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Chapter 1

Introduction

The Standard Model (SM) of particle physics has proven to be very successful in describing
a large variety of data ranging over many decades of energy. All particles proposed by the
SM have been discovered so far, except for the Higgs boson, a scalar neutral particle. The
Higgs field is expected to be responsible for the mass of elementary particles. The search
for the Higgs boson is one of the major reasons for the construction of the Large Hadron
Collider (LHC) and the design of the two general purpose detectors at the LHC, ATLAS
and CMS [1,2]. From electroweak precision measurements the mass of the SM Higgs boson
has been constrained to a region between 114 < mH < 194 GeV at 95% confidence level [3].

There are a few aspects sneaking suspicion that the SM is not the whole story. A prob-
lem is the so-called fine tuning problem of the Higgs mass, where self energy corrections of
fermions to the Higgs field would naturally tend to make the mass of the Higgs boson much
larger than the experimentally observed limits. In order to keep the corrections small, the
SM can be only valid up to a finite cut-off scale Λ ∼ O(TeV), see e.g. [4]. Furthermore,
the SM provides no particles with the right properties to form the dark matter that seems
to provide more than 80% of the matter in the universe [5].

A theoretical concept addressing both of these issues is supersymmetry (SUSY), see e.g.
[6–11]. Supersymmetry is a symmetry between fermions and bosons, so for each SM parti-
cle with spin(j) a SUSY partner with spin(j±1/2) exists: neutralinos and charginos are the
spin(1/2) partner of the neutral and charged gauge bosons and the Higgs bosons, squarks
and sleptons are the spin(0) partner of quarks and leptons, respectively, and gluinos are
the spin(1/2) partner of gluons. Since experiments have not yet seen any sign of those
particles, they are supposed to be heavier than their SM partners. SUSY is an elegant way
to solve the fine tuning problem, since opposite sign amplitudes of fermions and bosons in
the Higgs self energy corrections cancel each other naturally. The lightest SUSY particle
(LSP) is stable, massive and only interacting via gravity and the weak force, thus forming
an ideal candidate for explaining the dark matter in the universe. Additionally, in SUSY
the spontaneous electroweak symmetry breaking is not assumed ad-hoc as in the SM, but
can be induced by radiative corrections, see e.g. [6–11]. Furthermore, SUSY paves the
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4 CHAPTER 1. INTRODUCTION

way for a unification of all forces, since only if the SUSY particles are included in the
running of the electroweak and strong coupling constants one obtains unification at about
1016 GeV [12].

Apart from searching for the Higgs boson, the search for SUSY or other physics beyond
the SM is an additional goal of the LHC. In the low mass SUSY region close to the current
limits the cross section of the total SUSY production is tiny compared to the total cross
section of the SM processes: σSUSY < 10−9σSM. Therefore the challenge of searching for
SUSY is to distinguish the rare SUSY events from the huge amount of SM background
processes. SUSY events can be distinguished by large missing transverse energies (MET),
caused by the LSPs which escape detection, and/or by large lepton and jet multiplicities
above SM expectations, eventually combined with kinematic edges in the invariant mass
spectra.

At the LHC, supersymmetric particles are dominantly produced in strong interaction pro-
cesses, thus the production of gluinos and squarks (pp → g̃g̃, g̃q̃, q̃q̃) carries the major
fraction of the total SUSY cross section, if kinematically accessible. Neutralino-chargino
pairs can be produced directly in the electroweak process pp → χ0

2χ
±
1 and independently

in cascade decays of squarks and gluinos. Leptonic decays of neutralinos (χ0
2 → ll̄χ0

1) and
charginos (χ±1 → lνχ0

1) are the main source of isolated prompt leptons in SUSY events.
The production of pairs of a neutralino χ0

2 and a chargino χ±1 both decaying subsequently
to leptons form the trilepton signature. The direct neutralino-chargino production cor-
responds to the trilepton signature without hard jets and with some missing transverse
energy from the escaping LSPs and neutrinos, while in the decays of squarks and gluinos
the trilepton signature is accompanied by hard jets.

The trilepton signature is sometimes called the golden signature, because of the small in-
trinsic background from SM processes. In the SM isolated leptons are mostly produced
by leptonic decays of gauge bosons (Z/γ, W±). The larger the number of leptons in the
final state, the smaller the SM background. For the trilepton final state there are a few
SM channels with small but not negligible cross sections which produce three or more iso-
lated prompt leptons: pp → ZW,ZZ. However, in addition to this contribution from SM
diboson production, isolated fake leptons can also be produced in jets. Therefore also SM
processes with less than 3 prompt leptons from boson decays accompanied by fake leptons
can mimic the trilepton signature, thus forming a dangerous background for the SUSY
trilepton search.

The direct neutralino-chargino production is the dominant SUSY production channel at
the Tevatron at

√
s = 1.96 TeV, since here protons and antiprotons are collided, so ener-

getic antiquarks are present. Therefore, the SUSY trilepton signature has been intensively
searched for at the Tevatron with negative results so far with an accumulated luminosity
of Lacc ∼ 2 fb−1, thus excluding the low mass SUSY region [13, 14]. The search for direct
neutralino-chargino production at the LHC, which has been studied in our CMS Note [15]
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for operation at
√
s = 14 TeV and an accumulated luminosity Lacc > 10 fb−1, allows to

probe SUSY mass regions well beyond the current limits from Tevatron.

The analysis presented in this thesis has been designed for the first year of LHC run-
ning with

√
s = 10 TeV starting in 2010 driven by the idea of searching for SUSY without

suffering from the impact of the large experimental uncertainties associated with the mea-
surement of jet energies and MET. The analysis reviews the opportunities of searching for
the SUSY trimuon signature using only muons for selection, i.e. any number of jets is al-
lowed, thus being sensitive to both mechanisms of the trimuon production pp→ g̃g̃, g̃q̃, q̃q̃
and pp→ χ0

2χ
±
1 . Muons are considered as the most robust physics objects, since the muon

system of the CMS experiment, which is the outermost detector component, offers a pre-
cise measurement of the muon momentum and position as well as a small contamination
by misidentified hadrons. The analysis uses data-driven methods to control the detector
performance and the SM contribution after the final trimuon event selection. The detector
has been extensively tested with cosmic muons during the LHC repair, see e.g. [16–20].
First collisions have been already observed after the restart of the LHC in 2009.

The thesis is organized as follows: After describing the Standard Model and SUSY in
Chapter 2, the technical interlude on the LHC and the CMS detector follows in Chapter 3.
The reconstruction of physics objects and the CMS software framework are discussed in
Chapter 4. Chapter 5 is devoted to the trimuon SUSY search, followed by the conclusion
in Chapter 7.
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Chapter 2

SUSY

At the current state of knowledge, elementary particle physics approaches to the ideal of
explaining nature by a mathematical model based on few fundamental constituents, forces
and constants. The Standard Model of elementary particle physics agrees astonishingly
well with the results of any present experiments. However, several problems are not solved
in the SM, for instance the unification of gauge couplings at large energy scale or the
availability of a suitable dark matter candidate. Within the theory of supersymmetry
new fundamental constituents are introduced. The formalism is described in the Minimal
Supersymmetric extension of the Standard Model (MSSM) and has the capability to solve
several problems of the SM. Due to the fact that SUSY has not been discovered so far, the
symmetry is supposed to be broken i.e. SUSY particles are heavier than their SM partners.

2.1 Standard Model

At its current state the SM describes nature with two kinds of elementary particles, distin-
guished by their spin. Fermions are spin(1/2) particles and considered as the fundamental
constituents of ordinary matter. The interaction of particles is described by the exchange
of bosons, i.e. particles with spin(1). Table 2.1 lists the particle content of the SM.

W and Z bosons mediate the weak force, the mediator of the electromagnetic force is the
photon and the strong force is described by the exchange of gluons. Fermions are grouped
into two different categories: leptons and quarks. Whereas the up-type leptons, the neu-
trinos ν, couple only to the weak force, the down-type leptons, (electrons e, muons µ and
taus τ) couple to the weak and the electromagnetic force. Both leptons and quarks appear
in three generations. Apart from the differences in mass, the particles within the three
different generations are not distinguishable e.g. e, µ and τ carry the same electromagnetic
and weak quantum numbers and thus obey the electromagnetic and weak interaction in
the same way.

Quarks are the only fermions which participate in the strong interaction. The down-

7



8 CHAPTER 2. SUSY

Fermions Spin = 1/2

1. Gen. 2. Gen. 3. Gen. Q Y I3

Quarks

(
u
d

)
L

(
c
s

)
L

(
t
b

)
L

2/3
−1/3

1/3
1/2
−1/2

uR cR tR 2/3 4/3 0
dR sR bR −1/3 −2/3 0

Leptons

(
νe
e

)
L

(
νµ
µ

)
L

(
ντ
τ

)
L

0
−1

−1
1/2
−1/2

eR µR τR −1 −2 0

Bosons Spin = 1

Interaction Boson Q Y I3

Electromagnetic γ 0 0 0

Weak
Z0

W±
0
±1

0
0

0
±1

Strong g1 · · · g8 0 0 0

Table 2.1: Particle spectrum of the Standard Model.

type quarks denoted as d′, s′, b′ represent the weak interaction eigenstates. They have
been introduced in order to preserve the universality of the weak interaction, i.e. the weak
interaction has the same behavior for leptons and quarks. The weak interaction eigenstates
are linear combinations of the mass eigenstates d, s, b:d′s′

b′

 =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

ds
b

 , (2.1)

where the 3 × 3 matrix is the Cabibbo-Kobayashi-Maskawa (CKM) matrix [21]. The ele-
ments Vik of the CKM matrix specify the coupling of quark flavor i to j.

2.1.1 Lagrangians

The fundamental law of motion in classical mechanics can be described in the Euler-
Lagrange equations:

d

dt

(
∂L

∂q̇i

)
=
∂L

∂qi
(i = 1, 2, 3) , (2.2)
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where the Lagrangian L is a function of the space coordinates (q1 = x, q2 = y, q3 = z)
and their time derivatives (q̇1 = dx/dt, q̇2 = dy/dt, q̇3 = dz/dt). In classical mechanics the
Lagrangian L is derived from an alternative formulation of Newton’s second law of motion

L = T − U , (2.3)

with the kinetic energy T = 1
2
mv2 of a particle in the scalar potential U , given by F =

−∇U . However, in the SM the interaction of fundamental forces (electromagnetic, weak
and strong force) are described in a relativistic field theory. In contrast to the classical
calculation of the position of a particle as a function of time, field theory aims to calculate
fields as functions of space and time. Hence in a relativistic field theory the Lagrangian
L (Lagrange density) is a function of the fields φi and their derivatives. In the classical
consideration of the Euler-Lagrange equation, the derivatives q̇i are only time derivatives,
whereas a relativistic field theory has to consider space and time derivatives

∂µφi =
∂φi
∂xµ

, (2.4)

with the space-time coordinates xµ. Accordingly the Euler-Lagrange equations generalize
to

d

dt

(
∂L

∂ (∂µφi)

)
=
∂L
∂φi

(i = 1, 2, 3, ...) . (2.5)

The Lagrangians are constructed such that the Euler-Lagrange formulation leads to the
desired field equations.

2.1.2 Gauge Invariance

The Dirac equation of a free particle of spin 1/2 and mass m can be written as:

iγµ∂µψ −mψ = 0 , (2.6)

where ψ is a spinor field. The Lagrangian leading to the previous equation can be written
as:

L = iψ̄γµ∂µψ −mψ̄ψ . (2.7)

Gauge Invariance for Abelian Groups

In the SM as a basic principle the Lagrangian has to be invariant L(ψ′) = L(ψ) under a
local phase transformation

ψ′ = Uψ = e−iλψ , (2.8)

where λ is a free phase depending on the space-time coordinate xµ. Demanding the La-
grangian in Eq. 2.7 to be invariant under such a gauge transformation, the derivative ∂µ
is replaced by the covariant derivative

Dµ = ∂µ + iqAµ , (2.9)
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with the new introduced gauge field Aµ. The gauge field Aµ corresponds to a spin-1
particle and is interpreted as the photon field, the gauge boson of quantum electrodynamics.
The introduction of the covariant derivative Eq. 2.9 and the associated extension of the
Lagrangian with a new field Aµ requires an additional term corresponding to its energy.
Finally, this leads to the Lagrangian of quantum electrodynamics (QED), which describes
the interaction of electrons and positrons with photons:

L = iψ̄γµ∂µψ −mψ̄ψ − (qψ̄γµψ)Aµ −
1

16π
F µνFµν , (2.10)

where the term with F µν = ∂µAν − ∂νAµ represents the Lagrangian for a massless free
vector field Aµ. The transformations Eq. 2.8 are combined in the Abelean symmetry group
U(1).

Gauge Invariance for Non Abelian Groups

The idea of gauge invariance was further applied to non abelian symmetry groups. Yang
and Mills evaluated the impact of gauge invariance for the group SU(2) [22]. In compari-
son to the previous example where the transformations are represented by scalars (1 × 1
matrices), the transformations of SU(2) are represented by 2× 2 unitary matrices

U = e−iτα , (2.11)

where α is a vector with three free parameters α1, α2, α3 and the components of the vector
τ are the Pauli matrices defined as:

τ1 =

(
0 1
1 0

)
, τ2 =

(
0 −i
i 0

)
, τ3 =

(
1 0
0 −1

)
. (2.12)

Similarly to the introduction of the photon field in the QED, the requirement of the gauge
invariance leads to the presence of three vector gauge fields. Finally the Yang-Mills theory
describes a Lagrangian of a system of two equal mass Dirac fields interacting with three
vector gauge fields. The covariant derivative reads as:

Dµ = ∂µ + i
g

2
Wµ . (2.13)

The concepts of Yang and Mills are used in the context of the SU(3) symmetry in the
strong interaction and in the weak isospin-hypercharge symmetry SU(2)L ⊗ U(1).

2.1.3 Lagrangian of the Standard Model

In the following the different components of the Standard Model are discussed and the
Lagrangian of the SM is introduced.
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Strong Component

The existence of the strong interaction has been concluded from the stability of atomic
nuclei, which are stable in spite of the repulsive electromagnetic force. The classification
of mesons and baryons according to the Eightfold Way predicted a baryon Ω− [23, 24].
In the quark model this particle is composed of 3 identical quarks (sss), thus violating
the Pauli Principle. Therefore the color charge was assigned to quarks, a new quantum
number which comes in three colors (red, green, blue). The quark system is described in
the SU(3)C symmetry group. The gauge transformations are represented by unitary 3× 3
matrices

U = e−iλα , (2.14)

where λ1, λ2, ..., λ8 are the Gell-Mann matrices and αi are free parameters. The corre-
sponding covariant derivative reads as:

Dµ = ∂µ + i
g

2
Gµ , (2.15)

where Gµ represent eight vector fields. Thus applying the concept of Yang and Mills to a
system of three quark colors with identical masses lead to the occurrence of eight gauge
fields in the Lagrangian, the mediators of the strong force, called gluons.

Electroweak Component

The first theoretical consideration of the weak interaction was formulated by Fermi [25].
Although the weak interactions were explained with a very good accuracy, the theory leads
to cross section divergences of processes like e.g.

e+ ν → e+ ν . (2.16)

The introduction of a new massive interaction particle resolved the discrepancy. The W±

boson was predicted as the interaction particle for the charge currents of the weak inter-
action. Furthermore, the neutral currents are described by another neutral massive gauge
boson, the Z0 boson. The mass of the W and Z boson corresponds to the short range
of the weak force. Both particles have been discovered at the SPS Collider at CERN [26,27].

Another peculiarity of the weak interaction had to be described by the theoretical concepts:
the violation of parity (mirror symmetry) which was first observed in the beta decay of
cobalt 60 in the experiment of Wu [28]. The result demonstrated that electrons created in
the weak processes are left-handed and the anti-neutrinos are right-handed. The handness
describes the correlation of spin and velocity, left-handed (right-handed) particles have
antiparallel (parallel) oriented spin and velocity. The different treatment of left-handed and
right-handed particles corresponds to the left-handed (L) and right-handed (R) components
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of a Dirac field ψ:

ψL =
1− γ5

2
ψ , (2.17)

ψR =
1 + γ5

2
ψ . (2.18)

Glashow, Weinberg and Salam unified the weak and electromagnetic interaction in the
GSW-Model which described the interaction in the SU(2)L ⊗ U(1)Y symmetry group
[29–31]. To get access to the spin formalism, the weak isospin with its third component I3

was introduced as a new quantum number. Left-handed leptons and quarks were arranged
in isospin doublets and right-handed fermions were arranged in singlets, since they do not
couple to the W boson.

The generator of the U(1) symmetry group is the hypercharge Y , which depends on the
electric charge Q of a particle and its third component of the isospin I3 as:

Q = I3 +
1

2
Y . (2.19)

The left-handed and right-handed components of the Dirac field are combined with the
electromagnetic interaction in the Lagrangian of the SU(2)L ⊗ U(1)Y symmetry group.
The SU(2)L group for the transformation of the left-handed leptons introduces three vec-
tor fields Wµ and the U(1) group leads to an additional single vector field Bµ.

The SM Lagrangian

Finally the Lagrangian of the SM is summarized as a combination of the symmetry group
SU(3)C of the strong interaction and the SU(2)L⊗U(1)Y symmetry group of the unification
of the weak and electromagnetic interaction. The corresponding symmetry group is

SU(3)C ⊗ SU(2)L ⊗ U(1)Y . (2.20)

The Lagrangian of the SM can be factorized as:

LSM = Lferm + Lgauge + LHiggs + LYukawa , (2.21)

where the first term is the gauge invariant free fermion Lagrangian

Lfreeferm =
∑
f

Ψ̄f iγ
µDµΨf ,

with Dµ = ∂µ+
ig′

2
BµY +

ig

2
Wµτ +

igs
2

Gµλ .

(2.22)

The covariant derivative Dµ ensures the gauge invariance. Bµ, Wµ and Gµ are the gauge
boson fields of the symmetry groups with the coupling constants g′, g and gs, respectively.
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The corresponding generators are Y/2, τ/2 and λ/2.

The free term of the gauge fields reads as:

Lgauge = −1

4
(BµνB

µν + WµνW
µν + GµνG

µν) . (2.23)

The last two terms in Eq. 2.21 are related to the mass of fermions and bosons. The
requirement of gauge invariance can only be satisfied by the introduction of massless gauge
fields in the Lagrangian. But once they are massive, as predicted for the bosons of the
weak interaction, the invariance will be lost.

2.1.4 Higgs Mechanism

This dilemma is resolved by the introduction of the Higgs field Φ. The concept of the
Higgs mechanism relies on the strategy of spontaneous symmetry breaking [32]. Bosons
and fermions get their masses by coupling to the Higgs field. Therefore two additional
terms are added to the Lagrangian: the term LHiggs describes the Higgs field and the
couplings to bosons, whereas the coupling of fermions to the Higgs field is given by the
term LYukawa.
In the Lagrangian of the SM the term corresponding to the Higgs field reads as:

LHiggs = (DµΦ)†(DµΦ)− V (Φ) , (2.24)

where Dµ are the covariant derivatives, which ensure that the Lagragian is invariant under
a transformation of the SU(2)L ⊗ U(1)Y symmetry group. The Euler-Lagrange formula
with the first term of the Lagrangian leads to the Klein-Gordon equation of motion de-
scribing a free particle of spin 0.

Accordingly the Higgs field Φ is a (complex) scalar field. It can be described as a SU(2)L-
doublet carrying weak hypercharge Y = 1, with a charged and a neutral component

Φ =

(
Φ+

Φ0

)
=

1√
2

(
φ1(x) + iφ2(x)
φ3(x) + iφ4(x)

)
. (2.25)

The potential V (Φ) of the Higgs field in Eq. 2.24 reads as:

V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2 , (2.26)

with a positive and real parameter λ. The particular feature of the Higgs potential V (Φ)
reveals with a consideration of the minima of the potential, which depends on the sign of
µ2. Fig. 2.1 shows the one-dimensional shape of the Higgs potential for µ2 > 0 and µ2 < 0.
Considering µ2 ≥ 0 the energetic ground state of the Higgs field at the minimum of the
potential is Φ = 0. Thus the vacuum expectation value considered as the expectation value
at the minimum of the Higgs potential disappears:

v = |〈0|Φ|0〉| = 0 . (2.27)
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Figure 2.1: Shape of the Higgs potential for µ2 > 0 (L) and µ2 < 0 (R). φ1 and φ2 are the
real and imagenary parts of the Higgs field [9].

However if µ2 becomes negative and the configuration of the Higgs field fulfills

|Φ|2 = Φ†Φ =
1

2
(φ2

1 + φ2
2 + φ2

3 + φ2
4) =

−µ2

2λ
, (2.28)

the minimum of the potential and thus the vacuum expectation value of Φ corresponds to

v = |〈0|Φ|0〉| =
√
−µ2

2λ
. (2.29)

Eq. 2.28 shows the degeneracy of the ground state i.e. different field configurations (φ1,
φ2, φ3, φ4) can realize the ground state of the Higgs field. Though a transformation of the
SU(2)L⊗U(1)Y group converts a ground state to another ground state, thus breaking the
symmetry. But since the vacuum expectation value stays unchanged also the Lagrangian
remains invariant under such a transformation. This mechanism is known as spontaneous
symmetry breaking.

In order to obtain the physical interpretation of the Higgs particle, the ground state of the
Higgs field is assumed as:

Φ0 =

(
0
v

)
with v =

√
−µ2

2λ
. (2.30)

Here a neutral ground state (|Φ+| = 0) is considered, since the vacuum is known to be
neutral. Considering an arbitrary SU(2) phase factor, the quantum fluctuations of the
Higgs field around the ground state can be written as:

Φ(x) = eiζ
a(x)τa

(
0

v + h(x)

)
, (2.31)
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where the fluctuations are splitted according to their direction. The contribution of the
fluctuations along the minimum of the potential are emphasized in the fields ζa(x), which
are interpreted as three massless Goldstone bosons. The fields ζa(x) have no physical
significance, since they can be eliminated by a suitable local gauge transformation

Φ(x) → Φ′(x) = e−iζ
a(x)τaΦ(x) =

(
0

v + h(x)

)
. (2.32)

They remain as longitudinal polarizations of the massive gauge bosons. The field h(x) can
be interpreted as the Higgs particle.

The mass of the gauge bosons are generated by interaction with the Higgs fields. Consider-
ing the gauge form of the Higgs field (Eq. 2.32), the first term of the Lagrangian (Eq. 2.24)
reads as:

(DµΦ)†(DµΦ) = (0, v)

[
g

2
τWµ +

g′

2
BµY

]2(
0
v

)
+ h(x)-terms . (2.33)

Using the Pauli matrices (Eq. 2.12) and the weak hypercharge Y = 1, this term of the
Lagrangian can be separated in a term depending on the fields W 1

µ and W 2
µ :(gv

2

)2(
(W 1

µ)2 + (W 2
µ)2
)

(2.34)

and in terms of the fields Bµ and W 3
µ :

(B†µ,W
3†
µ )M

(
Bµ

W 3,µ

)
, with M =

v2

4

(
g′2 +gg′

+gg′ g2

)
. (2.35)

Though the fields W 1,2
µ cannot be interpreted as the gauge bosons fields. The substitution

W+
µ =

1√
2

(W 1
µ + iW 2

µ) (2.36)

W−
µ =

1√
2

(W 1
µ − iW 2

µ) (2.37)

leads to the physical gauge fields of the charged W bosons. Accordingly Eq. 2.34 can be
written as:

M2
WW

+
µ W

−µ with M2
W =

g2v2

4
, (2.38)

where MW is interpreted as the mass of the W boson.

The physical gauge fields of the Z boson and the photon occur as mixed states of the fields
Bµ and W 3

µ . The matrix M in Eq. 2.35 can be diagonalized with the unitary matrix

U =
1√

g′2 + g2

(
g g′

g′ g

)
=

(
cos θW sin θW
− sin θW cos θW

)
, (2.39)
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i.e. the diagonal form is UMU−1. Here θW is known as the Weinberg angle. Substituting
the matrix M with U−1UMU−1U in Eq. 2.35 introduces the fields Aµ, Zµ as a mixture of
the fields Bµ and W 3

µ : (
Aµ

Zµ

)
= U

(
Bµ

W 3,µ

)
. (2.40)

Hence, Term 2.35 can be written in terms of the new fields as:

1

2
(Aµ, Zµ)

(
0 0
0 M2

Z

)(
Aµ

Zµ

)
with M2

Z =
g′2 + g2

4
v2 , (2.41)

where MZ corresponds to the mass of Z boson.

