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Abstract
We investigate the feasibility of discovering supersymmetry at the Large Hadron
Collider (LHC) from the pair production of the second lightest neutralinos or
the lightest charginos, where each decays to jet pairs, via a W or Z boson, and
to the lightest neutralino. The study is performed within the framework of the
Constrained Minimal Supersymmetric Standard Model, at a parameter point
with high sfermion masses. Data samples at an integrated luminosity of 4.73 fb−1

are obtained with Monte Carlo simulated proton–proton collisions at a center of
mass energy of 7 TeV. The kinematic variable stransverse mass, MT2, is used to
try to separate the signal from the Standard Model background. This variable
is an extension of transverse mass for events resulting in two invisible particles.
The Bi-Event Subtraction Technique is used to separate the true W and Z bosons
from combinatoric background. We find a tiny excess of fractional events for large
values of MT2, in a region completely free of any background. The excess is too
small to be detectable at the LHC at a luminosity of 4.73 fb−1. We also find that
The Bi-Event Subtraction Technique slightly diminishes the potential of MT2 to
separate signal from background.
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Introduction

The Standard Model (SM) is one of the most successful theories of physics to
date. It classifies all the known subatomic particles and explains how they in-
teract through the electromagnetic, weak and strong nuclear forces. The SM
has succesfully explained almost all experimental results and precisely predicted
a wide variety of phenomena. It is, however, an incomplete theory. There are
several fundamental physical phenomena the SM can not explain. For example
it does not include gravity, and is incompatible with Einstein’s theory of general
relativity which is the most succesful theory of gravity to date. Another core
problem in the SM is that the square of the Higgs mass gets very large quantum
corrections from every particle that couples to the Higgs field. This would be
expected to make the mass of the Higgs huge, unless there is an incredible fine
tuning that cancels these quantum corrections. This is known as the hierarchy
problem. Also, the SM only describes 5% of the energy in the universe, the part
that is visible matter. According to cosmological observation, dark matter and
dark energy make up about 95% of the total energy content.

These are only a few examples of some of the deficiencies of the Standard
Model. Several theories describing new physics beyond the SM have been created
in attempt to explain these SM deficiencies, one of the most popular being super-
symmetry (SUSY). SUSY introduces a (global) symmetry between fermionic and
bosonic fields. This leads to a whole new set of particles, superpartners of the
known SM particles, that differ from the SM particles only by spin one half. Since
no supersymmetric particles have been discovered yet, this must mean that if su-
persymmetry exists it has to be a broken symmetry, making the superpartners
much heavier than their SM partners.

In SUSY models the concept of R-parity is often introduced to deal with
problems such as proton decay, which is made possible by the supersymmet-
ric Lagrangian. All SM particles then have even R-parity and SUSY particles
have odd R-parity. This means that if R-parity is conserved, all supersymmet-
ric particles are produced in pairs, and they cascade decay down to the lightest
supersymmetric particle (LSP) which is then stable.

When SUSY is imposed as a local symmetry, gravity can be included through
the corresponding gauge field and the result is called a theory of supergravity.
The model which will be considered in this master thesis, called minimal su-
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2 Introduction

pergravity (mSUGRA) or the Constrained Minimal Supersymmetric Standard
Model (CMSSM), is based upon the assumption of supergravity as a mechanism
for breaking SUSY at a high scale, however, no particles from the gravity sector
are relevant at our energy scales. Supersymmetry will be introduced in chapter 2,
with the CMSSM briefly summarized at the end of that chapter.

One of the primary goals of the Large Hadron Collider (LHC) at CERN is
to search for new physics beyond the SM. If SUSY exists close to the TeV scale,
it should be possible to detect traces of SUSY particles at the LHC. Nothing
has been discovered yet, which puts a significant constraint on the most popular
SUSY models. However, the full parameter space has a very diverse set of signa-
tures and can not be ruled out definitively by the LHC. If SUSY still exists close
to the TeV scale, it might be necessary to look for more clever search strategies
in order to make a discovery.

In this master thesis we are going to study the pair production of charginos
and neutralinos, a type of supersymmetric fermions, in Monte Carlo simulated
proton–proton collisions. We will restrict the discussion to hadronic final states.
The kinematic variable stransverse mass, MT2, will be used to try to separate
the SUSY signal from the SM background. This variable is well suited for SUSY
with R-parity conservation because the SUSY particles are pair produced, they
always decay to the LSP, which is invisible to the detector, and because they
are much heavier than SM particles. MT2 was originally introduced to derive
the masses of pair produced particles whose decay lead to missing energy in a
detector. The MT2 distribution reflects the masses of the produced particles,
which are much lighter for SM background processes than for SUSY processes.
The hope is therefore to find an excess in the tail of the distribution of MT2.
The Bi-Event Subtraction Technique (BEST) is used to model and subtract the
combinatoric background. This background arises when one tries to reconstruct
a decay chain, and decay products from other parts of the event are accidentally
included. Stransverse mass and BEST will be introduced in chapter 3, along with
other methods and algorithms we have used in the analysis. The analysis itself
is presented in chapter 4 along with the results, before we make our conclusions.
But first we will start off in chapter 1 by giving a brief description of the basics
of the Standard Model.



Chapter 1

The Standard Model

The construction of the Standard Model is based on principles of symmetry
and symmetry breaking. The Standard Model is described in quantum field
theory in terms of the Lagriangian density L, which is a function of fields and
their derivatives. The different fields represent the different kinds of particles.
The Lagrangian density is often called simply the Lagrangian, which is what it
will be called for the rest of this thesis. In quantum field theory, a symmetry
transformation is a transformation which leaves the equations of motion for the
fields of the theory invariant. This is guaranteed if the action

S =

∫
d4xL (1.1)

is left invariant under the transformation. If the Lagrangian is invariant, or if it
changes by a total derivative L → L′ = L+ ∂µΛµ, where Λµ goes to zero on the
integration boundary, the action remains invariant.

There is a deep connection between symmetries and conserved physical quan-
tities which was proven by Emmy Noether in 1915, and published in 1918 [1].
Noether’s theorem states that: every differentiable symmetry of the action of a
physical system has a corresponding conservation law. For example in special
relativity, the symmetries under translations in space and time correspond to
conservation of energy and momentum.

The aim of this chapter is to give a brief description of the Standard Model
through its Lagrangian. For a more thorough review of quantum field theory see
for example [2].

1.1 Particles in the Standard Model

The particles in the Standard Model, shown in fig. 1.1, are divided into two main
groups, fermions, with corresponding antifermions, and bosons. The SM fermions
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4 The Standard Model Chapter 1

Figure 1.1: The particles of the Standard Model. There are three of each
quark flavour, one for each colour, eight different colour combinations of gluons
and two W-bosons which are antiparticles of each other. The fermions also
have antifermions which are not represented here.

all have spin-1/2,1 and can be divided into quarks and leptons. There are six
types of quarks, known as flavours, which are grouped together in three genera-
tions: up–down, charm–strange and top–bottom. The quarks carry colour charge
(an intrinsic property of some elementary particles). There are three different
colours, so for each quark flavour there are three distinct particles. They also
carry electric charge. The up-type quarks (up, charm, top) have electric charge
+2/3 of the fundamental electric charge e, and the down-type quarks (down,
strange, bottom) have charge −1/3e. Quarks can only exist in “colourless” com-
binations collectively known as hadrons, meaning either in a combination of all
three colours, called baryons, or in a combination of colour–anticolour, called
mesons.

There are also six lepton flavours in three generations: electron–electron neu-
trino, muon–muon neutrino and tau–tau neutrino. The electron, muon and tau
have charge −e, while the neutrinos are neutral.

In addition to the fermions there are three types of vector gauge bosons, with
spin-1, that mediate the three fundamental interactions in the Standard Model.
Eight gluons mediate the strong interaction. They carry colour charge and only
couple to other particles with colour charge, namely themselves and quarks. The

1Spin is an intrinsic property of all elementary particles and a result of the symmetry of
special relativity.
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gluons are massless, electrically neutral, and they are their own antiparticles.
The W± and Z are massive gauge bosons that mediate the weak interaction.

The W± are two particles with opposite electric charge, ±e, that are antiparticles
of each other, whereas the Z is electrically neutral and is its own antiparticle.
The weak interaction couples to all the known fermions and is the only interaction
that can change particle flavour. One little understood peculiarity of the SM is
that the weak interaction only couples to a projection of the fermion fields, called
the left-handed fermions.

The photon mediates the electromagnetic interaction. Like the gluons it is
massless and it is its own antiparticle. It couples to all fermions with electric
charge, namely all except the neutrinos.

The only scalar boson, with spin-0, in the Standard Model, is the Higgs
boson. It gives mass to the other particles through the Higgs mechanism which
is described in section 1.3.

1.2 Gauge invariance

To construct the Standard Model, we start with a Lagrangian containing the
fields of all the particles described in the previous section, and then impose
gauge invariance. The term gauge refers to redundant degrees of freedom in the
Lagrangian, meaning they do not have any physical observables. We can therefore
require that the Lagrangian has to remain unchanged when transforming between
different values of the gauge degrees of freedom. These transformations between
possible gauges form gauge groups, which for the Standard Model is the group
U(1)Y × SU(2)L × SU(3)C .

1.2.1 Abelian gauge groups

We will start by looking at an Abelian group, meaning the elements of the group
commute with each other, which will reproduce the theory of quantum electro-
dynamics. The conserved quantity for this symmetry is electric charge and the
underlying symmetry group is U(1)em. We start with a Lagrangian density for
spin-1

2
fermions which are described by Dirac spinor fields ψ. The basic Dirac

Lagrangian for such a (free) field is

LD = ψ̄(iγµ∂µ −m)ψ, (1.2)

where γµ are the Dirac gamma matrices, m is the mass of the spinor field, and
ψ̄ = ψ†γ0. The first term is a kinetic term and the second is a mass term.

We then require local gauge invariance. The local phase transformation of
the U(1)em group can be written

ψ(x)→ eiα(x)ψ(x), (1.3)
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where α(x) is an arbitrary real differentiable function which depends on space-
time, making it a local transformation.

