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0 Abstract

We investigate in detail the low-energy spectrum of the Pg violating minimal supergravity

model using the SOFTSUSY spectrum code. We impose the experimental constraints from the

measurement of the anomalous magnetic moment of the muon (g - 2)^, the b —>• S7 decay, the

branching ration of Bs —> ]i+]i~, as well as the mass bound from direct searches at colliders, in

particular the Higgs boson and the lightest Chargino. We focus on regions, where the lightest

neutralino is not the lightest supersymmetric particle (LSP). In these regions of parameter space

either the lightest scalar tau or one of the sneutrinos is the LSP.

We suggest four benchmark points with typical spectra and novel collider signatures which

we investigate with a parton level Monte-Carlo simulation. We give an outlook for their de-

tailed phenomenological analysis and simulation by the LHC collaborations, then including

detector effects.

In addition, we discuss a full Monte-Carlo simulation for single slepton production in as-

sociation with a single top quark via an LQD type operator at the hadron colliders LHC and

Tevatron. We present these results and show a predicted range of detectability for this process-

for small couplings in various minimal supergravity models at the LHC.
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1 Introduction

1.1 Preliminaries

1.1.1 Motivation

The work in this thesis focuses on the phenomenological predictions of Swpersymmetry, a well

motivated extension of the Standard Model of particle physics. It is the most widely discussed

solution to the gauge hierarchy problem, at the same time giving rise to numerous new particles

and interactions. However, no supersymmetric particle has been observed to-date. Thus, if it

is realised in nature, Supersymmetry must be broken and the mass scale should be of order of

the TeV scale, in order to maintain the solution to the hierarchy problem.

The simplest versions of these supersymmetric extensions of the Standard Model lead to

rapid proton decay, induced by some of the new interactions introduced by Supersymmetry.

This is in extreme contradiction to the existing experimental lower bounds on the lifetime of

the proton. In order to prevent this, a further symmetry beyond the gauge symmetry of the

Standard Model must therefore be implemented in these models.

There are two theoretically consistent and a priori equivalent choices: R-parity, or properly

proton hexality (P6), and baryon triality (B3); the latter is a form of R-parity violation. While,

a posteriori, F(, results in a natural dark matter candidate, B3 leads to massive neutrinos with-

out introducing further particles or mass scales. And these neutrinos are naturally light, as

demanded by experiment. Both are attractive features.

The choice of symmetry, proton hexality or baryon triality, leads to dramatic differences in

the LHC signatures and thus in the search for Supersymmetry.

In the case of proton hexality, the lightest supersymmetric particle is stable and thus cos-

mologically constrained: It must be electrically and colour neutral. The lightest neurralino is

a natural candidate. At the end of the supersymmetric cascade at colliders in superparticle

production it would escape detection and, as a signature, lead to an observable large amount

of missing transverse momentum.

In B3 models, the lightest supersymmetric particle is unstable and decays. Unconstrained

by cosmological observations, any supersymmetric particle is a candidate for the lightest. Non-

neutralino LSPs lead to completely different signatures. Furthermore, with broken proton hex-

15



1 Introduction

ality, it is possible to resonantly produce single supersymmetric particles, hereby enhancing

the kinematic reach of the experiments.

With the Large Hadron Collider being built at CERN in Geneva, Switzerland, scheduled

to start in 2008, new experiments will for the first time give access to the TeV energy scale,

thereby probing physics beyond the Standard Model and especially the favoured region of

supersymmetric models. In the upcoming task of verifying or ruling out new theories by em-

pirical measurement, it is important to develop search strategies for these models and to have

these at hand, once data is available.

The R-parity conserving signatures have been studied extensively and in great detail in the

literature including at colliders. There also exist studies on B3 models, yet these have so far

only concentrated on the subset of models with the neutralino as the lightest supersymmetric

particle. It is thus the aim of this thesis to contribute to the development of search strategies

for these B3 models by analysing possible non-neutralino LSPmodels for their distinct features,

such as signals, backgrounds, and other observables and parameters. This includes finding

models with representative character, and analysing these in prospect of their detectability at

future experiments.

16



1.1 Preliminaries

1.1.2 Thesis structure

This thesis is organised as follows:

Chapter 1.2 opens with an introduction into the Supersymmetric Standard model, explain-

ing the superpotential describing the general model and the choice of symmetries to stabilise

the proton. This is followed by a discussion of the complexity of the model and why this work

is done in a less complex version, namely the minimal Supergravity model, which is introduced

in Chapter 1.3 and closes the introduction.

In Chapter 2 we discuss the mSUGRA parameter space in the case of f(,. We discuss the

bounds on f(, couplings and give an overview of the codes involved in the numerical calcula-

tions. We discuss the role of the RGEs in the special case of fs and the dynamical generation

of couplings through these RGEs in Chapter 2.2. A brief and general discussion of f(, LSP

phenomenology is given in Chapter 2.3. This is followed by the parameter space analysis in

Chapter 2.4 for the no-scale mSUGRA and extended to a discussion of the general mSUGRA

model with additional possible LSPs in Chapter 2.5.

Chapter 3 describes the results of our work on the BC benchmarks, BC1 to BC4. We describe

the spectra and phenomenology of these points and include a discussion of possible signatures

at the LHC, including a first parton level Monte-Carlo simulation.

The results of our work on single slepton production in association with a single top quark

are given in Chapter 4.

We summarise and conclude in Chapter 5.

17



1 Introduction

1.2 The Supersymmetric Standard Model

An extremely well motivated and at the same time the most widely discussed and analysed

extension of the Standard Model of particle physics (SM) [5] is the Supersymmetric Standard

Model (SSM) [6]. An extension to the SM is required for various reasons, although the SM

has been tested and has proven to be a good theory to high precision. The main remaining

unsolved problems are: The fermion mass problem, the number of generations, and charge

quantisation; the strong couplings and the electroweak couplings do not unify in one point

at the GUT scale, Mx; neutrinos in the SM are massless in contradiction to experiment; the

SM does not include gravity, and it neither provides a dark matter candidate nor explains the

matter antimatter asymmetry in the universe.

When extending the Standard Model to encompass Supersymmetry (SUSY), one implies

a symmetry mapping bosons onto fermions and vice versa. This introduces a superpartner

(sparticle) to every SM particle. These superpartners have the same gauge quantum numbers,

yet differ in spin by one half. The particle spectrum is therefore necessarily doubled plus an

additional Higgs boson doublet. This is overall accompanied by new interactions and mixings.

One of the main motivations for SUSY as an extension of the SM (BSM) is that it solves the

gauge hierarchy problem [7] of the SM.

The gauge hierarchy problem is twofold. The first aspect is the so-called naturalness problem:

Why is the scale of the SM, i.e. the mass of the Higgs [8], so much smaller than the energy

scale of more fundamental theories? The second aspect is often referred to as the technical

hierarchy problem. Loop corrections to the Higgs self energy are of the order of the highest

scale in the theory, where new physics is expected to arise, unless one is willing to allow for

an enormous amount of fine-tuning among the coupling constants. The technical aspect of

the hierarchy problem is solved, because loop corrections to the Higgs mass of SM particles

are canceled elegantly by the new loop contributions of their super-partners. But SUSY can

also solve the naturalness problem. This is achieved through radiative electroweak symmetry

breaking (REWSB) [9].

Furthermore, in unbroken Supersymmetry, SM particles and their superpartners have the

same mass steming from the same multiplet. This would be easily observable. Yet, no super-

symmetric particle has to-date been found. If SUSY exists, it must therefore be broken. If it is

softly broken, the technical hierarchy problem is still solved [10]: the corrections do not mutu-

ally cancel each other any more, but they lead to an only moderate change of the Higgs mass.

This demands the supersymmetric mass scale to be of order the TeV energy scale [11].

This TeV energy scale will be in reach of experiments, soon. The Large Hadron Collider

(LHC) is being built at CERN in Geneva, Switzerland, scheduled to start in 2008. At its comple-

tion and with the beginning of data-taking, new experiments will for the first time give access

18



1.2 The Supersymmetric Standard Model

to the TeV energy scale. The search for SUSY and, if it exists, its properties are of paramount

interest [12].

In the following, we give an introduction to the basic features of the SSM, starting with the

superpotential. We will then emphasise the importance of the choice of symmetry to stabilise

the proton and discuss the number of parameters.

1.2.1 The general SSM renormalisable superpotential

The chiral superfield particle content of the MSSM has the following SU(3)C <g> SU(2)L ® li(l)y

quantum numbers:

L: (1 ,2 , - i ) , E: (1,1,1), Q: (3,2,1), U:{3,\,~),

D: (3,1, | ) , Hi : ( 1 , 2 , - | ) , H 2 : (1,2,1). (1.1)

Employing the notation of ref. [13], we denote the superfields as: L and Q are the left handed

doublet lepton and quark superfields. Hi and H2 are the two Higgs doublets, responsible for

giving mass to the up- and down-type superfields, respectively. E, U, and D are the lepton,

up-type quark and down-type quark right-handed superfield singlets, respectively.

The most general renormalisable superpotential of the supersymmetric extension of the SM

with this minimal particle content is given by [14]

% (1.2)

= eab [(YE^HfEy + (\D)ijQ^H^DjX

b *\ (1.3)

+eflbK'L?Hf + ^exyz\'/jkU-DfDk . (1.4)

We denote an SU(3) colour index of the fundamental representation by x,y,z = 1,2,3. The

SU(2)i weak fundamental representation indices are denoted by a, b,c = 1,2 and the gener-

ation indices by i,j,k = 1,2,3. The gauge Yukawa couplings are denoted by YE, YD, and Yy.

The trilinear f(, interactions are given by the matrices A,^, XL, X"-k. The bilinear parameter

describing the Higgs mixing with sleptons is denoted by K;. The totally antisymmetric tensor

in our convention is ea\, — eba', with eu — 1.

We obtain the Lagrangian from the superpotential by the standard procedure given in [15].

Since this work focusses on Fs violated models, we restrict ourselves to presenting the relevant

f(, Yukawa-like interactions. We employ the notation of [16], where all parts of the Lagrangian
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1 Introduction

and the according Feynman rules are given explicitly. The first term in eq. (1.4), i.e. the LLE

term, gives the Lagrangian terms

where Pi and PR are respectively the left and right chirality projectors. Indices L and R refer

to right- and left-handed particles. The four-component Dirac spinors describing the charged

(neutral) leptons are denoted by £ (v) and their antiparticles by £c (vc). A tilde denotes the scalar

superpartner of the particle.

Similarly, the couplings trilinear in the fields generated by the operators of type LQD and

UDD are found to be

VidkPLdj - iiLdkPLUj +. h .c) , (1.6)

and

CUDD = -\^"jkexyz {u^dlPLdcy
j+dll^PLdc] + h.c), (1.7)

respectively. The four-component Dirac spinors describing the up (down) type quarks are de-

noted by u {d) and their antiparticles by uc (dc).

It is clear, that the terms in eq. (1.5) and (1.6) violate lepton number by one unit. This is in

addition demonstrated in figs. 1.1 and 1.2.

vi

Vi

*i

Figure 1.1: The LLE interaction vertices. The scalar particle is ingoing.

Baryon number is violated by one unit in the interactions given by the Lagrangian in eq. (1.7),

the Feynman rules are shown in fig. 1.3.

In f(, models the LSP is not stable anymore. Even if it does not couple to the in a given

model allowed fs operator directly, it will eventually through many-body-decay decay to SM

particles.

Further parameters than those in the superpotential appear, when soft SUSY breaking is

included. In f6 with soft SUSY breaking, the general Supersymmetry breaking Lagrangian is
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1.2 The Supersymmetric Standard Model

dkR

Figure 1.2: The LQD interaction vertices. The scalar particle is ingoing.

kR

Figure 1.3: The HDD interaction vertices. The scalar particle is ingoing,

given by:

i _ _ ^ i _ _ ^ i

f^ i 7^ / . £- \ T\ I T~T { ^ \ 7~T- £ S O F r = Cl

+ eab ^hu^QJH^Qj + )^^{L\Zk + KjkC°lQ>;Dk - KCiHb
2 + h.c.

\exyz [h'^Dpl + h.c

h.c. . (1.8)

Here, we have implemented the notation of ref. [17], i.e. the lepton doublet superfields L\

and the Higgs doublet superfield coupling to the down-like quarks, H\, have the same gauge

and Lorentz quantum numbers: they are for convenience combined into the chiral superfields

£^=o 3 = (^T' ^=123)- Furthermore, F € [Q, U, D, E, C] denote the scalar component of

the corresponding chiral superfield. rrtp2 are the soft-breaking scalar masses. These are 3 x

3 matrices for the squarks and for the lepton singlets. However, (m^2)a^ is a 4 x 4 matrix.

(hu),-y, fcajgjt/ h'-k, and h'L as well as ba — (B, D;) are the soft breaking trilinear and bilinear

terms, respectively.
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1 Introduction

1.2.2 A stable proton requires a choice of symmetry

If simultaneously present, the baryon and lepton number violating interactions in Eq. (1.4)

lead to rapid proton decay [18]. This is known to be in extreme contradiction to the existing

experimental lower bounds on the lifetime of the proton [19]. Therefore, the SSM must be

augmented by an additional (discrete) symmetry, forbidding at least some of these terms.

The most extensively studied scenario is R-parity [20]. For R-parity conservation (RPC)

V\̂  = 0, disallowing the baryon and lepton number violating interactions. However, this suf-

fers from dangerous dimension-five proton-decay operators [14]. This problem is solved by

proton hexality, F&, an anomaly-free Z(, discrete gauge symmetry [21] 1. The renormalisable

superpotential terms allowed are equivalent to the ones for the RPC case, namely Wp6, while

the dimension-five proton-decay operators are forbidden. As such, we consider this the more

appropriate choice and have correspondingly labeled the superpotential in Eqs. (1.2,1.3). The

P6-SSM is conventionally denoted in the literature and referred to as the minimal super sym-

metric Standard Model (MSSM).

There exist two further possibilities to stabilise the proton in the f(, or R-parity violating

(RPV) case. This works, by only allowing a subset of the f(, terms in the superpotential, be-

cause it takes baryon and lepton number violation simultaneously for the proton to decay.

One of them is baryon triality, B3, an anomaly-free Z3 discrete gauge symmetry [22], which

prohibits the UDD interactions that violate baryon number. It is thus theoretically equally well

motivated to P6. The third and last possibility left in order to stabilise the proton is lepton par-

ity [22]. It prohibits the lepton number violating interactions in Eq. (1.4). It is however not as

well motivated as baryon triality, as it is anomalous [22]. As the alternative to the P6-MSSM,

we focus mainly on the phenomenological analysis of baryon triality at colliders. In addition

and for completeness, we consider some implications of lepton parity.

The mass spectrum, couplings, and possible signatures and backgrounds of the P6-MSSM

have been studied in great detail [23-25]. There are two reasons to perform analyses of the

general SSM with baryon triality or lepton parity at future and present colliders. It is first of

all highly desirable to have a strategy at hand to tackle the enormous amount of data the ex-

periments will provide for as many different models as possible. Focusing the endeavours too

much on a few, or even one, specific forms of SUSY, due to theoretical prejudice for example,

its discovery might be entirely missed initially. Secondly, SUSY is not a simple extension of the

SM. A simple extension is for example right-handed neutrinos, which does not affect the model

to a great extent. Yet, the particle spectrum is more than doubled in a model like the SSM, and

if the SSM is to provide a solution to the technical hierarchy problem we expect all of the new

particles to have masses ~ O(\ TeV). If thus a low-energy model of SUSY is realised in nature,

throughout this thesis, we will sometimes refer to Pg adopting the more commonly used phrase R-parity, as they
are equivalent at the renormalisable level of the superpotential.
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1.2 The Supersymmetric Standard Model

we expect numerous new processes to be kinematically accessible at, for example, the LHC or

International Linear Collider (ILC). A vast variety of possible production mechanisms leads to

an even greater variety of possible decay chains and thus collider signatures. It is therefore

indispensable when considering a specific SUSY process as a signature, to take into account the

many other SUSY processes that will act as background [26].

In preparation for the LHC and ILC and in order to perform simulations of signatures in-

volving the complete supersymmetric spectrum, one of the strategies of this thesis is to find

and then restrict ourselves to specific, characteristic points of the JVMSSM parameter space.