The coupling constants g, g′, the Weinberg angle θW and the electric charge e are related
as:

g′ cos θW = g sin θW = e and sin2 θW =
g′2

g2 + g′2
. (2.42)

The relation of the Weinberg angle and the masses of the W and Z gauge bosons are

sin2 θW = 1− M2
W

M2
Z

. (2.43)

Also leptons (e, µ, τ) and quarks get mass by interacting with the Higgs field. This is
described in the Yukawa terms of the SM Lagrangian LYukawa, which reads for the first
lepton generation as:

LeYukawa = he
[
L̄ΦeR + ēRΦ†L

]
, (2.44)

where he is the Yukawa coupling constant and L is the left-handed isospin doublet. The
electron mass term can be obtained by substituting the Higgs field with the vacuum ex-
pectation value as:

LYukawa = he

[
(ν̄e, ē)L

(
0
v

)
eR + ēR(0, v)

(
νe
e

)
L

]
= hev [ēLeR + ēReL] .

(2.45)

This term has the form of a Dirac mass term describing a spin 1/2 particle with mass
m = hev. Therefore the Yukawa coupling he is proportional to the mass of the particle.
Since he describes the coupling of the fermion to the Higgs field, also the Higgs-fermion
coupling is proportional to the mass of the fermion. The masses of the down-type quarks
are generated in the same way with a new coupling hd. In this consideration the Lagrangian
leads to massless neutrinos. In contrast to the left-handed lepton doublets L, the up-type
quarks in the left-handed quark doublets Q are not massless. The masses of the up-type
quarks are generated using the charge conjugated Higgs field

ΦC = −iτ2Φ? ≡
(
−v − h

0

)
. (2.46)
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The total Yukawa term of the SM Lagrangian reads as:

LYukawa = hieL̄
iΦeiR + hijd Q̄

iΦdijR + hiju Q̄
iΦCuijR + h.c. , (2.47)

where the indices i, j are related to the three generations. For the quark sector the mass
matrix is not diagonal, i.e. the mass eigenstates are not equal to the interaction eigenstates.
The mass matrix is diagonalized using the CKM matrix.

2.2 Motivation for Supersymmetry

The physic model of matter as it is described in the Standard Model of particle physics
agrees astonishingly with results of experiments, at the moment there is no experimental
result which disagrees with predictions of the theory by more than 3.2σ [33]. The SM
contains a number of free parameters, which are summarized below:

• α, GF , MZ : the fine-structure constant, the Fermi constant and the mass of the
Z-boson representing the fundamental constants of the electroweak theory

• αs: the coupling constant of the strong force defining gs

• me, mµ, mτ : the masses the down-type leptons

• md, ms, mb, mu, mc, mt: the masses of the quarks

• 4 parameters of the CKM matrix

• MH : the mass of the Higgs boson.

These are 18 parameters without the consideration of the neutrino masses. The discovery
of neutrino oscillation indicates that neutrinos are massive [34]. Extending the Standard
Model with massive neutrinos, at least 3 mass parameters have to be included.

2.2.1 Frontiers of the Standard Model

In spite of the experimental success of the Standard Model, fundamental questions remain
unanswered [9]. Some are listed below:

• Free parameters: As introduced in the last paragraph, there are at least 18 free
parameters, which have to be determined experimentally. The large number of man-
ually introduced parameters prevents the SM from being considered as the ultimate
fundamental theory.

• Gravity: The theoretical consideration of gravity is missing in the SM. The formu-
lation of a quantum theory of gravity has not been realized so far. At the low energy
scale gravity is negligible, but at a very high energy gravity has to be included in the
theoretical consideration.
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• Dark matter: Astrophysical measurements lead to the conclusion that the universe
consists of only 5% ordinary baryonic matter described by the Standard Model,
whereas the contribution of cold dark matter corresponds to 23% [5]. Within the
Standard Model the origin of cold dark matter in the universe can not be explained.

• Charge quantization: The SM can not explain why the proton and the electron
have exactly the opposite charge.

• Fine tuning: The physical mass of the Higgs boson depends on its bare mass and
additional on radiative corrections. Radiative corrections to the Higgs mass are
proportional to the mass squared of heavy particles. However this contribution can
be canceled in the SM, but needs a very accurate fine tuning.

• Unification of couplings: The coupling constants g, g′ and gs depend on the
energy scale, which is described by the renormalization group equations. Since the
strong and weak couplings decrease with increasing energy, while the electromagnetic
coupling increases, a unification of the coupling constants becomes possible and would
be a manifestation of the unique origin of three forces. In the frame of Grand Unified
Theories (GUTs), which is discussed the next section, the couplings are expected to
unify at the unification scale MGUT. Within the SM i.e. without the influence of
physics beyond the SM, a unification of the couplings is not possible.

• Hierarchy problem: The hierarchy problem arises from the difference of the elec-
troweak scale and a possible unification scale. Why is the electroweak scale so small
compared to the GUT scale (MGUT �MW )?

2.2.2 Aspects of Grand Unified Theories

This section discusses very briefly the aspects of Grand Unified Theories (GUTs), since
some of the problems listed above are resolved in GUTs. In the GUTs the weak, strong
and electromagnetic interaction are considered as branches of a unique interaction. For
this purpose a larger group G is introduced, assuming that the SU(3)C ⊗SU(2)L⊗U(1)Y
symmetry group is a subset of G. In addition the symmetry group G has to meet the
requirement of symmetry breaking below the unification scale MGUT ≈ 1016 − 1019GeV .
Among several symmetry groups the SU(5) and SO(10) are the most suitable structures.
The coupling αGUT represents the coupling of the unique interaction at the GUT scale.
Starting from a unique coupling αGUT , in a SU(5) representation the 15 fermions of the
first generation can be written as a {5̄}-plet and a {10}-plet:

5̄ =


dCg
dCr
dCb
e−

−νe


L

10 =


0 −uCb uCr ug dg
uCb 0 −uCg ur dr
−uCr uCg 0 ub db
−ug −ur −ub 0 e+

−dg −dr −db −e+ 0


L

. (2.48)
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Here the right-handed fermions are considered as charge conjugated left-handed fermions
fR = fCL with the charge conjugated index C. Hence, the multiplets are build of a proper
helicity.

Some consequences of the theoretical consideration of unification are listed below:

• Proton decay: The requirement of gauge invariance leads to N2 − 1 = 24 gauge
fields, including the already known 12 gauge fields of the Standard Model. The 12
new gauge fields are denoted as

X i
µ, Y

i
µ, X

C
i,µ and Y C

i,µ with i = 1, 2, 3

and carry electric charge (QX = 4/3 e andQY = 1/3 e), weak hypercharge and color.
Since the baryon and lepton number conservation can be violated, consequently the
proton decay is allowed in processes mediated by the new gauge fields. The dominant
proton decay mode is p → e+ + π0. The lifetime τ of the proton can be estimated
from

τp ≈ 1

α2
SU(5)

M4
X

m5
p

. (2.49)

However the proton decay has not been discovered yet and the minimal measured
lifetime of the proton has been determined to ∼ 1033 years [3]. The lower limit for
the mass of the new bosons MX is

MGUT > 2.4× 1015 GeV .

The proton lifetime measurement can exclude minimal SU(5) GUT models, since
in those models the unification of the couplings is expected at a scale well below
1015 GeV [35].

• Charge quantization: In GUTs quarks and leptons are described in a single mul-
tiplet. The operators corresponding to the quantum numbers are represented by
traceless matrices. Consequently the charge of lepton and quarks are related, since
for the 5plet the charge operator Q has to fulfill

Tr(Q) = Tr(qd̄, qd̄, qd̄, qe, qν) = 0 (2.50)

⇒ 3qd̄ + e = 0 . (2.51)

Hence, assigning the quarks and leptons to multiplets can predict the charge of d-
quark to be 1/3 of the charge of an electron. In the same way the charge of the
u-quark is predicted to be 2/3 of the positron charge and thus the proton charge
(uud) can be explained to be exactly the opposite of the electron charge.

• Yukawa coupling unification (free parameters): In addition to the beneficial
consequences mentioned above, the multiplet structure of quarks and leptons leads
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Figure 2.2: Unification of the coupling constants in the SM (L) and MSSM (R) [12].

to a unification of the Yukawa couplings. The Yukawa couplings of the bottom quark
and the τ -lepton unify as:

hb = hτ = h , (2.52)

whereas the couplings of the top quark remains a free parameter. The Yukawa
couplings of the bottom quark, top quark and τ -lepton unify at MGUT in SO(10)
structures as:

hb = ht = hτ = h . (2.53)

A simple Yukawa unification is not possible for the first two generations of quarks
and leptons [3]. However the number of free parameters is reduced in GUTs.

2.2.3 Aspects of Supersymmetry

The Minimal Supersymmetric extension of the Standard Model is based on a symmetry
of fermions and bosons, where each spin(j) particle has a supersymmetric partner with
spin(j ± 1/2). The details of SUSY are discussed in the next chapter. SUSY can resolve
some of the problems of the Standard Model mentioned in Section 2.2.1:

• Unification of couplings: The contribution of SUSY particles changes the energy
dependency of the coupling constants. Fig. 2.2 shows the inverse of the couplings as



2.3. SUPERSYMMETRY 21

a function of the logarithm of the energy for the SM and MSSM [12]. The unification
of the coupling constants can only be obtained by including new physics between the
electroweak and the Planck scale. If the masses of the supersymmetric particles are
in the range of MSUSY ∼ 1 TeV, the unification of the couplings is realized within
SUSY models.

• Hierarchy problem: SUSY models can explain the large differences of the scale of
MW and MGUT. In SUSY models the mechanism of electroweak symmetry breaking
is not assumed ad-hoc, but is triggered by radiative corrections from the top-quark
Yukawa coupling to the Higgs sector which drives one of the Higgs masses squared
negative. The logarithmical energy dependency of the radiative corrections leads to
the large differences of the two scales.

• Gravity: Within the idea of unification of all forces also gravity has to be in-
cluded. The graviton is the mediator of the gravitational force. In contrast to
the other bosons, the graviton has spin 2 and belongs to different representations
of the Poincare-Algebra, which forbids the unification in a single algebra. The only
exception is the supersymmetric algebra [36].

• Fine Tuning: SUSY particles preserve the mass of the Higgs boson by cancellation
of the contributions from boson loops with fermion loops. Hence, the preservation
can be achieved without unnatural fine-tuning, but only up to a SUSY breaking scale
of MSUSY ≤ 1 TeV.

• Dark Matter: In R-parity conserving SUSY models, the lightest SUSY particle
(LSP) is assumed to be stable and its coupling to normal matter is forbidden. Addi-
tionally the LSP is a massive particle. Therefore the lightest neutralino is a perfect
dark matter candidate.

• Unification Scale of GUTs: Due to the proton lifetime constraint, the minimal
consideration (only SM) of GUTs have a unification point well below 1015 GeV and
are ruled out. The consideration of minimal supersymmetric SU(5) GUT models
adjust the unification scale above 1015 GeV. Thus SUSY is paving the way to grand
unification, which may resolve further problems of the SM.

2.3 Supersymmetry

The supersymmetric extension of the Standard Model assumes a symmetry of fermions
and boson. The generator of the SUSY Algebra

Q|Fermion〉 ∝ |Boson〉 and Q|Boson〉 ∝ |Fermion〉 (2.54)

changes the spin of a particle by 1/2. The generator Q fulfils the relation

{Qα, Qβ} = 0 and {Qα, Q̄β} = 2σµαβPµ , (2.55)
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where Pµ is the momentum four vector and σµ are the Pauli matrices. The Minimal Su-
persymmetric extension of the Standard Model has only one generator Q and is considered
as a N = 1 SUSY model. The MSSM assigns a SUSY partner particle to each SM particle,
with the same quantum numbers expect for the spin, which differs by 1/2. This particles
are called superpartners. Up to now, experiments of particle physics have not seen any
evidence of the particles predicted by supersymmetry. The absence of the superpartners
is believed to be explained by the fact that the mass of the superpartners is very large.
Therefore supersymmetry must be a broken symmetry i.e. SM particles and their super-
partners are not equal in mass. However as soon as the energy of the accelerator is large
enough, the superpartners will be created. The analysis presented in this thesis provides
a recipe how the creation of superpartners may be discovered. In the following subsection
the particle spectrum of the MSSM is introduced.

2.3.1 Particle Spectrum

Supersymmetry associates known bosons with new fermions and known fermions with new
bosons [36]. Table 2.2 shows the particle spectrum of the MSSM.

• The superpartners of the quarks and leptons are called squarks and sleptons, respec-
tively. e.g. selectron, smuon, stau,... . Since the fermions have two spin states i.e.
spin up and down, whereas their superpartners are scalars, there are actually two su-
perpartners for each fermion, corresponding to the spin state. The left-handed leptons
and the quarks build a multiplet with their corresponding superpartners, whereas the
right-handed fermions are arranged in doublets with their superpartners.

• The gauge bosons and their superpartners form a multiplet. The superpartners of
the gauge bosons are labeled with the ending ’ino’ (W → Wino, Z → Zino,...).

• Since in the MSSM the charge conjugated Higgs fields are not suitable to gener-
ate the masses of the up-type quarks, an additional Higgs field is introduced. The
superpartner of the Higgs boson is the higgsino.

2.3.2 Lagrangian of the MSSM

The Lagrangian of the MSSM is composed of two parts:

L = LSUSY + LBreaking . (2.56)

The first term LSUSY describes the supersymmetric generalization of the SM. Since the
symmetry of SM particles and their superpartners is broken, the Lagrangian has to contain
a term corresponding to the mechanism of symmetry breaking LBreaking.
The supersymmetric term LSUSY includes the gauge invariant kinetic terms corresponding
to the SU(3), SU(2), U(1) gauge groups depending on 3 gauge couplings as in the Standard
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Superfield Bosons Fermions SU(3)C SU(2)L U(1)Y
Gauge

Ga ga g̃a 8 0 0
Vk W k (W±, Z0) w̃k (w̃±, z̃0) 1 3 0

V′ B/γ b̃ / γ̃ 1 1 0
Matter

Li

Ei
Sleptons

{
L̃i = (ν̃, ẽ)L
Ẽi = ẽR

Leptons

{
Li = (ν, e)L
Ei = eR

1
1

2
1

−1
2

Qi

Ui

Di

Squarks


Q̃i = (ũ, d̃)L
Ũi = ũR
D̃i = d̃R

Quarks


Qi = (u, d)L
Ui = uR
Di = dR

3
3
3

2
1
1

1/3
−4/3
2/3

Higgs
H1

H2
Higgs

{
H1

H2
higgsino

{
H̃1

H̃2

1
1

2
2

−1
1

Table 2.2: Particle spectrum of the MSSM [37]. The particles and the superpartners are
arranged in super-multipletts, where a = 1 . . . 8 is the index of SU(3)c and k = 1 . . . 3 is
the index of SU(2)L. The three generation are labeled with the index i = 1 . . . 3. The last
three columns are denoted for the quantum number of internal symmetries, defining the
behavior under transformation.

Model and a supersymmetric extension of the Yukawa term describing the interaction of
the particles with each other:

LSUSY = LGauge + LYukawa . (2.57)

The superpotential WR of the Yukawa term LYukawa reads as:

WR = εij(h
ab
U Q

j
aU

C
b H

i
2 + habDQ

j
aD

C
b H

i
1 + habL L

j
aE

C
b H

i
1 + µH i

1H
j
2) , (2.58)

with the SU(2) indices i, j = 1, 2, the generation labels a, b = 1, 2, 3, the Yukawa couplings
hU,D,L and the antisymmetric tensor εij. Charge conjugated fields are denoted by the
label C. This part of the Lagrangian is similar to that of the SM, but in comparison,
the superpotential contains only superfields rather than the ordinary fields of the SM.
Additional the last term describes the Higgs mixing, which is absent in the SM, since here
only one Higgs field appears.

R-Parity

In principle the superpotential can contain also terms which violate either the lepton or the
baryon number conservation. Since neither lepton nor baryon number violation has been
observed so far, those terms must be suppressed in the superpotential. The introduction of
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a special symmetry called R-parity resolves the problem. The R-parity is an multiplicative
quantum number defined as:

R = (−1)3(B−L)+2S , (2.59)

where B is the baryon number, L is the lepton number and S is the spin of the particle [36].
Therefore R is +1 for all leptons and quarks. In contrast R is −1 for their superpartners,
because of the factor (−1)2S. The conservation of R-parity has the following consequences:

• The lightest supersymmetric particle is absolutely stable, since the decay to nor-
mal matter would change the R-parity. Therefore, if the LSP is uncharged, it is
an attractive candidate for dark matter. Furthermore, regarding the production of
supersymmetric particles at collider experiments, once a LSP is produced, it can not
decay subsequently to known SM particles.

• The decay products of sparticles must contain an odd number of LSPs. This is a
characteristic of the SUSY production at the LHC, which can be used to distinguish
events with from events without SUSY particles.

• The superpartners of the SM particles are produced in pairs e.g. also in the proton-
proton collision at the Large Hadron Collider SUSY particles can be only produced
in pairs. Consequently there are always at least two LSPs produced.

Breaking Mechanism

Since modern experiments of particle physics have not seen an evidence of the superpart-
ners, the mass of the superpartners is expected to be very large and supersymmetry must
be a broken symmetry. The breaking of the symmetry can be introduced by additional
breaking terms. Since the breaking terms do not introduce new quadratic divergences,
they are called soft breaking terms:

LBreaking = m2
H1
H†1H1 +m2

H2
H†2H2 +Bµ

(
HT

2 iτ2H1 + h.c.
)

+
∑
i

(
m̃2
Qi
Q̃†iQ̃i + m̃2

Li
L̃†i L̃i + m̃2

Ui
Ũ †i Ũi + m̃2

Di
D̃†i D̃i + m̃2

Ei
Ẽ†i Ẽi + h.c.

)
+
∑
i,j

(
Aiju h

ij
u

˜̄UiH2Q̃j + Aijd h
ij
d

˜̄DiH1Q̃j + Aije h
ij
e

˜̄LiH1L̃j + h.c.
)

+
1

2

3∑
l=1

Mlλ̃lλ̃l + h.c. . (2.60)

Here H1,2 are the Higgsdoublets, µ is the mass parameter of the superpotential (Eq. 2.58),
B is the bilinear coupling, Aiju,d,e is the trilinear coupling of interactions of Higgs fields and

sfermions, the indices i, j = 1, 2, 3 run over the three generations and λ̃l are the gauginos,
the superpartner of the gauge boson.
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Obviously a vast number of new parameters are introduced to generate the breaking of the
symmetry. The number of free parameters can be reduced by assuming the universality or
equality of various parameters at a high energy scale. For this purpose several approaches
have been developed. In the presented analysis the mSUGRA model is used [38], here
supersymmetry is broken by a coupling to a yet unknown supergravity theory, assuming
the unification at MGUT of:

M1(MGUT) = M2(MGUT) = M3(MGUT) ≡ m1/2 (2.61)

m̃E,L,U i,Di,Qi(MGUT) = mH1,2(MGUT) ≡ m0 (2.62)

At(MGUT) = Ab(MGUT) = Aτ (MGUT) ≡ A0 , (2.63)

where m1/2 is the unified gaugino mass, m0 is the unified scalar mass and A0 the unified
trilinear coupling. The trilinear couplings appear only as a product with the corresponding
Yukawa coupling and the Yukawa couplings of the first two generations are compareable
small to the third generation. Therefore it is sufficient to use the trilinear coupling of the
third generation.
In the mSUGRA model the vast number of free parameters of the MSSM is reduced to five
free parameters, namely:

• m1/2, the unified gaugino mass m1/2 at the GUT scale

• m0, the unified scalar mass m0 at the GUT scale

• B, the bilinear coupling or equivalent tanβ ≡ v1
v2

, the ratio of the vacuum expectation
values of the two Higgs fields

• A0, the unified trilinear coupling A0 at the GUT scale

• µ, the Higgs field mixing parameter.

2.3.3 SUSY Mass Spectrum

In the MSSM, the masses of the SUSY particles can be calculated via the renormalization
group equations (RGE), which are derived from the Lagrangian. With a given initial
condition at the GUT scale, the solution of the RGE link the values at the GUT scale
with the electroweak scales and thus determine the mass matrices of gauginos, squarks and
leptons.

Neutralinos and Charginos

Neutralinos and Charginos are the mass eigenstates of the neutral and charged fields,
respectively. Their mass eigenstates are mixed states of gauginos and higgsinos:

χ =


B̃

W̃ 3

H̃0
1

H̃0
2

 , Ψ =

(
W̃+

H̃+

)
, (2.64)
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where χ and Ψ are the Majorana neutralino and Dirac chargino fields, respectively.

The corresponding neutralino mass matrix reads as:

M (0) =


M1 0 −MZ cos β sin θW MZ sin β sin θW
0 M2 MZ cos β cos θW −MZ sin β cos θW

−MZ cos β sin θW MZ cos β cos θW 0 −µ
MZ sin β sin θW −MZ sin β cos θW −µ 0


(2.65)

with the gaugino masses M1,M2, the weak mixing angle θW and tan β, the ratio of two
Higgs vacuum expectation values. The physical masses of the neutralinos are given by the
eigenvalues of this matrix. The neutralino mass eigenstates are denoted as χ0

1, χ
0
2, χ

0
3, χ

0
4

with mχ0
1
≤ mχ0

2
≤ mχ0

3
≤ mχ0

4
.

The mass matrix for the charginos given by:

M (c) =

(
M2

√
2MW sin β√

2MW cos β µ

)
(2.66)

leads to two chargino eigenstates mχ±
1,2

with the mass eigenvalues

m2
χ±
1,2

=
1

2
M2

2 +
1

2
µ2 +M2

W

∓ 1

2

√
(M2

2 − µ2)2 + 4M4
W cos2 2β + 4M2

W (M2
2 + µ2 + 2M2µ sin 2β) .

(2.67)

The gluino is the only color octet fermion. Since the SU(3) is unbroken, the gluino does
not mix with other MSSM particles. The mass of the physical particle is defined by the
gaugino mass parameter mg̃ ≡M3.
Approximately, the gaugino mass parameters at the electroweak scale are:

M3 ' 2.7m1/2 (2.68)

M2 ' 0.8m1/2 (2.69)

M1 ' 0.4m1/2 . (2.70)

The physical masses of the neutralinos are obtained by diagonalizing the mass matrix
Eq. 2.65. In the mSUGRA model, the lightest neutralino is dominantly bino-like and the
next-to-lightest neutralino is mostly wino-like, with masses close to M1 and M2, respec-
tively. The mass of the lightest chargino is approximately given by M2. Hence the masses
of the next-to-lightest neutralino and the lightest chargino are similar, and approximately
two times the mass of the lightest neutralino.
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Sleptons and Squarks

The masses of left-handed and right-handed fermions are equal. But their superpartners
are bosons and the masses of left-handed and right-handed sfermions can be different:

m̃2
eL

= m̃2
Li

+m2
Ei

+M2
Z cos(2β)

(
−1

2
+ sin2 θW

)
(2.71)

m̃2
νL

= m̃2
Li

+M2
Z cos(2β)

(
1

2

)
(2.72)

m̃2
eR

= m̃2
Ei

+m2
Ei
−M2

Z cos(2β)
(
sin2 θW

)
(2.73)

m̃2
uL

= m̃2
Qi

+m2
Ui

+M2
Z cos(2β)

(
+

1

2
+ sin2 θW

)
(2.74)

m̃2
dL

= m̃2
Qi

+m2
Di

+M2
Z cos(2β)

(
−1

2
+

1

3
sin2 θW

)
(2.75)

m̃2
uR

= m̃2
Ui

+m2
Ui

+M2
Z cos(2β)

(
2

3
sin2 θW

)
(2.76)

m̃2
dR

= m̃2
Di

+m2
Di
−M2

Z cos(2β)

(
1

3
sin2 θW

)
. (2.77)

On the right side of the equations, the terms denoted as m̃ are calculated with the RGE,
the mass terms m are the fermion masses. The index i denotes the three generations.
Furthermore non-negligible Yukawa couplings lead to a mixing between the electroweak
eigenstates and the mass eigenstates of the third generation sleptons and squarks. Due
to small Yukawa couplings the mixing is negligible for the first and second generation.
Therefore the mass eigenstates corresponds to the interaction eigenstates, which have been
introduced above. The mass matrices for the third generation reads as:

Mt̃ =

(
m̃2
tL

mt(At − µ cot β)
mt(At − µ cot β) m̃2

tR

)
(2.78)

Mb̃ =

(
m̃2
bL

mb(Ab − µ tan β)
mb(Ab − µ tan β) m̃2

bR

)
(2.79)

Mτ̃ =

(
m̃2
τL

mτ (Aτ − µ tan β)
mτ (Aτ − µ tan β) m̃2

τR

)
. (2.80)

The mass eigenstates of the third generation are:

m2
t̃1,2

=
1

2

(
m̃2
tL

+ m̃2
tR

)
±
√

1

4

(
m̃2
tL
− m̃2

tR

)2
+m2

t (At − µ cot β)2 (2.81)

m2
b̃1,2

=
1

2

(
m̃2
bL

+ m̃2
bR

)
±
√

1

4

(
m̃2
bL
− m̃2

bR

)2
+m2

b (Ab − µ tan β)2 (2.82)

m2
τ̃1,2

=
1

2

(
m̃2
τL

+ m̃2
τR

)
±
√

1

4

(
m̃2
τL
− m̃2

τR

)2
+m2

τ (Aτ − µ tan β)2 . (2.83)
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Higgs Bosons

In the MSSM, one needs at least two Higgs doublets to give mass to all matter particles.
Considering the following Higgs doublets

H1 =

(
H0

1

H−1

)
=

(
v1 + 1√

2
(φ1 + iφ2)

H−1

)
(2.84)

H2 =

(
H+

2

H0
2

)
=

(
H+

2

v2 + 1√
2
(φ3 + iφ4)

)
, (2.85)

with the vacuum expectation value v1, v2 of the neutral components, the Higgs potential
reads as:

VHiggs = m2
1|H1|2 +m2

2|H2|2 −m2
3(H1H2 + h.c.)

