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Abstract

Beyond the established Standard Model (SM), the search for new physics is among
the most important ventures of modern physics. Supersymmetry (SUSY) is a natural
candidate for an extension of the SM to account for unexplained phenomena. Therefore,
the search for SUSY is an essential part in the physics program of collider experiments.
With the ongoing exclusion of SUSY models, the scope of SUSY searches is more and
more extended towards models predicting tau lepton final states. Tau leptons might be
a unique probe for the existence of SUSY, but these SUSY models could still be veiled
by the less striking tau signatures in the detector. This thesis presents a search for SUSY
with tau final states at the ATLAS experiment at the LHC. It is among the first published
SUSY searches with tau leptons in ATLAS.

The standard tau lepton analyses search for hadronic tau decays and typically suffer from
fake tau signatures of various origins. These contributions contaminate the data with
unwanted backgrounds. In contrast to hadronically decaying tau leptons, muons have
a very characteristic detector appearance. They show up with a clear signature that can
be measured with excellent accuracy and high efficiency. The work presented in this
thesis extends the searches for pure hadronic tau final states towards final states with
muonic tau decays. It is shown that the muon signature helps to reduce background
contributions and to probe the identification performance of hadronically decaying
taus in the complex experimental environment of the ATLAS detector. In particular,
the muon can be used to control fake tau contributions, which is of great benefit for an
accurate background prediction.

Based on these studies, SUSY is searched in final states with one muon, at least one
hadronically decaying tau lepton, jets and missing transverse energy. The search is per-
formed in proton-proton collisions at /s = 7 TeV corresponding to an integrated lu-
minosity of 4.7 fb~!. The considered SUSY model is Gauge Mediated Supersymmetry
Breaking (GMSB) with the parameters N5 = 3, sgnpu = +1, Csz = 1 and (S) =
250TeV. A and tan 3 are left as free parameters of the model. The event selection is
optimized for maximal sensitivity to GMSB and leaves an expected SM background of
0.80 & 0.28MCstat - () 2755 events. The measurement of one event in data agrees well
with the SM expectation and the non-observation of any deviation is used to set lim-
its on the possible existence of GMSB models. GMSB models up to A = 45 TeV could
be excluded with 95 % confidence level. The limit is further tightened by the statistical
combination with other SUSY searches with tau final states.
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CHAPTER 1

Setting the Scene

The Hunt for New Physics

Following its proposal in the early 70’s, physicists are searching for any evidence of Supersymmetry
(SUSY) as an extension of the Standard Model (SM). The following chapter sketches the general pur-
pose of this work within that effort. The search for SUSY is motivated and the goals of this thesis are
settled. In order to preserve the introductory nature of this chapter, its contents are rather generic. More
detailed information is given in the subsequent chapters. This introduction merely illustrates the motiv-
ation of this work within the actual physics research and outlines the general concepts and structure of
the thesis.

1.1 Motivation

The study of the elementary particles and their interactions is one of the fundamental pillars of physics.
It comprises the search for the elementary particles, the measurement of their properties and the under-
standing of their complex interplay in building compound particles, atoms, matter and even large scale
structures such as the formation of our galaxy. The aim of this physics domain is the discovery of the
fundamental constituents of matter and the development of a theory that describes all their interactions.
In a universal theory, the constituents and their interactions should explain all observations in Nature.
So far this has not been achieved.

The SM is the best currently known model to describe the elementary particles. It explains the inter-
actions of the known particles by the exchange of gauge particles. While it successfully describes many
phenomena, there are still shortcomings within this model. Some experimental observations cannot be
explained and require further development of the current model.

Whereas the design of new theories is subject to theoretical physics, these theories have to be confirmed
or rejected experimentally. In the current situation, many models might be suited to be a meaningful
extension of the SM. Among different proposals, SUSY could be a natural candidate. It solves many
shortcomings of the SM, as will explained later. E.g. it gives a natural solution of the hierarchy problem,
provides a dark matter candidate and predicts the electroweak mixing angle. But even within a particular
theory like SUSY, there is a diversity of different models. It is the responsibility of experimental physics
to either find hints for a certain model, or to show that observations are in contradiction to the model’s
predictions. In the latter case, the model can be rejected. In that sense, this thesis is part of the effort to
search for any evidence of SUSY.

' Gravity and its theoretical formalism is not included in the SM. At currently accessible energies, this interaction is very weak
compared to the others. It is only of interest for large matter systems that are neutral for all the other forces.
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1.2 Analysis Concepts

Among many possible approaches to detect SUSY, the direct production and observation of supersym-
metric particles is one of the most promising. The Large Hadron Collider (LHC) collides protons with a
center-of-mass energy of 7 TeV to 8 TeV and has encouraging potential to create possibly existing SUSY
particles. Therefore, the LHC experiments have good prospects to either discover SUSY, or to set limits in
the case of no observed new particles. This designates the search for SUSY to be one of the fundamental
parts of their physics program. In these searches, the measurement and its interpretation in terms of
physics have to be distinguished. E.g. a new SUSY particle might promptly decay and hence only be vis-
ible by its decay products. More general, a certain type of physics might appear as a certain signature that
can be measured at the experiment.

Since different SUSY models might manifest themselves by very different signatures, the searches for
SUSY more or less aim at particular models. Basically, these searches focus on those signatures that have
different predictions from SUSY and the SM. Based on the measurement of these signatures, a SUSY
model might be discovered or excluded. A discovery can be claimed if significant excess of that signature
is seen. If there is exact agreement of the SM prediction and the observation, no hint for new physics is
seen. In that case, any SUSY model can be excluded that would give rise to a significant excess. In this
sense, SUSY is considered as signal and the SM as background.

The sensitivity of the corresponding analysis heavily depends on the distinctness of the signature in the
SM and in SUSY: The more they differ, the stronger the statement, whether a SUSY model can be excluded
or not. In the same way, the sensitivity depends on the accuracy of the two predictions: A more precise
prediction allows for stronger conclusions from the measurement. However, for a detailed prediction of
the SUSY appearance, a specific SUSY model has to be chosen.

In many cases, the demand for maximal significance and a wide sensitivity to many SUSY scenarios are
competing aspects of an analysis. On the one hand, a high sensitivity might be achieved by the search for
very specific signatures. These could be copiously predicted by a particular SUSY model, but only rarely
occur in the SM. On the other hand, a small change in the SUSY model might change its phenomenology,
such that the searched signatures are not realized in that slightly different SUSY model. Hence, it would
escape detection and the sensitivity is limited to only a certain SUSY model.

In order to guarantee sensitivity over a wide parameter space in potential SUSY models, the search
is split up into many analyses, where each looks for certain signatures and hence different models. For
some SUSY models, an increased appearance of tau leptons is predicted, which represent a promising
signature to look for. Therefore, this thesis concentrates on the search for collisions that produce SUSY
particles that decay into tau leptons. Moreover, jets and missing transverse momentum will be shown to
be helpful signatures to find SUSY. The final observation will be the number of observed collisions that
contain these signatures.

The results of this thesis are among the first findings for SUSY searches with tau leptons published
by ATLAS. Since 7 TeV proton collisions mark a new regime of high energy physics, the understanding
and validation of contributing backgrounds requires high attention. Particularly, the performance of tau
lepton identification in the complex experimental environment of the ATLAS detector is considered. It
will be shown to be among the leading challenges in the understanding of SM backgrounds.

1.3 Structure of Thesis

Chapter 2 of this thesis is dedicated to supersymmetric extensions of the SM. The open questions within
the SM are introduced and thereby the need for an extension is motivated. It will be shown that possible
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SUSY models are already constrained in order to solve these problems. Furthermore, experimental obser-
vations and theoretical considerations are given that determine the expected phenomenology at the LHC.
This will justify the search signatures of taus, jets and missing transverse momentum. Finally, the chosen
SUSY model, the so-called Gauge Mediated Supersymmetry Breaking model (GMSB), is introduced.

In Chapter 3, the details of the experiment are presented. The LHC accelerator chain as well as the
detectors of the ATLAS experiment are explained. These detectors will be used to measure the colli-
sion products and identify particles thereof. Particularly, the tau and muon identification in the ATLAS
detector are crucial for this analysis and hence are described in detail here. In addition, the computer-
based simulation of the experiment is outlined. It allows to predict the expected signatures of any kind
of physics and is widely used for comparison to the measured data.

The Chapters 2 and 3 provide the theoretical and experimental basis for the final outline in the object
selection of the SUSY search. The object selection defines the required particles in the final state and is
given in Chapter 4. Since the expected SM backgrounds depend on the required particles, their contri-
butions are investigated as well in this chapter. The methods that are used for background estimates are
presented and their results are verified and tested for robustness. Any unexpected difference between
simulation and data observation that might not be caused by potential SUSY will be investigated and
explained here as well. This will provide a reliable estimate of the SM backgrounds, which is used for the
SUSY search.

The final choice of the searched collision signatures is given in Chapter 5. The optimal selection re-
quirements on the SUSY sensitive quantities are derived and the systematic uncertainties for the chosen
selection are estimated. Finally, the observed data are shown and the results are interpreted in the context
of the considered GMSB scenario. The last Chapter 6 presents a critical review of the analysis. Potential
refinements and extensions of the analysis are shown as well as an outlook on future prospects.






CHAPTER 2

Extending the Standard Model

Supersymmetry and its Phenomenology

The following chapter motivates and introduces the possibility of a supersymmetric extension of the
Standard Model (SM). The demands on this new model are deduced from the open questions of the
SM and their implications for a possible SUSY appearance at hadron colliders are explained. Finally, the
search for collisions with tau leptons is justified and the targeted SUSY model, Gauge Mediated Super-
symmetry Breaking (GMSB), is introduced.

2.1 The Standard Model and its Limitations

The SM of particle physics has been successfully verified over a wide range of phenomena and energies.
However, there are several issues that can not be explained within this theory. The most important ones
are related to ultraviolet corrections to scalar field masses, unification of the fundamental forces and
cosmological observations. Focus is put on their conceptual illustration, whereas for more details the
text refers to the corresponding literature. Also the answers to these problems, as given in SUSY theories,
are stated and their implications for SUSY models are discussed.

2.1.1 Basic Concepts of the Standard Model

The SM of particles physics [1, 2] describes the properties of the known fundamental particles and two of
their interactions, the electroweak and the strong interaction. The model has two basic types of particles:
Spin-1/2 fermions and spin-1 bosons. Whereas fermions are the constituents of matter, their interactions
are mediated by bosons. The known particles of the SM and some of their properties are summarized in
Figure 2.1.

In the SM, the kinematics of a fermionic particle with the field components ¥, are described by a
Lagrangian £ and the EULER- LAGRANGE equation

gé_a“a(aﬁxp) =0. (2.1)
”w

Within the mathematical formalism of the SM, the Lagrangian L is required to be invariant under local
gauge transformations. Depending on the transformation, additional gauge fields have to be introduced
to guarantee the invariance. These extra fields couple to the fermiotic fields and can be interpreted as
messengers, which mediate the interactions between fermions.
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FIGURE 2.1 The known particles in the Standard Model are grouped into fermions, building matter, and bosons as
force carriers. Quarks participate in all interactions, whereas leptons interact only electroweakly. Since neutrinos are
electrically neutral, they do not interact electromagnetically. The masses are taken from [3].

The Lagrangian of the electroweak interaction is given by
7 . T = YL vy,
Lew = (VL,KL> o (z&u 95 Wy — 9I7Bu) (&)

- Y ]_ - -
+ Cpyt (i@u — g'TRBM> (R~ W W — 2B, B, (2.2)

with
B = 9" BY — 9" B* and W = FWY — W — geT*FWEWY . (23)
Equation 2.2 is invariant under local transformations of the SU(2) 7, x U(1)y group, where the subscript

L (Y') denotes that the corresponding transformation only applies to the left-chiral (hypercharged) fields.
The transformations are given by

(ZZ) —  exp <%7‘" 62(:1:)) exp (1Y A(x)) (Z) (2.4)

SU@2)L Uy

g — exp(iYrA(z)) R . (2.5)
—_——
U(l)y

Here, the right-chiral fields only undergo the transformations of the U(1)y group since they have no
weak isospin and do not participate in weak interactions. The left-chiral fields are also subject to the local
transformations of the SU(2), group. These represent rotations in the two-dimensional weak isospin
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space. A general rotation in this space can be expressed by a decomposition into the PAULI matrices, 7,
which form a basis of the SU(2), group.

The invariance of the Lagrangian from Equation 2.2 under the transformations of Equations 2.4 and
2.5 is attained by the introduction of the fields Wfl and B,,. These are the fundamental gauge fields of the
electroweak interaction, which mix to become the physically measurable fields

1o/
Wi =g (W -m) 9
1
W= (W +iW?2) and (27)
Ay [ cosdw  sindw) [ By (2.8)
Zy ) \—sindy cosdw ) \W3 )]~ ‘

These fields represent the W™, W, v and Z° bosons that mediate electroweak interactions. The size
of the mixture between the gauge singlet field B,, and WS is given by the WEINBERG angle sin? dy ~
0.231 [3]. In this representation of the photon field A, the electroweak couplings are related to the
electromagnetic charge e by

gsindw = ¢’ cosdw = e. (2.9)

The structure of strong interactions is more complicated. The local transformations for electroweak
interactions are in one-dimensional space for the hypercharge Y and in two dimensions for the weak
isospin. The fundamental characteristic of a fermion that causes the particle to participate in strong
interactions is its color. Since there are three colors realized in Nature, the Lagrangian has to be invariant
under local SU(3)¢ transformations, where C' refers to the term color. In the corresponding gauge theory,
Quantumchromodynamics (QCD), eight fields, the gluons, are needed to preserve invariance.

The coupling strength of QCD exceeds the ones of electroweak theory considerably and hence the
phenomenology of colored particles is nearly completely dominated by QCD. The strong binding among
colored particles also leads to confinement, i.e. they cannot be freely observed but instantly form color
neutral states. This process of hadronization is an important aspect at hadron colliders like the LHC.

2.1.2 Hierarchy and Fine Tuning in the Higgs Sector

Since any mass term for the bosons in the Lagrangian from Equation 2.2 would violate gauge invariance,
the masses of the electroweak gauge bosons are predicted to vanish by pure electroweak theory. This is
in contradiction to experimental observations, that measure masses in the order of 102 GeV for the W=+
and Z°. In addition, the SU(2), transformations of Equation 2.4 violate invariance for any mass term

my (@L\I/R + @R\I/L) . (2.10)

The HicGs mechanism [4-6] is a promising theory to explain the occurrence of massive gauge bosons
and fermions under conservation of gauge invariance. Within this theory, the Hicas boson is described
by the potential

V=12 0p + N|Oy|* . (2.11)
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To guarantee a non-vanishing vacuum expectation value Vi, # 0 at the minimum

[_,2
(Py) = % =: \}ﬁva (2.12)

the potential of Equation 2.11 must satisfy u?> < 0 and A > 0. Expanding the field ® 5 around the
minimum v with

by = \}5 [v + h(x)] (2.13)

leads to electroweak symmetry breaking. This gives a massless photon and massive W=, Z% and Hicas
bosons with the masses

1 1
mwE = 59, myo = 51}\/92 + g2, myg = V2v2\ and my=0. (2.14)

The Equations 2.14 also predict for the mass ratio of the Z° and W+ bosons

m
wE _ g = cos Vw , (2.15)

mzo /g2 +g/2

which is in good agreement with the measured values.

In addition, a scalar field like the Higas could restore unitarity in the scattering of longitudinally po-
larized massive W= bosons: The amplitude of this process diverges with increasing scattering energies
and could be extenuated with an additional scalar particle that mediates the interaction [7-9]. If no other
new physics phenomena retain unitarity in this process, the required Higgs mass has to be at the elec-
troweak scale on the order of 10? GeV. This is also supported by indirect experimental constraints on
the HiGGs mass [10, 11] that prefer a mass below the TeV-scale. Indeed, recent observations at the LHC
experiments suggest that there is a HiIGGs boson with a mass of about 125 GeV [12, 13]. Therefore, even
though still not finally confirmed, the HiGGs boson plays an important role in the SM.

The presence of a sub-TeV-mass scalar particle gives rise to the so-called hierarchy problem [14-16].
The mass scale for the HigGs boson, as given by the unitarity bounds in WW — WW scattering,
is determined by the electroweak scale M, = 10? GeV. The bare mass of the HigGs, as given from
the HiGGs mechanism in Equation 2.14, m?;, = 2v2), is subject to loop corrections from intermediate
particles. Possible contributions from a single fermion or scalar loop are shown in Figure 2.2. For a
fermion f that couples to the HicGs with A f f, the correction is given by [17]

byl A
Am%{ = _877]:—2 A2 — Sm? In mif 4+ ... y (2.16)
whereas a scalar particle f that couples via A ]7|H 2| |2 contributes with [17]
Ay A
Am%] = 167];2 [A2 — Qm%ln <m?> +.. ] . (2.17)

The energy A in these equations represents a cut-off scale where the mass corrections are not any longer
correctly described by the SM. The limits of the SM are reached at the latest with the PLANCK scale
Mppancxk = 1012 GeV, where the strength of gravity becomes comparable to the electroweak forces. To
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FIGURE 2.2 Possible loop corrections to the mass of the HIGGS boson coming from scalar particles (a) or fermionic
particles (B).

ensure a HIGGSs mass at My << Mppanck, there must be a very precise cancellation of the large correc-
tions and the bare Higgs mass 202 )\ itself to obtain my &~ M.,. This fine tuning appears unnatural,
but finds a solution within SUSY: Since SUSY postulates two scalar fields for each fermion,' the quadratic
divergences in Equations 2.16 and 2.17 exactly cancel out. Hence, the stability of the HicGs mass with
respect to the ultraviolet corrections is usually achieved in SUSY models.> Moreover, it can be shown
that even higher order loop corrections to the HiIGGs mass compensate [18-20]. This makes SUSY to a
theoretically well motivated extension of the SM.

2.1.3 Unification of the Forces: GUT and TOE with Supersymmetry

One of the major achievements of the SM is the unification of the electromagnetic and the weak force.
Prior to that, electromagnetism was embedded in the theoretical framework of quantum electrodynamics
(QED) [21]. The weak force, which is responsible for the nuclear 3 decay, had been described by a four-
fermion interaction in the FERMI model [22]. FERMI's model of weak interactions predicted a diverging
cross section with increasing energy o oc E2. This constrained the model’s range of validity below the
102 GeV scale.

In the early 1960s, proposals were made to embed these two interactions in the formalism of a com-
mon electroweak theory [23-26]. This unification suggested that QED and weak interactions are both a
low energetic approximation of the more general interactions of the SU(2);, x U(1)y symmetry group,
as described in Section 2.1.1. Beyond the photon v, as carrier of the electromagnetic forces, it predicted
the existence of charged and neutral weak currents, the W= and Z° bosons, all together mediating elec-
troweak interactions.

In the years 1973 and 1974, the first indirect hints for this additional neutral Z 0 were found [27, 28]
and about ten years later direct evidence for the existence of the W= [29, 30] and ZY [31, 32] could be
seen. This unification involved a new free parameter in the theory: The mixing of the fundamental gauge
bosons to the measurable mass eigenstates, which is parameterized by sin? ¥ (see Equations 2.6 to 2.9).
It could not be predicted by pure electroweak theory, but is predicted by SUSY to be sin® d (m o) =
0.2333 £ 0.0008 [33] if SUSY masses are below the TeV-scale. This is in outstanding agreement with the
measurement of sin? Yy (m o) = 0.231 16 + 0.000 12 [3].

The consolidation of two differently structured theories into a single model that gives the correct pre-
dictions in the domains of both unified theories is a theoretically very attractive development. Hence, it
comes to no surprise that there have been attempts to include the SU(3) ¢ group of strong interactions as

' The symmetry requires the same degrees of freedom for fermions and their superpartners and hence there is a scalar partner
for f1 and fg.
2 Clearly, this already assumes |A7|* = X 7 and sufficiently low SUSY masses.
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well. The efforts to interpret electroweak and strong interactions as effective low energy approximations
of a combined high energy theory are referred to as grand unified theories (GUTs) [34-36].

There are several proposals to incorporate SUSY models into a GUT [37, 38]. In either case, the uni-
fication of the fundamental gauge couplings of the SM is among the most compelling arguments that
support SUSY. At currently accessible energies, the couplings are quite different, i.e. the strong interac-
tion exceeds the strength of electroweak interactions considerably. However, a common symmetry group
for all interactions in GUT would imply a single coupling of all forces at the energy scale of GUT.

In the field theory of the SM, the measured couplings are represented by superposition of FEYNMAN
diagrams to all orders of perturbation theory. In addition to tree level processes, there are diagrams in-
cluding fermion loops in the boson propagator. These result in diverging contributions to the coupling
of the interaction with increasing momentum transfer 2. The divergence can be avoided by a renormal-
ization of the coupling «v at a momentum scale ¢ such that the infinite terms cancel out to all orders.
This gives rise to energy dependent couplings of the three fundamental gauge groups. Within the SM,
the extrapolation of the couplings to higher energies does not converge into a single combined coupling
(as shown by the dashed lines in Figure 2.5(a) (p. 18) in Section 2.2.3).

If the additional field content of SUSY is assumed, the renormalization group running of the coup-
lings is found to match rather accurately at about 1016 GeV [33, 39-41] (as displayed in the solid lines in
Figure 2.5(a) in Section 2.2.3). Therefore, the SUSY field content predicts a unification of the couplings
if SUSY is realized in Nature at the TeV scale. This is a promising hint that SUSY could be found at TeV
colliders like the LHC.

Although there is no generally accepted GUT that could yet be confirmed experimentally, there are
also efforts beyond the scope of GUT. These aim at the unification of gravity, the third known interaction,
as well. This theory of everything (TOE) should consolidate the conceptual principles of gauge theories
and general relativity in a conjoint quantum field theory. There are promising approaches to do so in
supergravity theories [42-44], which are based on the principles of SUSY. Thereby, SUSY also provides a
canonical link to gravity and hence might turn out to be a theoretical development towards a theory of
unified interactions in a single model.

2.1.4 Particle Physics in Cosmology

Although the domains of cosmology are the large scale structures of the universe and their formation,
there are several observations with an impact on particle physics. One of the most important is the
indirect observation of dark matter. The measurement of rotational velocities in galaxies indicates that
the gravity of the baryonic mass in galaxies is not sufficient to compensate for the centrifugal forces.
Hence, additional mass is needed to stabilize these galaxies [45, 46]. The kinematic argument of missing
mass is seen as well in the dynamics of galaxy clusters [47, 48] and there is also evidence for unseen matter
in gravitational lensing [49, 50]. Furthermore, dark matter manifests itself as well on the cosmological
scale. Global fits of the anisotropies in the cosmic microwave background hint at a substantial fraction
of dark matter in the universe [51, 52]. Moreover, the simulation of the formation of large scale structures
in the early universe supports the presence of dark matter [53-55].

The SM contains no particle that could be a candidate for dark matter. Since there has been no con-
firmed direct observation of dark matter so far, it is widely believed that only a purely weakly interacting
particle could be a candidate. More precisely, it must at least interact gravitationally but might interact
weakly as well. An electrically charged or colored particle with the measured dark matter density in the
universe would have been observed already. The only purely weakly interacting particle in the SM is
the neutrino. Simple model calculations show that the resulting relic density of the SM neutrinos result
in an insufficiently low abundance to explain the observed amount of dark matter. Furthermore, their

10
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extremely small masses are in contradiction to the preferred cold dark matter scenarios, which require
more massive candidates [56, 57].

In SUSY theories, there could be a candidate for a massive but only weakly interacting particle. The
stability of the proton motivates so-called R-parity conservation (see Section 2.2.2). It forbids a SUSY
particle to decay into SM particles only. As a direct consequence, the lightest supersymmetric particle
(LSP) must be stable. Since an electrically charged or colored stable SUSY particle would have been
detected already,® the LSP should be only weakly interacting and therefore is a promising candidate to
explain dark matter [58-60].

SUSY might also play a role in the interpretation of the cosmological constant. Observations of su-
pernovae suggest an accelerated expansion of the universe [61, 62], which could be explained by a non-
vanishing intrinsic energy density in the universe, the cosmological constant A [63]. From the viewpoint
of quantum field theory, this could be interpreted as a vacuum energy. However, these approaches lead
to predictions for A at very high energies, e.g. the PLANCK scale [64], which exceeds the measured one
by many orders of magnitude. It can be shown that exact supersymmetric theories actually predict a van-
ishing cosmological constant [65], resembling the solution of the hierarchy problem. However, broken
SUSY still predicts too large A but might be an explanation why the cosmological constant is below the
PLANCK scale.

2.2 Minimal Supersymmetric Extension of the Standard Model

Since its primary proposal in the 1960s [66-70], SUSY [17, 71-74] persistently remained one of the fore-
most candidates for an extension of the SM. The questions related to the problems of the SM in Sec-
tions 2.1.2 to 2.1.4 already gave a brief glance to its structure, which is completed in the following. Given its
long history of development, a complete description is beyond the scope of this thesis. After a short gen-
eral definition of SUSY, this section concentrates on those aspects that are important for SUSY searches
at the LHC. In the first instance, SUSY breaking and R-parity are explained. They motivate the search
for decay chains of heavy SUSY particles with missing transverse energy final states. Moreover, the mass
hierarchy among SUSY particles and their mixings are discussed. These are important for the search
signatures of jets and tau leptons, respectively.

2.2.1 Fundamentals: Supertransformations and Particle Content

In general, symmetry denotes the invariance of a system’s behaviour under a transformation. This is the
case as long as the equations of motion of the given system remain unchanged. Particularly, if the action

S — / 4L (2.18)
does not alter, Equation 2.1 remains the same since it is derived by the variation of S by

!
05 =0. (2.19)
For a given transformation 7, the invariance is guaranteed if the Lagrangian £ transforms as

T: L—L =L+0,F". (2.20)

3 This assumes that SUSY particles have been produced in a sufficient abundance in the early hot universe.
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The last term with the derivative vanishes in the action from Equation 2.18 using the Gauss divergence
theorem.

Invariance might be postulated for very different transformations, e.g. the invariance under the space-
time transformations of the POINCARE group are required by special relativity. A more general trans-
formation can be written as

N
UV =TV =exp <z > anTn> U, (2.21)
n=1

where T, are the generators of the symmetry group and «v;, € R. SUSY denotes the invariance of a system
if a boson is transformed into a fermion and vice versa. Hence, the generator Q of this group changes a
fermionic state into a bosonic state and vice versa:

Q |fermion) = |boson) and Q |boson) = |fermion) . (2.22)

This already requires the generator Q to be fermionic, otherwise it could not relate bosonic and fermionic
states in the sense of Equation 2.22. The possible existence of such a symmetry and its theoretical con-
straints are postulated by the COLEMAN-MANDULA theorem [75] and its supersymmetric specification by
HaAG, LoruszaNnskI and SOHNIUS [76]. In a theory with chiral fermions, the generators satisfy the set
of (anti-)commutator equations [17]

{Q,QT}:P“, {QT,QT}:{Q,Q}:O and  [P*,Q]=[Q,P"|=0. (2.23)

The operators Q and Q' also commute with the generators of the gauge transformations. Therefore,
particles and their superpartners have the same charge, weak isospin and color and participate in the
same interactions. In a similar manner, the partners can be shown to have the same number of degrees
of freedom and therefore differ only by spin.

Since there is no pair of a boson and a fermion in the SM that only differs by spin /2, SUSY con-
sequently at least doubles the number of particles. The minimal supersymmetric extension of the SM
(MSSM) assumes no additional fields other than the superpartners to the known SM particles. Hence, it
is minimal in the sense of field content. The naming convention for the new SUSY particles is as follows:
The superpartners of the SM particles are labelled by a tilde above its symbol. Bosonic particle names are
extended by the suffix ino, whereas to fermionic particle names an s is attached at the beginning.

The particle content of the MSSM can be seen in Table 2.1. Since particles and their superpartners
have the same number of degrees of freedom, there are two superpartners for the charged leptons and
the quarks for left- and right-chiral states. Thus, the sfermion indices R and L refer to the superpartner’s
chirality and not to spin, because sfermions are scalar particles. However, they participate in the same
interactions, e.g. a / r has weak isospin / = 0 and does not interact with the W=, whereas the / 1, with
I =1/2does.

In addition, the H1GGs sector needs an extension in supersymmetric theories. It can be shown that
a single SM HiGaGs boson might cause triangle gauge anomalies [77] in SUSY, i.e. gauge invariance is
violated by chiral loops in three-boson interaction. In the SM, these loops exactly cancel out if the con-
tributions from its particle content are summed up. This guarantees anomaly freedom to all orders. The
chiral Higasino, i.e. the superpartner of the HigGs boson, extends the sum by an additional chiral field
that leaves a finite contribution. This can be eliminated by the introduction of two chiral superfields with
opposite hypercharge.
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2.2 Minimal Supersymmetric Extension of the Standard Model

R-Parity= +1 R-Parity= —1
Particle Symbol  Spin  Particle Symbol  Spin

Quark q 1/3 Squark qr , qr 0
Neutrino vy /2 Sneutrino 7] 0
Lepton 14 /2 Slepton (I 0
Gluon g 1 Gluino g 1/2
Photon 07 1 Photino ~ /2
W+ boson W+ 1 Wino W 1/2
Z° boson Z° 1 Zino Z0 1/

Hices HY, Hf 0 fermionic HO, HS 1/2

bosons  HY, H; 0 Hicesino HY, H; 1/2

TABLE 2.1 The field content of the minimal supersymmetric extension of the Standard Model. R-parity is described in
Section 2.2.2

Furthermore, a single HigGs doublet can be proven to be insufficient to generate the masses of the SM
quarks and leptons in the supersymmetric extension of the Yukawa couplings. The YUkawa coupling to
up-type quarks is only possible for a Higgs with hypercharge Y = 1 (H,,), whereas down-type quarks
require Y = —1 (Hy). Therefore, the two weak isospin states, 73 = +1/2, and the two hypercharge states,
Y = +1, add up to the four complex fields

H, = (Hj, Hg) and Hy = (Hg, Hd_> : (2.24)

of which two are neutral and two are charged according to

Y
Q=T+ 7. (2.25)

In total, the four complex fields have eight degrees of freedom, where three of them are needed for the
longitudinal states of the W+ and Z°. The remaining five states build two C'P-even (hg, Hy), one C P-
odd (Ap) and two charged (H?*) HicaGs-bosons [78].

At tree level, the masses of the neutral final states are related by [79]

1 2 .
m%lo’HO =3 [”%240 + m2Zo F \/(mio + mzz()) — 4m?40m2zo sin?23 | , (2.26)
mio— mZZo <[.]< mio—k mQZ0
where
(Hy)
tan f = J—5 (2.27)
(Hg)
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is the ratio of the vacuum expectation values of the neutral fields from Equation 2.24. Equation 2.26
already implies m, < m o at tree level, which can be increased only by radiative corrections [80]. Due
to their large Yukawa coupling, third generation loops have typically the biggest contribution [81].

2.2.2 Experimental Constraints: Supersymmetry Breaking and R-Parity

The last equality in Equation 2.23 has one of the most influential consequences for SUSY model building:
The statement that a particle and its superpartner have equal mass in an exact SUSY. For a bosonic |¥},)
and a fermionic state | ¥ ¢) that are related via Equation 2.22 and with the masses m;, and m s, the following
equalities hold:

mi|Wy) = P PH|Wy) = B, PHQIVf) = B,QP!|¥y)
= QP,P*|Uy) = Om3|Wy) = m3Q|Vy) = m3|¥,) . (2.28)

It follows that my = my, and hence particles and their superpartners must have equal mass. This is a
very strict statement, which already suspends exact SUSY to be present in Nature. E.g. a light, electrically
charged scalar particle, as the superpartner of the electron would be, should be easy to measure, but is not
observed in Nature. Therefore, SUSY is usually supposed to be broken, i.e. a certain mechanism might
generate different masses for particles and their superpartners. This would allow for higher masses of the
non-SM SUSY partners. Still, the scale for the SUSY masses, in the following denoted as My, is not
arbitrary. The required solution of the hierarchy problem (see Section 2.1.2) and the unification of the SM
interactions at a common GUT scale (see Section 2.1.3) already prefers low-mass SUSY partners, i.e.

My Z, 1 TeV . (2.29)

There are manifold possible mechanisms that explain the origin of this symmetry breaking, which give
rise to a diversity of SUSY models [82]. Although all of these different SUSY theories underlie the same
experimental constraints, the restrictions on SUSY models are not very tight at present times. This can
be mostly attributed to the lack of experimental data in the high energy regime, where these theories gain
importance.

Nevertheless, a phenomenological model can be constructed, without any particular assumption about
the origin of SUSY breaking. This is accomplished by the introduction of explicit, soft supersymmetry
breaking terms in the Lagrangian, where the breaking is communicated by some unspecified dynamics.
The term soft refers to the fact that the mass scale has to fulfill the bounds from Equation 2.29 and the
SUSY particles are protected against masses that exceed the expected limit.

The rather generic constitution of SUSY masses by explicit terms in the Lagrangian comes at the prize of
numerous additional parameters that are not specified by the underlying theory. The SM itself has already
various parameters, which are not inherently predicted by the theory. Among them are the particles’
masses, the fundamental couplings of the SU(2);, x U(1)y x SU(3)¢ symmetry groups, angles and
phases from the CKM matrix [83-85] and neutrino mixing [86-88], as well as the electroweak mixing
angle and the HigGs mass. Adding explicit mass terms to the Lagrangian by

['susy = Linteraction + Lsoft (2.30)
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B
(a) = (m2) Jiner

€

Ty

RA |

©~ (m2) 7.

FIGURE 2.3 Lepton flavour violating SUSY loops in the process (1 — e-y.

vastly expands the list of parameters. The first term includes the interactions of the (SUSY) particles,
whereas the second generates the masses. The soft supersymmetry breaking terms are [71]

1 o — -~
Lo =~ (Mggo‘ Ga+ MyWP - W5+ MB - B +h.c.) aef{l,..,8 pBe{l,23}

gaugino masses

~ ~ ~t~ -5 ..
- (m%)ij Ql-Q; - (m%;)m Ui Uj — (m"z*)w d; d; i, € {1,2,3}
squark masses
~r o~ ~f~ .o
_ (m%)ij L]Z -Lj — (m%)ij €;€j i,j €{1,2,3}
slepton masses
—(au)ijﬁi@j . Hu + (ad)ijJin . Hd + (ae)ijgifj . Hd + h.c. i,j c {1, 2, 3}

trilinear couplings

—m3y, Hi - H, —m3 H} - Hy— (bH, - Hy+h.c.) (2.31)

HiGgGs masses

where the content of the supermultiplets @, E, i, d, e, H,, and H, are described in Table 2.2. With this
SUSY breaking, the masses of SUSY particles are no longer generated by the HiGs mechanism as the
masses of their SM partners. SUSY masses are described by explicit mass terms of the form m% ®, ®*.
The index v enumerates the eight superpartners of the gluons, 3 the three superpartners of the W* fields
and 7 and j are family indices. In this approach, the five complex mass matrices for the sfermions, the
matrices a,, 4. and the six mass parameters for the gaugino and HiGas-fields introduce more than 100
new parameters that are unspecified by the theory [89].

However, the choice of parameters is by no means arbitrary. Off-diagonal elements in m might cause
mixing terms between different sleptons, e.g. between € and jir. This would violate flavour conserva-
tion in the slepton sector, which could be propagated to the lepton sector by virtual sparticle loops. An
example is displayed in Figure 2.3, which shows SUSY loop contributions to the process ;1 — e7. Fur-
thermore, there are several experimental constraints from lepton flavour conservation with implications
for SUSY, e.g. [90-94].
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particles spin-0  spin-1/2 B L
@ U L Cj L uy, d L 1/ 3 —
Quarks & Squarks i UR uR —1/3 - x 3 families
;Z ;ZR (i R — 1/ 3 —
L vey, vey, — 1
Leptons & Sleptons _ _ x 3 families
e eRr eRr — —1

H, HfH° HfH° - -
Hicas & HigGsinos “ ~u _ “ v
Hy HyH; H; Hy - -

TaBLE 2.2 The particle content of the supermultiplets in the minimal extension of the Standard Model and their baryon
and lepton numbers.

In addition to the soft breaking terms in the Lagrangian of Equation 2.30, there are also interaction
terms including gauge and non-gauge interactions, i.e. YUkawA couplings of the supermultiplets. In the
MSSM, the Yukawa couplings are described by the superpotential, which is given by [17]

Wiissm = WyuQH, — dyaQHg — eyeLHy + pH, Hy . (2.32)

The matrices y are dimensionless and in three dimensional family space. Equation 2.32 is not the most
general allowed form for these interactions. There are more possible terms that preserve gauge invariance,
among them lepton and baryon number violating terms like [95]

1 ~~ ok ~. ~ .~k ~.
WaL_1 = §Aijkyye + X L'Q’d + piL'H, and (2.33)

L., =73k
Wap=1= 5)‘ijku dd , (2.34)

where 7, j and k are family indices. If these terms are not suppressed in Nature, lepton and baryon number
violating processes could be caused by intermediate SUSY particles states. The most prominent example
is the proton decay [96, 97]. It could be realized with the couplings from Equations 2.33 and 2.34 as shown
in Figure 2.4. Since the proton’s lifetime can be measured to be longer than 10%° years [3], at least one
of the two couplings in Figure 2.4 must be strongly suppressed. Beyond the stability of the proton, there
are further constraints on possible violations of lepton and baryon number in supersymmetric processes
[98-101].

The lepton and baryon number violating processes can be avoided by the introduction of R-parity
conservation [102, 103]. It is a multiplicative quantum number defined by

R = (_1)3B+QS+L , (235)
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FIGURE 2.4 Possible decay of the proton via an intermediate 5 g, into a positron and a neutral pion.

where S, B and L are the spin, baryon and lepton number, respectively, as given in Table 2.2. Assuming
R-parity conservation, the first coupling in Figure 2.4 cannot take place since

R(u) - R(d) = (71)1+1+0 . (71)1+1+0 — 1A 1= (71)—1+0+0 - R ('g) (2.36)

and the stability of the proton is restored by R-parity conservation. There are also other mechanisms that
stabilize the proton in SUSY theories beyond R-parity [104].

Following Equation 2.35, the SM particles and their supersymmetric partners always differ by a factor
—1 in R-parity since SUSY transformations change their spin by 1/2, as already noted in Table 2.1. The
assumption of R-parity conservation has strong phenomenological consequences for SUSY. Since SUSY
particles carry R = —1, there must be an even number of SUSY particles at each interaction vertex.
Particularly, a SUSY particle cannot decay into only SM particles and hence the lightest SUSY particle
must be stable. This already provided a dark matter candidate as noted in Section 2.1.4. Moreover, it
was also argued that this LSP should only be weakly interacting, if at all, since it would have been already
observed otherwise.* A purely weakly interacting, stable and massive SUSY particle does not only provide
a candidate for dark matter. It also has strong impact on the appearance of SUSY at collider experiments,
as will be shown in Section 2.3.

Within this work, only R-parity conserving SUSY models will be considered. Models that allow for R-
parity violation are also under investigation [95, 105-107], but demand for other experimental strategies
and hence are not discussed here.

2.2.3 Theoretical Implications: Couplings, Masses and Mixings

Besides the experimental restrictions on the parameters in Equation 2.31, there are also theoretical con-
siderations with consequences for the SUSY masses at the TeV-scale. The mass hierarchy among the SUSY
particles will have a huge impact on the collider phenomenology and hence is explained in more detail in
the following. Moreover, the masses and couplings among SUSY particles are largely affected by sparticle
mixings, which are described subsequently.

