SEARCH FOR SUPERSYMMETRY USING MULTILEPTONIC
SIGNATURES IN PROTON-PROTON COLLISIONS WITH THE
CMS DETECTOR AT THE LHC

Zur Erlangung des akademischen Grades eines
DOKTORS DER NATURWISSENSCHAFTEN
an der Fakultét fiir Physik des
Karlsruher Instituts fiir Technologie (KIT)
Helmholtz-Gemeinschaft

genehmigte
DISSERTATION
von

Dipl.-Phys. Daniel Cedric Trondle

aus Achern

Tag der miindlichen Priifung: 04.05.2012

Referent: Prof. Dr. W. de Boer
Institut fiir Experimentelle Kernphysik

Korreferent: Prof. Dr. G. Quast
Institut fiir Experimentelle Kernphysik






Je planmdfliger die Menschen vorgehen, desto wirksamer vermag sie der Zufall treffen.

Friedrich Diirrenmatt






Contents

1 Introduction

2 The Standard Model of Particle Physics

2.1 Introduction . . . . . .. ... ...
2.2 Lagrange Formalism . . .. ... ... ............
2.3 Local Gauge Invariance . . . . .. ... ... ... ......
2.4 The Standard Model Lagrangian . . . .. ... ... ... ..
2.5 Frontiers of the Standard Model . . . . ... ... ......
2.6 Recent CMS Measurements . . . . . ... ... .......

3 Supersymmetry

3.1 Introduction - Supersymmetry . . . . .. .. ... ... ...
3.2 Particle Spectrum of the MSSM . . . . . ... ... ... ..
3.3 Supersymmetric Lagrangian . . . . . ... ... ... L.
34 SUSY Mass Spectrum . . . . . . ...
3.5 ConstraintsoncMSSM . . . .. ... oo

4 The CMS Experiment at the Large Hadron Collider

4.1 The Large Hadron Collider . . . . . . ... ... ... ....
4.2 The Compact Muon Solenoid . . . . . ... ..........
42.1 The Coordinate System . . . . ... ..........
4.2.2 Inner Tracking System . . . . ... ... ... ....
4.2.3 Electromagnetic Calorimeter . . . . . .. ... .. ..
4.2.4 Hadron Calorimeter . . ... ... ..........
425 Magnet . . .. ...
426 MuonSystem . . . . ... ... ...
4.3 Trigger and Data Acquisition System . . . . . ... ... ...

0 N W W



CONTENTS

Software Tools and Event Reconstruction 51
5.1 CMSSW: CMS Software Framework . . . . . . ... .. ... ... ......... 51
5.2 Monte Carlo Event Generation . . . . . . .. ... ... .. ... .. ... ... 52
5.3 Detector Simulation . . . . . . . ... e e e e 53
5.4 EventReconstruction . . . . . . . . . . .. 53
5.4.1 Track Reconstruction . . . . . . . . . . . . ... .. 54
5.4.2  Vertex Reconstruction . . . . . ... ... ... o 55
5.4.3 Electron and Photon Reconstruction . . . . . .. .. ... .. ........ 55
544 Muon Reconstruction . . . . .. ... oL 57
5.4.5 Tauon Reconstruction . . . . . . . . . ... ... 58
5.4.6 JetReconstruction . . . . . . . . .. ... ... 60
5.4.7 Missing transverse Energy Reconstruction . . . . . ... ... ... ..... 61
5.5 CMS Computing Model . . . . . ... ... L 62
5.6 Statistical Procedure . . . . . ... .o 66
Search for Supersymmetry 69
6.1 Multilepton Production in SUSY Models . . . . . . . ... ... ... ... ..... 70
6.2 Standard Model Backgrounds . . . . . . .. ... ... 80
Prerequisites 85
7.1 Dataand MC Samples . . . . . . . . . . e 85
7.2 PileUpEvents . . . . .. . e 86
7.3 Object Definition and Selection . . . . . . . . ... ... ... ... ... ...... 88
7.3.1 Lepton Selection Efficiency . . . ... ... ... ... ... ... ... 91
7.4 Trigger Selection and Efficiency . . . . .. ... ... ... ... ... ....... 95
7.5 EventSelection . . . . . .. . . .. e 98
SM Background Prediction 103
8.1 Dilepton - Data Driven Fake Background Calibration . . . . . ... ... ... ... 104
8.1.1 Drell-Yan . . . . . . . . . e 105
8.1.2 Ht . . e 111
813 WW —lviv . . . .o 118
8.1.4 Systematic Uncertainties & Summary . . . . . .. ... ... ... ..... 120
8.2 Initial/Final State Radiation . . . . . . . . . . . .. ... 123
8.3 Prompt Lepton Background . . . . . . ... ... Lo 129
83.1 W Z/~* e 129
832 ZZ,Zyx, Yk Y, i i i e e e e e e e e e e e e e e e e e e 131
8.4 Summary . . ... .. e e e 134
Results 139
9.1 Systematic Uncertainties . . . . . . . . . . . . o v it e e e 146
9.2 Interpretationofthe Results. . . . . . ... ... ... oo 149

921 cMSSM (tanfB =10). . . . . . . . . 149



CONTENTS

922 cMSSM (tanfB =40) . . . . . o
9.2.3 Simplified Model Spectra(SMS) . . . . . . . .. .. ... ... ...

10 Conclusion

Appendices

A

B

H

DATA and MC Samples

Private Madgraph Production
B.1 ZZ +0,1,2 Jets including y* and Internal Photon Conversions . . . . ... .. ..

Trigger Efficiency

Vertex Reweighting

Detailed Result Tables

c¢cMSSM tanp = 10: Selection Efficiencies
cMSSM tanpB = 40: Selection Efficiencies

Event Displays

Bibliography

VII

151
157

163

165

167

169
169

177

185

187

201

209

217

220



VIII CONTENTS



CHAPTER 1

Introduction

High energy particle physics studies the smallest objects and their interactions as summarized in the
so-called Standard Model (SM) which was developed over the last decades. The SM is one of the most
scrutinized theories ever written down. It describes a large variety of phenomena seen in nature and is
incredible successful in describing all known interactions tested at particle physics experiments with
an amazing precision. All particles proposed by the theory were discovered so far, except the Higgs
boson, a scalar neutral particle, which is predicted to be responsible for the masses of the elementary
particles. Recent measurements published by the two experiments CMS and ATLAS at the LHC
might have shown first hints for a Higgs boson with a mass around 125 GeV [1,2]. But even in case
of a discovery of the Higgs boson in the near future, the SM is far from being complete.

There are a few aspects indicating new physics beyond the Standard Model. Impressive astrophysical
measurements of the matter composition in the universe have shown, that around 80% of the matter
in the universe consists of a new kind of weakly interacting massive particles (WIMP) forming the so
called cold dark matter [3]. The SM has no suitable candidate with the right properties to account for
this massive abundance of matter.

Another frontier of the SM is the so called Higgs fine tuning problem, where the self-energy correction
of the fermions to the Higgs field are orders of magnitude larger than the electroweak breaking scale,
if one assumes the SM to be valid to a much larger scale [4]. An unwanted high precision fine tuning
is needed to avoid the Higgs mass to blow up, which is a thorn in many physicists flesh.

A solution to these and several other problems of the SM can be achieved by an extension of the
theory called Supersymmetry (SUSY). SUSY is a new symmetry between bosons and fermions, which
immediately solves various problems. For each Standard Model particle with spin s = j a new particle
has to be introduced with spin " = j+1/2. Since none of these new particles were observed so far the
symmetry must be a broken symmetry increasing the SUSY masses compared to their SM partners.
SUSY models solves the fine tuning problem in an elegant way, because opposite sign amplitudes
for bosons and fermions in the Higgs self energy corrections cancel each other [5]. Assuming the
lightest supersymmetric particle (LSP) to be stable, it has all the properties expected for the dark
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2 CHAPTER 1. INTRODUCTION

matter in the universe. In many supersymmetric models not only the LSP is introduced, but also
the LSP annihilation cross section is predicted to be in agreement with calculations of the required
WIMP annihilation cross section to form the measured relic density in our universe. This remarkable
coincidence is often called the "WIMP Miracle" [6]. Furthermore if one introduces SUSY particles in
the calculations of the running coupling of the strong and weak interactions, a unification of all three
forces can be achieved at a scale around 106 GeV [7].

With the start of the Large Hadron Collider (LHC) at CERN (Conseil Européan pour la Recherche
Nucléaire) near Geneva Switzerland in 2009 offers a perfect tool for physicists around the world to
jump into a new energy regime and hopefully answer many open questions. The LHC is a proton pro-
ton collider with a circumference of 27 km accelerating counter rotating proton beams up to 3.5 TeV.
Two large general purpose detectors, CMS and ATLAS, are installed at different interaction points
with the main purpose to discover the Higgs boson and observe hints for, and finally also discover,
new physics beyond the SM, especially SUSY.

The SUSY particle production cross section is tiny, compared to the total SM background production
rate. Thus the challenge of searches for SUSY extensions is to distinguish the rare SUSY events on
top of a huge background. This can be achieved in multileptonic signatures, namely final states with
at least three leptons including electrons, muons and taus. Those signatures are often referred as the
"Golden Channel" since its is a clean signature, clean in the sense that SM processes with three prompt
leptons are rare, whereas it can be enhanced in many SUSY models.

In SUSY models isolated leptons are produced dominantly in the leptonic decay of the next to lightest
neutralino (Y3 — 1Ix?) and the lightest chargino ()"(1i — IvxY)). The simultaneous production of
neutralinos and charginos with the subsequent decay to leptons leads to multileptonic signatures,
whereas in the Standard Model prompt leptons results from boson decays (W=, Z/v#) including
top quark decays ¢ — Wb. The dominant irreducible background with three/four prompt leptons is
formed by the double boson production (W*Z, ZZ). An additional dangerous background consists
of dileptonic SM processes like Drell-Yan or ¢ with the subsequent decay to leptons accompanied
by so called fake leptons mimicking a multileptonic signature. Fake leptons are mainly leptons from
heavy flavor decays in jets and false identification as prompt leptons.

The search for supersymmetric models in trilepton signatures were studied in former experiments at
the Tevatron proton anti-proton collider situated at Fermilab near Chicago USA [8—11]. The study
presented in this thesis was published the for first time in 2099 with the first recorded data £ =
35pb~! [12—14] and substantially extended the excluded parameter space from the Tevatron data.
The analysis improved through the second year of data taking. Preliminary results were published in
Summer 2011 corresponding to an integrated luminosity £ = 2.1fb~! [15]. Further improvements
with the full data set of 2011 corresponding to an integrated luminosity of £ = 4.7 fb~! are presented
in this thesis.

The thesis is organized as follows: In Chapter 2 the Standard Model of particle physics is reviewed
and in Chapter 3 the theoretical framework of SUSY is discussed. The LHC and the CMS experiment
are presented in Chapter 4. Software tools used for reconstruction of physics objects embedded in
the CMS software framework are discussed in Chapter 5. The analysis is described in the Chapters
6-9. First SUSY multileptonic production mechanisms and properties and expected SM background
processes are discussed in Chapter 6. Some prerequisites are reported in Chapter 7 and followed by



the SM background predictions in Chapter 8. The results and SUSY interpretations are discussed in
Chapter 9. A conclusion is given in Chapter 10.
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CHAPTER 2

The Standard Model of Particle Physics

The Standard Model (SM) of elementary particle physics is one of the most scrutinized theories ever
written down in modern physics. It describes the world around us with an impressive precision and
is continuously being tested and confirmed by a long list of experiments. Three of the four known
forces - electromagnetic, weak and strong interaction - and as well the elementary particles and their
properties are included in a mathematically consistent and beautiful framework, beautiful in the sense
that the SM is a theory based on fundamental symmetries. However, even today not all phenomena
seen in nature can be explained by the SM. The most stringent issues are the masses of the gauge
bosons, which cannot be explained without an ad hoc mechanism including a new scalar boson. Also
the unification of the electromagnetic and weak force into the so called electroweak theory was an
incredible achievement, but the unification of all three forces is not possible without certain theoretical
extensions to the SM. There are more issues which will be discussed after a short introduction to the
Standard Model.

2.1 Introduction

The basic constituents of all matter in our universe, as well as their fundamental ineractions can be
described by a set of particles called fermions with a half integer spin forming the matter constituents
and four different forces: gravitation, electromagnetism, weak and strong interactions distinguished
by their strength, range and type. The SM combines the fermions and three of the four forces (w/o
gravitation) in a widely accepted theory. Within the theory the interactions are mediated via so called
bosons, i.e. particles with an integer spin. Table 2.1 summarizes all SM fermions and bosons with
their corresponding quantum numbers: electric charge @) , hypercharge Y and the third component of
the weak isospoin /3.

The fermions are ordered in two groups: leptons and quarks. Both groups appear in three generations,
where particles within the different generations have the same quantum numbers, except their masses,
e.g. the lefthanded up-type quarks uz, ¢z, and 7, have the same electric charge (Q = 2/3, hypercharge

5



6 CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

Table 2.1: Particle spectrum of the Standard Model. The quantum numbers electric charge (), hypercharge Y
and the third component of the weak isospin /5 are given.

’ Fermions Spin = 1/2 ‘

1. Gen. | 2. Gen. | 3. Gen. Q Y I3
u c t 2/3 1/2
k 1/3
Quarks (d) (5) (b) ~1/3 B i)
L L L

UR CR tRr 2/3 4/3 0
dr SR br -1/3 | -2/3 0
Leptons ( ye) ( V“) < VT) (1) -1 1/3

“JiL HJL )L B -1/
(24 HR TR -1 -2 0

Bosons Spin = 1 ‘

Interaction Boson Q Y I3

Electromagnetic o 0 0 0
0

Weak VA N 0 0 0
w +1 0 +1
Strong g1 9s 0 0 0

Y = 1/3 and the third component of the weak isospin /3 = 1/2 with masses m,, = 1.7 — 3.3 MeV,
Me = 1.27f8:85 GeV and m; = 172 £ 0.9 = 1.3 GeV respectively [16]. For each fermion there exists
also an anti-particle with same mass, but opposite quantum numbers, e.g. Q,, = 2/3 and Q7 = —2/3.
The mediator of the electromagnetic interaction is the photon 7y, which couples to the electric charge
of the particles, whereas the weak interactions is described by the exchange of the W+ and Z bosons.
The W+ bosons couples to the weak isospin and hence it couples with the same strength to quarks
and leptons. On the other hand the Z boson couples to the isospin and the electric charge as well.

The lefthanded quarks of a doublet of weak interaction eigentstates denoted as d’, s’ and b’ do not
correspond to the mass eigenstates but rather to a linear combination of theses mass eigenstates d, s
and b. Hence there are rare transitions between doublets of different generations. The 3 x 3 matrix
describing the connection between both representations is the Cabbibo-Kobayashi-Maskawa (CKM)

matrix
d/ Vud Vus Vub d
Sl = Vea Ves Va s, 2.1
b’ Vie Vis Vw b

where the V;; element specifies the coupling of one quark flavor ¢ to another j [17].
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Quarks are the only fermions underlying the strong interaction with its mediators, called gluons, which
couples to the so called color charge of particles. Baryons and mesons are composite particles made
of two or three quarks. The existence of the 2~ particle [18], a meson which consists of three s
quarks with a total spin s = 3/2, required a new degree of freedom. Due to Pauli’s principle particles
with half integer spin quantum number follow the fermi statistics and hence the wavefunction should
be anti-symmetric under permutation of the composite partons. This discrepancy could be solved
by introducing a new quantum number color with three different values red, green and blue and the
opposite colors anti-red/green/blue as well. A combination of all three colors or anti-color leads to
white referring to optics. The invariance of the theory under rotation in the color space yields finally
eight gluons, where the nineth is a color singlet and non-relevant for the interactions.

2.2 Lagrange Formalism

The Lagrange formalism in classical mechanics is a complementary descriptions of Newton’s second
law introduced by Joseph Louis Lagrange in 1788, where the Lagrangian L is given by

L=T-V 2.2)

with T = %mv2 the kinetic energy of a particle in a scalar potential V, where T and V are functions
of the generalized space coordinates g; and their derivatives ¢;. In a relativistic field theory it is
conventional to use instead of L the Lagrange density £ in order to describe the field as function
of space and time, hence the Lagrange density is a function of the field ¢; itself and its covariant
derivatives 0,,¢; = 0¢;/0x* with the space time coordinates .

The equations of motions of a desired Lagrange density can be derived from the generalized Euler-
Lagrange equations

d/ c o
% (W) == 87@ , 1= 1,2,3.. . (2.3)

In the following Lagrangian will be used instead of Lagrange density for simplicity.
In high energy physics its all about the determination of the Lagrangian L. If the Lagrangian is known
the equations of motion can be determined and predictions can be tested in experiments. The general
model building, i.e. the construction of the Lagrangian is based on three axioms:

1. Gauge Symmetry,

2. (Irreducible) Representations of fermions and scalars, i.e. the field content,

3. Spontaneous symmetry breaking (SSB),

where L is the most general and renormalizable Lagrangian. The next sections will review the given
axioms followed by the corresponding Standard Model Lagrangian.
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2.3 Local Gauge Invariance

Symmetries play a crucial role in quantum field theory. Emmy Noether showed in 1918 that a group
of transformations on fields ¢, where the corresponding Lagrangian is invariant under this transfor-
mations, yields one or more conserved quantities. This implies that symmetries imply conservation
laws. The theory of Quantum Electrodynamics (QED) showed impressively that local gauge symme-
try under the desired symmetry groups U(1) gives also the correct interaction terms in the Lagrangian
of QED and similar principles have been successfully applied in electroweak and strong interactions.
Local gauge symmetries are groups of transformations with space time dependent phases o, = ().
A general transformation SU (), where N is an array of N x N matrices with determinant 1, are
given by

Y — Y (x) = @ Tagy(g) | (2.4)

where T}, are the generators of the group SU (V) and underly the corresponding group algebra

(7%, T% = ifbere (2.5)
with f2%¢ the structure constants. If the commutator vanishes, e.g. f?¢ = 0, the underlying group is
called abelian.

Local gauge Invariance of Abelian Groups

The effect of the local gauge invariance of abelian groups will be illustrated for the QED. Free massive
fermions with spin s = 1/2 can be described by the Lagrangian

L =iy —mipp (2.6)
with the dirac y-matrices, v a four component dirac spinor and 1) = 9)7°. The first part corresponds
to a kinetic term and the second is the mass term. As an example one can consider a simple transfor-
mation of the U(1) group , also known as the circle group, due to the fact that U(1) is the multiplicative
group of all complex numbers with absolute value 1. A transformation of the dirac spinor ¢/ under
U(1) can be written as

¥ = (z) = e y(a). @7
Considering an electron field the transformation can be interpreted as a simple transformation of the

local phase angle by (). Since the derivative term applied acting on the phase «(x) does not vanish,
because

E/ — i,lz)/,yuauwl . ml[jllbl
= L= " (Ouel(x))y
—_—
#0
i.e. the Lagrangian considered for free massive fermions is not invariant under this transformation,

because £’ differs from £. The invariance can be achieved by introducing a new gauge field A, (),
referring to classical electromagnetism, which transforms under U(1) like
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Au(z) > Al(x) = Ay(x) - %aua(x) (2.8)

and replacing the derivative J,, by the so called covariant derivative D,,

Oy — Dy = 0, +ieA, (2.9)

which finally leads to a Lagrangian invariant under a local phase transformations

L= Z.QZJ'YHDM@Z} - miZ@ZJ = W_W“Qﬂl} - 61177“14#1!) - m@z”/) . (2.10)
The terms MZJV“@M/J and ma)1) describe a free massive fermion as introduced in Eq. 2.6 and the
term e@Z'y“AMD corresponds to a coupling of the fermions to a new gauge field A,. Adding an
additional kinetic term for the massless A, with spin s = 1 yields the complete QED Lagrangian,
which describes electron/positron interactions with photons (A,,).

. . S T
Lqep = 1Yy 0uth — epy" Ay — mapyp + ZFWF“ (2.11)

with F* = OFAY — 0” A¥ is the field strength tensor. The introduced new gauge field has to be
massless because adding a mass term of the form 1/2mA*A,, for spin 1 particles is not invariant
under an U(1) transformation, since

1 1 1
AFA, — AMAL = AFA, — gAuaua(x) - g(aua(m))A# — 6—2(3"04(1’))(8“@(3:))

~~

#0
is not invariance under a local phase transformation.

To summarize: for the example of QED it has been shown, that constructing a Lagrangian for fermions
and photons (2. axiom: field content), which is invariant under an U(1) transformation (1. axiom:
gauge invariance) yields a Lagrangian with the correct coupling to photons. The last axiom of the
model building for the requirement of spontaneous symmetry breaking will be introduced in the con-
text of the electroweak theory.

Local Gauge Invariance of Non-Abelian Groups

The gauge invariance principle applied in QED for constructing a quantum field theory of interacting
fields on basis of fundamental symmetries was further investigated and applied to the weak and strong
interactions. As an example of Non-Abelian symmetries the three dimensional rotation group SU(2)
will be shortly discussed, where the impact of gauge invariance under a transformation of the SU(2)
group was evaluated by Yang and Mills [19] with respect to an isospin rotation of the proton-neutron
doublet. The SU(2) group consists of 2 X 2 unitary matrices which can be written as

U=e % (2.12)

with o, the generators of the group for which the components are the Pauli matrices

01 0 —i 1 0
01:(1 0) 022(2, OZ> U3:<o _1>. (2.13)
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The SU(2) has three degrees of freedom given four real numbers (2 X 2 matrices) and one constraint
(det(U)=1). Following the same procedure used for the U(1) group applied to the QED Lagrangian,
one will encounter additional complication, due to three orthogonal symmetry motions, which do not
commute. The covariant derivative can be written as [20]:

a

DH = 9" 4 igAg% . (2.14)

For each of the group generator 0 a new vector field A, is required which finally leads to a La-
grangian of fermions interacting with three massless vector gauge fields

_ _ 1 .
L =iy Dy — mipp — £ (F,,)* (2.15)

where F,, = 9, A}, — 0, Al, + g k AJ, A% is the field strength tensor. The structure of this Lagrangian
is quite similar to the QED Lagrangian, but it contains also cubic and quartic terms in Aj, which result
in interactions between the vector gauge fields and depends on two parameters: the fermion mass
parameter m and the coupling constant g. This famous Lagrangian is commonly quoted as Yang-Mills
Lagrangian.

2.4 The Standard Model Lagrangian

After reviewing the prerequisites of local gauge symmetry the standard model Lagrangian and its
components will be discussed in the following section. Glashow, Weinberg and Salam were able to
unify the electromagnetic and weak interactions in the so called GSW-model [21-23]. The natural
follow-up question is the question of the possibility of the unification of strong and electroweak inter-
action. Wihin the SM this is not possile. Starting with a short discussion of the strong interaction with
its underlying symmetry property the electroweak interaction will be discussed, where the principle
of spontaneous symmetry breaking has to be introduced in order to describe the measured masses of
the weak vector gauge bosons.

Strong Interaction

The concept of the strong interaction was introduced due to the fact of stable nuclei in spite of repulsive
electromagnetic forces and the existence of the {2~ [18]. A particle consisting of three similar quarks
(sss) with parallel spins. A new quantum number called color with its colors (red, blue green) had to be
introduced in order to preserve the Pauli principle. Referring to optics the theory of strong interaction
is called Quantum Chromo Dynamics (QCD). The first full formulation of the theory was evaluated in
1973 by Fritzsch, Gross, Wilczek and Weinberg [24-26]. The symmetry group SU(3)¢ consisting of
3 x 3 matrices describes the quark sector. Analogous considerations as for the SU(2) discussed before
can be applied here. A symmetry transformation of the SU(3)¢ group can be expressed as:

U = e tal® (2.16)

with the generators of the group 7% = ’\—; where \* are the Gell-Mann matrices. Introducing the

covariant derivative
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DF = 9 +ig,G'T* 2.17)

where GY; are the gluon fields and g; is the gauge coupling. Adding a gauge invariant term representing
the dynamics of the gluon fields yields finally the QCD Lagrangian'

1 .
EQC’D = EF:VFaHV + (jj [(l’y“a,u - m)(sjk‘ - gsry“G,LLaquk]Qk ) (218)

with Fi, = 0,A7 — 0, A}, + gs f“bCAZAl,j and ¢ are the quark fields. Cubic and quartic terms in
A, results in gluon self couplings. A more detailed evaluation of the QCD Lagrangian can be found
elsewhere [20,27].

Electroweak Interaction

The transition of quarks and leptons is mediated via the weak interaction. Experiments have shown
that leptons are ordered in doublets of left-handed and singlets of right-handed leptons (Table 2.1).
Same applies for quarks as well. A new spin quantity [ referred as the weak isospin was introduced.
The weak interaction violates the parity first observed in the beta decay of cobalt 60 [28], where the
violation was realized in the way, that only left-handed electrons and right-handed anti-neutrinos were
produced.
Glashow, Weinberg and Salam unified the electromagnetic and weak interaction within the GSW-
model into the so called electroweak interaction. The symmetry group of the electroweak interaction
is the

SU@2)r @ U(l)y, (2.19)

where Y is the generator of the U(1) symmetry group and is called hypercharge. A local phase
transformation of such combined group can be written as

br — Y = pre el e

YR = Yk = Pre

with ty /p corresponds to the left/right-handed fermion fields and 7 the generators of the SU(2).,
and Y of the U(1)y, respectivly. We saw before, that the generator U (1) gys of QED was the electric
charge, which is related to the hypercharge Y by the identity

Y
Q=% +1;, (2.20)

where I3 is the third component of the weak isospin. In total three vector gauge fields Wﬁ acting on
left-handed fermions and one scalar field B acting also on right-handed fields are required. Introduc-
ing the covariant derivative

g i, .9
Ou = Dy = O +igWyio' + 1532Y (2.21)

"There is an additional freedom in choosing the quantization of the eight gluon fields which leads to so called ghost
fields. These ghost fields can be removed by a certain choice of gauge, thus they can be ignored in the calculations.
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where o* are the Pauli matrices and g(g’) are the corresponding couplings, which leads finally to a
local gauge invariant Lagrangian for the electroweak theory

_ 1. 1
Low =i 0 — TW,, Wi — 2 By B

— SOV Woath — Ty B (2.22)
(2.23)

with W;l, = &,W; — 8NW£ + geijkWﬂWf and B, = 0,B, — 0, B,. The actual gauge bosons W,
ZY and A,, are linear combinations of the four gauge fields Wlﬁ and the BY:
1
W* = — (W' FiW?
ﬂ( F W)
Z° = —sin(Oy)B® + cos(Oy ) W3
A, = cos(0w)B° + sin(Ow ) W3

with the Weinberg angle 6y measured to be [16]
sin?(Oy) ~ 0.232 . (2.24)

In summary requiring a Lagrangian invariant under local gauge transformation of the unified elec-
tromagnetic and weak interaction into a combined SU(2);, ® U(1)y symmetry group introduces the
four gauge bosons W, Z° and A,,.. However since mass terms for the gauge bosons would spoil the
gauge invariance, the observation of massive W+ and Z° is in contradiction to the theory.

Spontaneous Symmetry Breaking and the Higgs Mechanism

The dilemma of the electroweak theory predicting massless gauge bosons is resolved using the prin-
ciple of spontaneous symmetry breaking proposed by Higgs, Brout, Guralnik Hagen, Englert and
Kibble [29-31]. Spontaneous symmetry breaking is a principle formerly known from ferromagnetism
in solid state physics. Bosons and fermions get their masses by coupling to the Higgs field. The Higgs
field is a complex scalar SU(2) doublet carrying weak hypercharge Y = 1 consisting of a charged

+ .
o—[® = 1 +i®y (2.25)
P D3 + 1Dy

LHiggs = (D*®)(D,®) — V(®) (2.26)

and neutral part

described by the Lagrangian

where D, = 0, +i%Wm~0i + %BBY is the covariant derivative and V' (®) is the Higgs potential given
in the most general renormalizable and SU (2), invariant form by
V() = p?|@T®| + (|27 D|)? (2.27)

with a positive and real parameter \. The shape of the potential is shown in Fig. 2.1 for u? < 0
(right panel) and ;2 > 0 (left panel). In case of x? > 0 the ground state of the Higgs field is at the
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V(9)

1”2 >0 ﬂg <0 +w
Figure 2.1: The Higgs potential for A > 0 and 12 > 0 (left) and ;2 < 0 (right). Picture is taken from [32].

minimum of the potential, here chosen to be ® = 0, and thus the vacuum expectation value vanishes
|(0|®|0)| = 0. More interesting is the case of u? < 0. For u? < 0 the vacuum expectations values are

2
(0[®]0)] = \/% = % (2.28)

The ground state with its vacuum expectation value can be obtained by different field configurations

non zero:

(®+,®%). Hence a transformation of the SU(2);, ® U(1)y symmetry group rotates one ground state
into another, thus breaking the symmetry. Since the vacuum expectation value is not changed by this
transformation of the ground state, the actual Lagrangian is still invariant. This mechanism is known
as spontaneous symmetry breaking.

The ground state can be chosen to be neutral, e.g. ®+ = 0, since the vacuum is known to be neutral.

1 (0
Py = — 2.29
0= 7% <v> (2.29)
The scalar field can be written as
1 . a -a O
O = —eX'T 2.30
V2 (U + h) (230)

where x* are three massless goldstone bosons, which can be easily eliminated by a appropriate gauge
transformation ® — e~X"7*®’ where ® is the scalar field in the so called unitary gauge. Substituting
® into the Lagrangian given in Eq. 2.26 and considering only the scalar kinetic energy term yields

1 ¢ 2 0
1\t _ 9wy _ 9 _
(D) (D) = 5 (0.0) (20 W, -2 B“Y) (U) + h-terms . 2.31)
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Substitution with W+ = %(WIZH'WQ), 70 = —sin(Ow ) B®+cos(Ow )W3 and A, = cos(0w ) B+

sin(fy )W? introduced in the context of the electroweak theory before results in masses of the phys-

ical gauge fields
1
ngi — %02
4
1
Mg = 2(g* + g
My=0.

Since the massless photon couples with the electromagnetic strength e and the Weinberg-angle 8y is
related with the couplings g and ¢, the following relations can de derived:

e = gsin(Ow)

e =g cos(Oy)
/

9
tan(Ow) = =
9
and the connection between the Z and W+ masses can be expressed by
Mwi
Ow) = 2.32
cos(Ow) M, (2.32)

The introduction of fermions (quarks, leptons) interacting with the Higgs field and so getting their
mass can be included in a similar fashion as above for the gauge bosons. A detailed description of
these calculation can be found elsewhere [20]. In summary requiring local gauge invariance under a
transformation of the SU(2)r, ® U(1), and introducing a new scalar field in the context of the unified
electroweak theory yields three massive (W*,Z°) and one massless gauge boson (A).

Standard Model Lagrangian

The Standard Model of particle physics is a gauge theory of the strong, weak and electromagnetic
interactions with the symmetry group

SUB)c @ SUR2)y @ U(1)y (2.33)
The corresponding Lagrangians can be factorized as:
Lsm = Lsy3) + Lsu@eul)y (2.34)

Putting the QCD Eq. 2.18, electroweak Eq. 2.22 and the Higgs Eq. 2.26 Lagrangian together yields
the standard model Lagrangian:

Loy = Z iUy D, Vg fermion term
f
1
— Z(B/WBW + Wi, Wi + GZ,,GZ”’) gauge term
+ (D"®)(D,®) — V(D) Higgs term

+ hL L ®ely + hff@iéd% + hf]@ifbcug + h.c. Yukawa term (2.35)
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with D, = 0, +i§W,,a0¢ +i%BSY +i% G pA’. The last and before not explicitly discussed Yukawa
term of the SM Lagrangian describes interaction of fermions (quarks, leptons) with the Higgs fields,
where h"/ are the yukawa couplings with the generation indicies 7 and ;.

2.5 Frontiers of the Standard Model

The Standard Model describes nature with an incredible high precision down to at least 10716 cm
(electroweak scale ~ 100 GeV) . However the standard model consists of at least 18 free parame-
ters, which is seen to be just too much arbitrariness for a fundamental theory. There are other open
questions in the SM, some of which are listed below:

e Charge Quantization Problem: Why do all particles have charges which are multiplets of e/3?
The SM incorporates, but cannot explain this fact, which is of fundamental importance for the
electrical neutrality of atoms.

e Hierarchy Problem: The hierarchy problem can be summarized with the question why the
Higgs mass, which has to be in the same order as the vector gauge boson mass of the weak
interaction, is small compared to the fundamental Planck mass ~ 10'% GeV.

o Fine tuning Problem: Huge quantum corrections are expected to increase the Higgs mass to
values many orders of magnitude higher than the electroweak scale, unless an incredible fine-
tuning of parameters leads to cancellation of correction terms.

e Gravitation Problem: The theoretical consideration of the fourth force, namely the gravita-
tion, is missing in the SM. Writing down a consitent quantum theory of gravity has not been
realized so far. For energy regimes, which can be tested in modern high energy particle physics
experiments, the gravitational contributions are negligible. At (much) higher energies it has to
be taken into account into theoretical considerations.

e Dark Matter Problem: The SM provides no appropriate candidate for the so called cold Dark
Matter in the universe, while it is known from cosmological observations that the contribution
of Dark Matter to the total energy density of the universe is about 23% [3].

e Origin of the Electroweak Symmetry Breaking: The new scalar Higgs field is introduced
"by hand". The squared mass parameter u? is chosen arbitray to be negative and there is no
fundamental motivation for this choice.

e Gauge Coupling Unification: The couplings g, ¢’ and g, of the electroweak and strong in-
teraction depend on the energy scale described by the renormalization group equations. In the
framework of the SM an accurate unification of all gauge coupling is not realizable so far.

2.6 Recent CMS Measurements

From the standard model Lagrangian,cross sections can be determined and tested in experiments.
A small summary of recent measurements published by the CMS Collaboration of SM production
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cross sections and properties relevant for this study are presented. The shown results are only a small
piece of the SM puzzle and many more results measured in various experiments can be found in the
literature.

In Fig. 2.2 the production cross sections for W+, Z and double boson combinations We, Z~r, WW,
WZ and ZZ measured with the CMS experiment in proton proton collisions at a center of mass
energy /s = 7TeV are shown. The measured cross section are in good agreement with the theoretical
predictions. Similar in Fig. 2.3 the latest ¢¢ production cross section measurements in the various
signatures of the top decays are summarzied. A complete overview of the latest results published by
the CMS Collaboration can be found in Ref. [33].

CMS
T E =
2 - W =
10° R ‘ e oMS 95%CL limit T
] EE ‘ : Z ‘ © CMS measurement (stat®syst) ?E
© ey S : —— theory prediction ]
- - ; ;
< 10*E! 21 : —
o E L 22 - : 3
g5 F = A lwy E
w 10°F 23] - : Rl =
@ = = 23 —o— : =
3 12k 24 : ‘ CWW : ]
S CE 5 =, g WZ E
c = ! ‘ 1 ZZ .
S 10 ? T e
S E ‘ | : = A
_g - EX > 30 GeV . Ef>10GeV | ‘ I -
o = <24 L AR(Y)>07 ‘ ‘ 7777 3_E|
D_ E 1 1 : : L : E
B 3 3 A A 3 0T
10-1 E 36 pb : 36 pb : 1.1fb : 4.7 b E
JHEP10(2011)132 PLB701(2011)535 CMS-PAS-EWK-11-010  CMS-PAS-HIG-11-025

CMS-PAS-EWK-10-012

Figure 2.2: Electroweak production cross section measured with the CMS experiment. The plot is taken from

[33].



2.6. RECENT CMS MEASUREMENTS

CMS Preliminary N's=7 TeV

164+ 3+12 + 7

1
(val £ stat. + sys%. + lum)

CMS e/u+jets+btag
TOP-11-003 (L=0.8-1.09/pb)

CMS dilepton (ee,up,ep)

TOP-11-005 (L=1.14/fb)

CMS all-hadronic

TOP-11-007 (L=1.09/fb)

CMS dilepton (ut)
TOP-11-006 (L=1.09/fb)

CMS 2010 combination

arXiv:1108.3773 (L=36/pb)

CMS e/u+jets+btag
arXiv:1108.3773 (L=36/pb)

CMS dilepton (ee,up,ep)

arXiv:1105.5661 (L=36/pb)

CMS e/u+jets
arXiv:1106.0902 (L=36/pb)

(=]
(S}
(<]
o
-
=
=
]
c
3
()
o
<

170+ 445 + 8

(val + stat. + syst. + lum)

136+20+,0 + 8

(val + stat. £ syst. * lum)

149+24 5% + 9

(val + stat. £ syst.  lum)

154+17 + 6

(val £ tot. £ lum.)

17
150+ 9+17 + 6

(val £ stat. + syst. + lum)

168+ 18+ 5 + 7

(val £ stat. + syst. + lum)

T 17314+ + 7

(val £ stat. + syst. + lum)

Theory: Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009

MSTW2008(N)NLO PDF, scale® PDF(!

TO% C.L) uncTnainty

50 100

150

200 250

300

o(ti) (pb)

Figure 2.3: tt production cross section measured with the CMS experiment. The plot is taken from [33].
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CHAPTER 3

Supersymmetry

In the last chapter the Standard Model of particle physics has been discussed. Within the theoretical
framework several issues observed in nature can not be described. Hence, new theories expanding
the Standard Model have to be evaluated and tested in experiments. As already discussed model
building in particle physics follows three axioms: (1) gauge invariance, (2) field content and (3) spon-
taneous symmetry breaking. Following these axioms an extension of the SM based on a symmetry
called SUperSYmmetry (SUSY) will be discussed and the Lagrangian invariant under supersymmetric
transformations with its particle spectrum will be presented in this chapter.

