar interactions that correspond to the Yukawa couplings in the
superpotential, Eq. (3.11). The first (bilinear) interaction contributes to the Higgs masses while
the three trilinear scalar interaction terms contribute to the slepton and squark masses. After

2See e.g. Ref. [17] for a discussion of the GUT gauge groups SU(5) and SO(10).
13Tt is clear by looking at Eq. (3.22), that [,:g’ft breaks supersymmetry, since it involves only fields without
their superpartners.
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EWSB, these terms mix the left- and right-handed sleptons and squarks. The soft-breaking
scalar masses as well as the trilinear scalar interactions are 3 x 3 matrices in generation space.

With the supersymmetrization of the SM, there are (except for extending the Higgs sector)
no additional parameters introduced. However, Efgft, Eq. (3.22), comes along with 105 new
parameters, which have no counterpart in the SM. Thus, the Psg-SSM contains 124 independent
parameters (including the SM parameters) [128]. In this extensive parameter space, phenomeno-
logical studies are very difficult. Thus we will need a guiding principle to reduce the amount of

free parameters. We will address this issue in Sect. 3.4.
If the baryon- and lepton-number violating terms in Eq. (3.12) are allowed, we also need to

add the following bilinear and trilinear interactions to the soft-breaking Lagrangian, Eq. (3.22),
[17]:

_ﬁsl,?gft = _biiiH2 + (hEk)z’jEz‘EjEk + (th)ijf/inDk + (hUi)ijiDjDk + h.c.]
+LIm3 | Hy + H(m}, ;)L (3.23)

In the first row, we have the mass dimension two bilinear couplings D; and the mass dimension
one trilinear couplings (hgr)ij, (hpr)i; and (hyi)jg, which are the soft-breaking analogue of
the bilinear and trilinear couplings x;, Ajg, )\;jk and )\;’]k of the superpotential, Eq. (3.12),
respectively. The terms in the second row are mass terms, which contribute to the slepton-

Higgs mass matrices.

If baryon- and lepton-number violation are allowed, we get 48 new parameters in the su-
perpotential Wy, Eq. (3.12), and again more than 100 new parameters from the soft-breaking
terms in Eq. (3.23) in addition to those of the Pg-SSM.

3.4. Minimal Supergravity (mSUGRA)

3.4.1. Phenomenological motivation

Fortunately, there exists already experimental evidence for an underlying organizing principle
that governs the soft SUSY breaking. Following this principle, the overwhelming amount of free
parameters introduced in Eq. (3.22) can be significantly reduced.

In order to have a real Lagrangian, the slepton and squark mass matrices in Eq. (3.22) need
to be hermitian. We might generically assume that the generational diagonal and off-diagonal
matrix elements in Eq. (3.22) have the same order of magnitude. However, assuming that the
SUSY breaking is < O(1 TeV), the large generational off-diagonal matrix elements would lead to
large flavor-changing-neutral-currents (FCNCs). These are in contradiction with experimental
observations [107, 108], and thus, the low-scale SSM would be phenomenologically excluded. For
instance, the matrix elements which couple the scalar electron (selectron) to the scalar muon
(smuon) are strongly constrained by the non-observation of the process p — ey [107, 129, 130].
In the squark sector, experimental constraints from meson-antimeson mixing like K° — KV,
DY — DY and B® — BY mixing and rare processes like b — s strongly restrict the magnitude
of the generational off-diagonal masses [107, 131, 132, 133, 134]. Note that bounds involving
third-generation fields are in general less restrictive than those involving only fields of the first
and second generation.

In principle, the Ps SSM may also introduce 40 additional physical phases [135], which all
introduce CP-violating effects. Again, these phases are strongly restricted by experimental
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observations, mainly from electric dipole moments (EDMs) [118, 107, 132, 134, 136, 137, 138,
139, 140, 141, 142].

All of these potentially dangerous flavor-changing and CP violating effects in the SSM can be
avoided by assuming that supersymmetry breaking is universal, i.e. we assume that at the weak
scale, My, the squark and slepton squared-mass matrices are flavor-blind, each proportional to
the 3 x 3 identity matrix in family space:

:m%x]l, mZ =m% x 1, m% =m% x 1, m%2 =m2 x 1, m4 =m% x 1. (3.24)

m B B fa) 0 O U D D

2
L
Note that also other solutions exist [143, 144, 145, 146, 147, 148].

The trilinear scalar couplings hg, hp and hy in Eq. (3.22) couple left- and right-handed
fields to each other. Thus, after EWSB, they will also contribute to the squark and slepton
mass matrices and may induce large FCNCs. This can be avoided if we choose

hE:AE XYE, hD :AD XYD, hU :AU XYU, (3.25)

1.e. we assume that the trilinear couplings are proportional to the respective Yukawa coupling
matrix at Myz. In this way, their contributions are only significant for the third generation.

3.4.2. The P; mSUGRA model and its mass spectrum

As already mentioned in Sect. 3.1, a strong motivation for SUSY is the gauge coupling unification
at a scale of O(10'® GeV). Assuming the SSM is embedded into a grand unification theory
(GUT), the gauginos can naturally have equal masses at the GUT scale, Mgur, cf. Eq. (3.22),
because they are all in the same representation of the unified simple gauge group [54, 149, 150].
We thus have

My = My = My = M1/2 at Mcaur. (3.26)

In this context, it seems natural to rather assume the boundary conditions, Eq. (3.24) and
Eq. (3.25), at Mgyur. Furthermore, we can simplify the model by assuming'* an universal
soft breaking scalar mass, My, for all the sfermions and Higgs fields and an universal trilinear
interaction, Ag, i.e.

m%:m

7 = m% =mZ = m% =my, =mi, =M at Mcur, (3.27)

D
Ap=Ap = Ay = Ay at Maur. (3.28)

S

The only missing ingredient for a complete model is the parametrization of the Higgs sector.
A convenient choice are the parameters tan 8 and sgn(u), where tan 5 = (Hy)/(H;) is the ratio
of the vevs of the two Higgs doublets and sgn(yu) is the sign of the Higgs mixing parameter ,
cf. Eq. (3.11). The magnitude of x and the corresponding soft breaking coupling B, ¢f. Eq. (3.22),
are derived from EWSB, i.e. from the minimization of the scalar potential [152].

With these simple assumptions at the GUT scale, we reduced the more than 100 parameters

4Note that, due to the RGE running, the scalar masses and trilinear interaction are in general not universal
at Mz, which can lead again to FCNCs. However, these are small and consistent with experimental observations
as long as Ps is conserved [151]. If Ps is violated, we need to make sure that the FCNCs are not too large. This
will be done throughout this thesis.
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Figure 3.5.: RGE running of the slepton (red lines), squark (blue lines) and gaugino (black
lines) soft-breaking masses from Mgyt to Mz. Also shown is the running of the
quantities (u? + m%,l)l/2 and (p? + m%b)l/Q. The latter runs negative, provoking
electroweak symmetry breaking. This figure is taken from Ref. [58]. Note the
slightly different notation, where Hy = Hy and H, = H>.

of the P SSM to only five:
Mo, My, Ao, tan B, sgn(p). (3.29)

This well-motivated and strongly restricted model for the SSM is known as the minimal super-
gravity (mSUGRA) model'®. In the class of supergravity models [78, 79, 80, 81, 82, 83, 84], SUSY
is a local symmetry and the theory can thus incorporate gravity. By imposing certain simpli-
fying assumptions about the supergravity Lagrangian, we also obtain the minimal supergravity
model [153, 154, 155, 156]. Thus, this model is also well motivated from a purely theoretical
side.

We obtain the (experimentally accessible) particle mass spectrum at Mz by evolution of the
RGEs, cf. also Sect. 2.4. This is demonstrated in Fig. 3.5, where we show the running of the
scalar and gaugino soft breaking masses from Mgyt to My for a typical mSUGRA model. The
input parameters at Mgyt are My = 80 GeV, M; /5 = 250 GeV, Ay = =500 GeV, tan 8 = 10
and sgn(p) = +. The running gaugino masses (black solid lines) are labeled by M;j, My and
Ms. For the squarks (blue lines) and sleptons (red lines), the dashed lines give the third family
soft breaking masses while the solid lines correspond to those of the first and second family.
Furthermore, the figure shows the running of the quantities (2 + m%{l)l/ 2 and (pu? + m%b)l/ 2
labeled by H; and H,, respectively, which appear in the Higgs potential. The figure is taken
from Ref. [58].

We observe in Fig. 3.5, that the squarks and sleptons evolve very differently, i.e. although
they have the same mass at Mgur, the squarks are much heavier than the sleptons at M.
This can be understood, if we look at the dominant one-loop contributions to the RGEs for the

5This model is sometimes also denoted as the constrained minimal supersymmetric standard model (CMSSM),
since the SUSY breaking does not necessarily have to be mediated by gravity.
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squared slepton and squark soft breaking masses of the first two generations (i = 1,2) [17]

d(mg2);; 24
16%2% = - ( g |2 - —ng> (3.30)
d(mz2);
1622 ( FIM + 6 M + gls) (3:31)
d(mg2);; 32 32
16772M Z2|M)? + —g§|M3|2 + —g%S , (3.32)
dt 15
d(mg?);; 8 32
162 2mD )i —gi|M|? + —g§|M3|2——g%S (3.33)
dt 15
d(m~2)u 2 392 1
1602 —2 M % 4 662 M| + 2 62| Ms|? — —¢2S 3.34
n2 20 (159\ P+ 6P + 2R - 2aiS), (339
with
S = Tr[mQQ — miQ — QmﬁQ + m]~32 + mEZ] — m%l + m%b. (3.35)

Here, g1, g2 and g3 are the U(1)y, SU(2) and SU(3)¢ gauge couplings, respectively, and ¢ = In @
with @) the renormalization scale. For universal scalar masses, S is identical to zero at Mgyr.
Furthermore, the coefficient of the S term is smaller compared to the M7, M3 and M3 terms.
Thus, the main contributions come from the terms proportional to the gaugino mass squared,
M3, M3 and M2, and the right hand side of Eqs. (3.30)-(3.34) is negative at every scale.

Evolving the RGEs from Mgyt down to My, the negative slope in the RGEs increases the
slepton and squark masses, as we can observe in Fig. 3.5. The proportionality to different gauge
charges in Eqgs. (3.30)-(3.34) leads to the various magnitudes of the slopes. They are largest for
the strongly interacting sparticles and therefore, the squarks are much heavier then the sleptons.
There is also a mass splitting between left- and right-handed sleptons, which can be explained in
a similar way: The right-handed sleptons only couple via their U(1)y gauge charges whereas the
left-handed sleptons also couple via their SU(2) gauge charges and thus get larger contributions
from the gaugino masses. Therefore, the left-handed sleptons are heavier than the right-handed
sleptons.

The third generation squarks and sleptons are generally lighter then the first and second
generation masses. This has the following reason: The Higgs-Yukawa interactions for the third
generation are roughly as strong as the gauge interactions. Therefore, they significantly con-
tribute to the RGEs of the third generation sparticles. For instance, the dominant contribution
to the RGE of the right-handed (soft breaking) stop mass squared is [17]

d(mg?)33 32 32
1672 U _ 210012 4+ 2202 Mal?
o2 SRS (BRI + AP + 5ot
+(Y0)3s [4(mﬁ2)33 +4(mg?)33 + 4m%{2] + 4(hy)3s, (3.36)

with (hy)ss = (Yu)ss X Ag at Mgur. In contrast to Eq. (3.32), the large top-Yukawa coupling,
(Y1)s3, and the corresponding trilinear scalar interaction, (hy)ss, additionally affect the running
of the right-handed stop mass. These new terms in Eq. (3.36) are always positive and therefore
tend to decrease the stop mass going from Mgyt to Myz. Thus, the third generation sfermions are
in general lighter than those of the first and second generation. Furthermore, we can have large
mixing between left- and right-handed eigenstates for the third generation, which additionally
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decreases the mass of the lighter mass eigenstate.

The up-type Higgs doublet Hy also couples directly to the top-Yukawa sector. This leads
to a large decrease of the up-type Higgs mass parameter, mp,, going from Mgyt to Mz,
cf. Fig. 3.5. The quantity (u? + m%b) even runs to negative values at the electroweak scale
O(10% GeV). This effect leads to radiative electroweak symmetry breaking [90]. Thus, the large
top-Yukawa coupling induces a dynamical breakdown of the electroweak symmetry. By fixing
tan 8, Eq. (3.29), the magnitude of the Higgs mixing parameter p and the corresponding soft
breaking coupling B are obtained from the minimization of the scalar Higgs potential [152].

In Fig. 3.5 we observe the mass ordering of the gauginos, My < Ms < Mj3 at M. This is
because the RGEs for the three gaugino mass parameters are determined by the same coefficients
b;, which describe the running of the gauge couplings [157]:

dM;
1672 dtZ:Qbingi, with b = {33/5,1, -3}, (3.37)

for the gauge group index ¢ = 1,2,3. As for the gauge coupling g3, cf. Sect. 2.5, the mass of
the SU(3)¢ gaugino, Ms, increases due to the negative coefficient b3 when going from Mgyt
to Mz. In contrast, the masses of the bino, M7, and winos, M, decrease. At every scale, the
gaugino masses are related (up to small two-loop effects) by [157]

My _ My  Ms My

T2 T T2 T T2 T 9 )
91 93 93 dcur

(3.38)

with the universal gauge coupling ggur =~ 0.71 at Mgur. This relation directly implies M3 :
My : My ~7:2:1at My.

From Fig. 3.5, we expect the LSP to be the lightest neutralino, ¥{. For the mSUGRA
parameters of Fig. 3.5, we obtain M; = 95 GeV, My = 190 GeV and p = 440 GeV at My.
Thus, the mixing between the bino with the wino and the Higgsinos is small [106]. For many
mSUGRA models we can approximate the gaugino masses in terms of the universal gaugino
mass M/, [158, 159],

i.e. the (second) lightest neutralino, ¥ (¥3), is bino-like (wino-like) and its mass is approximated
by the bino (wino) mass parameter M; (Ms) at the weak scale.

The next-to-LSP (NLSP) is a slepton. This must be the lighter (mostly right-handed) scalar
tau (stau), 71, due to influence of the tau-Yukawa coupling and the L-R stau mixing. However,
by increasing M /2, the mass of the (bino-like) Y{ increases faster than the (mostly right-handed)
71 mass [158, 159]. Thus, at some point, the 7; becomes the LSP instead of the Y. Note, that
increasing the value of tan 8 can also lead to a 71 LSP, since it both increases the magnitude of
the tau-Yukawa coupling and the L-R mixing [158, 21, 12, 20]. In Py conserving supersymmetric
models, scenarios with a 71 LSP are usually ignored, because the LSP is stable and thus needs
to be charge and color neutral for cosmological reasons [91]. In this case, searches at the Large
Electron-Positron Collider (LEP) at CERN restrict the LSP to be the lightest neutralino [160].
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3.4.3. The Ps violating mSUGRA model

In Sect. 3.4.1 and 3.4.2 we discussed the mSUGRA model and its sparticle mass spectrum at My
in the case of conserved Ps. We now want to extend our discussion to the Py violating mSUGRA
model'®, which incorporates lepton or baryon number violating interactions, Eq. (3.12) and
Eq. (3.23). This model was proposed in Ref. [17]. It contains the six parameters

Mo, Mo, Ao, tanf, sgn(u), A, (3.41)
with

i.e. we assume one additional (real) trilinear coupling at Mgur. Analogous to Eq. (3.25) and
Eq. (3.28), we also have one non-vanishing Pgs term in the soft-breaking Lagrangian, Eq. (3.23),
namely hy = Ag x A at Mgyr. In this model, the more than 200 parameters of the Ps SSM
are reduced to only six, which allows for detailed phenomenological studies.

In this model, the bilinear Py operators, cf. Eq. (3.12), are naturally rotated away at Mgyt
by a redefinition of the lepton doublet superfields L; and the down-type Higgs doublet Hy [17].
However, given a non-zero A\ or \ together with p # 0 at Mgur, non-zero bilinear terms
k; are generated at My [161, 162, 163]. These terms lead to mixing between the neutrinos
and neutralinos resulting in one non-zero neutrino mass at tree-level [92, 164, 165]. The other
neutrino masses are generated at loop-level [94, 96, 166]. Note, that the upper cosmological
bound on the sum of neutrino masses, i.e. Y m,, < 0.40 eV at 99.9% confidence level (C.L.),
determined by the Wilkinson Mircowave Anisotropy Probe (WMAP) [167] and Large Scale
Structure (LSS) data [168], implies upper bounds on the A and X' couplings [17, 166].

In general, experimental bounds on products of two different Pg couplings are stronger than
bounds on single couplings [115, 169, 170]. Therefore, a single dominating A coupling is phe-
nomenologically well motivated!”. However, through the coupled RGEs, one Ps coupling at
Mgyt will generate additional Ps couplings at My [17, 161, 162, 163, 171, 172, 173].

In contrast to the Pg SSM, the additional LNV and BNV interactions in the Pg SSM,
Eq. (3.12), generally allow for the single (resonant) production of sparticles at lepton collid-
ers [174] as well as hadron colliders [15, 175, 176, 19]. Furthermore, the LSP decays into SM
particles'®. Thus, in principle, every sparticle is allowed to be the LSP, i.e. a 7 LSP is equally
well motivated as a )2(1) LSP [17, 18]. In addition, the RGEs get new Pg contributions which can
affect the running of the sparticle masses in a significant way [17, 21], ¢f. also Sect. 4.1. Thus,
other LSP candidates exist besides the 7, and the Y!. Restricting ourselves to the B3 mSUGRA
model, the possible LSP candidates are [12]

X1, €r, i, 71, Ui, (3.43)

where ér and [ir denote the right-handed scalar electron (selectron) and scalar muon (smuon),
respectively. At colliders, supersymmetric particles, once they are produced, will typically decay
instantaneously on collider time scales down to the LSP. Therefore, the nature and possible decay

161f only lepton number is violated, we also denote the model as Bs mSUGRA, cf. Sect. 3.3.3.

1"Note, that the SM also has a strong hierarchy of the Higgs Yukawa couplings.

8 Thus, the LSP is not a dark matter candidate in the Ps violating SSM. In order to account for dark matter,
other candidates, such as the axino [177, 178, 179, 180, 181], gravitino [182, 183] or the lightest U-parity particle
[184, 185], have to be considered.
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3.4. Minimal Supergravity (mSUGRA )

properties of the LSP are an essential ingredient for all SUSY signatures [17, 186, 187]. Scenarios
with a neutralino LSP have been studied extensively, see e.g. Ref. [13, 14, 15, 16]. More recently,
the stau LSP [17, 18, 19, 20] and the sneutrino LSP [21] have been considered. In this thesis,
we investigate in detail the case of a ér or jip LSP.
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4. Selectron and Smuon as the lightest
supersymmetric particle (LSP)

In this chapter, we investigate the conditions which lead to a selectron or smuon LSP within the
Bs mSUGRA model. For this, we study the RGE running of the right-handed slepton mass of
the first and second generation. We find a strong Ag dependence in the running, which we study
in detail. Then, we discuss the selectron and smuon LSP parameter space, the corresponding
experimental constraints and possible mass hierarchies of the supersymmetric particles.

4.1. Renormalization group evolution of the right-handed
slepton mass

In order to understand the dependence of the ¢ mass! at My on the boundary conditions at
Mcut, we take a closer look at the relevant RGEs. As mentioned in Sect. 3.4.3, the RGEs in
B3 mSUGRA receive additional contributions from the LNV terms in Eq. (3.12). The dominant
one-loop contributions to the running of the right-handed slepton mass are [17]

d(m?2
(me'};) 2%

1672 = ——91!M1\2 + 915 +2X7 [2(mg )i + 2(mg?)j5 + (mg?)ak] + 2(hgx)3;
(4.1)
with
(hEk)ij = Aijk x Ag at Mgur. (4.2)

Here, (hgk);; is the trilinear scalar soft breaking coupling corresponding to Ak, cf. Eq. (3.23).
We neglected the contributions from the Higg-Yukawa couplings, since these are only important
for the third generation sfermions, cf. Sect. 3.4.2.

The first two terms on the right-hand side in Eq. (4.1) are also present in the Ps conserving
mSUGRA model, ¢f. Eq. (3.30). As discussed in Sect. 3.4.2, the sum of these two terms is
negative at any scale and thus leads to an increase in mg, while running from Mgyt to Mz.

The remaining contributions are proportional to A%, S, and (hgx)ij; the latter implies also a
proportionality to )\i 1 at Mgur, cf. Eq. (4.2). These terms are positive and will therefore reduce
Mg, when going from Mgyt to Myz. They are new to the Bg mSUGRA model compared to
P conserving mSUGRA. We can see from Eq. (4.1), that if the LNV coupling is roughly of the
order of the gauge coupling g1, i.e. Ajji 2 (’)(10 2), these terms contribute substantially. Then,
the /p mass may become lower than the ) and 7 mass at My, leading to a (r LSP scenario.

'We consider only the first two generations of sleptons, i.e. ZR € {ér, ir}-
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4. Selectron and Smuon as the lightest supersymmetric particle (LSP)

L;L;E}, coupling A LSP candidate 20 bound (at Myz)

A121 er 0.03 - (Mg, /100 GeV)
A131, A231 R 0.05 - (Mz, /100 GeV)
A132 LR 0.05 - (M, /100 GeV)

Table 4.1.: List of LiLjEk couplings needed to generate a ér or fip LSP. The third column
gives the most recent experimental bounds (95% C.L.) on A, taken from Ref. [170].
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Figure 4.1.: Masses of ég, X\, 71, T2, Vr, fir, and v, at Mz as a function of A231 at Mgur.
The other mSUGRA parameters are My = 150 GeV, M, = 500 GeV, 4y =
—1000 GeV, tan 8 = 5 and p > 0. The yellow region corresponds to valid ég LSP
scenarios. The gray patterned region is excluded by the experimental bound on
)\231, Cf. Tab. 4.1.