For the Lagrangian to be invariant under this transformation, we replace the
derivative ∂µ with the covariant derivative

Dµ = ∂µ − iqAµ, (1.4)

where q is the charge of the field, and we have introduced a new vector field,
Aµ, called a gauge field, which describes a massless spin-1 boson. Inserting the
covariant derivative introduces interactions between the fermions and the gauge
bosons. For Dµ to be gauge invariant, Aµ has to transform as

Aµ → Aµ +
1

q
∂µα(x). (1.5)

With the new field introduced we can now add a kinetic energy term to the
Lagrangian that leaves the Lagrangian gauge invariant. The term, called the field
strength, is given by

− 1

4
F µνFµν , (1.6)

where the field strength tensor Fµν is defined as

Fµν = ∂µAν − ∂νAµ. (1.7)

This gives the total Lagrangian for quantum electrodynamics (QED):

LQED = ψ̄(iγµDµ −m)ψ − 1

4
F µνFµν , (1.8)

which describes the interactions of a charged particle, e.g. an electron, described
by the spinor field ψ, and photons, described by the gauge field Aµ.

1.2.2 Non-Abelian gauge groups

We will now generalize this to non-Abelian gauge symmetries. Conserved quan-
tities in the Standard Model are colour charge, which is the charge related to
the strong interaction and the symmetry group SU(3)C , weak isospin, which is
related to the weak interaction and the symmetry group SU(2)L, and weak hy-
percharge, which relates electric charge with weak isospin, with the symmetry
group U(1)Y .

The gauge transformation for a SU(n) group can be written

ψ(x)→ eigα
a(x)Taψ(x), (1.9)

where g is the charge of the field (also called the coupling constant), αa(x) are
the transformation parameters, and T a are the generators of the SU(n) group,
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which do not commute. For SU(2)L the index a runs from 1 to 3, while for
SU(3)C it runs from 1 to 8, since the respective number of generators are 3 and
8. The covariant derivative now becomes

Dµ = ∂µ − igAaµT a, (1.10)

where the Aaµ are the new vector gauge fields.
The kinetic term for Aaµ is similar to the Abelian case, but since the generators

do not commute, the field strength F a
µν needs an additional term to uphold the

gauge invariance and is now given by

F a
µν = ∂µA

a
ν − ∂νAaµ + gfabcAbµA

c
ν , (1.11)

where fabc are the structure coefficients of the gauge group SU(n) given by

[T a, T b] = ifabcTc. (1.12)

The last term in (1.11) gives rise to self-interactions between the gauge bosons.
For the SM gauge group the complete covariant derivative is given by

Dµ = ∂µ − igs
λa

2
Ca
µ − ig

σa

2
W a
µ − i

1

2
g′Bµ, (1.13)

where Ca
µ, W a

µ and Bµ are, respectively, the SU(3)C , SU(2)L and U(1)Y gauge
fields, gs, g and g′ are their respective coupling constants, and λa and σa are the
Gell-Mann and Pauli matrices, which serve as the generators for the SU(3)C and
SU(2)L gauge groups.

1.3 Spontaneous Symmetry Breaking

We now have a theory with the particle content and interactions of the SM, how-
ever, with massless gauge bosons. Including explicit mass terms for the gauge
bosons in the Lagrangian, which are of the form m2AµA

µ, breaks gauge invari-
ance. The masses therefore need to be generated in a different way. We introduce
a complex scalar field SU(2)L doublet Φ = (φa, φb)

T . The Lagrangian for this
field becomes:

LΦ = |DµΦ|2 − V (Φ) = |DµΦ|2 − µ2|Φ|2 − λ|Φ|4, (1.14)

where µ2, λ ∈ R. The potential V (Φ) needs to be bounded from below, so λ has to
be positive. For µ2 > 0 the potential has a minimum at zero, but for µ2 < 0 the
minimum of the potential is non-zero and degenerate. This is shown in fig. 1.2
for the simplified example of a single real scalar field φ.

As the energy decreases the scalar field Φ is forced to choose a point on a circle
of lowest energy states. This is known as spontaneous symmetry breaking, the
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Figure 1.2: The potential V (φ) = µ2φ2+λφ4 for positive and negative values
of µ2.

symmetry is unbroken in the Lagrangian, but broken for the vacuum state. The
field obtains a vacuum expectation value (vev), since the lowest energy state, the
vacuum, has a non-zero field value. This minimum is given by |Φ0|2 = −µ2/2λ.

We can use SU(2)L rotations to bring the vev to the form

Φ0 =
1√
2

(
0
v

)
, (1.15)

where v =
√
−µ2/λ. The Lagrangian (1.14) can then be expanded around this

minimum to find gauge boson mass terms. The mass terms appear in the |DµΦ|2
term and are given by:

LΦ ⊃
v2

8
[g2(W 1

µ)2 + g2(W 2
µ)2 + (gW 3

µ − g′Bµ)2]. (1.16)

The mass eigenstates are linear combinations of the SU(2)L and U(1)Y gauge
fields, and are defined as follows:

W±
µ =

1√
2

(W 1
µ ∓ iW 2

µ), Z0
µ =

gW 3
µ − g′Bµ√
g2 + g′2

, Aµ =
g′W 3

µ + gBµ√
g2 + g′2

. (1.17)

This gives three vector bosons, W± and Z0, with mass

mW =
1

2
gv and mZ =

1

2

√
g2 + g′2v, (1.18)

and one massless vector boson, the photon. That the photon does not aquire
a mass through the Higgs mechanism means that there is a remaining U(1)em
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symmetry after spontaneous symmetry breaking, and electric charge is still con-
served.

The Higgs field also generates masses for the fermions. A fermion mass term
has the form mψ̄ψ = m(ψ̄LψR + ψ̄RψL), and couples a left-handed fermion,
which is a doublet under SU(2), to a right-handed fermion, which is a singlet
under SU(2). This leads to a Lagrangian that is an SU(2) doublet, which is
not gauge invariant and therefore unacceptable. The Higgs field can couple a
left-handed doublet to a right-handed singlet in a gauge invariant way with a
Yukawa interaction. For example, for a down-type fermion in the vacuum state
this leads to mass terms:

LY = −yψ̄Lφ0ψdR = −y(ψ̄u, ψ̄d)L

(
0
v

)
ψdR = −yvψ̄dLψdR, (1.19)

where y is the Yukawa coupling, which is different for fermions with different
masses, and u and d denotes the up- and down-type fermions. The constant in
the term on the right hand side is identified with the fermion mass for down-type
fermions. The mass term for up-type quarks is given by the charge conjugate
field φ̃ = iσ2φ∗.

1.4 Feynman rules

Physical quantities, such as cross sections and decay widths, are calculated in
terms of interaction amplitudes from the Lagrangian using perturbation theory.
The quantities are expanded in power series of the involved coupling constants, as
an infinite sum with terms of increasing complexity and decreasing importance.
American physicist Richard Feynman came up with a way of representing these
expansions graphically in Feynman diagrams. These diagrams describe particle
interactions and are associated with Feynman rules. For any process one draws
all possible Feynman diagrams for the given initial and final state, and order of
expansion. One can then use the Feynman rules to find the amplitude for each
diagram. The total amplitude for a process to a given order is the sum of all the
amplitudes of the Feynman diagrams for this process. The physical quantities
are then found by integrating the absolute square of the amplitude over all spin
and momentum configurations of the system.

Figure 1.3 shows Feynman diagrams for some of the contributions to the per-
turbative expansion of electron–positron scattering in QED. Figure 1.3(a) shows
the two leading-order contributions, and fig. 1.3(b) shows one of the next-to-
leading order contributions. The subleading contributions contain closed loops.
The momentum inside these loops is undetermined so we have to integrate over
all possible momenta. This leads to diverging integrals that need to be delt with
using renormalization.
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(a) Leading order diagrams.

(b) Next-to-leading order diagram.

Figure 1.3: Feynman diagrams for an electron, e−, and a positron, e+,
scattering off one another. The process is mediated by a photon, γ, in QED.

1.5 Renormalization

The first step to renormalization is to find a way to parametrize the diverging
integrals. This is called regularization. Then comes the actual renormalization,
which is finding a way to get rid of terms that blow up, and identifying the
physical quantities.

1.5.1 Regularization

There are different ways of doing regularization. One of them is the cut-off pro-
cedure which limits the momentum integrals to a momentum cut-off, Λ, instead
of integrating all the way to infinity,∫ ∞

0

d4k →
∫ Λ

0

d4k. (1.20)

This is based on the thought that it is unlikely that the theory of the Standard
Model remains unchanged up to infinite energies. For high energies new physics
is expected to come into play. The theory is therefore assumed to be valid only
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up to some energy scale Λ. This method is rarely used in practice, however, as it
usually violates an important symmetry of the theory such as gauge invariance.

Dimensional regularization is another, more commonly used, but less intuitive
method. It introduces a small parameter ε, and substitutes the four spacetime
dimensions with d = 4− ε dimensions in the momentum integral,∫ ∞

0

d4k →
∫ ∞

0

ddk. (1.21)

This is mathematically well defined, and the physical limit is found when ε goes
to zero.

1.5.2 Renormalization

After regularization we have to renormalize the theory to find the physical quanti-
ties. For example after dimensional regularization of the loop integral in fig. 1.3(b),
we end up with terms proportional to 1/ε which goes to infinity in the limit ε→ 0.
The goal is to absorb these infinities into unobservable parameters of the the-
ory. The terms in the Lagrangian are therefore split into two pieces, terms with
physical parameters and counterterms that have absorbed the infinite but un-
observable shifts between the so-called bare parameters in the Lagrangian and
the physical parameters. Therefore, the bare parameters appearing in the La-
grangian do not correspond to the physical constants that we measure. What is
measured is the renormalized quantity, the bare parameters plus the infinite shift
that cancels the divergences.

For a theory to be renormalizable, there has to be terms in the Lagrangian of
similar form as the divergent terms. Otherwise the infinities cannot be absorbed
by counterterms in the Lagrangian. For example when trying to incorporate
general relativity into the Standard Model as a gauge theory, we end up with a
non-renormalizable theory. This is why gravity is not included in the Standard
Model.





Chapter 2

Supersymmetry

The Standard Model is a very succesful theory in describing the particles that we
observe, and three of the fundamental interactions between them. Despite the
agreement with experimental results, it does have some theoretical problems and
does not describe everything. As mentioned in the previous chapter, the fourth
fundamental interaction, gravity, is not included. There is also a number of other
motivations for extending the theory.