3.1 Introduction - Supersymmetry

The supersymmetric extension of the Standard Model is based on an additional symmetry between
fermions and bosons [34]:

@Q|Fermion) o |[Boson) , |Boson) o |Fermion) , 3.1)

with ) the generator of the SUSY algebra follows the (anti-)commutator relations:

{Qa, Qs} = {QL,Q}} =0 (3.2)
{Qa, Qf} = 20", P, (3.3)
[P*,Q] = [P*, Q] =0, (3.4)

where o# are the Pauli matrices and P, is the four-momentum generator of spacetime translations.
Supersymmetry defined like above is a spacetime symmetry since the operators @ and Q' (hermitian
conjugate of Q) are carrying spin angular momentum s = 1/2 (fermionic operators). The mini-
mal supersymmetric extension of the SM (MSSM!) is an N = 1 SUSY model with N referring to

"MSSM: Minimal Supersymmetric Standard Model

19
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the number of generators @ — Q;(i = 1,2,...N). The irreducible representation of the supersym-
metric algebra (supermultiplets) contains an equal number of fermions and bosons, where particles
transforming under Q (Q") into each other are called superpartners. Q and QT commute with the ge-
nerators of the gauge transformations and hence all superpartners must have the same electric charges,
weak isospin and color degrees of freedom except the spin, which differs by 1/2. Due to the fact that
P* commutes with Q(QT) also the squared mass parameter — P2 commutes and hence all superpart-
ners in a supermultiplet must have equal masses.

Up to now no evidence for any supersymmetric particles have been observed in high energy particle
physics experiments, which can only be realized if the masses of the superpartners are large. This is in
contrast to the theory prediction. Breaking the symmetry resolves this issue, i.e. the SM particles and
their superpartners would have different masses, where the mass difference depends on the breaking
mechanism.

The introduction of a set of new particles solves immediately several problems of the SM:

Fine Tuning: The new particles have similar radiative corrections to the Higgs mass as their
partners of the SM unless the symmetry is broken. The only difference is the sign of those
corrections, which are opposite and cancel each other. This property solves the fine tuning
problem. If SUSY is broken the superpartner masses are different and therefore the cancella-
tions depend on the mass differences. To avoid unnatural fine tuning the SUSY breaking scale
has to be Mgysy < 1TeV.

Hierarchy Problem: Similar to the fine tuning the cancellation of quantum corrections induced
by the new particles can explain the large difference of the weak and unification scale. In SUSY
models electroweak symmetry breaking is not ad-hoc introduced, but is triggered by radiative
corrections from the top-quark Yukawa coupling to the Higgs sector. One of the Higgs squared
masses are driven to negative values by this coupling. The logarithmic energy dependency of
the relative corrections lead to large differences of the two scales.

Unification: Introducing new particles changes the energy scale dependent slope of the gauge
couplings. Setting the scale of the new particles at the T'eV scale the unification of all gauge
couplings can be achieved, which can be seen in Fig. 3.1.

Dark Matter: Introducing an new quantum number (R-parity) and assuming it to be conserved
yields a massive stable lightest supersymmetric particle (LSP). The LSP would be a perfect
candidate for the cold dark matter in the universe.

3.2 Particle Spectrum of the MSSM

As a first step the naming convention for the supersymmetric partners of the SM particles is discussed.
The superpartner names of quarks and leptons, i.e. supersymmetric bosons, are constructed by adding
a "s" to the name. So, generically squarks are the superpartners of the quarks and sleptons of leptons.
Since the fermions have two spin states, whereas their superpartners are scalars, there are actual two
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Figure 3.1: Evolution of the three coupling constants of the electroweak and strong interaction using the mea-
sured values for Mz and a(Mz) from the Delphi experiment for the SM (left) and the similar
evolution but including contributions of the minimal SUSY model (right). Plots are taken from the
original paper published in 1991, where the effect of gauge coupling unification with a fit to the
SUSY mass scale has been shown for the first time [7].

superpartners for each fermion. In an analogous manner the superpartners of the SM bosons get
an "-ino" attached, e.g. the wino is the superpartner of the W boson, whereas the partner of the
Higgs bosons are called higgsinos. In the context of the MSSM a second Higgs multiplet has to be
introduced with both multiplets having a weak hypercharge Y = +1/2, because only Y = +1/2
Higgs chiral multiplets can give masses to up-type quarks (up, charm, top) and only Y = —1/2 Higgs
chiral multiplets can give masses to down-type quarks (down, strange, charm). The Higgs multiplets
corresponding to Y = 1/2and Y = —1/2 are named H,, and H, respectively.

Finally, the particle spectrum has the following form: left-handed quarks and leptons as well as gauge
bosons and Higgs doublets build multiplets with their superpartners, whereas right-handed quarks and
leptons are arranged in doublets with their superpartners. The particle spectrum is presented in Table
3.1, where supersymmetric particles are denoted with a "~" on top.

3.3 Supersymmetric Lagrangian

After defining the symmetry and the field content the supersymmetric Lagrangian can be evaluated.
The MSSM Lagrangian should be invariant under the SU (3)c®SU (2),®U(1)y gauge group similar
to the SM, but include the superfields listed in Table 3.1. Additional terms breaking the supersymme-
try have to be added. The Lagrangian consists of two parts: the supersymmetric generalization of the
standard model Lagrangian (Lsysy) and the SUSY breaking term (Lsyusy-Break)

Lmssm = Lsusy + LSUSY-Break » (3.5)

where the first term can be divided further into a gauge part, consisting of the supersymmetric gen-
eralized terms of the kinetic energy of the gauge fields and terms describing the interaction of gauge
and fermion fields, and the Yukawa interactions.

ESUSY = Egauge + EYukawa (36)
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Superfield Bosons Fermions SUB)e SU12)., UQ)y
Gauge
G2 g° g° 8 0 0
Vk Wk W=, Zy) wF (W, %) 1 3 0
A% Bly blA 1 1 0
Matter
Li EZ = (ﬁ,é)L Li = (V, €)L 1 2 -1
E Sleptons { Ei — &g Leptons { B = en 1 1 9
Qi Q; = (@, d)r Qi = (u,d)r 3 2 1/3
U; Squarks { U; = iig Quarks { U; = up 3 1 —4/3
D; D; =dr Di =dr 3 1 2/3
Higgs
Hy . H, . H, 1 2 -1
H, nggs{ H, nggsmo{ I:Id 1 9 1

Table 3.1: The particle spectrum of the MSSM [35]. ¢« = 1, 2, 3 corresponds to the three generations, a = 1...8
is the index of the SU(3)¢ and k& = 1,2,3 is the index of the SU(2);. For completeness the
quantum numbers for the internal symmetries are given in the last columns.

The Yukawa interaction term is given by the superpotenial Wg:

Wr = e; (W QIUE HY + QI DS HE + hP LI EC H., + pHLHY) + h.c. 3.7)
with 4, j the SU(2)y, indices, a,b = 1,2, 3 are the three generation indices, hy p . are the Yukawa
couplings and ¢;; is the total anti-symmetric tensor. All fields included are superfields, where the
charge conjugated fields are labeled with a C'. The superpotenial has a similar form compared to the
Standard Model Yukawa term (Eq. 2.35 ) except the last term describing the Higgs mixing, which is
absent in the SM.

R-parity

In principle, the superpotential given in Eq. 3.7 can be extended by additional renormalizable terms
invariant under gauge transformations. These terms allow transitions of quarks and leptons, which
leads to lepton and baryon number violating processes. In order to suppress such terms in the su-
perpotential a new symmetry called R-parity is introduced, where fields have to be invariant under
discrete transformations ® — e**1®. R-parity is a multiplicative quantum number defined as:

R= (_1)3(371/)4’25 , (38)
with B the baryon number, L is the lepton number and S is the spin of the particle [34]. SM particles

have R = +1, whereas SUSY particles R = —1. The multiplicative nature of the quantum number
and the requirement of conserved R-parity has several consequences:
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1. Existence of a stable lightest supersymmetric particle (LSP), since a decay to SM particles
would violate the R-parity.

2. SUSY particles can only be produced in pairs and each decaying subsequently to the LSP.

3. Those properties of R-parity conserving supersymmetric models imply that at collider experi-
ments sparticle production results in final states with an odd number of LSPs. This leads in case
of neutral LSPs to signatures including large missing transverse energy.

SUSY Breaking Mechanism

So far no supersymmetric particles have been discovered. Hence, if supersymmetry is realized in
nature, it has to be a broken symmetry, which yields larger masses of the supersymmetric particles.
In the last decades large efforts have been mobilized to understand the soft supersymmetry breaking,
soft in the sense that the mass splitting between standard model particles and their superpartners can
not be too large, in order to still cancel the radiative correction to the Higgs mass on a "natural" level.
The most general form of such breaking terms are :

LSUSY-Break-Soft :m?qung + m?{uHiHu + Bu(HYiroHy + h.c.)
+ > (%, Q1Qi +m} LIL; + m}, UJU; + m}, DID; + w3, ELE; + h.c.)
i

+ Z(Aﬁfhfﬂ}zHqu + AzljhldjﬁszQj + Azjhéjiinij + hC)
i?j

3
1 -
+ B l_E 1 Mi A+ h.c. (3.9

where p is the Higgs mass parameter introduced in the superpotential Eq. 3.7, B is the bilinear
coupling, Aff d,e are the trilinear couplings with the generation indices ¢, 7 = 1,2, 3 and X\ and M are
the supersymmetric partners of the gauge bosons and their masses corresponding to the three gauge
groups (I = 1,2, 3). Introducing the most general soft symmetry breaking terms yield more than 100
free parameters (masses, phases and mixing angles) [36]. In order to reduce the number of parameters,
relations between the soft breaking terms have to be determined. The detailed mechanism of the SUSY
breaking is unknown, but a common approach assumes, that the breaking occurs in a hidden sector
that has no direct couplings to the visible sector and the breaking is mediated by messengers.

The most popular approaches for the mediating interactions are gravity mediated and gauge medi-
ated supersymmetry breaking. In Gauge Mediated Supersymmetry Breaking (GMSB) models the
messenger particles are new chiral multiplets, which have SU (3)¢c ® SU(2)r, ® U(1)y interactions.
Gravity mediated supersymmetry breaking scenarios assume symmetry breaking via gravitational in-
teractions. In this study a N = 1 supergravity (nSUGRA/cMSSM) [37] will be used as a reference
model. At the GUT scale Mgy the following unifications are assumed:

My (Mgur) = M2(Mgur) = M3(Mgur) = myj; (3.10)

Mg v (Mcur) = mo (3.11)
Ai(Mgur) = Av(Mgur) = A-(Mcgur) = Ao (3.12)
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where my s, is the unified gaugino mass, my is the unified scalar mass and Ay the unified trilinear cou-
pling at the GUT scale. In Eq. 3.9 it can be seen, that the trilinear couplings only appear in company
with the corresponding Yukawa couplings and since the Yukawa couplings of the first two generations
can be neglected, it is sufficient to consider only the trilinear couplings of the third generation. The
arbitrariness of more than 100 free parameters is reduced to a total of 5 parameters:

e my /5: unified gaugino mass m; s, at the GUT scale Mgy

myg: unified scalar mass mq at the GUT scale Mqayr

Ay: unified trilinear coupling Ag at the GUT scale Mgyt

e sign(u): the sign of the Higgs mass parameter connecting the two Higgs multiplets

B: bilinear coupling

The bilinear coupling B can be also equivalently replaced by the ratio of the vacuum expectation
values of the two Higgs multiplets tanf = v, /v .

3.4 SUSY Mass Spectrum

The mass spectrum of the MSSM can be calculated by solving the renormalization group equations
(RGE), which can be derived from the Lagrangian Eq. 3.5 [38]. In Fig. 3.1 the solution of the RGEs
for the gauge couplings is shown and in Fig. 3.2 for the gaugino masses, sfermion mass breaking
terms and the Higgs potential parameters for a typical cMSSM boundary condition (mg = 200 GeV,
my/y = —Ag = 600 GeV, tan(B) = 10 and sign(u) = +1).

Neutralinos and Charginos

The higgsinos and gauginos mix with each other, where the neutral higgsinos (lEIS and flg) and the
neutral gauginos (B, W?) form the four mass eigenstates of the so called neutralinos denoted with )2?
(i =1,2,3,4). The corresponding neutralino mass matrix is

My 0 —mygcosfBsinfy  mysin §sin Oy
0 Mo my cos fcosBy  —mysin S cos Oy
M)ZO == .
—mycos Bsinfy  my cos [ cos by 0 —
myzsin fsinfy  —mysin S cos Oy — U 0
(3.13)

with the gaugino masses M7, M>, the weak mixing angle 6y, the Higgs mass parameter ;1 and the
ratio of the two Higgs vacuum expectation values tan(3). The eigenstates of the mass matrix can be
obtained by diagonalizing and are denoted by rhﬁ) < ’r~n>~<(2) < ﬁzig < mﬁ, where m;z‘f is the lightest
neutralino. In many supersymmetric models the ¥{ is the LSP and stable, unless R-parity is violated.

Since it is neutral and only weakly interacting it would be a perfect candidate for the Dark Matter.
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Figure 3.2: MSSM RGE solutions for the gaugino masses, sfermion mass breaking terms and the Higgs po-
tential parameters for a typical cMSSM boundary condition (mo = 200GeV, my,; = —A4y =
600 GeV, tan(B) = 10 and sign(p) = +1)

Charginos are mixtures of the charged higgsino (}EI;r and f[l;) and charged wino (W and W)
components and are denoted analogous with XfQ. The chargino mass matrix can be related to the
2 X 2 matrix
Mo V2myysin(j3)
Mir = . 3.14
i ( Vimweos(s) e
After diagonalizing the matrix 3.14, two eigenstates with masses mii, can be obtained, where the

(double generated) mass eigenvalues are given by: "

5 1
o+ == |[Maf? + |pf* + 2miy
Xij 2

= DL+ 2+ 202~ e = i sin(29) (315

Gluino

The gluino is the only color octet fermion in the MSSM and does not mix with any other particle.
Its mass is defined by the gaugino mass parameter mg = Mjs. For typical cMSSM boundary con-
ditions the bino and wino mass parameters are related to the gluino mass via the RGE which yield
approximately

Mg :My: M =6:2:1 (3.16)

near the TeV scale [4].
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Squarks and Sleptons

Sleptons and squarks are the superpartners of the leptons and quarks. Left and right-handed fermions
must have similar masses, but their superpartners are bosons, whose masses can vary, hence in the fol-
lowing the partners of left and right-handed fermions will be distinguished. Non negligible Yukawa
couplings lead to a mixing between the interaction eigenstates and in order to obtain the mass eigen-
states of the MSSM sleptons and squarks, one should diagonalize three 6 X 6 matrices (up-type
squarks, down-type squarks, charged sleptons) and one 3 x 3 matrix for the sneutrinos. For the
first and second generation the Yukawa couplings and therefore also the mixing angles are negligible
and the mass eigenstates correspond to the interaction eigenstates

1
mZ, = i, +mp +mycos(25) (—2 + sin? 9W> (3.17)
1
my, = my, +mycos(26) <2> (3.18)
'fan — 'Fn%l + szL — m?% cos(20) (sin2 HW) (3.19)
1
L = mg, +my, + mycos(25) <+2 + sin? 9W> (3.20)
ng, = 1y, +mb, +mycos(2 L Lanzg 321
Mg, = Mg, +mp, +myzcos(28) —§+§S1n W (3.21)
2
L. = mp, +mg +mycos(28) <3sin2 6W> (3.22)
1
my, = mp, +mp, —mycos(2p) (3sin2 0W> , (3.23)

where ¢ = 1, 2,3 indicates the three generations. The terms labeled with an "~" are the solutions
of the RGEs of the soft symmetry breaking terms in Eq. 3.9, all other terms without represent SM
particles.

In contrast, sfermions of the third generation can have substantial mixing and the corresponding mass
matrices can be expressed as:

=92
o my, my(Ay — pcot 5)
Mi = ( m(A - peotB) i, ) G20
=92
o mp, my(Ap — ptan )
M = ( mp(Ap — ptan ) g, (3:25)
o fnfL m-(Ar — ptan 5)
Mr = ( m. (A, — ptan ) m, ’ (3:26)

where the mass eigenstates after diagonalization are given by:
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e = % (mt,, + i) + \/ 1 078, = 2,)" i (A4 = oot 5)° (3.27)
by = % (175, + 1) & \/31 (3, - miR)Q +m3 (A — ptan §)? (3.28)
m, = g (k) & \/ 102, —2)" b m (A~ ptan B . (329)
Higgs boson

In the MSSM at least two Higgs doublets with weak hypercharges Y = +1/2and Y = —1/2 have to
be introduced to give all particles masses, where the two complex Higgs doublets read as

HY vy + T (P1 +iP2)
H, = <Hu+) = ( ﬁﬂqj (3.30)
H- H
Hy=|["2]= - , 3.31
d (Hg) (Ud -+ %(@3 + Z@4)> ( )

with the vacuum expectation values v,, and v, of the neutral components. After setting H,” = H g =0
(H; = 0 follows from 0V/OH, = 0 after setting H," = 0) gives the scalar potential

V =(ul? +miy, ) | Hyl? + (|l + miy, )| Hg|* — Bu(HyHg + c.c.)

1
+5(0” + g*)(1H,” = | Hgl*)? (3.32)
Introducing the relations of the mass parameters

2 _ 2 2
my =my, +p
2 _ 2 2
my = my, + @

mi = Bmou (3.33)

a non trivial minimum of the potential in Eq. 3.32, and therefore electroweak symmetry breaking, can
only be derived, if the following requirement on the mass parameters are fulfilled

m2m3 < md

m3 +mi>2m3 . (3.34)

In total the two Higgs doublets have 8 degrees of freedom, where three of them correspond to the
Goldstone bosons, which will become the longitudinal polarization of the W+ and Z boson analogous
to the SM, resulting into five physical Higgs bosons in the MSSM (h°, H°, A°, H*). The masses for
those can be expressed as:

M2, = m?} 4+ m} (3.35)
1
Mo o = 3 (mi,o +m% + \/ (M2 +m%)2 — 4m?40m22cos(2,8)) (3.36)

M?y =m%o +miy . (3.37)
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In principle, the masses of A%, H? and H* can be arbitrary high, whereas the lightest Higgs A" has
an upper boundary:
mi < m%cos*(28) < m% (3.38)

This mass range for the lightest MSSM Higgs is already excluded by former experiments [39] with
the consequences that radiative corrections to the Higgs potential are important.

3.5 Constraints on cMSSM

Supersymmetry, if realized in nature, would affect many different fields of modern physics. Con-
straints on the supersymmetric models are coming from cosmological observations, direct/indirect
WIMP searches, Higgs limits, precision measurements of SM properties and the motivation of the
theory itself. In the following the dominant constraints and their effect on the cMSSM model will be
shortly discussed.

Cosmology - Relic Density: Cosmological measurements of the Cosmic Microwave Back-
ground have shown, that about 23% of the energy of the universe consists of the cold dark
matter (CDM) [40]. In R-Parity conserving SUSY models the lightest supersymmetric particle
(LSP) is stable and in case of a neutralino-like, it would a perfect candidate for the CDM. The
mass and the annihilation cross section of the LSP can be utilized to determine a model de-
pendent expectation of the relic density in the universe. Out of the WMAP measurement (23%
CDM) a constraint on the LSP anihilation cross section of SUSY models consistent with the
relic density in our universe Q)Z? hZ ~ 0.11 can be set, where the Hubble constant is hg = 0.7.
For fixed tan(3 this constraint leads to a narrow band in the cMSSM mg-m; /5 plane, but slight
fine tuning of tanf and therefore the mass of the pseudo scalar Higgs m 4 and mostly the
complete mg-my /5 plane space is allowed [41].
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Figure 3.3: (Left) Allowed regions in the cMSSM mg-m /5 plane for correct relic density in the universe for
various values of tanf and fixed trilinear coupling Ay = 0 and sign(u) = +1. (Right) Relic
density after tuning of tan/3. Nearly the complete mg-m; /o plane can be tuned to be consistent
with the relic density in the universe. Plots are taken from [41].

Cosmology - Direct Dark Matter Searches: Several experiments designed to measure the
nuclear recoils from weakly interacting massive particles (WIMP) of our galactic halo reported
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interesting results over the last years. The experiments CDMS-II [42], Xenon100 [43] and
EDELWEISS-II [44] have achieved the best sensitivities. Typically spin independent WIMP-
nucleon elastic interaction cross section of about 10~ pb are excluded at 90% confidence level
over a wide range of WIMP masses [43].

B-Physics: Indirect measurements very sensitive to new physics beyond the Standard Model
are the rare decay rates of B mesons. The constraints arising from the decay of a B; meson into
two muons By — ut pu~ will be exemplary discussed. By — p™ pu~ processes are suppressed at
tree level in the SM, since flavor changing neutral currents (FCNC) are not allowed, and so only
higher order loop diagrams contribute. The branching fraction (BR) in the SM [45] is predicted
to be

BRsy(Bs — pp™) = (3.240.2) - 1077 (3.39)

Recently, the CDF collaboration published an exciting results, where an excess in By — p+ ™
with a 1.9% probability of a combined background plus SM signal fluctuation was observed
[46]. If one interprets the excess as signal, the corresponding branching fraction is of the order
BRepp(Bs — ptp™) = 1.8:1):8 - 1078, So far the excess could not be confirmed in a
combined search reported by the LHCb and CMS collaboration [47], where an upper limit on
the branching fraction was given as:

BRrpcvrcns(Bs — ptp~) < 1.08(0.9) - 1078 @95% (90%) C.L. . (3.40)

The branching fraction can be significantly enhanced by SUSY models due to additional con-
tributions from supersymmetric particles leading to a BR proportional to tan®/3. In principle
one can expect strong constraints on the cMSSM model space from the measured upper limit
on the branching fraction, but it was shown that a simultaneous fit of the trilinear coupling Ay
and tan(B3) in the combined data of BR(Bs — p+u~) and cosmological measurements of the
relic density yields excluded ranges well below the constraints coming from the excluded Higgs
masses [48].

Anomalous Magnetic Moment of the Muon:

The Muon G-2 collaboration has measured the anomalous magnetic moment of the muon [49]
at the Brookhaven National Laboratory very precisely to be:

o, (Expt) = 11659208.0(63) x 10719 (0.54ppm) | (3.41)

which is about 2.2 to 2.7¢ away from the SM expectation

Aoy, (Expt — SM) = (22.4+ 1010 26.1 £ 9.4) x 107*° (0.54ppm) . (3.42)

It turns out that the magnetic moment of the muon is very sensitive to radiative corrections
from the SM, whereas additional contributions from SUSY particles can lead to the measured
deviation. The sign of the shift in the magnetic moment, where leading SUSY contributions are
proportional to tan(B)sign(u) /M2 ¢y, fixes the sign of the Higgs mass parameter to positive
values [50,51].

Msysy: a common mass for all superpartners is assumed
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Collider Experiments: Several direct SUSY searches were already performed at former Col-
lider experiments (LEP, Tevatron) and after two years of LHC running mostly already outdated.
In Fig. 3.4 a summary of the actual exclusion limits of the various SUSY searches done within
the CMS Collaboration in the context of the cMSSM are shown [52]. Additionally, the exclu-
sion limit of a hadronic SUSY search performed by the ATLAS Collaboration with comparable
performance is shown for comparison [53]. Both collaborations have quite similar analysis
strategies: the analysis are split in different topologies defined by the number of physics objects
(leptons, jets, E%‘iss). Translating the exclusion limits from the mg-my /o plane in excluded
masses of SUSY particles both experiments gain a foothold at the TeV scale, where in case of
CMS squark and gluino masses of about 1 TeV are already excluded over a wide range of my
(cMSSM).

Many more analysis not reported here are already published, where the results were also inter-
preted in different SUSY models and so called simplified models as well. A summary of all
recent results can be found elsewhere for CMS [52] and ATLAS [53].
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Figure 3.4: CMS (left) and ATLAS (right) exclusion limits in the context of the cMSSM model (tans = 10,
Ay = 0, sign(u) = +1) corresponding to a data set of about Ly, ~ 1fb~! recorded in 2011. In
case of CMS all major results are incorporated in one plot, where hadronic searches (Jets+MHT,
Razor) sets the most stringent limits. In case of ATLAS a similar hadronic analysis is shown with
comparable limits. Plots are taken from [52, 53].

A complete consideration of all constraints® of precision measurements, SUSY searches at collider
experiments and direct WIMP searches can be incorporated and the compatibility of different models
with the measurements denoted by a x? calculation was determined [54—56]. In Fig. 3.5 the 68%
(95%) confidence level contours corresponding to Ax? = 2.30(5.99) in respect to the best fit point are
shown for the pre-LHC scenario and including recent LHC measurements and exclusion limits as well.
In summary the LHC searches for physics beyond the SM just started to probe a new region of the
cMSSM parameter space, which were not excluded by former constraints of precision measurements,

3Not all constraints incorporated in the analysis were discussed explicitly here but can be found in [54] .
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cosmology and collider experiments and therefore its not surprising, that no significant hint on new,
maybe supersymmetric, particles have been appeared so far.
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Figure 3.5: The mg-my 5 plane in the cMSSM . The best-fit point after incorporation constraints including the
LHC 1fb~! results is indicated by a filled green star, and the pre-LHC fit [56] by an open star.
The Ax? = 2.30(red) and 5.99(blue) contours, commonly interpreted as the boundaries of the 68
and 95% CL regions. The solid line includes the LHC 1fb~! data and the dotted lines show the
pre-LHC fits [54].
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CHAPTER 4

The CMS Experiment at the Large Hadron Collider

In the last decades many discoveries and precision measurements performed in high energy particle
physics were a big step up the ladder towards a better understanding of the universe. The Standard
Model (SM) of particle physics is one of the most tested theories ever written down and describes
numerous phenomena accessible up to now with an amazing precision. But as already discussed in
the previous chapters, the Standard Model is an effective theory working at an energy scale of the
order of 100 GeV and the natural question is: what is at energy scales of 1 TeV or even higher?
Another problem of the Standard Model comes the Dark Matter in the universe, which is presumably
made of the so called Weakly Interacting Massive Particle (WIMP). This Dark Matter cannot be
described within the Standard Model. Supersymmetric theories on the other hand provide a perfect
candidate. Several experiments aimed to detect the WIMP’s were built, but up to now no significant
hints were measured. Those direct, and also indirect, dark matter search experiments are perfect to
confirm the existence of WIMP’s, but not suitable to reveal their nature.

For such purposes collider experiments are predestinated. The Large Hadron Collider (LHC) at the
CERN near Genevea Switzerland, provides a perfect tool to jump into a new energy regime and
hopefully in a time of many new discoveries, which could revolutionize our understanding of the
universe.

CERN was founded in 1954 with 12 member states [57]. Two years later in 1959 the first proton
accelerator Proton-Synchroton (PS) was built with the ability to accelerate protons up to an energy of
28 GeV; it is still operating nowadays. The proton-proton collider history starts also at CERN in 1971
as the first p-p collider Intersecting Storage Rings (ISR) with a diameter of 300 m starts operating.
Parallel in the beginning of the 70ies the CERN success story starts accelerating, beginning with the
discovery of neutral currents in the Gargamelle-bubble chamber in 1973 [58,59]. New more ener-
getic machines were built in the following years discovering for example the today well known W
and Z boson(1983) [60,61]: the Super Proton Synchroton (SPS) accelerating protons up to 300 GeV
(400 GeV nowadays ) built in 1976 and the Large Electron Positron (LEP) with a circumference of
27 km finalized in 1989. LEP ends its operation in November of 2000 clearing the way for the con-

33
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struction of the LHC. Following the discoveries of the gauge bosons made at the various experiments
at CERN, it is now the challenge (and duty) of the LHC to discover the last missing boson of the SM.
In the next sections the LHC and in more detail the Compact Muon Solenoid experiment will be
reviewed.

4.1 The Large Hadron Collider

The LHC [62] is today the world largest particle accelerator with a circumference of 26.7 km situated
in average around 100 m beneath the surface in the tunnel of the former LEP! experiment near Geneva.
With a present center of mass energy of /s = 7 TeV in proton-proton collisions it provides also the
world most energetic collider as well. The overall conceptional design of the LHC is running with
two 7 TeV proton beams at a luminosity of £ = 103 cm~2s~! . Additional, dedicated periods with
heavy ion runs are scheduled with an energy of 2.76 TeV per nucleon and £ = 10?" cm~2s~! . Four
experiments are installed at the collision points: CMS, ATLAS? [63], LHCb? [64] and ALICE? [65].
LHCb and ALICE are experiments designed to study predefined physics, where LHCb is optimized
for precision measurements of CP violation and decays of B mesons and ALICE focuses on physics
of strongly interacting particles and the so called quark-gluon plasma, which is expected at extreme
values of energy density and temperature. CMS and ATLAS are general purpose detectors with the
primary aim to discover the Higgs boson and find evidence for new physics beyond the Standard
Model.
A schematic layout of the CERN accelerator complex is presented in Fig. 4.2. The LHC is a particle-
particle collider consisting of two rings with counter-rotating proton beams. Protons are pre-accelerated
in the PS and SPS facilities up to an energy of 400 GeV and injected afterwards in the LHC ring. The
beam is further accelerated via 16 high frequency cavity resonators and are crossed at four interactions
points, where the main experiments are arranged. In order to bend both proton beams circulating in
the LHC tunnel 1232 dipole magnets able to generate 8.3 T magnetic fields are installed across the
ring. Quadrupole and sextupole magnets are used in order to focus and squeeze the beam. The ad-
vantage of using protons compared to electrons/positrons used in the former LEP experiment is the
highly reduced beam energy loss due to synchroton radiation. Hence higher energies can be achieved
only constrained by the magnetic fields available to bend the beams. A caveat in proton-proton col-
lisions is the composite nature of protons and hence the a priori unknown center-of-mass energy of
the involved partons, except the transverse energy is known to be zero and as a consequence mostly
transverse components of particle observables are used in the analysis of hadron collisions.
Beside the importance of the beam energy another quantity, used several times already, is the lumi-
nosity, whcih is defined as:
vfkpNy
- 2P
4re, B*

where + is the Lorentz factor, f is the revolution frequency, kp is the number of bunches, Np is the

4.1

number of protons per bunch, €, is the normalized transverse emittance, 5* is the betatron function of

"LEP: Large Electron Positron Collider

2ATLAS: A Torodoil LHC ApparatuS

SLHCb Large Hadron Collider beauty experiment
*ALICE: A Large Ion Collider Experiment
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Figure 4.1: The CERN accelerator facility with the large LHC ring and the four main experiments. Protons
getting pre-accelerated in the Proton-Synchroton (PS) and Super-Proton-Synchroton (SPS) up to
400 GeV before the injection into the main ring. Other experiments like the CERN-Neutrino to
Gran Sasso (CNGS) beam, which was used by the OPERA [66] (Oscillation Project with Emulsion-
tRacking Apparatus) collaboration for the exciting neutrino time of flight measurement [67], are
shown as well.

the interaction point and F' is a reduction factor induced by the crossing angle of the beams. In order
to accumulate a large amount of events in a given time period, a high luminosity is required since it is
directly related with the production rate:

N = proa - £ (4.2)

with op04 the production cross section for a specific process. Further the cross section is anti pro-
portional to the energy o oc E~2 and hence a high luminosity is required to compensate that effect.
At the nominal intensity each beam will consist of 2808 bunches with about 10! protons in a single
bunch and a spacing of 25 ns between them colliding with a frequency of 40 MHz. A drawback of
this high luminosity is the high average number of collision per bunch crossing, which is on the order
of about 20 collisions. The integrated luminosity is defined as the integration of the luminosity over
time and is mostly quoted as the amount of accumulated events.

Nz/crﬁdtzoLim 4.3)
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In Fig. 4.2 the instantaneous and integrated luminosity are shown for the 2011 data taking up to the
technical stop in November. In total a data sample corresponding to an integrated luminosity of Liy =
4.7 b~ is recorded and will be used for this study. The luminosity can be measured by a so called
van der Meer scan [68], which takes use of the advantage of direct correlation of the luminosity and
the effective overlap area A,y of the colliding beams. Ay is measured by scanning in the transverse
direction through the beams, where the relative interaction rate as a function of the transverse beam
seperation is measured. The uncertainty on the integrated luminosity was determined to be 4.5% [69].
Additionally the luminosity can be measured in the hadron forward calorimeter by using the linear
correlation of the occupancy of detector cells with the luminosity. Complementary to this online
measurement the offline determination of primary vertices production in p-p collisions using zero-
bias trigger streams can be used. The last two methods described are only relative measurements
and the absolute normalization can be achieved by comparison with simulations resulting in large
systematic uncertainties.
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Figure 4.2: The daily peak instantaneous (left) and integrated (right) luminosity delivered by the LHC through-
out the proton-proton run period in 2011. In total a data sample corresponding to an integrated lu-
minosity of Ly, = 4.7 fb~' was recorded with a maximum peak luminosity of £ = 3.54nb 's~!
reached at the end of the year. The right plot shows the integrated luminosity over time delivered
by the LHC and actually recorded by CMS, where the recording efficiency is about 90%.

4.2 The Compact Muon Solenoid

In this section the Compact Muon Solenoid (CMS) detector and its components will be reviewed. A
more detailed description can be found elsewhere [70]. The CMS detector is a general purpose de-
tector designed and constructed by one of the largest worldwide operating collaboration of physicists,
engineers and technicians up to now. As a result of this collaboration an excellent and compact detec-
tor with a length of 21.6 m, a diameter of 14.6 m with a total weight of 12500 tons is operational since
the start of the LHC program in 2008. A schematic overview of the detector can be seen in Fig. 4.3.
The detector is built approximately symmetric around the beam axis with a central barrel and two
endcaps on both sides. A 13m long, 5.9 m inner diameter and 3.8 T superconducting solenoid was
chosen to design a compact detector with a good momentum resolution of charged particles. Within
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the solenoid an inner tracking system and the calorimeters are installed. The still strong return field
outside the solenoid, including a fully saturated 1.5 m thick iron yoke, harbors four layers of muon
chambers inside this yoke. A more detailed review of the several subsystems will be discussed in the
next sections by following the trajectory of particles emerging from the collision point.

Superconducting Solenoid

Silicon Tracker

Very-forward Pixel Detector

Calorimeter

Electromagnetic
Calorimeter

Compact Muon Solenoid

Figure 4.3: A schematic overview of the Compact Muon Solenoid detector with its various subsystems. The
inner tracking system is installed closest to the beam line consisting of silicon pixel and strip
detectors and is surrounded by the calorimeters. An electromagnetic and hadron calorimeter are
placed within the superconducting solenoid. Outside the muon system is mounted within the iron
return yokes of the solenoid. The picture is taken from [71].

4.2.1 The Coordinate System

The nominal collision point is the origin of the coordinate system used within the CMS collaboration.
The z-axis is defined by the beam line and the perpendicular y and x axis are forming a right-handed
coordinate system, where the y-axis is pointing vertically upwards and the azimuthal angle ¢ with
respect to the positive x-axis is measured in the x-y plane. Similar the polar angle ¢ is defined with
respect to the positive z-axis.

A quantity called pseudo rapidity n will be used in the following and is defined as

n = —In (tan <Z>> . “4.4)

The pseudo rapidity depends only on the polar angle 6 and is zero for any vector in the x-y plane and
approaches infinity for the limit # — 0. The sign of 7 indicates the hemisphere.
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4.2.2 Inner Tracking System

The inner tracker system [70,72—74] is designed to measure the trajectories of charged particles pass-
ing by with a high precision and efficiency. It should also be able to reconstruct primary and secondary
vertices. Its scale is 5.8 m long with a diameter of 2.5 m and is built cylindrical around the beam pipe.
A schematic overview of the inner tracking systems can be seen in Fig. 4.4.

If the LHC is running at the design luminosity of £ = 103*cm~2s~! , there will be around 25 over-
lapping events per proton-proton collision leading to an average of 1000 particles to detect each 25 ns.
A high granularity and fast response is required to ensure a proper trajectory identification with a long
lifetime of the detector modules with respect to radiation damage of the high particle flux. Another
important point is the material budget used in order to minimize multiple scattering, bremsstrahlung,
photon conversions and nuclear interactions.

A tracker design using a combination of silicon pixel and strip detectors is chosen to meet the dis-
cussed requirements. Closest to the beam pipe, where the occupancy of the detector modules is
highest, the silicon pixel elements are used. At higher radii lower occupancy allows to use silicon
strip detectors.

In total the inner tracking systems is composed of 1440 silicon pixel and 15148 strip detector elements

covering pseudo rapidities up to || < 2.5 with an total of 200m? active material.
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Figure 4.4: Schematic overview of the CMS inner tracking system [70]. Each line indicates a detector and dou-
ble lines back-to-back elements. The inner tracking system consists of three layers pixel detectors
in the barrel and two disks attached on each endcap. They are surrounded by ten layers of silicon
strip detectors and twelve disks at each endcap. The picture is taken from [71].

Silicon Pixel Detector

The silicon pixel modules are the part of the tracker system closest to the beam pipe. A precise tracking
inr — ¢ and r — z is crucial for a small impact parameter resolution and identification of secondary
vertices. Three layers of pixel detectors in the barrel region (BPix) at radii 4.4 cm, 7.3 cm and 10.2 cm
and two disks on each endcap (FPix) at z = £34.5cm and z = +46.5 cm with a total amount of 66
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million pixels (48 million BPix + 18 million FPix) leading to 1m? of active pixel material covering
pseudo rapidities up to |n| < 2.5, where the size of a single cell is 100 x 150 um?.

Charged particles passing a silicon pixel detector induce electron-hole pairs perceiving a Lorentz drift
in the crossed electricand magnetic fields in the barrel region. The angle between the Lorentz drift and
the electric field is the so called Lorentz angle, which leads to a charge spreading over more than one
pixel. This charge sharing of multiple pixels improves the spatial resolution. In order to also benefit
in the FPix from the charge charring induced by the Lorentz effect, the pixel modules mounted on the
endcap disks exhibits a turbine like geometry with blades rotated by 20°.

