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Abstract

We consider supersymmetry, which is a possible solution to many of the theetical problems
with the Standard Model of Particle Physics. If supersymmetry exists, it has to be a bro-
ken symmetry, and there are several ways to break it. We study minimal Gauge-Medited
Supersymmetry Breaking (mGMSB), in this model supersymmetry is broken in a hidden
sector, which is communicated to the Minimal Supersymmetric Standard Model (MSSM)
by a messenger sector which interacts with the MSSM sparticles via the Standard Model
gauge interactions.

In the mGMSB model, only ve free parameters are added to the Standard Model pa-
rameters, and we consider a model in which four of these ve are xed, while the fth ( , the
scale which determines the size of the supersymmetry breaking) is varied between 9&V
and 230 TeV. In this model, the gravitino is the Lightest Supersymmetric Patticle and the
lightest neutralino is the Next-to-Lightest Supersymmetric Particle. We study the resulting
events in the ATLAS detector, which usually contain two high-energy photons and larg
missing energy, using simulated signal and background samples. Using optimizinguts, we
nd that at a centre-of-mass energy of 7 TeV and with an integrated luminosity of 4 fb 1,
the ATLAS detector can discover mGMSB for 200 TeV or exclude it for 215 TeV.






Populaire samenvatting

Alle materie om ons heen is opgebouwd uit deeltjes die horen bij het Standaardmodel, een
model voor deeltjesfysica dat tot nu toe heel veel uitkomsten van experimenten coect voor-
speld heeft. Er zijn echter ook een paar problemen met het Standaardmodel, bijvoorbeeld
dat er in ons heelal heel veel \donkere materie" is, waarvan we weten dat het niet kan
bestaan uit Standaardmodel-deeltjes. Een mogelijke oplossing voor deze problemen is-s
persymmetrie, volgens deze theorie heeft elk deeltje in het Standaardmodel een zogenaamde
superpartner. Dit is een deeltje met precies dezelfde massa en andere eigenschappen als het
Standaardmodel-deeltje, maar een andere spin. De nieuwe deeltjes worden meestal super-
symmetrische deeltjes genoemd.

We weten echter dat supersymmetrie geen exacte symmetrie kan zijn, want als dais
persymmetrische deeltjes inderdaad dezelfde massa zouden hebben als de Standaardmodel-
deeltjes, zouden we ze allang gevonden hebben. Daarom moet supersymmetrie een gebroken
symmetrie zijn, en dit zorgt ervoor dat de supersymmetrische deeltjes een veel hogereassa
hebben dan de Standaardmodel-deeltjes. Er zijn verschillende manieren om supersymmetrie
te breken, de manier die wij hebben bestudeerd heet \gauge-mediated supersymmetry break-
ing". Het idee achter deze theorie is dat supersymmetrie wordt gebroken door deeltjes eh
een heel hoge massa, en uiteindelijk via de krachten die we kennen uit het Standaardmodel
(de sterke kracht, de zwakke kracht en de electromagnetische kracht) wordgecommuniceerd
naar de supersymmetrische deeltjes. De precieze massa van de supersymmetrische ¢eslt
in dit model hangt af van vijf nieuwe parameters (naast de Standaardmodel-parametels

Uiteraard zouden we graag willen weten of gauge-mediated supersymmetry breakingtéc
bestaat. Een van de experimenten die bewijs proberen te vinden voor gauge-mediated-s
persymmetry breaking is de ATLAS detector, die meet wat er gebeurt als je twee protnen
met heel hoge energie op elkaar laat botsen. De kans bestaat dat bij zo'n botsingvee
supersymmetrische deeltjes worden geproduceerd, en omdat de meeste supersymmetrische
deeltjes niet stabiel zijn, zullen ze vervallen naar andere supersymmetrische deeltjes en
Standaardmodel-deeltjes. De enige superpartner die wel stabiel is, is degene met de laagste
massa: het gravitino. Het enige deeltje wat een grote kans heeft om direct naar het gvdino
te vervallen, is het lichtste neutralino, een deeltje dat een mix is tussen de superpaners
van het foton, het Higgs boson and hetZ boson. Dit deeltje vervalt in ongeveer 75 % van
de gevallen naar een foton en een gravitino, waarbij beide deeltjes een hoge energigden.
Gravitino's zijn onzichtbaar voor de ATLAS detector, maar met behulp van im pulsbehoud
kunnen we wel zien of er onzichtbare deeltjes zijn geproduceerd. De onzichtbare deeltjes
vormen samen de zogenaamde missende energie. Het signaal wat we zoeken bestaat dus uit
een grote missende energie en twee fotonen met een hoge energie.

Omdat in slechts een heel klein deel van de botsingen in ATLAS superpartners worden
geproduceerd, hebben we een manier gezocht om deze botsingen te onderscheiden van de
rest. De beste manier om dit te doen is door alle botsingen die niet aan bepaaldegels
voldoen te verwijderen. Voor het onderzoek wat wij hebben gedaan, zijn deze regels als
volgt: in een botsing moeten minstens twee fotonen met een energie hoger dan een bepaalde
waarde worden geproduceerd, die fotonen moeten onder een grote hoek met de inkomende
protonen worden geproduceerd, en de missende energie moet hoger zijn dan een bepaalde
waarde. Als we deze snedes toepassen, blijkt dat we aan het eind van 2011 gauge-mediated
supersymmetry breaking voor een aantal waarden van de verschillende parameters fen
kunnen vinden of uitsluiten.
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1 Introduction

The Standard Model of Particle Physics is a very successful theory, which describedl forces
and particles that have been detected so far. However, there are some questions whitie
Standard Model alone cannot answer, so in the past decades physicists have started king
for Beyond the Standard Model theories. These are theories that at low energies reduce
to the Standard Model, but at high energies contain new physics, for example heavy new
particles or new forces. One of the most important theories for new physics is supgym-
metry, which introduces a new symmetry between bosons and fermions, and superpartner
for all Standard Model particles. There are many branches of supersymmetry, but irthis
thesis we will study only one of them: minimal Gauge-Mediated Supersymmetry Breakig
(mGMSB). In this theory, the masses of the supersymmetric particles depend only o the
Standard Model parameters and ve new free parameters.

However, theoretical arguments alone do not su ce to establish the existence of mGN5B,
data are required. For this reason, we will also study the type of signals themGMSB would
give in the ATLAS detector, which is a particle detector at the Large Hadron Collider (LHC),
where protons are collided with a centre-of-mass energy of 7 TeV. As only a very sriidrac-
tion of all events at the LHC would contain supersymmetric particles, we will try to nd
cuts on variables that separate signal events (events in which supersymmetriparticles are
produced) from background events (events in which only Standard Model particles are pro
duced). The nal goal is to calculate for which values of the ve new parameters mGMSB
models could be discovered, or excluded, with an integrated luminosity of 4 fb, which is
the amount of data that ATLAS is expected to collect up to the end of 2011.

In chapter 2, we will describe the Standard Model, which is very important becaus su-
persymmetry is based on the Standard Model. There are some problems with the Standa
Model, and three of those will be discussed in chapter 3. Later on, we will see thaill of
them can be solved by supersymmetry.

We start our discussion of supersymmetry in chapter 4. First, we will discus the su-
persymmetric algebra, superspace and super elds. Using these concepts, we will deritree
forms of the general, chiral and vector super elds and determine how their components
transform under a supersymmetry transformation. In chapter 5, we will use ournewfound
knowledge of super elds to derive the most general Lagrangian for a supersymmetr the-
ory, and do some calculations to show that these Lagrangians are indeed invaria under
supersymmetric transformations.

In chapter 6, we will discuss the minimal supersymmetric extension of the Standat
Model, the Minimal Supersymmetric Standard Model (MSSM), and list all particles in this
model. We will also discussR-parity, which is a new symmetry with important consequences
for the phenomenology of the MSSM.

In chapter 7, we will rst explain why supersymmetry has to be a broken symmetry.
After that, we will give the most general form of the supersymmetry-breaking parameters
and discuss di erent types of supersymmetry breaking.

As an intermezzo, in chapter 8 we will discuss electroweak symmetry breaking, whichas

a large in uence on the phenomenology of the MSSM. After electroweak symmetry breaking,
a number of supersymmetric particles will mix and form new mass eigenstates, lwch will
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also be described in this chapter.

In the last theoretical chapter, chapter 9, we will discuss how gauge-mediated supersy
metry breaking works and calculate the masses of a number of particles in this noel. We
will also discuss the minimal version of gauge-mediated supersymmetry breakingnGMSB),
in which there are only ve new parameters compared with the Standard Model. Finally,
we will discuss the gravitino, which is a very important particle in this model.

In chapter 10, we will start the experimental part of the thesis by discussing he Large
Hadron Collider and the ATLAS experiment. We will also explain how the di erent subde-
tectors work and what exactly they detect. Finally, we will discuss the trigger system that
is used in ATLAS.

In chapter 11, we will study the phenomenology of the mGMSB model for di erent values
of the ve parameters, and decide which values we want to study further. After this, the
process of simulating signal events (events in which supersymmetric particleare produced)
will be explained and the programs used for this simulation will be described bey. We
will also discuss the main backgrounds to mMGMSB events and explain how the objectae
use are reconstructed with the ATLAS software.

Finally, in chapter 12 we will describe how we analyzed the signal and backgroundvents

and how we found the optimal cuts on the variables. We will also give the limis that can
be set on the mMGMSB models that we have studied with 4 fo! of ATLAS data.
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2 The Standard Model

Supersymmetry, the subject of this thesis, does not stand on its own: it is an expamnsn
of the Standard Model of Particle Physics, which is a theory that agrees with eperiment
extremely well and has for example predicted the masses of th2 boson and the top quark
before they were found [1]. This chapter is dedicated to constructing the Standard Model,
and many of the concepts explained here will also be used later on, when we are construadi
supersymmetry.

The Standard Model is a relativistic quantum eld theory which is invariant under the
gauge groupSU(3) SU(2) U(1) at high energies and describes all particles that have
been detected so far. Elementary particles have a fundamental characteristic callepin”
[2]. Based on their spin, we can divide elementary particles in two groups: boss have
integer spin and fermions have half-integer spin. Apart from spin, elementary paricles also
have a number of other quantum numbers, for example their electrical charge, and each
elementary particle has a corresponding antiparticle whose quantum numbers (excepr
the spin) have the same absolute value, but opposite sign.

THE STANDARD MODEL
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Figure 2.1: The particles of the Standard Model (ignoring colour and aniparticles).

The Standard Model also describes three of the four fundamental forces: the electromag-
netic, the weak and the strong force. These three forces are mediated by spin-1 gauge bns
(we will see later on what we mean by this statement): eight gluons for the song force,
the photon for the electromagnetic force and thew* , W and Z° bosons for the weak force.

As far as we know, all matter is built up out of spin-1/2 fermions, and we can divide
those fermions in three \generations" or \families". Each generation contans four fermions:
two quarks and two leptons (a charged lepton and a neutrino). In gure 2.1 it is shavn
that for example the rst generation contains the up quark, the down quark, the electron
and the electron neutrino. Actually, it also contains the anti-particles, and each quark can
have three di erent \colours", but these are not shown here. Another interesting thing to
note is that the only di erence between for example the up and the top quark (which are
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in di erent generations) is their mass, all other quantum numbers are the same. he main
di erence between the quarks and the leptons is that the quarks interact via the strongforce
(that is, they interact with gluons) while the leptons do not.

If we now consider gure 2.1 again, we can see that there is one particle that we haveot
discussed yet: the Higgs boson (a scalar particle, which has spin 0). The StandhModel
predicts that this particle is necessary to give mass to the other particles (in sedn 2.3 we
will see how this takes place), but it has not been found yet.

2.1 Group theory

As was already said in the introduction, the Standard Model is invariant under the group
SU(3) SU(2) U(1), so to understand the Standard Model we rst need to understand
what groups are. A group is something that contains elements (for example, all itegers)
and an operation that combines any two elements to form a third element of the goup (for
the integers, this operation can for example be addition, as the result of addingwo integers
is always an integer). Other properties of groups are that they are associate (which means
that for all a, bandc, (a+ b)+ c= a+( b+ ¢)), they must always contain an identity element
(in the case of the integers, the identity element is the number 0, because for alhtegers
a, a+0 = a) and for every element, there must be an inverse element (in the case of the
integers, the inverse ofais a, becausea+ ( a) =0, which is the identity element).

A full set of symmetry transformations is always a group, but there is a cleardistinction
between discrete and continuous transformations [3]. Discrete symmetries uslia form a
group with a nite number of elements, for example the group of rotations that leave a
triangle invariant (which contains three elements: rotations over 0, 1D and 240 degrees).
Continuous symmetries depend on one or more continuous parameters, so the groapntains
an in nite number of elements. An example of a continuous symmetry group is the goup of
rotations that leave a circle invariant (in this case the continuous parameter is the rotation
angle). If a continuous symmetry depends on the parameters in an analytic way, & call the
corresponding group a Lie group [3], and the three groups under which the Standard Model
is invariant (SU(3), SU(2) and U(1)) are all Lie groups. Another important distinction is
the distinction between Abelian and non-Abelian groups: the commutator p; b = ab baof
two group elements is always zero if a group is Abelian, but can be nonzero for non-Adbian
groups.

In [3] it is shown that an element g of a Lie group G can always be written as

g( 1;: a)=€ it (2.1)
where ; (with i = 1;:::;n) are the parameters the symmetry transformation depends on,
t; are the so-called generators of the Lie group, which are operators that givan nitesimal
transformations in linearly independent directions in the parameter space of the grap, and
summation over repeated indices is implied (as it will be everywhere in this thesi). Clearly,
the number of generators is equal to the number of parameters (which makes sense, basa
a Lie group with three parameters has a three-dimensional parameter space, so we need
three generators to span this space). If we now consider the product of two group elements
0, and gy, we get [4]

13



o 155 n) G 15 ) = €ttt
— ei iti+ioit; % i j[tl;tj]+:::; (22)

where the dots in the second line denote higher-order commutators df. As we wantg; o
to be an element of G as well, it must be possible to write it in the form of equation 2.1.
That is only possible if the commutators of the generatorst; are linear combinations of
generators themselves, so

[tistj] = if i te; (2.3)
where thefj, are the structure constants of the group. Clearly, for Abelian groups all stuc-
ture constants are zero. For non-Abelian groups, structure constants are verynportant,

because they de ne the group: if a set of matrices obeys the commutation relations foa
group G, this set of matrices is a complete set of generators of the grou@ [3].

We know that the symmetry group of the Standard Model is SU(3) SU(2) U(1). In
general,U(N) is the group of unitary N N matrices [2]. This means thatU(N) has N2
generators, as aN N complex matrix contains 2N 2 real parameters and the requirement
of unitarity means that there are N2 constraints, so we haveN ? free parameters left. The
Standard Model group U(1) is the group of unitary 1 1 matrices, so it is actually the
group of all complex numbersc with absolute value 1. It is equal to the group of rotations
in two dimensions (because if we plot the elements dfJ(1) in the complex plane, they form
a circle, and we can use this to relate each complex number to a rotation angle).

SU(N) is a subgroup of U(N), it contains all unitary N N matrices with determinant
1 [4]. Because of this one extra requirement, the number of generators (which i & number
of free parameters) isN2 1.

We just dened SU(N) as a group containing N N matrices, so it makes sense to
expect the generators of SU(N) to be N N matrices as well. However, it is important
to remember that each set of matrices that obeys the commutation relations beloging to
SU(N) is a set of generators forSU(N ). We call such a set of generators a representation of
SU(N) (thought it is actually a representation of the Lie algebra corresponding to SU(N),
not of SU(N) itself). Important representations of SU(N) are the fundamental representa-
tion (which consists of N N matrices), the trivial representation (where all generators are
0) and the adjoint representation (which consists ofM M matrices, whereM is the number
of generators of the group) [5]. For each representation there is also an antepresentation
which contains the complex conjugates of the matrices of the representation, but in soe
cases the representation and the anti-representation are equivalent.

The action of an elementg of a Lie group G with generators t; on an objectf is given
by (see equation 2.1)

f1 e itif: (2.4)

If the t; are for example in the fundamental representation ofSU(3), they are 3 3 matrices
sof will be a 3-component vector, and we say thatf transforms in the fundamental repre-
sentation of SU(3). The SU(3) transformation given in equation 2.4 will rotate the di erent

components off into eachother, and we say that these components form a multiplet (for
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example a triplet in the case of the SU(3) fundamental representation). Representations
of unitary non-Abelian groups are usually labeled by their dimension, so the fundamerdl
representation of SU(3) is called 3, the antifundamental representation is called3 and the
trivial representation is called 1.

2.2 The Standard Model Lagrangian

In the introduction to this chapter, we have named all particles that are part of the Standard
Model, but we have not said much about their properties, for example their massesral the
way they interact with eachother. These properties are given by the Lagrangianof the
theory, which is in general given by [1]

L=T V (2.5)

where T is the kinetic energy of the system andV is its potential energy. In this thesis, we
will work with the Lagrangian density L, de ned by
A
L= Ld; (2.6)

and we will follow common practice by calling L the Lagrangian [1]. It will be a function
of all the elds (corresponding to the particles) in the theory and a number of constarts,
and will contain three types of terms: kinetic terms (which contain derivatives of the elds,
forexample @ @ for a scalar eld ), mass terms (which contain two elds, for example
m?2 ) and interaction terms (which contain three or more elds, for example ) [1].

We will see that we can derive the Lagrangian by simply requiring that it should be
renormalizable (renormalization will be discussed in section 2.5, but in pradte this require-
ment means that the Lagrangian is only allowed to contain terms with massdimension no
larger than four [2]), Lorentz invariant (which means that only combinati ons of elds are
allowed that are invariant under Lorentz transformations) and locally invariant under the
Standard Model gauge group.

We will start with the most basic Lagrangian for a spin-1/2 fermion (for example a
quark). A spin-1/2 fermion is described by a four-component spinor (x) which is a function
of spacetime & = (t;%)). (x) can be decomposed in two two-component parts (the left-
handed part | (x) and the right-handed part g (x)) and its kinetic term in the Lagrangian
is given by [2]

Lint =1 (X) @ (X); (2.7)
with (x)= Y(x) ®and the Dirac gamma matrices given in appendix A. This term is
Lorentz invariant and renormalizable, but we also want it to be invariant under SU(3), SU(2)
and U(1). Using equation 2.4, we can see that the Standard Model gauge transforman of

(x) is given by

xX)! x)=¢€ 2Tez i ezY (x); (2.8)

with T, the eight generators ofSU(3), i the three generators ofSU(2), Y the generator of
U(1) (which is just a number, equal to the hypercharge of the particle ) and the factors %
put in because of convention. The Standard Model gauge transformation of is given by
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xX)! Yx)=e ' Tezi'ezY (x): (2.9)
Applying the transformations given in equations 2.8 and 2.9 to the Lagrangan in equation
2.7, we see that this Lagrangian is indeed invariant under the Standard Model gauggroup.
However, we now want to introduce the concept of local gauge invariance, because welleve
that requiring the Lagrangian to be invariant under local gauge transformaions will give
us the interactions between elementary particles that we are looking for (in fat, we will
see that this is the case). Local gauge invariance means that we want the Lagngian to be
invariant under the transformation [1]

N

(x)! Yx)= & 00T er 100 "gz (Y (x): (2.10)

To make things a bit simpler, we will rst consider only the U(1) part, so we want to know
whether the Lagrangian is invariant under

| ez (Y (2.11)

(from now on we will suppress the dependence of the elds orx). Unfortunately, the
Lagrangian in equation 2.7 is not invariant under this transformation, as

. i i | i
Lpns = ie z 0 ez Y@ + SYe Y @ (x) 6 Ling : (2.12)
The solution is to introduce the covariant derivative [1]

i
Duwpw=@ 5915 ; (2.13)

where g; is the U(1) coupling strength (which is a new parameter in the theory) andB is
a spin-1 gauge boson which transforms as

B1 B+ @: (2.14)
01

As this gauge boson is a physical particle, it should have a kinetic term whichcontains
derivatives of B and is invariant under the local gauge transformations. The simplest
possibility is %F F with F the antisymmetric eld tensor; F = @B @B [1].
If we now replace the@ in equation 2.7 by the covariant derivative D and add the kinetic
term for the gauge eld, we get

. 1
Livewp = 1 Duq ZF F

Qi 1

= B ~F F 2.15
2 4 ( )
which can easily be shown to be invariant under the combined transformations 21 and
2.14. We now have a Lagrangian that is invariant under localU (1) transformations, but the
price that we pay is the inclusion of a spin-1 gauge eld which couples to the fermion wh
a coupling strength g; (the coupling is given by the B term).

= j @ +

If we consider only the SU(3) symmetry, the situation is a bit more complicated, as this
symmetry has eight generators instead of just one. To make equation 2.7 inveant under
I € aT" we need to replace@ by the covariant derivative for SU(3), which is
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D SU (3) = @ + ig3TaGa (216)

where gz is the SU(3) coupling strength and eight spin-1 gauge boson&? are introduced.
These gauge bosons have to transform as

Ga.l Ga é@ a fabc bGC (2.17)

with f e the structure constants of SU(3) (see section 2.1). Finally, the kinetic term for
the gauge bosonsG? is given by %Ga G, with G2 = @G® @G? gsf ancGG® [1].
So the Lagrangian invariant under SU(3) local gauge transformations is

. 1
Lisu@ = 1 Disug ZGa G,

1
@ ¢ T°G° GG, : (2.18)

The construction of a Lagrangian invariant under SU(2) transformations is done in the
same way, only with three generators ', so also three gauge eldsV'. This means that the
covariant derivative for the whole Standard Model gauge group is equal to

Disw =@ 0B 30 'W' +igeT*G" (2.19)
and the Lagrangian is
— 1 1 a 1 i
Le =i D .sm 4F F 4G G, 4H H; (2.20)

with H' the eld tensor for the W' elds.

To make the Lagrangian invariant under SU(3) SU(2) U(1), we had to introduce
twelve spin-1 particles: eight for SU(3), three for SU(2) and one for U(1). Comparing this
with the contents of the Standard Model, it is tempting to identify the strong fo rce with
SU(3) (so we can identify the eight G# with the eight gluons), the weak force with SU(2)
(so we can identify the threeW' with the W*, W and Z° bosons) and the electromagnetic
force with U(1) (so we can identify B with the photon). This is correct in the case of the
strong force, but as we will see in the next section it is not quite correct in the cas of the
electromagnetic and weak force.

We have given the general gauge transformation for a fermion in equation.20, but we
have not speci ed in which representation these fermions transform. We now knowHhat the
three symmetry groups are related to three forces, but not every fermion feels everyfce
(for example, leptons do not feel the strong force). To make this apparent in the Lagangian,
fermions that do not feel a force transform in the trivial representation of the corresponding
gauge group (or in other words, they transform as a singlet under this gauge groupgand as
e = 1 this part simply disappears from the gauge transformation. Fermions tha do feel a
certain force can transform either in the fundamental (for particles) or in the antifundamen-
tal (for antiparticles) representation of the corresponding gauge group. We ca now also
understand what the three colours of the quarks mean: quarks transform in the fundametal
representation of SU(3), which is three-dimensional, and these three dimensions correspond
to the three colours of the quarks. The gauge bosons of a force transform irhé adjoint
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Name Symbol (SUB) SUE) U@
Left-handed quarks Qu =(uL;dy) (3:2;3)
Right-handed up UR (3;1; %)
Right-handed down dr (3;1; %)
Left-handed leptons L. =(e; o) (1;2; 1)
Right-handed charged lepton | er (1;1;, 2
Gluons g (8;1;0)
W and Z bosons w ;z° (1;3;0)
Photon (1;1;0)
Higgs boson H (1;2;1)

Table 2.1: The particle content of the rst generation of the Standard Model. SU(3) and
SU(2) representations are labeled by their dimension whil&J (1) representations are labeled
by the eigenvalue of the hypercharge generatdf [1].

representation of the corresponding gauge group [1].

The strong force only a ects quarks, not leptons. According to experiments [1], he weak
force only a ects left-handed particles, and for each generation the two left-handed qudss
form a weak doublet and the two left-handed leptons form a weak doublet (which means
that the weak force can for example transform an up-quark into a down-quark). Tale 2.1
lists the Standard Model particles of the rst generation and the SU(3) SU(2) U(1)
representations they are in. An interesting thing to note is that according to the Standard
Model, there is no right-handed neutrino.

Of course, we might want to add other terms to the Lagrangian in equation 2.9 (in fact,
we will do this in the next section). To conserve the gauge invariance of the Lagmgian, these
terms should be singlets undelSU(3), SU(2) and U(1). To make clear what this means, we
will consider an example: a possible allowed term igQ, Hdr, because adding theY -values
of these elds gives % +1 % =0 (remember that the quantum numbers of antiparticles,
which are denoted by a bar, have equal size but opposite sign compared to the quantum
numbers of the corresponding particles), the elds are in the3, 1 and 3 representations of
SU(3), and they are in the 2 (which is equal to the 2), 2 and 1 representations ofSU(2).

2.3 The Higgs mechanism

We now have a beautiful Lagrangian, but there is one problem: all particles in it ae still
massless, while we know from experiments that at least the quarks, the chged leptons
and the W and Z° bosons should have a non-zero mass [6]. Unfortunately, it is not so
easy to add mass terms to the Lagrangian while keeping the Lagrangian invant under the
gauge symmetries. Fermionic mass terms must be of the forrm =m( L R+ R L)
[2], however as | is an SU(2) doublet and g is a singlet, these mass terms are not gauge
invariant. The same problem appears if we try to add mass terms for the gage bosons,
which for neutral bosons should be of the form%mZA A | but this term is also not gauge
invariant (which is clear from equation 2.14).
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The solution to this problem is called the Higgs mechanism and it is based on the fm-
ciple of spontaneous symmetry breaking. We say that a symmetry is spontanewsly broken
when the Lagrangian of a system is invariant under this symmetry, but the vacuum sate
(the ground state of the system) is not. To make this clearer, we will have alook at an
example.

The most general renormalizable and Lorentz-invariant Lagrangian for a corplex scalar
eld s given by [1]

Ls=j@ 2 3 ® ji% (2.21)
which is clearly invariantunder ! € , so under globalU(1) transformations. If and 2
are positive, this is just a normal Lagrangian with a mass term and a sdfinteraction term
for . However, if 2 is negative, we have a mass term of the wrong sign and a potential
that looks like gure 2.2 (which is clearly also invariant under U(1), the group of rotations
in two dimensions). The ground state of a system is the state in which the ptential is at a
minimum. Usually the potential will be zero when the elds are zero (if 2 is positive, the
potential minimum V = 0 appears for = 0) but in this case there is an in nite nhumber
of degenerate ground states. In each of those ground stateg,j? = 2= . As soon as
Nature picks one of these vacuum states (it does not matter which one is chosen, abdy
are degenerate, but the system can only be in one of those vacuum states), the systes i
no longer invariant under U(1) rotations. This means that the U(1) symmetry has been
spontaneously broken.

Ref4)

Figure 2.2: The potential V( )= ?j j2+ % j j*for > Oand 2< 0.

To apply this to the Standard Model, instead of a complex scalar eld we add a complex
scalar SU(2) doublet given by
1 1

+ H ’

1 1+ 1 2
= = p— 2.22
o 9—2 st ( )

which is a singlet under SU(3) and has hyperchargeY = 1. The most general Lagrangian
for such a scalar doublet is

o .1
Ls=jD j 3 j? 211 (2.23)

with D the covariant derivative for a eld that transforms under SU(2) U(1):
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i T
D =@ Eng 5% 'W': (2.24)

. . . . 2
Once again we choose positive and 2 negative, and if we dene — = v?, we can
pick the minimum ;= ,= 4=0, 3= v. Vvis called the vacuum expectation value of
3 (because it is the value that 3 has in the vacuum state), which is usually denoted byh si.

We can now expand (x) around this vacuum, so

— l 0 .
(x) = PS5 s hoo (2.25)

and write the Lagrangian in terms of v and h(x) instead of in terms of (x).
If we do this for the rst term in equation 2.23, use the fact that the generators ' of

SU(2) are the Pauli matrices given in appendix A and only consider the mass-like term
(the terms with two elds and no derivatives), we get

D= 2V (W2 H(WH? + 2%(@B aWH(@B  eW?)  (226)

3 3
If we now change bases taW = s (W' iW?),Z = Sff 95 and A = BP_EE

gs+03 g2+ 03

this becomes

12 1 114 2
iD ?= v W'W +> v g+¢g zZ% (2.27)

2 2 2
From the above equation we can see that our Lagrangian now contains three maise gauge
bosons: bothW* and W (which are eachother's antiparticle) have a mass o%vg (because
for a charged boson we expect a mass term of the fortd 2, W* W [1]), and the mass ofz°
is %v o7 + g5 (because for a neutral boson we expect a mass term of the foréMZZZZ). A
is still massless (as the Lagrangian does not contain a mass term fér ), which means that
we can identify it with the photon, which we know to be massless. This exactlydescribes
the situation we know from experiment.

One might wonder what exactly happens here, as it seems that after the Higgs mech-
anism, we have more degrees of freedom than before (as a massless spin-1 bosantiva
degrees of freedom, while a massive spin-1 boson has three degrees of freedom [2]jveier,
this is not true, because we start out with a complex Higgs doublet (two complex scar
elds, so four degrees of freedom) and four massless spin-1 bosons (eight degrees of free-
dom), and we end up with one Higgs scalar (one degree of freedom), one masslessisbi
boson (two degrees of freedom) and three massive gauge bosons (nine degrees of fie¢do
This means that the degrees of freedom from the Higgs scalars are absorbed by theassless
gauge bosons (the gauge boson elds have become linear combinations of the onigli gauge
boson elds and the Higgs scalars), which makes them massive. Often, it is gaithat the
massless Higgs scalars are \eaten" by the gauge bosons.

As we have seen, the vacuunh i is electrically neutral (as only the neutral component
of the SU(2) Higgs doublet gets a vacuum expectation value), this means that the vacuum
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is still invariant under electromagnetic transformations. This means that the massless gauge
boson left, the photon, must be the gauge boson corresponding to electromagneti@ansfor-
mations. It also means that the SU(2) U(1) symmetry is broken to a U(1)gm Symmetry,
and this process is called electroweak symmetry breaking.

Using the same Higgs doublet, we can also give masses to the fermions, by adglisome
extra terms to the Lagrangian. For the charged leptons and the down-type quarksthese
terms are

where h.c. denotes the Hermitian conjugate. If we replace the Higgs doublet by its vacuum
expectation value, these terms are indeed fermionic mass terms. To give mass the up-type
qguarks, we rst need to construct the charge conjugate Higgs doublet:

|
. !
c= 12 = (2.29)

and then we can add a term

GuQL cur + hic:: (2.30)

The constants Ge, G4 and G, are not predicted by the theory (and can be di erent for the
di erent generations) so the Standard Model does not predict the fermion masses.

Finally, the Higgs boson itself also has a mass, which is given by [1]

m2 = v?; (2.31)
and as we do not know the value of the Higgs self-coupling strength, the mass of the Higgs
boson is not predicted by the Standard Model.

2.4 Cross sections

To see whether the Standard Model Lagrangian we have derived in the sections 2.2 and
2.3 is a correct description of reality, experiments need to be done and the resultsf those
experiments need to be compared with the predictions of the Standard Model. What we
can measure in experiments are \cross sections”, which are a measure for hovtem a cer-
tain process takes place. However, when we try to calculate these cross sectionsnfrahe
Lagrangian, we run into a problem: doing the exact calculation is impossible4]. The only
thing we can do is do a Taylor expansion of the cross section in terms of the couplingon-
stant and calculate the rst few terms.