The coupling constants in the Standard Model are all renormalized, and be-
cause the loop corrections depend on the energy of the process, the coupling
constants are energy dependent. This is known as the running of the coupling
constants. The evolution of the three coupling constants is shown in fig. 2.1, both
for the Standard Model and for a supersymmetric model. It is widely believed
that the Standard Model is an effective low-energy model of a more fundamental
high-energy theory. In a Grand Unified Theory (GUT) the three interactions in
the Standard Model unite at a higher energy and act as a single interaction un-
der a larger gauge group. In the Standard Model, however, the three interactions
never meet in a single point. In supersymmetry the couplings evolve differently,
making a Grand Unified Theory possible.

As mentioned in the introduction, most of the energy content of the uni-
verse is of an unknown form. Cosmological observations show strong evidence
for approximately four times as much matter as what we observe directly. This
unknown type of matter is called dark matter, and it is believed to consist of
an undiscovered elementary particle. Because dark matter interacts so weakly
with ordinary matter, mainly through gravity, the dark matter particle has to
be electrically neutral and colourless. Both the electromagnetic and strong in-
teractions are too strong for a particle that is charged under these interactions
to still remain undetected. The particle also has to be stable, or very long-lived,
to explain the large amount of it. The only potential candidate in the Standard
Model for such a particle would be the neutrino, but the neutrino is too light to
be part of a dark matter model that fits with the dynamics of the early universe.
The lightest supersymmetric particle in the most popular SUSY models is elec-

13
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Figure 2.1: Illustration of the evolution of the inverse gauge couplings, α−1 =
4π/g2, in the Standard Model, shown with green lines, and for supersymmetric
models, shown with purple lines.

trically neutral, colourless, stable and massive enough to make a good candidate
for dark matter.

Another important issue with the Standard Model which was mentioned in
the introduction, is the hierarchy problem, the incredible fine tuning of the Higgs
mass for which there is no explanation in the Standard Model. In supersymmetric
models, the quantum corrections from SUSY particles will largely cancel the
ones from the SM particles, making the observed Higgs mass less fine tuned,
and therefore solving the hierarchy problem. This is only the case if the SUSY
particles are below or close to 1 TeV, however. If they are much heavier, they will
introduce a new hierarchy problem. This is the main motivation for discovering
supersymmetry at the TeV scale. The hierarchy problem will be explained in
more detail in section 2.5.

In this chapter we will first give a short introduction on how to construct
a supersymmetric theory, and then we will describe the supersymmetric model
which will be used in the analysis in the coming chapters. For a more thorough
review of supersymmetry, see for example [3].
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2.1 What is supersymmetry

Supersymmetry is an extension of the Standard Model which introduces a sym-
metry between fermions and bosons, so that a supersymmetric transformation,
Q, gives

Q |boson〉 = |fermion〉 and Q |fermion〉 = |boson〉 . (2.1)

This means that for every particle in the Standard Model there has to be a super-
partner with equal mass and quantum numbers, which only differs by spin-1/2.
None of the particles in the Standard Model can be superpartners of each other,
so a whole new set of particles has to be introduced. Since no such supersym-
metric particle (sparticle) with the same mass as its Standard Model partner has
been observed, supersymmetry has to be a spontaneously broken symmetry. This
breaking provides masses to the sparticles, making them much heavier than their
Standard Model partners.

Superpartners of fermions are named after their Standard Model partners,
but with an “s” at the beginning of the name, giving names such as squarks and
sleptons. The “s” stands for scalar since the sfermions all have spin-0. Superpart-
ners of bosons are also named after their Standard Model partners, but are given
“ino” at the end of their name, for example wino and higgsino. The sparticles are
given the same symbol as their Standard Model partners but with a tilde on top,
so for example a selectron is denoted ẽ. An exception is the neutralino–chargino
sector where the mass eigenstates are a mixture of several fermion fields. This
will be explained in more detail in section 2.8.1.

2.2 Superfields

Normal field theory fields in the Standard Model are replaced by superfields
in supersymmetry, which are the objects that transform under supersymmetry
transformations. While ordinary fields are fields in Minkowski space, superfields
are fields in superspace, a manifold spanned by zπ = (xµ, θA, θ̄Ȧ), where xµ are

the ordinary Minkowski coordinates, and θA and θ̄Ȧ are four anti-commuting
Grassman numbers.

A superfield, Φ, can be expanded in a power series in θ and θ̄ with components
that are functions of xµ. Because the Grassman numbers anti-commute, and
because there are two independent components of θA and of θ̄Ȧ, any term with
more than two θ’s or θ̄’s vanish. A general superfield can therefore be written

Φ(x, θ, θ̄) =f(x) + θAφA(x) + θ̄Ȧχ̄
Ȧ(x) + θθm(x) + θ̄θ̄n(x)

+ θσµθ̄Vµ(x) + θθθ̄Ȧλ̄
Ȧ(x) + θ̄θ̄θAψA(x) + θθθ̄θ̄d(x),

(2.2)

where σµ = (I, σi), with I being the 2× 2 identity matrix and σi being the Pauli
matrices. The component fields have the following properties: f(x), m(x) and
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n(x) are complex (pseudo) scalars, ψA(x) and φA(x) are left-handed Weyl spinors,

χ̄Ȧ(x) and λ̄Ȧ(x) are right-handed Weyl spinors, Vµ(x) is a Lorentz four-vector
and d(x) is a complex scalar.

The superfields that are used to represent (s)particles in the Lagrangian are
scalar and vector superfields which have fewer degrees of freedom, corresponding
to the irreducible representations of the algebra of the supersymmetry transfor-
mations.

2.2.1 Scalar Superfields

A left-handed scalar superfield is defined by the constraint

D̄ȦΦ = 0, (2.3)

where D̄ is one of the covariant derivatives

DA = ∂A + i(σµθ̄)A∂µ and D̄Ȧ = −∂Ȧ − i(θσ
µ)Ȧ∂µ. (2.4)

These covariant derivatives commute with the supersymmetry transformations.
If we change to the variable yµ = xµ+iθσµθ̄, the covariant derivative D̄Ȧ becomes

D̄Ȧ = −∂Ȧ. (2.5)

This shows that a left-handed scalar superfield in the new coordinates is inde-
pendent of θ̄, and can thus be written

Φ(y, θ) = A(y) +
√

2θψ(y) + θθF (y), (2.6)

where A(x) and F (x) are complex scalars, and ψ(x) is a left-handed Weyl spinor.
The field F (x) is called an auxillary field because it can be eliminated after
applying the equations of motion. This can be shown by undoing the variable
change, as the superfield in the original coordinates has no derivative term for
F (x). The equations of motion also eliminate two fermion degrees of freedom,
so the left-handed scalar superfield is left with two scalar degrees of freedom and
two fermion degrees of freedom.

The complex conjugate of a left-handed scalar field is called a right-handed
scalar field and satisfies the constraint

DAΦ† = 0. (2.7)

A similar procedure as for the left-handed scalar field will show that it contains
the same number of degrees of freedom, and a right-handed Weyl spinor.
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2.2.2 Vector Superfields

A vector superfield has to satisfy the constraint

Φ† = Φ, (2.8)

so a general vector superfield can be written

Φ(x, θ, θ̄) =f(x) + θφ(x) + θ̄φ̄(x) + θθm(x) + θ̄θ̄m∗(x)

+ θσµθ̄Vµ(x) + θθθ̄λ̄(x) + θ̄θ̄θλ(x) + θθθ̄θ̄d(x),
(2.9)

where f(x) and d(x) are real scalar fields, φ(x) and λ(x) are Weyl spinors, m(x)
is a complex scalar, and Vµ(x) is a real Lorentz four-vector. This vector superfield
contains auxillary degrees of freedom which can be removed with a supergauge
transformation, a generalization of the standard gauge transformation. One par-
ticular choice of gauge transformation which removes all the auxillary degrees of
freedom is the Wess-Zumino gauge. The vector superfield in Wess-Zumino gauge
can be written

VWZ = (θσµθ̄)[Vµ(x)+i∂µ(A(x)−A∗(x))]+θθθ̄λ̄(x)+ θ̄θ̄θλ(x)+θθθ̄θ̄d(x), (2.10)

where A(x) is a complex scalar field obeying A(x) +A∗(x) = −f(x). This vector
superfield contains one real scalar degree of freedom, three gauge field degrees of
freedom,1 and four fermion degrees of freedom.

2.3 The Supersymmetric Lagrangian

We want to construct a Lagrangian from superfields that transforms under super-
symmetry transformations in a way that leaves the action invariant, as explained
in the beginning of chapter 1. It can be shown that the highest-order (in θ, θ̄)
component fields in a superfield always have this property. These component
fields can be isolated by a redefinition of the Lagrangian so that

S =

∫
d4x

∫
d4θL. (2.11)

Because of the definition of integrals in Grassman calculus, the integral over the
four Grassman numbers will give only the desired terms. L is now a function
of superfields and is guaranteed to be supersymmetry invariant. For the theory
to be renormalizable we can have at most three powers of scalar superfields in
the Lagrangian. Also the action must be real. This gives the most general
supersymmetry Lagrangian written in terms of scalar superfields Φi:

L = Φ†iΦi + θ̄θ̄W [Φ] + θθW [Φ†]. (2.12)

1There is a remaining gauge freedom in the choice of A(x)−A∗(x) which can eliminate one
degree of freedom in Vµ(x).
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The first term is called the kinetic term, and W is the superpotential given by

W [Φ] = giΦi +mijΦiΦj + λijkΦiΦjΦk. (2.13)

2.3.1 Supergauge

Similarly as for the Standard Model, we now want to make the Lagrangian gauge
invariant. A supergauge transformation on a left-handed scalar superfield under
a gauge group G is defined as

Φ→ Φ′ = e−iqΛ
aTaΦ, (2.14)

where q is the charge of Φ under G, Λa are the parameters of the gauge transfor-
mation, which can be shown to be left-handed scalar superfields, and Ta are the
group generators. There is an equivalent gauge transformation for right-handed
scalar fields.