The respective LZ-L]'E;C couplings A, which can lead? to a ér or a fir LSP, are given in
Tab. 4.1 with their most recent experimental 20 upper bounds [170]. These bounds scale with
the mass of the respective right-handed slepton mass and apply at the weak scale, where the
physical process occurs. Due to its RGE running, A at My is roughly 1.5 times larger than A
at Mgyt [161, 171].

In Fig. 4.1 we demonstrate the impact of a non-vanishing coupling Aes1|guT on the running
of the ér mass. We employ SOFTSUSY 3.0.13 [188, 189] for the evolution of the RGEs. We
have chosen a fairly large value of Ag = —1000 GeV. The other mSUGRA parameters are
My = 150 GeV, My, = 500 GeV, tan3 = 5 and p > 0. In the R-parity conserving case,
corresponding here to Ago3; = 0, the )2(1] is the LSP and the 77 is the NLSP. The ér mass
decreases for increasing A231, as described by Eq. (4.1). Furthermore, the masses of the left-
handed? second and third generation sleptons, fir, 72, and sneutrinos, U, Ur, decrease, since

2In principle, X212 and a3z could also lead to a jir LSP. In general, these couplings generate tree-level neutrino
masses that violate the neutrino mass bounds [167] in the case A > O(1072). Note however, that at certain Ao
values, the corresponding tree-level neutrino mass can vanish [166], which reopens the possibility of a ir LSP
generated via these couplings.

3In most mSUGRA scenarios, the heavier stau, 72, contains a large left-handed component.
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4.2. Ay dependence

these SU(2) doublets couple directly via Ag3;. Hence, Ag31 contributes substantially4 in their
RGEs. In contrast, the mass of the X} is not changed, since it does not couple to the Aa3;
operator at one loop level. Also, the impact on the mass of the 71, which is mostly right-handed,
is small. We therefore obtain for this mSUGRA parameter set with Aos;|gur = 0.05 a new LSP
candidate, namely the right-handed selectron. Due to the experimental upper bound on o3y,
cf. Tab. 4.1, the gray pattered region with Ao31|guT > 0.064 is excluded at 95% C.L.. In Fig. 4.1,
the allowed ér LSP region is marked in yellow. Note, that the valid parameter region with a ép
LSP becomes larger once we consider scenarios with heavier sparticle masses. Moreover, once
we go beyond the mSUGRA model and consider non-universal masses, a ég LSP can also be
obtained without the RGE running effect discussed here. Then, ér LSP scenarios can exist with
much smaller R-parity violating couplings. Basically, the collider study we present in this thesis,
cf- Chapter 5, also applies to these more general (r LSP models, provided that we still have a
dominant LiLjEk coupling.

We can obtain a ég LSP (g LSP) with a non-zero coupling Aj21 or A\i31 (A132) at Mgur
in a completely analogous way. We conclude this discussion by pointing out, that we need a
L;L;E), coupling A > O(107?) to obtain a {r LSP (of flavor k). In the following, we investigate
which other conditions at the GUT scale allow a {p LSP within By mSUGRA. Therefore, we
study in the next section in detail the Ay dependence of the running (r mass. Then, we present
two dimensional Bs mSUGRA parameter scans with £z LSP regions in Sect. 4.3.

4.2. Ay dependence

We now show that a large magnitude of a (negative) Ay enhances the negative contribution to
the mj, Mmass, which originates from a non-vanishing \;;jx|quT coupling, as shown in the last
section. The discussion is similar to the case of a sneutrino LSP, see Ref. [21].

According to Eqgs. (4.1) and (4.2), Ap enters the running of m;_ via the By soft-breaking
trilinear scalar coupling (hgx );;. Astis decreased, the (hgxk);j-term gives a negative contribution
to my, . Its full contribution is proportional to the integral of (hEk)?j over t, from tyin = In(My)
t0 tmax = In(Mgur).

In Fig. 4.2 we show the running of the trilinear coupling (hgx);; [Fig. 4.2(a)] and the resulting
running for (hEk)?j [Fig. 4.2(b)]. We assume a non-vanishing coupling A;jx|cur = 0.1 and a
universal gaugino mass M, = 1000 GeV. Different lines correspond to different values of Ay.
The dominant contributions to the RGE of (hgx);; are given by [17]

d(hEk)ij

1672
T

9 18
= —(hEk)Z’j [gg% + 3g%:| + )\ijk [Eg%Ml + 6g§M2 . (4.3)
The running is governed by two terms with opposite sign in Eq. (4.3), one proportional to (hgx );;
and one proportional to A;j;. In contrast to the sneutrino LSP case, cf. Ref. [21], the running is
independent of the strong coupling g3 and the gluino mass Ms.

According to Eq. (4.2), the sign of the term proportional to (hgk);; in Eq. (4.3) depends on
the sign of Ag. At Mgur, this term is positive (negative) for negative (positive) Ag. Hence, for
positive Ag, the term proportional to (hgk);; increases (hgx);; when we run from Mgyt to Mz.
Note, that the gauge couplings ¢g; and go decrease when going from Mgyt to M.

“However, these contributions are always smaller than those to the right-handed slepton mass [17]. Thus, the
left-handed sleptons and sneutrinos cannot become the LSP within B3 mSUGRA with a non-zero A, coupling.
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4. Selectron and Smuon as the lightest supersymmetric particle (LSP)
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Figure 4.2.: Running of (hgx);; (left) and (hEk)?j (right) from Mgyt to Mz for different values
of Ag, given by the legend in Fig. 4.2(b). At Mgy, we choose M, /5 = 1000 GeV

and )‘ijk =0.1.

Assuming \;;i, to be positive, the second term is always positive and thus decreases (hgx);;
when running from Mgyt to Mz. The A;;, coupling increases by roughly a factor of 1.5 when
we run from Mgyt to Myz. However, at the same time, the gaugino masses M7 and My as well
as the gauge couplings ¢g; and go decrease. Therefore, this term gets relatively less important
towards lower scales.

Now, we can understand the running of (hgk);; in Fig. 4.2(a). Given a positive Ay (red
lines), both terms in Eq. (4.3) have opposite signs and are thus competing with each other,
leading only to a small change in (hgk);; during the running. Moreover, due to the running of
the gauge couplings and gaugino masses® both terms decrease when we run from Mqur to M.
In contrast, if we start with a negative Ay (black lines), both terms give negative contributions
to the running of (hgk);;. Still, the contribution from the A;j; term in Eq. (4.3) decreases,
however, the contribution from the term proportional to (hgx);; does not necessarily decrease
when running from Mgyt to Mz. Thus, for negative Ao, (hgk);; decreases with a large slope.

Recall from Eq. (4.1), that m? is reduced proportional to the integral of (hEk)?j over t.
R

Thus, according to Fig. 4.2(b), a negative value of Ay leads to a smaller mg, compared to a
positive Ay with the same magnitude.

4.3. Selectron and Smuon LSP parameter space

In this section, we present two dimensional B3 mSUGRA parameter regions which exhibit a I
LSP. As we have seen in Sect. 4.1, the running of the £z mass is analogous for the first and second
generation, i.e. the only difference in the running of the ér and jir mass is the dependence on
the specific choice of the dominant L;L;Ej, operator. Therefore, we only study here the case of

°In the term proportional to (hgk)ij, the factor including the gauge couplings generally decreases faster than
(hgk)i; can grow, assuming a physical parameter point with positive Ag.
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4.3. Selectron and Smuon LSP parameter space
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Figure 4.3.: Mass difference, AM, between the NLSP and LSP in the M/, — My plane. The
other B3 mSUGRA parameters are Ag = —1250 GeV, tan s = 5, sgn(p) = +
and Aosg1|gur = 0.045. The LSP candidates are explicitly mentioned and their
LSP regions are separated by the white dotted lines. The solid gray region on
the bottom left corresponds to models which are excluded due to the bound on
Aos1, ¢f. Tab. 4.1. The green contour line indicates the SUSY contribution to the
anomalous magnetic moment of the muon, 5aEUSY. Models left of this contour

line lie within the 20 window for 5aEUSY, cf. Eq. (4.4).

a ér LSP with a dominant coupling Ao3;. We can obtain the fip LSP region by the exchange of
the couplings Ao31 — A132.

In Fig. 4.3 we show a typical B mSUGRA parameter region with a €g LSP in the M, 5 — M
plane. We have chosen a negative value of Ay with a fairly large magnitude, Ag = —1250 GeV.
The other parameters are tan 5 = 5, sgn(u) = + as well as Ag3; = 0.045 at the GUT scale.
We observe that the ér LSP lives in an extended region in the Bs mSUGRA parameter space.
Competing LSP candidates are the lightest stau, 71, and the lightest neutralino, xJ. The solid
gray region at low values of Mj/; and My corresponds to scenarios with ég masses < 135 GeV.
These models are excluded by the experimental upper bound on the 931 coupling, cf. Tab. (4.1).
The green contour line indicates the lower value of the 20 window of the SUSY contribution to
the anomalous magnetic moment of the muon [37, 38],

11.9 x 107" < 64375 < 47.1 x 10719, (4.4)

1.e. parameter points left to the green line lie within the 20 window and thus may explain the
discrepancy between the SM prediction and the observed value of a,,.
Furthermore, the entire displayed region fulfills the 20 constraint from the branching ratios

of the flavor-changing-neutral-current (FCNC) decay b — sy [190],

3.03 x 107* < B(b — s7) < 4.07 x 107%, (4.5)
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4. Selectron and Smuon as the lightest supersymmetric particle (LSP)
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Figure 4.4.: Mass difference, AM, between the NLSP and LSP in the Ay — M, 5 plane with
Bs mSUGRA parameters My = 90 GeV, tan 8 = 4, sgn(u) = + and Aasi|gur =
0.045. The patterned regions are excluded by the LEP Higgs bound, Eq. (4.7).
The white dotted line separates ép LSP scenarios with different mass hierarchies
Mz, < Mz, < My (top) and Me, < My < Mz, (bottom).

and the 95% C.L. upper limit for the FCNC decay BY — p*pu~ [191],
B(B? = utp™) < 3.6 x 1078, (4.6)

We employ micrOMEGAs2.2 [192] to calculate 5aﬁUSY, B(b — s7v) and B(B? — pu~). Also,
we employ the 95% C.L. lower LEP exclusion bound on the light Higgs mass mo0 [193],

mpo > 114.4 GeV. (4.7)

However, we reduce this bound by 3 GeV to account for numerical uncertainties of SOFTSUSY
3.0.13 [188, 189] which we use to calculate the SUSY and Higgs mass spectrum.

In Fig. 4.3 the ér is nearly mass degenerate with the 7;. However, the mass difference
between the 71 and the ér depends on My 5. We observe a 71 LSP at small values M/, <
370 GeV, while the ég is the LSP for larger values of M;/,. Increasing M;/, enhances the
(hEk)?j contribution in the running ér mass since the gaugino masses M; and My enter the
RGE of (hgk)ij, cf. Eq. (4.3). Furthermore, the 7 mass receives larger contributions from M;
due to its left-handed component, cf. Eq. (3.30)-(3.31). Thus, at larger values of My, the
mass difference between the 7; and the ép is larger®. The masses of the scalar particles strongly
increase with My, while the mass of the (bino-like) neutralino is nearly unaffected by My. Thus,
a large value of My leads to a Y LSP.

The parameter region in Fig. 4.3 is particularly interesting, because it contains ép LSP
models with a significant contribution to the anomalous magnetic moment of the muon, a,.
These models have a light sparticle mass spectrum with € masses of about 140 — 150 GeV and
can be already tested with existing data from the Tevatron experiments, as we will show in

SA larger mass difference between 7; and the ér can also be obtained by increasing A. However, larger values
of A translate into a requirement of larger ér masses due to the experimental upper bound, cf. Tab. 4.1.
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4.3. Selectron and Smuon LSP parameter space
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Figure 4.5.: Mass difference, AM, between the NLSP and LSP in the My — tan 8 plane with
B3 mSUGRA parameters My, = 450 GeV, Ag = —1250 GeV, sgn(p) = + and
A231|cgur = 0.045. The patterned regions are excluded by the LEP Higgs bound,
Eq. (4.7). The white dotted line separates ér LSP scenarios with different mass
hierarchies Mz, < Mz < Myo (left) and Mz, < Mo < Mz, (right).

Sect. 5.2.

We give the mass difference, AM, between the NLSP and LSP in the Ag — M/, plane
and My — tan 8 plane in Fig. 4.4 and Fig. 4.5, respectively. Again, we choose the coupling
Aog1 = 0.045 at Mgur. The gray pattered regions correspond to models which are excluded
by the LEP bound on the light Higgs mass, Eq. (4.7). The entire displayed region fulfills the
constraints from B(b — sv) and B(B? — p*u~). However, the sparticle mass spectra of these
scenarios are too heavy to give a significant contribution to ay.

In the Ag — M, o plane [Fig. 4.4], we find a ép LSP for larger values of M /3, because M/
increases the mass of the Y{ faster than the mass of the sleptons, cf. Sect. 3.4. As discussed in
Sect. 4.2, the mass of the ér decreases for a large magnitude of a (negative) Ay, thus leading
to an enhanced ér LSP region. Furthermore, the mass difference between the 7 and the ép
increases with |Ap|. In principle, there is also a ég region for large positive Ay, cf. Fig. 4.2(b),
however, in this region the light Higgs mass is smaller as for negative Ag [158]. Thus, this region
is disfavored by the LEP Higgs mass constraint. Note, that at negative Ay values with large
magnitude, we also obtain a light top squark, t1, since the top Yukawa coupling enters the RGE
running of the #; mass in a similar way as the Aijk Yukawa coupling does for the / R mass.

In the My — tan 8 plane [Fig. 4.5], we find a ér LSP for tan 8 < 5.2 and My < 95 GeV. As
discussed at the end of Sect. 3.4, the mass of the 7; decreases with increasing tan 5, while the
mass of the €r is unaffected by tan 5. Thus, tan 3 is a handle for the mass difference of the 7|
and the ég. As in Fig. 4.3, we obtain a ¥} LSP at large values of Mj.

We find basically two possible mass hierarchies for the ér LSP parameter space, indicated
by the white dotted line in Fig. 4.4 and Fig. 4.5. Close to the Y| LSP region, we observe a Y|
NLSP and a 71 next-to-NLSP (NNLSP), i.e.

Mz, < M)z(l) < M5, . (4.8)
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4. Selectron and Smuon as the lightest supersymmetric particle (LSP)

However, for most of the parameter space, we have
MéR < Mrf-l < ]\4)2(1)7 (4.9)

i.e. the 7 is the NLSP and the ! is the NNLSP. These mass hierarchies lead to different
collider phenomenology and will be our guideline in the selection of benchmark scenarios. For
some regions with a large mass difference between the Y and the ég, the jig can even be the
next-to-NLSP (NNLSP), i.e. we have

MéR < Mﬁ < M[LR < Mf(?’ (4.10)

where the ¥ is the next-to-NNLSP (NNNLSP).
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5. Probing Selectron and Smuon LSP
models at hadron colliders

In this chapter we study By mSUGRA models with a ¢z LSP at hadron colliders. We first
discuss the characteristic collider signatures of these models. As we will see, (r LSP scenarios
generally lead to multi-lepton final states. Therefore, we test these models in Sect. 5.2 in detail
against a trilepton SUSY search, performed at the D@ experiment at the Tevatron. We present
the {p LSP parameter region, which is excluded by the current results of the D analysis. We
also show the regions of the parameter space, that can be probed with future Tevatron data.

In the main part of this chapter, Sect. 5.3, we discuss the prospects of a discovery of (g
LSP models with early data at the LHC. Guided by the properties of three selected benchmark
points with a ér LSP, we design an inclusive analysis with three final state leptons and perform a
detailed Monte-Carlo (MC) study of the signal and SM backgrounds at both LHC center-of-mass
energies of 7 TeV and 14 TeV. Finally, we apply the analysis to an extended supersymmetric
parameter space and present the SUSY discovery potential in the M) 5 — My plane.

5.1. Selectron and Smuon LSP signatures at hadron colliders

In this section, we classify the hadron collider signatures of €z and fir LSP models. We assume
that the LSP decay is dominated! by only one Pg violating operator A, cf. Tab. 4.1. At the
LHC the production of colored sparticles will be dominant for SUSY models with squark and
gluino masses < O(1 TeV) [194]. For simplicity we here focus on squark pair production with
the following cascade process

4q/99 = 4G — §iXIX) — jillrlp, (5.1)

where § is a squark and j denotes a jet. Here, (g € {€r, ir} is the LSP and the two leptons ¢
are of the same flavor as the LSP. The ¢/ will promptly decay via the R-parity violating L;L; E;
operator A into a lepton and a neutrino. The collider signatures are classified in Tab. 5.1
according to the possible /r LSP decays. Here we assume that always only one A coupling is
dominant. Assuming the SUSY cascade in Eq. (5.1), the resulting collider signatures involve
two jets from the squark decays, two leptons of the same flavor as the LSP coming from the
neutralino decay into the LSP, additional leptons from the LSP decay and missing transverse
energy, B, due to the neutrinos. The pr spectrum of the leptons from the decay ¥{ — 0k will
depend on the mass difference between the {r LSP and the x). Note, that due to the Majorana
nature of the Y, every charge combination of the two {r LSPs is possible. Since A necessarily
couples directly to the (r LSP, it will always decay via a 2-body decay.

In general, more complicated SUSY production and decay processes than Eq. (5.1) can occur.
Fig. 5.1 gives an example, namely squark-gluino production followed by a lengthy decay cascade.

'In general, the Ps couplings which are generated at Mz by the coupled RGEs do not play a role. They lead
to 2-body decays of the LSP with much smaller branching ratios (BRs).
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A coupling LSP decay Hadron collider signature
ev 2e
21 €R — { H 2j+2€+ET+ ep
lu’ Ve 2/Jf
eu 2e
A131 éR—>{ T 2j+2€+ET+ er
T Ve 2T
v 24
231 éR—>{'M T 2j+26+ET+ nT
TV 2T
. 2e
M2 = { 2 2+ 20+ fr+ 14 e
¢ 2T

Table 5.1.: Hadron collider signatures for selectron and smuon LSP scenarios assuming one
dominant LZ-LjEk operator A and the pair production of strongly interacting spar-
ticles. The left column denotes the dominant A coupling, the middle column shows
the possible LSP candidate and its decays and the right column gives the resulting
collider signatures, assuming the SUSY cascade in Eq. (5.1).

Typically, these processes lead to additional final state particles, most notably

e additional jets from the production of gluinos and their subsequent decays into squarks
and quarks,

e additional leptons from the decays of heavier neutralinos and charginos, which may come
from the decay of left-handed squarks, and

e additional leptons from a ! decay into a non-LSP right-handed slepton I (o~r lightest
stau 71), i.e. for example Y — K*KE, followed by a three-body decay KE — €+€’i€g. Here,
'y denotes the LSP.

The three-body slepton decays in the last point are special to ér and fir LSP scenarios. The
corresponding decay rates are calculated in the Appendix C and are taken into account for the
following collider analysis. However, these decays play only a role in certain regions of the Bg
mSUGRA parameter space, cf. Fig. C.5.

As we discussed in Sect. 4.1, the A coupling is of similar size as the gauge couplings for
(r LSP scenarios. This large coupling enables also Pg violating decays of sparticles, which are
not the LSP. Thus, not every SUSY decay cascade necessarily involves the LSP. Of particular
importance are the Py violating decays of the 71 [176], especially in the case when the 7y NLSP
is nearly mass degenerate with the ¢z LSP. Furthermore, the sneutrinos may decay into two
leptons if they couple directly to A. This leads to sharp sneutrino mass peaks in dilepton
invariant mass distributions, as we will see in Sect. 6.3.1. However, all these Py violating decays
of non-LSP sparticles also yield final state leptons. Thus, even though the LSP might not be
involved in some decay cascades, a multi-lepton analysis is the best search strategy for ¢/ LSP
scenarios.

In most ¢ LSP scenarios within the B mSUGRA model, the lightest top squark, #i, is
much lighter than the other squarks. Thus, ¢; pair production forms a sizable fraction of all
SUSY production processes. The decay of each #1 yields a b quark (either directly from the
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Figure 5.1.: Example for squark-gluino production with successive cascade decay into the two
ér LSPs. Here, the LSP decays via the P coupling Ag3; (marked by red dots).
In the upper decay chain, we get an additional ¢ quark from the gluino decay
into the ¢;. Furthermore, the jir decays into the égr LSP via a virtual neutralino,
yielding additional leptons. The lower decay cascade involves a chargino, )Zli, and
a left-handed smuon, fir,.

decay t; — )Zfb or from the top quark decay after £; — X\t), thus we expect an enhanced b
quark multiplicity for these scenarios. We will use the b quark multiplicity to discriminate signal
events stemming from ¢; pair production in Sect. 6.

At the LHC, the multi charged lepton final states (especially electrons and muons) are the
most promising signatures to be tested with early data. Electrons and muons in the detector
can be efficiently identified and the SM background for high lepton multiplicities is very low
[195]. In Sect. 5.3, we therefore investigate the discovery potential of (g LSP scenarios at the
LHC with an inclusive three lepton search analysis.