The particle masses and couplings in SUSY have a momentum scale dependence that is given by the
renormalization group equations (RGEs) [108, 109]. It was already mentioned in Section 2.1.3 that the
unification of the gauge couplings can be achieved with the additional SUSY field content. The running
of these couplings at one-loop level is described by [17]

d 1

dat?9* ™ 16n2

(4110 —19/6 —7) Standard Model

(335 1 —3) MSSM. (237)

bag>  where (b1 bo bg) :{

* Strictly speaking, an undetected LSP should be colorless and electrically neutral but does not necessarily interact weakly. In
GMSB, the LSP is a gravitino, which does not even participate in weak interactions.
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FIGURE 2.5 (4): The running coupling constants of the three gauge groups in the Standard Model (dashed line) and
in the minimal supersymmetric extension of the Standard Model for common sparticle masses at 500 GeV (blue) and
1.5 TeV (red). (B): The running SUSY masses in a mSUGRA scenario. Graphics are taken from [17].

Here, t = In(Q/Qo), @ is the renormalization scale and ()¢ a reference scale. The couplings g, are con-
nected to the fundamental gauge couplings g and ¢’ from Equation 2.2 and to g, from strong interactions

by

5 g2
g1 =1/59 g =g g3 = (s and aa::4—,
T

3 (2.38)

The factor /5/3 for ¢’ is needed for a proper normalization of the couplings [71, 110].> The reciprocal
quantity o, then fulfills

da—l_d‘”_@rdga_m(ld n d1>_4ﬂ(1d g, 14 )
@t T a2 Tatgd T \gBdt? T g gd) T T\ @B arde T e ga g

a

— 4 (1d _3i£ >——8 (1d )——b“—const (2.39)
= am 93 dtga gg dtga - ™ gg dtg(l - 27T - ’ -39

where Equation 2.37 has been used in the last equality. Therefore, o, ! has linear dependence on the
logarithmic renormalization scale ¢, as can be seen in Figure 2.5(a). Whereas there is no common in-
tersection in the SM (dashed lines), the gauge couplings unify at about 101 GeV due to different field
content and hence different b, in SUSY [33, 39-41]. The two colored lines for SUSY depict the evolution
for common SUSY particle masses of 500 GeV (blue) and 1.5 TeV (red).

The matching gauge couplings at about 1016 GeV can be interpreted as a possible unification of the
SM interactions in a common gauge group. Following this interpretation, it appears natural to unify the

> This factor depends on the chosen symmetry group in which the gauge interactions are unified. The used one results from
the embedding of the SM U(1)y x SU(2)r x SU(3)c C SU(5) [111].
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masses of the SUSY fermions and bosons as well to a common fermionic (1./,) and bosonic mass (1m)
at the GUT scale, where

91 =92 =93 =4gu

My = My = M3 = mai/y at @ = Mgur ~ 10'6 Gev (2.40)
mZ = m2 = m2 =m2 = m2 = m3l
U d e L

holds. These unified parameters evolve with (Q? according to the RGEs and thereby split up to their
measurable low-energy values. Similarly to Equation 2.37, the first-order running of the gaugino mass
parameters M, can be expressed by [17]

d ) 335 for a=1
aM =5 bagaM where b =<1 for a=2 (2.41)
-3 for a=3.

This leads to scale dependent gaugino mass parameters M1, My and M3 in Equation 2.31. The running
of the gauge couplings and their corresponding gaugino mass parameters lead to a striking relation for
their ratio:

d M, a1 11, , M, d 1

1d
= S, M, S =AM, e S
dt g2 2 dt + “dt g2 g2 8n2 afaMa + 47 dt o,
CbuM, M, b,
= el g, .
872 47 27 (2.42)

Here, Equations 2.41 and 2.38 have been used in the second equality and Equation 2.39 in the third step.
The vanishing derivative shows that the ratio is independent of the considered scale. Assuming the unific-
ation at the GUT scale from Equation 2.40, the ratio of each gaugino mass parameter to the corresponding
squared gauge coupling is equal for all three gauge groups. Hence,

M M M m
721 = 722 = 723 = /2 or M3 = S Sin2 ﬁwMz === COS2 ’ﬂle (2.43)
91 92 g3 qgu Qlem Olem

holds at all scales. In the second part of Equation 2.43, the Equations 2.9 and 2.38 have been used to
express the gauge couplings in terms of the electromagnetic fine structure constant cvep,. This gives an
approximate proportionality among the mass parameters of

Mg : My : My=~6:2:1. (2.44)

The physical gluino mass heavily depends on the mass parameter M3 by [112]
m~:M3<1+[154—6111{@}—%...}). (2.45)
7 4 M3

Due to the strong coupling of QCD at the electroweak scale, M3 has to increase considerably more than
the bino and wino mass parameters, when going from GUT to electroweak scale, in order to fulfill Equa-
tion 2.43. Hence, the gluino is typically the heaviest SUSY particle.

Similarly, there are RGEs for all scalars from the supermultiplets Q. L, U, Zli e. They split up from
the common mg at GUT scale to the squark and slepton masses at the TeV scale. Figure 2.5(8) shows an
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example for the running masses. It displays the sfermion masses and gaugino and HigGs mass parameters
as a function of logarithmic momentum scale (). In this plot, a mSUGRA model [113-115] with the five
parameters

mo = 200GeV  my, = 600GeV  Ag = —600GeV  tanf =10 and sgnp=+ (2.46)

is used. The masses mg and m./, are defined in Equation 2.40, A is the common trilinear coupling
(explained in Equation 2.55), tan [ is the ratio of the two HigGs doublets’ vacuum expectation values
(see Equation 2.27) and p is the HIGGs mass parameter from Equation 2.32. The evolution of the masses
leads to a sparticle mass spectrum at the TeV scale with

mg > mg > My > m; > M . (2.47)

The mass hierarchy among the SUSY particles has a large impact on the expected phenomenology, as will
be explained in Section 2.3.

Another theoretical aspect of SUSY is related to the mixing of sparticle states. In Section 2.2.1, it was
already mentioned that the HiGGs sector in SUSY needs to be extended to four HiGas fields. Together
with the fields from Equations 2.6 to 2.8 (p. 7) and those of Equation 2.24 (p. 13), there are eight bosonic
fields, each having a superpartner:

R-parity=+1 R-parity=—1
charged: wt W~ Hf Hj Wt W~ Hf Hy
o B (2.48)
neutral: B w3 HY HY B W3 HY HY

In general, the neutral fields of the SM partners can interfere and manifest themselves as four mixed
mass eigenstates X?, the so-called neutralinos [116]. In the basis of the neutral bino, wino and Hicasino
fields, this is described by the mass matrix

M, 0 —Cg8yy Mz  SESYy, Mz
0 Mo CECYw M7  — S8 Cyy Mz
M)ZO — B “w B8 “Iw (2.49)
—CgSyy Mz  CgCyy, Mz 0 —
SgS9yw Mz  —SpCYy, Mz —u 0
with ¢y, =cosdyw, sy, =sindw, cg=cosf and sg=sinf3. (2.50)

M and M3 are the bino and wino mass parameters from Equation 2.31, it is the HiGGsino mass parameter
from Equation 2.32 and tan 3 is the ratio of the vacuum expectation values of the two neutral Higas-
bosons from Equation 2.27. The four parameters reduce to three if Equation 2.43 is assumed. Since Mo
is symmetric, it can be diagonalized by a single unitary matrix N0, which rotates the bino-, wino- and
HiGasino basis into the pure neutralino states:

% B\ (N NG NG NG (B
X3 WO | NJ N Nz Ny || WP
~0 = Nyo 70 | — 0 0 0 0 70 | - (2.51)
X3 {Id N3gi N3y N3z N3y {Id
X4 ) Np Ni, Njy Ny \H
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The matrix Equation 2.51 determines the contributions from the bino-, wino- and HiGgasino fields to the
measurable mass eigenstates, i.e. the neutralinos. Their masses are given in terms of the mass parameters
in M>~<O by

N}OMXON;O}U = mf(?‘sij . (2.52)

In the same way, the charged fields that carry the same quantum numbers can mix to the four mass
eigenstates Xf, the charginos [117]. Their mass matrix is given by

0 0 Mo V2 cos By
0 0 V/2 sin Bm
M: = . Bmw . : (2.53)
Moy V2 sin By 0 0
V2 cos Sy 7 0 0

The non-symmetric form of the block matrices in Equation 2.53 requires two unitary transformations in
order to rotate the matrices into the mass eigenstates, solutions can be found in [118, 119]. In addition,
the two matrices have different form and hence mixing can be different in the positively and negatively
charged chargino sector [120]. However, since the matrices are transposed to each other, they have the
same eigenvalues and hence the masses of positive and negative Y are degenerate.

The SUSY partners of the fermions are also subject to mixings. The superpotential (Equation 2.32)
allows for couplings of fr, and fg with the Higas fields. For instance, the supermultiplets in the term
liywQH, contain superpartners to left- and right-chiral particles, see Table 2.2. Since particles and their
superpartners have the same Yukawa coupling, the mixing is expected to be dominated by third gener-
ation sfermions and hence the approximations

00 O 0 0 O 00 O
yo=10 0 0 ya=10 0 O ye=|(0 0 O (2.54)
0 0 wy 0 0 w 0 0 yr

hold. The trilinear couplings in the soft SUSY breaking Lagrangian in Equation 2.31 also contribute to the
mixing between the superpartners of left- and right-chiral fields. It has been argued that experimental
constraints already exclude SUSY with large mixing between different flavour sleptons. So, whatever the
cause of SUSY breaking might be, there should be a natural suppression of the flavour mixing terms. A
frequently made assumption is that the trilinear couplings from Equation 2.31 are proportional to the
Yukawa couplings:

a, = Aoyu ag = Apyq and a. = Apye - (2.55)

This suppresses flavour mixings if Equations 2.54 are assumed. Therefore, also L- R mixing is expected
predominantly in the £, b and 7 sector. Figure 2.6 shows possible FEYNMAN diagrams for the mixings.

The possible mixing terms between the f7, and f fields in the Lagrangian can be written as

oy (i 7w ().
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FIGURE 2.6 Possible mixings between R and L fields in the (a) T, (B) band (c) t sector.

where the off-diagonal elements in the matrix M% allow for mixing of ]? 7, and fR. In the case of staus,

the matrix is given by [71]

M2 — m2, +mZ+ Ag mT2(A0 —,Qutan B) 7 (2.57)
mr (Ag — ptan 3) mz, +m;+ AR
where Ay is the common trilinear coupling from Equation 2.55,
(1 .2 2 Ll 2
A = 5 + sin” Yw | m7 cos 23 and AR = 3 sin® dwm7 cos 203 . (2.58)

The oft-diagonal elements from the mass matrix in Equation 2.57 are proportional to tan 5 and hence
the mixing is sensitive to the ratio from Equation 2.27. The mixture of the fundamental fields 7 and
71, to the measurable mass eigenstates 7; and 7» is obtained by diagonalization of the symmetric matrix
from Equation 2.57 with a unitary matrix N

2 - 3 -
<mﬁ 02 ) = N;M2NT | where N;: = ( cosvz  sin ﬁT) . (2.59)

0 m3 —sinvdz cosvz

Since the mixing takes place in two-dimensional isospin space, the representation of the mass eigen-

states
<Zl) — N (ZR> (2.60)
T2 TL

can be parameterized by a single angle ¥)z. Due to this mixing, the masses mz, and msz, are shifted to
msz and ms,. In many SUSY models, this results in one rather light stau compared to the lighter smuon
or selectron. The same formalism can be applied to the b and especially the ¢ sector [121], which might
lead to a very light £1. The # mixing is described by the matrix

m2 +m?+ Ar my (Ag — pcot 3
M2= | o t; ol : with (2.61)
¢ my (Ag — pcot 3) m;R—i-mt—i-AR
1 2 .92 2 2 . 2 2
A = 573 sin” vy | m7y cos 23 and AR = —3 sin” Ywm7 cos 23 . (2.62)
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2.3 SUSY Phenomenology at Hadron Colliders

This section discusses the expected signatures of collisions with SUSY particles being produced at hadron
colliders. As already mentioned, different SUSY models might have very different signatures. In general,
an inclusive search for multiform SUSY phenomenology might suffer from inefficient usage of the con-
ceivable discovery potential. Peculiar signatures with promising detectability, which are realized for only
limited SUSY models, could not be fully exploited. Therefore, focus is put solely on R-parity conserving
models. In the following, the searched signatures are justified step by step based on the presented aspects
of SUSY. Finally, the searched SUSY model that realizes these signatures is described.

2.3.1 SUSY Production at the LHC

Asalready mentioned in Section 1.2, this analysis searches for directly produced SUSY particles in proton-
proton collisions at the LHC. The collider will be described in Section 3.1. However, the expected SUSY
physics in proton-proton collisions can be discussed without knowledge of the collision’s instrumental
realization. Since the proton is no elementary particle itself, its constituents, the partons, are the actual
participants in the interactions, and hence produce any new or known particle.

The proton is made up of three valence quarks, two up quarks u and one down quark d and the binding
gluons. The latter can produce sea quarks by quark-antiquark creations. The total momentum of the
proton is shared among the valence- and sea quarks, ¢y and the gluons g [122]. Each of them carries a
fraction of the total momentum:

. qu,S g

va,svg - Wlth pp = Z pqv,s,g . (2~63)

pp Qv, Gs, 9

The probability density to find a particular parton with the given momentum fraction x4, , is described
by the parton distribution functions (PDFs). They give the availability of colliding partons and their
momentum and hence characterize the collision’s kinematics. There are several different sets of PDFs,
which are either derived from different methods and/or from different data, e.g. CTEQ [123, 124], MRST
[125, 126], NNPDFs [127, 128] or from the HERA experiment [129, 130].

Possible SUSY particles can then be produced in the collision of the partons. Since SUSY transforma-
tions conserve all quantum numbers beside the spin, also the superpartners of the partons, the squarks
and gluinos, interact strongly. Consequently, the strong interaction dominates the possible production
of SUSY particles and preferably creates colored SUSY particles.

Figure 2.7 shows FEYNMAN diagrams for the production of squarks and gluinos by the interaction
of the partons. The couplings in these diagrams are determined by QCD and hence fixed by the SM.
However, the masses of intermediate and final SUSY particles enter the corresponding calculations for
the cross section. Hence, the prediction about the contribution from the individual graphs and the total
production rate is model dependent. E.g. if the gluino mass exceeds the squark mass significantly, the
production of gluinos might be minor compared to squarks.

Also the PDFs play an important role in the production yield of each diagram: On average, valence
quarks carry a larger fraction of the proton momentum and thereby provide more energy to the hard
collision. Calculations of total and differential cross sections for strong SUSY production in hadronic
collisions can be found in [131-133]. Extensions to models with different masses for ¢, and ¢ [134] and
to next-to-leading order corrections [135] are also available.

In addition to strong production, there are also possible electroweak contributions. FEYNMAN graphs
for pure electroweak production are displayed in Figure 2.8. Their couplings are determined by either
electroweak or Yukawa interactions and hence play a minor role compared to QCD. However, the weaker
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FIGURE 2.8 Possible production of SUSY particles at the LHC via electroweak and YUKAWA interactions.

coupling might be partly compensated by phase space arguments: If squark and gluino masses are near
or even above the center-of-mass energy threshold, gauginos or sleptons might be the only kinematically
accessible SUSY particles.

The couplings in the electroweak diagrams are either gauge or Yukawa couplings. Therefore, only
the gaugino or HigGsino content of charginos and neutralinos participate in the interaction, see Equa-
tions 2.51 and 2.53. For instance, the couplings in Figure 2.8(1) change the quark flavour and are only
possible through the wino content of the chargino. Contrary, Z — )Z?)Z?, see Figure 2.8(a), is only pos-
sible via the HigGsino contributions to %0. In addition, baryon number conservation forces the t-channel
diagrams in gaugino production to be mediated by a squark, see Figure 2.8(G) to (k). If squarks should be
much more massive than the gauginos, these processes take a subleading role compared to the s-channel
production. The latter can be mediated by the lighter electroweak gauge bosons, see Figure 2.8(a) to ().

Cross sections for electroweak gaugino and slepton production can be found in [136].

All shown FEYNMAN diagrams for strong and electroweak production conserve R-parity, as explained
in Section 2.2.2. Therefore, all of the vertices have an even number of SUSY particles. Since there are no
SUSY particles in the initial state, all s-channel diagrams have to be mediated by a SM particle. With the
same line of argument, the initial SM particles in all ¢- and u-channel diagrams interact by the exchange
of a SUSY particle. The pairwise occurrence of SUSY particles at each vertex is also reflected in an even
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number of primarily produced SUSY particles. Other SUSY particles might then be created by their
decay.

2.3.2 SUSY Particle Decays

As shown above, the requirement for R-parity conservation leads to the production of an even number of
SUSY particles, so in most cases exactly two. In each collision where SUSY particles are created, these two
initial SUSY particles then might decay. Depending on the sparticle types, this gives rise to very different
SM and SUSY particles and hence very different collision topologies. At a proton-proton collider, the
production of colored sparticle is expected to dominate in a large area of the SUSY parameter space and
hence shall be considered.

Strong SUSY production, as shown in Figure 2.7, leads to a pair of either squarks or gluinos or to one
of either:

aq 99 or 9q - (2.64)

These particles will preferably decay strongly into other colored SUSY particles. A two-body decay into a
lighter SUSY particle and a SM particle has the biggest phase space, but the available SUSY particles are
very model dependent. E.g. if the squark is lighter than the gluino, the decay

9—4qq (2.65)

could take place.’ If the mass hierarchy among squarks and gluinos is inverted, i.e. mg < mg, the decay
from Equation 2.65 is forbidden by kinematic constraints but

q—9q (2.66)

can appear. In any case, the produced SM particle is a quark, which will manifest itself as a jet of colored
particles. Thus, strong decays of colored SUSY particles will produce hadronic particle jets as a visible
signature. The energy of the jet strongly depends on the mass difference of the two SUSY particles. In the
rest frame of the decaying sparticle, the quark energy from the two-body decay is

mg +mg —mg _mg—mg
Eq = ~ for mg > Mg or (2.67)
2m§ 2m§
mé—i—mg—mg m%—mg
= ~ for mg < mg . (2.68)
qu 2’/77,[]'

Therefore, the visible energy of the quark jet is proportional to the difference of the squared sparticle
masses.

Besides the decays in Equation 2.65 and 2.66, there are no other strong decays among gluinos and
squarks. Although there might be rather large mass differences among the squarks, decays of squarks
into other squarks would premise a change in quark flavour, which is only possible in weak interactions.
If either the lighter of the squark or gluino has been directly produced, or the more massive already
decayed into the lighter colored state, no other strong decay is possible.

¢ Here, the quark is assumed to be massless, or at least m, < mg,3.
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Assuming a common scalar and fermionic mass at the GUT scale, the RGEs suggest that the mass
hierarchy

mg > Mg > Mg, My, My, . (2.69)

is natural, see Equation 2.47 or Figure 2.5(B). Therefore, the next lighter SUSY particles are accessible
only via electroweak interactions. Since the gluino neither couples to any of the gauginos or sleptons nor
has any Yukawa coupling, it could decay only via a virtual squark into neutralinos or charginos. Possible
squark decays are

7 Xq or q—Xid. (2.70)

They produce a quark and in addition either a neutralino or a chargino, where the quark will show up as
a jet. The subsequent decays of the electroweak gauginos strongly depend on the mass hierarchy among
gauginos and sleptons. Common to all decay chains is the final decay into the lightest SUSY particle,
which is stable as predicted by R-parity conservation. Since this particle is expected to be only weakly
interacting, see Section 2.2.2, the sneutrinos 7y [137-139] or the lightest neutralino X} are possible can-
didates. Depending on the SUSY model, Equation 2.51 might predict the lightest neutralino to be either
bino- [140], wino- [141, 142] or HiGGsino-dominated [143, 144] or a more general mixed state [145]. Fur-
thermore, the superpartner of the graviton might be a candidate for the LSP.

In any case, the LSP will show up as missing transverse momentum: Although the center-of-mass
energy of the colliding partons is not known on a collision-by-collision basis, the transverse momentum
of the incoming partons vanishes to very good approximation. Hence, also the transverse momenta of
the produced particles sum up to zero. An undetected particle like the LSP will result in an imbalance
of the transverse momentum and therefore appears as missing transverse momentum. This is a general
feature of only weakly interacting particles.

So far, the SUSY signatures have been quark jets and missing transverse momentum. At a proton
collider, the occurrence of charged leptons is also a striking signature. Since interactions among the
partons are completely QCD-dominated, direct leptons from the proton interactions are a rare product
at the LHC. In contrast to that, the decay of the electroweak gauginos and sleptons can produce leptons,
which might help to find SUSY events.

Figure 2.9 shows electroweak decays of gauginos and sleptons that could contribute to the appearance
of leptons. However, all depicted FEYNMAN diagrams are not possible in a common SUSY model. E.g.
Figure 2.9(K) assumes m; > my, + my, whereas Figure 2.9(N) premises mz, > m; + myy. Principally,
all of these decays can be chained as long as the mass of the incoming particle exceeds the sum of the
outgoing particles’ masses. This might lead to long decay chains, which all finally end with the decay into
the LSP. Produced charged leptons are well detectable and therefore a promising signature to look for.

2.3.3 Tau Leptons in SUSY Models

Despite lepton universality, the tau lepton might be a unique probe for supersymmetric theories and
hence demands for special attention. The appearance of leptons is predicted in a wide range of the SUSY
parameter space, but for some theories, tau leptons are produced preferably. The fundamental reason for
this is the enhanced Yukawa coupling of tau leptons compared to the first and second generation leptons.
Within the SM, this shows up as a much higher tau mass:

m, = 1776.82 MeV > m,, = 105.66 MeV > me = 0.51 MeV . (2.71)
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FIGURE 2.9 Possible decays of sleptons and gauginos, which might contribute to the appearance of leptons.

In SUSY, there are two important aspects that follow from the stronger Yukawa coupling of the tau.
The first is related to kinematics in the decay chains and has already been shown in Equation 2.57. The
off-diagonal elements of the mass matrix give rise to rather large corrections of ms, and mz, to ms, and
m#,. This might cause the lighter stau, the 7, to be much lighter than the unmixed states of the first and
second generation, i.e.

mz < Mpp 5 and mz < Mep, g - (2.72)

In such a case, by pure kinematic phase space considerations, decays like the ones displayed in Fig-
ure 2.9(A) or (E) will preferably happen with third generation leptons and hence give rise to tau-rich
SUSY signatures.

The second influential effect is connected to the SUSY particle’s couplings and has its origin as well in
the mixing from Equation 2.60. The superpartners of the right- and left-chiral electron and those of the
right and left-chiral muon occur (nearly) unmixed, so that the measurable mass eigenstates are the un-
mixed weak isospin states. This might not be the case for staus, whose mass eigenstates have contributions
from each weak isospin state by Equation 2.60. If the mixing among the neutralinos from Equation 2.51
is not too strong, the Equations 2.49 and 2.44 lead to

mgo &~ My < My = My with ’§?> = ’§> and ‘§8> ~ ‘W> , (2.73)
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Tau Lepton Decays

decay product  probability [%] resonance ) prongs » BR[%]

eVelr 17.84 - 1
35.16
MYy Vr 17.32 - 1
Vs 10.83 - 1
v, 25.47 p 1
7070, 9.24 ai 1 49.42
mr0m070u, 0.98 - 1
1-pr. with K 2.9 - 1
TV 9.04 ai 3
arrmly, 4.59 - 3
narrn’rlu, 0.39 - 3 14.62
rrrmdm07n0u, 0.01 - 3
3-pr. with K 0.59 - 3
others 0.8 - - 0.8

TABLE 2.3 The most important leptonic and hadronic decay modes of the tau lepton and intermediate meson resonances
if known. The number of prongs are the number of charged particles. Branching ratios are taken from [146].

with a wino-dominated X9. This can decay into the lighter X! via intermediate SUSY particles, e.g. a
slepton by the combination of Figure 2.9(a) and (1). This would result in a pair of leptons

Xy — 00 — 00Xy . (2.74)

In general, assuming the unification of masses at the GUT scale in the sense of Equation 2.40, the
renormalization group equations for the sleptons result in a higher mass for the (1, than for the 5. This
is driven by contributions to the running masses from the SU(2), couplings, which are not present for
the (f, states. If the heavier fiz, and €1, are kinematically inaccessible in the X3 decay of Equation 2.74, the
only possible decay would be via the 7,.7 A wino-only X would not couple to the £ states and only the
71 has a sizable 77, component. The same line of argument holds for a wino-like i in decays like the one
from Figure 2.9(&), which would result in an enhanced production of tau leptons compared to electrons
and muons.

Unfortunately, tau leptons also require more experimental effort due to their decay. The lifetime of the
-

7 =290.6-10" 1% or ety = 87.11um , (2.75)

7 Decays into squarks are also not possible if Equation 2.69 is assumed.
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leads to a flight length of about half a millimeter per 10 GeV of energy. Therefore, tau leptons typically
decay before they reach the ATLAS detector and hence are not directly visible. The most important decay
modes are given in Table 2.3 along with their probabilities. The numbers are taken from [146].

There are two basic kinds of decay modes: Leptonic decays, producing either an electron or a muon, or
hadronic decays, which result in a jet of hadrons. In any case, at least one neutrino is produced, in leptonic
decays there are two of them. This impedes the reconstruction of the full tau’s four-momentum since the
neutrinos escape detection. Furthermore, tau leptons have to be identified by their decay products. This
comes along with the experimentally challenging task of tau lepton reconstruction, as will be explained
in Section 3.3.4. However, the decay of the tau provides sensitivity to its SUSY parameter dependent
polarization [147-149], which can also be exploited experimentally [150].

2.4 Gauge Mediated SUSY Breaking

In the previous section, the search for SUSY with jets, missing transverse momentum and leptons was
motivated, where the special role of tau leptons has been emphasized. Although the experimental goal
is the design of a generic search of this signatures, a reference model is needed for some aspects. One of
them is the adjustment of free analysis related parameters. For a promising sensitivity, SUSY benchmarks
are needed to optimize any free parameter in the analysis outline. In addition, the interpretation of results
with respect to exclusion can be solely done with a specific SUSY model that gives a comprehensive and
complete prediction.

Although attention is paid to only strong SUSY production in R-parity conserving models, SUSY para-
meter space is enormous. Therefore, a model with only few parameters is chosen. The choice of the model
is obviously restricted by the demand for the considered search signatures. Especially, it should mani-
fest itself by a copious production of tau leptons, which has been shown to be a well motivated search
signature. Within this thesis, the Gauge Mediated Supersymmetry Breaking (GMSB) model [151-155] is
chosen, which is described in the following.

2.4.1 Breaking Mechanism

In the MSSM, the SUSY particle masses have been included by explicit mass terms in the Lagrangian in
Equation 2.31. This was done without giving any specific cause for the mass symmetry breaking between
SM particles and their superpartners. It can be argued that the source of this symmetry breaking cannot
be inhered in the MSSM itself [17]. Hence, its origin evidently emanates from another sector, the so-called
hidden sector. The breaking is communicated to the MSSM sector by an interaction that couples to the
hidden as well as to the MSSM sector and thereby generates the mass symmetry breaking.

In GMSB, this breaking is mediated dynamically by the gauge bosons of the SM by the ordinary
U(1)y x SU(2)1, x SU(3)¢ interactions. Since the gauge interactions are flavour blind, also SUSY break-
ing has to be flavour blind in the same sense. Therefore, GMSB already provides flavour independent
SUSY masses for the sfermions, i.e. the masses depend only on the sfermion’s U(1)y x SU(2)1 x SU(3)¢
quantum numbers. In addition, the non-SM-like flavour violations, e.g. the off-diagonal terms in the soft
SUSY breaking Lagrangian in Equation 2.31, are suppressed naturally and

2 —m2 2 _— 2 2 —m2 2 —m2 2 —m2
m@«—mQ]l m:= ma]l mJ mJ]l m mL]l m: mé]l (2.76)

follows, where 1 is the unity matrix. The inherent restrain of flavour violation in GMSB also motivates
the assumptions about the suppression of off-diagonal elements in the matrices from equation 2.54 and
2.55. This makes GMSB to a well motivated model among possible SUSY realizations.
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FIGURE 2.10 A FEYNMAN diagram contributing to the generation of the gaugino masses in Gauge Mediated Supersym-
metry Breaking.

The mechanism to generate the higher SUSY masses starts in the hidden sector, where SUSY is broken.
In this hidden sector, left-handed chiral supermultiplets @y, ) o> g and <T>q exist. They contain messenger
and scalar leptons, as well as messenger and scalar quarks, respectively. Their masses are generated by
the coupling to a gauge singlet chiral supermultiplet S

Winass = ygSCI)g(i)g + quCI)q(i)q ) (2.77)

where the scalar component of S and the one of its auxiliary F'-term acquire non-vanishing vacuum
expectation values

(SYy#£0 and (Fg) #0. (2.78)

This can be shown to generate mass terms in the Lagrangian for the fermions and scalars of the form

Lfermionic mass = — Ye (S5) ‘I)g‘i’g — Yq (S) (I)f](i)(f] (2.79)

N\ [ e (1P —yi (F5) | (9
Licalar mass = — (@; @;) N (2.80)
—ye(Fs)  [ye (S)] @

N (9P =y iF3) ) (2
(5 )

) B , (2.81)
—Yq (Fs) |yq () (I)Z

where the superscripts f” and s’ denote the fermionic and scalar content of the supermultiplets. Diagon-
alizing the mass matrices from Equations 2.80 and 2.81 leads to the masses

Oy, Dy mi = [ye (S)[? and my = lye (S)* £ lye (Fs)] (2.82)

Oy By mE=ly(S)E ad  m=ly(S)P Ly (). ()

q>

For (Fg) # 0, the mass symmetry between fermionic and scalar superpartners within a supermultiplet
is evidently broken. This breaking is then propagated to the MSSM fields via radiative loop diagrams. Fig-
ure 2.10 shows a possible FEYNMAN diagram for a loop contribution to the gaugino masses. The couplings
are the gauge couplings of the SM from Equation 2.38 and the intermediate loop consists of the scalar and
fermionic components of the messenger supermultiplets.
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At one-loop level the resulting mass parameters for the gauginos in the soft supersymmetry breaking
Lagrangian can be shown to be [154]
Qa aq (Fs)

Mo = 7 ANs = 47 (S)

1 N where ae{l, 2, 3}, (2.84)
T

and N5 is the number of messenger supermultiplets. The index ‘5" denotes that the gauge couplings of
the SM are expected to be unified at the GUT scale in the SU(5) group. The masses of scalar particles,
e.g. sfermions, are only possible via two-loop contributions and are given by [154]

X ) i3 k=3 SUB)c
«
MZeagar = 2A°N5 <47’:_> Cr(i)  where  Ci(i)=<3/4+ k=2 SU(@2)L (2.85)
k=1 3?25 k=1 U(l)y.

The factors C (i) are zero if the particle does not participate in the corresponding gauge interaction.
It follows directly from Equation 2.85 that the partners of left-handed fermions are heavier due to their
SU(2) 1, couplings and strongly interacting particles are the most massive ones due to the large oy = a3.

2.4.2 Phenomenology and Parameters

GMSB models typically predict the gravitino, the superpartner of the graviton, as the lightest supersym-
metric particle with the mass

(Fs)

) (2.86)
M, PrLaNck

m3/2 0.8

Due to the high PLANCK scale, the gravitino is expected to be much lighter than the other SUSY particles.
Hence, the GMSB phenomenology is largely dominated by the decay of the NLSP into the LSP, the grav-
itino. From Equations 2.84 and 2.85 it can be seen that scalar masses increase with /N5, whereas the
gaugino masses are proportional to N5. This is a consequence of the fact that gaugino masses are gen-
erated at one-loop level, whereas scalar masses need two-loop contributions. Hence, for larger N, the
masses of gauginos get heavier compared to the sfermions and the NLSP typically changes from a neut-
ralino to a sfermion. Since right-chiral sleptons neither carry color nor weak isospin, they are the lightest
sfermions according to Equation 2.85. For high tan 3 models, the 71 becomes the lightest slepton due to
the mixing of Equation 2.57 and the SUSY decay chains typically end with

Ny =1: 2(1) — C:’fy (2.87)
Ny =3: 71— Gr. (2.88)

The model is then characterized by only six parameters, which determine the complete SUSY phenomen-
ology:

A The SUSY breaking scale. It is the ratio from the SUSY breaking order parameter (Fs) to
the messenger mass scale (S), A = (Fyg) / (5).

(S)  The mass scale of the messenger fields.

tan 8 The ratio of the two Higgs doublets vacuum expectation values from Equation 2.27.
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FIGURE 2.11 GMSB cross sections and tau multiplicity [156]. (A): The next-to-leading order cross sections in the GMSB
parameter plane of tan 5 and A. (B): The average number of expected tau leptons per generated SUSY event. The
granularity is determined by the considered model points.

N5 The number of messenger fields.
sgn it 'The sign of the HIGGS mass term.

Cg  The gravitino mass scale factor. It determines the lifetime of the NLSP before it decays into
the gravitino. In nearly all models, the lifetime is short and the NLSP decays promptly com-
pared to detector scale. Hence, this parameter will not change the phenomenology as long
as the NLSP decays within the detector.

Even if only five parameters determine the whole model, the consideration of all their possible com-
binations is not feasible. Therefore, three of the parameters are fixed and only two are treated separately
as free parameters. Within this work, Vs will be set to three, which lead to mz < mo, see Equation 2.88.
Furthermore, the masses of the SUSY particles are determined by A, but not by the absolute messenger
mass scale (5), see Equations 2.84 and 2.85. Although (S) defines the mass scale of the hidden sector,
the resulting low energy SUSY masses depend only the breaking in the hidden sector, see Equations 2.82
and 2.83. Therefore, (S) is fixed at a scale at sufficiently high energies beyond the experimental reach by
(S) = 250 TeV. The gravitino mass scale factor and the sign of 1 do not have strong implications for the
low energy SUSY appearance and hence are fixed to Cz = 1 and sgn iz = +1. The used set of parameters
is then

N5 =3 a=1 sgnpu = +1 (S) =250TeV (2.89)

leaving only tan 3 and A as free inputs. They are varied in nearly 100 different combinations in the range
of

tanf3 =2...70 (2.90)
A=10Tev...80TeV. (2.91)

Figure 2.11(a) shows the total expected next-to-leading order production cross sections in the para-
meter plane, which is steeply falling with increasing A. This is driven by the increasing masses of produced
SUSY particles, as given by Equations 2.84 and 2.85. Both increase linearly with A. Figure 2.11(8) shows
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the expected average number of taus that appear per produced SUSY event. For high tan  the mixing
in the stau sector leads to a very light 7; and hence decay chains like

q— )Z?q — TITq — éTTq (2.92)

produce two taus. This might happen for both initial SUSY particles, e.g. from squark-antisquark pair
production. The abundance of tau leptons decreases for lower tan (3, where the sleptons become degen-
erate, i.e. the mass difference between first and third generation sleptons is smaller than the tau mass.
In this CoNLSP region, taus are no longer preferably produced, but still have sizable contributions. This
choice of SUSY model parameterization specifies the phenomenology by two parameters: Whereas A
sets the mass scale of the SUSY particles, tan 8 governs the tau richness of the model.

Given the considerations above, this thesis aims at SUSY models, where decay chains produce jets,
multiple taus and missing transverse momentum from the escaping LSP. Besides this theoretical motiv-
ation, the final specification of this search signatures also succumbs to several experimental issues. They
will be explained in the next Chapter 3. Therefore, the final outline in the object selection is established
in Section 4.1, after the experimental challenges with tau final states are discussed.

Summary

The SM has shortcoming that might be solved by its supersymmetric extension. At hadron colliders,
SUSY may be discovered in collisions with jets, missing transverse momentum and leptons. While tau
leptons are experimentally challenging, they likely occur in such collisions. This phenomenology can be
found in GMSB models, which can be specified by only two free parameters, A and tan .
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CHAPTER 3

The Experimental Setup

Event Reconstruction with ATLAS at the LHC

The direct production of supersymmetric particles and the detection of their decay products is an attract-
ive, but also ambitious and challenging way to search for SUSY. Since SUSY particles are supposed to be
very massive and rarely produced, the unprecedented center-of-mass energy of 7 TeV and extraordinary
luminosity of the LHC provide encouraging conditions for a potential discovery of SUSY. The collider,
as well as the ATLAS detector used for the reconstruction of the collisions, shall be introduced in the
following. Furthermore, their simulation, used for comparison to observation, will be explained.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [157-161] is a proton-proton collider® at the Swiss-French border near
Geneva. It consists of several subsequent accelerator elements, which finally inject two counter-rotating
beams of protons into the main component: A 27 km long circular accelerator that ramps up the proton
beams to a center-of-mass energy of 7 TeV.

The sequence of accelerating elements is shown in Figure 3.1: The protons are collected from a hydrogen
source, boosted in a linear accelerator to 50 MeV and then injected into a series of three circular pre-
accelerators: the PSB [164], PS [165] and SPS [166, 167].> Here, their energies are raised to 1.4 GeV,
25 GeV and 450 GeV, respectively. After the protons reach their final energy in the SPS, two beams are
branched off and injected in opposed direction into the LHC. The both beams’ energies are increased up
to 3.5 TeV and finally intersected at the experiments. Figure 3.1 shows only the two biggest experiments,
ATLAS and CMS, and does not claim scale preservation.

The basic principle of the acceleration is electromagnetic attraction, where a particle with charge ¢
obtains the energy

By = [ (ﬁ-dg) —q / (E-dg) : (3.1)

on the path § through an electric field E. A final energy in the TeV-range by the use of current linear
accelerators technologies would either demand for an extremely strong electromagnetic field or excessive
long colliders. Therefore, circular designs have proven to be successful, where a particle can cycle the same
path again and again until it reaches the needed energy. Certainly, this cannot be exploited ad infinitum,
as will be explained.

The linear accelerator elements consist of drift tubes in a WIDEROE structure [168], where adjacent tube
elements have opposite polarity. A passing particle will be attracted by the next tube and hence acceler-
ated. As soon as the next one is reached, polarity changes and acceleration will continue to the next one
and so forth. In the circular elements, the acceleration is performed by cavities that form high frequency

' The LHC has a heavy ion program as well [162, 163], which is not used within this work and hence will not be put on record.
* The acronyms stand for: (PBS) Proton Synchrotron Booster; (PS) Proton Synchrotron; (SPS) Super Proton Synchrotron.
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NNNN\N LINAC: 50 MeV
PSS/ SSY Proton Synchrotron Booster: 1.4 GeV

Proton Synchrotron: 25 GeV

CMS Experiment

FIGURE 3.1 Schematic sketch of the LHC accelerator system at CERN and the two biggest experiments.

stationery waves. Depending on the stimulation frequency and the cavity’s geometry, an oscillating lon-
gitudinal wave along the central axis of the cavity is created. If the particle arrives in phase with the wave,
it is accelerated, but otherwise might be decelerated.

