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Abstract

This thesis has its focal point on the possibilities of a smuon µ̃ as a lightest su-
persymmetric particle in R-parity violating supersymmetry. The parameter
space of the minimal supergravity model as well as the relevant λ couplings
will be discussed. The goal is to illuminate the necessary relations between
the parameters of the model, which allow for the µ̃ as the lightest particle in
the supersymmetric mass hierarchy. A chosen point in this parameter space
will also be studied further by analyzing simulated proton-proton collisions
at the current LHC center-of-mass energy of

√
s = 7TeV.



Kurzfassung

Diese Bachelorarbeit befasst sich mit dem Smuon µ̃ als leichtestes super-
symmetrisches Teilchen in R-Paritäts verletzender Supersymmetrie. Sowohl
der Phasenraum des Minimal Supergravity Models, als auch die relevante
λ-Kopplung werden untersucht. Das Ziel der Arbeit ist es, die notwendigen
Verhältnisse zwischen den Parametern des genannten Models zu bestimmen,
welche es dem µ̃ ermöglichen das Teilchen mit der geringsten Masse der super-
symmetrischen Massenhierarchie zu sein. Ein konkreter Punkt des Phasen-
raums wird zudem noch untersucht, indem simulierte Proton-Proton Kolli-
sionen bei der momentanen Schwerpunktsenergie von

√
s = 7TeV analysiert

werden.
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Chapter 1

Theoretical background

In this thesis all data is given in natural units, meaning that ~ = c = 1.
Energy is measured in eV, which is by definition the amount of kinetic en-
ergy gained by an electron when it accelerates through an electric potential
difference of 1V. Thus one electronvolt equals 1.60217653(14) ·10−19 J [1]. As
a result of this choice of the system of units, the energy of a particle is given
by E2 = m2c4 + p2c2 ⇔ E2 = m2 + p2.

1.1 Standard model of particle physics

The standard model of particle physics [2, 3, 4, 5] has been developed within
the 20th century and its current formulation has been finalized in the 1970s.
It describes, quite successfully, three of the four known interactions: Electro-
magnetism as well as the strong and weak interactions. Multiple particles,
whose existence has been predicted by the standard model, have been dis-
covered and have given credence to the theory. One can describe it as the
basis of particle physics up to date.

According to the standard model, all matter is made of leptons and
quarks. All particles are also split into fermions and bosons, with the fermions
having an half-integer spin value and the bosons an integer spin value. The
12 fundamental leptons and quarks are split into three generations, sorted
by mass (Fig. 1.1). Throughout each generation there are particles that are
identical to each other, except for their higher mass in higher generations.
All six quarks, marked in purple, are fermions having a spin value of 1/2.
Their electric charge is either 2/3 e for up-type quarks or −1/3 e for down
type quarks. The leptons, marked in green, also consist of fermions with a
spin value of 1/2. The electron-type fermions have a negative electric charge
of e = 1.602176487(40) · 10−19C [1], while the neutrinos do not have any
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Figure 1.1: Fundamental particles [6]

electric charge. Most particles have an antimatter equivalent, which have
the negative value of the electric charge of their matter counterpart.

The gauge bosons, marked in red, have a spin value of 1. They act
as carriers of the corresponding forces. The field theory used to describe
the electromagnetic interaction is the quantum electrodynamics (QED). Its
gauge boson is the photon γ, which couples to all particles with an electric
charge. The weak interaction couples to all known fermions, but differently
to righthanded and lefthanded ones. This parity violation is more distinct ifn
the charged current interactions, transmitted by the W±-bosons, than in the
neutral current interactions of the Z-bosons. While the weak interaction is
the only one that violates the parity-symmetry it is as well the only one that
violates CP-symmetry. Aside from these violations, the weak interaction is
exclusively able to change quark flavors. The mathematical model to describe
the electromagnetic and weak interactions, the electroweak interactions is the
quantum flavordynamics (QFD). This unification is mathematically achieved
under an SU(2)×U(1) gauge group. The quantum chromodynamics (QCD)
describe the strong interaction in the SU(3) gauge group. In this model
quarks and gluons have color charges, red, blue and green as well as their
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anticolor counterparts. Quarks always couple together to a colorless parti-
cle. A particle consisting of 3 quarks, one of each color (or anticolor), is
called a hadron. If a particle is made up of 2 quarks, one with a color and
the other with the anticolor, it is a meson. As gluons carry color charges
themselves, they couple to quarks as well as to other gluons. Even though
in the quantum field theory (QFT) all gauge bosons are massless, there have
been measurements of W± and Z masses, which weight 80.4GeV and 91.2
GeV respectively. This phenomenon is described by the Higgs mechanism
and its Higgs boson H, which allows those gauge bosons to have non vanish-
ing masses through spontaneous symmetry breaking. Even though there is
compelling evidence for the existence of the Higgs boson, the researchers of
the Fermilab at the Tevatron and the LHC collaborations of CERN have yet
to find this particle.

Though widely accepted and successful in its predictions, the standard
model has a few drawbacks. For example physics of general relativity, such as
dark matter or gravitation are not described by it. Also there is no candidate
particle for the dark matter, which is (at least by the current understanding
of interactions) required to exist due to mass insufficiencies in large galaxies,
which would otherwise disperse. Another issue is the hierarchy problem of
the Higgs mechanism, which poses the question, generally spoken, as to why
the weak force is approximately 1032 times stronger than gravity. While
these are not all noteworthy issues of the standard model one can see why,
as a result of the multitude of unanswered questions, new theories have been
developed and studied to provide possible answers.

1.2 Supersymmetry

The following paragraph and subsections are based on the references [7, 8,
9, 10]. One of the best studied theories beyond the standard model up to
date is supersymmetry, often called SUSY. . In this theory each particle
has a superpartner, which spin differs by half a unit, effectively relating each
fermion to a boson and vice versa. If this symmetry should be realized in
nature, it has to be broken, as there have been no superpartners observed,
which means that their masses have to be significantly higher than those
of common particles. Supersymmetry could solve the issues mentioned in
the previous paragraph, having valid candidates for dark matter and allow-
ing gravity to be incorporated into the theory of supersymmetry, which is
then called supergravity. If supersymmetry exists at the TeV scale, it is
also possible to solve the hierarchy problem with, for example, the minimal
supersymmetric model [11]. The quantum corrections of the Higgs boson
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mass, which beforehand pose a problem due to the magnitude, would be
automatically canceled by its superpartner.

1.2.1 Minimal supersymmetric standard model

The minimal supersymmetric standard model, often abbreviated as MSSM,
adds the minimal amount of superpartners necessary, which can be seen in
Table 1.1. The nomenclature for this new set of particles adds an “s” at
the front of each fermion superpartner (an electron becomes a selectron) and
lets boson superpartners end in an “-ino” (meaning that a gluon becomes
a gluino). Therefore one can already obtain basic information about the
particle in question, just by hearing it’s name. The model itself is compatible
with all current results from experiments, which is one of the reasons as to
why it is called the standard model.