Due to their striking multi-leptonic signatures, light {r LSP models might also be observable
at the Tevatron. In the next section, we therefore study in detail how fz LSP models are
constrained by the trilepton SUSY search analysis performed by the D@ experiment [196]. Due
to the lower center-of-mass energy of the Tevatron compared to the LHC, the cross section for
the production of (heavy) colored sparticles is not always dominant. Gaugino and slepton pair
production usually comprise a sizable fraction of the total SUSY cross section, leading to events
without hard jets, ¢f. Tab. 5.4.
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5.2. Constraints from SUSY searches at the Tevatron

At the Tevatron at Fermilab both experiments D@ [196] and CDF [197, 198] have searched? for
supersymmetry with final states containing three charged leptons, using the collected data of
proton-antiproton (pp) collisions at a center-of-mass energy /s = 1.96 TeV, corresponding to an
integrated luminosity of 2.3 fb~! and 3.2 fb~!, respectively. These analyses were designed for the
measurement of associated production of charginos and neutralinos [203] within Ps conserving
mSUGRA, using exclusive trilepton search channels [204, 205, 206, 207, 208]. Some of our lighter
models could have led to an observable excess of events in these searches. Here we investigate
quantitatively how these experimental analyses constrain the ér and fir LSP parameter space.

We follow the D) analysis to test the exclusion of ér and fir LSP models. CDF uses a jet
veto in the event selection, which is expected to lead to a reduced signal efficiency for many I
LSP models®. D@ distinguishes their search channels by the flavor of the final state leptons.
Since the final state lepton flavor multiplicity depends on the choice of the A coupling, we expect
different sensitivities of the D@ search channels for different choices of A.

In the next section we describe how we emulate the D analysis and discuss the major
changes to the original analysis. We test two benchmark points with a light €z LSP against our
analysis in Sect. 5.2.2. Thereby we review the results of the D@ analysis. We show the excluded
regions of the ér and fir LSP parameter space and an extrapolation to higher luminosities in
Sect. 5.2.3.

5.2.1. The DO trilepton analysis

The D@ search for associated production of charginos and neutralinos with final states containing
three leptons is presented in Ref. [196]. The analysis is based on pp collision data at a center-
of-mass energy of /s = 1.96 TeV corresponding to an integrated luminosity of 2.3 b, with
the exception of the analysis using identified hadronic 7 lepton decays, which is based on 1fb~!
of data. Four dedicated trilepton event selections were designed, distinguished by the lepton
content in the final state, i.e. we have a eel, uul, el and pt selection without specification of
the lepton charge. Here the third lepton ¢ corresponds to a reconstructed isolated track without
using the DO standard lepton identification criteria. The first three channels are separated
into a low-pr and a high-pr selection, while the u7r channel contains a pu7f selection and a prr
selection. In this study, we focus on the eel, puf and eul selections. The ur selection turned
out to be insensitive to our models.

In our object reconstruction, we use cone isolation criteria for all leptons, where the cone
radius AR = /(A¢)2 + (An)? is given by the distance in pseudorapidity 7 and azimuthal angle
¢. Guided by the D@ object reconstruction, an electron (muon*) with pseudorapidity |n| < 3.2
(Inl < 2.0) is considered as isolated, if the scalar sum of the absolute value of the transverse
momenta of all tracks in a cone of AR = 0.4 does not exceed 2.5 GeV. We do not loosen the
reconstruction criteria for the third lepton ¢ but demand it to be an isolated electron or muon.
Jets are reconstructed with FastJet 2.4.1 [209, 210] using the kt algorithm with cone radius

2Note, that also other SUSY searches using the tri-lepton or (like-sign) di-lepton signature have been performed
at DO and CDF [199, 200, 201, 202]. At the current status, these analyses use at most a dataset corresponding
to 1.1 fb~!. Thus, we do not expect these searches to be more restrictive than those presented here.

3In order to discriminate the ¢f background, CDF requires the scalar sum of the jet transverse energies
> Ei(jets) < 80 GeV and the number of jets N(jets) < 2 [197]. We thus expect SUSY events from sparton
(squark and/or gluino) pair production to be mostly rejected in the CDF analysis.

“This isolation criteria corresponds to tight muons in Ref. [196].
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Selection el eel eul
low pr high pr low pr high pr low pr high pr
I prpE >12,>8 >18,>16 >12,>8 >20,>10 >12,> 8 >15,> 15
My, 0, € [20, 60] € [0, 75] € [18,60] € [0, 75] - -
I Aoy, 0, <29 <29 <29 <29 - -
Fr > 20 > 20 > 22 > 20 > 20 > 20
Sig(£r) > 8 > 8 > 8 > 8 > 8 > 8
mp™ > 20 > 20 > 20 > 14 > 20 > 15
111 Hr - < 80 - - - -
v P >5 >4 >4 > 12 > 6 > 6
me > 10 > 10 > 10 > 10 > 10 > 8
\Y% me, L0, € [80,110] - - - <70 <70
anti W - - tight likelihood - tight likelihood®
hit in 2 inner layers®
very tight muon isolation?
s 1
VI >_0.05<Ar<04PT <1
Fr x p > 200 > 300 > 220 - - -
VII phal <4 <4 <4 <4 <2 <2
a flq

ps and prZ are electron and muon pr, respectively.
for pﬁ? < 15 GeV

“for m4. € [40, 90] GeV

dfor m$ € [40, 90] GeV

Table 5.2.: DO selection criteria for the pul, eel and eul analyses (all energies, masses and
momenta in GeV, angles in radians) for the low-pr selection and the high-pr se-
lection, see text and Ref. [196] for further details. We apply all cuts except the cut
on Sig(#7) in step III and the anti W requirements in step VI (both marked in

gray).

AR = 0.4 and must be within || < 2.5. In our Monte Carlo (MC) simulation, the missing
transverse energy [ is calculated as the sum over the transverse momenta of all invisible
particles®.

In the following, we describe the general features of the various steps in the event selection.
The details are given in Tab. 5.2 and the specific values should be taken from this table. For
a detailed description and their effect on the Standard Model (SM) background we refer the
reader again to Ref. [196].

First, each selection requires two identified leptons (¢ = e, u) with a certain minimum trans-
verse momenta p?, pé? (I). If more then two leptons are identified that satisfy the pr criteria,
the two leptons with the highest pr are considered. Next, constraints on the invariant mass
my, ¢, and the opening angle A¢y,p, of the two leptons are imposed (II). This is followed in step

SExperimentally, we do not know the transverse momenta of the invisible particles. Here, we have to sum
over the transverse momenta of all visible objects in the event. The missing transverse momentum can then be
calculated using energy and momentum conservation, assuming that the initial state particles have zero transverse
momentum.
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5. Probing Selectron and Smuon LSP models at hadron colliders

(I1I) by requirements on K7, the minimal transverse mass mp" = mm(m?,mfiﬁ) where
mh = \/QpZTET[l —cos Ap(¢, Br)], (5.2)

and Hrp, which is the scalar sum of the pp of all jets with pp > 15 GeV. In this step, a further
requirement on Sig(#7) is performed in the original DO analysis, where Sig(Fr) is defined for
events with at least one jet as

Sig(Fr) = Fr (5.3)
\/Zjets E’%HET)

Here, 0'2(E%HET) is the jet energy resolution projected on the Fr direction. This cut rejects
events with Fp faked by poorly measured jets. In our approach, we do not apply this cut on
Sig(Fr), since we do not have a measure of the jet energy resolution. However, since the missing
transverse energy is stemming mostly from the neutrinos coming from the leptonically decaying
{r LSP, the effect of this cut is expected to be small.

In step IV, we demand an additional third lepton with a softer pr requirement. Further cuts
on its transverse mass mé? and the invariant masses my, , ¢, of the third lepton with one of the
preselected leptons are applied (V). For some channels in the original D@ analysis, step (VI)
includes further lepton quality requirements using likelihood discriminants in order to reduce
background from W boson production, where the second lepton is faked by jets or photons. This
step is skipped in our approach, since the usage of these methods is beyond the scope of this
work. In the last step (VII) a cut on the product of the third lepton pp and F7 and on the pp

balance

¢ —»é
bal | ! 2 + ET|
pr

pT

(5.4)
is applied.

5.2.2. D@ results and a test of two benchmark scenarios

In this section, we select two benchmark scenarios which we test explicitly against the D@ anal-
ysis described in the last section. We focus on light ¢z LSP models with an LSP mass Mjgp <
200 GeV. As discussed in Sect. 4.3, a general feature of these scenarios is a near mass degeneracy
of the ¢ LSP with the 71, which is the NLSP for most of the parameter space, cf. Fig. 4.3. The
Bs mSUGRA parameters for the two benchmark points, denoted SUSY1 and SUSY?2, are given
in Tab. 5.3. Both scenarios exhibit a ég LSP with a dominant Pg coupling Aes1|gur = 0.045.

The benchmark point SUSY1 represents a wide region of of the ér LSP parameter space,
where the mass difference between the ér LSP and the lightest neutralino, x¥, is much larger
than the mass difference between ép LSP and the 7; NLSP. The masses of the ég, 71 and X} are
given by 139.1 GeV, 139.6 GeV and 163.3 GeV, respectively. In fact, the NNLSP is the right-
handed smuon, jig, with mass My, = 156.2 GeV. In contrast, SUSY2 lies in the boundary
region to the Y) LSP. Here, all three sparticles ép, 71 and Y have close to equal masses, with
151.5 GeV, 151.6 GeV and 152.8 GeV, respectively. Due to the low mass difference between
the Y} and the ég, we expect the electrons from the decay Y} — ére to be fairly soft, such
that many do not fulfill the preselection criteria. Detailed tables containing all sparticle masses
and decay modes for these benchmark models are given in Appendix A.1. Both SUSY1 and
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Bs mSUGRA parameter SUSY1 SUSY?2
My [GeV] 0 80
Ag [GeV] —1250 —1250
tan 5 )
sgn(y) + +
A2s1lauT 0.045 0.045

Table 5.3.: B3 mSUGRA parameter for the benchmark points SUSY1 and SUSY?2.

Signal cross section (in fb) at the Tevatron SUSY1 SUSY2

o(pp — sparton pairs) 1.5+0.1 8.24+0.2

o(pp — slepton pairs) 8.5+0.2 6.4+0.1
_ gaugino pairs,

o <pp - o parton ) 38+0.1 5.9+0.1

o(pp — sparticle pairs) 13.8 +£0.2 21.5£0.2

Table 5.4.: Leading-order (LO) signal cross sections for pp collisions at a center-of-mass energy
of /s = 1.96 TeV for the benchmark scenarios SUSY1 and SUSY2. We give the
cross section of sparton (i.e. squark and gluino) pair, slepton pair and electroweak
(EW) gaugino pair / EW gaugino-sparton production separately. The last row
gives the total sparticle pair production cross section, which is the signal process.
We employed HERWIG6.510 to derive the LO cross sections and for the event
simulation. The uncertainties are due to statistical fluctuations from Herwig.

SUSY :
" (green line

SUSY?2 are chosen such that they are consistent with the 20 lower value of da
in Fig. 4.3).

In order to test whether our benchmark models are excluded, we generate 2000 signal events
scaled to an integrated luminosity of 2.3fb~! and apply the simplified D@ analysis described
above. We employ the Feldman & Cousins method [211] to set 90% C.L. upper limits given the
number of expected background events and the number of observed events, both taken from the
D@ paper [196]. In those cases where the number of observed events is smaller than the expected
background, we take as the upper limit the 90% C.L. sensitivity, defined as the average upper
limit that would be obtained by an ensemble of experiments with the expected background and
no true signal, and given in Tab. XII in Ref. [211]2. We claim a 90% C.L. exclusion of the SUSY
scenario, if the number of signal events exceeds this upper confidence limit in any step of the
event selection. We do this comparison separately for all four* selection channels in order to
gain some insights about their sensitivity on our models. Note that in this method, systematic
uncertainties are not taken into account.

For the simulation, we use SOFTSUSY 3.0.13 [188, 189] to calculate the SUSY mass spectra.
The SOFTSUSY output is fed into ISAWIG1.200 and ISAJET7.64 [212] in order to calculate

3For the number of expected background events > 15, we approximate the sensitivity by the Feldman &
Cousins upper limit for Nops = Npkg.

4 As mentioned before, the fourth channel including 7 leptons is insensitive. Thus we do not present the results
for this specific channel here.
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Selection ppl eel epd

Data Backgrd. SUSY1 SUSY2 Data Backgrd. SUSY1 SUSY2 Data Backgrd. SUSY1 SUSY2
I 194006 195557 + 177 6.6 17.8 235474 232736 + 202 19.8 11.7 16630 16884 £ 75 12.6 18.2
11 22766 26067 £ 88 1.4 4.2 31365 27184 £ 64 4.8 2.8
II1 178 181 +6.4 1.2 3.9 515 212+ 12 4.3 2.6 1191 1177 +20 11.1 16.9
v 7 29+0.7 1.0 2.8 16 9.3£2.0 3.0 1.3 22 18.0+1.2 9.9 11.0
A% 4 2.2+0.5 0.6 2.4 9 59+1.7 2.8 1.3 3 35%05 3.8 3.9
VI 6 3.1+04 2 16£04
VII 4 1.2+£0.2 0.5 1.8 2 1.8£0.2 2.4 1.2 2 0.84£0.2 1.2 1.0

Table 5.5.: Numbers of events observed in the data and expected for the background (taken
from Ref. [196]) and numbers of signal (SUSY1 and SUSY2, see text) events at
various stages of the analysis for the puf, eel and eul channels and the low-pr
selection. Each row corresponds to a group of cuts, as detailed in Tab. 5.2.

Selection ppl eel el

Data Backgrd. SUSY1 SUSY2 Data Backgrd. SUSY1 SUSY2 Data Backgrd. SUSY1 SUSY2
I 140417 141781 4+ 120 5.4 16.2 171001 170197 175 19.0 11.1 4617 4709 %+ 23 10.6 17.0
1I 10349 10645 £ 51 1.9 5.6 8273 7937 £ 39 6.8 3.9
111 173 176 £5.7 1.2 3.7 244 264 £+ 10 6.4 3.8 727 738+11 9.8 16.0
v 7 38+0.5 0.9 2.8 0 1.5+0.3 3.9 1.8 11 12.7£0.9 88 103
\% 4 29+04 0.9 2.8 0 1.1+0.3 3.7 1.8 2 28%£05 3.3 3.6
VI 0 1.0+0.2
VII 4 2.04+0.3 0.9 2.4 0 0.8£0.1 3.4 1.7 0 05£0.1 0.9 1.0

Table 5.6.: Numbers of events observed in the data and expected for the background (taken
from Ref. [196]) and numbers of signal (SUSY1 and SUSY?2, see text) events at
various stages of the analysis for the puf, eel and eul channels and the high-pr
selection. Each row corresponds to a group of cuts, as detailed in Tab. 5.2. Signal
event yields that exceed the 90% C.L. upper exclusion bound are marked in bold-
faced red.

the decay widths of the SUSY particles. The signal process, i.e. sparticle pair production, was
simulated with HERWIG6.510 [213, 214, 215].

The leading-order (LO) cross section of this process and its subprocesses of sparton (i.e.
squark and gluino) pair, slepton pair and electroweak (EW) gaugino pair / EW gaugino-sparton
production for the two benchmark models is given in Tab. 5.4. For SUSY1, sparticle production
is dominated by slepton and gaugino production. However, for SUSY2 the sparton production
dominates due to the low mass of the lightest stop, Mz = 304.9 GeV, which decays exclusively
to the lightest chargino and a bottom quark, ¢f. Tab. A.2. As a conservative approach, we
only use the LO cross section for the signal, while the SM background in the D@ analysis [196]
includes next-to-leading (NLO) and next-to-NLO corrections. For the calculation of the Feldman
& Cousins confidence limits we employ ROOT [216].

In Tab. 5.5 and 5.6 we review the results from the D@ analysis and compare them with the
results for the two Bg mSUGRA models SUSY1 and SUSY2 for the low-pr and the high-pr
selections, respectively.

In all selections, the signal event yield for both benchmark scenarios is < 20 events after the
two lepton requirement (step I). Thus, the event yields in the first steps (I-III) of the analysis are
dominated by the overwhelming SM background. The analysis becomes sensitive to the signal
once we require the third lepton (step IV and beyond). Then, the SM background is reduced to
O(1 — 20) expected events. We now discuss in detail the DO results and the signal event yields
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of the different selections after step IV of the analysis was performed.

In the ppl channel (in both the low-pr and high-pr selection), the number of observed events
is larger than the number of expected events from the SM background for all steps beyond cut
IV. Therefore, this channel has intrinsically a less restrictive impact on the SUSY models. We
expect only O(1 — 3) signal events beyond step IV for both benchmark points. Hence, the puf
channel cannot exclude these models.

Note, that SUSY?2 yields roughly three times as many events in this selection as SUSY1. This
is due to the enhanced ¢; pair production and their decay to the lightest chargino, as mentioned
above. The chargino decays to the 7, and a muon 21% of the time, leading to an enhanced
number of muons in the signal. However, in the ppuf high-pr selection, most of the signal events
from sparton-pair production are rejected by the Hp cut in step III. This reduces in particular
the SUSY?2 event yield, since here the production of sparton-pairs comprises 38% of the signal
cross section, cf. Tab. 5.4.

In the eel channel, the number of observed events is larger (lower) than the number of
expected SM background events in the low-pp (high-pr) selection for all steps beyond cut IV.
For both benchmark scenarios we expect O(1 — 4) signal events in these steps of the analysis.
Furthermore, the expected signal events for SUSY1 are roughly two times more than for SUSY2.
This is because in SUSY2 the mass difference between the ¥} and the éz LSP is small. Then,
the electrons from the decay ¥{ — ére tend to be soft and fail to pass the py criteria in step I
of the eel selection. The SUSY1 event yield exceeds the 90% C.L. upper bound in step VII of
the high-pr eel selection and is therefore excluded by the D@trilepton search.

For the low-pr selection of the euf channel, the number of observed events tends to be
larger than the number of expected SM background events, whereas in the high-pr selection,
the SM background is slightly overestimated. Both the SUSY1 and SUSY2 event yield exceed
the 90% C.L. upper limit in step IV of the euf high-pr selection. The following steps in the eul
channel (step V and beyond) are not as sensitive to our models as step IV, because the cut on
the dilepton invariant masses in step V significantly reduces the signal.

In general, the region close to a ¥J LSP is more difficult to exclude due to the soft electrons.
For instance, in step IV of the euf low-pr selection, the 90% C.L. upper limit is 13.0 events,
while we expect 11.0 signal events for SUSY2. However, if we modify the M, value of SUSY2
from 80 GeV to 75 GeV, i.e. we basically change the mass difference between Xy and ég from
1.3 GeV to 3.7 GeV, the number of expected signal events increases to 15.2 events and the model
is excluded.

We conclude, that the D@ analysis using 2.3 fb~! of data excludes both benchmark points
SUSY1 and SUSY2 at 90% C.L.. The most restrictive channels for ¢z LSP models with a
dominant Ag3; coupling are the eel high-pr selection (in step VII) and the epl high-pr selection
(in step IV). In the next section, we determine the excluded regions of the ér and fip LSP
parameter space, considering also other dominant Pg couplings.

5.2.3. Excluded selectron and smuon LSP parameter space with existing data

We now apply the D@ analysis to a more extensive parameter region with a ¢z LSP. For
this, we perform a scan in the M/, — My plane with M, € [350 GeV,500 GeV] in steps of
AM, 5 =5 GeV and My € [0 GeV,120 GeV] in steps of AMg = 2.5 GeV. We test both ér LSP
and g models with dominant Pg couplings As31, A131 and Aq3e, respectively, with a value of
0.045 at MgyT. The other B3 mSUGRA parameter values are Ag = —1250 GeV, tan 5 = 5 and
sgn(pu) = +. The ég LSP parameter region with Aeg; # 0 was already discussed in Sect. 4.3,

o1



5. Probing Selectron and Smuon LSP models at hadron colliders

cf. Fig. 4.3. For each parameter point with a (r LSP, 2000 events were generated and scaled
to an integrated luminosity of [ Ldt = 2.3 fb~1 and the eel, ppul and epl low-pr and high-pr
event selections were applied®. At each step of the event selection, the number of passed events
is compared with the DO results as described above. We make this comparison for all event
selection steps once the third lepton is required, i.e. for step IV and beyond, c¢f. Tab. 5.2.

In the following figures, the patterned gray regions mark parameter points with either a
neutralino or stau LSP (as indicated in the figures) which are not considered here. The solid
gray region is ruled out by the bound on the Ps coupling A, c¢f. Tab. 4.1. The mass of the I
LSP (in GeV) is given by the gray contour lines.

In Fig. 5.2 we give the ép LSP parameter space for both a dominant Pg coupling As3; = 0.045
(upper figures) and A13; = 0.045 (lower figures) at Mgur. We show the parameter region that is
excluded at 90% C.L. with 2.3 fb~! of analyzed data for each channel and pr selection separately.
The figures on the left-hand-side (right-hand-side) show the low-pr (high-pr) selection of the eel
and eul channel. The gyl channel does not exclude any éx LSP parameter space with 2.3 fb=*
of data.

In ér LSP models with a dominant Ay31 coupling (upper figures in Fig. 5.2), the LSP decays
to 50% to a (hard) muon and a neutrino. Thus, the euf selection is very sensitive to these models
and can exclude ér LSP scenarios with ér masses up to 150 GeV (155 GeV) and squark masses
up to 850 GeV (880 GeV) with the low-pr (high-pr) selection, cf. Fig. 5.2(a) [Fig. 5.2(b)]. The
sensitivity decreases for lower mass differences of the ¥} and the ér due to the softer electrons,
as can be seen in all displayed channels in Fig. 5.2(a) and Fig. 5.2(b). Especially the eef becomes
insensitive in this boundary region.