This design of three layers in the barrel region and two disks on the endcaps yields three tracking
points for each charged particle over almost the full 77-range of the pixel detector with a spatial reso-
lution of about 10 um for the » — ¢ and 20 pm for the z-measurement.

Silicon Strip Detector

At higher radii the occupancy is getting lower and silicon strip detectors with a larger surface can
be used, because the particle flux inducing radiation damage is decreasing with increasing radii. Ten
layers of silicon strip- are surrounding the pixel-detectors in the barrel region between the radii 20 cm
and 116 cm. The silicon strip detectors can be classified into three subsystems: (a) the Tracker Inner
Barrel and Disks (TIB, TID) consist of four layers in the barrel (radii 20 cm-55 cm) and three disks in
both endcap regions, (b) followed by six layers of Tracker Outer Barrel (TOB) up to a radii of 116 cm
(c) and nine disks mounted with Tracker EndCap (TEC) elements. All silicon strip detector elements
with 9.6 million strips have an active material area of 198 m?.

The TIB/TID delivers four r» — ¢ tracking points for each charged particles using 320um thick silicon
micro-strips mounted parallel to the beam axis. The first two layers of TIB consists of strips with a
length of 80 um and layer three and four with a length of 120 um, where the TID’s strip length varies
between 100 and 141 ym. The inner part of the tracker system is surrounded with 500 um thick
silicon strip modules of the TOB, where the length of those strips are 183 um on the first four layers
and 122 um on the last two layers. This structure allows six additional  — ¢ tracking points. The
thickness of the TOB’s can be increased with respect to TIB/D elements, because of another decrease
in occupancy. At each endcap nine disks of TEC’s carrying up to seven rings of silicon strip detectors
with thicknesses of 320 ym on the inner four rings and 500 pm on the outer three rings are placed,
which extending the z coverage to |z| < 282cm. A second strip detector is mounted back-to-back
with a stereo angle of 100 mrad on the modules of the first two layers of the TIB, TID, TOB’s and as
well of the first, second and fifth ring of the TEC’s. Such an arrangement allows a measurement of
the z-coordinate as well.

The single point resolution varies from 230 — 530 pum in z and 23 — 52 um in the r — ¢ measurement
and ensures at least nine tracking points in the n-range of || < 2.4.

4.2.3 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) [75] provides an energy measurement of photons, electrons
and charged hadrons. Beside the common criteria like fine granularity, fast response and radiation
resistance, it has to provide an excellent diphoton resolution in order to identify the Higgs decay
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processes into two photons, whose discovery is one of the main goals of the CMS collaboration. A
transverse overview of the ECAL can be seen in Fig. 4.5.

TR R ;:3_.6 _--H—E?“-dzap
ECAL (EE)

Figure 4.5: A slice through the CMS detector showing a schematic overview of the ECAL configuration. It
consists of three subsystems: the ECAL barrel, the endcap and an electromagnetic preshower sys-
tem in order to identify neutral pions in the forward region. The picture is taken from [71].

The ECAL is a hermetic homogeneous calorimeter built of lead tungstate (PbWQy) crystals. PbWO,4
crystals have a high density of p = 8.28 g/cm?, a short radiation length of Xy = 0.89 cm and a small
Moliere radius of Ry; = 2.2cm, which defines the radius of a cylinder containing on average 90%
of the shower energy deposits. Those characteristics of PbWO, crystals allows to design a compact
ECAL with fine granularity. Another advantage of those crystals is the fast scintillation decay time,
which is in the same order as the LHC bunch crossing rate, namely about 80% of the total light
emission within 25 ns.

Similar to the inner tracking system the ECAL is divided into a barrel region (EB) and endcaps (EE).
The EB crystal volume is in total 8.14m? with an inner radius of 129 cm and a weight of 67.4t. It
covers pseudo rapidities up to || < 1.479 and the granularity is 360-fold in ¢ and 2 x 85-fold in 7
leading to a total amount of 61200 tapered shaped crystals mounted in a quasi-projective geometry to
avoid cracks aligned with particle trajectories. The crystal have a front face cross section of 0.0174 x
0.0174 in n-¢ ( 22 x 22 mm?) and 26 x 26 mm? at the rear face. The length of the crystals is 230mm,
which corresponds to 25.8 X.

The EE are extending the pseudo rapidity coverage of the ECAL to 1.479 < |n| < 3.0 and are
placed at |z| = £315.4 cm, taking already the shift of 1.6cm towards the nominal interaction point
into account once the magnetic field is switched on. It consists of another 14648 identically shaped
crystals mounted in a rectangular x-y grid, where each crystal is pointing slightly off the interaction
point. The front face cross section is 28.62 x 28.62 mm? and the rear face 30 x 30 mm? by a crystal
length of 220 mm corresponding to 24.7 X.

The use of PbWO, crystals with its low light emittance, the high longitudinal magnetic field and
radiation tolerance, especially in the endcap region of the ECAL leads to the choice of two types of
photo detectors collecting the scintillation light of the crystals: avalanche photodiodes (APD) in the
EB and vaccum phototriodes (VPT) in the endcaps. APD’s are insensitive to high magnetic fields and
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the high particle flux in the endcaps favored VPT’s with lower quantum efficiency and internal gain,
but larger surface coverage.

The last missing part of the ECAL is the preshower detector covering a range of 1.653 < |n| <
2.6, which is installed in the endcap in order to identify pions. It is a sampling detector with two
layers of lead radiators with silicon strip sensors attached and aligned orthogonal in the two planes,
where the radiators working as initiators for electromagnetic showering and the silicon strip detectors
measure the deposit energy and the transverse shower shape. The thickness of the first radiator layer
corresponds to a material budget of 2X and the second to 1.X, hence 95% of single photons starts
showering before the second sensor plane.

In 2004 the energy resolution of the ECAL was measured with electron beams having momenta be-
tween 20 and 250 GeV to be typically [70]

(%)2 . (2%>2 + (o.Eu>2 + (0.30%)? (4.5)

where E is the energy in GeV. The energy resolution consists of three parts: (1) the stochastic part

proportional to 1/ V'E, (2) a noise term including electronic, digitization and pileup noise and (3) con-
stant term coming mainly from non-uniformity of the longitudinal light collection. For unconverted
high energetic photons, £/ ~ 100 GeV, the dominant contribution to the resolution arises from the
constant part and a good ECAL calibration is mandatory for a good performance.

The absolute energy calibration and the inter-calibration have been performed using electron test

beams and in situ 7°

— vy physics events [76]. The inter-calibration is a channel-to-channel rel-
ative component, which originates from a crystal-to-crystal variation of the scintillation light yield.
Using the first 250 nb~! the channel-to-channel calibration precision is 0.6% for EB and 2.2% for the
forward preshower. A similar performance was measured for the absolute energy calibration with a
precision of 1% in the barrel and 3% in the endcap. An improvement will be achieved with a larger

collection of data events including also Z and W decays into energetic electrons.

4.2.4 Hadron Calorimeter

A longitudinal view of the hadron calorimeter (HCAL) [77] is shown in Fig.4.6. The HCAL is
important for the measurements of hadronic jets and also missing transverse energy, due to undetected
neutrinos or new exotic weakly interacting particles. It is splitted into four subsystems. The HCAL
barrel (HB) and endcap (HE) are installed behind the ECAL system and the size is constrained to
R=1.77 m for the inner radius and R=2.95 for the outer to be placed within the magnet coil. Due to
this constrained size the amount of absorber material is limited and an additional outer component
(HO) of the HCAL, outside the solenoid, used as a so called tail catcher is needed. The HB and HE
have a coverage in pseudo rapidity up to |n| < 3.0, which is extended up to || < 5.2 by a forward
calorimeter (HF) placed at z & 11.2 m, with respect to the nominal interaction point.

The HB is a sampling calorimeter based on steel and brass as absorber material and scintillators tiles
as active material, which are divided in An x A® = 0.087 x 0.087. The inner- and outer most
absorber plates are stainless steel absorber for structural strength and the rest are brass plates. Brass
has a density of p = 8.53 g/cm? with a radiation length of Xy = 1.46 cm and an interaction length
of Ay = 16.42cm. At n = 0 the total absorber thickness corresponds to 5.82\7, where at || = 1.3 it
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| .

Figure 4.6: Schematic overview of the CMS hadron calorimeter [70] embedded within the superconducting
solenoid. The HCAL is divided into four parts: the barrel hadron calorimeter (HB), the end-
cap calorimeter (HE) and an outer calorimeter (HO) outside the solenoid needed for the limited
absorber material in the central region. An additional calorimeter is placed in the most forward re-
gion (HF). For comparison also the location of the inner tracking system, the ECAL and the muon
system as well are shown. The picture is taken from [71].

is 10.6Az, due to geometry reasons. The ECAL in front of the HCAL adds around 1.1\ of absorber
material. Wavelength-shifting and clear fibers are employed to collect and transport optical signals
emitted in the active material to hybrid photodiodes (HPD), that can operate in high axial magnetic
fields.

Brass as absorber material was also chosen for the HE and the design is driven by minimizing the
amount of cracks between HB and HE, rather than optimize the resolution of hadronic jets in the end-
cap region. In total the HE has a thickness of about 10 A; including ECAL material and a granularity
of the scintillator tiles of Anpx A® = 0.087 x 0.087 for 1.3 < |n| < 1.6 and An x AP ~ 0.17 % 0.17
for 1.6 < |n| < 3.0.

In the central region of the detector the EB and HB have together a thickness of about 7y, which is
a not sufficient containment for hadron showers. Therefore an additional HO is mounted on top of
the solenoid. The HO consists of scintillator with similar granularity as HB using the solenoid coil as
an additional absorber material and covers ranges up |n| < 1.26. In the most central region, where
the EB and HB absorber material budget is the lowest, two layers of scintillator are installed on either
side of the first 19.5 cm thick iron yoke leading to a minimum of 11.8 \; absorber thickness.

Very forward ranges 3.0 < |n| < 5.0 are covered by the HF calorimeter. It is designed to survive
the harsh environment with a high particle flux close to the beam pipe. Quartz fibers collecting the
Cherenkov light of particles traversing through with a good radiation hardness were chosen for the
active material and steel as absorber material.

The HCAL energy resolution has been measured in test beams with electrons, pions, protons and
muons and complementary in cosmic muon data as well [78]. For the barrel and endcap calorimeters
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(HB, HO, HE) the energy resolution has been measured to be [79]

(%)2 - <83%%>2 + (7.4%)? (4.6)

and analogeous for the forward calorimeter (HF) [80]

(%)2 = <1?/8§)>2 +(9%)?2 @4.7)

including a stochastic and constant term. The hadronic energy resolution is largely determined by

fluctuations in the neutral pion production in showers. In comparison the energy resolution of the
HCAL is worse than as for the ECAL system.

4.2.5 Magnet

A large superconducting solenoid [81] is installed inside the CMS detector and encloses the inner
tracker system, the ECAL and HCAL except the outer hadron calorimeter. It has a length of 12.9m
and an inner diameter of 5.9m. A high magnetic field of 3.8 T inside the magnet is required to
achieve a momentum resolution of Ap/p =~ 10% for energetic muons (p = 1TeV). The magnetic
flux generated by the solenoid coil is returned via a 1.5m thick saturated iron yoke, which also hosts
several layers of the muon system.

4.2.6 Muon System

The outermost part of the CMS detector [82] consists of the Muon system shown in Fig. 4.7. Muons
are involved in many interesting physics processes, like Higgs decays and SUSY processes. In addi-
tion they are utilized for many SM precision measurements involving B physics and/or electroweak
processes. The identification, reconstruction and momentum resolution of muons as well as triggering
on muons is therefore of prior importance.

The muons system is splitted into two parts including three types of gaseous detectors to identify muon
candidates and measure their momentum: (1) the central part muon barrel (MB) covering pseudo
rapidities up to |n| < 1.2 and (2) forward parts with two muon endcap’s (ME) extending the coverage
up to |n| < 2.4. In the barrel region drift tube chambers (DT) are used. Although slow because of
the drift time and sensitive to the magnetic field because of the Lorentz force on the drifting electrons,
they can be used in the barrel region with its low neutron background, low muon rate and low residual
magentic field. In contrast the endcap faces a high neutron background, a high muon rate and also
a high magnetic field as well. Hence so called cathode strip chambers (CSC) are used. In both
muon subsystems also resistive plate chambers (RPC) are added with a fast response and good time
resolution in order to assign correct bunch crossings. The spatial resolution of the RPC’s is worse
compared to the resolution of the DT’s and CSC’s and therefore a combination in both subsystem was
chosen.

The DT are 1.2mm thick and 9.6 mm long aluminium cathodes with stainless steel anodes wires
at their center. A mixture of Ar and CO; is used as gas. The DT’s have a maximal drift length
of 2 cm and a spatial resolution of about 200 um. The precision in ¢ is 100 um and 1 mrad in the
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direction of the muon vector with a time resolution of 5ns. In comparison, the CSC’s are 1m x 2m
trapezoidal chambers consisting of six gas gaps with each having a plane of radial cathodes and a
plane of anode wires oriented perpendicular. As gas a mixture of Ar-COy-CFy is filled. The spatial
resolution is typically on the order of 200 um with an angular resolution of about 10 mrad in ¢ with
a time resolution of 6 ns, which is a little bit higher compared to DT’s. The last detector type used in
the muon system are the RPC’s. They consist of a double-gap chamber operating in avalanche mode
with a gap width of 2 mm. The spatial resolution of the RPC is defined by the cell size.

The MB consists of 4 stations (MB1, MB2, MB3, MB4) at radii of 4.0, 4.9, 5.9 and 7.0 m including
in total 250 drift tube chambers mounted cylindrical around the beam axis inside the iron yoke of the
solenoid arranged in five wheels covering the barrel part. Each wheel is divided into twelve sectors,
each covering 30° in azimuthal angle with the three inner stations consisting of 12 DT layers, whereas
the outer stations consists of 14 DT layers. Two RPC’s are attached on each of the first two stations
and one RPC on each of the the two outermost stations. Hence a high pr muon in the barrel region
will pass six RPC’s and four DT chambers leading up to 44 measured space points, which can be
utilized to build a muon candidate.

Similarly the ME consists of 4 stations (ME1, ME2, ME3, ME4) of CSC’s arranged in concentric
rings around the beam axis. The first stations have three rings of CSC chambers and two rings for
the RPCs, while the second ring of the fourth station has been staged out. In total 468 CSC chambers
are installed in the two endcaps, where each ring consists of 36 chambers, except the first rings of the
second, third and fourth station, where 18 chambers are installed. Each CSC measures up to six space
coordinates (7, ¢, z). RPC’s are instrumented additionally in the first three stations.
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Figure 4.7: The muon system is the largest part of the CMS detector embedded in the iron return yoke of the
solenoid. In the barrel region four stations including several layers of DTs and RPCs are installed,
whereas in the endcap region four disks mounted with CSCs and RPCs are in usage. The picture is
taken from [71].
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4.3 Trigger and Data Acquisition System

At the design luminosity of the LHC with a bunch crossing rate of 40 MHz there will be around 10°
collisions per second in the detector. Assuming an event size of 1.5 MB leads to tens of TB/s to record,
which is impossible to handle with the limited computing resources available. Therefore a two level
trigger and data acquisition system were designed in order to reduce the amount of recorded collisions
by six orders of magnitude (see Fig.4.8). The trigger selects interesting events out of millions of
uninteresting ones, so the trigger is of exceptional importance and needs a very careful consideration
reviewed in the following.
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Figure 4.8: The data acquisition and trigger systems consists of the front-end readout electronics, a L1 hard-
ware trigger system and a software based HLT system running on a computer farm. This system
allows to reduce the event rate of about 40 MHz at the design luminosity of the LHC to a manage-
able level of about 100 Hz. The picture is taken from [71].

Level-1 trigger

The Level-1 (L1) trigger system [83] is built of hardware processors and reduces the event rate from
40 MHz to 100kHz. In total 3.2 us are allocated for the transition from the front-end electronics to
and back from the L1 trigger system including the decision making time. The detector informations
are stored meanwhile in memory buffers of the front-end electronics.

The L1 decision is based on informations of the calorimeters and muon systems with a reduced gran-
ularity and resolution of the detector. Also correlations of both detector subsystem are taken into
account by so called global L1 triggers. In a first step trigger objects are formed from the information
provided by the calorimeter and muon system including photons, electrons, muons and jets. Subse-
quently those objects and additional the total and missing transverse energy and the jet multiplicity are
passed to the global triggers, which take a decision based on the presence of several objects passing
predefined thresholds.

High-Level trigger

If an event is accepted by the L1 trigger system the high resolution detector data is passed to the high-
level trigger software running on a CPU farm. The High-Level trigger (HLT) system [84] is a software
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based routine reducing the event rate of 100 kHz after the L1 decision to finally about 150 Hz at high
luminosity runs. A more sophisticated detailed event reconstruction is used to provide all needed
objects and topologies in order to select events according to the physics goals. Since the HLT’s are
software triggers, the operation is very flexible and due to changing environments or physics goals the
individual trigger rates can easily be adjusted in terms of selection algorithm and/or object thresholds.
The final event rate of about 150 Hz corresponds to the data stream of 225 MB/s (event size ~ 1.5 MB)
is transferred to a central storage system based at CERN.



CHAPTER D

Software Tools and Event Reconstruction

Each event recorded by the CMS detector is stored including the raw electronic responses of the
detector. The information has to be translated into physics objects and processes, which have took
place within the detector, commonly called reconstruction. In order to compare the measurements
with theoretical predictions, a huge amount Monte Calo events have to be processed and the detector
response simulated. The CMS software (CMSSW) framework, developed to meet these requirements,
will be reviewed in the following as well as the Monte Carlo event generation, detector simulation and
physics object reconstruction. Finally the CMS computing model will be discussed.

5.1 CMSSW: CMS Software Framework

The CMSSW (CMS SoftWare) framework is a modular package built based on the Event Data Model
(EDM). Several services taking for example care of simulation, calibration and reconstuction are
included. It runs with a single executable cmsRun, both for MC and data samples, where the specific
declaration of plugin modules to carried out are specified in a configuration file written in Python [85].
For each event the chain of modules listed in the configuration file with its given parameters are
executed.

The event in the CMS EDM concept is a C++ object container for all raw and reconstructed data for
a single collision. All objects in the event can be written into ROOT [86] files offering a simple tree
structure.

The CMSSW framework uses six different types of loadable modules with different functionalities:

e Source: Generates the event by reading the EventSetup from the ROOT files, or simply an
empty event in case of MC generation.

e EDProducer: Writes new objects to the event.

e EDFilter: Studies the properties of the events and returns a boolean value, which can be used
to stop the execution of further modules, i.e. skip the event.

47
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o EDAnalyzer: Analyzes the event and writes some output, e.g. a set of histograms.
o EDLooper: Controlling of the multi-pass looping.

e OutputModule: After execution of all desired modules, the event information is read and
stored.

A typical processing chain used within cmsRun is illustrated in Fig. 5.1.
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Figure 5.1: A sample module chain containing a Source which creates the event, various EDProducers (Dig-
itizer, Tracker) adding additional data to the event and an EDFilter (NTrack filter) filtering only
interesting events. Once all modules have been executed the OuptutModule stores the output. The
plot is taken from [87].

5.2 Monte Carlo Event Generation

Monte Carlo (MC) event generators are tools to help studying the complex particle interactions in high
energy physics. Modern generators split the entire event modeling, including QCD/QED radiation,
secondery interactions, hadronization of partons and hadron decays, in several steps. Starting from
the lagrangian structure of the physics model the hard interaction is calculated, which is provided by
so called matrix element generators. The hadronization and fragmentation processes of colored final
state partons from the matrix element or parton shower transforms them into colorless hadrons, which
will finally decay. Matrix element generation and parton shower evolution are complementary and
the combination is necessary for studying multi-jet processes. But the combination can lead to double
counting. Therefore so called matching schemes are developed in order to match jets from the matrix
element with jets from parton showers.

Interfaces implemented in the CMSSW framework are realized for many event generators (Pythia6
[88] (Pythia8 [89]), Herwig++ [90], Alpgen [91], Sherpa [92], Madgrah [93]). In this study the MC
events used were generated with Madgraph5 interfaced to Pythia6 for hadronization and fragmen-
tation. SUSY mass spectra and branching ratios were calculated with SOFTSUSY [94] and SUSY-
HIT [95] packages. The actual event generation is done with Pythia6.

e Pythia6: is a general purpose event generator offering leading order 2 — 2 matrix element
calculations and parton shower evolution, describing many physics aspects. The hard interac-
tion describing the initial high energetic interaction is implemented in Pythia for more than 300
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processes including the SM and beyond SM models as well. Higher order corrections and ra-
diative effects are described by the concept of parton showers. Coloured particles which might
results from the hard process or parton shower are hadronized via the so called Lund string
fragmentation model [96].

e Madgraph/MadEvent: MadEvent is a multi-purpose tree-level event generator, which uses the
matrix element calculations from Madgraph in order to calculate the cross section and events.
Madgraph can handle processes up 2 — 6 including SM and also beyond SM processes. The
event produced by MadEvent can be passed to a shower MC program, which is in case of
CMSSW framework Pythia6. In order to match the multi parton matrix elements with the
partons added by the concept of parton shower the so called MLM [97] matching scheme is
applied.

e Softsusy: calculates the mass spectras of sparticles in the MSSM with the full flavor mixing
structure by solving the renormalization group equations including theoretical constraints on
soft supersymmetry breaking terms, specified by the user.

o SUSYHIT: is a package for the computation of supersymmetric particle decays in the MSSM. It
is based on HDECAY [98] and SDECAY [99], which calculate the decay widths and branching
ratios of the MSSM higgs boson and SUSY particles, respectivley.

5.3 Detector Simulation

The detector simulation can be split into three components: the simulation of the particles traversing
through and interacting with the detector material, the simulation of the signals coming from the CMS
readout structure and the simulation of the L1 trigger system.

Generated particles emerging from the collision have to pass several detector components and interact
with the material. For this purpose the simulation package Geant4 [100] is implemented within the
CMSSW framework. This package includes tracking, geometry, physics models and hits. The physics
models contain the description of electromagnetic and nuclear interactions in presence of a magnetic
field over an energy range of 250 eV up to the TeV scale.

The simulation of the electronics readout response leading to digital signals in presence of different
energy deposits is called digitization.

5.4 Event Reconstruction

Particles emerging from the collision point deposit energy in the calorimeter systems or signal points
in the active material of the inner tracking or muon system respectively. Out of those signals the
reconstruction and identification of different physics objects is necessary, where the signatures in
the detector vary from object to object. Table 5.1 summarizes the physics objects and the detector
subsystems used to reconstruct and identify them.

Muons for example are minimum ionizing particles and deposit only a small amount of energy in the
calorimeter and can be identified by several hits in the tracker and muon system. Electrons on the
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other hand will deposit most of its energy in the electromagnetic calorimeter, due to bremsstrahlung
and pair conversion. Hadronically decaying taus and hadronic jets can be reconstructed by energy
clusters in the calorimeters, but a more sophisticated algorithm with improved accuracy is available.
The so called Particle Flow (PF) algorithm [101] combines the information from the various CMS
sub-detectors to identify all charged and neutral particles in an event. Tracks reconstructed in the
inner tracking system are extrapolated and linked to energy clusters in the electromagnetic and hadron
calorimeter. Those reconstructed particles are used to determine hadronic jets, hadronic decaying taus
and missing transverse energy.

The following sections summarize the reconstruction and identification algorithm used within this
study. A more detailed description can be found in the corresponding publications given in each part.

Table 5.1: Summary of the information of the CMS sub-detectors used in the reconstruction of physics objects.
The partilce flow (PF) algorithm combines the information of all sub-detectors in order to reconstruct

all physics objects.
Object Tracker ECAL HCAL Muon System
Electron/Photon v v - -
Muon v - - v
Particle Flow Taus v v v v
Calorimeter Jets - v v -
Particle Flow Jets v v v v
Particle Flow E?iss v v v v

5.41 Track Reconstruction

Most object algorithms are using reconstructed tracks in the inner tracker system for identification.
Charged particles passing through the tracker system leave several signal points in the detector mod-
ules. The algorithm to find and reconstruct track candidates in the CMS collaboration is the combi-
natorial track finder (CTF) [102, 103]. The starting point in the CTF algorithm are pairs or triplets
of hits, which form, with the additional assumption that the track originates from either a known ver-
tex or beam spot, the seed for the propagation. The parameters of the seed are first estimated at the
beam spot using a perfect helix as fit through the hit points and then propagated to the outer hit, while
updating the parameters at each reconstructed point.

Based on the seed parameters a Kalman filter [104] proceeds iteratively through all layers of the
tracker system updating successively the track parameters with each new measurement and finally
yields a track trajectory. The layers compatible with the initial trajectory are determined according to
the equations of motion of a charged particle in a constant magnetic field including energy losses.If
several hits in the new layer are compatible with the predicted trajectory, a new track candidate is
created for each hit and an additional one without any hit to account for cases were the charged track
did not leave a hit.

To avoid ambiguities in the track finding, like the same track candidate is reconstructed starting from
different seeds or more than one track candidate originates from the same seed resulting in double
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counting, the fraction of shared hits of two track candidates should not exceed a predefined value.
If two track candidates do so the candidate with the least number of hits or with the highest x? is
discarded.

The last step is a refitting of the track candidate using the identified hits, because the trajectory pa-
rameters are finally determined with the last hit and can be biased by the constraints used before. This
refitting is done in multiple iterations yielding an optimal estimate of the parameters.

5.4.2 \ertex Reconstruction

Another very important task is the correct reconstruction of the interaction vertex. The location and
the uncertainty of the so called primary vertex is computed from a given set of reconstructed tracks
[103, 105]. Tracks emerging from the primary collision point are selected by their transverse impact
parameter significance with respect to the beam line (dey = duy(BL)/ 0d,,), number of hits in
silicon pixel and strip detectors and the normalized track y2, where no transverse momentum pr
requirements on the tracks were set to ensure also high reconstruction efficiency in minimum bias
events. Vertex candidates are then defined by grouping tracks within Az,., < 1cm with respect to
their nearest neighbors, where z is the longitudinal coordinate of the extrapolated point of closest
approach to the beam line. Candidates containing at least two tracks are then parsed to an adaptive
vertex filter (AVF) [106] to compute the vertex parameters.

The AVF algorithm is an iterative re-weighted least squares fit and does not reject outlying tracks
rather it down-weights them, where the weight depends on the track compatibility via its x? with the
vertex. A track consistent with the vertex will get a weight close to one w ~ 1. The weights for an
initial vertex candidate will be computed and a updated vertex is estimated. More iterations are done
until convergence is reached. For the vertex fitting in each iteration a Kalman filter is used, which
takes also the weights of the tracks into account. The number of degrees of freedom in this procedure
is defined as ng4of = 2 Z?:Tg acks 1 — 3 with w; is the weight of the ith track. It can be easily seen,
that the ng, is directly correlated with the number of compatible tracks with the primary vertex and
hence can be used to select the p-p collisions, where the vertex resolution depends strongly on the
number of tracks belonging to the vertex and their transverse momentum pr. In Fig.5.2 the vertex
resolutions measured in minimum bias events are shown in comparison with Pythia simulations [103].
The resolution in x(y) and z is typically about 25um and 20m for primary vertices reconstructed with
more than 30 tracks with a reconstruction efficiency close to 1 if there are two or more tracks with
transverse momenta greater than 0.5 GeV emerging from the vertex.

5.4.3 Electron and Photon Reconstruction

Electrons and photons have characteristic signatures which can be used in order to reconstruct and
identify the corresponding energy deposits. Both particles interact with the detector material and
loose a significant amount of energy due to bremsstrahlung and pair conversion in form of an elec-
tromagnetic (EM) shower. In order to determine the initial energy of the electrons or photons the
sum of all energy deposits including the characteristic EM shower has to be taken into account. Due
to the tracker material more than 50% of the photons are converted into electron positron pairs and
around 35% of the electrons have radiated about 70% of their initial energy already before reaching
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Figure 5.2: Vertex resolution in x (left) and z (right) as a function of the number of tracks used within the
reconstruction algorithm. For comparison also prediction from simulations (Pythia8) are shown.
The plots are taken from [103].

the ECAL with a shower spread in ¢ due to the Lorentz drift induced by the magnetic field. The
use of PbWOy crystals with a Moliere radius of Ry; = 2.2cm results in a typical energy spread of
unconverted photons within 5 X 5 crystals.

Different algorithms for the barrel and endcap region are used to form superclusters out of the ECAL
energy deposits [71,107], where superclusters are aimed to recover the energy of emitted photons due
to bremsstrahlung. In the barrel region the so called hybrid algorithm is performed. This algorithm
starts with the highest Er crystal and forms dominoes of a narrow width in 7 corresponding to 3 or
5 crystals. Collecting all dominoes along the ¢ direction up to an extension of 0.3 rad with respect
to the initial seed forms the supercluster. In the endcap the multi5x5 or often also quoted as island
algorithm is used for creating the superclusters, which are the sum of all matrix clusters along the
¢ direction with respect to the initial seed, where matrix clusters are energy deposits inside 5 x 5
matrices of crystals. Similar to the hybrid algorithm the maximum radial extension is also 0.3 rad for
superclusters in the endcap.

The definition of superclusters is similar for electron and photon reconstruction, but the final trajectory
is done differently, due to the fact that the electron track can be reconstructed by its hits in the tracker
system, whereas photons do not leave any hits. We start with the electron reconstruction, which
is based on the so called ECAL driven seeding. The ECAL driven seeding uses superclusters with
E7 > 4GeV and tries to match hits in the tracker system to those superclusters. The characteristic
narrow width in 7 and the spread in ¢, due to bremsstrahlung in the tracker material and the electron
bending in the magnetic field, is taken into account in the prediction of hit pairs in the innermost
pixel detector layers. If two pixel hits consistent with the propagation are found they will serve as a
seed for the electron track reconstruction. The propagation through the tracker material is done with a
Gaussian Sum Filter (GSF) [108] using a specific Bethe Heitler modeling [ 109] of the energy loss due
to bremsstrahlung, which describes the electron propagation better in comparison with the standard
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Kalman Filter procedure used within the track reconstruction.

The photon reconstruction uses the same supercluster algorithm as a starting point. In contrast to elec-
trons no track reconstructed with the GSF procedure should coincide with the ECAL superclusters.
Photons reaching the ECAL system can be unconverted and converted photons as well. In order to
distinguish them the R9 observable can be utilized, which is defined as:

_ Esxs

R9 = ,
Esc

6D

where Fs.3 is the energy deposit in a 3 X 3 array of crystals around the supercluster crystal with
the highest E'r and Eg¢ is the total supercluster energy. Unconverted or close to the ECAL system
converted photons are populating R9 values around unity.

An impression how well the electron/photon reconstruction and identification works can be seen from
Fig. 5.3 where the dielectron invariant mass spectrum in the upsilon region m.. = [6,12]GeV /c? and
the diphoton invariant mass spectrum for 70 — ~~ decays are shown.
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Figure 5.3: Dielectron (left) -photon (right) invariant mass spectrum measured in data corresponding to an
integrated luminosity of L = 35pb~! and L = 18nb™ ', respectively. The dielectron invariant
mass spectrum is zoomed into the upsilon region m.. = [6,12]GeV/c? and the Y(1s) and T (2s)
resonances can be observed, whit a hint for the Y(3s) resonance. Similar the diphoton invariant
mass spectrum recorded with an on-line 7° trigger stream shows nicely the 7° peak. The plots are
taken from [76, R ].

5.4.4 Muon Reconstruction

The muon reconstruction algorithm combines information of the muon system and the inner tracker.
Two reconstruction approaches are used, where one starts from track candidates and tries to match
them to hits in the muon system (inside-out), whereas the other approach starts from the so called
standalone muons reconstructed using only the information in the muon system and tries to match
them with track candidates (outside-in).

Standalone muon candidate reconstruction starts with local track segments based on measured drift
times in the various muon chambers. The segments in the first muon station (see Section 4.2.6) are
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used as the candidates seed. In a similar fashion to the track candidate reconstruction using the hits
in the inner tracker system, a muon parameter estimate using the seed is determined and a Kalman
filter procedure adds successively segments of the outer stations until the end is reached. Once the
outermost segments are reached a backward Kalman filter is applied refitting from outside in and the
candidate parameters are determined at the innermost muon segment, which yields a standalone muon
candidate. Throughout the propagation to the outer muon station and backwards the energy losses and
scattering in the material between the stations and also the inhomogeneous magnetic field are taken
into account.

The outside-in algorithm, commonly referred as the global muon reconstruction, uses the standalone
muon candidate collection and matches it to track candidates by propagating the muon trajectory to
the outermost layer of the tracker system including energy loss and multiple scattering in the detector
material, especially in the dense material of the calorimeter and the solenoid. Around the propagated
impact in the outermost layer of the tracker system a region of interest is defined and local seeds are
built using two hits from different layers and the track algorithm described before (section 5.4.1) is
performed creating trajectories out of each seed. Finally a global fit is performed using the track and
the standalone muon candidates leading to the global muon candidate collection.

In contrast to the outside-in algorithm the inside-out algorithm, commonly referred as the tracker
muon reconstruction, uses all track candidates reconstructed in the tracker system and propagates
analogously their trajectories from the outermost tracker layer to the muon system. If at least one
segment in the muon system matches the propagated trajectory, the corresponding track candidates
get classified as a tracker muon.

The majority of muons with a sufficient momentum emerging from the collision point are either
reconstructed as global- or tracker muons, or mostly as both. In about 1% of the cases muons from
collisions are failing both reconstruction algorithms and are flagged as standalone muons. Those
standalone muons have a much higher cosmic muon acceptance and hence the global and tracker
requirement on muon candidates is preferred over standalone muons.

The excellent performance of the muon reconstruction is beautifully demonstrated in Fig. 5.4, where
the dimuon spectrum with different dimuon triggers is shown . Without any quality cuts on the recon-
structed muons well-known resonances can be easily identified by their peak in the spectrum, even
the w and ¢ resonances can be observed.

5.4.5 Tauon Reconstruction

Taus can either decay into leptons or hadrons with associated neutrinos, where the leptonic decay
modes can not directly be related to a 7-decay. Two hadronic tau reconstruction and identification
approaches can be utilized. Hadronic decaying taus have a branching fraction into hadronic single-
prong decays of about 50% and into three prong of about 15%. The single prong taus can even be
further spitted into single-prong with associated 7’s (BR ~ 36%) and without (BR ~ 14%) [16].
The efficient identification of those signatures inspite of a large soft QCD background is done with the
hadron plus strips (HPS) and tau neural classifier (TaNC) algorithms [113]. As a basis all particle flow
particles (charged hadrons, photons, neutral hadrons, muons, electrons) are used in both algorithms in
order to reconstruct the three different hadronic tau topologies separately.

The tau reconstruction starts with the PF jet reconstruction (Section 5.4.6) using the anti-kt clustering
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Figure 5.4: Invariant mass spectrum for pairs of muon. Datasets recorded by different dimuon trigger paths in
2011 corresponding to an integrated luminosity of 1.1fb~! are superpositioned. The plot is taken
from [112].

algorithm with a distance parameter of R=0.5 [114]. Afterwards the used algorithm reconstructs the
70 candidates components of the 75,5 and combines them with charged hadron candidates in order to
identify the tau decay mode and yields finally the four momentum vector and isolation quantities. The
details of defining 7, candidates differs between the algorithms and will be shortly reviewed.

TaNC Algorithm: The TaNC algorithm uses neural networks as classifiers, where for each decay
mode a specific neural network was trained. But first a 75, candidate is built out of the PF jet collection.
The four momenta of the 7, candidate is reconstructed as a sum of all particles with pr > 0.5 GeV in a
signal cone AR < 0.15 (AR < 0.15 for photons and 0.07 < AR p4rged < 0.15 for charged hadrons
with ARcharged = 5GeV/ E:Trh ) around the direction of the leading particle with pr > 5 GeV. w0
candidates are reconstructed by merging two photons with an invariant mass less than 0.2 GeV/c? and
unpaired photons with pp > 0.1 x p7". By just counting the tracks and 70 candidates inside the signal
cone the considered decay modes can be identified and the corresponding neural networks yields to a
continuous discriminant, which can be used to define different working points. The neural networks
are optimized for each decay mode and the input variables are typically the pr spectrum of the nearby
particles, angular correlations, invariant masses and number of charged particles in the signal and
isolation cone, where the neural networks were trained beforehand to discriminate 73, from Z decays
(Z — 771) versus QCD multi-jet events.

HPS Algorithm: The HPS algorithm gives special attention to the photon conversion, where the
bending of electrons/positrons of converted photons emerging from neutral pions, which broadens
the calorimeter signatures in the azimuth direction, is taken into account by reconstructing photons
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in strips. It collects electromagnetic particles in a n-¢ strip (An = 0.05, A¢ = 0.20) iterative, re-
calculating the four momentum vector after each new added particle, until no further particle can be
associated. Pions can produce several strip-signatures: (1) low energetic pions will lead to no strips,
(2) emerging photons close together will be reconstruct within one strip (3) and if they are well sep-
arated two strips. Finally combining all strips with p7 > 1GeV and charged hadrons inside a cone
AR = 2.8GeV /p7 the individual decay modes can be reconstructed, where the four-vector sum of
strips and charged hadrons have to be consistent with intermediate resonances (7°, p, a1). Apart from
the 73, decay products there should be no other charged hadrons or photons inside of an isolation cone
AR = 0.5 around the direction of the 7. Adjusting the transverse momentum p7 thresholds for those
particles, different isolation working points can be defined (loose, medium, tight).