To make calculating these terms easier, they are usually drawn graphically as Feynan
diagrams, where the process is represented graphically by lines (representing propaiya
particles) and vertices (representing interactions between particles). Figure 2.8 an example
of such a Feynman diagram for the procesg* e ! €"e , but this is not the only way to
draw this process: we could also omit the electron loop (the circle in the middle) badd more
loops (either electron loops or photon loops) and it would still be ane*e ! e*e diagram.
In fact, there is an in nite number of possible Feynman diagrams, and the contibution of
each diagram is proportional to g" (where g is the coupling constant of the force involved
and n is the number of vertices). So for example the rst three terms in the Taylor expanson
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of the cross section of a process are all Feynman diagrams representing this prosesith
zero, one and two loops.

€ €

Figure 2.3: A Feynman diagram containing one virtual particle running around in a loop.
The straight lines are (anti)electrons, the wavy lines are photons.

The basic idea of calculating a Feynman diagram is to just multiply all vertex and
propagator factors. These factors are given by the Feynman rules, which weeg from the
Lagrangian. The most important ones (all taken from [2]) are:

The propagator for a spin-0 particle (a scalar) as a function of its momentump is
given by

D= (2.32)

with m the mass of the scalar and' an in nitesimal parameter.

The propagator for a spin-1/2 fermion as a function of its momentump is given by

i(f+ m)

f(p) = p2 m2+ " (233)

with m the mass of the fermion andf = p with  the Dirac matrices (see appendix
A).

The vertex factor for a vertex interaction between particles A, B and C is given by
the coe cient of the ABC -term in the Lagrangian multiplied by a factor i. If there
are n interchangable elds at a vertex, the vertex factor is multiplied with n!.

As one can see from gure 2.3, Feynman diagrams can contain loops in which adrtual
particle is running around. This particle can in principle have any four-momentum g,
so to calculate a loop diagram we need to integrate oveq up to in nity. The four-
momentum of any propagator is completely determined by the requirement that at
each vertex, the total momentum has to be conserved.

Every fermion loop in the diagram gives a factor -1.

2.5 Renormalization

In this section we will give a very short introduction to the subject of renormalization.
More information can for example be found in the books by Peskin and Schroedgf] and
the forthcoming book by De Wit, Laenen and Smith [3].
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In section 2.4 we have given a short introduction to calculating Feynman diagams,
however for some of the loop diagrams we run into a problem. As an example weill have a
look at the 3-theory, which contains only a real scalar and has a very simple Lagrangian:

1

1 122 1 3
L= 2@@ 2m 3!g : (2.34)

Figure 2.4: The one-loop diagram that contributes to the scalar propagat in 3-theory.
Using the rules given in section 2.4, we see that the -interaction has vertex factor
ig and we can write the one-loop correction to the propagator (gure 2.4) as

i 2 ig)zzl d*k i i _
p2 m2+ i 2 1 (2)*kZ m2+i" (p+ k)2 m2+ i’

(2.35)

with the factor % coming from the fact that the internal lines in gure 2.4 are identical. We
can write this one-loop correction as

s(MC i 1(P) s(P) (2.36)

with  s(p) the scalar propagator (equation 2.32) and ;(p) the so-called self-energy of the
scalar particle:
. z
ig2 1! d*k _
22 )% 1 (K mz+i")(p+ k)2 m2+it)
R
It is easy to see that 1(p) is in nite, as the leading term for k!1 s %k ! Ink, which
diverges if we integrate up to in nity. Of course, this is a problem, because it meanstat the
rst correction to the propagator is not well-de ned. The solution to this problem is ca lled
renormalization. It is a consistent procedure to rede ne the masses, coupling constantand
elds in the theory to absorb in nities.

1(p) = (2.37)

The rst step towards renormalization is to label the in nities in the theory, w hich is
called regularization. There are several possible ways to do this, but the easiesay is cut-o
regularization, where we no longer integrate up to in nity, but up to a nite energy scal e
. After doing our calculations, we will again take 'l |, but rst we want to split the
self-energy in a nite part and a part containing the divergeﬁces. We can do this by adding

and subtracting a term which also contains a leading term {‘—4“ fork!1 , for example:

. - i92 z 4 1 1
i) = pm dk (k2 m2+i")(p+ k2 m2+i") (k2 2+i")2
ig? z 4 1
32 4 (kz 2 4+ i--)z

(2.38)
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where is a mass parameter that we can choose freely. The rst integral is now nite fo
I'1 , while the second integral is in nite but depends only on and , not on any
parameters in the Lagrangian (except forg).

As we know, the Feynman diagram in gure 2.4 is not the only correction to the praopa-
gator, there is an in nite number of corrections given by propagators with one, two, three,
four, etc. loops inserted. The total propagator is given by

I R G B R G R R ST (2.39)

which in fact looks a lot like the original propagator (equation 2.32), only with a di erent
massMeor de ned by
gorr = m2+ 1 (2.40)

This m¢or is what we call the physical mass: it is the mass that we measure in experimen

m

To understand renormalization, it is important to realize that the parameters in the La-
grangian (the masses and coupling constants) have no physical signi cance. The onlhing
we can measure in experiments are cross sections and physical masses, whioh eompli-
cated functions of the parameters in the Lagrangian. As we know that ; is in nite and
Meorr IS Nite, the only possibility is that m? is also in nite, but in such a way that the sum
of the two in nities (one of them needs to have a minus sign) ismc,; , the physical mass.
We will not discuss here how exactly the parameters (masses and coupling constants) the
Lagrangian are chosen such that the physical parameters are nite, but we have nae it
plausible that it can be done.

The parameter is a free parameter that we can pick any way we like, and in principle it
should not in uence the physics, so nothing should depend on it. However, it is impossilal
to calculate all diagrams in the expansion in equation 2.39, which means thathe result of
our calculations does depend on . To make sure that this does not cause any problems,
we should make sure that the perturbative expansion converges as fast as pdss, and this
happens when we choose to be reasonably close to the energy scale of the process we are
looking at [2]. This means that if we change the energy scale of the process, alde e ective
masses and couplings will change. Fortunately, the exact relationship between and the
masses and couplings is given by the Renormalization Group Equations (RGEWhich are
di erential equations that can be solved numerically. Using the RGE, we can catulate the
e ective masses at one energy scale when we know them at another scale [2].
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3 Motivations for supersymmetry

Up to now, no signi cant deviations from values predicted by the Standard Model have

been found, with one exception: it has become clear that neutrinos oscillate in avour,

which means that they must have a mass [7], while according to the Standard Model they
must be massless (as the Standard Model does not contain a right-handed neutrino, wihic
means that a Dirac mass term like 2.30 is impossible [1]). However, idppears to be quite

easy to add neutrino masses to the Standard Model [8].

Apart from this experimental inconsistency, there are also some theoretical prblems
with the Standard Model. Most of these problems are naturalness problems and are bad
on the fact that most physicists consider it unnatural if certain constants have to be ne-
tuned very precisely. It is not impossible for those constants to have the valuesve observe,
just highly improbable, so whether or not those naturalness problems are real problemsia
matter of taste.

In the remainder of this chapter, a couple of problems with the Standard Model are
mentioned, which might be solved by supersymmetry. However, this list is § no means
complete, and there are also many questions that supersymmetry does not answer.

3.1 The hierarchy problem

The hierarchy problem is one of the most well-known naturalness problems. In this cse
the value that needs to be ne-tuned is the mass of the Higgs boson. Of course, we do not
even know the exact mass of the Higgs boson, so one might wonder how it is pdisi that
we already know that the mass has to be ne-tuned. However, we do know that the Higgs
boson mass has to be of the order of 100 GeV [6], and as we will see this medhat it has

to be ne-tuned quite a lot.

As we have seen in section 2.5, the physical mass of a particle is given by

m|2)hys = mgare o (3-1)
with mpge the mass parameter in the Lagrangian and ; the quantum correction to the
bare mass given by the one-loop diagrams. There is no way to calculate or measuthe
bare mass parameter, but we can calculate ; (like we did in section 2.5) and measure the
physical mass and determine the bare mass that way.

We know that the Standard Model cannot be correct for all energies. The Standard
Model describes three of the four fundamental forces, but not gravity. At low energiesthis
is acceptable, as in that case the other forces are a lot stronger than gravity anave can
ignore the gravitational interactions. However, it can be shown that at enegies close to the
Planck scale (around 168° GeV), the interaction strength of gravity is comparable to that of
the other forces and we can no longer ignore it [9]. Because of this, the Standard Modean
no longer be a correct description at energies larger than the Planck scale. This meanisat if
we calculate loop diagrams, we should not integrate up to in nity, but up to the P lanck scale.

In the case of the Higgs mass, there are in fact two possible loops that callgive a
contribution (one containing a fermion and one containing a scalar), so we Wi calculate
them both. The correction to the squared Higgs mass resulting from the loop digrams
containing a fermion (see Fig. 3.1a) is [10]
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Figure 3.1: One-loop quantum corrections to the Higgs mass from (a) a ferion f and (b)
a scalar S.

1f = Flzj £i2( 2 2+6m?1n . + 1) (3.2)
with ¢ the Hff coupling and the cut-o energy. As we can see, the correction to the
Higgs mass is not proportional to the Higgs mass itself (so if the Higs mass goes to zero,
this does not a ect the correction), but it is proportional to 2. This means that if we take
the Planck scale to be the cut-o energy, 1 is of the order of 1% GeV?. It is also possible
to choose another cut-o scale, but it will always be a high energy scale.

If we now look at the correction to the squared Higgs mass resulting from theoop
diagrams containing a scalarS (see Fig. 3.1b), we get [10]

15 = Flz s( 2 2m3in me + 1) (3.3)
with s the jH?jSj? coupling. Again, this correction is not proportional to the Higgs mass
and is of the order of 1§ GeV?. It does have the opposite sign compared to 1, SO one
might wonder whether 1 and 1.5 would not cancel eachother out. However, the Stan-
dard Model contains only one scalar (the Higgs boson itself) and many fernons, and also
there is no reason why ; and s would be related. This means that it is extremely unlikely
that 15 and 1.5 would just happen to cancel eachother.

We now knowmf. ..« 10* GeV?and ; 10® GeV?, according to equation 3.1 this
would mean that my.pare Would have to be ne-tuned immensely (to a precision of about 1 in
10'") to get the right my.pnys , and this ne-tuning is not natural. In the book by Collins [11],
an e ective eld theory argument using renormalized quantities is given, which shows that
the hierarchy problem is not just a consequence of the regularization scheme we have cem.

One might wonder why this is only a problem for the Higgs boson and not for the oher
particles in the Standard Model. The answer to this question is found when we consider fo
example the corrected electron mass, which is [5]

3 2
Me= Mg+ —mMgln — 3.4
e 0 4 0 m(z) ( )
with my the bare mass of the electron (the mass parameter in the Lagrangian) and the
cut-o momentum, which in this case is the Planck scale. As we can see, the correctioto
the mass is proportional to mgy and the logarithm of divided by mg. That means that
even when is much larger than mg, the correction will still be quite small, so my and me
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will be of the same order and we will not need a lot of ne-tuning to get the electron mas
that has been measured [12].

We have now seen that the small Higgs boson mass is not \natural", while thesmall
masses of the Standard Model fermions are. One might wonder what causes this di erence,
and the answer was given by 't Hooft, who said that at any energy scale , a physical
parameter X (or set of parametersX;) is only allowed to be small if replacing X (or X;)
by zero would increase the symmetry of the system [12]. The reasoning behind this i
that if replacing X by zero increases the symmetryX is apparently a symmetry-breaking
parameter, and this symmetry protects X against large quantum corrections [12]. For
charged leptons, this works: if we take the masses of the electron, the muon andhe tau to
be zero, a chiral symmetry appears [12]. However, if we take the Higgs rea to be zero, no
symmetry appears, so the small mass of the Higgs boson is not natural.

3.2 Gauge uni cation

In physics, we always try to make our theories as simple as possible (thiewer parame-
ters, the better) while still remaining correct. For this reason, it would be nice if at high

energies we could describe all interactions (electromagnetic, weak, strong and mag even
gravitational, though we will ignore that last possibility for now a s we do not have a quan-
tum eld description of gravity yet) by one theory with one coupling constant. In t his

case, the new theory would have to be invariant under a symmetry grougs which contains
SU(B) SU(2) U(1) (G could for example beSU(5) or SO(10) [1]). This would mean

that at high energies all gauge transformations would have the same gauge colpd, and at

a certain energy scaleG would break down to the Standard Model symmetry group, with

the gauge couplings we know.

Of course, this would only work if at the energy whereG breaks down the gauge cou-
plings of SU(3)c, SU(2). and U(1)y would have the same values, as there cannot be a
discontinuity in the value of the gauge coupling. Unfortunately, if we consider jug the Stan-
dard Model, we can see in Fig. 3.2 that there is no point at which the gauge coupigs all
have the same value, so there is no starting point for a uni ed theory.

However, if we add new particles to the theory, there would be additional loop diagams,
which would change the Renormalization Group Equations. This means that the running
of the coupling constants (the way they depend on the energy scale) would change, and it
is possible that they would change in such a way that there would be a point atwhich they
all have the same value.

3.3 Dark matter

A third problem with the Standard Model is the existence of so-called dark matter. If
we consider galaxies far away from Earth, we can calculate their mass using twdi erent
methods. The rst way is to measure the amount of radiation coming from the gdaxy and
then using the known mass-to-light-ratio to calculate the mass of the galaxy To be able to
do this, we have to assume that the mass-to-light ratio in other galaxiess similar to the
mass-to-light ratio close to the Sun, which seems to be a reasonable assumpti¢l3]. The
second way to calculate the mass of a galaxy is to consider the rotation veldyiof stars in
the galaxy as a function of their distance to the centre of the galaxy. From ths rotation
velocity, we can calculate the total mass of the galaxy, and we can also detatine the mass
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Figure 3.2: The one-loop running of the electromagnetic, weak and strongauge couplings
with energy in the Standard Model. The thickness of the linesepresents the error in the

coupling constants.

distribution in the galaxy, as only the mass inside the orbit of the star a ects its rotation
velocity.

The results of these two calculations di er greatly [13]. Most of the radiation coming
from a galaxy originates around its centre, yet according to the second method the d&
outer parts of the galaxy also contain a lot of mass. Also, the total nass of the galaxy
according to the second method is much larger than according to the rst method [13].
The best explanation for this is that the mass-to-light ratio in other galaxies di ers greatly
from the mass-to-light ratio close to the Sun, which means that those galaxdas must con-
tain a lot of \stu " that is not part of the Standard Model. This stu is what we  call
dark matter. As this dark matter is clearly concentrated around the edges of galaies, it
is very likely that our own galaxy also contains dark matter, just not (much) close to the Sun.

Of course, the next question is what dark matter is made of. There are many posiil-
ities, but nowadays most physicists assume that dark matter consists of WIMPs: Weakly
Interacting Massive Particles [14]. These particles should be stable or decayery slowly, as
otherwise they would have disappeared sometime during the lifetime of our universeThere
are many theories that contain possible WIMPs, and as we will see later m supersymmetry

is one of them.
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4  Supersymmetry

If we want to solve the three problems discussed in chapter 3, we need a theory which €x
plains why the Higgs mass is so small, which contains a stable neutral padle that can be
the dark matter in our universe and which changes the running of the gauge couplings in
such a way that there is an energy at which they all have the same value. Supersymnmgt
is a theory that does all this and more.

From section 3.1 it is clear that one of the big problems of the Standard Model is thathe
Higgs mass is not protected by any symmetry, which means that the quantum corctions
to this mass are very large. As we can see from equations 3.2 and 3.3, thisgiiem might
be solved if for each fermion there was a scalar with similar propertiegas the fermion and
boson one-loop corrections have opposite signs but apart from that are very miilar). For
that reason, it makes sense to try to extend the Standard Model by adding a symmetry
between bosons and fermions, with a symmetry operatoQ (also called the supercharge)
which gives

Qjboson = jfermioni; Qjfermioni = jbosori: 4.1
Because of spin conservationQ) should be a fermionic operator, which means that it must be
an anticommuting spinor, so we will write it as Q, with a=1;2; 3;4 the spinor component.
It can be shown that the fact that Q is fermionic means that the symmetry it generates
has to be a spacetime symmetry [9], and thaiQY, the hermitian conjugate of Q,, is also a
generator of this symmetry.

In fact, there could be several independent sets of symmetry operatorQaa , Q%) (with

A running from 1 to N') which all change bosons into fermions and vice versa. However, for
N > 1 (called extended supersymmetry), the gauge interactions of the fermions have tbe
invariant under parity transformations (which change left-handed particles into right-handed
particles) [12]. As we know from experiments that only left-handed particles feel he weak
interaction, this interaction is de nitely not symmetric under parity [1]. This m eans that
only N =1 supersymmetry is compatible with experimental results, so we will onlydiscuss
supersymmetry with one set of symmetry operators Qa, QY).

4.1 The supersymmetric algebra

We will now consider the supersymmetric algebra. The algebra of a symmetry g is the
set of commutation relations among all symmetry generators. Because supenmsynetry is a
spacetime symmetry, the set of generators also includes the Poincae generatoPs (which is
the four-momentum generator of spacetime translations) andvl  (the generator of Lorentz
transformations) [12]. As Q, and QY are anticommuting spinors, the supersymmetric alge
bra will actually consist of both commutation relations (between two bosmic generators or
a bosonic and a fermionic generator) and anticommutation relations (betweernwo fermionic
generators) [12]. Of course, this means that the Jacobi identities will also comtin anticom-
mutators. We already know the commutation relations between the Poincae geneators
[12]:

P;P] = 0; (4.2)
M ;P] = i( P P); (4.3)
M M ] = i( M M M+ M ) (4.4)
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with the spacetime metric (de ned in appendix A).

The rst relation we are interested in is the commutator of Q; and P . As Q, is fermionic
and P is bosonic, their commutator must be fermionic because of spin conservation, wti
means that it has to be proportional to Qy (the only fermionic operator in the theory). It
can be shown [12] that the commutator has to be of the form

[Qa;P 1=(x +Yy 5)aQo (4.5)

with x real and y imaginary. However, using the Jacobi identity for P , P and Q,, which
is [12]

[P [P :Qall +[P ;[Qa;P ] +[Qa:[P ;P ]1=0 (4.6)
it is easy to show that x? = y?, and asx is real andy is imaginary, this means that they
must both be zero, so we have

[Qa;P 1=[Q%;P ]=0: 4.7)

This means that also

[Qa;Pz] =P [Qa;P]=0 (4.8)
and

[Q%;P?]=0: (4.9)

Relations 4.8 and 4.9 have a very important consequence. As we know, for somage
particle state j i we have P?j i = m? i with m the mass of the particle, soP? is
the squared-mass operator [2]. As the squared-mass operator commutes with theuper-
symmetry operator, particles that are transformed into one another by the sipersymmetry
operators must have the same mass. Later on we will see the consequences of tiiédesnent.

Of course the commutator of Q, (fermionic) and M (bosonic) will also have to be
fermionic, so it will also have to be proportional to Q. In fact the only option is [12]

M ;Qal= ( )abQb (4.10)

with = 1‘1[ ; ], which means that Q, transforms as a spinor under Lorentz transfor-
mations.

We know that fQ,; Qpg must be bosonic (because of spin conservation) and symmetric
under the interchange ofa and b (because of the de nition of the anticommutator). The
only bosonic generators of spacetime symmetry ar® and M  and the only matrices that
are even under transposition are C and C (with C =i , o the charge conjugation
matrix) [12], so

fQa;Qog=r( CaP +s( C)aM (4.11)

with r and s unknown coe cients. The Jacobi identity for Q,, Qp and P states [12]

fQa;[Qb;P 19+ fQu; [P ;Qalg+[P ;fQa;Qpgl =0 (4.12)
S0 using equations 4.7 and 4.11 we get
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[P;r( C)aP +s( C)apM ]=0 (4.13)

and if we use equations 4.2 and 4.3 we can see that this is true $fis zero. Also,r can be
scaled to any value by rede ning Q,. We will take r = 2 so

fQaiQpg= 2( ClaP : (4.14)

A similar reasoning can be followed forf Qg; Q‘ég and ng;Qtng, which means that those
anticommutators are also proportional to P .

We now know all (anti)commutation relations between P , M, Q5 and QY and as they
only involve those quantities themselves, the SUSY algebra is closed.

4.2 Superspace

Following the argument of Aitchison [15] we will now have another look atequation 4.14. It
states that the anticommutator of two supercharges is proportional toP , which is equal to
i@ with @ the space-time derivative [4]. Applying the anticommutator of two supercharges
means applying two supersymmetry transformations, and apparently this is alout equal to
applying one space-time derivative. This means that we could consider the supercharg@,
to be the square root of the space-time derivative, or as the square root ofhe translation
operator P .

When we introduced the square root of -1, the real axis was expanded to the complex
plane. Introducing the square root of the space-time derivative can be seen as sorhétg
similar: if this square root exists, we need to add new coordinates (just likeve added the
imaginary axis when we introduced the square root of -1) and as these new coordineg are
related to the fermionic superchargesQ, and QY, we expect them to be fermionic as well.
Of course this is a handwaving argument but it does make clear where the idea of expanding
normal space-time to superspace comes from.

It is important to note that this has nothing to do with adding extra spacetime di men-
sions as is for example done in string theory. The fermionic dimensions will bétegrated
out during calculations (which is again similar to the way complex numbers areused, as we
only predict and measure the absolute values of variables) and no particles could mova
those extra dimensions.

Superspace is the space consisting of elements= (x; ; Y) where x are the normal
(four-dimensional) space-time coordinates and and Y are conjugate Weyl spinor doublets

and Y (for more information on Weyl spinors, Dirac spinors and dotted and undotted
indices, see appendix B) which span the fermionic subspace of superspace. Asand Y
are fermionic, their components must be anticommuting Grassmann variableswhich means
that = and =0.

This means that we get

= = = 21 12= 212 (4.15)

with " as de ned in appendix B, and similarly ¥ ¥ =2 Y- Y2 |tis also easy to show that
if and Y are two-component spinors consisting of Grassmann variables, any term whit
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or ¥ Y Y will be zero.

We postulate that a general global supersymmetry transformation in supespace will
change the supercoordinate variables as follows [12]

O L C O B I A ) (4.16)

with " and "Y in nitesimal anticommuting spinor parameters and as de ned in appendix
A. In other words, the supercoordinates transform as

X = i Y+ (4.17)
= " (4.18)
o= (4.19)

In this thesis, we will in general use to denote the change of something under a supersym-
metry transformation, so X ! X + X under a supersymmetry transformation, whereX
can for example be a eld or a coordinate.

Of course we can also de ne di erentiation and integration with respect to the spinorial
coordinates, just as has been done for the normal space-time coordinates. We de ne dif-

ferentiations @ = é‘l, @ = é‘l, d = & and @- = 6@7' By de nition we then have

@ = et cetera, and@ = with " as given in appendix B. When considering
integration we have to remember that and Y are both spinors with two components, so
the integration measures in the fermionic subspace aré®> = 2d d ,d*Y= ;dYd VY-
and d* = d? d? Y. The integration rules are -

Z Z Z Z
& = &Y= & = dVY=0; (420
z z z z z -
d? = g2y vy= d* yy— d? (2)()= d2y(2)(y)=1; (4.21)

with @ () the two-dimensional delta function.

Now that we have de ned the derivatives with respect to the spinorial coordinates, we
can express the supersymmetry generator® and QY in terms of those derivatives. From
now on we will write Q and QY as Weyl spinor doubletsQ and QY- with

|
— Q . y — y .
Q.= ; Q= Q Q¥ : (4.22)
Q- -
If supersymmetry is linearly realized (which is usually assumed) we know that a in nites-
imal supersymmetry transformation of any function of the supercoordinatesf has to be
expressible as a linear combination of the supersymmetry generatol® and QY- [12], so

fO: )=i"Q+"QNf(x; ) (4.23)

We know
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fx; %) = x @+ @f+ “@f (4.24)
= (i "Y+i Naf +" @f + "V_@_f
and if we now compare the terms proportional to" and "Y on the right-hand sides of equa-

tions 4.23 and 4.24 we get the following expressions for the supersymmetryegerators as
di erential operators:

1
@
+

Q _
Q- = id@- "-@: (4.26)

(4.25)

4.3 Super elds

We have expanded our normal, four-dimensional space to a superspace with coordinates
(x ; ; 7Y). Infour dimensions, particles were described by elds that were functions of |,
so in superspace we expect the super elds to be functions ok(; ; ¥). This might seem
problematic, but we can expand those super elds in and Y since we know that 3 =0 and

( ¥)3 =0, so the general expression for a Lorentz-invariant super eld (with spinor indices
suppressed) is [12]

Foa: %) = (00+72 0+ 2750+ M 0+ YINW+ YA (1)
+ Y Y(x)+ VY (x)+% Y YD (x) (4.27)

with the numerical factors put in for convenience.

The super eld F contains nine component elds that only depend onx, and we expect
those component elds to describe particles. There are four component eldsf(, M, N
and D) with no vector or spinor indices so these must be complex scalars (so each of them
contains two bosonic degrees of freedom). There is one complex vector eld (another
eight bosonic degrees of freedom) and if we put in the spinor indices, it is clear that ther
must be two left handed-Weyl spinor elds and and two right-handed Weyl spinor
elds Y-and Y-. Each of those spinor elds contains four fermionic degrees of freedom so
F contains sixteen fermionic and sixteen bosonic degrees of freedom.

So far the degrees of freedom in equation 4.27 are o -shell, which means that we hawet
requested that they satisfy the classical equations of motion, sp?> = m? does not necessarily
hold for these particles. If we go on-shell, we will see that some of the componerlds can
be eliminated, because we can write them in terms of other component elds. Component
elds that are eliminated when we go on-shell are called auxiliary elds.

Now that we know how to write a super eld and the e ect of a supersymmetry trans-

formation on such a eld, we can calculate how the component elds transform under a
supersymmetry transformation. We know from equations 4.23, 4.25 and 26 that
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M
I

i('Q + QF
(" @+ Y@+ve- i e)

(f+p2 +p§)’Y+M+ny+ YA + Yy Y+ yy_|.% ny)

= p§-- +2"M Yy oA 4+ Yro Y4 YYm o4 YYD (Y "@f

+p§i@ " y pl_é@" y p'_éyy" @Y iy " @M

Loy Y@A + YU @A Ty iy @ Y+ pﬁ--y Y42y YN

2 2

+ llyA + ny y+ y ||y+ ny yD | Ily@f + p];z @ ny
p

+

2@ Y Y Y+ pi__@ yry Y iYy "W@N Tayy @ A

2 2
+ Y @A + IE Yy @ (4.28)
with and as de ned in appendix B and using identities C.5, C.6, C.8, C.9, C.10 and
C.15.

If we compare this with

F = f+pé +péy Y 4+ M + YYN + YA + y Y4 VY
1
+Z YYD (4.29)

and equate equal powers of and Y we get the following supersymmetry transformations
for the component elds of the general super eld

f = pé" + P Y (4.30a)
- Pooms pl—é( vy (A i@f): (4.30b)
y_ = p§--y_N pl_é( M <A +i@f); (4.30c)
M = "Y4 pi—é@ "y (4.30d)
N = " pLE @ V; (4.30¢)

- y y ogln '@ "

A ) + pé @ + p—z@

+i 2" @ 27 @ (4.30f)
y_ = wop %"V—@A i( M-@M+(  ")-@A ; (4.30g)
= "D+ 'é @A i( ") @N ( ") @A ; (4.30h)
D = i@( "™+ Y ") (4.30i)



An interesting point to note is that linear combinations of super elds will als o be super elds
(as Q and QY- are linear di erential operators), and the same is true for products of su-
per elds [12].

The general super eld in equation 4.27 is not an irreducible representation of super-
symmetry, which means that there are subsets of component elds in the general super eld
that only transform into eachother under supersymmetry transformations. Two possible
irreducible representations are the chiral supereld for which DY = 0 (the covariant
derivative D will be de ned in subsection 4.3.1) and the vector supereld V for which
V = VY. It can be shown that for N = 1 supersymmetry, all supersymmetric renormaliz-
able Lagrangians can be expressed in terms of chiral and vector super elds, so we dot
need to consider other possible constraints [10].

4.3.1 Chiral super elds

To determine the eld content of a chiral super eld, we rst need to de ne the chiral covari-
ant derivative DY used in the de nition of the chiral super eld. We have already de ned the
normal spinorial derivatives @ and @ in subsection 4.2. However, using equation 4.25 and
the fact that f@;@g = 0 it is clear that @ does not commute with the supersymmetry
generatorsQ and QY-.

We need to nd a derivative that does commute with the supersymmetry generators, as
otherwise the derivative of a eld will not transform in the same way under supersymmetry
as the eld itself. This derivative is called the covariant derivative and is de ned as [12]

D =@ i Y-@; (4.31)
and it is easy to show thatfD ;Q g=0.

Of course there is also a contravariant version

D="D= @+i' -@ (4.32)

and covariant derivatives with respect to :

DV-=@- i - @ (4.33)
DY= @+i @: (4.34)

Now that we have de ned the covariant derivatives, we can also de ne two types of chial
super elds: a super eld obeying DY =0 is called a left chiral super eld (or sometimes
a chiral super eld) and a supereld Y obeyingD Y =0 is called a right chiral super eld
(or sometimes an anti-chiral super eld). As is implied by the notation, if we take the Her-
mitian conjugate of a left-chiral super eld we get a right-chiral super eld and v ice versa [12].

Of course we would like to expand and Y in component elds, just as we did for the
general super eld F in equation 4.27. The easiest way to do this is to temporarily change
to a new system of coordinates called left and right chiral superspace coordinatesve shift
X toy =X i Y (left chiral superspace coordinates) or toyY = x + i Y (right
chiral superspace coordinates). In both cases and Y remain the same.
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The advantage of those new coordinates is that

and

Dy = (@+i @ i ") (4.36)

I
o)
h
+
®
>

1
o

using f @; g=0 (because and Y- anticommute). In the same way we can show that

D Y=Dy =0: (4.37)

This means that for any functions f (y; ) and g(yY; ¥) we get

D'f(y; )=0: D g(y’; »)=0: (4.38)

Clearly, any super eld that is a function of just y and is a left chiral super eld, and any
super eld that is a function of just y¥ and Y is a right chiral supereld. Again we can
expand those super elds in terms of or Y and using that we want Y to be the Hermitian
conjugate of the result is

(i) = m+"2 W+ F ) (4.39)

yyv: Y) = (YW)+ 2V YY)+ YYF (y): (4.40)

TN

Now the nal thing that needs to be done is changing back to regular coordinates, as we
want the component elds in our super eld to be functions of x . We can use a Taylor
expansion to do this, as the Taylor expansion of a function of y is given by

. 1
= 0 @ x * jeex * 7 (4.41)
which is exact (not an approximation), as 2 = 0.
So the left chiral super eld is given by

(y) = 0 i ‘e eex ’

+ pé (x) ipé@ (x) Y+ F () (4.42)

and using the identities C.6, C.8 and C.11 we get

(y)= (0 i ‘e ; Yee K

+p§ (x)+1ai—E @ (x) Y+ F (x): (4.43)
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In a similar way we get for a right chiral super eld

Ye@ (x)

N

oh ) o= i Y@ (x)

+ P35y v pl—é YY @Y+ YR (x): (4.44)

As we can see, chiral super elds contain only three component elds: the complex scalars
(x) and F (x) and the two-component complex spinor (x). This means that we have four
bosonic degrees of freedom and four fermionic degrees of freedom. Again, this is just a
o -shell description and we will see later on that F disappears when we use the equations

of motion (which only hold on-shell).