Requiring gauge invariance of the superpotential puts great restrictions on the
form of the superpotential and the charge assignments of the superfields. For the
kinetic terms we need to introduce gauge compensating vector superfields, V a.
The kinetic term with coupling to vector superfields can be written Φ†eqV

aTaΦ,
which transforms as

Φ†eqV
aTaΦ→ Φ′†eqV

′aTaΦ′ = Φ†eiqΛ
a†TaeqV

′aTae−iqΛ
aTaΦ. (2.15)

For this to be gauge invariant we have to require that the vector superfields V a

transform as
eqV

′aTa = e−iqΛ
a†TaeqV

aTaeiqΛ
aTa . (2.16)

With this definition of gauge transformations it can be shown that the Standard
Model couplings of fermions with bosons are recovered through the covariant
derivative

Di
µ = ∂µ −

i

2
qiVu, (2.17)

where Vµ is the vector component field of the vector superfield.

2.3.2 Supersymmetric Field Strength

We now add field strength terms to the Lagrangian for the gauge fields. Super-
symmetric field strength is defined by the scalar superfields

WA ≡ −
1

4
D̄D̄e−V

aTaDAe
V aTa and W̄Ȧ ≡ −

1

4
DDe−V

aTaD̄Ȧe
V aTa . (2.18)

The term that we put into the Lagrangian is the trace

Tr[WAWA], (2.19)
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which is gauge invariant. If we expand WA in component fields, we find that it
contains the ordinary Standard Model field strength tensor

F a
µν = ∂µV

a
ν − ∂νV a

µ + qfabcV b
µV

c
ν , (2.20)

and the trace contains Standard Model field strength terms F a
µνF

µνa.

2.3.3 General Supersymmetric Lagrangian

The most general supersymmetric Lagrangian then becomes

L = Φ†eqV
aTaΦ + θ̄θ̄W [Φ] + θθW [Φ†] +

1

2T (R)
θ̄θ̄Tr[WAWA], (2.21)

where T (R) is the Dynkin index, a normalization constant for the chosen repre-
sentation R of the gauge group.

2.4 Supersymmetry Breaking

Supersymmetry is expected to be an exact symmetry that is broken sponta-
neously. This means that the Lagrangian is invariant under supersymmetry,
but the vacuum state is not. The properties of the vacuum state can provide the
masses of the supersymmetric particles. This is similar to gauge symmetry break-
ing in the Standard Model. The supersymmetry breaking is assumed to occur in
a hidden sector at some high energy scale that we do not have access to. There
are several models for SUSY breaking, but in practice we ignore the true break-
ing mechanism, and instead add breaking terms to the effective Lagrangian that
explicitly breaks supersymmetry. These terms are called soft terms, and need
to have couplings of mass dimension one or higher, otherwise they could lead to
a new hierarchy problem. The general soft SUSY breaking terms in superfield
notation are

Lsoft =− 1

4T (R)
Mθθθ̄θ̄Tr[WAWA]− 1

6
aijkθθθ̄θ̄ΦiΦjΦk

− 1

2
bijθθθ̄θ̄ΦiΦj − tiθθθ̄θ̄Φi + h.c.

−m2
ijθθθ̄θ̄Φ

†
iΦj.

(2.22)

Only the lowest order component fields of the superfields contribute because of
the θθθ̄θ̄-factor. In terms of these component fields the soft terms can be written

Lsoft = −1

2
MλAλA − (

1

6
aijkAiAjAk +

1

2
bijAiAj + tiAi + c.c)−m2

ijA
∗
iAj, (2.23)

where λA are Weyl spinor fields, and Ai are scalar fields. So the soft terms give
masses to both scalars and fermions.
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2.5 The Hierarchy Problem

The mass of the Higgs particle recieves corrections from loops such as the ones
shown in fig. 2.2. These corrections diverge and must be evaluated using a
regularization procedure in order to yield a finite answer, as explained in section
1.5.1. If we introduce a cut-off regulator Λ at some high energy scale, then the
loop-correction to the Higgs mass at leading-order in Λ is

∆m2
h = −|λf |

2

8π2
Λ2 +

λs
16π2

Λ2 + ... (2.24)

where λf and λs are the couplings of fermions and scalars to the Higgs. The
energy cut-off scale can typically be set to the Planck scale, Λ = MP ∼ 1018 GeV.
This is many orders of magnitude larger than the Higgs mass of 125 GeV, which
means there must be a very precise cancellation between the correction terms.
The Standard Model has no explanation for why this cancellation is so precise,
it appears to be an “accident” of nature. This is what is known as the hierarchy
problem.

Figure 2.2: Loop contributions to the Higgs mass from fermions (left) and
scalars (right).

In unbroken supersymmetry we can find from the Lagrangian that |λf |2 = λs,
and there are twice as many scalar as fermion degrees of freedom in the loops, so
the two terms in eq. 2.24 cancel each other exactly. However, this is no longer
the case after we have broken SUSY, but as long as we only include soft SUSY
breaking terms in the Lagrangian, the corrections to the Higgs mass to leading
order in Λ is at most

∆m2
h = − λs

16π2
m2
s ln

Λ2

m2
s

+ ... , (2.25)

where ms is the mass scale of the soft term. This is the main reason why we
want the supersymmetric particles to have low masses. We want ms to be small,
of the order of 1 TeV, in order to keep the corrections small.
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2.6 The Minimal Supersymmetric

Standard Model

The Minimal Supersymmetric Standard Model (MSSM) has the smallest field
content consistent with the Standard Model. It is constructed following the
recipe provided by the previous sections. To construct a Dirac fermion we need a
left-handed scalar superfield and a different right-handed scalar superfield. Since
a scalar superfield has two fermionic and two bosonic degrees of freedom, this
will give two Dirac fermions, a particle–antiparticle pair, and four scalars, two
particle–antiparticle pairs. From this we can construct all the SM fermions with
their bosonic superpartners.

For the leptons we introduce the fields

Li =

(
νi
li

)
and Ēi, (2.26)

where li and Ēi are for the charged leptons, νi is for the neutrinos, i is the
generation index, and the bar over Ēi means that it is a right-handed scalar
superfield. The left-handed scalar superfields are placed in SU(2)L doublets.

Similarly for up- and down-type quarks we introduce the superfields

Qi =

(
ui
di

)
, Ūi and D̄i. (2.27)

For the gauge bosons we need to introduce vector superfields. Each of these
contains one massless vector boson and two Weyl spinors of opposite handedness.
We need one vector superfield, V a, per generator, Ta, of the SU(3)C , SU(2)L and
U(1)Y groups. These fields are called, respectively,

Ca, W a and B0. (2.28)

The fermionic superpartners of the gauge bosons in these fields are written g̃,
W̃ a and B̃0, and are referred to as gluino, wino and bino.

For the Higgs particle we need to introduce two superfield SU(2)L doublets
in order to give mass to all fermions. The up-type quarks are given mass in the
Standard Model by rotating the components of the Higgs doublet using SU(2)L
generators, but this can not be done in SUSY because it would mix left- and
right-handed superfields in the superpotential. The two Higgs superfields are

Hu =

(
H+
u

H0
u

)
and Hd =

(
H0
d

H−d

)
. (2.29)

These superfields introduce several new Higgs scalars and fermions.
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The kinetic terms of the MSSM Lagrangian can now be written as

Lkin =L†ie
1
2
gσW− 1

2
g′BLi +Q†ie

1
2
gsλC+ 1

2
gσW+ 1

3
· 1
2
g′BQi

+ Ū †i e
1
2
gsλC− 4

3
· 1
2
g′BŪi + D̄†i e

1
2
gsλC+ 2

3
· 1
2
g′BD̄i

Ē†i e
2 1
2
g′BĒi +H†ue

1
2
gσW+ 1

2
g′BHu +H†de

1
2
gσW− 1

2
g′BHd,

(2.30)

where g′, g and gs are the couplings of U(1)Y , SU(2)L and SU(3)C , respectively.
The hypercharge under U(1)Y is assigned in units of 1

2
g′ as a convention. Factors

of 1
2

are used in the transformations of SU(2)L and SU(3)C to avoid accumulation
of numerical factors.

The supersymmetric fields strength terms can also be written down as

LV =
1

2
Tr[WAWA]θ̄θ̄ +

1

2
Tr[CACA]θ̄θ̄ +

1

4
BABAθ̄θ̄ + h.c. (2.31)

where the field strengths are given by

WA = −1

4
D̄D̄e−WDAe

W , W =
1

2
gσaW a,

CA = −1

4
D̄D̄e−CDAe

C , C =
1

2
gsλ

aCa,

BA = −1

4
D̄D̄DAB, B =

1

2
g′B0.

(2.32)

The possible MSSM superpotential terms that preserve gauge invariance are

W = µHuHd + µ′iLiHu + yeijLiHdEj + yuijQiHuŪj + ydijQiHdD̄j

+ λijkLiLjĒk + λ′ijkLiQjD̄k + λ′′ijkŪiD̄jD̄k,
(2.33)

where the superfield doublets are written in shorthand notation, e.g. HuHd

is shorthand for HT
u iσ

2Hd. The iσ2 construction is required to keep SU(2)L
invariance.

2.6.1 R-parity

The terms LHu, LLE and LQD̄ in the superpotential violate lepton number
conservation, and ŪD̄D̄ violate baryon number conservation. These terms lead
to problems such as proton decay via the process p→ e+π0. No proton decay has
yet been observed in experiments, which gives the proton lifetime an experimental
lower limit of τp > 1033 years [4]. This puts heavy restrictions on the couplings
in the terms that allow for this process to happen. To avoid such couplings
altogether, the concept of R-parity is introduced. R-parity is a multiplicatively
conserved quantum number defined as

R = (−1)2s+3B+L, (2.34)
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where s is spin, B is baryon number and L is lepton number. All SM particles
have R = +1, and all sparticles have R = −1. In the MSSM, R-parity is
conserved in all processes, and this has some very important consequences. One
is that the lightest supersymmetric particle (LSP) is absolutely stable. Another
is that all sparticles have to decay to the LSP, often via other sparticles on
the way. And lastly all sparticles are pair-produced when they are produced
from SM particles, such as in collider experiments. With R-parity conservation,
the terms mentioned at the beginning of this section are all excluded from the
superpotential.

The soft SUSY breaking terms that preserve gauge invariance and R-parity
in the MSSM are, in component fields,

Lsoft =(−1

2
M1B̃B̃ −

1

2
M2W̃

aW̃ a − 1

2
M3g̃

ag̃a + c.c.)