Over the years, several such example points have been proposed for the V& case. A summary

of these is given in Refs. [26-28]. In the course of ongoing experiments and analyses, bounds

on parameters become stricter and areas of parameter space are excluded. Some of these pro-

posed benchmark points have been excluded by searches at LEP. For example, this is the case for

the points 3 and 5 in Ref. [26]. Often, such proposed benchmark points are strongly motivated

by special model properties that lead to interesting features, such as the resulting cosmologi-

cal lightest supersymmetric particle (LSP) relic density in P6 models [29]. A set of benchmark

points and parameter lines, coined slopes, in the minimal supergravity (mSUGRA) [30] param-

eter space have been agreed upon, the Snowmass Points and Slopes (SPS) [28]. The resulting

spectra have been compared for various numerical RGE integration codes [31,32] and have

been investigated in great detail both in the context of the LHC and the ILC.

It is our purpose to extend this work to the JVMSSM. The complexity of a model, deter-

mined by the number of its free parameters, plays an important role here. The P6-MSSM has

124 free parameters [33]. Even more complex, the P6-MSSM we focus on has more than 200.

Such an extensive parameter space is intractable for a systematic phenomenological analysis

at colliders. Limits are set to these analyses for example by computation resources needed

for extremely complex detector simulations. It is thus mandatory to consider simpler mod-

els, which however should represent the variety in the SSM. Useful guiding tools for such

studies are both observational hints [34], experimental constraints [19], and theoretical consid-

erations [15,35,36].

To tackle this problem of the complexity of the JVMSSM, we consider a less complex model,

namely minimal supergravity, following the strategy of the SPS collaboration. mSUGRA em-

beds the P6-MSSM in a unified model with universal scalar and fermionic masses at the unifi-

cation scale, respectively. This reduces the 124 free parameters of the P6-MSSM to 5 free, real

quantities, leaving the JVsector untouched. We motivate and introduce this model in more

detail in the following Chapter.

23



1 Introduction

1.3 The Minimal Supergravity Model

Within the SSM, the three SM gauge couplings unify at a scale Mx = O(1016 GeV) [34]. This

unification of gauge couplings indicates the embedding of the SSM in a unified model at a

higher scale. The most widely studied and the simplest of these models is mSUGRA with

conserved F(, [30] and radiative electroweak symmetry breaking [9]. In these models, SUSY

breaking occurs decoupled from the SM gauge interactions and is communicated to the visible

sector via gravity. The large number of parameters in the general P6-SSM is restricted by well

motivated and simplifying assumptions at the scale of unification. In this case, considering

P6-mSUGRA, only five free, real parameters completely define the model:

M0,M1/2, A),tan/3,sgn(/0. (L9)

The first three of these impose boundary conditions on the soft SUSY breaking parameters at

Mx- The other two are boundary conditions at Mz- Mo denotes the universal, i.e. flavour

independent, soft breaking scalar mass. We thus have

mh -mlLR
= m<\L,v. = m«i,2 = Mo, @Mx, (1-10)

where rriyL denotes the sneutrino mass, m-e]_R denote the SU(2)-doublet (L) and SU(2) singlet

(R) charged slepton masses, and m^LR denote the squark masses, m^,2 are the soft breaking

Higgs boson masses. M1/2 denotes the universal gaugino soft breaking mass and we have for

the bino (Mi), the SlZ(2)-wino (M2) and the gluino mass (M3), respectively [37]

Mi = M2 = M3 = M1/2, @MX . (1.11)

Ao is the soft breaking universal trilinear scalar interaction [38], tanjS = ^ is the ratio of the

two vacuum expectation values of the Higgs doublets Hi 2, respectively, and sgn(^) is the sign

of the Higgs mixing parameter of Eq. (1.3). The absolute value of ]i as well as a possible bilinear

scalar interaction, bo in eq. (1.8), are fixed by the electroweak symmetry breaking conditions at

the SUSY breaking scale [9].

The universal parameters at Mx are only boundary conditions at the scale of unification.

The running of the renormalisation group equations (RGEs) to the weak scale is different for

every particle and thus leads to different masses. In this way, even choosing Mo = 0 at Mx will

lead to different non-zero scalar sparticle masses.

We now focus on the JiVmSUGRA model. This was developed in refs. [17,39^41]. The ex-

tension of the P6-mSUGRA model to include P6-violation leaves the particle content untouched,

but there are now 48 additional interactions in the superpotential, given in eqs. (1.2)-(1.4), and

parametrised A /̂t, A-fc, \'L, and K,-.
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1.3 The Minimal Supergravity Model

Given the five parameters in eq. (1.9) and the additional 48 fy superpotential parameters

in eq. (1.4), the full supersymmetric spectrum and couplings of the JVmSUGRA at the elec-

troweak scale are computable through the renormalisation group equations (RGEs). This has

been shown in a very detailed study in refs. [23-25].
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2 mSUGRA parameter space analysis

In this Chapter, we describe in detail the performed mSUGRA parameter space analysis.

We begin with Chapter 2.1, describing the calculation of the spectra using the extended

SOFTSUSY [42] spectrum calculation code and our choice of only one non-zero f(, parameter at

We then analyse in Chapter 2.2 the effects the fe RGEs have on the couplings, i.e. how other

couplings that are zero at MGUT can be generated through higher order terms.

In Chapter 2.3 we explain the JVmSUGRA phenomenology and describe our overall phi-

losophy in scanning parameter space. A special focus in this section is on bounds imposed on

parameter space by precision observables, given in Chapter 2.1.1.

The parameter space analysis in Chapter 2.4 for the no-scale mSUGRA is followed by the

extended discussion of the general mSUGRA model with additional possible LSPs in Chap-

ter 2.5.

2.1 Numerically calculating the mSUGRA spectrum

The different spectra, and thereby also all the couplings and mixings, in our studies are calcu-

lated using the SOFTSUSY code. There exist a variety of other spectrum generators for super-

symmetric models, such as SUSPECT [43],SPHEN0 [44], and ISASUGRA [45]. Yet, an unpublished

SOFTSUSY version is the first public spectrum generator that incorporates f(, models.

Our work also takes into account high precision observables. This is discussed in detail

in Chapter 2.4.2. To compare the simulated points in parameter space and their theoretical

contribution to high precision observables, we link SOFTSUSY to micrOMEGAsl.3.6 [46]. The

predictions for the P6 conserving BrPf.(Bs —> }i+}i~), (g - 2)^, and Brp6(b —> S7) are calculated

using this code.

Throughout this work, we use the default inputs Mz = 91.1875 GeV and mt = 172.5 GeV

for the pole masses of the Z° boson and top quark, respectively. The weak-scale gauge cou-

plings are set to their central values in the ~MS scheme ^ ( M z ) = 127.918, ccs(Mz) = 0.1187.

Light quark masses are also set to their central values in the MS scheme: mb(mb) = 4.25

GeV, mH(2GeV) = 0.003 GeV, mrf(2GeV) = 0.00675 GeV, ms(2GeV) = 0.1175 GeV and

mc(mc) = 1.2 GeV [47].
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2.1 Numerically calculating the mSUGRA spectrum

We only consider one non-zero trilinear parameter of W^ at a time at Mx- This is due to

the strict bounds on combinations of different f^ couplings, see for example ref. [48]. However,

the possible dynamical generation of the other parameters through the coupled RGEs [17] is

included. These dynamically generated couplings are three and more orders of magnitude

smaller than the ones chosen at the unification scale. Therefore, this strategy does not interfere

with the multiplicative bounds.

The reason for not choosing the bilinear parameter non-zero is that that at any given scale

the K, can be rotated away through a redefinition of the fields L;,Hi [17,49,50]. Following the

philosophy of [17], the K; are rotated away to 0 at Mx [17]. Yet, non-zero K,- are dynamically

generated through the RGEs. We note, that these non-zero values of K, lead to naturally small

neutrino masses [17,39,41,51] in agreement with observations [52,53]. This is in general an

interesting feature in models, because this generates neutrino mass without having to introduce

right-handed neutrinos to the model.

The six parameters that determine the JVrriSUGRA model are thus given by

Mo, Mi/2, A0 ,tan|6,sgn(p), A @MX, (2.1)

where A e ^

We emphasise again, that in any given model only one non-zero parameter for A is chosen at

Mx, but all are allowed at Mw. The role of the f$ RGEs and the generation of other couplings

chosen equal to zero at the unification scale is described in detail in Chapter 2.2

We note in general for this work, that there are two conventions for the f(, trilinear cou-

plings, and we make use of both. This is due to the fact, that previous work and the internal

structure of SOFTSUSY are in the [17] notation. Yet, the translation into the common AyjtL,L,Ejt

notation is quite simple.

(AE,)jk = Xjkl, (2.2)

(AD,)yjt = A;,,-, (2.3)

(Au,)jk = A;;,. (2.4)

(2.5)

2.1.1 Bounds on the A Couplings

The low-energy 2a bounds on the tri-linear p6-couplings are summarised in refs. [1,13,54].

In table 2.1 we show the largest allowed coupling in the five "classes" of couplings for scalar

masses of 100 GeV. We do not include bounds which depend strongly on assumptions about

quark mixing, such as those from RGE-induced neutrino masses, but rather those which come

from more direct sources listed in ref. [1].
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2 mSUGRA parameter space analysis

0

Hjk

.07 0
i;lt

.28 0

2/*

.56 0
3/Jt

.52

Vjk

pert.

Table 2.1: Weakest 2(7 direct bound on the five classes of couplings from low-energy processes
such as a measurement of the Fermi constant in muon decay. Most of the bounds
scale with (m/100) GeV, where in is the relevant scalar fermion mass for the process
leading to the bound, "pert." indicates that the weakest bound only comes from
perturbativity of the coupling 0(1). Only one non-zero /p6 coupling at a time is
considered.

The bounds shown are to be applied at Mz, and no assumption about the high energy com-

pletion of the model has been made. We see that the weakest X'L bounds are not constraining

with only perturbativity as a limiting effect (<3.5 by some definitions). It should be noted that

three of the A" couplings involving the first two generations have quite severe bounds [1]. The

weakest AL bounds also allow large ~ 0(1) couplings, but many of the bounds are at the 10

level. Finally, the A,;j. bounds are all around 5 • 10~2.

- l

Within the context of a supergravity model formulated at the unification scale, we must

take into account the ^-RGEs. Considering the effect of the gauge couplings on the running

of an individual A strengthens the bounds by a factor ~ (1.5,3.5,4.3) at Mx for the couplings

(A, A', A"), respectively [1,40]. The RGEs for the A's are highly coupled. In particular, the phe-

nomenological requirement of y. ^ 0 together with some A or A' ^ 0 at Mx leads to non-zero K,

at the electroweak scale [17,41,51]. Applying the cosmological bound on the aforementioned

resulting small neutrino mass, the resulting upper bounds on the A,;j.(Mx), A;' fc(Mx) were ob-

tained in ref. [17]. The corresponding weakest bounds at Mx on the four classes of couplings

are shown in table 2.2 for the SPSla point. Here, we have updated the bounds using the lat-

est S0FTSUSY version. Where the neutrino mass bound is not constraining, there is an upper

bound coming from the non-generation of negative mass squared scalars via RGE effects. Such

"tachyon" bounds are denoted by a superscript "x" in the table. Most of the bounds strongly

depend on the origin of CKM mixing in the SM quark sector [1,55]. We see from the table that

if the CKM mixing originates solely in the down-quark sector we obtain much stricter bounds

than solely up-quark sector mixing.

2.2 Role of the % RGEs

The RGEs enter the evaluation at the point of choosing which couplings to set nonzero at

Since we only set one coupling nonzero at Mx as explained above, this is an important decision

affecting the subsequent phenomenology. But not only the choice of a AE, AD or Au coupling

as such is relevant. Ag entries at Mx generate nonzero AD entries at Mw and vice versa. This

28



2.2 Role of the y6 RGEs

d-mixing

u -mixing

hijk

0.046

0.046

9.

Kjk

1 • 1 0 ~ 4

0.15*

9.

A

1

0.

2jk

10"4

A

9.0

0.

/
3jk

10"4

15*

Table 2.2: Weakest bound at Mx on the four classes of lepton number violating couplings from
the RGE generated Kj for SPSla. The superscript x denotes cases where there is no
neutrino mass bound on some couplings in that class and so we have indicated the
bound coming from the lack of tachyons. In the case of A couplings the weakest
bound arising from the RGEs is A231 < 0.55* from the lack of tachyons [1]. We have
instead included the translation of the weak scale bound to Mx. The weak scale
bound scales with the slepton mass (m^/100GeV) and is stronger than the tachyon
bounds for slepton masses below the TeV scale.

also has to be taken into account.

We choose two RGEs, namely ^(AE*),-y and ^(ADt)2;, to calculate as an example the dy-

namical generation of muon number violating couplings. The choice is made such, that the

dynamical generation between an LLE and a LQD type coupling chosen non-zero at MQUT be-

comes clear. We begin by rewriting the RGEs into a suitable form in Chapter 2.2.1 and evaluate

them for one explicit example in Chapter 2.2.2. We also discuss the effect of the A couplings on

the spectrum in Chapter 2.2.3.

2.2.1 Rewriting the AE and A D RGEs

The RGEs for the Yukawa couplings including full family dependence read [41]

d
dt{

d ,

D,

i

(2-6)

(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

For the following discussion we restrict ourselves to the one-loop contribution. The one-loop

anomalous dimensions are given by

w
( 2 1 2 )
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2 mSUGRA parameter space analysis

(2.13)

(2.14)

(2.15)

(2.16)

3 o 3 ,N

10«i + 2«2)' (2.17)

(2.18)

(2.19)

For our analysis, we begin by inserting in detail the anomalous dimensions into the given

formulae for ^ (AEt),; and j-t {ADk),-y RGE. We therefore rewrite the anomalous dimensions with
the proper indices given in the RGEs above.

For ji(AEk)jj we need in detail:

(2.20)

= ^ 7 ? H l = L \-^A^D) ~ (Aj,Y£)y] (2.22)

(2-23)

7% = i^272 ) H l = ^ 2 [-3(Ar»YD)i, - ( A E J E ) J (2.24)
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Explicitly replacing the anomalous dimensions gives for ^ (

dt

+ (YE) i jt [-

- ( Y E ) , - f c [ -

Tr(A£,A
+

£f) - 5\{6-

(2.25)

We do the same calculation for jt (ADk)jj. We again rewrite the anomalous dimensions with

the proper indices needed.

(2.26)

(2.27)

This gives for ^

ti

3(AD,A+
D,)« " ^f(^

- ( Y D ) y k [ - - (AE,Y£)f,] . (2.28)

2.2.2 Evaluating RGEs for specific A f and A D couplings

We now explicitly evaluate j-t (A£i )u- If (A£i )n is zero and j-t (AEi )i2 is non-zero at MGUT the

RGEs generate a nonzero value of (AEi )u at the weak scale. We want to check, through which

other couplings such a nonzero coupling is generated, given that only one other coupling is

non-zero at MQUT-
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2 mSUGRA parameter space analysis

From symmetry arguments, we expect couplings that also violate muon number (as (AEi )i

does) to generate such a coupling through running of the RGEs at first order.

16/r2 |(AEl)i2 = ( A E 0 i [ j

+ (A£1 )u [ ( Y E Y E ) ^ + ( A 0 4 ) o + 3(AD,A+
D,()^2 - 4(~gl + |

+ (YE)n [-3(A^YD)2, - (AE,YE)2g]

-(AE i )2 , [(YEY+
E)a + (AE,A+

E,)n +3(AD,A+
D,)n - 5{{~g\ + | ^

-(YE)21 [-3(A^,YD)i, - (AE,YE)lf,] . (2.29)

The Yukawa matrix YE is taken to be diagonal with entries he, h}l, and hT. The last line does

thus not contribute.