Of course, the supersymmetry transformation rules for a chiral super eld are dierent
from those for a general super eld, as there are less component elds. We can calculatkem
in the same way as we did for the general super eld, so simply using = i("Q + "YQY),
and for a left chiral super eld the result is

= 2" (4.45a)
= pi" F péi( ") @ ; (4.45b)
F o= Ya@( ") (4.45¢)

Similarly, for a right chiral supereld Y the result is

- P 2"y Y (4.46a)
Y- Pove P 2 "-@ ; (4.46b)
F = P 2@(Y "): (4.46¢)

Using this, we can show that the supersymmetric algebra is indeed closed, as we have
already shown in a di erent way in section 4.1. We do this by showing that the conmutator

of two supersymmetry transformations working on a component eld is another symmetry
transformation working on that component eld. For example, it is easy to show that

["1; "2] = Zi("1 I')Zl "2 IIl)@
= 200 " PP (@.47

and we know that P is also a symmetry generator. If we do this for and F, the result is

similar: in all cases, the commutator of two supersymmetry transformdions on a component
eld is proportional to P on the component eld, which we already expected from equation
4.14

It is also possible to show that products of chiral super elds are super elds as we)l for
example

= gt 20+ i)+ iR+ R ) (4.48)

and
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p

ik = gkt 2Ci gkt ikt kD)
+ (Fij «+F i k+Fej i ik jki kij) (449
and similarly for higher orders.
However, the product of a chiral super eld with its Hermitian conjugate is not a chi-

ral super eld (though it is a general super eld, as all products of super elds are general
super elds [12]), as it involves terms proportional to both  and Y:

p p

Vo= gt 2 20 g+ R+ YR g2
+72 00 - @+ VR) 2 Y e
P~ ., .
£T20Y ([ Y@l R

v OYFERZ@ (0], 3 0@l@ +i; [@])) @50

with X[@]Y IX@Y 3(@X)Y fortwo elds X and Y.

4.3.2 Vector super elds

A vector super eld V is characterized by the reality condition V = VY. If we apply this
constraint to the general super eld in equation 4.27 we can conclude (using identity C4)
that we must havef =f , = M =N ,A =A, = andD = D , so the general
expression for a vector super eld is

Voo ) = 0+ 53 0+ 2V Y00+ M (9% TIM 0+ YA (0

+ YY)+ YV (x)+ % Y YD (x) (4.51)

with f and D real scalar elds, M a complex scalar eld, and complex two-component
spinor elds and A a real vector eld.

It is easy to see that + Y (with a left chiral supereld and Y the Hermitian
conjugate of ) is also a vector supereld,as (+ Y)Y =(+ V). In component notation,
this vector super eld is equal to

+ Y = + +p§ +p§VV+ F + YYE Y@ +i Y@
i y ooy y 1oy 1 oyy
+p—§ @ p—é @ 3 @@ 2 @@
= 2Re[]+p§ +PIvve B vE 42 Y@im[ ]
P~ Y @ ps'’ @' ; ''@@Rd] (4.52)

We can now de ne the supergauge transformation, which will enable us to simplify he
vector super eld in equation 4.51 even more. This supergauge transformationsi given by
[12]
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VI vVi=v+ + Y (4.53)

and as a sum of two vector super elds is also a vector super eldy °will be a vector super eld.

As equations 4.51 and 4.52 are not very similar, this transformation sems to make
everything more complicated instead of less. However, we can rede ne the vector super eld
in equation 4.51 by substituting 5 @ Yfor , ¥ #5 @ for YandD ;@@f
for D. The result is

Vo= 1+73 +P3yve M+ vy o+ YA + yyp'_zy@

v P- @’ +; YD jeer : (4.54)
2 2 2
The result of the supergauge transformation 4.53 on equation 4.54 is now
VO = v+ o+ Y ) .
(f+2Re[ D+ 2 ( + )+ 2V Y+ YV 4+ (M+F)+ YY(M +F)

+ Y(A +2@Im[ )+ y oy p_§ @ p_§ @

yy y y
+ P—z @ P—z @
" % Yy D %@@f @@Re[ ] : (4.55)

This means that the supergauge transformationv ! V+ + Y is equivalent to the following
transformations of the component elds of V:

f ! f+2Re ]; (4.56)

! + (4.57)

M ! M+F (4.58)
A ! A +2@ImJ[ ]; (4.59)
! ; (4.60)

D ! D: (4.61)

It is clear that both  and D are left invariant under the supergauge transformation. We
can also see thatA transforms like an Abelian gauge eld, as

@A @A ! @A +2@Im[ (x)) @A +2@Im[ (x)])
= @A @A +2@Q@Im[ (x)] 2@@Im[ (x)])
= @A @A (4.62)

soF s left invariant under the supergauge transformation (SsoA is a supergauge eld).
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We will see later on that the supersymmetry Lagrangian only contains theD -terms of
vector super elds, and as theD-term is invariant under the supergauge transformation, we
have the freedom to pick a particular supergauge. We will choose the Wess-Zumino gge
[12], where Re[ 1= f, = andM = F sof, andM all vanish. This means that
we only have three component elds left ©, and A ) and the vector supereld in the
Wess-Zumino gauge can be written as

Vwz (¢ )= YA )+ YY)+ VY (x)+ % Y YD (x): (4.63)

In this equation we have eight degrees of freedom (just like we had for the chiraklds): we
have one two-component complex spinor so four fermionic degrees of freedom, one real
scalar D (one bosonic degree of freedom) and one real four-vect# , however there is a
gauge restriction onA [12] (for example @A =0) so A contains three bosonic degrees
of freedom.

Of course, the Wess-Zumino gauge condition will be violated after every supersymetry

transformation, asf = = M =0 cannot be maintained under a supersymmetry transfor-
mation. However, we can simply restore the Wess-Zumino gauge after every supgrametry
transformation by putting f = = M =0 once again. We can now determine the supersym-

metry transformation rules for the components of the vector super eld in the Wess-Zumino
gauge. To do this, we have to remember that we substituted 1@'—E @ Y for in equation

4.54 and did something similar for ¥ and D. This means that the transformation rule of
is given by

new — od t p|_§ @( y) (4-64)

with  new the in equation 4.54, .4 the in equation 451 and 49 and Y-
given by equation 4.30. Similar relations exist for ¥ and D, and this means that the
transformation rules for the component elds of the vector super eld in the Wess-Zumino
gauge are

A = v ove (4.65a)

= "D+ '5 @A (") @A %( ) @A (4.65D)
y_ = w.p ié"y_@A +( ")-@A + ié( ") -@A ; (4.65c¢)
D = i@( "+ Y ) (4.65d)

Just like we did for the components of the chiral supereld (see equation 4.47we can
compute the commutator of two supersymmetry transformation working on a component
eld. If we take for example the vector component A , the result is

[« A = ("2 "1 "1 "N@A @A)
= (2 " "1 YPA +@ (4.66)
with  =i("2 "y "1 "3)A . If we compare the second term with equation 2.14, it is clear

that this commutator is equal to a combination of a translation and a gauge ransformation
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on A . As these are both symmetries of the theory, the algebra is once again closed.

An interesting property of the Wess-Zumino gauge is that it makes it really eay to
calculate the exponential ofV:

e = % Vi
et n!
1.5
= 1+ VWZ"'EVWZ
1 1
= 1+ YA + Y ¥4 Yy +§ vy D+§AA (4.67)

using that V\jj, = 0 for n 3 (because anything containing three or more powers of
and/or three or more powers of Y is automatically zero), and using identity C.11.

Finally, we calculate some additional super eld products involving iz , as those will
be useful later on:

Vwz | = AL y_Pl—i( DA+ T
A Y YT (469
+% vvo P2 Pziry oy A aa (el
and
Mz iy 7 j:% YYA AC (4.69)

4.4  Supermultiplets

So far we have done a lot of mathematics: we have assumed that there is a new symmget
that transforms bosons into fermions, from that assumption we have guredout the super-
symmetry algebra in section 4.1, from the supersymmetry algebra we arguecdat we should
expand our normal space to superspace in section 4.2 and then we gured out how elds in
this superspace should behave in section 4.3. However, now we would like to getdkato
the physics: what are the e ects on the Standard Model and which new particles should we
expect if supersymmetry exists?

In section 4.3 we have already determined how a supersymmetry transformatioa ects
the component elds of a general super eld. We saw that under a supersymmetry transfor-
mation, bosonic component elds always transformed into fermionic componen elds and
vice versa. In section 2.1 we have seen that the elds that transform into eachdter must
be in the same multiplet, which for supersymmetry is called a supermultiplet P].

As has been shown in section 4.1, the squared-mass operat®f commutes with the su-

persymmetry generators, so all particles in a certain supermultiplet must haveequal mass.
The generators of gauge transformations also commute with the supersymmet generators,
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which means that all particles in a supermultiplet must also have equal gauge quaom
numbers, so for example equal electric charge and colour [12].

We have already seen that the number of bosonic and fermionic degrees of freedom in

general, chiral and vector super elds (supermultiplets) is equal. We can prove that his

is always true using the operator ( 1)2S with S the spin angular momentum (which has
eigenvaluesn for bosons andn+ £ for fermions, with n an integer). Clearly, ( 1)*Sjbosori =
+1jbosori and ( 1)%Sjfermioni = 1jfermioni. As the supersymmetry generators turn
bosonic states into fermionic states, we know that ( 1)>> must anticommute with Q and
QY. Now we will consider the subspace of stategii within a given supermultiplet with
the same eigenvalugp of the four-momentum operator P . We can take the trace of the
operator ( 1)°SP over all statesjii, usingP /f Q;QYg the result is

X X X
hi( 1)?°P jii / Hi( 1)*QQY%ii+  Hj( 1)*°QYQjii

! X X X
/ hj( 1)*°QQYjii + hij( 1)%°QYjjihjjQjii
i i j
X
/ Hj( 1)?°QQYjii +  hjQ( 1)*QVjji
X X
/ hj( 1)%°QQYjii hj( 1)°°QQYjii
= 0 (4.70)
However, we also know that
X
Hj( 1)>P jii=p Hj( 1)%Sjii; (4.71)

i i
P
so eitherp is zero or hij( 1)2Sjii = 0. We know that if jii is bosonic,hj( 1)2Sjii =1
and if jii is fermionic, hij( 1)%Sjii = 1, so

hj( 1)%%jii=ng  ng (4.72)
[
with ng the number of bosonic degrees of freedom andk: the number of fermionic degrees
of freedom in the supermultiplet. This means that for p 6 0 the number of bosonic and
fermionic degrees of freedom in a supermultiplet must be equal, in both the on-shell anthe
o0 -shell case.

Because we have two types of super elds, we also have two types of supermultiptetthe
chiral supermultiplet (containing two scalar particles and F and one fermion ) and the
vector supermultiplet (containing a vector particle A , a scalar particleD and a fermion ).
This is an o -shell description, and we will see in the next chapter that in fact we canremove
the so-called auxiliary elds F and D if we go on-shell. Once these have been removed, each
supermultiplet contains one boson and one fermion with the same mass and gagguantum
numbers, called eachother's superpartners.
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5 Supersymmetric Lagrangians

To describe a supersymmetric model, we need to write down an actiof$ that is invariant
under supersymmetric transformations. As we know that [1]
Z

S=  Ld*% (5.1)

with L the supersymmetric Lagrangian density, it is clear that under a supersymmetry
transformation, the Laggangian should change into itself and at most a btal spacetime
derivative (as we know d*x @ (::) = 0 [16]). As we have seen from equations 4.45c, 4.46¢
and 4.30i, there are three super eld components that transform into themselves pls total
spacetime derivatives under a supersymmetric transformation: theD-term of a general su-
per eld (which is the term proportional to YY), the F-term of a left chiral super eld
(which is the term proportional to ) and the F-term of a right chiral super eld (which

is the term proportional to Y ¥). This means that if all parts of a Lagrangian are either
D-terms of general super elds orF -terms of chiral super elds, the Lagrangian is invariant
under supersymmetry.

Of course, invariance under supersymmetry is not the only requirement for the La-
grangian we are trying to build. It should also be gauge invariant (which will be discussed
in more detail in section 5.2) and renormalizable, just like the Standard Model lagrangian
we discussed in section 2.2.

5.1 Interacting chiral super elds

The simplest example of a supersymmetric Lagrangian is one containing onlyhiral super-
elds. As we will see later on, this Lagrangian is not gauge invariant, but it is a useful toy
model. The most general renormalizable supersymmetric Lagrangian for chitasuper elds
is

Lenia =[ { ilo +[W( i)+ hicle (5.2)

with h:c: being the hermitian conjugate, [A]p meaning the D-term of A and W the super-
potential:

1 1

W(Ci)=hi i+ mj i j+ Zfi i j « (5.3)

2 6
with both m; and fx symmetric in their indices (as equation 4.48 and 4.49 are also sym-
metric under the interchange of indices). Terms containing four or more super elds arenot
allowed, as they are not renormalizable.

As one might have noticed, we have not speci ed whether the component elds of the
i are functions of x or functions of the left and right chiral coordinates y and y¥ de ned
in section 4.3.1. In fact it does not matter for D- and F-terms, as X (y)= X (x) and
YYY (y) = Y ¥YY (x) for all functions X and Y.

From equation 4.21 it is clear that
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[Alb = d* A; (5.4)
Z

1 = d (5.5)
Z

y = >y (5.6)

This means that we can also write equation 5.2 as

Z Z Z
Lenra = d* Y i+ d® W( )+ dYWY( ) (5.7)
SO we can write the supersymmetric action as
Z
Sera = d°z 7 i+ W( ) A+ WY(Y) () (5.8)

with d®z = d*xd* . To be able to compare the supersymmetric Lagrangian with the Stan-
dard Model one, it is easier to write the Lagrangian in terms of component elds nstead

of super elds. When doing this, we can ignore total spacetime derivatives as thosdo not

in uence the action, which means that

X[@]Y = %X@Y %Y @x
1 1 1
= JX@Y+ IX@Y S@(XY)
= X@Y (5.9)

for elds X and Y. Using equations 4.48, 4.49 and 4.50 results in

Lehta = FF+@ @ +i; @7
1 1
+ F h + mj j + éfijk ik E i (mij + fijk k)+ h:c: 2(5.10)
Up to now, we have been looking at the o -shell description. However, as was menthed at

the end of section 4.4, we can eliminate the auxiliary eldsF; by going on-shell and using
the Euler-Lagrange equations, which state that for every eld X the following relation holds

[2]:

Q QQ
— — =0: 5.11
@ @ex) ox 5.11)
Taking X = Fj and X = F;, we get
1
Fboo=  hi my Efijk Pk (5.12)
1
Fi = hi m“ J Efijk J k: (513)

It is easy to show that we can rewrite these as
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av

Fi = @— y (514)
I
y
Fi = % ; (5.15)
i
with the symbol j meaning that the super eld is evaluated at =0= 7.
Using these in equation 5.10 we get the on-shell Lagrangian
L chiral;onshell = i, @ iy+ @ i@ i V(; )
1
> Mj it fi g ok my Vg T (5.16)
with the scalar potential
) _ _ 1 1
V(i )=FF= h+my j+ éfijk Pk hpEmy g+ éfijk ik (5.17)

5.1.1 The Wess-Zumino model

A special case of the interacting-chiral-super elds model is the Wess-Zumino model. It
contains only one chiral supereld and all couplings (h, m and f) are real. This means
that we can write the action as

z
1 1 1 1
= 8z YV + + Zm 2+ 2f 3 (V)4 Y+ Zm Y2+ Zf Y3 2()
S d°z h 2m 6f (") h 2m 6f ()
(5.18)
so the o -shell Lagrangian in terms of component elds is
LWZ = F F+ @ @ + i @ y

+ hF+m F = + %f (F )+ hie: (5.19)

Of course we already know that this Lagrangian must be invariant under the supergmmetry
transformations (barring a total derivative), as it consists of D-terms of general super elds
and F-terms of chiral super elds. However, it is also possible to show directly thatthe
Lagrangian is invariant, using the transformation rules speci ed in equatons 4.45 and 4.46.
For example, if we use those transformations on%m ] F=mF %m , we get

1 p p

2mF" +p§im@( ") m (pi" F 2( ") @)
IC)Eim@( "Y) (5.20)

El
T
|
3
I

which is a total derivative, so this term is invariant under supersymmetry. The same can be
shown for all other terms in equation 5.19.
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5.2 Including gauge interactions

The model discussed in section 5.1 is clearly invariant under supersymmetry trarisrmations,

but if we try to apply a gauge transformation, we run into problems. We will start by

considering Abelian gauge interactions, for exampléJ (1) interactions. As was already shown
in section 2.2, a globalU(1) transformation of a eld can be written as [1]

0=¢ (5.21)
If we want to make this transformation local, the  needs to depend on the coordinates
(in superspace, these coordinates are = (x, , Y)). This means that turns into a eld,

which in superspace will be a super eld. Now the localU(1) gauge transformation of the
chiral super elds can be de ned by [12]

0= g 200 (2) . (5.22)
Oy vt V() (5.23)

with g the gauge coupling,t; a real number that is the U(1) charge of ; and a complex
eld specifying the local gauge transformation. After this transformation, ; and ! should
of course still be chiral super elds. As a product of chiral super elds is a chiral siper eld
while a product of chiral super elds and general super elds is in general not a chiral super-
eld, and Y must also be chiral super elds.

Of course, this means that [ Y {]p is not gauge invariant, as in general 6 Y. However,
we can solve this problem by adding a gauge vector super eld/ with gauge transformation

Vo=V + i( Y) (5.24)

and generalizing [ { i]p to [ {9V {]p. Itis easy to show that this term is invariant
under simultaneously using equations 5.22, 5.23 and 5.24.

If we have a look at the other terms in the chiral super eld Lagrangian (equation 5.2)
we can see thatW( ;) in general will not be invariant under the transformations given in
equations 5.22 and 5.23. This means that if we want the Lagrangian to be gae invari-
ant, we need to pick aW( ;) that is gauge invariant. In practice this means that h; 6 0 is
allowed ift; =0, m; 60isallowedif tj+t; =0and fj 6 0is allowed if t; + t; + tx = 0 [10].

Finally, we need to check whether we can add any new terms that are renormalizable,
invariant under supersymmetry and invariant under gauge transformations, nav that we
have added a vector eld V. As we can see from equation 4.61, th®-component of V is
invariant under the supergauge transformation in equation 5.24, and we akady know that
it transforms into itself plus a total derivative under supersymmetry, so we can also add this
D-component to the Lagrangian (multiplied by a real constant ).

We also need to put in a kinetic energy term for the vector super eld. To do this, we
rst need to de ne the supersymmetric eld strengths [12]

1

w = IDD'DV; (5.25)
wY = %DDDV_V: (5.26)
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The easiest way to calculate them is in the Wess-Zumino gauge, using the left and righ
chiral superspace variablesy andyY de ned in section 4.3.1. Using Taylor expansion, we
get

Viwz (y; 5 Y) = A+ T+ YY)

+2 VYD) @A () (5.27)
Vwz (y5 5 ) = A )+ ) YY)

+2 VO i@A () (5.28)

with @y ) the derivative with respect to y. Now we also need to de ne the covariant deriva
tives with respect to y and y¥. Using the chain rule (changing &; ; ¥) to (y;; ¥) or
(yY; ; Y))itis possible to show that

DMW=@ 2( V) @ ; DY) =@; (5.29)
s @i )@ DV)= @ 530

Using those (and their contravariant equivalents), we get

DWV(y;; ¥) = ( VYA +2 Y Y+ YY + YYD yoy( ) F

+i YV @) (5.31)
and similarly for D¥. Now using equations 5.29 and 5.30 it is clear thaD(") DY) = @@
and D‘i(y)Dy(y)— = @ @ which means that (using equation 4.15)

I50Hpo y=1-
200D ) =1; (5.32)
%DY(V)DV(V)( Yy Yy=1: (5.33)

Using this, the nal expressions forW and W{ are

W
Wy

N+ Dy ( )F WM+i ( @) () (5.34)
)+ by (0 DF ) iY@ ) ). (535
To be able to use these eld strengths in our Lagrangian (which is still our ulimate goal), we

need to show that they are invariant under gauge and supersymmetry transformatns. It is
easy to show that both W and W” are chiral super elds, asD WY = D D D WY =0

and similarly D{W = 0. This means that the F-terms of W and_W{ are invariant under

supersymmetry. As thoseF-terms only contain and VY, it is also clear that they are
invariant under supergauge transformations (see equation 4.60) so we caneishem in our
Lagrangian.
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Using the de nitions of W and WY and the identities C.6, C.7 and C.17 and writing
everything in terms of x again, we get

h oy 1, 1 . _
W W +WWY- = D(x) SF (X)F (X)+i (x) [@] Y(x): (5.36)
4 - F 2 4

The second term on the right-hand side of the above equation is the kinetic energy ten
of an Abelian gauge boson and the third tgrm is the kinetic energy term of a (Mgorana)
fermion [1], so it makes sense to considerW W + WKWY— . to be the kinetic energy
term of the vector supereld V.

We now have the full Lagrangian of a system of self-interacting chiral super etls |
coupled to an Abelian gauge vector super eldV:

h i h [
1
L abelian = 1 W W+ WYwWY- _t YtV 42 v . +[W( )+ hc]e  (5.37)

with the superpotential W( ;) respecting gauge invariance.

Again, we can write this in terms of component elds. The o -shell result (ignori ng full
spacetime derivatives and using equations 4.67, 4.68, 4.69 and 5.36) is

1 1 . . . .
Labelian = §D2+ D ZF F + 1 [@] Y+ i |y iy+J i i12+ I:i Fi
1 1
+ hiFi+m;  F 50 +§fijk (Fij « ij x+he
p_ .
thi( iy iy+ i i) + gtDj i]2 (538)
with the gauge covariant derivative ; = @ + igt;A [12].

Again, we can look at how this Lagrangian is changed if we go on-shell. This ithe, we
have two types of auxiliary elds that can be eliminated: F; (and F; ) and D. If we apply
the Euler-Lagrange equation (equation 5.11) toF; and F; , the result is the same as in the
case of the chiral super elds. If we apply the Euler-Lagrange equation taD, the result is

D+ + gtj ij2 =0; (5.39)

SO

D= gtij ij% (5.40)
This means that the on-shell Lagrangian is given by

. . . 1 . p_
L abelian:onshell = i i S TG ZF F +i [@]” 206(YY i+ i)
1
S Mg fac g wrmy et e V0 ) (54D

with the scalar potential
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1
FiF, + =D?

2
1 1
(hi+mj ;+ Efijk i hy +my 5+ Efijk Y

V(i)

1 ..
+ E(gtil 2+ )% (5.42)

5.2.1 Supersymmetric QED

A very important example of a model with Abelian gauge interactions is the Lagrangian
of Supersymmetric Quantum Electrodynamics (SQED), which contains three super elds:
the vector supereld V and the left chiral superelds . (which contains the left chiral

component of the electron) and  (which contains the left chiral component of the positron,
so Y contains the right chiral component of the electron). The super elds containing the
electron and the positron transform as

2 = e 2iq ( z) : 0 — eziq( z) (5.43)
so the only superpotential that respects gauge invariance is
W=M( . + h:c): (5.44)

As there is no term linear in the gauge boson eld in the Lagrangian of QED, we &0 set
to zero in the SQED Lagrangian. This means that the SQED Lagrangian is given by

h i h i

LSQED:%ww+w{WV—F+ YV L+ Ve 2V D+|v|[+ + h:c)e :
(5.45)
In terms of o -shell component elds this is
Lsgep = Lkin + Lint + Lpot (5.46)
with
1., 1 .
. — - - + y- .
L kin 2D 4F F i @ 7 (5.47)
Lw = FF +@ @ +i @'+qAA
q(D 24 @ ' A 'z v Pz
FRF @@ tie @IYFAA L
+qD , + 2A L[@]+ T +A 2, VY 2, .)5.48)
Lot = M(+F + F. 4 +hoc): (5.49)

Just like for the Wess-Zumino model, we already know that the corresponding SQED actin
should be invariant under supersymmetry as the Lagrangian consists only oD -terms of
general super elds andF -terms of chiral super elds, but still we would like to prove that
this is true.
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One might think that we could just use the transformation rules written down in equa-
tions 4.45, 4.46 and 4.65, but unfortunately this is not the case. If we compare egtions 4.47
and 4.66, it is clear that the commutation rules for supersymmetry transfomations on com-
ponents of chiral super elds and components of vector super elds are not equal. However
if the components of the chiral super eld also transform under gauge transformtons, the
commutation algebra of supersymmetry transformations should act uniformy on all com-
ponent elds in the model. This means that we need to change the transformation rulesdr
the chiral super eld in such a way that the commutator of two supersymmetry tr ansforma-
tions working on a chiral component eld gives a translation plus the gauge tansformation
working on this eld. In that case the transformation rules for the chiral sup er eld are [17]

= pi"; (5.50a)

= pé"y v (5.50b)

= pé" F péi( "Y) D

= pi" F 2 ") @ + péq( ") A (5.50c)
o= Py IOEi( ")-DY

= pi"y—F pii( ") -@&@ péq( "-A (5.50d)
F = "3p "2qnY Y

= IOEi@ "y IOiqA "Waa2qtY Y, (5.50e)
F = "apyy "+2q "

= IoEi@ y oy IDéqA y "42q " (5.50f)

with , Y and A component elds of the vector super eld, the gauge covariant derivative

D = @+ igA and qthe QED charge of the supereld (for . thisis +q, for this is
g). Using those transformations, we can now calculate the variation oL iy , Line and L pot
under supersymmetry. We will start with Lo because it is the easiest, we get

p p

Lot = 2M("+F +i .@ "Wt q LA WU 2q . Y
s ki @, M g A, Welg vy
"R Y@ . g A L+ "LF +i. M@
+q+ YA )
= IOEiM@( . W, ) (5.51)

and as we know, we can ignore total derivatives, so this term is invarianunder supersym-
metry.

Next we will calculate L, , using the transformation rules in equation 4.65 the result
is
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Lvn = D@ " D" @Y " @'@A @ V@A +" @@A

+@ @A+ @7 ' @ @A + ) @ YeA
£ @Y@A +i@D M+ "E@A
%( YY@@A 3 Y@GA: 552

Using partial integration, ignoring total derivatives, using identities C .12, C.13 and C.14
and grouping together terms with  and terms with Y we get

L = " Y@@A ' Y@@A +;' Y@@A  ( + )’@A
L0+ )Y@@A () Ye@A
+ Y@@A  M@EA +3 V@A < ( + ) “eeA
sS( o+ Ye@A S ( + ) veeA
= " J@@A ' '@@A + ' '@@A ;' 'O@A

£ V@A ;' Y@@A L' Y@@A +  V@OA

"Y@@A+% Y@ @A % "y@@A+% Y@@A

Y@@A Y@@A
= 0: (5.53)

Finally, we want to calculate L, . If we compare equations 5.45 and 5.48, it is clear that
the rst two lines of the right-hand side of equation 5.48 contain the terms originating from
[ Ye 2@V ] and the last two lines contain the terms originating from [ Y €%V ,]e.

Clearly, those two parts are very similar so we will only show that L. + =[ %€ L]r
is invariant under supersymmetry. Using the transformation rules in equations 4.65 and 5.50
and ignoring the subscript . for now, we get
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Lr = "Z2@Y F@+ A v E@u2q F 01 5@ wE @
P2a  E @42qny vF @4 Pog vvg @4 P2g @ @
P @@ P @i @ Pagy @A @

73 “Y@F @ + P3 '@ @ P 2iq @A O

P 3q A @ Miagn YA Bz A O
oAy 0sPaeAa A L@ Y @ g @y ©
Yooy @4 Pop 0 i Y @@ g v @ ®

Poga v v@ @ Poga @ O+igr Yo ©+iq M@ ©
+ IOEiqA Y@ Y @+ pEiqA @ " ® piq"y F A@

"3 Aa@ O Papr A a® Py Ea@
+Pagy waa@ Papy  waa O gy v e
q’ "ye)  pqn Y V(e p§q ny yp(e) 4 pi__q "y Y@AWO

2

P2 v @@ pi_iq v w@A@ 2qvY Y @

+2ig Y '@ @2 Y A O vy @ Paq p O

%q "@A(f)+p§q " @AM+ p%q " @AM 2 "F @
+2iq Y@ © 2 a0 (5.54)

Given the length of this equation, we will show that the result is zero part by part, starting
with all terms followed by (&, which are the terms that are not proportional to any power
of g. Using equation C.5, we get

(Ls)a = "2F @Y'+"3F @ "+"2v@Ye + 2@ '@
+ péi" @ YF pé" @@ + péi "“YOF + pé "@ @
- Pier v Pviee Piee
1 1
fP=U( ¢ )'@@ +Ps (¢ yee
- 0 (5.55)

using partial integration and the fact that @@ is symmetric under interchanging and
and ignoring total derivatives to get from the rst to the second line, and using identities
C.12 and C.13 and ignoring total derivatives to get from the second to the thid line.

Next we will show that all terms proportional to ¢ (the (?) terms) are equal to zero:
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27 YA +2¢ YA +IRA A + afA A

( Lint; +)b =
péqz" A A p§q2 y YA A 2" YA
207 "YA
— P> 2 n P 2 n 1 2n
= "2°FA AM™Y + 20°PA A p—éq( + YA A

pl—éqz W+ YA A
= 0 (5.56)

using the fact that A A is symmetric under interchanging and to get from the rstto
the second line and identities C.12 and C.13 to get from the second to the third line.

Now we only have terms proportional to g left, and we will rst tackle all terms that
contain a D (which are the terms denoted by(®):

( Lint +)c = péqD"y y +pEQD " péQ"y YD piq "D
-0 (5.57)

The next step is to consider the terms proportional toq containing an F or F |, so the terms
denoted by (9:

p

20FA " Y+2qF " quF A "+42qF "V VY
+ péq "E A + piq" YFA  2q"YYF 29 "F
= 0: (5.58)

( I-int; + )d

Next are the (®) terms, which are all remaining terms that contain a or Y. These are

( Lint; +)e = iq@ i iq" @ y iq" ) iq Y@
+ig" Y@ +ig Y@ +q " Yeq Y "
29" VY 2q" Y@ 29 Y +2iq Y@
iq@( Y "V ys2qt Y Y42qtYY 2" VY 29V Y
= 0; (5.59)

using identity C.15 to get from the rst to the second line and ignoring total deri vatives to
get from the second to the third line.

Now we have the two most complicated groups of terms left. We will start wth the

terms denoted by (), which are the terms proportional to ¢ containing A , and . Using
the de nition of and the fact that we can rename indices we can rewrite théf) terms
as:
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P P P
(Ling+)r = 2iq "@A 2iq ‘A @ 2gA '@

+p§iqA @ " IOiiq" A @ p'—iq "@A
i i i
P A g " A +p_q " A
Ep_Zq @ 59—2(1 @ p_Zq @
= IOiiq@A " IOEiqA @ " pl—qu " @
i i i
%qA " @ + #FéqA @ * + quA @
p_ i i
2i0A " — A " — A
gA @ EP—ZQ@ EB_ZQ@
i i i
+ o g@A " _g@A " + @A
EP—ZQ@ @ EP—ZQ@ P—ZQ@

i "
= PEQ@(A ( + ))
using identities C.12 (which means thatA B = %( + JA B ) and C.2 to get

from the rst to the second line and ignoring total derivatives to get from the t hird to the
fourth line.

The nal terms (the (9 terms, which are proportional to g and contain A , and V)
are the Hermitian conjugates of the(f) terms, so they are solved similarly:

( Lint +)g piiq"y @ YA pEiqA Y@ + IOiiqA Y@ Y

+ pélq y uy@A + P%q"y y@A EPIEq y uy@A

i i
+p=q ¥ @A p=q ' V@A
5 2q @ 2q @
p

EiqA @ Y ny pI_QqA @ Vv ny pl—qu @ VY ny
+ pl_iqA @ y uy+ pl_éqA @ y .|y+ p§|qA @ y ny
i i i
+ _a@A Y "y o4 _a@A Y ny _a@A Y ny
ﬁQ@ ﬁQ@ ﬁQ@

i i
+ p=q@A ¥ Y p=—q@A Y
2 ZQ@ 2OI@

Poa@A ")
= 0; (5.61)

using identities C.13 (which means thatA B = %( + JA B ) and C.3 to get
from the rst to the second line and ignoring total derivatives to get from the t hird to the
fourth line.
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So we get

Lint; + = ( Lint; +)a +( Lint; +)b+( Lint; +)c +( Lint; +)d +( Lint; +)e
+( Lint; +)f +( Lint; +)g
= 0: (5.62)

Using the same identities and methods as for Ly +, it is also possible to show that
L = [ Ye 2V e is zero, so we get

LSQED = Lpot+ Lkin + Lint;+ + Lint;
= 0: (5.63)

So indeed, as we expected, soep IS invariant under supersymmetry.