Standard model Supersymmetric extension
Particles Spin PR Gauge Eigenstate Mass Eigenstate Spin PR

Quarks Squarks
u d 1/2 +1 ũR ũL d̃R d̃L ũR ũL d̃R d̃L 0 −1
s c 1/2 +1 s̃R s̃L c̃R c̃L s̃R s̃L c̃R c̃L 0 −1

t b 1/2 +1 t̃R t̃L b̃R b̃L t̃1 t̃2 s̃1 s̃2 0 −1
Leptons Sleptons

e νe 1/2 +1 ẽR ẽL ν̃e ẽR ẽL ν̃e 0 −1
µ νµ 1/2 +1 µ̃R µ̃L ν̃µ µ̃R µ̃L ν̃µ 0 −1
τ ντ 1/2 +1 τ̃R τ̃L ν̃τ τ̃1 τ̃2 ν̃τ 0 −1
Neutral bosons Neutralinos

γ Z hH A 1, 0 +1 B̃0 W̃ 0 H̃0
u H̃

0
d χ̃0

1 χ̃
0
2 χ̃

0
3 χ̃

0
4 1/2 −1

Charged bosons Charginos
W± H± 1, 0 +1 W̃± H̃+

u H̃−d χ̃±1 χ̃±2 1/2 −1
Gluon Gluino

g 1 +1 g̃ g̃ 1/2 −1

Table 1.1: Here the MSSM superpartners as well as their standard model coun-
terparts are displayed with some of their attributes. In particular the
R-parity values PR assigned to the particles are shown.

In table 1.1 one can see that the chirality of a supersymmetric particle
matters significantly more than in the standard model. It results in an ob-
servable discrepancy between left- and righthanded masses. There is also a
column which assigns the particles the R-parity PR quantum number. It is
calculated by PR = (−1)3B+L+2S, where B is the baryon number, L the lepton



1.2. SUPERSYMMETRY 5

number and S stands for the spin. A conserved R-parity quantum number
allows for a LSP, short for lightest supersymmetric particle, to be stable,
as this particular particle does therefore not decay any further because it
is already the lightest of its R-parity quantum number. More importantly
though, the proton can decay with a fairly short lifetime without imposing the
conservation of PR [12, 13, 14] or a local symmetry e.g. proton-hexality (P6),
because renormalizable lepton and baryon number violating interactions are
possible. Both R-parity and proton-hexality prevent all lepton and baryon
number violating interactions [15, 16, 17]. In case there are righthanded as
well as lefthanded versions of a particle, the one in question for being the
LSP usually is the righthanded one, because it is lighter than its counterpart.
The LSP could potentially provide a candidate for the aforementioned dark
matter. Usually the lightest neutralino χ̃0

1 is the particle of choice for the
LSP as it is neutral, meaning that it is hard to detect because it does not take
part in the electromagnetic interaction and therefore does not emit light.

Given supersymmetry, it is possible to unify all known interactions, which
has been done in the “Grand unified theory”, also known as GUT.

1.2.2 Minimal supergravity

Supergravity itself combines supersymmetry and general relavitity. It follows
naturally from supersymmetry due to the convolution of the Poincaré group
[18]. The model with the minimal amount of supersymmetry charges (N = 1)
is called “minimal supergravity”, often abbreviated as mSUGRA. It is one of
the most widely studied models of supergravity, which is also due to the low
amount of parameters it requires to make predictions in comparison to the
more than 100 free parameters in te MSSM. The five necessary parameters
are the following ones [19, 20].

• m0 is the universal scalar mass at the GUT scale MGUT (O(1016))

• m1/2 is the universal gaugino mass at the GUT scale MGUT

• A0 is the universal trilinear scalar coupling strength

• tan β denotes the tangents of the ratio of the two Higgs vacuum expec-
tation values

• sgnµ describes the sign of the bilinear Higgs mixing parameter µ

To get from MGUT to the electroweak scale, one uses the renormalization
group equations (RGEs) to calculate the evolution of masses. Figure 1.2
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Figure 1.2: Mass evolution through RGEs, starting at MGUT [10]. This gives an
impression of how the parameters m0 and m1/2 have an impact on
the mass spectrum.

provides an illustration of the importance regarding m0 and m1/2 in the
evolution. One can see that the indices of the parameters indicate which
particle masses they mainly influence, by referring to their spin. Therefore
squarks and sleptons evolve from m0 and M1, M2 as well as M3 which mix
into the bosinos, root from m1/2. One can already conclude that these are
the main parameters that determine the mass spectrum of specific points in
the parameter space. These have also been studied extensively in regards to
the assumed future capabilities of the LHC.

1.3 Model specifications

This section will cover the specifics of the model, which will be used to
analyze the supersymmetric mass spectrum. This is strongly inspired by H.
K. Dreiner’s publication [21].

One of the most interesting SUSY signatures, are multi-lepton final states
[22, 23, 24]. The particles are fairly easy to identify and the background
originating from the standard model is low. The LSP in this case, is supposed
to decay into such states via lepton number violating (LNV) interactions.
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The µ̃R production is also relevant due to further theses being written by our
institute, which also concern themselves with this particular particle and its
cascades. Another aspect about the µ̃R-LSP that makes it worth looking into,
is the production of soft leptons. This means that the transversal momentum
of the leptons is around 10GeV and lower. One has to be aware of these kind
of signatures because the triggers of the CMS detector have a fairly high
threshold, which might cut out those leptons.

To achieve a µ̃R LSP without allowing the proton to decay, a baryon-
triality (B3) discrete symmetry has been chosen [15, 16, 17, 25]. This local
gauge symmetry alters the wave function for the chiral superfields:

{Qi} → {Qi}
{HU , Di} → e2πi/3{HU , Di}

{HD, U i, Li, Ei} → e4πi/3{HD, U i, Li, Ei} (1.1)

To reduce the relations 1.1 to just a single one, a coefficient αj is introduced.

ψj → eαj2πi/3ψj (1.2)

αj is assigned the values of table 1.2.

Qi U i Di Li Ei HD HU

αj 0 2 1 2 2 2 1

Table 1.2: Assignment of the values of αj to the respective superfield

The model allows for lepton number violating interactions, but not for
baryon number violating ones. Large lepton number violating interactions at
the grand unification scale reduce the mass of the smuon at the electroweak
scale via the RGEs. The extension to the B3 mSUGRA superpotential by
lepton number violating terms is given by [26]:

WLNV =
1

2
λijkLiLjĒk + λ′ijkLiQjD̄k + κiLiH2 (1.3)

In the MSSM superpotential with R-parity conservation, these terms are ab-
sent. Li and Qi are the lepton and quark SU(2) doublet superfields, whereas
H2 is the Higgs SU(2) superfield that couples to the up-type quarks. Ēi and
D̄i denote the lepton and down-type quark SU(2) singlet superfields. The
indices i, j, k ∈ {1, 2, 3} refer to the particle generations. While the first
coupling constant λijk is antisymmetric in i and j and therefore only allows
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for 9 couplings, λ′ijk allows for 27 different couplings. κi denotes the bilin-
ear coupling constants, which are three dimensional parameters that vanish
in B3 mSUGRA at MGUT [19]. Only one of the remaining 36 couplings is
assumed to be different from, and larger than 0 for this model. All values
of λijk are always given at the GUT scale for this research, which has been
emphasized by the “GUT” addition next to the generation indices later on. If
one provides a single coupling at the GUT scale, other couplings that violate
the same lepton number are generated at the weak scale MZ through the
RGEs [19, 27, 28, 29].

1.3.1 Evolution of the righthanded smuon mass

To comprehend the dependence of the µ̃R-mass at MZ on the bounds at the
GUT scale, one has to look at the relevant RGEs. These are modified by the
LNV terms. The dominant contributions to the mass of the µ̃R are given by
the following equation [19].