Considering ér LSP models with a dominant Aj3; coupling (lower figures in Fig. 5.2), we
would naively expect an enhanced sensitivity of the eef channel since the LSP decays to 50% to
a (hard) electron and a neutrino. However, in the eel low-pr selection in Fig. 5.2(c), the reach is
actually worse than for éz LSP models with a dominant \31 coupling at Mgur, cf. Fig. 5.2(a).
The reason is the following: If the two preselected electrons come from the same decay chain,
i.e. one from the decay X} — ége and the other from ép — ev,, they tend to point in the same
direction as the neutrino. Thus, the py balance, Eq. (5.4), is large and these events are rejected
in step VII of the event selection, ¢f. Tab. 5.2. Since the eel low-pr selection is most sensitive
in step VII, c¢f. Tab. 5.5, the exclusion reach of this channel is reduced®. In addition, this
channel cannot exclude models with M; 5 < 370 GeV. Here, the average pr of the third lepton
is smaller, leading to a lower efficiency in step IV and even larger pr balance, cf. Eq. (5.4). Due
to the additional hard electrons from the LSP decay, the high-pr selection of the eef channel
in Fig. 5.2(d) has a slightly improved sensitivity for models near the ¥} LSP region, compared
to the case with a coupling Aeg; # 0, ¢f. Fig. 5.2(b). Supersymmetric decay chains with a égp
LSP and a non-zero Ai3; coupling usually do not involve muons. Thus, the sensitivity of the
epf channels is lower than the sensitivity of the eef channels, except for parameter points close
to the x{ LSP region.

Comparing the excluded ér parameter regions in Fig. 5.2 with Fig. 4.3, we conclude that ép
LSP scenarios with a significant contribution to the anomalous magnetic moment of the muon
(green line in Fig. 4.3) are excluded at 90% C.L. by the DO search with 2.3 fb~1 of analyzed
data.

®We did the same for the ur selections for an integrated luminosity of J L£dt=1.0 fb~!. However, this channel
is not capable to exclude any lg LSP parameter space. Thus, we do not show any results for the pu7 channels.

5The same effect also exists in the epl channel for scenarios with a dominant A231 coupling. However, this
channel is most sensitive in the steps IV and V, i.e. before the cut on the pr balance is performed, ¢f. Tab. 5.5
and Tab. 5.6. Thus, the exclusion power of the euf channel does not significantly suffer from this effect.
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Figure 5.2.: Excluded regions (90% C.L.) of the ég LSP parameter space by the DO trilepton
analysis with 2.3 fb~! of data. We show two different parameter regions with
(a,b) X231 = 0.045 and (c,d) A\131 = 0.045 as the dominant P coupling at Mgyr.
The other parameters are Ay = —1250 GeV, tan 3 = 5 and sgn(u) = +. The
colored contour lines give the excluded region by the different channels: In (a,c)
they correspond to the eel (red, dashed) and eul (blue, dotted) low-pr selections,
while in (b,d) they are shown for the same channels in the high-pr selection. The
gray dotted contour lines give the LSP mass, Mg, in GeV, as indicated by the
labels.
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Figure 5.3.: Excluded regions (90% C.L.) of the fir LSP parameter space (A9 = —1250 GeV,
tan 8 = 5, sgn(u) = +, Ais2|gur = 0.045) by the DO trilepton analysis with
2.3 b1 of data. In (a) the blue dotted contour line corresponds to the eul low-
pr selection, while in (b) the red dashed and blue dotted contour lines indicate

the eel and el high-pr selection, respectively. The gray dotted contour lines give
the LSP mass, My, in GeV, as indicated by the labels.

The excluded fir LSP parameter space with a dominant Pg coupling \i35 = 0.045 at Mgur
is shown in Fig. 5.3. In complete analogy to ép LSP models, we now have soft muons from the
decay X} — jigp in the region of low mass difference between the X} and the jir LSP. The jig
LSP decays to 50% into a (hard) electron and a neutrino. Thus, the most sensitive channel is
epl, which has a similar reach for both the low-pr and high-pr selection as for the ép LSP models
with a dominant Ag3; coupling, cf. Fig. 5.2(a) and Fig. 5.2(b). The eel channel can only exclude
a small fraction of the parameter space with its high-pp selection, since the electron multiplicity
is lower than in ég LSP models. Although these models exhibit an enhanced number of muons,
the ppl channel is still not as sensitive as the other channels due to its lower exclusion power,
cf. Sect. 5.2.2.

We also compared the excluded fir LSP parameter space in Fig. 5.3 with those jig LSP
regions’, which give a significant contribution to a,. It turns out, that also these scenarios are
excluded to 90% C.L. by the DO analysis with 2.3 fb~! of analyzed data.

In summary, the DO trilepton SUSY search analysis using 2.3 fb~! of data excludes ép and
fir LSP scenarios with M/, < (400 — 410) GeV at 90% C.L., roughly corresponding to LSP
masses of (140 — 150) GeV. Thus, the ér and fir LSP parameter regions with a significant
contribution to the anomalous magnetic moment of the muon are ruled out. ér LSP scenarios
with a dominant A13; coupling are less constrained by the present analysis, since these models

"Note, that the jir mass enters in the SUSY contribution to the anomalous magnetic moment of the muon,
(ia‘SLUSY7 via a neutralino-smuon-loop diagram [37]. Thus, 5a§USY is slightly larger in fir LSP models as in égr
LSP models.
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have a low muon multiplicity.

5.2.4. Sensitive selectron and smuon LSP parameter space with future data

Both Tevatron experiments D@ and CDF are expected to have acquired ~ 10 fb~! of data at the
end of this year (2010). Therefore, we extrapolate the current DO results to study the prospects
of an exclusion of /z LSP models, using data corresponding to an integrated luminosity of
10 fb~ 1.

We assume that the events after each selection step in each channel are observed in the same
rate as given by the results with integrated luminosity of 2.3 fb=!, ¢f. Tab. 5.5 and Tab. 5.6.
Then, we can extrapolate the data to the higher integrated luminosity of 10 fb~!. By applying
the same method as in the previous section, we determine the 90% C.L. sensitivity region,
1.e. the supersymmetric parameter region which would lead to a significant deviation from the
extrapolated data, assuming no discrepancies are observed.

In Fig. 5.4 we present the ép LSP parameter space, which can be excluded with a future
integrated luminosity of 10 fb~!. The parameter space is the same as in Fig. 5.2, i.e. the
dominant Py operator is Ao3; (A131) in the upper (lower) figures with a value of 0.045 at Mguyr.
The 90% C.L. sensitivity regions for the channels eel, eul and ppl are given by the contour
lines for the low-pr (left figures) and high-pr (right figures) selection.

For ér LSP models with a dominant As31 coupling, the most sensitive channels are the el and
eel high-pr selections, which may exclude scenarios with M, < 450 GeV with future data. This
corresponds to LSP masses Mg, < (160 —170) GeV and squark masses Mz < (900 — 950) GeV.
As expected, the eul selections are more efficient than the eef channels for scenarios with low
mass difference between the ) and the éz. The puuf channel may become sensitive for models
with M 5 ~ (370 — 380) GeV, because then the #; decays dominantly via #; — )Zfb, and the
decay of the chargino leads to an enhanced muon multiplicity, ¢f. Tab. A.2. However, if the
events are observed at the same rate as given by the current data, the pufé channel will not play

a major role in the exclusion of ég LSP scenarios.

For most of the ér LSP parameter space with a dominant Ai3; coupling the high-pr eel
channel is the most sensitive and may exclude scenarios with M;/, < 440 GeV with 10 b1,
cf. Fig. 5.4(d). This reach roughly corresponds to models with LSP masses Mz, < (155 —
165) GeV and squark masses M; < (870—940) GeV. As with 2.3 fb™! of data, the euf selections
perform slightly better than the eef selections for scenarios with a low mass difference between
the ¥{ and the ép LSP.

We present the sensitive ig LSP parameter space with a dominant Pg coupling A130 = 0.045
at Mqur in Fig. 5.5. The parameter space is the same as in Fig. 5.3. With 10 fb~!, the low-
pr (high-pr) epl selection may exclude scenarios with M/, < 430 GeV (450 GeV), whereas
the eel channel selection is only sensitive to scenarios with M/ < 390 GeV (420 GeV) in its
low-pr (high-pr) selection. However, the eel channel sensitivity does not depend on the mass
difference, between the )2? and the fip LSP, while the sensitivity of the epf channel decreases to
approximately the eefl sensitivity. We observe in Fig. 5.5 that the ppf channel may exclude jip

LSP scenarios around M /5 S 390 GeV.

We conclude this section by pointing out, that the D@ analysis may exclude an extended ég
and [ip parameter space with future data. Under the (strong) assumption, that we can linearly
extrapolate the results given for an integrated luminosity of 2.3 fb~! to a higher integrated
luminosity, both ég LSP and jig LSP scenarios with M/, < 450 GeV may be excluded with
10 fb 1
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Figure 5.4.: Extrapolated sensitivity regions (90% C.L.) of the ér LSP parameter space for the
D@ trilepton analysis with future data corresponding to an integrated luminosity
of 10 fb~!. The parameter regions are the same as in Fig. 5.2, i.e. we have (a,b)
A231 = 0.045 and (c,d) A131 = 0.045 as the dominant Pg coupling at Mgur. The
colored contour lines give the sensitivity of the different channels: In (a,c) they
correspond to the eel (red, dashed) and eul (blue, dotted) low-pp selections, while
in (b,d) they are shown for the same channels in the high-pp selection. In (b),
the fine dotted, green contour gives the sensitivity of the pul high-pr selection.
The gray dotted contour lines give the LSP mass, Mz, in GeV, as indicated by

the labels.
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Figure 5.5.: Extrapolated sensitivity regions (90% C.L.) of the fir LSP parameter space for the
DO trilepton analysis with future data corresponding to an integrated luminosity
of 10 fb~!. The parameter regions are the same as in Fig. 5.3. The colored
contour lines give the sensitivity of the different channels: In (a) they correspond
to the put (green, fine dotted), eel (red, dashed) and euf (blue, dotted) low-
pr selections, while in (b) they are shown for the same channels in the high-pr

selection. The gray dotted contour lines give the LSP mass, My, in GeV, as
indicated by the labels.

5.3. Discovery potential at the LHC

In the beginning of this year (2010), the LHC at CERN started to take data for proton-proton
(pp) collisions at a center-of-mass energy of /s = 7 TeV. The current plan schedules the
collection of data corresponding to an integrated luminosity of [ Ldt = 1 fb~! until the end

of 2011. Then, the center-of-mass energy shall be increased to supposably /s = 14 TeV for a
longer running period.

In this section, we study the discovery potential of ér and jir LSP models with an inclusive
search analysis with three final state leptons at the LHC. Due to the striking multi-leptonic
signatures of these models, cf. Sect. 5.1, these models may already be discovered with early

LHC data. Thus, we study the prospects of a discovery with LHC data at both 7 TeV and
14 TeV center-of-mass energies.

In the next section, we select three benchmark scenarios as representatives of different re-
gions in the fz LSP parameter space. The design of the search analysis is then guided by the
properties of these signal benchmark points: We motivate the event selection by presenting the
signal distributions of the transverse momentum, pp, of the leptons and jets as well as event
distributions in the various cut variables for the signal and SM background. Furthermore, we
discuss in detail the impact of the analysis cuts on the signal and background and show, that the
benchmark scenarios can be discovered with 1 fb~! of LHC data at /s = 7 TeV. The discussion
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of the discovery potential is then extended to a larger Bs mSUGRA parameter space. This will
demonstrate, that our cuts work efficiently also beyond our benchmark points.

5.3.1. Benchmark Scenarios

In order to account for the different phenomenology of £z LSP models in the design of the three-
lepton search analysis, we select one representative benchmark point for each mass hierarchy
of the lightest sparticles, Eq. (4.8)-(4.10). The B mSUGRA parameters and the masses of
the lightest four sparticles of these benchmark points, denoted BE1, BE2 and BE3, are given
in Tab. 5.7. All benchmark points exhibit a €z LSP via a dominant coupling As3; = 0.045 at
Mgyt and fulfill the experimental constraints from LEP Higgs searches, Eq. (4.7), and Tevatron
trilepton SUSY searches, cf. Sect. 5.2, as well as the constraints on the Pg coupling, cf. Tab. 4.1.
The specific choice of the indices of the Pg coupling A, ¢f. Tab. 4.1, does not change the main
structure of the mass spectrum® but only the lepton content in the final state at colliders,
cf- Sect. 5.1. Since we want to design the search analysis as flavor-universal as possible, the
selection of the benchmark models is somewhat independent of the choice of the A coupling
indices. We therefore only study in detail the case of a ég LSP with a dominant Ao3; coupling
and argue, that these results also account for the other possible Ps couplings and the case of a
ir LSP.

We now discuss the main properties of the selected benchmark scenarios. The complete
sparticle mass spectra and branching ratios are given in Appendix A.2.

The benchmark points BE1 and BE2 both feature a 71 NLSP. In BE1, the 7; is nearly mass
degenerate with the ép and decays exclusively via the Aoz coupling into an electron and a muon
neutrino. The NNLSP is the fiz which decays via three-body decays into the ég or the 7. There
is a fairly large mass difference between the ér and the next-to-NNLSP (NNNLSP) ¢! of about
27 GeV. In contrast, in BE2 the 7; mass is close to the mass of the XY, which is the NNLSP.
Thus, the 7y dominantly decays into the ér via three-body decays. For this benchmark point,
the mass difference between the ég and the ¥{ is smaller, i.e. about 7 GeV. The NNNLSP is
the jig. Finally, the benchmark point BE3 features a ¥ NLSP with a mass difference to the
ér of about 3 GeV. The 7y NNLSP mostly decays into the Y} and a 7 (64.5%). The remaining
decay is 71 — ev,, via the Ao31 coupling. Again, the fir is the NNNLSP.

5.3.2. Major Backgrounds

In the following Monte Carlo (MC) study, we consider the main SM backgrounds which can
lead to three or more leptons (¢ = e, p) in the final state at particle level, i.e. after (heavy
flavor) hadron and 7 lepton decays. Moreover, we expect the SUSY signal events to contain
additional energy from hard jets, which arise from decays of the heavier colored sparticles. We
thus consider the following SM processes as the major backgrounds in our analysis:

e Top production. We consider top pair production (¢t), single-top production associated
with a W boson (Wt) and top pairs associated with a gauge boson (Wtt, Ztt).

e / +jets. The Z boson can decay into a pair of oppositely charged leptons. We consider Z
production in association of one or two parton level jets. For these jets, we only consider c-
and b-quarks. For the Zj background, we force the Z boson to decay into charged leptons.

8As discussed in Chapter 4, only the masses of those sparticles, which couple directly to the dominant A
coupling, are significantly reduced compared to the Ps conserving scenario. Changing the indices of the dominant
A coupling interchanges the flavor of the mass reduced sparticles correspondingly, but preserves the main structure
(e.g. mass hierarchy between LSP, NLSP, NNLSP, etc.) of the mass spectrum.
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B3-mSUGRA parameter BE1 BE2 BE3
My [GeV] 0 90 90
M,/ [GeV] 475 460 450
Ap [GeV] —1250 —1400 —1250
tan 3 5 4 4
sgn(p) + + +
Aos1|GuT 0.045 0.045 0.045
lightest sparticles (mass/GeV)

LSP ér (168.7) ér (182.3) ér (182.0)
NLSP 71 (170.0) 71 (189.0) ) (184.9)
NNLSP fir (183.6) Y (189.5) 7 (187.2)
NNNLSP W (195.7) far (199.0) ar (195.9)

Table 5.7.: Bs mSUGRA parameter and the mass hierarchies of the lightest four sparticles for
the ég LSP benchmark points BE1, BE2 and BE3. The remaining spectrum and
the branching ratios are given in Appendix A.

e IV +jets. The W boson can decay into a charged lepton and a neutrino. We demand two
heavy flavor quarks (¢, b) at parton level.

e Di-boson (WZ, ZZ) and Di-boson + jet (WW 4, WZj, ZZj) production. For the di-boson
background the gauge bosons are forced to decay leptonically. For WW j, we consider only
the heavy flavor quarks ¢ and b for the (parton level) jet, while for WZj and ZZj every
quark flavor is taken into account.

In the backgrounds where we consider explicitly the production of heavy flavor quarks ¢ and
b at parton level, a cut on the minimal transverse momentum pr > 10 GeV of the ¢ or b quark
is performed, because only then do these quarks have a fair probability to yield an additional
isolated lepton [217]. Table 5.8 gives an overview of the background samples used in our analysis.

5.3.3. MC Simulation and object selection

The SM backgrounds I, Ztf, Zcc and Zbb are simulated with Herwig6.510 [213, 214, 215]. For
the other SM processes we employ MadGraph/MadEvent 4.4.30 [218] for the generation of the
hard process which is then fed into Herwig6.510 for the hadronization process. The employed
MC generators are listed in Tab. 5.8. We also give the leading-order (LO) cross section and
the number of simulated events for each background sample for both 7 TeV and 14 TeV LHC
collisions, derived with Herwig (for the backgrounds tf, Ztt, Zcé and Zbb) and MadGraph (else).
In order to be consistent, we only consider leading-order cross sections for signal and background
samples. However, we want to note that next-to-leading-order (NLO) corrections can be large
[219, 220]. These should be included in a more dedicated analysis. Furthermore, our simulation
does not account for detector effects, i.e. we neglect backgrounds with leptons faked by jets or
photons. It was shown in Ref. [195] that the QCD background can be efficiently suppressed in
multi-lepton final states.

The SUSY mass spectra were calculated with SOFTSUSY 3.0.13 [188, 189]. The SOFTSUSY

output was fed into ISAWIG1.200 and ISAJET7.64 [212] in order to calculate the decay widths
of the SUSY particles. We added the three-body slepton decays ¢r — £0't'; and 71 — TR to
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Sample sub-sample cross section [pb] simulated events Generator

7TeV 14 TeV 7 TeV 14 TeV

top tt 86.7 460.4 200 000 5 000 000 Herwig
Wit 10.2 60.7 100 000 1200 000 MadGraph + Herwig
Wit 0.14 0.52 10 000 10 000 MadGraph + Herwig
Ztt 0.066 0.43 10 000 10 000  Herwig
Z +jets  Zce 49.5 187.2 100 000 2 000 000 Herwig
Zbb 44.6 170.5 100 000 2 000 000 Herwig
Z =0T +5(j=cb) 59.6 202.5 180000 3700 000 MadGraph + Herwig
W+jets W —lv+jj(j=c,b) 38.2 95.2 135000 1400000 MadGraph + Herwig
di-boson W Z — charged leptons 0.20 0.40 100 000 100 000  MadGraph + Herwig
Z 7 — charged leptons 0.03 0.06 22 000 75000 MadGraph + Herwig
WW+j(j=cb) 10.9 64.0 120000 1000000 MadGraph + Herwig
WZ+j(j=all) 7.0 25.0 77 000 100 000 MadGraph + Herwig
ZZ+j(j=all) 3.2 10.2 16 000 280 000 MadGraph + Herwig
Table 5.8.: Monte Carlo (MC) samples of the SM background used for our analysis. The third

and fourth (fifth and sixth) column give the leading-order cross section (number
of simulated events) for pp collisions at a center-of-mass energy of /s = 7 TeV
and /s = 14 TeV, respectively. For the event simulation we employ the MC
generator listed in the last column. The cross section is obtained by the empoyed
MC generator (MadGraph calculates the cross section in cases where we use both
MadGraph and Herwig).

Cross section (in fb) at the LHC at /s =7 TeV BE1 BE2 BE3
o(pp — sparton pairs) 86.7+ 0.4 151.7+ 0.7 138.6 + 0.7
o(pp — slepton pairs) 24.0+0.1 19.9£0.1 21.14+0.1
o (pp = gggﬁg_ggﬂon ) 32.2 4 0.2 38.6 + 0.2 43.340.2
o(pp — sparticle pairs) 142.94+0.5 210.2+ 0.7 203.0 & 0.7
Cross section (in fb) at the LHC at /s = 14 TeV BE1 BE2 BE3
o(pp — sparton pairs) 1968 + 10 2771+ 13 2759 + 14
o(pp — slepton pairs) 96.7+0.5 83.9+0.5 88.1+0.5
o (pp = gzﬁgﬁg_gﬁﬁ’on ) 224 + 1 259 + 1 284 + 1
o(pp — sparticle pairs) 2288.7+10.1 3113.9+£13.0 3131.1+14.0

Table 5.9.:

Leading-order signal cross section for pp collisions at center-of-mass energies /s =
7 TeV and /s = 14 TeV for the benchmark scenarios BE1, BE2 and BE3. We
give the cross section of sparton (i.e. squark and gluino) pair, slepton pair and
electroweak (EW) gaugino pair / EW gaugino-sparton production separately. We
further give the total sparticle pair production cross section, which is the signal
process. We employ Herwig to determine the LO cross sections and to simulate
~ 15 000 (=~ 250 000) events for the 7 TeV (14 TeV) MC signal samples. The
uncertainties are due to statistical fluctuations from Herwig.
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the ISAJET code, c¢f. Appendix C for the calculation and a discussion of these slepton decays.
The signal processes, i.e. pair production of SUSY particles, were simulated with Herwig6.510.

In Tab. 5.9 we give the LO production cross section for all selected benchmark points at
the LHC at center-of-mass energies of /s = 7 TeV and /s = 14 TeV. We present the cross
sections the signal process, i.e. sparticle pair production, and three of its subprocesses: Firstly,
the production of sparton pairs, where we consider squarks and gluinos as spartons; Secondly,
slepton pair production and thirdly the production of electroweak (EW) gaugino pairs or an
EW gaugino in association with a squark or gluino. For all benchmark points, sparton pair
production is the dominant SUSY production process. Thus, the majority of SUSY events will
fulfill our signature expectations including at least two hard jets, cf. Sect. 5.1. For the signal
samples at 7 TeV (14 TeV), we generate approximately 15000 (250000) events.