The performance of the 75 reconstruction and identification algorithm has been measured using Z —
77 events [ | 13] summarized in Table 5.2 for the pre-defined working points. Commonly the HPS al-
gorithm is used and the TaNC serves as a cross check. The HPS 7, identification efficiencies are about
70%, 50% and 30% for the three working points (loose, medium, tight) with a miss-identification rate
of about 1%, 0.4% and 0.2% respectively. The miss-identification rate is defined as the rate of QCD
jets faking hadronic tau candidates.

Table 5.2: Efficiency for 7, to pass the HPS and TaNC identification criteria measured in Z — 77 events.
Table is taken from [113].

Algorithm Fit data Expected MC | Data/MC

HPS "loose" 0.70 £0.15 0.70 1.00 £ 0.24
HPS "medium" | 0.53 £0.13 0.53 1.01 £0.26
HPS "tight" 0.33 £0.08 0.36 0.93 £0.25
TaNC "loose" 0.76 £0.20 0.72 1.06 £ 0.30
TaNC "medium" | 0.63 £ 0.17 0.66 0.96 £ 0.27
TaNC "tight" 0.55£0.15 0.55 1.00 £0.28

5.4.6 Jet Reconstruction

At hadron colliders one of the main tools to analyze recorded events are jet clustering algorithms.
Quarks and gluons produced in the hard scattering process will undergo fragmentation and hadroniza-
tion processes into collimated streams of color neutral hadrons, due to QCD confinement, which does
not allow free colored particles. A jet is defined as the sum of hadrons within a pre-defined cone or
clustering algorithm. A robust jet algorithm has to be stable towards small variations of the input,
namely the particle activity within the jet. Two common aspects have to be fulfilled by modern algo-
rithms: (1) infrared safe and (2) collinear safe. Infrared safety is the robustness of the algorithm by
facing additional soft partons between two jets, which should not have any influence on the stability
of the jets candidates. Collinear safety ensures on the other hand, that additional collinear gluon radi-
ated by the hadronic jets do not alter the jet reconstruction algorithm. Collinear and infrared safety is
especially important for obtaining meaningful comparison with theoretical models.
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The jet reconstruction algorithms are starting usually by clustering objects within some cone and
a recombination scheme which defines the method to combine all clustered objects into a jet four-
vector. Several jet finding algorithms were developed over the last years, where cone algorithms are
the easier ones and are based on the idea of defining a jet by an angular cone around some seed
direction. Since all cone algorithms were replaced in the CMS reconstruction process by so called
clustering algorithms, a detailed description will be skipped at this point.
Common jet clustering algorithms define two distances: d;; between the particles 7 and j and d;p
between particle + and the beam line. Objects with a minimum distance d;; getting iterative combined
until only particles with d;; > d;p remain. The resulting object is called a jet. Those jets are then
removed from the list of particles. This procedure is redone until no particles are left. The algorithms
differ in the definition of the distance parameter:
2
g = min 2 )22
dip = k7, (5.2)

here Afj = (yi — yj)2 + (¢ — ¢j)2 and ky;, y; and ¢; are the transverse momentum, rapidity and
azimuth of the particle i, respectively and R is the radius parameter. This radius parameter R serves
to rescale the distance d;; such that any pair of jets is separated by at least A;; = R. The value p = 1
corresponds to the k; algorithm [115, ], p = 0 to the Cambridge/Aachen [117] and p = —1 to
the anti-k; algorithm [114]. All three algorithms are infrared and collinear safe and just differ in the
actual distance definition. In CMS the k7 and anti-k7 algorithm are implemented.

Another crucial ingredient for the jet reconstruction algorithms is the input collection of objects used
for the clustering. The most basic jet input collection are energy deposits in the ECAL and HCAL cells
combined together into calorimeter towers forming the class of so called caloJets. In order to improve
the pr response and resolution of caloJets, information of the tracker system can be added. Charged
particle tracks measured in the tracker system associated with each jets can be used to improve the jet
transverse momentum and direction (Jet Plus Tracks (JPT)) [118]. The last jet input collection used
is the list of all reconstructed particle flow objects, where the PF algorithm combines the information
of all sub-detectors [101]. Fig.5.5 shows the jet transverse momentum pr resolution for central
jets (|n] < 0.5) measured in data using the dijet-asymmetry method for the different jet definitions
clustered with the anti-kr clustering (radius parameter R = 0.5) [119].

Several corrections are applied on top of the raw jet transverse momentum to relate the average energy
measured for the detector jets to the energy corresponding to the true particle. The correction factor
Ot is applied as a multiplicative factor on the raw jet four-momentum components

plclorrfjet _ Ctotpzaw (53)

and is composed of various correction-levels

Ctot = goftset (e MO (ph ) O () O (1) (5.4)

with p/ is the transverse momentum pr of the jet after the Ceoffset correction and p'y. after all previous
corrections applied [120]. The offset correction C°//5¢* subtracts the energy contributions not asso-

ciated with the hard scattering process (electronic noise, PileUp). MC correction CMC are applied
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Figure 5.5: Central Jet (|n| < 0.5) pr resolution measured in data compared to MC predictions for caloJets
(left) and PFJets (right). JPTs have comparable pr resolution as PFJets and are not shown explic-
itly. The plots are taken from [119].

to correct the reconstructed jet energy to be equal to the generated jet energy determined in simula-
tions. Non-uniform calorimeter responses in 7 are corrected with the relative correction C™¢ and the
absolute correction C%** accounts for the pr dependent calorimeter response.

5.4.7 Missing transverse Energy Reconstruction

The CMS detector covers nearly 47 solid angle with pseudo rapidities up to || < 5, enable to detect
most particles emerging from the collision, except exclusive weakly interacting particles like neutrinos
which escape undetected. Since the initial particles exhibit no transverse momentum, the vectorial sum
of all particles should vanish and hence an indirect indication for the presence of neutrinos is the so
called missing transverse energy (E%iSS ). It is commonly calculated as the magnitude of the negative
vectorial sum of all reconstructed final state particles.

N
EP™ = =3 " Ep, with i = ith particle (5.5)
i=0
Implemented in the CMS reconstruction process are four different algorithms to calculate Ejniliss ,
varying in the reconstructed objects used for the calculations.

(1) caloEj“JiSS: Calorimeter based E?iss using the energy deposits in the calorimeter towers up to
|n| < 5 above a noise thresholds and angles defined by a vector pointing from the primary
vertex to the tower. Minimum ionizing muons reconstructed in the inner tracker and outer
muon system have to be added, while subtracting their energy deposits in the calorimeter [121].

2) tcEjnliSS: The track-corrected Ejnliss starts from the caloE?iSS and adds subsequently all pr of
reconstructed tracks matched to calorimeter tower, while subtracting the corresponding energy
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Figure 5.6: Resolution of caloETS, tc BB and p f EX measured in minimum bias events and MC. The plot
is taken from [124].

deposits in the towers [122].

3) p fEJ“EiSS: The particle flow ET is calculated by the negative vectorial sum of all objects
reconstructed with the PF algorithm [101].

(4) M Hr: Another often used missing transverse energy measurement is M Hr (missing Hr) for
which only reconstructed jets are used.

In order to account for the non-compensating and non-linear response of the calorimeter several cor-
rections have to be applied for an adequate reconstruction of caloE?iSS . For this purpose the jet
energy corrections are used for calorimeter towers within jets and an additional set of corrections for
towers outside any jet. The E%ﬁ“ resolution for the caloE:,rE‘iSS, tcE%1iSS and pf EIHJiSS algorithm mea-
sured in minimum bias events is shown in Fig. 5.6. tc /7" and especially p f E7'*® improve the 7'
resolution compared to the traditional caloE?iss [123,124].

5.5 CMS Computing Model

In order to manage the huge amount of data recorded with the CMS detector and MC event production,
the Worldwide LHC Computing Grid Project (WLCG) has been developed [125, 126]. It is based on
a multitier structure with decentralized computing and mass storage resources. One Tier-O centre
located at CERN performs a first prompt reconstruction on the raw data streams coming from the
HLT and Data Acquisition System. The processed data is distributed to dedicated Tier-1 centers
located in the various CMS Collaboration member states. At the Tier-1 centres a further processing
like rereconstruction or calibration is performed and massive data archiving services are provided.
A larger amount of Tier-2 centres offer substantial CPU ressources for analysis, calibration and MC
sample production. Typically the Tier-2 centers rely upon Tier-1 centers for fast access to large data
sets. Finally the Tier-3 centers provide interactive resources for local groups.
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Figure 5.7: Schematic view of the WLCG tier structure of CMS. The plot is taken from [127].
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5.6 Statistical Procedure

The statistical model used for the determination of the 95% confidence level (C.L.) exclusion limit
within the CLs [128] method is based on the Likelihood formalism and has two main components:
statistical (Poisson) and systematics [ 129, 130]. In the absence of systematics the combination of Nch
search channels can be written as:

Nch
L(n|H) = H Poiss(ng|vg - s + br), (5.6)
k

where s is the expected signal yield, vy is a signal strength modifier that multiplies the expected SUSY
yield such that s’ = v, - s and by, is the expected background yield. The systematics complicate the
picture, each source of systematics introduces a nuisance parameter distributed according to some
probability density function (pdf). The shape of this pdf is unknown, usually a log-normal distributed
pdf is assumed but also gaussian or gamma distributions have been proposed for uncertainties. The
log-normal distribution is given by

1 _ (nz—m)?

e 27 x>0 (5.7)

fx(z;p,0) =
xo\ 2T

with 4 and o are commonly called location and shape parameter. For simplicity only log-normal
pdfs are used. The log-normal distribution has two important differences in comparison with a simple
truncated gaussian:

e The log-normal distribution has longer tails leading to more conservative results
e The probability density of the log-Normal distribution at b=0 is always zero.

Each channel may have some search specific systematics resulting in N ch nuisance parameters plus
some common systematics. The treatment of large number of nuisance parameters is a challenge
in statistics. On the other hand, as we will see later in Chapter 8, the number of objects in signal
topologies is limited to 3 lepton flavors, Jets and E%iss , and the number of major backgrounds is
limited to WZ, ZZ (incl. DY(Il)), DY +Jets, tt and more rare processes (WW, WW+, TTZ,
TTW combined). For simplicity the systematics are factorized into 10 nuisance parameters &°.

1-2. Combined systematics in SM backgrounds : §WZ+ZZ+Rare apq §DY+t  The background
nuisance parameters are split into one data-driven estimated for DY+Jets and ¢t , and one MC
simulation based for W Z, ZZ and rare processes assuming 100% correlation for the individual
elements of the single nuisance parameters for simplicity.

3. MC uncertainties on signal efficiency. Here we assume single nuisance for all channels: M€
4. Uncertainties in JES related to the Hp and E?iss selection: 675,
5. Uncertainties in muon selection efficiency: J*.

6. Uncertainties in electron selection efficiency: °.

7. Uncertainties in tau selection efficiency: 67 .
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8. A common systematic uncertainty affecting signal and MC estimated backgrounds from lumi-
nosity measurements: §‘“",

9. Uncertainties in trigger efficiencies: 679,
10. Combined PDF and SCALE uncertainties: 6% .

Such a factorization also takes care about correlations of systematic uncertainties in different channels.
The model with systematics can be presented as:

Nch Nnuis
L(n|H) = [ Poiss(ni|ur) [ N(5:0,0:) (5.8)
k 7

where the expectation p;, = vy - S + By, depends on all nuisance parameters and N (6|0, o) are the
pdf for the Nnuis=10 nuisance parameters. The contribution of each correlated nuisance parameter
d; in the particular search channel k is defined by the scaling factor f,i, that is, the sensitivity of the
signal efficiency or the background to the variation of the nuisance. The maximum deviations among
all search channels determines the o of the systematics pdf. The factors f are obtained from MC sim-
ulations using the so called A method: by varying the systematics within the expected uncertainties
the variation of the number of selected events is determined. The signal part is:

Sk=sk-v- [JA+ 760 - (14 19 6M9) - (14 fF56755)
l
. (1 + f]irigétrig) . (1 + 5pdf) . (1 + 5lumz)

where Hyl:3’4(1+ff-5l) is defined by the lepton combination in the final state (pipupefe, frpipie, (i, ppee,

etc) and v is the signal strength parameter. The background part reads like By = B,ZVZ +2Z+Rare |

B,? Y+ \where the individual parts can be expressed as:

By =bj - (1+ fi - 6%)

where X is the corresponding background channel.

All statistical modeling is done within the landS package [13 1], which was extensively cross checked
with implemented methods in RooStats [132].

In order to set exclusion limits on a SUSY hypothesis, a test statistic () has to be defined, which
depends on the hypothesised signal rate v;. The test statistic uses a Likelihood Ratio [133, 134] after
performing a maximization with respect to the nuisance and the signal strength parameter:

_ max(L(nlv - s,b, &)
maxz(L(n|D - s,b,6°)
where quantities indicated with a hat are used for maximization. The test-statistic Q is then converted

into —2In(Q). This definition of the test statistics is referred to as the LHC-Style, since it differs
slightly from the one used in searches at LEP and the Tevatron, where a background-only hypothesis

was used in the denominator of (). In the limit of large number of background events, the expected
distributions of Q are known analytically [1, 135].
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The 95% exclusion limit calculation uses the C'Lg [128, 136] method implemented in the landS code.
CLs is often referred as the modified frequentist analysis and is defined as

CLS - CLS+b/CLb

where C'L,, 4 and C'Ly are given by the probability that the test-statistic () is less or equal than the
observed value Q) ps:

CLs+b = P3+b<—2an > _2anobs) or CL(, = Pb(—2an > —QZnQObS)

where C'Lg, 4 corresponds to the signal + background and C'L;, to the background only hypothesis.
This normalization of the observed confidence level for C'L 1 to the observed confidence level for
C Ly avoids so called "unphysical” exclusions of zero signal expectations in context of possible down-
ward fluctuations of the background'.

If CLg < o for v = 1 one can determine that the SUSY model is excluded at the 1 — « confidence
level. To quote the upper limit on v at the 95% confidence level, v is adjusted until the desired value
of C' Ly = 0.05 within a predefined tolerance is obtained.

"More details on this subject can be found in [128]
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CHAPTER O

Search for Supersymmetry using Multileptonic Signatures

The search strategy for physics beyond the standard model within the CMS SUSY group is split
into different analysis, in the following called reference analysis (RA). They focus each on various
topologies arising from possible supersymmetric extensions of the SM including leptons, a certain
jet activity and/or missing transverse energy. Several hadronic analysis [137, 138], vetoing events
containing leptons, and leptonic analysis requiring one [139], two [140-142] or more leptons [12—-15]
in the final state were performed in the first two years of data taking at the LHC. Up to now no evidence
for any supersymmetric model has been observed and the physicists were able to exceed the limits on
new physics of former collider experiments [8—11]. The hadronic analysis set the most striking limits
for the commonly referred SUSY model, the cMSSM introduced in Chapter 3.

The following chapter describes the analysis done using multileptonic events, with at least three lep-
tons (e, p or 7) in the final state based on an integrated luminosity of Ly, = 4.7 fb~! . This study
is embedded in the RA7 activity. Multileptonic signatures are commonly called "Golden Channels”
for SUSY searches, because of the clean signature. Clean in the sense that the SM processes leading
to multileptonic final states are quite rare, whereas in many SUSY models those signatures can be
enhanced.

The analysis is organized as follows: in the first part the production of SUSY particles and their
decay signatures at the LHC will be summarized. After defining the object and event selection the
analysis will be discussed and the results shown and interpreted in the context of cMSSM and the so
called simplified model spectra which will be introduced at the given time. Many channels, signal
and control channels, are examined and combined in one statistical model. The focus will be placed
on the various SM background predictions, which are data driven or rely on MC simulations but are
cross checked in various control regions, and the discussion of the results.

65
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6.1 Multilepton Production in SUSY Models

In this section the production of sparticles and their possible decay chains leading to leptons in the
final states at the LHC is presented. Since we focus on the R-parity conserving cMSSM, sparticles
can be produced only in pairs. The superpartners of the quarks and leptons are the squarks (g) and
sleptons ). Gauginos (Y*,%x°) and higgsinos are paired with the gauge and higgs particles. The
sparticle production can be split into the production of colored squarks and gluinos, and the direct
weak production of neutralinos x°), charginos (X*) or sleptons.

Typical squark and gluino production processes at leading order (LO) with different combinations
in the final state (4q, 44, 4G, 33, G4 §q) [143], where the chiralities of the squarks (¢r, §r,) and the
flavor indices are not given for simplicity, are shown in Fig. 6.1. In order to produce squark-antisquark
final states (§q), quark-antiquark or gluon-gluon initial states are required, whereas squark pair final
states (gg) can only be produced from quark pair initial states. Gluino pair production (gg) needs a
gluon-gluon or quark-antiquark initial state and only quark-gluon interactions lead to squark-gluino
final states (¢g).
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Figure 6.1: Typical LO diagrams for §q, g, g and §§ (from left to right) production at hadron colliders. These
diagrams represent only a subset of all possibilities, which can be found elsewhere [143].

The non-colored neutralinos and charginos can not only be produced in cascade decays of squarks/
gluinos, but also in direct production [144] as shown in Fig.6.2. Since neutralinos are mixtures of
the neutral wino, the bino and the higgsinos and the charginos are mixtures of the charged winos and
higgsinos, the vector bosons (v, Z, W) couple to the gaugino and higgsino components, whereas in
the t-channel diagram, with an virtual squark exchange, only the gaugino components are involved.

JANI AN ANAN
IRYAAYARVARY

>

Figure 6.2: Typical LO diagrams for direct gaugino production involving vector bosons (left) or squark ex-
change (right).

The cross section for squark/gluino and gaugino production depends, as a good approximation, mainly
on the masses of the sparticles, i.e. m; 5, shown in the mg - my /o parameter space for fixed tanf =
10, Ap = 0 and sign(pn) = +1 (cMSSM). The total sparticle production cross section is calculated
with Prospino [145] (Fig. 6.3) at next-to-leading order (NLO) for p-p collisions at a center of mass
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energy /s = 7TeV. The cross section shows a strong dependence on varying m; 2 and only a
moderate dependence on the unified scalar mass parameter mg. In regions, where the squark/gluino
masses are kinematically accessible, their production channels play a dominant role (Fig. 6.4 bottom
panel). The direct production of charginos and neutralinos nevertheless can have also a significant
contribution, due to typically lower masses compared to squarks/gluinos. With increasing mq the
squarks get heavier and the electroweak sparticle production takes over as the dominant processes
(Fig. 6.4 (top)). Assuming a signal selection efficiency for a typically SUSY search of ¢ = 0.1% with
a complete background suppression (Npgi, = 0), the lowest cross section, where the search would

be sensitive for in the sense of a 95% confidence level exclusion limit for an integrated luminosity of
Ling = 4.7fb7 1 is

Nos%c.L. = OProd,95%C.L. X €sel X Lint 3 = 0pprogos%c.r. ~ 0.6pb,

which is indicated by the line (constant cross section) added to Figures 6.3 and 6.4. Here a constant
selection efficiency over the full parameter space is assumed. Those lines indicate the maximum
sensitivity with the quoted signal selection efficiency of the LHC in context of the cMSSM predictions
with the data set collected so far.

m, , [GeV]

—t

10"
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200 400 600 800 1000 1200 1400 1600 _ 1800
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Figure 6.3: Sparticle production cross section for p-p collisions at a center of mass energy /s = 7 TeV in the
cMSSM mg — m; /, parameter space for fixed tanf = 10, Ag = 0 and sign(u) = +1.

A selection efficiency of 100% with a negligible background rate of Nbkg << 1 is typically not
achievable. But nevertheless in order to define a selection as sensitive as possible to new physics
signals one has to set thresholds on common objects or kinematic/event properties modifying the
signal selection efficiency e4.; and simultaneous reducing the SM background rate. Hence the detailed
knowledge of the possible decay chains of the initial produced sparticles and their properties are
important.
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Figure 6.4: Relative fraction of chargino/neutralino pp — x°x°, x°x*, xTx* (top) and squark/gluino pp —
343, 99, qq (bottom) production to the total SUSY particle production cross section. At low mg
values the colored squark/gluino production is dominant, whereas at higher values the electroweak
production of charginos/neutralinos is overtaking.
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The fact that we concentrate on R-parity conserving models implies the existence of a lightest stable
supersymmetric particle (LSP) and we assume it to be the lightest neutralino (Xl)

Gluinos can only decay through a squark and, if kinematically allowed, the two body decays ¢ — qg
are dominant. In the case where all squarks are heavier, the gluino have to decay through a virtual
squark into § — ¢gx° or ¢¢’x*. Similar to gluinos, squarks will decay to quark-gluino § — ¢§

dominantly, if this process is kinematically allowed and elsewhere into neutralino or charginos § —

ax’.d xX*.

Leptons are produced mainly in the decay of the next-to-lightest neutralino (Y9) and lightest chargino
()ﬁc), which can be produced either directly in the hard interactions, or in cascade decays of squarks/gluinos.
Following the couplings of the weak interaction, neutralinos and charginos can decay through a two
body decay into a lepton-slepton or quark-squark pair, where squarks are often heavier and lepton-
slepton final states are enhanced. The sleptons then decay into the >~<(1) and a lepton.

9 — ll — X, XS = v — Qv

5=y =, xE = ol — vl

Neutralinos and charginos can on the other hand also decay into lighter neutralinos or charginos with
an associated vector or Higgs boson:

5((2] — >~<(1)Z X2 — X1h ) X2 — X%Wi
X1 — XlVVi — X1 01y

If those two-body decays are kinematically not allowed, they will decay in a three body decay into the
same final states, but through off-shell gauge bosons

X2 — Xlll and Xl — X1 Oy

Similar decays with quark final states can arise from neutralino and chargino decays [4], but not listed
here, since we will focus in the following on signatures including multiple leptons in the final state.
Fig. 6.5 shows the dominant branchings of the lightest chargino and next-to-lightest neutralino in the
corresponding regions in the mg-my /; plane for fixed tanf = 10, Ap = 0 and sign(p) = +1.
One has to note that the various regions can vary for different values of tanf and Ag. In most
cMSSM (mSUGRA) parameter points the neutralinos and charginos tend to decay into the lightest
higgs or W boson accompanied by the LSP. At low m /o the mass splitting between the next-to-
lightest neutralino/chargino and the lightest neutralino gets small, which results in solely three body
decays. In case of the next-to-lightest neutralino there exists a narrow band around my /5 =~ 300 GeV,
where the mass difference is well below the lightest higgs mass suppressing this branching, but large
enough for an on-shell Z boson. For low mg and midrange m,,, masses, where the sleptons are
relative light and the neutralino/charginos are heavier, the two body decays X5 — Il and )Zli — v get
dominant.

Multileptonic Final States

In Fig. 6.6 two diagrams for possible SUSY processes leading to tri-leptons in the final state are
presented. The gluino-gluino pair production leads to a cascade decay of each gluino down to the LSP,
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Figure 6.5: Regions in the 1mg-m /5 plane for fixed tan = 10, Ag = 0 and sign(p) = +1 corresponding
the dominant decay modes of the lightest charginos )Zf (left) and next-to-lightest neutralinos Y3
(right), where additional several benchmark points are indicated. Plots are taken from [146]

where in one leg an intermediate neutralino and in the second leg an intermediate chargino is produced,
each decaying through a vector boson into leptons. Additionally, several quarks hadronizing to jets
are produced simulating a three lepton plus four jets and large missing energy signature. In contrast
the direct neutralino-chargino production leads to a signature with three leptons and missing energy

without any jet activity.

X

Figure 6.6: Gluino-gluino (left) and direct neutralino-chargino (right) production leading to tri-lepton final
states. Gluino are decaying down to the LSP via a cascade. A number of jets and leptons are
produced, where in case of electroweak neutralino-chargino production leptons and LSPs without

accompanied jets are produced.

The decay branchings of all intermediate sparticles, and so the cascade length of the gluino de-
cays shown in Fig. 6.6 (left), and the momentum spectra of final state particles depend on the un-
derlying mass spectra and mass differences Am. A larger mass difference for gluinos and squarks
Am = (mgz — mg) results in longer tails in the associated jet momentum spectra. The mass spectrum
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of two specific models in the cMSSM parameter space LM6' (mg = 85, my 2 = 400, tanf = 10,
Ag = 0, sign(p) = +1) and LM9 (mg = 1450, my /o = 175, tanf = 50, Ag = 0, sign(u) = +1)
are displayed in Fig. 6.7 and Fig. 6.8, respectively. The mass spectra are generated with SoftSusy 3.2
[94] and the decay widths and branching ratios calculated with SUSY-Hit 1.5 [95]. In case of the LM6
point the left handed sleptons (Iz,7) and neutralinos/charginos (Y9, )Zf[) are nearly mass degenerated
Am = 11 — 13GeV/c? (m;, ~ 286 GeV /c®, mz, ~ 288 GeV/c?, myg ~ met A~ 302.8 GeV/c?)
and the decay Y3 — 11 will lead to relative soft leptons, whereas the lepton produced in the sub-
sequent decay of the slepton [ - IXY can have larger momentum due to a higher mass difference
Am = (mj — m>28> ~ 126 GeV /c?. This results in events with a hard lepton and an associated soft
lepton. On the other hand gluinos/squarks can produce a long cascade with hard jets, due to large
mass splittings in the squark sector. Comparing LM6 with the mass spectrum of LM9 one observes,
that the sleptons are much heavier than the gauginos, and the gluino is the lightest colored sparticle.
The next-to-lightest neutralino and lightest chargino will decay through a three body decay into the
LSP and leptons or quarks via virtual gauge bosons. The fact that the gluino is the lightest colored
sparticle has an interesting effect, because it can only decay via a virtual squark, e.g. a sbottom (b)
or stop (%) into quark pairs and a chargino or neutralino. Those quarks occur to have lower transverse
momentum pr due to the three-body decay of the gluino. The kinematic distributions Eé?"”miss, Hr
= S EIY(EBr > 30GeV, || < 3), Ly = Y, 057" (pr > 3GeV, |n| < 3) and Sy =Emiss
+H7 + L7 are shown in Fig. 6.9 for both models. The leptons used for the calculation of the L7 ob-
servable are well reconstructed and isolated electrons and muons. Details of the individual selection
criteria will be discussed later in Section 7.3. As expected the jet activity is significantly lower for
LM9 compared to LM6. Also the E:‘Pi“ spectrum is softer, due to lighter LSPs.

In summary the kinematically accessible parameter space for sparticle production at the LHC of the
cMSSM is still dominated by gluino/squark pair production. In the decay chains of the initially pro-
duced sparticles a number of jets and leptons can appear and the LSP, which is assumed to be the
lightest neutralino 9, will escape undetected resulting in missing energy. Depending on the under-
lying model and especially the mass spectrum, the jet, lepton and missing energy spectra in SUSY
processes vary. Models with degenerated slepton and next to lightest chargino/neutralino masses re-
sult in softer leptons, which can fail the lepton selection thresholds and hence searches based on
multileptonic signatures will not be sensitive.

Since no evidence of any direct SUSY particle production process is observed at the LHC, and other
experiments as well, a search strategy should be as model independent as possible. A split into lepton
topologies as it is conventional in the CMS SUSY group covers most of the possible signatures. Thus
an individual optimization to increase the sensitivity for a special phase space of the SUSY parameter
space with simultaneous reduction of the SM background rate can be achieved.

'"LM points: Low Mass benchmark models used by the CMS Collaboration
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Figure 6.7: Mass spectrum for the cMSSM model LM6 (mq = 85, my,o = 400, tang = 10, Ag = 0,
sign(u) = +1) generated with SoftSusy 3.2 + SUSY-HIT 1.3 and visualized with pyslha-1.2.8
[147]. The dashed lines and their widths indicates the branching ratios of the sparticles.
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Figure 6.8: Mass spectrum for the cMSSM model LM9 (mo = 1450, my /o = 175, tanf3 = 50, A9 = 0,
sign(u) = +1), generated with SoftSusy 3.2 + SUSY-HIT 1.3 and visualized with pyslha-1.2.8
[147]. The dashed lines and their widths indicate the branching ratios of the sparticles.
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Figure 6.9: Kinematic distribution for the benchmark points LM6 and LM9. Shown are Hp = ), Egpet’i (top
left) and EM (top right), Ly = >, PPt (bottom left) and Sp =EMS +Hyp + Ly (bottom
right). See also Fig. 6.5 (right) for the definition of the benchmark points.
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6.2 Standard Model Backgrounds

Prompt leptons appear from neutralino/charginos (x°,v*) decays in common SUSY models and from
short living bosons (Z,W,H) in the SM . Those leptons are characterized by a small impact parameter
(dzy) in the xy-plane with respect to the primary vertex or beam spot and small energy deposits in a
cone AR = /A®2 + An? < 0.3 around the lepton trajectory (isolation). To keep the efficiency for
prompt leptons in SUSY processes high, the requirements on d,,, and isolation could not be to strong
and thus one obtains, apart from the irreducible background including prompt leptons, a background
including so called fake leptons. The sources of such fake leptons differ for each lepton flavor.

Muon fakes are mainly produced in jets, predominantly from heavy flavor decays b/c — p + jet
[148]. Additional false association of tracks with accidental hits from hadronic shower leakage in the
muon system (punch through) may also lead to fake muons. Cosmic ray muons are negligible at the
underground CMS cavern [ 149].

Electron fakes are mainly caused by an electromagnetic shower overlapping with a charged track, by
leptons from heavy flavor decays or by electrons from asymmetric photon conversion in the material
before the calorimeter [150] .

Taus decay 34% purely leptonically (1 — pv,v; and 7 — ever,), 50% into hadronic one-prongs
(T — mv, etc.) and with 15% into hadronic three-prongs (1 — K~ 77 v,, etc.) signatures [16]. The
one-prong tau decays are clearly the most important, but have the highest background. Leptonically
tau decays have similar background like muons or electrons, but due to the three-body decays lower
transverse momentum pr. The background for one-prong tau decays are mainly soft jets/pions faking
those processes [151].

In Fig. 6.10 the production mechanism of fake leptons from heavy flavor decays and asymmetric
photon conversions are shown.

Figure 6.10: Production mechanism of fake leptons from heavy flavor decays (left) and asymmetric photon
conversions (right). The asymmetric photon conversion is indicated by the different length of the
outgoing fermion lines.

Following the prompt and fake lepton definition, the SM background for multileptonic signatures can
be split into fake and prompt SM background. The irreducible prompt background consists domi-
nantly of double boson production (ZZ inclusive %, Z/~*W) decaying into leptons. The ZZ pro-
duction with subsequent Z decays into two leptons can contribute to the 4 lepton (4L) channels, but
also to 3L channels, where one lepton is missed, due to detector acceptance or failing object selection.
The LO diagrams for double boson production are shown in Fig. 6.11. Rare processes like ttW, ttZ
and WWW with three prompt leptons will also be taken into account.

The other important backgrounds are single- or di-lepton processes with additional isolated fake lep-
tons mimicking tri-lepton processes. Di-lepton processes include leptonic Drell-Yan+Jets, t¢ and WW
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Figure 6.11: LO order diagrams for double boson production.

processes. Typical diagrams for the dominant DY+Jets and ¢¢ processes are presented in Fig. 6.12. To
get contributions in the 3L channels (or 4L as well) from those di-lepton processes, one or more fake
lepton have to be produced and selected. The production cross section of fake leptons can have huge
uncertainties [148] and a careful considerations is appropriate.

With decreasing number of prompt leptons in the final state, the involved number of fake leptons have
to increase to simulate a three lepton signature. Since it has been shown [152] that the fake lepton
rate, e.g the rate of fake leptons to be selected and isolated in simulated QCD events, are in the order
of 0.1% (fake muons) and the probability for having two ore more isolated fake leptons decreases
exponentially, the contributions of leptonic decaying W+Jets with two or QCD processes including
three isolated fake leptons are negligible.

Figure 6.12: Typical Feynman diagrams for Drell-Yan+Jets (left) and ¢ (right).

Kinematic distributions like E%liss, Hr, L7, ST, the invariant mass of all opposite sign same flavor
lepton pairs my;, jet multiplicity, loose lepton transverse momentum, relative isolation and transverse
impact parameter are shown in Fig. 6.13 and 6.14 for events with at least three leptons (p7 > 8 GeV,
In| < 2.1). At least two of them should pass the tight selection criteria. The detailed lepton selection
criteria will be discussed in Section7.3. For comparison also the LM9 point is added. One can
easily see the general problem of SUSY searches, which have to handle huge SM backgrounds by
typically small signal expectations. SM processes including at least one fake lepton in the event
can be suppressed by requirements on the relative isolation and transverse impact parameter. The
irreducible backgrounds from double boson production in contrast have similar kinematic properties
compared to the LM9 predictions and are hard to suppress without loosing signal sensitivity. It is
clear that one can find suitable models with specific kinematic properties sitting in the tails of the SM
distributions, which allow a more simple treatment, but this is not subject of this study.
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Figure 6.13: Third loose lepton (e left column, p right column) transverse momentum pr (top), relative isola-
tion Riso (middle) and transverse impact parameter dxy with respect to the beam spot (bottom)
for the SUSY benchmark point LM9 and dominant SM processes selected with three leptons
(pr > 8GeV, || < 2.1), where at least two of them pass the tight selection criteria.
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Figure 6.14: Hrp (top left), E?iss (top right), Ly (middle left), S7 (middle right), m;; (bottom left) and jet mul-
tiplicity (bottom right) for the SUSY benchmark point LM9 and dominant SM processes selected
with three leptons (pr > 8GeV, |n| < 2.1), where at least two of them pass the tight selection
criteria.
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Prerequisites

Before discussing the core analysis some prerequisites have to be defined and discussed. The starting
point of all analysis is, after defining the topology, to simulate the corresponding SM backgrounds
and define the object and event selection. Efficiency of the object selection requirements have to be
measured in data, if possible, and applied to MC to minimize the reliance on simulations of detector
inefficiencies.

The chapter is organized as following: In the first part the used data and MC samples are summa-
rized and the individual cross sections and integrated luminosities are given. Afterwards the issue
of pile up events is discussed before going into the individual object selections and their efficiency
measurements. Finally the trigger path selection and trigger efficiency and as well the event selection
is discussed.

7.1 Data and MC Samples

The raw data sets are skimmed into different trigger streams, e.g. in the data set DoubleMu events are
stored, where at least one double p HLT trigger has fired. The used data sets in this study correspond
to the chosen trigger paths Single+Double Muon, Single+Double Electron, Muon+Electron and are
listed in Table A.2 in Appendix A, where in addition the integrated luminosity is given. Two runs
throughout the year 2011 were recorded, where RunA corresponds to a data set recorded up to a
technical stop of the LHC in August 2011 and RunB includes the part of the data recorded afterwards.
A run gets certified by the data certification or Data Quality Monitoring (DQM) team. Lumisections!,
where all detector subsystems are working properly, are flagged as good and summarized in so called
JSON (Java Script Object Notation) file. The released JSON files

Cert_160404-163869_7TeV_May10ReReco_Collisions11_JSON_v3.txt

Cert_170249-172619_7TeV_ReReco5Aug_Collisions11_JSON_v3.txt

"Lumisection: a lumi section consists of several beam orbits
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Cert_160404-180252_7TeV_PromptReco_Collisions11_JSON.txt

are used and correspond to an accumulated integrated luminosity of Liy = 4.7fb~! .

In Section 6.2 all SM backgrounds contributing to multileptonic signatures were reviewed. There
are several MC LO generators on the market and the commonly used generators within the CMS
collaboration are Pythia6 [88] (Pythia8 [89]) and Madgraph5 [93]. Most of the MC samples used in
this study are produced with Madgraph and are summarized in Table A.1 in Appendix A, where also
the total number of simulated events and the cross sections are given. For most of the SM processes
the NLO cross section is calculated with MCFM [153] or the measured cross sections in case of
availability is used [154, 155]. The official produced sample ZZJetsTo4L._TuneZ2_7TeV-madgraph-
tauola has an internal generator cut on the invariant mass of all opposite sign same flavor lepton pairs
of my > 50GeV /c?, which suppresses a major part of possible backgrounds and is hence not usable.
A private production with reduced generator cuts (my; > 5GeV/ c?) is used instead but cross checked
with the official sample. Similar, so called internal conversions (see Section 8.2) are not generated
as well and a MC sample was produced privately with MadgraphS. The data and production cards,
generator distributions and comparisons with the official sample can be found in Appendix B.
Additionally, the SUSY benchmark points LM6 and LM9 are used as a reference point in the follow-
ing. The NLO cross sections for the SUSY points were calculated with Prospino [145].