The requirement of in-phase arrival of the particle with the oscillation of the cavity makes high de-
mands on the tuning of frequency and the particle’s velocity. Fortunately, for highly relativistic particles,
the increase in energy does not translate into a noteworthy change in velocity and hence the main cir-
cular accelerators can operate at a fixed frequency. In addition to acceleration, the PS also gives a bunch
structure to the beam. The LHC beam is segmented into about 1000 to 2800 bunches?, each of which
contains approximately 10!! protons [169].

The protons are bent onto the circular path of the accelerator by dipole magnets. This is based on
electromagnetic deflection, where a particle with charge g experiences the force

—

F:q[ﬁx Bﬂ , (3.2)

when it traverses a magnetic field B with a velocity #. Due to the exceptionally high energies of the
protons, magnetic fields up to 8.36 T from 1232 dipoles are needed in the LHC to keep the protons in the
beam pipes. This is only possible with superconducting magnets [170, 171], which require to be cooled
down to 1.9K.

The deflection of the protons in a magnetic field leads to synchrotron radiation. The energy loss of a
proton per turn is
2 4
€ Ebeam

AE,=——>—>an .
P 3egR(mype?)t’ (3.3)

3 The exact number of bunches depends on the actual run conditions. At design luminosity it should reach 2.8 - 10 bunches.
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where R is the ring radius and Eje,p, the particle’s energy in the circular storage ring. Equation 3.3 reveals
one of the benefits of storing protons rather than electrons: Since their mass is much higher, radiative
energy losses per circle are reduced by a factor

4
ALy <m> ~88.10714 . (3.4)

AE, - My

At the LHC, the loss of energy due to this effect is about 6.7keV [172] per proton and turn.

To achieve the extremely high luminosity, the storage rings also have to focus the beam in addition
to its acceleration and deflection. Due to electrostatic repulsion of the positively charged beam, it would
diverge without any mechanism that compensates for the CouLoms force. The narrow beam profile is
restored by a series of rotated quadrupoles whose deflections result in a focussing effect. The LHC also
has higher order multipole magnets for several other beam profile corrections. E.g. the dipole deflection
of the protons depends on their momentum. Due to the finite momentum spread of the beam’s protons,
there are different deflections and hence beam divergencies. These are re-focused by sextupole magnets.

The narrow transverse width of the intense proton beam at the interaction points is one of the key
teatures of the LHC. The extreme proton density ensures a high collision rate, which is described by the
instantaneous luminosity £+

d
TN =CLo. (3.5)

It is the proportionality of the production rate to the cross section for a given process and parameterizes
the beam conditions at the intersection. For a ring accelerator with [V}, bunches of N, particles, it is given

by
Ny N2

. (3.6)
020y

L= frev

Here, frey is the revolution frequency and o, ,, are the root mean square beam sizes at the collision point
in - and y-direction, respectively.

The beams are intersected at dedicated interaction points, which are surrounded by the detectors. Due
to the extended beam geometry, the collisions take place in a volume around this point. The transverse
size of this volume is largely dominated by the beam spread, whereas the longitudinal elongation is de-
termined by the crossing angle of the intersecting beams. At the LHC, this angle is ¢cross ~ 200 urad,
which also slightly changes the effective transverse intersection area. Assuming a GAussian transverse
beam distribution, the instantaneous luminosity for crossed beams from Equation 3.6 reads [161, 173]

2
Ny N?
1 Oz Pcross 2 7
020y + (;T tan =5 )

where o, and ot are the root mean squares of the longitudinal bunch length and the transverse beam
size at the interaction point, respectively. The design luminosity of the LHC is

L= frev (3-7)

L£=10%cm?s . (3.8)

* The symbol ‘L’ will be used for Lagrangians as well as for the instantaneous luminosity. This ambiguity is accepted to follow
the usual naming conventions and the respective meaning will be clarified in the context of each use.
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The products of the collisions are measured at four main experiments: CMS [174], ALICE [175], LHCb
[176] and ATLAS, where the latter will be explained in detail in the following section. ATLAS and CMS
are both general purpose experiments. Principally, they have a similar physics programs and hence can
confirm observations of the other experiment independently. In doing so, both experiments are differ-
ently outlined with emphasize on distinct aspects in the collision reconstruction. To some extend, this
results in a complementary interplay and a minimal overlap in experimental techniques.

LHCb and ALICE are also multipurpose experiments, but have more specific physics programs. ALICE
is designed to investigate QCD related questions like quark-gluon plasma at extremely high energies. It is
outlined for the heavy ions program of the LHC, but it can be run as well in proton collisions. The domain
of b-physics, like precision measurements of CP violation and rare decays of hadrons with b-quarks, is
subject of the LHCb experiment.

In addition to the four main experiments at the interaction points, there are also two more without their
own interaction point. TOTEM [177] is located nearby the CMS detector and measures collision products
from the CMS intersection point in the very forward direction. It is designed to monitor the LHC lu-
minosity and is used for a precise determination of the proton size. The LHCf experiment [178] uses very
forward collision products from the ATLAS experiment. It investigates cosmic-ray-like products from
the proton collisions.

3.2 The ATLAS Detector

The ATLAS detector [179, 180] is one of the general purpose experiments at the LHC and is the exper-
imental environment in which the analysis of this thesis is performed. The following sections sketch
the design of its substructures and explains how particles and their signatures are measured and inter-
preted. In general, all instruments exploit the interaction of a particle with the detector material. These
interactions produce electric signals, which can be read out.

The identification and measurement of particles requires an efficient discrimination between different
particle types and a precise determination of their kinematics. This can be realized by dedicated detector
components that measure characteristic properties or patterns of particles. These components should
have a maximal coverage of the solid angle and fine granularity, where the latter allows for high spatial
resolution.

The mentioned demands suggest to build onion shaped detectors, where each detector layer is ded-
icated to specific tasks and composed of many structures of the same kind. In ATLAS, the coverage of
(nearly) the full solid angle is realized by a barrel part, which coveres the transverse region around the
interaction point, and two endcap parts, covering the forward regions near the beam pipe.

The layers also should be arranged by transmissibility, i.e. lucent to opaque from inner to outer layers.
This allows each layer to measure the particle as unaffected as possible by the previous layer. A particle
of a certain type should be stopped by the last layer that still gains information about this particle type.
This ensures that no information, e.g. about the energy, is lost behind the active detector material.

3.2.1 ATLAS Geometry and Coordinates

A schematic picture of the ATLAS detector and its components is displayed in Figure 3.2(a). The next
sections explain the structure and operating mode of the different layers, starting from the inside, near
the interaction point, to the outermost detector components. Here, and throughout the whole thesis,
the nomenclature of the ATLAS coordinate system is used, which is defined as follows. The nominal
intersection point is chosen to be the origin of a right-handed Cartesian coordinate system. The z-axis
is aligned along the beam pipe, whereas the x-y plane is perpendicular to the beam pipe. The y-axis is
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defined to point upwards, so at increasing altitude, perpendicular to ground level, i.e. the plane defined
by the LHC ring. The positive z-axis is chosen to lie within this plane and points towards the center of
the accelerator ring. The right-handedness then also specifies the positive and negative orientation of the
Z-axis.

The Cartesian system can be expressed as well in polar coordinates. The radius r is the distance to the
intersection point, the azimuthal angle ¢ is measured clockwise around the z-axis and the polar angle ¢
is measured from the beam pipe. The coordinates are translated by

x = rsin f cos ¢ y = rsinfsin ¢ and z =rcosb. (3.9)

and the corresponding inverse functions. Due to the parton distribution functions, compare 2.3.1, the
initial longitudinal boost of the colliding partons is unknown and hence only the transverse compon-
ents of momenta are considered for some aspects. In this projection, i.e. § = 7/2, Equations 3.9 can be
translated to momentum space by

Pz = PT COS @ Py = prSin ¢ and p,=0. (3.10)

The polar angle is usually given in an equivalent measure, the pseudorapidity. It is defined by
0 _
n = —Intan (2> or 6 = 2arctan (e7") | (3.11)

and the longitudinal momentum reads p, = prsinh 7.

3.2.2 The Inner Detector

The ATLAS inner detector [181, 182] is a tracking device that reconstructs the trajectory of charged
particles. It consists of three subelements: The pixel detectors, the semiconductor tracker (SCT) and
a transition radiation tracker (TRT). The complete inner detector is filled with a 2 T solenoidal magnetic
field [183, 184] aligned with the beam direction in which charged particles are deflected on circular paths.
The curvature radius of the track can be used to identify the particle’s transverse momentum if the charge
is assumed to be known and the charge’s polarity can be identified by the deflection direction. The inner
detector can be seen in Figure 3.2(B).

The pixel detector [185, 186] is the innermost part and approaches the interaction point up to 5 cm. It is
made up of three concentric layers around the beam axis and three disks in either beam direction. These
elements are equipped with 1750 modules in total, each of which has about 47 000 pixels. The high pixel
density guarantees an extremely high spatial resolution of about 14 pm in the highly occupied vicinity of
the interaction point. At the same time, the pixels are designed to show good resistance to the radiation
dose from the collisions, to minimize multiple scattering and to have a very efficient response.

The pixel detector is surrounded by five layers of silicon strips, the SCT [187, 188]. It extends the trans-
verse reach of the tracking from 30 cm to 50 cm with about 6.3 - 10 readout channels. The spatial res-
olution can effort to decrease to 80 um due to the diverging, and hence lower density of tracks.

The outermost part of the inner detector is filled with the radiation transition tracker [189, 190]. It
consists of 350 000 Xenon filled straw tubes, which have an anode wire along its central axis. A charged
particle passing through the tube will ionize the gas along its path and produced electrons. These drift
towards the anode wire and cause an electric signal. This geometry only allows for a two-dimensional
positioning in space. The straws in the barrel are aligned along the z-axis, which disregards any 7 in-
formation. In any case, the 77 information is of no avail for the transverse momentum measurement.
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FIGURE 3.2 Cut-away views of the ATLAS detector and its subsystems. Pictures are taken from http://www.atlas.ch/
photos/index.html.
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3.2 The ATLAS Detector

In addition, the space in between the straws is filled with a material, in which electrons produce trans-
ition radiation, which can be used to identify electrons [191]. There are also possibilities to identify
particles via the measurement of energy loss per distance, which is sensitive to the particle’s mass [192].
The TRT has the biggest active volume of the inner detector components and allows a wide-ranging trace
of charged particles. The large spatial coverage can be afforded since it is a gaseous detector with a long
radiation length.

3.2.3 Calorimetry

The calorimeters measure the total energy of a particle. In principle, they consist of absorbers and sensing
layers: In the absorbers, the incoming particles interact with the material and create showers of particles.
Thereby, the initial particle is decelerated until it is stopped. The absorbers are ordered alternately with
sensor layers, in which the showers are detected as electric signals. There are two calorimeter systems in
ATLAS: One aims at the measurement of energy depositions from electromagnetic interacting particles
and one at energy carried by hadrons.

The electromagnetic calorimeter [193, 194] is responsible for the measurement of particles that interact
electromagnetically, i.e. charged particles and photons. A schematic picture can be seen in Figure 3.2(c).
Due to their short radiation length, lead panels and stainless steel are used as absorbers, in which particle
showers are created. These are immersed in the sensing layers filled with liquid argon, which needs to
be cooled down to —180 °C. The argon atoms are ionized by the particles and thereby release electrons,
which drift to copper electrodes in an applied electric field. Here, they induce an electric signal that is
proportional to the initial particle’s energy. A correct calibration that relates the measured signal to the
particle’s energy is crucial for a reliable operation. Unfortunately, the high luminosity does not allow for a
tull readout of the calorimeter signals in the short time in between two bunch crossings. Therefore, only
the initial ionization current is measured, which is proportional to the energy as well.

The barrel part of the liquid argon calorimeter [195] is made of concentric, accordion shaped layers
around the beam direction. They are subdivided into smaller structures of fine granularity with 182 468
readout channels in total. This allows for fine spatial resolution of the objects’ substructure, e.g. of jets, or
the separation of nearby objects. The forward direction is covered by liquid argon endcap calorimeters
[196] for 1.375 < |n| < 3.2 and liquid argon forward calorimeters [197] in the range of 3.1 < |n| < 4.9.
The forward direction (1.375 < |n| < 3.2) is also covered by a liquid argon hadronic endcap [198], which
is dedicated to the energy measurement of hadrons.

In the barrel part, the energy of hadrons is measured by the tile calorimeter [199, 200]. The absorbers
are made of low-carbon steel and the active material are plastic scintillators. The granularity of the tile
calorimeter is about 0.1 rad in ¢ and 0.1 in 7. Produced particle showers excite the scintillating material,
which re-emits the absorbed energy by luminescence. The light is collected by fibre cables and then read
out by photomultiplier tubes. The arrangement of the calorimeters can be seen in Figure 3.2(D).

3.2.4 Muon Systems

Muons are special with respect to reconstruction. Due to their high mass, they are minimal ionizing
particles and penetrate the calorimeters. Hence, their identification needs a dedicated detector system,
the muon spectrometer [201-203]. It is located around the calorimeters and can be seen in Figure 3.2(E).
Although they require an additional dedicated detector system, their special behaviour grants them a
unique appearance and makes them easy to identify.

The muon spectrometer is an additional tracking device that is filled by a toroidal magnetic field [204,
205] of about 0.5 T to 1T created by superconducting currents. Within this field, the bend tracks of
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muons are measured by different systems. Their trajectory is measured by drift tubes (MDT), whose
positions are constantly monitored by an optical alignment system [206, 207] and hence their location
is known with an accuracy of 30 um. In the drift tubes, gas is ionized along the muon’s path and the
produced electrons are collected. Here, drift time information is used to determine the exact starting
point of the electrons and hence the muon’s location.

In addition to the spatial location, time of flight measurements are also performed by the use of Resist-
ive Plate Chambers (RPC) [208, 209] in the barrel. In these systems, the active gas is shielded with high
resistant plates before the anode and cathode. Due to the isolation, only electrons released very close
to the cathode produce sufficient energetic showers by gas amplification to be measured at the anode.
Therefore, the penetration point can be determined with high spatial resolution. The resistive plates also
tolerate very high electric fields in the drift volume, which allows for very high drift velocities. The fast
readout can be used for timing measurements.

In the endcap, muon identification typically suffers from high backgrounds of very forward activity.
This gives rise to unacceptable high occupancies of the mentioned muon systems. Therefore, Cathode
Strip Chambers [210] (CSCs) are used and the RPCs are replaced by Thin Gap Chambers (TGCs) [211].
They are capable to cope with the higher occupancy.

3.3 Object Identification with the ATLAS Detector

The previous sections gave a description of the ATLAS detector and its main components. It it designed
to maximize reconstruction efficiency, i.e. particles that have been created should leave signals in the
detector. In order to connect the basic measurements to any kind of physics, the signals have to be inter-
preted in terms of physical objects. The most obvious choice for the interpretation is in terms of particles.
In this thesis, the following terminology is chosen: A particle is said to be reconstructed if it leaves any
kind of significant signal above noise level. In this sense it can be regarded as detected. The particle is
said to be identified if it is also correctly interpreted as the particle it has really been.

With these definitions, identification evidently premises reconstruction and cannot be verified on a
per object basis in data. In simulated events, see Section 3.4, the identification decision can be tested with
the information from the actual simulated collision products. To some extent, this can be tried as well in
data with tag and probe methods. They try to provide a maximally unbiased selection of a certain object
that can be assumed to originate indeed from the required particle.

The identification of particles is a complex and challenging exercise. On the one hand, the different
detector systems, each of which has a large number of readout channels, provide many possibilities to
access information about a reconstructed object. On the other hand, the high luminosity comes along
with a constant stream of collisions, which has to be analyzed. Therefore, the huge amount of information
demands for fast algorithms that scan the readout signals for characteristic patterns of certain particles.
An extensive report on used algorithms can be found in [212, 213].

In ATLAS, most of the pattern recognition algorithms either directly search for an elementary particle,
e.g. a muon, or they look for their visible decay products. The latter is needed if the particle decays or
hadronizes before the detector arrival, e.g. a tau or quark. The algorithm are designed to have maximal
efficiency, i.e. if the particle is present, it should be identified with high probability. At the same time,
the fake rate should be small. This means that no object of other origin should be misidentified as the
searched object.” There is an anticorrelation between mistag probability and identification efficiency that

> Technically speaking, the term fake rate denotes the mistag probability of a certain object as another object. Hence, it is not
a rate in the sense of occasion per time but mistag per occasion of object. However, this expression will be used to follow the
conventional nomenclature.
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is steered by the strictness of the algorithm: Very tight constraints on the object suppress fakes, but at the
same time might reject a candidate that has been the object searched for. Vice versa, looser requirements
might have higher efficiencies for the object, but also high mistagging rates.

Basically, the identification strategies for different particles follows the same outline: It starts at some
seed that is expected to appear for the object, e.g. a track or an energy deposition in the calorimeter that
exceeds a specific threshold. From this starting point, it gathers information about the vicinity of the seed,
for example additional tracks or topological information about the surrounding energy distribution in
the calorimeters. From this information, the algorithm decides which signals are expected to belong to
the object. If a well defined object is established, it is investigated for typic characteristics and patterns
that are representative for the searched object. For some objects also vetoes are applied if unexpected
constellations are seen. In the following, the reconstruction of individual objects are briefly discussed.

3.3.1 Jets

Jets are bundles of hadrons produced by a common origin, e.g. a hadronizing gluon or quark or from
hadronically decaying taus. Typically, they show up as topologically connected group of charged tracks,
electromagnetic and hadronic energy depositions. In ATLAS, manifold approaches to find jets are used
[214]. The one used for this thesis is the anti-k algorithm [215, 216].

The algorithm defines distances among two entities, d;;, and among the entities and the beam, d”, by

AR,
d;; = min {/-c%’, k:%;’} sz with AR,?j =(n; — 77j)2 + (¢; — ¢j)2 (3.12)
af = k%, (3.13)

where kr;, 1; and ¢; are the transverse momentum, pseudorapidity and azimuthal angle of the objects,
respectively. The exponent 2p controls the relative impact of the transverse momentum compared to
geometric distance and R is an input parameter.

The algorithm compiles a list of all distances® from Equation 3.12 and 3.13. In the case that a distance
between two entities is the smallest, the two objects are merged and the list is redone. This is repeated
until the distance of one entity is closer to the beam than to any other object. In that case, the object
is considered to be a complete jet and is not any longer taken into account for the other jet assemblies.
The parameter R sets the resolution of the algorithm at which jets are still merged or already considered
as individual objects. A large R reduces the size of the object-to-object distance and hence favors more
merging before jets are complete, and vice versa for small R.

The anti-k algorithm sets p = —1, and therefore high-pt objects within the radius R are merged first
with others. The softer elements follow in the order of their distance since the minimum in Equation 3.12
is governed by the high-pr object. Hence, the initial seed building constituents are less affected by soft
radiation of the physical jet. Different radial input parameters R have been tested in ATLAS. The choice of
R = 0.4 has proven to be a sensible choice with respect to performance on the given detector granularity
and expected topology of physical objects [214].

3.3.2 Electrons and Photons

Electron identification is based on measurements from the tracking devices of the inner detector and the
electromagnetic calorimeter [217, 218]. The algorithm starts to look for seed clusters in the liquid argon

¢ All distances are in (transverse momentum)??-space.
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calorimeter that exceed an energy threshold of 2.5 GeV. The search is performed by a sliding window al-
gorithm [219] with a window size of about 0.075x0.125 in 7 X ¢ space. An electron can be identified ifa
single high quality track from the inner detector can be assigned to the clusters. Therefore, the track is ex-
trapolated beyond its last point of measurement in the ID to the calorimeter cells, where special attention
is paid to the potential loss of energy and deflection of the candidate by Bremsstrahlung. The association
of track and calorimeter object is tested by a comparison of track momentum to energy deposition.

For the further suppression of fake electrons from jets, information on the expected shower shape of
electrons in the calorimeter is used. The track is also required to have a minimum number of hits in the
inner detector and a maximal X2 of the track fit to the hits. In addition, the transition radiation of the
TRT, see Section 3.2.2, can be used. Depending on the physics scenario in that electrons are searched,
isolation is also used. Electrons are said to be isolated if they make up for 90 % of the energy of a larger
cone around them.

Due to their electromagnetic interaction in the liquid argon calorimeters, photons have a similar ap-
pearance to electrons in the calorimeters and hence their identification follows the outline of the electron
identification [220, 221]. Obviously, the main difference is the missing track in the inner detector, which is
required to be not present. In addition to directly detected photons, there are also photons that convert in
the inner detector by ¥ — e*e™. These can be identified by two tracks with opposite curvature that ori-
ginate from a common point in the inner detector. The two tracks can be tested to be an electron-positron
pair by the use of the electron identification.

3.3.3 Muons

Since they are minimal ionizing particles, muons need a special detector system, see Section 3.2.4, and
have a unique appearance in the detector. Their distinct signature makes muons to attractive physics
objects. They are rather easy to reconstruct and identify and hence have high efficiency and accuracy in
their measurement.

The different available reconstruction algorithms for muons [222] all look for signatures in the muon
spectrometer (MS), where only muons are expected to appear. Other particles, like high energetic punch
throughs, which traverse the calorimeters, might fake muon signatures. These are tried to be addressed
by the staco algorithm [212, 223] by the combination of information from the inner detector (ID) and
the MS. In the inner detector, tracks are reconstructed by a KALMAN filter [224], whereas the MS meas-
urements are evaluated by the package MUONBOX [225]. The ID tracks are extrapolated to the ones in the
MS and compared by the usage of the full covariance matrix of the two independent track fits. Special
attention is paid to possible energy losses in the calorimeters.

Likewise for most objects, quality criteria, like minimal number of hits in a detector system and max-
imal x? for track fits, are applied. Also calorimetric information is used since the muon is expected to
have only small energy deposits. This might not be the case for muons close to jets, e.g. muons from
heavy flavour quark decays. However, this analysis searches for muons of non-jet origin and hence these
candidates are tried to be rejected as well. The association to the primary vertex of the interaction is also
checked to reject cosmic muons.

Depending on pr and 7 of the muon, its identification efficiency is about 90 % to 98 % [228] and the
transverse momentum resolution about 2 % to 5 % for p’f from 10 GeV to 102 GeV [227, 229]. Figure 3.3
shows these identification characteristics as a function of the muon transverse momentum. Figure 3.3(a)
shows the identification probability of muons from Z° — pu, where the term chain 1 denotes the identi-
fication with the staco algorithm, which is used in this work. The efficiencies are about 95 % for muons
with pf > 20 GeV. The precision of the transverse momentum measurement can be seen in Figure 3.3(B)
for muons in the barrel part. The combined uncertainty from inner detector and muon spectrometer
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FIGURE 3.3 Muon identification performance plots. (A): Muon identification efficiency as a function of transverse mo-
mentum [226].(B): The transverse momentum resolution as a function of transverse momentum [227]. Uncertainties
from MS and ID measurement are included.

measurement is about 5 % and shows outstanding accuracy. The slightly better resolution in the simula-
tion, see Section 3.4, is corrected by resmearing of the muon momenta in the simulation.

3.3.4 Tau Leptons

Due to their prompt decay, taus are not easy to identify. There are two types of tau decays: Leptonic
decays, producing either an electron or a muon, and hadronic decays, see Section 2.3.3. Although parts
of the tau’s energy is lost by two neutrinos, the leptonic decays are covered by the electron and muon
reconstruction algorithms. Unfortunately, its hard to identify, whether they originate from a tau decay
or are of other origin.

The hadronic decays lead to jets in the sense of Section 3.3.1, and hence they are reconstructed by the
same anti-k | algorithm with R = 0.4. The experimental challenge is to disentangle those jets that come
from tau decays and those not coming from tau decays. This task is addressed by the tau reconstruction
algorithms [230-232]. They look for jets likely to come from tau decays, while they try to reject any other
object of non-tau origin. In the context of reconstructed objects, the term tau will denote the jet from a
hadronically decaying tau in the following. Leptonically decaying taus will be explicitly labelled by their
decay mode, e.g. 7,,. Due to the hadronic jet structure, the most problematic objects that fake taus are
QCD jets. They have to be efficiently suppressed due to their frequent abundance at the LHC.

In most cases, tau jets have either one or three tracks, where the sum of charges is either plus or minus
one, see Table 2.3. This is already a very effective discriminant for QCD jets since they are not restricted to
any number of charged particles. Therefore, some aspects of the identification are split up into one- and
multi-track candidates. In the tau identification, the term prong is widely used for tracks and will be used
as well. Taus can also be separated from jets by their specific and collimated topology in the calorimeter,
as well as by their peculiar sharing of energy among its constituents. In addition, they have an impact
parameter due to the finite flight length of the tau and its tracks have distinct kinematics.

In principle, all patterns used for the tau identification are motivated by either the tau’s decay kinemat-
ics or the process of hadronization of colored objects, i.e. gluons or quarks. The properties are quantified
by variables, which can be used in multi-variant techniques to obtain an optimal separation of tau jets
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and non-tau jets. The tau identification used in this work is based on a boosted decision tree (BDT) [233],
where the following jet discriminants are used [234]:
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The track radius is the transverse momentum weighted
track width, where ¢ and j run over all tracks associated to
the tau candidate within AR < 0.4. The solid angular dis-
tance of each track is measured with respect to the tau can-
didate axis and p% is the track transverse momentum. For
one-prong candidates, this simplifies to the AR of the track
to the candidate axis.

The leading track momentum fraction is the ratio of the
transverse momentum of the leading track to the total trans-
verse momentum of the tau candidate.

The core energy fraction is the ratio of transverse energy
within a cone of AR < 0.1 to the one in the cone AR <
0.4. The index 7 and j in nominator and denominator run
over all calorimeter cells in the respective A R range around
the candidate axis.

The number of tracks associated to the tau candidate.

The calorimeter radius is the transverse energy weighted
shower width of the tau candidate in the calorimeter. The
index 7 and 7 run over all cells within a cone of AR < 0.4
around the tau candidate axis in the electromagnetic and
hadronic calorimeters.

The cluster mass is the invariant mass computed from all
constituent clusters. These are substructures of jets that con-
tain merged calorimeter cells, which are assumed to belong
to a common object in the jet [219]. The effect of pile-up is
minimized by the usage of only certain clusters as defined
by a dedicated algorithm [234].

The track mass is the invariant mass computed from all
tracks of the candidate. The index ¢ runs over all tracks that
are associated to the tau candidate and it is only used for
multi-prong tau candidates.

The transverse flight path significance is the significance
of the secondary vertex displacement of multi-prong can-

didates. er}ight denotes the decay length in the transverse
plane and <5L¥1ght the corresponding estimated uncertainty.
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The leading track impact parameter significance is the

_do ratio of distance to uncertainty of the closest approach of

Slead. trk = odoy the leading track to the reconstructed primary vertex in the
transverse plane.

The first three leading clusters energy ratio is the ratio of

3
> Ei ) : )
ieclust. energy in the three leading clusters associated to the can-
flead clust. _ 8y g
3 N g didate divided by the energy of all V associated clusters. In
; egl:m‘ ‘ the case of N' < 3 the quantity f12¢ st js always 1.
The maximal AR is the maximal solid distance of tracks
AR, — max { A RErk} in n—.qﬁ—spac.e,. where ¢ runs over all ‘Fracks. For one-prong
candidates it is equal to the track radius and hence not con-
sidered.

The BDT is trained separately for one- and multi-prong candidates as well as for different pile-up
conditions, where events with equal or less than five or with more than five vertices are considered. The
training is performed by the TMVA package [235, 236] with simulated real taus and quark or gluon fakes.
The conjoint use of all discriminating quantities leads to a single BDT jet score. It is close to one for
tau-like objects and close to zero for non-tau like. The final choice for the BDT jet score cut can then be
tuned for each analysis, leaving much freedom in the analysis outline.

In order to provide common numbers and recipes for systematic uncertainties for the tau identification,
the continuous BDT jet score cut is limited to three benchmarks of different strictness: loose, medium
and tight. They are defined by a signal efficiency for true one-prong taus of 60 %, 50 % and 30 % and
true three-prong taus of 65 %, 55 % and 35 %, respectively. The cuts on the BDT that fulfill the required
efficiencies are binned in transverse momentum of the reconstructed candidate. This compensates for
the pr-dependence of the BDT jet score distribution.

Figure 3.4 shows performance plots of the tau reconstruction. Figure 3.4(a) and (B) display the trans-
verse momentum dependence of the identification probability for BDT medium taus from Z° — 77
in data and MC. The efficiencies are much smaller compared to muons (see Figure 3.3(a)). Also the
precision of the transverse momentum measurement in Figure 3.4(E) demonstrates a worse resolution
compared to muons (see Figure 3.3(B)). This is particularly true for the p7 region below 100 GeV, where
the uncertainties are bigger by a factor 2 to 3.

Finally, Figure 3.4(c) and (D) show the fake tau rejection versus truth tau efficiency for different cuts
on the BDT output. For comparison, a different identification approach that uses a likelihood is given.
It shows worse performance and hence the BDT is used for this analysis. For signal efficiencies of about
60 %, approximately 5 % (2.5 %) of one-(multi-)prong non-tau jets are still misidentified as tau jets. These
fake tau contributions make high demands on the background estimates. Typically, they are caused by
jets from all kinds of QCD processes, underlying event activity, multiple parton scattering and pile-up
collisions, which are only known up to limited precision.

In addition to QCD jets, electrons are the second most likely tau-faking objects. The rejection of elec-
trons is based on a different set of variables, where some overlap to the presented exists. These variables
are also used by a BDT and optimized on simulated taus and electrons. In general, tau fakes from elec-
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FIGURE 3.4 Tau identification performance plots [231, 237]. The transverse momentum dependence of the tau iden-
tification efficiency of BDT medium taus: () one-prong and (B) three-prong taus. Fake tau rejection versus truth
tau selection efficiency for (c) one-prong and (D) three-prong taus. (E): The transverse momentum resolution of tau
reconstruction.

trons have shown to play only a minor role in this analysis and hence are not explained in more detail.
Information on implementation and performance can be found in [234].

3.3.5 Missing Transverse Energy

Among many proposals of new physics, as well as for many interesting Standard Model physics, the
occurrence of only weakly interacting particles is predicted. Since they escape detection, their energy
cannot be measured directly. Nonetheless, their transverse energy can be measured by the assumption
that the initial state of interacting partons has no transverse momentum and hence the total transverse
momentum of the event should be balanced.

In ATLAS, the missing energy is measured in the following way [238, 239]: After the reconstruction of
the full event, the vectorial sum of the transverse energy from all reconstructed objects is calculated. All
energy depositions that are not associated to a physical object are also added vectorially in the transverse
plane. The total transverse momentum from the objects is then corrected by these soft terms. Finally, the
missing transverse energy is the remaining, negative imbalance of the summed transverse momenta.

The measurement of the object related energies needs calibration, which varies for different objects.
Therefore, the final energy input from any object to the FXi* depends on the interpretation of this object.
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FIGURE 3.5 Performance plots for the reconstruction of missing transverse energy [239]. (a): EJ'™* resolution in events
with no expected missing energy. (B): B linearity in MC events with expected missing momentum.

E.g. the same object might have different contribution to the E™* if it is considered to be an electron or a

jet. In particular, muons have to be treated carefully since their energy is not measured in the calorimeters.
Their transverse momentum needs to be provided by the muon reconstruction algorithms. If a muon
should be missed in the reconstruction, its energy would not contribute to the E calculation and
hence an imbalance in the transverse momentum would lead to faked missing energy.

Figure 3.5(a) shows the E™ resolution as a function of the total transverse energy sum in the event.
Here, Z° — ee/juu data events are selected, where no missing energy is expected. The misreconstructed
EMiss- is then considered as the expected resolution for the measurement of real missing energy. Due
to the finite energy resolution of the object reconstruction, the mismeasurement increases with larger
energy sum. In events with large activity, the same relative fluctuations translate into larger absolute
uncertainties. The linearity of real EMS measurement can be seen in Figure 3.5(8). It gives the nor-
malized difference between reconstructed and truth missing energy in W — e/ in the simulation, see
Section 3.4. Above EX > 40 GeV the deviation is below 5 %.

3.3.6 Quark Flavor Tagging

The appearance of heavy flavour quarks is a signature of interesting Standard Model physics, e.g. Top
physics, and as well as for searches of new physics like H — bb or SUSY with stops. The tagging of
b-quarks is mainly based on the measurement of displaced vertices from long lived hadrons that come
from b decays [240, 241]. The track kinematics and the substructure of jets are fitted and information
about impact parameter and secondary vertices are gathered. These are used in a neural network by the
JetFitterCombNN package [242] to obtain maximal discrimination power. The b-tagging performance
depends on the event environment, jet kinematics and required strictness of the b-tagging algorithm.
Typical reconstruction efficiencies are 60 % [243] with a mistag probability of few percent [244].

3.3.7 Trigger

The LHC collides bunches of protons at the experiments with very high rates. Since the interactions are
dominated by QCD, most of the collisions are of no interest for the experiments and can be filtered out.
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In ATLAS, this is done by a three staged trigger system [245, 246] that looks for events with potentially in-
teresting physics. At design luminosity, bunches of 10!! protons will collide with a frequency of 40 MHz,
where about 25 proton-proton collisions are expected per bunch crossing.

This unmanageable amount of data is reduced to roughly 200 Hz in full detector readouts, where each
event has approximately the data size of 1.6 MB. The term event denotes a concurrent detector readout
of all proton-proton collisions from one bunch crossing that was decided to be kept by the trigger chain.
Since most analyses are done on a sequence of full detector readouts, the term event will be widely used
in the following. It contains several proton-proton collisions from one bunch crossing, where only one is
of interest in most cases. The phenomenon of overlaying proton collisions in one readout is called pile-up
and its conditions are typically given in terms of average p-p interactions per bunch crossing (u) or the
number of reconstructed vertices.

The decision to keep or reject an event is done sequentially in three steps: Level 1 (L1), Level 2 (L2)
and the event filer (EF), where each stage reduces the stream of passing events. Since the incoming rate
gets smaller from stage to stage, the restrictions on available decision time relax. Hence, the amount
of information and algorithm complexity that is used for this selection can be increased from stage to
stage. There are numerous different triggers, which either look for certain interesting objects, e.g. high pr
leptons or missing transverse energy, or combinations of them. In this sense, triggers make a preliminary
decision about what the event is expected to contain. The trigger used for this analysis is a muon trigger,
as will explained in Section 4.1.3 after the object selection has been fixed.

3.3.8 SUSY Sensitive Variables

Jets, missing transverse energy and tau leptons have been shown to be promising search patterns. In
addition to the particle objects, the entire event topology can be used as a SUSY sensitive signature.
Besides the missing energy, the hadronic and leptonic event activity is measured by

N
Hr=Ypf'+ > pt and meg. = Hr + BP™ . (3.14)
i=1 l=e,u,T

These variables quantify the associated occurrence of missing transverse energy, hard jets and high-pr
leptons. These are expected to be more energetic in SUSY compared to typical transverse momenta of
these objects in the Standard Model. In this sense, high H or m.g is considered to be SUSY like, whereas
low values are Standard Model like. To reduce influence from pile-up jets, the sum in Equation 3.14 runs
onlyup to N = 2leading jets and both are required to have pﬁft > 25 GeV. In addition, the ratio of Fis
to Meg,

miss.
E T

TTeff,

(3.15)

quantifies the contribution of missing energy to the total effective mass. In QCD events with high trans-
verse activity, a considerable amount of missing energy could be caused by mismeasured jet energies, see
Figure 3.5(A). In that case, the faked missing energy increases with the transverse hadronic activity. Since
only the mismeasured energy can be seen as ENi it is expected to make up a rather small part of the real
transverse activity. The latter is the sum of H1 (measured sum) and E (missing components), which
make up to m.g. In this sense, the ratio from Equation 3.15 can be considered as a E™ significance,
where small values are QCD like and high values are SUSY like.
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Among the backgrounds that can contribute with high E or Hr, the most important ones include

W+ bosons, e.g. Top and W +jets. They can be suppressed by cuts on the transverse mass

mé = \/20L B {1 — cos[Ag (¢, BRI} (3.16)

If the lepton and the missing transverse energy come from a W — ¢, boson decay, the transverse mass
is constrained to be below the W mass. In SUSY events, E™ and leptons can be produced uncorrelated
in their kinematics and hence might exceed myy .

3.4 Simulation of the ATLAS Experiment

The standalone measurements from the data taken at the ATLAS experiment come with the problem of
lacking comparability to expectations. A new kind of physics might manifest itself by an excess of rare
signatures, but any evidence for this relies on a precise prediction on the level that should be exceeded. In
a SUSY search, thislevel is defined by the background contributions from the SM. Therefore, the complete
experiment can be simulated by the use of Monte-Carlo techniques under the conditions of well defined
physics in the collisions. This allows to predict the expected signatures for any kind of SM and non-SM
physics, which can be compared to the observation.

The computer based replication of a certain physics scenario in proton-proton collisions and the sim-
ulation of the detector response on this physics is an extremely complex task, for which the Athena
software framework [247, 248] has been developed. In the first instance, the simulation of a certain phys-
ics scenario necessitates the generation of events of this model. This includes the full event kinematics,
the decay of all particles that are unstable on detector scale and the hadronization of all strongly inter-
acting particles in the conditions of overlaying proton-proton collisions. These bare physics events then
undergo the detector simulation, where the interaction of all produced particles with all detector com-
ponents along its path is simulated. The interactions are transferred into the readout signals, which enter
the same reconstruction algorithms that are used for the data. In the following, this simulation chain
shall be explained a bit more in detail since it is extensively used in the analysis.

3.4.1 LHC Simulation by Event Generators

The first step of the simulation is the generation of the event physics in proton-proton collisions. The
considered physics is randomly realized according to its probability of occurrence, with the kinematics,
decay and hadronization of all particles that are unstable at detector scale. This can be performed by
different event generators [249]:

HERWIG [250, 251] starts with the simulation of the hard process, i.e. the interaction of two partons from
the colliding protons with a set of outgoing primary particles. The matrix element is computed to
lowest order in perturbation theory at the momentum transfer (). After the hard process, initial and
final state parton showers are generated. The initial partons with momentum fraction = can radiate
partons with a energy, such that the momentum transfer () is matched. The outgoing particles also
can radiate parton showers, e.g. gluons.

In the next step, decays of particles are considered that have lifetimes smaller than the hadroniz-
ation time scale. These particles can radiate parton showers as well. After that, all particles that
participate in hadronization are present and strongly interacting particles are translated into had-
rons. Since QCD perturbation theory is not applicable in the hadronization, a phenomenological
model is used. It considers the primary produced particles, all parton showers and the proton
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remnant. For the latter, the multi-parton interaction model Jimmy [252] is used. Finally, all other
particle decays, e.g. tau decays, are simulated until only particles remain that are stable on detector
scale. Spin correlations in the decays are taken into account to guarantee realistic event kinematics.
The decay of tau leptons and radiation of photons by charged particles is carried out by TAUOLA
[253, 254] and PHOTOS [255], respectively and MRST2007 LO* PDFs [256] are used. HERWIG is used
for the generation of all SUSY signal processes.

Pythia [257, 258] features a high variety of hard QCD subprocesses, where the matrix element is calcu-
lated in leading order and partons are radiated by the initial and final particles of the hard interac-
tion. Short living particles may decay before hadronization starts, which follows the LUND string
model [259, 260]: Diverging colored particles are attached by a string that carries energy propor-
tional to their distance. The string can break up and create new particles, e.g. quark-antiquark pairs.
Thereby, the string length between the initial colored particles and their energy is reduced. This is
repeated until color neutral objects, i.e. mesons and baryons, are formed. These can either again
decay or be stable on detector scale. Since Pythia shows a good description of strong interactions,
it is used as event generator for QCD with MRST2007 LO* PDFs.