The particle selection is inspired by the definitions used by the ATLAS collaboration for
SUSY studies, cf. Ref. [195, pp. 1518]. We select leptons (i.e. electrons and muons) and jets
with pseudorapidity |n| < 2.5 and minimum transverse momentum py > 10 GeV. We employ
the following isolation criteria using the distance in pseudorapidity 1 and azimuthal angle ¢,
defined as AR = /(A¢)? + (An)?: Leptons are rejected, if the total transverse momentum of
all particles within a cone of AR < 0.2 around the lepton exceeds 1 GeV. Jets are reconstructed
with FastJet 2.4.1 [209, 210] using the kt algorithm with cone radius AR = 0.4. The missing
transverse energy [ is given by the sum over the transverse momenta of the neutrinos.

5.3.4. Kinematic Distributions and Event Selection

In this section we discuss the kinematic event distributions for the benchmark points and moti-
vate the event selection criteria. All figures are given for the simulated 7 TeV dataset and are
either normalized or correspond to an integrated luminosity of [ Ldt =1 fb=!. In Appendix B
we discuss the performance of the analysis for the LHC at 14 TeV.

The normalized pr distribution of the electrons (muons) after the object selection is shown in
Fig. 5.6(a) (Fig. 5.6(b)) for the B3 mSUGRA benchmark models. In all scenarios, the electrons
mostly stem from the neutralino decay ¥ — ége, while many of the muons come from the LSP
decay €ép — pv;.

For BE1, the mass difference between the fig (Y)) and the égr LSP is about 15 (27) GeV
and thus quite large. Furthermore, the 71 NLSP exclusively decays via the Pg violating decay
71 — evy. Thus, the electrons tend to have a hard pr. For instance, 81% of all electrons have
p%l 2> 25 GeV. However, a large amount of the muons are soft, ¢f. Fig. 5.6(b). A sizable fraction
of all muons do not fulfill the object selection requirement py > 10 GeV, such that 34% of all
events do not contain any selected muon. These soft muons stem from the three body decays of
the fip into the ég or the 7.

The benchmark points BE2 and BE3 have similar lepton pr spectra: Due to the smaller
mass differences between the Y{ and the ég LSP compared to BE1, the electrons are softer.
For instance the fraction of selected electrons with pSt < 25 GeV is 55% (34%) for BE2 (BE3).
Because of the lepton pr requirement in the object selection, the electron multiplicity is reduced
in these scenarios: 30% (50%) of all events do not contain any selected electron in BE2 (BE3).
In contrast, these two scenarios have a harder muon pp spectrum than BE1, since the majority
of the muons stem from the €z LSP decay.

We conclude, that the lepton pr spectrum strongly depends on the sparticle mass spectrum.
Thus, we desist from making further requirements on the lepton pp since this would imply a
strong model dependence in the event selection.
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Figure 5.6.: Normalized lepton transverse momentum (pr) distributions of SUSY benchmark
models BE1 (red), BE2 (blue) and BE3 (green) for a center-of-mass energy of
/s =7 TeV and after object selection cuts. Note, that these distributions contain
all selected leptons (of the given flavor) of the event.

In Fig. 5.7(a) [Fig. 5.7(b)] we present the normalized pr distribution of the (second) hardest
jet for the benchmark scenarios BE1, BE2 and BE3. For all signal models we observe a broad
peak of the hardest jet pr at around 400 GeV. These jets stem from the decays of the heavier
squarks, whose masses are typically around 800 — 1000 GeV, and from the gluino decays into
the £; and a t quark. We find another peak of both the hardest and second hardest jet at around
100 GeV. These jets are formed by the ¢ quark from the ¢; decay. The peak is most pronounced
for BE2, since here we have a light £; mass, Mz, = 448 GeV, and thus {1 pair production is
enhanced. In contrast, the ¢; mass is about 90 GeV heavier for BE1 and thus, the peak is
hardly visible. For this benchmark point, the pp distribution of both the hardest and second
hardest jet rather peaks at low values, pr < 50 GeV. These soft jets stem from initial and final
state radiation of gluons and are selected as the hardest and second hardest jet in the case of
EW gaugino and slepton pair production. These channels form a sizable fraction (39%) of the
sparticle pair production for BE1, while they are less important for BE2 and BE3, ¢f. Tab. 5.9.
However, this picture will change for a center-of-mass energy of /s = 14 TeV, where sparton
pair production is much more dominant for all three benchmark points.

We now discuss the construction of our event selection. In order to motivate the selection
steps, we show in Fig. 5.8 the event distribution as a function of the respective cut variable for
the SM background, the three égr LSP benchmark models BE1, BE2, and BE3, as well as for
comparison the Ps conserving SUSY benchmark model SPSla [221] before the corresponding
cut. In Tab. 5.10 we give the number of background and signal events after each selection step
of the analysis. Furthermore, we provide for each signal benchmark scenario the cut-flow of the
significance estimator? S/v/B, where S (B) is the number of signal (background) events. In
general, the signal can be defined to be observable if [222, 223]

S > max [5@, 5, 0.23] . (5.5)

9Note that this widely used estimator is an approximation for large Poisson statistics with S < B. Thus, in
particular in the case of low SM background and larger number of signal events, this significance estimator should
not be taken too seriously.
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Figure 5.7.: Normalized jet transverse momentum (pr) distributions for the SUSY benchmark
models BE1 (red), BE2 (blue) and BE3 (green) for a center-of-mass energy of
/s =7 TeV and after object selection cuts.

The requirement S > 0.2B avoids the possibility that a small signal on top of a large back-
ground could otherwise be regarded as statistically significant, although this would require the
background level to be known to an excellent precision. In the case of a very low background
expectation, B < 1, we still require 5 signal events for a discovery.

As we have seen in Sect. 5.1, we expect an extensive number of leptons in the final state.
However, the lepton flavor multiplicity depends on the LSP flavor as well as on the A coupling,
cf. Tab. 5.1. Also, the pp spectrum of the leptons depends on the mass hierarchy. To be as
model independent as possible, we simply demand three leptons (e or u) without further pp
requirements in step I of our event selection.

In Fig. 5.8(a) we show the lepton multiplicity. We clearly observe more leptons in the Bj
mSUGRA models than for SPS1a. All SM backgrounds can be highly reduced by demanding
three (or more) leptons. We also see, that in demanding five leptons, we could already get a
background free signal. However, this would also significantly reduce the signal. Furthermore,
we do not take into account detector effects and leptons, which may be faked by jets or photons.
These effects could also lead to background events with more than five leptons. After step I
the main SM background comes from di-boson events (=~ 68%). No W + jets events survived
this cut, indicated by < 1.0 events in Tab. 5.10. The number of signal events is reduced to 63%
(44%) for BE1 (BE2). Even more signal events are rejected in the benchmark scenario BE3
(30% of the events survive the cut), because due to the low mass difference between the x{ and
the ér LSP, the lepton multiplicity is reduced. According to Eq. (5.5), BE1 and BE2 are already
observable after this cut.

We show the jet multiplicity in Fig. 5.8(b) after demanding three leptons. Due to the weak
object selection criteria that we chose for the jets, we observe a high jet multiplicity. As discussed
in Sect. 5.1, we expect at least two jets from squark and gluino decays. Thus we demand in
step II of our event selection the number of jets to be Nje; > 2. This cut reduces most of the
di-boson backgrounds W Z and ZZ as well as about 70% of the Z + jets background. After this
cut, the dominant SM background is WZ + j (= 39%). The number of signal events is reduced
to 88% (83%) for BE1 and BE2 (BE3). After this requirement, also BE3 is observable.

In order to further reduce the SM backgrounds involving Z bosons, we construct the invariant
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Figure 5.8.: Event distributions of several cut variables: (a) lepton multiplicity, (b) jet mul-
tiplicity, (c) OSSF lepton invariant mass and (d) visible effective mass for the
SM background (gray patterned) and the SUSY models BE1 (red), BE2 (blue),
BE3 (green) and SPSla (white). Note that Fig. 5.8(a) and 5.8(b) are given on
a logarithmic scale. The distributions show events after the object selection and
follow the event selection, i.e. they are presented before the cut on the respective
variable is applied (see text). They correspond to an integrated luminosity of
1 fb~! at a center-of-mass energy of 7 TeV.

mass of opposite-sign-same-flavor (OSSF) leptons, shown in Fig. 5.8(c). As expected, the SM
background has a large peak at the Z boson mass Mz = 91.2 GeV, while the signal distribution
is mostly flat in that region. Thus, in step III of our event selection, we reject all events where

the invariant mass of the OSSF leptons lies within a 10 GeV window around the Z boson mass,
i.e. we demand

Mossr ¢ [81.2 GeV,101.2 GeV]. (5.6)
This cut strongly reduces the Z + jets and di-boson backgrounds, leaving ¢t as the dominant

SM background. Roughly 85% — 90% of the signal events (all benchmark scenarios) survive this
cut.
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Sample before cuts Niep > 3 Niet > 2 Mossr M e"és > 300 GeV
top 97111 4 197 149422  138+21 120+2.1 2.1+0.8
7 + jets 153591 = 254 51.9+4.3  16.6+£24 1.0+ 0.6 < 1.0
W + jets 38219 + 103 < 1.0 < 1.0 < 1.0 < 1.0
di-boson 21331448 1792430  53.5+20 2.6 +0.4 0.7+ 0.2
all SM 310252 +£ 341  264.0+£57  839+38  156+22 2.84+0.8
BE1 143.1+£1.2 90.5+0.9 794409  688+08 65.5 4 0.8
S/\/B - 5.6 8.7 17.4 39.1
BE2 2104+ 1.5 926+1.0  81.4+09  738+09 70.4 4+ 0.8
S/vVB - 5.7 8.9 18.7 42.1
BE3 202.7+ 1.4 61.6+08  51.3+£0.7 452407 43.2+0.7
S/VB - 3.8 5.6 11.4 25.8

Table 5.10.: Number of SM background and signal events after each step in the event selection
at /s = 7 TeV, scaled to an integrated luminosity of 1 fb~1. We provide the
results for the three signal benchmark scenarios BE1, BE2 and BE3. For each
signal model, we give S/ VB as significance estimator. The uncertainties include
statistical errors only.

SUSY events are expected to contain a large amount of energy in the form of high transverse
momenta of the jets and leptons. Thus, we construct the visible!® effective mass as the scalar
sum of the absolute value of the transverse momenta of the four hardest jets and all selected
leptons in the event,

4

e 1

EEY P e (5.7)
i=1

all

The visible effective mass distribution is shown in Fig. 5.8(d). The SM background dominates
for Mevii{S < 300 GeV, while most of the signal events exhibit a visible effective mass beyond
300 GeV. This threshold value is slightly higher for the 14 TeV dataset. Thus, we demand in
step IV of our event selection

if /s =7 TeV,

vis - J 300 GeV,
{ if /5 = 14 TeV. (5:8)

off 400 GeV,

After this cut, only 2.8 + 0.8 SM events remain, dominated by the ¢t background. The signal
is mainly unaffected by this cut. More than 95% of the signal events (all benchmark scenarios)
survive this selection step.

We observe two peaks in the visible effective mass distribution for our benchmark scenarios.
The peak at lower values of M e"iif contains mainly events from ¢; pair production, while events
from heavier squark or gluino production build the second peak at higher Mg’&s values. Due
to the large difference of the ¢; mass to the other squark masses of about 400 GeV — 500 GeV
(depending on the model), these peaks are clearly separated in the visible effective mass. We

10We denote this variable as visible effective mass because it does not include the missing transverse energy as
in other definitions of the effective mass [195].
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Figure 5.9.: Missing transverse energy, K, distribution for the B3 benchmark points BEI1,
BE2 and BE3, the R-parity conserving benchmark scenario SPSla and the SM
background. The distributions show events before the event selection and corre-
spond to an integrated luminosity of 1 fb™1 at /s = 7 TeV.

make use of this fact when we present a method to reconstruct the masses of both the ¢; and
the right-handed first and second generation squarks, cf. Sect. 6.2.

In order to test the flavor sensitivity of this search, we applied the analysis to a modified
version of the benchmark models presented in Tab. 5.7. Instead of Aa3;, we chose A\131 (A132) as
the dominant P coupling to obtain the ég (fir) as the LSP, while we left the other Bs mSUGRA
parameters unchanged. The results for the fip LSP scenario are in agreement with the original
benchmark scenarios within < 1% deviations, which are due to statistical fluctuations of the
MC estimate. However, for ép LSP scenarios with a dominant A13; coupling, the cut on the
invariant mass of OSSF leptons (step I1I) rejects more signal events than for scenarios with Aa3;
as the dominant Pg coupling. For the modified scenario of BE1 (BE2), the number of signal
events passing the Mogsr cut is reduced by around 15% (3%) compared to the original results,
cf. Tab. 5.10. This difference is strongest for BE1-like scenarios, because the endpoint of the
di-electron invariant mass distribution, where one electron comes from the Y decay and the
other from the ép LSP decay, cf. also Eq. (6.6a), coincides with the upper value of the Z boson
mass window. We conclude that in most cases, our detailed study of €z LSP models with a
dominant P coupling Ao3; as representative for a general Bs mSUGRA model with a (r LSP is
justified. However, for €z models with a dominant coupling A1j1 (j = 2, 3), the signal efficiency
and thus the discovery potential can be slightly reduced due to the Mpgsr cut.

In Fig. 5.9 we present the missing transverse energy event distribution for all signal scenarios
and the SM background before the event selection criteria are applied. In Pg conserving scenarios
like SPS1a, the YJ LSP is stable and escapes detection, leading to missing transverse energy Fr.
However, even though the LSP decays within the detector in the Bs scenarios BE1, BE2 and
BE3, there is a significant amount of missing energy due to the neutrinos from the LSP decay.
Moreover, the r distribution for SPS1a falls off more rapidly than for the B3 scenarios. Thus,
B3 scenarios can lead to even more missing transverse energy than Pg conserving scenarios.

The performance of the event selection presented in this section on the signal and SM back-
ground samples for an integrated luminosity of 10 fb~! at a center-of-mass energy of 14 TeV is
discussed in Appendix B.
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5.3.5. Discovery reach with early LHC data

The previous analysis is now extended to a more extensive supersymmetric parameter region.
We provide the discovery potential of Bs mSUGRA models with a ég LSP with early LHC data
at /s =7 TeV and /s = 14 TeV. For each center-of-mass energy, we perform a two dimensional
parameter scan in the M — My plane around the benchmark point BE1 (Ap = —1250 GeV,
tan 8 = 5, sgn(u) = +, Aog1|gur = 0.045), cf. also Fig. 4.3. For each parameter point, we
generate 1000 events and apply the analysis presented in the previous section. Thus, we do not
optimize the cuts for each parameter point.

Due to the RGE running, all sparticle masses, especially those of the strongly interacting
sparticles, increase with increasing M /o [158]. Thus, by varying M, /5, we can investigate the
discovery potential as a function of the SUSY mass scale. As we have seen in the previous
section, the discovery potential is also sensitive to the mass hierarchy of the lighter sparticles
and, in particular, to the mass difference between the ¥{ and the LSP. As with M; /2, all sparticle
masses also increase with increasing My, however, this mainly affects the scalar particles, while
gauginos are nearly unaffected. Thus, My provides a handle on the mass difference between the
%} and the ég or jir LSP.

For the LHC at /s = 7 TeV, we give in Fig. 5.10 the signal cross section (in pb) [Fig. 5.10(a)]
and the signal efficiency [Fig. 5.10(b)], i.e. the fraction of signal events that pass the analysis.
The results are given only for B3 mSUGRA models with a éz LSP, while models with a ¥} LSP
(71 LSP) are indicated by the striped (checkered) region. The solid gray region is excluded by
the experimental bound on the Ao3; coupling.

The signal cross section, which is dominated by the production of colored sparticles, clearly
decreases with increasing M /9, i.e. with an increasing SUSY mass scale. For instance, increasing
M5 from 400 GeV to 500 GeV reduces the cross section from 0.6 pb to 0.1 pb, while the
right-handed squark (gluino) mass increases from around 820 GeV (930 GeV) to 1010 GeV
(1150 GeV). In contrast, the My dependence of the signal cross section is negligible.

For the benchmark scenario BE1 we obtained a signal efficiency of roughly 46%. Going
beyond BE1, we observe in Fig. 5.10(b) that the signal efficiency lies between 30% and 50%
for most of the égr LSP parameter space. Thus, the presented analysis works also quite well
for a larger set of ép LSP models. However, the signal efficiency decreases dramatically for
a decreasing mass difference, AM, between the ) and the ér LSP. For models with AM <
2.5 GeV the signal efficiency is usually around 10% — 20%, because the electrons from the
decay X} — €re are very soft and tend to fail the minimum pr requirement. For models with
AM > 10 GeV, the signal efficiency becomes more or less insensitive of AM. Note that, if
we choose a stronger minimum lepton pr requirement in our analysis, this band of low signal
efficiency will become wider.

The signal efficiency depends also slightly on M. At low values, M;/, < 400 GeV, i.e.
for models with a light sparticle mass spectrum, more events are rejected by the cut on the
visible effective mass. Moreover, the SM particles from cascade decays and LSP decays then
have on average smaller momenta than for scenarios with a heavier mass spectrum, and thus
may fail to pass the object selection'!. The signal efficiency is highest for values of M, /2 between
450 GeV and 550 GeV and reaches up to 50%. However, when going to very large My, the
signal efficiency again decreases. Here, the production of sparton pairs is suppressed due to their
large masses. For instance, by varying M, from 500 GeV to 700 GeV, the fraction of sparton

"However, due to our rather weak pr requirements for jets and leptons, this effect does not play a major réle
in this analysis.

67



5. Probing Selectron and Smuon LSP models at hadron colliders

pair production of the signal cross section decreases from 58% to 24% at a center-of-mass energy
of \/s =7 TeV. Since our analysis is optimized for sparton pair production, the signal efficiency
decreases with very large values of M .

In Fig. 5.11 we present the discovery potential for the LHC at /s = 7 TeV. The discovery
reach for the integrated luminosities 100 pb~!, 500 pb~! and 1 fb~! is given in Fig. 5.11(a). We
use Eq. (5.5) as criteria for a discovery. Furthermore, we present the signal to background ratio,
S/B, in Fig. 5.11(b). As shown in the previous section, the SM background can be reduced to
2.8 +0.8 events at /s =7 TeV.

Fig. 5.11(a) suggests that ég LSP scenarios up to M; 5 < 620 GeV can be discovered with
an integrated luminosity of 1 fb~!. This corresponds to squark masses of 1.2 TeV and ér LSP
masses of around 230 GeV. For these models, we have a signal over background ratio of S/B ~ 3
and thus, systematic uncertainties are not significant for a discovery. Furthermore, we see that
BE1 can already be discovered with < 100 pb~! of data. We clearly see in Fig. 5.11 that
scenarios with a small mass difference between the Y and the ér LSP are more difficult to
discover.

We now discuss the prospects of a discovery at the LHC at /s = 14 TeV. In Fig. 5.12 we
give the signal cross section [Fig. 5.12(a)] and the signal efficiency [Fig. 5.12(b)].

Due to the higher center-of-mass energy, the cross section is O(10) times larger than for
Vs = 7 TeV, cf. Fig. 5.10(a). For instance, at M/, = 400 GeV (500 GeV) the signal cross
section at /s = 14 TeV is 7.2 pb~! (1.7 pb_l). Furthermore, the signal production is strongly
dominated by sparton pair production, cf. also Tab. 5.9.

The signal efficiency at /s = 14 TeV is slightly improved compared to the results for /s =
7 TeV. This is because due to the enhanced sparton pair production, more signal events pass the
cut on the jet multiplicity, Vit > 2, cf. also Appendix B. For the benchmark point BE1, we now
obtain a signal efficiency of about 51%. Most of the parameter points in Fig. 5.12(b) exhibit a
signal efficiency in the range of 40% to 60%. For the scenarios with low mass difference between
the ¥} and the ég LSP, AM < 2.5 GeV, the signal efficiency is reduced to around 15% — 25%.
As for /s = 7 TeV, the signal efficiency decreases at very large values of M; /2 because of the
increasing sparton mass. Here, this effect slowly sets in at values M/, 2 1100 GeV, i.e. for
scenarios with very heavy squark and gluino masses 2 2 TeV. For instance, at M; 5 = 1100 GeV,
sparton pair production still forms 52% of the signal cross section.

Applying the search analysis presented in Sect. 5.3.4 on the SM background samples at
/s = 14 TeV with an integrated luminosity of 10 fb~!, we obtain 64.7 + 7.2 SM background
events passing the full event selection, c¢f. Tab. B.1 in Appendix B. In Fig. 5.13 we give the
discovery potential for the LHC at /s = 14 TeV. We give the discovery reach for the integrated
luminosities 100 pb~!, 1 fb~! and 10 fb~! in Fig. 5.13(a). The signal to background ratio
S/ B is shown in Fig. 5.13(b). We observe, that scenarios with M/, <1 TeV (1.15 TeV) can be
discovered with 1 fb=! (10 fb~1) with a signal over background ratio of 2 (0.6). This corresponds
to squark masses of around 1.9 TeV (2.2 TeV) and LSP masses of roughly 370 GeV (450 GeV).