16π2
d(M2

l̃kR
)

dt
= −24

5
g21|M1|2 +

6

5
g21S + 2(hEk)2ij

+ 4λ2ijk[(m
2
Q̃

)ii + (m2
L̃
)jj + (m2

Ẽ
)kk] (1.4)

with

S = Tr [m2
Q̃
−m2

L̃
−m2

Ũ
+ m2

D̃
+ m2

Ẽ
] +m2

H2
−m2

H1
(1.5)

as well as

(hEk)ij ≡ λijk · A0 at MGUT (1.6)

Here k is always 2 as the µ̃R is the particle that is being discussed. g1 is the
U(1) gauge coupling, with M1 as the gaugino mass and t = lnQ, where Q is
the renormalization scale. The trilinear scalar soft breaking coupling (hEk)ij
is always related to λijk as given by the equation 1.6.

The soft mass parameters in the last two equations (1.5 & 1.6), written
in bold, are 3 × 3 matrices in flavor space. Here mQ̃ and mL̃ stand for the
left-handed doublet squarks and sleptons, while the remaining mŨ, mD̃ and
mẼ represent the respective singlet up-squarks, down-squarks and sleptons.
The last terms, m2

H1
and m2

H2
, are the scalar Higgs softbreaking masses.

In equation 1.4 the first two terms which are both proportional to the
gauge coupling g21, are negative at any scale. In particular the term pro-
portional to S becomes identical to zero at the GUT scale due to universal
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scalar masses. Their contribution to the mass of the smuon Ml̃k=2
R

will there-
fore increase the value when running from MGUT to MZ . While these terms
are also present in PR conserving models, the latter ones are not. The latter
ones are proportional to λ2ijk and (hEk)2ij, which means they are also propor-
tional to λ2ijk as explained beforehand. Their contribution is entirely positive
and therefore decreases Mµ̃R as it runs from MGUT towards MZ . The order
of magnitude of the LNV coupling λijk has to be similar to the one of the
gauge coupling g1 (O(10−2)) to be able to reduce the mass of the smuon
significantly enough for it to be the LSP. On account of the dependence of
the smuon mass on the coupling itself, it becomes another addition to the
parameters of the B3 mSUGRA model that has to be taken into account
when searching for the smuon as the LSP.

1.3.2 Boundaries

The boundaries of the respective parameters have to be taken into considera-
tion as well, when researching the parameter space which allows for a smuon
LSP. While the B3 mSUGRA model does not pose any hard restraints on the
parameters, certain sections of the parameter space can already be excluded
with the results from particle accelerators such as the LEP or the LHC.

The universal scalar and gaugino masses m0 and m1/2 m0 and m1/2

are the most commonly studied parameters, as their ratio determines the
general mass spectrum. Figure 1.3 shows the estimated possibilities of masses
of gluinos in the m0 against m1/2 space the LHC is able to reach after further
development on its current status. After 3 years the LHC should be able to
produce gluinos with a mass of 3TeV. This corresponds to a m1/2 of roughly
1400TeV. As mentioned before, this does not pose a hard upper limit for
m1/2, but gives an idea of where of the experimental limitation with the
LHC. Thus values of m1/2 which are larger than 1400TeV are not taken into
consideration for this analysis. The upper bound for m0 is strictly related
to the value of m1/2 and depends on the region where the µ̃R remains a
candidate for the LSP. Figure 1.3 shows an upper limit of around 600GeV
for m1/2 = 1400GeV, where charged LSPs are still possible. The necessary
ratio of m0 to m1/2 will be studied in the “scan of the parameter space”
section (Sec. 2.1). Regarding the lower limits, figure 1.3 shows that m1/2 is
bound at 150GeV by chargino searches at the LEP accelerator. For m0 the
lower bound is given by a charged particle becoming the LSP, which is not
the common scenario for the MSSM searches. For the particular case that
is being studied here, this does not apply and therefore m0 is allowed to be
reduced even further.
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[30]

The trilinear coupling A0 A0 enters the equation for the slepton mass
(1.4) via the LNV soft-breaking trilinear scalar coupling (hEk

)ij (1.6). As
t = lnQ decreases, (hEk

)ij contributes to Ml̃k=2
R

through the integral over t
from the electroweak scale tZ = lnMZ to the GUT scale tGUT = lnMGUT.
The difference between the runnings of A0 for different signs can be compre-
hended, by examining the RGE of (hEk

)ij [19].

16π2d(hEk
)ij

dt
= −(hEk

)ij ·
(

9

5
g21 + 3g22

)
+ λijk ·

(
18

5
g21M1 + 6g22M2

)
(1.7)

As in Equation 1.4 gi, i ∈ {1, 2}, are the gauge couplings andM1 andM2 de-
note the U(1) and SU(2) gaugino masses. The righthand side is divided into
two terms which are proportional to (hEk

)ij and λijk, respectively. Equation
1.6 shows that the sign of (hEk

)ij depends on the sign of A0, as λijk is as-
sumed to be positive or zero at all times. This means that a positive A0 leads
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to a negative first term on the righthand side of equation 1.7, which results
in an increase of (hEk

)ij while running from MGUT to MZ . The second term
proportional to λijk is always positive and even though λijk increases slighty,
the gauge couplings gi and gaugino masses Mi, i ∈ {1, 2}, decrease while
lowering the scale. Thus the first term will become the dominant contribu-
tion towards lower scales. While a positive A0 leads to a compensation of the
terms respectively proportional to (hEk

)ij and λijk, a negative A0 leads to a
positive first term. Both terms being positive leads to an overall increased
(hEk

)ij as there is no more compensation. As a consequence only negative
A0 will be considered in the analysis, because they provide larger (hEk

)ij and
therefore decrease Ml̃k=2

R
= Mµ̃R as explained in the previous section (Sec.

1.3.1). As for the lower bound on A0, there is once again no hard limit for the
value itself, but the LEP research has provided a lower limit on the lightest
Higgs mass of 114.4GeV [31, 32]. Because A0 also enters the RGE of the
mass of the lightest Higgs mh0 , this does limit the allowed range of values for
A0 in dependence of the remaining parameters. This will be shown in the
two dimensional histograms of section 2.1.

The tangents of the ratio of the two Higgs vacuum expectation val-
ues tan β tan β is also bound by results from the LEP experiment. While
the lower bound is approximately 3.4 [33, 34], the upper bound for this sce-
nario is given by the rapidly decreasing τ̃1 mass with a rising value of tan β.
The lower bound is also dependent on the sign of µ. The lower limit of 3.4 is
for a positive sign of µ. A negative sign would lead to a higher value for the
lower bound [33], which excludes almost the entire region relevant for this
research, because any values higher than 10 can be neglected for the current
LHC state as the “scan of the parameter space” section (Sec. 2.1) will show.

The LNV couplings λijk λijk has three permutations of i, j, k that may
result in a µ̃R-LSP. Of the three options for the LNV coupling, the restrictions
on λ212 and λ232 are generally too strong to allow for the µ̃R-LSP [19]. The
remaining λ132|GUT has the following upper bound 2σ limit.

λ132|GUT . 0.03 ·
(

Mµ̃R

100GeV

)
(1.8)

This value has been calculated including the most recent bounds from the
Babar Experiment of 2008 [35]. The calculation of the parameter limit has
been done to a 95% confidence level. Starting with the branching fractions
of muons and taus, which are shifted due to the LiLjĒk (1.3) term, the
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equations for the corrections of the ratio of the branching fractions have the
following form.