Alpgen [261] starts with a certain final state configuration, e.g. the multiplicity of final hard partons.
Then, all processes leading to this wanted state are considered according to the leading order mat-
rix element calculation. Thereby, leading order matrix elements are used for the hard interaction
with up to five additional hard partons. This gives a realistic picture of electroweak gauge bo-
son production in association with high hadronic activity. These events might contribute to the
searched SUSY patterns and hence Alpgen is used for W and Z events with additional jets. The
hadronization in these events is carried out by HERWIG, which can be interfaced to Alpgen for that
purpose. Alpgen uses CTEQ6L1 [123] as PDF set.

MC@NLO [262] calculates matrix elements up to second order. Unfortunately, there is an overlap in the
described physics of higher order diagrams and the used parton shower algorithms. Principally,
the latter are a phenomenological approximation of higher order predictions. MCONLO matches the
NLO calculation to the parton shower algorithms by subtraction of double counted events on a
statistical basis [263]. This is realized by the use of negative event weights. Particularly, the event
kinematics of processes that include high mass states are well described by this approach. Hence,
it is used for top pair [264], single top [265] and di-bosons production. The used PDF set is CT10
[266], which includes NLO PDFs.

AcerMC [267] is an event generator for Standard Model processes. The matrix element for the hard pro-
cess is calculated by MadGraph [268, 269] and HELAS [270, 271], where the final phase space of
the n-particle system is calculated by the KAJANTIE-BYCKLING formalism [272]. Additional par-
ton showers, hadronization and particle decays can be performed either by Pythia or HERWIG via
interfaces to the AcerMC output. In the ¢-channel production of single top, particles tend to have
very forward direction, where MC@NLO shows less quality in the description of the event kinematics.
Therefore, AcerMC is used for these processes.

The event generation is done when all colored states hadronized only particles remain that are stable on
detector scale. From here, the physic event is complete and particles can undergo the detector simulation.

3.4.2 ATLAS Detector Simulation

After the event generation, the four-momenta and quantum numbers of all generated particles are known
and their interaction with the detector can be simulated. Starting from the particles origin, the trajectory
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of each particle is propagated through the magnetic fields and the flight direction of charged particles is
deflected. As soon as a particle reaches a detector component, its interaction is simulated by GEANT4 [273,
274], which is interfaced to a complete virtual geometric replica of all detector components in a computer
simulation [275].

The interaction of particles with the detector material releases additional particles, e.g. showers in the
calorimeter or free charge carriers in the semiconductor detectors, which are then added to the simula-
tion. By these interactions, particles are either stopped by their energy loss, like electrons in the liquid
argon calorimeter, or they move beyond the spatial reach of the detector, e.g. muons. The software propag-
ates the produced primary and secondary particles to the readouts, e.g. in the electric field of applied drift
voltages. Here, the induced electric signals are mimicked by the amount of simulated charge carriers and
hence the expected physical readouts from the original interaction are estimated.

The predicted detector response on the initial physics event can then undergo the normal reconstruc-
tion algorithms, as explained in Section 3.3 and the simulation is finished. This simulation chain has been
extensively checked and validated, e.g. [276, 277], to have a reliable detector response for any input phys-
ics model. In the following, the reconstructed events that are obtained from simulation will be entitled
as Monte-Carlo (MC) in contrast to the measured data from the experiment.

3.4.3 Standard Model Monte-Carlo and Dataset

The data used in this analysis were taken with the ATLAS detector from 22"¢ of March to 30t of October
in 2011 and correspond to an integrated luminosity of 4.7 fb~! [278]. They are subdivided into data-taking
periods, run numbers, luminosity blocks and finally events. The used periods are B2 and D to M. The
periods A and B1 of the year 2011 are excluded due to non-operating magnet systems in the detector and
period C was taken with lower center-of-mass energy. The periods that follow M are heavy ion collisions,
which are not considered for this analysis. From Period ] onwards, the LHC increased the beam currents,
which leads to higher instantaneous luminosity. This is reflected in tighter thresholds for triggers.

All possible contributions from the Standard Model can be evaluated by the MC techniques as ex-
plained above. The used samples are summarized in Tables A.1 to A.8 in Appendix A and will be com-
bined to Top, W +jets, Z 0+jets, di-bosons, Drell-Yan and QCD in the following. For the combination of
the processes, all samples are summed up with corresponding luminosity weight so that they represent
MC simulations of 4.7 fb~. For all MC and data samples, the production tag p832 is used. This tag
specifies the parameter setup in the reconstruction chain and is recommended for 2011 data analysis.

The differences in pile-up conditions in data and the one used for MC generation is corrected by re-
weighting. The MC events are reweighted so that the distribution of average number of interactions per
bunch crossings agree in data and MC. In addition, MC is rescaled on object basis according to the dif-
ferences in data and MC of electron and muon identification efficiency. The scale factors are estimated
data-driven in bins of pr and 7 by the combined performance groups for these objects. This procedure is
also performed for b-tagging, whenever it is used. Potential differences in the tau lepton reconstruction
are considered separately in this analysis. Also differences in the trigger efficiencies in data and MC are
corrected by data-driven scale factors at event basis.

3.4.4 Analysis Software

Technically, the rescaling and reweighting as well as the object identification definitions are realized by
the SUSYTools package.” All data and MC samples are analyzed with the version 00-00-67, which is
the appropriate tag for the used datasets. The package itself gathers different analysis tools that provide

7 https://svnweb.cern.ch/trac/atlasoff/browser/Physics Analysis/SUSY Phys/SUSY Tools.
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recommended definitions of objects and common recipes for the evaluation of systematic uncertainties.
Furthermore, the required corrections for pile-up and object rescaling of the MC are provided. The eval-
uation of the obtained information is done within the analysis framework root [279, 280]. It is used for
all calculations and the visualization of information.
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CHAPTER 4
Probing the Standard Model

Controlling Backgrounds

This chapter investigates the Standard Model (SM) backgrounds and their contributions to the analysis.
The search for taus, missing transverse momentum and jets has already been motivated from a theoretical
perspective in Sections 2.3 and 2.4. Since the expected background contributions heavily depend on
the outline in the object selection, it shall be derived also under consideration of the instrumental and
experimental characteristics, as explained in Chapter 3.

4.1 Baseline Event and Object Selection of the Analysis

The final selection of objects in the SUSY search and the events that contain them succumbs to several
demands, which are described in the following. The baseline event and object selection is deduced from
data quality requirements, reconstruction and identification issues and the goal to combine the results
with other analyses. Particularly, the challenge connected to the identification of hadronically decaying
tau leptons is considered.

4.1.1 Pre-Selection

In the first instance, events that enter the analysis are required to be taken under good beam and detector
conditions by a good runs list. It rejects any recorded event, where either the reconstruction might have
suffered from a non-operating detector component or beam conditions are not appropriate for the ana-
lysis. The considered events correspond to an integrated luminosity of 4.7 fb~! with an uncertainty of
1.8 % [278, 281]. In addition to the hardware requirements, also a reconstruction based event cleaning
is done to avoid fake measurement of jets and E™ [282] due to badly measured objects. Any further
choice in the events is done on this pre-selection.

4.1.2 Particle Objects

In general, high lepton multiplicities might be a powerful discriminant because they are only rarely ex-
pected in the SM, but might be copiously present in SUSY. However, the low abundance of these events
in the SM impede precise background predictions since rare backgrounds can be studied only with very
limited statistics. For tau-rich SUSY models, final states with high tau multiplicity among the leptons
might be also well suited for optimal sensitivity. However, the standard tau reconstruction only con-
siders hadronic decays, and pure hadronic final states have high fake contributions at a hadron collider.
Furthermore, they increase the experimental challenges related to hadronic tau reconstruction. This situ-
ation is illustrated in Table 4.1.

This problem is tackled by the extension of pure hadronic tau searches to final states with at least one
leptonically decaying tau. The reconstruction of light leptons can be shown to be much more reliable,
e.g. they have much smaller fake rate and higher efficiency, see Section 3.3. In addition, the presence of
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TABLE 4.1 Lepton and tau multiplicities in SUSY searches. The mixed hadronic tau and light lepton final states are
targeted in this analysis.

a light lepton will be shown to be beneficial for many aspects of the analysis. Particularly, it can be used
to study the hadronic tau identification in the busy event topologies of SUSY analyses. These results can
then be transferred also to other SUSY searches with hadronically decaying taus.

The mixed final state of light leptons and hadronic taus also expands the search pattern of soley had-
ronic taus [283] and closes the gap to the existing di-lepton searches [284]. The choice of the light lepton
flavour could be seen to have a rather large impact on the analysis outline and hence only one flavour is
considered. Due to the better muon identification performance, it has been favored over the electron, so
that final states with muons and hadronic taus are searched.

The requirements in the object selection are further specified to allow for a common interpretation
of results from several analyses. Here, the di-lepton, di-tau and single tau analyses are considered. The
statistical combination of different search channels can be achieved by the design of analyses that are free
of overlap in their event selection. To evade any correlation among different channels in any aspect of
the analysis, this should be instantiated at an early stage in the event selection in a way, such that each
analysis can retain its maximal discovery potential. The layout of the object selection is well suited for
that purpose. To avoid any overlap to di-lepton final states, exactly one muon is required and events
with electrons are vetoed as well to be free of any overlap to the electron with taus search. Since all
other tau analyses veto on light leptons, all possible tau multiplicities can be considered. This leads to the
requirements

N,=1 and N, =0 and N, >1 (4.1)

for the object selection.

For low-pr leptons, fake rates and efficiencies are typically not well modelled in the MC, which is
needed for data and MC comparison. Especially tau leptons suffer from these effects and hence they are
required to have pT > 20 GeV. For further suppression of fakes, taus are required to have either one
or three tracks with charges that sum up to ¢, = =£1. This requires that the tau is in the reach of the
trackers |1, | < 2.5. A BDT based electron veto is applied and the association to the primary interaction
vertex is checked to reject fakes from pile-up collisions. The final identification decision is based on the
BDT discriminant (see Section 4.3) with either loose, medium or tight strictness. The optimal working
point for the tau identification will be given in Section 5.1.3, after a reliable background estimate has been
established in this chapter.
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FIGURE 4.1 Muon trigger efficiency versus reconstructed transverse muon momentum in (A) the barrel and (B) the
endcap regions [285]. Data efficiencies are obtained from tag and probe methods in Z° — .

The muon identification follows the strategy as given in Section 3.3.3. In addition, muons from tau
decays and also prompt muons are expected to be isolated. That means that no significant energy around
their track is deposited in the calorimeters. This is not the case for muons from heavy quark decays and
muons that are faked by jets. Therefore, muons are required to have less than 1.8 GeV of energy in a cone
of AR < 0.2 around their track.

4.1.3 Analysis Trigger

Its striking appearance in the detector suggests to use the muon to trigger the event because muons have
a high trigger efficiency [228, 285]. The L1 muon trigger uses the muon spectrometers, where it looks for
coincident hits in the RPCs or TGCs. These are validated by the L2 and EF muon trigger with additional
information from the MDTs and CSCs as well as from inner detector measurements.

The chosen trigger is designed to detect muons with pf > 18 GeV and the selected muon is required
to be matched to the trigger. The trigger efficiency modelling in the MC is corrected by a pr and 7 de-
pendent scale factor to ensure good data-MC agreement [228]. Softer transverse momentum thresholds,
i.e. pf < 18 GeV, are affected by erroneous triggering with unaffordable rates. A softer muon transverse
momentum might also introduce large systematic uncertainties on trigger efficiencies. Figure 4.1 shows
the trigger efficiency for muons as function of their transverse momentum. The efficiency in data is meas-
ured by tag and probe techniques in Z° — pu and the small difference in data and MC is corrected by
trigger scale factors [285].

For period ] and onwards, the luminosity conditions changed and this trigger got prescaled, i.e. only
a subset of its events is recorded. Therefore, triggers with tighter requirements have to be chosen, which
can be achieved either by tighter muon criteria or additional objects. Since many aspects of the analysis
might be correlated to the muon identification criteria, these should be the same for all data and MC.
Any change in the muon trigger might bias the composition of selected muons, so that the muon trigger
requirements are maintained for all periods. The muon selection would also suffer from a higher pr

threshold because muons from tau decays already lose energy by two neutrinos and hence tend to be
soft.
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Object Name Occurrence Transverse Momentum
muon trigger EF_mul8 true pfrrig' "> 18 Gev
muon and jet trigger EF_mul8_L1J10 true ptTrig' i S 10 /18 GeV

jets jet_AntiKt4TopoNewEM Niet > 1 ‘;t > 50 GeV
muon mu_staco N,=1 P > 20 GeV
taus tau N >1 pr > 20 GeV

TABLE 4.2 The required objects in the event selection. The field Name denotes the variable name as used in the ATLAS
data format. The single muon trigger is used for periods B2 to I and the muon plus jet trigger for periods J to M.

The trigger is tightened by a logic and with an additional object. This object should have as loose as
possible requirements so that still many events with muons are kept. On the other hand, it should ensure
enough rejection to allow for unprescaled triggering. Among many possibilities, a combination with a
jet trigger has been chosen. With respect to physics, this can be justified by the search for SUSY with
additional hadronic activity as explained in Section 2.3: Jets are expected in any case in SUSY and hence
will not reduce the final significance of the analysis. From the technical side, the decision was supported
by the existence of common systematic recipes and performance studies that can be used for the analysis.
The pr for the jets that shall be triggered is 10 GeV.

Though also low-pr objects might be interesting for the analysis, lower bounds on their transverse
momenta are needed for technical and experimental reasons. One is related to so-called trigger plateau
cuts. The efficiency of a trigger depends on the transverse momentum of the object it is trying to find. This
dependence is described by trigger turn-on curves. To guarantee agreement between data and MC, the
minimal required transverse momentum of a triggered object is placed in the lower region of the plateau
of the turn-on curve. This ensures a robust MC description of the trigger efficiency in data, which could
be mismodelled in the turn-on phase.

For muons, this requirement leads to pf > 20 GeV, which is only 2 GeV above the design trigger
threshold due to the good performance of muon reconstruction. For jets, the turn-on phase is much
broader in the momentum spectrum and reaches the plateau above p)ft > 50 GeV. This cut is applied
regardless of the data taking period to have a common kinematic selection for all data and MC events.
Since the trigger can fire for any jet type, the i threshold can be exceeded by the tau as well. In that sense,
the reconstructed tau is considered as a jet and either tau jets or non-tau jets can fire the jet trigger. The
requirement from Equation 4.1 and the trigger plateau jet constitute the object selection of the analysis
and is summarized in Table 4.2.

To avoid ambiguities in the object definitions, reconstructed objects undergo an overlap removal before
the object selection is required. This avoids that a single object might be considered as two different
objects in the analysis. E.g. a jet should not be considered as jet in m.g if it is already identified as a tau.
Thereby, preference is given to the object interpretation that is assumed to be more reliable. Two different
objects, e.g. a tau and a jet, are considered as the same object if they are closer than a given AR. If there
are such ambiguities, they are removed in the following order:

1. Electrons and muons veto taus within AR < 0.2
2. Electrons and taus veto jets within AR < 0.2.

3. Jets veto muons within AR < 0.4. These muons are assumed to be either fakes or from heavy
quark decays.
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FIGURE 4.2 Possible SM contributions to the search pattern of a muons, taus, jets and missing transverse energy.
Subscripts of unstable particles denote the decay mode of the particle.

4.1.4 Contributing Standard Model Processes

The searched SUSY signatures, i.e. jets, F™, taus and muons, can be realized by different processes in
the SM. The appearance of a true tau and a true muon might arise from events with Z° bosons, top-pair
production or associated production of two electroweak gauge bosons.

In addition to the appearance of real taus and muons, there are also expected fake contributions. In
general, the mapping of true physics particles to reconstructed objects suffers from efficiencies below
unity, € < 1, and additional fake contributions with rates f # 0 from all kind of misidentified objects. If
there are n different categories of truth objects, each with an abundance of N{™*h, the number of recon-
structed objects N[ is

n
Nireco =¢ N;ruth + Z fzj N]@ruth ) ( 4. 2)
Jj=1
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FIGURE 4.3 Comparison of m/y. from pure MC estimate and from data after the object selection with BDT loose taus.
Agreement is insufficient.

The first term is diagonal because efficiencies are defined with respect to the truth particle’s type. However,
principally every object of type j can fake the type i with the mistag probability f/. The dominating
fake contribution for any object is hence characterized by two parameters: The mistag probability for
an object of other type and the abundance of that object in the data. Clearly, jets are by far the most
frequent produced objects at a hadron collider and hence also QCD processes without leptons have to be
considered.

The sizable fake rate for taus also allows W' — puv,, + T contributions to the event selection. Due
to the negligible fake rate for muons, their fake contributions are rare and only contribute by very high
cross section processes, i.e. QCD. Figure 4.2 shows possible FEYNMAN diagrams for the most important
backgrounds for this analysis. They come from Top, W +jets and di-bosons, as will be shown later in
Section 5.1.4.

The SM contributions to the event selection can be quantified by MC techniques. However, this relies
on correct handling of all contributing FEYNMAN diagrams to all orders in the event generator. Since this
is unfeasible from a technical side, only the most important leading order or also next-to-leading order
diagrams are considered and the total cross section is rescaled by k-factors to the extrapolated total cross
section. Therefore, some FEYNMAN diagrams might be missing that will not contribute significantly to
the total cross section. Still, their differential cross section to appear in the extreme kinematic phase space
of the signal region of a SUSY search might give larger relative contribution.

Figure 4.3 shows the transverse mass with the muon as obtained from pure MC simulations and the
measured distribution from data. Only pile-up conditions, trigger and lepton efficiencies are corrected.
This plot, as well as the following data-MC comparisons, show

« Black dots: measured data.

« Stacked, solid colored histograms: Expected SM contributions from di-bosons, Drell-Yan, Z%+jets,
Top, W+jets and QCD.

« Redline with yellow uncertainties: Sum of expected SM contributions with uncertainties from MC
statistics.
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o Overlaid black slashed histogram: Expected MC contributions from events where the tau candidate
is faked by a quark initiated jet.

« Overlaid yellow hashed histogram: Expected MC contributions from events where the tau candid-
ate is faked by a gluon initiated jet.

o Overlaid dashed cyan line: Expected MC contributions from events, where the tau candidate ori-
ginates from a truth tau.

The comparison shows that the data are not sufficiently described by pure MC estimations and emphasizes
the need for more refined techniques to correctly predict the expected SM contributions. The excess in
data at the low m/; region already hints at a lacking proper QCD estimate, which is expected to accumulate
at low pi and E™ and hence low m/%. The requirement of a 50 GeV jet, one muon and at least one
loose tau already rejects all available MC statistics in the used Pythia samples and hence no appropriate
estimate is possible. In addition, the region around the JaAcoBIAN peak is overpredicted in the MC. This
already indicates a possible overestimate of the W +jets contributions, which dominate that region. The
individual background contributions are investigated in the following.

4.2 Data-Driven Methods for Background Estimates

Despite data-driven corrections for pile-up conditions and object identification efficiencies, a purely MC
based estimate of the backgrounds is not sufficient for a reliable background estimate. Therefore, MC
predictions shall be either confirmed, corrected or replaced by data-driven techniques. In general, these
techniques try to take as much as possible information from measured data to estimate backgrounds,
which is complementary to the information obtained from MC. This section explains the used methods.

4.2.1 QCD with the Muon Isolation

Though final states with taus and muons are rarely faked in QCD, it has the by far biggest cross section
and hence needs special treatment. The large abundance of QCD would require MC with technically
unfeasible statistics to give a representative sample from which the contribution could be predicted. The
requirement of a high quality muon and a tau of only loose BDT tightness already rejects all available
MC events. Therefore, QCD has to be estimated from data directly.

For that purpose the matrix method [286] is used. It uses the weaker isolation of fake muons compared
to true muons. In that sense, it estimates the complete contribution to the event selection that comes from
faked muons. Clearly, this is QCD dominated. The method defines two identification criteria: A tight (7°)
one, which is used in the analysis, and a looser one (L) where the cut on the muon isolation is dropped.
The isolation is defined by the energy in the calorimeters in a cone of AR < 0.2 around the muon track
and should be smaller than E27<92 < 1.8 GeV. The observed tight and loose muons in data are then

calo.
either fake (F') or real (R) muons, and hence

N§* = N[ + N{ (4.3)
b R F NTE R N'IE F R F
N/% S = NT + NT = WNL + FNL = TRNL +TFNL (44)
L L

holds. The last equality of Equation 4.4 assumes the ratio from tight to loose real and fake muons to be
known, which can be estimated from control regions. For real muons, these are taken from Z° — pu
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control regions, where truth muons can be selected with high purity. This ratio is determined as a func-
tion of the muon transverse momentum. For fake muons, the ratio is derived from high statistics QCD
control regions, where muons can be assumed to be fakes. This also done in bins of the muon transverse
momentum and hence r and rr can be measured.

With these ratios, Equations 4.3 and 4.4 can be solved for

NE=TE (TRNEbS' - %bs') ; (4.5)
TR —TF

which is the number of fake muons passing the tight selection. Since the tight selection is used in the

analysis, it gives the expected contribution from events with fake muons to the selected data events. In

Equation 4.5, an observed tight muon will contribute to N Ebs' and N%bs'. For the technical implementa-

tion in the analysis, it is more suitable to split the events in disjoint sets: tight muons and muons that are

loose but not tight, NE"AS;T = N9 — N9 TIn this separation Equation 4.5 reads

rF

NE = [rRNE g — (1= ) N (4.6)

TR—TF

This method can be used in any data selection that contains a muon. Particularly, the data selection can
be split up into subsets that are binned in different quantities. This also provides the expected shape from
the fake muon contribution to the quantity, and not only its normalization. For each bin the statistical
uncertainties on N%bs' and Ngk/’\s;T are considered and the uncertainties on the ratios rg and r, are taken
as systematic uncertainty. If not separately given, these are added quadratically and in the following, and

QCD will always be given as estimated by this technique.

4.2.2 W+jets with the Muon Charge Asymmetry

The contributions from W +jets can be obtained from the different abundance of positively and negatively
charged W+ bosons at a proton-proton collider [287]. Due to the predominance of up-type quarks in
the proton, positively charged W are produced more frequent compared to negative W'~ bosons. The
observed events can be split up in positive and negative muons, and hence in W and W ~:

Nobs = N+ + Nty and Nope = Ny + Nigr - (4.7)
This system of equations can be solved if the ratio
olpp—>WT) N
e _olep ) Nw+ (4.8)

olpp—>W=)  Ny-

is known and all other contributing processes are produced symmetric with either sign, i.e. Njoy = Nyf.
This leads to

’I":t N+ — N~ N+ N-
bs. bs. —
NW+ — ( TO:tS_ : ol S) and NW_ _ ol;s:.t — 1Obs. (49)
and hence
rt 41 n _
Nw = Ny+ + Nyy— = ] (Nobs. — Nobs.) . (4.10)
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Since the production of positively and negatively charged W are uncorrelated, the statistical uncertainty
of Equation 4.10 is given by

rt 41 Nt

stat.
A‘NW - rt_1 obs.

+ Nops. - (4.11)

For this method, the ratio 7* needs to be known. In principle, it could be obtained from theoretical
calculations from inclusive W= production, but this might introduce a kinematic bias in the estimate.
Since the differential cross sections for W and W~ production have different 1 dependence [288], the
ratio might change for different kinematic cuts. Therefore, the ratio 7* is taken from MC under the
assumption that the quantity itself and charge identification is correctly described
i
T:t _ieQ

T«  i,MC -
S wis
1€Q w

(4.12)

The nominator (denominator) sums up the event weights of all W (W ~) MC events that are in the kin-
ematic phase space (2. (1 is defined by the kinematic selection in data, in which the W +jets contributions
shall be estimated. This ensures the correct handling of the dependence of 7* on the event kinematics.
The limited MC statistics add an additional systematic uncertainty of

2
t. 2Ari — 412 ANw—o— 2 NW—Q—ANWf
ANIS/‘};S = m (N(jt—)s. — Nobs.) (AT‘ ) = (]VVV> + TW 5 (413)

where A Ny + is the square root of the quadratic sum of all considered MC event weights in Equation 4.12.
The reliance on the MC modelling of the ratio from Equation 4.12 is no major drawback because many
potential systematics cancel out in the ratio, e.g. luminosity, identification efficiencies or the modelling
of selection efliciencies of kinematic cuts. In addition, the charge identification is rather easy to model as
long as the transverse momenta of muons are not too high so that their curvature in the magnetic field
becomes very small.

4.2.3 Data Driven Scale Factors

Backgrounds can also be investigated in control regions (CRs). They are obtained by appliance of kin-
ematic cuts that are designed to enrich a certain background type. In these CRs, the considered back-
ground can be investigated individually to understand its behaviour and to seek for any possible mis-
modelling. The use of that information in the analysis relies on two basic assumptions: The obtained
information is applicable beyond the kinematic phase space of the control region and there is no signi-
ficant contamination from events of different origin. The latter can be estimated to first oder from MC.
This implies that there is no fundamental strong mismodelling of the kinematic variables that define the
CRs.

An important property of backgrounds is their normalization, i.e. the expected total contribution of a
background type to the event selection. The normalization for MC simulation is obtained by theoretical
cross sections, simulated detector acceptance and simulated efficiency of cuts. Any deviation between
real and simulated detector response or cut efficiency could spoil the correct normalization. This can be
restored in CRs by rescaling of the MC prediction to the data observation.

In general, purities of certain background types in control regions will not be 100 %, which might lead
to a wrong scale factor w for that background. Let £ denote the number of all contributing backgrounds
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and n the number of those that shall be rescaled in n different control regions. Assuming globally valid
scale factors w; for the n considered backgrounds, their mixtures can be taken into account by the matrix
equation

n background types
Niobs S11 o Sin\ (Wi
n CRs : = : . : : ) (4.14)
NT/lObS' Snl " Snn Wn

The matrix S = s;; gives the MC prediction of each considered background type j to all CRs . The
observation in data is corrected for the £ — n backgrounds that are not considered in the matrix from
Equation 4.14 by

NZ{ObS' — Niobs. _ Z Sim, - (4.15)

Here, s;, denotes the MC prediction of the remaining background m in the control region 4. This is
equivalent to an extension of the matrix S by £k — n additional columns with the corresponding MC
contributions and the expansion of the vector ¢ by £ — n ones.

For an ideal separation of background types, the matrix S would be diagonal and the scalings w; would
be s;;' N/°*> For more general compositions, the scalings can be derived by inversion of the matrix S
and multiplication to NP

G = STLNebs. (4.16)

There is exactly one inverse matrix if the quadratic matrix S is bijective. This is equivalent to the statement
that its rows form a basis of R", i.e. 57" 7# As7°" forany i, j and A € R. Linear independent rows of the
matrix S can be achieved if the control regions have different relative background compositions. This is
the case as long as the chosen cuts for the CRs indeed enrich each control region with the wanted event
type.

The evaluation of the uncertainties on & is more complicated. All n X n matrix elements, as well as
the n data observations and the n(k — n) background corrections from Equation 4.15 have individual
uncertainties. These sum up to

n?+n+nk—-n)=n>4+n+nk—-n?>=n(k+1) (4.17)

contributing parameters. Their uncertainties are taken into account by smearing of all parameters at once
within their uncertainties. This new matrix equation can be used to get another set of scalings. This is
redone IV times and gives distributions for the scalings with a spread according to their uncertainty. This
sequential determination of the IV collections of n scalings also allows to compute the correlation among
the scalings. They are needed for the uncertainty on the total normalization of the composite background
in the signal region

n k
N = sz‘szS'R + Z s (4.18)
i1

m=n+1

where s?R is the MC prediction of background j in the signal region.
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4.3 Tau Lepton ldentification Performance Studies

As mentioned above, mismodelled detector efficiencies for triggers and light leptons are considered by
MC rescaling. Due to the sizable fake contributions for taus compared to muons, the description of the
tau identification performance in the simulation is even more crucial for the analysis. Since taus can be
faked by complex objects like gluon or quark initiated QCD jets, the tau identification algorithms need to
be validated. This is done in the context of different backgrounds with different event and jet topologies,
as described in the following sections. The final choice for the optimal BDT working point for the SUSY
search will be decided later in Section 5.1.3, after the tau identification has been understood.

4.3.1 Considered Background Topologies

The final search pattern with a muon, taus, missing energy and hadronic activity will most likely result
from either Top or W +jets. These backgrounds both have real missing transverse energy, real leptons
and might be accompanied by hard jets and hence shall be investigated in the following. Since the MC
description of the tau identification might be quite different for fake and truth taus, these have to be
investigated separately. In W +jets events, either a true muon or a true tau is produced and hence the
other object needs to be faked. The by far smaller fake rate for muons, f,jft < f¥ in the notation of
Equation 4.2 (p. 59), leads to a negligible fraction of events with truth taus and hence W +jets background
is completely fake tau dominated. In Top events, the truth and fake tau contributions need to be separated.

In the first instance, Top and W +jets enriched CRs require a suppression of QCD and should have
minimal contributions from potential SUSY. This can be achieved by cuts on Ef* and mk,

30GeV < EISS < 100 GeV and 50 GeV < mk < 150GeV , (4.19)

where the lower bounds are for QCD rejection and the upper bounds minimize potential signal con-
tamination. The separation of Top and W +jets events is done with a b-tagging requirement and veto,
respectively because b-quarks are only expected to appear in Top events. In IV +jets events, no separation
of truth and fake taus is needed, and hence this already defines the W +jets control region.

Top events that contain truth and fake taus can be separated by a cut on m/. Events with a true tau
and a muon have two leptonically decaying W bosons. Hence, there are two hard neutrinos from the
W -decays that contribute to the %, Fake taus in Top events predominantly come from hadronically
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Top and W control region
30GeV < EMiss < 100 GeV
50 GeV < mf < 150 GeV
Top control region

Np.tag > 1 W control region
Top control region Top control region
fake taus true taus Np.tag = 0
50 GeV < mf < 100GeV | 100 GeV < mf < 150 GeV

TABLE 4.3 The chosen control regions for the performance studies of tau identification in W +jets and Top backgrounds.

decaying W bosons, as can be seen in Figure 4.4(A). It shows the PDG ID' of the mother of the truth
object that has been matched to the reconstructed tau. Fake taus are predominantly from quark initiated
jets that originate from hadronically W decays. The gluon initiated fake taus are radiated by quarks (PDG
ID: 1 to 5) and fakes from b-jets come from tops (PDG ID: 6). A list of particles with their PDG ID can
be found in Appendix A in Table A.9 (p. 148).

If one of the two W bosons decays hadronically, only the muon neutrino constitutes the real Es-,
Hence, the transverse mass m/; of the muon and missing transverse energy is constraint to be below the
W mass, see also Figure 4.2(A) and (B). From Figure 4.4(B) it can be seen that the high m/ tail is indeed
dominated by events with truth taus. Therefore, Top events with truth and fake taus can be separated by
m/ = 100 GeV. Table 4.3 summarizes the chosen control regions.

The separation of truth and fake taus by this kinematic consideration is one of the advantages of muons,
which can be assumed to be truth muons. This is a unique feature of the muon, which could not be
exploited in an analysis that searches for two hadronically decaying taus. In that case, none of the two
taus could be tagged to be a truth tau. Furthermore, the kinematic disentanglement of fake and truth
taus is free of any bias to a potentially mismodelled tau identification. It is solely based on the presence of
additional missing transverse energy in the case of truth taus. Other criteria, like a cut on the BDT score
or the tau transverse momentum, might also have discrimination power between truth and fake taus.
However, these might already suffer from a mismodelled tau identification, which is the actual subject
of the investigation. Hence, they can not be assumed to give a reliable distinction of fake and truth tau
contributions.

The basic kinematic description of loose taus in the control region can be seen in Figures 4.5 and 4.6.
In the Top CRs, the shapes of the distributions are reasonably described, but the predicted normalization
of W +jets is considerably overestimated in the MC. The spike in the transverse momentum spectrum at
50 GeV in W +jets comes from the jet trigger plateau cut. In these events, the tau is the hardest jet and
exceeds the pjft = 50 GeV threshold. For taus with softer transverse momentum, at least one additional
jet above the jet trigger plateau cut needs to be present. This feature is less pronounced in the Top CRs
because here one of the two hard b-jets fulfills the requirement anyway and the tau is not needed.

The plots show that the basic event kinematics in Top, e.g. ) and isolation with respect to closest nearby
jet, are well described. Contrary, the BDT in W +jets hints to a wrongly modelled tau identification for
fake taus from W +jets. Table 4.4 shows the origin of taus in the three control regions. The fraction of
taus that have been faked by an electron are at permille level in all three control regions. This is seen
throughout the whole analysis and hence fake tau contributions from electrons are not investigated in

' MC particle identification numbering scheme of the Particle Data Group.
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more detail. The table further demonstrates that the cut on m/ increases the purity of taus in Top by
nearly a factor of two.

For a proper background estimate of ¥ +jets, the higher abundance of MC events in the CR is in-
vestigated in the following. Table 4.4 quantifies that neither truth taus nor noteworthy electron fakes are
expected in W +jets. Therefore, jet initiated fake taus are the most probable candidates as origin of the
mismodelling. It shall be clarified whether the different normalization in W +jets is caused by different
performance of the tau identification algorithms in MC and data on fake taus.

4.3.2 Tau Substructure Investigation

The observed MC excess in W +jets can be corrected by a rescaling of its contributions. If a single scaling
factor is used, it must be shown to be universally applicable, i.e. there is no bias of the scaling factor to
the event selection of the analysis. This can be assured if the effect that causes the deviation is found and
can be shown to be independent of the event selection.

The rather complicated tau identification has already been noted as a potential origin of the seen dis-
crepancy. To test this hypothesis, the selection is repeated with just at least one tau candidate. The can-
didate is required to fulfill the basic kinematic requirements, e.g. p} and 7., but no tau identification
related cut is applied. For the latter, the requirements on track multiplicity, charge and the BDT output
are dropped to have a maximally unbiased selection of tau candidates. These can be investigated in the
W +jets control region, where the W decayed into a muon and the tau candidate is known to be a fake,
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CR DiBosons Drell-Yan Z%+jets Top W+jets SM
) T purity [%] 58.4 0 20.6 29.2 0 3.3
W +jets CR
e fakes [%] 0.65 0 0.07 1.14 0.15 0.28
T purity [%] 26.9 0 42.8 28.5 0 25
Top fake tau CR
e fakes [%] 0 0 0 0.66 0 0.56
T purity [%] 78.4 0 11.5 52.7 0 49.3
Top truth tau CR
e fakes [%] 12 0 0 0 0.58 0.55

TABLE 4.4 The purities of selected taus and the fraction of taus that have been faked by electrons. Taus are BDT loose.

i.e. a non-tau jet. Since (nearly) all taus are fakes in this section, the term jet is used likewise. Both, tau
and jet, denote a tau candidate that enters the tau identification.

Figure 4.7 shows data and MC comparisons after the object selection without tau identification. In
events with multiple tau candidates, the one with highest pT. is shown in the plots. The agreement is very
good and hence event and basic tau kinematics are described correctly. The small excess in data in the
pt < 50 GeV region of Figure 4.7(a) is caused by the jet trigger plateau cut. For these low-momentum
taus, at least one second jet with pj{ft > 50 GeV is needed to fulfill the trigger threshold. Figure 4.7(1)
shows the jet multiplicity for these low-p]. events. Evidently, there are less jets in the MC, which leads to
a smaller probability to surpass the jet plateau cut.

The good agreement in Figure 4.7 can be attributed to the outstanding reconstruction characteristics
of the muon. The plots also demonstrate that ¥ +jets dominates the given event selection. The agreement
of the tau’s basic kinematic distributions also indicates good MC description of the general kinematics
of jets faking taus. Nonetheless, the tau identification algorithms look on the jet substructure. It has
much more complicated features that could be mismodelled, as investigated in the following. Since the
event selection is well described up to the muon and tau candidate requirement, it allows to study the
performance of the tau identification on top of a reliable muon identification.

In the next step, the tau identification related properties of the tau candidate are investigated in the
W +jets control region. Therefore, the W +jets CR cuts of Table 4.3 are applied but still no tau identification
is required. Contrary to the general event kinematics, Figure 4.8 shows that the properties of the jet that
enter the tau identification are not well modelled. Figures 4.8(a) to (c) show calorimetry related variables.
The data has more reconstructed clusters for tau candidates with higher reconstructed invariant mass and
more spacial extension as simulated in MC. Track related quantities can be seen in Figures 4.8(D) to ().
The multiplicity of associated tracks and their invariant mass are higher in data than in MC. Furthermore,
the momentum fraction of the leading track to the total transverse energy is not well described. Finally,
Figures 4.8(G) and (1) show wider profiles for the obtained impact parameter and flight path significance.

Summarizing, tau identification related variables can be shown to be mismodelled for jets in the W +jets
MC simulation. E.g. the track multiplicity of jets is underestimated and the sharing of energy among
charged particles (tracks) and the other constituents are different in MC and data. This can be attributed
to the complicated hadronization of colored particles. The simulation underestimates the production of
charged and neutral particles. This leads to lower multiplicity of tracks and clusters and more collimated
jets in the W +jets MC. These patterns are considered to be tau-like by the tau identification algorithms
and hence the fake rate is overestimated in the MC. This leads to more selected W +jets events in the MC.
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FIGURE 4.7 Kinematic modelling of events without applied tau identification after the object selection. Only at least

> 9000 T T T T
= o = —e— Data 2011
(3 80001 No Tau ID I Ldt=4715" Vs=7Tev Slaamm ot
=
[ Drell Yan
27000 B zes.
71 6000 = woes
5000 [N :ua?k fakes
alvon akes
4000 i taus
30001
2000/
1000
g
3§|5 — —
@
Qo.
L L
-
(a) pt
60000 T T T T
S No Tau ID ILm=4.7m' Vs=7Tev —e— Data 2011
250000 3
e B
w |
40000 -
SN quark fakes 3
jwonakes ]
30000 s
20000 —
10000 —
5
A6(t,MET)
gHH_‘H_‘H_H_HW
E 15 —
@
Qo
miss.
(©) Ag (7, EF'™)
% 60000 T T T T T T T T
= T = —e— Data 2011
g No Tau ID _[ Ldt=4.716" \s=7Tev - s;mm ool

[ Drell Yan
I Zedets
T

SN quark fakes
gluon fakes
truth taus

<N

80
miss. Energy [Ge'

0
1

(E) E’xrnissA

—
J‘Ldl;l.ﬂb" Vs=7Tev

T
—e— Data 2011
—— Standard Model
B DiBoson
1 Drell Yan
I zdets
B Top
) Wedels
oo
X quark fakes

gluon fakes

nth taus

5
Min{A R(t,jet)
T

P LY,

(G) min {AR (7, jets) }

©n
o T
% 15 =
@
Qo. i
(8) n-
% F T T T T T T T T B
$25000— no Tau 1D ILm=4.7m' Vs=7Tev —e—Damzo11 ]
C —— Standaratiocel |
© = Sdaratiodel
%] = [ Drell Yan —
£ 20000 e
e C e
w | -
15000{— S quarktakes  —]
C gluon fakes |
e

>
©
(o]

T T
No Tau ID ILm‘:JJIb' Ns=7Tev

—e— Data 2011
—— Standard Model
[N Disoson
[ Drell Yan
[ Z+dets
Top
[ Wedets
CJaco
[ quark fakes.
gluon fakes
trth taus,

40 60 80 100 120 140 160
DN P R S
% 15 =
T
Q. ;
=
(D) mf
90000 T T T T T T T T
"
80000 No Tau ID ILm:a.rm Vs=7Tev "'D;'::al:;‘mdg‘
- DiSoson
70000 [ Drell Yan
60000
50000 [SSNY quark fakes.
aon akes
40000 i taus
30000
20000
10000
200
M; [GeV]
o T
%1.5 — =
g % e tigy
o L L L L L
I
(7) mk
10° —— ——— ——
107 ENo Tau ID: w-p,_ < 50 GeV [razarn' orrey  empmsan
o - Didoson
10 [ Drell Yan
5 I ZeJets
10 —
" [ Wedets
10° CJaco
3 S8 quark fakes
10 aon akes
10 i taus
10
1
10"
102

10
Number of jets

(H) pT < 50GeV : Njes

one tau candidate with basic kinematic properties is required. Agreement between data and MC is very good.