+
g2 + g′2

8

(
|H1|2 − |H2|2

)2
+
g2

2
|H∗1H2|2 .

(2.86)

In the SM the non-trivial minimum of the Higgs potential is introduced ad-hoc by requiring
the coefficient µ2 in the potential Eq. 2.26. However in the MSSM the Higgspotential VHiggs

depends on the mass parameters

m2
1 = m2

H1
+ µ2

m2
2 = m2

H2
+ µ2

m2
3 = Bm0µ . (2.87)

In order to break the electroweak symmetry, the Higgs potential VHiggs must have a non-
trivial minimum. This requirement is only fulfilled if the mass parameters provide the
conditions

m2
1m

2
2 < m4

3 (2.88)

m2
1 +m2

2 > 2m2
3 . (2.89)

At the GUT scale, the mass parameters are defined as m2
1 = m2

2 = m2
0 + µ2. Hence, at

the GUT scale the Higgs potential has no non-trivial minimum and thus the electroweak
symmetry breaking does not take place. However, the energy dependency of the mass pa-
rameters described by the RGE result in values of m2

1 and m2
2, which fulfil the requirements

Eq. 2.88 and Eq. 2.89. Since radiative corrections to the mass parameters cause the energy
dependency, this phenomenon is known as radiative spontaneous symmetry breaking. The
hierarchy problem, i.e. the large difference of the GUT scale and the electroweak scale can
be explained by this mechanism, since those radiative corrections depend logarithmic on
the energy.

In contrast to the Standard Model, where only one physical Higgs boson is predicted, the
requirement of two Higgs doublets lead to five physical Higgs bosons in the MSSM . Namely
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the two scalar, neutral and CP-even Higgs bosons h and H, the A Higgs boson, which is
pseudoscalar, neutral and CP-odd and two scalar, charged Higgs bosons H±.
Their mass matrices read as:

M2
A = m2

1 +m2
2 (2.90)

M2
H,h =

1

2

(
M2

A +M2
Z ±

√
(M2

A +M2
Z)2 − 4M2

AM
2
Z cos2 2β

)
(2.91)

M2
H± = M2

A +M2
W . (2.92)

By convention the h Higgs boson is always the lightest Higgs boson mh < mH . The masses
of the lightest Higgs can be derived at tree level as:

m2
h ≤MZ | cos 2β| ≤M2

Z . (2.93)

This region is already excluded by the experimental limit on the Higgs bosons mass at 95%
confidence level:

mh > 114 GeV [3]. (2.94)

However after including radiative corrections, the mass of the lightest Higgs boson is shifted
upwards by a substantial amount.

2.3.4 Experimental Constraints

Since the time SUSY was proposed, many experiments have already been searching for
signs of supersymmetric particles. Provided that supersymmetry is realized in nature,
the consequences should be seen in various different fields. Obviously the SUSY particles
should have been directly produced in modern collider experiments at the LEP and at
the Tevatron. Furthermore, their presence should result in indirect effects of radiative
corrections or gravitational force. Additional constraints come from the motivation of the
theory itself.

• Coupling unification: One of the main motivation for supersymmetry is the uni-
fication of the coupling constants at the GUT scale. The coupling constants unify
only if the scale of SUSY breaking and hence the mass of the SUSY particles is in
the order of 1 TeV [36].

• Anomalous magnetic moment of the muon: The indirect effects of SUSY par-
ticles are checked in the measurements of the anomalous magnetic moment of the
muon. The anomalous magnetic moment of the muon is sensitive to radiative cor-
rections both from SM and SUSY particles and has been measured very precisely at
the Brookhaven National Laboratory as:

αexp
µ = 116592080(63) · 10−3 [39]. (2.95)

The deviation from the SM predictions is in the order of 3.2σ:

∆αµ = αexp
µ − αtheo

µ = (29± 9) · 10−10 [33], (2.96)

which is still consistent with SUSY contributions, if µ has a positive sign µ > 0 [3].
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• B physics: Another indirect measurement sensible to the influence of SUSY par-
ticles are the rates of rare decays of B mesons into a strange meson and a photon
Bs → sγ and of the B meson to an opposite sign muon pair Bs → µµ.

The inclusive decays rate of b → sγ is measured with a very high precision at the
BaBar [40], CLEO [41] and BELLE [42] experiments, resulting in the present world
average of:

BRexp(b→ sγ) = (3.52± 0.32) · 10−4 [3]. (2.97)

The SM prediction of the inclusive decay rate is only slightly lower:

BRtheo(b→ sγ) = (3.29± 0.33) · 10−4 [3]. (2.98)

This result imposes severe constraints on the parameter space, especially for the case
of large tanβ. However, there remains still a window for SUSY. [43]

Also the decays Bs → µµ can have large contributions from SUSY particles. The
Tevatron experiments CDF and D0 have both measured this decay rate, resulting in
the limit

BRexp(B0
s → µ+µ−) ≤ 5.8 · 10−8 [3], (2.99)

where the B0
s decay rate is just one order of magnitude above theoretical predictions:

BRtheo(B0
s → µ+µ−) ≤ 3.42 · 10−9 [3]. (2.100)

So B meson physics is a productive field in particle physics, probing the SM with a
very high precision.

• Cosmology: R-parity conserving SUSY models with neutralino-LSP provide a suit-
able candidate for the explanation of cold dark matter (CDM), since in this models
the LSP is stable and only weak and gravitationally interacting. The expected LSP
relic density can be calculated SUSY model depended and compared with the pre-
cisely measured value of the dark matter density. Hence, the measurement of the
CDM relic density can be reinterpreted as measurements constraining the SUSY
model.
Recent measurements of the WMAP experiment have determined the amount of the
dark matter in the universe as 23% [5]. From this result it can be concluded that the
contribution of each relict particle χ has to obey the constraint Ωχh

2
0 ≈ 0.12, where

the Hubble constant h0 is assumed to be h0 ≈ 0.7. This requirement leaves a nar-
row band in the SUSY parameter space, which is shown in Fig. 2.3 for tanβ = 51 [37].

Direct searches for dark matter are experiments dedicated to the observation of
the energetic recoiling ions produced by the scattering of weakly interacting mas-
sive particles (WIMP) from our galactic halo on terrestrial targets. At present,
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Figure 2.3: Allowed region of the SUSY parameter space from the WMAP high precision
relict density measurements for tanβ = 51 is represented by the blue band [37]. The red
points on the left upper corner show the region in the parameter space, where the stau is
the lightest supersymmetric particle. Furthermore, the Higgs boson mass limit is marked
with yellow points in the lower left region.

the CDMS [44] and XENON [45] experiments have achieved the best sensitivities.
Present limits are just starting to probe the 10−8 pb range where an important class
of supersymmetric models relevant for LHC are lying [46]. Current supersymmetric
model predictions for the WIMP-nucleon cross-section are typically in the range from
10−8 to 10−10 pb [46]. Both collaborations are developing more ambitious projects
aiming at a cross section in the range of 10−9 pb and eventually 10−10 pb [46]. The
EDELWEISS experiment should reach a sensitivity of 5 × 10−8 pb by the end of
2009 [46].

• Collider experiments: The experiments at the Large Electron Positron Collider
(LEP) and Tevatron Collider have been searching for direct production of SUSY
particles in various different analyses. No evidence for these particles has been found
so far.
The constraints obtained with the ALEPH [50], DELPHI [51], L3 [52] and OPAL [53]
experiments at LEP are shown in Fig. 2.4. The final results are obtained by combining
the searches in e+e− collisions at the center of mass energy

√
s ≤ 209 GeV for pair

production of various SUSY particles (e.g. e+e− → τ̃ τ̃ , ẽẽ, χ0
1χ

0
1) with searches for

the lightest scalar neutral Higgs boson in the e+e− → hZ reaction as well as with
the latest electroweak results [47].
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Figure 2.4: LEP SUSY constraints in the m0-m1/2 plane for tanβ = 10, µ > 0, (L) A0 = 0
and (R) A0 = 0, A0 < −1 TeV and for any value of A0 [47]. In the yellow region no
electroweak symmetry breaking (EWSB) or tachyonic particles appears, the light blue
represent regions inconsistent with the measurement of the electroweak parameters at
LEP1, the green regions are excluded by the chargino searches, the red regions are excluded
by the selectron or stau standard searches, the dark blue regions are excluded by the search
for hZ, the brown regions are excluded by the neutralino stau cascade searches and magenta
represents regions excluded by the search for heavy stable charged particles.

In proton-antiproton collisions at center of mass energies at
√
s = 1.96 TeV, the

Tevatron experiments D0 [54] and CDF [55] have been searching for SUSY in squark
and gluino and in direct gaugino production. Probing the gluino and squark particle
massesM ∼ 400 GeV, the searches in squark and gluino production with 2, 3, or 4 jets
and missing transverse energy have extended the LEP limits [48, 49]. Fig. 2.5 shows
the exclusion limits obtained by the D0 and CDF collaborations. The searches for
trileptons from associated chargino-neutralino production resulted in the currently
world most largest exclusion limit in the m0-m1/2 plane [13, 14]. Fig. 2.6 presents
the corresponding exclusion limits from the CDF and D0 experiments. The trilepton
analyses at the Tevatron are discussed in Section 5.9.1.



2.3. SUPERSYMMETRY 33

Figure 2.5: Exclusion limits from the squark-gluino searches at the Tevatron from CDF
(L) and D0 (R) [48, 49]. The exclusion limit is shown as a function of squark and gluino
masses in the mSUGRA scenario with A0 = 0, µ < 0 and tanβ = 5 (L) and tanβ = 3 (R).
The limits are compared to previous results from SPS and LEP experiments at CERN.

Figure 2.6: Exclusion limits from the trilepton searches at the Tevatron from CDF (L) and
D0 (R) [13,14]. The searches are discussed in detail in Section 5.9.1.
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Chapter 3

LHC and the CMS-Experiment

3.1 Large Hadron Collider

At CERN, the European Organization of Nuclear Research in Geneva, the worlds’ largest
particle accelerator Large Hadron Collider (LHC) has been built in the 27 km long tunnel
of the former Large Electron Positron (LEP) Collider at a depth about 100 m underground.

In contrast to LEP. which collided electrons and positrons, LHC accelerates and collides
protons. The energy loss of accelerated charged particles due to synchrotron radiation lim-
ited the center of mass energy of LEP to

√
s = 209 GeV. Since the synchrotron radiation

is antiproportional to the mass of the accelerated particle as ∝ Em−4 and the mass of the
proton is 2000 times the mass of the electron, protons can be accelerated to much higher
energies without suffering from synchrotron radiation.

At the LHC, two separate proton beams are collided at four interaction points. In contrast
to the electron, the proton is a composite object of partons, the quarks and gluons. The
variable x measures the fraction of the proton momentum which is carried by the parton.
The structure functions of the partons decrease rapidly with increasing x. Since each parton
carries only a fraction of the proton momentum, the beam energy at hadron colliders has
to be foreseen to be well above the energy scale of the desired interactions. The LHC has
been designed to reach proton collisions at a center of mass energy of

√
s = 14 TeV. This

is seven times higher than the currently worlds’ highest energy accelerator, the Tevatron
Collider at the Fermi National Accelerator Laboratory (FermiLab) near Chicago, which
accelerates protons and antiprotons at a center of mass energy of

√
s = 1.96 TeV.

Hence the LHC will be able to validate the Standard Model of particle physics and look for
physics beyond the Standard Model at the highest ever reached energy level. Experiments
at the LHC will search for the Higgs particle and for new physics phenomena at the TeV
scale such as supersymmetry or extra dimensions. The rate of physics events produced in

35
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the proton-proton collisions is

N = σ · L , (3.1)

with the cross section of the considered physical process σ and the luminosity L. Since
the cross section of parton-parton scattering decreases antiproportional to the energy as
σ ∝ E−2, the luminosity has to be increased by E2 to compensate the decreasing cross
section. The luminosity of the LHC is calculated assuming two bunches n1 and n2 of
particles colliding with a frequency f as:

L = f
n1n2

4πσxσy
, (3.2)

where σx, σy denote the gaussian transverse profiles of the beam.

In order to reach the designed luminosity L = 1034 cm−2s−1 of the LHC, the bunch cross-
ing frequency, the number of proton bunches as well as the number of protons per bunch
have to be accordingly chosen. At the nominal intensity each beam will consist of around
2800 bunches with up to 1.15 × 1011 protons per bunch and the bunch spacing is 25 ns
corresponding to bunch crossing frequency of 40 MHz. With the high number of protons
per bunch, the average number of inelastic collisions between protons per bunch-crossing
is large (∼ 10− 20), which are called pile-up events. This complicates the search for rare
interesting physic processes, since they will be contaminated by pile-up events. Overall the
designed luminosity leads to around 1 billion proton-proton interactions per second.

The LHC will initially run at an energy of 3.5 TeV per beam after start up in November
2009 until a significant data sample has been collected. Thereafter the energy will be taken
towards 5 TeV per beam. At the end of 2010, the LHC will be run with lead ions for the
first time. Afterwards the LHC will shut down and work will begin on moving the machine
towards 7 TeV per beam [56].

In order to reach the corresponding energy per beam, several LHC accelerator components
successively increase the energy of the protons. First of all, the linear accelerator Linac2
generates protons with 50 MeV. Then the Proton Synchrotron Booster (PSB) and in turn
the Proton Synchrotron (PS) accelerates the protons up to a total energy of 26 GeV. Af-
terwards the Super Proton Synchrotron (SPS) increases the energy to 450 GeV, before
the protons are inserted into the main LHC ring, where the protons circulate inside the
beam pipes, which are vacuum tubes in order to avoid collisions with normal matter. Here,
eight Radio-Frequency (RF) cavities per beam providing strong electric fields accelerate
the protons further. In total 1232 dipole and 392 quadrupole superconducting magnets
keep the beam focussed around the circular path. The superconducting magnets are cooled
with liquid helium at an operating temperature of T = 1.9 K.

At the LHC, four particle detectors will measure the proton-proton collisions at the inter-
action points. The ATLAS [1] experiment and the Compact Muon Solenoid (CMS) are



3.2. CMS EXPERIMENT 37

Figure 3.1: CERN accelerator complex [59].

multipurpose detectors, which are designed to cover the various possible range of physics
processes, but mainly to discover the Higgs particle and to search for supersymmetry or
other physics beyond the Standard Model. The LHCb [57] experiment is a special designed
detector for b physics. Since the LHC will also collide lead (Pb) ions, the Large Ion Collider
Experiment (ALICE) [58] is build to study the properties of the quark-gluon plasma in
heavy ion collisions.

3.2 CMS Experiment

The CMS detector has a length of 24 m, a diameter of 14.6 m and a weight of about
14500 tons. As every modern detector in accelerator experiments, the detector of the
Compact Muon Solenoid experiment is composed of several subsystems. Each of the sub-
detectors provides different and complementary measurements. In order to achieve the
largest possible coverage, the subdetectors are placed in concentric layers around the inter-
action point of the proton-proton collision. The main distinguishing features of CMS are a
high-field solenoid, a full silicon-based inner tracking system and a fully active scintillating
crystals-based electromagnetic calorimeter. Figure 3.2 shows the subsystems of the CMS
detector.
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Figure 3.2: Compact Muon Solenoid experiment [60].

The CMS detector meets the requirements of the LHC physics program, namely [60]

• Good muon identification and momentum resolution over a wide range of momenta
in the region |η| < 2.5, good dimuon mass resolution (∼ 1% at 100 GeV), and the
ability to determine unambiguously the charge of muons with PT < 1 TeV.

• Good charged particle momentum resolution and reconstruction efficiency in the
inner tracker. Efficient triggering and offline tagging of τ ’s and b jets, requiring pixel
detectors close to the interaction region.

• Good electromagnetic energy resolution, good diphoton and dielectron mass resolu-
tion (∼ 1% at 100 GeV), wide geometric coverage (|η| < 2.5), measurement of the
direction of photons and/or correct localization of the primary interaction vertex, π0

rejection and efficient photon and lepton isolation at high luminosities.

• Good MET and dijet mass resolution, requiring hadron calorimeters with a large
hermetic geometric coverage (|η| < 5) and with fine lateral segmentation (∆η×∆φ <
0.1× 0.1).

As shown pictorially in Fig. 3.3 particles emerging from collisions first meet the tracking
system, made entirely of silicon, that charts the position of the charged particles moving
through the detector and allows to measure their momentum. Outside the tracking system
are calorimeters that measure the energy of particles. The tracking system should interfere
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with the particles as little as possible, whereas the calorimeters are designed to stop the
particles in their tracks. The electromagnetic calorimeter (ECAL) measures the energy
of photons and electrons whereas the hadron calorimeter (HCAL) is designed principally
to detect any particle made up of quarks. The size of the magnet allows the tracker and
calorimeters to be placed inside its coil, resulting in an overall compact detector. In the
outer part of the detector, the iron magnet return yoke confines and guides the magnetic
field. All particles, expect muons and only weakly interacting particles, such as neutri-
nos, should be stopped within the calorimeters and the iron return yoke. Hence since
only muons will be measured in the muon system, muons provide a very clean signature,
whereas on the contrary electrons and photons measured in the ECAL require sophisti-
cated techniques for discrimination and identification.

Since muon final states form a very clean signature for many of the interesting processes
that will be searched for at LHC, the detection of muons is among the highest priorities
for CMS. Concerning the measurement of the muon momentum the choice of the magnetic
field configuration is an important issue. The CMS collaboration decided to use a solenoid
magnet which produces a strong magnetic field along the beam axis bending the charged
particles in the transverse plane. The muon momentum reconstruction depends on the
strength of the magnetic field B and on its length L as:

σPT
PT

=
σs
s

= σs
8PT

0.3BL2
, (3.3)

with the transverse momentum of the particle PT and the sagitta s, or amount of bending,
of the particle track inside the magnetic field. Hence the precision of the momentum
measurement is proportional to 1/(BL2). Whereas the ATLAS experiment uses a rather
moderate magnetic field and a large detector, the CMS experiment uses a high field strength
of 3.8 Tesla and a rather compact detector.

3.2.1 Coordinate System

Before going into details about the detector components, the chosen coordinate system
adopted by CMS to describe the properties of reconstructed physics objects needs to be
introduced.

• The coordinate system has the origin at the nominal collision point inside the CMS
detector.

• The beam axis is the z-axis, the y-axis points vertically upwards and the x-axis of
the coordinate system points radially inward towards the center of the LHC.

• The polar angle θ is measured from the z-axis and the azimuthal angle φ is defined
as the angle from the x-axis in the x-y-plane.
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Figure 3.3: Slice of the CMS detector and pictorial presentation of the measurement of
electrons, photons, hadrons (e.g. pions) and muons in the different subsystems [61]. Elec-
trons and photons deposit their whole energy in the electromagnetic calorimeter, whereas
hadrons are measured in the hadron calorimeter. All particles, except for muons and only
weakly interacting particles will be stopped in the inner region of the detector. Muons
pass the detector material including the superconducting solenoid and are detected in the
muon system. Therefore muons provide a very clean signature. On the contrary electrons
and photons have to be distinguished with sophisticated techniques.

• The pseudorapitity defined as:

η = −ln
[
tan
(θ

2

)]
(3.4)

is preferably used at hadron-hadron instead of the polar angle, since it is invariant
under the momentum along the beam axis. Consequently the particle production is
nearly constant as a function of η.

• The transverse momentum PT and transverse energy ET are computed as:

PT =
√
p2
x + p2

y and ET =
√
E2
x + E2

y . (3.5)

• In a reconstructed event the imbalance of energy measured in the transverse plane
called missing transverse energy is denoted by MET.
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Figure 3.4: Layout of the CMS tracking system [2]. Each line represents a detector module,
double lines indicate stereo modules.

3.2.2 Inner Tracking System

Starting from the beam pipe, the first detector component is the tracking system, which
provides a precise and efficient measurement of the trajectories of charged particles with
a high momentum resolution. The tracking system offers high efficiencies also for low
momentum particles (p = 1 − 5 GeV) which is essential e.g. for studies with muon final
states, since muons from SM bosons and their SUSY partners can be identified by the low
particle activity around the muon track. Moreover it provides a precise reconstruction of
their vertex position used to identify decays of heavy hadrons. The track reconstruction
efficiency, PT resolution and vertex resolution is presented in the appendix in Fig. A.1 and
Fig. A.2, respectively.

A layout of the CMS tracker is shown in Fig. 3.4. The outer radius of the CMS tracker
extends up to nearly 110 cm, while its total length is approximately 540 cm. The pseudo-
rapidity coverage corresponds to |η| < 2.5. The design of the tracking system is strongly
related to the challenging experimental conditions at the LHC, where the large number of
pile up events at the designed luminosity leads to a huge amount (∼ 1000) of charged par-
ticles produced per bunch crossing. In order to identify the particle tracks and assign them
to the corresponding bunch crossing, a high granularity and fast response is mandatory.
Additionally the tracking system has to stay unharmed by the high radiation environment
and the material budget has to be minimized in order to limit secondary phenomenas like
multiple scattering, bremsstrahlung, photon conversions and nuclear interactions.

To meet the mentioned requirements, the tracking system is composed of silicon pixel
detectors placed in the inner regions up to r < 10 cm, where the occupancy is highest,
followed by silicon microstrip detectors.
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Pixel Detector

The silicon pixel detector is composed of a total of 66 million pixels with a size of 100 µm×
150 µm, which are arranged in the barrel in three concentric cylinders at mean radii
of 4.4 cm, 7.3 cm and 10.2 cm around the beam axis and in the endcaps in two layers
perpendicular to the beam axis in the z direction at ±34.5 cm and ±46.5 cm. Charged
particles passing through the silicon pixel create electron-hole pairs affected both by the
reverse bias which is applied to the pixels and the magnetic field of the CMS solenoid.
Consequently the drifting electron-hole pairs experience a Lorentz force

F = q(E + v×B) , (3.6)

with the charge of the electron q, the magnitude of the electric field E, the electron drift
velocity v and the magnitude of the magnetic field B. Since in the barrel the magnetic
field is perpendicular to the electric field, the charge carriers are deflected at an angle to
the electric field lines known as the Lorentz angle, resulting in a better resolution than
the width of each individual pixel because the charge is shared between several pixels.
However, in order to benefit from the same effect in the endcaps, the pixels in the endcaps
are not mounted perpendicular to the beam pipe in the disks, but rotated by 20◦ about
their radial symmetry axis, known as the turbine-blade geometry. The position resolution
is ∼ 10 µm in the r-φ and ∼ 20 µm in the z direction [62].