We conclude this section by pointing out that due to the striking multi-leptonic signature, the
prospects of an early discovery of Bs mSUGRA with a £z LSP are better than for Pg conserving
mSUGRA models [222, 223]. The discovery potential decreases significantly for scenarios with
a low mass difference between the Y and (r LSP. Note, that the vast reach in M /2 is also
due to the fact, that typically the ¢; mass is much smaller than those of the other squarks. For
instance, at M/, = 525 GeV, the t; mass is around 630 GeV and thus can still be produced
numerously at the LHC at /s = 7 TeV.
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We want to remark that, for scenarios with low mass difference between the Y and the
(r LSP, the search for like-sign di-lepton final states might be a more promising approach.
Assuming both like-sign leptons originate from the LSP decay, a high lepton pr requirement
can be imposed, which may reduce the SM background dramatically [15, 224, 225, 226, 227].
However, a detailed analysis of these search channels is beyond the scope of this thesis.

69



5. Probing Selectron and Smuon LSP models at hadron colliders

150 LHC at /s =7 Te
= 10
120 <,
> 1 =
]
O 90 %
Eo : 0.1 7
60 )
0.01 o,
o
30 ©
0.001
0

350 400 450 500 550 600 650 700
My [GeV]
(a) Signal cross section in pb at the LHC at /s =

7 TeV. The white dotted contour lines give the Gr
mass in GeV.

LHC at =7 TeV
150 \/g =
= 05
120 0.45 5}
> 04 £
@ Z
U 90 035 ©
§ 2 0.3 &OEJ
=
60 0.25 =
02 .20
@n
30 0.15
0.1
0

350 400 450 500 550 600 650 700
Ml /2 [GGV}
(b) Selection efficiency for the signal events at the

LHC at /s = 7 TeV. The white dotted contour lines
give the mass difference, AM, between the ¥ and the

er LSP in GeV.

Figure 5.10.: Signal cross section (in pb) [Fig. 5.10(a)] and signal efficiency [Fig. 5.10(b)] at
the LHC at /s = 7 TeV in the M, /2 — My plane. The other parameters are
those of BE1 (Ag = —1250 GeV, tan 8 = 5, sgn(u) = +, Aasi|gur = 0.045).
The patterned regions correspond to scenarios with either a 7 or x| LSP. The
solid gray region is excluded by the bound on Ao3;.
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(a) Estimated contours of minimal required integrated
luminosity to obtain an observable signal, ¢f. Eq. (5.5).

Figure 5.11.:

(b) Contours for the signal over background ratio,
S/B, as given by the red labels.

Discovery reach at the LHC at /s = 7 TeV. We give the minimal required
integrated luminosity for a discovery in Fig. 5.11(a) and the signal to background
ratio, S/B in Fig. 5.11(b). The ér LSP parameter region is shown for Ay =

—1250 GeV, tan 8 = 5, sgn(u) = + and Agsi|gur = 0.045. The patterned
regions correspond to scenarios with either a 7; or X! LSP. The solid gray region

is excluded by the bound on Ao3;. The grey dotted contour lines give the égr
mass (in GeV) as indicated by the labels.
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Figure 5.13.:
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(b) Contours for the signal over background ratio,
S/B, as given by the red labels.

Discovery reach at the LHC at /s = 14 TeV. We give the minimal required
integrated luminosity for a discovery in Fig. 5.13(a) and the signal to background
ratio, S/B in Fig. 5.13(b). The ér LSP parameter region is shown for Ay =
—1250 GeV, tan 8 = 5, sgn(u) = + and Agsi|gur = 0.045. The patterned
regions correspond to scenarios with either a 7; or X! LSP. The solid gray region
is excluded by the bound on Ao3;. The grey dotted contour lines give the égr
mass (in GeV) as indicated by the labels.
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6. Mass reconstruction at the LHC

In the last section we have shown that B; mSUGRA scenarios with a /r LSP can already be
tested quite stringently with early LHC data. If a discovery has been made, the next step would
be to try to determine the sparticle mass spectrum. Here, we present an idea how some sparticle
masses can be reconstructed, using the benchmark point BE2 as an example.

As in Pg conserving scenarios, the decay chain of sparticles cannot be completely recon-
structed, as the ér LSPs decay into neutrinos that cannot be detected. Thus, we focus on the
measurement of edges and thresholds of invariant mass distributions formed from certain decay
chains [228]. This method has been studied in detail for SPS1a [229, 230], at ATLAS [195] and
at CMS [103, 231] as well as for baryon number violating scenarios [232].

6.1. The Basic Idea

We first discuss the general idea of the method. We assume the decay chain
D — Cc — Bbe — Aabe, (6.1)
illustrated in Fig. 6.1, where the particles D, C, B, and A are massive! and their masses satisfy
mp > mg > mp > MmA. (6.2)

The particles a, b and ¢ are observed SM particles.

With particle A invisible, we can form four invariant mass combinations of the 4-momenta
of the decay products ¢, b and a: mpq, Meq, Mep and Mep,. The shapes and endpoints of these
distributions are functions of the (unknown) particle masses in Eq. (6.2) and are derived under
rather general assumptions in Ref. [233]. The maximal values of the two- and three-particle

'Particle A does not necessarily need to be massive.

D C B A

Figure 6.1.: Sequential decay chain used for the mass reconstruction.
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invariant masses are given by

(mp™)? =(mg; —mi)(mp —m3)/mp, (6.32)
(meg™)? =(m — m)(mp —mA)/mp, (6.3b)
(me™)? =(m], — m¢)(mg; —mi) /m., (6.3¢)
[ = mE)nE ) (o, ) (o~ o i)
(’I’)’L?Iﬁx)2 = except for the sszgial case in which sz <”Z’fAmD < mQC and mAmQC ?%@Eﬁlp,
where we must use (mp —ma)?.
(6.3d)

In principle, these four equations are sufficient to determine the unknown masses mp, mg, mp
and m 4, once the endpoints are determined. In addition, the three-particle invariant mass, mcpq,
has a non-zero threshold value given by

min 2 2

(mea)? =[2mB(mD — m)(mE — m) + (mh, +mg)(m — mp)(mi — m3)

— (m% — m%)\/(m% + m2B)2(mQB + m?A)2 — 16m%m‘}9m§1]/(4m23m2c). (6.3¢)

This can be used to over-constrain the problem for a more precise determination of the involved

particle masses?.

The most prominent application of this method is in Pg conserving SUSY, where one inves-
tigates the decay cascade of a left-handed squark,

L — qX3 = gl U, — qGiF 1. (6.4)

Here, the lightest neutralino, X9, is stable and escapes the detector unseen. It is a general
feature of Pg conserving SUSY, that the near lepton, /,, and far lepton, ¢;, are of the same
flavor and thus indistinguishable on an event-by-event basis [228, 236]. Thus, the invariant
mass distributions my,, ¢ and my,4, cannot be formed unambiguously and one usually defines the
slightly modified variables 1mq(10u) and mygign) [228, 233].

We now apply this method to our Py violating scenarios. We investigate the decay chain of
a right-handed squark

ir — qx) — qfigﬁ — gl 0y, (6.5)

where £ is the LSP. It decays into a lepton ¢ and a neutrino, where the flavor depends on the
dominant A coupling, ¢f. Tab. 5.1. In contrast to the Pg conserving scenarios, we can actually
distinguish the near and far lepton if we have a dominant Pg coupling A € {231, A132}. The I
LSP then decays into a lepton of different flavor than its own flavor.

Another difference to the Pg conserving scenarios is that the decay chain is initiated by a
right-handed squark. In most £z LSP models, the (mostly right-handed) #; is much lighter than
the first and second generation ¢r scenarios. Thus, we typically have two distinct squark mass
scales. This enables the measurement of both the ¢; mass and the mass of the right-handed first
and second generation squarks, ¢r, simultaneously, if we succeed in separating the events from

gr and t; pair production.

For the following study, we focus on the ép LSP benchmark model BE2. We concentrate

2 Another variable which can be used is the Stransverse mass, mr2 [234, 235].
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“near” “far”
q et wr
- - 5> — > - > — —¢ > Vr
~ 0 5F
dr X1 €r 231

Figure 6.2.: Decay cascade of a right-handed squark, g — ¢x} — qeiéﬁ — ge* T, which
is relevant for the mass reconstruction in ép LSP models with a non-zero Ao3;
coupling. The cascade leads to a jet, two distinguishable leptons and a neutrino.
The Py violating decay of the ég LSP via the Ao3; coupling is marked in red.

on the case, where the ér decays into a muon and a neutrino, because firstly, muons are much
easier to reconstruct than 7 leptons, and secondly, these events have a higher probability to pass
the event selection which demands three leptons, c¢f. Sect. 5.3.4. The relevant decay cascade,
Eq. (6.5), is shown in Fig. 6.2. This cascade yields a jet and two different flavor leptons of
opposite charge, from which we can unambiguously form the invariant masses Mmeu, Mepq, Meq
and my,.

In the mass determination, one can leave the mass of the invisible particle, ma, as a free
parameter. However, once the Py violating decay chain, Eq. (6.5), is experimentally confirmed,
the knowledge of m 4 = 0 simplifies Eq. (6.3) and reduces the number of fit parameters by one.
The endpoints of the invariant mass distributions are then given by

(mg™)? =MZy — MZ,, (6.62)
(mpug™)* =Mz, — M, (6.6b)
(meg™)? =(Mg, = M) (My — MZ,) /My, (6.6¢)
(Mg ) =Mg, — MZ,. (6.6d)
(migie)* =Mz, (M2 — M2,)/(2M ) (6.6¢)

In BE2, #; pair production comprises approximately 30% of all sparton pair production,
while right-handed first and second generation squarks are mainly produced in association with
a gluino (16% of all sparton pair production) or in pairs (9% of all sparton pair production).
Thus we have a similar number of events from #; pair production (denoted in the following as #;
events) as from sparton pair production including a right-handed squark of the first or second
generation (denoted as gr events). The approximate branching ratios of the subsequent cascade
decays are

_100% -0 100% = 50%

ir — q) =% qeieﬁ 2 getuTu,, (6.7)
~ 71 01 _

ty L% %] 100% teieﬁ S0% te*pTu,, (6.8)

respectively.
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6. Mass reconstruction at the LHC

6.2. Event selection

In the following, we basically apply the same event selection as designed for a discovery at the
LHC at /s = 14 TeV, cf. Sect. 5.3.4. Furthermore, for the construction of the invariant mass
distributions, the event has to contain at least one electron and one muon with opposite charge.
In order to enhance the probability of selecting the right muon, i.e. the p from the ég decay,
we require a minimal transverse momentum of the muon p4. > 25 GeV. At this stage we can
construct the opposite-sign-different-flavor (OSDF) dilepton invariant mass distribution, me,. In
order to reduce combinatorial background, we subtract the dilepton invariant mass distribution
of same-sign-different-flavor (SSDF) leptons®. Note that this method also suppresses SUSY
background processes, where the charges of the selected leptons are uncorrelated because of an
intermediate Majorana particle (i.e. a neutralino), for instance SUSY decay chains involving the
cascade fiy = p~X) — peFef.

For the invariant mass distributions containing the jet, we design further selection cuts to
discriminate between #; events and §r events. We expect at least two b jets in the #; events
from the top quark decays. Thus, we introduce a simple b-tagging algorithm in our simulation,
assuming a pr independent b-tagging efficiency of 60%. See Ref. [195, pp. 397] and [237, pp.
461] for b-tagging studies of ATLAS and CMS, respectively. We demand 2 b-tagged jets for the
t1 event candidates while no b-tagged jet must be present for the §r event candidates. Moreover,
we use the visible effective mass, g’fifs, as a handle to discriminate between #; and Gr events,
i.e. we impose the cuts

400 GeV < Mevés < 900 GeV, for ¢; events,

. 6.9
900 GeV < M, for ¢r events, (6.9)

respectively. For the construction of invariant mass distributions involving the quark from the
squark decay, we consider the hardest and second hardest jet, j; and ja, respectively. Due to
the lighter #; mass, the jets are expected to be somewhat softer in ¢; events than in §r events.
For BE2, we choose the following pr selection criteria for the first and second hardest jet:

50 GeV < pit < 250 GeV N
eV =br = ¢ } for t1 events,

25 GeV < p]f
(6.10)

for gr events.

250 GeV < pit
100 GeV < pZ?

Note that since we can not unambiguously determine the true jet of the cascade, we have
combinatorial background from combinations with the wrong jet. After this event selection, the
invariant mass distributions 1, Meq, and m,, are constructed as follows:

® M We take the invariant masses of the selected two leptons together with the hard-
est and second hardest jet. The smaller (larger) value is taken for the edge (threshold)
distribution. For the threshold distribution, we demand the dilepton invariant mass of

the selected leptons to lie within mg™ /V2 < Mey < me,™, corresponding to the subset

3In R-parity conserving scenarios, a technique called flavor subtraction is employed to reduce combinatorial
background. There, the opposite-sign-different-flavor (OSDF) lepton invariant mass distribution is subtracted
from the opposite-sign-same-flavor (OSSF) lepton distribution. This elegantly cancels the background, that arises
from the combination of leptons coming from different decay chains. Our technique is based on the same idea.
We refer to it as charge subtraction.
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(a) Dilepton edge. The dashed line gives the ex- (b) Mass peak of the tau sneutrino, v, due to the
pected value of 51.7 GeV, assuming the cascade de- Ps violating decay > — ep. The true mass value is
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Figure 6.3.: Dilepton invariant mass distribution. The dilepton edge, mg;™, is shown in

Fig. 6.3(a) and the mass peak of the tau sneutrino, 7, is given in Fig. 6.3(b).

of events in which the angle between the two leptons (in the center of mass frame of the
slepton) is greater than m/2 [228]. In the edge distribution, we require me, < mg**

and
ep
employ charge subtraction to reduce the combinatorial background.

e me, (myg): We construct? the invariant mass of a selected electron (muon) with the
hardest and second hardest jet and take the lower value. Furthermore we require, that
the selected electron (muon) forms a dilepton invariant mass me, < mg™* with a selected
muon (electron).

max

ep

max

For this construction, the dilepton invariant mass edge, mg;™,

In this study, we use the true value of the dilepton edge.

must have already been fitted.

6.3. Results

We simulated BE2 signal events corresponding to an integrated luminosity of 100 fb~! of LHC
data at /s = 14 TeV. We assume, that the SM background can be reduced to a negligible
amount with the given event selection and present only the invariant mass distributions for the
signal sample. In the following figures, the gray dashed line indicates the nominal endpoint
value given by Eq. (6.6), using the sparticle mass spectrum of BE2, ¢f. Tab. A.4.

We discuss the main contributions from various SUSY decay cascades to the invariant mass
distributions. We give a rough estimate of how accurately the endpoints may be determined
by a fit and investigate whether the result can be biased due to SUSY background processes or
systematical effects of the event selection. The discussion presented here should be understood
as a proof-of-principle of the feasibility of the method. A detailed reconstruction of the sparticle
masses from the endpoints of the fitted invariant mass distributions will be investigated in the
future.

4In this construction, we make use of the fact that we can distinguish the near and far lepton. However, we
checked that the model-independent construction of the variables meq(near/far) as proposed in Ref. [228] leads to
similar results.
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Figure 6.4.: Dilepton-jet invariant mass edge distribution for the §r event [Fig. 6.4(a)] and #;
event [Fig. 6.4(b)] selection. The distributions are charge subtracted.

6.3.1. Dilepton invariant mass

In Fig. 6.3 we present the charge subtracted dilepton invariant mass distribution. We expect
for the cascade decay in Eq. (6.5) a dilepton edge at 51.7 GeV, which we can clearly identify
in Fig. 6.3(a). The observed edge matches quite accurately the nominal value and should be
observable already with a few fb~!.

For an invariant mass below the dilepton edge, the distribution shape slightly deviates from
the (expected) triangular shape. This is because the LSP can decay into a neutrino and a 7
lepton, which then decays into a muon and neutrinos. In this case, the muon only carries a
fraction of the 7 lepton pr. We thus obtain a lower m,, value as in the case of the direct LSP
decay €ér — pv;.

Beyond the endpoint at 51.7 GeV, we observe another small edge at about 70 GeV. These
events come from the decay of the left-handed smuon, ﬂf — p*x) — preFég. The true
endpoint value for this cascade is 70.7 GeV.

Furthermore, we observe a sharp peak at 309.8 GeV in the di-lepton invariant mass distri-
bution, shown in Fig. 6.3(b). Here, the mass of the tau sneutrino, 7., is fully reconstructed due
to the Py violating decay 7, — eTu*. In addition, a similar peak can be seen in the er invariant
mass at the muon sneutrino mass of 312.0 GeV, due to the Ps violating decay 7, — eTr*. This
however requires the reconstruction of the 7 lepton momentum. These sneutrino mass peaks
should be observable with a few fb~! of data and are thus a smoking gun for Pg scenarios with
a non-zero LZ-LjEk coupling.

6.3.2. Dilepton-jet invariant mass

Now we turn to the invariant mass distributions formed by two leptons and a jet. In all invariant
masses containing a jet, the endpoints (and thresholds) are “smeared”, since the contributing
squarks in general have slightly different masses (except in the case of the ¢;). In addition, the
jet can lose some of its momentum due to final state radiation (FSR) of gluons, if the radiated
gluons are not covered by the jet algorithm. This will slightly shift the distribution towards
lower values of the invariant mass [233]. A detector simulation, which we do not include here,
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Figure 6.5.: Dilepton-jet invariant mass threshold distribution for the ¢r event [Fig. 6.5(a)]
and t; event [Fig. 6.5(b)] selection.

would lead to additional smearing due to the energy (mis-)measurement. Thus, at the LHC, a
precise determination of the endpoints in most cases will not be an easy task and will require a
high luminosity and a good understanding of the detector effects.

In Fig. 6.4 we show the m,,, edge distribution for the G event [Fig. 6.4(a)] and {1 event
[Fig. 6.4(b)] selection. In the g event selection, the nominal value of 925 GeV, assuming the
cascade decay in Eq. (6.7), can be identified fairly well. In contrast, in the #; event selection the
identification of the endpoint at the nominal value of 410 GeV, assuming the #; decay chain in
Eq. (6.8), is more difficult. The reasons are the following: Firstly, events with cascade decays of
heavier squarks can leak into the ¢; event selection, in particular those with an initial bottom
squark or a foregoing gluino, which decays into the ¢; and a t quark. If the selected jet stems
from these heavy sparticle decays we can obtain m.,, values beyond 410 GeV. Secondly, the
distribution flattens out as it approaches the nominal endpoint, because the jet pp only carries
a fraction of the t quark pr. Moreover, the cut imposed on the jet transverse momentum,
pr < 250 GeV, tends to reject events at high m,,, values. Thus, the distribution does not
linearly approach the endpoint.

Furthermore, the distribution in Fig. 6.4(b) contains events with the #; cascade decay

i B 1990y =y A2y EF (6.11)
This cascade yields an m,,, endpoint at 322 GeV, which leads to the small abrupt change of
the distribution slope observed in this region. One might suspect an edge around 220 GeV in
Fig. 6.4(b), however, there is no SUSY cascade which yields an endpoint in this region. In
fact, this strong decrease of the distribution is triggered by the jet-pr requirements for the ¢;
event selection, Eq. (6.10). By increasing the minimal and maximal jet-pp limits, the “edge” at
~ 220 GeV disappears and the distribution approaches the endpoint almost linearly. However,
this also leads to more SUSY background events beyond the nominal endpoint.

In Fig. 6.5 we present the m,, threshold distribution for the gr [Fig. 6.5(a)] and #; event
[Fig. 6.5(b)] selection. In the ¢r event selection, we observe an edge slightly below the nominal
threshold value of 181 GeV, assuming the ¢r cascade decay, Eq. (6.7). This shift towards lower
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Figure 6.6.: Electron-jet invariant mass distribution for the Gp event [Fig. 6.6(a)] and #; event
[Fig. 6.6(b)] selection.

values of m,,, is due to gluon final state radiation (FSR) from the jet.

In general, the mg,, threshold value is set by the lightest squark. Thus, all events with
values far below the endpoint at 181 GeV must contain third generation squarks. These events
can leak into the §r event selection when the b quarks are not tagged. Events from #; pair
production are efficiently rejected by the jet-py and g’f}S requirement of the ¢r event selection.
However, the #; decay chain in Eq. (6.8) can also be initiated by heavier squarks and gluinos,

which decay into the t1, leading to a hard jet and generally a high value of g’flfs

The observed m,,,, threshold in the t1 event selection matches quite accurately the nominal
value of 86 GeV, assuming the #; cascade decay in Eq. (6.8). The other cascade, Eq. (6.11),
yields a mg, threshold at 158 GeV which cannot be reliably identified since the slope of the
distribution is very steep in this region.

6.3.3. Lepton-jet invariant masses

We now discuss the invariant mass distributions formed by one lepton and a jet. As described
in Sect. 6.2, we consider only those electrons (muons), which form an dilepton invariant mass
Mey < me™ = 51.7 GeV with the other selected muon (electron). For the lepton-jet invariant
masses, we generally have more sources of SUSY background than in the dilepton and dilepton-

jet invariant mass distributions, because we cannot employ the method of charge subtraction.

The electron-jet invariant mass distribution is presented in Fig. 6.6. In the §r event selection
[Fig. 6.6(a)], we observe an edge near the nominal endpoint of 251 GeV. In contrast, the endpoint
cannot be easily identified in the #; event selection [Fig. 6.6(b)]. As for the m,, invariant mass,
cf. Fig. 6.4(b), the distribution fades away as it approaches the nominal endpoint at 111 GeV,
since the jet carries only a fraction of the ¢ quark momentum. In addition, the ¢; decay cascade
in Eq. (6.11) yields an endpoint at 266 GeV of the electron-jet invariant mass, leading to events
beyond the nominal endpoint of the assumed #; cascade, Eq. (6.8). As a result, the distribution
is almost smooth around 111 GeV, and thus, the determination of this endpoint will be a difficult
task.