5.3 Adding non-Abelian gauge interactions

The next step is to generalize what we did in the last section to non-Abelian gaugenter-
actions. We consider a simple gauge groufs, which can for example beSU(3) or SU(2).
The gauge transformations of a left chiral super eld that belongs to a representation R
of G are generalizations of equations 5.22 and 5.23 and are given by [12]

h i

P= e T R (5.64)
h 13

o= vy g VT (5.65)

N

with g the coupling constant of G, 2 chiral complex superfunctions that specify the gauge
transformation, T2 the generators ofG and the indices| and J gauge representation space
indices (for example for the Standard Model groupSU(3), | = 1;2;3 as there are three
colours). Again we must haveDY-( 2T?2)=0and D ( ®T?2) = 0 to maintain the chiral
nature of the super elds under gauge transformations.

It is convenient to work in a basis in which [10]

[T T = it*™°T  T(T*T%) = T(R) * (5.66)

with t3¢ the structure constants of G (see section 2.1) andl (R) the representation constant
of the representation R. For convenience, we now de ne

b =29 TS WMy =2gVeT5; W =2gWaT? (5.67)

with V@ the vector super elds transforming in the adjoint representation of G (so in case of
SU(3)c, these would be the gluons anda would run from 1 to 8). W will be de ned below
for the non-Abelian case.

Of course the Lagrangian should be invariant under gauge transformations.flwe consider
equation 5.37 (which we would like to hold for the non-Abelian case as wellwith V and
now de ned as in equation 5.67) we see that we need to change the gauge transformatti of
V to [12]
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e VeV ;. eVizeleVéd' (5.68)

which for Abelian gauge transformations is equal to the transformation V=V i Y+i.

0
=€

The supersymmetric eld strengths W and WY - are also de ned di erently in the non-
Abelian case:

1

W = 21DVDye VD e (5.69)
1

WY-= 21DDeVDy—eV (5.70)

which means that they transform under gauge transformations as

Wl=e! we¢€e:; (5.71)
WY-=¢ wy-e ! : (5.72)

This means that the kinetic term in the Lagrangian in equation 5.37 is no longerinvariant
under gauge transformations, as

gaugeW W + WWYJe =[e' W W € +€& WW-e!J: (5.73)

However, it is easy to see (using the cyclicity of the trace) that W W + WYWY-Jr is
gauge invariant, so we will use this as the kinetic term for the gauge vectosuper eld.

The nal thing we need to consider is the [2V ]p -term in the Abelian Lagrangian (equa-
tion 5.37). This term is not invariant under the gauge transformation de ned in equation
5.68, so we cannot put it in the non-Abelian Lagrangian.

Putting everything together, the Lagrangian for non-Abelian gauge interactionsis [12]

1
L= 1692k

with the factor lﬁg#zk put in for normalization purposes (as will be clear later on),k = T(R)
and i and j now a general type index, which covers the gauge representation space but
also other types, for example generations. Of course, the superpotentid should still be
invariant under the gauge transformations.

(W W+ WWY-Je +[ Y(e)j jlo +[W( i)+ hcle (5.74)

To write this in terms of component elds, we must rst know how to write W in terms
of component elds. Starting with the de nitions in equations 5.69 and 5.70 and using
Vi3, =0 we get

W= %DVDV D V+ %(D V)V + :—2LV(D V) VDV
1 1
= 3DDD V. ZD'DY[D V;V] (5.75)

and similarly
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1 1
WY- = ZDDDV—V §DD[DV—V;V]: (5.76)

Now we want to calculate 16g#szr[W W W{WV—]F, and using equation 5.66 we can see

this is equal to %[W awa+ %Wy""wyg Jr (summing over a as usual). Using equation 5.67
we can rewrite equation 5.76 as

2gWaT2 = %gDyDy(D VaT2 + g[T2D V& TPVP)) (5.77)
and using equation 5.66 and the fact that P V2;VP°] =0 we get
WaT? = %DVDV(D VaT2 + igt®°T°D VavPh): (5.78)

Renaming the indices in the second term and using the fact that®° is completely antisym-
metric, we get

wa = %DVDV[D Va+ igt¥(D VPV (5.79)

Writing this out in components, using equations 5.31, 5.32 and 5.33 and identies C.8 and
C.9, we get

w2 = 2+D* () (@A* @AH)+i ( @ %)
1—- abchyPRY bac yy } i 1- b yy 4
Z10t™°DD AiA 5 i ) A C 7
AC Y Y by
S eaDt () Fteil (W) (5:80)
with
F2 = @A? @A? gtAPAC: (5.81)
y- = @ V- gepb - (5.82)

and the component expansion ofW® is done in a similar way. The nal result for the
kinetic term is N

1 h i 1h [
——Tr W W +WWY- = = w2 w2+ w¥wa-
16g2k - F 4 - F
1 1 :
= éDE‘Da ZFa Fa +j @ &y (5.83)

The next step is to expand the interaction term in terms of component elds:
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Y€y 5T FR+@ @ i+i; @ /+gD*, T} giA® ;@ T}
. P p
+giA* @ TY g JATY 29 7Ty
AT AT (TATY);
. P
= FF+i; %j |y+( i j)y( ik k) 2g( ® inija j + hic)
+gD?

2g i ajTija

with

i T i@+ igA® TR (5.85)

Finally, we have the potential term [W( ;) + h:c]e. If we use the general form ofW
(equation 5.3), this term is equal to the second line of the right-hand side of equ#on 5.10.
So the nal o -shell Lagrangian in terms of component elds is

1

Lra = FFi+iy 7+ 5 00k «) ZFaFa +i v
P~ 1
29( 2 TR+ hie) + EDaDa+ gbD?* | ;T?
1 1 1
+ hFi+ my F mi i+ sfikFi j « sfixk i j «+ hic :(5.86)

2 2 2

Just as we did in the chiral and the Abelian case, we can now go on-shell. If we applhe
Euler-Lagrange equation toF;, F; and D2 the results are

D® = g ;T (5.87)
1
1

Fi = hi mij j Efijk ik (589)

which is very similar to the Abelian case. Now we can nally write down the on-shell
Lagrangian

1

Lnaonshell = i j ,)J/ Y+ ( i )0 kK ZFaFa + @ ya
Pag = yme ey V(i)
%(mij i i+ ik i) k*hc) (5.90)
with
V(i )= FF + %DaDa: (5.91)
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6 The Minimal Supersymmetric Standard Model

So far, our discussion of supersymmetry has been quite abstract, and we have notads our
knowledge of the Standard Model, which was discussed in chapter 2. However, in thigapter
we will take this knowledge into account and use it to describe the Minimal Supergmmetric
Standard Model (MSSM), which is the minimal supersymmetric extension of the Standad
Model (so it contains all particles that are needed and no extra particles).

6.1 Particle content

The Standard Model contains many particles: quarks, leptons, gauge bosons and thdiggs
boson. According to supersymmetry, all particles should be part of either a chirasupermul-
tiplet (containing a complex scalar and a two-component fermion) or a vector supermltiplet
(containing a two-component fermion and a vector particle). As we want to creae a mini-
mal extension of the Standard Model, the rst thing we should try is putting two Standa rd
Model particles in the same supermultiplet. However, if we look at table 2.1jt is clear that
this is impossible, as we need a fermion and a boson with the same gauge qtuan numbers,
and these do not exist in the Standard Model.

This means that the minimal supersymmetric model would be to give every Standard
Model particle one superpartner (which is not part of the Standard Model), so we e ectiely
double the number of particles in our theory. The next question might be in what kind of
supermultiplets we should place the Standard Model particles. In case of the gauge bons
(the gluons, photon, W and Z bosons) the answer is clear: the chiral supermultiplet does
not contain a vector particle, so those vector bosons can only be part of vector nitiplets.
This means that they must have spin-1/2 superpartners called gauginos. In all cases, tdde
is used to denote the supersymmetric partner of a Standard Model state, so for examgl
we have a gluinog~which is the superpartner of a gluong. For fermionic superpartners, we
always use the appendix -ino'.

In case of the Standard Model fermions (the quarks and leptons), the answer is lessedlr,
as both the chiral and the vector supermultiplet contain a spin-1/2 particle. However, as
we can see from equation 4.63, the vector supermultiplet contains both the ferion and
its conjugate Y, while the chiral supermultiplet only contains the fermion (see equation
4.43). We know that all members of a supermultiplet have the same quantum numérs, so as
left- and right-handed Standard Model fermions do not have the same quantum numbers &
left-handed particles transform under the weak force while right-handed particles do not),
they cannot be in the same supermultiplet. This means that the Standard Model fermions
cannot be part of a vector supermultiplet, so they have to be part of a chiral superraltiplet,
which means that their superpartners are scalars. They get a name by adding an °s' imont
of the name of their fermion superpartner, so for example the superpartners of qués are
called squarks.

As has already been mentioned, the left- and right-handed fermions transform di erenly
under the Standard Model gauge group, which means that they each get their own super-
partner. For example, an up quark has two scalar partners: theur and the by . In this case,
the subscript has nothing to do with the handedness of the particles themselves (because
scalar particles cannot be left- or right-handed) but is just used to distinguish betweenthe
scalar partners of the left- and right-handed up quark. The only exception is the neutrino
according to the Standard Model, there are no right-handed neutrinos, so we just denote
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the sneutrinos by -, ~ and ~.

Figure 6.1: The diagram for the one-loop correction to the three-gauge-bos vertex, with
the wavy lines gauge bosons and the solid lines fermions [2].

The nal particle that we need to put into a supermultiplet is the Higgs boson. As this
is a scalar particle, it has to be part of a chiral supermultiplet and its superpatner has to
be a fermion, called the Higgsino. However, we run into a problem here that has tdo with
the anomaly cancellation conditions. When we try to calculate a one-loop correctiorio the
three-gauge-boson vertex ( gure 6.1), the result is a term that violates gauge iwariance [2].
Of course this is not allowed in the Standard Model (and also not in the MSSM), so ifwe
sum over all fermions that could run around in the loop, the result should be zero. Fom
this condition, we get the anomaly cancellation conditions, one of which is [2]

Y2=0 (6.1)

with f all left- and right-handed fermions and Y; the weak hypercharge of the particlef .
In the Standard Model, this condition is satis ed, so there is no gauge-violating tem. If we
add the squarks, sleptons and gauginos, the condition is still satis ed [9]. ldwever, if we
add a Higgs supermultiplet, that means that we add a fermionic weak doublet with we&
hyperchargeY = 1, so the anomaly cancellation condition is no longer ful lled.

The solution to this problem is to add another weak Higgs doublet [9], so we have
! !

H+
“ Hg = (6.2)

H, =
Y HO Hy

with Yy, =1 (H, is the Standard Model Higgs doublet) andYy, = 1. As their fermionic
superpartners will have the same hypercharges, those hypercharges will cancelchather
and the anomaly cancellation condition will once again be satis ed. Another advatage of
having two Higgs doublets (as we will see later on) is that in supersymmetry w needH, to
give mass to the up-type quarks andHq to give mass to the down-type quarks.

The nal list of particles in the MSSM before electroweak symmetry breaking is given in
tables 6.1 and 6.2, which have been taken directly from Martin [9]. As it isuseful to have a
name for the supermultiplet as a whole, we have added those in the second column (the bar
here does not denote any kind of conjugation but is part of the supermultiplet name). For
example, Q stands for the SU(2)-doublet chiral supermultiplet containing +_, u_, d_ and
d.. If needed we can also add a generation index, for exampl® = . What happens after
electroweak symmetry breaking will be discussed in chapter 8.
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‘ Names ‘ spin 0 ‘ spin 1/2 ‘

squarks, quarks | Q | (4. dr) | (u. dp)
(3 families) u by uk
d dy o’
sleptons, leptons| L (~ &) ( ev)
( 3 families) e €q ek
Higgs, higgsinos | Hy | (HF HY) | (B} HD)
Ha | (H§ Hy) | (A3 Hy)

Table 6.1: All particles in chiral supermultiplets in the MSSM before dectroweak symmetry
breaking. All spin-0 elds are complex scalars, all spin% elds are two-component Weyl
fermions [9].

Names spin 1/2 spin 1
gluino, gluon g g
winos, W bosons| W W° |w  Ww?°
bino, B boson B0 BO

Table 6.2: All particles in vector supermultiplets in the MSSM before é&ctroweak symmetry
breaking [9].

6.2 R-parity

An important part of any supersymmetric Lagrangian is the superpotential (the general
form is given in equation 5.3). So far, the only constraints on this superptential are an
upper limit on its canonical dimension and invariance under supersymmetry and gauge
transformations (using the Standard Model gauge groupSU(3) SU(2) U(1)). However,
if these were the only constraints the superpotential would also contain tems like [9]

W | kLiLjec+ YLiQdc+ LiHy; (6.3)

= NI

W g=1 00k y; d; di (6.4)

NI

with generation indicesi. In these equations, the scalar part of a supermultiplet is denoted
by the name of the supermultiplet itself (so u; is in fact t; ). The terms in equation 6.3
do not conserve lepton number, which is 1 for leptons, -1 for antileptons and 0 for laother
particles. The term in equation 6.4 does not conserve baryon number, which is 1/3or
quarks, -1/3 for antiquarks and 0 for all other particles. In the Standard Model there are no
renormalizable terms that violate lepton or baryon number, so baryon and lepbn number
are conserved. However, in the MSSM there is in principle no reason why terms like eqgtian
6.3 and 6.4 would not be allowed.

On the other hand, it is clear from experiments that lepton and baryon number seem to

be conserved [6]. For example, if the terms in equations 6.3 and 6.4 would be ofder unity
(and there is no reason why they would be suppressed), the decay time of the proton (fo
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example in the proces* ! €' 9) would be a fraction of a second [9]. As at this moment
the lower limit for the partial mean life of the proton for the process p* ! e* %is 1.6 10
seconds, this seems to be a problem. A possible solution would be to propose tHapton
and baryon number are conserved in the MSSM, however this is also impossible because
know that they are violated very weakly by non-perturbative e ects [10].

The solution to this problem is to introduce a new quantum number which in principle
could be exactly conserved (there is no proof that it is exactly conserved, but also no paf
that it is not). There are two possibilities: matter parity and R-parity.

Matter parity is a property of super elds and is de ned as [12]

Mp=( 1% b (6.5)
with B and L the baryon and lepton number of the super eld. The baryon number of the
chiral super elds is dened as B = % for Q, B = % for u and d and B = 0 for the others,

the lepton number is dened asL =1 for L, L = 1 foreandL = 0 for the rest [10].
This means that quark and lepton super elds haveM, = 1 and the Higgs super elds have
M, = 1. The matter parity M, is a multiplicative quantum number and if it is conserved,
the result of multiplying the M of all super elds in one term in the Lagrangian should be
1. Now if we for example consider equation 6.4, we can see that if we multiplynie M, of the
super elds, the result is -1. This means that if matter parity is indeed conserved, this tem
is not allowed to be part of the Lagrangian, and the same is true for the terns in equation 6.3.

Instead of matter parity we can also useR-parity, which is a property of component
elds (particles) and is de ned as [12]

Rp — ( 1)3(B L)+2 S (66)

with S the spin of the component eld. R-parity is also a multiplicative quantum number

and is especially interesting because all Standard Model particles havg, = 1 and all spar-

ticles have R, = 1. In practice, matter parity conservation and R-parity conservation are
the same thing, because the sum of the spins of all particles at a vertex must be iager, so
( 1% =1.

If R-parity is indeed conserved, the number of sparticles at a vertex should always be
even. This means that the lightest sparticle (LSP) will be stable, as it cannot decayto
other sparticles (because those are too heavy) and it also cannot decay to Standard Mel
particles (because ofR-parity conservation). So if the LSP is electrically neutral, it is a
good candidate for dark matter [12] (which was discussed in section 3.3).

6.3 MSSM Superpotential

In general, the superpotential is given by equation 5.3, but it needs to be gaugenvariant
under the gauge group of the theory we are considering. In this case that gauge group i
the Standard Model gauge groupSU(3) SU(2) U(1), plus the R-parity discussed in the
section 6.2. and the most general MSSM superpotential invariant under that groupis [9]

Wussm = 0yyQHy  dyqQHa  eyelHa+ H yHg (6.7)

with y,, yg¢ and ye dimensionless 3 3 matrices in family space and the tilde on top of
the chiral super elds denoting the scalar components of those super elds (so for examel
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e is the right-handed selectron). Each term contains twoSU(2) weak doublets which are

contracted via an ", for example H yHg = (Hy)i(Ha);"" [9], with "V as de ned in ap-
pendix B. In equation 6.7 we have suppressed all gauge and generation indices. If we put
them back, for example the rst term would be u®@(y,)!Qja (Hy) " with i andj the

generation indices,a the SU(3) (colour) index and the SU(2) (weak) index.

Here we can see that we do indeed need two Higgs doublets to give mass to all the qusrk
as was alluded to in the previous section. The masses of the quarks will be givday the rst
two terms of equation 6.7 when we replace the Higgs doublets by their vacuum expectatn
values. A term like dyqQH, is not allowed because it is not gauge invariant, and a term
like dyqQH,, is not allowed because the superpotential can only be a function of left chiral
super elds, soH" cannot give masses to the down-type quarks.

As we know the top quark, bottom quark and tau are the heaviest fermions in he
Standard Model by far, we can approximate [9]

0 1
0 0 0 0 0 0 0 0 O
%0 0 0§ %0 0 O§ Ye %O 0 Og: (6.8)
0 0 v 0 0 v 0 0Oy

If we use this approximation and write out the weak isospin doublets in terms & their
components, we get the following superpotential:

Whwssm Yt(ﬂ'HL? tbH; ) + yb(Bng B-'Hd)+y(~~l-|3 ~~H,)
+ (HiHg  HgHQ) (6.9)

with the bar now denoting the antiparticle. We now have speci ed the complete MSSM,
and the only new parameter we needed to add is.
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7 Supersymmetry breaking

As has been stated in section 4.4, all particles in a certain supermultiplet wilhave the same
mass and the same quantum numbers. This means that the mass of a sparticle shdube
equal to the mass of the corresponding particle, so for example a gluino should beass-
less and a selectron should have a mass of 0.511 MeV. As they have the same measand
quantum numbers, the sparticles and particles should also have the same abundance. K i
immediately clear that something is wrong here, as so far no sparticles have been obged
and the current lower mass bounds of the selectron and the gluino are of the order of Q0
GeV [6]. This means that supersymmetry (if it exists) must be a broken symmety, and the
rest of this thesis will be dedicated to supersymmetry breaking.

As with any symmetry, there are three ways to break supersymmetry: (i) expicitly (a
small part of the Lagrangian breaks supersymmetry while the remainder conservei), (ii)
spontaneously (the Lagrangian is invariant under supersymmetry but the vacuum $ not) or
(iii) a combination of both [12]. If supersymmetry is broken explicitly, the supermultiplet
structure will stay the same but the particles in a supermultiplet will no longer have the same
mass. If supersymmetry is broken spontaneously, one or more masslessi@ione particles
will appear [1] and as they are not part of the supermultiplets, the multiplet structure will
be destroyed. This means that at low energies, the underlying supersymmetry is hidden,
as we can only see the e ective Lagrangian in our ground state, which is not irariant
under supersymmetry. If supersymmetry is broken both spontaneously and explicly, the
Goldstone particles will acquire (small) masses and be called pseudo-Goldstomparticles.

7.1 Soft supersymmetry-breaking terms in the MSSM

Many models have been proposed for breaking supersymmetry and there is no consensus
yet on how it should be done. However, it is possible to simply write down allpossible
extra terms in the Lagrangian that would break supersymmetry explicitly, with unknown
coupling constants. Of course, those terms still need to be gauge anld-parity invariant

and renormalizable, otherwise they do not belong in the Lagrangian. As we will sho next,
there is a fourth requirement: the supersymmetry-breaking terms need to be \soft"terms,
which means that the mass dimension of the coupling constant has to be positive. Awe
already know that the mass dimension of a coupling constant cannot be negative (otherise
the term is not renormalizable), this only rules out supersymmetry-breaking terms with
dimensionless couplings.

To show why dimensionless couplings are not allowed, we need to go back to the hierayc
problem discussed in section 3.1. This problem was caused by the large quantum corremts
to the Higgs mass, given by equations 3.2 and 3.3. However, if supersymmmgtexists and each
fermion has two scalar partners (one for the left-handed fermion and one for the ght-handed
fermion) we can see that the quantum corrections are cancelled ifs = j {j® with ; the
dimensionlessHf f coupling and s the dimensionlessH j?jSj? coupling. If supersymmetry
is unbroken, this equality holds, as the quantum numbers of the scalar and the fernain are
the same, so the coupling constants are also the same. If supersymmetry is begk it is
very important that this equality still holds, as otherwise the hierarchy problem reappears,
because then we would get contributions to the Higgs mass of the form

1

_ 2 o2
1= 352 (s 2419 (7.1)
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with the cuto energy, which as we know can be very large, so the contribution t o the

Higgs mass would also be very large. As dimensionless supersymmetry-breadsicouplings
spoil the equality s = j ¢j?, only soft supersymmetry-breaking coupling constants are al-
lowed [9].

The possible soft supersymmetry-breaking terms in the Lagrangian are [9]

1 . 1. 1 .
Lsoft = 2 Mg & 3+t + EH] it éa”" ijokT h:c:
m?); 1 (7.2)
L = Lo ehe 7.3
maybesoft 2 i i k -G ( . )

with ; the scalar component of a chiral super eld ; (so a sfermion or a Higgs boson) and

a the fermionic component of a vector super eldV, (so a gaugino). These terms are only
allowed if they are gauge invariant, so thet' ; term is only allowed if ; is a gauge singlet
for all gauge groups. As there are no gauge singlet scalars in the MSSM, we cainore this
term. Finally, the Lmaybesort term is usually neglected, because even though it is a soft
term, it can lead to quadratic divergences in some cases [9].

This means that the soft breaking terms are masses for the gauginos, scalarusared-mass
terms (m?); and b/ and (scalar)® couplingsa’® . If we now apply all this to the MSSM, the
terms that are soft, renormalizable and gauge invariant are [9]

1
Lg/(l)?tsr\n = > Msgg+ MWW + M,BB + h:c:
oa,QH, dagQHy ea.CH 4+ hic:

Q'm5Q C'miC om?fw? dmid em’e
mi, HyHy mj HgHg  (bHuHg + hicy): (7.4)

with gauge and family indices suppressed. The rst line contains the mass terms fothe

gluino g, the wino W and the bino B. The second line contains the (scala’ terms, with

ay, ag anda. 3 3 matrices in family space. The third line contains the squark and slepton
masses of the %)} type, with m%, m?, m?, m3 and m? also 3 3 matrices in family

space. Finally, the fourth line contains the Higgs masses of theni?)! type and the bl type.

It is clear that the soft supersymmetry-breaking terms contain mass terms fo all sfermions

and gauginos but no mass terms for the corresponding fermions and gauge bosons, ghhi
explains the mass di erence between them.

7.1.1 The soft breaking universality conditions

Clearly, equation 7.4 contains many new free parameters. To be exact, 105 new i@ameters
are introduced in the most general form of supersymmetry breaking, while only ne new pa-
rameter (the in equation 6.7) was introduced by supersymmetry [9]. Of course, we would
prefer to keep our theories as simple as possible, so this seems to be a problem. ldeer,
while writing down the soft breaking terms we have made no assumptions about thevay
supersymmetry is broken. If we assume a certain theory is true (which means thathere is
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an underlying structure), the number of free parameters will be much smaller.

Even if we do not yet choose a model for how supersymmetry is broken, we can use the-ex
perimental limits on for example CP violation, avour-changing neutral currents and masses
to predict the underlying structure of the supersymmetry-breaking terms. An often-used
example is to assume that at some high energy scale, the so-called soft breaking wsrisality
conditions hold [9]:

mo?=m3l; m?=mil; my®> = mjl; me®=mfl; m?=mil; (7.59)
ay = AuoYu; ad = AdoYd, ae = AeoYe, (7.5b)
Mi1; M2; Mz 5 Auo; Ado; Aeo real: (7.5¢)

The rst line means that the squark and slepton mass matrices are avour-blind: as those
mass matrices are proportional to the identity matrix in family space, all squarks/sleptons
with the same quantum numbers will have the same mass. The second line means ththe
(scalar)® terms are proportional to the Yukawa coupling matrices in equation 6.7, so umg
the approximation in equation 6.8 it is clear that only the squarks and sleptms of the third
family have non-negligible (scalar} couplings. Finally, the third line means that no new
complex phases are introduced, which means that the CKM phase is still the only complex
phase in the theory [9].

If we use those soft breaking universality conditions, there are only fourteen new pam-
eters left in the softly-broken MSSM: three real gaugino massesM i, M, and M3), ve real
slepton and squark mass parametersnig, mg, m3, mZ and mZ, which have to be real be-
cause otherwise the Lagrangian is not real), three real triscalar couplingsXuo, Ago and Agg)
and three real Higgs mass parameters. It might seem as if we have four Higgmrameters
( mﬁu, mﬁd, band ), but one of them can be replaced by the known Higgs vacuum ex-
pectation value. Also, all Higgs parameters are real:mE|u and mﬁd have to be real because
otherwise the Lagrangian would not be real, and in chapter 8 we will show thaband can be
made real by rotating the scalar and fermion components of thed,, and Hy supermultiplets.

It is important to remember that the soft breaking universality conditions pres umably
are the result of some model for the origin of supersymmetry breaking, and indeed number
of models exist that predict these conditions (for example Gauge-Mediated Supersymmetry
breaking, which will be discussed in chapter 9). It is also important to remember that the
soft breaking universality conditions presumably hold at some high energy scale, sto get
the relations at the electroweak scale we should use the renormalization group egtions
that have been discussed in section 2.5 to evolve all parameters down to the electveak
scale. At this scale, the soft breaking universality conditions no longer hold exacl, but the
avor- and CP-conserving properties hold to a good approximation [9].

Yet another reason why the soft breaking universality conditions seem reasonable is
based on gauge uni cation. In section 3.2, it was mentioned that the renormalizaion group
equations (which tell us how the gauge couplings depend on the energy scale) change if we
add extra particles to the theory. If we calculate the renormalization group equaions for
the MSSM, it is easy to show that all three gauge couplings have the same value atna
energy of around 2 10'® GeV. This means that it is possible that at energies above that
scale, the Standard Model gauge group is part of a larger gauge group (for exang8U(5)
or SO(10) [1]). If this is true, the symmetry of the MSSM is higher at high energies, sait
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seems reasonable that relations like the soft breaking universality conditions wuld hold at
these scales.

7.2 Spontaneous supersymmetry breaking

As mentioned in the introduction to this chapter, there are three ways to break a ym-
metry: explicitly, spontaneously and using a combination of both. As we wouldprefer to
generate the supersymmetry-breaking terms in a dynamic way instead of putting themn
by hand, we will assume that supersymmetry is broken spontaneously. In generakpon-
taneous supersymmetry breaking means that at high energies, the Lagrangian is iaviant
under supersymmetry, while the lowest energy state (the vacuum state]0i is not invariant
under supersymmetry. This means that the e ective Lagrangian at low energies is als not
invariant under supersymmetry.

If supersymmetry is broken spontaneously, that means thatQ j0i & 0 and QY j0i & 0.
Rewriting equation 4.14 in terms of Weyl spinors we get -

fQ ;Q'g=2 P ; (7.6)
so using Tr( )=2 we nd [12]

P =2 -fQ;Qg (7.7)

N

which means that the Hamiltonian

H=E=Po= 7 QuQj+ QQi+ QQy+ QQ: ; (7.8)

using that ¢ is the identity matrix (see appendix A).

Bl

We know that Qy_ is the Hermitian conjugate of Q so we get
MOjHjOI = 7 JQY0ij * + jQujOij * + jQJj0ij * + Q20 (7.9)
with jOi the vacuum state. This means that if supersymmetry is unbroken Q jOi =0 and

Qy_jOi = 0) the energy of the vacuum is zero, while for spontaneously broken supersymmetry

(Q j0i &0 and QY 0i & 0) the energy of the vacuum is positive. Clearly, this is a good way
to distinguish between unbroken and spontaneously broken supersymmetry.

We know that the Hamiltonian is equal to the kinetic energy plus the potential energy
[2]. As we are considering the lowest energy state, the kinetic energy must be zerop s
hOjH jOi = MOjVjOi. Now we already know (see equation 5.91) thal is equal to

1 X
V=FF+ > D?D*? (7.10)

a

with F; the auxiliary component of the chiral super eld ; and D2 the auxiliary component
of the vector super eld V2. This means that supersymmetry is broken spontaneously if it
is impossible for allF; and/or all D? to be nonzero at the same time.
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7.2.1 D-term supersymmetry breaking

D-type spontaneous supersymmetry breaking is caused by the nonzero vacuum expectation
value (VEV) of the auxiliary D-component of a vector super eld. The simplest model for
D -type breaking is the Fayet-lliopoulos mechanism [9]. As we have seen in sectich.2, the
most general Lagrangian for aU(1) vector super eld and a number of chiral super elds
(equation 5.38) contains a term D (we took to be zero in SQED). The Fayet-lliopoulos
mechanism contains one chiral super eld and one Abelian vector super eld, so the scata
potential is

V=FF + %(gtj 2+ )% (7.11)

It is clear that if gt is strictly positive, V must always be larger than zero, which means
that supersymmetry is spontaneously broken. In this case, the minimum occurs foh i =0
(which means that the ground state remains invariant under U(1)), which gives

1 2

Vinin = 5 % (7.12)

This only works for Abelian groups, as otherwise the D -term is not gauge invariant [12].

This means that we only have one option that is part of the Standard Model gauge grop:

the U(1)y group. However, the MSSM contains multiple chiral super elds, so the scalar
potential is

1.
V= FiF; + 5(gt] ij2+ )? (7.13)

and as the hyperchargest; of the MSSM super elds can be both positive and negative,
it is possible to nd a set of h ;i such that V = 0, so D-term supersymmetry breaking
is impossible. This means that the Fayet-lliopoulos mechanism does not work foany of
the gauge elds in the Standard Model, so we will have to introduce a newU(1) group.
However, a newU(1) factor introduces several anomalies which are not cancelled, so the
theory becomes unrenormalizable [12]. This problem can in principle be solved, but onlyyb
introducing many new super elds to cancel all anomalies, which makes it hard to giveall
particles correct masses [9], so we will ignor® -term breaking from now on.

7.2.2 F-term supersymmetry breaking

The second and more likely option is that supersymmetry is spontaneously braén by the

F -component of a chiral super eld getting a VEV. Models where this happens are usually
called O'Raifeartaigh models [9] and contain a set of chiral supermultipletswith the super-

potential W chosen in such a way that the equations;, = @V=@ ;j = 0 (see equation

5.14) cannot all be true at the same time.

It is quite easy to show that supersymmetry cannot be spontaneously broken in anodel

with only one self-interacting chiral super eld, as this is the Wess-Zumino model wih (see
equation 5.18)

1 1
W=h+ Zm 2+ =f 3 7.14
5 U (7.14)

SO we get

2. (7.15)



soF is zero if we choose

P
= M 2T o (7.16)
f f
Similarly, it can be shown that supersymmetry cannot be spontaneously brokenn a model
with only two chiral super elds, so the simplest model with spontaneousF -term supersym-

metry breaking contains three chiral super elds ;.,.3 with a superpotential [9]

W= k 1+m , g+ %y 13 (7.17)
with k, m and y xed real parameters. If we now calculateF;, = @V=@ j, we get
F, = k %y % (7.18)
F, = m g3; (7.19)
Fs = m2 yi13 (7.20)

with  1.2.3 the scalar component of the supereld 1.2.3.