70



4.3 Tau Lepton Identification Performance Studies

T T
ILm:ulb" \s=7Tev

T T
—e— Data 2011

I Zedets

SN quark fakes

gluon fakes
truth tavs.

12714
No. eff. topo cluster
T T

(A) No. eff. clusters

W CR: No Tau ID

J‘Ldl:l.ﬂb" Vs=7Tev

0.3
cluster eff. mean A R
T

—e— Data 2011

acl
XN quark fakes

gluon fakes
truth taus.

0.35 0.4

(c) Mean AR of eff. clusters

o .
= ) Carts! Ve —e—Daazott 3
90000 W CR: No Tau ID J-Ld:_l.ﬂb Vs=7TeV —S:andavdMDde\ =
o 3
80000 oo
. Z-
70000 o
60000 oo
S quark fakes
50000 lion akes
- thtaus
40000 =
30000 =
20000 =
10000 =

© Nyasis
T

con.. oo 8- e o= e

- - .- "

() No. of 7-tracks

T T T
W CR: No Tau ID

T T T T
ILdt:lJlb' Vs=7Tev

—e— Data 201t
—— Standard Model
iBoson
[ Drell Yan

[ zdets
T

aco
SN quark fakes

3 4
flight pass significance

gluon fakes
tuth taus

(G) Flight path significance

>
>
S
2 5

0000

Events /0.

T T T
ILdl:l.Hb" Vs=7Tev

—e— Data 2011

[ Drell Yan
I Zedets

SN quark fakes
gluon fakes
truth taus.

20 2
cluster eff. inv. mass [Ge'
T T

e
E = v

Events /0.5 GeV

Sl
g

(B) Inv. mass of eff. clusters

W CR: No Tau ID

——

J‘Ldl:l.ﬂb" Vs=7Tev o~ Da2ot

—— Standard Model
Diosor

[ Drell Yan

XN quark fakes
gluon fakes
truth taus.

ol b b b I A

15 20
eff. invariant mass of tracks [GeV]
T

o
% 15 E
g s e SR
Qo i |
(D) Inv. mass of tracks
& 50000 =TT T T T T T
3 E ! _ PN —e— Data 2011 |
s E  WCR:NoTauID [rarzarn’ a=rrov Standard Model ]
= E . DBoson 7
g sovoaf S
o E had Ton ) |
C CJaco .
30000 S quarkfakes |
C uoniakes |
F s
20000— =
10000 -
14
1-E; / lead. trk. p.
o T T
‘%1.5 = E
So .'_.-‘ Wm‘_’w‘_«
- L L L L L
lead. trk.
(¥) Er / pt
“N’ [ T T T T T T T T T |
] £ . s Ve ——paazort
60000 W CR: No Tau ID [ar-ari’ Ga-7rer = G iodel |
P E B
2 E Coeivan 3
50000 e
w |
40000/ 5 aumk s
= glon fakes
30000/ s
20000
10000
2 4
IP significance lead. track
o T T T T
= 15 E
3 B .
@
[=]

() Impact parameter significance

FIGURE 4.8 Data and MC comparisons of tau identification related quantities in the W +jets CR. The substructure of

fake tau candidates is less tau-like in data.

71



CHAPTER 4 - Probing the Standard Model: Controlling Backgrounds

Figure 4.9(a) shows the resulting tau BDT jet score distribution. The tau identification in the normal
event selection is applied on this distribution. It clearly confirms that jets are more tau-like in MC com-
pared to data, i.e. they have a higher BDT output. The requirement of BDT medium tau rejects nearly
all tau candidates with BDT < 0.6. Therefore, the tau fake rate and the estimated contribution from this
background is overestimated in the MC. This will be compensated by a rescaling of the MC contributions
from W +jets.

To assure that these performance issues, and hence the used scalings, are globally valid, potential biases
of the tau identification are investigated as well in Figure 4.9. Figure 4.9(B) shows the BDT in a high
effective mass phase space in the W +jets control region. This cut is chosen because m.g will be used
to define the final search patterns and hence should have no bias to the tau identification. Furthermore,
Figure 4.9(c) and (D) show the BDT output separately for high and low transverse momentum taus. There
is a correlation of the transverse momentum and BDT score. Low-pr taus have a more pronounced high
BDT tail hence have higher fake rate. Contrary, high-pr taus look less tau like. Nevertheless, the data to
MC ratio of the high BDT tail is the same for both cases. Hence, no dependence of the mismodelling to
the pT can be seen.

In Figure 4.9(E) and (¥), the BDT distribution can be seen for one- and three-prongs, respectively.
As expected, one-prong candidates look more tau-like and are also more effected by the mismodelling.
The presence of jets with only one charged particle is rare in QCD but overestimated in the MC, see
Figure 4.8e. Still, the performance in the high BDT tail that is used in the analysis shows the same dis-
crepancy.

Finally, plots 4.9(G) and (1) show the BDT distributions for high and low pile-up conditions. They are
separated in between five and six reconstructed vertices. Due to the different event environment, the tau
identification performance is different in high and low pile-up environments. In both cases, the ratio in
the high BDT range succumbs to the same mismatching in data and MC.

In all cases, the high BDT tail is overestimated in 1 +jets and hence MC contributions have to be scaled
down. Any dependence of the used scalings on the event kinematics and conditions will be separately
investigated. In any case, the ratio plots from Figure 4.9 already show the same flat behaviour above a
BDT of 0.6. This is the region of the BDT output that will be used for the tau identification in the final
analysis.

Contrary to W +jets, fake taus in Top could be seen to be better modelled, see Figure 4.5. The different
performance in the description of fake taus in Top and W +jets can be explained by the use off different
generators from a technical side. Furthermore, there are significant differences related to physics in the
production of tau fakes in Top and W +jets. This can be seen in Figure 4.10. Figures 4.10(a) and (B) show
the PDG ID of the truth object that has been matched to the reconstructed tau in the Top and W +jets
CRs, respectively. In addition, Figures 4.10(c) and (D) are obtained from the same CRs, but they show
the PDG ID of the mother of the object that gives the reconstructed tau.

In both, Top and W +jets, tau fakes predominantly come from quark initiated jets. However, in Top
these jets arise from hadronically W decays. Since the W is color neutral, the two quarks from its decay
only need color exchange among themselves to hadronize. In W +jets, tau fakes are caused by quarks from
associated QCD activity. A produced quark needs color exchange with the rest of the event in order to
hadronize to a colorless final states. The color exchange with the whole event is much more complicated
and could lead to more complex jet structures. They might be more prone to a wrong hadronization
modelling.
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4.4 Standard Model Background Contributions

In this section, the shown techniques from Sections 4.2.1 to 4.2.3 are applied to the different SM back-
grounds. The results are presented and verified by cross checks if possible.

4.4.1 Top and W +jets

Top and W +jets backgrounds constitute the major contribution to the final event selection and hence
need most attention. In Section 4.3, the performance of the tau identification in events from these back-
grounds has already been investigated. It could be seen that the contributions from ¥ +jets need to be
rescaled due to wrong tau identification modelling. Since both backgrounds have quite common ap-
pearance for this analysis, a strict breakup of these processes in different control regions is not possible.
This is particularly true for the separation of truth and fake tau contributions. Therefore, the technique
presented in Section 4.2.3 is well suited to simultaneously derive scalings for each of these backgrounds.

Obtained Scalings

The control regions of Table 4.3 have already proven to split up the three background types, Top with
truth and fake taus and W +jets, sufficiently well, so that these are chosen. The cutflow into the control
regions can be seen in Table 4.5. The upper table shows expected and observed events at each cut stage up
to the combined Top and W +jets control region. The lower three tables show the subsequent cutflows to
the individual control regions enriched with W +jets, Top with truth and Top with fake taus, respectively.
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FIGURE 4.11 The obtained scalings for W +jets, Top with fake taus and Top with truth taus. The tau is required to be
of medium tightness in the BDT output.

The last row gives the contribution of events where the leading tau is a truth tau and the last column
sums up the SM expectations. The given uncertainty is the squared sum of MC statistical uncertainties
and from the data-driven QCD estimate. The tau is required to be at least BDT medium, which will be
used for the final selection.

The Table 4.5 provides all numbers for Equation 4.14 (p. 64), which then reads

3226.62 4939.79 237.65 138.03 ww
616.52 | = 82.49 404.36 233.89 wre | - (4.20)
164.79 9.48 66.45 106.43 WTt

The left vector with the data observation has been corrected by the data-driven QCD estimate as well as
the MC predictions from Z"+jets, Drell-Yan and di-bosons in the three control regions. The scalings and
their uncertainties are derived by the variation of all contribution parameters. The results are

wy = 0.586 £ 0.020 wre = 0.845 £ 0.163 and wry = 0.969 £ 0.213 . (4.21)

where wyy is the scaling for W +jets and wr¢ and wr; are the scalings for Top events with fake and truth
taus, respectively. They can be seen in Figure 4.11 with a fitted Gaussian.

The scalings for the Top backgrounds are close to unity, whereas the scaling for W +jets is about 0.6.
These numbers are in very good agreement with the results from Section 4.3. Top has been seen to be
well modelled and wyy = 0.586 reflects the data to MC ratio in the high BDT tails of Figure 4.9 (p. 73).
The rather large uncertainties for the Top scalings are more constrained by the correlation among the
scalings with the correlation matrix

1 —0.144  0.057
—0.144 1 —0.907 | . (4.22)
0.057 —0.907 1

This can be attributed to the sizable oft-diagonal elements of the lower right block in Equation 4.20.
An upregulation of the Top fake contributions can partially be compensated by a downregulation of the
Top truth contributions and vice versa. This anticorrelation will reduce the total uncertainty on the Top
background since it does not allow for independent fluctuation of Top truth and Top fake contributions.
Since the scalings are anticorrelated their uncertainties partly counterbalance. The correlation among the
scalings will be considered for the uncertainty on the final event selection.
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2011 Data DiBoson Drell Yan Z+]Jets Top W +Jets QCD (DD) SM
GRL 229373908 44253 55194 030 19350 596 950153 145489 056 - 221028 089 4 48 080
Trigger 137185828 12546 231819 1766 665 174229 10880125 = 13065 385 & 9616
cleaning cuts 134553518 12298 228107 1694491 173287 10300801 - 12408 984 4 9261
NX SV >1 50374151 4997 41470 248 992 153 694 1377472 - 1826625 + 1583
NGV =1 2437754 2988 19586 99186 88532 1180140 845 744 2236177 £ 209 662
N, >1 15194 157 254 3637 2410 9757 2829 19044 =+ 789
MfE > 50 GeV 6249 102 43.0 516 1685 6821 104 9270 + 151
M7 < 150 GeV 6121 92.6 42.7 510 1585 6778 104 9113 + 149
Ems > 30 GeV 4940 78.2 15.6 339 1418 5415 71.4 7336 + 114
EDss < 100 GeV 4482 69.2 15.4 320 1187 5032 69.9 6693 & 109
Top & W+jets CR 4482 69.2 15.4 320 1187 5032 69.9 6693 & 109
Ny, =0 3677 67.7 14.8 313 376 4940 55.1 5766 & 98
truth taus = 44.5 0 88.1 138 0 = 271+ 5
Top & W+jets CR 4482 69.2 15.4 320 1187 5032 69.9 6693 & 109
N, >1 805 1.53 0.54 6.81 811 92.0 14.8 927 + 19
M7 < 100 GeV 639 1.33 0.54 6.29 638 82.5 14.3 743 + 16
truth taus - 0.71 0 3.43 234 0 - 238 3
Top & W+jets CR 4482 69.2 15.4 320 1187 5032 69.9 6693 & 109
Ny >1 805 1.53 0.54 6.81 811 92.0 14.8 927+ 19
Mf > 100 GeV 166 0.20 0 0.52 173 9.49 0.49 184+ 5
truth taus - 0.15 0 0.12 106 0 - 107 + 2

TABLE 4.5 Cutflow into the control regions used to obtain the scalings. The upper cutflow shows observed and expected events up to combined Top and W +jets control
region. The lower three tables are the cutflows to the control regions enriched with W +jets, Top with fake taus and Top with truth taus. The last row gives the events

that contain truth taus and the last column the sum of all SM contributions.

76



4.4 Standard Model Background Contributions

The variation of the parameters in Equation 4.20 considers the uncertainties from limited statistics in
data and MC as well as the uncertainty of the QCD estimate. Since the control regions do not overlap,
all uncertainties are from statistically independent samples and hence smearing is applied uncorrelated.
This is not strictly true for the QCD estimate. It contains a systematic contribution, which is correlated
among the three control regions. In addition, the statistical uncertainty is correlated to the data uncer-
tainty because QCD is estimated from data. In any case, the overall contribution of QCD is very small.
The largest is about 2 % to the Top with fake taus CR (see Table 4.5) and hence QCD has nearly no in-
fluence on the final results. Therefore, QCD uncertainties are considered but without any correlation.
Correlated variation of the parameters from Equation 4.20, e.g. from jet energy scale uncertainties, are
treated separately at a later stage in the analysis, see Section 5.2.

Robustness Tests and Kinematic Dependence

The W +jets scaling has already been shown to be caused by mismodelling of the tau identification in
Section 4.3. In addition, the mismodelling was not biased by any effect that could be different in the
control regions compared to the remaining kinematic phase space. Still, this is quantified more precisely
by the evaluation of the scalings for different input parameters for the method.

The considered influences are the strictness of the tau identification, the pile-up conditions, the used
event generators, the definitions of the control regions and additional kinematic cuts to mimic SUSY-like
event topologies. The obtained scalings for all variations can be seen in detail in Appendix B in Figures B.1
to B.4 and are summarized in Figure 4.12. It shows the nominal scalings for BDT medium taus as a red
line with its uncertainties in yellow and overlaid the obtained scalings for different inputs.

In the final analysis, a common tau identification criterium will be consistently used and hence different
scalings for the three BDT benchmarks would be no issue. Though, Figure 4.12 shows stable scalings for
all benchmarks. The loose BDT requirement already rejects nearly all taus with BDT jet score below 0.6
(see e.g. Figure 4.5 (p. 67)). The data to MC ratio is constant above this value (see Figure 4.9 for W +jets
CR), and hence the three BDT working points are affected in the same manner.

For the evaluation of the pile-up dependence of the scalings, all data and MC samples are split up
into a high pile-up (Ny > 6) and low pile-up (Vyx < 5) sample. The scalings are then rederived by
the use of the two statistical independent samples. This leads to consistent results within the expected
uncertainty and no dependence on the pile-up conditions can be seen. Furthermore, the influence of the
cut choice on m/; for the truth and fake tau separation in the Top CR is checked. The strong correlation
of the Top related scalings is driven by the sizable mixture of truth and fake contributions in these control
regions. Hence, the scalings could be biased by the chosen cut, but Figure 4.12 shows stable behaviour by
a variation of the cut by 10 GeV.

The scalings are also derived by the use of different generators for Top and di-bosons. As expected, the
use of the Sherpa generator for di-bosons shows nearly no influence because the di-bosons contributions
are very small in all CRs (see Table 4.5). Also the use of Alpgen for Top gives deviations of the scalings
that are within the expected statistical uncertainty. Finally, potential impact of the surrounding event
kinematics on the scalings is considered. The final search pattern of missing energy and hadronic activity
is mimicked in the control regions by additional cuts on m.g. In the W +jets CR, the remaining statistics
is sufficiently high to go up to m.gs > 600 GeV, whereas the rather small statistics in the Top CRs only
allows for cuts up to meg, > 350 GeV. In any case, no dependence on the kinematics can be seen.
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FIGURE 4.12 The obtained scalings for W +jets, Top with fake taus and Top with truth taus for different variations of
tau identification, pile-up conditions, kinematic selections and generators. Scalings can be shown to be robust with
respect to the nominal value, which is derived from BDT medium taus.

B-Tagging Dependence and Verification in Test Control Region

Further attention has to be paid to any b-tagging related dependence. Since Top and W +jets are separ-
ated by a cut on b-tagged jets, the discrepancy for W +jets could be related to any mismodelling of b-tag
efficiency and mistag probability. The W +jets CR is defined by a veto on b-tags. Hence, the MC con-
tributions in the W +jets CR could be increased by an underestimated b-tag efficiency. This would lead
to larger Top contaminations in the I¥/+jets CR. Also the b-mistag probability could be underestimated.
This would veto less W +jets events and hence increase the MC in the W+jets CR as well. Since Top
events in the W/ +jets CR and W +jets events with fake b-tags are both rare, this could hardly explain the
difference in observed events by a factor of 0.6. However, there could be some impact that overlays the
discrepancies from the tau identification.

The b-tagging performance is checked after the object selection with at least one BDT medium tau. The
number of reconstructed b-jets as well as their transverse momentum and pseudorapidity can be seen in
Figure 4.13. The good agreement already shows that the Top contributions are well described. The MC
excess in the zero b-tag bin can be attributed to the overestimated ¥/ +jets contributions and the step in
the transverse momentum spectrum is caused by the jet trigger plateau cut. In W+jets events, this step
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FIGURE 4.13 b-tagging control plots after object selection with BDT medium taus. Agreement is very good, the excess in
the zero b-tag bin is due to the overpredicted W +jets contributions and the step in the transverse momentum spectrum
is caused by the jet trigger plateau cut.

showed up in the (fake) tau transverse momentum spectrum. Most of the IV +jets events do not have an
additional jet and the tau needs to surpass this requirement. In Top events, the b-jets from ¢ decays are
highly boosted and hence one of them fulfills the trigger plateau cut in most cases.

Any potential bias of the scalings to the use of b-tagging is checked in an additional control region. A
test control region is chosen without any applied b-tagging and minimal overlap to the control regions of
Table 4.3 by

70 GeV < EPSS < 150 GeV . (4.23)

Since the available kinematic phase space is limited, a control region with no overlap is only possible
with insufficient statistics. Nonetheless, the overlap in E‘Tniss' from 70 GeV to 100 GeV between the CRs
is moderate. For W +jets, the overlap of 30 GeV to 100 GeV (see Table 4.3 (p. 66)) and 70 GeV to 150 GeV
(see Equation 4.23) is not too large (see Figure 4.7(E)) and further suppressed by the m% > 50 GeV cut
Table 4.3. The overlap of Top contribution is also largely reduced by the used b-tagging in the CRs of
Table 4.3. The cutflow to the test control region can be seen in Table A.10 (p. 149) in Appendix A.
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FIGURE 4.14 Data and MC comparisons in the test control region. MC is rescaled and all distributions show good
agreement.
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4.4 Standard Model Background Contributions

Figure 4.14 shows data and MC comparisons in the test control region, where the MC is corrected
by the scalings from Equation 4.21. The good agreement shows that the scalings correctly remodel the
MC also in events without b-tagging requirement or veto. Hence, no bias of the scalings to the used b-
tagging in the control regions of Table 4.3 can be seen. Particularly, Figures 4.14(E) and (D) demonstrate
the correct modelling of the tau identification and the m.q kinematics after the rescaling. This is an
important result since both will be used for the final signal region definition. Furthermore, many of the
distributions are dominated by different backgrounds in different ranges, e.g. Figure 4.14(8) or (D). Their
good agreement in the shape also shows that the individual contributions, and not only the sum of them,
are rescaled properly.

Verification with Muon Charge Asymmetry

The charge asymmetry method, see Section 4.2.2, is also well suited for the estimate of the individual
W +jets background contributions. The method relies on a correct modelling of the ratio of positively to
negatively charged muons in the W +jets backgrounds. Since this ratio also depends on the W kinematics,
it is investigated in the following.

The W transverse momentum, p¥/ , can be reconstructed by the vectorial sum of the muon’s trans-
verse momentum and the EM:. However, its pseudorapidity is experimentally not accessible due to the
lacking information on the longitudinal neutrino momentum. Therefore, the ), is used as a probe since
it is the most correlated quantity to the original 7. In addition, m/ and A¢ (u, E%) can be used
to test the correct description of the 1¥-decay kinematics in the MC. Since the muon charge should be
uncorrelated to the performance of the tau identification, this study is done before the tau requirement
to increase available statistics. The chosen object selection only includes the tau candidate without any
identification related cut like it was used in Section 4.3.2. It has already been shown that this removes the
complications related the tau identification and gives a well described event selection. Since this study
targets W +jets events, it is performed in the W +jets CR.

Figures 4.15(a) to () show that the W kinematics are correctly modelled in W +jets background. In
addition, Figure 4.15(F) is obtained from the combined Top CR* and demonstrates the symmetry between
positive and negative muons in the Top contributions. This is needed for a correct prediction of the
W +jets background.

Though Figure 4.15(a) shows good agreement in the reconstructed muon charge, the high available
statistics show a slightly overestimated charge ratio in the MC. This can be seen in Figures 4.15(G) and
(1). It displays the charge asymmetry in data and MC as function of 7, and pY’, respectively. The mean
deviation of data and MC is about Ar* = 0.07 and will be added as an additional systematic uncertainty
via Equation 4.13 (p. 63).

For the test control region from Equation 4.23 this methods predicts a W +jets contribution of

NEP& Y™ — 1140 4 140°2 + 82, 7MCSUt 4 38 695 — 1140 + 167" . (4.24)

The last systematic comes from the observed mismatch of the charge ratio from the study above. This
can be compared to the estimate from the scaled MC prediction

Nl MC — (1889 4 48) x (0.586 4 0.02) = 1107 + 47 . (4.25)

* Combined Top CR means that no separation of truth and fake taus is done. The muon charge is assumed to be uncorrelated
to the tau characteristics.
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FIGURE 4.15 Control plots for the W charge asymmetry method: (a) to (E) W related kinematics in the W +jets CR
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The numbers show good agreement and the scaled MC prediction is consistent with the observed charge
asymmetry in data. Therefore, the scalings can be confirmed by an independent data-driven method.

Verification by a y? Test

Finally, the method to obtain the scalings is checked by an additional approach. The inversion of the mat-
rix Equation 4.16 (p. 64) solves the system of equations from 4.14. By the variation of all input parameters,
a continuum of solutions is obtained, which defines the uncertainties. The existence of an inverse matrix
is equivalent to the statement that the rows 57°" of the matrix are linearly independent. This means that
the control regions must have different relatlve composition, i.e. §7°% # As7°" for any 4, j and A € R.
This is the case, as long as the chosen cuts have separation power for the considered background types
and obviously is true for the matrix in Equation 4.20 (p. 75). Here, each control region is dominated by
the wanted background.

The existence of the inverse matrix is also equivalent to the statement that S is bijective, so there is
exactly one set of scalings that fulfills Equation 4.14. All of the smeared matrices will be invertible as long
as the uncertainties on the matrix elements are smaller than their differences in the relative compositions.
This guarantees linear independent rows in all smeared matrices and exactly one solution for the scalings
can be found. Indeed, this is the case for all considered variations of the matrix S. Though one exact
solution is obtained for any set of input parameters, it is not obvious whether there might be additional
approximate solutions to the equations. These might as well explain the observed data but by different
background compositions and with less agreement as the exact solution.

These approximate solutions cannot be found by strict algebraic methods and hence have been looked
for by a different approach. One possibility is the simultaneous scan of all scalings and the comparison
of their MC prediction with the data observation. The agreement for each set of scalings & is quantified

by a x?
3 /obs. - 2
X (@) = E ((7()> ) (4.26)
i=1 ¢

where 7 runs over all CRs and S is the matrix from Equation 4.14 (p. 64). The uncertainty o; includes
the uncertainties from the MC predictions S as well as those from the corrected data observations N’
The squared uncertainty on the ith component of the quantity ScJ is

2 2
3 3
[A(S&),]” = Z 8ijWj Z 6 Z sijwj | Asi Z [Asipwr]®  (4.27)
=1 | 9%k \G;=1 k=1
=djpwi

where As;y, is the uncertainty on s;;,. The squared uncertainty of N fobs. jg

(AN SN Y (Asin? (429)
m=n+1

where m runs over all remaining backgrounds that are not rescaled, i.e. QCD, di-bosons, Drell-Yan and
Z"+jets, see Equation 4.15 (p. 64). The uncertainties from Equation 4.27 and 4.28 are then combined
uncorrelated. As explained before, this neglects possible correlations in the uncertainties of the data-
driven QCD estimate, which is expected to make no difference due to the small QCD contribution.
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FIGURE 4.16 The obtained x*-distributions from the scan of scalings. The third scaling is always fixed to the value
minimizing x*. No additional local minima can be seen and uncertainties and correlations are consistent.

The x? is sampled in steps of 0.01 to have sufficient granularity to resolve the expected uncertainty and
is scanned in the range of 0 to 2 for each scaling. The scalings with minimal x? are

ww = 0.59 Wf = 0.84 Wt = 0.97. (4.29)

They reproduce the ones from Equation 4.21 (p. 75) up to the used step width and hence give the same
result. Since these scalings are an exact solution, the minimal y? vanishes. This only holds up to very
small remaining x> ~ 107>, since the none of the scanned values exactly matches the solution from
Equation 4.21. The obtained three dimensional 2-distribution can be seen in Figure 4.16(4) to (c) in two-
dimensional slices, where the third scaling is always fixed to the one from Equation 4.29. The distributions
show smooth behaviour in all regions and no additional local minima can be seen. A finer search pattern
can be found in Appendix B in Figure B.5 (p. 163).

The \2-distribution in Figure 4.16(c) also shows the Ax? = 1 contour that defines the 1-o-region
around the minimal 2. These uncertainties can be compared to the ones from Figure 4.1, as shown in
Figure 4.16(D). The yellow bands indicate the uncertainties from the matrix inversion and are in very
good agreement with the Ax? = 1 contour. Also the expected anticorrelation can be seen. Therefore,
the same scalings and uncertainties are obtained by this different approach.
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FIGURE 4.17 The expected signal contamination from the considered GMSB model in the control regions for (a): Top
with truth taus, (B): Top with fake taus, (c): W +jets and (D): the control region used to test the scalings.

Impact of Potential SUSY Contamination

So far, the scalings have been derived under the background-only hypothesis, i.e. only the SM contribu-
tions are considered. In addition, also potential SUSY could contribute to the control regions and hence
bias the results. This effect is tried to be minimized by upper bounds on SUSY sensitive variables, i.e.
Emiss: < 100 GeV and m/: < 150 GeV, where the SM is expected to dominate. However, the influence is
quantified more precisely in Figure 4.17. It shows the relative GMSB contamination in the used control
regions from the model points defined in Equations 2.89 to 2.91 (p. 33).

The signal points above A > 20 TeV show only small contributions at permille level. These are well
below the uncertainties on the scalings. In the Top CRs, Top with truth taus has slightly larger relative
SUSY contributions. The kinematic disentanglement of true and fake tau contributions was based on the
presence of additional missing energy in the events with truth taus. In that sense, Top with truth taus
is more signal-like and has larger GMSB contamination. The largest relative contribution is in the test
control region (see Equation 4.23) due to the larger allowed EM* phase space. However, this region is
only used for control tests and not to obtain the scalings.

Summarizing, the derived data-driven scalings can be shown to be robust and to have neither any
bias to event kinematics nor the used b-tagging in the control regions. Additionally, the scalings can
be confirmed by an independent data-driven method that uses the muon charge asymmetry and by the
minimization of a y2-function. In the following, Top and W +jets contributions will be always rescaled
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if not explicitly stated otherwise. The corrected MC represents the best background estimate and hence
should be used for the analysis.

4.4.2 QCD

The data-driven QCD estimate is obtained from the matrix method, see Section 4.2.1, and is validated in
the following. Due to the muon and the tau requirement, the QCD contribution after the object selection
is already too small to establish a QCD dominated CR. Therefore, variables are considered that have
discrimination power between QCD and non-QCD contributions. They can be seen in Figure 4.18.

Figures 4.18() and (8) indicate that muons are more aligned with the £ in QCD, whereas taus are
rather back-to-back to the EIN:. This can be explained by the muon identification. A muon in QCD is
either faked by a jet or a real muon from heavy quark decays in the jet. The latter case is suppressed by
strong isolation requirements, which could be surpassed if essential parts of the primary jet are missed
by the reconstruction. If the muon is faked by a jet, parts of its energy could be lost as well because the
muon identification vetoes on calorimetric activity around the track. In both cases, energy of the jet that
gives the (mis-)identified muon is missing and defines the direction of B, This E¥* is then aligned
with the muon. In that case, the missing energy and the muon energy should add up approximately the
original jet energy.

Since most QCD events are di-jet events, the jet that fakes the tau is expected to be back-to-back with
the jet faking the muon. Hence, the tau should be back-to-back to the vectorial transverse momentum
sum of the muon and missing energy. This can be seen in Figure 4.18(c), where QCD peaks at A¢ = .
This signature is also seen in W +jets. Here, the tau is faked by a jet that recoils against the W -boson,
which gives the truth £ and the muon.

In addition, Figures 4.18(D) to (F) show kinematic variables where QCD and non-QCD appear differ-
ently. In all cases, the data-driven QCD estimate closes the missing events between the scaled non-QCD
MC and the data observations and hence gives a reliable result. A small underestimate of QCD is seen
in the QCD enriched regions, which principally could be corrected with these plots. However, the final
event selection will be above m/ > 100 GeV. In this region, QCD does not contribute significantly and
uncertainties on the estimate are well above the slight discrepancy in this plots.

Strictly speaking, the use of scaled non-QCD MC in these plots does not provide a completely unbiased
control check for the matrix method. The QCD estimate has already been used to derive the scalings. If
the estimate would be wrong, obtained scalings could be influenced. E.g. a strong underestimate of QCD
would result in larger scalings since data are less reduced for the QCD contributions. The underestimated
QCD could still be hidden in Figure 4.18 because non-QCD contributions would be larger and partly
compensate for the missing QCD.

This interplay between the two data-driven estimates is caused by the presence of QCD in the con-
trol regions from Table 4.3 and the presence of non-QCD contributions in the plots from Figure 4.18.
However, the cross-talk of these methods is strongly suppressed by the small QCD contributions in the
Top and W +jets control regions, see Table 4.5. The biggest influence of QCD can be seen in the Top
with fake taus CR. Still, it contributes only about 2 % of events to that CR and has nearly no influence
on the scalings. In addition, the different shapes of QCD and non-QCD in Figure 4.18 do not allow for
their compensation. In that sense, the two methods can be regarded as decoupled and cross checked
separately.
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4.4.3 Z°+jets and Drell-Yan

Although Z°+jets and Drell-Yan principally originate from the same process, they are listed separately.
Objects in Drell-Yan events typically have much smaller transverse momenta and hence very small con-
tributions to the analysis. Likewise, the Z°+jets contributions will turn out to have no major impact on
the final event selection. Their modelling in the MC shall be investigated nonetheless. The treatment of
its contributions to the data-driven scalings by pure subtraction of the MC prediction in Equation 4.15 (p.
64) shall be justified.

A Z%+jets control region is enriched with events where the tau and the muon have opposite charge,
as expected from Z° — 7777, Furthermore, Figure 4.18(F) suggests to look on the m region below
40 GeV to suppress Top and W +jets. The large QCD contributions can be reduced by tighter cuts on the
muon transverse momentum of p > 30 GeV.

Unfortunately, the taus’ decays do not allow for a reconstruction of the Z° mass peak and to enrich
7 events by a mass window cut. This can be partly compensated by the reconstruction of the invariant
mass in the collinear approximation. It assumes that the neutrinos make up the total missing transverse
momentum. In the limit of high energetic taus, all their decay products are aligned with the original
tau momentum. The two neutrinos of the 7, decay and the one neutrino of the 7,4 then point in the
direction of the visible decay products (the muon and the tau jet) and make up the total £, The two
neutrinos from the 7, decay can be treated as one kinematic entity for this considerations since they are
both aligned. This gives the following set of relations in the transverse plane

pZThad Py pzm jn v v ; v v .
pahad B ﬁ ez - pTyL pa ™ +p =By and  py™ +pyt = B (4.30)
X x x X

These four relations can be solved for the four unknown transverse neutrino momenta.3 The fraction of
the undecayed tau’s energy that is carried by the visible decay products can then be calculated to

R /S Pl pL —py - ph .
Thad pT o+ pZThad pg - PPy - o + pg . E;Cniss. —ph Elr/niss_ .
pu’ p“-pT—pT.pM
e PO Ty B : (4.32)

CpEpy PP — Py vk — py - BB 4T B

Finally, the original invariant mass can be reconstructed by

cL

M) ~ (4.33)

Typically, the transformation only shifts the reconstructed mass peak to the Z° mass. The width of the
distribution is still broadened by the finite ™ resolution considerably, so that a mass window cut is
not effective. Nevertheless, a requirement on the invariant mass in the collinear limit above 60 GeV is a
helpful QCD discriminant.

Furthermore, the invariant mass of the tau and the muon, without any EX corrections, is expected
below the Z” mass in Z%+jets. In other SM backgrounds, the (fake) tau and the muon are not constrained
by that and hence m .,y < 90 GeV is required. The cutflow to the Z O-+jets control region can be seen in
Table A.11 (p. 150) in Appendix A.

3 The four degrees of freedom in the transverse plane of the two-neutrino-system from the 7,, decay reduce to two. They have
the same ¢ and only the sum of z- and y-momenta are needed and not the individual contributions.
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FIGURE 4.20 The relative GMSB contamination in the Z°+jets control region.

The sum of these cuts decrease the available statistics considerably, so that the study is done with BDT
loose taus. Therefore, slightly different scalings than the one for medium taus are used, see Figure 4.12.
Since the Z 0+jets contributions are unscaled in this study, the results will still hold for medium taus.
This is true as long as the quality of the tau identification description in MC is the same for loose and
medium taus. This could already be seen in Figure 4.12 and is even less critical for Z%+jets, which is true
tau dominated. Truth tau related scalings were already shown to be consistent with one in Top.

The composition of the truth objects that give the reconstructed tau can be seen in Figure 4.19. Most
taus are indeed true taus that come from Z" decays. The fake taus are dominantly quark jet initiated and in
most cases either come from the remaining W +jets or Top contributions. Since most taus are truth taus,
good agreement is expected. Truth taus could be seen to be well described in the MC. Figure 4.20 also
shows the relative GMSB contamination from the considered signal grid in the Z%+jets control region.
Above A > 20 TeV the contributions are at permille level.

Figure 4.21 displays data and MC comparisons in the Z+jets control region. Data and MC can be seen
to be in good compliance. Figures 4.21(A) and 4.21(B) demonstrate that the muon is more aligned with
Eiss: than the tau. Since these muons come from tau decays, they are accompanied by two neutrinos,
which dominate the £, All distributions show good agreement in shape and normalization so that
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FIGURE 4.21 Data and MC comparisons in the Z° +jets control region. Taus are BDT loose to ensure sufficient event
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Z"+jets can be seen to be correctly described. Figure 4.21(E) also shows the symmetry for positive and
negative muons, as required for the charge asymmetry method.

The individual investigation of Drell-Yan processes is not possible due to their low-pr objects and
hence small contributions. They will have only very small contributions to the analysis (see Section 5.1.4)
and hence do not demand for high attention or special data-driven techniques. If MC statistics is lacking,
an estimate for their contribution is made by extrapolation. The normalization of its contribution can be
predicted under the assumption that kinematic quantities behave as in Z%+jets by

NZO+jets

Mc  (after cut)

NDrellYan (after cut) =

NoEl-Yan (hefore cut) . (4.34)

0,
Nﬁcﬂets (before cut)
This is a conservative estimate because variables like m.g or Ht are expected to be softer in Drell-Yan
compared to Z"+jets. Hence, the extrapolation should fall more steeply compared to Z+jets.

4.4.4 Di-Bosons

Di-boson events, i.e. WIW, W Z9, 7970, can also produce a muon and additional taus. Neutrinos from
W, Z° or 7 decays might provide true EM'* and additional jets might arise from hadronically decaying
W and Z° or associated QCD processes. Likewise for Z0+jets, these events could be investigated in
dedicated control regions to see if they are correctly described in the MC.

A detailed MC study has been performed to isolate di-boson events with taus [289]. It could be shown
that an enrichment of these events is hardly feasible due to two reasons. Firstly, the cross sections are
small compared to other SM processes and hence contributions typically drown in other backgrounds.
Secondly, the considerable fake rate for taus contaminates the selection with misidentified taus. E.g.
ZOW — ppt has huge backgrounds from Z%+jets where the Z° decays into muons and the tau is faked.
The same is true for WW — 7, which is superimposed by W — p with fake taus and also ¢¢ with two
leptonically decaying W bosons.

Although a dedicated study in a control region is not possible, the expected origin of selected taus can
be studied purely MC based. For that purpose, selected taus from di-boson events have been scrutinized
after the object selection. Figures 4.22(a) and (B) show the origin of the taus. Most taus are truth taus
from either Z° (PDG ID: 23) or W (PDG ID: 24) decays. The few remaining fake taus are completely
quark jet dominated where the quarks comes from hadronically Z° or W decays. Fakes that originate
from W bosons have already been shown to be well modelled in Top, see Section 4.3. Quark initiated
fake taus from Z° — ¢ can be expected to have similar properties. The quarks have the same color
flow in hadronization like quarks from W — ¢q’ and strong interactions are blind to the electroweak
quantum numbers of the W and the Z°. Also truth taus could be found to be correctly described in
Top, see Section 4.3, and in Z"+jets, see Section 4.4.3. Hence, no strong mismodelling is expected for
di-bosons.

As a further check, the kinematics of the selected taus are investigated. This can be used to see if
there are any di-bosons specific kinematic features that could spoil the correct description of the tau
identification. This can be seen in Figures 4.22(c) to (#). The low hadronic activity in di-boson events
often requires the tau candidate to surpass the jet trigger plateau cut. Therefore, many di-boson events
have p1 > 50 GeV, which explains the spike in the transverse momentum spectrum. The quantities do
not show any suspicious behaviour that is different to Top backgrounds, see e.g. Figure 4.5 (p. 67). In
addition, the overall contribution from di-bosons is rather small and hence its contribution is estimated
purely MC based, without any specific data-driven techniques.
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Summary

The SM backgrounds from Top and W +jets are corrected by data-driven scale factors. The scalings for
Top are close to unity, whereas W +jets needs to be scaled down. The W +jets scaling can be shown to be
caused by an overestimated fake rate in the MC due to less complex and hence more tau-like jets in the
W +jets MC. Furthermore, the scalings can be shown to be robust and free of any bias to kinematics or
the use of b-tagging. The obtained values and uncertainties for the scalings have been cross checked by
the charge asymmetry method as well as by a different y?-method.