[ 3 3 1
S2hu + (A E <JA E <J)£ 2 + 3(AE)i;AE)q)£2 — S2[—gi -\—^2)

10 2 J

+he [-3(Aj,,YD)2, - /ie(A£l)2i - hH(A*E2)22 - ^T(AE3)23]

(2.30)

Since we want to dynamically generate Jj(AEi)i2, it is itself zero at MQUT- Thus, in the first

and last line, all terms proportional to 5[ vanish. In the first line, this is obvious. In the last

line, due to the antisymmetry in the indices corresponding to either L in the LLE coupling, the

same argument holds. And for the same reason, all terms proportional to 52 in the second line

vanish. We are left with:

dt

1,£=3 | (A E fA E , )^ = 3 / 2
L

violate muon number with just one coupling non-zero

-(AEi)2^=3 [(AE«A£,)£=3,i + 3 ( A D , A C M ) ^ = 3 / I ] . (2.31)

In the fourth line we have put t — 3. £ ^ 1, because (AEi)12 is zero at MQUT (it is the one

we want to generate dynamically), and £ / 2 since AE only has off-diagonal entries due to

symmetry. The same argument holds in line two. As expected, the relevant terms to generate

^(AEi )n 7̂  0 are those that violate only muon number explicitly by one unit and where only

one nonzero fe coupling contributes. These are given in the third line. Due to small couplings,

all other contributions are suppressed by O(A3).
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We now evaluate ^(AD3)23- This gives

t r o Q "1

3l3Q l̂ + 2^2+3^;

-(VD)33 [-3(A^YD)2, - (AE,YE)2t?] . (2.32)

The entries of YD are unknown, due to quark mixing. Yet, we approximate (YD)33 ~ hi,.

Similar to the above discussion, entries proportional to (AD3)23 itself are zero.

-h [-3(AD,Yp)2^ - he(A*El)2i - ^ T ( A E 3 ) 2 3 ] / (2.33)

violate muon number with just one coupling non-zero

Again, the relevant contribution stems from terms violating muon number by exactly one unit

and only one fe coupling nonzero at Mx- All other terms are of O(A3) or are of O(A) and

additionally suppressed by off-diagonal entries in the quark Yukawa matrices.

We have shown how different f(, couplings can generate one another through the running

of the RGEs. We have in addition given an example for the fact that this is restricted to terms

violating the same flavours in the same amount. Yet, this can not only be seen from a mathe-

matical point of view. The RGEs are interpreted as higher order corrections. We show in the

following the corresponding Feynman diagrams to the generated couplings.

We begin with repeating the leading order result for

] (2.34)

The Feynman diagrams respectively corresponding to the two terms on the right hand side of

the equation are given in fig. 2.1.

We remind the reader that we work in a diagonal charged lepton Yukawa basis. Fig. 2.1

shows explicitly how one f(, coupling can lead to a differnet % coupling at next-to-leading

order. The coupling generated is given by the three external legs of the diagram. The coupling

generating it is given on the left hand side vertex of the loop. The other two vertices are Yukawa

gauge interactions, respectively.
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2 mSUGRA parameter space analysis

Figure 2.1: The dynamical generation of A121.

The second example, the generation of an LQD coupling, is given below. We again repeat
the leading order result:

167T2 —(AD3)23 = ~hb [- (2.35)

The Feynman diagrams respectively corresponding to the three terms on the right hand

side of the equation are given in fig. 2.2.

2.2.3 Shift in Spectrum due to A-RGEs

It is important to consider not only the dynamical effect of generating other couplings through

RGE running, but also the effect the RGEs have on the resulting weak-scale spectrum. Note,

that in most of the cases the p6 couplings set non-zero at the GUT scale are bound to have small

values. This is shown in table 2.2. It is important to analyse, whether the value of the coupling

can change the spectrum in comparison with the P& case.

The leading effect of the A couplings on the running of the supersymmetric masses is shown

to be approximately ~ O[A2/(16n2) IU(MGUT/^z)] [17,40,41,56]. In most cases, we only

expect small shifts in the spectrum. To illustrate these effects, we compare selected spectra to

the low-energy spectrum of the parameter point SPSla [28] with conserved P6 in table 2.3. The

reference point SPSla is listed in the second column for comparison, and also shown in fig. 2.3

as an example for a mSUGRA spectrum. In the first column the supersymmetric particles are

listed. In the other columns, we show various f(, spectra.
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Ve

Vx

*t

"1

U2
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h
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552
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104;159

552

567

552

567

536

574

552

575

511; 549

399; 586

97

181

360

379

181

377

610

110

396

404

396

A2\2 = 0.5

189

189

188

146; 206

146; 206

137; 210

552

568

394

562

393

570

393

570

519; 551

401; 592

97

181

362

380

182

378

604

110

397

405

397

Table 2.3: Low-energy supersymmetric spectra for the point SPSla in the P6 conserving case,
column two, and in various maximum f(, violating scenarios in columns 3-5. In the
latter other than A(Mx) all SUSY parameters are as in SPSla. The masses are given
in GeV and we have high-lighted in bold face those changes compared to the P(,-
spectrum which are 5 GeV or more. In the case of A'331, we assume the entire CKM
mixing is in the up-sector. In the case of A2\2 we have assumed the CKM mixing is in
the down-sector.
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2 mSUGRA parameter space analysis

Figure 2.2: The dynamical generation of A ^ .

The chosen spectra result from one non-zero coupling at Mx (shown in the top row) and

with the other, P& conserving, parameters chosen the same as in SPSla. We expect shifts of

sparticle masses for those sparticles that couple directly to the dominant f(, operator, because

this operator enters the RGEs of the sparticles it couples to. In the third column of table 2.3, the

spectrum for the largest allowed LLE coupling, Ai23(Mx) = 0.08, is shown. In this scenario,

the maximal relative shift of any of the supersymmetric particles is about 2%. This shift is

in the SR mass. For most particles, the shift is below 1%. This is indistinguishable from the

Fg spectrum at the level of significance displayed. In the fourth column, we list the masses

for a A331(Mx) = 0.122 coupling, i.e. in the case of up-mixing [57]. In this case, we obtain

significant shifts in the masses of vT and f \ ^ , which directly couple to the operator A331L3Q3D1.

In particular, this leads to the novel possibility of a tau sneutrino LSP, which we discuss in

Chapter 2.5. There are also slight shifts in the d\, hi, h masses, with the particles again coupling

directly to the dominant Ĵ  operator. In the case of down-mixing, A331 is bound to be less than

10~3. The resulting spectrum is indistinguishable from the F̂  spectrum in the second column.

Therefore, it is not listed.
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2.3 fe-mSUGRA phenomenology

The UDD couplings are not constrained by neutrino masses and in some cases can still be

at the perturbativity limit, i.e. any unbound coupling A always has to satisfy

^ - < 1 . (2.36)

to ensure perturbativity.

We choose X'^iMx) = 0.5 as an example. We consider this to be a good example value

as a large coupling, because this is of order of the top Yukawa coupling. We consider this a

naturally large coupling. The masses for this scenario are given in the last column on the right.

Here we obtain significant shifts (~ 30%) in the masses of C\, d\, S\, which are all dominantly

SU(2) singlets and thus directly couple to the leading f(> operator. There are also small shifts in

the corresponding doublet masses as well as the gluino mass (originating from changes to the

1-loop threshold contributions from the squarks). We expect similar effects for the other large

A" couplings, i.e. the fields which directly couple should experience the largest mass shifts.

2.3 J?6-mSUGRA phenomenology

Given the additional couplings in W^ as well as the corresponding soft SUSY breaking terms,

the phenomenology for mSUGRA can change dramatically.

In the following, we list the changes compared to the P6-mSUGRA model.

1. The RGEs change through the additional fy couplings. This results in changes in the spec-

trum, as seen in table 2.3, and the couplings change at low energy, as shown in ref. [17,58].

2. For Ys the LSP is unstable. This implies, that the cosmological bounds [59] are no longer

valid. In JVrnSUGRA, any supersymmetric particle can in principle be the LSP

LSP G {vL, l£R, qL,R, fv Xt> g} • (2-37)

The nature of the LSP is determined through the initial conditions given at Mx, eq. (2.1),

and the RGEs.

3. Single supersymmetric particles can now be produced at colliders [60] through the Wy6-

couplings, e.g. resonant slepton production at hadron colliders [61] or associated produc-

tion. An analysis for single slepton production with an associated single top is given in

Chapter 4.

4. The possible changes in spectrum as well as the additional interactions can alter the decay

patterns of the SUSY particles. This is shown for example in [62].

5. Lepton flavour and number or baryon flavour and number are violated.
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2 mSUGRA parameter space analysis

We give an example mSUGRA spectrum in fig. 2.3. We have chosen the SPSla parameter

set [Mo = 100 GeV, M1/2 = 250GeV,A) = -100 GeV, tan £ = 10,sgn(p) = +1] [28].

The Figure shows four columns containing different classes of particles, the ordering of the

spectrum into these classes follow the convention of [28]. The neutral scalars (h°, H°, A°,vu)

as well as the charged Higgs bosons (H1*1) are given in the left column (red). The charged

sleptons are shown in the second (black) column. In the third column (light blue), we show the

neutralinos Utf=i 234) a n d charginos (xfy anc* m m e fourth column (marine blue) the squarks

(u, d, c, s, t, b) and gluinos g are given.

Figure 2.3: The SPSla supersymmetric spectrum. The F&-mSUGRA parameter values are Mo =
100 GeV, MV2 = 250 GeV, Ao = -100 GeV, tan£ = 10, sgn(p) = + 1 . The up,
down, charm and strange squarks are quasi-degenerate in mass and are labeled by

We next discuss five typical features of this spectrum. We begin with the LSP in this sce-

nario.

1. In the P6-MSSM the LSP is stable. This is indeed the most significant difference to f(,-

mSUGRA. In the case of f(,, regions of non-^j LSPs are opened. As pointed out in

eq. (2.37), in the JVMSSM in principle any supersymmetric particle can be the LSP. Given

the restricted parameter space of eq. (2.1) at Mx, it is just a computational question as to

which LSPs are attained in a given mSUGRA model. In fig. 2.4(a), we have plotted the

nature of the LSP in the M0-M1/2 plane around the SPSla point parameter point. Since

we consider the % case where the LSP decays and does not constitute dark matter, we do
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2.3 f(,-mSUGRA phenomenology

not plot the usual constraint on fig. 2.4(a) in the x\ LSP region. In the general mSUGRA

case and for vanishing A-couplings, we have the well-known but usually ignored region

shown in the lower right of fig. 2.4(a), where the lightest stau (fi) is the LSP. We plot

the stau mass in colour throughout the whole plane. For AQ = — 100 GeV, tan/3 = 10,

sgn(^) = +1 the black line denoting the border between the ;^-LSP region, at high values

of Mo and the fi-LSP region at low values, is approximately given by

M1/2 = 3.8 • Mo + 175 GeV. (2.38)

Such a fi-LSP region always exists in mSUGRA models, since for rising Mj/2 and fixed

Mo the gaugino masses grow more quickly than the slepton masses, see the approximate

formulae in ref. [25]. However already for Mo ~ 200 GeV, we must have Mi/2 ~ 1 TeV for

a stau LSP. We can read-off the no-scale case along the x-axis in fig. 2.4(a), where Mo = 0.

This always results in a fi-LSP. The blackened out area at small values of M1/2 is excluded

due to the LEP2 Higgs exclusion bound of mh > 114.4 GeV at 95%C.L. [63], and/or the

requirement of the absence of tachyons in order to obtain a valid electroweak vacuum.

Note that, anticipating a 3 GeV error in SOFTSUSY's prediction of m^, we have imposed a

lower bound of 111.4 GeV in the figure.

2. It can be seen in fig. 2.3 that the squarks and gluinos have masses much larger than the

universal scalar mass Mo. They are at the same time much heavier than the sneutrinos

and charged sleptons. The reason for this is that the strong interaction dominates the

RGE running of the former, thus having a larger impact on the masses of strong-coupled

sparticles. The slepton masses can be of order the squark and gluino masses, cf. SPS2 [28],

yet this requires Mo 3> Mi/2.

3. One stop, the one which is predominantly FR, is significantly lighter than the other squarks.

This is due to the stop mixing sin6t , which is of order mt/MsusY, where MSUSY is the

SUSY breaking scale. The resulting mixing is thus proportional to the mass of the corre-

sponding SM partner. For the same reason the stau, which is dominantly TR, is the light-

est charged slepton. Yet, the relative effect is much smaller for the stau, since mT -C Mo.

Since the sleptons themselves are relatively light the TR is usually the next-to-lightest su-

persymmetric particle (NLSP). This can be affected by left-right-mixing.

4. The lightest Higgs boson h° is significantly lighter than the other Higgs bosons H°, A0,

and H±.

5. The production cross section. For SPSla and other typical mSUGRA points the largest

supersymmetric production cross sections at the LHC are for gluinos and squarks [64].

Usually, squarks and gluinos cascade decay via intermediate SUSY states to the LSP, lead-

ing eventually to a large missing pr signature of the P6-SSM.
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2 mSUCRA parameter space analysis

2.4 No-Scale mSUGRA Parameter Space Scans

2.4.1 The no-scale Mi/2-tanj8-plane

As already stated above, fig. 2.4(a) shows the nature of the LSP in the Mo-M1/2 plane around the

SPSla point. We begin our studies focusing on the f-LSP region, which has not been explored

before. To analyse in particular this f-LSP region, we restrict ourselves to values Mo = 0. In

addition and for convenience, we set the trilinear coupling AQ = 0.

Apart from choosing M1/2 7̂  0, this is the so-called no-scale supergravity model [65]. We

shall call it no-scale for simplicity all the same. This model is experimentally excluded in the

case of P6 through a combination of the LEP Higgs and chargino search [63] and the require-

ment of a neutral LSP. Yet, in the JVSSM the LSP need not be neutral and regions of no-scale

mSUGRA parameter space are allowed [17].

Having chosen the no-scale parameters, we scan the M^-tan/J-plane. The prediction

for the lightest CP-even Higgs mass, m^, is shown in fig. 2.4(b) as a function of the no-scale

mSUGRA parameter space. As discussed above, a lower bound of 111.4 GeV is imposed upon

SOFTSUSY's prediction of mh. We find mh < 124 GeV for values of M1/2 < 1500 GeV. The

blackened out region is excluded due to LEP bounds and requiring the absence of tachyons.

10

300 600 900 1200 1500

M1/2 [GeV]

200 400 600

M1/2 [GeV]

800

(a) The bar on the right displays the lightest stau mass, (b) Mass of h° in no-scale mSUGRA parameter space.
AQ = —100 GeV, tan/3 = 10, sgn(^) = +1. The black- The blacked out region corresponds to points that fail
ened out region to the left is excluded due to the LEP negative LEP2 Higgs constraints or that possess tachy-
bounds and tachyons. The black contour distinguishes onic scalars.
between areas with ^°-LSP and f-LSP.

Figure 2.4: mSUGRA parameter space scans.

Our results for the mass of the stau-LSP are shown in fig. 2.5(a). In addition, we show

three different contours corresponding to different mass orderings. The black contour shows

The dashed contour shows m^o — m^ ~ mp,, thus separating regions of xi NLSP

® NNNLSP (right). The blue contour shows where m^o — nif2. Again, the blackened
m t l.

(left) and
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2.4 No-Scale mSUGRA Parameter Space Scans

out region is excluded: the region to the lower left, i.e. for values of tan /S < 20 GeV and

Mi/2 < 400 GeV, due to LEP bounds, the triangular shaped region at high values of tan/5 due

to tachyonic scalars.

Note, that there is a difference between these two excluded regions. SOFTSUSY generates a

valid spectrum for the cases in which the LEP bound is violated. Yet, a tachyonic spectrum loses

any valid interpretation, leading to non-physical RGE running. It is therefore not surprisingly,

that the included contours run smoothly into the LEP excluded area, yet show an anomalous

behaviour at the edge or inside the tachyonic region. Our one-loop approximation can not be

trusted in this region.

If we now turn on the A-couplings, this picture is in principle modified [58]. However,

we have shown in Chapter 2.2.3 that for the maximally allowed couplings the shifts in the

spectrum are typically modest for all but the A"-couplings and exceptional cases of the \\ -k

coupling. For SPSla, the charged sleptons are the next lightest particles. Other than the stau,

we thus expect a y.\ LSP. However, we have checked that this requires A,-̂ - or A'-couplings far

exceeding the upper bounds given in table 2.2 [42]. The A"-couplings do not significantly affect

the sleptons, see table 2.3. In fact, in the case of down-mixing in the weak-scale CKM matrix,

we have found no further LSP in our no-scale models. While the precise numerical bounds on

the couplings are sfermion mass dependent and were only calculated for the SPSla point [17],

the qualitative conclusion regarding possible identities of the LSP holds in the region studied

in the no-scale mSUGRA case, i.e. in fig. 2.5(a).

The significant shifts in the spectrum in the A ^ case mainly affect the squarks, but they are

too small to obtain a squark LSP.