Rτµ = [Rτµ]SM · [1 + 2(r23k(ẽk R)− r12k(ẽk R)] (1.9)
Rτ = [Rτ ]SM · [1 + 2(r13k(ẽk R)− r23k(ẽk R)] (1.10)

with the LNV coupling in

rijk =
1

4
√

2GF

|λijk|
M2

l̃R

(1.11)

as well as the standard model predictions of the decay width

Rτµ =
Γ(τ → µν̄µντ (γ))SM
Γ(µ→ eν̄eντ (γ))SM

= 1.312 · 106 (1.12)

Rτ =
Γ(τ → eν̄eντ (γ))SM
Γ(τ → µν̄µντ (γ))SM

= 1.028 (1.13)

(1.14)

and calculated average values for the branching fractions from the particle
data group [36]

Rτµ =
τµ
ττ
S(τ → µν̄µντ (γ)) = (1.312± 0.006) · 106 (1.15)

Rτ =
S(τ → eν̄eντ (γ))

S(τ → µν̄µντ (γ))
= 1.028± 0.004 (1.16)

(1.17)

Since only one of the couplings is supposed to be zero at a time, the equa-
tion for λ132|GUT becomes linear with only one unknown. To ensure a 95%
confidence level, one adds 2σ to the measured mean and solves the equation
for λ132|GUT. Depending on value of Rτ the limit for λ132|GUT varies, meaning
that taking the latest measurement from the Babar group into account as
well, the limit gets lowered.

|λ132| ·
(

100GeV
Ml̃R

)
≈


0.05 for Rτ = 1.028± 0.004

0.02 for [Rτ ]Babar08 = 1.021± 0.004

0.03 for avg. Rτ = 1.025± 0.003

(1.18)
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Choosing the average value is the most plausible choice, since neither dis-
carding years of research and relying on one measurement or disregarding
new measurements is a reasonable approach. Note though, that the means
of the old world avg. and the measurement from the Babar experiment do
not fit well together, as they are not in 2σ range of each other. Due to this
less than optimal fit, the calculated upper bound for the LNV coupling could
also vary quite a lot because it is so sensitive to the value of Rτ .

Given these limits, one can scan the parameter space for the desired µ̃R-LSP,
which will be done in the following analysis chapter.





Chapter 2

Analysis

The analysis is divided into two sections. In the first section an somewhat
iterative approach to scanning the parameter space will be presented, while
in the second section there will be a basic analysis of a chosen point of the
scanned parameter space. As for the application used to calculate the mass
spectra, SOFTSUSY 3.1.7 [37, 38] has been chosen. To provide the necessary
data to generate events with HERWIG 6.510 [39, 40] an additional applica-
tion is required, as e.g. branching fractions are not calculated by SOFTSUSY
3.1.7. Because an interface for ISAJET 7.64 [41] has already been imple-
mented into SOFTSUSY 3.1.7, the software has been used to generate the
inputfile for HERWIG 6.510. Note that ISAJET 7.64 is not the latest version
up to date, but at the time of writing the interface of SOFTSUSY 3.1.7 is
incompatible with newer versions.

2.1 Scan of the parameter space

Since there is no simple array of equations that provide comprehensive ana-
lytic solutions to the question where the µ̃R is the LSP, a numeric/iterative
approach has been chosen. To select a suitable starting point for this ap-
proach, one has to be aware of the basic evolution of masses depending on
the relations between the parameters. These relations will be illustrated as
a next step.

As discussed beforehand, a fairly large, negative A0 has to be chosen.
To reduce the mass splitting between the neutralino and slepton masses, the
universal scalar mass m0 has to be significantly higher than the universal
gaugino mass m1/2. tan β has a lower limit, but will quickly force a τ -LSP
when chosen too high. The sign of the bilinear Higgs mixing parameter
µ is positive, as it would raise the limit on tan β otherwise. In general the
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starting point should be chosen with reasonably low values of m0 and m1/2 so
a discovery of a similar scenario is possible with early LHC data. Note that all
current CMS mSUGRA benchmark points [42] do not include configurations
that allow for other sparticles than the lightest neutralino χ̃0

1 to be the LSP.

m0 in GeV m1/2 in GeV A0 in GeV tan β sgnµ

100 550 -1500 4 +

Table 2.1: Starting point in the B3 mSUGRA parameter space, inspired by H. K.
Dreiner’s publication [21]

Using the parameters given in Table 2.1, one can determine a reasonable
value of λ132|GUT for further analysis of the parameter space. This is done
by running over the LNV coupling while observing the masses of the lightest
sparticles.
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Figure 2.1: Sparticle masses as a function of λ132|GUT to determine the width of
the µ̃R-LSP space. The µ̃R becomes the LSP at λ132|GUT = 0.034,
whereas the maximal allowed value of λ132|GUT is 0.061

The blue, highlighted part in Figure 2.1 marks the region where the µ̃R
has become the LSP, while λ132|GUT is within the experimentally allowed
region. The values of λ132|GUT, which exceed the bound are marked by the
patterned region. Even with an intentionally chosen starting point, the width
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of the µ̃R-LSP region is quite small. To increase the extend of the blue area,
either the µ̃R has to become the LSP earlier, or the upper bound, which is
dependent on the mass of the µ̃R, needs to be raised. To study the effect on
the blue µ̃R-LSP region of shifting the parameters in one direction, a single
parameter will be varied while the remaining ones will be kept at the starting
point values (Tab. 2.1).
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Figure 2.2: Sparticle masses as a function of λ132|GUT with an increased value of
m0: A0 = −1500GeV, m0 = 300GeV, m1/2 = 550GeV, tanβ = 4,
sgnµ = +, λ132|GUT = 0.045. No µ̃R-LSP region for any λ132|GUT
and maximal allowed value of λ132|GUT = 0.097

For m0 the result is fairly straight forward. Figure 2.2 shows the effect of
increasingm0 to 300GeV. One can clearly see that, even though the evolution
of the sfermion masses is similar to what has been shown in Figure 2.1, the
lightest neutralino χ̃0

1 is almost not affected by the increase ofm0, leading to a
χ̃0
1-LSP for all allowed values of λ132|GUT. This result was to be expected with

the information given in section 1.2.2, thatm0 is the main contribution to the
sfermion masses and therefore has a major impact on their mass spectrum,
but only little to none on the other mass spectra. Note how the upper limit
on λ132|GUT has shifted towards a value of almost 0.1, due to the increase of
the µ̃R mass on which the bound depends. Even though the limit has risen
significantly, there is still no µ̃R-LSP region.
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Figure 2.3: Sparticle masses as a function of λ132|GUT with a decreased value of
m1/2: A0 = −1500GeV, m0 = 100GeV, m1/2 = 400GeV, tanβ =
4, sgnµ = +, λ132|GUT = 0.045. First µ̃R-LSP at λ132|GUT = 0.046
and maximal allowed value of λ132|GUT = 0.048

Similarly to the increase of m0, reducing m1/2 results in a χ̃0
1-LSP for the

most part. Note that in Figure 2.3 all masses are reduced, instead of just
the sfermion masses for the m0 variation (Fig. 2.2). m1/2 is less of handle
between gaugino and sfermion masses than m0, as it influences both mass
spectra simultaneously. This means that m1/2 is of even higher importance
than m0 when looking for the µ̃R-LSP, as it effectively determines the range
of the sparticle masses. The remaining region with a µ̃R-LSP is very narrow
and close to extinction as the bound on λ132|GUT has been reduced as a
consequence of the lower µ̃R mass.
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Figure 2.4: Sparticle masses as a function of λ132|GUT with an increased value of
m1/2: A0 = −1500GeV, m0 = 100GeV, m1/2 = 1000GeV, tanβ =
4, sgnµ = +, λ132|GUT = 0.045. First µ̃R-LSP at λ132|GUT = 0.032
and maximal allowed value of λ132|GUT = 0.099