Strip Detector

The silicon strip detector contains a total of 9.6 million silicon strips. As shown in Figure
3.4, the silicon strip detector is subdivided in the inner barrel (TIB), the tracker outer
barrel (TOB), the tracker inner disks (TID) and the tracker endcaps (TEC). The TIB
consists of 4 layers of silicon sensors with a thickness of 320 µm and a strip pitch varying
from 80 to 120 µm. Since the strips are parallel to the beam axis, the z coordinate cannot
be determined by a single strip detector. Therefore the first 2 layers are made with stereo
modules i.e. two detectors are placed back to back with the strips at an angle of 0.1 rad
to each other. In the TIB the resolution is between 23 and 34 µm in the r-φ direction
and 230 µm in z. Due to smaller radiation levels in the outer region, the thickness of the
silicon sensors is chosen as 500 µm together with a wider strip pitch of 120 to 180 µm. Also
in the TOB the first two layers are made with stereo modules. The resolution is between
35-52 µm in the r-φ direction and 530 µm in z. Stereo modules are attached in the first
two layers of the TID and in the first two as well as the fifth layer of the TOB. The strips
in the TID and TEC are perpendicular to the beam axis with a thickness of 320 µm in the
TID and the first three layers of the TOB and 530 µm for the rest of the TOB. [63]

3.2.3 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) is designed to measure electrons and photons
with high accuracy and contributes to the jet energy measurement by determination of the
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Figure 3.5: Layout of one quarter of the electromagnetic calorimeter (ECAL) [60].

electromagnetic component of jets. The ECAL consists of 75848 lead tungstate (PbWO4)
crystals, a material with a high density ∼ 8.3 g/cm3, short radiation length X0 = 0.89 cm
and small Moliere radius 2.2 cm, giving the scale of the transverse dimension of the fully
contained electromagnetic showers. Since a smaller Moliere radius means better shower
position resolution and better shower separation due to a smaller degree of shower overlaps,
the choice of lead tungstate enabled a compact design for the ECAL without suffering from
a worse shower resolution. Furthermore, the material has a short scintillation light decay
time, since in 25 ns ∼ 80% of the light is collected.

Fig. 3.5 shows the electromagnetic calorimeter subdivided in the barrel part (EB) made
of 61200 lead tungstate crystals and two endcaps (EE) each made of 7324 crystals. The
EB with an inner radius 129 cm covers the region |η| < 1.479. The crystals in the EB
have a front face cross-section of 22× 22 mm2, each crystal covers a range of ∆η ×∆φ =
0.00174× 0.00174. The length of 230 mm corresponds to a radiation length of ∼ 26 X0.
The electromagnetic calorimeter in the endcaps covers the pseudorapitidy range of 1.479 <
|η| < 3.0 with crystals each having a front face cross-section of 28.6×28.6 mm2 and a length
of 220 mm which corresponds to a radiation length of ∼ 24.7 X0. The preshower detector
(ES) covers the range 1.653 < |η| < 2.6 and is placed in front of the crystal calorimeter in
order to identify neutral pions and to increase the position measurement of electrons and
photons. The ES is a two layer sampling calorimeter, the first layer is composed of lead
radiators followed by a second layer of silicon strip sensors.

The energy resolution of the ECAL can be parameterized as a function of energy:( σ
E

)2

=

(
S√
E

)2

+

(
N

E

)2

+ C2 , (3.7)

where S is the stochastic term that includes the effects of the fluctuations in the photon
statistics and the shower containment, N is the noise term that comes from electronics
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Figure 3.6: Layout of the hadron calorimeter (HCAL) [60].

and pile-up, and C is the constant term that arises due to calibration errors and various
systematic errors. The constant term dominates the resolution at high energies, its target
value is 0.5% for both the barrel and the endcaps. The energy resolution of the ECAL
barrel super-modules was studied with test beam electrons with energies between 20 and
250 GeV. For electrons entering at the center of the studied 3 × 3 arrays of crystals the
energy resolution has been determined as S = 2.8%, N = 41.5 MeV and C = 0.3% [2,64,65].

3.2.4 Hadron Calorimeter

The hadron calorimeter (HCAL) is designed to measure the hadronic component of jets
and the missing transverse energy of events together with the ECAL, which requires a good
overall coverage. The HCAL is a sampling calorimeter consisting of scintillator tiles with
interposed absorber plates made of steel and brass. The hadrons entering the calorimeter
interact with the nuclei of the detector material, which creates a hadronic shower measured
by the scintillators. The optical signal is detected with hybrid photo diodes (HPD) mounted
at the ends of the barrel. Since most of the shower energy is stored in the absorber material,
the energy resolution of the HCAL is worse compared to the ECAL resolution.

Fig. 3.6 shows the HCAL subdivided in several subsystems. The hadron barrel (HB)
calorimeter covers a pseudorapidity range |η| < 1.3 and is placed between the EB and the
solenoid magnet. The HB consists of two barrels of 18 identical brass alloy absorber plates
with wavelength shifting fiber readout (WLS) arranged parallel to the beam axis. The
hadron endcap (HE) calorimeter covers the range 1.305 < |η| < 3.0 and consists also of
brass and scintillator. In both parts of the calorimeter the segmentation is ∆η × ∆φ =
0.087 × 0.087 except near |η| ∼ 3.0, where the size of the segmentation is doubled. The
hadron forward (HF) calorimeter with coverage 3.0 < |η| < 5.0 consists of quarts fibers
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Figure 3.7: Longitudinal view of the CMS muon system [60].

embedded in iron, since in this regions the high rate of hadrons require the use of radiation
hard material. Cerenkov light generated in the fibers is transmitted to the photo tubes
(PMT). In the barrel region outside the magnet, the hadron outer (HO) calorimeter covers
the pseudorapidity range |η| < 1.26 extending the total depth of the HB in interaction
lengths to a minimum of 11 λI [66, 67].

3.2.5 Magnet

The superconducting solenoid is 13 m long, has an inner diameter of 6 m and provides
a strong magnetic field of 3.8 T. This high field is required demanding a momentum
resolution of ∆p/p ∼ 10% for 1 TeV muons. The magnetic flux is returned by a 1.5 m
thick saturated iron yoke, which weights about 10000 tons hosting several layers of muon
detectors. At full current energy of ∼ 2.6 GJ is stored in the magnet. The tracking system,
the electromagnetic calorimeter and the hadronic calorimeter, except for the hadron outer
calorimeter are situated inside the superconducting solenoid. [68]

3.2.6 Muon System

Since various interesting processes in physics beyond the Standard Model as well as elec-
troweak, Higgs and B physics lead to muon final states, the muons are considered as a
crucial tool for discovery and precision measurements. Hence the reconstruction, identi-
fication, correct charge assignment and precise measurement of the momentum of muons
along with triggering of events using muons is of highest priority. Since muons are heavy
(mµ ∼ 105.65 MeV), they emit less bremsstrahlung radiation compared to electrons.
Muons pass the calorimeter system depositing only little amount of ionizing energy, whereas
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other particles like electrons, photons and hadrons will store their whole energy and will be
stopped in the calorimeter. Only a small amount of hadrons pass the calorimeter (so called
punch-through), which can be effectively identified by their energy loss and deflection.
Fig. 3.7 shows the muon system situated outside the magnetic coil as the outermost detec-
tor component of CMS. The central barrel part (MB) covering the pseudorapidity range
|η| < 1.2 and the two endcaps (ME) covering the range 0.9 < |η| < 2.4 form the entire
muon system, which consists of three types of gaseous detectors. In the MB drift tube
chambers are attached, motivated by the low neutron background, low muon rate and low
magnetic field, whereas in the region at larger pseudorapidity in the endcaps cathode strip
chambers are deployed, since the neutron background, muon rate and magnetic field is
high. Additionally in both regions resistive plate chambers (RPC) are used, providing a
fast response with good time resolution in order to identify the correct bunch crossing but
with a coarser position resolution than DT and CSC.
In the barrel region in total 250 DT chambers organized in four layers are arranged parallel
to the beam axis in cylinders interleaved with the iron return yoke. The barrel consists
of 5 wheels, each of the 3 innermost stations consists of 12 chambers, with each covering
a 30◦ azimuthal angle, whereas the outer section holds 14 chambers. Depending on the
station, each chamber has 1 or 2 RPCs attached. DTs consist of 1.2 mm thick and 9.6 mm
long aluminum cathodes with stainless steel anode wires at their center and the cells are
filled with a gas mixture of Ar and CO2. The electrons generated in the DTs by charged
particles move to the anode wire in the center and the high electric field close to the wire
amplifies the signal. The track position is measured by the travelling time of the electron,
where the maximum drift time is 400 ns and the time resolution is 5 ns. The single point
resolution is ∼ 200 µm. The precision of the measurement of the muon vector is ∼ 100 µm
in φ position and ∼ 1 mrad in direction for each station. In the central region high PT
muons can be reconstructed from up to 44 produced points, when it passes 4 DT chambers.
The endcaps hold 4 disks of CSCs and RPCs attached perpendicular to the beam axis con-
sisting in total of 468 CSCs each measuring up to 6 space coordinates in r, φ and z. The
spatial resolution is typically about ∼ 200 µm with an angular resolution in φ in the order
of 10 mrad. The CSCs have a faster response and a finer segmentation than the DTs. The
CSCs are 1 × 2 m2 trapezoidal chambers consisting of six gas gaps, all having a plane of
radial cathode strips and a plane of gold-plated anode wires running almost perpendicular
to the strips in the middle of the chamber. They are filled with a mixture of Ar-CO2-CF4

gas. A charged particle entering the chamber ionizes the gas and develops an avalanche
which then induces a charge on the anode wire and an image charge on a group of cathode
strips. The signal on the wires is fast and is used for the Level-1 trigger [60, 69].

3.2.7 Trigger and Data Acquisition

The collision of proton bunches at the LHC with a frequency of 40 MHz creates an enormous
amount of experimental data. Since the rate of collisions is too high to store each event on
tape, the CMS trigger aims to select only interesting events and reduces the event rate to
a manageable amount. The entire CMS trigger system consists of the Level-1 (L1) trigger
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Figure 3.8: Design of the CMS L1-Trigger [2].

based on custom electronics and the High Level Trigger (HLT), a software trigger relying
upon commercial processors.
For a trigger decision, the L1 trigger uses coarsely segmented data from calorimeter and
muon detectors, while holding all the high-resolution data in pipeline memories in the
front-end electronics. If an event is accepted by the L1 trigger decision, the high-resolution
data is further analyzed by the HLT. Fig. 3.8 shows a sketch of the L1 trigger design. The
global muon trigger combines and evaluates the information of the three muon systems
components, where track segments identified by DTs and CSCs are used for a rough track
reconstruction in the regional muon trigger, while in parallel tracks are reconstructed by
using only information of RPCs. The global calorimeter trigger builds electron, photon,
jets, sum of ET and MET candidates using the information of the regional calorimeter
trigger. Finally the global trigger uses the information of both global muon and global
calorimeter trigger to decide whether a event is dropped or accepted to be further processed
by the HLT. The HLT software system processes the event on a filter farm, reducing
the event rate further to 150 Hz at high luminosity running. Assuming an event size of
1.5 MB, a data stream of 225 MB/s has to be stored for latter processing. Since the
HLT is a software based trigger, the algorithms used for HLT selection are flexible and
adaptable [2, 70].

3.2.8 CMS Computing Model

In order to manage the enormous amount of data produced at the experiments, the LHC
Computing Grid Project (LCG) has been developed, see e.g. [71,72]. The CMS experiment
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Figure 3.9: Illustration of the Tier structure of the LHC Computing Grid [71].

uses decentralized mass storage and computing resources. At the Tier 0 center at CERN
the raw data passing the HLT trigger and emerging from the data acquisition system
is accepted and a first reconstruction of the physics objects takes place. The raw and
reconstructed data is stored in the mass storage system of the Tier 0 and copied to the
associated Tier 1 centres for further processing, where the size of the data is compressed
(AOD format) and dedicated filters are applied (skims). The skimmed datasets are copied
to the Tier 2 centres, which offer capacity for analysis, calibration activities and Monte
Carlo simulation. The last category, the Tier 3 centres are designed for interactive analysis
of local groups. Fig. 3.9 illustrates the Tier structure schematically.



Chapter 4

Event Reconstruction and Software
Tools

4.1 CMS Software Framework

The CMS software framework, denoted as CMSSW, has been designed to meet the re-
quirements of a clear data model, modular testing procedures, tracking the provenance of
data and a simple data structure. During processing the data is accessed only through
the Event, a C++ object container for all raw and reconstructed data related to a par-
ticular collision. The objects in the Event can be stored in ROOT files, thus offering a
simple structure of the data, which is directly browseable in ROOT [73]. The compo-
nent structure of the framework allows the testing of individual modules in isolation. The
provenance holds information about the configuration i.e. how the data has been produced.

The component architecture of the CMSSW framework uses five different types of dynam-
ically loadable processing components

• Source provides the Event to be processed

• Producer add new data to the Event

• Filter decides if an Event is further produced

• Analyzer studies the properties of an Event without adding new data

• OutputModule stores the data from the Event

The processing model is illustrated in Fig. 4.1. First the Source creates the Event, then the
different modules (Producers, Filters, Analyzers) process the Event and finally the Event
is stored by the OutputModule.
The configuration is done via the configuration files. The several modules are configured
using the ParameterSet, which holds the configuration information of the components. The
values are retrieved using a string key and are passed to the modules during construction.

49
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Figure 4.1: The CMS software Event model [74]. First a source creates the Event, which is
passed to execution paths. The Producers add data to the Event and once all paths have
been executed, the OutputModule stores the output to external media.

After the configuration is complete, all components will have been loaded into the appli-
cation [72,74].

In the following, the different steps from Monte Carlo event generators to reconstructed,
useable physics objects are presented. First, the MC event generator calculates the proton-
proton collisions, resulting in a list of particles produced in the collision. In the CMS
software framework, the MC generator acts as a Source of the Event. The Event is further
passed to the full detector simulation (FullSim), which simulates the interaction of gen-
erated particles with the detector materials, the response of the detector and the output
signal of the various detector components based on GEANT [75]. The simulation step can
be also performed by fast simulation (FastSim) of the detector, using only a parametriza-
tion of the detector response. Fast simulation, validated against the full simulation, is
applied when only a limited computing power is available. Thereafter the reconstruction
of physics objects attempts to reconstruct the initial particles from output signals of the
detector components. Within the presented analysis only simulated data has been used,
due to the absence of real collision data. The simulated data has been analyzed using a pri-
vate Analyzer, which has been implemented in CMSSW. During operation of the LHC and
the CMS experiment, the reconstruction of physics objects will be applied to the detector
output of real collision data, thus the generation and simulation step will be omitted.

4.2 Event Generation

The complexity of Monte Carlo (MC) modeling of physics processes in proton-proton col-
lision is shown pictorially in Fig. 4.2, including effects of QCD radiation in the initial and
final state, secondary interactions, hadronisation of partons, decay of hadrons and QED
final state radiation. Modern event generators typically factorize the entire process in
steps according to the different kinematic regimes. The central part of the simulation of an
event, namely the calculation of the hard process, shown as the dark red blob in Fig. 4.2, is
provided by matrix element generators. The QCD evolution of the generated colored final
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state partons is described by parton shower calculations, transforming the QCD partons
with different available hadronisation models to colorless hadrons. Finally, the hadrons
are decayed into particles that can be observed in the detector. The interactions of the
remnants of the incoming hadrons denoted as the underlying event is beyond QCD factor-
ization theorems and cannot be derived from first-principles theory.
Matrix element calculations and parton showers evaluation are complementary approaches
and both are necessary for high precision studies of multi-jet processes, but the combi-
nation of the two approaches can result in double counting. Therefore the matching of
jets from matrix element calculation with jets from parton shower evolution is mandatory.
Basically the matrix element description is used for well separated jets and the parton
showers for collinear jets. Two major matching schemes are currently used, the MLM [76]
and the CKKM [77] method.
The study presented in this thesis uses the following MC event generator tools:

• PYTHIA [78] is a highly successful, well established standalone generator, offering
leading order (LO) 2→ 2 matrix-element calculations and a parton shower evolution.
Radiative effects and higher order corrections are described by the parton shower.
The hadronisation of the generated parton final state is calculated using the Lund
string fragmentation model.

• MadEvent [79] is a multi-purpose, tree-level event generator powered by the matrix
element generator MadGraph, which handles leading order processes. In order to
perform the parton shower, MadGraph is interfaced to PYTHIA within the CMSSW
framework using the MLM matching scheme.

• ALPGEN [76] is a matrix-element generator, which is interfaced to PYTHIA within
the CMSSW framework for parton shower evolution of the generated parton final
states. Double counting with parton shower emissions is avoided by using the MLM
matching scheme.

• SHERPA [80] is an independent multi-purpose event generation framework, based on
the loeading order matrix element generator AMEGIC [81]. APACIC [82] contains
classes for the simulation of both the initial and the final state parton shower, which
is similar to the PYTHIA approach. All features for a consistent merging with matrix
elements are included, using the CKKM matching approach. The SherpaInterface [83]
has been developed order to implement the SHERPA event generator in the CMSSW
framework.

• SOFTSUSY [84] is a program which accurately calculates the spectrum of super-
particles in the MSSM, with a full flavor mixing structure. The program solves the
renormalisation group equations with theoretical constraints on soft supersymmetry
breaking terms provided by the user.

• SUSYHIT [85] is a program package for the computation of supersymmetric parti-
cle decays within the framework of the MSSM. The code is based on two existing



52 CHAPTER 4. EVENT RECONSTRUCTION AND SOFTWARE TOOLS

programs HDECAY and SDECAY for the calculation of the decay widths and branch-
ing ratios of the MSSM Higgs bosons and the SUSY particles, respectively. In the
presented analysis, the SUSY particle spectrum is calculated with SOFTSUSY and
passed to SUSYHIT .

Figure 4.2: Sketch of an tt̄h event subdivided in several parts as seen from the perspective
of typical MC event generators [86]. The top quark pair and the Higgs boson (small red
blobs) are generated by gluon fusion (blue curly lines) in the hard interaction (big red
blob) of a proton proton collision. The purple blob denotes secondary interactions of the
partons which are not participating in the hard interaction. The top quark pairs emit hard
QCD radiation (red curly lines) before the final state partons hadronize (light green blob)
and hadron decay (dark green blobs). The QED radiation is shown in yellow.

4.3 Reconstruction of Physics Objects

4.3.1 Muons

The reconstruction of muons is performed in three sequent steps, namely local (muon
chamber), standalone (muon system) and global (inner tracking and muon system) recon-
struction.
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Figure 4.3: Global muon reconstruction efficiency (L) and resolution (R) as a function of
the pseudorapitity [60].

The local reconstruction uses the position of hits in the muon chambers and forms seg-
ments in each chamber which are further used to generate state vectors (track segments),
consisting of position, direction and an rough estimate of the muon transverse momentum.
Both tracking detectors (DT and CSC) and RPCs are used, where the RPCs have a worser
spatial resolution, but complement the DTs and CSCs especially in the regions with prob-
lematic geometrical coverage, mostly in the barrel-endcap overlap region.
The state vectors obtained with the local reconstruction are used as the input for the stan-
dalone reconstruction. The muon trajectories are build starting from the innermost cham-
bers, subsequently including to the outer chambers, using the Kalman filter technique [87].
In order to reject bad hits, mostly from showering, delta rays and pair production, a suit-
able χ2 cut is applied. The search for suitable hits is continued to the next station, if no
matching segments are found in order to prevent detector inefficiencies, geometrical cracks
or hard showering. Once the outermost chambers are reached, a backward Kalman filter
is applied, working from outside in, and the track parameters are defined at the innermost
muon station. Finally, the track is extrapolated to the nominal interaction point, which is
defined by the beam-spot size (σxy = 15 µm, σz = 5.3 µm) and a vertex constrained fit to
the track parameters is performed.
The global muon reconstruction extends the muon trajectories including the information
of the inner tracking system. Using the standalone reconstructed muon as input, the muon
trajectory is extrapolated from the innermost muon station to the outermost region of the
inner tracking system. The region of interest in the tracker are determined by the extrap-
olation of the muon track taking into account muon energy loss in the material, multiple
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Figure 4.4: Jet transverse energy resolution as a function of the generated jet transverse
energy for barrel jets (|η| < 1.4), endcap jets (1.4 < |η| < 3.0) and very forward jets
(3.0 < |η| < 5.0), reconstructed with the iterative cone algorithm (R = 0.5) [60].

scattering effects and the uncertainties of the extrapolation. Inside the regions of interest
in the inner tracking system, regional seeds are build using two hits from different layers.
Then the track reconstruction algorithm runs, transforming each seed into a set of trajec-
tories working from inside-out. Based on the hit multiplicity and χ2 tests, the trajectory
cleaner resolves ambiguities between multiple trajectories arising from the same seed. In
the last step, the reconstructed tracks are fitted using the hits in the muon chambers from
the original standalone reconstruction together. The final muon candidates are selected on
the basis on a χ2 cut.

The muon reconstruction efficiency and the momentum resolution for the global recon-
structed muons is shown in Fig. 4.3. The reconstruction efficiency is typically 95-99%,
except for pseudorapidity regions between 2 DT wheels (|η| = 0.25 and |η| = 0.8) and in
the transition region between the DT and CSC systems (|η| = 1.2). For low-momentum
muons, the muon resolution around ∼ 2% is dominantly obtained by the resolution in the
silicon tracker [60].

4.3.2 Jets

The jet reconstruction attempts to identify and to measure the properties of initial colored
partons generated in the hard interaction. Since the colored partons hadronize and produce
a bunch of color-neutral hadrons, which can further decay, the jet clustering algorithms
attempt to group all particles originating from the initial parton in a single object, the jet.
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Figure 4.5: Relative jet energy scale uncertainty obtained with the γ+jet calibration for
Lacc = 10 pb−1 of accumulated data [88].

This is done by their energy deposition in the electromagnetic and hadronic calorimeter.
Since the ECAL granularity is much finer than HCAL, calorimeter towers are formed by
addition of signals in bins corresponding to individual HCAL cells. After considering en-
ergy thresholds for noise suppression, the energy deposits in the towers are used as input
to several jet clustering algorithms.

Among several available jet algorithm within the CMSSW framework, the presented anal-
ysis has used the iterative cone jet algorithm. The cone size and the seed threshold are
parameters of the algorithm. The iterative cone algorithm uses input objects ordered by
ET above a specified seed threshold. The direction and energy of the so-called proto-jet is
derived by considering all towers in a cone of size R. Then the direction is used as a seed
for calculating the next proto-jet. This procedure continues until a defined criteria, then
all input objects are removed from the input list and the procedure starts again until all
input objects above the seed threshold are removed from the input list.

Since the energy of reconstructed jets differs from the energy of the initial partons due
to detector and reconstruction effects, the jets are corrected according to a multi-step
procedure [89]. The expected jet energy resolution determined with a sample of simulated
QCD dijet events is shown in Fig. 4.4, where the transverse energy of the reconstructed
jet was compared with the corresponding particle jet on generator level. The resolution
for jets in the pseudorapidity range |η| < 1.4 is parameterized as:

σ
( ETrec/ETMC

〈ETrec/ETMC〉

)
=

5.6

ETMC

⊕ 1.25√
ETMC

⊕ 0.033 , (4.1)
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Figure 4.6: Resolution of the missing transverse energy for simulated QCD dijet samples
without pile-up, the black line represents the fit of the resolution, parameterized according
to Eq. 4.3 [91].

where the first term represents fixed energy fluctuations in the cone from electronics noise,
pile-up and underlying event energy, the second term represents the stochastic response of
the calorimeter measurement and the last term comes from residual non-linearities in the
detector response [60].

The absolute jet energy scale can be calibrated with collision data using balanced γ+jet [88]
and Z+jet [90] events. In the γ+jet study, the jet calibration is obtained from the extrac-
tion of the response in photon+jet events, which is defined as the ratio of the PT of the
jet and the PT of the recoiling photon measured in the electromagnetic calorimeter. Fig-
ure 4.5 shows the relative jet energy scale uncertainty obtained with this approach for
Lacc = 10 pb−1 of accumulated data. The jet energy scale uncertainty is ∼ 10% for low
PT jets and is reduced for jets with higher transverse momentum. For larger accumulated
luminosity Lacc =∼ 1 fb−1, the uncertainty is expected to be further reduced.

Due to the large systematic uncertainties of the jet energy scale in the first year of LHC
running, the study presented in this thesis attempts to search for SUSY without using jets
for event selection.