The background for QCD is estimated completely data-driven and can be confirmed in QCD enriched
kinematic phase space. Z"+jets contributions are controlled by the verification of its MC description in
control regions. Drell-Yan and di-bosons cannot be investigated individually in CRs due to their small
contributions. However, Drell-Yan can be estimated conservatively under the assumption of the same
behaviour as Z%+jets. The di-bosons estimate is obtained from pure MC prediction, which could be
justified by the results of the other background studies.

In general, it could be consistently seen that events with truth taus are described properly, whereas
fakes from W +jets are mismodelled. The correct description of truth taus will also apply for the signal
samples and hence modelling of the tau efficiency in the signal selection can be assumed to be correct.
Clearly, this only holds for truth tau dominated signal selections.
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CHAPTER 5

Entering a New Regime

The Search for SUSY with Taus and a Muon

The contributions from the SM and their appearance in the analysis have been investigated in the previous
chapter. With their knowledge, SUSY-like signatures can now be searched, as will be described in this
chapter. The analysis parameters that quantify the SUSY-likeness of the event topologies are optimized for
a maximal discrimination power between GMSB and the SM. Moreover, the systematic uncertainties on
the final event selection are quantified. Finally, the data observation is compared to the SM expectation
as well as to potential GMSB predictions.

5.1 Event Selection Optimization

For an optimal analysis sensitivity, the event selection must be optimized to suppress SM backgrounds
and at the same time guarantee an efficient selection of SUSY events. Since the search aims at a whole set
of possible SUSY realizations in the GMSB model, the analysis has to be simultaneously optimized for all
grid points. They have been specified in Equations 2.89 to 2.91 (p. 33). Furthermore, the selection cuts
have to be investigated with respect to the changing phenomenology in the parameter grid.

5.1.1 Object Selection in the GMSB Model

As a first characterization of the analysis, the performance of the object selection is studied in the GMSB
grid. The origin of selected leptons is of special interest to confirm whether the analysis really probes
the tau richness of GMSB. Figure 5.1(a) shows the purity of taus in the object selection, i.e. the fraction
of events in which the selected tau candidate originates from a truth tau. The selected taus are truth tau
dominated in the whole grid and hence the hadronic tau requirement is sensitive to the enhanced tau
production in GMSB models. The studies from Chapter 4 also showed that truth taus are not affected by
any issues in the tau identification. Hence, the signal efficiency can be assumed to be correctly modelled.

Figure 5.1(B) gives the fraction of events where the selected muon comes from a tau decay. The purity
is lower due to the presence of prompt muons. These predominantly arise from either X9, X3 or fiz r
decays and have better reconstruction efficiency compared to muons from taus, since these loose energy
from two neutrinos. However, in the high tan 3 space about 2/3 of the muons come from tau decays
and hence probe the tau richness as well. This can be attributed to the larger mass splitting in the stau
sector as explained in Section 2.2.3, which leads to much more staus compared to smuons. In the low
tan (3 region, the reconstructed muons are rather prompt muons since the stau mixing is small and the
sleptons are nearly mass degenerated. Still, for high A nearly 50 % of the muons come from taus. Here,
the tau transverse momenta are sufficiently high to compensate for the loss of the neutrino energies in
T — V-V, i Faked muons can be shown to be negligible.

Figure 5.2(a) shows the acceptance, i.e. the fraction of MC signal events that pass the object selection.
As expected, the sensitivity is better in the high tan 3 region where taus dominate. The phenomenology
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FIGURE 5.1 (A): The purity of selected taus and (B): The fraction of muons coming from tau decays.

of the low tan /3 region is dominated by the first generation sleptons and for very low A objects are too
soft to be reconstructed. Hence, these points have smaller acceptance.

The acceptance of the full object selection is also unfold into the efficiencies of the individual object
requirements. Here, efficiency is defined by

NMCE (after cut)
NMC (before cut)

(5.1)

As shown in Figure 5.2(B), the muon trigger is more effective in the low tan 3 region, which has more
high-pr prompt muons. Since the muon is required in any case at a later stage, this does not reduce the
analysis power. The trigger efficiency for the finally required high pr muon is close to one. Figure 5.2(c)
shows the signal efficiency for the jet trigger plateau cut and demonstrates high and constant perform-
ance. Obviously, the combination of a jet trigger with the muon trigger does not reduce SUSY signals
from strong production and is an appropriate choice to construct unprescaled triggers. This will be even
more true for the final event selection, which will explicitly require hadronic activity.

Figure 5.2(D) shows the efficiency of the muon requirement. The lower efficiency for small tan 3 is an
interplay of the already applied muon trigger and the GMSB physics. Typically, leptons arise by decay
chains like

X =0 — G, (5.2)

where two same-flavour leptons are produced. In the case of taus, their decay to the searched final state of
a muon and a hadronic tau decouples the flavour correlation. In the low tan g region, triggered prompt
muons are accompanied by a second muon. This is vetoed at this stage to avoid overlap to the di-lepton
search. This loss is no deficit since the analysis targets tau final states and not prompt muons. Finally,
Figure 5.2(€) shows the fraction of selected events before and after the tau requirement, which his BDT
medium. The tau-rich high tan /3 region has more taus and hence more events are selected.
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97



CHAPTER 5 - Entering a New Regime: The Search for SUSY with Taus and a Muon

5.1.2 Optimization of Kinematic Cuts for GMSB

In addition to the object selection, further selection cuts are applied to select potential SUSY events and
to suppress SM background. The search for jets and missing transverse energy has been motivated by the
expected appearance of SUSY in Section 2.3 and the observables that quantify these topologies have been
defined and discussed in Section 3.3.8. The considered quantities can be seen in Figure 5.3. They show
the expected SM contributions and two SUSY benchmarks. The chosen benchmarks are

A =50GeV tan 8 = 20 and A =50GeV tan 8 = 40, (5.3)

which are close to the final expected sensitivity limit. Figure 5.3(a) shows that most SM contributions
accumulate below m% = 100 GeV, whereas Figure 5.3(B) shows flat behaviour for the signal samples. In
W +jets and Top events with fake taus, this can be explained by the kinematic constraint of the transverse
mass. If B and the muon both arise from a leptonic W — v, decay, it has to be below the W mass.
In the signal events, these quantities are less correlated and hence flatter around m/: ~ 100 GeV. Since
this cut is driven by the W mass in the background and m/; is approximately flat in GMSB, no individual
optimization is done and the cut is chosen to be

mf > 100 GeV . (5.4)

The further discriminants can be seen in Figures 5.3(c) to (F). In all cases, small values of these vari-
ables are SM dominated, whereas the high tails are populated by SUSY. The optimal choice of the cuts
should have stable performance throughout the whole parameter grid and should not be specific for
the phenomenology of a certain grid point. To cover sufficient different possible phenomenologies, six
benchmarks in the grid are considered that are paired to high and low tan [ values for three different
sets of mass scales A.

For these benchmarks, the performance of different cuts on the considered kinematic variables are
tested. The different cuts are applied to the SM as well as the signal samples and the obtained significance
is calculated. Significance is tested with the Asimov value [290]

ZOZ\/2 [(s—kb)ln(l—i-f))—s} , (5.5)

where s denotes expected signal events and b expected background events, respectively. In addition to
pure sensitivity, also remaining MC background statistics has to be considered. This will finally contribute
as systematic uncertainty and also the evaluation of all other systematic uncertainties are taken from MC.
Therefore, upper limits on possible cut values are set by the technical requirement of non-vanishing MC
statistics.

In addition to kinematic cuts, also the strictness of the required taus can be varied and used as a dis-
criminator between SUSY and SM. In principle, all the discriminators could be correlated among each
other, so that the optimal cut value depends on all already applied cuts. To first oder, the strictness of the
tau identification should not be strongly correlated to the discrimination power of the kinematic vari-
ables. Therefore, the kinematic cuts are tuned by the use of BDT loose taus, which give comprehensive
MC statistics, and finally the tau identification working point is optimized. The optimization is done
with NLO reweighted signal samples and with rescaled Top and W +jets background samples. The cut
on mf > 100 GeV is also applied since it will be used for the final selection.

Figure 5.4 shows the obtained significances of the four discriminants. In each plot, only the m/ cut
and one given on the z-axis is applied. As a first result, it can be seen that tan £ has only small impact
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FIGURE 5.3 Comparison of two GMSB benchmarks and the SM for the considered SUSY discriminants.

on the optimal cut choice compared to A, which governs the kinematic phenomenology. Since this para-
meter controls the sparticle mass scale, higher A prefers harder cuts due to higher transverse momenta.
Concurrently, the models with higher SUSY masses have smaller cross sections and hence the obtained
significances are lower. The curves are cutoft as soon as no SM background is left and hence Equation 5.5
gives infinity.

In addition to the sensitivity of different cuts, also the obtained relative background uncertainty due to
limited MC statistics, AN /N , is given. Its scale is given by the right axis. The values exceeding one are
due to negative event weights from Top MC samples. They can reduce N, but increase AN and hence
allowing for a ratio above one. For the same reason, the relative statistical MC uncertainty can decrease
for harder cuts. This effect can be seen notably in the high SM tails, which are Top dominated.

The absolute scales of the obtained significances suggest that m.q has the best discovery potential,
closely followed by E™ and then Hr. ¥ /m. is not well suited to discriminate background and
signal. This can be understood by the expected hadronic activity that comes from strongly produced
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FIGURE 5.4 Obtained significances for six GMSB benchmarks for different kinematic cuts. The m/. > 100 GeV is
already applied, taus are BDT loose, backgrounds are rescaled by the data-driven scale factors and signal is NLO
reweighted. MC statistical uncertainty scale is given by the right axis.

SUSY events. In these SUSY events, a substantial contribution to m.g. comes from Hr and hence Es
does not dominate m.g . Typically, the ratio of EISS to meg is an efficient discriminant for QCD, where
only low real EM is expected. In that sense, it serves as a missing energy significance, see Section 3.3.8.
Due to the muon requirement, QCD is already sufficiently suppressed (see Section 4.4.2) and hence does
not require a special rejection cut. The remaining backgrounds, especially Top and W +jets, also have
high real E™% contributions to m.g and hence appear SUSY-like, see Figure 5.3(D).

The discrimination power of Hy and EM: express the more pronounced appearance of hadronic
transverse energy and missing transverse energy in SUSY events. Since me.g is the sum of them, it shows
the best performance for the signal selection and to some extend already includes potential correlation
among the two. However, the two most promising variables, m.g and F, are investigated for more
optimal combinations in Figure 5.5. Here, the significance scan for m.g is redone after additional Fis
cuts and indeed some combinations, e.g. high m.g. with EN$ > 200 GeV have slightly better sensitivity
for the high mass points.

Nonetheless, this comes at the price of very low MC statistics, which would not allow for a reason-
able estimate of systematic uncertainties. In addition, the kinematic vicinity of these cut combinations
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FIGURE 5.5 Obtained significances for six GMSB benchmarks for different combinations of B and meg. after m}. >
100 GeV. Taus are BDT loose, backgrounds are rescaled by the data-driven scale factors and signal is NLO reweighted.
MC statistical uncertainty scale is given by the right axis.
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does not show flat sensitivity and hence could be susceptible to small mismodellings. In that case, the
sensitivity could be overestimated and therefore the small gain in sensitivity is relinquished to sustain
reliability.

In addition, different combinations of m.g and Hr, as well as combinations of Ht and E%‘iss' have
been tested and can be seen in Appendix B in Figures B.6 (p. 164) and B.7 (p. 165). For all combinations,
an individual cut on m.g can be seen to be a preferable compromise between sensitivity, remaining MC
statistics and stable performance. The final cut is obtained from Figure 5.4(B) and decided to be

meg, > 1000 GeV . (5.6)

It is well operating for all benchmarks and has smooth performance for small variations at the critical
high mass points.

5.1.3 Optimization of Tau Lepton ldentification for GMSB

With the fixed kinematic selection, the optimal tau identification working point can be chosen. Fig-
ure 5.6(A), (c) and (&) show the expected significance after the full kinematic selection, i.e. object selec-
tion with m# and meg cut applied, for loose, medium and tight tau identification. The differences are not
very pronounced, but the best discovery potential is achieved with BDT medium taus.

The BDT loose requirement increases the fake tau dominated W +jets background and thereby sufters
from larger backgrounds. The smaller sensitivity for the tight requirement comes from the signal taus
characteristics. The correlation between p7 and the BDT output implicitly increases the tau transverse
momenta with tighter cuts on the BDT. In GMSB, the taus prefer to be rather soft and hence a tight iden-
tification reduces the signal. Table 5.1 shows the cutflows for all tau identification working points to the
signal region. The final W +jets contribution increases by more than a factor of 3 for loose taus, whereas
nearly half of the final signal is lost with tight taus. The optimal working point is medium strictness in
the tau identification and hence will be used for the final selection.

The different background compositions of the different tau identifications points could have an in-
terplay with the optimal choice of the kinematic cuts. E.g. the loose tau identification is dominated by
W +jets and might have a different optimal m.g cut than the Top dominated selection with medium taus,
see Tables.1. This correlation has been neglected by the individual optimization of the kinematic cuts in
Section 5.1.2 with the use of loose taus. To quantify this effect, the cut scan is redone with loose, medium
and tight taus in the object selection, which can be seen in Figure 5.6(8), (D) and (F). By construction,
Figure 5.6(B) and 5.4(B) are identical. No sizable change can be seen and the argumentation for cut choice
of meg, > 1000 GeV remains unchanged.

With the settled tau identification, the final event selection for the signal region (SR) is fixed. The
required objects are

NGV > NiOGeV -1 N20GeV (5.7)

jet 7,medium

and the kinematic cuts are

mh > 100 GeV Mmeg > 1000 GeV . (5.8)

5.1.4 Final Background Estimates

The backgrounds from Top and W +jets have already been rescaled by the extensively checked data-driven
scalings from Section 4.4.1. Therefore, their scaled MC predictions are already the final estimate. Also
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A =50TeV

tan 8 = 40 DiBoson Drell Yan Z+Jets Top W +]Jets QCD (DD) SM
GRL 638 44253 55194030 19 350 596 950153 145489 056 - 221028089 =+ 48080
Trigger 214 12546 231819 1766 665 174229 10880125 - 13065385 + 9616
cleaning cuts 210 12298 228107 1694491 173287 10300 801 - 12408984  + 9261
NR &V >1 177 4997 41470 248 992 153 694 1377472 - 1826625 4 1583
NGV =1 47.4 2088 19586 99186 88 532 1180140 845 744 2236177  + 209662
NGV =1 47.4 2988 19586 99186 88532 1180140 845 744 2236177  + 209662
N, > 1 (loose) 20.4 210 402 4741 3304 10230 5076 23962 4 1390
mk > 100 GeV 9.89 35.1 3.20 85.3 528 630 4.23 1286  +34
Megr, > 1000 GeV 3.67 0.15 0.00 0.16 0.31 0.96 0.01 1.59 4 0.55
N2OGYV =1 47.4 2988 19586 99 186 88532 1180140 845744 2236177 = 209662
N, > 1 (medium) 16.8 157 254 3637 2162 5716 2829 14755  +784
mk > 100 GeV 8.24 28.4 1.49 48.6 410 357 1.91 847 422
Megr. > 1000 GeV 2.78 0.11 0.00 0.05 0.36 0.27 0.01 0.80 +0.28
N2OGYV =1 47.4 2988 19586 99186 88532 1180140 845 744 2236177  + 209662
N, > 1 (tight) 10.4 82.6 98.0 1967 1022 2023 897 6090 =+ 263
mk > 100 GeV 4.69 16.5 0.26 20.1 220 126 0.04 383 +£11
Megr. > 1000 GeV 1.59 0.04 0.00 0.05 0.11 0.21 0 0.41 £ 0.25

TABLE 5.1 Cutflow into the signal region for loose, medium and tight taus. The upper cutflow shows expected events up to the muon requirement. The three lower
cutflows show the expected events for the final selection with the three different tau identification working points. The loose requirement increases the fake dominated
W +jets background by a factor of 3.5, whereas the tight identification loses nearly half of the signal. The medium tau identification strictness is optimal and will be

used.
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FIGURE 5.7 Control tests of the data-driven QCD estimate. (a): The estimate for different m.g. cuts up to the final
event selection. (B): The estimate for different m.g. up to the final kinematic selection but without tau ID. (c): The
ratio of (o) and (B), i.e. the QCD rejection due to tau identification.

the Z 0+jets contributions could be shown to be correctly modelled in Section 4.4.3 and hence its MC
prediction is considered as the final estimate.

The QCD estimate suffers from the small remaining available statistics in the extreme kinematic phase
space above meg > 1000 GeV. Figure 5.7(a) shows the evolution of the QCD estimate from the matrix
method for different cuts on meg. up to the final SR. The cut on m4 > 100 GeV is also already applied.
Since the contributions decrease smooth and continuously, the final upper limit on QCD at m.g =
1000 GeV of

Nqcp = 0.012 +0.019 (5.9)

would be sufficient.

As an additional control test, the QCD estimate is repeated with the object selection as described in
Section 4.3.2 without any tau identification related cut. Due to much more available statistics, the un-
certainties on the QCD estimate are much smaller, as can be seen in Figure 5.7(B). The estimates from
Figures 5.7(a) and 5.7(B) only differ by the tau identification. Hence, their ratio can be considered as the
QCD rejection due to the appliance of tau identification. The ratio can be seen in Figure 5.7(c). It displays
the QCD rejection factor of medium taus as a function of applied m.g cut.

Since both estimates, i.e. the one with and the one without tau identification, are completely data-
driven, also the QCD rejection is completely data-driven. The rejection of fake taus from QCD can hence
be studied without any bias to the MC tau selection. The muon itself allows for a completely independent
data-driven QCD estimate, which can be compared with and without tau identification. The rather large
uncertainties on the rejection are driven by the small remaining QCD contributions after the kinematic
cuts on the selection that includes taus.

The obtained rejection shows no dependence on the m.g cut and hence it can be determined without
this cut. To obtain a CR with high and independent statistics, the m/: > 100 GeV cut is reverted. This cut
has been used in all selections of Figure 5.7. The BDT rejection can be estimated from this events if the tau
identification performance does not dependent on m/. The region below m/ < 50 GeV is still excluded
to avoid QCD events with very low EIN®:, which are kinematically quite different to the finally selected
events. EM in QCD predominantly comes from mismeasured objects and very low ERS topologies
might have a bias to the tau performance. Following this argumentation, low- B¢ QCD events are
better reconstructed and hence tau fake rate can be expected to be smaller. These events are excluded in
order to avoid an underestimate of the tau fake rate.
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In the region of 50 GeV < m% < 100 GeV, the QCD estimate of the matrix method is compared with
and without applied tau identification

NEeh = 20049 + 93 and NSET = 92.14+6.8. (5.10)

This gives a BDT rejection factor for QCD of

with 7

rBDT = —22 = 0.004 59 + 0.000 34 . (5.11)

no T

NQCD

This can be applied to the QCD estimate after the m.g > 1000 GeV for events without the tau identific-
ation of Figure 5.7(B):

Njcp = (2.25 % 1.06) x (0.004 59 £ 0.000 34) = 0.0103 % 0.0049 . (5.12)

The prediction is very good agreement with Equation 5.9. Since the BDT rejection is estimated from a
rather high statistics CR, still the uncertainty from the matrix method on the final selection without tau
identification is dominating. For the final estimate, the more conservative result from Equation 5.9 is
used, which has four times bigger uncertainty. However, due to the small QCD contribution, this has no
impact on the final sensitivity of the analysis.

Moreover, the data-driven QCD rejection can also serve as an additional cross check for the fake tau
scaling in W +jets. The W +jets event selection without tau identification could be shown to be very well
described by the MC. The discrepancies in W +jets have been shown to be caused by the tau identification,
see Section 4.3.2. The rescaling of the W +jets MC after the tau identification is a data-driven correction
of the (quark) jet fake rate for taus in the W +jets MC. In that sense, it remodels the (QCD) jet rejection
in W+jets.! The data-driven rejection in W +jets is calculated by

. Nwith_T
Wejets YW VWajers  (0.58 +0.02) x (9757 4 108) A
TBDT N3 i 1180140 = 1426 0.00480 £ 0.00017, (5.13)

which shows good agreement with the one from the matrix method of Equation 5.11. Hence, the data-
driven fake rate for QCD jets in W +jets events and pure QCD events is consistent, as expected.

Though expected to be very small, the contribution of Drell-Yan also needs special attention since the
available Drell-Yan MC runs out of statistics in the SR. Therefore, Drell-Yan is estimated by extrapolation
under the assumption that Drell-Yan and Z°+jets have the same behaviour. Using Equation 4.34 (p. 91)
and the numbers for Z%+jets from the BDT medium selection in Table 5.1 yields

0.05
NEtivan = MIAQ = 0.0015 + 0.0017 . (5.14)
The rather large uncertainty includes the MC statistical uncertainties from all three contributing estimates
as quadratic sum, which is not correct in a strict sense. Since the nominator is included in the denom-
inator, they are not fully uncorrelated. However, the events after the additional m.g cut make up about

' In contrast to fake rate, which is defined per object, the BDT rejection is defined at event level. The rejection already includes
the jet multiplicity, where each jet constitutes a trial for the fake probability.
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FIGURE 5.8 Signal expectation. (a): Expected SUSY events in the signal region and (B) relative uncertainty due to
limited MC statistics in the signal samples.

one permille of the events before that cut. Therefore, the correlation is very small and has been neglected.
The conservative Drell-Yan estimate is smaller than 0.0032 events at

0.0032 pto .
G (1 =0.0015, 0 = 0.0017) = / G(p.0) = 0.68+ (1 - 0.68) = 0.84 = 84% (55)
—0o0

—0o0

confidence level. G is assumed to be a Gaussian probability density with mean y and standard deviation
o. Certainly, this cannot be strictly true since it would allow for negative Drell-Yan contributions. In any
case, this shows that Drell-Yan is negligible, i.e. it is less than half a percent of the total expected back-
ground. However, Equation 5.14 will be used as final Drell-Yan expectation and the sum of backgrounds
is

NM — .80 4 (.28MC stat. (5.16)

The expected GMSB contributions after the full event selection can be seen in Figure 5.8. The pre-
dicted events from the individual grid points are displayed in Figure 5.8(a) and Figure 5.8(8) shows the
uncertainty due to limited MC statistics. The signal events can be compared to the expected background
of 0.8 events. Up to A = 50 TeV, the signal expectation is larger than or equal to the background ex-
pectation and hence the analysis could have discovery potential. For the final sensitivity, all remaining
systematic uncertainties have to be quantified.

5.2 Systematic Uncertainties

The analysis is subject to several systematic uncertainties that are evaluated in the following. Principally,
only the uncertainty on the final number of selected background and signal events is needed. Nonetheless,
the influence of the systematics are investigated at different cut stages, to study where they arise and which
aspect in the analysis outline is affected mostly. In addition to the signal region expectation, also the
backgrounds in the CRs are affected. Especially the CRs for Top and W +jets are important since they are
used to derive the scalings. In that sense, they are part of the signal region prediction.
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Since the change of the control and signal region predictions are correlated for each systematic, this has
to be evaluated at once. In that sense, the correlated uncertainties on the matrix from Equation 4.20 (p.
75) are estimated here. For each systematic uncertainty, the scalings are rederived from the modified MC
samples and the modified MC signal region prediction is corrected with these new scalings. This might
have different impact on the final systematic. If signal and control region are affected correlated, i.e. both
increase or decrease, the final systematic partially, or even totally, cancels out. For instance, this might
be the case for uncertainties on object selection efficiencies. If efficiencies increase, the MC events in the
control and signal regions will increase. Hence, the scalings decrease and absorb the increased events in
the signal region.

The contrary is the case for anticorrelated response of signal and control region to a certain systematic.
This might be the case for energy scale recalibrations. An increase of the energy scale of certain objects,
e.g. jets, might increase the total mg in a way, such that a CR event now appears in the signal region. This
decreases the MC prediction in the CR and hence increases the scalings. At the same time, this increases
the MC signal region prediction and hence both effects enlarge the background prediction.

The influence of systematic uncertainties on the used objects, i.e. taus, jets, muons and E%‘iss', are
evaluated in the following and finally summarized in Table 5.3. For that, all MC samples are modified
according to the expected changes and the whole analysis is rerun on these modified samples. The change
of any quantity in the modified analysis with respect to the nominal value is considered as the one sigma
uncertainty that comes from the tested systematic. Some of the systematic uncertainties are not related
to any specific analysis object, but evaluated principally in the same way.

5.2.1 Tau Related Systematic Uncertainties

Tau jets are a specific combination of charged and neutral hadrons and hence their energy is calibrated
separately to reconstruct the tau jet energy. Any imperfect knowledge on the correct energy scale will
translate into a systematic shift of all tau energy measurements and hence has an impact on the event
selection. The tau energy scale uncertainty has been measured by data-driven techniques as well as in-
vestigated in MC studies [237]. The resulting uncertainties are given in different ranges of 7, and p}- and
range from 3 % to 6 %.

These uncertainties are used to once upscale and once downscale the energy of all tau candidates at
object level and the analysis is redone. The resulting deviations in selected events after different cuts can
be seen in Table 5.2, which gives the relative change with respect to the unmodified analysis. The first
Table 5.2(A) shows the results with the use of the scaling factors from the unmodified selection for both
modified selections. After the object selection, an uncertainty of 5 % can be seen, which roughly remains
at the same throughout the kinematic cuts. The larger deviations after the final cuts are due to small
remaining MC statistics.

As noted above, the CRs are also affected by the tau energy scale. Hence, the scalings have to be
rederived from the modified MC samples. Table 5.2(B) shows the results with the use of individual scalings
from the modified MC samples. This takes into account that also the CRs are affected by the systematic
uncertainty. Here, the systematics partially cancel out due to the fact that CRs and SR are affected in the
same manner and the uncertainties drop below percent level. In the following, only the final uncertainties
with individual scalings are shown. Since the tau has only small impact on the total effective mass, the
final uncertainty is taken after the 600 GeV cut to have more available MC statistics.

Uncertainties on the tau identification efficiencies and fake rates have been investigated with tag and
probe methods in Z° — 77 and W — 7, events [234]. Since taus from W -decays dominate the
event selection, these are used. The uncertainties are a combination of systematic and statistical sources
on the estimated efficiency and fake rate. For the uncertainty on the event selection, the eventweights

108



5.2 Systematic Uncertainties

ES up DiBoson Drell Yan Z+Jets  Top W +Jets SM

s T
% Deviation g 4oun

Object selection e 59 8.13 584 0.18 051

—5.31 —6.9 —8.01 —3.41 —6.63 —6.45
mpza006e it 0T S oss —des
ma>40G 0§ 1y 535 e -30%
Mer. > 600 GeV —1;22 8 8 _2;11 _2:21 _igg
ma >80 gn 0 o g usr 7ol
ma 006GV gy ge a0 —2aar

(A) No individual rescaling

% Deviation E: & . DiBoson DrellYan Z+Jets Top W +Jets SM

Ol lestton 4.22 5.9 8.13 —0.39 —1.4 1.85

—5.31 —6.9 —8.01 0.07 0.62 —2.28
UL o O v
ma >400Gev 20 P00 0Dl o3 o
ma> 600Gy o 0 Tl ol o
e S v e
ma >10006V o0 0 o e et

(B) Individual rescaling

TaBLE 5.2 The systematic uncertainties due to different modelling of the tau energy scale uncertainties. (A): Usage of
the same scalings and (B) with the use of individual scalings. Since signal and control regions are effected in the same
manner, effects partially cancel.
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are reweighted with the uncertainty of the selected tau candidate. Since each tau is either fake or truth,
identification and fake rate uncertainties are considered uncorrelated and added quadratically. The final
uncertainty of 3.64 % is rather small since it is reduced by the rescaling of the modified samples. The
obtained systematic uncertainties can be seen in more detail in Table A.23 (p. 156).

5.2.2 Jet and B-tag Related Systematic Uncertainties

The search for SUSY from strong production made jets to one of the most important search patterns. The
uncertainty on the scale that is used for the reconstruction of their energy (JES) is considered as an up-
and downscaling of all jet energies. The rescaling of energy is performed as a function of the jet energy,
the jet pseudorapidity, the AR to closest nearby jet and the pile-up conditions [291, 292] and ranges from
3% to 15 %. The change in jet energies are then propagated to the E&- by

B = B Sk, — Sl 517

jets jets

where the primed quantities denote the modified energies and momenta. The equation mixes energies
and momenta. Strictly speaking, only the transverse momentum can be reconstructed since the mass of
the missing particles are not known. Moreover, an energy is a scalar quantity. However, the jet masses
are assumed to be small compared to their momentum and the equation follows common notations.

The difference in expected events are shown in Table A.16 (p. 153). As expected, the first sizable in-
fluence can be seen at the cut for the jet trigger plateau. The Top samples are less affected, since most
events have at least one (b-)jet that passes the jet cut in any case. In Z%+jets and W +jets, the 50 GeV cut
is located in the trailing edge of the jet transverse momentum spectrum and hence translates into larger
differences in selected events. Their changes are very similar since the additional jet activity is approxim-
ately blind to the electroweak gauge boson’s quantum numbers. Parts of the uncertainties in the W +jets
sample are compensated by the rescaling after the tau requirement.

The total uncertainty is only about 2.4 % after the object selection. The small fluctuations are caused by
the fact that Top and W +jets dominate, where Top is barely affected and W +jets is rescaled. Nonetheless,
the uncertainty rises for higher cuts on m.g since events are biased to higher hadronic activity. After the
final cuts, the uncertainty seems to drop again, which could be an artifact of low MC statistics. Therefore,
the uncertainty at meg > 600 GeV is taken as a conservative estimate.

In addition to the energy scale, the energy resolution of the jet reconstruction (JER) is subject to uncer-
tainties [293]. They are estimated by data-driven techniques and agree within 10 % with the simulation.
The remaining discrepancy is taken into account by resmearing of the jets after their reconstruction.
This is done 7 and pr dependent and the change in jet energies is propagated to the missing energy by
Equation 5.17.

The resulting uncertainties can be seen in Table A.17 (p. 153). The total uncertainty is about a few
percent, except the larger uncertainty at the next to last cut. It is caused by a single W +jets event with a
high event weight. This event did not enter the nominal selection and is rejected again at the later cut. The
final uncertainty is about 6 %. Since energies are smeared randomly with positive and negative sign, i.e.
Gaussian around the nominal energy, the obtained deviations are interpreted as symmetric uncertainties
around the nominal value with no specific tendency.

Though it is not used for the final event selection, b-tagging is used for the definition of the CRs and
hence might influence the final result via the applied scalings. Therefore, also the b-tagging related un-
certainties are considered. These are taken into account by the uncertainties on the scale factors that are
applied whenever b-tagging is used. The scale factors for truth b-jets are up- and downscaled by their pr
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and 1 dependent uncertainty. The results can be seen in Table A.12 (p. 151). Since b-tagging is not used
for the final event selection, di-bosons, Drell-Yan and Z%+jets are not affected at all and only Top and
W +jets are affected via the change of their scalings.

A rise of b-tagging efficiency increases the MC prediction in the Top CR. Thereby; its scaling decreases
and hence the final Top contribution gets smaller, and vice versa for a lower b-tagging efficiency. Since
b-tags are vetoed in the W +jets CR, an increased efficiency vetoes more Top events in the W +jets CR.
Thereby, it increases the scale factors, which leads to higher final SR contribution and vise versa for lower
b-tag efficiency. The constant change throughout the full selection for W +jets reflects the common scale
factor for all W +jets events. In Top, the fake and truth contributions are slightly differently affected and
hence Top uncertainties change with the purity of selected taus.

Table A.13 (p. 151) shows the uncertainties as derived by up- and downscaling events according to the b-
mistag probability uncertainty. Since the Top CR is dominated by truth b-tags, the mistagging uncertainty
has only subleading impact on the Top scalings compared to the efficiency uncertainties. For W +jets, an
increased b fake rate vetoes more W +jets events and hence increases scale factors and final expected
events.

5.2.3 Muon Related Uncertainties

The muon is an accurately measurable object and subject to smaller systematic uncertainties, as will be
shown in the following. The biggest uncertainties come from the trigger efficiencies, which are remod-
elled in the MC by data-driven scale factors. These scale factors have uncertainties themselves that result
in slight mismodelling of trigger efficiencies. This effect is quantified by modulation of the scale factors
within their uncertainties (up and down) and evaluation of the difference in expected events.

The results can be seen in Table A.19 (p. 154), showing uncertainties of few percent. The last uncertainty
is rather large and dominated by a single W +jets MC event. Although the two next to last cuts show stable
uncertainties for W +jets, a more relaxed cut for the uncertainty estimate is not possible. Due to the more
busy event topology, the remaining backgrounds show a distinct trend to larger uncertainties for harder
meg. cuts. Therefore, the more conservative final estimate of 12.5 % is taken.

Beyond the trigger efficiency, also the muon reconstruction efficiency is affected by systematic uncer-
tainties. The applied identification scale factors try to adapt the MC efliciencies to the ones measured in
data. The uncertainties on these scalings are taken into account by up- and downscaling the event weight
with the estimated uncertainty. The change in selected events can be seen in Table A.18 (p. 154) and is well
below one percent since muon identification is well understood. Top and W +jets are even less effected
since they are rescaled and CRs and SR are affected in a very similar manner.

Finally, the finite momentum resolution is considered by up- and downscaling the muon momentum
measurement. This is done separately for the measurement in the inner detector (ID) and in the muouon
spectrometer (MS) and results can be seen in Table A.20 and A.21 (p. 155). The change in expected events
is at the percent level and does not show sizable influence.

5.2.4 Event Modelling Related Uncertainties
Beyond the systematics associated to special objects, there are additional uncertainties from event related

issues. These account for energies that are not associated to any object, pile-up conditions, modelling of
events kinematics by the generators and uncertainties from the data-driven scale factors.
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Soft Term Uncertainties

The EMs in each event was changed in agreement with the modified jet energies.> In addition, there are
also contributions from energy deposits that are not associated to any particular object, see Section 3.3.5.
Since these soft terms cannot be identified as any physical particle, the correct calibration of their energy
is not well known. This introduces rather large uncertainties on their total energies and their resolution.

The obtained differences in expected events can be seen in Table A.25 and A.24 (p. 157) for scale and
resolution uncertainty, respectively. Whereas the resolution uncertainties have random orientation and
hence no strong bias to m.g, the scale uncertainties increase with higher meg. This can be explained
by the more busy event activity for high m.g where larger soft terms might appear. However, the final
uncertainties are about 4 %.

Pile-Up Uncertainties

Another important source of systematic uncertainties is the pile-up remodelling. It was designed to adapt
the pile-up conditions in MC to the one in data. The sensitivity of the analysis to a potential mismodelling
is investigated by a deliberate false reweighting. The analysis can then be carried out on the mismodelled
MC samples. The obtained change in expected events is displayed in Table A.22 (p. 156) and gives sizable
deviations.

The impact on the analysis has a dependence on the meg cut, but the estimate of uncertainties for the
hard cuts suffer from low statistics. In addition, the misweighting is overdone as shown in Figure 5.9. It
gives the vertex multiplicity of the nominal reweighted samples and the one from the modified samples
after the object selection. It is obvious that the standard reweighting matches the data conditions rather
accurately, whereas the modified one is way oft. Therefore, the conditions are known to be better de-
scribed as in the samples used for the uncertainties in Table A.22. In that sense, they can be considered
to overestimate the uncertainty.

As final systematic uncertainty 17.83 % is used as a conservative upper bound on the uncertainty. It
takes into account the rather large statistical contributions for the hard effective mass cuts and the results
from the tau and electron channel. This channel has a pile-up uncertainty of only 3.5 % [156], which
suggests an overestimate of this uncertainty in this analysis. This assumes that the pile-up uncertainty is
independent of the lepton flavour. The value of 17.83 % is taken from the cut at meg > 800 GeV.

Uncertainties from Event Generators

Furthermore, uncertainties from the event modelling of the generators are considered. When possible,
the results from different generators are compared and the difference is taken as the systematic uncer-
tainty. Table A.14 (p. 152) shows the difference in selected events between MC@NLO and Sherpa generator
for di-bosons, which is estimated purely MC based. The changes are evaluated by comparing Sherpa
samples to the nominal MC@NLO samples. Though the final di-bosons estimate changes by 15.95 %, the
total uncertainty is only 1.61 % due to the small contributions from di-bosons. The small change in the
W +jets prediction is due to different di-bosons contributions to the CRs and hence slightly different
scalings. The corresponding changes for Top are present, but too small to be seen in the table.

The Top generator dependence of the scalings has already been tested (see Figure 4.12 (p. 78) or Fig-
ure B.3 (p. 161)) and scalings could be shown to be robust if MCENLO is replaced by Alpgen. Nonetheless,

> Muon corrections are not propagated to E7** since their impact is much smaller than the Ef** resolution, see Figures 3.3(B)

(p. 45) and 3.5(a) (p. 49). The change in tau energy scale is also not considered for EF'**" since taus are treated as jets in the
ET"™* and are taken into account with the jet energy scale. A separate treatment of the tau energy scale in E1"** would double
count for these objects and use improper (tau) energy scaling.
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FIGURE 5.9 The multiplicity of vertices with at least four associated tracks after the object selection. (a): With the
normal reweighting used for the analysis and (B) with purposely misweighted pile-up conditions.

Table A.15 (p. 152) shows sizable differences in the final estimate, where Top events are completely estim-
ated by Alpgen instead of MC@NLO. Up to the muon requirement, the change in events is at percent level
and after the tau requirement about 7 %. The latter might be explained by different performance of the
tau identification in the different MC generators. With very high m.g cuts, these uncertainties increase
to rather large values, which are driven by very few events in the high m.g tail of the A1pgen samples.

To get an estimate that is free of this overlaid statistical effect, a different approach, as explained in
the following, is used to obtain the Top generator modelling uncertainties. The same technique is also
used for the W +jets generator uncertainties, where additional samples turned out to have too low MC
statistics.

The appliance of data-driven scale factors already removes some of the generator dependence of the
background prediction. However, it relies on a correct shape modelling of the variables that separate
the signal and the control regions. Hence, the remaining generator dependence of the SR prediction is
caused by the shape modelling of the variables that define signal and control regions. It can be evaluated
by modification of the generator settings and look for changes in the scaled signal region prediction.

Let A and B denote two sets of generator tunes that give two scalings, w4 g, and two MC predictions
for the signal and control region, sﬁi and NV, A B The two corresponding scaled SR predictions are then

N,
tune A: wp = djlta é’ﬁq = wANS’?{ (5.18)
Nér
N,
tune B: wp = ]\;lga éif = wBNs% . (5.19)
CR

The change in the scaled signal region prediction can be expressed by the transfer factor

NA

1,A A SR

_ Ngi  waN&  NgN& N4
Tasp = B NB — N N - NB - (5:20)

N~ wWBlsr o5

CR
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This ratio indicates the change of scaled signal region prediction and hence gives the uncertainty for
different generator tunes. The signal and control region predictions for the different tunes are estimated
at generator level from Alpgen samples for the processes

o W — pv, + jets
« tt semileptonic
« tt dileptonic.

These samples didn't need to undergo the detector simulation since only the generator shape modelling
of the kinematic variables are needed. Hence, they have very high available statistics. The event selection
is mimicked at generator level in the following way: To very good approximation, muons are always
truth muons in W +jets and Top and hence the presence of a truth muon with the same basic kinematic
properties is required. In addition, truth taus, jets, Efrni“', Mg, and m% are taken from truth objects.