Increasing m1/2 on the other hand will push the χ̃0
1 mass above the one

of the µ̃R and also the one of τ̃1 for even higher values. Figure 2.4 shows
the χ̃0

1 constantly being the heaviest amongst the 4 shown particle masses,
meaning that in comparsion to figure 2.1, the χ̃0

1 does not determine the point
at which µ̃R becomes the LSP. The τ̃1 takes that role in this configuration
of parameters. Similarly to the previous figure (Fig. 2.3), both the gaugino
as well as the sfermion masses are affected by the increased value of m1/2.
Raising the sfermion masses also leads to a higher upper bound on λ132|GUT ,
thus increasing the width of the µ̃R-LSP region by quite a lot. Even though
this configuration offers the widest µ̃R, centering the studies around this
point is less favorable as the sparticles masses of the relevant decay channels
leading to the µ̃R are way too heavy to be found with the current state of
the LHC.
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Figure 2.5: Sparticle masses as a function of λ132|GUT with an increased value of
A0: A0 = −300GeV, m0 = 100GeV, m1/2 = 550GeV, tanβ = 4,
sgnµ = +, λ132|GUT = 0.045. No µ̃R-LSP region for any λ132|GUT
and maximal allowed value of λ132|GUT = 0.068

The dependence on A0 is not as straight forward as the previous two
parameters. As explained in section 1.3.1, A0 enters the equation for the µ̃R
through the trilinear scalar soft breaking coupling (hEk)ij. Thus the evolution
of the µ̃R-mass should be altered, when changing the value of A0. Note the
small width of the mass scale, which is the result of the minimal reduction
of the µ̃R-mass over the running of λ132|GUT. Large values of A0 may lead
to a root of the function for the µ̃R mass. However this is irelevant as the
lowest allowed values for sparticle masses have already been researched and
are listed in the publications of the particle data group [36]. For righthanded
sleptons they are around 90GeV to 110GeV. Once again there is no µ̃-LSP
for any value of λ132|GUT as the evolution of masses of the µ̃R and the χ̃0

1

intersect in the excluded region. Compared to figure 2.2 the reduction of A0

is of less importance than the increase of m0 regarding the µ̃-LSP.
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Figure 2.6: Sparticle masses as a function of λ132|GUT with an increased value
of tanβ: A0 = −1500GeV, m0 = 100GeV, m1/2 = 550GeV,
tanβ = 10, sgnµ = +, λ132|GUT = 0.045. No µ̃R-LSP region for
any λ132|GUT and maximal allowed value of λ132|GUT = 0.061

tan β does contribute to the τ̃1 mass, but not to the mass of the µ̃R. An
increased value for tan β results in an increased τ Yukawa coupling, which
leads to a higher negative contribution to the τ̃1 mass over the RGE running
[43, 44]. Higher tan β also lead to a larger mixing of the τ̃R and τ̃L. As one
can see in figure 2.6, tan β drops the τ̃1 mass to the LSP level. The µ̃R can
only become the LSP at high values of λ132|GUT, which are usually excluded
by the bound on the LNV coupling. Similarly to the previous figure, the µ̃R-
LSP region appears to be almost in reach for this set of parameters. However
as the ratio between the τ̃1 and the µ̃R mass is affected, it is not possible
for the µ̃R to be the LSP without any drastic variation of the remaining
parameters. Taking a look at the figure for the increased m1/2 (Fig. 2.4),
one can see that the upper bound of λ132|GUT can be extended towards 0.1.
As the maximal allowed value for m1/2 for research at the LHC is 1400GeV,
this means that tan β can be raised above 10 while still being within the
experimentally allowed bound for λ132|GUT. As the LHC cannot reach these
high values for m1/2 yet, our studies are more limited. The exact value for
our upper bound on tan β will be given in figure 2.9 later on.

As a preliminary conclusion, one can already see that only certain ratios
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between parameters are allowed, whereas too much deviation from those
ratios leads to a different sparticle as the LSP. To actually determine the
range in which the parameters still lead to the desired µ̃R-LSP, the parameter
space has to be scanned centering around a certain set of starting parameters.
In order to do that, two dimensional histograms will be used to show the µ̃R-
LSP regions, while all other parameters will be kept constant.
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Figure 2.7: Plot of m0 against m1/2 with the following constant parameters:
A0 = −1500GeV, tanβ = 4, sgnµ = +, λ132|GUT = 0.045.

To start off, m0 will be plotted against m1/2 to see in which area of
figure 1.3 this scan operates. Anything below roughly 400GeV for m1/2 does
not lead to a µ̃R-LSP with the given set of parameters and is therefore not
included in figure 2.7. On the other hand the upper limits for each parameter
are the ones from section 1.3.2. As expected one can see that the shown µ̃R-
LSP region is restricted to the “charged LSP” region of figure 1.3. The color
of each bin is dependent on the mass difference between the LSP and the
next to LSP (NLSP), where the blue shades represent low differences and
the red ones the high differences. The difference in the mass spectrum also
rises significantly with a higher m0, because this parameter functions like a
handle between gaugino and sfermion masses as shown in figure 2.2, whereas
for lower m0 for any value of m1/2 the difference remains below 20GeV. Note
that the transition from the µ̃R-LSP to the χ̃0

1-LSP does come hand in hand
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with an NLSP switch from the χ̃0
1 to the µ̃R. The region with this hierarchy

is very small though, due to the τ̃1 mass being only slightly larger than the
one of the µ̃R, which only allows a χ̃0

1-NLSP for a 10GeV range in m0. As a
conclusion for this figure one can see that for this set of parameters the ratio
of the values of m1/2 to m0 has to be higher than 4 to allow for an µ̃R-LSP.
For lower values of m0 (around 130GeV and less) the required ratio rises,
though not linearly.
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Figure 2.8: Plot of A0 against m1/2 with the following constant parameters:
m0 = 100GeV, tanβ = 4, sgnµ = +, λ132|GUT = 0.045. The pat-
terned region is excluded by LEP searches.

Another interesting plot is A0 against m1/2, as one of those parameters
determine the basic shape of the mass spectrum, whereas the other one can
shape the hierarchy in between the sparticle groups under the given circum-
stances. Figure 2.8 shows the border at which the trilinear coupling strength
A0 becomes high enough in regards to the m1/2 value, to allow for a µ̃R-LSP.
The shown region is once again limited by the fact that there is no µ̃R-LSP
for lower values of m1/2 or high values of A0. The color scheme is identical to
the previous figure (Fig. 2.7). Note however, that the mass differences are
very small overall. Their range extends only from 0GeV to 20GeV in com-
parison to the 0GeV to 180GeV scale of figure 2.7. The patterned region is
excluded by the LEP limit on the lightest Higgs mass, as explained in section
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1.3.2. However the limit has been reduced by 3GeV to account for numerical
uncertainties of SOFTSUSY 3.1.7 [45, 46, 47]. Here the switch of the LSPs
does coincide with switch of the NLSPs for the µ̃R to the lightest neutralino
χ̃0
1 as the NLSP as well, but not for the transition from the χ̃0

1 to τ̃1 for which
the additional dashed line has been added to show the transition. One can
see that, as mentioned in section 1.3.2, only large values of A0 in relation to
m1/2, lead to a µ̃R-LSP.
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Figure 2.9: Plot of m0 against tanβ with the following constant parameters:
A0 = −1500GeV, m1/2 = 550GeV, sgnµ = +, λ132|GUT = 0.045.
Values lower than 3.4 for tanβ have been excluded by LEP searches.