4.3.3 Missing Transverse Energy

The CMS detector has nearly 4π-solid angle coverage, but is not completely hermetic,
since openings for the proton beams are mandatory. The calorimeter system covers ranges
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|η| < 5. Therefore the total energy balance of an event cannot be used, since low PT
particles moving in very forward direction escape detection. However since those particles
carry only small transverse momentum, the detector allows for rather precise tests of the
2D-momentum conservation in the plane perpendicular to the direction of the beams.
As a result, any significant imbalance in transverse momentum measured in the calorimeter
is indicative of a production of a weakly interacting particle in the collision, which by itself
indicates a process of interest. Among the standard model particles, such an imbalance
would indicate the presence of either a muon or a neutrino. The momentum of the muon
can be precisely measured combining the central tracker and the muon system, and the
calorimeter-based missing transverse momentum is corrected for its presence. The only SM
particle that would truly escape the detection is the neutrino. In SUSY R parity conserving
models the lightest supersymmetric particle is stable, massive, only weakly interacting and
is always produced in cascade decays of heavier SUSY particles. The presence of LSPs
in SUSY events contributes to the transverse missing energy, which is accordingly an
important observable of SUSY events.
The missing transverse energy is determined from the transverse vector sum over energy
deposits in projective calorimeter towers:

MET = −
∑
n

(Ensinθncosφn · î+ Ensinθnsinφn · ĵ) = METxî+ METy ĵ , (4.2)

where the index n denotes all calorimeter input objects and î, ĵ are the unit vectors in the
direction of the x and y axis.
The global nature of MET also means that disentangling and understanding the different
factors affecting the performance can be very challenging. Figure 4.6 illustrates the reso-
lution of MET vs. the scalar sum of ET measured in the calorimeter (sumET) for QCD
dijet sample. The resolution of MET can be parameterized as:

σ(MET) = A⊕B ·
√∑

ET −D ⊕ C · (
∑

ET −D) , (4.3)

where the noise term A represents effects due to electronic noise, pile-up and underlying
event, the stochastic term B represents the statistical sampling nature of the energy de-
posits in individual calorimeter towers, the constant term C represents residual systematic
effects due to non-linearities, cracks, and dead material and the offset term D represents
the effects of noise and pile-up.
The missing transverse energy is extremely sensitive to various detector malfunctions and
particles hitting poorly instrumented regions of the detector. Any dead or malfunctioning
element in the detector may result in an artificial imbalance, thus mimicking the signal
for SUSY events. Consequently, great care is required to understand the distribution in
missing transverse momentum as measured by the detector and to ensure that it is a trust-
worthy variable for searches. Hence, the MET variable is not an easy object to understand,
so a long and dedicated study will be necessary to turn it into a useful physics analysis
variable [60,91].
The search for SUSY presented in this thesis has been designed avoiding the use of missing



58 CHAPTER 4. EVENT RECONSTRUCTION AND SOFTWARE TOOLS

transverse energy for rejection of the Standard Model background, in order to prevent the
impact of the huge systematic uncertainties, which are associated with this variable.

4.4 Software Tools

• ROOT [73] is an object-oriented framework designed for the challenges of data anal-
ysis in high-energy physics. Among other various features, it provides facilities for
visualization physics results.

• GARCON [92] automatically performs rectangular cuts optimization, evaluation of
the most discriminating parameters and verification for stability in a multi-dimensional
cuts phase space. The program has been successfully used by a number of different
analyses presented in the CMS collaboration e.g. [15,93]. The optimization of selec-
tion cuts for high energy physics analysis would require a scan over multi-dimensional
selection cut space demanding an enormous amount of CPU time. The GARCON
package provides access to Genetic Algorithm (GA) (see e.g. [94, 95]) solving the
optimization with a comparable little amount of CPU time effectively trying ∼ 1050

selection cut parameters permutations for millions of input events.

• RooStatsCMS [96] software framework was developed at the University of Karlsruhe
and allows to combine different analyses in order to increase the statistical signifi-
cance. It takes care of correlations between these analyses and allows various treat-
ment of systematic uncertainties.
For the analysis presented in this thesis the profile likelihood method has been used
to calculate the significance of a signal observation. Within the RooStatsCMS frame-
work a profile likelihood scan is performed: For each value of signal s, the likelihood
L(s, b, σ) is maximized with respect to the nuisance parameters (b, σ), where b is the
background expectation and σ denotes the systematic uncertainty, which is assumed
as Gaussian distributed. For the hypothesis-test the likelihood-ratio

Q =
L(s = 0, b̂, σ̂)

L(ŝ, b̂, σ̂)
, (4.4)

where x̂ indicates that the parameter x has been estimated to maximize the likelihood,
is used as a test statistics to distinguish between the null-hypothesis (s = 0) and
the best alternative (s = ŝ). The significance is calculated as

√
−2lnQ (for details

see [97]).



Chapter 5

Trimuon SUSY Search

The challenge of searching for SUSY is to distinguish the rare events with SUSY parti-
cles from the huge amount of events with only SM particles produced. As discussed in
the review of searches for direct production of SUSY particles at the collider experiments
LEP and Tevatron (Section 2.3.4), there are always several searches in different production
channels. Each of these approaches has its benefits, and its downsides.

As mentioned in the introduction of this thesis the presented analysis has been designed
for the first year of LHC running with 5 TeV per beam starting in 2010. At the LHC,
the largest SUSY cross section is expected in pure hadronic final states with a large jet
multiplicity accompanied by a large missing transverse energy caused by the lightest SUSY
particles, which are stable and only weakly interacting. For this reason, the suppression
of SM backgrounds in SUSY searches usually requires selection on missing transverse en-
ergy and jets. However, these variables are prone to large theoretical and instrumental
uncertainties, especially at the beginning of LHC operation. The presented analysis has
been developed driven by the idea of searching for supersymmetry without suffering from
the impact of the large systematic uncertainties associated with hadronic observables. The
most suitable candidate being subject to these conditions is the clean SUSY trimuon sig-
nature, even though it carries only a small fraction of the SUSY cross section.

5.1 Trimuon SUSY Signal

In this section the production and properties of the trimuon signature at the LHC is pre-
sented. The trimuon SUSY search uses prompt isolated muons, which are mainly produced
in decays of next-to-lightest neutralinos (χ0

2) and lightest charginos (χ±1 ). The gauginos
can be produced either directly or in decays of squarks (q̃) and gluinos (g̃). Trimuon final
states originates from SUSY events populated with pairs of a neutralino χ0

2 and a chargino
χ±1 subsequently decaying to muons.

59
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5.1.1 SUSY Particle Production

In proton-proton collisions at the LHC, SUSY particles are produced in various different
processes. In this analysis the R parity conserving mSUGRA model is considered, accord-
ingly SUSY particles are produced in pairs. In the following the production of gluinos and
squarks and the direct production of gauginos at the LHC is reviewed.

Gluinos and Squarks

Squarks and gluinos are mainly produced in strong interactions of quarks and gluons. The
production of squark-antisquark final states requires quark-antiquark or gluon-gluon initial
states, whereas squark-pairs can be only produced from quark pair reactions. Gluino pairs
are produced from quark-antiquark and gluon-gluon initial states. Squark-gluino final
states can only be produced in quark-gluon collisions [98]. Fig. 5.1 shows typical leading
order processes.

Figure 5.1: Typical diagrams for (L) gluino pair, (M) squark pair, (R) gluino-squark
production [4].

Neutralinos and Charginos

The direct production of neutralinos and charginos is an electroweak process. Direct
neutralino-chargino pairs are produced in s-channel and t-channel reactions of quarks and
antiquarks. The vector boson in the s-channel couples to the gaugino and higgsino com-
ponents of the charginos and neutralinos, whereas the squarks in the t-channel exchange,
which are partners of the light quarks, couple mainly to the gaugino components. The
relative contribution of s-channel and t-channel amplitudes depends on squark masses and
the chargino and neutralino field content e.g. the t-channel diagram is suppressed for large
squark masses [99]. Typical diagrams for the direct pair production of neutralinos and
charginos are presented in Fig. 5.2.
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Figure 5.2: Typical diagrams for the direct neutralino-chargino pair production [4].

Cross section

Fig. 5.3(a) shows the total SUSY cross section in the m0-m1/2 plane for tanβ = 10, A0 = 0,
µ > 0 and

√
s = 10 TeV collision energy. The cross section decreases with increasing mass

of SUSY particles, thus depending strongly on the value of m1/2. The largest cross sec-
tion at m0, m1/2 < 200 GeV corresponding to low mass SUSY offers the opportunity to
inspect this region of parameter space during the first year of LHC running at

√
s = 10 TeV.

If squarks and gluinos are kinematically accessible, the largest SUSY cross section is ob-
tained for gluino and squarks production (Fig. 5.3(b)), followed by the electroweak pro-
duction of neutralinos and charginos. Here, the direct production of the next-to-lightest
neutralino and the lightest chargino (Fig. 5.3(c)) and the pair production of the lightest
charginos are the dominant processes. The squarks and gluinos are typically heavier than
the uncolored SUSY particles. The cross section of the direct neutralino-chargino produc-
tion is comparably small in a wide region of the mSUGRA plane and becomes significant
only at larger values of m0, when squarks become too heavy. The contribution of direct
pair production of heavier neutralino-chargino pairs (Fig. 5.3(d)) increases for larger values
of m0, since here the masses of heavier and lighter gauginos are of the same order. The
direct slepton pair production carries a small fraction only at low m0, when the slepton
mass is comparably small and is negligible in a wide region of the mSUGRA plane.

5.1.2 Prompt Muons in SUSY Particle Decays

The presented analysis attempts to identify SUSY using prompt isolated muons, which
originate mainly from decays of neutralinos (χ0

2) and charginos (χ±1 ). Below the production
of gauginos in squark and gluino cascade decays and the properties of the gaugino decay
to muons is reviewed.

Gauginos from Gluino and Squark Decays

The gluino and squark decay modes depend strongly on the SUSY mass spectrum. If
squarks are lighter than gluinos mq̃ < mg̃, gluinos tend to decay in two-body decay to
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Figure 5.3: Total SUSY cross section (a) at the LHC (
√
s = 10 TeV) for tanβ = 10, A0 = 0,

µ > 0 and the corresponding cross section fraction of gluino and squark production (b),
direct production of the lightest chargino and next-to-lightest neutralino (c) and heavier
neutralino-chargino pairs (d).

quark-squark pairs:

g̃ → q̄q̃, q ˜̄q , (5.1)

and squarks decay dominantly into quarks and gauginos:

q̃(L,R) → χ0
i q (5.2)

q̃i(L) → χ±i qj . (5.3)

For left-handed squarks, the decay to the lightest chargino and next-to-lightest neutralino
dominates at small squark masses. At larger squark masses, the branching fraction to
heavier gauginos increases. For right-handed squarks, the decay to the lightest neutralino
dominates. At larger squark masses, the branching fraction to the next-to-lightest neu-
tralino increases [100]. The branching fractions of left-handed and right-handed squarks
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Figure 5.4: Typical three-body decays of gluinos to neutralinos and charginos [4].

are shown as a function of the squark mass in the appendix in Fig. B.1 and Fig. B.2,
respectively.

If gluinos are lighter than squarks mq̃ > mg̃, squarks decay dominantly into quarks and
gluinos:

q̃ → qg̃ , (5.4)

and gluinos decay mainly into quark-antiquark pairs and additional gauginos:

g̃ → qq̄χ0
i (5.5)

g̃ → qiq̄jχ
±
i . (5.6)

The decay to the lightest chargino is dominant, followed by the decay to the next-to-
lightest neutralino. For larger gluino masses the contribution of decays into heavy gauginos
increases (see Figure B.3 in the appendix) [100]. Typical three-body diagrams are shown
in Fig. 5.4.

Muons from Decays of Gauginos

The decay modes of the neutralino χ0
2 and the chargino χ±1 depend strongly on the con-

sidered mSUGRA parameter region. Two-body decays to a lepton-slepton pair dominate
if kinematically allowed:

χ0
2 → µµ̃ , (5.7)

where the superpartner of the muon decays preferably to the lightest neutralino and a
muon (µ̃ → µχ0

1). If this decay is kinematically forbidden and the mass difference of
the neutralinos is larger than the mass of the Higgs boson h0 i.e. ∆m(χ0

2, χ
0
1) > m(h0),

the decay to the Higgs boson dominates. Once both previously mentioned decays are
kinematically not allowed, the neutralino decays via an on-shell Z boson:

χ0
2 → h0χ0

1, Zχ
0
1 . (5.8)

Once all previously listed decays are kinematically forbidden, direct three-body decays
mediated dominantly by an off-shell Z boson or a slepton take place:

χ0
2 → µ+µ−χ0

1 . (5.9)
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Figure 5.5: Typical three-body decays of neutralinos to muon final states [4].

Figure 5.6: Typical three-body decays of charginos to muon final states [4].

Typical diagrams for three-body decays of neutralinos to muon final states are shown in
Fig. 5.5.

The decays of charginos behave similar to neutralino decays. If all other decay modes are
energetically forbidden, chargino decays are mediated dominantly by an off-shell W boson
or a slepton in three-body decays

χ±1 → νµχ0
1 . (5.10)

Fig. 5.6 shows typical diagrams for three-body decays of charginos to muon final states. If
allowed by the mass difference of the chargino χ±1 and the neutralino χ0

1, two-body decays
into the lightest neutralinos and the W boson are dominant:

χ±1 → W±χ0
1 , (5.11)

where in case of decays W → µν the final state consists of a muon, a neutrino and the
lightest neutralino. Similar to neutralinos two-body decays to slepton-lepton pairs are
preferred, if kinematically allowed:

χ±1 → νµ̃ . (5.12)

Fig. 5.7 shows the corresponding regions of the various neutralino and chargino decay
modes in the m0 - m1/2 plane for tanβ = 10, A0 = 0 and µ > 0. The exact boundaries of
the regions depend also on the values of tanβ and A0. Decays to sleptons dominate at small
values of m0 and large values of m1/2. In the major part of the mSUGRA parameter space
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Figure 5.7: Regions corresponding to the main neutralino χ0
2 (L) and chargino χ±1 (R) decay

modes to lepton final states in the m0-m1/2 plane for tanβ = 10, A0 = 0 and µ > 0 [101].

the neutralino χ0
2 and the chargino χ±1 tend to decay into a lightest Higgs boson and a W

boson, respectively. In a very narrow region at smaller values of m1/2 ∼ 300 GeV, where
the mass difference of the neutralino χ0

2 and the chargino χ0
1 is smaller than the lightest

Higgs boson mass, decays of the neutralino χ0
2 to an on-shell Z boson are preferred. Due

to the small mass difference ∆m(χ0
2,χ0

1) and ∆m(χ±1 ,χ0
1), three-body decays dominate at

small values of m1/2. Only at the very left lower corner at small values of m0 and m1/2,
the neutralino starts to decay in two-body modes to slepton-lepton pairs again. Since this
transition area happens to be in the range of the presented search, the special kinematics
of muons from neutralino decays in the corresponding region of the parameter space is
further discussed.

Kinematics of Muons from Neutralino Decays

In the region of the mSUGRA parameter plane with low m0 and m1/2, the neutralino
decays in two-body modes to muons (χ0

2 → µµ̃). Since the mass of sleptons increases with
m0, the mass difference of the neutralino χ0

2 and the slepton decreases with increasing m0.
Once mµ̃ becomes larger than mχ0

2
, the neutralino starts to decay in three-body modes

χ0
2 → µµχ0

1. But close to this transition region two-body decays still take place. Fig. 5.8
shows the PT distribution of the muon from two-body decays χ0

2 → µµ̃ for three scenarios
m0 = 80, 90, 100 GeV and m1/2 = 200 GeV, tanβ = 10, A0 = 0, µ > 0. For the latter
the mass difference ∆m = mχ0

2
− mµ̃ is ∼ 1.9 GeV. Since the phase space for the muon

produced in the neutralino χ0
2 decay is small, the muon obtains only little momentum.

Consequently the reconstruction and selection efficiency of the muon decreases.
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Figure 5.8: Transverse momentum distribution of muons from neutralino decays χ0
2 → µµ̃

for different scenarios with small mass difference mχ0
2
−mµ̃ for m0 = 80, 90, 100 GeV and

m1/2 = 200 GeV, tanβ = 10, A0 = 0 and µ > 0. The larger the value of m0, the smaller
the mass difference and the softer the muons.

Dimuon Invariant Mass

The invariant mass distribution of opposite sign (OS) muon pairs produced by neutralino
χ0

2 decays exhibits a particular shape for two-body decays to slepton-lepton and three-body
decays. This specific shape is not realized in any SM particle decay to dimuon pairs and
represents a peculiarity of SUSY events. The kinematic end point depends on the event
topology and is given for two-body decays by

Mmax
ll =

√
(m2

χ0
2
−m2

l̃
)(m2

l̃
−m2

χ0
1
)/m2

l̃
(5.13)

and for three-body decays via off-shell Z or slepton by

Mmax
ll = mχ0

2
−mχ0

1
. (5.14)

The peculiarity of the dimuon invariant mass distribution disappears at larger values of
m1/2, where the neutralino decays to a Higgs boson or an on-shell Z boson. Fig. 5.9 shows
the dimuon invariant mass distribution for different scenarios. Since the presented analysis
has used Mll < MZ to select SUSY and reject SM events, it is not sensitive to regions
where the neutralino decays to on-shell Z boson.

5.1.3 Trimuon Signature

Below the cross section of the SUSY trimuon signature is discussed. Fig. 5.10 shows the
contribution of different muon multiplicity final states to the total SUSY cross section. The
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Figure 5.9: Dimuon invariant mass distribution of opposite sign muon pairs produced by
χ0

2 in three-body decays, two-body decay to sleptons and two-body decays to on-shell Z
boson. The mSUGRA parameters of the corresponding LM benchmark points are shown
in Tab. 5.1.

larger the number of muons in the final state, the smaller the cross section fraction. The
variation in the mSUGRA parameter plane originates from the corresponding SUSY pro-
duction mechanisms as well as from the decay topologies of SUSY particles. The increase
of the leptonic fraction at small m0 and large m1/2 originates from the leptonic branching
ratio of neutralinos and charginos, which increases, since here sleptons are lighter than
gauginos and two-body decays via sleptons take place. In the region at m0 ∼ 1000 GeV
and m1/2 ∼ 500 GeV, the rise of the leptonic fraction corresponds mainly to the contribu-
tion of right-handed squarks decaying to gluinos, whereas at lower m0, squarks are lighter
than gluinos and decay almost exclusively to the lightest neutralino and a quark. However
in regions with larger m0, the squarks become too heavy and the contribution to the total
SUSY cross section becomes negligible. The increase of the leptonic branching ratio at
larger m0 originates from the contribution of heavier neutralino and chargino pairs to the
total SUSY cross section, since in this region the masses of lighter and heavier gauginos
are similar and squarks and gluino are comparatively heavy.

The trimuon signature carries only a small part of the total SUSY cross section. Fig. 5.11
presents the contribution of different production mechanisms to the total SUSY trimuon
cross section. In the region at low m0 and m1/2, the bulk of trimuon events originates
from gluino and squark production. Here the contribution of direct neutralino-chargino
pair production is small, but becomes significant at larger m0 and small m1/2, as well as
at small m0 and large m1/2. In regions with large m0 and large m1/2, the contribution of
direct pair production of heavier gaugino pairs becomes dominant.

The direct neutralino-chargino pair production corresponds to the trimuon signature with-
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Figure 5.10: Cross section fraction for final states with different muon multiplicities with
respect to the total SUSY cross section shown in Fig. 5.3(a). The larger the number of
muon in the final state, the smaller the cross section fraction. The variation in different
regions of parameter space originates from the SUSY production mechanisms as well as
from the decay modes of SUSY particles.

out hard jets and with some missing transverse energy from the escaping lightest SUSY
particles and neutrinos. Since squarks and gluinos decay to gauginos plus additional quarks,
trimuon events originating from squark and gluino production are accompanied by a large
number of jets, as well as by some missing energy from the lightest neutralinos and neu-
trinos. Fig. 5.13 shows typical diagrams of the SUSY trimuon signature produced in
direct neutralino-chargino pair production and gluino-gluino production. The jet multi-
plicity for both trimuon signatures is presented in Fig. 5.12 for the benchmark point LM9
(m0 = 1450 GeV, m1/2 = 175 GeV, tanβ = 50, A0 = 0, µ > 0), where the contribution
of direct production is significant. The presented analysis is sensible to both production
mechanisms, since no selection on the jet multiplicity has been applied.
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(a) pp→ g̃g̃, g̃q̃, q̃q̃
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(b) pp→ χ0
2χ

±
1
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Figure 5.11: Contribution of the (a) squarks and gluino, (b) direct neutralino-chargino
and (c) heavier gaugino pair production to the total trimuon SUSY cross section shown in
Fig. 5.10(d).

Reference point

In CMS the mSUGRA parameter space corresponding to the reach of the first few years of
LHC running at

√
s = 14 TeV is characterized by a set of low mass (LM) benchmark points

presented in Tab. 5.1. The region close to the Tevatron exclusion limit is represented by
LM0, which is defined by the mSUGRA parameters

m0 = 200 GeV, m1/2 = 160 GeV, tanβ = 10, A0 = −400, µ > 0 . (5.15)

This benchmark point has been defined in common by the collaborations of the CMS and
ATLAS experiments. The large cross section (σSUSY = 110 pb) offers the possibility to
inspect this region of parameter space during the first year of LHC running at

√
s = 10 TeV.

Therefore LM0 has been chosen as reference point of this analysis. At LM0 squarks and
gluino are relatively light and in the same mass range:

mg̃ ∼ mq̃ ∼ 400 GeV , (5.16)
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Figure 5.12: Jet multiplicity (ET > 30 GeV, |η| < 3, IC05) of SUSY trimuon events
from direct neutralino-chargino production and gluino and squark cascade decays at the
benchmark point LM9 (m0 = 1450 GeV, m1/2 = 175 GeV, tanβ = 50, A0 = 0, µ > 0).
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Figure 5.13: Typical diagrams for the trimuon production in SUSY from gaugino (L) and
gluino (R) pair production at LM0.

and the lighter gauginos are lighter than sleptons:

mχ0
1
∼ 60 GeV, mχ0

2
∼ mχ±

1
∼ 113 GeV < ml̃ ∼ 200 GeV . (5.17)

Therefore the squark and gluino production carries most part of the SUSY cross section
and is the main source of trimuon final states, whereas the direct neutralino-chargino
pair production contributes only ∼ 4%. Due to heavy sleptons and small mass differ-
ence ∆m(χ0

2, χ
0
1), the neutralino χ0

2 decays in three-body decays to muons with a typical
branching ratio

BR(χ0
2 → µ+µ−χ0

1) ∼ 3% , (5.18)
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thus SUSY events with muonic neutralino χ0
2 decays can be identified with Mµµ < MZ .

Also the chargino χ±1 decays to muons in three-body decays with the branching ratio

BR(χ±1 → µνµχ
0
1) ∼ 11% . (5.19)

Fig. 5.14 presents the transverse momentum of muons and the jet energy distribution for
SUSY signal and SM backgrounds discussed in the following section. The samples have
been preselected with three muons (PT > 3 GeV, |η| < 2.1) and the standard CMS track
quality requirement (see Section 5.4.1). The SUSY sample has been selected requiring three
prompt muons from gaugino decays, for the SM background samples also muons from jets
(i.e. fake muons) have been taken into account. Fig. 5.15 presents the jet multiplicity and
scalar sum of jet ET (HT ). The jets are reconstructed using the iterative cone algorithm
with a cone size ∆R < 0.5 (IC05). Additionally, Fig. 5.15 shows the calorimeter missing
transverse energy as well as the dimuon invariant mass of all OS muon pairs. In the low
mass SUSY region, where the mass difference of gauginos is small, the production of the
lightest neutralino in the decay of gauginos leads to softer muons compared to muons from
W and Z boson decays. The jet energy and jet multiplicity is rather large, because SUSY
trimuon events at LM0 are dominantly produced in gluino and squark cascade decays. The
large missing transverse energy arises from neutrinos and the lightest neutralinos.

5.2 Standard Model Background

Any reaction which can produce the trimuon signature in the final state can be a potential
background for the trimuon SUSY search. Among the diboson production (pp→ ZZ,ZW ),
there are other channels mimicking the trimuon signature with additional fake muons from
jets. The SM background processes can be split in groups according to their prompt
and fake muon multiplicity. The corresponding distributions of muons, jets and MET are
presented in Fig. 5.14 and Fig. 5.15. Table 5.1 summarizes the considered SM background
channels and their cross section.

SM Background with three Prompt Muons

Among the diboson (V V+jets) production, the Z/γ∗W production, the SM partner process
of the direct χ0

2 χ
±
1 pair production, gives exactly 3 prompt isolated muons in the final state

and forms the major irreducible background of the trimuon search. The branching ratio of
Z and W boson decays to muons is ∼ 3% and ∼ 11%, respectively. The ZZ production
with the subsequent decay of Z bosons to muons gives 4 prompt muons in the final state
and appears as a trimuon final state if one of the muons is produced outside of the detector
acceptance or is rejected by the muon selection. Most of these events can be suppressed
by a veto on the Z boson invariant mass in the Mµµ distribution, but the γ∗ contribution
and also wrong combinations of muons contribute to the signal region at Mµµ < MZ . The
transverse momentum of all muons in SM diboson trimuon events is rather large, since the
muons origin from Z and/or W boson decays. Fig. 5.16 shows typical diagrams for the
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Figure 5.14: PT distribution of the first (a), second (b) and third (c) muon ordered by
PT , as well as the transverse energy of jets (|η| < 3, IC05) (d) for SUSY LM0 and SM
backgrounds after requiring at least three reconstructed muons with PT > 3 GeV, |η| < 2.1
and acceptable track quality.
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Figure 5.15: Multiplicity (a) and sum of ET (HT ) (b) of jets (ET > 30, |η| < 3, IC05)
as well as the calorimeter missing transverse energy (c) and the dimuon invariant mass
distribution of all OS muon pairs (d), for SUSY LM0 and SM backgrounds after requiring
at least three reconstructed muons with PT > 3, |η| < 2.1 and acceptable track quality.
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Figure 5.16: Typical diagrams for the ZW and ZZ diboson production [102].