2.4.2 Constraints from precision observables

We now study this Mi/2-tan^-plane in more detail. Having discussed the bounds on the A

couplings in Chapter 2.1.1, it is appropriate to next consider the constraints on p6-rnSUGRA

parameter space arising from experimental precision measurements. It is important to take

these into account, because these observables are an indirect way of testing a model. Without

the actual discovery of a model, model extensions contribute to precision observables. The

results of these measurements can lead to further excluded regions due to predictions of the

extended model and are thus of special interest. We consider in particular the anomalous mag-

netic moment of the muon (g — 2)^, the branching ratio Br(b —> S7), and the branching ratio

Br(Bs —> pi+}i~). We also briefly discuss the impact of the LEP Higgs mass bound.
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(a) Mass of the stau-LSP in the M] /2-tan /S-plane for no-
scale mSUGRA. The blackened out region is excluded
due to LEP bounds and tachyons. The black contour
shows rrif, = The dashed contour shows m^, =
w*£, « wp,, thus separating regions of pfj NLSP (left)
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(b) No-scale P6 contribution to JajjUSY-tĥ  je MQ _ AQ =

0 at Mx- The blacked out region to the left and upper left
is excluded due to LEP exclusion bounds and tachyons.
The black contours show the region of parameter space
that is consistent with the empirical central value of g —
2, plus or minus \u.
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(c) P6-MSSM no-scale mSUGRA contribution to Br(b —> (d) P& contribution to Brs^(Bs —> \i+]i ) in no-scale
sy). The blackened out region is excluded due to LEP mSUGRA. The blacked out region is excluded by LEP di-
measurements and the existence of tachyons. The con- rect sparticle and Higgs searches, as well as the require-
tour shows the mid-value of Br(b —> S7). ment of no tachyons.

Figure 2.5: mSUGRA parameter space constraints.

2.4.2.1 The muon (g — 2) value

One of the very few predictions of the SM that are not in good agreement with experiment is

the anomalous magnetic moment of positively and negatively charged muons. The combined

experimental measurement is [66]

exp _ (g 2)y = n 6 5 9 2 0 g Q ( 6 3) x 10-10 (2.39)
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2.4 No-Scale mSUGRA Parameter Space Scans

The SM prediction requires the input of data on hadronic spectral functions. There is a well-

known discrepancy between the predictions based on data from e+e~ —> hadrons ("e+e~ -based")

and those based on semi-leptonic tau decays ("tau-based") [67]. We follow the particle data

group [68] and therefore focus only on the e+e~-based predictions. We obtain

6a}l = aJiXp - afM = (22.2 ± 10.2) x 10"10. (2.40)

All theoretical and experimental errors have been added in quadrature. Sa,, is smaller and

within one sigma from zero when the r-based prediction is used. We shall constrain the fe-

MSSM such that the predicted 3a^USY = a^p - a^USY"th provides the missing component of

(g-2),ineq.(2.40).

In order to compute Sa^VSY'th, we use micrOMEGAsl .3.6 [46] for the one-loop supersymmet-

ric Pe part, which can be enhanced by tan /5. The one-loop % contribution is of order

for A e {A *̂/ AL} [69], where m is a sparticle mass that appears in the loop. For m > 300 GeV

and |A|2 < 0.1, as is the case for the points studied here, (Sa^y6 < C9(10~n) and so we neglect

it, taking the Fe contribution only.

We summarize our results in fig. 2.5(b). We display the allowed region of <fâ USY"th in the

no-scale mSUGRA in the M^-tan j6-plane as the region between the contours. At higher SUSY

masses (higher Mi/2), Ja^USY"th becomes smaller. This arises, because the SUSY contributions

decouple due to mass suppression of sparticle propagators in the one-loop diagrams. Here, it

can be seen that the prediction of aft is similar to that of the SM. Sa}l increases for higher tan /5,

which is why the contours move to the right with increasing tan /3.

2.4.2.2 Br(b -> sy)

Next we consider the measurement of Br(£> —> sy). The current experimental result for this
measurement is [70]

Br(fc -» S7)exp = (3.55 ± 0.26) x 10~4. (2.42)

The statistical and systematic errors have been added in quadrature. This includes the uncer-

tainty for the shape function of the photon energy spectrum. Including a combined theoretical

error of 0.30 x 10~4 [71] and adding it in quadrature to the experimental error, the allowed range

for the central theoretical value at the 2a level [72] is

2.76 x 10"4 < Br(fc -» s<y)lh < 4.34 x 10~4. (2.43)

43



2 mSUGRA parameter space analysis

The P(, branching ratio is plotted in fig. 2.5(c) for the no-scale mSUGRA model. Again, M\/2

and tan /S are varied. The contour shows the central value of Br(b —> sj), i.e. 3.55 x 10~4.

The P6 conserving contribution to Br(fr —» sy) of the no-scale mSUGRA model is thus in

agreement with the experimental bounds at 2(7 in almost the entire plotted region. An estimate

for the ?6 contribution to the given process can be found in ref. [56]. There are many ways

two different A couplings can contribute to the ¥(, process. Although we assume only one

non-zero A coupling at the GUT scale, several different couplings are generated by the RGE

evolution to the weak scale. This on the one hand does lead to a non-zero fs contribution. On

the other hand, however, the couplings generated by the RGEs are suppressed by loop factors

such that the f(, generated contribution to Br(b —> S7) is also highly suppressed. C. H. Kom

has provided a generalised version of the calculation in ref. [56] to include CKM quark mixing

and explicitly checked, that the contribution to Br(b —» sj) is less than 10~6 in every case

studied and therefore negligible. For example, the difference between the predicted values of

Br(b —> S7) in the Ffe case and the combined P6 and fe case for the no-scale mSUGRA point

M1/2 = 400 GeV, tan /3 = 20 is always smaller in magnitude than 10~9 for quark mixing purely

in the down sector and for any Aj -k set at its upper limit. A similar conclusion also holds in the

case of squark mixing in the up-sector.

2.4.2.3 Br(Bs -> ji+fi-)

The Tevatron experiments have tightened the upper limit on the rare decay branching ratio

Br(Bs -> ]i+}*~). The current CDF bound is [73]

Brexp(Bs -> ^ V ) < 1 x !0~7 (2-44)

at the 95% C.L..

The SM prediction is [74]:

BrSM(Bs ^ H V ~ ) = (3-35 ±0.32) x 10"10. (2.45)

In the P6 model, the branching ratio can be significantly larger than in the SM since it is propor-

tional to (tan/5)6/M\ [75,76]. The dependence on bottom and muon Yukawa couplings leads

to this tan jS enhancement. The above experimental bound in eq. (2.44) constrains some of the

Mo / 0 mSUGRA parameter space [77]. In fig. 2.5(d), we show the P6-mSUGRA prediction for

Br(Bs —> }i+}i~) in the M1/2 and tan/5 plane. The branching ratio turns out to be at least an

order of magnitude below the experimental bound over the whole plane scanned.

Since the ?e-mSUGRA contribution is small, we look at the ?6 contribution alone, i.e. with-

out interference with the SM or P(, conserving contribution. The fe contribution to Br(Bs —>

}i+\i~) was calculated in ref. [78]. Here, C. H. Kom generalised the calculation in order to in-

clude the L-R-mixings of the mediating squarks and also allow for non-degenerate sparticle
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2.4 No-Scale mSUGRA Parameter Space Scans

masses. We use this generalised result in the SOFTSUSY code to give an estimate of the contribu-

tion to the decay rate. In the case of one dominant ?6 operator at the GUT scale, the contribution

to Br(Bs —> }t+ji~) is always less than 10~14, once the A have been bounded by experimental

constraints. This is irrespective of the nature of the CKM mixing. We therefore neglect the

?6 contribution to Br(Bs —> ̂ + / O for the rest of our studies. We note, however, that if the

requirement of only one non-zero GUT-scale A coupling is dropped, much larger V(, contribu-

tions are possible. We demonstrate this with an example, choosing A122(MGUT) = 6.3 x 10~4

and A'132(MG(JT) = 7.6 x 10~5 achieves a f(, contribution to Br(Bs —* H+H~) a s n i S n a s ^~7.

The corresponding product bounds for weak-scale couplings are given in ref. [78].
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2.4.3 Stau LSP phenomenology

In the standard mSUGRA model, supersymmetric particles are produced in pairs at colliders.

They then cascade decay to the neutralino LSP through various intermediate supersymmet-

ric states. The LSP escapes detection, which results in the typical missing transverse energy

signature for the P6-MSSM.

We are here interested in the mSUGRA region with a fi-LSP. If the A couplings are small,

as indicated by most of the bounds, sparticles will be dominantly pair-produced in the usual

V(, conserving channels [79], clearly dominating any resonant f(> production, as described in

Chapter 4. They will then cascade decay down to the lighter supersymmetric particles eventu-

ally ending at the fi-LSP. The nature of these cascades and thus the final state particles will be

different from the P6-case since the ordering of the spectrum can change. Yet, due to the small

size of the A couplings and the size of the competing Yukawa gauge interactions, we expect

very few ?6 decays in the decay chain down to the LSP. The LSP will then form the bottleneck of

the decay chain, where without other competing couplings only the A coupling allows further

decays. In particular, the lightest neutralino will be heavier than one or more supersymmetric

particle. Finally, the resulting stau LSPs will decay into SM particles, the flavour content of

which depends on the dominant A coupling and again on the sparticle mass ordering. We thus

investigate in more detail the mass ordering.

Fig. 2.5(a) on page 42 shows the f-LSP mass in the M1/2-tanj6-plane for no-scale mSUGRA

with sgn(^) = +1. We shall mainly focus on the case of baryon triality, B3, couplings. In

this figure, the p6-couplings are set to zero, which will be a good approximation for the mass

spectrum for all cases where they are ~0.05 at

The contours in the figure delineate regions differing in sparticle mass ordering. The black

contour shows where the mass of the lightest CP-even Higgs, mho, is equal to the mass of the

f\. For models where M1/2 is smaller, i.e. to the left, mho > m^. The dashed contour shows

the analogous effect for m^ = m^, i.e. to the right the neutralino is heavier than the lightest

selectron. The neutralino is then also heavier than the lightest smuon, since m^ « m^, with

the former slightly lighter. We thus have an extensive region, where x\ is the fourth lightest

supersymmetric particle, namely the NNNLSP. This should particularly have an impact on

slepton pair production signatures. For squark pair production, the heavier neutralinos and

the two charginos which can appear in the cascade decay can in principle have significant

branching ratios, where they completely skip the lightest neutralino directly decaying to the

light sleptons.

It is also worth pointing out that for high M1/2 and high tan/5, we get the following addi-
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tional changes compared to the SPSla spectrum.

m̂ o > mf2 (2.46)

my3 < mf2 < m^2. (2.47)

In summary, we expect a significantly changed phenomenology in the no-scale fpLSP param-

eter space, both compared to the P6 case but also compared to the hitherto extensively studied

?6 case with a neutralino LSP.

The promising signatures of f(, mSUGRA models with a f-LSP are:

• detached vertices: Couplings A ~ O(10~6), lead to a detached vertex decay, if 2-body

decays dominate. For 4-body decays the decay pattern is more involved, since the f

lifetime strongly depends on the specific scenario, due to the virtual sparticles. For A ~

O(10~2 — 10~4), the observation of detached vertices is more likely.

• multi lepton final states: If the dominant f decay is due to A,;jt ^ 0, we will obtain one

lepton and one neutrino (three leptons and one neutrino) for a f 2-body decay (4-body

decay).

• multi tau final states: Supersymmetric decay chains can involve the lightest neutralino,

which decays into the f-LSP and a r via xi —* f + T~ (f ~ r + ) . 4-body f decays via a virtual

neutralino (f ~ —> T" ;^*) lead also to an additional tau in the final state. Therefore, good

tau identification is essential to identify such scenarios.

• like-sign dileptons: Decays of two on-shell or virtual (Majorana) neutralinos into a lep-

ton and a slepton can lead to like-sign dilepton events.

A much harder task are dijet final states of decaying supersymmetric particles. These can

occur for example in the L^QjD^ term, as long as the resulting final states are allowed kinemat-

ically. A top,;' = 3, in the final state is kinematically excluded in many scenarios for small stau

masses. Jet multiplicity can be a problem here, as well as triggering such signals in the first

place. This depends on the pj distribution and boost of the dijet event.
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2.5 General mSUGRA parameter space scans

We have discussed in detail, that in general any supersymmetric particle can be the LSP in f(,

models. We now analyse the general, i.e. non no-scale, mSUGRA parameter space. Thus, Mo

and Ao are now not chosen to be zero at Mx in this Chapter, as in the previous one. We shall

focus here on the effect these parameters have on the generated weak-scale spectrum and on

the possibility of generating models with LSPs in addition to the already discussed ones, i.e.

the neutralino and the lighter stau.

We begin by showing the effects of maximal couplings at SPSla for sneutrinos and sleptons,

in some cases leading to a sneutrino LSP. We then discuss sneutrino LSPs in the general case of

a f(, mSUGRA model, presenting parameter space scans and explaining the importance of the

AQ parameter to obtain sneutrino LSPs.

2.5.1 Sneutrino and Slepton LSPs

In the following, we explicitly show the effect of the size of fe couplings on the mass of the

sneutrino and the sleptons and whether this leads to a sneutrino or slepton LSP. Both are af-

fected by the same coupling in the RGE running.

We begin with the effect of A'331 couplings of different magnitude on the sleptons leading

to the tau sneutrino BC3 point. Following this, we analyse the effect of the maximally allowed

couplings for the same point, but with the quark mixing in the down sector and for no quark

mixing also taken into account.

In the analyses leading to the 4 BC scenarios, which we propose as benchmarks, we dis-

covered a tau sneutrino LSP scenario. The parameter set this was achieved in, namely BC3, is

an SPSla parameter set with one additional jFfc nonzero coupling, namely A331(Mx) = 0.122.

We note, that for the quark mixing assumed in the up sector, the largest ¥& violating couplings

allowed are of sizes 0.15, which was discussed in Chapter 2.1.1, the bounds given in table 2.2.

The spectrum of this scenario is given in table 2.3 on page 35. The phenomenology and prop-

erties are discussed in detail in Chapter 3. The result is given in fig. 2.6, where we vary the

coupling between 0 and 0.14.

As expected, we see that the neutralino is not affected by the fe coupling. For comparison

with the other masses, we will always show the lightest neutralino mass in the following fig-

ures. The tau sneutrino and the lightest stau become lighter with growing couplings. It seems,

that the charged slepton is affected less than the sneutrino, other than expected from theory.

Yet, this has a simple explanation. We show here the mass of the f\, i.e. the mass of the lighter

of the two taus in the mass basis. Yet, the running of the RGEs affects left- and right-handed
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Figure 2.6: Masses of fi, x®, and vT at SPSla for varying A'331(MGUT)- All quark mixing has
been placed in the up sector at the weak scale.

fields only, before they are rotated into the mass basis. In the typical mSUGRA scenario, as

the SPSla point chosen here for zero fs coupling on the left hand side of the plot, the lighter

stau is dominantly right-handed. For larger couplings of A331, the lighter stau has its domi-

nant contribution from the left-handed stau. This feature is explained by looking at the chosen

coupling. The coupling is of type L3Q3D1. It couples only to the left handed tau-type fields in

addition to the quark and squark fields and thus only affects the left-handed stau. The lighter

the left-handed stau becomes, the bigger the contribution of the left-handed stau to the fi.

The transition to a dominantly left-handed stau becoming the lighter stau is smooth here,

because SOFTSUSY incorporates the stau left-right-mixing. An example where this transition is

not smooth is given below in fig. 2.7; the selectron and smuon mixing are not included the

SOFTSUSY code. There, one can see that the additional fa coupling affects left- and right-

handed sleptons of the same flavour in the same way.

We now discuss a point with an additional LQD operator and the quark mixing in the down

sector. The largest allowed LQD couplings are the A211 and A311 couplings. The bounds are

obtained through neutrino mass constraints and are of the order 1.0 x 10~3 for both couplings.

For \'1U the largest changes in the resulting sparticle spectrum are of order 10~5 for the mass

of the selectron and electron sneutrino. Correspondingly, this also applies to A211 and A311 for

muon and tau flavor, respectively.

The no-mixing scenarios are not constrained as much as the down-mixing ones. We test the

effect of an electron type coupling with A'121 and assume no quark mixing. The masses of the

lightest selectron, Xv a n d electron sneutrino as a function of A'121 are shown in fig. 2.7. The

bound from weak interactions is A'121 < 0.12 x m^R /lOOGeV. This is two orders of magnitude

less restrictive than in the down-mixing case.
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2 mSUGRA parameter space analysis

Masses of lighter selection and lightest sneutrino for no-scale mSUGRA with one RPV coupling non-zero
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Figure 2.7: Lightest selectron, x®, and electron sneutrino at SPSla for varying A'121(MGL7T)- N°
quark mixing has been assumed. The right handed selectron is the lighter of the two
at SPSla.