7.2 Pile Up Events

The excellent performance and the high luminosity during the various LHC data taking runs through-
out the year 2011 results in a fast data taking. A side effect of the high luminosity in the data taking
periods in 2011 is a not negligible probability for recording more than one interaction per bunch cross-
ing. Those events are commonly called pile up events (PU) and require a careful consideration. The
number of interactions n per bunch crossing is poisson distributed around the mean y value

TLe i
p(n, p) = R (7.1)
where the mean is defined by the total cross section o, the instantaneous luminosity L and the bunch

crossing rate fpx. Given the values for the run conditions of the used data set at a center of mass en-
ergy /s = 7TeV (0ie = 68 mb - total inelastic cross section [71], peak luminosity L = 3.54 nb~1s~ L
fBx = 1380/3564 - 40 MHz), results in an average number of interactions per bunch crossing

_ Cieral

~ 15 (7.2)

fBx
reached at the end of the 2011 LHC run. 1380 out of 3564 possible bunch slots were filled, where at
maximum 2808 bunches are colliding with a rate of 40 MHz. For comparison, the mean value p at
the design luminosity of L = 103* cm~!s~!, assuming a cross section oj. = S0mb (at /s = 14 TeV)
and a bunch crossing rate fgx = 2808/3564 - 40 MHz of the LHC [71] would be i ~ 25, a factor of
~ 1.6 higher.
Charged particles with a well reconstructed track in the tracker system produced in PU events can
be associated to different primary vertices, which can be distinguished by the longitudinal distance

to the vertex of the hard interaction. Nevertheless neutral particles can deposit additional energy in
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both calorimeters (ECal,HCal) without any signals in the tracker system. The angular resolution of
the calorimeters does not allow to associate those energy deposits to particles produced in a PU event
and thus can harm objects of the hard interaction, which are reconstructed using various calorimeter
informations, like the missing transverse energy or jets. Fig. 7.1 shows the E?iss and Hr distributions
for different PU scenarios of data events selected with two isolated muons with opposite sign and
an invariant mass comparable with the Z boson mass, where indeed a dependency is observed. The
missing transverse energy is smeared to a broader distribution for a larger number of PU events,
whereas it has no or only a small effect on the Hy distribution, because only quite hard jets with a
transverse energy of at least ' > 40 GeV are taken into account and small additional energy deposits
has little effect on the reconstruction of hard jets. If the jet threshold is lowered the Hp distribution
becomes also sensitive to PU, see right panel of Fig. 7.1.
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Figure 7.1: E%iss (left) and Hrp (right) distribution for different PU scenarios (number of primary vertices=1,
4, 7) of data events selected with two isolated muons building an invariant mass consistent with
the Z boson mass. Also various jet Er thresholds (10, 20, 30, 40 GeV) are selected for the Hr
distribution. Soft jets and the E%i“ distributions are modified by an additional contribution of pile
up events.

MC PU scenarios differ from the measured ones. Therefore the MC events are reweighted to repro-
duce the same number of primary vertices in data. This procedure is shown in Fig.7.2, where the
vertex distribution for MC without and with reweighting is plotted, both compared to data for inter-
mediate instantaneous luminosity settings. As shown the distribution of the number of vertices has
a sharp peak at zero in MC simulation, whereas in data this distribution peaks at 6 in this scenario.
In order to account for the observed difference a weighting factor per number of primary vertices
(nVtz) is calculated as w = Nyo(nVtx)/Npata(nVitx), with the normalized vertex distribution
Npatq for data and Njysc for MC, respectively. The vertex distribution needs to be normalized in
order to guarantee that the total number of predicted events after and before the reweighting agrees,

and only shapes are modified.
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Figure 7.2: Number of primary vertices in data and MC events normalized to unity. The primary vertex multi-
plicity differences are correct by applying event by event weights on the MC sample.

7.3 Object Definition and Selection

The interplay between the different components of the CMS detector (see Section4.2) allows to re-
construct most of the physics objects (see Section 5.4). Charged particles can be identified by a track
in the tracker and energy deposits in the calorimeters or signals in the muon system, respectively.
Solely weak interacting particles like neutrinos or the neutral LSP in many SUSY models do not de-
posit energy in any detector subsystem, but an indirect indication for the presence in the event is the
missing transverse energy due to energy conservation.

In this study leptons (e,u,7), jets and missing transverse energy E7'*S are used. The individual
definitions and selections are presented in this section. Leptons passing all selection criteria are called
tight leptons in the following.

Muon selection

Muons are selected by a simple set of cuts to have a reasonable efficient reduction of fake muons in
the signal region. Starting from global muons (see Section.5.4.4) a set of requirements on the muon
track are applied to select only well reconstructed muons: number of hits in the tracker NTrackHits
and the quality of the global fit x?.

To suppress fake leptons from jets a cut on the relative isolation Riso, which is the sum of all energy
deposits around the muon in the cone AR < 0.3 relative to the transverse momentum of the muon,
and the impact parameter in the xy-plane with respect to the beam spot d,,(BS) is applied. The
longitudinal impact parameter with respect to the primary vertex |dz| allows to distinguish muons
from pile up (see Section 7.2) events.

All selection requirements are listed in Table 7.1. The optimization for muons from SUSY processes
can be found in [156, 157], where the selection criteria were optimized in a prompt muon enriched
sample versus a fake enriched sample.
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Table 7.1: Summary of the muon selection requirements. Several requirements are applied on the muon track
quality. In order to suppress fake muons from jets a small transverse impact parameter d,,,(BS) and
low activity in a cone AR = 0.3 around the muon trajectory reflected by a small relative isolation
value is required.

Muon Observable Selection
Transverse momentum pr pr > 8GeV
Pseudo rapidity |7| Il < 2.1
Identification isGlobalMuonPromptTight
Number of hits in the tracker NTrackHits > 10
Global x4, of the fit Xodor < 10
Longitudinal impact parameter |d. | |dz| < 1.0
Transverse impact parameter d, with respect to the beam spot |dxy(BS)| < 0.02
Relative isolation Riso = Trackl S;;fcal"[ o Riso < 0.15

Electron Selection

Similar to muons the electron selection is based on a set of simple cuts. The identification require-
ments follow the VBTF90? recommendation, which corresponds to a 90% selection efficiency for
prompt electrons (pr > 20 GeV) from Z decays [150].

Fake electrons are dominated by fakes from jets and fakes from asymmetric photon conversion. To
suppress fake electrons from jets, requirements similar to the muon selection on the relative isolation
Riso and transverse impact parameter d., are applied.

Electrons from asymmetric photon conversion have a displaced secondary vertex due to the fact, that
a conversion occurs in the detector material (beam pipe or tracker layers), and the d, requirement is
quite sufficient (~ 50%) [150]. Further suppression can be achieved by using the conversion partner
track. Typically photon conversion results in two tracks, which can be identified by the parameter
ConvDist, the two dimensional distance between the electron track (GSFTrack) and a surrounding
track (CTFTrack), and by the angle 6 relation ConverDCotTheta:

Acot(0) = cot(OcrFrrack) — cot(OGSFTrack)

of the tracks [150].

For electrons in the barrel region we subtract an additional 1 GeV of the ECallsolation® to account for
accumulated noise. To avoid electrons radiated from muons at least a §R = \/An? + A®2 > 0.1 of
the electron with respect to the nearest tight muon is required.

Table 7.2 summarizes all selection requirements for electrons.

Tau selection

Leptonically decaying taus are already covered by the muon/electron selections. The hadronic decay
modes are reconstructed with the HPS algorithm (see Section 5.4.5). This algorithm allows to distin-
guish between different hadronic tau topologies: single-prong, single-prong with neutral pions (7°)

Zhttps://twiki.cern.ch/twiki/bin/view/CMS/SimpleCutBasedEleID
ECallsolation: sum of all energy deposits in the ECal around the lepton track in a cone AR < 0.3
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Table 7.2: Summary of the electron selection requirements. Several electron ID criteria are different for the
barrel (|n| < 1.44) and endcap (1.56 < |n| < 2.1) region. The latter are given in brackets. The
requirements corresponds to the VBTF90 working point. .

Electron observable Selection
Transverse momentum pr pr > 8GeV
Pseudo rapidity |7| In| < 2.1
Transverse shape of the electromagnetic cluster Tinin < 0.01 (< 0.03)
Spatial (®) matching between track and supercluster AP < 0.8(<0.7)
Spatial (1) matching between track and supercluster An < 0.0007 (< 0.009)
Hadronic leakage variable HoE < 0.12 (< 0.05)
Impact parameter z-axis |dz| |dz| < 1.0
Impact parameter |dzy(BS)] |dzy(BS)| < 0.02
Riso — Track[so+maz(0,ECalI;;f1‘0(Barrel))+HCalIso Riso < 0.15

ConverDist< 0.02

C ) ecti
onversion rejection & ConverDCotTheta< 0.02

Number of missing hits in the tracker NumberOfLostHits< 2
0 R to nearest muon 0R > 0.1
Veto electrons in gap region Veto: 1.44 < |n| < 1.56

and three-prong tau decays. An internal transverse momentum pr threshold classifies the HPS tau
candidates.

Single prong, single prong + 7° and three prong HPS tau candidates are required to be isolated,
i.e. no charged hadrons or photons apart from the tau decay products to be in a cone AR < 0.5.
In this sense different working points are defined vioose, loose, medium and tight by adjusting the
pr thresholds for charged hadron candidates considered within the isolation cone. The selection
efficiency over a broad range of the tau transverse momentum for the different isolation working
points are ~ 50% (loose),~ 37% (medium) and ~ 25% (tight), respectively for hadronic taus from Z
decays (Z — m,1) [151].

The transverse momentum threshold of the tau candidates is pz7 > 15 GeV, due to internal thresholds
of the HPS algorithm. Table 7.3 summarizes the selection criteria.

Photon Selection

Photon candidates are not used for the final results, but used for the prediction of asymmetric photon
conversions into isolated leptons (see Section 8.2). The selection is summarized in Table 7.4 and
corresponds to the recommended PhotonCutBasedIDTight photon identification criteria [158].

Jet and EY's® Selection

Jets reconstructed using particle flow objects clustered with the anti-k; algorithm [114], with a distance
parameter of § = 0.5, are used for the Hy = Ejetsp]Te t calculation, where only jets with a transverse
momentum pr > 40 GeV and pseudo rapidity |n| < 2.5 are taken into account. The distance between
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Table 7.3: Summary of the tau selection requirements. HPS 7, candidates are used to reconstruct the single-
prong, single prong + 7¥ and three prong tau decay modes. The isolation criteria are pre-defined
discriminators and only boolean values are accessible.

Tau observable Selection
Transverse momentum pr pr > 15GeV
Pseudo rapidity |7| In| < 2.1
Tau decay mode finder decayModeFinding=True
Discriminator against muon misidentification againstMuonTight=True

Discriminator against electron misidentification againstElectronTight=True
HPS Isolation Discriminators

HPS vloose isolation byHPSvloose=True
or HPS loose isolation byHPSloose=True
0 R to nearest muon/electron 0R > 0.1

Table 7.4: Summary of the photon selection criteria used for prediction of asymmetric photon conversions.

Photon observable selection
Transverse momentum pr pr > 8GeV
Pseudo rapidity |7| Inl < 2.1
Transverse shape of the electromagnetic cluster Tinin < 0.01(< 0.03)
Hadronic leakage variable HoE< 0.05
ECal Isolation (AR < 0.4) 150gca < 4.2 4 0.0006 - pp
HCal Isolation (AR < 0.4) 1S0gca < 2.240.0025 - pp
Track Isolation (AR < 0.4) I1SOgca <2+ 0.001 - pp
Pixel Seed hasPixelSeed=false
J R to nearest muon/electron oR > 0.1

jets and selected electrons, muons and taus is required to be above AR > 0.3. The missing transverse
energy is calculated by the PF algorithm [101]. Jets and E%’iss are corrected according the latest
correction factors [120].

7.3.1 Lepton Selection Efficiency

The selection efficiency (e, 1) is measured in data using the so called tag&probe method. A detailed
description can be found in [152].

In this study the efficiency of the lepton identification is measured using Z — [71~ events. Events
are selected with tight selection requirements on one lepton, the so called fag-lepton, and a looser
selection on the other probe-lepton. The fraction of probe-leptons passing also the tight selection
criteria gives an estimate of the selection efficiency.

As a tag lepton we define a lepton passing all selection criteria discussed before, except increased pr
threshold of p;(e) > 35(85) GeV, to ensure the lepton to be triggered by the single muon (electron)
HLT trigger.
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The selection efficiency is factorized into two sequential steps: lepton identification (ID) and isolation
(ISO). To measure the lepton ID (ISO) efficiency the probe lepton is required to pass all selection
criteria except the ID (ISO) cuts and to form a invariant mass with the tagged lepton to be comparable
with the Z mass. The ID (ISO) efficiency is determined by counting probe leptons passing/failing the
ID (ISO) criteria on the Z peak.

N, passing
Npassing + Nfailing

€ =

Fig.7.3 and 7.4 show the measured efficiency in comparison to Z — [l MC predictions in bins of the
probe lepton pr and number of primary vertices, i.e. pileup, for muons and electrons, summarized in
addition in Table 7.5.

Table 7.5: Summary of the measured ID and ISO efficiency for muons and electrons determined in MC and
data using the tag&probe method. The efficiency for electrons/muons are listed for leptons integrated
over the full phase space (pr > 30 GeV,
(nVtx). The tag and probe leptons are required to form an invariant mass comparable with the Z mass
and the efficiency is estimated by the fraction of probe leptons passing/failing the tight selection
criteria. The errors correspond to rounding errors. Statistical errors are an order of magnitude lower.

1| < 2.1) as a function of the pimary vertex multiplicity

Lepton flavor T&P Data T&P MC

nVix 0-4 5-8 920 | 04 5-8 9-20
Identification efficiency

Muon 97.0+0.1 | 96.7+0.1 | 96.0+0.1 || 96.6 +0.1 | 96.5+0.1 | 96.4 +0.1
Electron 96.7+£0.1 | 96.7+0.1 [ 93.9+0.1 || 95.3+£0.1 | 94.7+0.1 | 96.4 +£0.1
Isolation efficiency

Muon 99.0+0.1 | 98.6+0.1 | 97.8 £0.1 || 99.2+0.1 | 98.7+0.1 | 97.8 — 0.1
Electron 98.7+0.1 | 98.4+0.1 | 97.7+0.1 || 99.0+0.1 | 98.3+0.1 | 96.7+0.1

One observes a good agreement between the measured selection efficiency for muons and electrons
in data and MC simulated Z — [T1~ events. Differences, especially for soft leptons, and the un-
certainties of the tag&probe method are taken as an additional systematic uncertainties on the final
background predictions (see Section9.1). The tag&probe method can be used for hadronic taus as
well. The fact that neutrinos are involved in all decay modes of 7, complicates the efficiency determi-
nation, since only the visible transverse momentum p%is can be reconstructed and the Z — 77 mass
peak is shifted to lower values, which has to be taken into account. A complementary approach takes
advantage of the fact, that the decays of the two 7s are uncorrelated and by requiring one tau to decay
leptonically (muon) and the other hadronically, the identification efficiency can be checked. Since this
splitting further decreases the statistics of the sample a pr and 7 binned evolution of the efficiency is
not in the scope so far. The Z — pv; v, 7, control sample can be selected by requiring one tight muon
with pp > 20 GeV (trigger), a 73, candidate ( HPS 7, candidates ), E?iss < 30 GeV and the transverse
mass of the muon with mp < 15GeV/c?. In Fig.7.5 the invariant mass of the tight muon and the
HPS 7, candidates are shown. Since in the Run2011B data set the single muon trigger threshold was

increased and the number of selected events is not sufficient. Thus it is assumed that the accuracy of
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Figure 7.3: Muon ID (left) and ISO (right) efficiency in bins of the probe muon pr and number of PileUp
events (0-4 (top), 5-8 (middle), 9-20 (bottom)) measured in data using the tag&probe method. For
comparison the muon ID/ISO efficiency is also shown fora Z — ppu MC sample
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events (0-4 (top), 5-8 (middle), 9-20 (bottom)) measured in data using the tag&probe method. For
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the MC predictions did not change. The statistical uncertainty of the 7, control sample determines the
uncertainty of the tau selection efficiency, which is determined to be ~ 6% for all decay modes (HPS
single prong, single prong + 7° and three prong 73, decay candidates).

7.4 Trigger Selection and Efficiency

In this study only un-prescaled muon and electron based triggers are considered. Tau triggers are
excluded for simplicity, but could be included in future studies. To maximize the trigger efficiency,
i.e. the efficiency of the trigger system to fire for a given lepton multiplicity, all chosen single-, double-
and cross-lepton (u, e) triggers are combined. A summary of all trigger paths is listed in Table C.1 in
Appendix C.

The trigger efficiency is an important issue, which should be measured in data to minimize the re-
liance on simulations of inefficiencies of the detector, due to dead cells, material structure and or fast
changing recording environments, e.g. luminosity. From the combined trigger efficiency of an event
triggered by the two triggers i and j with efficiency ¢;; the efficiency of the single trigger ¢; can be
obtained

Nselected+trigger i+ triggerj
€6 = Events (7 3)
1 Nselected + trigger j ’ ’
Events

where i is the signal trigger and j the orthogonal trigger used. The trigger efficiency integrated over
the full phase space (|n“*| < 2.1) varies between 77% and 99% dependend on the trigger. The
measured trigger efficiencies using Hp triggered data samples have been summarized in Table C.1 in
Appendix C. The lepton transverse momentum thresholds are set according to the trigger thresholds,
but shifted slightly to higher values (+[2, 5] GeV) depending on the individual trigger to ensure, that
the selected lepton phase space is on the efficiency plateaus. The actual values will be discussed
in Section7.5. This special consideration is in principle not needed, but would require a careful
consideration in the transition regions.

Since the luminosity has been increased throughout the data taking in 2011, the trigger thresholds
and the requirements on the trigger objects have been adjusted according to the maximum bandwidth
pre-defined for each trigger stream. This results in various trigger paths used to select interesting
events. The trigger efficiency for Double-Muon, Double-Electron and Muon-Electron cross triggers
as a function of the data taking runs are shown in Fig. 7.6. The trigger efficiency as a function of the
leading or next-to-leading leptons pseudo rapidity 7 are shown in Appendix C.

SM MC predictions are corrected to the measured trigger efficiency in the following and the uncer-
tainties will be treated as a systematic uncertainty in final predictions (see Section 9). Since multiple
triggers can fire for a single event, the combination of all trigger possibilities lead to mostly 100%
efficiency for events with three and more leptons.
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Figure 7.5: Invariant mass distribution m;; of a tight muon and HPS single prong (top left), single prong +
7V (top right) and three prong 7;, decay candidates (bottom) in the 7, isolation and identification
efficiency control sample. An overall good agreement is observed. Electrons and/or muons failing
their identification criteria can be catched by single prong 75, candidate reconstruction indicated by
the peak around the Z mass (top left). The peak at m;; ~ 150 GeV/c? originates from the fact, that
all entries above 150 are added to this overflow bin.



7.4. TRIGGER SELECTION AND EFFICIENCY

-

0.9

Efficiency

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.9

Efficiency

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.

©

-IIIIIIIIIIIIIIII|IIII|IIII|I |

Efficiency

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

91

= ————
= —+ -|-+ _|_+_|...|_ ]
— ey
= —— HLT_Mu17_Mu8
= —— HLT_Mui3_Musg
%
I I P R N PR R RN R AR RPN | 2113
162 164 166 168 170 172 174 176 178 180
run
:i T —— + == +_._._ —————— ]
== | HLT_Ele17_CaloldL_CalolsoVL_
- Ele8_CaloldL_CalolsoVL
:— . HLT_Ele1 7fcanIdT70anIsoVLﬁTrk;;/LﬁTrld*oVLﬁ
= Ele8_CaloldT_CalolsoVL_TrkldVL_TrklsoVL
= HLT_Ele17_CaloldT_TrkldVL_CalolsoVL_TrklsoVL_
Ele8_CaloldT_TrkldVL_CalolsoVL_TrklsoVL

-+

3
o e Ly o1 b by byl g by b 1 g 1IX10

162

164 166 168 170

172 174 176 178 180
run

_|_
_|.
+

1]

——— HLT_Mu8_Ele17_CaloldT_CalolsoVL

—1— HLT_Mu8_Ele17_CaloldL

t

P S BTV S HPUS S N RN

—++ _I_.l:l“l' S BN S8

'I._IT-L_l._+| L e %1 0°

+

|
162

164 166 168 170

172 174 176 178 1-80
run

Figure 7.6: Average trigger efficiency of Double-Muon (top), Double-Electron (middle) and Electron-Muon
cross trigger paths (bottom) as a function of the recorded runs. Gaps correspond to technical stops
and test beam phases were no certified runs were recorded. With increasing luminosity the trigger
paths were pre-scaled and/or thresholds increased resulting in changed trigger paths. The trigger
thresholds on the trigger primitives are indicated in the path name, e.g. Elel7 correspond to the
trigger requirement on an electron to be above py > 17 GeV.
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7.5 Event Selection

In this analysis we select events triggered by single or double lepton (u, e) triggers including cross
triggers (u+e). The threshold of these triggers define the lower pr cuts for the leading leptons and so
each event has to pass at least one of the following requirements:

e leading muon with p' > 35GeV

leading muon with p' > 20 GeV and next to leading muon with p5? > 10 GeV

leading electron with p7! > 85 GeV

leading electron with p7} > 20GeV and next to leading electron with p7? > 10 GeV

leading muon with p' > 10 GeV and leading electron with p7* > 20 GeV

leading muon with p%l > 20 GeV and leading electron with p73 > 10GeV ,

where the individual thresholds were set slightly above the actual trigger thresholds to ensure a selec-
tion on the efficiency plateaus. For simplicity the thresholds on the transverse momentum pr are set
constant for the full run range and are defined by the last un-prescaled trigger paths with the highest
thresholds. Runs recorded in the beginning of 2011 are characterized by low luminosity and thus
lower thresholds. Hence one could increase the statistics by run dependent pr thresholds, which is for
the time being not applied.

Default cuts to select good events, like a good primary vertex (ndof > 4, |z| < 15cm, r < 2.0cm)
[159] and reject beam scraping events, were applied. Protons in the beam halo can hit detector or
accelerator components and form a rich source of secondary particles called beam scraping events.
Proton-proton interactions are distinguished by the number of tracks satisfying basic kinematic re-
quirements; if more than ten tracks are present at least 25% should be high quality [159].

The amount of background decreases with increasing number of prompt leptons per event, but so
does the signal cross section. Hence, the cuts to suppress the SM background, like missing transverse
energy and transverse energy can change with the number of prompt leptons. In Fig.7.7 the E?iss
and Hr distributions are shown for SM backgrounds and a SUSY benchmark model (TeV3*) selected
with a basic three lepton selection. With a Hr cut of 200 GeV or similar a E?iss cut of 50GeV the
SM background can be strongly suppressed with comparable background rejections.

The signal efficiency of the selection cuts are model dependend, e.g. an E%iss based analysis is
more sensitive for models, where the direct chargino neutralino production is dominant and Hr is
more sensitive for squark/gluino production, which results in cascade decays leading to higher jet
multiplicities and so higher H7. The model dependency of the average <E¥iSS >and < Hr > in
the cMSSM parameter space (mg, m /;) for fixed tan8 = 3 and Ag = 0 is shown in Fig. 7.8. There
are regions in the cMSSM model space, where the Hr cut has a worse signal efficiency as E7'*°, and
vice versa for other regions.

In order to be as model independent as possible the measurement is binnend in Hr and El}‘iss. The
basic measurement strategy is shown in Fig. 7.9. An event gets classified in terms of low-Hr (Hp <

4TeV3: mo = 60, my /e = 230, tanf = 3, Ag = 0 and sign(p) = +1 benchmark model is already excluded and used
only for visualization.
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Figure 7.7: Hp (left) and E}”SS (right) distribution for SM backgrounds and a SUSY benchmark model (TeV3).
A Hrp cut of 200 GeV or similar a E?i“ cut of 50 GeV the SM background can be strongly sup-
pressed with comparable background rejections and similar signal sensitivity.

200 GeV), high-Hy (Hr > 200 GeV), low-EMss (Ems < 50 GeV) and high-EsS (ERS > 50
GeV). Furthermore events are classified by the kind of lepton pairs with opposite sign (OS) or same
sign (SS), opposite flavor (OF) or same flavor (SS) and if there exists at least one opposite sign same
flavor (OS-SF) lepton pair with an invariant mass comparable with the Z-mass |my — Zmass| < 15
GeV (on-Z) or not (off-Z). If no OS-SF lepton is present the event gets classified as no-OSSF. The
selection strategy does not cut out phase space were no specific SUSY contributions are expected,
but rather considers simultaneously bins of signal and background dominated region, which allows a
simultaneous control over the background. In the different search regions low-Hr high—E%i‘“ , high-
Hr low—E’j’liss and high-Hr high-E?"“ counting experiments are performed.

To summarize: we select events with at least three tight leptons (u, e, 7) with N(73) < 2, which are
classified by their jet activity (Hr), missing energy (E%liss ) and lepton pairs (on-Z, oft-Z, no-OSSF).
Two additional requirements will be applied to suppress leptons from low mass resonances and initial
or final state radiation. Low mass resonances like .J/W or Ypsilon (') are suppressed by requiring all
OS-SF lepton pairs to have an invariant mass above 12GeV (my(15) ~ 9.5 GeV). FSR processes can
be suppressed by requiring the invariant mass of all leptons my; to be |my — Zmass| > 15 GeV. The
| — Zmass| > 15 GeV veto is applied only in the SM dominated control region "low—EjnﬂliSS low-Hp
off-Z". Details are given in Section 8.2.
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Figure 7.8: Average <E¥iSS > (left) and < Hrp > (right) in the cMSSM parameter space (mg, m 2) for fixed
tanf = 10 and Ay = 0. Events are preselected with three tight leptons (e, u). The selection
efficiency for E%iss and Hr requirements have strong model dependence.
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and separated additionally in on-Z and off-Z bins, which are distiguished by the presence of an OS-
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CHAPTER 8

SM Background Prediction

Supersymmetric signals are expected to increase smooth over time, and not to pop up immediately
with the first bunch of integrated luminosity. Also many SUSY models predict contributions in the
very tails of the kinematic distributions (like EIW'SS) of SM processes. Those both assumptions re-
quires a very good knowledge of the background processes in not yet well tested phase spaces, to be
able to establish funded presumptions on the measurement about possible signals of new physics.

In Section 6.2 the dominant SM processes leading to multileptonic signatures were reviewed. Several
processes are expected to contribute: (1) dilepton processes (Z/v*, tt, WW) with an additional fake
lepton, (2) backgrounds with a lepton from pair conversion of initial/final state radiated photons, (3)
prompt backgrounds (W Z/vx, ttW, ttZ, WWW) and (4) backgrounds with missed leptons (ZZ,
ttZ), where leptons can be missed due to detector acceptance or failing object selections.

Since the measurement is split in various search regions in Egl“'ss, Hr and on/off-Z, each SM process
contribution is distributed over the search channels differently. The challenge is to control all SM
backgrounds simultaneously with a high accuracy.

The easiest way would be to trust the SM MC generation and simulation of generated particle prop-
agation through and their interactions with the detector material. A good description of the data is
in such cases not guaranteed, due to uncertainties in prescription of underlying events, parton density
functions, detector inefficiencies and alignment, and many more sources, which can harm the predic-
tions. Recording further data, MC simulation can be tuned to well known standard model processes
and improve their predictions over time. Nevertheless backgrounds derived from MC simulations
require as many as possible control regions, to reveal any inconsistencies. The definitions of such
control regions should be close enough to the signal regions, to test almost similar phase spaces, but
also be SM dominated, i.e. the expected signal contributions has to be negligible. Otherwise dif-
ference in those control regions can be misinterpreted as poorly data describing MC simulations and
signal excess can drop away.

More sophisticated methods are so called Data Driven Methods, which derive their predictions di-
rectly from data ideally without using MC informations. The advantage is that the reliance on MC is

95
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minimized. Despite that the data driven methods can be rather complicated and are commonly defined
for single phase space regions or special kinematic properties of the processes.

In this chapter the SM backgrounds will be discussed one by one. For each source of background
a prediction method, or at least a control region, is defined and cross checked in closure tests. A
hybrid method, data driven with shapes taken from MC, for dileptons plus an additional fake lepton is
utilized. A data driven calibration is performed in the fake lepton isolation side-band and propagated
to the isolation signal region. This measurement is done for Z/vy x (Il) + 1" and t£(ll) + 1%k
processes separately, because the fake lepton composition in those processes can diver, simply due to
the fact, that in ¢ two hard b-jets occur in every event and Drell-Yan is dominated by light (udsg) jets.
Dileptons and a lepton from photon pair conversion mimicking a three lepton signature need a special
consideration and a dedicated simulation for electrons/muons from pair conversion is generated and
extensivly cross checked to predict those backgrounds. The residual prompt backgrounds (ZW, Z Z)
are taken from MC and are checked in well defined control regions. Only the very rare processes ¢tV
ttZ and WW W are taken completely from MC without any cross checks, because no suitable control
region can be defined with the accumulated integrated luminosity so far.

8.1 Dilepton - Data Driven Fake Background Calibration

Fake leptons, i.e. leptons mainly produced in light (udsg) and heavy flavor decays (b/c — pu, €), are a
dominant background sources beside the prompt double boson production. The cross sections of the
Z |~y * +Jets and tt production with subsequent branching into two prompt leptons in the final states
are high. Hence the contribution including a third fake lepton from jets can be significant and has to
be controlled. Leptons produced in jets can be identified by their isolation values (Riso), and in case
of heavy flavor decays with a longer lifetime, by their transverse impact parameter (d.,). Typically
the multiplicity around the fake lepton is high in jets and the isolation variable tends to be significant
higher in comparison with prompt leptons produced in Z or W decays.

The basic idea of the Data Driven Fake Background Determination is the extrapolation of the side-
band of the isolation distribution to the signal region using the shape from Monte Carlo simulation.
Since the data driven background determination is applied on the relative isolation side-bands, where
the shape depends on the fake composition, i.e. the heavy flavor content in the events, the side-band
technique has to be performed for light jets dominated backgrounds like Z/~+ and the heavy flavor
enriched tf processes separately.

In case of fake electrons and muons the dominant sources are light/heavy flavor decays within jets in
the event. Heavy flavor decays can be identified by a large transverse impact parameter d,,,. This can
be used as a closure test of the data driven determination for the fake lepton subset from heavy flavor
decays by repeating the side-band technique from the isolation variable for large transverse impact
parameter values.

In contrast, fake hadronic tau decays are dominated by soft jets misidentified by the tau reconstruction
and identification algorithm. The signatures of taus used in this study are (1) single prong, (2) single
prong with accompanied photons and (3) three prong 73, decay candidates. The decay branching
ratios for these channels are 14%, 36% and 15%, respectively. An isolation including information of
the decay properties of the taus can be defined (Section.7.3) and used as signal and side-band region.
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Here a closure test with large d,, values cannot be done because of absence of the d,, variable in
the 73, candidate selection. Instead a closure test with a complementary ¢¢ sample (¢t events with one
prompt lepton) will be performed.

8.1.1 Drell-Yan

The first fake background to be discussed is Z/~ * +Jets. Before looking into the fake lepton produc-
tion in such processes control plots for the prompt part has to be defined in order to ensure a proper
description of the underlying process Z/v* — [T~ in MC simulation.

Control Plots

The Z boson has the useful property that it decays with a branching ratio of ~ 10% into an opposite
sign (OS) same flavor (SF) lepton pair (~ 3.3% for each lepton flavor) with an invariant mass

my+i- = (B + Bi-)? — (pis +p1- )2 (8.1)

consistent with the Z mass. A relatively pure Z sample can be selected by requiring two tight opposite
sign same flavor leptons on top of the common criteria like a good primary vertex, beam scraping
veto and trigger requirements for single and dilepton triggers (see Section7.5). The invariant mass
is shown in Fig. 8.1 for eTe™, u*u~ events with EIN%S < 50 GeV and Hr < 200 GeV. The ERiss
and Hr requirement ensure a negligible signal contamination. One observes good agreement between
measurement and MC and a good description of the Z peak in the invariant mass distribution.
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Figure 8.1: Invariant mass distributions of two tight leptons with opposite sign same flavor eTe™ (left) and
T (right). An overall good description of the MC simulation in comparison with the observa-
tion is observed, also the long tails in the invariant mass distribution are described well. The peak
at my; ~ 500 GeV/c? originates from the fact that all entries above 500 are added to this overflow
bin.
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In order to have an additional fake lepton produced within Drell-Yan events associated jets have to be
present. The production mechanism for additional jets in Z events are similar to +* events, where at
tree level the following processes contribute to pp — Z/~ * +1Jet:

M qq—Z/yx+g 2 qg—Z/vx+q  (3)qg— Z/v*+q.

Processes decaying to two leptons do not have associated neutrinos in the event, which implies no
intrinsic missing transverse energy and so any measured E?iss corresponds to miss measurements of
the involved physics objects, accumulated noise in the detector or pile up events.

Nevertheless the source of E%iss and the production mechanism for accompanied jets are similar for
processes involving Z or v* and a determination of the fake lepton production for one process is
suitable for conclusions on the other.

Data Driven Determination of Fake Electrons/Muons

After cross checking the Z/+ * +Jets production with the subsequent decay into two tight leptons
Z/~vx — 1™, the data driven side-band technique discussed before can be applied. In order to select
a fake lepton enriched Z data sample the following set of cuts can be applied:

e one OS-SF tight lepton pair

e invariant mass |my — Zmass| < 10 GeV /c?

third loose lepton (Riso side-band: Riso= [0.15, 5])

Hp < 200 GeV

Emiss < 50 GeV

The third loose lepton has the same requirements as the tight selection criteria except an inverted
relative isolation requirement Riso > (.15 with the restriction on the upper boundary Riso < 5.0.
Fake leptons with an relative isolation above 5 are not taken into account, because the fake leptons
close to the signal region Riso < 0.15 allow for a more reliable extrapolation to the signal region.
The transverse momentum p7 and pseudo rapidity n of the third loose lepton are presented in Fig. 8.2.
One observes that indeed such a selected sample is dominated by Z + Jets — [T~ + l?;ke events and
the transverse momentum pr spectrum is dominated by soft fake leptons (p7r < 20 GeV). Using the
full phase space (pr > 8 GeV, |n| < 2.1) any side-band measurement will be defined by soft fake
leptons. In order to account for high pr leptons the data driven determination has to be performed
as a function of the transverse momentum. Due to limited statistics three bins in pp are selected
pr = [8,12] GeV, pr = [12,20] GeV and pr = [20, inf] GeV.

The side-bands Riso= [0.15, 5] are presented in Fig. 8.3 for electrons and muons in the various trans-
verse momentum pp bins. The MC prediction (including other SM processes than Drell-Yan events
as well) for the isolation signal region are added to get a feeling for the final contribution. The data in
the signal region (Riso < 0.15) is left out on purpose, since other SM backgrounds contributing have to
be discussed first and also not to open the signal box at this stage in order to be unbiased with respect
to any interpretation. In Section9 the corresponding search channels will be discussed, where the
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the invariant mass of the opposite sign same flavor lepton pair in the mass range |my — Zmass| <
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isolation signal regions discussed above corresponds to the "low-Hr, low—Eg”SS, on-Z" 3L channel.
An overall good description of fake leptons in Drell-Yan events is observed.

The discussion of the uncertainty on this data driven fake background determination is postponed to
Section 8.1.4.

Data Driven Fake Rate of 7,

HPS 7, candidates are used for the reconstruction of the single prong, single prong + 7° and three
prong decay modes. To determine the fake 75, prediction using the isolation side-band measurement
requires a slight modification compared to fake electrons and muons. The reason for this is simply the
fact, that the tau identification for HPS 73, candidates used within the CMS collaboration is a boolean
member function of the tau candidate collection. As discussed previously in Section 7.3, four different
working points corresponding to different efficiencies can be used, where the loose is chosen as the
isolation signal region in this study. The isolation side-band is defined as a tau candidate passing
the vloose (very loose) identification criteria, but failing the loose criteria. This procedure selects a
complementary data set.

The pr and 7 distribution of a third "very loose" 7, decays in events selected with an OS-SF tight lep-
ton pair (eTe~,u* 1) with an invariant mass comparable with the Z mass |1 — Zmass| < 10 GeV /c?
are presented in Fig. 8.4 for the three different 7, decay modes, data and MC predictions are in good
agreement.

Again the discussion of the uncertainty on this measurement is postponed to Section 8.1.4.

Closure test

The side-bands for fake leptons from jets in Drell-Yan events are in good agreement with MC predic-
tions, so we take the MC shape to predict the number of fake leptons in the signal region.

In order to cross check the results for fake leptons in Drell- Yan+Jets events, one can select a comple-
mentary fake enriched data set by requiring additionally the transverse impact parameter of the third
loose lepton within a dedicated side-band |dxy| > 0.02. The advantage of this cross check is the
possibility to look into the isolation signal region without opening the signal box and a direct compar-
ison can be done. The dxy side-band selection induces a different fake composition of the fake lepton
enriched sample (and hence only an effective subset of the actual fake contribution are cross checked
by this test), i.e. the heavy flavor contribution is enhanced. The relative isolation distributions of a
third loose lepton (Riso < 5.0, |dzy| > 0.02 cm), where the lepton flavor is either e or 1 in events with
an OS-SF tight lepton (eTe™, u* ™) pair forming an invariant mass consistent with the Z mass are
shown in Fig. 8.5.

An important fact to note is that in case for electron fakes the isolation signal and close by regions
are also populated with fake electrons from initial/final state radiated photons, which convert (either
in the detector or at matrix element level) into a pair of leptons and if this conversion appears to
be asymmetric one lepton can be mistakenly be identified as a prompt (detailed discussion of those
backgrounds is postponed to Section 8.2). This contamination can harm the conclusion, since if any
discrepancies are observed, both sources can be accounted for. Also in cases like here where the
prediction and the measurement agrees well, the conclusion derived has to be carefully discussed,
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Figure 8.3: Relative isolation Riso distribution of the third loose lepton for e (left column) and x4 (right column)
split in various pr bins (pr = [8,12] GeV (top), pr = [12,20] GeV (middle), pr = [20, inf] GeV
(bottom)) in Z — [T]~ + Jets events selected with Hy < 200 GeV, E%i“ < 200 GeV and the
invariant mass of the opposite sign same flavor lepton pair in the range |[m; — Ziass| < 10 GeV /c2.
An overall good description of the Riso distribution is observed. The measurement in the signal
region (Riso) is excluded on purpose.
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Figure 8.4: Transverse momentum pr (left) and pseudo rapidity n (right) distribution of a third vloose HPS
single prong (top), single prong +7° (middle) and three prong (bottom) HPS 7, candidate in Z —
IT1~ + Jets events selected with Hp < 200 GeV, E?i” < 200 GeV and the invariant mass of the
opposite sign same flavor lepton pair in the mass range |[my — Znass| < 10 GeV/c?. An overall
good agreement is observed.
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since both can be effected by a systematic error in opposite directions resulting in a cancellation.
Nevertheless, if one takes the isolation side-bands in both fake lepton flavor Riso distributions with an
overall good description of the shape into account, a similar conclusion like in the previous measure-
ment can be stated, i.e. the fake lepton description determined in the isolation side-band, can be used
for the extrapolation to the signal region.