Figure 5.17: Typical diagrams for the Z+jets production [102].

ZW and ZZ diboson production at LHC. Other channels with 3 muons from bosons in the
final state, like the WWW and tt̄W production, have a negligible cross section (< 0.5fb)
at LHC energies [103].

SM Background with two Prompt Muons

In addition to the SM channels with three muons originating from boson decays, the
processes with two muons from bosons and one additional muon produced in jets form a
dangerous background for the trimuon search. Due to the large cross section, the most
important processes of this kind are the Z/γ∗+jets and tt̄+jets production. The WW+jets
diboson production has a smaller cross section and is less important. The Z/γ∗+jets
channel (Fig. 5.17) includes the DY processes and the associated production of a Z boson
with light (u, c, s) and heavy quarks (c, b). The dimuon final state in tt̄ events (Fig. 5.18) is
produced with heavy quarks, since the t-quark decays almost exclusively to a W boson and
a b-quark, and escaping energy from the neutrinos produced in leptonic decays of the W
boson. The first and second muon are hard, since they origin from W and Z boson decay,
whereas the third muon is rather soft, since it is produced in jets. Due to the production
of heavy quarks and the escaping energy from neutrinos, the jet and MET distribution for
tt̄ events is compareable to the SUSY production, thus forming the major background for
the most SUSY searches.
In the trimuon search an optimized muon selection is the key to reject both Z/γ∗+jets and
tt̄ events. The gauge boson production can be relatively well simulated at LHC energies,
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Figure 5.18: Typical diagrams for the tt̄ production [102].

Figure 5.19: Typical diagrams for the W+jets production [102].

but the rate of fake muons from jets depends on numerous factors including uncertainties
in soft gluon radiation and gluon splitting, jets fragmentation and reconstruction and muon
isolation efficiency. These factors introduce large systematic uncertainties in the estimation
of these SM backgrounds. Therefore data-driven methods to control the contribution of
events with fake muons have been developed.

SM Background with less than two Prompt Muons

Since the W+jets production has only one prompt muon in the final state, two additional
fake muons from jets are required to mimic the trimuon signature. In spite of the large
cross section, this channel can be effectively suppressed by an optimized muon selection.
By definition the QCD processes have no prompt muon in the final state and therefore
mimic the trimuon signature with 3 fake muons from jets. Hence, the second and third
muon from the W+jets production and all muons from the QCD channels are soft. Since
the large cross section prevents the detailed analysis of the QCD channels, also an muon
enriched QCD data sample has been used to verify the QCD suppression.

5.3 Monte Carlo Datasets

The signal and the SM background channels have been studied with official CMS data sam-
ples available in the CMS database. The samples have been simulated with the software
release CMSSW2 1 X and CMSSW2 2 X in the summer08 and fall08 CMS production
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MC sample Generator cs[pb] LO NEvents

SUSY (m0, m1/2,tanβ, A0, sgnµ)
LM0 (200,160,10,-400,1) SoftSusy+SusyHit+PYTHIA 110 200k
LM1 (60,250,15,0,1) SoftSusy+SusyHit+PYTHIA 16.06 240k
LM2 (185,350,35,0,1) SoftSusy+SusyHit+PYTHIA 2.42 240k
LM3 (330,240,20,0,1) SoftSusy+SusyHit+PYTHIA 11.79 240k
LM4 (210,285,10,0,1) SoftSusy+SusyHit+PYTHIA 6.7 200k
LM5 (230,360,10,0,1) SoftSusy+SusyHit+PYTHIA 1.94 230k
LM6 (85,400,10,0,1) SoftSusy+SusyHit+PYTHIA 1.28 220k
LM7(3000,230,10,0,1) SoftSusy+SusyHit+PYTHIA 2.9 240k
LM8 (500,300,10,-300,1) SoftSusy+SusyHit+PYTHIA 2.86 200k
LM9(1450,175,50,0,1) SoftSusy+SusyHit+PYTHIA 11.58 200k
LM10(3000,500,10,0,1) SoftSusy+SusyHit+PYTHIA 6.55 200k
LM11(250,325,35,0,1) SoftSusy+SusyHit+PYTHIA 3.24 210k
Standard Model
V V+jets(V=Z,W → e,µ,τ) MadGraph+PYTHIA 11.8 200k
Z/γ∗+jets (Z → µ) PYTHIA 1944 1.3M
Z/γ∗+jets (Z → τ) PYTHIA 1944 1.1M
tt̄ MadGraph+PYTHIA 317 1M
W+jets (W → e,µ,τ) MadGraph+PYTHIA 40000 10M
QCD100to250 (HT=100-250GeV) MadGraph+PYTHIA 1.5 107 15M
QCD250to500 MadGraph+PYTHIA 4 106 5M
QCD500to1000 MadGraph+PYTHIA 14000 5M
QCD1000toInf MadGraph+PYTHIA 370 1M

Table 5.1: Signal and SM background data samples and cross sections used in this analysis.
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for physics at
√
s = 10 TeV. The summary of the signal and SM background channels is

presented in Table 5.1.

The number of expected events for signal and backgrounds have been calculated with
leading-order cross sections. All mSUGRA benchmark points and SM background pro-
cesses have been simulated with the full detector simulation. The initial and final state
radiation has been calculated in PYTHIA for all produced samples. Pile-up effects can be
considered negligible at

√
s = 10 TeV and L ∼ 1030 cm−2s−1 and have not been simulated.

The full simulation has used the complete CMS detector in the ideal configuration, the
uncertainties from miscalibration and misalignment have been taken into account by a
smearing of the muon isolation and vertex resolution.

The SUSY signal was calculated in a few steps. With the given mSUGRA parameters (m0,
m1/2, tanβ, A0, µ > 0) the sparticle mass spectrum has been calculated at the electroweak
scale using the renormalisation group equations implemented in the SOFTSUSY (v. 2.18)
package. The radiative corrections to decays of sparticles have been calculated with the
SUSYHIT (v1.3) code. The Monte Carlo events have been simulated with PYTHIA (v.
6.25) using CTEQ6l PDF.

All SM backgrounds have been simulated with the MadGraph package interfaced to PYTHIA
except for the Z/γ∗+jets data samples which have been simulated with PYTHIA itself. In
order to reduce the size, the diboson V V+jets and the W+jets data samples have been
simulated with leptonic decays of the W and Z bosons. The Z/γ∗+jets data samples have
been simulated with a lower limit on the invariant mass Ml+l− ≥ 20 GeV. The QCD data
sample has been simulated in different bins according to HT , the sum of transverse energy
of the partons produced in the hard interaction.

The QCD channel has been additionally studied with a bb+jets data sample simulated
with MadGraph and a muon enriched QCD sample simulated with PYTHIA. The bb+jet
production has been considered already in the QCD sample. Therefore the bb+jets sample
has been used to cross check the results with larger MC statistics. The muon enriched
QCD sample has been produced with a lower limit on the transverse momentum of the
outgoing partons PT > 20 GeV by filtering events with a least one muon (PT ≥ 15 GeV).
Long lived mesons (π±, K±) have been decayed on generator level.

Private data samples have been generated with the fast simulation of the CMS detector,
which has been validated to agree with the full simulation of the CMS detector, for evalu-
ation of the discovery reach in the mSUGRA mass plane for tanβ = 3, A0 = 0 and µ > 0
and for the comparison of MC generators SHERPA and ALPGEN.
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5.4 Muon Selection

This study has attempted to search for SUSY using only muons for selection, since muons
are considered to be the most robust physics objects in CMS. All other variables, including
jets and missing transverse energy have been avoided in order to reduce the systematic
uncertainties and the model dependence of the selection. Therefore the selection of muons
is the key of the trimuon search and has to provide a large selection efficiency for prompt
muons, a high rejection of fake muons from jets and a small sensitivity to systematic
uncertainties.

5.4.1 Muon Identification

The parameters used for the muon identification are motivated by the differences of prompt
muons (Section 5.4.2) and fake muons (Section 5.4.3). The muon identification, which has
been used for the trimuon search, is based on three pillars:

• a global muon consisting of a reconstructed track in both, the silicon tracker and the
muon system, with good muon track quality. The track quality has been determined
by the normalized-χ2 (χ2/dof) of the global track and the number of valid hits NHits

in the silicon tracker. The muon identification was thoroughly studied at CMS and
the GlobalMuonPromptTight selection with χ2/dof ≤ 10 was recommended with
an additional requirement on the silicon track NHits ≥ 11. This selection has also
been used for muon identification in the presented analysis. Fig. 5.20 presents the
corresponding muon selection efficiency.

• the relative isolation of the muon. The isolation has been determined in a cone around
the muon track defined by 0.01 < ∆R =

√
∆η2 + ∆φ2 < 0.3 and was calculated

in the tracker (isoTr) by the sum of transverse momentum of all tracks and in
the calorimeter (isoCal) by summing up the energy deposition in the ECAL and
HCAL. The relative tracker isolation isoTr/PT and the relative calorimeter isolation
isoCal/PT weights the isolation with the transverse momentum of the muon i.e. low
PT muons were required to be better isolated than high PT muons. The requirement
of isolated muons (i.e. small values of isoTr/PT and isoCal/PT ) is a powerful
discriminant to reject all kind of fake muons, since all fake muons are produced in
jets.

• the impact parameter significance Sdxy calculated as the impact parameter dxy
divided by its uncertainty σdxy. The impact parameter has been determined as the
distance in the x-y-plane of the muon track and the primary vertex of the event.
Instead of the impact parameter the significance has been considered, since a selection
on the significance automatically scales with the vertex resolution, so when at the
beginning the vertex resolution is worse, the selection will be looser.
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Figure 5.20: PT and η (PT > 5 GeV) dependence of the muon selection efficiency using
the track quality criteria NHits ≥ 11 and χ2/dof ≤ 10 for muons from Z/γ∗+jets, direct
neutralino-chargino and gluino production.

Figure 5.21: PT -η distribution of prompt muons from LM0 (left) and Z+jets (right).
Clearly, the muons from SUSY are considerably softer and more central.

5.4.2 Prompt Muons

In the trimuon SUSY search prompt muons have been defined as muons coming from the
decay of SM bosons and gauginos. The characteristic properties of prompt muons corre-
spond to the production mechanism. Prompt muons appear isolated in the detector, since
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(a) (b) (c)

Figure 5.22: Typical heavy flavor production.

they are produced in a clean decay without additional particles producing tracks in the
tracker and energy deposit in the calorimeter around the muon track. The mother particle
has a short lifetime and decays immediately after production. Therefore the track of the
muon should be close to the primary vertex of the event and the fit of global track is
expected to have a good quality.

There is a difference between SUSY muons and muons from SM boson decays. In the low
mass SUSY region where the mass difference of gauginos is small, the production of the
lightest neutralino χ0

1 from decay of the gaugino results in a softer muon PT distribution.
The more heavy the initially produced particles are, the more central in the detector the
muons are. Therefore muons produced in SUSY processes are more central than in SM
processes. Fig. 5.21 shows the PT vs. η distribution of prompt muons from SUSY LM0
and Z+jets events.

SUSY trimuon events from cascade decays of gluino and squarks are produced with a large
number of central jets. The high jet multiplicity environment results in larger activity in
the calorimeter and tracker around the muon track, which affects the selection efficiency,
because the isolation criteria is harder to fulfill. The tracker and calorimeter isolation
distributions of prompt muons from SUSY and Z+jets are shown in Figure 5.26.

5.4.3 Fake Muons

Fake muons have been defined as all muons, which are not coming from SM bosons and
gauginos and can be categorized as follows.

• Muons from decays of heavy flavor hadrons consisting of b, c quarks produced in the
hard process and in gluon splitting (Fig. 5.22). Heavy flavor hadrons have a non-zero
lifetime (cτ ∼ 0.1-0.5 mm) [3] and can travel through the tracker before decaying.
Consequently those muons can have a displaced vertex and can be identified by
the impact parameter significance. Mostly, muons from heavy flavor decays can
be distinguished from prompt muons by the muon isolation criteria, since they are
produced in jets. However those muons are the main source of fake muons after the
isolation criteria is applied. The remnants of the heavy flavor decays can be outside
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Figure 5.23: PT distribution of fake muons after loose isolation cut isoPT < 5 GeV in
the Z+jets production simulated with MC event generators SHERPA and ALPGEN (L)
and in different production channels simulated with ALPGEN (R). The distributions are
normalized to the number of events. The fake muon production is prone to large theoretical
uncertainties (L), the PT distribution for fakes in different channels is rather similar and
the fake rate in the different channels depend on the heavy flavor content of the event (R).

the isolation cone or the muon hold the major part of the energy and the remnants are
too soft to contribute significantly to the momentum/energy deposit in the isolation
cone.

• Muons from decays of long living mesons (K±, π±). The large mean lifetimes of long
living mesons cτ(K±) ∼ 3.7 m and cτ(π±) ∼ 7.8 m [3] result in in-flight decays in the
detector, which affects the quality of the muon track. The normalized-χ2 of the global
track is a powerful tool to reject such muons, as well as the isolation requirement.

• Escaping charged particles from the calorimeter can produce some tracks in the
muon system and can be misidentified as muons, the so called punch-through muons.
These kind of fake muons can be effectively rejected by the track quality and isolation
requirements and yield a negligible contribution with the muon selection used in this
analysis.

The production rate of fake muons is prone to large systematic uncertainties. The contribu-
tion of fake muons from heavy flavor decays has large uncertainties from quarks produced
in initial and final state radiation in the parton shower evolution, since it is sensitive to the
gluon parton distribution function and the splitting probability into heavy quarks. The
process of gluon splitting into a heavy-quark pair is one of the elementary processes in
QCD but is poorly known, both theoretically (e.g. [104]) and experimentally (e.g. [105]).
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The gluon splitting rate is sensitive to αs and mQ, which results in theoretical uncertain-
ties [106].

The sensitivity to MC details was checked with Z+jets samples simulated with different
MC generators. As already mentioned, the most dangerous SUSY trimuon background
processes mimic the trimuon signature with fake muons and their contribution after the
final selection depends on the number of fakes passing the muon selection. Fig. 5.23 shows
the PT distribution of fake muons normalized to the number of events after a loose isola-
tion requirement (isoPT < 5 GeV) for ALPGEN and SHERPA. The difference of the fake
muon contribution in different generators demonstrates the importance of a good under-
standing of the fake muon contribution. The fake muon production has been also checked
for different channels using the same generator. Fig. 5.23 shows the PT distribution of
fake muons after a loose isolation requirement (isoPT < 5 GeV) for the QCD, Z+jets,
W+jets, tt̄ and SUSY production simulated with ALPGEN. It can be concluded that fake
muons produced in different channels with the same generator are rather similar and the
fake rate mostly depends on the heavy flavor content of the event, since SUSY and tt̄
have practically the same fake rate, while the fake rate for QCD and electroweak boson
production is an order of magnitude lower.

In addition to the theoretical uncertainties of the fake muon production, the distributions
of relative isolation and impact parameter significance are also related to the detector
performance. The basic idea of the muon selection in the trimuon search is to measure
these quantities from the data to reduce the newly introduced uncertainties e.g. selecting a
prompt reference sample with a high purity of prompt muons and a fake reference sample
with high purity of fake muons. The selection of such reference samples will be discussed
in detail in the next section.

5.4.4 Fake and Prompt Reference Samples

The selection of a fake and a prompt reference sample provides the opportunity to control
and study the parameters used for muon identification with data. In order to minimize
the bias, the samples have been selected without using parameters of the muon itself.
The only requirement has been the presence of a reconstructed global muon in the event.
Furthermore, the cross section had to be large enough to provide a sufficient number of
fake and prompt muons. Another requirement was the purity of the reference samples i.e.
the background processes had to be strongly rejected (processes with fake muons for the
prompt reference sample and processes with prompt muons for the fake reference sample).
Therefore the chosen signal processes had to provide characteristic properties in order to
be easily discriminated from the background.

The selection of reference samples has been done in the following steps. First the data sam-
ples were preselected with a suitable HLT stream. Then an exhaustive list of observables
were considered to minimize the fake rate by comparing these samples. This was done with
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a Genetic Algorithm (GA) provided by the GARCON package selecting the most sensitive
parameters from the following list: MET, sum of ET , jets, muon kinematics, angular rela-
tions, invariant mass of dijets and dimuons, jet balance parameters, etc. After ranking of
all input variables by the GA, the most sensitive parameters were selected. The following
parameters have been used for the final selection of the prompt and fake reference samples:

• Nµ, the number of reconstructed global muons with PTµ > 5 GeV and |η| < 2.1

• Njet, the number of jets with ET > 30 GeV and |η| < 2.4

• Mµµ, the invariant mass of a opposite sign muon pair

• METrec, the missing energy calculated as a recoil of all selected jets and muons

• ETeff = ΣETj + ΣPTµ, the transverse energy of all selected jets and muons

• φ(j1j2), the azimuthal angles between leading jets

• α2 = ETj2/Mj1j2, the balance parameter of jets

• MMET,µ, the transverse invariant mass of METrec and the leading muon.

Prompt Reference Sample

The prompt reference sample has been selected from the Z+jets production. Among all
SM processes with prompt muon final states, the Z+jets production with leptonic decays
of the Z boson provides the most suitable properties. Basically, the Z+jets sample can
be selected by a pair of muons with an invariant mass compatible with the Z boson mass.
The considered background processes are the QCD, W+jets and tt̄ channels. Due to the
presence of two prompt muons in leptonic decays of the Z boson, the most suitable HLT
stream for preselection is the DoubleMu3 stream, where two muons with PTµ > 3 GeV
are required. As shown in Table 5.2, already the requirement of two reconstructed muons
rejects a large part of the QCD and W+jets background processes. The final selection cuts
optimized with the GA as well as the number of prompt muons after the final selection for
an integrated luminosity of Lacc = 100 pb−1 are presented in Table 5.2. Fig. 5.24 shows the
distributions of observables used for the final selection for Z+jets, V V+jets and all back-
ground processes after the HLT preselection. The prompt reference sample can be selected
with ∼ 105 prompt muons and a small contamination of fake muons ∼ 10−4 coming from
the W+jets production. The robustness of the selection has been checked by changing the
jet energy by ±10%. The number of fake muons changes by ∼ 40%, which is acceptable
given the small contamination.
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Observables Selection

HLT Trigger DoubleMu3
Nµ =2
Mµµ 70-180 GeV
Njet <2

METrec <100 GeV
ETeff <120 GeV

Sample HLT[%] Nev 100 pb−1

Z+jets 35 42560
V V+jets 52 140

QCD100to250 5 0
QCD250to500 10 0
QCD500to1000 17 0
QCD1000toInf 29 0

tt̄ 48 1
W+jets 26 2.7

Table 5.2: Selection criteria of the prompt reference sample and expected statistics of
prompt muons (×2) from the Z+jets and V V+jets production for an integrated luminosity
of Lacc = 100 pb−1.

Fake Reference Sample

The fake reference sample has been selected from QCD events. The large cross section of
the QCD processes compared to the boson production provides an excellent opportunity for
selecting a high purity fake muon sample. Basically, the sample can be selected by requiring
two hard jets balanced in PT . The considered backgrounds are all processes with bosons
i.e. the W+jets, Z+jets and V V+jets production. The most suitable HLT stream for
preselection is the DiJet70, where two jets with ETjet > 70 GeV are required. Again, the
final selection has been optimized with the GA. The final selection as well as the number
of muons in the selected fake sample for an integrated luminosity of Lacc = 100 pb−1

are shown in Table 5.3. The distributions of parameters used for the final selection are
shown in Fig. 5.25 for the QCD signal and the boson background production after HLT
preselection. It has been demonstrated, that ∼ 107 fake muons can be selected with a
small contamination of prompt muons ∼ 10−4 coming from the W+jets production. The
jet energy scale has been varied by ±10% to check the robustness of the selection. The
impact of the jet energy scale uncertainties on the number of selected prompt muons is in
an acceptable range of ∼ 20%.

5.4.5 Optimization of the Selection

The selection of prompt muons and the rejection of fake muons is based on three major pa-
rameters: the relative muon isolation in the tracker isoTr/PT and calorimeter isoCal/PT
as well as the impact parameter significance Sdxy = dxy/σ. As already mentioned, the
fake muon production is prone to large theoretical uncertainties and the distributions need
to be compared with MC expectations. Also the detector performance affects the distri-
butions, i.e. the resolution in impact parameter is expected to be of the order of 10 µm
for a perfectly aligned detector [107] (see Fig. A.2), but the alignment position error is
expected to become negligible only after Lacc = 100 pb−1 [108], so the impact parameter
resolution will vary as function of accumulated luminosity. Therefore the MC predictions
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Figure 5.24: Distributions of parameters used for selection of the prompt reference sample
from the Z+jets production after requiring two reconstructed muons with PT > 5 GeV,
|η| < 2.1 in the HLT DoubleMu3 trigger stream (PT > 3 GeV). The main selection cut is
the invariant mass requirement 70 GeV< Mµµ < 180 GeV.
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Figure 5.25: Distributions of parameters used for the fake sample selection from the QCD
channels after requiring Nµ ≥ 1 with PTµ > 5 GeV, |ηµ| < 2.1 in the HLT Dijet trigger
stream (PT > 70 GeV). Except for the jet multiplicity, the samples have been selected
with Njet = 2. The main selection cuts are Njet = 2 and 160◦ < |φ(j1, j2)| < 180◦.
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Observables Selection

HLT Trigger DiJet70
Njet =2

φ(j1, j2) 160o-180o

α2 <0.42
Nµ >0

M(MET, µ) <40 GeV
METrec <100 GeV

Sample HLT[%] Nev 100 pb−1

QCD100to250 78 9430000
QCD250to500 100 362000
QCD500to1000 100 15900
QCD1000toInf 100 386

tt̄ 99 112
W+jets 25 905
Z+jets 38 338
V V+jets 60 1.4

Table 5.3: Selection criteria of the fake reference sample and expected statistics of fake
muons from the QCD channels at Lacc = 100 pb−1.

of parameters used for the selection of fake and prompt muons needs to be verified with
data. The distributions of parameters can be directly obtained from the reference samples
and compared with the MC predictions.

Fig. 5.26 shows the distributions of relative isolation and impact parameter significance of
muons from the fake and prompt reference samples, prompt muons from SUSY LM0 sample
and fake muons from the SM background processes. A few observations are noteworthy:

• Fake muons from the trimuon SM backgrounds Z/γ∗+jets, W+jets, and tt̄ all have
similar impact parameter Sdxy and isolation distributions. This is not surprising,
given that they all originate from similar sources.

• Prompt muons from the Z+jets reference sample have distributions reasonably close
to the prompt muons expected for SUSY. The differences in isolation result from the
different event topologies.

• Fake muons from the QCD reference sample have distributions reasonably close to
the fake muons expected for the main SUSY backgrounds (Z/γ∗+jets, tt̄).

• One observes that for larger values of relative isolations in tracker and calorimeter
the main contribution from fake muons (Z/γ∗+jet, tt̄) starts to dominate over the
rate of prompt muons, both for the SUSY and reference samples.

• The same is true for larger impact parameter values. Therefore, by a simultaneous
cut in impact parameter, isolation in calorimeter and isolation in tracker one can
reduce the contribution from fake muons in the signal.

The sensitivity of the prompt and fake muon selection to the used parameters is shown in
Fig. 5.27 and has been evaluated in the following way. For each selection cut value plotted
on the x-axis the number of accepted prompt and fake muons has been counted. Then
the object selection efficiency of prompt and fake muons has been calculated using these
numbers, as well as the ’signal-over-noise’ ratio, defined as Nprompt/

√
Nfake + σ2

sys. The
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(c) Impact parameter significance

Figure 5.26: Normalized relative isolations isoPT/PTµ, isoCal/PTµ and impact parameter
significance Sdxy in MC-truth samples of SUSY (LM0) and SM backgrounds as well as for
the reference samples.
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Figure 5.27: The efficiency of the prompt and fake muon selection together with the signal
significance and sensitivity as a function of the three muon selection variables (from top
to bottom). Here the prompt and fake muons are obtained from the reference samples.