The parameters that work as a handle are shown in figure 2.9. Both
their bounds are dependent on the other parameters. Thus the range of both
parameters is quite limited. A tan β of around 5.6 and higher leads to τ̃1-LSP
as this parameter enters only the Yukawa coupling of the τ̃1 and not the one
of the µ̃R (see figure 2.6). The lower limit for tan β is given by the LEP
searches, which is why the plot starts at a value of 3.4 for tan β as anything
lower than this has been excluded. For m0 the χ̃0

1 is the candidate for the
LSP at higher values of m0. As explained beforehand (Fig. 2.7), the ratio
of m1/2 to m0 poses the upper limit for m0 to allow for the µ̃R-LSP, given a
constant m1/2. Note the NLSP switch from τ̃1 to χ̃0

1 marked by the dashed
line.
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One can see that the two dimensional histograms only allow for certain
hierarchies between the LSP candidates. For variation of m0 and m1/2 (Fig.
2.7), with the other parameters set according to table 2.1, the hierarchy
always alternates between the fairly rare

Mµ̃R < Mχ̃0
1
< Mτ̃1 (2.1)

and the more often established

Mχ̃0
1
< Mµ̃R < Mτ̃1 (2.2)

, as well as the following, most common scenario with the µ̃R as the LSP,
which is also the most often realized scenario for the histograms of A0 against
m1/2 (Fig. 2.7) and m0 against tan β (Fig. 2.9).

Mµ̃R < Mτ̃1 < Mχ̃0
1

(2.3)

Note how these 3 hierarchies are the only ones to be realized in all the
histograms. Another possible, but very seldom realized hierarchy is

Mµ̃R < Mτ̃1 < MẽR < Mχ̃0
1

(2.4)

, as this can only exist when the mass difference between the µ̃R and the
χ̃0
1 are fairly large. One possible configuration of parameters leading to this

scenario is given in table 2.2.

m0 in GeV m1/2 in GeV A0 in GeV tan β sgnµ

0 475 -1250 5 +

Table 2.2: Point in the B3 mSUGRA parameter space leading to the hierarchy of
equation 2.4, taken from H. K. Dreiner’s publication [21]

The effect of the universal gaugino and scalar masses mostly allowing the
configuration 2.3 and 2.2 is due to the nature of m0 being the handle be-
tween gaugino and sfermion masses and m1/2 basically influencing the entire
spectrum. Thus both parameters shift many sparticle masses in a common
direction, but only barely influence the hierarchy in between the sparticle
masses they shift. Therefore the µ̃R and τ̃1 masses have an almost constant
and only fairly small difference for the variation ofm0 andm1/2. Even though
the region with χ̃0

1 expands towards lower values for the histograms involving
A0 (Fig. 2.8) and tan β (Fig. 2.9), the limits on the parameters exclude
this configuration (Eq. 2.1) for the most part. These hierarchies of LSP,
NLSP and NNLSP have a significant impact on the signatures that could be
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discovered in colliders, which serves as the motivation for choosing a point
in the parameter space to analyze in the next section.

2.2 Basic analysis of a point in the parameter
space

As shown in the previous section, there are certain scenarios with different
hierarchies of sparticle masses. Those scenarios have been quantified using
the numeric calculations of SOFTSUSY 3.1.7. To give an impression of the
lightest sparticles in each scenario, a benchmark point has been chosen for
each individual case.

Benchmark scenario
Parameter LM6 BP1 BP2
m0 85 100 90
m1/2 400 500 475
A0 0 -1300 -1400
tan β 10 4 4
sgnµ + + +
λ132|GUT 0.0 0.045 0.045
Lightest sparticles
(mass/GeV)
LSP χ̃1

0 (161.6) µ̃R (203.0) µ̃R (187.6)
NLSP τ̃1 (170.7) χ̃1

0 (206.6) τ̃1 (194.3)
NNLSP µ̃R (178.18) τ̃1 (208.6) χ̃1

0 (195.9)
NNNLSP ẽR (178.19) ẽR (216.6) ẽR (204.1)

Table 2.3: Benchmark points (BP1 and BP2) in the B3 mSUGRA parameter
space in comparison to the LM6 of the CMS test points, with the
corresponding 4 lightest sparticle masses. Each benchmark point has
its characteristic hierarchy of the LSP to NNNLSP. All B3 mSUGRA
parameters are given at the GUT scale.

Table 2.3 shows the chosen benchmark points BP1 and BP2, as well
as a mSUGRA test point from the CMS workgroup [48]. One can see the
difference between the hierarchy and the masses of the lightest four sparticles.
While both BP1 and BP2 favor a µ̃R-LSP with either τ̃1 or the χ̃1

0 as the
NLSP, LM6 features a different hierarchy with χ̃1

0 as the LSP, followed by τ̃1
and µ̃R. Aside from the specific hierarchies, the motivation to chose these
points are the fairly low values of m0 and m1/2 so that early LHC research
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data can be analyzed for signatures similar to the ones presented here. In
particular the values of m0 have been reduced by 10GeV in comparison to
the value of the two dimensional scans (Fig. 2.8 & 2.9). Only looking at m0

and m1/2, one can see that the mass spectrum is very dependent on these
parameters. Minor differences lead to a ∼ 20GeV difference between LM6
and BP2 and also a ∼ 15GeV difference between BP2 and BP1. Shifting the
focus on A0, one can see how the slepton masses are strongly influenced by
the magnitude of the value of A0 in combination with λ132|GUT, being the
heavier particles in LM6 in comparison to the lightest particle in BP2 and
BP1. Note how the ẽR remains the NNNLSP in all scenarios as this specific
LNV coupling does not enter the ẽR’s mass evolution.

As BP2 has the most frequently seen configuration of sparticles, this is the
benchmark point of choice for further analysis. As a next step, the calculated
mass spectrum of SOFTSUSY 3.1.7 has been interfaced to ISAJET 7.64 to
calculate the branching fractions. Table 2.4 shows the lower mass spectrum
of all sparticles, as well as their decay channels and branching ratios. Taking
these ratios into consideration, one can see that one of the major decay
channels leads to a multi-lepton final state. It has this shape:

qq/gg → q̃q̃ → jjχ̃1
0χ̃

1
0 → jjµµµ̃Rµ̃R (2.5)

Here q̃ denotes a squark, whereas j is a jet and g a gluon. Starting with the
decay channel of equation 2.5, the LHC signature will have the µ̃R decaying
into

µ̃R →

{
e−ντ

τ−νe
(2.6)

and thus have the following form.