In Fig. 6.7 we show the far lepton-jet invariant mass distribution for the Gz event [Fig. 6.7(a)]
and #; event [Fig. 6.7(b)] selection.
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Figure 6.7.: Muon-jet invariant mass distribution for the §r event [Fig. 6.7(a)] and #; event
[Fig. 6.7(b)] selection.

Assuming the ¢r decay cascade in Eq. (6.7), the m,, distribution has a nominal endpoint at
921 GeV. We can clearly observe an endpoint in Fig. 6.7(a), however, it might be underestimated
by = 20 GeV, due to the FSR of gluons from the jet.

In the #; event selection, the endpoint is again more difficult to observe. For values Myg >
300 GeV, the distribution approaches the endpoint with a very flat linear slope. Thus, the
determination of the endpoint requires high statistics. Moreover, we have background events
beyond the endpoint from heavier squark cascade decays or combinations with a jet from a
decaying gluino.

6.4. Prospects and future plans

In this chapter we presented a possible ansatz to determine the masses of the sparticles §g, 1,
Ur, )2? and ég for Ps models with a ér LSP, using the endpoints of invariant mass distributions.
In order to determine the §r mass (scale) and the #; mass simultaneously, we designed an event
selection to discriminate between the two types of events. We studied this method for the
benchmark scenario BE2. In general, the proposed cuts should be optimized to the model under
investigation. For this specific example, the event discrimination seems to work fairly well.

In the ggr event selection, we should be able to determine all endpoints quite accurately,
however, a slight bias towards lower values is expected due to the final state radiation of gluons
from the selected jet. The endpoint determination in the #; event selection is more problematic,
for the following reasons: Both the requirement on the maximal jet-pr < 250 GeV and the fact,
that the jet carries only a fraction of the t quark pp, flattens out the squark-related invariant
mass distributions while approaching the endpoint. Furthermore, combinations of the leptons
with a jet stemming from a decaying gluino can lead to values beyond the endpoint.

The observability of the endpoints in the ¢; related invariant masses may be improved by
employing the reconstruction of the ¢ quark momentum. Also, the choice of the jet-pr and
gfifs requirements may be optimized for a specific endpoint fit. For the future, we plan to fit
the invariant mass distributions and determine the masses of the involved sparticles via a x>

minimization.
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7. Summary and Conclusions

If the discrete symmetry Pg (or R-parity) is violated, the lightest supersymmetric particle (LSP)
is unstable. Then, cosmological constraints on the LSP do not apply and thus in principle
any supersymmetric particle can be the LSP. In this thesis we presented the hadron collider
phenomenology of supersymmetric models with a right-handed first or second generation charged
slepton as the LSP. Hereby we restricted ourselves to the framework of minimal supergravity
(mSUGRA) with conserved baryon triality (Bs). In this model, one non-vanishing lepton number
violating (LNV) operator is present at the grand unification scale, Mgy, in addition to the Py
conserving mSUGRA parameters.

Due to these LNV interactions, the renormalization group equations (RGEs) of the sparticle
masses receive new contributions, compared to the Ps conserving case. We showed, that the
mass of the right-handed slepton (of generation k = 1,2), @%, can be significantly reduced by
the LNV interaction A;j,L;L;E). For certain regions of the supersymmetric parameter space
we obtain a Z’E LSP with a coupling A;jx 2 (’)(10*2) at Mgur. These parameter regions usually
feature low values of tan  and My, a large value of M/, and a large magnitude of a negative
Ap. The latter enhances the impact of the LNV coupling, A;jx, in the renormalization group

evolution of the E/}f% mass.

Given a supersymmetric model with a selectron or smuon LSP, we classified its main hadron
collider signatures, assuming the pair production of strongly interacting SUSY particles, see
Tab. 5.1. In general, these models lead to striking multi-leptonic final state signatures and are
thus interesting for early LHC studies.

Furthermore, we showed that selectron and smuon LSP models with M /5 < (400—410) GeV
are already excluded at 90% C.L. by the trilepton search performed by the DO experiment at the
Tevatron. Therefore, the supersymmetric parameter regions, which might explain the discrep-
ancy between the observed anomalous magnetic moment of the muon and its SM prediction, are
ruled out. We further argued that this exclusion reach might be improved up to M, < 450 GeV
once the DO search is applied to 10 fb~! of data, which will be collected by the end of 2010.

In order to study the discovery potential at the LHC with early data, we performed a detailed
Monte Carlo (MC) study for the SUSY signal and the main SM backgrounds. We selected three
benchmark scenarios with a selectron LSP, representing different regions of the parameter space,
and investigated their kinematic properties. Based on this, we designed an inclusive trilepton
analysis to improve the signal to background ratio. We showed, that the SM background can
be reduced to only a few events while our benchmark scenarios can clearly be discovered with
O(50) selected events, using 1 fb~! of LHC data at a center-of-mass energy of /s = 7 TeV.

We further showed that the proposed search works also quite well beyond our benchmark
scenarios. For a wide region in the My, — My parameter space we achieve signal efficiencies
in the range of 20% — 50% at /s = 7 TeV. The signal efficiency at /s = 14 TeV is even
better, namely 40% — 60% for most of the parameter space. In the narrow region of low mass
difference between the lightest neutralino and the selectron LSP the signal efficiency and thus
the discovery potential decreases. This is due to the fact that the electrons from the neutralino
decay into the LSP are very soft and thus tend to fail the minimum lepton pr criteria. We
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presented the discovery reach for various integrated luminosities in the M;/5 — My parameter
plane for both 7 TeV and 14 TeV center-of-mass energies. With 1 fb~! of data at a center-of-
mass energy of 7 TeV (14 TeV) scenarios with squark masses of 1.2 TeV (1.9 TeV) and LSP
masses of 230 GeV (370 GeV) can be discovered.

Besides the proposed inclusive trilepton seach, these models may also be discovered by narrow
resonances in dilepton invariant mass distributions, since the sneutrinos may decay into two
leptons via the present LNV interaction. We therefore advise the experiments to investigate
dilepton invariant masses, where the leptons have different flavor.

In the case of a SUSY discovery, the masses of the supersymmetric particles have to be
determined. We demonstrated that a widely used method, using the kinematic endpoints of
invariant mass distributions, can also be applied in a slightly modified way in Pg violating
mSUGRA scenarios with a selectron or smuon LSP. Here, we investigate the decay chain of the
right-handed squark and lightest top squark,

qr/ti — ¢x) — qﬁigﬁ — T Ty

In contrast to Pg conserving scenarios, the number of unknown masses is reduced by one, due to
the massless neutrino at the end of the decay cascade. Moreover, in scenarios with a dominant
Aog1 or Aqge coupling, we can distinguish between the near and far lepton on an event-by-
event basis, since the leptons ¢ and ¢’ have different flavor. This is impossible in Pg conserving
scenarios.

Typically, we have a large mass splitting between the right-handed first and second generation
squarks, gr, and the lightest top squark, ¢;. Therefore, we designed an event selection using
the visible effective mass and the b jet multiplicity to discriminate between the decay cascades
initiated by either the §r or the ;. In this way, we may determine the mass (scale) of both
squark types.

Using a large LHC dataset of 100 fb~! at Vs = 14 TeV, we presented several invariant mass
distributions, which can be used for the mass reconstruction, exemplarily for one benchmark
point and for both the §r and the #; event selection. In the Gr event selection, the endpoints
can be clearly identified, while the endpoint determination in the ¢; event selection is more
problematic. The endpoint of the dilepton invariant mass is very clear and should already be
observable with a few fb~! of data.

The results presented here for the mass reconstruction method are to be understood as
a proof-of-principle. In a future publication, we plan to fit the kinematic endpoints of the
distributions in order to determine the Gg, 1, X and €z masses via a x? minimization procedure.
Then, we may quantitatively study how accurately these masses can be determined and whether
the event selection between §r and 1 events introduces a bias in the reconstructed sparticle mass.
We will further investigate the impact of detector effects using a detector simulation.

We eagerly await the first results for new physics from the LHC experiments. These will
shed new light on the possible new physics landscape at the TeV scale. As demonstrated, the
supersymmetric models presented here are sensitive to early LHC data and might be discovered
soon.
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In this appendix we discuss the mass spectrum of the supersymmetric particles and their decay
properties for the selected Tevatron benchmark points SUSY1 and SUSY?2 as well as the LHC
benchmark points BE1, BE2 and BE3 in more detail. Sparticle masses, that are reduced by
more than 5 GeV due to the impact of the o3 coupling on the RGE running, and Pg violating
decays via the Aog; coupling are marked in bold-face in the following tables.

We remark, that only the masses of those sparticles, which couple directly via the LZ-LjEk
operator, are significantly reduced compared to the Pgs conserving case, c¢f. Sect. 4.1. Thus,
since all benchmark models exhibit a dominant A23; coupling, only the éeg, fir, vy, T2 and v,
are affected. These sparticles then also exhibit Pg violating decays to SM particles via the Aos;
coupling. Furthermore, the 71 can also decay via the 931 coupling due to its (small) left-handed
component. This happens in particular in scenarios, where the 7| is the NLSP and its mass is
close to the LSP mass. Due to the As31 coupling, the ég LSP decays undergo the 2-body decays
€r — pvr and g — TV,

Common to all benchmark points is a rather light ¢;, compared to the other squarks. Due to
the top Yukawa coupling, the RGE running of the stop mass receives large negative contributions
for a large negative Ag, going from Mgyt to Mz [158]. In all benchmark scenarios except SUSY2,
the #; mostly decays into the X} and a t quark, while the decay t; — fdrb is subdominant.

The ég, jir, 71 and X! always form the lightest four sparticles in By mSUGRA models with
a ep or jip LSP. The next lightest sparticles are the sneutrinos with masses more than 100 GeV
heavier as the right-handed sleptons. Those sneutrinos, which couple to the LiLjEk operator,
decay to roughly 10% — 15% into two SM leptons. Due to the  mass, these leptons have a high
pr and in general allow for a mass reconstruction of the sneutrino, ¢f. Sect. 6.

The sneutrinos are followed by the (mostly) left-handed sleptons €y, iz, and 7o in the mass
hierarchy. Their masses are only slightly larger than those of the sneutrinos because they belong
to the same SU(2) doublet. We have Py violating decays into a lepton and a neutrino of those
sleptons, which couple directly to the LiLjEk operator. However, due to the neutrino, a mass
reconstruction of the left-handed sleptons using these decays is difficult.

The remaining sparticle mass spectrum is nearly identical to that, which we would obtain in
the Ps conserving mSUGRA.

A.1. Benchmark scenarios for the Tevatron

The benchmark scenarios selected for the Tevatron possess a very light sparticle mass spectrum.
The SUSY contribution to the anomalous magnetic moment of the muon, 6@EUSY, agrees within
20 with the discrepancy between the SM prediction and the observation, c¢f. Eq. 4.4. In both
benchmark scenarios SUSY1 and SUSY2 the 71 NLSP is nearly mass degenerate with the ép
LSP and undergoes exclusively the Pg decay 7y — er,. The electrons from this decay usually

have a high momentum.

In Tab. A.1 we give the sparticle mass spectrum and decay modes for SUSY1 (My = 0 GeV,
M1/2 = 400 GeV, Ay = —1250 GeV, tan 8 = 5, sgn(pu) = +, Aas1|gur = 0.045). The ér LSP
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A. Properties of the benchmark models

mass is about 139 GeV. Due to the low M value, the mass difference between the Y NNNLSP
and the ér LSP is about 24 GeV and thus fairly large. The right-handed smuon, fip, is the
NNLSP and undergoes three-body decays into the ép LSP and 71 NLSP. These decays are
discussed in detail in Appendix C and usually yield a low-p7 muon. The lightest stop, ¢, has a
mass of 366 GeV and decays preferably into the ¥} and a ¢ quark. The first generation squarks
have masses around 820 — 860 GeV and the gluino mass is 934 GeV.

The sparticle mass spectrum and branching ratios of SUSY2 (My = 80 GeV, M, =
375 GeV, Ay = —1250 GeV, tan 8 = 5, sgn(p) = +, Aesi|gur = 0.045) are given in Tab. A.2.
This scenario lies near the YJ LSP region and thus, all three sparticle masses of the ég LSP,
7 NLSP and ¥} NNLSP lie close together at around 152 GeV. We have a fairly light #; with
a mass of 305 GeV. The #; decay into the ¥ and a ¢ quark is kinematically forbidden and
t — )Zlib is the only decay mode. The squarks of the first and second generation have masses
around 780 — 820 GeV and the mass of the gluino is 881 GeV.

A.2. Benchmark scenarios for the LHC

The sparticle mass spectrum and the branching ratios for BE1 (My = 0 GeV, My =475 GeV,
Ay = —1250 GeV, tan § = 5, sgn(u) = +, Aesi|lgur = 0.045) are given in Tab. A.3. It has
similar properties as the Tevatron benchmark point SUSY1 but a heavier mass spectrum, e.g.
the ér mass is about 169 GeV and thus roughly 40 GeV heavier than in SUSY1. The 7 is
the NLSP and nearly mass degenerate with the ép LSP. It undergoes the Pg violating decay
71 — ey, yielding high-pr electrons. The fig is the NNLSP and decays into the € or the 71 via
three body decays. The x? is the NNNLSP. Besides the decay into the ég LSP and an electron
(47.6%), it also decays to a sizable fraction (42.0%) into the 71 NLSP and a 7 lepton.

In Tab. A.4 we give the sparticle masses and decay properties for BE2 (My = 90 GeV,
M) = 460 GeV, Ag = —1400 GeV, tan 8 = 4, sgn(u) = +, A2szi|gur = 0.045). Due to the
lower value of tan 3, the mass difference between the 71 NLSP and the ér LSP is slightly larger
than in BE1, i.e. about 6.3 GeV. Furthermore, the 7i NLSP is nearly mass degenerate with the
%} NNLSP. Thus, it decays exclusively via 3-body decays into the ér LSP, yielding a low-pr 7
lepton and an electron. The ¥? NNLSP decays always into the ég LSP and an electron.

In Tab. A.5 we present the sparticle masses and branching ratios for BE3 (My = 90 GeV,
M5 = 450 GeV, Ag = —1250 GeV, tan 8 = 4, sgn(u) = +, Ags1|cur = 0.045). Here, the W is
the NLSP and the mass difference to the ég LSP is about 3 GeV. Therefore, the electrons from
the XY decay are very soft. We have a 71 NNLSP, which decays into the Y and a 7 (64.5%) as
well as via 2-body Py violating decays (35.5%). In both BE2 and BE3, the jip is the NNNLSP
and decays exclusively into the ¥{ and a muon.

In all LHC benchmark points, the #; mass is around 450 GeV — 550 GeV and the other

squark masses are in the range of 800 GeV — 1 TeV. The heaviest sparticle is the gluino with a
mass 2 1 TeV.
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A.2. Benchmark scenarios for the LHC

mass [GeV] | channel BR channel BR

én 139.1 wovr 50% T U 50%

7 139.6 ey, 100%

fin 156.2 épe n  302% | épetu  251%
Frrops 244% | At 20.3%

0 163.3 épet 24.7% | épe” 24.7%
7ot 22.9% | #H T 22.9%
fppt 2.4% Ahu 2.4%

Uy 254.9 Qs 63.9% | Wt~ 24.1%
e put 12.1%

7y, 258.1 v 84.5% [ e~ 7T 15.5%

De 262.9 Xive 100%

i 269.3 xp~ 84.2% | e vr 15.8%

7y 269.6 ek 63.7% | HYF 13.1%
Z0%7 12.8% | e"wvu 10.5%

e 273.9 e~ 100%

x5 311.1 Urvr 10.8% | orvr 10.8%
Dpvy 9.7% Duly 9.7%
Deve 8.1% Vel 8.1%
Ay pt 6.6% Afu 6.6%
7yt 6.3% | 7T 6.3%
epet 5.4% é%;e* 5.4%
ATt 2.7% T T 2.7%

X1 311.2 [ 22.3% | Dup~ 20.0%
Dee™ 16.9% | fiyvn 12.7%
Nz 12.1% | &) ve 10.3%
Uy 5.0%

t1 365.8 X0t 69.1% | xib 30.9%

by 706.3 Wt 785% | it 12.8%
X9b 8.2%

to 790.6 Z%, 55.3% | HY% 22.9%
b 14.3% | %9t 1.2%

x5 819.8 tit 26.5% | tit 26.5%
XTWt 14.2% | X7 W 14.2%
;zézo 12.6% 5(31320 3.7%
xS HO 1.0%

bo 821.5 x9b 59.3% | Wt 36.8%
it 2.0% X5b 1.2%

dr (3r) 824.2 x9d(s) 100%

g (Cr) 826.3 Xju(c) 100%

5 828.0 ;b 57.5% | x9W— 12.9%
x; 2° 12.4% | %7 H° 11.6%
W — 3.3%

09 828.3 tt 34.7% | &t 34.7%
W 9.0% XTw- 9.0%
XSH° 7.5% x{HO 2.2%

ar, (1) 856.3 X5 d(s) 65.9% | %9u(c) 32.9%
XJule) 1.2%

dr (51) 859.8 X1 u(c) 65.5% | x9d(s) 32.8%
x9d(s) 1.7%

g 933.8 tit 23.4% | 5t 23.4%
bib 9.2% bib 9.2%
bob 2.6% bsb 2.6%
drd(5rs) 2.5% disd(3hs)  2.5%
aru(ére) 2.4% whu(Che)  2.4%
aruére)  1.3% dju(@e)  1.3%
drd(3r5) 1.2% did(3ts) 1.2%

Table A.1.: Branching ratios (BRs) and sparticle masses for the benchmark scenario SUSY1.
BRs smaller than 1% are neglected. Ps decays are shown in bold-face. Masses
which are reduced by more than 5 GeV (compared to the Pg conserving spectrum)
due to Ag31|guT = 0.045 are also shown in bold-face.
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A. Properties of the benchmark models

mass [GeV] | channel BR channel BR

én 151.5 w v 50% T U 50%

7 151.6 e vy 100%

0O 152.8 epet 50%% | éfhe” 50%

s 167.3 Xu~ 100%

P 250.4 iz 75.7% | e pt 12.6%
WrF 11.7%

Uy 253.7 v 86.1% | e~ 7T 13.9%

e 258.5 X ve 100%

Br 265.0 Xp~ 85.5% | e~ vy 14.5%

Ty 265.6 X9~ 80.6% | e~ vy 11.6%
Z%% 7.7%

e 269.6 xje~ 100%

X5 291.0 Drvr 12.0% | orvr 12.0%
Dty 10.3% | Duvu 10.3%
Dele 7.9% | Deve 7.9%
iy pt 5.5% | afu 5.5%
7yt 5.0% | 7T 5.0%
ot 47% | o 4.7%
é%e+ 3.8% | éfe 3.8%
XV HO 1.0%

X1 291.0 UrTT 24.8% | Dup~ 21.3%
Dee™ 16.4% | iy vn 10.5%
7y Uy 9.6% | 7 vr 8.9%
&, Ve 72% | Iw- 1.0%

t 304.9 b 100%

by 661.6 W=t 80.9% | Xt 11.2%
X9b 7.5%

to 750.2 A 57.1% | H% 22.2%
Xb 13.2% | X9t 5.4%
%t 1.2%

b 779.1 x9b 56.7% | W™t 39.3%
it 1.9% X5b 1.2%

dr (3Rr) 781.9 x9d(s) 100%

iR (Cr) 783.7 Xju(c) 100%

X 793.9 tit 28.5% | tit 28.5%
wt 13.0% | x;W- 13.0%
X529 11.4% | $92° 3.3%
X5 HO 1.0%

Xy 802.1 ;b 60.4% | XIW~ 11.9%
X7 2° 11.5% | xy H® 10.7%
xIw - 3.0%

X9 802.4 tit 36.1% | tit 36.1%
Xg; w+ 8.2% >~<§W‘ 8.2%
xSHO 6.7% XY H° 2.0%

ar, (ér) 811.4 X5 d(s) 66.0% | x9u(c) 33.0%
xJu(c) 1.0%

dr, (51) 815.0 )Zgu(c) 65.5% | x9d(s) 32.8%
xid(s) 1.7%

F 881.0 1t 24.7% | tit 24.7%
b1b 9.5% | bib 9.5%
bob 2.4% | b3b 2.4%
drd(5r3) 2.3% | dihd(5hs) 2.3%
aru(ére) 2.2% | Whu(@he)  2.2%
aru(ére)  1.2% | @u(@ic) 1.2%
drd(315)  11% | did(3ys)  11%

Table A.2.: Branching ratios (BRs) and sparticle masses for the benchmark scenario SUSY2.
BRs smaller than 1% are neglected. Pg decays are shown in bold-face. Masses
which are reduced by more than 5 GeV (compared to the Py conserving spectrum)
due to Ag31|guT = 0.045 are also shown in bold-face.
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A.2. Benchmark scenarios for the LHC

mass [GeV] | channel BR channel BR

én 168.7 wovr 50% T U 50%

7 170.0 e U, 100%

fin 183.6 épe n~  346% | épetu  28.3%
Arrmps 204% | FAirtps 16.7%

bel 195.7 épet 23.8% | épe” 23.8%
7ot 21.0% | 7 7 21.0%
fppt 5.1% Ahu 5.1%

Uy 306.5 - 60.2% | WTF~ 28.4%
e put 11.4%

7y, 309.4 v 84.4% [ e~ 7T 15.6%

De 313.5 Xive 100%

Ty 318.4 - 59.0% | HOF 16.5%
Z20% 14.1% | e v, 10.4%

i 318.7 xp~ 84.1% | e vr 15.9%

e 322.8 e~ 100%

5 372.0 Urvr 10.0% | orvr 10.0%
Iz 9.2% Duly 9.2%
Deve 8.1% Dee 8.1%
Ay pt 7.2% Afu 7.2%
7yt 71% | AT 7.1%
epet 6.2% é%;e* 6.2%
ATt 1.6% T T 1.6%