(−aeijL̃iHdẽ
∗
jR − auijQ̃iHuũ

∗
jR − adijQ̃iHdd̃

∗
jR + c.c.)

(−bHuHd + c.c.)

− (mL
ij)

2L̃†i L̃j − (me
ij)

2ẽ∗iRẽjR − (mQ
ij)

2Q̃†iQ̃j − (mu
ij)

2ũ∗iRũjR

− (md
ij)

2d̃∗iRd̃jR −m2
HuH

†
uHu −m2

Hd
H†dHd.

(2.35)

After removing all freedom that can be removed, the MSSM introduces 105 new
parameters compared to the Standard Model. One is µ from the superpotential,
and the rest are all from the soft breaking terms.

2.7 Radiative Electroweak Symmetry Breaking

In the Standard Model, the vector bosons are given mass through electroweak
symmetry breaking as explained in section 1.3. In the MSSM, the scalar Higgs
potential, in component fields, is given by

V (Hu, Hd) =|µ|2(|H0
u|2 + |H+

u |2 + |H0
d |2 + |H−d |

2)

+
1

8
(g2 + g′2)(|H0

u|2 + |H+
u |2 − |H0

d |2 − |H−d |
2)2

+
1

2
g2|H+

u H
0∗
d +H0

uH
−∗
d |

2

+m2
Hu(|H0

u|2 + |H+
u |2) +m2

Hd
(|H0

d |2 + |H−d |
2)

+ [b(H+
u H

−
d −H

0
uH

0
d) + c.c.],

(2.36)

where µ is a parameter from the superpotential, b, mHu and mHd are parameters
from the soft breaking terms, and g and g′ are the SU(2)L and U(1)Y couplings,
respectively. We want this potential to have a minimum for non-zero field values,
so that it breaks electroweak symmetry, like in the SM. This minimum has to be
bounded from below, and it has to have a remaining U(1)em symmetry. We can
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use SU(2)L gauge freedom to set H+
u = 0 at the minimum of the potential. Since

∂V/∂H+
u = 0 at the minimum, one can show that this also leads to H−d = 0. That

the electrically charged fields have no vev, guarantees that there is a remaining
U(1)em symmetry. We are then left with the potential

V (Hu, Hd) =(|µ|2 +m2
Hu)|H0

u|2 + (|µ|2 +m2
Hd

)|H0
d |2

+
1

8
(g2 + g′2)(|H0

u|2 − |H0
d |2)2 − (bH0

uH
0
d + c.c.).

(2.37)

The parameter b can be made real and positive by absorbing a phase in H0
u or

H0
d . In a minimum, H0

uH
0
d must also be real and positive, so 〈H0

u〉 and 〈H0
d〉 must

have opposite phases. We can use the U(1)Y symmetry to make them both real
and positive. For the potential to have a minimum for non-zero field values, we
must have a negative mass term, giving the requirement

b2 > (|µ|2 +m2
Hu)(|µ|2 +m2

Hd
). (2.38)

For the potential to be bounded from below we must also have

2b < 2|µ|2 +m2
Hu +m2

Hd
. (2.39)

Due to renormalization there is a running of the coupling constants and the
masses of the model. We can assume that m2

Hu
= m2

Hd
at some high energy scale

where eqs. 2.38 and 2.39 cannot both be fulfilled simultaneously. Both masses
run down with energy, but it can be shown that m2

Hu
runs down much faster

than m2
Hd

since the running is determined by the Yukawa couplings, and the top
Yukawa coupling, which is responsible for the running of m2

Hu
is much larger than

the bottom Yukawa coupling, which is responsible for the running of m2
Hd

. m2
Hu

can become negative at lower energy scales and help satisfy eqs. 2.38 and 2.39,
leading to symmetry breaking.

Both the neutral Higgs component fields aquire vev’s, vu = 〈H0
u〉 and vd =

〈H0
d〉, which relate to the SM vector boson masses by

v2
u + v2

d =
2m2

z

g2 + g′2
≈ (174 GeV)2. (2.40)

This relation gives one free parameter from the Higgs vev’s, which can be written
as:

tan β ≡ vu
vd
, (2.41)

where 0 < β < π/2.

2.8 Particle Phenomenology and Masses

The MSSM contains all the SM particles and also four other scalar Higgs particles
with positive R-parity. There is one neutral Higgs H, similar to the SM Higgs
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h, only heavier, two charged scalars H±, and one neutral pseudo-scalar A. At
tree-level, these can be shown to have masses

m2
A =

2b

sin 2β
= 2|µ|2 +m2

Hu +m2
Hd
, (2.42)

m2
h,H =

1

2

(
m2
A +m2

Z ∓
√

(m2
A −m2

Z)2 + 4m2
Zm

2
A sin2 2β

)
, (2.43)

m2
H± = m2

A +m2
W . (2.44)

The MSSM also contains superpartners of all the SM particles. The superpartners
of the gluons are called gluinos, and are labeled g̃. The gluino mass is given by

mg̃ = M3

[
1 +

αs
4π

(
15 + 6 ln

µ

M3

+
∑
all q̃

Aq̃

)]
, (2.45)

where αs is the strong fine-structure constant, and Aq̃ are squark one-loop con-
tributions given by

Aq̃ =

∫ 1

0

d4x x ln

(
x
m2
q̃

M2
3

+ (1− x)
m2
q̃

M2
3

− x(1− x)− iε
)
. (2.46)

Each of the SM fermions gets two scalar superpartners. In principle, any scalars
with the same quantum numbers can mix with each other, but due to negligible
Yukawa couplings, the first two generations of sfermions are, to good approxima-
tion, unmixed. The superpartners of the up-quark, for example, are labeled ũL
and ũR. The mass of a sfermion F is given by

m2
F = m2

F,soft + ∆F, (2.47)

where the first term is from the soft term of the form −m2
FF
†F , and the second

term is given by
∆F = (T3F −QF sin2 θW ) cos(2β)m2

Z , (2.48)

where the weak isospin, T3F , and the electric charge, QF , are for the left-handed
supermultiplet F to which the sfermion belongs, and θW is the weak mixing angle.
Mass splitting between the same generation sfermion is given by

m2
ẽL
−m2

ν̃L
= m2

d̃L
−m2

ũL
= − cos(2β)m2

W . (2.49)

For third generation sfermions there is a mixing between the gauge eigenstates,
due to larger Yukawa couplings. The mass term for e.g. the stop, in gauge
eigenstate basis (t̃L, t̃R), is

Lt̃ = −(t̃L t̃R) m2
t̃

(
t̃L
t̃R

)
, (2.50)
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where the mass matrix is given by

m2
t̃ =

[
m2
Q3

+m2
t + ∆ũL v((au33)∗ sin β − µyt cos β)

v(au33 sin β − µ∗yt cos β) m2
u3 +m2

t + ∆ũR

]
. (2.51)

The mass eigenstates t̃1 and t̃2 can be found by diagonalizing this matrix.

2.8.1 Neutralino and chargino mass sector

There are several superpartner fermion fields that are allowed to mix in the
MSSM. These are the superpartners of the SU(2)L × U(1)Y gauge fields:

B̃0, W̃ 0 and W̃±, (2.52)

and the Higgs fields:

H̃+
u , H̃

0
u, H̃

−
d and H̃0

d , (2.53)

which mix to form new mass eigenstates, called neutralinos and charginos. These
are the types of particles which will be considered in our analysis, and will there-
fore be explained in somewhat more detail. Electroweak symmetry is broken so
we do not have to consider SU(2)L×U(1)Y charges when mixing the fields, only
the U(1)em charges matter. This gives four mass eigenstates from the mixing of
the four neutral fields, called neutralinos, χ̃0

i , where i = 1, 2, 3, 4, and four mass
eigenstates from the mixing of the four charged fields, called charginos, χ̃±i , where
i = 1,2.

The neutralino mass term can be written

Lmχ̃0 = −1

2
ψ̃0TMχ̃0ψ̃0 + c.c. (2.54)

where ψ̃0 is the gauge eigenstate basis

ψ̃0T = (B̃0, W̃ 0, H̃0
d , H̃

0
u), (2.55)

and the mass matrix is given by

Mχ̃0 =


M1 0 − 1√

2
g′vd

1√
2
g′vu

0 M2
1√
2
gvd − 1√

2
gvu

− 1√
2
g′vd

1√
2
gvd 0 −µ

1√
2
g′vu − 1√

2
gvu −µ 0

 . (2.56)

The upper left diagonal part comes from the soft terms for the B̃0 and W̃ 0, the
lower right off-diagonal part is from the superpotential term µHuHd, and the rest
is from the Higgs-higgsino-gaugino terms from the kinetic part of the Lagrangian.



Section 2.9 Particle Phenomenology and Masses 27

Using the relation between the Higgs vev’s and the vector boson masses from
eq. 2.41 we can rewrite the Higgs-higgsino-gaugino terms in the mass matrix in
terms of β, θW , and the Z-mass. This gives:

1√
2
g′vd = cos β sin θWmZ , (2.57)

1√
2
g′vu = sin β sin θWmZ , (2.58)

1√
2
gvd = cos β cos θWmZ , (2.59)

1√
2
gvu = sin β cos θWmZ . (2.60)

We can diagonalize the mass matrix to find the masses of the neutralinos. The
mass eigenstates are χ̃0

i = Nijψ̃
0
j , where N is the matrix that diagonalizes Mχ̃0

so that NMχ̃0N−1 = D, where D = (mχ̃0
1
,mχ̃0

2
,mχ̃0

3
,mχ̃0

4
) is the diagonal matrix

containing the neutralino masses. The neutralinos are ordered so that the lightest
particle has the lowest index. The mass eigenvalues can be negative or even
complex, but this is not a problem as a phase factor can be absorbed into N ,
leaving the masses real and positive.