7, candidates are not cross checked here, because of the absence of a transverse impact parameter
requirement within the selection. In case of ¢f events with two prompt leptons discussed in the next
sections an additional closure test including cross checks for fake 7;, candidates is performed. The
impact on Drell-Yan events is discussed later in Section 8.1.4.
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Figure 8.5: Relative isolation Riso distribution for loose leptons for e (left) and w (right) in Z events, where
also the transverse impact parameter is inverted |dzy| > 0.02. The underlying event selection is an
opposite sign same flavor tight lepton pair with an invariant mass consistent with the Z mass and a
third loose lepton in events with Hy < 200 GeV and ER < 50 GeV. A similar good agreement
is measured for fake leptons in the transverse impact parameter side-band, despite a contamination
of fake electron from initial/final state radiated photons in the isolation signal region, included in
the Drell-Yan sample (DY).

8.1.2 1t

In this section the background from ¢t events with two prompt leptons and an additional fake lepton
from jets will be discussed. A similar procedure to Z /v * +Jets will be followed.

tt processes are the next important dilepton process, which can contribute to the signal region with
an additional fake lepton. Top quarks decay instantaneously into a b-quark and a W boson with a
branching ratio of BR(t — bW) ~ 100%. Other top decays are suppressed by their corresponding
CKM matrix elements. The subsequent decays of the W bosons to leptons and neutrinos (BR(W —
lv) ~ 33%) lead to a dilepton signature.
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tt — DWW ™ — bl bl v

In contrast to Z/~ * +Jets processes tt events with two prompt leptons contain two associated neu-
trinos in the final state leading to intrinsic missing transverse energy and two b-jets. This interplay of
intrinsic missing transverse energy and heavy flavor jets in each leptonic ¢¢ event raises the importance
of this background in prospect of SUSY signals, which are expected to have comparable properties.
The contribution to the trilepton signatures requires an additional fake lepton in the event. In principal
the production mechanism for fake leptons in ¢ is similar to Z/~ % +Jets , but the jet composition can
be different, due to fact, that the b-jet density varies in both processes. In that sense the background
determination performed for Z/~ % +Jets events can not be consulted for ¢¢ and have to be done
separately.

Control Region

The fake lepton data driven background determination requires a pure seed, populated mainly with the
processes which should be tested. tf events with two prompt leptons can be split according to same
flavor (SF) or opposite flavor (OF) leptons pairs in the event :

(1) tt — bbwol ™™ (2) tt — bbwwl ™'~

with [ = e, and I’ indicates OF leptons. W decays to 7’s are not taken into account here for
simplicity. Since the lepton flavors in both W decays are uncorrelated the rate of OF and SF leptons
pairs in ¢t processes are similar, except small correction due to different reconstruction and selection
efficiency for electrons and muons.

The dominant process, which has to be suppressed in order to select a relative pure ¢ sample using
same flavor lepton signatures is Z /v x +Jets with the subsequent decay into a SF-lepton pair, which
can be suppressed to an acceptable level by requirements on E:,“}iss , Hr , number of b-jets and the
invariant mass of the lepton pair.

On the other hand the advantage of OF signatures is the lack of crucial SM backgrounds contributing
and so additional requirements can be soften. Selecting ¢t sample with OF leptons, one has to suppress
the dominant process Z/~v+ — 77, where each tau decays leptonically 7 — lvjv,. The E%ﬁss and Hr
distribution in events selected with two tight leptons OF and opposite sign on top standard good
event and trigger requirements (see Section 7.5) are shown in Fig. 8.6 with H7r > 150 GeV applied
for the E%iss distribution suppressing Z/v* — 77 processes. Additional backgrounds with smaller
contributions like W+Jets, WW and WZ are shown as well. Requiring additionally Hy > 150 GeV
selects a tt dominated sample with a purity of > 90%.

The number of ¢¢ events with two prompt leptons in such a selected data sample can be further in-
creased by combining OF and SF lepton signatures. The increase in t¢ events is roughly a factor two,
but as discussed before additional requirements to suppress Z/vx — 71~ (I = e, ) have to be ap-
plied. As it can be seen in the next section, where fake leptons in ¢t will be discussed, the final increase
in statistical accuracy of the background determination by combining both signatures, is expected to
be low and is disregarded for now.
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Figure 8.6: Hr (left) and EX* (right) distribution for two tight leptons opposite sign opposite flavor (e*, ;).
In case of the E%“SS distribution an additional requirement on Hy > 150 GeV was applied to
suppress Z/v+ — 77 and thus selecting a pure ¢ events with two prompt leptons sample. The Hr
and EXs distributions are well described by the MC simulations. The peak at ER ~ 400 GeV

and Hr ~ 1000 GeV originates from the fact, that all entries above 400 (1000) are added to this
"overflow bin".

Data Driven Fake Background Determinaton

The data driven determination of fake leptons was discussed before extensively in case of Drell-Yan
processes and will be applied also to ¢t processes. As a seed a relative pure ¢t sample with two prompt
leptons and an additional fake lepton sample can be selected by the following requirements:

e two tight lepton OS-OF (I = e, p),
e Hp > 150GeV,

e third loose lepton (I = e, u1, T),

where the loose leptons have again the same selection criteria compared to the tight lepton selection,
but inverted isolation. The definitions of the relative isolation side-bands are similar as discussed
already in Section 8.1.1 for Z/~ * +Jets . The transverse momentum py and pseudo rapidity » distri-
bution of the third loose lepton are presented in Fig. 8.7 for fake electrons/muons and in Fig. 8.8 for
vloose HPS 7, candidates, respectively. The 73, candidates are not split into the different reconstructed
decay modes due to lack of required number of events.

The data driven fake background determination is again performed in the relative isolation side-bands
(Riso = [0.15,5]) of electrons and muons or simply in the isolation side-band (ID=vloose) for fake
7 candidates. Despite the fact that the isolation side-band is dominated by soft leptons, no pr binning
is applied because the number of events is too low to have a reasonable binning. The relative isolation
distributions for loose electrons and muons are presented in Fig. 8.9.
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Figure 8.7: Transverse momentum pr (left) and pseudo rapidity » (right) distributions of fake leptons for e
(top) and p (bottom) in the ¢t fake enriched data sample selected with two tight opposite sign
opposite flavor leptons (e, 1) and Hy > 150 GeV.
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Figure 8.8: Transverse momentum pr (left) and pseudo rapidity n (right) distributions for fake 7, candidates
(single prong, single prong + 7 and three prong combined) with vloose ID in the ¢ fake enriched
data sample selected with two tight opposite sign opposite flavor leptons (e, p) and Hr > 150 GeV.

Similar reasons as discussed before in case of the fake background predictions for Drell-Yan processes
demands to exclude the observation in the isolation signal region (Riso < 0.15), where only the MC
prediction is shown. Again an overall good description of the isolation side-bands is observed. The
discussion of the uncertainties is postponed to Section 8.1.4.

Closure Test

Following the same procedure as in case of Drell-Yan events the side-band technique for fake electrons
and muons the selected tt fake enriched sample with two prompt leptons can be cross checked in a
complementary data set selected in the fake lepton transverse impact parameter side-band |dzxy| >
0.02 cm. With this side-band the same fake background determination can be performed. The results
are presented in Fig. 8.10, where the relative isolation side-bands for the fake electrons and muons with
inverted |d;,| > 0.02cm requirement are shown. This procedure with an inverted d, requierement
allows for a direct comparison of the side-band determination in the isolation signal region.

In case of loose muons the observations are in good agreement with the predictions in the side-band
and the signal region as well. For electrons a deviation for low relative isolation values is measured
within Riso= [0.15,1.5] to be ~ 50%. Despite this deviation at the lower border of the isolation
side-band, the signal region (Riso < 0.15) prediction and observation are consistent within errors.

Additional Closure Test

The data driven background determination shows consistent results, which implies that the description
of the fake lepton production is well modeled in MC simulations. In principle the scaling factors are
equal to one as has been cross checked in a closure test repeating the side-band technique with the
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Figure 8.9: Relative isolation Riso distribution for fake leptons (e (left), . (right)) in the leptonic ¢¢ fake en-
riched data sample selected with two tight opposite sign opposite flavor leptons(e, @) and Hp
> 150 GeV.
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verse impact parameter requirement |d,,| > 0.02 cm in the leptonic ¢¢ fake enriched data sample
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orthogonal observable d.

Nevertheless ¢t events with its various decay branchings allows to define several control regions,
where complementary side-band measurements can be performed and the predictions can be verified
once more. An option is to use ¢t events with no or one prompt lepton, i.e. one semileptonic and one
hadronic or both hadronic top decay. Those branchings allows for an independent cross check of the
fake lepton prediction. ¢f events with no or one prompt lepton have the following signatures:

tt — bWTOW ™~ — bbggltv
tt — bW bW ™ — bbqqqq .

The dominant background of the hadronic ¢t production are QCD multijet events [160]. QCD events
are hard to control and to suppress. The detailed study of a hadronic ¢ enriched data sample as a
closure test for the actual measurement of dilepton ¢t is not worth the effort, because ¢t events with
one prompt lepton are more easily to use as a closure test. The dominant backgrounds are leptonically
decaying W+Jets and Z+Jets processes [161]. The starting point is one tight lepton in the event.
Here only tight muons are considered, because the trigger threshold for the single electron trigger
is pr > 85GeV in the last runs recorded, which is a far too strong requirement. In principle cross
triggers with electron and jets can be used instead, but also not used for simplicity. W/Z+Jets processes
can be suppressed by requiring high jet activity with at least one b-tagged jet. As a b-tagger the so
called TrackCountingHighPurity [162] tagger at the working point TCHPT> 3.41 is used.

The Track Counting (TC) algorithm relies on tracks with large impact parameter (IP). All tracks get
ranked by decreasing the three dimensional impact parameter significance S;p = IP/orp and the
discriminator is the S7p value of the Nth track, where the High Purity (HP) discriminator is based
on three associated tracks. For several working points (loose, medium, tight) the efficiency for light
jets (udsg) to be tagged are determined on a simulated QCD sample to be ~ 10% (loose), ~ 1%
(medium) and ~ 0.1% (tight). The miss tag rate for light jets measured in data for jets with a trans-
verse momentum py = [50, 80] GeV for the Track Counting High Purity Tight (TCHPT) algorithm is
0.0017 £ 0.0001 £ 0.0004 with an b-tag efficiency for b-jets with similar pr of 0.37 & 0.01 [163].
The Hy and EX distribution for events selected with a tight muon (py > 45 GeV, || < 2.1), more
than two jets (pr > 40 GeV, |n| < 2.5) with at least one b-tagged jet (TCHPT:S;p > 3.41) on top of
the common event selection criteria are shown in Fig. 8.11, where one can observe a good agreement
between data and MC prediction.

With requirements of E%i“ > 35GeV and Hy > 150 GeV a pure tt sample with one prompt lepton
can be selected. A second loose lepton (I = e, i, 7) allows to cross check the findings derived for
leptonic ¢t events with additional fake leptons from jets. The Riso distributions of the second loose
lepton (e, p) are presented in Fig. 8.12, where in a similar fashion the relative isolation requirement is
loosened to Riso < 5.0. Two things to note here: (1) the tails of the Riso distribution are dominated by
tt events with one prompt lepton and an additional fake lepton, whereas in the signal region Riso <
0.15 di-prompt lepton ¢t processes dominate, (2) the overall description of the fake lepton relative
isolation MC prediction are consitent with the observation within erros. Since the contribution of
dilepton ¢ events is by far the dominant contribution and the uncertainty on the probability of leptons
failing the tight selection criteria is unknown, i.e. it is taken from MC simulation, no direct conclusion
on the fake background in the Riso signal region can be stated. To suppress the di-prompt lepton
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Figure 8.11: Hr (leftjand EX'* (right) distribution in ¢f events with one prompt lepton selected with a tight
muon (pr > 45 GeV, |n| < 2.1) and more than two jets (p > 40 GeV, |n| < 2.5) with at least one
b-tagged jet. The Hr and E%iss distribution are in good agreement. The peak at E%iss ~ 500 GeV
and Hp ~ 1000 GeV originates from the fact, that all entries above 500 (1000) GeV are added to
this overflow bin.

tt background the impact parameter requirement on the second loose lepton can be inverted. The
corresponding relative isolation Riso distributions are presented in Fig. 8.13, where the ¢t events with
one prompt lepton and an additional fake lepton dominate in the side-band region and an overall good
agreement can be observed again, especially in the Riso signal region the MC prediction is consistent
with the measurement.

The tt fake enriched data sample with one prompt lepton can be utilized to perform the fake 7,
background determination in the isolation side-band and to cross check the findings in the dedicated
signal region. The result of both measurements are presented in Fig. 8.14.

813 WW — vy

Finally, the last prompt dilepton SM process which can contribute to multileptonic signatures via an
additional fake lepton is WW — [vlv. The dilepton WW cross section is measured by the CMS col-
laboration to be oy = 55.5+3.3(stats.) £6.9(syst.) £3.3(lumi.) [155], which is in good agreement
with the SM NLO calculations oy = 43.0 £ 2.0pb [153]. This cross section measurement can be
used as a cross check of WW — [vlv, but since an additional fake lepton is required to contribute,
the interesting processes are WW-+Jets processes, which are not directly covered by the cross section
measurement listed above [155].

Partonic processes involved in pp — WW + 1 jet are

Mgg—=W"Wg Qe—-WWq @ag—-WWaq
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Figure 8.12: Relative isolation distribution of loose electrons (left) and muons (right)) in ¢ events with one
prompt lepton selected with a tight muon (pr > 45GeV, || < 2.1) and more than two jets
(pr > 40 GeV, |n| < 2.5) with at least one b-tagged jet. The isolation signal region is dominated
by leptonic tf processes and only the tail of the Riso distribution is dominated by loose fake
electrons/muons.
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Figure 8.13: Relative isolation distribution of loose electron (left) and muons (right) with an inverted |d, | >
0.02 requirement in ¢t events with one prompt lepton selected with a tight muon (pr > 45 GeV,
|n] < 2.1) and more than two jets (pr > 40 GeV, || < 2.5) with at least one b-tagged jet. In
contrast to the transverse impact parameter signal region |d,| < 0.02 the complementary data
set is dominated by ¢t events with one prompt lepton and additional loose fake electrons/muons.
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Figure 8.14: Transverse momentum pr distributions for HPS 7;, decay mode candidates (single prong, single
prong +7° and three prong combined) in the isolation side-band (left) and isolation signal region
(right) in ¢t events with one prompt lepton selected with a tight muon (pr > 30GeV, |n| < 2.1)
and more than two jets (pr > 40 GeV, || < 2.5) with at least one b-tagged jet. Note: the
simulated number of event of the used W+Jets MC sample is not sufficient and has huge statistical
uncertainties.

The WW cross section is a factor of ~ 4 smaller compared to the dilepton ¢t cross section and adding
additional jets to the matrix element calculation reduces it further by a factor ~ 2, as estimated with
Madgraph! [93]. Requiring in addition a fake lepton to be selected the contributions from WW-+Jets
are small and a data driven prediction cannot be performed with enough events so far. Hence MC
simulations will be taken for the predictions of W — [v{v and an adequate uncertainty defined by the
data driven fake background determinations done for Drell-Yan+Jets and ¢t processes will be added
to the cross section uncertainties.

8.1.4 Systematic Uncertainties & Summary

In the last sections a set of data driven background determinations were performed in order to pre-
dict the fake lepton contributions in dilepton processes like Drell-Yan+Jets and ¢t . The fake lepton
contribution was measured in the isolation side-band and propagated to the signal region using shape
informations from MC simulation. For fake electrons and muons closure tests using the transverse
impact parameter side-band d,, for validation were defined and consistent results were obtained. Ad-
ditionally the tf events with one prompt lepton including additional fake leptons were utilized for
further closure tests including a cross check for fake 75, candidates.

An important issue not discussed up to now are the systematic uncertainties in the data driven back-
ground determination. Lets first discuss the fake electron and fake muon measurements in Drell-Yan

"Leading Order cross sections: Oppswrw— =29.51+0.09pband o,y +y -, = 14.74 1+ 0.05 pb calculated with
Madgraph.
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and tt processes simultaneously. The statistical uncertainty of the side-band measurements varies for
Drell-Yan between 6% and 70% in the tails, where the most important are the Riso bins close to the
signal region, where the uncertainty is determined to be ~ 6 — 10% for electrons and ~ 6 — 11% for
muons. One has to note that the statistical uncertainties are rather arbitrary since the bin wise uncer-
tainty depends on the actual bin sizes and only the total statistical uncertainty is fixed. Additionally
the maximum deviation in all side-band measurements and closure tests are ~ 20%(20%) for fake
electron (muons). Similar considerations can be applied for ¢t processes which have higher statisti-
cal uncertainties ~ 14(10)% for electrons (muons) in the isolation region close to the signal region
and a maximum deviation of ~ 50(20)%. To be conservative in the uncertainty estimation the max-
imum of 50%(20%) is taken as systematic uncertainty for fake electrons (muons) in ¢t , 20%(20%)
for fake electrons (muons) in Z/~ * +Jets and as well WW, which is assumed to have a comparable
performance.

An overall combined systematic uncertainty on the fake HPS 7, candidates is determined by the side-
band measurement with a statistical uncertainty of ~ 6% and a maximum deviation in the closure test
in ¢t events with one prompt lepton of ~ 50%. Again these systematic uncertainties are conservative
and are applied on Drell-Yan, ¢t and WW predictions.

To summarize the findings derived for dilepton processes in well defined control regions the E%iss and
Hr distribution in fake enriched events selected with two tight OS-SF leptons and one loose lepton
(Riso = [0.15,5.0],
to e and p and the loose can be a 75, candidate, are presented in Fig. 8.15. Those data samples are
dominated by Drell-Yan+Jets and at higher H7 and/or E%‘iss values by ¢t events. The Ejnliss and Hr
MC simulation are consistent with the observation.

dzy| < 0.02cm), where the lepton flavor of the two tight leptons are restricted



114 CHAPTER 8. SM BACKGROUND PREDICTION

%107 \\J_l‘7\T\e\\/\L\\4\\7b‘\\\‘\\\\ \\\\‘\\\\‘\\\\‘\\\\‘\\\ %107 ‘4‘7TeVL 47*b\\\‘\\\ \\\‘\\\‘\\\‘\\\‘\\
g 1o —e— DATA (05 1of —e— DATA
« B ZZ+ Jets - B ZZ+Jets
E 10° [ WZ+Jets E 10° [ 1 WZ+Jets
S . [CIWW-Jets S . I WW-Jets
Lﬁ 10 [ tt+Jets Lﬁ 10 [ i+ Jets

10° [ IDY+Jets 10° [ DY+Jets

B W+Jets B W+Jets
102
[ ]

) o [T e T e
= =
© ©
| T
! ACAMEEARN A% S Am
0 50 100 150 200 250 300 350 400 450 500 0 20 40 60 80 100 120 140 160 180 200
H, [GeV] ETS [GeV]
%107 \\J_l‘7\T\e\\/\L\\4\\7b\‘\\\‘\\\\ \\\\‘\\\\‘\\\\‘\\\\‘\\\\; %107 ‘4‘7TeVL 47*b\\\‘\\\ \\\‘\\\‘\\\‘\\\‘\\
° —e— DATA © . ~e— DATA
K10 B ZZ+ Jets 210 B ZZ+Jets
@3 10° [ WZ+Jets @ 10° [ WZ+dets
E CIwwiJets E I wwaJets
Lﬁ 10* [ tt+ Jets Lﬁ 10* [ i+ Jets
10° [ IDY+Jets ? 10° [ DY+Jets
B W-+Jets E B W+Jets
102 102
10 10
’
10" 10
102 107 | wm | BE || ==
B O — (o 0B [T % iIa—
oje e enty ¥ ] i i) FRof—ee e 66,@%,,2% 7
Fop ety MEAEALEASRTUL I N R ARAS RS
0 50 100 150 200 250 300 350 400 450 500 0 20 40 60 80 100 120 140 160 180 200
H, [GeV] ETS [GeV]
%) 108 \‘—SOJ#EV\L‘ \t=\4')7#b\,‘\ TT ‘ TTTT TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTT % T \{S#»J7ll_e\\/ L‘ ‘\=\4l\7*b\,1\ T ‘ T T ‘ 1T ‘ 1T ‘ 1T ‘ LILLE |
g 107 —~ DATA (OD 10’ —e— DATA
N Bl 27+ Jets = 10f Il 2Z+Jets
2" [ WZ+dets P [ WZ+dets
S 10° [ IWW-+Jets S 10° [ ] WW-Jets
Lﬁ 10° [ tt+ Jets Lﬁ 10 [ i+ Jets
. [ IDY+Jets , [ DY+Jets
10 B W-+Jets 10 B W+Jets
10°
10
107
10°

I

Data-MC
S
o o
[ d
o
L
.
o
o
.
9
o
o
o
o
ol
——
——
e
—
He—
Data-MC

0 50 100 150 200 250 300 350 400 450 500 0 20 40 60 80 100 120 140 160 180 200
H, [GeV] ETS [GeV]

Figure 8.15: Hp (left) and E%iss (right) distribution for three lepton events including two tight (e, 1) and one
loose lepton, where the loose lepton flavor is either an electron (top), a muon (middle) or a 7,
(bottom). The peaks at E”“‘SS ~ 200GeV and Hr ~ 500GeV originate from the fact that all
entries above 200 (500) GeV are added to this overflow bin.
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8.2 Initial/Final State Radiation

Another background, which has to be discussed, is the so called Initial/Final State Radiation (I/FSR)
background. Prompt dilepton processes with a radiated photon converting into an OS-SF lepton pair
can mimic a multileptonic event. The requirement m;+;,~ > 12GeV/c? on all OS-SF lepton pairs
suppresses processes from Y, J/¥ and low mass Drell-Yan. Only asymmetric photon decay, where
one lepton is soft and failing the selection criteria and the other takes most of the photon momentum,
can contribute. The schematic mechanism of a Z/~* decaying into a OS-SF lepton pair, where one
lepton radiates a photon, is shown in Fig.8.16. The asymmetric decay of the radiated photon is
indicated by the different length of the fermion lines.

Figure 8.16: Asymmetric photon conversion in Drell-Yan events. The asymmetry of the photon decay is indi-

cated by the length of the outgoing fermion lines, where most of the photon energy is taken by
one lepton.

The tight photon selection efficiency can be checked in a control region presented in Fig. 8.17, where
the three body mass my;, of Z — 11~ + ~ events is shown.
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Figure 8.17: Three body mass my;., distribution of Z — "1~ + ~ events. The peak at my, ~ 500 GeV/c?
originates from the fact that all entries above 500 GeV/c? are added to this overflow bin.
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Two kinds of photon conversion are possible: (1) external and (2) internal photon conversion. Exter-
nal conversion are on-shell photons interacting with the detector material and converting into a lepton
pair. In such processes the decay into two muons is suppressed by a factor f ~ (m./ mu)2 ~ 1074 —
1075 compared to the decay into two electrons. Hence no contributions of an additional muon pro-
duced via external conversion is expected. The picture changes for internal conversion, where a photon
decays asymmetric into a lepton pair. Here the branching ratios are nearly BR(e*e™)/BR(u ™) ~
1.

The most important background for multileptonic searches including asymmetric photon conversion
is Z/7 * +Jets due to the high prompt dilepton production cross section. A FSR photon causes the
invariant mass of the opposite sign same flavor lepton pair of the Z decays to be shifted to lower
values corresponding to the radiated photon momentum. This effect can be nicely seen in Fig. 8.18,
where data events with two tight leptons with opposite sign and same flavor (ete™, u* ™) with an
associated tight photon are distributed in the invariant mass of the leptons m;+;— versus the three
body mass of the leptons and the photon m;+;-., plane is shown for low Hp < 200GeV and low
ET"™ < 50GeV. FSR photon events are populating the band in three body mass m+;-, (y-axis)
around the Z mass, whereas initial state radiated photons in Z events do not effect the two body
mass of the lepton pair, but pushes the three body mass to higher values, which results in the band
around the Z mass of the two body mass m;+;- (x-axis). Similar the three body mass of OS-SF
lepton pair with an additional lepton (IT1~e* and pt = p) for low Hp and low E%i“ is presented
in Fig. 8.19. The peak around 90 GeV corresponds to Drell-Yan with internal asymmetric photon
conversion and the other peak to double boson (WZ) production or Drell-Yan with an additional fake
lepton from jets, which pushes the invariant mass to higher values. The gap between both peaks is a
result of the transverse momentum thresholds pr > 8 GeV of the third lepton, which is visible only
for ptp~p*. In Fig. 8.19 predictions from MC simulations are added for comparison. External
conversion are already included in the corresponding MC simulation. Internal photon conversions are
not included in the official Madgraph samples available, because of pr thresholds on leptons at the
matrix element level, which suppresses asymmetric photon conversion, if one lepton is soft. For this
purpose a private MC sample is produced including those processes?. The private sample including
internal photon conversion besides other double boson production with the subsequent decay to four
leptons processes are labeled with ZZ+Jets.

Internal and external photon conversion can be suppressed by an invariant mass cut on the three body
mass distribution of the selected tight leptons, where at least one OS-SF lepton pair should be present,
but with an two-body mass inconsistent with the Z mass to account for the shift of the reconstructed
like-Z mass. The underlying process of the dominant FSR contribution is the Drell-Yan production
and the E%i“ and Hr shape should not be affected by the FSR. These are presented in Fig. 8.20 for
events including I*1~e® and ptp~ p® with my;— # [75,105] GeV /c2. Steeply falling distributions
can be observed and expectations in the high-Hr or high-E?iSS region are negligible. As already
mentioned in Section 7.5 the three body invariant mass veto in three lepton channels with no opposite
sign same flavor lepton pair forming an invariant mass consistent with the Z mass (off-Z), is only
needed in the low-Hr and low—ETIEliSS region.

In Fig. 8.19 the prediction for internal photon conversions are shown and corrected, because they

2 Asymmetric photon Madgraph sample: detailed informations in Appendix B
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Figure 8.18: Events selected with two tight opposite sign same flavor (OF-SF) leptons and an additional tight
photon distributed in the 12+ ;- -m;+;-, plane for low Hr and low Eiss where on the y-axis the
three body mass of the leptons and the photon and on the x-axis the two-body mass of the leptons
is plotted . Leptonic Z decays, where one lepton radiated a photon are populating the band around
the Z mass on the y-axis.

appear to be underestimated, especially in the case of utp~u®*, where essentially no external con-
versions are contributing. The reason for this underestimation of the Z peak by a factor ~ 3 can have
several sources: (1) next to leading cross section corrections can be important (Madgraph used LO
calculation) and (2) the generator threshold on the invariant mass distribution for OS-SF lepton pairs
in the final state is m;+;- > 5GeV /c? shown in Fig. B.1 in Appendix B. The first effect is expected
to be of the order of DY+Jets NLO corrections (k-factor ~ 1.3), where the prediction are sensitive
to the generator m;+;- cut and a correction factor is estimated from the invariant mass distribution
of the two leptons produced in the internal photon conversion. This factor is already included in Fig.
8.19 for the predictions of the internal photon conversion included in the MC sample labeled with
"ZZ+Jets".

In addition to asymmetric decays one expects internal photon conversion, where both lepton are se-
lected and mimick four lepton processes. To cross check the internal conversion prediction of the
privatly produced Madgraph sample a data sample selected with four leptons (e, p) is selected. The
transverse momentum of the leptons is reduced to pr > 3 GeV to increase the numnber of selected
events’. In Section 7.3.1 the lepton identification and isolation efficiency are measured and a signifi-

*Note: the trigger requirements with essential higher thresholds on two of the four lepton transverse momentum are still
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Figure 8.19: Three body mass distribution for [T1~e® (left) and ptp~p®* (right) events with low Hp and
low E?iss . The peak around 90 GeV/c? corresponds to Drell-Yan processes with final state
radiated photons, which decayed asymmetrical. A third (fake) lepton from jets or W decay
pushes the invariant mass distribution to higher values, which corresponds to the other peak
around 100 GeV/c2, which is visible only for ptpu~pu®, due negligible contributions from ex-
ternal conversions. The peak at m;; ~ 200 GeV/c? originates from the fact, that all entries above
200 GeV/c? are added to this overflow bin.

cant deviation between MC and data for low momentum leptons has been observed which is corrected
for in this case. Additionally, the invariant mass of two opposite sign same flavor leptons is decreased
to 0 GeV/c?, since in four lepton events the contamination from low mass resonances is negligible. To
account for the momentum shift of one lepton due to the radiated photon and a corresponding shift
of the two body invariant mass to lower values, any OS-SF lepton pair is required to be out of the Z
peak region. The signature of Drell-Yan+Jets with a FSR photon converting to two lepton is a four
body mass consistent with the Z mass, which can be seen in Fig. 8.21, where a clean Z peak can be
observed. The ratio of internal photon conversion to be asymmetric (failing selection criteria) with
respect to symmetric appears to be R(C' a5y /Csy) ~ 7.0. This large ratio is expected from the decay
kinematics: one obtains the highest energy of one lepton if the decay is along the flight direction, but
the other lepton decays in the direction opposite to the photon direction, so it will obtain the minimum
energy and is prone to be lost. In order to estimate the contribution from internal photon conversion
the invariant mass threshold on all OS-SF lepton pairs was successively increased. The result of this
procedure is presented in Fig. 8.21 (R), where the integrated observation and MC prediction for events
including four leptons with a four-body-mass consistent with the Z mass (|my;;; — mz| < 15 GeV/c?)
as a function of the two body invariant mass threshold is shown. An overall good agreement can be
observed.

To summarize: an additional requirement on the three body mass m;+;—;+ in cases where no opposite
sign same flavor dilepton pair with a mass comparable with the Z mass occurs in the event can suppress

required.
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Figure 8.20: Hr (left) and EX'* (right) distribution for events including I 71~ e* (top) and and pF p~ ™ (bot-
tom), where the opposite sign same flavor (OS-SF) lepton pair should be off-Z. Internal conver-
sion are corrected by a factor 3 to account for generator cuts. Prediction of FSR SM background
in high-Hr or high- Bl regions are negligible and the three body FSR-veto is applied only in
low-Hr and low- Eis search channels.
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Figure 8.21: Four-body-mass of events with four leptons with decreased transverse momentum (pr > 3 GeV)
and two body mass thresholds (m;+;- > 0 GeV/c?) (left). In addition no opposite sign same flavor
(OS-SF) lepton pair should form an invariant mass within the Z mass to account for the shift due
to FSR photon. (Right) The integrated observation and MC prediction for event including four
leptons with a four-body-mass consistent with the Z mass as a function of the two body invariant
mass threshold.

the FSR background contributing to 3L channels sufficiently. The E%iss and Hr distribution are
similar to the ones of the Z/~ * +Jets processes, where no intrinsic missing transverse energy is
present except for a small contribution from the second missing soft lepton in the photon conversion.
The contributions from FSR are negligible in the high H7 and/or high E&Eliss signal regions. Hence the
additional three body mass cut is applied only in events wit low Hr , low E?iss and no OS-SF lepton
pair building a Z boson. Due to lack the large correction (factor 3) for I/FSR asymmetric internal
conversion background a conservative 100% uncertainty is applied on this and on the symmetric
internal conversion background as well. The description of the external photon conversion is well
modeled by MC simulations (left panel of Fig. 8.19). Since the major part of this background is
vetoed the maximum deviation in the off-Z tight photon three body mass distribution shown in Fig.
8.17 of &~ 50% is taken as an uncertainty on the remaining external photon conversion background.
This uncertainty is extrapolated to the high—E%liss and high- H7 by a linear fit of the uncertainties given
in Fig. 8.20 (top panel) for low—E¥iss (Ht ) and are determined to be ~ 100% (Ht ) and ~ 50%
( E?iss ).

This first measurement of internal photon conversions in collaboration with a group at Rutgers Uni-
versity* in the CMS collaboration has also implication to recent Higgs searches [164]. An additional
background in case of for example H — WW [165,166] searches can arise from internal photon con-
version in leptonic W+Jets processes. Also the symmetric conversion leading to four lepton processes
can contribute to recent Higgs searches like H — ZZ [167].

“Richard C. Gray et.al.
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8.3 Prompt Lepton Background

Up to now only SM backgrounds with additional non prompt leptons, i.e. leptons not coming from
Z/W (including t — W) decays, were discussed. The double boson production with the subsequent
decays to leptons are an irreducible background. Fake leptons can be suppressed by requiring strong
isolation and impact parameter boundaries, whereas the multiple prompt leptons in double boson
processes have similar properties as prompt leptons in SUSY decays. Hence WZ and ZZ processes
have to be controlled and will be discussed in the following. Both production cross sections were
measured by the CMS Collaboration [155], which are in good agreement with NLO calculations.

8.31 WZ/y*

With higher luminosity the irreducible prompt SM background W Z/~* is getting one of the dominant
backgrounds and the MC predictions are going to be statistical testable. In case of simultaneous
leptonic branching of the Z/~* and W boson, three prompt leptons appear in the final state with an
associated neutrino:

WZ/yx — Ful Tl

Those events can be reconstructed by selecting three tight leptons (e, 1) including at least one opposite
sign same flavor lepton pair with a mass consistent with the Z mass. The W decay can be selected
by requiring a transverse missing energy of EM'S > 20GeV from the undetected neutrino and the
transverse mass My (I3, E%ﬁ“) > 15 GeV, where M is defined as:

My = \/(SE})? — (Sp)2.

The invariant mass m;; of all opposite sign same flavor lepton pairs in such a selected data sample is
+

shown in Fig. 8.22. All combinations (utu~u*, ptu~et, ete pu®, eTe~e®) are combined and in
case of three leptons with the same flavors, i.e. pup and eee, the opposite sign same flavor lepton pair
with a two body mass closest to the Z mass is taken and the remaining lepton is used to calculate the
transverse mass M.

This control sample can be used to check processes with an on-shell Z produced. Processes including
an off-shell Z or W can not be well modeled, especially in the context of higher order QCD. The
available Madgraph sample is produced with up to 2 Jets at the matrix element. Fig. 8.23 shows ex-
ample Feynman diagrams for W27 + X Jets with X = 0, 1, 2 used within the Madgraph production.
For W Z+1Jet a typical initial state radiation gluon is added to the diagram, whereas for W Z+2Jets
also new diagrams with higher order QCD and off-shell W and/or Z have to be added to the cal-
culations (see Fig. 8.23). Including W Z+2Jets to the production the LO cross section calculated
with Madgraph is increased by ~ 40% compared to W Z+0,1 Jets, which is consistent with the NLO
cross section within errors. The large amount (~ 2000) of additional diagrams including intermediate
off-shell bosons changes the off-Z/on-Z ratio of those events by ~ 30%, i.e. the ratio changed from

fFWZ+0,1Jets) = ML ~ 14% to fF(WZ +0,1,2Jets) ~ 18% °.

Ol

SComparison of Springl1 VV+Jets Madgraph (pp>1lllj) and Summerl1 WZ+Jets Madgraph sample (pp>11lljj) per-
formed in low—E¥iss ,low-Hr , off-Z/on-Z 31 channels.
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Figure 8.22: Invariant mass distribution my; of all opposite sign same flavor lepton pairs in the W Z /-y« control
sample with three tight leptons, at least one OS-SF pair with m;+;- = [80, 100] GeV/c2, ERiss
> 20 GeV and My (I3, ERi*) > 15 GeV/c?. The MC prediction of the invariant mass distribution

of all OS-SF lepton pairs (left) and same but logarithmic (right) are in good agreement with
measurement.

I+

Figure 8.23: Example diagrams for W Z + 0 (left), 1 (middle) and 2 (right) Jets in the final state used within the
Madgraph MC production. A new type of diagrams are included for higher order QCD processes,
where intermediate off-shell bosons are playing a crucial role.

Since NLO calculations for W Z+0,1,2,X Jets in the corners of the phase space - off-shell and high-
Hr high-E:’;liSS as well - are not available and control regions to cross check the predictions are
not feasible, a reasonable and motivated uncertainty has to be assigned. To do so the control region
selected above are binned in Hy (AHr = 20GeV) and E?iss (AE?iSS = 10GeV) and a k-like-
factor value is determined in each bin assuming to be the source of possible differences between the
measurement and MC prediction. The uncertainties on those factors are extrapolated to the different
phase space by linear propagation. The resulting uncertainties in the k-like-factors are used as an
estimate of the systematic uncertainty on the MC prediction, which reads as +50% and +15% for
high- Hr and high- E2S. For low-Hy and low- EX* the uncertainty for on-Z WZ events is determined
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by the statistical uncertainty in the control regions discussed above to be &~ 6% . Since the ratio of
off-Z/on-Z is sensitive and cannot be controlled in data a conservative 50% uncertainty is applied to
the WZ prediction classified as off-Z.
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Figure 8.24: Hy and ET distribution of WZ events including three tight leptons (e, p) with at least one
opposite sign same flavor lepton pair forming an invariant mass consistent with the Z mass and
the remaining lepton a transverse mass with EX to be above 20 GeV. Those distributions are
used to estimate the systematic uncertainty on the MC predictions in the high- H7 and/or high-
Emiss regions. The peak at BT ~ 200 GeV and Hr = 400 GeV originates from the fact, that all
entries above 200 (400) GeV are added to this overflow bin.