Clearly, the constraint equations for F;.,.; cannot all be true at the same time: F, is
only zero if 3 is zero, but if that is the caseF; is equal tok. This means that V will always
be larger than zero, so supersymmetry is spontaneously broken and the vacuum $gais not
supersymmetric.

If we assumem? > yk , the scalar potential

Vo= DDA+ R+ R ¢
1 . 1 . Lo :
= ;DD +jk 2y G2+ m3 g+ m o4y 1 g (7.21)

has its minimum at , = 3 =0 and ; arbitrary. If we now choose ; = 0, the vacuum
state is gauge invariant.

The model discussed above shows that -term supersymmetry breaking is possible for
relatively simple models, but now we need to apply this to the MSSM. As we can see, the
MSSM superpotential (equation 6.7) does not contain a term of the typeh; ;, as the MSSM
does not contain gauge singlets ( elds that are invariant under all gauge symmaetes of the
Standard Model). However, such a term is needed to have -term supersymmetry breaking,
because otherwise we can always gdf, = O for all i by choosingh ;i =0 for all i. This
means that to get F-term breaking we need to expand the MSSM, just like forD-term
breaking. Luckily, it is much easier to create viable models forF -term breaking [9].

So how do we incorporateF -term supersymmetry breaking in the MSSM? Clearly, at
least one extra chiral super eld S has to be introduced, which has to be a gauge singlet. The
logical rst choice is to make this super eld couple directly to the MSSM super elds. How-
ever, the only direct coupling term which is renormalizable and gauge invariant isSSH,Hg,
which is a mass term for the Higgs bosons. As we know that supersymmetry baking should
also give masses to the gauginos and sfermions, ti&H_ Hy4 term is not enough. To solve
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this problem, we need to introduce many new super elds, but it is hard to give them high
masses (which they need to have, because they have not been detected yet) while keeping
their couplings to the Standard Model small enough to t the experimental constraints.
Also, there is no reason why the soft breaking universality conditions would hal in a situ-
ation like this.

Clearly, letting the gauge singlets needed foF -term SUSY breaking couple to the MSSM
directly is not a very good solution. Instead, we will consider supersymmetry breking in
a hidden sector, which contains super elds that are singlets with respect to the Standadt
Model gauge group and do not have direct couplings to the MSSM, so supersymmetry
breaking can take place in this sector (at some high energy scale). In this case vadso
need a third group of super elds, the messenger sector, which couples to both the MSSM
(the observable sector) and the hidden sector. If the interactions of the messenger secto
with either the observable sector or the hidden sector are avour-blind, the soft breaking
universality conditions will automatically hold [9].

7.3 The goldstino

According to Goldstone's theorem, for every spontaneously broken symmetry generat (so
every generator that generates a symmetry of the Lagrangian which is not a symatry of

the vacuum) a Goldstone particle will appear [1]. This Goldstone particle wil have the same
guantum numbers as the broken generator [9]. This means that if the generator is smnic
(for example the generators of theSU(2) U(1) symmetry in the Standard Model), the

Goldstone particles will be spinless bosons (for example, the Higgs scalatisat were eaten
by the W and Z° bosons). However, if the generator is fermionic (like theQ and QY of
supersymmetry), the Goldstone particles will be spin-1/2 fermions. The Gold$one particles
related to the breaking of supersymmetry are called goldstinos [12], which eans that we
deviate from our usual naming customs here, as the goldstino is not the superpartner
Goldstone boson. The goldstinos are neutral and colourless, just lik€ and QY.

If we consider a general supersymmetric model with gauge super eld¥? and chiral
super elds i, the available fermionic degrees of freedom are gauginos and fermions ;.
If we look at the Lagrangian for such a general supersymmetric model (equain 5.86), it
is clear that the possible fermion mass terms (which can become real fermiomass terms
when some of the j, for example the Higgs boson(s), obtain a VEV) are

p_ .1 1 .
Ltmass = 2g a iTijah il Emij i Efijk i jh ki + h:c:
! !
= a . 0 pl_igTJi kI b + hc:
o PeThGT dmy Sfachid
%
= % i me + hic: (7.22)

]
with mg the fermion mass matrix and h i denoting the vacuum expectation value of .

We start with the assumption that the goldstino is a combination of 2 and ;, with
coe cients
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pLhD 2
G= 2 : (7.23)
H:il
In that case, we get

pl—EgT]ﬁ hFjih i

meG = 7.24
] 1gThh ;Db imy bFji Lfy h yihFi (7:24)
We know that the superpotential (equation 5.3) should be gauge invariant so
1
Ci+tmi j+ STk § k) gage i =0 (7.25)

Of course, this is also true if we take =0 = Y, which means that (using equations 5.64
and 5.89)

2ig AT¢ jF; =0: (7.26)

As 2 is the gauge transformation parameter, it cannot be zero, so we must havTéif‘ iFi =
0, so the upper component ofmg G is zero.

We also know that at a local minimum of the scalar potential, using equations5.87, 5.88
and 5.89,

@V
0 = =
@;
— @ ) 1 amya
= g (FiFi +3D°DY)
= FK(my fgw )+D g;TH
= mij H:JI fijk I’Fj ih ki gh j ihDaiTi?; (7.27)

which is proportional to the lower component of mg G.

Combining those results, it is clear that mg annihilates the goldstino, so the goldstino
is a massless fermion. It is also clear that if alD2 and F; are zero at the minimum of the
potential, there is no goldstino, which makes sense because supersymmetry istrimroken
spontaneously in that case. We conclude that equation 7.23 does indeed describe the gold-
stino.

Because a massless fermion has not been found thus far, this might seem problentati
The solution to this problem is discussed in section 9.4.
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8 Electroweak symmetry breaking

So far we have considered supersymmetry at very high energies, but of course we would
like to know what supersymmetry looks like at the energies we can access withhé current
particle colliders and other experiments. As we have seen in section 2.3, at thesmergies
the electroweak symmetry is broken. This means that we rst need to nd out what the

e ects of electroweak symmetry breaking (EWSB) are. We will see later on that EWSB

in the MSSM is only possible if supersymmetry is broken, so we know that the scal of
supersymmetry breaking is higher than the EWSB scale.

8.1 The Higgs potential

Electroweak symmetry is broken by the vacuum expectation value of the Higgs doulgit, so
rst we need to know what the Higgs potential in the MSSM is. This potential contains all
terms in the Lagrangian that contain only Higgs scalars, which can be fand in the scalar
potential (equation 5.42) and the soft explicit supersymmetry breaking terms (equation 7.4).
The latter are the easiest, as they simply give (remember that. = T V)

Vissot = M, (HSJ2 + JHE?) + mi (HJ? + jHy j5) + (bHTHy  bHEH + hic) (8.1)
when written in terms of component elds.

The terms coming from the scalar potential are somewhat more complicated. Wanill
rst consider the %DaD"1 term, using equation 5.87 these are

X
Vioem = = (T2 ) (8.2)
| 7 g . |

a

For the Higgs bosons, the sum has two terms, as they do not have a colour charge.oi-
U(1), T2 = 3Y j with Y the hypercharge of the eld , and for SU(2), T# = 3 & with
a=1;2;3[12]. This means that we get
vV =1y -Y~2+}2 oa )2 8.3
H:Dterm  — 891( pi PI) 892( pi i PJ) : ( : )

where we sum overi;j (the SU(2) indices) and p (with , = Hy;Hg). We can use equation
C.1 to rewrite the last term as

1 1 1
égg( pi ffl pi )( gk ioa)= Zlg% pi P qgj di égg pi P gk gk- (8.4)

If we now use p; ¢q= Hy;Hgandi;j =1;2 we get

1 o oo 1, . .
Vipterm = §(g§+ B)(Hy 2+ H?  HY? | Hy 22+ EQSJHU HY + HJH, j% (8.5)

There are also terms in the Higgs potential that come from theF -term in the scalar potential.
Using equations 5.88, 5.89 and 6.7, we can write them as

Vigrerm = § J2GH? + JHI 12+ JHE? + jHg 1); (8.6)

so the total scalar Higgs potential for the MSSM with soft supersymmety breaking terms
is
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Wy = (mﬁ +j PAAHT P+ HGD +(mE, + ] PPHSP + Hg %)
+ f(gl+ GB)(HJ I+ JHI? § HAP § Hai?)?+ SHIHG + HiH, 2
+(bH; Hy bHqu + h:c): (8.7)

Itis interesting to note that in the Standard Model, the Higgs potential is Vy = l 2 2+% 4
where could be chosen freely, while in the MSSM the coe cient of theH * terms is xed
in terms of the gauge couplings.

Just like in the Standard Model, electroweak symmetry is broken by the vacuum expec-
tation value of the Higgs elds, which means that the minimum of V is attained at nonzero
values of the Higgs elds. In principle, each component of the Higgs elds (sdH}, HO, HY?
and H ) could get a VEV, which would make the equations very complicated. However,
we still have the freedom to make aSU(2) gauge transformation, and we can x the gauge
in such a way that H} = 0 (which means that also H} = 0). We also know that at the
minimum of the potential, all derivatives of V with respect to elds should be zero, so using
the gauge xing we get

@V 1
@ - Pt SGHE Hi Hy s (8.8)

which is only true if H, = 0. This means that around the minimum, the following expression
is valid:

0=

Vi = (mHu +j PAHIE+(mE, +j HiHJZ bHIHS bHY HE
+ —(91+ B)(H? | HY*: (8.9)

We can now de ne the vacuum expectation values of the Higgs doublets as

Hyi = p= : hHyi = p—é : (8.10)
with

V2 + V3 = V2 (8.11)
and v the Standard Model Higgs VEV de ned below equation 2.24. The ratio

tan = (8.12)
Vd

is a free parameter of the theory.

Since the charged components oH, and Hy do not acquire a VEV, electromagnetism
(U(1)em ) is not broken, just like in the Standard Model.

As will be shown below, there are certain constraints onV, and determining those

constraints is easier if all terms in equation 8.9 are real. Luckily, theonly term that is prob-
lematic is  bHIHJ + c:c; as all the other terms only contain absolute values and constants

73



that are known to be real (the massesny , and the gauge coupling constantsgy; and gy).
Even more luckily, we can absorb any phase factor irb in either H, or Hq (so b is real)
and we still have the freedom to do aU(1)y gauge transformation. At the minimum of V,
bH2H§ + c:c:should be as large as possible (as this term has a minus sign \fy ), which is
the case whentH 2H i is real and positive. Finally, we know that H? and H§ have opposite
hyperchargesY, and ashH2H Ji is real and positive the phases ofH2i and hH Ji should be
equal but opposite, so we can use a singlg(1)y transformation to make both HH i and
hH{i real and positive.

To make sure that spontaneous symmetry breaking will take place,Vy needs to be
bounded from below (because otherwise it has no minimum) andH,i and/or HHyi need
to be nonzero atVy.min . For large values ofH? and Hg, the last term of equation 8.9 will
dominate as it is quartic in the elds. As this term is positive, it seems immediately clear
that V is bounded from below. However, a problem arises jH?j = jHJj, as in that case the
quartic term disappears and not all quadratic terms are positive. IfjH{j = jHJj we have

Vi =ty = (MG, + mi, +2j j)HZ?  20Hj? (8.13)

which is only bounded from below if

1 o
b< S(mi, + mi,)+j J° (8.14)

so to make sure thatVy is always bounded from below, we demand the inequality in equa-
tion 8.14 to be true.

The next thing we need to show is thatH, and/or Hq acquire a VEV. In the Standard
Model, we haveV = 1 2 2+ 1 4 and acquires a VEV for 2 < 0. If we compare this
with equation 8.9 it is clear that the quadratic part should contain a negative (mass¥ term.
The quadratic terms can be written as

! !
j 2+ ma, b HY

. : (8.15)
b jE+mi,  HG

HS HY
so for spontaneous symmetry breaking to take place, the above matrix shouldave at least
one negative eigenvalue (comparable with the \negative mass" in the Standard Mdel case).
For a 2 2 matrix A with eigenvalues ;.,, the trace of A is equal to ; + 5 and the
determinant is equal to 1 , [16]. The trace of the matrix in equation 8.15 is positive,
which means that at least one of the eigenvalues is also positive. This means ththe other

eigenvalue can only be negative if the determinant is negative, and for the determina to

be negative we need to have

B> ( 2+ mg, )G 2+ m,): (8.16)

As b, my, and my, are all coe cients of soft supersymmetry-breaking terms, they are zero
if supersymmetry is not broken. That means that equations 8.14 and 8.16 would siplify
toj j*< 0andj j?> 0in case supersymmetry is exact, and clearly those conditions con-
tradict. This means that electroweak symmetry breaking in the MSSM can only take plae
if supersymmetry has also been broken.

The nal thing we want to do in this section is to calculate the actual minimum of the
Higgs scalar potential, with the VEVs given by equation 8.10. We know
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@Y _ 5. ang @M ~¢. (8.17)

@H @H

and calculating these forVy as given in equation 8.9, we get

pP_ . p_ 1
2( >+ mi vy 2byy + Zp—é(gf+ @Ivu(v: v3) = 0; (8.18)
p_ . p_ 1
2G P+ mi,)va  2by ﬁwi* BI)Va(Vi Vi) = 0; (8.19)
which we can rewrite as
. 1
PEemE, = bt (e @)V VA (8.20)
u
L. V, 1
jEemg, = bé+ g@l+ @)(vi  va): (8.21)

In terms of the parameters (which was de ned just below equation 8.10) andm; (the mass
of the Z boson, which has been given below equation 2.27) we get the following equati®
(which will hold at the minimum of the Higgs potential):

j i?+mi, = bcot + %m% cos 2; (8.22)
.. 1
j i+ m3, = btan ém% cos 2: (8.23)

As we now have two equations which both involvej j, band , we will usually eliminate b
andj j in favour of tan

8.2 The Higgs bosons and their masses

We know that the MSSM contains two complex Higgs doublets, which means that there
are eight real (scalar) degrees of freedom. Electroweak symmetry breaking meaniat the
SU(2) U(@)y symmetry is broken to aU(1)em symmetry, so three of the symmetry gen-
erators are broken. According to the Goldstone mechanism, this means that three ofhie
Higgs degrees of freedom are massless Goldstone boso@s (and G°), and the Z° and W
bosons acquire a mass by eating those Goldstone bosons. After this, thereearve Higgs
scalars left: two CP-even neutral scalarsh® and H® (by convention, h° is lighter than H?9),
one CP-odd neutral scalarA°® and two charged scalarsH [9]. We will now determine the
masses of those ve Higgs scalars.

We start with the Higgs potential (equation 8.7). To get the mass terms, we have to
expand around the vacuum by substituting X = hXi + X for all particles X . The VEVs of
the Higgs doublets have been given in equation 8.10 so the result of expanding equati®.7
around the vacuum is (keeping only the terms quadratic in the elds, as those are the mss
terms)
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Viimass = (J J2+ mi, )(GH 2+ JHID) + (i 12+ m3 )(HGI? + jHy 1)
+ é(g%+ %) (Vi VOGHS®+HT? | HE® j Hyi?)+2Vi(ReHJ])?
+2V3(Re[HJ)?  4v,vgReH J]ReH ]
# 208 VEIHI I VG 12+ va(HD Hg + HIHG)
+bHJH, +HY Hy  2ReHJHJ)) (8.24)

using that for a complex variablez, z+ z = 2 Re[z]. We would like to rewrite this in terms
of the variablesb, , m2 and m3,, with the latter two the masses of the Standard Model
gauge bosons. In the MSSM, these are given by [1]

1 1
my = JVA(gE+ gd)= (Vi + VaNGE+ ¢)); (8.25)
1 1
miy = Ve = %(Vi+ va): (8.26)
We also need some geometric identities involving , which are based on the fact that
2 12
v:i ., _sif 1 co¥ |
— =tan“® = = ; 8.27
va cog cog (8.27)
S0
V2
cos = —4 (8.28)
V2 + Vg
f2 _vi
siP = 1 cos = — : (8.29)
V3 + V§
vi V2
cos(2) = cos® st = 9% (8.30)
V§ + Vd
. . 2
sin(2) = 2sin cos =2tan co¥ = ZV”de: (8.31)
Vi + Vg

Using all identities above and also equations 8.22 and 8.23, we can rewgitequation 8.24 as

Vimass = beot jHO?+ btan jHj? 2bReHZHJ]+ m2 sin® (Re[H?])?
+ m3 co¢ (ReHJ])> m2sin2 ReMH?ReHJ1+ (bcot + mi cos )jHj?
+(btan + mj sin® )jH 2+ bHIH, + H Hy )

1 .
+ Em\z,\, sin2 (Hy Hy +HIH,)
| |

S bcot + mjcod b+ imj sin2 Hi
! d b+ img sin2 btan + m?v sin® H,
bcot b ImHO
IM[HO Im[H ] (Hal
b btan Im[HJ]
! !
bcot + m3 sin? b im2sin2 ReMH?
ReH?] ReMH{] L 2nz [H‘;)] (8.32)
b ZmZsin2 btan + m2cos ReHJ]
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Now we just need to diagonalize the three mass matrices in the above equation. Stang with
the second one, we can easily calculate that its eigenvalues are 0 a@iﬁbf, which correspond

to the Goldstone bosonG® and the CP-odd Higgs bosonA®. If we now de ne m3 = 25—
we can write the eigenvalues of the other two matrices in terms of this parameter The
eigenvalues of the rst mass matrix (corresponding to the charged particles) a& 0 andm3 +
m2, , which correspond to the Goldstone boson§& and FBhe charged Higgs bosonsl . The
eigenvalues of the third mass matrix arez(m3 + m32 (mZ + m2)2  4mZm2co(2 ))

so the masses of the ve Higgs bosons are

2b
mA - m, (833)
1 q
m2 = > m3 + m2 (M3 + m3)2  4miZm2co(2 ) ; (8.34)
1
mZ, = > m3 + m2+ (M3 +m2)2 4mimicof(2 ) ; (8.35)
mZ. = m%+mi; (8.36)
m3 = mi+m: (8.37)
We can write m2 as
S !
1 4m2 m2 co(2 )
2 _ 2 2 A''Z .
mi=-(m3z+m3) 1 1 ; (8.38)
nT2th e (m3 + mZ)>
and using a Taylor approximation we get
2 m2 cog(2
mz MAMz00S(2 ). (8.39)
ms + ms
which we can use to order the Higgs masses
mZ<m2 <m2,;m? (8.40)
and also to give a bound onmy,:
mp < jcos(2 )jmg: (8.41)

This seems to be a problem, because it would mean thany, is smaller than mz, while we
know that mz = 91:2 GeV [6] and the current lower bound onmy, is 92.8 GeV [6] (this is
a di erent bound than that for the Standard Model Higgs boson). However, the mas®s we
have calculated above are the tree-level masses (the masses calculated using onketievel
diagrams, see section 2.5), and it turns out that loop corrections (in particulr, those due
to the top quark and the stop squark) raise the upper bound on theh® mass [12].

8.3 Sparticle masses and mixing

After electroweak symmetry breaking, there are several particles which have theasne quan-
tum numbers (which means that they have the sameR-parity, spin, colour charge and
electrical charge, as those are the only quantum numbers left), so they can mix (lich
means that their gauge eigenstates are di erent from their physical mass eigenstas). This
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happens for both the fermions and the scalars, and we will discuss them separately.

In the case of the fermions, the higgsinos and electroweak gauginos mix (the ghas have
colour, so they do not participate in the mixing). The neutral higgsinos (H? and K{) and
the neutral gauginos B° and W °) combine to form four mass eigenstates called neutralinos,
which are usually denoted by 4.,5,, with ~{ the lightest neutralino and ~§ the heaviest.
The positively charged higgsinoH| and the positively charged winoW* combine to form
two mass eigenstates 1, and the same happens withHfy and W which form ~,.,.

8.3.1 Neutralino masses and mixing

There are three types of neutralino mass terms. The rst type is the gaugino mas terms
$M,WOoW° IM;BB + c.c. from equation 7.4. The second is the higgsino mass term

HOoH$ + c.c., which comes from the Higgs mass term in theMSSM superpotential (see

equations 5.3, 5.10 and 6.9). The nal type originates fromthe = 2g ; T# ; 2 +c.c. term

in equation 5.86, which for 2 = (B; W0) (with T8 = %Y i ;% i?)) and | = (HSiHTj))
gives
P~ 1 P~ 1
Luve = 2gH? | EYH“ B 2.HY BY éYHd B
! !
P 11 O B
2 + 0o = U O
g2 H, H; 2 0o 1 HS
! !
P 11 O HO
2 HS Hy = ¢ wl+ce. : 8.42
Q2 d d 2 0 1 H_d ( )
Using that Yy, =1 and Yy, = 1, replacingH? and H{ by their vacuum expectation

values (as given in equation 8.10, remember thatH?% = hH? i and H2i = MH{ i) and
keeping only the terms for the neutral higgsinos, we get

1 1 1 1
LHHGneural = Eglvul—"rffEH Eglvdl-*rgEn Egzvulsrf,’vv0 Egzvdﬁgvvo +c.c. : (8.43)

We can now combine the three types of neutralino mass terms and write them as

1
L nmass = E( NT™M . %+cec. (8.44)
with ( 9T =(B; W% HS; H?) and
0 1
My 0 ay 0y
0 M vg Yo
M o = % , SR é : (8.45)
a3y R 0
0y %Yy 0

This matrix can be diagonalized by some unitary matrix N (with N M N = M P, where
M P is a diagonal matrix with real positive entries on the diagonal) and the mass eigenstates

in that case are given by v = Nj J-O, with m_, = M E We could write down N and the
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mass eigenvalues in terms oM, M,, andtan , however this is a complicated calculation
and we will not do it here, as usually these are just calculated numerically.

Mi, M, and can have arbitrary complex phases, however by rede ning the phases of
B and W° we can chooseéVl; and M, to be real and positive. This is not possible for ,
but if is not real, it might cause large CP violation and for example large eledic dipole
moments for the electron and the muon (which we do not see) [9]. Because of this, i
usually assumed that is real.

8.3.2 Chargino masses and mixing

In a similar way, we can get the terms contributing to the chargino mass terns. Again,
we have a gaugino mass term (in this cgse, itis M,W*W  + c.c.), a higgsino mass term
(  HJjH4 +c.c.) andterms from the 2g ; T{ j ®terminequation 5.86 ( govyHy W

Q@V4W* H4 + c.c.). Together these give

1
L cmass = E( )TM +ccC. ; (8.46)
with ()T =(W*;H;;W ;H,)and
0 1
0 0 Mz vy
0 0
M_ = &\ : (8.47)
M, OoVy 0 0
O2Vd 0 0

In this case, the mass eigenstates are given by [9]

=V ; =U ; (8.48)
whereU and V can be di erent unitary matrices.

8.3.3 Squark and slepton masses and mixing

As all up-type squarks have the same electric charge), in principle all six up-type squarks
(& €;t).r could mix, which would be a very complicated situation. However, we are assum
ing that at some high energy scale, the squark and slepton mass matrices are progional to
the identity matrix in family space (see equation 7.5). This means that at this high energy
scale the mixing between for exampleu~ and ti is zero, as they both have the same mass
(mixing between tg and t; at this scale is of course impossible, because they have di erent
guantum numbers).

If we now run all parameters down to the electroweak scale (using the Renormalizan
Group Equations for the MSSM, which are given in for example the book by DreesGodbole
and Roy [12]), the result is that there is signi cant mixing between t; and tg, betweeny and
Bk and between r and «, and almost no mixing between the other squarks and sleptons.
To show this, we denote the mass eigenstates of the third-generation squarks andepkons by
ti.2, B2 and ~.2 (Where t3 is heavier than ti) and consider the mass and gauge eigenstates
of the other squarks and sleptons to be equal (so we will just usegs t , etcetera, in our
further discussions).

79



9 Gauge-mediated supersymmetry breaking

In section 7.2 we have already seen that it is not possible to break supersymnmgt with
only the MSSM super elds, so there must be a supersymmetry-breaking sector. We have
also seen that it is highly unlikely that this sector couples directly to the MSSM sector
through a renormalizable interaction, which meant that there were two options: either the
supersymmetry-breaking sector (which we will call the hidden sector from now on) coums
to the MSSM through a nonrenormalizable interaction (for example gravity) or both sectors
couple to a third sector called the messenger sector through gauge interactions. Thsecond
option is called \gauge-mediated supersymmetry breaking" (GMSB) and is the subjectof
this chapter. The advantage of GMSB compared with gravity-mediated supersymnetry
breaking is that squarks and sleptons with the same gauge quantum numbers autoatically
get the same soft supersymmetry-breaking masses, which means that the soft bigag
universality conditions automatically hold at a high scale.

9.1 The MSSM, messenger and hidden sectors

s ™ s ™ . N
Hidden Sector Messeneer Sector
. Tessenger Sector
: Direct ) SU(3).SU(2).U(1) MSSM
(Susy—Breaking) | . P
T Gauge
g . @ Interactions
- J - / - /

Figure 9.1: A sketch of the particle content and couplings of a typical GNB model [18].

A schematic overview of a typical GMSB model can be seen in gure 9.1. As messenger
super elds we take chiral super elds ; and ;, where the bar denotes that ; and ; trans-
form under conjugate representations of the Standard Model gauge group, so their quantum
numbers are exactly opposite. This means that ; ; is invariant under the Standard Model
gauge group, so a mass ternrm; ; ; is allowed, which means that the messenger particles
can acquire masses that are much higher than the weak scale. The messenger super elds
couple to the MSSM super elds through gauge interactions, so they are nonsinglets under
the Standard Model gauge group.

As we have seenF -term supersymmetry breaking is only possible if the theory contains
at least one gauge singlet chiral super eldS. To get supersymmetry breaking, the auxiliary
component Fs of S must get a nonzero VEV, and we will also assume that the scalar com-
ponent s gets a VEV. At the moment we are only interested in the soft supersymmetry
breaking terms which were given in section 7.1 and as we will see, they only depend bRsi,

h si and the messenger super elds, so we will not concern ourselves with how exactly the
components ofS acquire a VEV. However, one should realize that we are simply upping the
limit of what we know: our theory will give us the soft supersymmetry breaking terms, but
we still do not know how supersymmetry is broken exactly.

The most general gauge-invariant and renormalizable superpotential for the rassenger

super elds (remember that both | and ; are left chiral super elds and that S is a gauge
singlet under the Standard Model gauge group) is

80



X
Winess = iS i i (9.1)
1
In principle, there could also be o -diagonal terms ( S i j), but these can be absorbed
py a rede nition of the messenger super elds [19]. We could also include a mass term
im; i i, but as we will see givingFs and s a VEV has the same e ect, and we prefer
to generate the mass terms dynamically instead of simply putting them in by hand. Fnally,
we know that S also takes part in some superpotentialWpyeaking , but we do not know the
form of this superpotential. Some possible models for this superpotentlaare discussed in
the paper by Giudice and Rattazzi [19].

The next step is to calculate the masses of the components of the messenger super elds.
We will denote the scalar, fermionic and auxiliary components of ; by ;, ; and F;, those
of ; by i, ;andF; and those ofS by s, s andFs. From equation 5.16 we know that
the mass terms of the scalar components reside in the scalar potentidl, with

X
V= R (9.2)
k

where k counts over all chiral super elds in the theory.

We know (using equations 4.48 and 5.14) that

@VmeSS
' @
= i S i (9.3)
@vmess
' @
= i s i (9.4

@
Fs = @éwmess + Wbreaking )

- o @Vbreaking
i 7@5

(9.5)

SO

Vimess + breaking ( i} j) jFij2+ jFij2+ “:Sj2

@Vbreaking
@S

We now want to integrate out the super eld S, because at the scale we are interested in (the
mass scale of the messenger super elds) we only notice the VEVs 8f not S itself. As has
been said before, s and Fs both get a VEV (denoted by h si and hrsi), while s does
not. We also know

2
= Jisii®*jios it i :(9.6)

81



: @
hFgi = @éwmess + Whreaking )

_ @Vpreaki .
= 45618”19 h i jl
@Vbreaking
= = oreadng . 9.7
@S ! ( )
so after substituting the VEVs for the components of S we get
Vmess+breaking =j ih Sijz [ +j ih Sij2 i +( i i+H:Si)( [ +H:8i)(9-8)
and remembering that L contains V we can write the scalar mass terms as
! !
j ihsij? g i
Lsmt = i i . SJ. . ?2 I 9.9
ilFsi | ih sij i

This means that the scalar components of ; and ; mix to form states with squared mass
(the eigenvalues of the above scalar mass matrix)

m? =] ihsii? | ibFsii: (9.10)
The masses of the fermionic components of; and ; are easier to calculate. From equation
5.16 it is clear that for general W = h; ; + %mij it %fijk i j « the fermionic mass

terms are % i j(mj +fy h i), so for the superpotential given in equation 9.1 the fermionic
mass terms are
Lemt = ihsi i+ hec (9.11)

so the fermion masses are given by

Mtermion = J ih sij: (9.12)

Comparing equations 9.10 and 9.12 it is clear that supersymmetry is broken ifFsi & O,
which is exactly what we want, as that means that in that case supersymmetry $ broken
spontaneously in the hidden sector. Equation 9.10 also leads to the constraint

MFsi
hsi?

because the scalar squared masses cannot be negative.

Xj = <1 (9.13)

9.2 The soft supersymmetry breaking terms

As we have seen in section 7.1, the soft supersymmetry breaking terms contaimany param-
eters: the gaugino massed! , the (scalar)® coupling matrices ax , the squark and slepton
mass matricesm , the Higgs massesmﬁ|u and mﬁ,d, and the Higgs mass parameteh. In

section 7.1 we have treated them as parameters we have put in by hand, but in this sectio
we will show how they can be generated by interactions with the messenger sector.
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\VARVY \Y

Figure 9.2: The diagram that generates the supersymmetry-breaking gaing mass to leading
order, with =P the gaugino, ; and ; the scalar and fermion components of ; and ; and
i the scalar and fermion components of ; [10].

e el ———— e _———— el e _—————— o

Figure 9.3: All diagrams that contribute to the supersymmetry-breakingsfermion and Higgs
masses to leading order, with the normal dashed lines the sfeions or Higgs bosons, the
heavy dashed lines the ; and ; scalars, the solid lines the ; and ; fermions, the wavy
lines the Standard Model gauge bosons and the solid lines kitvavy lines superimposed the
MSSM gauginos [9].

The leading-order contributions to the gaugino massedM are given by the one-loop
diagram shown in gure 9.2 [9]. There is no one-loop diagram contributing to thesfermion
and Higgs masses, because there are no direct interactions between the MSSM scalansl a
fermions and the messenger scalars and fermions, only gauge interactions. Thiseans that
the leading-order contribution to the squared scalar masses is given by the twabp dia-
grams shown in gure 9.3 [9].

We will now calculate the leading-order contributions to the gaugino mass, which e the
leading-order mass, as the Lagrangian does not contain a mass parameter for tlgaugino.
For every messenger super eld ; which couples to , there will be a diagram like gure
9.2, so to get the total leading-order gaugino mass, we will need to sum over the essenger
super elds that couple to . Figure 9.2 seems to be a complicated diagram because it
contains a mass insertion (the cross in the middle of the ; and ; lines), but fortunately it
is possible to rewrite it in terms of the mass eigenstates of; and ; and in that case the
Feynman diagram looks more like what we are used to.