In order to incorporate fake taus to the generator level object selection, the tau candidate is replaced by
a jet with the same basic kinematic properties, i.e. pT, 7;, etc. The overall decrease in events by a realistic
tau (and other object) identification cancels out to first order since the transfer factor is a ratio of two
ratios. This would not hold only if there is a direct interplay of the change in generator tune and the tau
identification performance. In any case, the different performance of the tau identification in data and
MC is already taken into account by the data-driven scalings, see Section 4.3. Only the shape modelling
of kinematic variables is investigated here.

In the W +jets background, the replacement of the tau by a jet is already sufficient since purity of taus
is well below permille level. The Top contributions are mixed with either real taus from dileptonic ¢t
or events with an additional jet with the tau’s kinematic properties from semileptonic ¢¢. The relative
contributions are combined in compliance with the expected purity of taus.

With this procedure, the event selection for signal and control regions can be mimicked at generator
level and the scaled signal region prediction of any generator tune can be compared to the nominal gen-
erator settings. The considered generator variations are:

1. The matching scheme for the removal of double counting of events in the same kinematic phase
space. This might be caused by jets from the leading order matrix element and jets from parton
shower algorithms. The latter are a phenomenological approximation of missing higher order mat-
rix elements. If the parton shower algorithms duplicate an event with a kinematic configuration
that has been already considered by the leading order matrix element, it is rejected.

2. The hard process scale dependence due to missing higher order matrix elements.
3. The parton emission scale dependence due to missing higher order matrix elements.
4. The functional form to describe the hard process scale dependence.

The matching scheme is mainly determined by a momentum threshold, which is varied once up and
once down. Also the hard process and parton emission scale are varied up and down. The last tune is
considered by an additional functional form. This gives 2 + 2 4+ 2 + 1 = 7 variations in total. For the
final uncertainty on the background prediction in the signal region, the scale variations of Top fake, Top
truth and W +jets are added correlated and weighted by the expected relative contribution. The correlated
treatment takes into account that the scales might vary up or down for all hard processes and hence cor-
related among W +jets, Top semileptonic and Top dileptonic. The only exception is the functional from
of the hard process, which is different for Top and W +jets. Therefore, Top truth and Top fake are added
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FIGURE 5.10 The systematic uncertainty on the final background estimate in the signal region from the statistical
uncertainty on the background scalings. The width includes the full correlation among all three scalings.

correlated, but these are combined uncorrelated with W +jets. For the final combination with the other
search channels, the uncertainties have to be split up again to take into account the correlations among
the channels as well. Therefore, these seven uncertainties are given individually for the final results.

For this channel, they can be combined uncorrelated since no strong correlation among the individual
generator tunes is expected. Potential correlations of the tunes (2) and (3) via the interplay with their
removal from (1) have not been quantified and are neglected. The up/down averaged quadratic sum of
the four variations is

M@]@W —25.6%. (s.21)

SR
It is given as relative uncertainty from the Top and ¥/ +jets generator tunes on the total expected SM back-
ground in the signal region. This choice of variations, its realization in the generators and the procedure
of their evaluation are based on the experience of the single lepton analysis. The samples are officially
provided by the SUSY working group, further details can be found in [294].

Uncertainties from Data-Driven Scalings

The transfer factors account for systematic shifts of the scalings due to the settings of the MC generators.
In addition, the statistical uncertainties on the used scalings, as derived in Equation 4.21 (p. 75), have to
be translated into an uncertainty on the final background prediction. Special attention has to be paid to
the full correlation among the three scalings, as already shown in Equation 4.22 (p. 75). Since the scalings
cannot be changed independently, the full uncertainty on the final background estimate is evaluated in the
following way: For each set of scalings that is derived from the fully smeared matrix of Equation 4.14 (p.
64), i.e. for each triple of scalings in Figure 4.11 (p. 75), the pure MC background prediction in the SR is
scaled. This leads to 100 000 estimates for the SR expectation where the scalings are varied according to
their uncertainties and correlation. The result can be seen in Figure 5.10. It contributes with a relative
uncertainty of

AN (scale stat.)  0.026
NG ~0.80

=3.25%. (5.22)

115



CHAPTER 5 - Entering a New Regime: The Search for SUSY with Taus and a Muon

The uncertainties of the Top related scalings are about 16 % to 20 %, but the final estimate has a relative
uncertainty of only three percent due to the anticorrelation among the Top scalings.

Combination of Systematic Uncertainties

The obtained uncertainties are summarized in Table 5.3. The vanishing uncertainties for Drell-Yan for
many of the systematics are due to lacking MC statistics after the hard effective mass cuts. In any case,
the final Drell-Yan contributions sum up to less than a half percent of the total background. Even if the
same uncertainties as for Z+jets are assumed, this would not change the accuracy of the background
prediction and hence no further attempts for a better estimate are needed. To some extent, this argument
also holds for the Z%+jets and di-bosons background since Top and W +jets make up 80 % of the expected
background in the signal region and hence dominate the uncertainties.

For the combination of the uncertainties, possible correlations have to be considered. All energy scale
related uncertainties could have non-trivial correlations due to common calibration procedures. Hence
the jet, tau and soft term energy scale uncertainties are added 100 % correlated for up and down variations.
The remaining uncertainties are either randomly directed smearings or related to distinct aspects in the
analysis, e.g. tau identification and b-tagging. Hence, they are treated uncorrelated. The asymmetric
uncertainties are averaged for up and down variations and are combined to the numbers in the row
sum. Since the uncertainties in each row of Table 5.3 can be correlated among the backgrounds, e.g.
for b-tagging as explained in Section 5.2.2, the total uncertainty in the column "SM" is not the weighted
quadratic sum from the individual backgrounds.

The uncertainties from the generator modelling and the statistical uncertainties on the scalings are not
given individually for Top and W +jets backgrounds as they are estimated combined due to correlations.
The final systematic uncertainty on the total signal region prediction is 34.42 %. This is roughly of the
same size as the uncertainties from the MC statistics (see Table 5.1 (p. 104)) and the final background
prediction is

NM — (.80 4 0.28MCstat- 4 (j o75Yst. (5.23)

5.2.5 Systematic Signal Uncertainties

The predicted GMSB contributions in the signal region are also affected by the same systematic uncer-
tainties. The only exceptions are the data-driven scaling and b-tagging related uncertainties since neither
scalings nor b-tagging are used for any signal sample. In addition, there are generator uncertainties for
the background. Since Top and W +jets are rescaled by data-driven scale factors, cross section uncer-
tainties are compensated and only the shape modelling of kinematic variables had an impact. The cross
section uncertainty for di-bosons is included in the shown generator uncertainties. They are obtained
from different di-bosons samples with their individually calculated cross section. The signal prediction
is also subject to theory uncertainties on the cross section calculation.

For all GMSB points, each event is luminosity weighted according to the NLO cross section of the
initial SUSY production process and the total abundance of that process in the sample. This ensures
the correct absolute luminosity normalization as well as the correct relative weight among the different
SUSY production processes in each sample. The uncertainties on these NLO cross sections are included
by variation of the event weight in agreement with the NLO uncertainty. These include variations of the
PDFs, the renormalization and factorization scale as well as uncertainties on the strong coupling [295].
The resulting change in expected events in the signal region can be seen in Figure 5.11(a) and is of 10 %
to 30 %.
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Systematic [%] DiBoson Drell Yan  Z+Jets Top W +Jets SM

. —0.54 97.57  —27.98 11.29 14.05 10.41
jet energy scale

—13.45 0 —3.98 —13.04 —2.28 —10.31
jet energy resolution 0 0 0 £9.02 +2.38 +5.66
tau eneray scale 1.72 0 0 —1.02 1.78 —0.25
8y —15.88 0 0 0.39 0.65 —0.32
tau identification and fake +5.8 0 +4.65 +4.64 +2.29 +3.64
. 0 0 0 —5.83 1.6 —3.45
b-tag efficiency 0 0 0 697 191 413
b-mistag probability 8 8 8 781? 7812 78}2
di-bosons generator ~ £15.95 0 0 0 +0.85 +1.61
triooer efficienc 10.57 0 34.23 6.83 29.94 12.81
firiss Y 901 0 —31.47  —6.58 —20.19 —12.31
1 identification efficiency _833 8 _82 _88; _883 _882
. 0 0 0 0.41 0.01 0.27
Py smearing (ID) 0 0 0 —0.26 0.05 —0.16

. 0 0 0 5.05 —0.01 3.3
Pl smearing (MS) 0 0 0 0.36 0.1 0.25
pile-up conditions £7.93 0 +£5.68 £12.35 £34.17 £17.83
soft term scale 0 0 0 —7.13 —0.38 —4.74
0 0 0 —5.53 0.35 —3.56
soft term resolution 0 0 0 0.72 1.55 0.76
0 0 0 —10.88 1.9 —6.77

sum  £25.55 +49.02  £16.16 +£21.39 £37.09 £22.77

Top and W +jets generator modelling - - - - - +25.6
statistic uncertainties of scales - - - - - +3.25
final +34.42

TABLE 5.3 Summary of the systematic uncertainties. All numbers are relative deviations in percent for the final back-
ground estimate in the signal region.
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Among all systematics, the ones with the biggest impact on the analysis can be seen as well in Fig-
ure 5.11. They are given in percent relative to the total expected events. The muon trigger uncertainties
are of 3% to 12 % and give consistent results with the findings of the background uncertainty. The tau
identification uncertainties reflect the tau efficiency uncertainties because the selection is completely true
tau dominated. They are slightly bigger as the corresponding ones for the background since its rescaling
reduces the impact.

The jet energy resolution in the signal results in compatible uncertainties to the ones in the background.
Contrary, the jet energy scale uncertainties are somewhat smaller in the signal. The JES uncertainties had
big impact from the jet trigger plateau and meg cuts, which are not so critical for the SUSY samples. These
have sufficient hadronic activity to surpass the jet trigger plateau cut anyway, see Figure 5.2(c) (p. 97) and
have flatter m.g distributions, see Figure 5.3(E) (p. 99). In that sense, the findings for the rather SUSY-like
Top contributions are consistent: They have also been less effected by JES, see Table A.16 (p. 153).

The remaining uncertainties can be seen in Figure B.8 (p. 166) in Appendix B. They contribute mostly
with uncertainties below percent level. Together with the MC statistical uncertainty, see Figure 5.8(8),
these are the final uncertainties on the expected SUSY contributions.

5.3 Data Observation

The expectation of the final event selection and its full uncertainty can now be compared to the data
observation. Table 5.4 shows the cutflow for expected background and the data observation at all cut
stages. QCD is estimated by the matrix method and Top and W +jets are scaled. One event can be seen in
the signal region and data and expected background are found to be in good agreement at all cut stages
starting at the muon requirement. The cuts before lack a proper QCD estimate.

5.3.1 Signal Region Data Characterization

Although only the integrated number of events above the final effective mass cut of 1 TeV is chosen as
the final observable, the data in the signal region are investigated in more detail. This does not provide
any additional information that could be used to either reject or confirm SUSY to be present in the data.
The choice which information will be used for the final result has been settled beforehand and cannot be
revised after it was uncovered. Any change after the final unblinding of the analysis might systematically
bias the analysis towards deviations or in the direction of the expectation. Hence, it might either fake a
signal or underestimate the analysis potential. Nonetheless, the single data event is studied in more detail
for a purely academic purpose and to understand which data event composes the expected background.

The final m.g. distribution after the object selection and the cut on the transverse mass m/f > 100 GeV
can be seen in Figure 5.12(a). Data and background expectation are in agreement up to the signal region
and as expected one event is seen in the signal region. Nevertheless, the single data event is seen with an
unexpectedly high effective mass, which suggests even more to scrutinize the event.

Figure 5.12(B) shows an event display of the observed data event in the signal region. In the upper left,
the event can be seen as sectional image in beam pipe direction, which will be called front view in the
following. The lower panel shows a side view where the beams come in from the left and the right. In
the upper right, the 7-¢ plane is unfold. It shows the spacial separation of the objects. The total effective
mass of the event of

Meg. = 2417 GeV (5.24)
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FIGURE 5.11 Systematic uncertainties on the GMSB prediction in the signal region. All numbers are given in percent
relative to the total prediction.
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2011 Data DiBoson Drell Yan Z+]ets Top W +]Jets QCD (DD) SM
GRL 229373908 44253 55194030 19350 596 950153 145 489 056 - 221028089  + 48080
Trigger 137185828 12546 231819 1766 665 174229 10880125 - 13065385  +9616
cleaning cuts 134553518 12298 228107 1694491 173287 10300801 — 12408984  + 9261
NPV >1 50374151 4997 41470 248 992 153 694 1377472 - 1826625 4+ 1583
N2OGY =1 2437754 2988 19586 99186 88 532 1180140 845744 2236177  + 209662
NGy n > 1 15194 157 254 3637 2162 5716 2829 14755  +784
mk > 100 GeV 844 28.4 1.49 48.6 410 357 1.91 847  £22
Megr. > 600 GeV 23 1.46 0.037 1.22 15.5 6.14 0.23 24.6 +1.9
Megr, > 1000 GeV 1 0.11 0.0015 0.05 0.36 0.27 0.01 0.80 4 0.28

TABLE 5.4 Data and expected background cutflow into the signal region. QCD is estimated by the matrix method and Top and W +jets are scaled. An additional
intermediate effective mass cut at 600 GeV is also shown, where more statistics in data and MC are available. The Drell-Yan contributions after the effective mass cuts
are estimated via Equation 4.34 (p. 91). No deviation can be seen in the signal region and agreement is good at each cut stage.
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FIGURE 5.12 (A): The final effective mass distribution. The agreement up to the signal region is good, but the effective
mass of the single data event is unexpectedly high. (B): Event display of the single data event in the signal region.
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is largely dominated by two pr-balanced back-to-back jets (indicated in dark green). They point to the
upper right and lower left in the front view with the transverse momenta

p}fjet — 1073.5 GeV and p_zr' I — 1043.8 GeV. (5.25)

Both are associated to the primary vertex and have no b-tag, even iflooser b-tag requirements are applied.
In total, there are six reconstructed vertices with four or more associated tracks in the event, which is a
rather low pile-up event. There have been 12.31 average interactions per bunch crossing at the data taking
period where this event has been recorded.

A peculiar feature of the second leading jet (pointing upper right in the front view) is its small hadronic
energy deposition (shown in dark red). About 98 % of its energy is deposited in the LAr calorimeter
(shown in yellow, the leading jet has 81 % of its energy in the LAr calorimeter) and in that sense it can
also be regarded as a photon. Nevertheless, this identification interpretation fails the normal tight photon
requirements and is also in contradiction to the bundle of tracks laying in the jet. For visual clarity, tracks
with transverse momenta below 4 GeV are not displayed. There is a single track above this threshold that is
not associated to any object. It points to the lower right in the front view and has a transverse momentum
of 7.3 GeV.

There are two additional jets: One points upwards and one to the left in the front view, where the
latter one is the tau. The other jet has n < —3.2 (the jet pointing to the left in the side view and the
outer left small green circle in the 7-¢ plane). It is not considered in the analysis since it fails the 7-cut.
Nevertheless, the energy of this jet is £t = 260 GeV. The tau points to the left in the front view and is
indicated by the blue line. It has

pr = 37.04GeV nr = —0.042 and 7-BDT jetscore = 0.83, (5.26)
and hence fulfills BDT medium, but not tight. The tau is well isolated to any jet by
min {AR (7,jets)} = 1.12, (5.27)

has one track (track py = 15.3 GeV, track fit: x?/ndf = 0.652) and the jet assigned to the tau is also
associated to the primary vertex. There is no other track above pr > 1 GeV that points to the calorimeter
cells of the tau. The fraction of electromagnetic to total energy of the tau is 39.5 %.

The muon, colored in light green, is also well isolated by

min {AR (p, jets)} = 0.845 . (5.28)

This is more than twice as big in separation as to be potentially considered to originate from a jet. Its
basic kinematic properties are

Pt = 164.3GeV , N, = —0.7 and dyp =1.66 mm , (5.29)

where the latter is the impact parameter with respect to the beam pipe. The muon has a high track fit
quality of x? /ndf = 0.529. Both, the tau and the muon, are positively charged.

The red dashed line shows the direction of the

B = 98.78 GeV or B fme. = 0.0409 . (5:30)
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It lies right in between the tau and the leading jet. Given its rather small value compared to the jet (its less
than 10 % of the leading jet transverse momentum), it might be composed of the v/, and mismeasured jet
energy. The transverse masses with the leptons are

mh = 239.4 GeV and ml = 59.3 GeV (5.31)
and the invariant mass of the two leptons is

Mz ) = 162.6 GeV . (532)

5.3.2 Possible Event Interpretation in the Standard Model

The presence of two same-sign leptons already suspends many possible SM hypotheses about the event
origin. A Top pair would result in an oppositely charged lepton pair and also produce two b-jets. The
lacking b-tags for the two jets could be caused by the exceedingly high transverse jet momenta. The
strongly collimated tracks might not allow for the reconstruction of a secondary vertex. On the other
hand, highly boosted b-quarks would result in a very significant secondary vertex displacement. Fur-
thermore, the sharing of the two Top quarK’s energies into two very hard jets and two leptons in the order
of only 10 % of the jet energies appears unnatural.

Also the hypothesis of a Z”+jets event seems unlikely since one of the lepton charges would have to be
misidentified. The tau is a one-prong candidate with no other tracks in its surrounding and has a track
momentum of about 15 GeV with high track fit quality. That makes a charge misidentification rather
unlikely. The higher pf ~ 165 GeV might be more susceptible to charge misidentification, but muons
can be followed over a larger distance in the detector and the track has also a high fit quality. Muons from
W' — v, decays can be shown to have charge mistag probabilities of below 0.5 % in the barrel for a
1 TeV W’ -mass [296] and hence seems implausible as well. In addition, the invariant mass of the lepton
pair is way above the Z° mass limit.

A pair of two same-sign leptons could be produced by di-bosons, e.g. W+ 29 or Z°Z" where either
one or two leptons are missing. Figure 5.13 shows potential FEYNMAN diagrams for the production of di-
bosons. For same-sign final states Figure 5.13(a) and (B) could contribute to either Z°Z° or W*29 and
Figure 5.13(c) to w+20. Figure 5.13(p) and (E) can give contributions to 7970, whereas Figure 5.13(F)
cannot contribute to same-sign leptons due to the missing tri-Z° coupling in the SM. In all cases, a
production of a single same-sign lepton pair is not possible since none of the diagrams allows for W=W*,
Figure 5.13(a) to (c) need quark-anti-quark initial states and Figure 5.13(D) to (F) have electrical neutral
final states.

In addition, this would only explain the same-sign lepton pair of the event. The hard jets would need
to be caused by additional QCD interaction in the hard event. The high-pr and balanced di-jet topology
of the event actually suggests that the two hard jets are initially produced. The leptons could then arise
from additional processes. One possibility would be W+ radiation as shown in Figure 5.13(G). Here, a
same-sign W -pair is possible since the intermediate gluon decouples the initial quark flavour and charge
correlation. This was needed for the diagrams from Figure 5.13(a) to ().

In order to produce same-sign SU(2), gauge bosons, the primary produced quarks have to be (left-
chiral) same-sign quarks. This could be realized by either an up-type or a down-type quark pair as well
as by a quark-anti-quark pair of mixed up- and down-type. Therefore, s-channel diagrams via strong
production are already excluded: At tree level, a quark-anti-quark pair would have same flavour and
hence leads to oppositely charged W -bosons. ¢-channel diagrams with quarks as mediators are also not
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FIGURE 5.13 FEYNMAN diagrams for the di-bosons production at the LHC. (a) and (8): Z°Z°, W+ Z° and W*W T,
(c): WEWT and Z°W=. (p) and (8): Z°Z° and WEWT. (r): WEWT. (G): Production of a same-sign W+ W+
pair via W radiation.

possible. They would either result in at least one primary produced gluon or a same-flavour anti-quark
pair.

More general, the only tree level QCD diagrams that allow for the needed primary produced state are
the SM versions of Figures 2.7(p), (Q) and (s) (p. 24). The first one is a SUSY version of the hard process of
Figure 5.13(G) and the latter the corresponding u-channel. The SM version of Figure 2.7(Q) would replace
one of the incoming quarks in Figure 5.13(G) by a d, which could also radiate a W .

The radiation of a W-boson from both quarks might seem unlikely at the first glance, but for jet en-
ergies at the TeV scale, the IV becomes practically massless. In this limit, W radiation is kinematically
similar to photon radiation. The observation of two positively charged leptons, as seen in the event, is
also consistent with the larger up-type content of the proton. Nonetheless, the cross section for like-
sign W W production, e.g. as in Figure 5.13(G), is roughly two orders of magnitude smaller than for
opposite-sign WEWT production [297]. However, this only holds for the total cross section. The dif-
ferential cross sections for these processes to appear in the signal region might be much closer. The high
meg. cut requires high-pr jets, where processes like Figure 5.13(G) become more likely. In contrast, high-
pr jets need to be produced in association to the WEWF pairs from Figure 5.13(a) to (). Therefore, the
expected abundance of the WW production from Figures 5.13(a) to (F) is suppressed in the signal region
compared to the process of Figure 5.13(G). In any case, the origin of the selected event cannot be finally
decided and the single event will be taken as the final data observation.

5.4 Limit Setting in GMSB and Interpretation

The agreement of SM expectation and observation supports the background-only hypothesis. This can
be used to set limits on the possible existence of certain GMSB model points. Clearly, the high A points
have too few expected contributions to be excluded, see Figure 5.8(a).

124



5.4 Limit Setting in GMSB and Interpretation

5.4.1 Limits in GMSB

The confidence level for the exclusion of a given signal point is quantified by the p-value of the signal
and background hypothesis. It is the probability to find the observed or less data events in the signal
region under the assumption that signal and background are present. A signal point is excluded if the
one-sided hypothesis test gives p < 0.05. In that case, the probability that the observation is consistent
with signal and background hypothesis is below 5 %. The p-value is calculated in a statistical model that
uses a logarithmic likelihood ratio as test statistic. The considered likelihood is

£<ij) _ [us <X>;!b (X)}Nexp{_ [M ( ) ( )]} H f Xp< A;) , (5.33)

Porsson-distribution nuisance priors

where the first part is a Poisson distribution. It gives the probability to observe N events for an expect-
ation of us + b, where p is the signal strength. Signal and background are given by

M

s( )—SH (1—i—)\k SYSt) and b( )—bH (1+)\kasys> , (5.34)

k=1

where s and b are signal and background predictions for the signal region. The M systematic uncer-
tainties UZYSt' are parameterized linearly with the nuisance parameters A;. Their prior probabilities are
constrained by the Gauss distributions in the second part of Equation 5.33.

The used test statistic is then

T(N) = log (W) : (5.35)

where X is the set of nuisance parameters that maximize the nominator likelihood with nominal signal
expectation (u = 1). X are the nuisance parameters that maximize the denominator likelihood with
floating signal strength 1", The ratio expresses the level of agreement that can be obtained with back-
ground plus signal hypothesis and free signal contribution. The probability density for T'(N’), fr(N'),
is obtained from pseudo experiments with the hypothetical observation of N’ events and a signal point
is excluded if

Nobsr
/ Fr(N)AN' = p = CLy 5 < 0.05. (5.36)

IN©°bS: are the observed data events in the SR, i.e. N° = 1 for this analysis, and the test is one-sided, i.e.
tested against equal or lesser events. More details on the used logarithmic likelihood ratio are described
in [290].

The nuisance parameters are treated correlated among signal and background. E.g. if the JES increases
in the background, it does so in the signal. The only exception is the uncertainty from MC statistics,
which is uncorrelated in signal and background. Furthermore, the b-tagging, scale factor and background
event generator related uncertainties are fixed to o k, = 0 in Equation 5.34. They do not affect the
signal selection. For the theory uncertainties of the srgnal the calculation of the p-values is repeated with
decreased and increased SUSY expectations according to the theory uncertainties.
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FIGURE 5.14 The obtained exclusion limit in the GMSB grid for (a) the presented search with tau leptons and one muon
and (B) the combined limit for the di-tau, one-tau, tau and electron and tau and muon analysis.

The calculations are performed by the ATLAS HistFitter package.? It samples fr(N') in Equa-
tion 5.36 with 10% pseudo experiments. The result can be seen in Figure 5.14(a). The red line gives the
observed exclusion limit and the black dashed line the expected limit. The latter is derived from a pseudo
experiment where the observation is set to the background expectation. The expected limit is slightly
tighter since it assumes a slightly smaller observation (the 0.8 events from Equation 5.23 (p. 116), instead
of the one observed data event). The marginal larger observation gives a larger p value in Equation 5.36
and hence looser exclusion limits.

The dark gray area is theoretically excluded since it leads to unphysical SUSY particle masses and the
obtained limits from the opal experiment [298] are shown. Depending on tan /3, the analysis excludes
A up to 40 TeV to 45 TeV. The SUSY expectation at A =~ 50 GeV could be seen to exceed the expec-
ted background of 0.8 events by up to 2 events, see Figure 5.8(a) (p. 107). Nonetheless, the combined
uncertainties allow for sufficient background and signal fluctuations to hide potential signals.

The interpretation in GMSB can be repeated by the joint use of several tau searches, i.e. the di-tau, one-
tau and tau with electron channel. They have been designed to be free of overlap after the object selection,
see Section 4.1.2. Thereby, all signal and control regions are orthogonal and no statistical correlation
among the channels is present. For the combination, the likelihood in Equation 5.33, is expanded by

L combined (N? X) = Lone-tau (,Uu X) X Ldi tau (/% X) X Lrie (,U,, X) X £T+,u </‘7 X) . (537)

Some of the channels have different systematics, e.g. the muon related systematics are not present
for the other channels. Therefore, some nuisance parameters are fitted to only certain channels. Still,
systematics that are present for all channels, like JES or TES, are described by the same nuisance parameter

? https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/SusyFitter
https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/HistFitterReleaseNotes
https://svaweb.cern.ch/trac/atlasphys/browser/Physics/SUSY/Analyses/HistFitter
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FIGURE 5.15 The masses of () the gluino and (B) the lighter up-squark in the GMSB grid. Masses below A ~ 55 TeV
can be excluded.

and have the same Gaussian prior to consider the correct correlation among the channels. The result can
be seen in Figure 5.14(B) [156, 299]. The combination extends the exclusion up to A = 50 TeV to 55 TeV.
The blue line gives the exclusion limit of the di-tau analysis with 2.05fb~! [283], which has been the
strongest published ATLAS limit before. This limit could be extended by 10 TeV to 15 TeV and also
the regime of 45 < tan 3 < 58 could be reached in between A = 40 TeV to 52 TeV. At the time of
publication, this has been the strongest limit on GMSB SUSY models in a large part of the considered
parameter space.

5.4.2 Interpretation

The limits on the model parameters A and tan 5 can be transferred into limits on the SUSY particle
masses. For instance, the predicted gluino mass in GMSB is also shown in Figure 5.14. Strictly speaking,
all masses of SUSY particles can be excluded that are realized only in the excluded grid points. This is
true as long as the considered GMSB model is assumed and a certain mass of a SUSY particle is not also
realized by another, non-excluded point.

Figure 5.15 shows the gluino and lighter up-squark mass in the GMSB grid. The @z and dp are the
lightest first generation squarks and their masses only differ by a few permille due to different hyper-
charge. For tan 3 above 20, all grid points below A < 55 TeV are excluded and hence the corresponding
gluino and squark masses as well. This already sets limits on the gluino and squark masses of

mg 2, 1.2TeV and May 2 1.1TeV . (5.38)

These are obtained from a global limit on A > 55 TeV and neglect the tan 3 dependence of the exclusion
limit of Figure 5.14(8). However, this dependence has no strong impact on this conclusion. The sym-
bol ‘2’ denotes that the mass limits are estimated roughly by visual judgement rather than by explicit
calculations. The limit on the lighter stop mass is slightly looser

my, 2 1TeV (5.39)
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see Figure 6.1(B) (p. 133). The mixing in the stop sector leads to lighter stops compared to the other
squarks. The corresponding mass limits for the lightest chargino, neutralino and stau are

Mo+ 2 380 GeV and Mo > 220 GeV and mz 2 140 GeV (5.40)
and can be seen from Figures 6.2(c), (D) and (E) (p. 136), respectively. The obtained mass limits on the
colored SUSY particles are much higher than the corresponding for the electroweak gauge bosons and

the stau. This is a feature of GMSB, where a common A translates into much higher masses for strongly
interacting SUSY particles, see Equations 2.84 and 2.85 (p. 32).

In principle, the non-observation of any excess above the SM shifts the possible masses of SUSY
particles to higher energy scales, which are experimentally not (yet) accessible. Although SUSY could
still be realized at this high energy scales, this might already question the naturalness of SUSY. One of its
most compelling features is the solution of many SM shortcomings by the introduction of the symmetry
of Equation 2.22 (p. 12). However, the solution of the hierarchy problem, the unification of the SM gauge
couplings and the correct prediction of the electroweak mixing angle all require

My 7, 1TeV (5.41)

see Chapter 2. Exact SUSY even postulates equal masses of particles and their superpartners, see Equa-
tion 2.28 (p. 14). The introduction of SUSY breaking is an exigency due to the non-observation of SUSY
particles. Although the limit from Equation 5.41 has not yet been significantly surpassed, the naturalness
of SUSY sufters from the ongoing raise of the possible SUSY mass scale. In that sense, the combined result
of the SUSY searches with taus cast the considered GMSB model into doubt to be a natural extension of
the SM.

Clearly, this argumentation only holds for the considered GMSB model, which is one possible realiza-
tion of SUSY. In less constrained models, like the MSSM, the mapping of observations to limits on SUSY
masses is more involved. Hence, the results from this analysis can not be easily transferred to other SUSY
models. However, the mass hierarchy of GMSB is also predicted by the RGEs, see Equation 2.47 (p. 20),
if the unification at the GUT scale is assumed, see Equation 2.40 (p. 19). In that sense, the analysis has
also sensitivity to more generic tau-rich SUSY models.

This might be suppressed in specific SUSY models, e.g. if the mass difference of two subsequent SUSY
particles in a decay chain is very small. In that case, the visible SM particle could be too soft to be recon-
structed. Especially taus from SUSY decay chains, see Equations 2.74 (p. 29) or 2.92 (p. 34), would suffer
from this because their reconstruction efficiency drops with smaller transverse momenta. Nevertheless,
this would be a specific feature of a certain model and the analysis still has sensitivity to a wide region of
tau-rich SUSY parameter space. Unfortunately, this region is hard to quantify.

In order to set limits in different models, the contribution of the SUSY model to the analysis needs to
be quantified. Hence, each model has to be tested explicitly as a function of its free parameters. Then, all
SUSY particle masses can be excluded that are only realized by excluded parameters. A convenient way to
parameterize a model would be by the masses of its SUSY particles. Unfortunately, this is not feasible or
even impossible in many SUSY models. Either the SUSY particle masses cannot be individually chosen,
e.g. in GMSB, or there are too many parameters that need to be considered simultaneously, e.g. in the
MSSM.

The latter case can be tackled by the construction of simplified models. These try to parameterize a
SUSY model’s contribution to a certain final state by as few as possible parameters. Thereby, they con-
centrate on a single SUSY decay chain that is expected to dominate the contribution to the searched
final state. A single decay chain can then be parameterized by the involved SUSY particle’s masses and
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their couplings. Unfortunately, the latter includes the full mixing among the charginos, neutralinos and
sleptons if they occur in the decay chain. E.g. the MSSM decay chain

g = dq — X{aq — TTqq — X1774q (5.42)
is parameterized by the eight parameters
mg, mg, My, Mo, 78 tan 3, msz and 9z,

see Equations 2.49 (p. 20) and 2.59 (p. 22). Still, this is a significant reduction compared to the more
than 100 parameters of the MSSM. In future analyses, these simplified models might give less model
dependent mass constraints on SUSY particles.
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CHAPTER 6

Revisiting the Analysis

Critical Review and Possible Refinement

This chapter reviews the analysis from theoretical and experimental point of views. In the first instance,
the impact of the discovery of a Higgs-like particle, which was detected during the analysis development,
is sketched. In addition, possible progress in the analysis is proposed that might improve the sensitivity,
but could not be realized in the first analysis cycle.

6.1 Implications of a Possible Higgs Signal at my = 125 GeV

The discovery of a Higgs-like particle with a mass of about my = 125 GeV by ATLAS [12] and CMS
[13] might have already implications for SUSY. Though not finally confirmed, a HigGs mass at 125 GeV
is rather heavy for SUSY, where the lightest neutral Higas is bound to

Mpy < Mo (6.1)

at tree level, see Equation 2.26 (p. 13). The mass can be raised only by higher order loop corrections,
which might already constrain individual SUSY models. The mass of the lightest neutral Hics boson,
ho, in the used GMSB grid can be seen in Figure 6.1(a). Obviously, none of the considered grid points
has a sufficiently high hg mass. Hence, the model would be excluded already if the discovered Higas-
like particle would be assumed to be the hg. The heavier Hy has a mass of 100 GeV to 1200 GeV in the
parameter grid.

However, GMSB is chosen as a guideline for general SUSY with taus, missing transverse momentum
and hadronic activity. Although its special realization might not be consistent with the mass of the newly
detected particle, it could still be adequate as a generic reference model. In this respect, the more in-
teresting question is the dependence of the SUSY phenomenology on the mass of the lightest neutral
Higas.

The signatures used in this analysis are summarized in Table 6.1, together with the theoretical assump-
tions that allow for their realization. In the following, the occurrence of these signatures shall be reviewed
in the light of a hy with a mass of 125 GeV. If SUSY models with sufficiently high ~( mass and these sig-
natures exist, the search is still well motivated. E.g. in the MSSM, numerous parameters can be chosen
independently and hence the Hicgs mass might be looser coupled to the SUSY collider appearance.
Certainly, in a more constrained model that reduces parameters by more specific assumptions about the
breaking mechanism, there might be stronger correlations between the model appearance and the Hicgs
mass.
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signature  realization theoretical assumption  motivation

jets  colored sparticle decays {mg, mg} > 1TeV  hierarchy problem
Emiss stable weakly interacting sparticle ~ R-parity conservation  dark matter, proton stability

taus electroweak sparticle decays large stau mixing large T YUkAWA couplings

TABLE 6.1 The searched signatures of the analysis together with their realization, theoretical assumptions and an
example motivation.

Indeed, there are connections of the collider phenomenology to the Higgs mass in GMSB. Due to
their enhanced Yukawa coupling, stops have the largest loop contributions to the Hicgs mass from
Equation 2.26. At one loop level it can be shown to be approximately [300]

m%m = mQZO cos? 273 (6.2)
3ms mg My Ay — pcot 8 2 Ay — pcot B 2
+ 4%2;2 ( " ( 1;;12 t2> * : tm~um~ : 1= ( t12mlu~ m- ! ’ (63)
t t1 " Tto t1 te

o) (1)

where the term (I) typically dominates in GMSB [301]. The mixing term (II) is reduced by the fact that A,
vanishes at messenger scale in GMSB. It gets non-vanishing contributions only by the RGEs. Moreover,
the targeted high tan /5 parameter space diminishes the cot 3 contribution.

The increase of the HigGs mass with A, see Figure 6.1(4), can be explained by the increasing ¢ mass.
This can be seen in Figure 6.1(B) and therefore heavy stops are preferred to generate a rather high Hicas
mass. Since SUSY breaking is mediated by the gauge interactions, the squark masses depend only their
gauge quantum numbers. These are strongly dominated by their SU(3)¢ coupling in Equation 2.85 (p. 32)
and hence all squarks have approximately equal masses. The degenerated squark mass spectrum can be
split up only by the (smaller) SU(2), coupling in Equation 2.85 or by mixings like from Equation 2.61 (p.
22). Hence, the tightly coupled squark masses already shift their mass spectrum to hardly accessible scales
if a very high ¢ mass required.

A HiGas mass of (125 + 1) GeV in GMSB can be shown to result in multi-TeV squarks and gluinos
and thereby violates the assumptions for strong SUSY production. Nonetheless, the targeted high tan 3
parameter space is still consistent with smaller possible A and hence smaller sparticle masses [301]. In
mSUGRA models, high mass SUSY particle spectra can also result from the m;, = 125 GeV constraint
[302].

The term (II) in Equation 6.3 is proportional to the mixing in the stop sector and prefers large mixing.
Since top quarks are up-type and tau leptons are down-type fermions, the tan 3 dependence is reverted
for £ mixing. Hence, large mixing in the 7 sector is biased towards smaller mixing in the # sector and
vice versa, see Equations 2.57 and 2.61 (p. 22). Obviously, this can be partly decoupled by non-universal
trilinear couplings A, # A; in Equation 2.55 (p. 21).

The different mixing in the t and 7 sector of GMSB can be seen in Figures 6.1(c) and (D). They show
the mass difference of the lighter and heavier stau and stop. In both cases, the mass splitting increases
with A due to rising sfermion masses. However, the mass splitting increases with tan /3 in the 7 sector,
whereas it drops in the  sector.
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In addition, a slight dependence of the Hicgs mass on tan 3 can be seen in Figure 6.1(a). The mass
of the hg increases for higher tan 3. In that regions, the Z° mass contribution in Equation 6.2 is even
reduced by

2
20, [1—tan?p
COS 26 = (]Han%) y (64)

which is shown in Figure 6.1(E). Above tan 5 > 1, it enlarges my,, and makes large tan 3 more compat-
ible with heavy SUSY HiGas bosons. This is only true in the sense that the tree level upper bound is not
even significantly below the Z° mass. This tan 3 dependence cannot generate HicGs masses above 1m 0.
Therefore, high stop masses, and hence high squark masses, would be the most effective and natural way
to explain a heavy Higas in GMSB. The tight constraints on the squark masses can be relaxed in more
general GMSB models that allow for heavier HiGGs bosons [303, 304] with lighter squarks.

miss.

The second signature in Table 6.1, the EF"%, is less critical with respect to the Hicgs mass. If SUSY
particles can be produced at the LHC, the existence of EIM: above the SM expectation is predicted by
pure R-parity conservation. This is true as long as sufficient energy is carried by the final LSP in the decay
chains.

The most interesting possible implication from the Hicgs mass affects the tau richness of the SUSY
scenario. Taus are predicted by the lighter 7 mass, which is driven by larger L- R mixing in the 7 sector,
see Section 2.3.3. In GMSB (and also other models), this can be controlled by tan 3. Equation 6.2 slightly
favors high values of tan 3 for high m,, as explained above. Nonetheless, if the large HIGGs mass shall
be generated by large mixings in the ¢ sector, this could be controlled only by A, and A;. The tan 3
dependence of the mixing is reverted in the two sectors and hence cannot generate large mixing in both
of them.

Also the number of messenger fields, N5, has an interplay with the Hicgs mass. The mixing corrections
in term (IT) of Equation 6.3 depend on the ratio A;/m;: In GMSB, A; vanishes at messenger scale and
has non-zero contributions only be the RGEs. They are dominated by the coupling to the gluino mass
parameter M3 [17]. Since M3 scales linearly with N5 and m only with /N5 (see Equations 2.84 and
2.85 (p. 32)), alarger N5 increases the ratio A;/ my- This enforces the impact of the %vmixing contributions
in Equation 6.3 and hence loosens the constraints on the ¢ masses [301]. By the same argument, more
messenger multiplets N5 enlarge the gaugino masses relative to the scalar masses and replace the XY NLSP
by a £ NLSP models. This is needed for the abundant appearance of leptons, i.e. taus for high tan 3.