2j + 2µ+ 6ET +


2e−

e−τ−

2τ−
(2.7)

This final state can be studied after feeding the input file provided by
ISAJET 7.64 into HERWIG 6.510. Roughly 105 k events have been generated
at
√
s = 7TeV with CMS detector simulation to ensure sufficient statistics

[49]. The parton distribution function (PDF) has been set to CTEQ6L. Note
that the generated samples are only the signal itself without any specific
background. To work with the generated ROOT-tuples ACSUSY has been
employed.
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Mass [GeV] Channel BR Channel BR
µ̃−
R 187.6 τ−νe 50% e−ντ 50%
τ̃1 194.3 µ−ν̄e 100%
χ̃0
1 195.9 µ̃−

Rµ
+ 50% µ̃+

Rµ
− 50%

ẽR 204.1 χ̃0
1e

− 100%
ν̃τ 319.9 χ̃0

1ντ 70.1% W+τ̃−1 18%
e+µ− 11.9%

ν̃e 321.9 χ̃0
1νe 85.7% τ+µ− 14.3%

ν̃µ 326.9 χ̃0
1νµ 100%

τ̃2 330.3 χ̃0
1τ

− 68.9% Z0τ̃−1 9%
H0τ̃−1 10.8% µ−ν̄e 11.3%

ẽ−L 330.4 χ̃0
1e

− 85.1% µ−ν̄τ 14.9%
µ̃−
L 335.3 χ̃0

1µ
− 100%

χ̃0
2 373.8 χ̃0

1H
0 1.2% ẽ−Le

+ 7.1%
ẽ+Le

− 7.1% µ̃−
Lµ+ 5.6%

µ̃+
Lµ− 5.6% τ̃−1 τ

+ 1.7%
τ̃+1 τ

− 1.7% τ̃−2 τ
+ 7.0%

τ̃+2 τ
− 7.0% ν̃eν̄e 9.6%

ν̃∗eνe 9.6% ν̃µν̄µ 7.9%
ν̃∗µνµ 7.9% ν̃τ ν̄τ 10.3%
ν̃∗τ ντ 10.3%

χ̃−
1 373.9 χ̃0

1W
− 1.3% ν̃ee

− 19.7%
ν̃µµ

− 16.2% ν̃ττ
− 21.3%

ẽ−Lνe 13.8% µ̃−
Lνµ 10.9%

τ̃−1 ντ 3.3% τ̃−2 ντ 13.5%
t̃1 483.6 χ̃0

1t 69.3% χ̃+
1 b 30.7%

b̃2 836.6 χ̃0
2b 8.7% χ̃−

1 t 14.4%
W−t̃1 76.4%

t̃2 911.5 χ̃+
1 b 14.9% Z0t̃1 51.2%
H0t̃1 26.5% χ̃0

1t 1.2%
χ̃0
2t 6.5%

χ̃0
3 946.0 χ̃+

1 W
− 15.3% χ̃−

1 W
+ 15.3%

χ̃0
1Z

0 4.0% χ̃0
2Z

0 13.9%
t̃1t̄ 24.8% t̃∗1t 24.8%

χ̃−
2 952.5 χ̃0

1W
+ 3.5% χ̃0

2W
+ 14.0%

t̃1b̄ 54.1% χ̃−
1 Z

0 13.6%
χ̃−
1 H

0 12.9%
χ̃0
4 953.5 χ̃+

1 W
− 10.4% χ̃−

1 W
+ 10.4%

χ̃0
1H

0 2.6% χ̃0
2H

0 9.0%
t̃1t̄ 32.5% t̃∗1t 32.5%

b̃1 963.6 χ̃0
1b 69.6% χ̃+

1 t 15.4%
W−t̃1 24.7% H0b̃1 2.4%

ũR/c̃R 965.7 χ̃0
1u/c 100%

d̃R/s̃R 968.9 χ̃0
1d/s 100%

d̃L/s̃L 1005.2 χ̃0
1d/s 1.6% χ̃0

2d/s 32.8%
χ̃−
1 u/c 65.6%
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Mass [GeV] Channel BR Channel BR
ũL/c̃L 1007.7 χ̃0

1u/c 1.2% χ̃0
2u/c 33.0%

χ̃+
1 d/s 65.8%

g̃ 1093.3 ũ∗Lu 1.2% ũLū 1.2%
d̃∗Ld 1.1% d̃Ld̄ 1.1%
ũ∗Ru 2.3% ũRū 2.3%
d̃∗Rd 2.4% d̃Rd̄ 2.4%
s̃∗Ls 1.1% s̃Ls̄ 1.1%
s̃∗Rs 2.4% s̃Rs̄ 2.4%
c̃∗Lc 1.2% c̃Lc̄ 1.2%
c̃∗Rc 2.3% c̃Rc̄ 2.3%
b̃∗1b 8.5% b̃1b̄ 8.5%
b̃∗2b 2.5% b̃2b̄ 2.5%
t̃∗1t 22.2% t̃1t̄ 22.2%
t̃∗2t 2.8% t̃2t̄ 2.8%

Table 2.4: Lower mass spectrum relevant for µ̃R-LSP decay with the respective
branching ratios (BR) of BP2 (Tab. 2.3). The mass spectrum is given
by SOFTSUSY 3.1.7, whereas the branching ratios are provided by
ISAJET 7.64. Branching ratios lower than 1% have been neglected.

This software has been developed by our institute and elegantly enables the
user to loop over and analyze the aforementioned ROOT-tuples event by
event. It also has integrated ROOT support which will be used to provide
the particle attribute distributions in the form of histograms.

Object selection criteria The selection criteria differs for all objects in
the final state (Eq. 2.7). For muons the absolute value of the pseudorapidity
|η| has to be smaller than 2.1, as this is where the CMS detector efficiency
drops rapidly due to the limited space covered by the tracker. The muon
track isolation is not allowed to exceed 3GeV. The normalized χ2 value of
the tracker has to be lower than 10 and the absolut value of the impact
paramter |d0| for the inner track has to be lower than 0.2. The minimal
amount of hits has been set to 11 while the valid pixel and muon chamber
hits have to be at least equal to 1 and the number of matched chambers needs
to be 2 or larger. The muon is also required to be a global muon. As we
have a fairly low mass difference between the χ̃0

1 and the µ̃R the transversal
momentum only has to be larger than pT > 10GeV.

For electrons the selection criteria have been taken from the CERN Twiki
page [50]. The values of the WP90 cuts have been chosen for a 90% efficiency.
The selection has also been split into barrel and endcaps using the |η| values
and been handled separately. The first section of the table for the WP90
cuts concerning the electron-positron pair production, titled “Conversion Re-
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jection”, has been skipped because they are too hard. As an additional
requirement for selection the ET has to be larger than 10GeV. Note that the
ET has been chosen for electrons because of the more precise measurement
in the electromagnetic calorimeter in comparison to the pT measurement in
the tracker. Because tau leptons have not been implemented in the software
version that is being used, they are being neglected. This of course disfavors
the analysis of the third scenario in the final state (Eq. 2.7).

For the jet selection the particle flow algorithm has been chosen. Here
an absolute value of |η| < 2.4 in combination with a minimum transversal
momentum of 30GeV are the criteria for their selection. There also have to
be at least more than a single constituent in each jet. For the comparsion
of the shapes of the distributions the generated pT of the u, d, s, c and t
quarks has been extracted as well. Here the requiments for selection have
been pT > 30GeV for both the u, d, s and c quarks as well as the t quark to
match the jet pT criteria.

Characterization of the final state As the final state (Eq. 2.7) is being
characterized by its components and their distributions, they will be studied
after extracting them using the object selection criteria. The process has a
cross section of σ = 0.1056pb with a total number of events of N = 104911.
Using those values all distributions have been normalized to an integrated
luminosity of

∫
L dt = 10 fb−1. As shown in figure 2.10a, the muons tend to

be very soft. This is the case because most of them stem from the decay
of the χ̃0

1 → µ̃Rµ, with only a relatively small mass difference between both
supersymmetric particles. One may reach a point where the standard cuts
for the muon pT at CMS research might prevent finding these signatures.
Comparing the generated and detected muon pT , one can see that the shape
of the distribution is almost identical, meaning that the chosen selection
criteria fits the scenario quite well. The amount of the generated muons
peaks around 6GeV, but is still fairly close the number of selected muons at
the cut off value of pT > 10GeV. For the selected electron ET the shape of the
distribution is also similar to the one of the generated electrons upwards of
50GeV. Below that threshold the amount of selected electrons drops quickly
while the generated ones rise to an significantly higher amount, especially
below 10GeV. This difference is due to the isolation requirements of the
WP90 selection criteria, as they cut out a lot of the pair production and
electrons from jets. Most of the selected electons are significantly harder
than the muons due to the decay channel µ̃R → e−ντ allowing for a larger
amount of energy being available to the electrons. Amongst all the soft
muons, the hardest muons (Fig. 2.11a & 2.11b), the ones that are most
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likely to stem from the supersymmetric decay, show a similar distribution
with a tendency towards energies below 30GeV.