From the previous section we already know that the eigenvalues of the scalar massatrix
(equation 9.9) arem? = j ;h sij?j HFsij, and now we need to nd its eigenvectors. Using
that MV; = ;V; for a matrix M with eigenvalues ; and corresponding eigenvector®; [16],
and calling the eigenvector with eigenvaluem?
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= (9.14)

and ignoring the subscripti for now, we get the following equations:

i = ] i (9.15)
hFsi = j hrsij (9.16)
Assuming that hFgiisreal, weget = SO our two eigenvectors aré . = %( )
and' = pl—z( + ) which means that we can also write and , which appear in the
Lagrangian, in terms of "'
1 1
= —(' 4 +' ; = (' + 7t ! ;
9—2( ) 19—2( )
1 , , 1, ,
= p—z( ) = p_é( +) (9.17)

To calculate the diagram in gure 9.2, we need the gaugino-fermion-sfermion vertexLook-
ing back at the Lagrangian for a non-Abelian supersymmetric gauge theory (wkth is also
applicable for the Abelian case, only then it is simpler), equation 5.86, we carsee that
for a set of general chiral supermultiplets ; = ( i; i;Fi) and a general set of gauge su-
permultiplets V2 = (A2 ; 2;D?) the gaugino-fermion-sfermion interaction term is given
by

p

Lgfs int = Eg( v iniial it jTj?1 i a): (9.18)

In this case, we have chiral supermultiplets ; and ; whose gauge quantum numbers are
exactly opposite, so the interaction terms are given by

Lots imgomss = 29 YRYTR 4 TR VRNTR g+ TR G (9.19)
and using equation 9.17 we get
Lofs intomse = g( Y /T je + @Iy o+ TR A4y TR
VIR TR TR R TR #)(9.20)
This means that we now have four Feynman diagrams contributing toM  for every ( i; i)
that couples to : one with ' ;4 and ;, one with ' ; and ;, one with';, and ; and
one with ' ; and ;. These Feynman diagrams look like gure 9.4, which is similar to the

Feynman diagram we calculated in section 2.5.

From section 2.4 we know that the tree-level fermion propagator is given by

_ i+ mo).
p>Z mj’

i () (9.21)
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Figure 9.4: The diagram that generates the supersymmetry-breaking gang masses in lead-
ing order. The solid line superimposed on a wavy line is the gaino , the solid line is
either the fermion ; or the fermion ; and the dotted line is either the scalar' . or the
scalar '

with p the four-momentum of the fermion and mg its mass parameter in the Lagrangian,
so the tree-level gaugino propagator is

ip
~(p) = e (9.22)
becausem,.- = 0. From section 2.5, we know that if we write the expression for the diagam
in gure 9.4 as

i . i

B (9.29)
the contribution to the gaugino mass is [2]

m = 1(f=0) (9.24)
so we need to calculate 1(p). We can get the vertex contribution for the gaugino-scalar-
fermion vertices from equation 9.20: it isgT for the diagram with j and"; and gT?

for the other three diagrams. The propagators for the scalar and the fermionn the loop
are equations 2.32 and 2.33.

If we now take p as the external momentum (the momentum of the gaugino) andg as
the momentum of the scalar in gure 9.2, the momentum of the fermion in gure 9.2 will
beq + p . We need to integrate overq because it is an internal momentum (which means
that it can have any value) and to avoid possible in nities, we will do so in n dimensions
instead of 4 (this is a di erent regularization technique than the one used in sectio 2.5).
The result is

Z
dn p_ i p_ .
@ ;1“( 2igT '7mz( 2'9Tj? ;mzﬂ(a*‘ )+ m )

R (q+ p)?
- a n i(§+P)+ m
2|92Tr[T Tb] d q(q2 m)(q+ P2 m?)

1(p)

(9.25)

with m the mass of the scalar andmn the mass of the fermion and using thatTif‘Tijb =
Tr[ T2TP]. Using
z z
Caaf@n= 5 dap af(;p (9.26)
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(which can easily be shown to be true by contracting both sides withp ), we can write

(P = ZgPTTAT™(m AR+ iPB(P)) (9.27)
with
Z
2 d"q 1 .
AP ) (@ mA(a+r Pz m)’ (9:28)
B(p?) = il b qp *+1 (9.29)

@ )" (¢ m?)((a+p?> m?)’
However, we are interested in 1(p = 0) (see equation 9.24), so we can ignore the part of
2 that is proportional to f, which means that
2(f=0)=  2g>T[T3T"Im A(p?): (9.30)
Using [3]

z 1
1. dx (9.31)
CD = , (Cx+ D@ x)?

and interchanging the two integrations (over x and over g) we get

z, Z

d"q 1
A(P?) = dx
P) = ™ @y @ mxr(ar 2 M )P
1 41 ? 1
_ n
= 2, dx d q(q2+2q K+ M?)2 (9.32)
with
K = p(1 x); (9.33)
M2 = p*1 x) m?+(m? m?x (9.34)
We can now change the integration variable toQ = q+ K, then we get
1 %1 Z 1
2 — n .
A(p) = 2 . dx d Q(Qz KZx M2)2" (9.35)

We now want to do the integration over d"Q, with Q% = Q3 Q? (where Q is the momentum
three-vector), but to make this easier we will rst use a trick, called the Wick r otation (more
information can be found in for example the book by Peskin and Schroeder [2])The idea
is to change the integration variable from Q to P, with Qg = iPo and Q = P. The result
of the integration is the same (because we can rotate the contour of integtion in the
complex Qo-plane) but the integration is much easier because we hav®? = P P2,
so all four coordinates are \on the same footing" and we can solve the integl in four-
dimensional spherical coordinates. The result of changing the integration varialg from Q
to P in equation 9.35 is
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z, Z

1 1
2 — in
AP = 2 )" vl dxz(ld P)( P§ P2 K2+ M?):2
i ! 1
27 . dx d"P PITKZ M2)? (9.36)
Using that for n =4 + " with " very small [3]
Z
dq .11 1 m 2 .

with the reference mass introduced to make everything dimensionally correct, we get

221

2i .11 1 (K2 M?) .,
A(pZ) (2 )4+ § . dx —_ E g+ E In —_— + O( ) (938)
z
i 1 1 1 2 171
= . 4z Zln — +:= K2 M? 9.39
gz "TZE 2In 2, In( ) (9.39)

Considering only the last term (assuming that the other terms are removed by a renamal-
ization procedure) and taking p?> = 0 becausep is the momentum of the gaugino and the
gaugino has no mass term in the Lagrangian, we get

oz,
A(p?) = 16I2 In(m? +(m?2  m?)x)dx
e - ! #
= 16I2 7t X In(m? +(m?2 m?)x) x
[ 10 !
i m? 5 m? 5
= T62 mz mztt M) 1 e In(m)
! ! !
i m? m? 2y .
= 16 2 7 mz+1 In 7 1+In(m*) (9.40)

Now that we have calculatedA(p?), we can determine the gaugino mas#1 , which is given
by (see equation 9.24)
X
M = 1i(f=0) (9.41)
I
where we sum over all sets (j; ;) which couple to the gaugino  whose mass we are
calculating. Using equation 9.27 this can be written as

X X X
M = 2ig? Tr[T2T%Im A(p?)
i
_ XX 2ig? Tr[T2TPm |
- g 16 2
' ! ! !
2 m2 5
R +1 In 7 1+In(m*) ; (9.42)
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where we now also sumover = ; jand ="';:;"'; ,which means that we sum over the
four diagrams that contribute to M for eachi. The result (using equations 9.10, 9.12 and
9.13) is

g X

Xi_[(l+xi)|n(1+ xi) (1 x)In@ x) 2 In(m?)] (9.43)

with T (R;) = Tr[ T2TP] the representation constant of the representationR; (see equation
5.66). Unfortunately, this is not the correct answer, as in the literature (for example the
book by Drees, Godbole and Roy [12] and the review paper by Giudice and RattazziL9])
the result is quoted as

g X

M = 162

2T (Ri)g(xi); (9.44)
i

with a scale determining the overall size of the soft supersymmetry breaking nasses in

the observable sector, de ned by

hFsi
= g (9.45)
som = =x;, and
g(x) = Xiz[(1+ X)in(@A+ x)+(2 x)In(L x)]: (9.46)

In fact, the result we get would be equal to the result quoted in the literature if we had
only two Feynman diagrams (one with' . and and the other with ' and ) and there
was a relative minus sign between those two. However, why this minus sigwould be there
and why the other fermion would not participate in the Feynman diagrams is currently
unclear to us. From now on, we will use the result quoted in the literature (equatian 9.44).

The leading-order contributions to the sfermion masses are given by the eight terloop-
diagrams in gure 9.3. We could calculate these as well, using many of the samtechniques
as we used for the gaugino mass calculations, however as this is a very long and quicated
calculation we will simply quote the result from the literature, which is [12]

2 2 X g ? iH X
me, =2Mg 162 ch | 2T (Ri)f (i) (9.47)
|
with C the so-called Casimir of the representationR; under the gauge groupG , de ned
by

X
C = (T2T?) (9.48)

N> for SU(N) groups and? ¥ for U(1)y, and

which is equal to 5

1+X . X 1. 2X
f(x)= 2 In(+ x) 2Li, T+ x +§L|2 T+ x

+(x! X) (9.49)
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R
with Li , = 01 dit 'In(1 yt) the dilogarithm.

As we can see, the masses of the sfermions and Higgs bosons only depend on their gaug
guantum numbers and not on any other property. This means that the squark and slepta
mass matricesm are proportional to the identity matrix, for example m? = mZ_ 1 with
m?eR given by equation 9.47. This also means that the soft breaking universality coditions
(equation 7.5) hold in this case, which means that the GMSB model contains no extra&CP
or avour violation when compared with the Standard Model.

It is easy to see that the leading-order contributions to the Higgs, sfermion andyaugino
masses are of the same magnitude, as the one-loop diagram in gure 9.2 is pragional
to g? and contributes to the gaugino mass, while the two-loop diagrams in gure 9.3are
proportional to g* and contribute to the squared scalar mass (a scalar mass term in the
Lagrangian has the formm? 2 because of dimensionality arguments). However, the leading-
order contribution to the (scalar) ® coupling ax comes from two-loop diagrams (as the scalars
involved in the vertex do not couple directly to the messenger particles, only via gauigos
or gauge bosons) and as such will be proportional t@*. As the ax parameters have mass
dimension one, we can neglect them if we only consider the leading-order corrections to the
sfermion and gaugino masses, so

Ay = a4 = a. = 0: (9.50)

We now have all leading-order soft breaking terms (equations 9.44, 9.47 and ®pexcept the
Higgs mass parameteb. This means that all parameters that were introduced by supersym-
metry and soft supersymmetry breaking have now been dynamically generated, except for

and b. Using equations 8.22 and 8.23 it is clear that both of these parameters shouldave
roughly the same size asnﬁu_d , however unfortunately it appears to be quite complicated
to generate and b terms of this size [12]. Several new super elds will need to be added,
and even then we usually need to add discrete symmetries for no other reason than because
we otherwise get a very largeb [12]. This problem with dynamically generating and b of
the correct size is usually considered to be the biggest problem in GMSB, and so far @al
solution has not been found. However, we will continue studying the GMSB and pretend
that and b are just two parameters that we have put in by hand, even though this is,
admittedly, not very satisfactory.

The above equations (9.44, 9.47 and 9.50) are not true at any energy scale, batre
boundary conditions at a certain energy scale [12]. If we want to know the valuesfahese
parameters at any other scale (like the electroweak scale), we will need to evawthem back
to that scale using RGEs, as was discussed in section 2.5. We can assume thatiation 9.44,
9.47 and 9.50 are valid at the scale of the messenger masses, which is calleel messenger
scale and is equal to [12]

Mm=m =] h sij (9.51)

with  some kind of average of all couplings; appearing in equation 9.1.

9.3 Minimal GMSB

In the general GMSB model, the soft supersymmetry-breaking terms still depend on may
parameters, which makes it hard to predict the low-energy behaviour of the theory becaies
there are so many parameters that can be changed. For this reason, we would like consider
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the minimal GMSB model (mGMSB), which is the simplest model that has been formulaed
so far [12]. It depends on only ve parameters and is based on two assumptions, wth we
will discuss brie'y.

The rst assumption has to do with the functions f (x;) and g(x;) in equations 9.46 and
9.49. We can write these functions as [12]

2 4

_ X X 6

g0 =1+ =+ T2+ O(F)

- x? 11, 6
f(x)=1+ 16 4—50x + O(x°) (9.52)

and as we know that 0 x 1, we can make the assumption thatg(x;) = f (x;) = 1, which
is a approximately true for most x; in the allowed range.

The second assumption that we make is that the messenger super elds form complete
representations ofSU(5), which is the simplest group containing all Standard Model gauge
groups (see section 3.2). This means that we now have a parametag, which is the number
of messenger elds ; and ; transforming under the 5 and 5 representations of SU(5). In
that case, T (Rj) = % for each ( j; ) pair [12]. This second assumption is also a reason-
able assumption, because if the messenger elds do not form complete representations of
SU(5), gauge uni cation is spoiled [19].

Using both these assumptions we can rewrite the soft supersymmetry-breakingetms as

M = 12 _ns (9.53)
and
m? =2 2n5X3 ¢ e 0) (9.54)
i 16 2

with ;= fTH and C (i) given in equation 9.48 (so for exampleC; is 4/3 for SU(3) triplets
and 0 for SU(3) singlets).

As we can see, equations 9.50, 9.53 and 9.54 only depend )y and Standard Model
parameters, so the values for the soft breaking terms at the electroweak scale gnilepend on
ns, , My and Standard Model parameters. We also still have the Higgs mass parameters

(from the MSSM superpotential) and b (from the soft supersymmetry-breaking terms),
however using equations 8.22 and 8.23 we can rewrifej and b in terms of mz (which is a
Standard Model parameter), my, and my, (which are given by equation 9.54) and tan .
So the only new parameters in the Higgs sector are tan and the sign of , which means
that the ve new parameters describing mMGMSB are

ns; ; Mmp;tan and sgn( ); (9.55)

which is certainly a lot less than the 105 new parameters introduced by the most genat
soft supersymmetry-breaking terms.
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9.4 The gravitino

As we have shown in section 7.3, if supersymmetry is broken spontaneously,massless spin-
1/2 Goldstone fermion called the goldstino will appear. However, as so fathis goldstino
has not been detected, one might wonder what has happened to it.

This problem is solved by considering local supersymmetry instead of global supgym-
metry, which means that the supersymmetry transformations depend on the spacetim co-
ordinates. This means that the spinor parameters' and"Y, which rst appeared in section

4.2, will now depend onz, so the E)(_:al supersymmetry trarbsjormation of the scalar compo-
nent of a chiral supereldis = 2"(z) instead of =" 2" .

However, if we make supersymmetry local, we must introduce gravity. Thisis clear when
we consider equation 4.14, which states that the commutator of two supersymetry trans-
formations is a translation. If supersymmetry is local, our theory will be invariant under
local supersymmetry transformations, which means that it will also be nvariant under local
translations (coordinate transformations). As we know from general relaivity, this means
that a theory of local supersymmetry must contain gravity [20], and as itis a quantum eld
theory, this means that a theory of local supersymmetry (called supergravity)must contain
a spin-2 graviton G [12]. Of course, this graviton will also have a superpartner, the spin-3/2
gravitino G [12], and together they form a gravity supermultiplet.

As long as supersymmetry is unbroken, the graviton and the gravitino are bth mass-
less. However, as soon as supersymmetry is broken spontaneously, a masslgoldstino will
appear, and then the gravitino will get a mass by eating the goldstino. This iscalled the
super-Higgs mechanism, as it is analogous to the ordinary Higgs mechanism deib@d in
section 2.3. Before this, both the gravitino and the goldstino have two degees of freedom
(two spin helicity states), and after this, the gravitino has four degrees of feedom (because
it is now massive).

The exact calculation of the massms-, that the gravitino acquires by eating the goldstino
is quite complicated and requires a good understanding of the supergravity Lagrangn.
However, we know that if supersymmetry is restored (there is no supersymmetrypreaking)
or if gravity is turned o, ms-, should become zero. Based on this we can approximate the
gravitino mass for F -term supersymmetry breaking as

hFsi

M3-> Mor (9.56)
where Mp, is the Planck mass, which is given by [1]
r—
Mp, = % 1:22 10 GeV: (9.57)

If we turn o gravity, Gy goes to zero, sdMp, goes to in nity.

Now that we have gravity, there will be gravitational communication between the hidden
sector and the MSSM (in addition to the communication via the messenger sector), whit
means that there will also be gravitational contributions to the soft breaking terms (loop
diagrams with gravitinos or gravitons running around in the loop). However, we want these
gravitational contributions to be much smaller than the messenger contributions, as other-
wise the soft breaking universality conditions will no longer hold. This is only possible if
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hFsi divided by 1 GeV is several orders of magnitude smaller tharMp; [12], which means
that the mass of the gravitino will be (much) smaller than a GeV. As the gravitino has
R-parity -1, this means that the gravitino is the Lightest Supersymmetric Particle (LSP),
which is stable and contributes to the dark matter in the universe (see also seabn 6.2).

As the gravitino is the LSP, eventually all MSSM sparticles will decay to nal states that
contain a gravitino and a number of Standard Model particles. If the gravitino interacts only
gravitationally (which one would expect), the decay of the Next to Lightest Supersymmetric
Particle (NLSP) to the gravitino would be extremely slow, as gravitational interactions
are extremely weak. However, because the gravitino eats the goldstino that appes after
spontaneous supersymmmetry breaking, it inherits the interactions of the goldsno, and
these are not only gravitational. In fact, it can be shown that the decay rate of a spatrticle
X into its Standard Model partner X and a gravitino is [9]

|
L)
5 2
mx

X! XG)= —X _ X
( ©) 16 HFiZ2 mZ

(9.58)
Though this decay happens much faster than the gravitational decay, it is still mud slower
than decays through the Standard Model gauge interactions, which means that in practie
the only particle decaying to a gravitino will be the NLSP (the branching ratios for decays of
other particles to the gravitino are all smaller than 10 7). However, the decay of the NLSP
to the gravitino and a Standard Model particle will in general give a very charecteristic
signal, which we will explore further in the second part of this thesis.
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10 The LHC and the ATLAS detector

As the previous chapters have shown, minimal gauge-mediated supersymmetry breaking
(mGMSB) is an interesting and consistent theory which solves some of the prokims with
the Standard Model. The next step is to nd out whether or not mMGMSB is a correct
description of reality, so we want to either prove or disprove the theory. In paticle physics,
this proof is usually gathered by collider experiments, where two particles (forexample two
protons, two electrons, or a proton and an electron) are collided with a certain enegy and
particle detectors are used to trace back which particles were produced during this coflion.
The ATLAS detector at the Large Hadron Collider is one of the detectors that is most likely

to nd mGMSB if it exists, and in this chapter we will introduce both the LHC and the
ATLAS detector.

10.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a particle accelerator located at CERN, near Geneva,
which has been colliding particles since late 2009. It has been installed in the tunnethere
the Large Electron Positron accelerator (LEP) was located between 1989 an@000 [21].
This tunnel is approximately circular, has a circumference of 26.7 km and lies between 45
and 170 m below the surface. The LHC has been designed to collide beams of protons hwit
centre-of-mass energies of up to 14 TeV and a luminosity of:0 10** cm 2 s ! (the luminos-
ity is a measure for the amount of collisions per second). The LHC will occassnally also
collide lead ions with a centre-of-mass energy of 1.15 PeV (which is much higher thafor
proton collisions because the mass of a lead ion is much higher than that of a pian) and a
design luminosity of 1:0 10?” cm 2 s 1, but in this thesis only proton-proton collisions are
considered.

Unfortunately, there have been some problems with the LHC, and the current sched-
ule is to keep running at a centre-of-mass energy of 7 TeV until the end of 2012, when a
long shutdown is planned [22]. After this shutdown, it will hopefully be possble to run
at the design centre-of-mass energy and luminosity. Both the centre-of-mass energy and
the luminosity are very important parameters in the search for supersymnetry, as a higher
luminosity means more collisions (so more opportunities to produce supersymetric parti-
cles) and a higher centre-of-mass energy means higher cross sections for the production of
supersymmetric particles [12].

The protons used in the LHC are produced by stripping hydrogen atoms of their elec-
trons and accelerating them, rst in a linear accelerator (the LINAC 2) and then in thr ee
circular pre-accelerators (the Booster, Proton Synchrotron and Super Proton Synchotron).
After this, the protons are injected in both directions in the LHC, where they are accelerated
even further in two vacuum beam pipes surrounded by a large number of superconducting
magnets with a eld strength of 8.33 T [21]. The proton beams cross each otheat four
points in the tunnel, and at each of these points one of the four main detectors i$ocated:
the ATLAS and CMS detectors are general purpose detectors, the LHCb detector is mail
dedicated to studying B-mesons (bound states of a quark and an anti-quark, which cdain
a b or a b quark) and the ALICE detector has been designed to study ion collisions. A
schematic overview of the locations of these detectors is shown in gure 10.1.

A proton consists of two up quarks and one down quark (the valence quarks), a nuber
of quark-anti-quark pairs (the sea quarks) and a number of gluons [1]. Colledtely, these
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Figure 10.1: A schematic overview of the particle detectors and acceleiars at CERN.

particles are known as partons. When two protons collide at the LHC, it is actudly their

partons that interact with each other. This means that when two protons collide, it could
be two (anti-)quarks, two gluons or a gluon and an (anti-)quark that are actually interact-

ing. We know that the protons each have an energy of 3.5 TeV, but each parton carriea
di erent fraction of the total proton energy. This means that we do not know a prio ri what

the centre-of-mass energy of the interaction was. It also means that even though theroton

collision is symmetric (as both protons have the same energy), this is nohecessarily true
for the interaction between the partons.

However, one of the things we would like to study with the ATLAS detector is the missing
energy, which is the energy of particles that cannot be detected with the ATLAS detector
(for example neutrinos and gravitinos, as they hardly interact with other particles). We
can nd these patrticles by using momentum conservation: the total momentum before ad
after the collision has to be conserved, so if the total momentum of all paritles we detect
after the collision is not equal to the total momentum of all particles we know were there
before the collision, there have to be \invisible" particles. The problem is tha we do not
know the momentum of the partons inside the proton before the collision. Howeverwe do
know that the protons were moving along the beam pipe with very high momentum, vhich
means that the parton momentum perpendicular to the beam pipe was negligible. This
means that if we add the transverse momentunpy (the component of the momentum that
is perpendicular to the beam pipe) for all particles after the collision, the resultshould be
zero, and if it is not, there must be invisible particle'. The missing momentum is called
the missing transverse momentum or missing transverse energy (because: 1, energy and
momentum are the same), which is often denoted a& .

10.2 The ATLAS detector

The ATLAS detector (which is short for \A large Toroidal Lhc ApparatuS" detector ) is
roughly cylindrical, 44 metres long and has a diameter of 25 metres. A schematic piate of
the ATLAS detector is shown in gure 10.2, the central part is called the barrel and on both
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sides of the barrel there are endcaps. The subdetectors in the barrel form concentric layer
around the beam pipe and mainly detect particles which propagate under a large angle i
respect to the beam pipe, while the endcaps have been installed perpendicular to the beam
pipe and mainly detect particles that stay close to the beam pipe.

Figure 10.2: Cut-away view of the ATLAS detector with all subdetectors [2]3

An ATLAS coordinate system has been de ned in the following way: the interaction
point (the point where the protons collide) in the centre of the detector is the origin of
the coordinate system. Thez-axis is parallel to the beam pipe, with the positive z-axis in
the counterclockwise direction, as seen from above. The positive-axis points towards the
centre of the LHC, which means that the y-axis points upwards to the surface, as we are
using a right-handed coordinate system. This means that thex-y-plane is the transverse
plane (the plane perpendicular to the beam pipe).

Usually cylindrical coordinates arg, used, because the ATLAS detector is roughly cylin-
drical. The radial coordinate is R = x2+ y2 and the angle 2 [ ; ]is dened in the
x-y-plane, it is zero at the positive x-axis and increases in clockwise direction when looking
down the positive z-axis. The angle 2 [0; ]is de ned as the angle with the positive z-axis
in the R-z-plane, but it is usually replaced by the pseudorapidity , which is de ned as

= In tan > ; (10.2)

so a track with very high j j runs almost parallel to the beam pipe. A straight track coming
from the interaction point is completely determined by its and

The ATLAS detector has been designed to detect the wide range of particles that will
be created during both proton-proton and ion-ion collisions in the LHC and measuretheir
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properties. One of the most important goals is to detect the Higgs boson, but ALAS will
also for example study the properties of the top quark and try to detect signals 6beyond the
Standard Model theories like supersymmetry. To be able to do all this, severaluhdetectors
are needed, which will be discussed below. All details have been taken from the detector
report by the ATLAS collaboration [23].

10.2.1 The Inner Detector

As the name already implies, the inner detector is the part of the detector that is closest
to the beam pipe. It has been designed to reconstruct the tracks of charged particles and
determine their momentum and the location where they were produced very precisely, using
the fact that the tracks of moving charged particles bend in a magnetic eld. The inner de-
tector covers the rapidity range | j < 2:5 and detects particles with a transverse momentum
larger than about 0.1 GeV, using a magnetic eld of 2 T generated by a solenoid maggt
that ensconces the whole inner detector.

To get a high momentum resolution over the entire range of momenta, three traking
detectors are used: the pixel detector, the semi-conductor tracker (SCT) and the transitio
radiation tracker (TRT). They are all shown in gure 10.3. As we can see fom this gure,
the pixel detector is closest to the beam pipe. It consists of three layers in bothtte barrel
and the endcap regions, so in principle there will be three position measurementsdm the
pixel detector for each charged particle in an event. When a charged particle crosseme of
the layers, electron-hole pairs are created in the detector material, which induces a cuent,
which can be read out [24]. The pixels are 50 400 m? and the intrinsic accuracies are 10

m in the R- -plane and 115 m in the z-direction in the barrel region and the R-direction
in the endcaps, so the position as measured by the pixel detector is very precise.

The middle part of the inner detector is the SCT, which consists of four layers in the
barrel and nine layers in each of the endcaps. On average, four extra position measments
are added to those that have been obtained by the pixel detector. The detection principle is
very similar to that of the pixel detectors, only now strips are used instead of pkels. Each
module consists of two layers of strips with a small angle with respect teeachother, so that
a precise position measurement can be obtained. The intrinsic accuracies per modulesal 7

m in the R- -plane and 580 m in the z-direction in the barrel region and the R-direction
in the endcaps. Together the pixel detector and the SCT mainly contribute to the measure-
ment of the positions of the interaction vertex and the vertices where speci ¢ paricles were
produced.

The TRT is the outermost part of the inner detector and mainly contributes to the mea-
surement of the bending of the tracks. This measurement is very important, as & can use
it to determine the charge and momentum of charged particles: positively and negévely
charged particles bend in opposite directions, and particles with low momentum kBnd more
than particles with high momentum. The TRT only gives information about the position of
the particle in the R- -plane, and the average number of position measurements per particle
is 36. As can be seen from gure 10.3, the TRT endcaps do not cover the area close to the
beam pipe, so it only covers pseudorapidites up to 2.0.

The TRT combines two di erent methods to detect charged particles, using tubes lled

with gas and transition radiation material (layers of materials with a di erent di ractive
index). When a charged particle passes through a tube, the gas inside is ionized. Because
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Figure 10.3: Cut-away view of the ATLAS inner detector with the pixel detetor, the SCT
and the TRT [23].

there is a voltage di erence between the tube and a metal wire in its centre, the freeslec-
trons will drift towards the wire and be detected there [24]. The second detection pmciple is
transition radiation: if a charged relativistic particle crosses the interface of two media with
di erent diractive indices (for example, when it passes through the transition ra diation
material), it will emit photons. These photons will be absorbed by the gas inthe tubes,
which can also be detected [24]. The signals from transition radiation anatharged particles
passing through can be distinguished because the transition radiation gives a mch larger
signal amplitude than the charged particles.

The TRT is also used to identify electrons: as the amount of transition radiaion that
is emitted is proportional to the Lorentz factor of the particle (which is = E=m), the
intensity of the radiation is much higher for electrons than for other charged paticles like
pions. Using this, electrons can be identi ed up to a pseudorapidity of 2.0.

10.2.2 The Calorimeters

The next layer of the detector are the calorimeters, which have been designed to determine
the energies of electrons, photons and hadrons with j < 4:9. The calorimeters cover a large
range because it is important that the energies of all particles are measured, gbat the
missing energy can be determined very precisely. The calorimeter consists of three partthe
electromagnetic calorimeter, the hadronic calorimeter and the forward calorineter. They

are shown in gure 10.4.

All calorimeters in the ATLAS detector are sampling detectors, which means that they

contain alternating layers of passive and active material. The passive mterial is dense, so
there are many interactions between the passive material and the particles pasgy through
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Figure 10.4: Cut-away view of the ATLAS calorimeters, with the grey part inthe middle the
inner detector [23].

the calorimeter. These interactions cause particles to start a shower of secondaiparticles
(for example because an electron radiates a photon, which then splits into an elean and
a positron, etcetera), which can then be detected in the active material [24]. Ifthere are
enough layers of both types, all particles will be stopped and their total energ can be de-
termined by measuring the total energy deposited in the active layers and correctindor the
energy that is deposited in the passive layers.

The electromagnetic calorimeter is closest to the beam pipe and has been designed to
measure the energies of photons and electrons, which are stopped in this calorimetédeav-
ier charged particles, like muons and protons, will leave a track in the electrmagnetic
calorimeter but continue on to the outer parts of the ATLAS detector. The electromagnetic
calorimeter contains a barrel part (j j < 1:475) and two endcap parts (1375< | j < 3:2),
both with lead as the passive material and liquid argon as the active meerial. The charged
particles that are produced in showers will ionize the liquid argon, and the free elecbns
will move towards the readout electrodes.

The hadronic calorimeter surrounds the electromagnetic calorimeter and measures the
energy and direction of particle jets, which usually come from hadronized quarks andjlu-
ons. The barrel region coverg j < 1:7 and has steel as the passive material and scintillating
plastic tiles as the active material, while the endcap regions cover:5< j j < 3:2 and have
copper as the passive material and liquid argon as the active material. Chged patrticles
cause the scintillator material to emit light, which is ampli ed by photom ultiplier tubes and
then detected [24].

Finally, there is the forward calorimeter, which covers 31 < j j < 4:9 and contains on
each side one electromagnetic layer and two hadronic layers. To be able to covenis pseu-
dorapidity range, which is very important for the detection of missing energy, the forward
calorimeter is located very close to the beam pipe. The hadronic components have tustgen
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as the passive material, while the electromagnetic component has copper. All cqmonents
use liquid argon as the active material.

The only particles that are not stopped in the calorimeters are muons and particleghat
only interact weakly (for example, neutrinos and gravitinos).

10.2.3 The Muon Spectrometer

The muon spectrometer is the outermost subdetector and has been designed to detect muons
with momenta between approximately 3 GeV and 3 TeV and reconstruct their tracks. Just
like in the inner detector, the muon momentum is calculated from the curvature of the
muon track in a magnetic eld. As the muons have high momenta and will bend only a
little, a precise momentum measurement can only be done with a long track, so thenuon
spectrometer needs to be quite large (it has a volume of around 160003 In principle, no
other charged particles will have energies large enough to reach the muon spectroneet so
no further particle identi cation is needed.

The muon spectrometer consists of four components. The Resistive Plate Chanalos
(RPC) and the Thin Gap Chambers (TGC) trigger on muons with high momenta, while
the Monitored Drift Tube (MDT) chambers and the Cathode Strip Chambers (CSC) take
care of the track reconstruction. The magnetic eld in the muon spectrometer is generted
by three toroid magnets: one barrel toroid and two endcap toroids, which are o shown in
gure. The eld strength generated varies between 0.15 T and 2.5 T. The locations of he
detector components and magnets are shown in gure 10.5.

Figure 10.5: Cut-away view of the ATLAS muon spectrometer, with the inner @tector and
calorimeters left out [23].

The part of the muon spectrometer that is located in the barrel consists of three Igers
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and covers pseudorapidities up to 1.0. The inner layer contains only MDT chambers, whe
the other two layers contain both MDT chambers and RPCs. The two endcap parts casist
of four layers on each side and cover:Q < j j < 2:7. They mainly consist of MDT cham-
bers, but the innermost layer also contains CSCs (covering:B < j j < 2:7), and the trigger
information is provided by three planes of TGCs (covering 105< | j < 2:4).