The figure shows how the lightest, purely right-handed selectron at SPSla is overtaken

by the shrinking mass of the purely left-handed selectron for a growing coupling. Note, that

S0FTSUSY only incorporates mixing in the third family. The mixing in the electron and muon

type sector is negligible. One can see, that the accompanying sneutrino is affected by the cou-

pling the same as the left-handed slepton. The anomalous behaviour of the weak-scale masses

at values above 0.12 for the chosen coupling is due to the appearence of tachyons in the model.

In this case, the sneutrino becomes tachyonic. The whole model loses its physical interpretation

in the presence of tachyons and therefore these kinks are not an error in the spectrum code.

For the LLE couplings the bounds are all of comparable size, if we consider slepton masses

of a couple of hundred GeV. This is due to the fact that quark mixing hardly affects the LLE

couplings.

We check to see how light sleptons and sneutrinos can become due to the LLE couplings.

For A131 we give a result in fig. 2.8. The coupling is constrained by neutrino masses to A131 (MGU

0.10 and we see, that the allowed ranges for A131 are not large enough to change the spectrum

significantly. The constraints in the LLE coupling cases are not constrained by different quark

mixings. Yet we note for completeness, that we have chosen them in the down sector.

Other changes in the mass spectrum with maximal coupling are of order a few percent for

down, charm, and strange type squarks. All other changes are at least one order or magnitude

smaller.
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Masses of lighter selectron and lightest sneutrino for no-scale mSUGRA with one RPV coupling non-zero

220

o

200

180

160

140

120

100

80

selectronL
selectronR
sneutrinol

""STTCUtl iiio^"-"""""™*"1

neutralinol

0 0.020.040.060.08 0.10.120.140.16

coupling Iambdal31

Figure 2.8: Sparticle masses at SPSla for varying Ai31 (MGUT)- All quark mixing has been
placed in the down sector at the weak scale.

2.5.2 Sneutrino LSP parameter space scans

We will now examine the sneutrino LSP region in mSUGRA in more detail. We choose a central

value for a sneutrino LSP region for muon and tau sneutrinos, respectively. We will show the

results of scans in different two dimensional planes, where the varied parameters are those that

define the mSUGRA scenario.

The choice of our central value is chosen, such that on the one hand the mass difference to

the NLSP and NNLSP is large. These are either the lightest neutralino or lighter stau. On the

other hand, we choose a point that has large sneutrino LSP mass. This will lead to extended

regions in parameter space around this point leading to sneutrino LSPs.

The central value for the parameter space scans will be the following mSUGRA point:

Mo

M1/2

A0

tan^S

Mu)

= 50 GeV,

= 500 GeV,

= -500 GeV,

= 10,

= +1. (2.48)

In addition, we choose

(2.49)

(2.50)

The points with A221 = 0.1 (A^ = 0.12) possess the following masses for the sneutrino-LSP,

A22i ( M G U T ) = 0.1 for a fy LSP,

= 0.12 for a vT LSP.
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2 mSUGRA parameter space analysis

the lightest stau, the lightest neutralino, and the lightest Higgs:

mVii/T = 140.4 GeV (94.7 GeV),

7wtl = 188.9 GeV (100.1 GeV),

m^ = 205.3 GeV (205.2 GeV),

mh = 115.9GeV (115.8GeV). (2.51)

The results of the parameter space scans are given in fig. 2.9 (2.10). We show the different

two dimensional planes in the mSUGRA parameter space. The colour shows AM, the difference

in mass between the LSP and NLSP. The LSPs in different regions are explicitly mentioned. The

black regions at the edges of the plots are again the LEP Higgs bound and the requirement of

the absence of tachyons in the model.

We see in figs. 2.9 and 2.10, that when Mi/2 increases, the v mass increases faster than the x\

mass. This is due to the bino-like x\ (as m most mSUGRA scenarios), whereas the left-handed

v couples fully to wino and bino. Furthermore, for increasing Mi/2, the mass of the dominantly

right-handed TR increases slower than the mass of left-handed v and x\- The stau is dominantly

right handed, leading to almost no wino-like coupling. The chosen value for tan j8 affects the

mixing between left- and right-handed f, the mixing growing with growing tan /3. The scalar

masses of the v and f grow with increasing Mo. The x® masses are not affected by this.

We take a closer look at the RGE of the sneutrino mass in order to understand its behaviour

for different parameters at the GUT scale. According to eq. (C.12) in [17], the main contributions

are:

lf>)kk\

I l S ) (Z52)

with

(hD k) EE \'ijkA0 at MGUT , (2.53)

where S is an additional contribution arising through renormalisation when eliminating the

Fayet-Iliopoulos D term by using its equation of motion [17].

It turns out, as can be seen in eq. (2.53), that AQ is an important parameter for large values

of AQ. It enters into the RGEs with positive sign. Due to the backward running of the RGEs,

this results in smaller sneutrino masses at low scales. Accordingly, the gauge coupling con-

tribution, ( |g2 |Mi|2 + 652IM2I2 + fgiSj, with a negative sign raises the sneutrino masses. In

the limit where the gauge coupling contribution and the AQ contribution, (hDk)^, cancel, the

main contributions stem from the first line in eq. (2.52). Those are the contributions of the
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2.5 General mSUGRA parameter space scans

squark masses, which depend mainly on Mo. The main contribution to the sneutrino mass will

therefore in that case be the Mo parameter.

It shows, that AQ is an extremely important parameter in f(, mSUGRA models in order to

obtain small sneutrino masses. We show fig. 2.11 and fig 2.12 to illustrate these effects even

more. For these we have chosen the following extreme parameter set close to the tachyonic

limit: Mo = 50, tan/3 = 10, sgn(^) = +1, A 2̂1 = 0.149. In fig. 2.11, we again show regions of

different LSPs, i.e. stau and sneutrino, and their mass difference in colour. Fig. 2.12 shows the

mass of the sneutrino in regions with sneutrino LSP.

We show, that you can leave the stau LSP area by raising the value of AQ and this way obtain

a sneutrino LSP. Of course, there are other RGE effects in addition to the ones in the RGE for the

sneutrino mass that affect the results in the picture, leading to a different behaviour in regions

of AQ < 1000 GeV. Most importantly, the RGE running of (hDk)| shifts the effect shown in

eq. (2.52) to by symmetric not around values of AQ = 0, but at higher values. This is the case in

fig. 2.11, where the dependence on AQ is symmetric at values around AQ = 1000.

The phenomenology of sneutrino LSPs with an LQD type coupling, decaying to two jets, is

described in Chapter 3.2.3, where we discuss the BC3 benchmark point.
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Figure 2.9: JVMSSM mSUGRA for a A^i coupling nonzero at Mx . The LSP candidates in dif-
ferent regions are explicitly mentioned. The colour shows AM, the difference in mass
between the LSP and NLSP. The black regions at the edges of the plots are again the
LEP Higgs bound and the requirement of the absence of tachyons in the model.
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Figure 2.10: J*6-MSSM mSUGRA for a A'331 coupling nonzero at Mx- The LSP candidates in
different regions are explicitly mentioned. The colour shows AM, the difference in
mass between the LSP and NLSP. The black regions at the edges of the plots are
again the LEP Higgs bound and the requirement of the absence of tachyons in the
model.
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Figure2.11: fc-MSSM mSUGRA for a large A221(MGUr) coupling nonzero at Mx . The LSP
candidates in different regions are explicitly mentioned. The colour shows AM, the
difference in mass between the LSP and NLSP. The black regions at the edges of
the plots are again the LEP Higgs bound and the requirement of the absence of
tachyons in the model.
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Figure 2.12: JVMSSM mSUGRA for a large A221 (MGUT) coupling nonzero at Mx- The colour
shows my2, the mass of the muon-type sneutrino LSP.
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3 The ^6 mSUGRA benchmark scenarios:
BC1-BC4

In order to investigate at colliders the results of the no-scale ?6 mSUGRA parameter space

analysis, including the tau sneutrino LSP found during that investigation, we proposed four

benchmarks scenarios which we deem representative of possible collider signatures. These are

given by BC1, BC2, BC3, and BC4, respectively.

A general overview over the parameters of all the benchmarks and the choice of spectra

is given in Chapter 3.1. Then follows a discussion of the general phenomenology of sparticle

decays in Chapter 3.2. We describe the phenomenology of the benchmarks in detail respectively

in Chapters 3.2.1, 3.2.2, 3.2.3, and 3.2.4.

3.1 General BC benchmark overview

As explained, it is sufficient in order to fully specify the fe mSUGRA model to give both the

standard mSUGRA parameters Mi/2, Mo, A$, tan jS, and sgn(^), as well as the chosen unifica-

tion scale A couplings. We now summarise the parameters for the chosen points benchmarks:

• BC1: no-scale mSUGRA with A m (MGUT) = 0.032,

tan/6 = 13, M1/2 = 400 GeV, sgn(p) = +1.

• BC2: no-scale mSUGRA with A'3U(MGUT) = 3.5 x 10"7,

tan j8 = 13, M1/2 = 400 GeV, sgn(p) = +1. The LSP is long-lived.

• BC3: mSUGRA with A^31(MGUT) = 0.122, tan£ = 10, Mo = 100 GeV, M1/2 = 250 GeV,

Ao = —100 GeV, sgn(^) = +1. This is the SPSla parameter set, yet weak-scale quark

mixing is chosen to be solely in the up sector. The LSP is the vT.

• BC4: no-scale mSUGRA with A2'12(MGlir) = 0.5,

tanjS = 30, M1/2 = 600 GeV, sgn(p) = +1.

The spectra for the benchmark points are given in table 3.2 and figs. 3.3, 3.4, and 3.5. In ta-

ble 3.1, we tabulate some of the interesting phenomenological properties of the different bench-

marks: The coupling chosen nonzero at M(GUT), the particle ordering from LSP to NNNLSP,
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Figure 3.1: Summary of important BC benchmark properties.

and the number of particles the LSP decays to. In addition, we show respectively the number

of jets and leptons steming from the LSP decay.

Note, that for BC 1 and BC 2, the NLSP to NNNLSP are almost degenerate in mass. For

BC 3, they are clearly separated. In the parameter set chosen for BC 4, only the e~\ and y.\

have very similar masses. At first look it might seem awkward to choose the benchmarks in a

region, where the masses are so close to one another. Yet, as illustrated in fig 2.5 on page 42, the

parameter space region for %® lighter than pi and <?i is bounded by the Higgs mass constraint on

the one hand and, on the other hand, results of the (g - 2)^ experiment restrict the possibilities

even more. The region of parameter space left over results in nearly degenerate x\> h> a n d fa-

The only other possibility is to move to regions of larger Mi/2, resulting in a clearly heavier

neutralino.

We begin our discussion by explaining the choice of spectra for the benchmark points.

The first no-scale mSUGRA parameter set chosen for BCl and BC2 consists of a rather light

sparticle spectrum: Mi/2 = 400 GeV, tan/3 = 13 and sgn(^) = +1. The spectrum is shown

in fig. 3.3. As can be seen by a comparison with fig. 2.3, the spectrum is similar to SPSla. The

most important difference is a f-LSP of mass 148.2 GeV. The selectron and smuon are the next

lightest sparticles, with masses 160.8 and 161.3 GeV, respectively. The lightest neutralino is the

NNNLSP with a mass 161.5 GeV, almost degenerate with the lightest charged sleptons, such

that the direct decays are suppressed. The sparticles are light so that there should be copious

SUSY particle production at the LHC. We have calculated this spectrum in the limit of zero A

and the spectrum in fig. 3.3 will be a good approximation when all A <C 1, as is the case for the

two benchmarks.

For the next set of input parameters, we pick a point from fig. 2.6 with an SPSla-like spec-

trum but with a tau sneutrino LSP, in order to obtain different signatures, i.e. here we must
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Figure 3.2: Sparticle and Higgs masses in the BC scenarios.
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Figure 3.3: Sparticle spectrum for BC1 and BC2.

Figure 3.4: Sparticle spectrum for BC3.

choose a non-zero A: A^31(MGUT) = 0.122, tanjS = 10, Mo = 100 GeV, M1/2 = 250 GeV,

Ao = —100 GeV, sgn(^) = +1 and the weak-scale quark mixing is solely in the up sector. The

spectrum is displayed in fig. 3.4. Numerically it is given in table 2.3. The mass ordering of the
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Figure 3.5: Sparticle spectrum for BC4.

lightest sparticles is m^ >

production at the LHC.

> ntyr. The spectrum is light and would lead to copious SUSY

The final no-scale mSUGRA parameter set consists of a somewhat heavier spectrum: Mi/2 =

600 GeV, tan 0 = 30, and sgn(^) = +1, X'^MGUT) = 0.5. The spectrum is displayed in fig. 3.5;

note the scale difference to fig. 3.3 and fig. 3.4. SUSY detection and measurement at this point

will be more difficult than for the no-scale set I, but still easily possible [12]. We have cho-

sen this point to represent the novel mass ordering where the neutralino is the NNNLSP, as

discussed in the previous section: tn^o > meR,fiR > mtR.

3.2 Sparticle phenomenology in the BC parameter set

As pointed out in ref. [17], depending upon the flavour structure of the A couplings, the non-

neutralino LSP may dominantly undergo 2 or 4-body decays. Since we expect two LSPs per

SUSY event, the 4-body decays will significantly change the number of particles in the final

state and therefore alter the potential signatures. A benchmark where 2-body LSP decays dom-

inate and another where 4-body LSP decays dominate then seems expedient. We choose a stau

LSP for the 4-body decay, since the calculations for the partial widths have been completed [80]

and the sneutrino has no 4-body decays. We choose a point with a tau sneutrino LSP, which

necessarily has 2-body decays because of the dominant A331 coupling, which it directly couples

to.
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For small A, the LSP may be long-lived, leading to sparticles with a measurable detached

decay vertex in the detector. If the f(, couplings are even smaller, such decays are longer lived

than ~ 10~6 seconds, the staus will decay outside of the detector and appear as heavily ionising

tracks. This possibility has been examined recently in the literature [81], albeit in a different

context. In an intermediate fs coupling regime, significant numbers of the staus will decay in

the detector providing heavily ionising tracks with detached vertices. This possibility is new

and interesting and so we include a benchmark that covers it.

We note in passing that the case of a long-lived LSP in principle also includes timescales

which are relevant for cosmology, i.e. T(LSP) > C(lsec) and the resulting bounds must be

taken into account [82]. As we saw, in the case of P6 violation, in principle any supersymmetric

particle can be the LSP. We found in our restricted mSUGRA scenarios either a neutralino,

a sneutrino or a stau LSP. As has been recently investigated in some detail the cosmological

bounds on a long-lived charged particle for example from nucleosynthesis are very different for

charged [83-86] and neutral particles [82,83,87-90,90,91]. For example the long-lived charged

particles can form bound states with the free nuclei thus affecting their nuclear reactions, which

in turn directly affects the abundance of the light elements [85]. A more detailed analysis is

unfortunately beyond the scope of this work.

In order to calculate the decay rates of sparticles, we pipe the output of the SOFTSUSY spec-

trum calculation through ISAWIG1.200. This is linked to ISAJET7.64 [92] in order to calculate

the 2-body partial widths of the sparticles and Higgs'. The output from this procedure is fed

into a specially modified version of the HERWIG program [93] that is able to calculate partial

widths for the 2- and 4-body stau decays [94]. The results for the decay tables are given in

tables 3.1, 3.2, 3.3, and 3.4. We omit h° decays since these follow those of the Standard Model

limit very closely.

We have also done a full Herwig SUSY simulation of the LHC at parton level. We bin the

results in two different ways in table 3.5. The total SUSY cross-section is also given and reflects

the choice of the SUSY mass scale. Going from the lightest scenario with BC3 to the heavier

BC1 and BC2 leads to a decrease of an order of magnitude. This is also the case moving on

to the heaviest scenario, BC4.The reason for two different binnings is to show each signal very

precisely (upper table), in order to understand and compare the results to the decay tables

produced in tables 3.1, 3.2, 3.3, and 3.4. It is important to see, how the event rate for a clean

signal can be obscured by additional background jet multiplicity and by what type of jets. It is

on the other hand also useful to sum up all events with the same leptons in the final state, no

matter what number of jets it is accompanied by (lower table). For example, in the first column

among the 20 events with the highest rate in BC1, there are five lines with the same eight lepton

final state each. The five entries appear with a different number of jets, which is interesting to

see. Yet, to calculate the signal event rate for eight lepton final states, these are added up to line
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3.2 Sparticle phenomenology in the BC parameter set

one in the lower table.