8.3.2 ZZ, Zryx, vy * yx

The next prompt background is the ZZ, Z~v* and v*~* background, where the leptonic decay modes
lead to four leptons in the final state. A non-negligible probability that one lepton out of four is out
of the acceptance and/or failing the selection requirements yields a contribution to the 3L channels.
Their probability is taken from MC.

The ZZ production can be checked by selecting four tight leptons with at least two OS-SF pairs each
building a Z candidate, again on top of the common event and trigger selections. In Fig. 8.25 the
invariant mass of OS-SF lepton pairs are shown, where the combinatorial multiplicity due to four
leptons can be high, so the tails are populated as well. A good agreement between observation and
MC prediction is observed and the statistical error of the data sample is taken as an uncertainty on
the ZZ (incl.yx) MC predictions, i.e. an uncertainty on the k-factor of the production cross section,
determined to be ~ 21%.

The k-factor on the ZZ production is assumed to be flat over the full phase space, which is not nec-
essarily true, following the discussion for WZ+Jets production, especially in cases with intermediate
off-shell Z bosons. In order to estimate a reliable uncertainty on the prediction in the phase space
regions Hp > 200 GeV and/or E%i“ > 50GeV the ZZ control sample is binned in various AHr
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Figure 8.25: ZZ control sample with four tight leptons including two opposite sign same flavor lepton pairs
with each forming an invariant mass consistent with the Z mass.

= 100 GeV/ AE%“SS = 25GeV bins, as shown in Fig. 8.26. The uncertainty is estimated by defin-
ing in a similar fashion k-like-factors in the two bins below the channel thresholds and propagate
the uncertainties to the signal region. Those k-like-factors lead to uncertainties in the high-H7 and

high—E?iSS region of ﬂé‘g% and £75%, respectively.
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Figure 8.26: Hy (left) and E?iss (right) distribution of ZZ events including four tight leptons (e, ;) with at
least two opposite sign same flavor lepton pairs forming an invariant mass consistent with the Z
mass. Those distributions are used to estimate the systematic uncertainty on the MC predictions
in the high-H7 and high—E’;iSS region.
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8.4 Summary

After discussing the SM background processes a short summary follows before looking into results:
dilepton processes with additional fake leptons from light and heavy flavor decays are determined
in dedicated side-band measurements, where the relative isolation side band was utilized and cross
checked in the transverse impact parameter side-bands. For the dominant dilepton processes Z /y* —
It1~ and tf — bblTI~ v a good agreement between the measurement and prediction is observed.
One has to keep in mind that Drell-Yan+Jets processes are playing only a minor role in the signal
regions (high—E%liss or high-H7 ), whereas tt + Jets is one of the dominant background contribution.
The second type of fake leptons discussed in the last sections is coming from photon conversions.
Two kinds of photon conversion were observed: (1) external where an on-shell photon interacts with
the detector material and converts into two leptons and (2) internal where a virtual photon converts
into leptons at the matrix element level. A dedicated MC sample to account for this background was
produced and cross checked for asymmetric and symmetric photon conversion as well.

Double boson processes with three or more prompt leptons in the final state are an irreducible back-
ground for multileptonic signatures, since the lepton properties are similar to typical SUSY processes,
and are checked in several control regions. All control regions show consistent MC predictions with
observations. Due to lack of recorded events so far a data driven method for predictions in the signal
regions cannot be made, but the uncertainty on the k-factor for off-shell productions were estimated
from extrapolation in Hp and E?iss bins.

More rare processes like WW~, TTW, and TTZ are taken completely from MC simulations without
cross checking in control regions, since they are not accessible in the near future.

In Fig. 8.27, 8.28 and 8.29 diagrams with the relative background composition for three lepton (e,
W, no-7p) channels in the various search regions are presented. Similar to the defined binning the
channels were split into off-Z and on-Z, i.e. if there is an opposite sign same flavor lepton pair with
mass consistent with the Z mass or not. In total only a subset of 12 channels out of the 48 search
channels are shown for reasons of clarity. The evolution of the SM backgrounds between low- and
high- Hp (E ) signal regions can be nicely seen. Especially in low- EX and low- Hr the dominant
SM process is DY +Jets, which is overtaken by the irreducible WZ background in other channels. Also
tt is one of the primary backgrounds in high-Hyp (E%iSS ) regions, especially in off-Z and no-OSSF
channels.
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Figure 8.27: Relative background composition of different SM processes contributing to the three lepton (e, 1)

channels with one opposite sign same flavor pair on-Z. Rare processes include WW, TTZ, TTW
and WW~. The given observations (Obs.) and expectations (Exp.) will be discussed in Chapter 9

in more detail.



8.4. SUMMARY 127

A
s 42 Obs. vs 32 £ 12 Exp. : 6 Obs. vs 5 * 3 Exp.
<))
)
= |
8
-
1] | /
ziy .z
5 W’; I Cwz
* i
al: |
[ IRare L_1Rare
o | EZZ(incly) | B ZZ(incly)
o - -"-"=-"="--—="=-"=-"=-—"=== a]T- - -"=-"=-=-"==-===
115 Obs. vs 121 * 43 Exp. I 10 Obs. vs 4 * 3 Exp.
|
I
|
I 2y | @@z
Ciwz I CJwz
i i
[ IRare | [ JRare
I ZZ(incly) I ZZ(incl y)
' >
200 H_[GeV]
Figure 8.28: Relative background composition of different SM processes contributing to the three lepton (e, 1)

channels with one opposite sign same flavor lepton pair off-Z. Rare processes include WW, TTZ,
TTW and WW~. The given observations (Obs.) and expectations (Exp.) will be discussed in
Chapter 9 in more detail.
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Figure 8.29: Relative background composition of different SM processes contributing to the various three lep-

ton (e, 1) channels without opposite sign same flavor lepton pairs . Rare processes include WW,
TTZ, TTW and WW+~. The given observations (Obs.) and expectations (Exp.) will be discussed

in Chapter 9 in more detail.



CHAPTER 9

Results

Finally, after defining the event and object selection, measuring the selection and trigger efficiencies,
cross checking SM backgrounds in control regions and applying methods to predict the most danger-
ous backgrounds in a data driven fashion, the signal regions can be investigated. Table 9.1 summarizes
the observed number of three and four lepton events summed over electron and muon flavors. They
are classified according to the number of tight 75,’s involved (N (7) = 0,1,2). The sum of all SM
predictions are shown as well. Different selections are indicated by the labels going down, where
the Hp and E%iss requirements are given. Furthermore, the selection is separated in events with and
without an opposite sign same flavor (OSSF) lepton pair. If an OSSF pair is present, the sample is
divided in on-Z and off-Z events. Non-signal regions with low—E$iSS and low-H7 are combined in
order to present the whole picture. This presentation allows for a direct comparison of channels next
to the signal regions (Hp > 200 GeV and/or E%iss > 50 GeV).

One observes a slight excess in the following three channels:

1. 3L N(7 =0) off-Z E%iss > 50GeV and Hr < 200 GeV ( 42 obs. and 31.57+ 11.98 exp.),
2. 3L N(1 =0) off-Z E%‘iss < 50GeV and Hp > 200 GeV (10 obs. and 4.47+ 3.01 exp.) and
3. 3L N(7 = 1) no-OSSF Ejrr}iss > 50GeV and Hy < 200GeV (14 obs. and 5.89+ 3.04 exp.).

The Hp and E?i” distributions for the 3L (N(7)=0) channels (on-Z, off-Z) are presented in Fig. 9.1,
where the off-Z distributions corresponds to the first minor deviation listed above. For comparison
the on-Z distributions are presented in the same figure. Additionally the invariant mass distributions
of all OS-SF lepton pairs (ete™, u+ ™) are shown as well. One observes a good agreement between
data and SM background expectation for the on-Z distributions, whereas for off-Z a slight excess
occurs starting from E%liss > 30GeV. This excess, shown also in the invariant mass distribution of
u+u— = [20,50] GeV/c?. The dominant
background in this phase space arises from W~ processes. Comparing also the H distribution for

all OS muon pairs, appears to be at low invariant masses m

129
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Table 9.1: Results summed over electron and muon flavors corresponding to an integrated luminosity Liy, =
4.7fb~! recorded in 2011. The selection labels refer to whether there is an opposite sign same
flavor (OS-SF) lepton pair with a mass (in)consistent with the Z mass (off/on-Z) or not (no-OSSF),
and the Hr and E?i“ requirements. Additionally the results are split into 7 candidate multiplicity
(N(7) =0,1,2). All channels listed are exclusive.

Selection N(7)=0 N(7)=1 N(7)=2

obs expect obs expect | obs expect
4 Leptons
OFF Z, HT>200, MET >50, 0 0.04 £ 0.04 0 0.03 £0.02 0 0.01 £0.02
ON Z, HT>200, MET>50, 0 0.19 £ 0.18 0 0.17 = 0.08 1 0.01 +£0.02
OFF Z, HT <200, MET>50, 1 0.09 £ 0.07 1 0.37 £0.20 3 2.03 £2.82
ON Z, HT<200, MET>50, 2 0.84 £0.63 0 1.85 £0.77 0 0.67 £ 0.56
OFF Z, HT>200, MET <50, 0 0.028 £ 0.03 0 0.02 £0.02 1 0.40 £ 0.68
ON Z, HT>200, MET <50, 1 0.43 £0.38 0 0.12 4+ 0.06 1 1.21 £ 1.84
OFF Z, HT<200, MET <50, 1 3.19 £ 1.68 3 1.13+£0.45 11 12.06 + 13.49
ON Z, HT<200, MET<50, 32 36.84 £ 7.53 6 533 £ 1.61 34 33.60 +30.68
3 Leptons
no-OSSF, HT>200, MET>50, 2 0.95 £ 0.56 23 2551 £ 12.13 - -
no-OSSF, HT <200, MET>50, 10 6.35 £2.15 127 110.69 £ 48.07 - -
no-OSSF, HT>200, MET <50, 1 043 +0.43 14 5.89 +3.04 - -
no-OSSF, HT <200, MET <50, 11 6.92 £2.59 210  207.27 £77.32 - -
OFF Z, HT>200, MET>50, 6 4.86 +2.61 14 18.51 £9.10 - -
ON Z, HT>200, MET>50, 23 21.39 £ 10.31 9 11.19 £4.10 - -
OFF Z, HT<200, MET >50, 42 31.57+£11.98 117 89.70 £+ 37.99 - -
ON Z, HT<200, MET>50, 162 162.66 £ 29.86 110 83.56 +26.93 - -
OFF Z, HT>200, MET <50, 10 447 £3.01 19 19.15 + 10.41 - -
ON Z, HT>200, MET<50, 13 18.62 £7.33 101 94.43 £49.35 - -
OFF Z, HT <200, MET <50, 115 12091 £43.40 3254 3480 +£ 1718 - -
ON Z, HT<200, MET<50, 653 681 + 108 | 12242 12770 £+ 6301 - -
Total 4 Leptons: 37  41.65+1023 10 9.024+252 | 51 49984523

Total 3 Leptons: 1048 1060 + 168 | 16240 16917 £ 8182 - -
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the SM expectations and observation the excess in this channel has a similar shape as the W~x pre-
diction, just a factor ~ 1.5 to high. One has to note, as shown in Section 8.3.1, that the description
of W~yx+Jets processes is sensitive to the production mechanism and a large uncertainty has been as-
signed for this channel. Thus, the actual deviation of the observation with respect to the expectation is
less than A < 1. The estimate of the deviation is calculated as A = (Nops — Neap)/1/ 02 + 024
More details on the expectations split into individual processes, observations and SUSY signal ex-
pectations for the LM9 benchmark! can be found in Table 9.2. Additionally the flavor decomposition
(eee, eep,...) is presented. A complete set of detailed Tables for all channels presented can be found
in Appendix E.

The second excess listed above appears in the channel (3L, N(7 = 0), off-Z, E?iss < 50GeV and
Hp > 200 GeV) channel, where 10 events are observed and 4.47+3.01 expected with a deviation of
1.270. Again, more details on the expectations and observations can be found in Table 9.2. The main
deviation is in the subchannel ptp~e®, where 7 events are observed and 2.07 + 2.05 are expected.
Taking into account also the corresponding on-Z subchannel (u*p~e*, on-Z, E?i“ < 50GeV and
Hp > 200GeV), where 1 event is observed and 6.80 £ 3.26 are expected, it occurs that 3 of the
7 events measured in the off-Z region have an invariant mass of the OS-SF pair close to the Z-Veto
window Am < 8GeV/c? (m,,, = 67.46 GeV/c?, m,,, = 68.62GeV/c?, m,,, = 113.66 GeV/c?) and
the interpretation as a statistical fluctuation is appropriate.

A deviation in the order of 1.680 is observed in the channel (3L, N (7 = 1), no-OSSF, E?iss > 50GeV
and Hr < 200 GeV), where 14 events were observed and 5.89 £ 3.04 are expected. Again, detailed
information about the expectations split into individual processes and observations can be found in
Table E.8 of Appendix E. The excess appears to be only in the subchannel (e*p* 7, E%iss > 50GeV,
Hr < 200 GeV), where 13 events are observed with an expectation of 5.27 + 2.93. The dominant SM
process occurs to be ¢t (4.79 + 2.89). The E‘T’“isS distributions for Hy < 200 GeV and Hp > 200 GeV
are both presented in Fig. 9.2 for direct comparison. In the low H7 and low E%iss region the dominant
background is Z/v* — 77 — ptv,vretvev, plus an additional fake tau. For Hr > 200 GeV those
contributions are highly suppressed and the remaining background is ¢f. The overall description of
the shape is in good agreement between data and background prediction and the deviation in the low
E:‘Piss region may be a threshold effect induced by the low statistics in the ¢ (WJets) MC samples.
Another two interesting 4L events are observed with vanishing background predictions. The first event
contains three electron- and one muon candidate, where the invariant masses of the OS electron pairs
are Me, e, ~ 322 GeV/c? and Meges ~ 04 GeV/c?. The jet activity in the event is low (H7 ~ 84 GeV)
with E?iss ~ 231 GeV and the total background expectation is 0.0940.07 with a probability of 8% to
fluctuate to 1 or more events?.

The second interesting 4L. events consist of two muon and two tau candidates with an invariant mass
of the OS muon pair m,,, ., ~ 84 GeV/c? consistent with a Z decay. The event is accompanied by
one hard jet with E7 ~ 231 GeV and the missing transverse energy in the event is E%ﬁ“ ~ 81 GeV.
In total a SM background expectation of 0.01£0.02 is estimated, which correspond to a probability
of 1.2% to fluctuate to one or more events>.

'LM9: mo = 1450, my j» = 175, tanB=50, Ao = 0, sign(p) = +1
ZPoisson probability for 4=0.09: P(0.09) > 1
3Poisson probability for u=0.01: P(0.01) > 1
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Figure 9.1: E2 (top) and Hr (middle) distribution for three lepton events passing all selection criteria, except
Hy or ES for the top and middle rows, respectively. Plots on the right have the Z-veto applied,
while plots on the left include leptons from Z. The invariant mass distributions of opposite sign

same flavor lepton pairs e™e™ (bottom left) and p* p~ (bottom right), where EX

miss

> 30GeV is

required, are presented as well. Note: The DY_M-10-50 MC sample has only 7 unweighted events
(around 32 weighted) left for the off-Z EIs* distribution (top right) and thus no pile up reweighting

is applied.
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Figure 9.2: E%iss distribution for three lepton events including one 75, candidate and no opposite sign same
flavor lepton pair for low-Hp (left) and high- Hr (right).

A detailed event display for both events are presented in Fig. H.1-H.2 (eeep) and Fig. H.3-H.4 (up77),
respectively (Appendix H). The values shown can differ from the actual values used due to jet energy
corrections applied afterwards.

However given the probability for a statistical 2o fluctuation in the measured cross sections in as many
as 48 exclusive channels, the observation of the measured deviations discussed above is expected. This
effect is called the look-elsewhere-effect.

Nevertheless, one can check how typical SUSY models would contribute to the individual channels.
Taking a closer look into the kinematic distributions shown in Fig. 9.1 one observes a small excess at
midrange E%‘iss (E%liss = [40,80] GeV) and low Hp (Hp < 200 GeV) dominated by W Z /~* back-
ground processes (disregarding N (7) = 1 channels for now). Assuming the excess arising from new
physics models and taken into account the fact that the dominant SM background model is electroweak
double boson production, a SUSY model with dominant electroweak production (SUSY benchmark
point: LM9) is added. It can be seen that this specific SUSY model just fills the small excess. How-
ever, the statistical significance of this particular channel is small because of the high systematic
uncertainties on the SM background prediction. The added SUSY prediction is only an example for
the sensitivity to SUSY models in those particular channels. In Appendix E all 48 channels exam-
ined are presented including flavor decomposition, individual process contributions and SUSY signal
expectations for the LM9 benchmark point.
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Figure 9.3: EX (top left) and Hy (top right) distribution for three lepton events passing all selection criteria.
The invariant mass distributions of OS-SF pairs eTe™ (bottom left) and p*p~ (bottom right),
where E® > 30 GeV is required, are shown in the bottom row. Included are also signal prediction
for the SUSY benchmark model LM9. Note: The DY_M-10-50 MC sample has only 7 unweighted
events (around 32 weighted) left for the off-Z EM* distribution (top left) and thus no pile up

reweighting is applied.
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9.1 Systematic Uncertainties

In this section the various systematic uncertainties for each investigated channel will be reviewed and
the correlations discussed. In Table 9.1 the systematic uncertainties on the total SM background were
already given but the individual components not yet explicitly discussed. They have been summarized
in Table 9.3. We distinguish between systematic uncertainties affecting both signal and background
processes, background only and signal only. Background only uncertainties are systematic induced
by the prediction methods or statistical uncertainties in the control regions and uncertainties in the
propagation to different phase spaces. Since for most SM backgrounds a data driven method or at
least control regions are defined, all systematic uncertainties are included and only some residuals on
the signal processes are evaluated.

Systematic uncertainties affecting signal and SM background processes:

o Luminosity uncertainty: For the systematic uncertainty on the luminosity measurement the
CMS Collaboration uses a value of 4.5%, induced by the van der Meer scan method used to
measure the luminosity of the colliding beams.

o Trigger efficiency: the trigger efficiency uncertainty is measured directly in data for each trig-
ger separately. It is dominated by the statistical error of the data sample used for evaluation,
especially for the high lepton multiplicity triggers the statistics is low. The final combined
trigger efficiency in case of more than one possible trigger to be fired is determined event by
event. The uncertainties on the combined efficiency is calculated via the error propagation:
Tcomb = \/2_;(0/0c, (1 —IL;(1 — €j)) - o, )? with ¢; the efficiency and o, the uncertainty of
the trigger ¢ (see Section 7.4).

e Lepton identification and isolation efficiency: The uncertainty on the lepton identification /
isolation efficiency associated with the tag&probe method for e, 12 and the statistics for the 7 ID
control sample, respectively, depends on the transverse momentum p7 of the lepton. This is due
to the usage of Z — [T~ events to determine the efficiency, where the rate of soft leptons is
quite low. In principle the uncertainty for soft leptons can be reduced by using low resonances
(J/¥ — IT17), but since the overall uncertainty is dominated by other systematics a further
study is postponed for now. The uncertainties vary between 1% - 11% for e, u and 6% for tau
lepton (see Section 7.3.1).

e Jet energy scale: The jet energy scale uncertainty is assumed to be 5%. The effect on the final
selection is approximated by varying the Hr and E?iss cut by 5% up and down and taking the
difference in the event yield as an uncertainty, which vary between 1-14% for E?iss and 1-18%
for Hr , depending on the channel.

e MC sample size: The MC statistical uncertainty corresponds to the size of the used MC sam-
ples.

e Vertex reweighting: In Section 7.2 the pile up reweighting technique used in this study was
discussed. Let’s consider the impact of the vertex reweighting on the final result table. Since
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the final table is inclusive in E'S |, i.e. NS >50 GeV and ER <50 GeV is considered both,
the total number of predicted events should not depend on the number of vertices in simulation,
because the difference in vertex multiplicity only affects the shape of the E:‘}‘iss distribution. The
same holds for the prediction in subchannels which are split in E%i“ ,e.g.on-Z, Hy >200 GeV,
Emiss <50 GeV and EM >50 GeV. In order to guarantee that the total number of events in
each channel is conserved for each MC sample and subchannel a weighting factor has to be
calculated. Since the statistics in some subchannels is too small (<10 events) to allow for a
meaningful calculation of the weighting factors, the MC prediction in such channels is instead
assigned an extra 75% uncertainty accounting for the observed difference, as shown in Fig. D.1
in Appendix D.

Systematic Uncertainties affecting SM background processes only:

DY+Jets: The systematic uncertainties in the DY+Jets processes are defined by the data driven
side-band technique applied. The uncertainties are conservatively estimated to be 20% for
electrons, muons and 50% for taus (see Section 8.1.1).

tt: The systematic uncertainty for the ¢¢ processes are defined by the data driven side-band
technique applied. The uncertainties are conservatively estimated to be 20% for muons and
50% for electrons and taus (see Section 8.1.2).

WZ: The uncertainty of 6% is defined by the statistical uncertainty in the control sample and
cross section uncertainties. A propagation of the uncertainties from low E?iss (Hr ) to the
high E?iss (Hr ) regions allows for a more reliable systematic uncertainty assigned in the
corners of phase space. The latter vary between 15% and 50% for high—E?iSS and/or high-Hr,
respectively. Since the ratio on-Z/off-Z is sensitive to higher order corrections a conservative
50% uncertainty is applied to the off-Z predictions (see Section 8.3.1).

7.7: Similar considerations as for WZ are applied for ZZ events, where the uncertainties on the
MC predictions vary between 75% and 100% for high- H7 and/or high—E{}1iSS , respectively (see
Section 8.3.2).

Z(ll~): For internal photon conversion a systematic uncertainty of 100% is assigned based on
the large correction factor (~ 3) needed for the MC to agree with the data. For external photon
conversions a systematic uncertainty of 50% for low-H7 and 10w-E¥iSS was assigned and the
propagation to signal regions high- Hp (E?iSS ) leads to an additional 100%(50%) uncertainty
(see Section 8.2).

Residual systematic uncertainties affecting signal processes:

Parton Density Function (PDF): A theoretical systematic uncertainty arising from variation
of the parton density functions is determined to be 14% on MC signal simulation.

Renormalization and factorization scale: This theoretical systematic uncertainty is deter-
mined by varying the factorization and renormalization scale (x2, x0.5) to be 10% on MC
signal simulation.
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All sources of systematic uncertainties discussed above have been summarized in Table 9.3. The
correlations between different sources have to be taken into account. Common event and object un-
certainties like luminosity, trigger efficiency and lepton identification and isolation efficiency are cor-
related for all channels and background sources. Similarly, the jet energy scale is correlated for the
various signatures. The MC statistical uncertainties are uncorrelated. The uncertainties on dedicated
SM background predictions are assumed to be correlated, which is not necessarly true.The ¢t and
Drell-Yan+Jets prediction are based on the same method and are assumed to be correlated. Similar
the backgrounds predicted completely from MC simulation, namely WZ and ZZ inclusive y* (and
the other rare processes), are combined corresponding to 100% correlation. A more ideal correlation
model could improve the final results, but for simplicitly in the statistical model this more conserva-
tive approach is used. The PDF and SCALE uncertainties on the signal processes are correlated for
all channels.

The total uncertainty given in Table 9.1 is the linear sum of all correlated and squared sum of all
uncorrelated systematic uncertainties given in Table 9.3.

Table 9.3: The sources and values of systematic uncertainties associated with this analysis. Uncertainties vary
for different phase space of the leptons and/or search channels.

Source of Uncertainty Uncertainty
Luminosity 4.5%
Single Muon Trigger efficiency 1-9%
Single Electron Trigger efficiency 1-6%
Double Muon Trigger efficiency 3-4%
Double Electron Trigger efficiency 1-2%
Electron Muon Cross Trigger efficiency 6-8%
Muon ID/Iso at 8 GeV (>30GeV) 7%(1%)
Electron ID/Iso at 8 GeV (>30GeV) 10% (1%)
Jet Energy Scale 1-18%
7 ( HPS 73, candidates )ID/ISO 6%
Parton Density Function 14%
Renormalization and Factorization Scale 10%
MC Statistics 3%-100%
Vertex Reweighting 0%-100%
SM Background Uncertainties

DY +Jets 20-50%
DY(llv) - (external) FSR 50-122%
DY(ll) - (internal) FSR 100%
tt 20-50%
wzZ 6-71%
77 75%-125%
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9.2 Interpretation of the Results

The results of this study can be interpreted in terms of different SUSY models, like the common
cMSSM. In addition the interpretation in terms of so called simplified models is presented: TChiSlep-
Slep and TChiWZ driven by direct neutralino-chargino production, and TChiZZ driven by direct
neutralino-neutralino production. A detailed description can be found in [168] and will be given
at the point needed.

9.2.1 cMSSM (tanp = 10)

In the cMSSM model one assumes the masses and gauge couplings to be unified at the GUT scale, i.e.
one has a common mass mg (1m; /2) for all spin 0 (1/2) particles at the GUT scale. The real masses
at a low scale are obtained from the renormalization group equations. Most limits have been given
in the mo — my /5 plane. However, the masses depend also on the other parameters, notably tan /3,
since the latter causes a mixing between left and right handed particles which depends on the Higgs
sector and hence on tan 8. This mixing is especially important for the third generation, which has
large Yukawa couplings. One observes that for larger values of tan /5 the stau becomes lighter than
the other sleptons and in this case the squarks will decay preferentially into staus in the regions of
small mg, where the sleptons are lighter than the squarks, thus reducing the number of final states
with muons and electrons. This will reduce the efficiency.

The observed 95% C.L. exclusion limit for the combination of all channels given in Table 9.1 in-
terpreted as an excluded region in cMSSM is shown in Fig.9.4 for tan 8 = 10 and in Fig.9.7 for
tan 8 = 40. The excluded regions are derived by dividing the cMSSM mg-m; /o plane for fixed
tanf = 10(40), Ao = 0(—500) and sign(u) = +1 into ~ 7K(~ 6K) points, corresponding to
Amy 1/ = 20 GeV and simulating 20k events per point. The SUSY signal prediction for the various
search channels are determined using the NLO cross section calculated with Prospino [145] for each
point. The observed exclusion region is calculated with the statistical procedure discussed in Section
5.6 using the observations and background predictions given in Table 9.1. Additionally, the expected
exclusion region and the 1o and 20 bands are added.

Several independent constraints are added to the figures. At low myg and high m, , masses (colored
with dark gray) the LSP is the charged stau (7), which is ruled out by cosmological measurements and
is not considered in this study. Previous searches performed with the LEP experiment are displayed
at low my /o masses colored with dark green (direct chargino production) and yellow (direct slepton
production). Another constrain is the requirement of electroweak symmetry breaking (EWSB), which
can not be achieved at high values of m colored with light gray and indicated as NO EWSB. Adjacent
to the NO EWSB region is a small band colored with light blue indicated as Non-Convergent RGE’s.
Here the solution of the renormalization group equations (RGE) do not converge and thus the calcu-
lated mass spectrum is not reliable. A more detailed description of the incorporated constraints can
be found in [169].

my /o values below ~ 200 GeV are excluded over a wide range of mg except at low mg, where values
of my/5 < 300GeV for my ~ [200, 300] GeV and my e < 350GeV for mg around 150 GeV are
excluded. The spiky structure of the limit curve is due to statistical fluctuations of the dedicated signal
MC samples. The two more fundamental steps in the limit at low values of mg, namely at around
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described in the text can be found in [169].
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mo ~ 150 GeV and mg ~ 500 GeV, have to be discussed separately:

e The first drop to be discussed in the exclusion limit of Fig. 9.4 at mg values around 500 GeV
is due to the changing signal contributions to the numerous channels examined and combined
of Table 9.1. In Section 6.1 the different production and decay modes of the next to lightest
neutralino and lightest chargino in the mo — my/, plane have been discussed. It has been
shown that for higher values of mg, where the squarks and sleptons get heavy, the electroweak
production of SUSY particles is dominant and the associated hadronic jet production decreases.
For low m( masses the dominant signal contributions are in the channel (3L, (N(7)=0), off-
Z(on-Z), Hy > 200 GeV, E?iss > 50GeV). Starting at my ~ 500 GeV the dominant signal
channel changes to (3L, (N(7)=0), oft-Z (on-Z), Hy < 200 GeV, E%iss > 50GeV). Here the
integrated SM background is higher with respect to the H7 > 200 GeV channel. Hence the
exclusion limit decreases. The selection efficiency of the four main channels discussed are
shown in Fig. 9.5, where the most sensitive regions can be seen. In Appendix F the selection
efficiencies of all channels for tan/3 = 40 are presented.
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Figure 9.5: Signal (tanf = 10, Ay = 0, sign(pn) = +1) selection efficiency for the channels including 3
leptons (N(7)=0), on-Z (left column), off-Z (right column), E%‘iss > 50GeV, Hr > 200 GeV (top
row) and Hp < 200 GeV (bottom row).

e The other drop of the exclusion limit at mg ~ 150 GeV is due to the fact that at masses be-
low, the next to lightest neutralino ()28) decays via the slepton-lepton modes and the subsequent
decay of the slepton into a lepton and the LSP. With increasing m the sleptons get heavier
and the decay via slepton-lepton modes is kinematically forbidden. Hence the next to lightest
neutralino decays into two leptons and the LSP via a three body decay, either via a virtual slep-
ton or a gauge boson into a lepton pair and neutralino. Increasing further the slepton masses
(increasing mg) the contribution of diagrams including virtual sleptons decreases and so does
the branching fraction of the neutralino into leptons until it approaches a constant value corre-
sponding to the Z boson branching fraction to two leptons. In addition some interference effects
come into the game. The latter can be seen in Fig. 9.6 for the branching fraction of the next to
lightest neutralino into two muons and the LSP. Shown is also the branching fraction of the
lightest chargino.

Starting with mg masses of around 600 GeV the observed limit in Fig. 9.4 is A &~ 20 off with respect
to the expected limit. The dominant channel which defines the observed limit in this region is (3L,
N(7=0), off-Z, E%iss > 50GeV, Hr < 200 GeV) with 42 observed events and 31.57+ 11.98 expected.
Despite the fact that the deviation in this particular channel is less than A < 1o, the correlation
between the latter and the SM background dominated control channels (3L, N(7=0), on-Z/off-Z, E%‘iss
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Figure 9.6: Top: Branching fraction of the next to lightest neutralino (Y9) into two muons via an intermediate

smuon (i) for low my masses (blue line) and via a three body decay for higher mg masses (red
line). In addition the branching fraction into 77 with the subsequent decay 7 — uv,v; is added
(green lines). In the box the region mg = [0,300] GeV is highlighted. The small gap at mo =
[106,116] GeV between the decay modes (blue and red line) corresponds to the case where all
slepton masses are higher with respect to the next to lightest neutralino except the lightest stau
7, hence the decay Y3 — 77 is the exclusive branching. The decrease of the branching fraction
X2 — xXéptp around mg = 250 GeV is due to interference effects of diagrams involving virtual
sleptons and gauge bosons. Bottom: Branching fraction of the lightest chargino ()a:) into a muon
(including also 7 — pwv). For the given value my,5 = 200 GeV the smuon (f) is for all values
of mg heavier than the lightest chargino. Hence only Xli — Uy p* is kinematically allowed (blue
line). In the region mg ~ [60,115] GeV all sleptons are heavier except the lightest stau and the
lightest chargino decays exclusively into )ﬁ — Tv; (green line). For even higher m( masses the
three body decay via virtual sleptons or gauge bosons is dominant (red line) approaching a constant
value of ~ 11% corresponding to the branching fraction of a W boson into a muon and neutrino.
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Figure 9.7: Excluded regions for the cMSSM scenario with tan3 = 40. Values of mg, m; /o below the black
curve (observed limit) are excluded at 95% confidence level by this analysis. The expected limit is
indicated by the red line and the 1o (20) by the blue (light blue) band. Excluded regions of former
experiments are shown as well. The template cMSSM plane including various excluded regions
described in the text can be found in [169].

< 50GeV, Hr < 200GeV) fixes the nuisance parameters of the statistical model to lower values.
Thus the seen deviation of the observed and expected limit is induced by this correlation.

9.2.2 cMSSM (tanp = 40)

In case of the exclusion limit for tanf = 40 shown in Fig.9.7 a similar line of discussion can be
followed as for tanf = 10 in Section 9.2.1. The main difference between both models occurs due
to the higher value of tan and so the mass difference between selectron/smuon and the lightest stau
is increased, as presented in Fig.9.8. This results in enhanced tau final states. The effect on the
observed limit in Fig. 9.7 is an increased excluded region for low mg masses (mg around 350 GeV).
Analogous to the case of tan/3 = 10 with increasing values of m the branching fraction of the next
to lightest neutralino, which changes at a given mass from two body decays via intermediate sleptons
to three body decays, into two leptons and the LSP decreases until it approaches a constant value
corresponding to the branching fraction of the Z boson to leptons. The second drop of the observed
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exclusion limit at mg =~ 700 GeV is due to a change of the dominant signal channel of Table 9.1
similar to the case of tan/3 = 10 described in more detail above. The selection efficiency of the four
dominant channels is shown in Fig. 9.5, where the most sensitive regions for the different channels
can be seen. In summary: over a wide range of mg masses m1 /o masses below 220 GeV are excluded,
except for low mg, where also masses my o < 300 GeV are excluded.

As for tanfg = 10 a A > 20 deviation of the observed limit with respect to the expected limit
can be seen in Fig.9.2.2 starting at mg masses of around 700 GeV. This deviation can be explained
by the interplay of the correlation in the nuisance parameters for the dominant signal channel (3L,
N(7=0), off-Z, E%liss > 50GeV, Hr < 200GeV) and SM background dominanted control channels
(3L, N(7=0), on-Z/off-Z, E%i“ < 50GeV, Hr < 200 GeV).

In Appendix G the selection efficiencies of all channels for tan = 40 are presented.
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Figure 9.8: Mass difference AM between left (right)-handed sleptons (i, €) and the lightest stau (7) as a
function of tan 3 for mo = 350 GeV, my /o = 300 GeV, Ag = —500 and sign(u) = +1.
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Figure 9.9: Signal (tanf8 = 40, Ay = 0, sign(pn) = +1) selection efficiency for the channels including 3
leptons (N(7)=0), on-Z (left column), off-Z (right column), E%‘iss > 50GeV, Hr > 200GeV (top
row) and Hp < 200 GeV (bottom row).
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9.2.3 Simplified Model Spectra (SMS)

Historically the results of searches for SUSY signals were interpreted in terms of specific models,
e.g. the constrained minimal supersymmetric standard model (cMSSM) or the generalized gauge
mediation models (GGM) [170]. A new kind of models was proposed for interpretation, which allow
a more direct translation for theorists to apply the results to their models without a detailed knowledge
of the detector. The so called Simplified Model Spectra (SMS) [168] are based on a small set of
hypothetical particles. Within this approach several topology driven models have been defined, where
the LSP is the lightest neutralino and stable (R-parity is conserved). Each model consists of a set
of particles produced in the hard interaction and the decay chain. For this study three SMS models
sensitive to multileptonic signatures are investigated: TChiSlepSlep, TChiWZ and TChiZZ.

TChiSlepSlep

The diagram describing the TChiSlepSlep SMS model is presented in Fig. 9.10. The model is
driven by direct chargino-neutralino pair production decaying to slepton-lepton pairs with the sub-
sequent decay of the slepton into the LSP and another lepton. In total three leptons, one neutrino
and two LSP’s are produced. The slepton masses are degenerated and hence the branching fractions
of the neutralino/chargino into different slepton flavors is uniformly distributed. Also the chargino
and neutralino masses are degenerated, which results in three model parameters: the mass of the
neutralino/chargino, the LSP mass and the slepton mass. The latter is fixed by the requirement
mj = (mg —mpsp)/2 reducing the degree of freedom to two parameters.

Figure 9.10: Schematic diagram for the SMS model TChiSlepSlep.

In total the TChiSlepSlep gives a strong three lepton yield without any contributions from Z and
minor jet activity. Due to the undetected escaping LSP a high E:,“Jiss is expected. The dominant signal
contribution in a wide range of the parameter space is suited in the channel (3L, N(7 = 0), off-Z,
Hrp < 200GeV and ER > 50GeV). Fig.9.11 demonstrates the acceptance x efficiency for the
signal, and the 95% C.L. upper limit on the production cross section. All 48 examined channels are
incorporated, despite the fact, that only a few channels give significant signal sensitivity. For high
mass splittings, right bottom corner of Fig.9.11, the acceptance x efficiency is mostly defined by
the 7 acceptance efficiency. Smaller mass splittings, close to the diagonal border, result in softer
lepton spectra, where also the acceptance of electrons and muons decreases and so does the integrated
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Figure 9.11: Acceptance X efficiency for the signal (left), and 95 C.L. upper limit on the production cross
section (right) of the SMS model TChiSlepSlep.

acceptance.

The 95% C.L. upper limit on the production cross section is mostly driven by the observation and SM
background prediction in the channel (3L, N(7 = 0), off-Z, Hr < 200 GeV and E%‘iss > 50GeV).
Following the acceptance X efficiency distribution the upper limit gets higher for smaller mass split-
tings. Adjacent to the border one can observe a narrow band with a worse upper limit lying in the light
green region. The sensitivity decreases because of the kinematic properties of the decay chain. Since
the neutralino decays via a two body decay into a lepton-slepton pair and the slepton subsequently
decays into the LSP and another lepton, the invariant mass distribution of the two leptons exhibits a
particular edge with a kinematic end point corresponding to

Mg = fnZ, =) = ) ©1)

3 I
Increasing the mass splitting of the neutralino and the LSP the kinematic end point crosses at some
point the Z-veto window defined in the event selection. Those model points, where the kinematic
endpoint lies in or close to the Z window contribute to the corresponding on-Z channel (3L, N(7 = 0),
on-Z, Hp < 200 GeV and E?iss > 50 GeV). Since here the SM background is higher compared to the
off-Z channel, the upper limit on the production cross section in worsened to higher values®.