90 CHAPTER 5. TRIMUON SUSY SEARCH

systematic uncertainty σsys has been calculated for each selection cut by varying the value
of the cut by ±5% and counting the variations in the number of selected objects ∆N/N .
The distributions of parameters used to separate prompt and fake muons are rather slowly
varying. Thus, the precise selection cuts are not important. Also the sensitivity to the
impact parameter resolution is not large, since a worse impact parameter resolution will
smear both the signal and the background, so one can still well separate between tracks
with small impact and large impact parameter. This will be discussed quantitatively in
the section on systematic errors.

The muon selection has been optimized using prompt muons from the SUSY sample and
fake muons from the SM backgrounds. The optimum selection evaluated by optimizing
the signal over noise ratio Nprompt/

√
Nfake with the GA has been obtained as

isoCal/PT < 0.08 (5.20)

isoPT/PT < 0.08 (5.21)

Sdxy < 4 (5.22)

plus the standard CMS track quality requirements.

The cut on the muon transverse momenta is another sensitive measure to reduce the back-
ground processes. Since the SUSY muons are all soft for the parameter range of low SUSY
masses considered in this analysis, also the minimum PT cut was selected to be the same for
all three muons. The cut has been evaluated by scanning the significance NS/

√
NS +NB

of prompt muons from the SUSY signal and fake muons from the SM background events
as a function of the minimal PT cut after the requirement of exactly three selected muons
in the event. The signal significance and the event selection efficiency for SUSY LM0
and SM backgrounds are shown in Fig. 5.28. The optimum minimum PT selection cut of
PT > 8 GeV corresponds to the onset of the contribution from fake muons, which rises
fast at low PT .

However, the presented analysis has attempted to estimate the SM background in a data-
driven way using the sidebands of the relative isolation and the impact parameter sig-
nificance. This data-driven background estimation would require larger statistics in the
control regions, especially the statistics for large impact parameter Sdxy and low isolation
value is low. Therefore cuts have been relaxed somewhat without much changes in the
signal significance. The final muon selection is shown in Table 5.4. The pseudorapidity
selection corresponds to the trigger acceptance of muons.
The muons accepted by the final muon selection (kinetic and quality requirements) will
be called ’tight’ (’loose’) muons. Note that small values of the isolation parameters imply
little energy in the cone around the track, so they correspond to good isolation. The
same selection was applied to all three muons, but the relative isolation, i.e. the isolation
weighted with 1/PT , will automatically increase the efficiency for the hardest muons in the
event by reducing the energy requirements in the cone, while fake muons, which are soft,
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Figure 5.28: Optimization of PT selection of SUSY muons.

kinetic requirements PT > 8GeV, |η| < 2.1
track quality cuts χ2/dof < 10, Nhits ≥ 11
isolation criteria isoCal/PT < 0.15, isoPT/PT < 0.15

impact parameter significance Sdxy < 4

Table 5.4: Final muon selection used in the trimuon analysis.

are efficiently suppressed. Fig. 5.29 shows the selection efficiency for prompt muons from
SUSY and Z/γ∗+jets production. Due to the different event topologies, the average muon
selection efficiency drops from ∼ 80% for the direct neutralino-chargino pair production
to ∼ 60% for gluino and squarks cascade decays. Therefore the trimuon event selection
efficiency for the gluino and squarks production is a factor ∼ 2 worse than for the direct
neutralino-chargino production.

5.5 Trimuon Event Selection

After optimization of the muon identification the event selection is simple in the trimuon
analysis: exactly three selected muons with one pair having an opposite charge sign. The
statistics for the signal and all SM background processes at different steps of selection is
presented in Table 5.5 for an accumulated luminosity of Lacc = 200 pb−1. From the fourth
column on, the events have been required to be selected by the DoubleMu3 trigger stream.
The trigger selection will be discussed in detail in Section 5.6.
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Figure 5.29: PT and η dependence of the selection efficiency using the final muon selection
(Table 5.4) for muons from Z/γ∗+jets, direct neutralino-chargino and gluino production.

cs[pb] NMC
µ =3 Nµ ≥3 ’loose’ Nµ=2 ’tight’ Nµ=3 ’tight’ low OS pairs

+≥1 ’loose’ M[20,86]GeV

SUSY:
LM0 110 50.5 187.4 ± 4.5 75.0 ± 2.9 17.8 ± 1.4 15.3 ± 1.3

SM:
V V+jets 11.8 18.1 7.2 ± 0.4 6.5 ± 0.4 4.7 ± 0.3 2.8 ± 0.3
Z/γ∗+jets 3700 1789.5 203.8 ± 7.5 161.1 ± 6.9 8.3 ± 1.6 6.2 ± 1.4

tt̄ 317 944 223.3 ± 3.9 72.1 ± 2.2 0.4 ± 0.2 0.3 ± 0.1
W+jets 40000 119.5 10.3 ± 2.9 0 0 0

QCD 0.15mb 133607 2927.8 ± 659 0 0 0

ΣSM - 136479 3372.4 ± 660 239.7 ± 7.2 13.4 ± 1.3 9.3 ± 1.4

Table 5.5: Statistics for the final selection of trimuon events for an integrated luminosity
of Lacc = 200 pb−1. The errors are given by the size of MC samples.

The third column shows the number of events with three muons (PT > 3 GeV, |η| < 2.1)
at generator level. For the signal (LM0 point) this is the number of events with exactly
three prompt muons. For the background channels the number of events corresponds to
events with at least three MC muons, either prompt or fake. The contribution of the QCD
processes is the major background at this stage, the W+jets contribution is already small
compared to the other background with fake muons.
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Figure 5.30: Invariant mass distribution of the lowest mass OS muon combination (left)
and all OS combinations (right) after requiring 2 ’tight’ muons and at least one ’loose’ muon
for SUSY (LM0) and SM background processes at Lacc = 200 pb−1 and

√
s = 10 TeV.

After the requirement of at least 3 ’loose’ muons i.e. muons with an acceptable track
quality, the QCD background still dominates the selected data sample but is strongly sup-
pressed. Expectedly, the number of signal events with at least 3 muons is larger than
the number with exactly three prompt muons at generator level, since also for SUSY fake
muons contribute to the trimuon signature. The corresponding number of selected events
is shown in the fourth column.

The fifth column shows the number of events with 2 ’tight’ and at least 1 ’loose’ muon. Ex-
pectedly, the SM background with 2 prompt muons dominates (Z/γ∗+jets and tt̄) because
of the large cross section compared to the SUSY and SM diboson (V V+jets) production.
Fig. 5.30 shows the corresponding invariant mass distribution of the lowest mass OS muon
combination and all OS combinations. At this stage of selection, the QCD contribution
is already expected to be completely rejected. With real data the selected sample will be
required to reproduce the shown distributions. This will serve as an additional verification
of the used MC model and the QCD rejection. Since the large cross section prevents the
detailed analysis, also a muon enriched QCD data and a separate bb+jets sample has been
used to check the QCD suppression and will be discussed in the course of this section.

Furthermore, the requirement of exactly three ’tight’ muons reject a large part of the
Z/γ∗+jets and tt̄ events, since the additional third fake muon is rejected by the tight



94 CHAPTER 5. TRIMUON SUSY SEARCH

muon selection. As shown in the sixth column, the largest background contribution comes
from Z/γ∗+jets and diboson production.

Since the invariant mass distribution of opposite sign (OS) muon pairs from χ0
2 decays

exhibits a particular shape with Mµµ < MZ for two-body decays via sleptons and three-
body decays, the final trimuon event selection has used the OS muon invariant mass for
further rejection of backgrounds. The contribution of backgrounds with Z bosons decaying
to OS muon pairs can be suppressed by requiring the OS muon invariant mass below the
mass of the Z boson (Mµµ < 86GeV ). The OS muon pairs from decays of heavy reso-
nances Υ and J/Ψ will show up in the very low invariant mass region, since mΥ ∼ 10 GeV
and mJ/Ψ ∼ 3 GeV. They can be rejected by the invariant mass requirement Mµµ > 20GeV .

It follows from the requirement of three muons with at least one OS muon pair, that always
a second OS muon pair is found. For SUSY events, two opposite sign muons originate from
decays of the neutralino χ0

2 with an additional muon from chargino χ±1 decays. Hence, there
is an ambiguity since two combinations of OS muon pairs can be built: the high Mhigh

µµ

and low invariant mass combination M low
µµ . The high invariant mass combination moves

the background events out of the signal region Mµµ[20, 86]GeV to higher invariant masses,
but also the SUSY events. The low invariant mass combination is beneficial, moving all
signal and background events to lower invariant masses away from the Z peak.

The core of the trimuon analysis is the identification of prompt muons and the rejection
of fake muons. Thereafter the final trimuon event selection presented in Table 5.6 requires
three tight muons with two OS muon pairs and the invariant mass of the low mass OS
muon pair in the range between 20 GeV and 86 GeV.

Number of ’tight’ muons Nµ = 3
Number of OS muon pairs Nµ+µ− = 2

Low OS muon pair invariant mass 20 GeV< M low
µµ <86 GeV

Table 5.6: Final event selection used in the trimuon analysis.

The final trimuon event selection results in NSUSY = 15.3±1.3 (stat) events expected from
SUSY at the reference point LM0 with the SM background of Nbkg = 9.3±1.4 (stat) events
at Lacc = 200 pb−1. The results are shown in the last column of Table 5.5. The largest
background contribution originates from the Z/γ∗+jets production, followed by the SM
diboson processes and the tt̄ production. The invariant mass distributions of all OS pairs
and the lowest invariant mass pair after the trimuon selection are presented in Fig. 5.31.

For an accumulated luminosity Lacc = 200 pb−1 the result of the trimuon event selection
for LM0 corresponds to a significance of σ = 3.86 calculated with the profile likelihood
method of RooStatsCMS including 8.1% systematic uncertainties, which are discussed in
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Figure 5.31: Invariant mass distribution of the lowest mass OS muon combination (L)
and all OS combinations (R) after requiring 3 ’tight’ muons in SUSY (LM0) and SM
backgrounds for a luminosity of Lacc = 200 pb−1 at

√
s = 10 TeV.

Section 5.7. The 5σ discovery for LM0 can be achieved with an accumulated luminosity of
Lacc ∼ 350 pb−1.

The SUSY trimuon signature is produced by different SUSY processes. The gluino-gluino
and squark-gluino production both contribute ∼ 45% to the selected trimuon sample,
whereas the direct neutralino-chargino production contributes only ∼ 10%. As already
mentioned in Section 5.1.2, the trimuon events from gluino-gluino and squark-gluino pro-
duction are expected to be produced with additional jets in the final state. The effect of a
supplementary selection based on the jet properties, as well as on the missing transverse
energy is reviewed in Section 5.10.

The large cross sections of QCD processes and the limited MC statistics of the considered
samples lead to a high weighting factor per event. Therefore the suppression of the QCD
processes has been checked with additional QCD samples. The statistics at different steps
of selection is presented in Table 5.7 for an integrated luminosity of Lacc = 200 pb−1.
Although already included in the considered QCD samples, the separate consideration
of the bb+jets production offers the possibility to study the contribution to the trimuon
selection with larger statistics. It has been shown that the majority of the QCD events
with at least three loose muons are produced in bb+jets events.
The muon enriched QCD sample has a lower limit of PT > 20 GeV on the outgoing partons
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cs[pb] Nµ ≥3 ’loose’ Nµ=1 ’tight’ Nµ=2 ’tight’ Nµ=3 ’tight’
+≥2 ’loose’ +≥1 ’loose’

QCD (b, c→ µ) 121 nb 5128.8 ± 151.7 130.1 ± 24.2 4.48 ± 4.48 0
QCD (bb+jets) 465 nb 2767.7 ± 366.1 0 0 0

Table 5.7: Statistics for the final selection of trimuon events for an integrated luminosity of
Lacc = 200 pb−1 cross checked with muon enriched QCD (b, c → µ) and bb+jets samples.
The errors are given by the size of MC samples.

on the hard interaction and has been used to check the influence of the low PT bins. It is
difficult to make a meaningful comparison, since the lack of the higher PT limit results in
an overlap with the full QCD sample. In addition the long living mesons π± and K± have
been forced to decay on generator level. Due to long mean live time of mesons a large part
of the mesons will not decay but will be stopped in the hadronic calorimeter. Therefore
the contribution of fake muons from long living mesons (π±, K±) is artificially enhanced.
However the results support impressively the QCD rejection power of the final trimuon
event selection.

5.6 Trigger

All events have been required to pass the high level triggers (HLT). The most suitable
trigger streams for the trimuon signature are either the single muon Mu9 (PTµ > 9 GeV)
or the double muons DMu3 (PTµ > 3 GeV). The selection efficiency for the SUSY LM
points and SM backgrounds before and after offline selection is shown in Table 5.8 for these
two trigger streams.

The streams population has been calculated as the number of events in the stream divided
by the total number of events passing a HLT trigger for two different preselections. The
numbers presented in the column ’inclusive’ has been evaluated for all events in the used
samples. The dimuon trigger stream has the advantage of having a smaller size ∼ 10 in
comparison with the single muon stream. The trigger efficiency for SUSY events with three
prompt muons is shown in the column ’trimuon’. The single and dimuon trigger streams
are efficient for all SUSY LM points. Due to the smaller size of the data sample, the double
muon trigger stream has been chosen for the final selection of trimuon events.

5.7 Systematic Uncertainties

Altough the presented analysis has attempted to search for SUSY using only muons and
has avoided the selection on jets and missing transverse energy, the number of events after
the final trimuon selection are sensitive to experimental and theoretical uncertainties.
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inclusive inclusive trimuon trimuon
channel Mu9 DMu3 Mu9 DMu3

SUSY
LM0 28.6 10.22 100 99.3
LM1 22.7 8.15 99.3 99.3
LM2 21.3 7.43 100 100
LM3 28.4 11.25 100 100
LM4 21.8 7.44 100 100
LM5 23.5 8.16 98.8 97.6
LM6 30.3 10.6 99.7 97.7
LM7 21.8 6.57 100 96.5
LM8 37.7 17.7 100 100
LM9 24.5 9.86 99.5 98.3
LM10 25.9 7.42 100 99.0
LM11 27.1 9.39 100 99.2

SM backgrounds
V V+jets(V=Z,W ) 42.1 10.1

Z → µµ 59.1 36.5
Z → ττ 6.9 0.1

tt̄ 28.9 8.45
W+jets 18.4 0.089

QCD100to250 0.68 0.075
QCD250to500 2.04 0.28
QCD500to1000 4.17 0.74
QCD1000toInf 7.31 1.88

Table 5.8: Trigger efficiency [%] of single muon (Mu9) and double muon (DMu3) trigger
streams before (left two columns) and after (right two columns) offline trimuon selection.
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The anticipated experimental uncertainties include reconstruction uncertainties of the pa-
rameters used for the muon selection. On the one hand the tracker resolution affects the
measurement of the momentum, the tracker isolation and the impact parameter signifi-
cance of the muon. On the other hand the calorimeter energy scale uncertainties affect
the measurement of the calorimeter isolation of the muon track. In order to evaluate the
impact of the uncertainties, the parameters have been changed according to the anticipated
uncertainties and the variation in the number of selected events ∆N/N has been counted.
The isolation of the muon track in the tracker has been varied by the expected momentum
resolution ±2% and in the calorimeter by the energy scale uncertainties ±10%. The muon
momentum has been changed in the range of the momentum measurement error±σPT . The
systematic uncertainties of the impact parameter have been studied by Gaussian smearing
of each impact parameter by σdxy. The summary of the anticipated instrumental uncer-
tainties affecting the muon selection is presented in Table 5.9.

Theoretical uncertainties include uncertainties in the parton distribution functions (PDF)
and uncertainties in the SM background cross section. The PDF uncertainties have
been studied with the re-weighting technique using the LHPDF libraries and contribute
∼ 2% [15]. The errors in the SM cross sections at

√
s = 10 TeV have been estimated by

comparing the SM cross sections calculated with ALPGEN and SHERPA. For the Z+jets,
W+jets, V V+jets and tt̄ production the uncertainties in cross section are estimated to be
below 5%. The luminosity uncertainties have been assumed as ∼ 5%.

Since no correlations between the different sources are assumed, the final systematic uncer-
tainty has been calculated as ∼ 8.1% by adding the evaluated uncertainties in quadrature.
The considered uncertainties do not change the results significantly, especially since the SM
backgrounds are experimentally determined from the sidebands using the ABCD method,
as will be discussed in the next section. In this case the theoretical uncertainties are given
by the data themselves and also a large fraction of the experimental uncertainties, like
vertex uncertainties, is propagated from the sidebands to the signal region.

5.8 Data-Driven Background Estimation

The background decomposition after the trimuon selection is shown in Fig. 5.31, as obtained
from MC-truth samples. But the real data collected by the CMS experiment does not show
this truth. Therefore this study has attempted to estimate the background contribution
from data. Two different approaches for two different kind of backgrounds have been
developed and applied:

• The contribution of the diboson production (ZW,ZZ) with three prompt muons in
the final state has been estimated from the Z-peak using a Monte Carlo correction
factor to find the ratio of background events in the signal region and the Z-peak.
This is called the Z-candle method and will be discussed in Section 5.8.2.
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Observable Source Range ∆N/N

Tracker isolation Tracker resolution ± 2% ∼0%
Calo isolation Energy scale ±10% 1.6%
Muon PT Tracker resolution σpt ∼0%
Tracker vertex Sdxy Tracker resolution σdxy 3.0%

SM cross section theory 5 %
PDF theory 2%
luminosity detector 5%

Total syst. uncertainties 8.1%

Table 5.9: Summary of systematic uncertainties.

• However the largest background in the signal region comes from backgrounds with
2 prompt muons and a third muon originating from jets, preferentially from a heavy
quark. As mentioned mentioned before, this one cannot be reliably estimated by
Monte Carlo simulations, because of the uncertainty in the heavy quark production.
Therefore one should try to estimate this background from the data itself. This is
done by a so called ABCD method by extrapolating the fake muons in the sidebands
of the isolation and impact parameter distributions to the signal region, as described
in the following section.

5.8.1 ABCD Method

The ABCD method [109] has attempted to estimate the backgrounds with 2 prompt muons
and a third muon originating from jets. Since the background has 2 prompt and 1 fake
muon, one can select a data sample with 2 ’tight’ muons fulfilling the isolation and Sdxy
requirement and one muon with a good track quality but not accepted by the isolation and
Sdxy requirement (’non-accepted’), i.e. iso > 0.15 or Sdxy > 4 and with one low mass
muon pair in the range 20 < Mµµ < 86 GeV.

The sample is now dominated by the background from Z/γ∗+jets and tt̄, as expected by
allowing the third muon to be ’loose’ (see Fig. 5.30). The ABCD method tries to extrapo-
late the number of trimuon events with 2 ’tight’ muons and 1 ’non-accepted’ muon towards
the signal region, i.e. events with 3 ’tight’ muons. The ABCD procedure was used in the
following way: the iso and Sdxy parameters of the ’non-accepted’ muon were entered into
a 2-D scatter plot of these variables. By definition these tracks cannot enter into the signal
region with (iso ≤ 0.15 and Sdxy ≤ 4), since in this case they would not be selected
as ’non-accepted’. So these tracks occupy the sidebands of the signal region. Since the
data sample was selected to have 2 ’tight’ and 1 ’non-accepted’ muon, every ’non-accepted’
muon entry corresponds to one event.
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Figure 5.32: Sketch of the different regions used for the ABCD method, where region
A corresponds to the signal region, and region B, C and D are the sidebands used for
prediction of fake background events in region A.

This scatter plot was divided into 4 different regions, called A, B, C and D (see Fig. 5.32).

• Region A is the signal region and contains events with 3 ’tight’ muons, i.e.
iso ≤ 0.15 and Sdxy ≤ 4.

• In region B the third muon is non-isolated but passing the Sdxy selection, so
iso > 0.15 and Sdxy ≤ 4.

• In region D the third muon is isolated, but is not accepted the Sdxy requirement, so
iso ≤ 0.15 and Sdxy > 4.

• In region C the third muon is non-isolated and does not pass the Sdxy cut, so
iso > 0.15 and Sdxy > 4.

The SUSY signal and the irreducible diboson background are predominantly populating re-
gion A. Region C is populated with the major part of the fake backgrounds. The regions B,
C and D can be used as control regions, since they are mostly populated by the background.

Assuming only background in regions A, B, C and D the number of background events in



5.8. DATA-DRIVEN BACKGROUND ESTIMATION 101

the different regions NA, NB, NC and ND can be obtained as

NA =

∫ x0

0

dx

∫ y0

0

dy ρ(x, y) (5.23)

NB =

∫ x0

0

dx

∫ ∞
y0

dy ρ(x, y) (5.24)

NC =

∫ ∞
x0

dx

∫ ∞
y0

dy ρ(x, y) (5.25)

ND =

∫ ∞
x0

dx

∫ y0

0

dy ρ(x, y) (5.26)

where x and y represents the Sdxy and iso parameter, respectively. ρ(x, y) is the prob-
ability density function of the background distribution as a function of x and y. If the
variables x and y are uncorrelated, the probability function can be factorized as

ρ(x, y) = f(x) · g(y) , (5.27)

where f(x) and g(y) are functions that depend only on x and y, respectively. Hence, if
the data can be factorized in the selected parameters i.e. the parameters have no corre-
lations, the ratio of the number of background events in the various regions fulfills the
proportionality

NA/NB = ND/NC . (5.28)

If this relation is valid, the number of background events in region A can be determined
by measuring the number of events in region B, C and D.

Such a relation can be compromised by intrinsic correlations between the variables and/or
detector effects. E.g. region D with a large impact parameter Sdxy and a low iso param-
eter can be generated by a slightly misaligned sector of the tracker.

The use of the selected trimuon sample is limited by relatively small statistics and contam-
inations coming from prompt (diboson) and fake muons from SUSY signal. On the other
hand the QCD reference sample is almost free from the contamination and will provide
large statistics of fake muons. So if the isolation and vertex parameters are not correlated
for the fake muons, as expected for a perfect detector, a QCD sample is perfect for checking
both, the intrinsic uncertainties from the method and possible biases from the detector,
discussed above.

ABCD Method with the Fake Reference Sample

With the selected fake reference sample, the performance of the ABCD method can be
checked by comparing the observed number of fake muons in region A, called N obs

A , with
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Figure 5.33: RQCD = (Nobs
BCD −Nobs

A )/Nobs
A in the isolation-Sdxy plane obtained from the

selected fake reference sample as a variation of the region boundaries shown in Fig. 5.32.
The size of the regions is defined by the value of the Sdxy and iso cut, which is plotted on
x and y axis, respectively, i.e. for the used selection cut in the trimuon event selection the
ratio RQCD is shown at Sdxy = 4 and iso = 0.15.

the predicted number of fake muons in region A from the extrapolation of the observed
number of fake muons in the sidebands N obs

B , N obs
C and N obs

D as

Nobs
BCD ≡ Nobs

B Nobs
D /Nobs

C . (5.29)

The difference of the predicted and the observed number of fake muons in region A can be
calculated as

(Nobs
BCD −Nobs

A ) . (5.30)

The ratio of this difference to the observed number of fake muons in region A

RQCD = (Nobs
BCD −Nobs

A )/Nobs
A (5.31)

is shown in Fig. 5.33. Here the boundaries of the regions are defined by the axis, so for
(iso = 0.15, Sdxy = 4) region A is defined by (iso ≤ 0.15 and Sdxy ≤ 4), region D is
defined by (iso > 0.15 and Sdxy > 4) and the regions B and C are in between. One
observes that the linearity for the high statistics QCD sample holds over the whole range
with reasonable accuracy, independent of the choice of the region boundaries.

For such a QCD sample one does not expect any contribution from new physics, given
the large QCD cross section. Thus one can assume that also in the data the ratio RQCD

should be close to zero for a perfectly aligned detector, so uncertainties from detector
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Figure 5.34: RBkg = (NMC
BCD − NFake

A )/NFake
A in the isolation-Sdxy plane for the selected

background in the trimuon analysis as a variation of the region boundaries shown in
Fig. 5.32.

correlations leading to systematic effects in the ABCD method can be quickly spotted.
However the physical background in the signal region is mainly coming from Z/γ∗+jets and
tt̄ events. The only possibility to check the ABCD method for these backgrounds is to rely
on Monte Carlo simulation or one argues that fakes from QCD and other backgrounds have
similar correlations, as suggested by the similarity of the isolation and impact parameter
distributions, shown in Fig. 5.26 before.