X1 372.0 DT 20.6% | Dup~ 19.0%
Dee™ 16.8% | fiyvn 13.9%
Nz 13.7% | égve 12.0%
T Ur 3.1%

t1 531.1 X0t 62.2% | x7b 37.8%

by 847.3 W= 71.5% | it 17.5%
X9b 10.4%

x5 898.0 t1t 19.7% | tit 19.7%
xywt 18.4% | X{wW- 18.4%
520 16.5% | x32° 4.8%
x5H° 1.2%

X5 906.0 tib 47.6% | xSw- 15.9%
X, 2° 15.4% | %7 HO 14.6%
KW - 4.2%

X3 906.4 tit 29.6% | it 29.6%
XTWt 121% | Xy W— 12.1%
$9H° 10.3% | XY H° 2.9%

to 919.4 A 49.1% | H% 24.6%
bel’ 17.3% | x9t 7.6%
%0t 1.5%

bo 959.5 x9b 67.0% | Wiy 28.9%
Xt 2.1% %96 1.2%

dr (3Rr) 962.3 x0d(s) 100%

g (Cr) 965 Nu(c) 100%

ar, (ér) 1001.8 X5 d(s) 65.9% | x9u(c) 32.9%
xJu(c) 1.2%

dr, (31) 1004.7 X7 u(c) 65.5% | x9d(s) 32.8%
x0d(s) 1.7%

F 1093.7 i1t 20.9% | ¢t 20.9%
bib 8.5% | bib 8.5%
bab 2.9% | bib 2.9%
drd(3rs) 2.7% did(8hs)  2.7%
aRu(¢re)  2.6% agpu(@he)  2.6%
233 1.6% it 1.6%
1%[/!2(5[‘5) 1.4% @zu(é’ic) 1.4%
drd(5p3) 1.3% did(3ts)  1.3%

Table A.3.: Branching ratios (BRs) and sparticle masses for the benchmark scenario BE1. BRs
smaller than 1% are neglected. P decays are shown in bold-face. Masses which
are reduced by more than 5 GeV (compared to the Pg conserving spectrum) due
to A2s1|qguTr = 0.045 are also shown in bold-face.
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mass [GeV] | channel BR channel BR

én 182.3 wovr 50% T U 50%

7 189.0 Ehe T~ 502% | épefr—  49.5%

0 189.5 épet 50% Ehe 50%

s 199.0 Xp~ 100%

vy 309.8 Nvr 7L.0% | Wta 17.0%
e put 12.0%

7y, 312.0 v 85.8% | e~ 7T 14.2%

e 317.0 Xive 100%

Ty 320.8 X0~ 69.9% | e" v, 11.3%
HOF 10.2% | 207, 8.6%

AL 320.8 xp~ 85.2% | e vr 14.8%

ér 325.7 Xje 100%

5 360.1 Urvr 10.5% | orvr 10.5%
;HVH 9.7% Duly 9.7%
Dele 7.9% Dele 7.9%
A pt 7.0% @“7 7.0%
ot 6.8% Ty T 6.8%
epet 54% | éje” 5.4%
ot 2.0% | 7T 2.0%
xyHC 1.3%

1 360.2 DrT™ 21.7% | pup— 19.9%
Dee™ 16.3% | fiy vy 13.4%
Nz 13.2% | & ve 10.5%
Uy 3.8% Kw - 1.3%

A 448.3 Wt 71.9% | X7b 28.1%

by 809.1 Wty 781% | X1t 13.3%
9b 8.1%

2 887.0 Z%%, 52.7% | H'% 25.9%
Xb 14.1% | %9t 6.1%
X0t 1.2%

%5 936.7 i1t 26.0% | it 26.0%
ywt 14.6% | Xy W- 14.6%
x52° 13.3% | x02° 3.8%

by 937.7 R 67.9% | Wt 26.0%
it 2.7% X9 1.5%

dr (3r) 939.8 x0d(s) 100%

iR (Cr) 942.9 Xju(c) 100%

X5 944.5 ;b 55.6% | X9W ™ 13.5%
X7 2° 131% | x; H° 12.4%
xIw - 3.4%

X9 945.1 tit 33.3% | &t 33.3%
x;wt 10.0% | x;w- 10.0%
;zéHO 8.5% 5(3131{0 2.4%

ar, (1) 977.6 X5 d(s) 65.9% | x9u(c) 32.9%
xJu(c) 1.2%

dr, (51) 980.4 xgu(c) 65.6% | x9d(s) 32.8%
xid(s) 1.6%

g 1063.1 tht 23.0% | it 23.0%
b1b 8.7% | brb 8.7%
bob 2.4% | bib 2.4%
drd(3g5) 2.4% did(5hs)  2.4%
aru(ére) 2.3% Whu(Ehe)  2.3%
ot 2.0% 3t 2.0%
ﬂLﬂ(éLE) 1.2% ﬂzu(é’ic) 1.2%
drd(3r5)  11% | d;d(5hs)  1.1%

Table A.4.: Branching ratios (BRs) and sparticle masses for the benchmark scenario BE2. BRs
smaller than 1% are neglected. P decays are shown in bold-face. Masses which
are reduced by more than 5 GeV (compared to the Pg conserving spectrum) due
to A2s1|guTr = 0.045 are also shown in bold-face.
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mass [GeV] | channel BR channel BR

én 182.0 T 50% T Uy 50%

0 184.9 épet 50% Ehe 50%

T 187.2 N 64.5% | e vy 35.5%

s 195.9 xp~ 100%

A 304.3 Wvr 73.6% | WEE~ 14.2%
e ut 12.2%

7, 306.2 v 86.0% | e 7T 14.0%

De 310.4 Xive 100%

Br 315.2 Xp~ 85.2% | e vy 14.8%

Ty 315.3 X9~ 72.5% | e vy 11.7%
HOF 8.5% Z9%[ 7.3%

e 319.3 Xje~ 100%

X5 351.2 Urvr 10.5% | orvr 10.5%
Duvy 9.7% Duvp 9.7%
Dele 8.1% Dele 8.1%
A pt 6.8% Afp 6.8%
7yt 6.6% | 75T 6.6%
e et 5.4% ége_ 5.4%
?f7+ 2.0% T 2.0%
XV HO 1.6%

X1 351.2 UrTT 21.7% | Dup~ 20.1%
Dee™ 16.8% | fir v 13.0%
7y Ur 12.7% | &) Ve 10.4%
Gz 3.8% KW - 1.6%

i 481.7 X0t 621% | x;b 37.9%

by 805.4 W= 73.9% | X1t 15.9%
X9b 9.7%

to 881.7 7% 51.3% | HY% 24.2%
Xb 16.1% | X9t 7.0%
X0t 1.4%

5 884.0 tit 22.1% | it 22.1%
XLWwt 17.0% | Xy W- 17.0%
520 15.4% | x$2° 4.5%
X5 HO 1.0%

X5 892.4 tib 50.8% | X9W~ 15.1%
X7 2° 14.6% | x; H° 13.7%
xIw - 3.8%

X9 893.1 tit 31.4% | &t 31.4%
XTWt 111% | X7 W~ 11.1%
;zéHO 9.4% 5(3131{0 2.7%

bo 919.3 x9b 70.5% | Wt 26.0%
Xt 1.8% %96 1.1%

dr (3R) 921.1 x0d(s) 100%

g (CRr) 923.8 NJu(c) 100%

ar, (1) 957.9 X5 d(s) 65.9% | x%u(c) 33.0%
xJu(c) 1.1%

dy, (31) 961.0 )Zgu(c) 65.5% | x9d(s) 32.7%
xid(s) 1.7%

g 1041.8 t1t 22.6% | tit 22.6%
b1b 8.9% | brb 8.9%
bab 2.7% | bib 2.7%
drd(3g5) 2.6% did(5hs)  2.6%
apu(ére) 2.5% whu(Ehe)  2.5%
ara(ére)  1.3% atu(@c)  1.3%
drd(5p3) 1.2% did(3ts)  1.2%

Table A.5.: Branching ratios (BRs) and sparticle masses for the benchmark scenario BE3. BRs
smaller than 1% are neglected. P decays are shown in bold-face. Masses which
are reduced by more than 5 GeV (compared to the Pg conserving spectrum) due
to A2s1|guTr = 0.045 are also shown in bold-face.
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B. Signal and Background at the LHC at
Vs =14 TeV

We present the cut flow of the signal and SM background events for 10 fb~! of simulated LHC
data at /s = 14 TeV in Tab. B.1. Although the benchmark scenarios BE1, BE2 and BE3 are
already observable with very early data at the LHC with /s = 7 TeV, we provide their expected
event yields here as a reference in order to compare the signal efficiencies.

We applied the inclusive three-lepton analysis as presented in Sect. 5.3.4. After the three
lepton requirement (step I), the expected SM background is reduced to 5110+49 events. Already
at this stage, the expected signal event yield of BE1, BE2 and BE3 is overwhelming. The signal
efficiency for step I is the same as at LHC at 7 TeV.

The jet multiplicity requirement (step II) reduces the SM background to 1669 + 32 expected
events, which mainly stem from Zj (26%), ¢t (24%) and WZ (15%) production. Due to the
dominating sparton pair production of the benchmark scenarios at 14 TeV, cf. Tab. 5.9, almost
every event has at least two hard jets. Thus, the signal efficiency of this cut is enhanced: For BE1
and BE2 (BE3), roughly 97% (95%) of all signal events pass the jet multiplicity cut. Compared
to LHC at 7 TeV, the signal efficiency of step II is about 10% larger.

The Z veto (step III) effectively reduces the Z + jets and di-boson backgrounds, leaving a
total expected SM background of 503 & 20 events, which is then dominated by the ¢ sample
(71%). For the benchmark scenarios, the signal efficiencies are about the same as at LHC at
7 TeV.

After the requirement on the visible effective mass, M‘;’és > 400 GeV, (step IV), the SM
background is reduced to 64.7 + 7.2 events. It is dominated by the ¢t background (78%). More
than 95% of the signal events pass this last cut.

Sample before cuts Niep > 3 Nijet > 2 Mossk Mg’f‘f > 400 GeV
top (52154 2) - 103 553 + 21 491 + 20 397+ 19 559+ 7.0
7 + jets (5601 4 2) - 103 1980 + 41 571 4+ 22 48.7+6.4 2.6+1.5
W + jets (9516 + 9) - 102 418420 1.6+ 1.1 <1.0 <1.0
di-boson (7719 £ 8) - 102 2573 £ 17 605+ 11 56.7+ 4.4 6.1+1.1
all SM (12540 £ 3) - 103 5110 £ 49 1669 + 32 503 &+ 20 64.7£7.2
BE1 23040 + 47 14412 + 37 13925 + 37 12204 + 34 11854 + 34
BE2 30980 £ 57 13910 4 38 13442 4+ 37 12227 4+ 36 11569 + 35
BE3 31160 £ 55 9118 4+ 30 8700 + 29 7807 £ 28 7533 £ 27

Table B.1.: Number of SM background and signal events after each step in the event selection
at /s = 14 TeV, scaled to an integrated luminosity of 10 fb~!. We provide
the results for the three signal benchmark scenarios BE1, BE2 and BE3. The
uncertainties include statistical errors only.
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C. Three-body slepton decays

In the ISAJET7.64 code, three-body slepton decays that result in a right-handed slepton of the
first or second generation are not implemented, since in most SUSY scenarios the 71 is considered
to be lighter than the other sleptons. However, this is clearly not the case for €z and jig LSP
scenarios, and these decays may be of greater importance in certain regions of the parameter
space. Here, we calculate the three-body slepton decays of the right-handed sleptons and the 7
into a right-handed slepton of the first or second generation. We only present the calculation
of the spin-summed matrix amplitude squared. The phase-space integration is straight-forward
[118] and is partly performed numerically using adaptive Gaussian quadrature in ISAJET. We
use the 2-component spinor techniques and notation from Ref. [238] for the calculation.

C.1. Three-body slepton decay ¢, — (= ("0

We calculate the 3-body slepton decays Z}} 4 igg via a virtual neutralino, where £, ¢ (¢, 17}3)
denote the (right-handed) (s)leptons of the first and the second generation and the mass of the
', is less than the mass of the /r. We neglect Yukawa couplings and slepton mixing, i.e. our
sleptons are purely R-type.

Ot (ky, M)

Figure C.1.: Feynman diagram for the three-body slepton decay ZE/ — €_€’+ZE.

The Feynman diagram for the decay (71} — €_€’+€~E is shown in Fig. C.1. The momenta and
polarizations of the particles are indicated on the diagram. The amplitude for this diagram, for
each neutralino )29 exchanged, is

. . . i(p— k1) -0
M = (—ia*)(—ia;)el, P =k , C.1
M= i (©1)

where a; = \/ig’le, and the spinor wave function factors are y; = y(k_i, A1) and xg = xT(k:;, A2).
Squaring the total amplitude then yields

MP = Axl(p— k) - oyl (p — k) - 5o, (C.2)
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C. Three-body slepton decays

(g, M)

h ~ gg(kS)

Figure C.2.: Feynman diagram for the three-body slepton decay lNI_% — 1 *ZNEF.

with
4
|a ] |ay|”
A= . . (C.3)
j;1 (p—Fk1)?— m?(? (p—Fk1)?— még
Summing over the spins leads to
D IMPP = A [mismi; — k3], (C.4)
A1,A2
where
mis = (p— k2)* = (k1 + k3)?, (C.5)
m§3 = (p — k1)2 = (kg + k3)2. (CG)

We neglected the lepton masses (k?, k3 ~ 0) in Eq. (C.4).

Now we turn to the decay Z}} — E‘E’_Zﬂr. Its Feynman diagram is given in Fig. C.2. The
amplitude, for each neutralino )Z? exchanged, is given by

iM = (—ia})(—ia;) = k)2 —m2, Y1y2, (C.7)

J

which leads to the following expression for the total amplitude squared:

IMP* = Byryaylyl, (C.8)
with
4 12, 2,
— 132 _ 2 2 2 :
jk=1 (p kl) mxg (p kl) mxg
Taking the spin sums and then the trace, we arrive at
D7 IMP? = B(—miy — m3s +p* + k3). (C.10)

A1,A2
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C.2. Three-body slepton decay 7, — T_figﬁ

0, is due to the helicity flip of the neutralino,

Here, the proportionality to the neutralino mass, my
J

cf. Fig. C.2.

C.2. Three-body slepton decay 7, — T‘Ei@;

Now we calculate the more complicated decays 7,7 — T_Eigﬁ. The 77 is a mixture of L- and
R-type eigenstates and, in addition, we cannot neglect the Yukawa couplings for the third gen-
eration.

The Feynman diagrams for the decay 7, — T*FF{ZE are shown in Fig. C.3. The amplitudes
for these two diagrams are

e (v Tyt (P — ki) -0

iMyp = (_Zaj)(_zaj ).%'2 (p — k1)2 — m2~0 U1, (Cll)
J

. N meo Pt

iMn = (ib])(—ia;") I Ty, (C.12)

where we used the following abbreviations:

a’ = V2¢'Nj1, (C.13)
T=Y, Nngﬁ +V2¢'Nj R, (C.14)
T * * 1 *
b; = Y;NSR: — ﬁ(gNj’-kQ + g Nj)LE . (C.15)
The total amplitude squared is
4 ~ ~
MP =Y C [a;a;*x;(p — k) -yl (p — k1) - 5
7,k=1
— [aT Z*m 0 —|—aka*m o]x (p— k1) - o112
+ beZ*mggmggﬁvawz]a (C.16)
where
0% ¢
at
Cji = J it (C.17)

(p—F)?—m2y (p— k)2 —m2,

J k

Summing over the spins of the final state leptons, we derive

S IMP = 3 Cufafal (s + 57— Ky 4 57) — 07 4 K2 — iy — )0 — K2)
A1,A2 7,k=1

- [abe *mxg + aij*mxg]mT(m%?, —k3) + b]sz*mggmgg (p* + k3 — mis — m%3)]7
(C.18)

where we have neglected the mass of the lepton (k3 ~ 0) in Eq. (C.18).
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C. Three-body slepton decays

fT(k17>\1) T<k17)‘1)

X7

Figure C.3.: Feynman diagrams for the three-body slepton decay 7, — T*Fr@]_%.
T(kh)\l) %T(kfl,)\l)

7 (p)
—_— — _)_ —

01 (K, Aa) 0 (kay No)

S Gk Ch(ks)

Figure C.4.: Feynman diagrams for the three-body slepton decay 7,7 — T_E_ZE.

Now, we turn to the competing decay 7,7 — T_E_ZJ}%. The Feynman diagrams are shown in
Fig. C.4. The amplitudes for these diagrams are

. 5 i (p — /ﬁ) -0
iMy = (—ibl *)(—iat*) ) iy Y1, C.19
1 ( J )( J ) 2(]?—]451)2—7’)7%? 1 ( )
- = im~o
iMy = (ia] *)(—ia5*) Y alal, (C.20)

— 2 _
This leads to an analogous calculation as for the decay 7, — T*EJFZ}} with interchanged coeffi-
cients aj < b]T*.

C.3. Resulting branching ratios in the {3 LSP parameter space

In this section we study the previously calculated three-body slepton decays for the ér LSP
parameter space in the Mj 5 — My plane. In Fig. C.5 we give the same parameter region as for
the LHC discovery reach for /s = 7 TeV in Fig. 5.11, i.e. we chose the B3 mSUGRA parameter
Ayp = —1250 GeV, tan = 5, sgn(u) = + and Aog1|gur = 0.045. Gray contour lines indicate
sparticle mass differences that are relevant for the three-body slepton decay and are specified
in the following for each subfigure. The values of the mass difference are indicated by the gray
labels.
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C.3. Resulting branching ratios in the {r LSP parameter space

In Fig. C.5(a) we show the branching ratio for the right-handed smuon decay fi;, — /fe*éjg.

The dashed (dotted) gray contour lines indicate the mass difference of the fir to the ég (Y9).
In the shown ér LSP parameter region, the mass difference between [ip and €ég is more than 10
GeV, thus there is enough phase-space for the decays i — ,u*ejFéﬁ to happen. In the white
region, the jig is heavier than the Y and decays on-shell into the ). The branching ratio

B(ig — ,u*e*éE) increases with M, /5 and is rather insensitive to Mp.

The decay fi, — p~etéy behaves similarly to the decay fi, — ,u’e’éj%. However, there is
a asymmetry between these two decays, defined by
B(in — p e éh) — Blip = petér)
B(in — pe €h) + Bljip — petér)

Alfip — peég) = (C.21)
due to the different results for the spin-summed squared matrix element, ¢f. Eq. (C.4) and (C.10).
This asymmetry is shown in Fig. C.5(b). It is always positive and increases with increasing mass
difference between the ! and the fig.

The competing decay fi, — =77 is shown in Fig. C.5(c). Here, the dashed (dotted) gray
contour lines give the mass difference of the fig to the 71 (x}). For light ér LSP scenarios, i.e.
at Mo values around 380 GeV, the jip decays in almost the same rate into the 71 and the ég
LSP. However, the branching ratios B(ji, — ,u_7'¢7~'1i) decrease with increasing M /o, because
then, the 71 becomes more right-handed. Thus, at higher values of M, the fir prefers to decay
into the e LSP.

We give the asymmetry between the decays i, — ,u_T_?fr and fip — p- T, defined by

+

Bljim, = p 1 7)) =By — p 17

Alfig = p 777 = in £ _~1+) (in e +}_), (C.22)
Bljig = p=7=7") + Bl = p777)

in Fig. C.5(d). This asymmetry is positive for the shown ér LSP parameter space. As for
Ay — ,u_e:Fé}i%), the asymmetry decreases with My, i.e. with decreasing mass difference
between the Y! and the jig.

We present the branching ratio of the lightest stau decay 7, — T_e_é;% in Fig. C.5(e). The
dashed (dotted) gray contour lines give the mass difference of the 7 to the ég (X}). Since the
ér and 77 are nearly mass degenerate for light ¢z scenarios, this decay becomes kinematically
possible only for higher M, values. Here, the branching ratio severely depends on My. This
is because there is also the competing R-parity violating decay 71 — ev,, via the non-vanishing
coupling Aoz;. Thus, only for scenarios with a low mass difference between Y and 7, the
three-body decays 7,7 — T*e*éE and 7, — T*eJréI} become important. Again, we show the
asymmetry of these two decays,

B(7y — T_e_é;%) - B(1] — ’7'_6+é]})

~y\
)= B(7y — T*e*é;%) + B(f] — T*e+é}})’

AT = 17 eteg

(C.23)

in Fig. C.5(f). It behaves similar to the asymmetries for the fir decays, i.e. the asymmetry
increases with increasing mass difference between the initial sparticle, 71, and the intermediate
sparticle, X{. In Fig. C.5(f), the structure at low values of My is due to numerical uncertainties,
since the branching ratios B(7; — T*e$é§) become very small.
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Figure C.5.: Branching ratios and asymmetries of three-body slepton decays, given in the

M5 — My plane for B3 mSUGRA parameters Ay =
Sgn(,u) = + and >\231|GUT = 0.045.

—1250 GeV, tan g = 5,
Important mass differences between the

involved sparticles are given by the gray contour lines.
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