As mentioned above, the MDT chambers and CSCs have been designed to provide track-
ing of the muons. The MDT chambers contain tubes lled with gas, which detect the pasage
of charged particles in approximately the same way as the tubes in the TRT do. Tie CSCs
also contain chambers lled with gas, but each chamber contains multiple wies that the
free electrons can move towards, instead of just one.

As the drift time (the time that it takes the free electrons to move towards t he wire) for
both the MDT chambers and the CSCs is large, additional trigger chambers arseeded: the
TGCs and the RPCs. The TGCs are based on the same principle as the CSCs, but they ar
much smaller, so the drift time is also much smaller. The RPCs also cormtin gas that will be
ionized when charged particles traverse the detector, but they do not contain wires. Inte
RPCs, the particles drift towards the sides of the detector (to which a voltageis applied).

10.3 The trigger system

The LHC has been designed to produce up to one billion events per second (1 GHz), however
only a very small fraction of these events is what we would consider interestingfor example
because gauge bosons, top quarks or supersymmetric particles are produced. Alstoring

all events would mean storing about 1 PB of data every second, which is simply ngbossible
with the current technology. The solution to this problem is a trigger system, which makes
sure that only certain events are stored and/or analyzed. Of course, any kind of tggering
will automatically introduce a bias in the data we are storing and analyzing, as we are not
throwing away random data but speci c types of events. The best solution is to crete a
system with triggering criteria that can easily be changed if needed, which is the cse for
the ATLAS triggering system.

The trigger system that has been developed by the ATLAS collaboration rejects esnts
in three stages [25]. The three stages are called the Level-1 Trigger (L1), thieevel-2 Trigger
(L2) and the Event Filter, and we will discuss them brie y.

The L1 uses information from the calorimeters and the muon spectrometer to deterrime
whether the event contains electron, photon, muon, tau and jet candidates. It can also
trigger on the total energy or on the missing transverse energy. The L1 de nes Regits of
Interestin ( ; ) space where candidates pass certain energy thresholds. If there are enough
Regions of Interest, the event is passed on to the L2 and a signal is sent to the tlaacqui-
sition system to read out all data on the event. The L1 reduces the event rate fromabout
1 GHz to at most 75 kHz.

The L2 uses information from all subdetectors, including the inner detector, to study
the Regions of Interest de ned by the L1. It attempts to reconstruct physics objects (for
example electrons or jets) and calculates the missing transverse energy. A set of egtion
criteria is applied to decide whether or not an event is passed on to the Event Filter. The
L2 should reduce the event rate to about 3.5 kHz.
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The Event Filter takes care of the nal event selection, using all data from the compkete
detector. It uses the algorithms that are later on also used for the reconstructia of the
events, but with looser criteria, to decide whether the event should be stored permanety
and how it should be tagged (for example, events can be tagged as B-physics event3he
output event rate of the Event Filter is about 200 Hz, which is the maximum rate that the
permanent storage system can handle.

For each trigger, we can de ne a set of conditions which need to be satis ed for an evén
to pass this trigger. Together, these sets of conditions de ne a trigger menu. All evets
that pass all three triggers are stored and passed on to the reconstruction swfare, which
reconstructs all objects (for example electrons, muons and jets) in the event and stes them
in such a way that they can be analyzed quite easily. The reconstruction of photonswhich
are the most important particles for the analysis done in this thesis, is décussed in section
11.4.
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11 Event simulation

We would like to use data from the ATLAS detector to nd evidence for gauge-mediated
supersymmetry breaking. The LHC collides protons, which haveR-parity 1, so if R-parity
is conserved, the number of supersymmetric particles produced in a proton-proton co#lion
will always be even (see section 6.2). As supersymmetric particles are hgacompared to
the centre-of-mass energy of the LHC, the probability of producing four supersymmeti
particles in one collision is extremely small, so we will only consider eventin which two
supersymmetric particles are produced. These can for example be two squarks, twteu-
tralinos or a chargino and a gluino. In general, these supersymmetric particlesvill decay
quickly to other supersymmetric particles and Standard Model particles, and we alays end
up with a number of Standard Model particles and two gravitinos (as the gravitino is the
LSP).

An example of a supersymmetric event is shown in gure 11.1, where a quark andma
anti-quark interact to form an o -shell Z boson, which decays to two charginos. After that,
each of the charginos decays to a stau and a neutrino, each stau decays to a neutralino
and a tau and each neutralino decays to a gravitino and a photon. The tau leptons are
not stable and will decay before they reach the inner detector [6], but that is not shownm
this gure. This means that if all detectors work optimally, the ATLAS detector wi Il detect
two photons, the decay products of two tau leptons, and a lot of missing energy (fronthe
neutrinos and the gravitinos).

Figure 11.1: An example of an mGMSB event.

Of course, gure 11.1 is just an example, and many other supersymmetric events are
possible. The possibility that a certain supersymmetric event takes place dependsn the
production cross sections and branching ratios for the supersymmetric particlesAs has been
discussed in section 2.4, the cross section of a process is a measure for how oftés process
(in this case, the production of two speci c supersymmetric particles in a proton-proton
collision with a centre-of-mass energy of 7 TeV) takes place. The branching ratioof a de-

102



cay mode is the fraction of particles that decays using that decay mode. For example, the
t! Whbranching ratio is very close to one [6], which means that almost all top queks decay
to bottom quarks and W bosons, while theW ! e branching ratio is about 0.1 [6], which
means that in about 10 percent of the cases, & boson decays to an electron and a neutrino.

This means that if we want to know what kind of events we can expect, we need to know
the cross sections and branching ratios for all supersymmetric particles, whitin general
will depend signi cantly on their masses. In chapter 9, we have seen that even if we csider
the minimal version of GMSB, the masses of the supersymmetric particles dependhdb free
parameters. This means that there is in principle an in nite number of mGMSB models,
and in each of them the masses, cross sections and branching ratios of the supersyatric
particles will be di erent. Of course it is not possible to study all these models so we will
have to pick a few sets of values for the ve parameters (which we will call modepoints)
that give a good overview.

11.1 De ning the model points

To get an overview of the phenomenology of a model with a particular choice for the e
MGMSB parameters (s, , My, tan  and the sign of ), we have used two programs.
The rst program is SPheno 2.2.3 [26], which calculates the masses, mixing panaeters
and branching ratios for all supersymmetric particles by solving the Renorméization Group
Equations numerically. The second is Prospino2 (based on [27, 28, 29, 30,]31which gives
the next-to-leading order cross sections for sparticle production. These programs usde
CTEQ6 Parton Distribution Functions and take the value of the strong coupling constant

s at the Z boson mass to be 0.1172. To use these programs, we rst need to nd out what
reasonable values for the mGMSB parameters are.

For the sign of , this is easy, as the only possible values are> 0 and < 0. ns, which
is the number of 5+ 5 messenger multiplets, is also reasonably easy: it has to be an integer,
it has to be larger than 0 (because otherwise we would not have gauge-mediated supgm-
metry breaking) and it can be shown that ns < 6 is required for gauge uni cation [12] (this is
not a hard upper bound, as we do not know for sure whether the gauge forces will be uni ed
at a high energy, but we will use it for now). Also, if we require that electrowe& symmetry
is broken in the MSSM, the value of tan is approximately restrictedto 1  tan 60 [12].

If we compare the de nitions of (equation 9.45), M, (equation 9.51) andx; (equation
9.13), it is clear that

Mm = o (11.1)

with x some kind of average over alk; (just like was some kind of average over all;). We
know that x; < 1, sox < 1, which means thatM, > . It can be shown that electroweak
symmetry breaking in the MSSM is impossible forM, smaller than a few tens of TeV (a
precise bound cannot really be determined) [12]. Also, it can be shown that if we @sime
that the couplings in the messenger superpotential are of order unity (which is natual,
because there is no reason to assume that they are suppressedl),, needs to be smaller
than approximately 108 GeV. This means that there is quite a large range of possible values
of M, and , however we are most interested in values for which the sparticle masseare
not too large, as otherwise we cannot produce them at the LHC. It turns out that the most
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interesting values for and M, are of the order of 100 TeV.

Now that we know which values of the mMGMSB parameters are reasonable, we can have
a look at how varying these parameters in uences the phenomenology of the model. The
cross sections and branching ratios are mainly determined by the masses of the paes, so
we will study the behaviour of some representative masses. For example, we haplotted
the mass of the lightest neutralino 9 for > 0 and di erent values of tan , ns, and My,
in gure 11.2. Similar plots have been made for the mass of the gluino ( gure 113) and
the mass of thedr squark (gure 11.4). All graphs and histograms in this thesis have been
created using the ROOT package [32].
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Figure 11.2: The ~2 mass as a function of for > 0 and dierent values of My, tan
and ns.

From gures 11.2, 11.3 and 11.4 it is clear that the sparticle masses hardly degnd on
tan and Mp,. It is also clear that the sparticle masses depend approximately linearly on
and that the gaugino masses approximately scale with ns and the sfermion masses with
ns. This makes sense if we consider equations 9.53 and 9.54, which show that [sity,,
the gaugino mass is proportional to ns while the squared sfermion mass is proportional to
2ns. This dependence is still approximately true at lower scales and it also holds fortte
sfermions and gauginos which we have not plotted here.

We have also plotted thedr mass for positive and negative , which is shown in gure
11.5. As we can see from this gure, the mass does not seem to depend on the sign of
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Figure 11.3: The g mass as a function of for > 0 and dierent values of M, tan
and ns.
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Figure 11.4: The dr mass as a function of for > 0 and dierent values of M, tan
and ns.
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Figure 11.5: The dg mass as a function of fortan =5, ns =1, dierent values of M,
and either negative or positive.

In minimal GMSB, all supersymmetric particles will eventually decay to the Next to
Lightest Supersymmetric Particle (NLSP), which will then decay to the gravitino (the LSP)
and the superpartner of the NLSP. As we are interested in what the general decay chainf@
supersymmetric particle at the LHC looks like, we would like to know which particle is the
NLSP for di erent choices of the mGMSB parameters. From equations 9.53 and 9.54t is
clear that the gaugino massedV are proportional to g? and the sfermion squared masses
are proportional to g*, summing over all that the sfermion couples to. We also know that
03 >d2 > 01 [9], so we expect the gluino to be heavier than the neutralinos and charginos.
We also expect the lightest sfermions to be the ones that do not interact via the song and
weak forces: the right-handed sleptons. As there is signi cant mixing between ~and x,
we will consider the lightest stau ~, together with eg and .

Because the sparticle masses hardly depend dvi, and the sign of , from now on we
will choose M, = 500 TeV and > 0 and no longer vary them. m_o, Mg and m,_ also
hardly depend on tan , however because tan in uences the mixing between t+ and , it
might in uence which particle is the NLSP, so we will consider two di erent values of tan
In gure 11.6, the masses of the potential NLSPs ¢, er, ~r and ~ are plotted for di erent
values of , ns and tan

From gure 11.6 it is clear that for ns = 1, the lightest neutralino ~? is the NLSP, while
for ns = 3 a slepton is the NLSP (for tan = 25 this is the lightest stau ~;, while for tan
= 5, the three sleptons ~«, ~r and ez are co-NLSPs). This means that the signal of these
models in the ATLAS detector will be very di erent, so to simplify our analysi s, we will only
consider mGMSB models withns = 1. As in that case the value of tan is not very im-
portant for the phenomenology we are studying, we will take tan =5 and no longer vary it.

We have decided that we will consider models withM , = 500 TeV, ns =1, tan =5,
> 0 and variable . However, not all values of will be interesting, as for hi gh values of
the production cross section is so low that no supersymmetric particles will be produced

at the LHC. To determine how many supersymmetric events (events where supersymetric
particles are produced) will take place in a certain period, we multiply the supersynmetric
production cross section with the integrated luminosity for that period. Cross sections are
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Figure 11.6: The masses of the potential NLSPs {2, er, ~r and ~ dr) as a function of
for > 0, M, =500 TeV and di erent values of tan and ns. Fortan = 25, the masses
of eg and ~r overlap; for tan =5, the masses ofeg, ~r and ~ overlap.

usually expressed in barn (where 1 b = 1028 m? [1]), so to make the calculations easier,
the integrated luminosity is usually expressed in inverse barn. The expected integted
luminosity for the ATLAS detector in 2011 is about 4 fb ! (four inverse femtobarn), and
using Prospino2 (which was introduced above) we have calculated the total supeysametric
production cross section for several values of . For = 230 TeV, this cross section is
2.36 femtobarn, which means that we expect 4 2:36 = 9:44 events in 2011. This will al-
ready be impossible to nd, so we will not consider values for that are higher than 230 TeV.

Of course, we also need to take into account the fact that other experiments have atady
searched for mGMSB and not found it. The current best limit on mGMSB comes from the
DO experiment at the Tevatron [33]. ATLAS [34] and CMS [35] have also putlimits on
GMSB models, however as they consider a di erent GMSB model called General Gauge
Mediation (which also depends on only a few parameters), we cannot use those lingit DO
has considered the Snowmass Slope SPS 8 (see also [36]), which is a mMGMSB modét wi
ns=1,tan =15, > 0, My =2 and variable , and found that for this model, > 92
TeV. As this model is very similar to the model we are considering, we will onlyconsider
values of larger than 92 TeV.

In our analysis, we will consider models withM,, =500 TeV, ns =1,tan =5, > 0
and = (95 + 15 i) TeV, with i =0, 1,..., 9 (so ten model points with between 95 and
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(TeV) susy (fb) | m_o (GeV) | m- (GeV) | mq (GeV) | mg (GeV) | Br( G) su;y_
95 556 125.8 240.6 1022 766.5 0.778 | 0.51
110 230 147.1 282.6 1172 876.6 0.757 | 0.61
125 106 168.6 324.6 1322 986.0 0.750 | 0.69
140 54.0 190.2 366.8 1471 1095 0.748 | 0.75
155 23.9 211.9 409.1 1619 1204 0.747 | 0.80
170 16.7 233.9 451.6 1767 1313 0.748 | 0.82
185 9.91 256.1 494.5 1914 1423 0.748 | 0.84
200 6.03 278.6 537.8 2060 1533 0.749 | 0.84
215 3.35 301.5 581.6 2207 1643 0.749 | 0.84
230 2.36 324.7 625.92 2353 1755 0.750 | 0.84

Table 11.1: The values of some interesting parameters for the mGMSB modtipoints with M,
=500 TeV, ns =1,tan =5 > O0andvariable . sy is the total supersymmetric
production cross section, mq the average quark massm- the average ofm -9 and m_,

Br( G) the branching ratio for ~9! G and - thepp! ~~cross section, where~can be
either a neutralino or a chargino.

230 TeV), which we will denote by P95, P110, ..., P230. Using SPheno 2.2&nd Prospino2,
we have gathered some information about these models in table 11.1. We caeesthat for
all model points, most of the - will decay to a gravitino and a photon, which means that
~9 (which is a mix of the superpartners of the photon, theZ boson and the neutral Higgs
bosons) contains mainly \photino". Another important point is that for a Il of these model
points, the production of charginos and neutralinos is dominant, even though the paons
in the proton collision interact via the strong force while charginos and neutalinos do not.
This is because for these model points, neutralinos and charginos are on aveeamuch lighter
than squarks and gluinos (as is also clear from table 11.1).

11.2 Signal simulation

Now that we have de ned the model points that we hope to discover with the ATLAS data,
we need to nd out what exactly we are looking for. We know that each supersymmetic
particle that is produced will eventually decay to the NLSP, which for these model ponts

is the lightest neutralino ~9. We have also seen that in about 75 to 80 % of the cases (de-
pending on the value of ), ~¢ will decay to a photon and a gravitino (in the other cases, it
will decay to a gravitino and a Z boson). Because the &is quite heavy and the photon and
the gravitino are both massless, the photon and the gravitino will usualy both get a large
energy. This means that about 60 % of the supersymmetric events for the mGMSB model
points will contain two high-energy photons and large missing energy.

Of course, we do not know exactly what a supersymmetric event looks like, because
we do not know which energies and directions the photons have, what the other possible
sources of missing energy are, etcetera. Because there are so many possibilitigs, cannot
get the transverse momentum spectrum for the photons by simply calculating it. Theonly
thing we can do is perform a Monte Carlo simulation of the events. This is dae in three
steps: rst the parton-level event is simulated with MadGraph/MadEvent 4.4.56 [ 37], then
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the showering, hadronisation, decay, nal and initial state radiation and underlying event
are simulated with Pythia 6.4.24 [38], and nally the detector response is snulated with
AtlFast [39, 40]. Each of these steps will be discussed below.

11.2.1 MadGraph/MadEvent

The MadGraph/MadEvent (MG/ME) package simulates the hard scattering process, which
describes the interaction between two partons (quarks or gluons), one from eacbf the col-
liding protons. As input, MG/ME needs information about the model point (the mas ses,
mixing parameters and branching ratios of all sparticles, which we get from he SPheno
output le), the particle collider (which particles are colliding and at what centre-of -mass
energy) and the 2! 2 process we are trying to simulate. If we are for example simulat-
ing pp! &8, MG/ME will rst determine all possible tree-level Feynman diagrams that
contribute to the cross section for this process. Using those Feynman diagram$1G/ME
will then simulate pp! gg events, with the properties of the outgoing gluinos taken from
the correct distributions [37]. MG/ME can also simulate several processes intte same run,
in that case it generates events for all processes according to their cross sections, is we
simulate processedA and B in the same run and the cross section oA is twice that of B,
1/3 of the events will be type B and 2/3 will be type A.

As MG/ME only takes into account the tree-level diagrams, it is a leading-order (LO)
generator. At the scale at which the parton-level event takes place, the strong coupling
constant gz is small, which means that the leading order is a reasonable approximation [41
However, a better approximation would be to use the NLO cross sections that a calculated
by Prospino2, instead of the LO cross sections that are calculated by MG/ME iself. Of
course, adding the NLO diagrams does not only change the production cross section, but it
might also change other properties of the events, for example the energy distribidn of the
outgoing particles. However, this e ect is likely to be small, so we will ighore it and scale
the MG/ME events using the NLO cross sections calculated by Prospino2. In sectiori2.1,
we will discuss how exactly this scaling is done.

Because the ratio between the NLO cross section and the LO cross section can vanjtat
for di erent processes, we cannot simulate all events in the same run, as we cannot eighe
same number to scale them. Prospino2 gives NLO and LO cross sections for 67 passes,
however it would be quite complicated to generate 67 sets of events, so we will mbine
some processes. For example, the ratio of NLO and LO cross sections is almasjual for

pp! 29 andpp! -~?-J, so we can generate scale them with the same factor.

After considering the NLO/LO cross section ratio for all processes, the best sation
seems to be to generate nine sets of events:

pp! &9 (99),

pp! &~ (ng),

pp! ~~(nn),

pp! (I,

pp! ~eandpp! -~g(ns),
pp! &g (sb),
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Event subset | LO cross section o (fb) ‘ NLO cross section yo (fb) ‘ e ‘

ng 10.5 10.9 1.04
ns 6.58 7.31 1.11
nn 232 284 1.22
Il 23.9 28.4 1.19
ag 21.6 66.2 3.06
sbh 3.47 5.31 1.53
sg 63.8 118 1.85
S 28.3 35.1 1.24
hb 0.420 0.897 2.14
total 391 556 1.42

Table 11.2: LO and NLO cross sections for P95 for the subsets de ned in théext, as given
by Prospino.

pp! e&gandpp! agg(sg),
pp! eeand pp! qo(ss),
pp! endy (hb),

with ~ all neutralinos and charginos, ~all leptons, & all squarks, q all anti-squarks, & (q)
all squarks (anti-squarks) of the rst and second generations andys- (g,) all squarks (anti-
squarks) of the third generation.

As an example, the LO and NLO cross sections and their ratio for these sets of event
for the model point P95 are given in table 11.2. From this table, it is clea that the ratio
between the NLO and LO cross sections is highest for particles that interact via thestrong
force. This makes sense, because the coupling constant for the strong force is higher tha
that for the other forces, so higher-order diagrams have a larger in uence on the totatross
section. Of course, this might mean that the NNLO cross sections are again very dirent
from the NLO cross sections, but the NNLO cross sections have not been calculated yet.

For each model point de ned in section 11.1 and each set of event types de ned above we
have generated 10,000 events using MG/ME. This means that in total, we have genated
900,000 events.

11.2.2 Pythia

As we know, the hard scattering event is not the only thing that is going on during a proton
collision. The particles that come out of the hard scattering event might not be gable par-
ticles, in which case they will decay to other particles, which might also decay, ad so forth.
There is also the underlying event: we know that the hard scattering event only involes
two partons and takes place at a high energy, but the other partons in the protons willalso
interact at lower energy scales. Also, the particles in the event can shower if theienergies
are large enough, which means that they radiate gluons or photons, which might sflinto

further gluons, quark-antiquark-pairs, or electron-positron-pairs, etcetera. If this happens
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to the partons before the collision takes place, it is called initial state adiation, and if it
takes place afterwards, it is called nal state radiation. Finally, when the energies of the
particles are too low for showering, quarks will form hadrons (for examplean up-quark and
an anti-down quark will form a * particle), which is called hadronization. As many of
those hadrons will not be stable, they might also decay.

All these subprocesses (initial and nal state radiation, hadronization, decay and the
underlying event) are simulated by Pythia, using the hard scattering event generated b
MG/ME as input. The assumption that is made for this simulation is that the ener gy scales
at which those subprocesses take place are well separated, as in that case the subpresess
can be treated as independent [41]. Of course, to correctly simulate all these processes
Pythia also needs the information about the masses and branching ratios of theupersym-
metric particles (given in the SPheno output le) and about the collider.

In this thesis, we have used the Pythia version that is part of Athena 16.4.0 tosimulate
the full proton collisions for the 900,000 hard scattering events that we hadsimulated with
MG/ME. Athena is the ATLAS o ine software framework, which provides alg orithms for
event generation, detector simulation, event reconstruction and event analysis, anmg other
things.

As output, Pythia gives a le which for each event contains a list of all particles in the
event, with the status code (which denotes for example whether a particle is a nal stée
particle or will decay further), PDG code of the particle (which denotes which particle we
are dealing with), the \mother" and \daughters" of the particle (which particle decayed to
this particle, and to which particles this particle will decay) and the momentum in the x,
y and z directions, energy and mass of the particle. This output le can then be used as
input le for the detector simulation.

11.2.3 AtlFast

After simulating the complete event, we need to simulate the response of the detectoio
this event, as that is what we will actually see in case of real events. In pringile, this means
that we need to simulate what happens in every part of every subdetector. For ATLAS, ths
is done by the full simulation, which uses the GEANT4 package [42].

In the full simulation, the propagation of all particles and their energy lossesin the dif-
ferent components of the detector are simulated as completely as possible. Howeyass the
geometry of the ATLAS detector is very complex (the full simulation describes alnost 30
million volumes, all of them with their own properties), doing the full simul ation for one
event takes around 20 minutes on a fast computer. As we have 900,000 events andlyone
computer, doing the full simulation for the GMSB signal events is simply not feasble in the
limited amount of time that was available for this project.

Fortunately, a faster simulation has been developed for cases like this, and thifast sim-
ulation for the ATLAS detector is called AtlFast. AtlFast takes stable pa rticles from the
Pythia event le and tracks them through the magnetic eld in the inner detector to deter-
mine the point where they hit the calorimeter. The electromagnetic and hadronic caloimeter
are seen as one, and the energy of the particle is taken to be deposited completely ihet
calorimeter cell where the particle hits the calorimeter. Not all stable particles are tracked,
we can declare particles to be invisible, and in that case they will be ignored. Thearticles
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we have declared to be invisible in this analysis are the neutrinos and the grdtino, as we
know that the ATLAS detector cannot detect them.

In AtlFast, the energy of a particle or jet is obtained by smearing the true energyusing a
resolution function, which has been obtained from test beam studies. For photons (thenost
important particles in our analysis), the pseudorapidity is also smeared using a resolution
function, but the direction  is not. Also, an object is reconstructed as an electron when
the Pythia output le tells us that it is in fact an electron. This is di erent from t he full
simulations, where the object reconstruction is based on the information comingrom the
di erent detector parts, just like for real data. Finally, the missing energy is calculated from
all reconstructed objects and calorimeter cells which are not associated with recstructed
objects, with the energies of the latter also smeared by a resolution function.

In the ATLAS detector, not all photons will be reconstructed as photons, for example
because they are reconstructed as other particles or because they end up in a dead part of
the detector (a part of the detector which is not working well). The percentage of phobns
which is actually reconstructed as a photon is called the reconstruction e ciency, for ATLAS
it is about 80 % [40]. As this is not taken into account in AtlFast, we will have to apply it
ourselves, which we will do in section 12.2.

The AtlFast output is a le with several containers which contain reconstructed objects
(for example, the AtlfastPhotonCollection contains reconstructed photons, whilke the Atl-
fastMissingET container contains the reconstructed missing energy). Each recotrmicted
object has a number of properties (for example, its pseudorapidity, electrical charg and
transverse momentum), which we can access and plot directly. However, what we wato
do is a little more complicated, and will be discussed in chapter 12.

11.3 Background

We know that most of the GMSB events will be events which contain large mising energy
and two high-energy photons. In principle, all other events will be background to this,and
we will need to nd cuts on variables (for example a lower limit on the missing transverse
energy of the event) which background events do not survive (for example because they V&
a low missing transverse energy) but signal events do. This means that the most iportant

background consists of events which are very similar to GMSB events, so eveawhich also
contain large missing energy and two high-energy photons. As it takes an immensareunt

of time to analyze all possible events in ATLAS and we will throw away nmost of them any-
way, we will only consider the most important background.

In fact, the only Standard Model processes which also produce two high-energy photons

and large missing energy arepp! Z ! and pp! W I ° [33]. The LO
cross sections for these processes are 14.60 fb for the ! and 69.92 fb for the
w e [43], and though the NLO cross sections have not been calculated, we do

not expect them to be much bigger. However, this is not the only important backgiound,
as there are also objects that could fake a photon or missing energy: electrons arnelts
are sometimes misidenti ed as photons, and if the calorimeters are not workingoptimally
(for example because some cells are not working at all), this can easily ledd fake missing
energy. This means that we will also have to consider events which contain for exaple one
electron, one photon and missing energy, as the electron could be misidenti ed as a phato
and then the reconstructed event would contain two high-energy photons and missing energy.
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We cannot use AtlFast to simulate these types of events, as AtlFast cannot snulate par-
ticle misidenti cation. Fortunately, all background samples that we need have already been
generated and put through the full simulation by other people in the ATLAS collaboration.
The background samples we have used are listed below, and their exact names and number
are given in appendix D.

pp! Z2 ! andpp! W e events, which are called the irreducible
background samples, with missing energy coming from the neutrino(s).

pp! Z ! T events, where one of the leptons is misidenti ed as a photon and there
is fake missing energy. .

pp! W I ° events, where the lepton is misidenti ed as a photon and there is
real missing energy from the neutrino.

pp! Z +jets ! 7 +jets events, where either leptons or jets are misidenti ed as
photons and there is fake missing energy.

pp! Z +jets ! + jets events, where jets are misidenti ed as photons and there
is real missing energy from the neutrinos.

pp! W +jets! ° + jets events, where either a lepton and a jet or two jets are
misidenti ed as photons and there is real missing energy from the neutrino.

pp! tt! W*™W bbevents, where eachV boson could decay either hadronically (to
a quark and an anti-quark) or leptonically (to a charged lepton and a neutrino). If at
least one of theW bosons decays leptonically, there is real missing energy from the
neutrino(s), but otherwise we need fake missing energy. Also, either leptons or jets
need to be misidenti ed as photons.

pp! jets events, these are only an important background if there are two jets nsiden-

ti ed as photons and fake missing energy, and clearly the probability of this happening
is very low. However, the cross section for this process is very large, so & included

in our background samples. This sample is divided into nine subsamples, based on the
pr of the leading jet.

pp! + jet events, with one jet misidenti ed as a photon and fake missing energy.

pp! events, with fake missing energy.

The pp! Z=W andpp! Z=W events have been generated with MG/ME and
Pythia, the pp! Z=W + jets events have been generated with Alpgen [44] and Jimmy [45],
the pp! tt events have been generated with MC@NLO [46] and Jimmy and the rest of the
samples have been generated with Pythia. For all samples which contain jets, emts have
been generated where up to ve partons are produced in the hard scattering process, and
most of these partons will form jets.

When we compare the cross sections of the di erent background samples listed above,
it is clear that the pp! jets cross section is by far the largest (in the order of millibarns)
and the pp ! + jets the second largest. One might expect that these form the main
background, but we will see later on that this is not the case, because very few events i
these samples contain two high-energy photons and missing energy after reconstruction.
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The background samples mentioned above contain a very large number of eventAs
we are only interested in events which contain at least two reconstructed photonswe have
used skimmed samples, from which all events which do not contain at least twso-called
Loose Photons with each a transverse momentum of at least 23 GeV have been daldt The
de nition of a Loose Photon will be discussed in the next section.

11.4 Object reconstruction

The data gathered with the ATLAS detector consists of a lot of signals in all sibdetectors,
and we need to gure which particle has caused what signal. To match a set of signalto
a particle, a number of algorithms have been written, which analyze the data and hen re-
construct objects, for example electrons or photons. The full simulation uses the gbrithms
that are also used for the real data, because the same information is avaible. In this
section, we will discuss the reconstruction of photons, as these are the only reconstted
objects that we will use in our analysis.

The signals of both electrons and photons in the calorimeter are very similarso the
procedure for reconstructing them starts out the same, with the sliding window algoithm
[47]. This algorithm divides the electromagnetic calorimeter (forj j < 2:5) in cells of size

= 0:025 0:025 and for every window of 5 5 of these elements it calculates
the total transverse energy deposited in all cells in the window. If this is lager than 3
GeV, these 25 cells qualify as a precluster. The algorithm searches locally fohé optimal
precluster (the window which contains the largest transverse energy).

The next step is the reconstruction of tracks in the inner detector. As the inner detector
only detects charged particles, photons will not have a track in the inner detector while
electrons will. However, photons can split into an electron-positron pair if they interact
with material. The probability of this happening somewhere in the inner detector is about
50 % per photon, so this e ect needs to be taken into account [48]. If one or two traks are
detected in the TRT that do not t with any tracks in the SCT and pixel detector, this is
probably a converted photon, so the precluster in the electromagnetic calorimeter is tgged
as a converted photon candidate. In other cases, if there is a spatial separation < 0:05
and < 0:1 between a track and a precluster, the precluster is tagged as an electron
candidate. If there is no track associated to the precluster, it is tagged as a noncerrted
photon candidate [47].

After the tagging, the algorithm determines the energies of the electron and photon can-
didates. This energy is given by the energies deposited in a rectangle of cells around the
centre of the precluster. The size of this rectangle depends on which particle candidate we
are dealing with and where the precluster is located. In the barrel, electrons and conveed
photons generate showers that are wide in the direction because they interact with the
magnetic eld and because of Bremsstrahlung. For this reason, the window for these cali-
dates in the barrel is a3 7 rectangle in , While for unconverted photon candidates it is
3 5. Inthe endcaps, the magnetic eld is weaker, so for all candidates a window size of 55
is chosen. The transverse momentum of a photon or electron candidate is given by theum
of the transverse momenta deposited in the cells in the window, with a number oforrections.

After this procedure, we end up with a number of (converted and unconverted) photon

candidates, but many of them do not correspond to actual photons. To get rid of the fale
photon candidates, some extra identi cation cuts are applied. For photons, three sets b
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identi cation cuts are used, and the photon candidates that survive these cuts are called
Loose, Tight and TightAR Photons, with TightAR Photons a subset of Tigh t Photons and
Tight Photons a subset of Loose Photons. For all of them, we requir¢ j < 2:37 and exclude
the crack region 137 < j j < 1:52. The crack region is excluded because it is the region
where the barrel and the endcap overlap, which means that there is more material in ént
of the rst active calorimeter layer, so the energy resolution in this part of the detector is
much worse [49].