The hardest jets on the other hand, have quite large values of pT with
noticeable differences between the hardest (Fig. 2.12a) and second hardest
jet (Fig. 2.12b). While the pT of the hardest jet peaks around 130GeV and
440GeV, the pT of the second hardest jet only peaks around 110GeV with a
spread out bump in the region between 220GeV to 440GeV. The additional
distributions show the pT of t as well as u, d, s and c quarks, that only stem
from a squark decay. These distributions are the main source for the peaks
in the jet pT spectrum. The peak around the 130GeV region stems mostly
from the t̃1 → χ̃0

1t decay and the peak in the 440GeV region is mostly the
result of the decay of the first and second generation squarks into the ˜chi

0

1

and the respective quark of the same generation. Note however that these
pT distributions of the quarks are only shown for comparison and are not the
only constituents of the jets. This can be seen in figure 2.12a, where the tail
of the first and second generation quarks’ distribution drops below the jet pT
distribution.

The selected number of electrons and muons added up (Fig. 2.13b and
the number of muons separately (Fig. 2.13a) both resemble their generated
counterparts. The distributions are of course shifted towards the left as some
leptons are rejected by the object selection and therefore less particles remain
overall. The peak for the selected muons is at 1, while the peak of all selected
leptons (µ,e) is at 2. Since the width of the peaks is quite high, the necessary
amount of 2 muons and the necessary amount of 3 leptons still have similar
amounts of counted events as they are very close to the peak. The minimal
amount of 2 muons and 3 leptons (µ,e) stems from the composition of the
final state (Eq. 2.7), where the 3 leptons (µ,e) are the result of taking the
average of the 3 equiprobable decay channels and adding the 2 muons. τ
leptons are not included. Demanding an overall amount of 3 leptons (µ,e)
for each event leads to an efficiency of 45373/104911 ≈ 43%.

Applying this requirement of at least 3 leptons (µ,e) onto the number of
jets (Fig. 2.14a) and the 6ET distribution (Fig 2.14b) shows the efficency.
One can see a significant drop in the amount of events for each bin, though
the shape of the distribution has been retained. Contrary to the number of
leptons (µ,e), the peak of the jet distribution is at 3 while we only need at
least 2 jets for the final state (Eq. 2.7). The quite large amount of missing
transversal energy is due to the neutrino production at the decay of the µ̃R.
For R-parity conserving cases the lightest neutralino χ̃0

1 usually is a stable
particle and will escape detection due its electric charge being equal to 0. It
is heavier than neutralinos and the 6ET distribution would therefore have a
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higher peak at lower energies, but would drop faster towards higher energies.
Neutrinos provide a distribution with a lower peak, but a smoother tail as
shown by figure 2.14b.
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Figure 2.10: Generated and selected muon pT (Fig. 2.10a) and electron ET (Fig.
2.10b) distributions in the B3 mSUGRA benchmark model BP2
(Tab. 2.3). The distributions are normalized to an integrated lumi-
nosity of

∫
L dt = 10 fb−1.
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Figure 2.11: pT distributions of the first (Fig. 2.11a) and second hardest muon
(Fig. 2.11b) of each event in the B3 mSUGRA benchmark model
BP2 (Tab. 2.3). The distributions are normalized to an integrated
luminosity of

∫
L dt = 10 fb−1.
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Figure 2.12: pT distributions of the hardest jet (Fig. 2.12a), second hardest jet
(Fig. 2.12b) and quarks that stem from first and second generation
squark and t̃1 decays, respectively, of each event in the B3 mSUGRA
benchmark model BP2 (Tab. 2.3). The distributions are normalized
to an integrated luminosity of

∫
L dt = 10 fb−1.
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Figure 2.13: Distributions of the number of generated and selected muons (Fig.
2.14a) and leptons (Fig. 2.13b) in the B3 mSUGRA benchmark
model BP2 (Tab. 2.3). The distributions are normalized to an
integrated luminosity of

∫
L dt = 10 fb−1.
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Figure 2.14: Number of jets and 6ET distributions with and without a minimum
of 3 leptons (µ,e) in the B3 mSUGRA benchmark model BP2 (Tab.
2.3). The distributions are normalized to an integrated luminosity
of
∫
L dt = 10 fb−1.



38 CHAPTER 2. ANALYSIS

2.3 Conclusion

As a conclusion one can see that the B3 mSUGRA parameter space with the
µ̃R-LSP is very limited, but judging from the cross section σ = 0.1056pb, is
still worth looking for.

For searching the µ̃R-LSP at the LHC, the universal gaugino mass m1/2

can range between 400GeV and 1400GeV. These bounds allow the universal
scalar mass m0 to be in between 0GeV and 600GeV. The ratio of m1/2 to
m0 has to be approximately greater than 4 for values of m1/2 higher than
130GeV. Below that the ratio rises, but not linearly. The universal trilinear
scalar coupling strength A0 should be negative to allow for lower masses of
the µ̃R and needs to be of high magnitude to allow for lowm1/2. The tangents
of the ratio of the two Higgs vacuum expectation values tan β is limited to
a range of 3.4 to around 5.6. The upper bound can vary depending on the
other parameters, but anything above 10 can be excluded for the current
state of the LHC. Towards the maximum capacity of the LHC, meaning for
high m1/2, the upper bound of tan β can rise towards 20. The sign of the
bilinear Higgs mixing parameter needs to be positive, otherwise it limits the
range of tan β even further.

It has been shown that the mass hierarchy

Mµ̃R < Mτ̃1 < Mχ̃0
1

is the most dominant one with the µ̃R-LSP. Analyzing a specific point in the
parameter space featuring this hierarchy has shown that one of the major
decay channels is

qq/gg → q̃q̃ → jjχ̃1
0χ̃

1
0 → jjµµµ̃Rµ̃R

which leads to a final state with the following composition.

2j + 2µ+ 6ET +


2e−

e−τ−

2τ−

Event generation has given insight into various distributions of the final
state components of the simulated signal. One has seen that the transversal
momentum of the muons tends to be low, while the electrons have a higher
pT spectrum due to the mass differences of the respective decay channel’s
particles. The hardest muons’ had a similar pT distribution to the one of
all selected muons. The shape of the hardest jet transversal momentum
distributions have shown information that the first and second generation
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squark as well as the t̃1 decay channel lead to characteristic peaks. The
number of leptons (µ,e) and muons illustrated the efficiency of 43% for the
minimal amount of 3 leptons. This requirement has then been tested on the
6ET distribution and the number of jets. Aside from less selected entries
overall, no significant change in shape has been noted. These distributions
should be kept in mind when scanning data for similar points in the B3

mSUGRA parameter space.
Further studies on the used benchmark point with standard model back-

ground should be the next step. They are required to estimate the effect on
the distributions and whether the selection criteria is still sufficient to isolate
the supersymmetric processes.
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