In the following Chapters, we discuss the benchmark model points seperately in more de-
tail.
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3 The Yt, mSUGRA benchmark scenarios: BC1-BC4

3.2.1 BC1

The decays for benchmark point BC1 can be seen in table 3.1. Here and in the following tables

of benchmark points, for decays into the light quark flavours the results are summed over the

flavours q = u, s, d, c. We see that, as designed, the fi-LSP is completely dominated by 4-body

decays. Each 4-body decay is accompanied by a tau, which is illustrated in the Feynman graphs

given in fig. 3.6. Thus good tau identification-would help to identify this scenario. Furthermore,

each 4-body decay includes a final-state neutrino, resulting in missing transverse momentum,

fij. This should however be reduced compared to a F"6 model, since the stau momentum is

diluted in the 4-body decay. Also, the left-handed selectron and sneutrinos undergo significant

?6 decays. The heavier neutralinos have significant branching ratios into charginos as well as

Z°-bosons/Higgs and lighter neutralinos. The number of expected taus from a given SUSY pair

production event is often 4 or more. We also see a difference in the decays of e^ and fin due to

the presence of the A121 coupling. Furthermore, we see from the table that other f(, couplings

that are induced in the RGE running are not large enough to induce branching ratios greater

than 0.005.

Figure 3.6: 4-body f LSP decays in BC 1.

We now take a closer look at the pj distributions given in fig. 3.7. Most interesting here

is the pr distribution of the tau coming from the f. We do expect the pj distribution of the

tau to be diluted, due to the underlying 4-body decay, which is the case. The low-pr taus will

be invisible, yet the high energy tail could be helpful for reconstruction of the signal. We also

take a look at the tau's mother sparticle in the second plot. The third plot shows the expected

missing energy due to neutrinos. Additional graphs show the pt distribution of the positive

and negative lepton, £+ and £~, associated with a fi decay. In addition to these, the decay of

the x® a l s o produces a T, shown in the last plot in fig. 3.7.

The binning in table 3.5 shows that triggering the signal will be an easy task, due to multi-

ple charged lepton final states. Favourable for reconstruction are the clean signals with eight

64



3.2 Sparticle phenomenology in the BC parameter set

charged leptons. These make up for roughly > 30% of all events. For 100 fb"1, this results in

> 144 000 eight lepton events, of which four are taus. This underlines again the importance of

tau identification at future colliders for identifying this kind of model.
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Table 3.1: Sparticle and Higgs decays for BC1: Am{MGUT) = 0.032, tan/3 = 13, M1/2 = 400
GeV, MQ = AQ = 0, sgn(^) = +1. P6 decays are shown in bold font. Only decays
with branching ratios greater or equal 0.5% are shown. All decays are prompt. The
spectrum is displayed in Fig. 3.3.
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o.o i

o.ooi
0 20 40 60 80 100 120 140 160

[GeV]

(a) pj distribution of the T coming from the f decays.

0.01

0.001

le-04
0 100 200 300 400 500 600 700 800 9001000

[GeV]

(b) px distribution of the f.

0.001

0.01

0 50 100 150 200 250

[GeV]

(c) pj distribution of the neutrinos.

0.001

0.01

0 50 100 150 200 250

[GeV]

(d) pj distribution of £+ from f decays.

0.001
0 50 100 150 200 250

[GeV]

(e) pj distribution of £~ from f decays.

0.01

0.001

le-04

le-05

le-06
0 50 100 150 200 250

[GeV]

(f) pj distribution of the T coming from x° decays.

Figure 3.7: Final state LHC fj distributions for BC 1.
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3.2.2 BC2

The decays for benchmark point BC2 can be seen in table 3.2. We see that, as designed, the

fi-LSP is completely dominated by 2-body decays into non-b jets. We illustrate this in fig. 3.8.

Unlike BC1, the LSP decay comes without a neutrino, meaning that SUSY events do not neces-

sarily possess the classic missing transverse momentum pj signature. A comparison between

tables 3.2, and 3.1 shows that many of the decays are identical as a result of the spectrum being

approximately identical. The main differences are in the light sparticle decays: f\, §L,R, PL,R

and ve^. The Ajn coupling is too small to have a significant effect on squark decays. However,

in a collider the main difference will be the existence of detached vertices from the relatively

long-lived f\, which has a lifetime of Tfx = 1.1 x 10~12 sees in its rest-frame. This corresponds

to a rest-frame decay length of CTf, w 0.3 mm. However, when this is boosted into the lab

frame (for example by a factor 7 = 30), the decay-length becomes about 1 cm. If these f-LSPs

come from other sparticle decays, one can expect a coincidence of detached vertices with other

particles originating from the interaction point in the detector. Of course the number of decays

will fall approximately exponentially with radial distance, and so one may obtain decays at

radial distances of jim-mm, possibly interfering with b-tagging. We leave any in-depth study

of such effects to future work using the benchmarks.

d

Figure 3.8: 2-body f LSP decays in BC 2.

We now move on to the signatures of the signal. The distributions of jets coming from the

LSP, that of the fi mother sparticle, and the pj distribution of the T from x® decays are given in

in fig. 3.9.

Triggering of this signal will only be possible via the two jets. Their pr distributions are

given in fig. 3.9. These should also be usable for reconstruction. Interesting are also the clean

like-sign r's in table 3.5.
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Table 3.2: Sparticle and Higgs decays for BC2: A^ n (M G u r ) = 3.5 x KT7', tan/3 = 13, M 1 / 2 =
400 GeV, Mo = AQ — 0. ?6 decays are shown in bold font. Only decays with branch-
ing ratios greater than 0.005 are shown. In the tenth row qR = dR, §R, UR, CR. And the
q in the decays is correspondingly q = d,s, u, c. All decays are prompt except for fi,
which has a lifetime of 1.1 x 10~12 sec. The spectrum is shown in Fig. 3.3.
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Figure 3.9: Final state LHC pT distributions for BC 2.
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3.2 Sparticle phenomenology in the BC parameter set

3.2.3 BC3

The decays for benchmark point BC3 are shown in table 3.3. Here the tau sneutrino is the

LSP and it necessarily couples to the dominant ?6 operator. Therefore it will always decay

via the 2-body mode to the purely hadronic final state bd (bd), illustrated in fig. 3.10. One of

the daughter jets involves a bottom quark, providing for the possibility of using b—tagging in

order to help identify SUSY events. The neutralino is the NLSP and the only decay mode open

is the 2 body decay to vTvT (v^vT), which results in missing pj in the final state. Both X\ a n d

^2 have significant branching ratios to tau leptons/stau sleptons. Thus the cascade decays of

left-handed squarks and indirectly thus also the gluinos should still lead to significant number

of taus in the final state. We also see from the table that other % couplings that are induced in

the RGE running are not sufficiently large to induce branching ratios greater than 0.005.

Vr

Figure 3.10: 2-body vT LSP decays in BC 3.

BC3 seems clearly the most difficult scenario to trigger and reconstruct. In fig. 3.11 we

plot the pr distribution of the jets from the decay of the sneutrino, the missing energy due to

neutrinos and the pj of the f.

In contrast to BC1, there is no high energy tail. The top 20 event signatures do not show

any e's and ^'s to trigger on, raising the importance of the staus. The second part of table 3.5

underlines this even more.

On the other hand, the LSP is a sneutrino decaying into two jets, a b and a d jet. Distinguish-

ing signal jets from background jets is thus essential.

The f decays are also interesting. The pj distributions for those are given in fig. 3.12. Again,
we also give the missing energy due to all appearing neutrinos.
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Table 3.3: Sparticle and Higgs decays for BC3: A331(MGUT) = 0.122, tan/3 = 10, M1/2 = 250
GeV, Mo = 100 GeV, Ao = -100 GeV. P6 decays are shown in bold font. Only decays
with branching ratios greater than 0.005 are shown. All decays are prompt.
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Figure 3.11: Final state LHC pj distributions for BC 3.
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Figure 3.12: The spectra for ?i decays in the BC 3 scenario.
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3.2.4 BC4

We display the decays for benchmark point BC4 in table 3.4. Here, the fi-LSP decays exclu-

sively into a T and 3 non-fr jets, since the decays via a virtual chargino are strongly suppressed,

since the tau and the daughter quarks are dominantly SU(2) singlets. We illustrate these de-

cays in fig. 3.13. Thus, this point will provide very little signal pj. The first two generations

of right-handed squarks undergo dominant ?6 decays into two jets, altering many LHC signa-

tures, as shown in fig. 3.14. Aside from these, the decays are rather similar to those of BC3, as a

comparison with table 3.3 shows, although some quantitative differences are present in every

channel. The large number of jets in final states from this model could make analysis of SUSY

events difficult: combinatoric backgrounds are likely in event reconstruction. Examining spe-

cific decay chains involving leptons can help reduce these [95]. The combinatoric backgrounds

problem will become worse for high luminosity running, where pile-up will increase the num-

ber of jets in each event. However, resonant squark production ought to be possible, providing

an additional empirical handle on the model.

Figure 3.13: 4-body f LSP decays in BC 4.

dR (sR

s (d)

Figure 3.14: 2-body squark P6 decays in BC 4.

As in BC 3, the LSP decays via a 4-body decay. In addition, 2-body decays for right handed

d, s and c squarks with high pj are possible, an interesting feature of this model. The most

interesting lines in table 3.5 are again highlighted.

In fig. 3.15 we give the distributions for the daughter particles of the f LSP decays. Addi-
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3.2 Sparticle phenomenology in the BCparameter set

tional plots are given in fig 3.16. Although the plots might indicate otherwise, the total number

of jets is equal for all three plots in fig. 3.15, all steming from the 4-body decays shown in

fig. 3.13.
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Figure 3.15: Final state LHC pj distributions for BC 4.
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Figure 3.16: The non-LSP linked spectra in the BC 4 scenario.
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Figure 3.17: The pj distribution of s and d jets from CR 2-body decays in the BC 4 scenario.
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Table 3.4: Sparticle and Higgs decays for BC4: A'^MGUT) = 0.5, tan/3 = 30, M 1 / 2 = 600 GeV,
MQ = AQ = 0. P>6 decays are shown in bold font. Only decays with branching ratios
greater than 0.005 are shown. All decays are prompt.
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

BC1

4.833 ± 0.008 pb
2 2 2 2 0 21 0.1312
2 2 2 2 0 31 0.1098
3 2 2 2 0 21 0.0303
3 2 2 2 0 31 0.0273
2 2 2 2 0 41 0.0214
2 3 2 2 0 21 0.0176
2 3 2 2 0 31 0.0170
2 2 2 2 2 51 0.0160
3 2 2 2 2 31 0.0144
3 3 2 2 0 21 0.0142
2 3 2 2 2 31 0.0140
2 2 2 2 2 1 1 0.0136
2 2 2 10 21 0.0119
22320210.0114
3 2 2 2 0 01 0.0108
3 3 2 2 0 01 0.0103
2 2 210 31 0.0100
3 3 2 2 0 31 0.0098
3 3 2 2 211 0.0093
2 2 3 2 0 31 0.0092

2 2 2 21 0.35260
3 2 2210.11718
2 3 2 21 0.08274
3 3 2 21 0.07295
2 2 211 0.04690
2 2 3 21 0.04338
2 2 1 2 1 0.03288
2 2 2 31 0.03062
2 2 1 1 1 0.02197
2 3 3 21 0.01446
2 2 3 31 0.01426
3 2 2 31 0.01407
3 2 1 2 1 0.01238
2 3 211 0.01172
4 3 2 2 1 0.01068

BC2
4.827 ± 0.008 pb

0 0110 6 0 0.0548
0 0110 7 0 0.0455
0 0 2 0 0 6 0 0.0284
0 0 0 2 0 6 0 0.0277
0 0 2 0 0 7 0 0.0226
0 0 0 2 0 7 0 0.0226
10110 61 0.0173
1 0 1 1 0 71 0.0145
00110610.0118
0 0110 71 0.0107
0 010 0 61 0.0096
0 0 010 61 0.0093
0 1 1 1 0 61 0.0092
0 1 1 1 0 71 0.0090
0 0 1 1 0 8 0 0.0089
10 0 2 0 61 0.0085
10 2 0 0 61 0.0083
0 0 010 71 0.0083
0 010 0 71 0.0082
1 0 1 1 2 71 0.0080

0 0110 0.13732
0 0 2 0 0 0.07056
0 0 0 2 0 0.06780
1 0 1 1 1 0.06496
0 0 1 1 1 0.04493
0 1 1 1 1 0.04456
0 0 1 0 1 0.03983
0 0 011 0.03956
10 0 21 0.03301
10 2 01 0.03237
0 0 2 11 0.03021
0 0 1 2 1 0.02639
1 1 1 1 1 0.02373
012010.02366
0 0 2 01 0.02317

BC3
47.08 ± 0.079 pb

0 0 0 0 2 41 0.0674
0 0 0 0 2 5 1 0.0634
0 010 2 51 0.0459
0 0 0 0 2 31 0.0418
0 010 2 41 0.0391
0 0 012 51 0.0365
0 0 012 41 0.0310
0 0 1 1 2 41 0.0251
0 010 2 21 0.0231
0 0 1 1 2 51 0.0220
0 0 0 0 2 21 0.0202
0 010 2 31 0.0188
0 0 0 0 4 31 0.0183
0 0112 21 0.0174
0 010 4 5 1 0.0149
0 0 014 51 0.0148
0 0 1 1 2 31 0.0146
0 0 012 21 0.0146
0 0114 31 0.0143
0 0 0 0 2 61 0.0130

0 0 0 01 0.26567
0 0 1 0 1 0.19214
0 0 0 1 1 0.15566
0 0 1 1 1 0.13804
0 0 1 1 0 0.04352
0 0 2 11 0.03950
0 0 1 2 1 0.02986
10 011 0.01903
0 0 2 01 0.01593
0 1 1 0 1 0.01487
0 0 2 0 0 0.01235
0 0 0 21 0.00922
0 0 0 2 0 0.00893
0 0 2 21 0.00775
1 0 1 1 1 0.00755

BC4
0.7095 ± 0.001 pb
00110600.1122
0 0 0 0 0 4 0 0.0999
0 0 1 1 0 7 0 0.0761
0 0 0 0 0 5 0 0.0627
0 0 2 2 0 8 0 0.0416
10 2 2 0 81 0.0194
1 0 1 1 0 71 0.0189
112 2 0 6 0 0.0160
0 0 0 0 0 6 0 0.0143
10 2 2 0 61 0.0136
0 0 210 81 0.0131
0 0 1 0 0 710.0117
112 2 0 8 0 0.0115
00110800.0110
1 1 1 1 0 7 0 0.0109
1 0 1 1 0 61 0.0109
1 1 1 1 0 6 0 0.0104
012 2 0 81 0.0102
0 0 2 2 0 10 0 0.009
0 0 2 2 0 81 0.0086

0 0 1 1 0 0.22856
0 0 0 0 0 0.17700
0 0 2 2 0 0.08018
10 2 21 0.05552
0 0 211 0.04133
112 2 0 0.03696
1 0 1 1 1 0.03581
012 2 1 0.03170
0 0 1 0 1 0.02895
0 0 1 2 1 0.02712
0 0 111 0.02446
1 1 1 1 0 0.02413
0 0 2 21 0.02341
112 21 0.02108
0 1 1 1 1 0.02033

Table 3.5: The top 20 benchmark final states with the highest rate. The numbers given are:
Number of positively charged leptons & number of negatively charged leptons (0
to 4 or more), number of positively and negatively charged taus, respectively (0 to
4 or more), number of b-jets (0 to 4 or more), number of jets (0 to 10 or more) and
missing energy in the form of neutrinos (yes=l and no=0). The last number is the
fraction of events of the total cross section given in the second line. In the second
table the binnings are without the number of b-jets and without the number of jets.
The binning thus concentrates on the leptons and we show the top 15 final states with
the highest rate.
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4 Single slepton production in association with
a single top

In this Chapter, we consider a specific supersymmetric production mechanism and investigate

its viability at the LHC. We focus solely on the signatures due to a non-vanishing LjQjD^ oper-

ator. As already described, this allows the resonant single slepton and sneutrino production at

hadron colliders via incoming quarks

Uj + dk -% IT, (4.1)

dj + dk - ^ vt. (4.2)

Here, Uj and dk denote up and down type quarks of generations ; and k, respectively. A bar de-

notes an anti-quark. IT and v, denote negatively charged sleptons and sneutrinos of generation

The tree level processes Eqs. (4.1), (4.2) were first considered in Refs. [96,97]. Decay modes

leading to like-sign lepton events or to three lepton final states were considered in Refs. [98-

100]. These papers assume a neutralino LSP, which can decay leptonically via Ay-fc, e.g. xi —>

ifiijdic. The case of a gravitino LSP was considered in Ref. [101]. The process has also been

studied by the DO collaboration at the Tevatron [102], for the operator L2Q1 Di and a neutralino

LSP, setting limits on the relevant masses and couplings. In Refs. [103-106] NLO-QCD correc-

tions were considered and particularly in Ref. [105] the SUSY-QCD corrections were taken into

account. Gluon fusion contributions were included in Ref. [106].