From the charged fermion fields we get the charginos, χ̃±, with mass term:

Lmχ̃± = −1

2
ψ̃±TMχ̃±ψ̃

±, (2.61)

where ψ̃± = (W̃+, H̃+
u , W̃

−, H̃−d ) and

Mχ̃± =


0 0 M2 gvd
0 0 gvu µ
M2 gvu 0 0
gvd µ 0 0

 (2.62)

In this matrix the M2 terms come from the soft terms for the W±, the µ terms
come from the superpotential and the rest come from the kinetic terms in the
Lagrangian. Same as for the neutralino mass matrix, we can rewrite the terms
from the kinetic part in terms of β and the mass of the W:

gvd = cos βmW (2.63)

gvu = sin βmW (2.64)

This matrix can also be diagonalized to find the masses of the charginos. The
matrix has doubly degenerate eigenvalues, giving mass to two Dirac fermions and
their antiparticles.
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2.9 Gauge Unification

It was mentioned at the end of the previous chapter that one of the motivations
for SUSY is the possibility of unifying coupling constants at a high energy scale.
In the MSSM, the gauge couplings intersect at mGUT = 2 × 1016 GeV, which is
called the GUT scale. With the gauge couplings defined as

g1 =

√
5

3
g′, g2 = g, g3 = gs, (2.65)

and with the assumption that the couplings unify at the GUT scale to a common
coupling gu, and also that the gauginos have the same mass at that scale m1/2 =
M1 = M2 = M3, it can be shown that

M1

g2
1

=
M2

g2
2

=
M3

g2
3

=
M1/2

g2
u

, (2.66)

at all scales. This leads to the relation

M3 =
αs
α

sin2 θWM2 =
3

5

αs
α

cos2 θWM1, (2.67)

where α is the electromagnetic fine-structure constant. At a scale of 1 TeV, this
gives

M3 : M2 : M1 ≈ 6 : 2 : 1. (2.68)

For the lightest neutralinos and charginos, this gives the mass relation

mχ̃0
2
≈ mχ̃±0

≈ 2mχ̃0
1
. (2.69)

2.10 The Constrained MSSM

It is necessary to add some restrictions to the MSSM and its many parameters, for
the model to have any predictive power. One of the most studied supersymmetric
models is the constrained MSSM (CMSSM). The motivation for this model comes
from minimal supergravity (mSUGRA), where the supersymmetry breaking is
assumed to be mediated by a gravity mechanism at the Planck scale of MP =
2.4 × 1018 GeV. Motivated by the wish for gauge unification, one also assumes
a minimal form for the parameters at the GUT scale, which leads to a model
parametrized by just four “and a half” free parameters. These are:

m0, m1/2, A0, tan β and the sign of µ, (2.70)

where m1/2 and m0 are the common gaugino and sfermion masses, respectively,
and A0 is the common trilinear coupling. The CMSSM is defined by choosing
these input parameters at the GUT scale. In fig. 2.3 we see how the masses evolve
to lower energies for chosen values of the input parameters. We see that the mass
splittings appear at lower energies, and also that the parameter (µ2 + m2

Hu
)1/2

runs negative, providing for electroweak symmetry breaking.
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Figure 2.3: Evolution of scalar and gaugino masses in the MSSM with con-
ditions m0 = 200 GeV, m1/2 = −A0 = 600 GeV, tanβ = 10 and sign(µ) = +.
The figure is taken from [3].





Chapter 3

Methods for analyzing events

In an actual collider experiment, only the end result of the collision, the final
particle types and their momenta, is measured. From this one has to try to
reconstruct the originally produced particles and their decay chains. There are
many different ways of doing this for different types of processes, and in this
chapter some of the methods that we use to perform the analyzis of the events
that we generate will be explained, along with how the events themselves are
simulated in event generators.

3.1 Definition of MT2

From the energy-momentum relation

m2 = E2 − |p|2, (3.1)

where m is mass, E is energy and p is momentum, we can define the invariant
mass of a two-particle decay as

m2
0 = (E1 + E2)2 − |p1 + p2|2

= m2
1 +m2

2 + 2(E1E2 − p1 · p2),
(3.2)

where 1 and 2 refers to the two daughter particles.
The invariant mass of the daughter particles equals the rest mass, m0, of the

mother particle. If all the daughter particles in a collider experiment are measured
by the detector, then we can use the invariant mass to directly estimate the mass
of the mother particle. This is how the mass of the Z boson was determined from
its decay into lepton pairs by the UA1 [5, 6] and UA2 [7, 8] collaborations at
CERN.

However, if one of the particles escapes the detector, we cannot estimate
the mass directly. For example the W boson can decay into a charged lepton
and a neutrino, which is invisible to the detector. The transverse momentum of

31
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Figure 3.1: A collision of protons leads to the pair production of two particles,
which each decays to one observed particle, with momenta p1 and p2, and one
particle which escapes the detector leading to missing transverse momentum,
pmiss
T .

the invisible particle can be found from conservation of momentum in the plane
perpendicular to the beam. It is assumed to be equal to the missing transverse
momentum, which is defined to be the negative sum of the transverse momentum
of all the observed particles. We can not find the total momentum of the invisible
particle because we do not know what fraction of the initial momentum the
different partons carry, but we know that the momentum should add up to zero
in the transverse plane since the partons only travel in the beam direction. In
order to measure the mass of the W boson, UA1 [5] introduced the transverse
mass variable

m2
T = m2

1 +m2
2 + 2(ET,1ET,2 − pT,1 · pT,2), (3.3)

where ET and pT are energy and momentum in the transverse plane.
This variable has the property that

m2
T ≤ m2

0. (3.4)

From this we get a lower limit on the mass of the mother particle. For a large
number of events we will get a distribution where the endpoint approaches the
true value of the mass.

The stransverse mass variable, MT2, is an extension of transverse mass. It
was introduced in [9] to measure the masses of pair produced particles at hadron
colliders, where both decay to one observed and one unobserved particle. The
general process is shown in fig. 3.1. We assume for simplicity that the pair
produced particles have equal mass. In R-parity conserving SUSY processes,
sparticles are pair produced and cascade decay to the LSP, χ̃, which is invisible
to the detector. For this type of process we can define two transverse masses,
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one for each branch of the decay, as

(m
(i)
T )2 = (mvis(i))2 +m2

χ̃ + 2(E
vis(i)
T E

χ̃(i)
T − p

vis(i)
T · pχ̃(i)

T ), (3.5)

where i = 1,2.
For the true values of the LSP mass and momenta, mχ̃ and pχ̃ respectively,

each of these transverse masses give a lower limit for the mass of the pair produced
mother particles. We can therefore choose the largest one as a lower estimate:

m0 ≥ max(m1
T ,m

2
T ), (3.6)

where m0 is the mass of the mother particle.
Since only the total missing transverse momentum is measured, the transverse

momentum of each LSP is unkown. To make sure that the estimate does not
exceed the mass of the mother particle, a minimization is performed over all
possible momenta fulfilling the total missing transverse momentum constraint,
p
χ̃(1)
T + p

χ̃(2)
T = pmissT . This leads to the definition of stransverse mass:

MT2(mχ̃) = min
p
χ̃(1)
T +p

χ̃(2)
T =pmissT

[
max(m1

T ,m
2
T )
]
, (3.7)

which for SUSY processes is a function of mχ̃. For the true value of mχ̃ we
get a distribution which has an endpoint at the mass of the mother particle.
For processes where the pair produced particles have different mass, MT2 gives a
lower estimate for the heaviest mother particle.

Calculating MT2 analytically is non trivial but it has been done [10]. It is
usually done numerically, however, and there are several programs available for
computing MT2. The one which we will use in our analysis is a bisection-based
asymmetric MT2 calculator [28].

3.1.1 MT2 as a discovery variable

The idea of using MT2 as a variable for discovering supersymmetry was first
suggested in [11], where they study how the properties of the variable might make
it possible to distinguish new physics from SM background. The distribution
of MT2 reflects the masses of the pair produced particles, which will typically
be much heavier for SUSY processes than for SM background processess. We
therefore expect to get a signal region for large values of MT2 where there is
hardly any background. This is the basic idea for our analysis.

3.2 Anti-kt algorithm

In particle collisions in collider experiments, high-energy quarks and gluons frag-
ment into sprays of hadrons which form jets. By measuring the energy and
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direction of the jets, one can try to reconstruct the original partons that pro-
duced them. There are different jet algorithms with different rules for how to
project the final particles that are measured into jets. One of them is the anti-kt
algorithm, introduced and studied in [12].

The anti-kt algorithm uses a distance measure between all pairs of particles i
and j,

dij = min

(
1

p2
ti

,
1

p2
tj

)
∆R2

ij

R2
,

where pti is the transverse momentum of particle i, ∆R2
ij = ∆y2

ij + ∆φ2
ij is the

angular separation between the particles, where ∆yij is the difference in rapidity
and ∆φij is the difference in azimuthal angle, and R is the jet radius, a parameter
of the algorithm that determines the angular reach of the jet. There is also a
distance measure between all the particles and the beam

diB =
1

p2
ti

.

The algorithm identifies the smallest of the distances dij and diB. If dij is the
smallest, then particles i and j are replaced by a new object with momentum
p = pi+pj. This object is often called a pseudojet, since it is not a single particle
and not a full jet. If diB is the smallest, then i is called a jet and is removed from
the list of particles/pseudojets. The distances are recalculated and the procedure
is repeated until no particles/pseudojets remain.

Jet algorithms can be classified into two types of algorithms: sequential re-
combination algorithms and cone algorithms. Sequential recombination algo-
rithms usually identifies the pair of particles that are closest, using some form
of distance measurement, then recombines them and repeats the procedure until
some stopping criterion is met. Cone algorithms put together particles within
conical angular regions. The anti-kt jet algorithm behaves like an idealised cone
algorithm even though it is a sequential recombination algorithm. The dij be-
tween two soft (low pT ) particles will be larger than between a hard particle and
a soft particle, since dij is determined by the particle with the largest transverse
momentum. This means that soft particles will typically cluster with the closest
hard particle before they cluster among themselves. If there is only one hard
particle within a distance 2R, then it will make a perfectly conical jet with all
the soft particles within a circle of radius R. If there are two hard jets between
R and 2R, however, two jets will be formed, which can not both be perfectly
conical. If they have equal transverse momentum then the overlap will simply be
divided by a straight line, and if one is much bigger than the other then this one
will be conical and the other will be clipped. The key feature of the algorithm is
that soft particles do not modify the shape of the jet, but hard particles do. The
behaviour of the anti-kt algorithm compared to other jet algorithms is shown in
fig. 3.2.
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Figure 3.2: A sample parton-level event with many random infinitely soft
(“ghost”) particles, clustered with four different jet algorithms, illustrating
the areas where the ghosts are captured by the jets. The kt [13] and Cam-
brige/Aachen [14] algorithms are sequential recombinations algorithms, and
SISCone [15] is a cone algorithm. The figure is taken from [12].