ABCD Method for the Trimuon Event Selection

The validity of the ABCD method for the data-driven estimation of the background events
with fake muons after the trimuon selection has been checked at MC level. This has been
done by calculating the predicted background in region A

NMC
BCD ≡ NMC

B NMC
D /NMC

C . (5.32)

where NB, NC and ND are the number of MC events in region B, C and D, respectively.
The MC-truth value of the number of fake events in region A is obtained as

NFake
A ≡ NQCD

A +NWjets
A +NZjets

A +N tt
A . (5.33)

Again like for the fake reference sample, the performance of the ABCD method can be
checked by comparing the number of predicted events with the MC-truth value of fake
background events in region A by building the ratio

RBkg = (NMC
BCD −NFake

A )/NFake
A . (5.34)
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Figure 5.35: Number of events for SUSY signal plus SM backgrounds in the regions A, B,
C, D for the trimuon analysis for a luminosity of Lacc = 200 pb−1 as a variation of the
region boundaries shown in Fig. 5.32.
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Figure 5.36: MC study of RBkg = (NMC
BCD − NFake

A )/NFake
A in the isolation-Sdxy plane as

a variation of the region boundaries shown in Fig. 5.32 with only SM diboson production
and fake backgrounds (L) in the B, C, and D region, but no SUSY signal and with only
fake backgrounds (R) in the B, C, and D regions, but no SUSY signal or SM diboson
production.

This has been done in Fig. 5.34 by using all data in the sidebands, i.e. contributions
from SUSY signal, SM diboson production and all background processes with fake muons
and plotting RBkg, again by varying the boundaries as for RQCD. One observes a slight
overestimation of about ∼ 10% in the region of the cuts chosen, which leads to a con-
servative limit. However, the statistical errors are still in the order of 30% for the cuts
in this region, as can be observed from the event numbers in the various regions in Fig. 5.35.

Additionally, the performance of the ABCD method has been checked without the pres-
ence of SUSY events i.e. using only contributions from SM diboson production and fake
background processes in the sidebands. Without SUSY contribution, one observes a slight
underestimation of about ∼ 10% in the region of the cuts chosen. Fig. 5.36 shows the
corresponding ratio RBkg, as well as the ratio obtained by using only fake background
processes in the sidebands.

Although the statistical error is large, the tendency of overestimation or underestimation,
respectively, in the region of the chosen cuts corresponds to a deviation from the perfect
validness of the ABCD method. This 10% are taken as a systematic uncertainties of the
method and they are added to the instrumental and theoretical systematic uncertainties
discussed in the previous section.
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The prediction with the ABCD method of the fake background events after the final
trimuon event selection result in

NABCD = 6.8± 2.6 (stat)± 0.87 (sys) events , (5.35)

where the stat-error is the propagated statistical error from the sidebands. This number
has to be compared with 6.5±2.4 fake backgrounds events, as shown in Table 5.5. Without
SUSY events in the sidebands the fake background contribution is estimated as

NABCD = 5.8± 2.4 (stat)± 0.74 (sys) events , (5.36)

which still agrees pretty well within the statistical error.

5.8.2 Z-Candle Method

The ZW and ZZ diboson production with leptonic decay of both bosons to muons has
a similar topology as the SUSY signal and can be used as a control measurement for the
trimuon SUSY search. The observation of the Z-peak (Z-candle) in the selected trimuon
events can be used to calibrate the selection efficiency. On the other hand this channel is
also an important background, especially with the off-shell Z boson and γ∗ muonic decays.

The contribution of this background into the selected sample can be estimated from the
events in the Mµµ = MZ [86, 96] GeV invariant mass range, mostly populated by diboson
events, as it can be seen in the plot of the lowest mass OS muon combination in Figure 5.31.
The number of events in the signal region M[20,86] GeV can be calculated from the number
of events in the Z-peak by

Nsig = NM [86,96] ·RMC , (5.37)

where RMC is the MC correction factor, which can be calculated from the invariant mass
distribution of the low mass OS muon pair of the MC-truth ZW and ZZ production as

RMC = NM [20,86]/NM [86,96] . (5.38)

For this purpose the V V+jets sample has been preselected with three prompt muons
(PT ≥ 8 GeV and |η| ≤ 2.1) on MC level. The corresponding invariant mass distribution
is shown in Fig. 5.37. The ratio RMC without detector simulation, trigger requirement has
been calculated as

RMC = 1.72± 0.14 (stat)± 0.03 (sys) , (5.39)

where the statistical error corresponds to the size of the MC sample. The ratio RMC

evaluated with detector simulation, trigger requirement and final muon selection result in
RMC = 1.75 ± 0.25 (stat). Due to the smaller statistical uncertainties, the previous value
has been used. The systematic error corresponds to the theoretical uncertainties obtained
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Figure 5.37: Low mass OS muon invariant mass distribution of the V V+jets sample used
for the calculation of the MC correction factor R = NM [20,86]/NM [86,96] of the Z-candle
method.

by comparing cross section predictions from ALPGEN and SHERPA.

As for the ABCD method, such an estimation suffers from contaminations coming from
SUSY and SM background with fake muons (Z+jets and tt̄), see Figure 5.31. The es-
timation of the diboson background contribution using the Z-candle method with SUSY
contamination in the Z-peak result in

NZ-candle = 4.0± 2.7 (stat)± 0.32 (sys) events (5.40)

in the low mass invariant mass range M[20,86] GeV at Lacc = 200 pb−1. The error is
the statistical error which has been propagated from of the number of events in the Z-
candle to the signal region with the statistical uncertainties of the MC correction factor.
This number has to be compared with 2.8 ± 0.3 diboson background events, as shown
in Table 5.5. The assumed systematic uncertainties include the systematic uncertainties
considered in the previous section and the systematic uncertainties on the MC correction
factor.
The Z-candle method without SUSY signal contamination in the Z-peak predicts

NZ-candle = 3.8± 2.6 (stat)± 0.31 (sys) events . (5.41)

5.8.3 Summary

The SM background estimation from the data-driven methods yields for low mass pairs

NDD
Bkg = 10.8± 3.7 (stat)± 0.9 (sys) events , (5.42)
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incl. SUSY no SUSY

N ± stat ± sys N ± stat ± sys

NZ-candle
Bkg 4.0 ± 2.7 ± 0.32 3.8 ± 2.6 ± 0.31

NABCD
Bkg 6.8 ± 2.6 ± 0.87 5.8 ± 2.4 ± 0.74

NDD
Bkg 10.8 ± 3.7 ± 0.93 9.6 ± 3.5 ± 0.80

Table 5.10: Background contributions from diboson production, as estimated with the Z-
candle method and from events with fake muons, as estimated with the ABCD method,
both with and without a SUSY signal in the control regions.

low mass OS muons M[20,86]GeV

NSignal(LM0) 15.3 ± 3.9 (stat) ± 1.2 (sys)
NBkgMCTruth 9.3 ± 3.0 (stat) ± 0.8 (sys)
NBkgDD total 10.8 ± 3.7 (stat) ± 0.9 (sys)

Table 5.11: Summary of data-driven (DD) estimation of SM backgrounds for an integrated
luminosity of Lacc = 200 pb−1.

to be compared with 9.3± 3.0 (stat)± 0.8 (sys) events obtained from the event selection
based on the MC-truth information, see Table 5.5. Without the presence of SUSY the SM
background estimation results in

NDD
Bkg = 9.6± 3.5 (stat)± 0.8 (sys) events . (5.43)

The summary of the contribution of the two complementary data-driven methods for the
estimation of fake and prompt background events is given in Table 5.10, both in case a
SUSY signal would be present in the control regions and without SUSY.
The signal, ZW and ZZ contamination in the sidebands and the double counting result
in an overestimate of the background but no correction for this was applied in order to
obtain completely data-driven conservative limits for the discovery reach. The summary
of the data-driven background estimation is shown in Table 5.11.

5.9 Discovery Reach

In order to compare the discovery reach of the trimuon search at the LHC with the ex-
clusion limits obtained with the searches for trileptons at the Tevatron, the mSUGRA
parameters tanβ = 3, A0 = 0 and µ > 0 were chosen. Then the m0-m1/2 plane in the
range m0 = [0, 300] GeV and m1/2 = [150, 300] GeV was divided into 450 points, corre-
sponding to steps of ∆m0,m1/2

= 10 GeV, and 10000 events for each point were simulated
with the fast simulation of the CMS detector, which has been validated to agree with the
full simulation. Thereafter the number of expected SUSY signal events were selected with
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the final trimuon event selection. For the SM backgrounds the data-driven estimation has
been used, which was introduced in the last section. The data-driven estimation suffers
from the contribution of SUSY events in the sidebands increasing the predicted background
by 1.2 events at LM0, as shown in Table 5.10. Since the influence of SUSY events depends
on the SUSY cross section, for each mSUGRA point with cross section σ this number has
been weighted with the factor σ/σLM0. The significance for each point has been calculated
with the RooStatsCMS package using the profile likelihood method as described in Sec-
tion 4.4.

The discovery reach has been evaluated with the leading order (LO) calculation of the
cross section for the SUSY signal and SM backgrounds. The k-factor, which is defined as
the cross section ratio of LO to next-to-leading-order (NLO) calculations, k = σNLO/σLO,
is large for SUSY production, where k(g̃g̃) ∼ 1.7, k(g̃q̃) ∼ 1.2 and k(g̃q̃) ∼ 1.3 in the
low SUSY mass region [98, 99]. The influence of the NLO calculations on the SM back-
ground processes have been evaluated with MC@NLO [110]. For the main SM background
processes of the trimuon search, which are the Z/γ∗+jets and V V+jets production, the
k-factors are moderate (k ∼ 1.16). The NLO calculations have a large influence on the
cross section of the tt̄ production (k ∼ 1.7). However, the contribution to the total SM
background after the final trimuon event selection is only ∼ 3%. Since the NLO corrections
would enhance the SUSY signal by 48% and the SM backgrounds by only 18%, the LO
cross sections have been used in order to obtain a conservative estimation of the discovery
reach.

Fig. 5.38 shows the discovery reach of the trimuon SUSY search for an accumulated lumi-
nosity of Lacc = 200(500) pb−1 at

√
s = 10 TeV calculated with the data-driven estimation

of the SM backgrounds. The shape of the discovery reach is driven by the relation of
gaugino and slepton masses throughout the plane and shows three regions corresponding
to different gaugino decay modes:

• The white corridor starting at m0 = 70 GeV in Fig. 5.38 represents the transition
region between two-body decays χ0

2 → µ̃µ and three-body decays χ0
2 → µµχ0

1. The
smuon mass increases with m0, so three-body decays are on the right side of the
corridor. At the transition region, where the mass of the smuon and the neutralino
are similar, the muons are too soft for efficient detection (see Fig. 5.8), so this region
is not excluded.

• To the right the branching ratio to muons via three-body decays decreases from
∼ 20% to ∼ 3% at large m0 (see Fig. 5.39), which is the expected value for three-
body decays mediated via a virtual Z boson. In between the branching ratio becomes
slightly below 3%, which can happen due to interference of different diagrams con-
tributing to the same final state (see Fig. 5.5).

• To the left, where the slepton mass decreases and two-body decays take place, the
branching ratio becomes ∼ 30%. At smaller m0 the branching ratio decreases, since
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Figure 5.38: The SUSY trimuon 5 σ discovery reach for a collected luminosity of Lacc =
200(500) pb−1 at

√
s = 10 TeV (mSUGRA: tanβ = 3, A0 = 0, µ > 0).

here sneutrinos become lighter than the neutralino and two body decays χ0
2 → ν̃ν

open up, thus leading to smaller branching ratio to muon final states (see Fig. 5.8).
In the second transition region at m0 ∼ 40 GeV, the small mass difference between
sneutrino and chargino in the decay χ±1 → ν̃l leads to a reduced selection efficiency
of the muon.

5.9.1 Comparison with Tevatron Results

The trimuon search at the LHC allows to probe the low mass mSUGRA region already
in the first year of LHC running with

√
s = 10 TeV and reach a similar sensitivity as the

Tevatron experiments, where the SUSY trilepton signature has been intensively searched
for at

√
s = 1.96 TeV. Since here protons are collided with antiprotons, energetic an-

tiquarks are present, the direct gaugino production is the dominant SUSY production
channel. Therefore SUSY trilepton events are dominantly produced in direct production
of neutralino-chargino pairs.
The latest results of the search for trileptons from neutralino-chargino pair production
at the Tevatron are consistent with the Standard Model prediction, but regions in the
m0-m1/2 plane within the reference model of mSUGRA have been excluded. For reason
of comparison the exclusion limits from D0 and CDF are also shown in Fig. 5.38. The
analyses can be briefly summarized as follows:

• The CDF collaboration analyzed data corresponding to an integrated luminosity
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Figure 5.39: Branching ratio of neutralino decays to muons as a function of m0 for m1/2 =
200 GeV, tanβ = 3, A0 = 0, µ > 0.

of Lacc = 2.0 fb−1. In addition to muon and electron final states, also isolated
tracks have been considered, but restricting the objects to the central part of the
CDF detector defined by pseudorapidity |η| < 1.1. Furthermore, the characteristic
topology of the direct gaugino pair production was taken into account by allowing no
more than one jet with ET > 15 GeV and |η| < 2.5 and requiring MET > 20 GeV.
The exclusion limit has been obtained by combining the results from four individual
trilepton final states defined by the quality of the three leptons [13].

• The trilepton search with the D0 experiment used data corresponding to an integrated
luminosity of Lacc = 2.3 fb−1. Four dedicated trilepton event selections have been
applied by combining muon, electron and τ final states with a selection based on
jets and MET. In comparison with CDF a larger exclusion limit has been obtained
mainly because of the larger accumulated luminosity and the acceptance of physics
objects, since muons, electrons and τ ’s have been accepted in a range of |η| < 2.0,
|η| < 3.2 and |η| < 2.5, respectively [14].

5.10 Prospects of an Extended Selection

The presented trimuon analysis has attempted to select SUSY using only muons, all other
observables, including missing energy and jets have been avoided in order to reduce the
systematic uncertainties of the search. However, since the SM background can be further
rejected with an additional selection on jets and MET, this section discusses the prospects
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Figure 5.40: The HT (R) and MET (L) distribution for SUSY signal at LM0 and SM
backgrounds after the selection of two tight and at least one quality muon for a luminosity
of Lacc = 200 pb−1.

Trimuon HT > 100 GeV MET > 50 GeV

LM0 15.3 ± 1.3 11.3 ± 1.1 10.0 ± 1.0

V V+jets 2.8 ± 0.3 0.28 ± 0.08 0.17 ± 0.06
Z/γ∗+jets 6.2 ± 1.4 0 0

tt̄ 0.3 ± 0.1 0.07 ± 0.07 0
ΣSM 9.3 ± 1.4 0.35 ± 0.11 0.17 ± 0.06

Table 5.12: Statistics for the extended trimuon selection for an integrated luminosity of
Lacc = 200 pb−1. The errors are given by the size of MC samples.

of an extended trimuon event selection.

At LHC the SUSY trimuon signature is dominantly produced in gluino and squark cascade
decays, leading to events with large jet multiplicity and high energetic jets. The HT
parameter calculated as the sum of ET of all jets

HT =
∑
jet

ETjet (5.44)

has been found as the best discriminating observable for further reduction of the SM back-
ground processes after ranking of the parameters Njet, ETjet1, ETjet2, ETjet3 and MET
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Figure 5.41: The SUSY trimuon 5 σ discovery reach with an additional selection HT >
100 GeV for a collected luminosity of Lacc = 200(500) pb−1 at

√
s = 10 TeV (mSUGRA:

tanβ = 3, A0 = 0, µ > 0).

with the Genetic Algorithm. The jets have been reconstructed with the iterative cone
algorithm using a cone size ∆R < 0.5 and corrected using MC jet energy corrections. The
MET is based on the calorimeter information and is corrected for muon energy deposition
and the jet energy scale.

Fig. 5.40 shows the corresponding HT distribution of SUSY signal at LM0 and SM back-
ground processes after the requirement of two tight muons and at least one quality muon.
The optimization of the HT selection cut at LM0 results in HT > 100 GeV counting all
jets with ET > 70 GeV and the jet axis within |η| < 3.
The final trimuon selection with the additional HT requirement results in 11.3 ± 1.1
SUSY signal and 0.35 ± 0.11 SM background events for an accumulated luminosity of
Lacc = 200 pb−1. The results of the selection are shown in Table 5.12.

The HT selection is prone to jet energy scale uncertainties assumed as 10% in the first year
of LHC running. In order to evaluate the impact of the uncertainties, the jet energy has
been changed according to the anticipated uncertainties and the variations in the number
of selected events ∆N/N was counted. The impact of the jet energy scale uncertainties is
33%, resulting in a total systematic uncertainty of 34% by including the systematic uncer-
tainties considered in Table 5.9 and adding them in quadrature.

For an accumulated luminosity of Lacc = 200 pb−1 the significance at LM0 increases to
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Figure 5.42: SUSY model dependence of the average ET of the first jet (L) and the missing
transverse energy (R) in the mSUGRA m0-m1/2 plane for tanβ=50, A0 = 0, µ > 0 and√
s = 14 TeV collision energy.

σ = 7.3 as calculated with the profile likelihood method including systematic uncertain-
ties. Figure 5.41 shows the improved discovery reach of the trimuon+HT selection in the
m0-m1/2 plane for tanβ = 3, A0 = 0 and µ > 0.
However, a selection based on jets would essentially require dedicated data-driven methods
to control and understand the HT distribution of the V V+jets, Z+jets and tt̄ production
in order to minimize the experimental and theoretical uncertainties of the corresponding
jet distributions, which is out of the scope of this document.

In addition the selection has been optimized taking into account the HT and MET parame-
ter, resulting in the same HT selection cut and in MET > 50 GeV. The results are shown in
the last column of Table 5.12. The MET variable is a difficult object to understand, prone
to large systematic uncertainties and a long dedicated study will be necessary to turn it into
a useful physics analysis variable [91]. In addition the significance improves only to σ = 7.7
without considering systematic uncertainties on the missing transverse energy. Hence the
best selection for further SM background rejection remains the additional HT requirement.

SUSY Model Dependence

Furthermore, the average jet energy in SUSY events depends on the chosen SUSY model.
Figure 5.42 shows the SUSY model dependence of the average jet ET in the m0-m1/2 plane
for tanβ = 50 at

√
s = 14 TeV collision energy. The difference is mostly related to the mass

spectrum of particles participating in the cascade decays: the larger the mass difference,
the larger the energy of jets. In the region with large jet ET at around m0 ∼ 500 GeV
and m1/2 ∼ 800 GeV both squark and gluino masses are in the order of 1.5 TeV and
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the gauginos are comparable light mχ0
1
∼ 300 GeV,mχ0

2
∼ mχ±

1
∼ 600 GeV, leading to

high energetic quarks produced in squark and gluino decays to quarks and gauginos. In
the region near the electroweak symmetry breaking constrain at large m0, the squarks are
heavy (∼ 2 TeV) and gluinos are heavier than the gauginos, which are all in the same
mass range. Consequently the gaugino production carries most of the SUSY cross section
and quarks produced in decays of heavier gauginos to lighter gauginos are rather soft. The
same behavior is observed for the missing transverse energy of the SUSY events mostly
caused by the lightest neutralinos, which are produced at the end of each SUSY particle
cascade: the smaller the energy of the LSP, the smaller the missing transverse energy.
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Chapter 6

Conclusion

As mentioned in the introduction, the trimuon signature originating from decays of neu-
tralinos and charginos has only a small background contribution from Standard Model
processes, for this reason it is sometimes called the golden signature. This property allows
to search for SUSY using only muons for selection without need for requirements on jets
and MET, which are prone to experimental uncertainties in the first years of LHC run-
ning. In the low mass SUSY region more than 90% of the neutralino-chargino pairs are
produced in decays of gluinos and squarks, since the squark and gluino production carries
the major fraction of the SUSY cross section. The direct neutralino-chargino production
contributes less than 10%. A distinctive feature of the trimuon signature is the kinematical
edge in the invariant mass spectrum of muons from neutralino decays at Mmax

µµ = mχ0
2
−mχ0

1
.

There are two types of background processes for the trimuon SUSY search. On the one
hand one has the background contribution from three prompt muons in the SM diboson
production (ZW ,ZZ) followed by leptonic boson decays. This background can be reduced
by requiring Mµµ < MZ . On the other hand backgrounds including fake muons can be
reduced by requiring muons to be strongly isolated from jet activity and associated with
the primary vertex. Selecting a reference sample of prompt muons from the Z+jets pro-
duction and a reference sample of fake muons from QCD processes allows to check the
detector performance with respect to muon isolation and vertex reconstruction of prompt
and fake muons. With the cuts described in Section 5.4.4 a purity of ∼ 0.8(1.4) × 10−4

has been obtained for fake muons in the prompt sample (prompt muons in the fake sample).

With an accumulated luminosity as small as Lacc = 200 pb−1 the final trimuon selection at
the SUSY benchmark point LM0 (m0 = 200 GeV, m1/2 = 160 GeV, tanβ = 10, A0 = −400,
µ > 0) results in

• 15 events from SUSY production

• 3 events from SM diboson production

• 6 events from SM processes with fake muons,

117
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where the Z/γ∗+jets production forms 95% of the fake background processes. The re-
maining 5% originate from the tt̄ production. Data-driven methods have been developed
to control the SM background contribution after the final trimuon event selection: i) the
Z-candle method estimates the SM diboson contribution from the number of events in
the Z-peak using a MC correction factor and ii) the ABCD method extrapolates the con-
tribution of the backgrounds with fake muons from the sidebands in the 2-dimensional
distribution of the isolation and impact parameter to the signal region. Using the selected
fake reference sample the performance of the ABCD method can be checked with data
for fake muons from QCD events. The contamination from SUSY signal in the sidebands
of the ABCD method as well as from SUSY signal and fake backgrounds in the Z-peak
result in a small overestimation of ∼ 16%. The uncertainty of the data-driven methods
is dominated by the extrapolated statistical error from the sidebands, which is ∼ 35% for
the luminosity of Lacc = 200 pb−1 considered in this thesis.

Applying the trimuon selection to other points of the SUSY parameter space allows to
determine the discovery reach of the trimuon SUSY search. In order to compare the
discovery reach of the trimuon search at the LHC with the exclusion limits obtained with
the searches for trileptons at the Tevatron, the SUSY parameters tanβ = 3, A0 = 0
and µ > 0 have been chosen. The m0-m1/2 plane in the range m0 = [0, 300] GeV and
m1/2 = [150, 300] GeV has been divided into 450 points and 10000 events for each point
have been simulated with the fast simulation of the CMS detector, which has been validated
with the full simulation. For large branching ratios of gauginos to muon final states (i.e.
small m0) gluino masses up to 600(700) GeV can be discovered with 5 sigma significance
for Lacc = 200(500) pb−1 as can be deduced from Fig. 5.38 using the relation mg̃ =
2.7m1/2. Hence, already after the first year of LHC the trimuon SUSY search reaches a
similar sensitivity as the Tevatron experiments, where the trilepton signature from direct
neutralino-chargino production (pp̄ → χ0

2χ
±
1 ) has been intensively searched for with an

accumulated luminosity of Lacc = 2000 pb−1.
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Track Reconstruction Performance
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Figure A.1: The track resolution (L) as well as the track reconstruction efficiency (R) as a
function of PT of single muons with PT = 1 GeV, PT = 10 GeV and PT = 100 GeV [60].
The track resolution is excellent (< 2%) for low momentum muons. The tracking system
offers high efficiencies ∼ 98% also for low momentum particles, which is essential for the
muon identification, since muons are identified by the track activity around the muon track
(isolation). The efficiency drops in pseudorapidity region |η| > 2.
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Figure A.2: The impact parameter resolution as a function of PT of single muons with
PT = 1 GeV, PT = 10 GeV and PT = 100 GeV [60]. The vertex position is determined
with an excellent resolution of ∼ 20 µm for muons with PT = 10 TeV and ∼ 10 µm for
muons with PT = 100 TeV.



Appendix B

SUSY Particle Decay Modes

Figure B.1: The decay modes of left-handed squarks [4]. The decay to the lightest chargino
and next-to-lightest neutralino dominates at small squark masses. At larger squark masses,
the branching fraction to heavier gauginos increases.
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Figure B.2: The decay modes of right-handed squarks [4]. The decay to the lightest
neutralino dominates. At larger squark masses, the branching fraction to the next-to-
lightest neutralino increases.

Figure B.3: The decay modes of gluinos to gaugino and squark pairs [4]. The decay to the
lightest chargino is dominant, followed by the decay to the next-to-lightest neutralino. For
larger gluino masses the contribution to heavy gauginos inreases.
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