TChiwZ

The second SMS model TChiWZ is also driven by chargino-neutralino production with the excep-
tion that all slepton masses are set to higher values and so the charginos/neutralinos decay via a two

4See Table 9.1: 3L, N(7 = 0), off-Z, Hr < 200 GeV and E;"«iss > 50GeV” - 420bs. vs 32exp ; 3L, N(7 = 0), on-Z,
Hr < 200GeV and EZ > 50 GeV” - 1620bs. vs 162exp.
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body decay into a LSP and gauge bosons. Thus this model depends on two parameters: the neu-
tralino/chargino mass and the LSP.

Figure 9.12: Schematic diagram for the SMS model TChiWZ.

Similar to the TChiSlepSlep model the TChiWZ gives a strong three lepton yield with minor jet
activity. Here also the hadronic decay modes of the gauge bosons are included and hence the branching
of both W and Z into leptons is around 3%.

Since the neutralino decays into a Z boson the dominant channel is (3L, N(= = 0), on-Z, E?iss
> 50GeV and Hy < 200 GeV). In comparison with the TChiSlepSlep model, where the upper limit
on the production cross section is typically in the order of o1, 958,c... & 30 — 100 fb, the upper limit
for TChiWZ is two orders of magnitude worse, namely in the order of oy, 95¢.c.1. = 2.5 — 3 pb. The
reason for this is the lower branching fraction to three leptons and the higher background expectation
in the dominant channel.
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Figure 9.13: Acceptance x efficiency for the signal (left), and 95 C.L. upper limit on the production cross
section (right) of the SMS model TChiWZ.
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SMS: TChizZ

The last SMS model to be discussed in this study is the TChiZZ. This model is driven by the direct
neutralino-neutralino production for which the diagram is shown in Fig. 9.14. The model is parameter-
ized by two independent parameters: the LSP mass and the neutralino mass. Each neutralino decays

into a Z boson and a LSP.
j‘ﬂ’-’
P, \[;' - -0

Py \3 ---- X1
‘\2\

Figure 9.14: Schematic diagram for the SMS model TChiZZ.

In order to increase the simulated MC signal sample for multileptonic signatures one Z boson is forced
to decay leptonically. Thus the TChiZZ is prone to produce 4L events with low Hrp activity and high
E:‘ﬁi“. The acceptance X efficiency for the signal and the 95% C.L. upper limit on the production cross
section are presented in Fig. 9.15. The most sensitive channel is (4L, N(7 = 0), on-Z, E?i“ > 50GeV
and Hp < 200GeV). For small mass splittings (AM =~ 100 GeV) close to the border the E?iss
distribution is shifted to lower values and the signal channel changes to E%liss < 50 GeV with higher
SM background contributions. The upper limit on the production cross section is typically in the order
of 0.5-1 pb. In comparison with the TChiWZ model discussed above, the upper limit is a factor ~3
better, despite the worser selection efficiency. This is due to smaller background expectations in the
4L channels, which are the dominant signal channels for this model.
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Figure 9.15: Acceptance X efficiency for the signal (left), and 95 C.L. upper limit on the production cross
section (right) of the SMS model TChiZZ.
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Conclusion

Since the start of the LHC in 2009 an integrated luminosity Ly, = 4.7 fb~! of proton-proton collisions
at a center-of-mass energy /s = 7 TeV has been recorded so far which allows to extend searches for
physics beyond the SM far beyond regions in previous experiments. The multileptonic signatures
including at least three leptons, either electrons, muons or taus, are often called Golden Channels due
to the rare SM processes with multiple prompt leptons.

There are two types of SM processes for multileptonic searches: (i) The dominant irreducible back-
ground with three or more prompt leptons is formed by the double boson (W Z, ZZ incl.yx) produc-
tion with the subsequent decay to leptons. For each of these processes well defined control regions
were investigated and good agreement between observations and expectations has been observed. A
propagation of the background normalization determined in the control regions to Hr and/or E?iss
signal regions yields large uncertainties up to 100%.

(ii) The dominant processes including fake leptons are Drell-Yan and ¢¢ with the subsequent decay
to leptons plus an additional fake lepton, which can be either a fake electron, muon or tau. Fake
leptons are predominantly produced in heavy flavor decays within jets. These can be suppressed by
requiring leptons to be isolated from jet activity and associated to the primary vertex. A data driven
method to predict the fake background was defined using the isolation side-band to predict the fake
contributions in the signal region. An overall good agreement between data and the fake background
predictions has been observed. An additional fake lepton background comes from initial/final state
radiated photons converting into two leptons. Two kinds of photon conversions have been observed:
(1) external conversion, where the photon interacts with the detector material and converts into an
electron-positron pair and (2) internal conversion, where the conversion happens at the matrix element
level in which case the decay into a muon pair has a similar branching as into electrons. A large
fraction of the photon conversions into leptons, either external or internal, is asymmetric in pr, SO one
lepton may fail the p7 cut and the 4L event is reconstructed as a 3L event. Those backgrounds can be
suppresses by a requirement on the three body mass to be outside the Z mass window. A conservative
systematic uncertainty on the remaining tails of 50% (100% internal conversion) has been assigned.
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In total 48 exclusive channels have been examined. The events get classified by their jet activity Hr
2 200 GeV and missing transverse energy E%’iss 2 50 GeV. This classification accounts for different
SUSY production modes like strong production via squarks and gluino or direct electroweak produc-
tion of neutralinos and charginos. Furthermore the events get ordered by the number of hadronic tau
candidates N (73) = 0, 1, 2, because with more hadronic tau decays the SM background rapidly rises.
In addition tau final states can be enhanced in many SUSY models, especially for higher values of
tan where the stau becomes lighter. Finally, the classification in multilepton events with and without
a Z boson allows additional control of the dominant backgrounds.

The results presented in this thesis were also significant contributions to the official results published
by the CMS collaboration [171]. In preparation for this publication a series of internal CMS notes
have been published [172—181].

A good agreement between observations and expectations in channels dominated by SM processes has
been seen. Some channels exhibit some tension: (I) two four lepton events in channels with particular
low SM expectations, (I) 1.68¢ deviation in one N (7) = 1 channel and (III) a smaller deviation of
1.270 in a three lepton channel (N (7) = 0).

However given the probability for a statistical 20 fluctuation in the measured cross sections in as
many as 48 exclusive channels, the observation of the measured deviations above is expected. In spite
of large systematic uncertainties more data and improved methods have to be incorporated in future
studies to finally explain the observed deviations.

The overall observation is in agreement with the SM expectations within errors. Given the fact that
there is no evidence for Physics Beyond the SM an upper limit on the 0 p.oq. X BR(> 3l) X €4¢ X €51
can be set, where o p,,q. is the production cross section, BR(> 3[) the branching fraction into three
or more leptons, €, the detector acceptance and e, the selection efficiency for a particular SUSY
model. This upper limit can be translated into an excluded region in the MSSM parameter space. Sev-
eral different SUSY models have been investigated: (a) the gravity mediated SUSY breaking model
cMSSM as a reference for previous results (tanf = 10, 40) and (b) three types of Simplified Model
Spectra (SMS) including direct neutralino-chargino and neutralino-neutralino production sensitive to
multileptonic signatures. In case of the cMSSM the excluded regions of previous experiments have
been extended already with the first Lj; = 35 pb*1 [182] and improvements including advanced
background methods and control regions with the full data set of Lj,, = 4.7 fb~! allow to exclude
myp < 200GeV over a wide range of my values. This corresponds to excluded gluino masses of
mg < 500 GeV.
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APPENDIX A

DATA and MC Samples

Table A.1: List of MC samples used in this study. The cross section and number of simulated events are
given. Measured cross sections are used if available otherwise NLO calculations done with MCFM
or Prospino in case of SUSY benchmark models are used. The ZZ+Jets including also ~* and
DY-+Jets with additional internal conversions are simulated privately, due to insufficient official
samples available so far.

MC sample cross section [pb] Sim Nevents
Summerll Madgraph

WletsToLNu_TuneZ2_7TeV-madgraph-tauola 31314 pb 45-107
DYlJetsToLL_TuneZ2_M-10-50_7TeV-madgraph-tauola 11842 pb 1.8-107
DYlJetsToLL_TuneZ2_M-50_7TeV-madgraph-tauola 3050 pb 3.5-107
TTJets_TuneZ2_7TeV-madgraph-tauola 168 pb 3-10°
WZJetsTo3LNu_TuneZ2_7TeV-madgraph-tauola 0.64 pb 1.2-10°
Z7JetsTo4l_TuneZ2_7TeV-madgraph-tauola 0.064 pb 3-10°
ZGToEEG_TuneZ2_7TeV-madgraph 42.7pb 3-10°
ZGToMuMuG_TuneZ2_7TeV-madgraph 41.9pb 3-10°
ZGToTauTauG_TuneZ2_7TeV-madgraph-tauola 38,4 pb 3-10°
WWletsTo2L.2Nu_TuneZ2_7TeV-madgraph-tauola 29pb 1.2-10°
WWPhoton_TuneZ2_7TeV-madgraph 0.18 pb 5.5-10%
TTW_TuneZ2_7TeV-madgraph 0.16 pb 9.10°
TTZ_TuneZ2_7TeV-madgraph 0.14 pb 2.5-10°
Private Madgraph Ntuples

Z7 +0,1,2 Jets (including v*) 0.2pb 2.10°
Signal benchmark models (mo, my 2, tanf3, Ao, sign(p))

LMG6 (85, 400, 10, 0, +1) 0.28 pb (0.5 pb NLO) 4-10°
LMY (1450, 175, 50, 0, +1) 4.1pb (7.1 pb NLO) 4-10°
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Table A.2: List of data samples and the corresponding integrated luminosity used in this study. Data samples
used within the trigger study are listed as well.

Data sample Integrated luminosity
Data streams Run2011A
/SingleMu/Run2011A-May10ReReco-v1/AOD 200 pb~*
/SingleMu/Run2011A-05Aug2011-v1/AOD 357pb !
/SingleMu/Run2011A-PromptReco-v4/AOD 886 pb~*
/SingleMu/Run2011A-PromptReco-v6/AOD 642pb~!
/SingleElectron/Run2011A-May10ReReco-v1/AOD 204pb~!
/SingleElectron/Run2011A-05Aug2011-v1/AOD 357pb~!
/SingleElectron/Run2011A-PromptReco-v4/AOD 886 pb~!
/SingleElectron/Run2011A-PromptReco-v6/AOD 642pb~*
/DoubleMu/Run2011A-May10ReReco-v1/AOD 204 pb~*
/DoubleMu/Run2011A-05Aug2011-v1/AOD 357pbt
/DoubleMu/Run2011A-PromptReco-v4/AOD 886 pb~*
/DoubleMu/Run2011A-PromptReco-v6/AOD 642pb~*
/DoubleElectron/Run2011A-May10ReReco-v1/AOD 204 pb~!
/DoubleElectron/Run2011A-05Aug2011-v1/AOD 357pb 1
/DoubleElectron/Run2011A-PromptReco-v4/AOD 886 pb 1
/DoubleElectron/Run2011A-PromptReco-v6/AOD 642 pb~1
/MuEG/Run2011A-May10ReReco-v1/AOD 204pb~!
/MuEG/Run2011A-05Aug2011-v1/AOD 357pb !
/MuEG/Run2011A-PromptReco-v4/AOD 886 pb~*
/MuEG/Run2011A-PromptReco-v6/AOD 642pb~*
Data streams Run2011B

/SingleMu/Run2011B-PromptReco-v1/AOD 2579 pb~1
/SingleElectron/Run2011B-PromptReco-v1/AOD 2579 pb~!
/DoubleMu/Run2011B-PromptReco-v1/AOD 2579 pb~1
/DoubleElectron/Run2011B-PromptReco-v1/AOD 2579 pb~!
/MuEG/Run2011B-PromptReco-v1/AOD 2579 pb !
Data streams used for trigger study
/HT/Run2011A-May10ReReco-v1/AOD 204pb~!
/HT/Run2011A-05Aug2011-v1/AOD 357pb~!
/HT/Run2011A-PromptReco-v4/AOD 886 pb 1
/HT/Run2011A-PromptReco-v6/AOD 642pb~!

/HT/Run2011B-PromptReco-v1/AOD 2579pb !
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APPENDIX B

Private Madgraph Production

In this section the production of the private Madgraph sample will be discussed and a validation with
official centrally produced samples are shown if possible. Two samples were produced privately to
compensate too hard generator cuts in MC samples available so far.

B.1 ZZ+0,1,2 Jets including v+ and Internal Photon Conversions

The process to re-generate is the double boson production ZZ+Jets including also v events and by
doing so also internal photon conversions are included as well. The official Madgraph sample was
produced with an internal generator cut on the invariant mass of all opposite sign same flavor lepton
pairs my > 50GeV /c?, which suppresses * processes, internal photon conversion and off-shell Zs
as well. Since the event selection is based on the splitting into on-Z and off-Z (see Section 7.5) and a
fully data driven prediction of those processes is not possible due to lack of recoreded events so far, it is
crucial to have a simulation covering the full phase space. For this purpose MadEvent/Madgraph5 [93]
is used with following proc_card_mg5.dat:

#************************************************************
#x MadGraph 5 *
#x *
#x * * *
#x * *  * * *
#x * *x *x * 5 * x x * *
#x * *  x * *
#x * * *
#x *
#x *
#x VERSION 1.1.0. 2011-01-21 *
#x *
#x The MadGraph Development Team - Please visit us at *
#x https://server06.fynu.ucl.ac.be/projects/madgraph *
#x *

*

#***********************************************************
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158 APPENDIX B. PRIVATE MADGRAPH PRODUCTION

#x *
#x Command File for MadGraph 5 *
#x *
#% run as ./bin/mg5 filename *
#x *
#x automaticaly generated the Tue Feb 8 11:44:43 2011 «x
#x *

#************************************************************

import model sm

# Define multiparticle labels

define puc db s u~ ¢~ d~ b~ s~ g
define j = p

define 1- = e- mu- ta-

define 1+ = e+ mu+ ta+

# Specify process(es) to run

generate p p > 1+ 1- 1+ 1- /t h

add process p p > 1+ 1- 1+ 1- j /t h
add process p p > 1+ 1- 1+ 1- 7 j /t h
# Output processes to MadEvent directory
output -f

The proper generation of internal conversion depends strongly on the generator cuts defined for the
production. Dilepton processes with internal photon conversion contribute to the 3L channels, if the
photon converts asymmetric, since one lepton is softer and fails the selection criteria. In order to not
suppress such processes the transverse momentum pp threshold of the fourth lepton (two from Z/~x
and two from photon conversion) has been set as low as possible. Since the option to set different
thresholds on individual leptons is not implemented in MadgraphS so far, the overall threshold has to
be set as low as possible, namely 0.

#*********************************************************************

# MadGraph/MadEvent *
# http://madgraph.hep.uiuc.edu *
# *
# run_card.dat *
# *
# This file is used to set the parameters of the run. *
# *
# Some notation/conventions: *
# *
# Lines starting with a '# ’ are info or comments *
# *
# mind the format: value = variable ! comment *
#*********************************************************************
#

#*******************

# Running parameters

#*******************

#
#*********************************************************************
# Tag name for the run (one word) *
#*********************************************************************

' fermi’ = run_tag ! name of the run

#*********************************************************************

# Run to generate the grid pack *
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#*********************************************************************

.true. = gridpack !True = setting up the grid pack
#*********************************************************************
# Number of events and rnd seed *
# Warning: Do not generate more than 100K event in a single run *
#*********************************************************************

1000 = nevents ! Number of unweighted events requested
0 = iseed ! rnd seed (0O=assigned automatically=default))
#*********************************************************************
# Collider type and energy *
#*********************************************************************
1 = lppl ! beam 1 type (0=NO PDF)
1 = lpp2 ! beam 2 type (0=NO PDF)
3500 = ebeaml ! beam 1 energy in GeV
3500 = ebeam2 ! beam 2 energy in GeV
#*********************************************************************
# Beam polarization from -100 (left-handed) to 100 (right-handed) *
#*********************************************************************
0 = polbeaml ! beam polarization for beam 1
0 = polbeam?2 ! beam polarization for beam 2
#*********************************************************************
# PDF CHOICE: this automatically fixes also alpha_s and its evol. *
#*********************************************************************
"ctegbll’ = pdlabel ! PDF set
#*********************************************************************
# Renormalization and factorization scales *
#*********************************************************************
F = fixed_ren_scale ! if .true. use fixed ren scale
F = fixed_fac_scale ! if .true. use fixed fac scale
91.1880 = scale ! fixed ren scale
91.1880 = dsqgrt_g2factl ! fixed fact scale for pdfl
91.1880 = dsqgrt_g2fact2 ! fixed fact scale for pdf2
1 = scalefact ! scale factor for event-by-event scales

#*********************************************************************
# Matching - Warning! ickkw > 1 is still beta

#*********************************************************************

1 = ickkw ! 0 no matching, 1 MLM, 2 CKKW matching
1 = highestmult ! for ickkw=2, highest mult group

1 = ktscheme ! for ickkw=1, 1 Durham kT, 2 Pythia pTE
1 = alpsfact ! scale factor for QCD emission vx

F = chcluster ! cluster only according to channel diag
T = pdfwgt ! for ickkw=1l, perform pdf reweighting

#*********************************************************************
# Automatic ptj and mjj cuts if xgcut > 0
# (turn off for VBF and single top processes)
#**********************************************************
T = auto_ptj_mjj ! Automatic setting of ptj and mijj
#**********************************************************
#
#**********************************
# BW cutoff (M+/-bwcutoffrGamma)
#**********************************
100 = bwcutoff ! (M+/-bwcutoff+Gamma)
#**********************************************************
# Apply pt/E/eta/dr/mij cuts on decay products or not
# (note that etmiss/ptll/ptheavy/ht/sorted cuts always apply)

#**********************************************************
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83 T = cut_decays ! Cut decay products

84 #*************************************************************
85 # Number of helicities to sum per event (0 = all helicities)

86 # 0 gives more stable result, but longer run time (needed for
87 # long decay chains e.g.).

88 # Use >=2 if most helicities contribute, e.g. pure QCD.

89 #*************************************************************
90 0 = nhel ! Number of helicities used per event

91 #*******************

92 # Standard Cuts

93 #*******************

a ¥

95 #***‘k***********************************‘k*****************************
96 # Minimum and maximum pt’s *
97 #**********~k***********~k***********~k**********************************
98 10 = ptj ! minimum pt for the jets

99 10 = ptb ! minimum pt for the b

100 10 = pta ! minimum pt for the photons

101 0 = ptl ! minimum pt for the charged leptons

102 0 = misset ! minimum missing Et (sum of neutrino’s momenta)

103 0 = ptheavy ! minimum pt for one heavy final state

104 1.0 = ptonium ! minimum pt for the quarkonium states

105 1d5 = ptjmax ! maximum pt for the jets

106 1d5 = ptbmax ! maximum pt for the b

107 1d5 = ptamax ! maximum pt for the photons

108 1d5 = ptlmax ! maximum pt for the charged leptons

109 1d5 = missetmax ! maximum missing Et (sum of neutrino’s momenta)

110 #*********************************************************************
1 # Minimum and maximum E’s (in the lab frame) *
112 #*********************************************************************
113 0 = ej ! minimum E for the jets

114 0 = eb ! minimum E for the b

115 0 = ea ! minimum E for the photons

116 0 = el ! minimum E for the charged leptons

117 1d5 = ejmax ! maximum E for the Jjets

118 1d5 = ebmax ! maximum E for the b

119 1d5 = eamax ! maximum E for the photons

120 1d5 = elmax ! maximum E for the charged leptons

121 #*********************************************************************
122 # Maximum and minimum rapidity *
123 #*********************************************************************
124 5 = etaj ! max rap for the Jjets

125 1d2 = etab ! max rap for the b

126 5 = etaa ! max rap for the photons

127 5 = etal ! max rap for the charged leptons

128 0.6 = etaonium ! max rap for the quarkonium states

129 0d0 = etajmin ! min rap for the jets

130 0d0 = etabmin ! min rap for the b

131 0d0 = etaamin ! min rap for the photons

132 0d0 = etalmin ! main rap for the charged leptons

133 #***‘k***********‘k*‘k*********‘k*‘k******‘k********************************
134 # Minimum and maximum DeltaR distance *
135 #*********************************************************************
136 0.1 = drjj ! min distance between jets

137 0 = drbb ! min distance between b’s

138 0.1 = drll ! min distance between leptons

139 0.1 = draa ! min distance between gammas
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0 = drbj ! min distance between b and jet

0.1 = draj ! min distance between gamma and jet

0.1 = drjl ! min distance between jet and lepton

0 = drab ! min distance between gamma and b

0 = drbl ! min distance between b and lepton

0.1 = dral ! min distance between gamma and lepton

1d2 = drjjmax ! max distance between jets

1d2 = drbbmax ! max distance between b’s

1d2 = drllmax ! max distance between leptons

1d2 = draamax ! max distance between gammas

1d2 = drbjmax ! max distance between b and jet

1d2 = drajmax ! max distance between gamma and jet

1d2 = drjlmax ! max distance between jet and lepton

1d2 = drabmax ! max distance between gamma and b

1d2 = drblmax ! max distance between b and lepton

1d2 = dralmax ! maxdistance between gamma and lepton
#*********************************************************************
# Minimum and maximum invariant mass for pairs *
#*********************************************************************
0 = mmjj ! min invariant mass of a jet pair

0 = mmbb ! min invariant mass of a b pair

0 = mmaa ! min invariant mass of gamma gamma pair

5 = mmll ! min invariant mass of 1+1- (same flavour) lepton pair
1d5 = mmjjmax ! max invariant mass of a jet pair

1d5 = mmbbmax ! max invariant mass of a b pair

1d5 = mmaamax ! max invariant mass of gamma gamma pair

1d5 = mmllmax ! max invariant mass of 1l+1- (same flavour) lepton pair

#*********************************************************************
# Minimum and maximum invariant mass for all letpons *
#*********************************************************************
0 = mmnl ! min invariant mass for all letpons (l+- and vl)
1d5 = mmnlmax ! max invariant mass for all letpons (l+- and vl)

#*********************************************************************

# Minimum and maximum pt for 4-momenta sum of leptons *
#*********************************************************************

0 = ptllmin ! Minimum pt for 4-momenta sum of leptons(l and vl)

1d5 = ptllmax ! Maximum pt for 4-momenta sum of leptons(l and vl)
#*********************************************************************
# Inclusive cuts *
#*********************************************************************

0 = xpt] ! minimum pt for at least one jet

0 = xptb ! minimum pt for at least one b

0 = xpta ! minimum pt for at least one photon

0 = xptl ! minimum pt for at least one charged lepton
#*********************************************************************
# Control the pt’s of the Jjets sorted by pt *
#*********************************************************************

0 = ptjlmin ! minimum pt for the leading jet in pt

0 = ptji2min ! minimum pt for the second jet in pt

0 = ptj3min ! minimum pt for the third jet in pt

0 = ptjd4min ! minimum pt for the fourth jet in pt

1d5 = ptjlmax ! maximum pt for the leading jet in pt

1d5 = ptj2max ! maximum pt for the second jet in pt

1d5 = ptj3max ! maximum pt for the third jet in pt

1d5 = ptjdmax ! maximum pt for the fourth jet in pt

0 = cutuse ! reject event if fails any (0) / all (1) Jjet pt cuts

#*********************************************************************
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# Control the Ht (k)=Sum of k leading jets *
#*********************************************************************

0 = htjmin ! minimum jet HT=Sum(jet pt)

1d5 = htjmax ! maximum jet HT=Sum(jet pt)

0 = ihtmin !inclusive Ht for all partons (including b)

1d5 = ihtmax !inclusive Ht for all partons (including b)

0 = ht2min ! minimum Ht for the two leading jets

0 = ht3min ! minimum Ht for the three leading jets

0 = htd4min ! minimum Ht for the four leading Jjets

1d5 = ht2max ! maximum Ht for the two leading Jjets

1d5 = ht3max ! maximum Ht for the three leading jets

1d5 = htdmax ! maximum Ht for the four leading jets
#******‘k**************************************************************
# WBF cuts *

#*****k************k************k*****************************‘k**********

0 = xetamin ! minimum rapidity for two jets in the WBF case

0 = deltaeta ! minimum rapidity for two Jjets in the WBF case
#**********************~k**********************************************
# maximal pdg code for quark to be considered as a light jet *
# (otherwise b cuts are applied) *

#**********************~k***********~k***********‘k***********‘k**********
5 = maxjetflavor ! Maximum jet pdg code

#*********************************************************************

# Jet measure cuts *

#*********************************************************************
0 = xqgcut ! minimum kt Jjet measure between partons

#*********************************************************************

An invariant mass cut of my; is sensitive to the internal conversion predictions as shown in Fig. B.1.
For these events the invariant mass of all leptons with p > 3 GeV was required to be inside the
Z-mass window as expected for FSR plus internal conversion. One observes a strong increase in the
number of events if the cut is lowered from the default of 12 GeV/c? to 5 GeV/c?. This implies, that a

substantial part of the background is still suppressed and has to be corrected for.
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Figure B.1: Invariant mass pair my; of the two lepton from internal photon conversion on generator level in the
privatly produced ZZ MC including DY events with FSR followed by internal photon conversion



appenDix C

Trigger Efficiency

The trigger efficieny of all used trigger paths in the various runs are presented for Single-Muon trig-
gers in Fig. C.1, Single-Electron triggers in Fig. C.2, Doube-Electron trigger in Fig.C.3, Double-
Muon trigger in Fig. C.4 and Electron-Muon cross trigger in Fig. C.5 measured in a Hr triggered data
sample. In Table C.1 the measured trigger efficiencies are summarized.
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Table C.1: Summary of the trigger efficiencies measured in Hr triggered data samples. The errors correspond
to the statistical errors of the data sample. Throughout the different runs recorded in 2011 the trigger
thresholds and trigger object requirements changed and hence various trigger paths have been used.

Trigger path Trigger efficiency
Muon triggers

HLT_IsoMu30_eta2pl 0.768 £ 0.02
HLT_IsoMu30 0.788 +£0.02
HLT_IsoMu24 0.791 +0.02
HLT _IsoMul?7 0.798 +£0.03
HLT_Mu40_eta2pl 0.906 + 0.02
HLT_Mu40 0.897 £ 0.02
HLT_Mu24 0.898 +0.04
HLT_Mu20 0.879 £+ 0.09
HLT_Mul7_Mu8 0.907 £ 0.04
HLT_Mul3_Mu8 0.907 £ 0.04
Electron triggers

HLT_Ele80_CaloldVT_TrkIdT 0.917 £ 0.06
HLT_Ele65_CaloldVT_TrkIdT 0.904 £ 0.02
HLT_Ele52_CaloldVT_TrkIdT 0.896 £+ 0.02
HLT_Ele45_CaloldVT_TrkIdT 0.879 £0.03
HLT_Ele17_CaloldL_CalolsoVL... 0.993 +£0.02
..._Ele8 CaloldL_CalolsoVL
HLT_Ele17_CaloldT_CalolsoVL_TrkIdVL_TrkIsoVL... 0.970 £0.02
..._Ele8 CaloldT_CalolsoVL_TrkIdVL_TrkIsoVL

HLT _Elel7_CaloldT_TrkIdVL_CalolsoVL_TrklIsoVL... 0.991 £0.02
..._Ele8_CaloldT_TrkIdVL_CalolsoVL_TrkIsoVL
Electron-Muon-Crosstriggers

HLT_Mu8_Elel17_CaloldT_CalolsoVL 0.940 £ 0.05
HLT_Mu8_Elel17_CaloldL 0.934 £ 0.09
HLT Mul7_Ele8 CaloldT_CalolsoVL 0.918 £+ 0.06
HLT Mul7_Ele8_ CaloldL 0.917 +0.08
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Figure C.1: Single-Muon trigger efficiency as a function of the muon pseudo rapidity 1. The muon is required
to pass all selection criteria given in Section 7.3.1 with increased transverse momentum threshold.
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Figure C.3: Double-Electron trigger efficiency as a function of 7 of the leading (left) and second leading (right)
electron. The electrons are required to pass all selection criteria given in Section 7.3.1 with in-
creased transverse momentum threshold.
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Figure C.4: Double-Muon trigger efficiency as a function of 7 of the leading (left) and second leading (right)
muon. The muons are required to pass all selection criteria given in Section 7.3.1 with increased
transverse momentum threshold.
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Figure C.5: Electron-Muon cross trigger efficiency as a function of 7 of the electron (left) or muon (right). The
leptons are required to pass all selection criteria given in Section 7.3.1 with increased transverse
momentum thresholds.
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APPENDIX D

Vertex Reweighting

In Section 7.2 the pile up reweighting technique used in this study was discussed. Let’s consider the
impact of the vertex reweighting on the final result table. Since the final table is inclusive in Ejnliss ,1.e.
E:‘Piss >50GeV and E?i“ <50GeV is considered both, the total number of predicted events should
not depend on the number of vertices in simulation, because the difference in vertex multiplicity only
affects the shape of the E?iss distribution. The same counts for the prediction in subchannels which
are splitin B e.g. on-Z, Hy >200 GeV, ER'* <50 GeV and ER* >50 GeV. In order to guarantee
that the total number of events in each channel is conserved, for each MC sample and subchannel a
weighting factor has to be calculated. In Fig. D.1 the EX** disribution of events selected with two
tight leptons OS-SF forming an invariant mass consistent with the Z mass and a third loose lepton
(e, u, 7, ) with and without pile up reweighting is shown. Clearly, the reweigting is important for an
improved description of EIHJiSS .

Since the MC statistics in some subchannels is too small (<10 events) to allow for a meaningful
calculation of weighting factor, the MC prediction in such channels is instead assigned with an extra
75% uncertainty corresponding to the maximum deviation in the E?iss distributions.
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Figure D.1: EX* distribution for events with two tight leptons OS-SF forming an invariant mass consistent
with the Z mass and a third loose lepton (e (top), i (middle), 73, (bottom)) with (right) and without
(left) pile up reweighting.
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Figure F.1: Signal (tanf = 10, Ay = 0, sign(u) = +1) selection efficiency for the channels including 4
leptons (N(7)=0), on-Z (left column), off-Z (right column), %‘iss > 50GeV, Hr > 200 GeV (top
row), E%iss > 50GeV, Hr < 200 GeV (second row), E{‘F’iss < 50GeV, Hr > 200 GeV (third row)
and Ess < 50 GeV, Hy < 200 GeV (forth row). White spaces correspond to selection efficiencies
below €5, < 0.00005.
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Figure F.2: Signal (tanf = 10, Ag = 0, sign(pn) = +1) selection efficiencies for the channels including
3 leptons (N(7)=0), no-OSSF , EX > 50GeV, Hr > 200GeV (top left), EM* > 50GeV,
Hp < 200GeV (top right), EIFSS < 50GeV, Hr > 200GeV (bottom left) and E?iss < 50GeYV,
Hr < 200GeV (botoom right). White spaces correspond to selection efficiencies below €., <
0.00005.
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Figure F.3: Signal (tanf = 10, Ay = 0, sign(p) = +1) selection efficiencies for the channels including 3
leptons (N(7)=0), on-Z (left column), off-Z (right column), %‘i“ > 50GeV, Hr > 200 GeV (top
row), E{ﬁiss > 50GeV, Hr < 200GeV (second row), E%“'SS < 50GeV, Hy > 200GeV (third
row) and E%iss < 50GeV, Hr < 200GeV (bottom row). White spaces correspond to selection
efficiencies below €,4.; < 0.00005.
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Figure F.4: Signal (tanf = 10, Ag = 0, sign(u) = +1) selection efficiencies for the channels including 4
leptons (N(7)=1), on-Z (left column), off-Z (right column), %‘iss > 50GeV, Hr > 200 GeV (top
row), E%iss > 50GeV, Hr < 200GeV (second row), E%‘iss < 50GeV, Hr > 200GeV (third
row) and E%‘iss < 50GeV, Hr < 200GeV (bottom row). White spaces correspond to selection
efficiencies below €,.; < 0.00005.
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Figure F.5: Signal (tanf = 10, Ag = 0, sign(px) = +1) selection efficiencies for the channels including
3 leptons (N(7)=1), n0-OSSF , EZ > 50GeV, Hy > 200GeV (top left), EM > 50GeV,
Hrp < 200GeV (top right), EM* < 50 GeV, Hy > 200 GeV (bottom left) and ER < 50 GeV,
Hr < 200GeV (botoom right). White spaces correspond to selection efficiencies below €., <
0.00005.
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Figure F.6: Signal (tanf = 10, Ay = 0, sign(u) = +1) selection efficiencies for the channels including 3
leptons (N(7)=1), on-Z (left column), off-Z (right column), %i“ > 50GeV, Hr > 200 GeV (top
row), E%iss > 50GeV, Hr < 200GeV (second row), E?iss < 50GeV, Hr > 200GeV (third
row) and E%‘iss < 50GeV, Hr < 200GeV (bottom row). White spaces correspond to selection
efficiencies below €,4.; < 0.00005.
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Figure F.7: Signal (tanf8 = 10, Ag = 0, sign(p) = +1) selection efficiencies for the channels including 4

leptons (N(7)=2), on-Z (left column), off-Z (right column), %‘i“ > 50GeV, Hr > 200 GeV (top
row), E%iss > 50GeV, Hr < 200GeV (second row), E%‘iss < 50GeV, Hr > 200GeV (third
row) and EZ“PSS < 50GeV, Hr < 200GeV (fourth row). White spaces correspond to selection
efficiencies below €,.; < 0.00005.
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Figure G.1: Signal (tanf = 40, Ay = 0, sign(u) = +1) selection efficiencies for the channels including 4
leptons (N(7)=0), on-Z (left column), off-Z (right column), %iss > 50GeV, Hr > 200 GeV (top
row), EXsS > 50GeV, Hr < 200GeV (second row), ER < 50GeV, Hy > 200 GeV (third
row) and E%iss < 50GeV, Hy < 200GeV (forth row). White spaces correspond to selection
efficiencies below €,4.; < 0.00005.
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Figure G.4: Signal (tanf = 40, Ay = 0, sign(u) = +1) selection efficiencies for the channels including 4
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CMS Experiment at LHC, CERN ms
Data recorded: Tue May 24 07:23:29 2011 CEST
Run/Event: 165570 / 238719385 X
Lumi section: 180 A
Orbit/Crossing: 47043798/ 2421 5\ \
i}
Electron 0,
pt= 3550
ela = -0.622 Electron 1,
phi = 2.843 pt = 84.90
eta = 0.014
phi = 0.207
MET 0,
pt=229.78
eta = 0.000
Electran 2, phi =-0.455
pt=1321.04
eta=-0.129
phi = 2.903

L.

Figure H.1: Event display of the interesting 4 lepton (3 electrons and 1 muon) event with Hy ~ 84 GeV and
ERiss ~ 231 GeV shown in the Rho-Phi coordinate system. The values differ from shown once in
the display, due to energy corrections not applied. The invariant masses of the OS electron pairs
are Meye, =~ 322GeV/c? and me, e, ~ 54 GeV/c?.

CMS Experiment at LHC, CERN
Data recorded: Tue May 24 07:23:29 2011 CEST

Run/Event: 185570/ 238719385 Elect
Lumi section: 180 pt =m£12'u‘
OrbitiCrossing 47043798 | 2421 b 4459
phi = 2.903
Electron 0,
pt= 3550

L.

Figure H.2: Event display of the interesting 4 lepton (3 electrons and 1 muon) event with Hr ~ 84 GeV and
E%iss = 231 GeV shown in the Rho-Z coordinate system. Same event as shown in Fig. H.1. Event
display are made with Fireworks [183].



205

CMS Experiment at LHC, CERN

Data recorded: Mon Aug 22 15:47:42 2011 CEST
Run/Event: 173692 / 3090309404

Lumi section: 2412

Orbit/Crossing: 632110752 / 1051

hpsTancTau 2,
pdg = -15
Jot0, PR 0
el =212.05 '3: = g-gﬂsg
eta =0.856 phi=0.638 _
phi =2.762 MERD.
eta = 0.000
phi = 0.073

Muon 0,
pt = 102.08
hpsTancTau 1, ‘eta=1.027
 pdg = -15 phi =-0.585
pt=2072
ata =-1.840
' phi = -1.400
Muon 1,
pt=87.37
‘eta = 1.631
phi = -1.241

L.

Figure H.3: Event display of the interesting 4 lepton (2 muons and 2 taus) event with Hy ~ 223 GeV and
EMss ~ 81 GeV shown in the Rho-Phi coordinate system. The values differ from shown once in
the display, due to energy corrections not applied. The invariant masses of the OS muon pair is
My, ~ 84GeV/c?.

CMS
= "\I
{ hpsTancTau 2,
i I pda=-15
MET 0, pt=16.04
pt=09092 “eta = 0.803
eta = 0,000 phi = 0,638
phi = 0.073 R — !
Jet0, =
et=21205
eta = 0.856
phi = 2.762
Muon 1,
pt=B7.37
eta = 1.631
phi = -1.241
hpsTancTau 1,
dg =-15
pt=2072
\=-1.840
;ﬁn -1.400
CMS Experiment at LHC, CERN I_’
Data recorded: Mon Aug 22 15:47:42 2011 CEST

Run/Event: 173892 / 3090309404
Lumi section: 2412
OrbitfCrossing: 632110752 1051

Figure H.4: Event display of the interesting 4 lepton (2 muons and 2 taus) event with Hr ~ 84 GeV and E}
~ 231 GeV shown in the Rho-Z coordinate system. Same event as shown in Fig. H.3.
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