3.3 Bi-Event Subtraction Technique

Reconstruction of decay chains in an event can be challenging because there is
no way of knowing where the detected particles come from. When trying to
reconstruct a decay chain, particles originating from other parts of the event are
inevitably included. This is called combinatoric background.

The Bi-Event Subtraction Technique (BEST) [16] models combinatoric back-
ground from jets by combining jets from different events. BEST can be illustrated
for the reconstruction of W bosons decaying into two jets. A dijet invariant mass,
mjj, distribution is constructed by combining all jet pairs in an event. Some of
these jet pairs will come from a single W boson, and these will form a peak at the
W boson mass, while the rest will be combinatoric background. The background
can be modeled by making jet pairs, where each jet come from different events.
This will form the bi-event invariant mass distribution, where no jet pair can
come from a single W boson. The bi-event distribution, hbi(mjj), can be normal-
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Figure 3.3: Dijet invariant mass for same-event, msame
jj , bi-event, mbi

jj , and

BEST, mBEST
jj , distributions for supersymmetric events with minimum four

jets. For more information about this plot, please see the text.

ized to the same-event distribution, hsame(mjj), in a region of pure background
where the two distributions are similar, well away from the W boson peak. The
normalization factor can be calculated as

CBEST
jj =

∫ 500 GeV

150 GeV

hsame(mjj)dmjj∫ 500 GeV

150 GeV

hbi(mjj)dmjj

. (3.8)

With the normalization factor, one can make the subtracion

hBEST = hsame(mjj)− CBEST
jj hbi(mjj). (3.9)

The resulting distribution shows the W boson mass peak with most of the com-
binatoric background removed. This is illustrated in fig. 3.3 for supersymmetric
events where W bosons often are produced in pairs. The events are generated
with Pythia 8.2 [17]. The four largest pT jets in each event are combined into
jet pairs, and BEST is performed.
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3.4 Event simulation

In order to study the performance of MT2 as a discovery variable, we are go-
ing to simulate a large number of supersymmetric events and expected Standard
Model background processes. There are several general-purpose Monte Carlo
event generators available for the simulation of proton–proton collisions at the
Large Hadron Collider. The objective of these generators is to generate high-
energy events as detailed as could be observed by a perfect detector. There are
different stages to a collision evolution, which have to be simulated separately.
First, two protons in beams are coming towards each other. The partons in the
protons can interact to create new particles. This is the hard process of the
event. The new particles may be short-lived resonances, and their decays have
to be considered in close association with the hard process. Both incoming and
outgoing partons may branch to create showers, known as initial state radiation
(ISR) and final state radiation (FSR), respectively. The outgoing partons frag-
ment to colourless hadrons. Several partons can interact in an event, which is
called a multi-parton interaction (MPI).

Pythia [17] is one of the most commonly used event generators. A large
number of hard processes are available internally, mainly 2 → 1 and 2 → 2
processes with some 2→ 3 processes, though a higher final-state multiplicity can
be achieved if the particles arise from decays of resonances.

Supersymmetric events can be generated with Pythia with input via a
SUSY Les Houches Accord (SLHA) file [18], which contains the supersymmetric
mass and coupling spectrum. SPheno [19], which stands for S(upersymmetric)
Pheno(menonology), is a program that calculates the SUSY spectrum with a
high scale model as input, such as the CMSSM with its parameters as explained
in section 2.10. The output of SPheno is an SLHA file.

Hard SM processes with a large number of high-pT jets in the final state
can be calculated with ALPGEN [20], a tree-level matrix element calculator for
a fixed number of partons in the final state for hadronic collisions. ALPGEN
gives a more accurate description for a high final-state multiplicity of high-pT
jets than the parton shower approach, where additional jets with respect to the
hard process are generated only during the shower evolution. Since ALPGEN
only generates the hard processes, the showering and hadronization has to be
done separately in general-purpose generators such as Pythia.

3.4.1 Jet matching

When combining the ALPGEN output with the showering in Pythia, there is
a risk that the showering routine produces a theoretically equivalent parton to
one already produced in the hard process. The parton shower formalism is only
valid in the limit of soft and collinear (small angle with respect to the beam)
radiation, and the matrix element approach diverges in this limit. However,
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Figure 3.4: Examples of jet matching. The purple lines illustrate partons
emitted by the hard process, the green dotted lines illustrate partons emitted
by the shower, and the yellow cones represent the jets. For more information,
please see the text.

there is no exact limit in phase space between the two approaches, which leads to
a possible double counting of events. The solution to this problem is to use a jet
matching scheme, which for ALPGEN is the MLM matching [21]. A description
of the MLM matching algorithm is as follows: Event samples with different jet
multiplicities are calculated with ALPGEN and the showering is performed by
Pythia. After showering, but before resonance decay and hadronization, the
particles are clustered with a jet algorithm and matched to the partons in the
original hard process based on a distance parameter in (η, φ)-space. If all the jets
and partons are matched, then the event is kept. An example of this is event (a)
shown in fig. 3.4. If a parton remains unmatched, then the event is rejected.
This is the case for event (b) in the same figure, where two partons are clustered
into the same jet and an extra jet is created by showering, and event (d), where
one of the partons is too soft to be reconstructed as a jet. If all partons have
been matched to jets and there are extra jets remaining, such as event (c), then
there are two options. In exclusive mode the event is discarded. Exclusive mode
is used when there are samples of hard processes with higher jet multiplicities,
which give a better description of the extra jets. In inclusive mode the event is
kept if the extra jets are softer than the softest matched jet. This should only be
used for the hard process sample with the highest jet multiplicity, to allow the
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showering to give extra jets.

3.4.2 Parton Distribution Functions

The initital state of a hard process in a hadron colllider consists of quarks and
gluons, but the particles in the beams that collide with each other are protons.
The protons are composite particles consisting of three valence quarks, two up-
quarks and one down-quark, and an undetermined number of gluons and virtual
quark–antiquark pairs. All these particles are what we call partons. In order to
calculate production cross sections for proton–proton collisions, we need to know
the distribution of the fraction of momentum carried by the partons. A parton
distribution function (PDF) fi(x,Q

2) is defined as the probability of finding
parton i in a proton, carrying a fraction x of the momentum of the proton at
scale Q2, i.e. the energy scale of the hard process. The cross section for two
colliding protons, pp, where the partons i and j produce a final state k, is given
by

σpp→k =

∫
dx1

∫
dx2 fi(x1, µ

2)fj(x2, µ
2)σij→k, (3.10)

where σij→k is the cross section for the hard partonic process, and µ is a factor-
ization scale.

The PDFs can not be calculated perturbatively, but are instead determined
by fits to experimental data. Various groups worldwide have produced their own
fits, based on slightly different sets of data and theoretical assumptions. Two
such groups are CTEQ [22] and MSTW [23], which provide updates when new
data or theoretical developments are available.

A set of PDFs are specific to one type of hadrons, but we are only interested
in protons for this study. The partonic structure of a proton is best determined
in scattering processes such as deep inelastic scattering of electrons or positrons
off protons, where the lepton acts as a probe. The process is shown in fig. 3.5.
For more information about parton distribution functions, see for example [24].
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Figure 3.5: A deep inelastic scattering process of an electron/positron off a
proton to determine the parton distribution function of the proton. The X
denotes the hadronic final state.



Chapter 4

Using MT2 to try to separate
signal from background

The process which will be considered in this analysis is the pair production of the
lightest charginos or the second lightest neutralinos, or a combination of the two,
where each decays to the lightest neutralino, and two jets via a W or Z boson.
The process can be illustrated as

jet← W± ← χ̃±1 χ̃0
2 → Z0 → jet

↙ ↙ ↘ ↘
jet χ̃0

1 χ̃0
1 jet.

(4.1)

Our goal is to see if MT2 can be used to study this type of process. More
specifically to see if it can be used to discover supersymmetry, or to improve upon
existing exclusion limits. Figure 4.1 shows an exclusion limit in the CMMSM
(m0,m1/2) plane for tan β = 10, A0 = 0 and µ > 0, determined from two different
MT2 analyses. We would like to study a parameter point just above this limit,
which is not excluded experimentally. The parameter values that we have chosen
for our analysis are therefore m0 = 2500 GeV, m1/2 = 350 GeV, tan β = 10,
A0 = 0 and µ > 0. For this parameter point, the lightest neutralino is the LSP,
which will escape detection in a collider experiment. The large value of m0 gives
large masses for the sfermions, all of the order of 1 TeV, which means there will
not be enough energy for any significant sfermion production in our simulations.
The lower value of m1/2 ensures that the production of supersymmetric particles
will mainly consist of charginos, neutralinos and some gluinos. These are all of
the order of 102 GeV. This is one of the reasons we have chosen this point, as
sfermion production will only be background to our signal process. There will
also be produced some heavier neutralinos and charginos than the ones that are
part of the process described above, along with some gluino production. How
this might affect our signal MT2 distribution will be discussed in section 4.2.

41
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Figure 4.1: Exclusion limit in the CMSSM (m0,m1/2) plane. The figure is
taken from [25].

4.1 Samples and event selection

100 000 supersymmetric processes are simulated with Pythia 8.2 [17], with the
CTEQ5L [26] parton distribution functions. The SUSY spectrum is generated
with SPheno [19]. All Standard Model background processes are simulated using
ALPGEN [20] for the hard processes, also with the CTEQ5L parton distribution
functions, and Pythia 8.2 for the showering. The jet matching is done with the
MLM matching algorithm, and the anti-kt algorithm for the jet reconstruction
with distance parameter R = 0.7. All the events are generated at a center of
mass energy of 7 TeV, and the results are scaled to correspond to an integrated
luminosity of 4.73 fb−1.

The missing transverse momentum, Emiss
T , is computed as the vector sum of

all neutrinos and LSPs in an event. All the other final particles in the event are
clustered into jets using the anti-kt algorithm with distance parameter R = 0.5,
implemented with FastJet [27]. The jets are required to satisfy pT ≥ 20 GeV
and |η| ≤ 2.4. Electrons and muons with pT ≥ 10 GeV and |η| ≤ 2.4 are
identified as isolated if the transverse momentum sum of particles surrounding the
lepton within a cone of radius

√
(∆η)2 + (∆φ)2 = 0.4, divided by the transverse

momentum of the lepton itself, is less than 0.2.