The exact identi cation cuts for Loose and Tight Photons can be found in the ATLA S
note by L. Carminati et al. [50]. Some examples of the cuts that are used are uppdimits
on the ratio of the Et of the candidate in the hadronic and electromagnetic calorimeters
and the lateral width of the shower in the direction, where the exact upper limit depends
on the of the photon candidate. For Tight Photons, there are cuts on more variables
than for Loose Photons, and the cuts are also tighter (so upper limits aredwer and lower
limits are higher). The only di erence between the Tight and the TightAR Photons i s
that the TightAR selection criteria take into account which modules in the inner | ayer of
the pixel detector are dead, as dead modules in this layer result in an excess of electrons
being reconstructed as converted photons [43]. As a large part of our background cadsts
of electrons being reconstructed as photons, we will use TightAR Photons for our arfgsis.
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12 Analysis

The goal of this project is to nd out which of the model points described in section11.1
could be discovered or excluded by the ATLAS detector, using the total integrated lumnosity
up to the end of 2011, which is expected to be about 4 fb' [51]. To do this, we need to
separate the signal events from the background events. This means that we need to nd
cuts on certain variables (for example on the transverse momentum of particlesor on the
missing energy) that throw away as many of the background events as possiblghile keeping
as many of the signal events as possible.

12.1 Preparations

Before we start searching for cuts, we need to scale the simulated samples. Thizeans that
we give each event an event weight, and if later on we make histograms o&riables, we will
use these event weights. The event weight for a sample is given by

4

= . 12.1
W number of events in sample ( )

where is the production cross section of the sample in femtobarn. For the signal sames,
we use the NLO cross sections as given by Prospino2 (the values for P95 arevg in table
11.2), and we know that each sample contains 10,000 events. For the backgmd samples,
we use the cross sections and number of events per sample as given on AMI [52hieh is a
website with information on all o cial simulated samples for the ATLAS collaboration.

The event weights for the background samples vary between:@ 10  and 28 10’. The
big di erences are mainly caused by the big di erences in cross sections. For example, the
cross section for the production of low-energy jets is in the order of millibarnswhile the
(! )  cross section is only 14.6 femtobarn. These di erences are not problematic,
however what is problematic is that some of the event weights are much largerhtan 1, as
that means that events from these samples will have a very big in uence on the analysis
Unfortunately, there is not much we can do about it, but as we will see later on, theg events
will not actually in uence the analysis all that much. This is because most of them are not
very similar to real GMSB events and so it is easy to cut them out.

From chapter 11 it is clear that the most interesting signal for mGMSB events cmsists
of two high-energy photons and large missing energy. As has been mentioned in section
10.1, we can only measure the transverse momentum and energy, not the total mantum
and energy, so we are interested in events with high transverse missing ener@s and two
photons with high transverse momentumpr .

To check what would be interesting variables to cut on, we have made a few plots wher
we compare a histogram containing all background samples (with the correct evémweights)
to a histogram containing all signal samples for P95 (also with the corect event weights).
The results can be seen in gures 12.1, 12.2 and 12.3. In these gures, the histagns for
the signal events are actually multiplied by 2000, as there are many more lekground events
than signal events. The leading photon is the TightAR Photon (for background ewents) or
photon (for signal events, where all photon candidates are true photons) with the hghest
transverse momentum of all TightAR Photons or photons, while the subleading phobn is
the TightAR Photon or photon with the next-to-highest transverse momentum. For the
signal photons, we have also required that they have pseudorapidity smaller than 37 and
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not between 1.37 and 1.52 (as that is also required for TightAR Photons) andransverse
momentum larger than 23 GeV.

(a) The leading photon. (b) The subleading photon

Figure 12.1: The transverse momentum of the leading and subleading phaotdor the back-
ground events and the P95 signal events. The total number ofents is the number expected
with an integrated luminosity of 4 fb .

(a) The leading photon. (b) The subleading photon

Figure 12.2: The absolute value of the pseudorapidity of the leading andilsleading photon
for the background events and the P95 signal events. The tdétaumber of events is the
number expected with an integrated luminosity of 4 fb!.

From these gures it is clear that the average transverse missing energy in P95ignal
events is much higher than that in background events. The same is true for the trasverse
momentum of the leading and subleading photons. Also, it is clear that thej j distribution
of the leading and subleading photons is almost at for background events, while fosignal
events we see an increase at loy j. Considering these gures, it makes sense to apply
four cuts: lower limits on the transverse missing energy and the transverse nmenta of the
leading and subleading photons, and an upper limit on the pseudorapidity of the photons.
In the following sections the optimal values for those cuts will be determined.

12.2 The analysis algorithm

To analyze the background and signal events, we have written an Athena algoritm which
runs over all events in a sample and for each event extracts the values of a numbef param-
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Figure 12.3: The transverse missing energy for the background events arile P95 signal
events. The total number of events is the number expected Wiain integrated luminosity of
4fo 1.

eters. As mentioned in the last section, we are interested in the transverse re$ing energy
and the transverse momenta and pseudorapidities of the photons. The transverse nsisig
energy and the transverse momenta can easily be accessed and saved, but the pseudorapid-
ity is di erent. It needs to be a part of the photon selection process, because we wanto
ignore all photons with j j larger than some upper limit 2 and then determine which
photons are the leading and subleading photons. This means that in fact we want to save
number of di erent transverse momenta of leading and subleading photons: the transvese
momenta of the leading and subleading photon when we requirg¢ j < 2:37, the transverse
momenta of the leading and subleading photons when we requirg j < 2:2, etcetera. As
values for max Wwe take 2.37, 2.2, 2.0, 1.8, 1.6, 1.4, 1.2 and 1.0. In all cases, tloeack
region (L37< j j < 1:52) is excluded (this is done automatically for the TightAR Photons
in the background samples, but we need to do it for the photons in the signal samples agell).

An important way to separate background and signal that we have not mentiomed yet,
is requiring that the photon candidates are isolated, as many background events arQCD
events where the photon candidate is actually (part of) a jet. The isolation requrement
which we use for the background events is that theE+ in a radius of 0.2 in the - -plane
around the centre of the cluster, excluding the cells that are part of the cluster, has to ke
less than 10 % of the transverse energy of the cluster. Of course, we cannot use thisl&o
tion requirement for the signal events, as we have no information about how mch E1 was
deposited in speci c calorimeter cells. However, for a similar signal samplé was shown
that the signal e ciency (the percentage of the signal events that passes this cut) is geater
than 93 % [34], so we will assume it to be 93 %.

As was mentioned in section 11.2.3, the photon reconstruction e ciency of ATLAS is not
taken into account in AtlFast, which means that we need to take it into account in the anal-
ysis algorithm. In the same section it was also already mentioned that ths e ciency is 80 %.

This means that the analysis for full simulation (background) events is done adollows:
for each event, we loop over the photon candidates (not only the ones that are Loodeho-
tons, but all of them). For each photon candidate, we determine theE+t in a radius of 0.2 in
the - -plane around the centre of the cluster, excluding the cells corresponding to the clus-
ter itself. If this is smaller than 0.1 times the py of the photon candidate and if the photon
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candidate is a TightAR Photon, we get the pseudorapidity of the photon, otherwise we
move on to the next photon candidate. We then determine which photons are the leading
and subleading photons for each value of ax and save their pr values. We also save the
missing transverse energy 1) of the event.

The analysis for AtlFast (signal) events is slightly di erent: for each event, we loop over
all photons in the event and generate a random number between 0 and 1 for each photon.
If this random number is smaller than 0.8 (the photon reconstruction e ciency of ATL AS),
we get the pseudorapidity of the photon, otherwise we move on to the next photon. Again,
we determine which photons are the leading and subleading photons in the event for each
value of ax . However, we then generate another random number, and only if this random
number is smaller than 0.93 (the signal e ciency for the photon isolation cut) we save the
pr values and the value of& .

For both background and signal samples, we end up with a le containing a number b
events for which we have saved the missing transverse energy and several trapsse momenta
of photons. It is important to remember that even though we have tried to de ne cuts that
a ect the signal and background events equally, it is impossible to do this exady right, as
we do not have access to the same information in AtlFast as we do in the fulliswulation.

12.3 The optimal cuts

As soon as there is enough data, we would like to either prove or disprove the estence of
MGMSB. This might seem very easy, as using the cross sections we can predict how many
background events there will be and how many signal events we expect for the di erdn
MGMSB model points, so simply counting the number of events in the data should tdlus
whether or not GMSB exists. However, this is not quite true: the cross sections givehe
average expected number of background events, but it is still a statistical preess and there
can be large uctuations. If we expect 300 background events and 10 signal eventthere

is a possibility that there will be in fact 310 background events, so if wesee 310 events we
cannot just conclude that there is a signal, it could just be a statistical uctuation.

To deal with this, we have to do a statistical analysis. In particle physics, a uctuation of
at least three standard deviations is considered evidence for new physics, and the discoyer
of new physics can be claimed if the uctuation is at least ve standard deviations. This
means that to prove that GMSB exists, we need the number of signal events to be aehst
ve times the standard deviation of the number of background events. The number of
background events follows a Poisson distribution, which means that if the expcted number
of background events (the product of the integrated luminosity and the total cross section)
is , the probability that k events take place (withk a non-negative integer) is

ke
f(k; )= 0 (12.2)
For a Poisson distribution, the so-called signi cance can be approximated by [3]
r
S S s (12.3)

Z=— 2 (s+bln 1+
b b

with bis the expected number of background events, , the standard deviation of band s is
the expected number of signal events. So if we can nd cuts such thaZ > 5 (with s and b
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now the number of signal and background events that survive the cuts), it will bepossible
to discover mGMSB.

To nd out whether we can indeed discover mGMSB, we have plotted the value ofZ for
varying cuts. We will show the process for P200, but it has been done in exactly theane
way for the other model points. For all plots, we have required that the number of signal
events surviving the cuts is at least 5, to make sure that we can actually see ther(for all
values of the cuts for whichs gets below 5, we have seZ to zero). We have also required
pr > 23 GeV for both the leading and the subleading photon, as we have also used this cut
in the skimming of the background les. From now on, we will call the transverse momen-
tum of the leading photon pr; and the transverse momentum of the subleading photorpr».

We start by plotting the value of Z as a function of the lower limit on &1 for the di erent
values of max . This plot is shown in gure 12.4, and it is immediately clear that for all
values of max , Z is maximal for the cut Bt > 155 GeV. Using only this cut and max = 1:6,
Z is 3.44, so already large enough for evidence.

Figure 12.4: The value of the signi cance Z for the di erent values of 1« , as a function
of the lower limit on &1, for model point P200.

The next step is to require B+ > 155 GeV, and plot the value of as a function of the
lower limit on pr, for the di erent values of s« . The resulting plot is shown in gure 12.5.
For max =1:0 and &t > 155 GeV, there are less than ve signal events left, s& is zero
everywhere.

In gure 12.5, there are several interesting peaks. For example, for nax = 1:8, the
maximum value of Z is at pr; > 121 GeV, while for nax = 2:0, the maximum value of
Z is at pr1 > 129 GeV). For the lower values of ., there is also a peak atpr; > 61
GeV. Of course, these are all relatively small peaks, and might be caused by jusne extra
background event being removed by that particular value of the cut. To nd the best cut, we
have plotted the values ofZ as a function of the lower limit on pr, for these three possible
cuts on pri1. The results can be found in gure 12.6.

Comparing the sub gures in gure 12.6, it is clear that Z is maximal for &t > 155 GeV,
pri1 > 61 GeV, pr2 > 37 GeV and max = 1:6. For these cuts,Z = 5:37, there are 5.25
signal events left and 0.14 background events. So if there are only Standard Model ents,
we expect to see 0.14 events which survive these cuts, while if P200 exists, e®pect to see
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Figure 12.5: The value of the signi cance Z, requiring &t > 155 GeV, for the di erent
values of max , @s a function of the lower limit on pr4, for model point P200.

(&) pr1> 129 GeV (b) pr1> 121 GeV

(c) pr1 > 61 GeV

Figure 12.6: The value of the signi cance Z, requiring &1 > 155 GeV and pr; larger than
either 61, 121 or 129 GeV, as a function of the lower limit onpr,, for model point P200.
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Event sample | Prel. cuts | Bt > 155 GeV | pr1 > 61 GeV | pr2>37GeV | j j< 16
Signal 11.9 7.62 7.29 6.17 5.25
All background | 5.28 10° 3.99 3.25 1.39 0.141
w=z 18.6 0.399 0.383 0.227 0.140
z 551 0.0 0.0 0.0 0.0
w 583 0.0 0.0 0.0 0.0
Z +jets 8.23 10° 0.403 0.0 0.0 0.0
W + jets 867 2.45 2.45 0.843 0.0
tt 63.9 0.641 0.321 0.321 0.0
jets 9.15 10° 0.0972 0.0972 7.89 10 4 7.89 10 4
+ jet 1.42 1¢° 0.0 0.0 0.0 0.0
3.66 10° 0.0 0.0 0.0 0.0

Table 12.1: The cut ow for P200 signal events and di erent types of backgund events,
with in each column the number of events that survive the cutamed on top of that column
and all cuts before that one.

5.39 events. AsZ is larger than 5, it should be possible to discover P200 if we use those cuts.

It is interesting to have a look at which background events are removed by wtth cuts, for
example by making a cut ow. The cut ow for the P200 signal events and di erent types
of background events can be found in table 12.1. The preliminary cuts are the fwing:
the event needs to contain at least two photons or isolated TightAR Photons wih pr > 23
GeV and eitherj j< 1:37 or 152< j j< 2:37.

From table 12.1 it is clear that most of the background is removed by the cut onthe B .
This makes sense, because most background samples do not contain real missing engergy
and fake missing energy is usually not very large. It is also clear that most fothe back-
ground events which survive all cuts are Z !
makes sense because those are the only events with two real photons and real migsénergy.

) and (W !

") events, which also

In many cases, theZ plots will have several peaks, so the best method is to try out
several cuts (as for example in the case of P200, the highest peak in th&; plot was at

pr1 > 121 GeV, but the maximal value for

was attained for pr; > 61 GeV). Of course,

we cannot know for sure which peaks will in the end give the best result, so it ipossible
that there are even better cuts. Another option would be to use a program to run overall
possible cuts for&r, pr1, pr2 and and nd out which of them gives the maximal Z. This
was done for P200, but even just running over 50 Ge\k Bt < 200 GeV (with steps of 5
GeV), 55 GeV < pt1 < 175 GeV (with steps of 2 GeV), 23 GeV< pt, < 45 GeV (with
steps of 2 GeV) and nax = 1.4, 1.6, 1.8 took a couple of days, and the end result was the

same.

We can now use the plotting procedure described above for the other mGMSB model
points, and the resulting cuts and Z values are given in tables 12.2 and 12.3. The signal
point P230 has not been included in the two tables, as after the preliminary cuts thereare
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Model point | &1 lower limit (GeV) | pri lower limit (GeV) | pr2 lower limit (GeV) upper limit
P95 65 49 23
P110 155 61 35
P125 155 61 35
P140 155 61 37
P155 155 61 37
P170 155 61 37
P185 155 61 37
P200 155 61 37
P215 150 23 23

14
1.6
1.6
1.6
1.6
1.6
1.6
1.6

2.37

Table 12.2: The cuts that maximizeZ for the mGMSB model points P95 to P215.

Model point | Z signal events left | background events left
P95 61.3 785 31.2
P110 37.3 124 0.16
P125 24.8 62.2 0.16
P140 17.2 33.0 0.14
P155 12.7 20.1 0.14
P170 9.30 12.2 0.14
P185 6.96 7.81 0.14
P200 5.37 5.25 0.14
P215 2.10 5.08 4.37

Table 12.3: The value ofZ and the number of signal and background events left, usingeh
cuts given in table 12.2, for the mGMSB model points P95 to PA.

only 4.7 signal events left, which is already too few. As the P230 production @ss section is
2.36 fb and the integrated luminosity is 4 fb %, we expect 9.44 events where supersymmetric
particles are produced. However, in only 56.26 % of the cases the two? -will both decay
to G (as the branching ratio for that decay is 0.75), and in only 64 % of the cases these
two photons will both be reconstructed (as the photon reconstruction e ciency is 0.8), and
in only 93 % of the cases both reconstructed photons will survive the isolatiortut. Also, in
some cases, a photon from a?~ G decay will have a transverse momentum smaller than
23 GeV. Taking all of this into account, one might wonder why there are still 4.7 P230 signal
events with pr1;pr2 > 23 GeV, as we would expect less than:8? 0.75 0:93 9:44 = 3:16
events. We see the same behaviour for all signal events, which makes it unlikethat this is

a statistical uctuation. The real reason is that the signal events might also contain other
photons, not coming from a 9! G decay, with large transverse momentum.
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12.4 Discovery and exclusion limits

If we consider table 12.3, it is immediately clear that according to our analysisthe ATLAS
detector is capable of discovering mGMSB fotM, =500 TeV, ns =1,tan =5, > 0
and 200 TeV with 4 fb ! of data. For = 215 TeV, there are 5.08 signal events and
4.37 background events left after using the optimal cuts, which is not enough to beble to
claim that there is evidence for GMSB.

In general, there is not only a statistical uncertainty on the number of backgraund and
signal events, but also a systematic error, which causes the mean of the didttion as mea-
sured to be di erent from the real mean of the distribution. There are many possble causes
of systematic errors, for example the fact that we do not know the exact crossextions of the
processes we are studying (as we do an LO or NLO calculation, instead of calculatj the
cross section to all orders) or the fact that we do not detect all particles that areproduced
(as the detector does not cover all values of and some cells might be dead), which causes
an error in the determination of the &+ . It is possible to determine a number of causes of
systematic errors and the size of the systematic error they cause, but this is a awplicated
procedure. For now, we will assume a systematic error of 30 % on the number ofgsal
events (because the number of background events surviving the cuts is so low, the e ecf
a systematic error on the number of background events hardly in uences the signi cance),
and see what the result is.

For the P200 signal point, this means that if we only take into account the ystematic
error, we expect 525 1:58 signal events after the cuts. The best way to determine the
averageZ we will get is by doing for example 1000 toy experiments, where we take the
number of signal events in each of those experiments from a Gaussian didbtition with
mean 5.25 and standard deviation 1.58, calculat& for all these toy experiments, and then
take the average of all these values qu However, a conservative estimate is to replace

in the formula for Z (equation 12.3) by s? Zeys [51], where g5 is the systematical

error on s, so in this case ssys = 1.58. Using that, the signi cance Z corrected for the
systematic error is equal to 5.21 (while the uncorrectedZ was 5.37) so taking into account
the systematic error on the number of signal events does not in uence the end result a lot
even for a relatively large systematic error.

So far, we have been dealing with non-integer expected numbers of events, which of
course is a problem when we are talking about what will actually be detected at the ALAS
detector. Clearly, the number of events that is detected will always be an integemumber.
For this reason, we would like to have a look at the probability of detecting a cetain number
of events. Again, we will consider P200, as it is the most interesting signgpoint from this
point of view (as the Z value is larger than 5, but not by much). As has been mentioned
above, if P200 exists, we expect on average 5.39 events to survive the cuilisen in table 12.2,
while if there are no in uences from new physics, we expect 0.14 events. Using equation
12.2, we can see that the possibility of detecting 5 events if we expect 0.14 evenis

0:14%e 14

5 =3:90 10 ; (12.4)
while the possibility of detecting 6 events if we expect 0.14 events is
146 0:14
% =9:09 10 °: (12.5)
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For a normal distribution (which is reasonably close to a Poisson distrbution), 2:87 10 7 of
the distribution is further than 5  away from the average, so we can only claim discovery
if the possibility of detecting the number of events that we have is smaller than2:87 10 ’.
Comparing this to the possibility of detecting 5 or 6 events, it is clear that we cannot claim
discovery for P200 if we detect 5 events in 4 fb*, but we can claim it if we detect 6 events.

Finally, we are interested in whether or not we can exclude mGMSB model points. In
particle physics, excluding a signal is usually done with a con dence level of 95 %. We
will start by considering P215, for which we expect 5.08 signal events and 87 background
events, so if P215 exists we expect 9.45 events to survive the cuts, but if it doe®t exist we
expect 4.37 events to survive the cuts. Again, we round this number to the nearest teger,
which is 4. According to equation 12.2, the possibility of detecting 4 or fewer eents if we
expect 9.45 events is

x4 945 e 9:45
T8 = 0:0414 (12.6)

n=0
As this probability is lower than 0.05, we can conclude that it is possible to exlude signal
point P215 with 95 % con dence level if we have 4 fo! of data. This means that we can
exclude mGMSB for M, =500 TeV, ns =1,tan =5, > 0 and 215 TeV with 4
fo 1 of ATLAS data.
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13 Conclusions and discussion
The goals of this research were:

to study the theory of minimal Gauge-Mediated Supersymmetry Breaking (MGMSB),
to study the type of signals that mGMSB would give in the ATLAS detector,
to determine optimal cuts for discovering mGMSB with the ATLAS detector,

to nd out for which part of parameter space mGMSB can be discovered or excluded
with an integrated luminosity of 4 fb 1.

In this chapter, we will repeat the most important conclusions and discuss posble fur-
ther research.

The Standard Model of Particle Physics is a consistent theory that agrees with egeri-
ment and has made many predictions which have turned out to be correct. Unfortunately,
there are also a few problems with the Standard Model, for example the hierarchy mblem,
the lack of gauge uni cation and the lack of a dark matter candidate. Supersymmetrysolves
most of these problems by giving each fermion in the Standard Model a bosonic seppart-
ner and each boson a fermionic superpartner. We know that supersymmetry needs to be a
broken symmetry, as otherwise we would have found the superpartners already, ana this
thesis we have studied gauge-mediated supersymmetry breaking (GMSB). According to thi
theory, there are three sectors: the MSSM (which contains all Standard Model partiacts and
their superpartners), the hidden sector (where supersymmetry is broken) and the messenger
sector (which communicates supersymmetry breaking from the hidden sector to the MSSM).

The GMSB model that we have studied is called mGMSB (minimal Gauge-Mediated
Supersymmetry Breaking). Its main selling points are that it introduces only ve new pa-
rameters compared to the Standard Model (two mass scales, a sign, the number of nsenger
multiplets and the ratio between the vacuum expectation values of the two Higgs douldts)
and that it explains why supersymmetry does not introduce large Flavour-ChangingNeutral
Currents and CP violation. In this model, the gravitino (the superpartner of t he graviton)
is the lightest supersymmetric particle, which means that it must be stable. The other su-
persymmetric particles are not stable, and they will eventually decay to the next-tclightest
supersymmetric particle, which will then decay to its superpartner and the gravitino. There
are several detectors searching for this decay, and one of them is the ATLAS detector dhe
Large Hadron Collider.

We have studied a mGMSB model with only one messenger multiplet, where the next-
to-lightest supersymmetric particle is a neutralino, which is a mixture between the super-
partners of the electroweak gauge bosons and the Higgs scalars. In about 75 %stloe cases,
this neutralino decays to a photon and a gravitino. This means that in most cases, lie
resulting signal in the ATLAS detector will be two high-energy photons and a large anount
of missing energy (as the ATLAS detector cannot detect gravitinos). Using cuts on the
missing transverse energy and the pseudorapidity and transverse momentum of the ldimg
and subleading photons, we have shown that for a model witiM,, = 500 TeV, tan =5,
ns =1, > 0 and variable , the ATLAS detector should be able to discover mGMSB for

200 TeV and exclude it for 215 TeV with an integrated luminosity of 4 fo 1.
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Of course, the next step will be to take enough data to have an integrated luminosy of
4 fo ! and actually apply the cuts that we have proposed. This should only take until the
end of 2011, which means that in about half a year it will be possible to excluder discover
MGMSB for these parameters, which is of course an exciting prospect. However, teeally
be able to prove that mGMSB exists, a few parts of the analysis would have tde redone,
as we have taken a few shortcuts because of time constraints. The most imp@ant possible
improvements are:

The detector simulation for the signal events should be done with the full simuldion
instead of with AtlFast.

Most of the backgrounds should be estimated from the data that has already been
taken, because it is impossible to simulate enough events to get good stafiiss for
some background samples.

The systematical error on the background and signal samples should be determined
and taken into account.

Once these points have been taken into account and the data have been taken, it will be
possible to discover or exclude a signi cant part of the mGMSB parameter space withthe
ATLAS detector.
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A Conventions

In this thesis, it is usually assumed thatc = ~ = 1, which means that for example energy,
momentum and mass all have the same units.

The spacetime metric used in this thesis is

= =diag (1; 1 1; 1) (A.1)

For the Dirac matrices  we will use the Weyl representation [12]

0
= ; A.2
0 (A.2)
with =(1; P), =(1; P)and P the Pauli matrices
! ! !
1:01; 229 i; 3:10: A3)
10 i 0 0 1
In this representation,
!
s_jo123. 10 (A.4)
0 1
Using °, we can de ne the left- and right-handed projection operators as [4]
1 5
PLr = 5(1 ): (A.5)
Finally, we de ne
i i
= —( ); = —( ): (A.6)
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B Weyl spinors

In this appendix, two-component Weyl spinors are discussed, as it is usually more cwenient
to describe a supersymmetric theory in terms of Weyl spinors instead of the foucomponent
Dirac spinors usually used in quantum eld theory. This is because chiral super elds co-
tain Weyl spinors and also because it means that we do not need the left- and right-handed
projection operators to describe the weak interaction (which treats left- and right-handed
degrees of freedom di erently).

To be able to discuss Weyl spinors, we need to consider the Lorentz group, which con-
tains all real, linear transformations of Minkowski spacetime that do not change the origin
and also do not change the length of a four-vector [4]. In general, a Lorentz trarisrmation
is de ned by x ! X with X a spacetime four-vector. The Lorentz group has six gen-
erators: three rotations J' and three boostsK '.

Let us rst consider only the rotations. The most general rotation in three dimensions
is equal to [54]

R =[e'"]; (B.1)

summing over repeated indices and with (1, 2, 3) the three parameters that specify the
rotation. As the J' are the generators of threedimensional rotations [54], they obey the Lie
algebra of SU(2). In an arbitrary irreducible representation j, this Lie algebra is given by

[t0); 9] = i" pgrt); (B.2)
with t(j) the generators in the representationj. The j are used to number the represen-
tatlons and it is common to give the representation consisting ofi i matrices the label
j = . We are considering two-component spinors, so the(‘) should be 2 2 matrices,

WhICh means that we are considering = 1 . For this j, the generators are given by [4]
- 1
(=2 = > (B.3)
with , the Pauli matrices.
A two-component spinor is now de ned as an object transforming as
®=h(R)E %  h(R)=e ' (B.4)
with the ; the same as in equation B.1.

However, the rotation of a two-component spinor (which we will now denote as ) could
also be given by

®=h(R)E % hR)=er' (B.5)

so by the complex conjugate ofh(R). However, if there exists an unitary matrix M such
that h (R) = Mh(R)M 1, the representations and are equivalent. For SU(2) such an
unitary matrix exists, because

h (R)= 2h(R) 2 (B.6)
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and ( 2)Y= , 1= . This means that the representations and are not independent.

To study the full Lorentz group, we need to add the boostsK'. A possible 2 2
representation of the boosts is given byK' = i ' [54]. In that case we can generalize
equation B.4 to

h()= ezl ig z1 (B.7)

with I'; the boost parameters. Again, we have spinors that transform according to h()
and spinors that transform according to h (), but in this case there is no matrix M for
which h () = Mh() M 1. This means that the representations are not equivalent, and
we will need a way to distinguish between the two. This is usually done by de ning

°=h() W=h() -7 (B.8)

so spinors with dotted indices transform according toh () and spinors with undotted
indices transform according toh(). The dagger is included in this notation because the
relation between spinors with dotted and undotted indices is one of conjugation:

=0 =0 (©.9)

Of course, this makes sense, considering thdt () is the complex conjugate of h(): if a
spinor transforms as an undotted spinor, its hermitian conjugate Y will transform as a
dotted spinor.

It is a general convention that the contraction of undotted Weyl spinor indices is from
the upper left to the lower right (so ) and the contraction of dotted Weyl spinor indices is
from the lower left to the upper right (so _ -). In this thesis, we will follow this convention.
To be able to raise and lower spinor indices, we introduce the anti-symmetric yagmbols "

and " --. These are given by [12]

0 1
o=t = ; "=tm= " =" B.10
T 0 (B.10)
This means that the contravariant spinors
=" ; Y-= y_ - (B.11)
transform as
° = flhO) g = O ; (B.12)
oo = flh() N'g-Y-=[h () -7 (B.13)
with the T meaning transposition.
In this notation, a Dirac four spinor  can be written as
! !
= 1SS0 = (B.14)

yT y_
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with a=1,234, =12and = 1,2

Using the left- and right-handed projection operators de ned in appendix A, we get
! !

PL = O : PR = v (815)

so is a left-handed Weyl spinor and Y is a right-handed Weyl spinor.

If we now consider equations A.2 and B.14, it is clear that the matrices ( ) _and
( )- carryindices as indicated.

Usually, the dotted and undotted indices are left out, because there is only one way to
place them. For example

= . y vy= yy_; Yy = _- y -y

- . (B.16)

It is also easy to show that

= yy= ¥y (B.17)
A number of other spinor identities can be found in appendix C.

131



C Useful identities

From [10]:
iab icd = 2 ad bc  ab cd (C.1)

= ; (C.2)
Y yo= v Y; (C.3)
From [12]:
« ) = Y (C.4)
y o= o (C.5)
= ; (C.6)
yooy = yo¥, (C.7)

Y+ Y (C.8)

i( ) (C.9)
YooY ) (C.10)
vy, (C.11)
(C.12)

K (C.13)
= 2 + )i (C.14)

= 2" " (C.15)
(C.16)

From [55]:

= 4 L )e + XC.17)
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D Background samples

This is a list of all background samples that have been used in the analysis desbed in this
thesis:

mc10.7TeV.[RNUM].AlpgenJimmyW/[lepton]nuNp[0-5] _pt20.merge.AOD
mc10.7TeV.[RNUM].AlpgenJimmyZ[leptonlepton]Np[0-5] _pt20.merge.AOD
mc10.7TeV.108323.Pythia MadGraph_Zeegamma.merge.AOD
mc10.7TeV.108324.Pythia MadGraph_Zmumugamma.merge.AOD
mc10.7TeV.108325.Pythia MadGraph_Ztautaugamma.merge.AOD
mc10.7TeV.106001.Pythia MadGraph_Wplusenugamma.merge.AOD
mc10.7TeV.106002.Pythia MadGraph_Wplusmunugamma.merge.AOD
mc10.7TeV.106003.Pythia MadGraph_Wplustaunugamma.merge.AOD
mc10.7TeV.108288.Pythia MadGraph_Wminusenugamma.merge.AOD
mc10.7TeV.108289.Pythia MadGraph_Wminusmunugamma.merge.AOD
mc10.7TeV.108290.Pythia MadGraph_Wminustaunugamma.merge.AOD
mcl0.7TeV.105204.TThar_FullHad _McAtNIlo _Jimmy.merge.AOD
mc10.7TeV.105200.T1McAtNIo _Jimmy.merge.AOD
mcl0.7TeV.118619.Pythia MadGraph_Znunugammagamma.merge.AOD
mcl0.7TeV.118616.Pythia MadGraph_Wminuslepgammagamma.merge.AOD
mcl10.7TeV.118618.Pythia MadGraph_Wpluslepgammagamma.merge.AOD
mcl10.7TeV.105964.Pythiagamgam15.merge.AOD

mc10.7TeV.[RNUM].J[X] _pythia _jetjet. merge.AOD
mc10.7TeV.108087.PythiaPhotonJet Unbinned17.merge.AOD
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