The case ;' = 3 in Eq. (4.1) is special, as there are no top quarks in the incoming proton.

Instead, one must consider associated single slepton production. Several mechanisms for asso-

ciated single supersymmetry production, e.g. djdk —> xt^-i> have been studied in the literature,

see for example Refs. [100,107-110]. In the following, we investigate in detail the case of an op-

erator of type L/QsDk. Here, single charged slepton production is only possible in association

with a top quark. Before studying the phenomenological details, we first recall the strongest

experimental bounds on the couplings A'j3k. They are shown in Table 4.1 [13,48,111-113]. mqL(R)

denotes the mass of the left (right) handed squark qL(Ry

At leading order there are two production mechanisms for single slepton production in
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4 Single slepton production in association with a single top

A131

A231

A331

A B 3

0.019

0.18

0.32

X

X

X

(mrL/100GeV)

(m^/lOOGeV)

(m,-R/100GeV)

C(10"4)

A132

A232

A332

0.28

0.44

0.32

x O,~L/100GeV)

(m§R = 100 GeV)

x (ms-R/100GeV)

Table 4.1: Upper bounds on X'm. The strong bounds on \'m stem from neutrino masses mv,
assuming mv < 1 eV and left right mixing in the sbottom sector.

\

t

Figure 4.1: Feynman diagrams contributing to the partonic process g + <4 —> t +

association with a single top. First of all, Compton-like processes

g + dk -> lr + t, (4.3a)

g + dk -> If + t. (4.3b)

The relevant leading order diagrams are given in Fig. 4.1. Here, g denotes an incoming gluon

in the proton and t a final state top quark.

The second slepton production mechanism is it pair production followed by the t or t de-

caying into a If or a If, respectively. The main production mechanisms for it production at

O(o1) are

q + q

8 + g

t + t

t + t
t (4.4)

where q (q) is a (anti-)quark. This is only kinematically allowed if

mt > m-gi + mdk. (4.5)

In this case, we have an additional contribution to slepton production. Since as we shall see,

the branching fraction for the B3 top quark decay is small, we only consider one B3 decay, for

either the top or the anti-top quark.

In Ref. [107], single slepton production was considered only for the specific case of A333 ^ 0.

This process is however disfavoured due to the strict bound on the relevant coupling from
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4.1 Single sleptonproduction via Li

neutrino masses, cf. Table 4.1. Furthermore, as pointed out in Ref. [107], their results can

not be adapted to production cross-sections involving one or two light quarks associated with

a slepton and they did no signal over background analysis. We go beyond this work and

consider the general case of generation indices i, k £ {1,2,3}. In particular, we also present the

cross section, Eq. (4.8), for the first time, and then analyse the resulting signatures. We shall

give a detailed analysis for the special case A'231 which can also be generalized to Aj31.

In Ref. [114], top quark pair production and subsequent top decay via \'j3k was considered.

Off-shell top quark effects were also taken into account. A signal over background analysis

was performed for two scenarios. The first scenario assumed maximal stop-scharm mixing.

It was pointed out, that sleptons of 150 GeV and 200 GeV can be measured, depending on

the magnitude of Aj3jt. The second scenario assumed no flavour violation in the squark sector.

Ref. [114] claimed, that in this regime sleptons of 200 GeV can not be measured. Our work is

complementary to [114]. We show, that it is possible to measure slepton masses even larger

than 300 GeV, if \'23i o r '̂131 *s non-zero. We will achieve this with the help of the gluon fusion

process (4.3).

In Sect. 4.1 we calculate the cross section for the production of a charged slepton in associa-

tion with a top quark. In Sect. 4.2, we systematically present the possible resulting signatures at

the LHC. In Sect. 4.3, we present a detailed case study for the dominant operator A^I^QsDi.

We study the dominant tt and W* background production. Using the HERWIG Monte Carlo

program [115-117], we devise a set of cuts in order to distinguish the two. We do not include a

simulation of the detector.

4.1 Single slepton production via LiQ3Dk

4.1.1 Partonic cross section

The spin and colour averaged matrix element squared for the Compton-like process Eq. (4.3) is

given by

*"?)K - * - f) - (3m? - m\ + s)(t - mj.)

s(t-m2
t) ] '

where as is the QCD coupling constant, CF = 4/3 the quadratic Casimir of Sli(3)c and L^

is the relevant matrix element of the slepton left-right mixing matrix. The explicit form as a

function of the mixing angle is given for example in Ref. [117]. m-ej and mt are the masses of

the slepton and of the top quark, respectively. In accordance to the parton model, we have
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4 Single slepton production in association with a single top

neglected the mass of dk. We have made use of the partonic Mandelstam variables

§={dk+g)2 = (t + l,)2, (4.7a)

i={dk-l)
2 = {g-t)2, (4.7b)

where we denote the particle four momenta by the particle letter. Integrating over phase space,

we obtain the total partonic cross section:

l [2m2(t+ - L ) - (f+ - f ) } + (s + 2m2)ln ( ^
64s2

2m2(m2.-m2)(i+-L) 2(mj. + m\ - 2m2m\. - m\f)
p+p- s

+ 2^+-t-^mh-mt-8) 1 7 ( 4 8 )

I

where

P± = m2 - t±, (4.9)

f [ § + m f m 2 T A 2 ( s m ? m 2 )

= m2

i± = mf. --[§ + mf. - m2 T A2(s,m?.,m2)}, (4.10)

with the phase space function given by A(x, y, z) = x2 + y2 + z2 — 2xy — 2xz — 2yz.

The partonic matrix element squared for tree-level top quark pair production is given for

example in Ref. [118]. We shall only consider on-shell top quark pair production. The slepton

then arises through the decay of a real top quark. In order to obtain the signal rate, we thus

also require the partial decay width of the top quark, via the LiQ?,Dk operator. It is given by

2 \

) ( )

See also Refs. [117,119,120]. We obtain a branching ratio of 8.2 x 10"4 for the P6 violating top

decay (4.11) for k'm = 0.1, mt = 175 GeV, and mh = 150 GeV . We neglect the mass of dk and

set Li = 1.

4.1.2 Total Hadronic cross section

In Fig. 4.2 (Fig. 4.3), we show the hadron level cross section at the Tevatron (LHC) for single

slepton production in association with a top, as a function of the slepton mass. We set \'m = 0.1

and assume it is the only non-vanishing B3 coupling. We vary the indices i, k. The latter

corresponds to different parton density functions (PDFs). Here we use the CTEQ6L1 PDFs

[2], corresponding to A5 = 165MeV at the one-loop level of the strong coupling «S(^/R). The

renormalisation scale }IR and the factorisation scale jip have been identified with jiR = jif =
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Figure 4.2: Single slepton production in association with a top at the Tevatron. The
coupling is set equal to \'i3k = 0.1. We use the CTEQ6L1 PDFs and identify the
renormalisation and factorisation scales with JIR = p? = 2mt (= m-ei + mi) in the
case of slepton production via a tt pair (via the Compton-like process). The cross
sections for Eft production are equal to the cross sections for £^t production.

m, where m = 2mt [= m-ti + mt] in the case of slepton production via a tt pair (4.4) [via the

Compton-like process (4.3)]. Furthermore, we set the left-right mixing matrix element L:̂  equal

to one. Results for other values of A'j3k and other mixing matrix elements L^a are easily obtained

by rescaling according to Eqs. (4.8) and (4.11). The top mass is taken to be 175 GeV and the total

(SM) top quark decay width to be 1.5 GeV. We take m^ — mb = 4.5 GeV, if we have a b-quark

in the final state and neglect the masses of the d- and s-quarks.

In both figures, we see a large decrease in the cross section when the slepton mass becomes

greater than the top mass and it can no longer be produced on-shell in top decay.

For comparitive discussions below, Fig. 4.4 [Fig. 4.5] shows the NLO hadronic cross section

for resonant sneutrino production, cf. Eq. (4.2), at the Tevatron [LHC] via A'j3k = 0.1, including

QCD corrections [121]. We employ the MS renormalisation scheme and the CTEQ6M [2] PDFs.

This corresponds to A^ s = 226MeV at the two-loop level of KS(]4R). The renormalisation scale

fiR and the factorisation scale }if are identified with the sneutrino mass, }IR = }ip = ntyr

In Fig. 4.2, we see that at the Tevatron, even for small slepton masses, m-^ — 100 GeV,

we expect 25 (25) charged slepton events with negative (positive) charge, i.e. £~ (^+), for an
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4 Single slepton production in association with a single top
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Figure 4.3: Same as Fig. 4.2, but for the LHC. The cross section for 2ft production via \'B2 (Aj33)
is equal to the cross section for ~tjt production via \'i32 (A;33), as it always involves
incoming sea quarks.

integrated luminosity of 1 fb l and \'j3l = 0.1. The production process is dominated by tt pair

production (4.4). Only 10% of the above sleptons at the Tevatron are produced by the Compton-

like process (4.3). At the Tevatron, the cross section is symmetric in the slepton charge due to

the charge symmetry of the incoming state.

As we can see in Fig. 4.3, we have a significantly larger hadronic cross section at the LHC

for a given slepton mass. In particular, for m-H = 100 GeV and X'j3k = 0.1 the LHC will produce

more than 30 000 (26 000) sleptons Ij (£f) even in the low luminosity phase, with 10 fb"1. 27%

(11%) of these sleptons are produced via the Compton-like process. For the same coupling and

for m.y. = 100 GeV, via the partonic process Eq. (4.2) we will approximately produce 15 000

sneutrinos at the Tevatron (Fig. 4.4) for 1 fb"1; for 10 fb"1, we will produce 3 400 000 at the LHC

(Fig. 4.5). Thus, depending on the decays, we might expect this to be the discovery mode, for

equal supersymmetric masses. Here, we mainly focus on the potential of the charged slepton

production cross section.

For heavier charged sleptons, m~ei = 800 GeV, we expect no events at the Tevatron and more

than 100 (25) l~ (If) events at the LHC with 10 fb"1. Above the threshold of mh = mt, practi-

cally all slepton events are produced via the Compton-like process. Similarly at the Tevatron,

as we see in Fig. 4.2, above m~(j = mt the cross section drops off dramatically. The main reason
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Figure 4.4: Single sneutrino production cross section at the Tevatron. The LjQ^Dk coupling is
set equal to A'i3k = 0.1. We use the CTEQ6M PDFs and identify the renormalisation
and factorisation scales with }iR = fi? = m^. The cross sections for v* production
are equal to the cross sections for v, production.

is that the parton luminosity is too small at the required high values of the proton/anti-proton

fractional momenta, x ~ 0.1. This situation changes at the LHC, where we probe significantly

smaller values, x < 0.1, for the same slepton mass. Furthermore, the Tevatron will produce no

sneutrinos, for \'i3l — 0.1, and m^ = 800 GeV. For the same set of B3 parameters, the LHC will

produce about 3 000 sneutrinos.

At the LHC, there is an asymmetry between the hadronic cross sections for I~ and if pro-

duction via the LiQ^Di operator (k = 1!). This is perhaps not surprising, as the initial state is

asymmetric under charge reversal. In the case of the Compton-like process (4.3), the asymme-

try is due to the negatively charged slepton being produced by an incoming valence d-quark,

while the positively charged slepton is produced by a d-sea-quark. The latter has a lower lumi-

nosity in a proton. In Sect. 4.3, we will use this asymmetry to separate the B3 process from the

SM background.

In order to estimate the influence of higher order corrections on the production cross sec-

tion, we vary the renormalisation and factorisation scales independently between m/2 and 2m

of the hadronic cross section of ~tjt production via A-31. At the Tevatron, Fig. 4.6, the hadronic

cross section changes by up to 40%. At the LHC, Fig. 4.7, the scale uncertainties are reduced

85



4 Single slepton production in association with a single top

i n 6

10

5

4

3

^ • I O 2

b

10'

10°

,n-\

1 1 I 1 1 1 1 1 . 1 1

: \ N \

f \ \ s

: \ • • . _ -

\

i i i i i I i i i i i

1 ' ' '

" PP -
.. pp-

. s
• . N

• . S

1 , , ,

1 ' 1 ' ' ' ' ' E

* Vi via Aj31 I

* Vj via Ap2 E

^ Vi via A.33 I

= 14 TeV \

1

V * • , ^ ~

*N ' • - , Z

' s.

500 1000 1500 2000
mm [GeV]

Figure 4.5: Same as Fig. 4.4, but for the LHC. The cross section for v* production via A[32 (A[33)
is equal to the cross section for Vj production via A-32 (Aj'33), since only initial state
sea quarks are involved.

1.6

1.4 -

1.2 -

0.6 -

0.4
100

1

-

-

1

1 ' 1 ' 1

/ = r = 0.5
N

/ =

_T_j

\

/ =

f = r = 2

i . i . i

0.5, r

2,r =

i

= 2 :

0.5 :

-

200 300 400

mh [GeV]
500 600

Figure 4.6: Factorisation scale \i^ = f -m and renormalisation scale }IR = r • m dependence of
the hadronic cross section at the Tevatron. y.f and ]4R are independently taken equal
to 2 and 0.5 times m, where m = 2mt (= m-u + mt) in the case of slepton production
via a it pair (4.4) (via the Compton-like process (4.3)).

86



4.1 Single sleptonproduction via LjQ3Dk

1.4

1.2

II 1

T
i '

0.8

n A

1 " " • "

' (•—
_ . • • j —

, , , , i i , , ,

i | , .

- r —

. i . .

i i i i i i

0.5

/ =

/ =

0.5,

%r

r

=

i

~

= 2 "

0.5 ;

-

-
300 600 900 1200 1500

mh [GeV]

Figure 4.7: Same as fig. 4.6 but for the LHC.

to approximately 25%. In the domain, where mt > m-(i, we have a stronger dependence on

the renormalisation scale compared to mt < m-(i, because tt production depends quadrati-

cally on ocs(}ir). According to Ref. [122] (Ref. [123]), NLO-QCD corrections, including a NLL

re-summation, increases the tt production cross section by approximately 40% (80%) at the

Tevatron (LHC).

The hadronic cross section for single stau production via a non-vanishing A'333 coupling,

was also considered in Ref. [107]. There, the 2 —> 2 processes, Eqs. (4.3) were included, together

with the (tree-level) 2 —>• 3 slepton-strahlung processes

t + b + r (4.12)

which they show, for mt > ntf + m^, to be equivalent to the 2 —> 2 processes, Eqs. (4.4). They

employed the CTEQ4L [124] PDFs and all matrix elements were multiplied by the CKM matrix

element Vtb. We have calculated the hadronic cross sections using the same PDFs and the same

parameter set [125]. We coincide exactly, where single slepton production is dominated by the

tt process, i.e for nif + mb < tnt. For nif + mi, > mt, we underestimate at the Tevatron the

total cross section by 20% for m=t = 300 GeV and by a factor of roughly two for mf = 200 GeV,

compared to Ref. [107]. In this region the above 2 —> 3 processes, where the slepton is produced

by a quark-antiquark pair, can give the main contribution compared to the gb —> ft partonic

process, where a gluon and/or sea-quark is needed with large Bjorken x. For rtif > mt + tnb,

the hadronic cross section is too small to be seen at the Tevatron. Our prediction for the LHC

differs by +30% for mt > mf + mj,. We have not included the 2 —> 3 processes as they are

formally higher order. Furthermore, the essential ingredient in our phenomenological analysis

below is the lepton charge asymmetry. The 2 —> 3 processes do not contribute, as their initial
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4 Single slepton production in association with a single top

mh = 100 GeV

mh = 250 GeV

mh = 800 GeV

Tevatron

25.49 fb

2.104 • lO"1 fb

2.863 • 10~5 fb

LHC

3178 (2624) fb

258.5 (80.03) fb

11.58 (2.537) fb

Table 4.2: Hadronic Cross section predictions for ~l{ t (Ift) production via Ar-31 = 0.1 at the
Tevatron (y/S = 1.96 GeV) and the LHC (\/S = 14 GeV). Results are presented for
the CTEQ6L1 [2] PDF parametrisation.

states are charge symmetric.