We select events based on the quantity HT , the scalar sum of transverse
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momenta of all reconstructed jets. The events must satisfy HT ≥ 750 GeV. This
requirement makes the triggers nearly 100 % efficient. We use this cut because
it is the one they use in [25], which is an analysis similar to ours. At least three
jets with pT ≥ 40 GeV are also required for each event, and the two leading jets
must have pT ≥ 100 GeV. The minimum value of Emiss

T is 30 GeV. A maximum
difference of 70 GeV is imposed on the modulus of the difference between Emiss

T

and Hmiss
T vectors, where Hmiss

T is the negative vector sum of all jets. This is
to reject events with a large momentum imbalance arising from forward or soft
jets. We require a minimum azimuthal difference between the directions of Emiss

T

and any jet, ∆φmin(jets,Emiss
T ) > 0.3. This is to reduce background from QCD

multijet events with large missing energy that can arise from mismeasurements
or leptonic heavy flavour decays. All events with isolated leptons are discarded
to reduce background from W+jets and Z+jets. All events with b quarks are
discarded to reduce background from top quark production. Finally, at least
four jets are required in each event for the calculation of MT2.

4.2 MT2 analysis

MT2 is calculated using the MT2 calculator in [28]. All reconstructed jets in each
event with transverse momentum pT < 350 GeV are combined into jet pairs. If
the invariant mass of two of the jet pairs correspond to a W or Z boson, then these
jet pairs are used as input for the visible particles in the computation of MT2

(see eq. 3.5). The accepted invariant mass is set from 70 GeV to 100 GeV. The
total missing transverse momentum is used as input for the invisible particles,
and the mass of the invisible particles is set to zero. The mass of the lightest
neutralino is unknown, so a choice for the mass input has to be made. Setting it
to zero ensures that the value of MT2 does not exceed the true value. It is also
the correct choice for the Standard Model background, where missing energy will
come from neutrinos which are approximately massless. This will make the MT2

distribution for the SUSY signal lower than it would be for the correct mass, but
hopefully it will still be larger than the distribution for the SM processes.

There will be combinations of jets originating from different parts of a process
that accidentally fall within the invariant mass window corresponding to a W or
Z boson. These fake W and Z bosons will make up the combinatoric background
of the MT2 distribution. This background is modeled and subtracted using The
Bi-Event Subtracion Technique [16], where MT2 is calculated from jet pairs with
the jets coming from different events, and with the missing energy input taken
from one of the events. The normalization factor (eq. 3.8) is found from the
distribution of invariant mass of jet pairs.

Some events will produce heavier neutralinos or charginos than the ones we
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wish to study, e.g. the process

W± ← χ̃±2 χ̃0
3 → W±

↙ ↘
Z0 ← χ̃0

2 χ̃±1 → W±

↙ ↘
χ̃0

1 χ̃0
1,

(4.2)

where the bosons decay to jet pairs. The jet pairs used in the MT2 calculation for
this process might come from the decay chains of the heavier particles, and not
from the desired decay chains where the missing energy originates. MT2 was not
designed for this type of process, and could therefore potentially exceed the mass
of the originally pair produced particles. Since we are not using the variable to
determine masses, but as a search variable, we would like the value to be as large
as possible. This will therefore not be a problem, and this type of process might
contribute to our signal MT2 distribution even when MT2 is calculated from the
decay chains of the heavier particles.

For processes where the originally pair produced particles are gluinos, such
as

jet← g̃ g̃ → jet

↙ ↘
W± ← χ̃±1 χ̃2

0 → Z0

↙ ↘
χ̃0

1 χ̃0
1,

(4.3)

the gluinos will typically decay to high energetic jets. This is the reason why
only jets with pT < 350 GeV are combined into pairs, to reduce contributions to
combinatoric background from from gluinos decaying to jets.

4.3 Background

The main Standard Model background contributions will be from W+jets and
Z+jets. These are the processes we have simulated, with four to six jets coming
from the hard processes calculated by ALPGEN. The W will contribute to the
background when it decays to a charged lepton which is unobserved or fails the
isolation criteria, and a neutrino which leads to missing energy in the detector.
The W can also decay to a tau which decays hadronically, in which case it will
form a jet, and a tau neutrino. The background from Z will be when it decays
to two neutrinos, making it completely invisible to the detector and leading to
missing energy.



Section 4.4 Results 45

The pair production of top quarks will also provide some background to our
signal. However, the top quark always decays to a W boson and a b quark. The
b quarks can be identified in the CMS detector at CERN to 85 % efficiency [29].
This is because the lifetime of the b quark is long enough for it to move a distance
within the detector before decaying, creating a second vertex outside of the hard
process. Since the pair production of top quarks will produce two b quarks, the
probability of detecting at least one of them is about 98 %. Because the detection
rate is so high, this process will not lead to a significant amount of background.
Also, it is only when one of the W bosons decay leptonically, leading to missing
energy from a neutrino, that the process will lead to background. Since we cut
all events with isolated leptons, this makes this background even smaller. Due to
time limitations, we have therefore decided to not simulate the pair production
of top quarks, and simply discard all events where b quarks are produced.

Multijet final states from QCD will provide a large amount of background for
the MT2 distribution. We do not have time to simulate QCD processes for this
project, and based on the analysis made in [25], these events will only take small
values of MT2. We therefore assume that QCD processes will be negligible in the
tail where we expect to see a signal.

4.4 Results

The distribution of invariant mass of all the jet pairs from the simulated events,
with the selection criteria described in section 4.1 applied, is shown in fig. 4.2.
The combinatoric background, mbi

jj, is modeled using BEST on all the different
types of processes combined, where the probability of each type of process is
weighted according to its luminosity. This background is then normalized to the
distribution of the simulated events in the region 150 − 500 GeV. Wee see that
the modeled background fits the distribution well. (The SUSY signal, mSUSY

jj ,
which is not stacked in the histogram, is also part of this background.) The
BEST distribution (the distribution of all the events combined minus the mod-
eled background), mBEST

jj , shows the distribution we would expect to see at the
LHC (except for contributions from QCD processes and top production which
we have not simulated) if the CMSSM exists at our chosen parameter point. We
see from the BEST distribution that there is an excess of events at low ener-
gies, corresponding to W and Z bosons decaying hadronically. There is no way
of distinguishing the SUSY signal from SM background in this distribution, as
expected, since they both have similar shape and the SUSY distribution is much
smaller than the SM background.

The distribution of MT2 for all the different events is shown in fig. 4.3. Wee see
that the distribution for the SUSY events, MSUSY

T2 , continues after the distribution

of SM background, M
W/Z+jets
T2 , stops. The SM background distribution stops

below 400 GeV, and there are SUSY events over 700 GeV. This shows that MT2
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Figure 4.2: Invariant mass distribution of jet pairs for all the simulated
events, with the selection criteria described in section 4.1 applied. The SM
backgrounds are stacked on top of each other. The combinatoric background is
modeled using BEST on all the different processes combined. The distributions
are normalized to correspond to an integrated luminosity of 4.73 fb−1.

works as a variable for distinguishing the signal process from SM background. A
large portion of the excess SUSY events fall within the same region as events with
fake W and Z bosons from combinatoric background. This background, Mbi

T2, is
modeled by calculating MT2 from jet pairs combined from all the different types
of processes, similarly as for the invariant mass distribution. Wee see from the
distribution of Mbi

T2 that BEST slightly weakens the performance of MT2 as a

discovery variable. Mbi
T2 takes larger values than M

W/Z+jets
T2 , therefore moving into

the signal region we would have had if we did not need to model combinatoric
background. However, the distribution of Mbi

T2 stops at about 550 GeV, which
still leaves a region completely free of any background and open for an excess of
possible SUSY events.

The BEST distribution, MBEST
T2 , is the signal where we hope to see a significant

excess for large values. Wee see that there is a small excess in the tail of the
distribution of Mbi

T2. The excess consists only of tiny fractions of events and is
way too small to be detected at the LHC running with a center of mass energy
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of 7 TeV, and with data corresponding to an integrated luminosity of 4.73 fb−1,
which is what we have simulated. A much larger luminosity would be needed
in order to detect this excess. Perhaps at a center of mass energy of 14 TeV,
the luminosity could become large enough that the excess of events in the signal
distribution for this analysis could be detected at the LHC.

Figure 4.3: MT2 distribution for all the simulated events with the selection
criteria described in section 4.1 applied. The SM backgrounds are stacked
on top of each other. The combinatoric background is modeled using BEST
on all the different processes combined. The distributions are normalized to
correspond to an integrated luminosity of 4.73 fb−1.





Conclusions

We set out to study the pair production of the lightest charginos or the second
lightest neutralinos, each decaying to jet pairs via a W or Z boson and the
LSP, in Monte Carlo simulated proton–proton collisions for the LHC. Both the
supersymmetric signal and Standard Model background was simulated at a center
of mass energy of 7 TeV, with all results normalised to correspond to an integrated
luminosity of 4.73 fb−1. The stransverse mass variable, MT2, was used to try
to separate the signal from background. This variable reflects the masses of
originally pair produced particles, and we therefore expected to find an excess
of supersymmetric events in the tail of the MT2 distribution. The Bi-Event
Subtraction Technique was used to model and subtract events with fake W and
Z bosons from the combinatoric background, arising when jet pairs are combined
from different decay chains in an event.

Our results show a small excess of fractional events in a region with no Stan-
dard Model or combinatoric background, for large values of MT2. The excess is
too small for a discovery of supersymmetry to be made at the LHC based on this
analysis, at a luminosity corresponding to the data we have generated.

We also found that the combinatoric background, modeled by the Bi-Event
Subtraction Technique, gives MT2 values that are larger than for the SM back-
ground, but smaller than for SUSY processes. This makes the signal region
smaller than it would be if there was no combinatoric background to consider.

From the results we conclude that MT2 can in principle distinguish the signal
process from background, even though BEST reduces the effectiveness of MT2

as a discovery variable, but the excess is too small to be detected at 4.73 fb−1.
A much larger luminosity would be needed than what we have simulated, for
the signal to be detectable. Perhaps at a center of mass energy of 14 TeV, the
luminosity would become large enough that the analysis presented here could
lead to a significant excess, large enough that it could potentially be detected at
the LHC.
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