We conclude, that our LO approximation is valid in the phenomenological relevant region,

where one is able to produce a single slepton in association with a top. Furthermore, the analy-

sis in Ref. [107], can not be adapted to production cross sections, which involve one or two light

quarks associated with the slepton. Thus we are the first to consider the process gd(s) —» £j~t

via the B3 operator

We end this section by tabulating selected cross section predictions for slepton production

with mh = 100 GeV, mh = 250 GeV and mh = 800 GeV at the Tevatron and the LHC via

A;31 = 0.1 in Table 4.2.

4.2 Possible LHC Signatures

Apart from the B3 process, the sleptons and sneutrinos can decay through gauge interactions.

Neglecting mixing between left- and right-handed sleptons the possible decays are:

bdk

(4.13)

The branching ratios depend on the masses of the sparticles and on the admixtures of the

gauginos. We shall first assume, that the lightest neutralino, x\, is the lightest supersymmetric

particle (LSP). Possible decay modes via the A-3)t interaction are:

Xl
£7tdk

xi Vibdk

(4.14)

Here the branching ratios depend mainly on the admixture of the lightest neutralino. The

heavier neutralinos x\ 3 4 aRd the charginos X12 dominantly decay into lighter gauginos via

gauge interactions, as in the P6-MSSM.
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4.2 Possible LHC Signatures

In SUSY scenarios, where the slepton (sneutrino) mass is of the order of a few hundred

GeV, the slepton (sneutrino) will decay dominantly into the lightest neutralino and a lepton

(neutrino). However, significant chargino decay modes are also possible, if they are kinemat-

ically accessible. Furthermore, decay chains involving a top quark in the final state are either

phase-space suppressed or kinematically forbidden. This affects the above decays involving

additional charged leptons. Therefore, the dominant hadron collider signature of single slep-

ton production in association with a top quark is

In parentheses are the neutralino LSP decay products (4.14); the particles in brackets arise from

the top quark decay. As mentioned before, for k — 1 there is an asymmetry between the number

of positively and negatively charged leptons if at the LHC.

The dominant signatures for the resonantly produced single sneutrino is then given by

bdk

bdv

(4.16)

Although the sneutrino production cross section (Fig. 4.5) is one order of magnitude larger than

the slepton plus top cross section (Fig. 4.3), the event signature Eq. (4.16) is worse. It involves

only two jets and possibly some missing transverse energy. It thus suffers from a very large

QCD background. However, if the sneutrino decays into charginos and heavier neutralinos are

possible (4.13), we can have (additional) charged leptons in the final state.

We now consider SUSY scenarios, where the scalar tau (stau) instead of the lightest neu-

tralino is the LSP [3,17]. Then the lightest neutralino dominantly decays into a tau and the

stau LSP, x\ -^ ^r^- F° r * — 1/2, the stau will dominantly decay into a tau and a virtual

neutralino, leading to a four-body decay of the stau LSP [3]. We obtain the signatures

f ( i k ) [ ]
gdk - + 1 7 1 -> I . (4.17)

[ 7x± ( T ^ V M ) [bW+]

The particles in parentheses are the stau LSP decay products and the particles in brackets are

from the top quark decay. The difference between the final states in Eqs. (4.17) and (4.15) is, that

for a stau LSP, the event is accompanied by an additional pair of taus compared to scenarios

with a neutralino LSP. We find the same behaviour for the sneutrino decay chains. It is therefore

easier to distinguish the signal from the background in stau LSP scenarios as long as one is able

to reconstruct the tau pair in the final state.

Note, that even for i = 3 the two-body stau decay is kinematically suppressed, or forbidden,

due to the large top quark mass. The stau LSP will in this case decay via a virtual top quark.
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4 Single slepton production in association with a single top

Furthermore, we can produce heavy staus, T2, as well as light staus, t\, which is the LSP, due

to left-right mixing in the stau sector. We obtain the signatures

T"T+ (bdkW~) [bW+]
(4.18)

T " T " {bdkW+)

and

gdk ->f~t-+ (bdkW~) [bW+]. (4.19)

The particles in parentheses are again the stau LSP decay products and the particles in brackets

are from the top quark decay. We see in Eq. (4.18) that roughly half of the Xi decay chains

involve like sign tau events. This can help to distinguish signal from bachground although tau

identification could limit this possibility. Furthermore there is not necessarily missing energy

in the final state. Thus one can in principle reconstruct the complete decay chain.

4.3 Numerical Study for X231 ^ 0 and a ^J-LSP

We now perform an explicit numerical study of single associated slepton production. We shall

focus on the more difficult case of a neutralino LSP. We shall also assume that A231 7̂  0 is the

dominant B3 coupling. We assume that similar results can be obtained for \'131 7̂  0. A central

analysis criterium will be the lepton charge asymmetry of the final state.

According to Eq. (4.15), the final state signature to examine is thus

with the W^1 decaying hadronically. We thus have one charged lepton, some missing pj, and

two b-quark jets. In our specific scenario, the charged lepton is a muon.

The main background for this process is it + j production followed by the semi-leptonic

decay of one the top quarks. The second background we examine is bb + W^1 + 3; production

followed by the leptonic decay of the W-boson.

For our simulation, we assume an SPSla [28] similar scenario. We take the SPSla spectrum

and couplings and add one F"6 violating coupling, A231.

For the simulation of the single slepton plus top signal we have written our own Monte

Carlo code following [126] and linked this to HERWIG6.5 [115,116]. The averaging of the colour

flow in the s- and f-channel single slepton production diagrams is implemented by the method

developed in Ref. [127]. The events are linked via the SUSY Les Houches Accord [28]. The

supersymmetric particle spectra are produced with SOFTSUSY [42]. The ^-background is sim-

ulated using the MC@NLO program [128,129]. The bb + W± + 3/ background is simulated
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4.3 Numerical Study for \'131 ^ 0 and a jQ-.

with MadEvent [130] and showered with HERWIG6.5. We use the CTEQ61 parton distribution

functions [2]. The top quark mass is set to mt = 175.0 GeV. The smuon mass in this scenario is

m-0± = 204 GeV.

Ie-04

0 50 100 150 200 250
IGeVJ

Figure 4.8: Relative pj distribution of the final-state signal £±.

0 50 100 150 200 250
[GeV]

Figure 4.9: Relative pj distribution of the final-state ^± from tt + j background.

Since our signal copies very much the final state and distributions of semileptonic tt plus

an additional jet, we use a standard set of CMS cuts for semileptonic tt given in Ref. [131] and

require an additional jet. This set of cuts leaves the large semileptonic tt + j , for which the cuts

are designed, and the fewer bb + W± + 3/ events as backgrounds for the signal process. The

precise cuts are summarised below.

The main difference between the semileptonically decaying top pair and the signal is the

pr distribution of the signal lepton steming from the slepton compared to the one from the

W1*1 of one of the top decays. We therefore compare in Figs. (4.8,4.9) the pj distributions of

the leptons arising from the signal and the tt + / background processes, respectively. We see,

that the pj of the signal leptons has a plateau around 60 GeV. This corresponds to the peak

in the distribution of the leptons arising directly in the slepton decay. The maximum in the

distribution at low-pr arises due to leptons from the showering effects. The background lepton

distribution monotonically falls rather steeply. We thus harden the cut for the isolated observed
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4 Single slepton production in association with a single top

signal

W~bg

W+bg

ft

simulated

99900

994000

993500

499533 (9990600)

e-
6504 (6196)

36100 (28600)

0

9140 (134790)

£+

2203 (1908)

0

37600 (29700)

9208 (135230)

Events pb 1

A 3̂1 x 4.82 (4.47)

0.0524 (0.0431)

0.0821 (0.0625)

30.4 (22.38)

Table 4.3: Results of simulating SPSla with two different cuts on pj, namely pj > 20(35) GeV.
The number of leptons and the expected event rates are after cuts.

lepton from pi > 29 GeV to pj > 35 GeV. In order to see the difference in the following, we

retain the results for the softer cut on the lepton transverse momentum.

In addition to the charged lepton in the final state, we require two tagged b-jets, as well as

two further jets. Thus, the employed cuts are

• 1 isolated lepton, rapidity n < 2.4,

pT > 20 (35) GeV.

• 2 isolated b jets and 2 non-b jets,

rapidity n < 2.4, pT > 30 GeV.

The cone algorithm ( Peter, this is yours in Herwig, pre release version 26.2.93 Pozo based on soper,

Citation?) used has a radius of r = 0.5. The maximum radius for matching partons and jets is

0.2. The radius for the cone of the lepton isolation cut is 2.0. We employ a b-tagging probability

of 0.6 and the probability for mistagging a c-quark as a b-quark of 0.05. In addition, we employ

a mistagging probability for light jets of 0.02. Thus, any u, d, or s jet passing p-j and isolation

criteria can be mistagged for a b-jet with a probability of 0.02.

For the signal, we simulate 99 900 events with a charged lepton lower pj cut of 20 (35) GeV.

6 504 (6 196) of the suviving events are accompanied by negative charged leptons, 2 203 (1 908)

have a positively charged lepton in the final state. The bb~ + W± + 3; background is simulated

with 993 920 W" and 993 496 W+ events, leading to 37 600 (29 700) t~ and 36 100 (28 600) £+

events after cuts, respectively. (9 990 600) 11 + ; events result in (134 790) negative lepton events

and (135 230) positive lepton events. This is summarised in Table 4.3. The expected event rates

for 1 pb - 1 show the impact of the improved pj cut on the it background.

In order to further reduce this large background, we propose to in addition to the cuts

stated make use of the lepton charge asymmetry in the signal, with the negatively charged

leptons dominating. The asymmetry is defined by

A,^^3,, ,42,)
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4.3 Numerical Study for A£31 7̂  0 and a x\-

where N^+ and N^_ are the number of events with an positively or negatively charged lepton,

respectively. In Fig. 4.3, we can see the separate signal cross sections for £+- and £~-production.

For m-e > mt + m^, the £~ cross section is significantly larger. This is due to the fact that the

rf-quark PDF luminosity is significantly larger than that of the d-quark for x ~ 10~2. This is

only relevant at the LHC, where we have pp-scattering, as opposed to the Tevatron, where we

have pp-scattering.

We expect this asymmetry to be zero for the tt + j background, as we have equal number of

top quarks and anti-top quarks. For the background process bb + W± + 3/, we expect a positive

asymmetry, due to the twice as large amount of valence u quarks in comparison to valence d

quarks in the proton. For the signal, as we have seen, we expect a negative asymmetry.

However, in general, inclusive tt production has a charge asymmetry in the final state at

the LHC that has been shown to be in the range [0; -0.025%] [132], if the detector has a sym-

metric acceptance in the rapidity range [—yo;yo] [133]. For yo —> oo(0) the asymmetry goes to

0(—0.025%). This stems ^from the asymmetry in qq induced tt production due to the interfer-

ence of C-odd and C-even modes, where C is the charge conjugation operator. In the following,

we will neglect this small asymmetry because the statistical fluctuations lead to an even larger

asymmetry. The results in Table 4.3 are consistent with the asymmetry of zero within 1 sigma.

In Fig. 4.10, we show the resulting significance for SPSla as a function of A ^ . We give the

significance, M^^ , where ASM is the asymmetry prediction for the SM backgrounds and

ASM+S is the one for backgrounds and signal. AA$M is the statistical error of the SM asymmetry

prediction. These are shown for integrated luminosities of 30 fb"1 (lower curves), 100 fb"1,

300 fb"1, and 1000 fb"1, respectively. We vary the cross section for pT > 35 GeV by ±20% (grey

region) to show possible effects due to higher order corrections for the signal, which can be

seen in Fig. 4.7.

The analysis has been done for various parameter sets, namely SPSla, SPSlb, and SPS3.

The results for SPSlb and SPS3 are given in Figs 4.11,4.12. The differences between all three

figures showing the significance as a function of A'231 stem from the different slepton masses.

Here, SPSlb has the highest mass scale. The significance decreases with growing slepton mass.

Going from SPSla to SPS3 the significance is reduced to higher slepton mass, this effect is

though smallened by a 100% branching ratio to lepton and lightest neutralino in the latter

case, whereas SPSla has additional branching ratio to lepton and lightest neutralino of 56%.

In addition in the SPSlb scenario, the branching ratio of the singly produced slepton to the

lightest neutralino is decreased to 65% due to an additional nonzero branching ratios to the

second lightest neutralino and muon or to chargino and neutrino, obscuring the signal. The

masses for the singly produced smuons in SPSlb (SPS3) are 344 (294) GeV.

We have done the above analysis for a smuon type Pg violating coupling. This is less con-

strained than the selectron type couplings. This can be seen in table (4.1), disfavouring the
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Figure 4.10: Significance as a function of A'231 for SPSla. We show the significance for an in-
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Figure 4.11: Same as for Fig. (4.10), but for the parameter set SPSlb.
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Figure 4.12: Same as for fig. (4.10), but for parameter set SPS3.

ability to measure the selectron process at the LHQ but still manageable. For example, in

SPSla, the bound on A'l2v table (4.1), is roughly 0.18, leading to a significance of 5.5 for 300

fb"1. The least constrained coupling leading to a charge asymmetry is \'331 coupling, as shown

in Table 4.1. In this case, the final state lepton is a tau, which considering our pj > 35 cut,

should be a doable task in tau identification at LHC. In case of a stau LSP, an additional pair

of visible taus in the final state leads to easy discrimination from the discussed backgrounds.

This would give rise to the possibility of measuring the process without using the asymmetry

in charge in the final state, see Eq. (4.17).

In our discussion we have so far restricted ourselves to statistical errors. Indeed, a system-

atic error on the cross section of one of the backgrounds of 10% reduces the significances given

by less than 3%. This is doe to the fact that the cross section has no effect on the asymmetry

itself, but on the asymmetries error. Yet, the given analysis depends crucially on the measured

asymmetries. A systematic uncertainty in the efficiency of charged lepton reconstruction of

order 0.5% reduces the significance by over 90%. This requires a detailed understanding of de-

tector responses to leptons and antileptons for systematic charge asymmetries to be sufficiently

small.
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5 Summary and Conclusions

We have investigated the spectrum of the P6-MSSM embedded in supergravity, including indi-

rect constraints on the parameter space. The central tool of our investigation is the extended

SOFTSUSY code. We have found different regions of parameter space with a neutralino, a stau,

and also sneutrino a LSP. Taking these into account, we have presented the first set of bench-

marks in P*6 mSUGRA. All of the points are beyond current search limits and are consistent

with measurements of precision observables. We have picked different SUSY breaking scenar-

ios: light and heavy. The heavier mass benchmarks are more difficult to detect at the LHC and

so should be used to see how much is possible to achieve through data analyses in this diffi-

cult scenario. The light benchmarks are designed to enable high statistics analyses in order to

determine what is possible to divine from LHC data in the optimistic case.

We have picked the flavour of the fe couplings in order to show-case various features rel-

evant for the experiments. In the first benchmark, four-body decays of the LSP are expected

including neutrinos, leading to complicated final states and pj. The second benchmark has

vertices detached from the interaction point, where LSPs decay into non-bottom jets. Coinci-

dence with SM particles from higher up the cascades are expected from the interaction region.

In the third, 2-body decays of a tau sneutrino LSP into jets (one of them a bottom jet) are ex-

pected. The fourth benchmark has LSPs promptly decaying into 3 jets and a tau. It also has

a large p6 coupling capable of producing significant single-squarks at hadron colliders such as

the LHC. These benchmarks have been analysed on parton level using a special J% version of

the HERWIG Monte-Carlo code.

Finally, we have calculated, simulated, and analysed a novel signature, namely single slep-

ton production in association with a single top. We show, that a great deal of the allowed

parameter space regions are within the reach of the LHC.
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