In less constrained models, e.g. the MSSM, the interplay of the HiGGs mass and the SUSY phenomen-
ology can be much looser coupled but also more complicated. These considerations are beyond the scope
of this section. Nevertheless, a review of the GMSB in the light of a potential 125 GeV HicGs might be
reasonable for future analyses.

6.2 Potential Refinements and Extensions of the Analysis

The analysis sensitivity could be improved by either more accurate background and signal estimates or
by a more effective separation of signal and background. These two options are not uncorrelated. Tighter
cuts for background suppression come at the prize of small MC statistics, and hence larger uncertain-
ties. The cut optimization was performed under consideration of available MC statistics. In the end, the
uncertainty from MC statistics turned out to be as large as the remaining systematic uncertainties, see
Equation 5.23 (p. 116). Obviously, higher MC statistic would be of help, but the gain is limited by the
remaining systematic uncertainties. They account for half of the total uncertainties.
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The analysis would also profit from a reduction of the systematic uncertainties as well. Table 5.3 (p.
117) shows that the most influential systematics are JES, trigger efficiency, pile-up conditions and gener-
ator modelling. To a large extend, the sizable pile-up contributions are driven by the conservative way
to estimate them, see Section 5.2.4. The analysis would notably profit from a more event generator set-
ting independent modelling of the event kinematics. This constitutes the biggest uncertainty. Certainly,
this is a highly non-trivial task due to missing higher order calculations for the hard process and the
phenomenological approach to hadronization. The trigger related uncertainties might get smaller with
higher available data statistics and hence better understanding of the trigger efficiencies.

The influence of many systematic uncertainties could also be minimized by use of completely data-
driven estimates for the dominant backgrounds, i.e. Top and W +jets. For W +jets, the charge asymmetry
method, see Section 4.2.2, might be suited for that. Though the ratio of positively to negatively charged
leptons is obtained from MC, the charge independent systematics cancel out in the ratio. However, the
method assumes a sufficiently significant IV +jets contribution on top of charge symmetric backgrounds
for the estimate. This is not the case for the low statistics signal region and hence the method has been used
only as cross check in high statistics control regions. In addition, this method might be biased by potential
overlaid charge asymmetric signal contributions in the signal region. The large Top contributions to the
final selection also suggest to develop completely data-driven Top estimates. This could not been realized
within this work.

A more effective choice in cuts could also extend the sensitivity. For that, either more SUSY sensitive
variables could be considered or more sophisticated techniques could be used to derive the optimal cuts
on them. The inclusion of all correlations among the variables and the systematic uncertainties for each
set of cuts might lead to a better sensitivity. The latter would demand for a full set of systematic uncer-
tainties for all cut combinations. Since systematics are estimated from modified MC samples, this was
technically unfeasible.

In addition, this optimization might tend to peculiar cuts, where certain systematics vanish due to
insufficient MC statistics in the kinematic vicinity of the cuts. If the available MC events are too sparsely
populated to resolve the expected deviations from the uncertainty, no change in selected events would
be seen. These cuts would be preferred since background uncertainties are considered as very small
and hence sensitivity is overestimated. In this respect, preference is given to reliability rather than to
sensitivity. Similar techniques have been tried, but are not used for the final result.

Possible refinements in the choice of cuts could be done with respect to signal phenomenology. So far,
a single set of cuts has been tuned to have good performance in the whole grid. Since SUSY appearance
might change with the parameters A and tan 3, different regions might have different topologies and
hence favor different cuts. This could be considered by different signal regions for different parameter
regions.

An obvious division would be the separation in different A regions. This parameter governs the mass
scale of the SUSY model and hence the kinematic distributions, i.e. higher mass points prefer harder cuts,
see Figure 5.4 (p. 100). Unfortunately, the chosen cut of m.g > 1000 GeV is already at the upper limit
with respect to sufficient background MC. Hence, no further increase without additional background
information is possible. However, the lower A regions might be excluded with higher confidence level
(i.e. even more below p < 0.05) for looser effective mass cuts.

Another interesting feature of the high A region is the change in the SUSY production processes. The
cross section for any primary SUSY process depends on the coupling strength and the masses of the pro-
duced SUSY particles. At a proton collider, strong interactions dominate, but gluino and squark masses
increase with A. Figure 6.2(a) and (B) give the gluino and light up squark mass in the used GMSB grid,
respectively. The masses enter the TeV range above A > 50 TeV and hence production is kinematically
suppressed by the required energy threshold to produce SUSY particles.
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FIGURE 6.2 The masses of (A) the gluino, (B) the lighter up-squark, (c) the lightest chargino, (D) the lightest neutralino
and (E) the lighter stau. (F): the mass difference of the lighter stau and slepton.
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The electroweak gauginos still have masses sufficiently below the TeV range, see Figure 6.2(c) and (D).
This can be explained by Equations 2.43 or 2.44 (p. 19). The expected mass ratio for gluino, wino and bino
mass is clearly visible in the figures. Since the gluino and squark masses exceed the other SUSY masses
considerably, electroweak production might account for a bigger relative contribution to the total SUSY
production at very high A.

However, the detection of electroweak SUSY production demands for different search strategies. Es-
pecially the pattern of hadronic activity, i.e. hard jets, cannot be expected to appear any longer and other
selection cuts have to be considered. For electroweak production, Top events could now be suppressed
by a veto on (b-)jets. A preliminary study showed that W +jets is the most challenging background. Here,
the muon comes from the W decay and the tau is faked. For strong production, these events could be
sufficiently suppressed by the high effective mass requirements. This is not any longer possible for elec-
troweak production.

In any case, an extension of the analysis towards direct electroweak gaugino production might increase
the sensitivity, especially for the high A region. In these events, taus will also play an important role since
the stau is kinematically accessible in X and X! decays. The mass of the lighter stau can be seen in
Figure 6.2(). The larger 77, component in 7; would also lead to preferred decays of a wino-like Y7 or
)Zg into staus. Nevertheless, for small tan 3 at high A, the selectron and smuon masses are smaller, see
Figure 6.2(F). Hence, final states with only light leptons might be more sensitive. However, this final state
is covered by the di-lepton search and hence not targeted within this analysis.

6.3 Prospects with 8 TeV Data

After the shutdown period of the LHC, its center-of-mass energy is increased from 7 TeV to 8 TeV with
restarting operation. The new recorded data with higher energy and higher integrated luminosity of
20.7 fb~! are not included in this analysis, but some prospects on expected improvement can be made.
In principle, there are two changes in the experimental conditions of the LHC with respect to the presen-
ted analysis: A higher integrated luminosity that gives more available data and a higher energy in the
collisions. The increase in center-of-mass energy leads to higher cross sections for signal and background.

The expected events are given by
N = o(E) /c dt = o(E)L . (65)

If the analysis sensitivity is quantified by the significance

N
¢ — AvsusY (6.6)

VNsum

the proportionality of event yield to integrated luminosity and cross section of Equation 6.5 leads to an
expected improvement of

oYL n oSk
R ¢ R s 6)
U? TeV 7/ L ag h}ev
O.'S7TeV L o.gl\}"ev
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Process oat7TeV [pb] o at8TeV [pb] ratio
tt 166.8 238.06 1.43
W — pv, + ojets 8287 9535 1.15
W — pvy, +1jets 1560 1874 1.2
W — pv, + 2 jets 452 567 1.25
W — pv, + 3 jets 122 159 1.3
W — uv, + 4 jets 31 42 1.35
W — uv, + s jets 8.4 12.6 1.5
Z — TT 4 ojets 829 876 1.06
Z — TT +1jets 167 190 1.14
Z — TT + 2 jets ol 60 1.18
Z — 7T + 3 jets 14 17 1.21
Z — TT + 4 jets 3.5 4.6 1.31
Z — 7T +5]jets 0.95 1.37 1.44
WEWT — vl 4.59 5.8 1.26

TABLE 6.2 Comparison of 7 TeV and 8 TeV SM cross sections.

The gain from higher luminosity and cross section can hence be factorized and will be considered inde-
pendently. For the integrated luminosity, the profit in sensitivity is simply

[20.7fb~!
W % 2.]_ . (6.8)

The influence from the changing cross sections is more involved. The differential SM cross section for
events that appear in the kinematic phase space of the signal region is hard to evaluate. Assuming the
same relative abundance in the signal region for 7TeV and 8 TeV cross sections, the total cross sections
can be compared.

Table 6.2 gives 7 TeV and 8 TeV cross sections for the most important SM backgrounds. The W +jets
and Z"+jets backgrounds increase more for higher jet multiplicities. The high jet multiplicities will also
dominate in the final event selection due to the hard effective mass cut. As a rough estimate, a background
composition of 50 %, 35 % and 15 % for Top, W +jets and di-bosons is assumed. This roughly reflects the
background composition of the SR, see Table 5.4 (p. 120). The average increase of the SM cross section is
then

8 TeV

IM . —0.5-1.43+0.35- 1.35+ 0.15 - 1.26 = 1.377. (6.9)
Osm
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FIGURE 6.3 The ratio of 8 TeV to 7 TeV cross sections in the GMSB parameter plane.

The di-bosons background is assumed to be completely W W dominated and for 1V +jets the ratio from
four additional jets is taken. Using Equations 6.8 and 6.9 in Equation 6.7 gives

0.8 TeV
s =179 s, (6.10)
g €
SUSY

and hence the increased available luminosity already compensates for the increased background cross
sections. The final gain also depends on the increase of signal cross section. Figure 6.3 shows the ratio of
8 TeV to 7 TeV cross section. The plot shows the ratio of the summed NLO cross sections for the different
initially produced SUSY particles, e.g. gluino-gluino, squark-gluino, squark-squark, etc. The nominator
and denominator both include production of gluinos, first to third generation squark pairs, electroweak
and mixed strong and electroweak production. There are only limited grid points with available NLO
cross sections for 7 and 8 TeV: The 8 TeV grid is designed to reach higher SUSY masses that are beyond
the 7 TeV grid. Moreover, the lower A are already excluded and hence not realized in the 8 TeV grid.

Likewise for the background cross sections, these are the ratios of total cross sections. They do not
show the differential change of the cross section for the appearance of events in the signal region. E.g.
the analysis aims at strong SUSY production, but the ratio also includes electroweak production. If elec-
troweak production should increase less than strong production for the higher center-of-mass energy,
still the enhancement in the signal region, dominated by strong production, could be larger.

Assuming an average increase of signal cross section of 1.5, Equation 6.10 leads to

s~ 2.69s . (6.11)

The dominant contribution comes from the increased luminosity, see Equation 6.8, whereas the rising
signal cross section play only a smaller role. Since SM cross section ratios enter only via the square root,
they attenuate the sensitivity only moderately by v/1.377 ~ 1.17, see Equations 6.9 and 6.7.

The simple argumentation is based on the significance from Equation 6.6, which ignores systematic
uncertainties. Furthermore, it assumes the same signal regions for 7 TeV and 8 TeV analyses. For higher
energies and available statistics, there might be more suitable harder cuts and the gain in sensitivity might
be even better. In that sense, Equation 6.11 is a conservative estimate and the sensitivity with 8 TeV data
will be investigated in the corresponding analyses.
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CHAPTER 7

Summary

SUSY is an interesting and well motivated extension of the SM that explains a wide range of phenomena
that are inexplicable within the SM. Thus, the search for any evidence of its existence in Nature is one of
the foremost ventures in the scientific program of the LHC experiments. The unprecedented center-of-
mass energy of 7 TeV and high luminosity make the LHC to the leading experimental environment to
produce potentially existing SUSY particles.

A promising approach to discover SUSY particles is the direct detection of their visible decay products
with the ATLAS experiment. At the LHC, the search for missing transverse momentum, jets and leptons
can be shown to be a well detectable signature with high sensitivity to SUSY. In many SUSY models, tau
leptons occur preferably and hence this thesis presented a search for SUSY with multiple tau leptons, jets
and missing transverse energy. This final state is realized in GMSB that is specified by the parameters

Ny =3 sgnp = +1 Ca=1 (S) =250TeV . (7.1)

The remaining parameters A and tan 5 have been varied in nearly 100 combinations in the range of
tanf =2...70 (7.2)
A=10TeV...80TeV. (7.3)

Final states with tau leptons come along with the complicated experimental task of tau lepton recon-
struction, which tries to identify hadronically decaying tau leptons. The performance of this tau lepton
reconstruction could be shown to be among the leading challenges in searches for SUSY with taus. Es-
pecially, the sizable misidentification rate for objects of non-tau origin in the involved experimental en-
vironment of the ATLAS experiment complicates a precise and reliable background prediction.

This problem was tackled by the extension of the analysis to taus where one of them decays into a muon.
Muons can be shown to have marginal misidentification rates and high identification efficiency. In this
context, the muon could be shown to be a beneficial object for tau identification performance studies and
for the suppression and accurate estimation of backgrounds. Furthermore, this final state bridged the gap
between the pure hadronic di-tau analysis and the pure light lepton final states of the di-lepton analysis.
It also allowed for a statistical combination with the other SUSY tau searches that veto on muons.

The SM backgrounds are divided into W +jets, Z0+jets, Top, di-bosons, QCD and Drell-Yan. Their
contributions to the SUSY search are estimated by Monte-Carlo (MC) simulation techniques. Whenever
necessary, these estimates are replaced, corrected or confirmed by data-driven approaches. W +jets and
Top could be shown to have the largest impact on the final event selection. Their contributions are pre-
dicted from corrected Monte-Carlo simulations that are rescaled by data-driven scalings. QCD is estim-
ated completely data-driven. The modelling of the Z%+jets MC could be confirmed in dedicated control
regions and Drell-Yan has been conservatively estimated by the assumption of identical behaviour to
Z"+jets. Based on the obtained information from all other backgrounds, no feature of the di-bosons MC
could be seen that could give doubt about its correct modelling.
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The background studies consistently demonstrated the correct description of truth tau leptons in the
MC simulation. The contributions from misidentified taus, which are non-tau jets, could be shown to
require correction. The beneficial reconstruction characteristics of the muon could be used to isolate the
tau identification performance as the origin of the mismodelling.

The final search patterns have been optimized for maximal discrimination between expected SM and
GMSB contributions. For that, the signal has been represented by six benchmarks from the grid given
above. The considered analysis parameters that have been optimized are the strictness of the tau iden-
tification and additional cuts on SUSY sensitive variables, i.e. E%‘iss', Mg, Hr and BT /m. The per-
formance of different cut combinations has been tested with the Asimov value, where special attention
was paid to remaining background statistics for a reliable estimate. The optimal sensitivity for GMSB was
obtained with BDT medium taus in the object selection

NDOGEV > NiOGeV -1 N20GeV 5 (7.4)

jet 7, medium

The final kinematic cuts are

mf > 100 GeV and meg > 1000 GeV | (7.5)
which leave an expected SM background of

NM = 0.80 + 0.28M¢ " £ 0.275% (7.6)

The systematic uncertainty includes object related contributions, i.e. from the trigger, taus, the muon, jets,
b-tags and EA%, Furthermore, it contains event based uncertainties that come from pile-up conditions,
generator modelling and the used data-driven techniques. The final observation of a single data event is
consistent with the SM expectation, although it could be seen to have a unexpectedly high effective mass.
The event has been scrutinized in detail and no suspicious patterns could be seen.

The agreement of observation and expectation was used to set limits on the considered GMSB signal
grid. A grid point has been considered as excluded if the probability to observe one or less events is below
0.05 under the assumption of the background and signal hypothesis. For that, the p-value was quantified
in a statistical model that uses a logarithmic likelihood ratio as test statistic. The exclusion limit of the
presented analysis covered a tan  dependent region up to approximately 45 TeV for A. The combination
with the di-tau, one-tau and tau and electron analysis extended the limit up to 50 TeV to 55 TeV. At the
time of publication, this has been the most stringent test of a large part of the considered GMSB SUSY
parameter space.

The limit on A could be translated into limits on the gluino and the squark masses of

mg 2 1.2TeV MG d)n 2 1.1TevV and mg, 2 1TeV. (7.7)

They are at the boundary to SUSY models that do not longer inherently solve the hierarchy problem or
give the correct prediction for the electroweak mixing angle. In that sense, the considered GMSB model
could not be seen to match the requirements of a candidate for a natural extension of the SM. This is also
supported by the discovery of a Higags-like particle with a mass of about 125 GeV.
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APPENDIX A

Auxiliary Tables

This appendix gives all auxiliary tables and summarizes the Monte-Carlo data sets used for the analysis.
For some samples, two sets from different generators have been used in order to perform cross checks
and systematic studies. The explanation of the other tables’ contents are given where they are referenced

in the text.
ID No. Name Generator LO k-factor NLO events
[pb] [pb]

107680 WenuNpo AlpgenJimmy 6930.5 1.196  8288.88 3458883
107681  WenuNp1 AlpgenJimmy 1305.3 1.196  1561.14 2499645
107682  WenuNp2 AlpgenJimmy  378.13  1.196 452.24 3768632
107683  WenuNp3 AlpgenJimmy  101.86  1.196 121.82 1008947
107684 WenuNp4 AlpgenJimmy 25.68  1.196 30.71 250000
107685  WenuNps5 AlpgenJimmy 6.99 1.196 8.36 69 999
144022 WenuNp6_pt20 AlpgenJimmy 1.55  1.196 1.85 145000
107690 WmunuNpo AlpgenJimmy 6932.4 1.195 8284.22 3462942
107691  WmunuNp1 AlpgenJimmy 1305.9 1.195  1560.55 2498593
107692  WmunuNp2 AlpgenJimmy  378.07  1.195 451.79 3768737
107693  WmunuNp3 AlpgenJimmy  101.85  1.195 121.71 1008446
107694 WmunuNp4 AlpgenJimmy 25.72  1.195 30.74 254 950
107695 WmunuNps5 AlpgenJimmy 7 1.195 8.37 70000
144023 WmunuNp6_pt2o  AlpgenJimmy 1.55  1.195 1.85 145000
107700  WtaunuNpo AlpgenJimmy 6931.8 1.195 8283.50 3418296
107701 WtaunuNp1 AlpgenJimmy 1304.9 1.195 1559.36 2499194
107702  WtaunuNp2 Alpgen]immy  377.93  1.195 451.63 3750986
107703  WtaunuNp3 AlpgenJimmy  101.96  1.195 121.84 1009946
107704  WtaunuNp4 AlpgenJimmy 25.71 1.195 30.72 249998
107705  WtaunuNps AlpgenJimmy 7 1.195 8.37 65000
144024 WtaunuNp6_pt2o  AlpgenJimmy 1.55 1.195 1.85 150000

TaBLE A.1 Used W +jets Monte-Carlo samples with their ID number, used event generator, LO cross section, k-factor,
NLO cross section and number of generated events. Applying the k-factor yields the NLO cross sections.
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TaBLE A.2 Used Drell-Yan Monte-Carlo samples with their corresponding ID number, used event generator, LO cross
section, k-factor, NLO cross section and number of generated events. Applying the k-factor yields the NLO cross

ID No. Name Generator LO k-factor ~ NLO events
[pb] [pb]

16250 ZeeNpoMllioto4o AlpgenJimmy 3054.7 1.243  3798.37 994949
116251  ZeeNpiMllioto4o AlpgenJimmy 84.91  1.243 105.58 299998
116252 ZeeNp2Mlliotog4o AlpgenJimmy 41.19  1.243 51.22 999946
116253  ZeeNp3Mlliotogo AlpgenJimmy 8.35  1.243 10.38 149998
116254 ZeeNp4gMlliotogo AlpgenJimmy 1.85  1.243 2.30 40000
116255  ZeeNpsMlliotogo AlpgenJimmy 0.46 1.243 0.57 10000
116260 ZmumuNpoMlliotog4o AlpgenJimmy 3054.9 1.243  3798.62 999849
116261  ZmumuNpiMlliotogo  AlpgenJimmy 84.78  1.243 105.42 300000
116262  ZmumuNp2Mlliotogo  AlpgenJimmy 41.13  1.243 51.14 999995
116263 ZmumuNp3Mlliotogo  AlpgenJimmy 8.34 1.243 10.37 150000
116264 ZmumuNp4Mlliotogo  AlpgenJimmy 1.87  1.243 2.33 39999
16265 ZmumuNpsMlliotogo  AlpgenJimmy 0.46 1.243 0.57 10000
16270 ZtautauNpoMlliotogo ~ AlpgenJimmy 3054.8 1.243  3798.49 999649
116271 ZtautauNpiMlliotogqo  AlpgenJimmy 84.88  1.243 105.54 299999
16272  ZtautauNp2Mlliotogo  AlpgenJimmy 41.28  1.243 51.33 498899
116273  ZtautauNp3Mlliotogo  AlpgenJimmy 8.35  1.243 10.38 150000
116274  ZtautauNpgMlliotogo  AlpgenJimmy 1.83  1.243 2.28 39999
16275  ZtautauNpsMlliotogo  AlpgenJimmy 0.46 1.243 0.57 10000

sections.
ID No. Name Generator NLO k-factor NNLO events
[pb] [pb]

105200 tt semileptonic (T1) MCAtNLOJimmy 79.01  1.146 90.57 14983835
105204  tt full hadronic MCAtNLOJimmy 66.48  1.146 76.23 1199034
117360 t-channel t — ev AcerMCPythia 8.06 0.865 6.97 999 295
117361  t-channel t — uv AcerMCPythia 8.06  0.865 6.97 999 948
117362 t-channelt — Tv AcerMCPythia 8.05  0.855 6.97 998 995
108343 s-channel t — ev MCAtNLOJimmy  0.47  1.064 0.50 299948
108344 S-channelt — uv MCAtNLOJimmy  0.47  1.064 0.50 299 998
108345 s-channelt — Tv MCAINLOJimmy 047  1.064 0.50 299 899
108346  single top Wt MCAINLOJimmy 14.79  1.064 15.74 899 694

TaBLE A.3 Used Top (tt and single top) Monte-Carlo samples with their ID number, used event generator, NLO cross

section and number of generated events. Applying the k-factor yields the NNLO cross sections.
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ID No. Name Generator LO k-factor NLO events
[pb] [pb]

105890 ttbarlnInNpo  AlpgenJimmy  3.466 1.69 5.86 194 499
105891  ttbarlnlnNp1  AlpgenJimmy  3.3987 1.69 5.74 159999
105892 ttbarlnlnNp2  AlpgenJimmy  2.1238 1.69 3.59 336 897
117897  ttbarlnInNp3  AlpgenJimmy  0.946 98 1.69 1.60 148 000
117898  ttbarlnlnNp4  AlpgenJimmy  0.33409 1.69 0.56 60 000
117899  ttbarlnlnNps  AlpgenJimmy  0.12753 1.69 0.22 25000
105894 ttbarlngqgNpo AlpgenJimmy 13.764 177 2436 647396
105895 ttbarlnqgNp1  AlpgenJimmy 13.608 177 24.09 652997
105896 ttbarlnqgNp2  AlpgenJimmy  8.4181 1.77 14.90 1145892
117887  ttbarlnqqNp3  AlpgenJimmy  3.7759 1.77 6.68 652495
117888  ttbarlnqgNp4 AlpgenJimmy  1.3361 1.77 236 118999
117889  ttbarlnqgNps  AlpgenJimmy  0.503 99 1.77 0.89 79997

TABLE A.4 Additional tt samples with their ID number, used event generator, LO cross section and number of generated
events. Applying the k-factor yields the NLO cross sections. These samples are used for systematic studies only.

ID No. Generator Process NLO events
[pb]

125950  Sherpa Ztoee2]JetsEW2]JetsQCD15GeVM40 0.44702 199999
125951 Sherpa Ztommz2JetsEW2JetsQCD15GeVM40 0.445 85 181200
125952 Sherpa Ztott2]etsEW2JetsQCD15GeVM40 0.444 45 199 899
125956  Sherpa Ztoee2]JetsEW2JetsQCD15GeVMo7to40 0.47727 100000
125957  Sherpa Ztommz2JetsEW2JetsQCD15GeVMoytogo  0.47712 100000
125958  Sherpa Ztott2]etsEW2JetsQCD15GeVMo7zto40 0.469 24 99900
128810  Sherpa WWInulnu 2.9832 1999697
128811 Sherpa WZlllnu 0.36164 299950
128812 Sherpa WZlllnuLowMass 1.0209 299949
128813  Sherpa 7111 0.266 22 100 000
128814  Sherpa ZZllnn 0.23838 349900
143062  Sherpa WZInnn 0.718 68 100000
143063  Sherpa WZqqnn 1.4249 99900
143064 Sherpa WrtolnuzJetsEW1JetQCD 24.537 99900
143065  Sherpa ZtonunuzJetsEW1JetQCD 1.3368 99999

TaBLE A.5 Used alternative di-bosons MC samples for validation and systematics studies with their corresponding ID
number, used event generator, NLO cross section and number of generated events.
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TaBLE A.6 Used di-bosons Monte-Carlo samples with their corresponding ID number, used event generator, NLO cross

ID No. Generator Process NLO events
(pb]
105921  MCcAtNlo_JIMMY WTW~ — ever 0.51 199949
105922  McAtNlo_JIMMY W*W~ — evur 0.51 200 000
105923  MCcAtNlo_JIMMY WT™W™ — evrv  0.51 200000
105924 McAtNlo_JIMMY WTW~ — pvur  0.51 199000
105925 McAtNlo_JIMMY WTW~™ — prer 0.51 199949
105926 McAtNlo_JIMMY W*tW~ — uvtr  0.51 200000
105927 MCcAtNlo_JIMMY W*W~ — vty 0.51 499676
105928  McAtNlo_JIMMY W+W~ — tver 0.51 199950
105929 McAtNlo_JIMMY W*W~ — rvur 0.51 200000
105930  MCcAtNlo_JIMMY Z°Z° — t4qq 0.270 25000
105931  McAtNlo_JIMMY 2920 — ¢eer 0.026 99999
105932 McAtNlo_JIMMY Z°Z0 — tivv 0.077 99999
106036 MCcAtNlo_JIMMY 2920 — 2027 1.695 25000
106037 MCcAtNlo_JIMMY 2920 — 47 0.164 25000
13192 McAtNlo_JIMMY Z°Z° — rrvv 0.514 24950
113193  McAtNlo_JIMMY Z°Z° — 771qq 0.928 25000
105940 MCcAtNlo_JIMMY W+Z% = fvqgg  0.090 100000
105941  MCcAtNlo_JIMMY W20 — ¢uev 0.28 100 000
105942 McAtNlo_JIMMY W*Z° — ¢g'¢¢  0.086 25000
106024 MCcAtNlo_JIMMY W+Z% = rve¢  0.082 25000
106025 MCcAtNlo_JIMMY W*Z° — furr  0.043 199950
106026 MCcAtNlo_JIMMY W*Z° = rvrr  0.047 25000
113190  McAtNlo_JIMMY W*Z° — gg'7r  0.045 25000
105970  McAtNlo_JIMMY W~Z° — flvqq 0.0234 200000
105971  MCcAtNlo_JIMMY W =20 — (uve¢ 0.0129 25000
105972 McAtNlo_JIMMY W~2Z° — ¢g’¢¢  0.0065 25000
106027 MCcAtNlo_JIMMY W~2Z° — 7ve¢  0.2568 199949
106028 McAtNlo_JIMMY W~Z° — turr 0.1397 200000
106029 MCcAtNlo_JIMMY W~Z° — 7rvrr  0.0386 200000
13191 McAtNlo_JIMMY W~2Z° — ¢g/7r  0.1348 199950

section and number of generated events.
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ID No. Name Generator LO k-factor NLO events
[pb] [pb]

107650 ZeeNpo AlpgenJimmy  669.6 1.243  832.61 6618284
107651  ZeeNp1 AlpgenJimmy  134.55 1.243  167.31 1334 897
107652  ZeeNp2 AlpgenJimmy 40.65 1.243 50.55 2004195
107653  ZeeNp3 AlpgenJimmy 11.26 1.243 14.00 549949
107654 ZeeNp4 AlpgenJimmy 2.84 1.243 3.53 149 948
107655 ZeeNps AlpgenJimmy 0.76 1.243 0.95 50000
107660 ZmumuNpo AlpgenJimmy  669.6 1.243  832.61 6615230
107661 ZmumuNp1 AlpgenJimmy  134.55 1.243 167.31 1334296
107662 ZmumuNp2  AlpgenJimmy 40.65 1.243 50.55 1999941
107663 ZmumuNp3  AlpgenJimmy 11.26 1.243 14.00 549 896
107664 ZmumuNp4 AlpgenJimmy 2.84 1.243 3.53 150000
107665 ZmumuNp5  AlpgenJimmy 0.76 1.243 0.95 50000
107670 ZtautauNpo AlpgenJimmy  669.6 1.243 832.61 10613179
107671  ZtautauNp1  AlpgenJimmy  134.55 1.243  167.31 3334137
107672  ZtautauNp2  AlpgenJimmy 40.65 1.243 50.55 1004847
107673  ZtautauNp3  AlpgenJimmy 11.26 1.243 14.00 509 847
107674 ZtautauNp4  AlpgenJimmy 2.84 1.243 3.53 144999
107675 ZtautauNps  AlpgenJimmy 0.76 1.243 0.95 45000
107710  ZnunuNpo  AlpgenJimmy 3572 1.26 49.93 54 949
107711 ZnunuNp1 AlpgenJimmy  738.73 1.26 569.09 909 848
107712 ZnunuNp2  AlpgenJimmy 22291 1.26 247.68 169899
107713 ZnunuNp3 AlpgenJimmy 61.874 1.26 75.45 144999
107714  ZnunuNp4 AlpgenJimmy 15.635 1.26 19.55 309 899
107715  ZnunuNps AlpgenJimmy 4.3094 1.26 5.42 189998

TaBLE A.7 Used Z+jets Monte-Carlo samples with their corresponding ID number, used event generator, LO cross
section, k-factor, NLO cross section and number of generated events. Applying the k-factor yields the NLO cross

sections.
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ID No. Name Generator LO events
[pb]

105009 Jo Pythia 12030000 000 999 997
105010 J1 Pythia 807266 000 999 993
105011 ]2 Pythia 48048 000 999999
105012 J3 Pythia 2192900 999 992
105013  J4 Pythia 87701 989992
105014 J5 Pythia 2350.1 999 987
105015 J6 Pythia 33.61 999974
105016  J7 Pythia 0.13744 998955
105017 J8 Pythia 0.000006 998 948

TaBLE A.8 Used QCD Monte-Carlo samples with their corresponding ID number, used event generatot, cross section
and number of generated events.

Particle Identification Number Scheme for Monte-Carlo

Particle Symbol  Identification Number
down quark d 1
up quark U 2
strange quark S 3
charm quark c 4
bottom quark b 5
top quark t 6
electron e~ 1
electron neutrino Ve 12
muon n 13
muon neutrino vy 14
tau T~ 15
tau neutrino vy 16
gluon g 21
photon v 22
Z9-boson Z0 23
W -boson w 24

TABLE A.9 The numbering scheme of particles in the Monte-Carlo. The antiparticles have the corresponding negative
number.
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2011 Data DiBoson Drell Yan Z+]ets Top W +]Jets QCD (DD) SM
GRL 229373908 44253 55194030 19350596 950153 145489 056 - 221028 089 £ 48080
Trigger 137185828 12546 231819 1766665 174229 10880125 - 13065 385 + 9616
cleaning cuts 134553518 12298 228107 1694491 173287 10300801 - 12408 984 + 9261
Z_m% GV > 1 50374151 4997 41470 248992 153694 1377472 - 1826625 £ 1583
NGV =1 2437754 2988 19586 99 186 88532 1180140 845744 2236 177 = 209 662
N >1 24705 210 402 4741 3304 10230 5076 23962 + 1390
4, T opposite sign 17596 165 230 4090 2706 7706 2736 17633 £ 810
ml < 40 GeV 8735 45.8 165 3334 606 1705 2505 8361 + 618
Py > 30 GeV 3909 32.2 82.0 1691 449 1274 375 3903 £ 202
SWE > 60 GeV 2763 23.7 38.2 1311 312 868 240 2792 + 139
M7,y < 90 GeV 1277 8.61 11.5 926 114 187 86.2 1333 £ 51

TaBLE A.11 The cutflow into the Z°+jets control region. The Top and W +jets scalings are applied starting from the tau requirement. QCD is estimated by the matrix
method and hence can be evaluated only after the muon requirement. Taus are BDT loose to ensure sufficient statistics in the control region.
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% Deviation Z:g{ . DiBoson DrellYan Z+Jets  Top W +Jets SM

Nzl g o 0 dis —igl oir
m¥ > 100 GeV 8 8 8 _?'84 _1281 _322}
ma > 400GV o 0 rm —im 45
mai > 600GV ) 0 0 e —1e 44
ma > 800GV § 0 0 as s 443
mae > 1000Gev S - R

TaBLE A.12 The relative uncertainties on selected events due to uncertainties of the b-tagging efficiency at different cut
stages.

% Deviation Z[{ZEZ & DiBoson DrellYan Z+Jets  Top W +Jets SM

N2l g o o Tom —o1 -oo
mi>1006 000 03 o —on
Megr, > 400 GeV 8 8 8 —8:32 —gig —832
ma > 606G g0 o % 00s _oa
ma>80GY 00§ o3 _ols —ou
ma > 100GV 0 g7 gl o

TaBLE A.13 The relative uncertainties on selected events due to uncertainties of the b-mistagging modelling at different
cut stages.
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% DiBoson generator DiBoson  Drell Yan Z+Jets Top W +Jets SM

GRL  4273.46 0 0 0 0 +0.05

Trigger £138.53 0 0 0 0 +0.13

cleaning cuts  +140.91 0 0 0 0 +0.14
NX V' >1 =£219.29 0 0 0 0 +0.57
NGV =1 £313.68 0 0 0 0 +0.68

N, >1 42693 0 0 0 0 +0.26

mh > 100GeV  +£11.68 0 0 0 4085  +0.04
Megr, > 400 GeV +5.94 0 0 0 4085 40.03
Merr. > 600 GeV  £19.52 0 0 0 +0.85 +1.03
Mgz, > 800 GeV  £15.38 0 0 0 4085 +1.56
Megz. > 1000 GV +£15.95 0 0 0 4085 +1.61

TaBLE A.14 The relative uncertainties on selected events at different cut stages for the use of different di-bosons gener-
ators.

% Top generator DiBoson Drell Yan = Z+Jets Top W +Jets SM

GRL 0 0 0 +0.14 0 0
Trigger 0 0 0 +1.54 0 +0.02
cleaning cuts 0 0 0 +1.51 0 +0.02
NRX GV >1 0 0 0 +2.72 0 +0.22
NGV =1 0 0 0 +1.84 0 +0.12
N, >1 0 0 0 +7.21 0 +1.08
mk > 100 GeV 0 0 0 +5.31 4096  £2.99
Megr, > 400 GeV 0 0 0  +19.17 4096 +13.95
Metr. > 600 GeV 0 0 0 41843 +0.96 +13.31
Megr, > 800 GeV 0 0 0  +£70.02 4096 +42.06
Megr, > 1000 GeV 0 0 0  +81.84 +0.96 455.22

TaBLE A.15 The relative uncertainties on selected events at different cut stages due to the use of different Top generators.

152



JES up

% Deviation jgg 44, ~ DiBoson Drell Yan Z+Jets Top W +Jets SM
cleaning cuts 0 0 0 —0.01 0 0
& 0.02 0.03 0.03 0.03 0.02  —0.07
NSOGEV 5 | 5.79 10.88 9.07 1.47 8.69 1.78
W = —6.15  —10.32 —8.58  —1.67 -8.38 —3.21
206GV _ 5.92 12.13 10.21 1.56 8.65  14.47
g - —6.14  —11.29  —1044 —1.28 ~7.93 —11.28
P 2.74 6.46 4.32 3.1 0.73 2.37
T = —2.62 —5.49 -391 —3.85 —0.76  —2.38
~0.04 —19.29 ~1.33 5.11 —6.87  —0.78
1
my > 100 Gev 3.02 17.31 8.1 —7.41 12.94 2.89
413  —36.21 —4.95  12.02 —0.24 8.1
mett. > 400GeV ¢ 0.04 155 —11.76  —1.77 —87
—0.54 97.57  —27.98  11.29 14.05  10.41
Meir. > 600GeV 07 0 ~3.98 —13.04 ~2928 —10.31
0.6 0 0 12.94 12.2 11.28
meir. > 800GeV g9 0 ~3324 —18.19 3319  —1.39
0 0 0 —1.47 347 16
Meir. > 1000GeV 1o 4y 0 —100 —38.84 153.48  —3.21

TABLE A.16 The relative uncertainties on selected events due to jet energy scale uncertainties at different cut stages.

% JER DiBoson Drell Yan  Z+]Jets Top W +Jets SM
cleaning cuts +0.01 0 +0.01 +0.01 +1.26 +1.04
NR YV >1 +0.4 +2.13 +1.34 +0.05 +5.25  £3.96
NGV =1  +0.31 +2.71  +218 +0.59  +£4.85  +4.28
N.>1  +1.22 +1.63  +0.31 =40.5 +0.05  +0.02
mi >100GeV  +3.59  £33.72  £1596 +1.89 +£10.04  +4.28
Megr, > 400 GeV £12.22  £67.71 48 +0.06 4722  +1.97
Megr. > 600 GeV  £15.07 0 +23.49 +1.3 +3.17  +1.29
Metr. > 800 GeV £7.23 0 +81.33 +£2.17 +31.48 +12.03
Megr, > 1000 GeV 0 0 0 +9.02 4238  +5.66

TaBLE A.17 The relative uncertainties on selected events at different cut stages due to jet energy resolution uncertainties.
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o ID eff. up

0 .
% Deviation 121D eff. down

DiBoson Drell Yan Z-+]Jets Top W +Jets SM

N1 0.27 0.26 025 —0.01 —004  0.06

"= —027  -026 -025 —0.01 002 —0.07
mE> 100GV 5 03 0% oot o oo
ma > 400GV oo o3 035 008 —003 001
mai > 600GV 08 S0 0% 002 005 003
ma > 800GV o0 g3 oo —o04 005
ma > 10006V G0 0 oo oor 006

TABLE A.18 The relative uncertainties on selected events at different cut stages due to potential mismodelling of the
muon reconstruction efficiency.

o trigger eff. up DiBoson Drell Yan Z-Jets Top Wtets SM

o e
% Deviation e trigger eff. down

N> 1 3.58 2.77 2.84 —012  —0.22 0.82
T= —349 —2.73 28 0.11 0.2 ~0.82
B 5.64 7.28 597 —0.16 1.05 0.94
mp > 100GV~ 571 018 —1.09  —0.92
8.38 7.97 10.86  1.02 5.72 2.78

meir, >400GeV o0 _osr 007 -1 _563 2.7
9.91 4.8 8.2 2.87  10.93 5.13
meir. > 600GeV g9 479 768 —283 -—10.73 —5.01
9.81 0 1356 4.24  10.36 6.88
e 2> SUDEET —9.2 0 ~12.62 —4.11 -10.1 —6.65
10.57 0 3423 6.83 2994  12.81

Meir. > 1000 GeV ~9.91 0 3147 —6.58 —29.19 —12.31

TaBLE A.19 The relative uncertainties on selected events at different cut stages due to uncertainties in the trigger
efficiency modelling.
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péf ID up

0 -
% Deviation P 1D down

DiBoson Drell Yan Z+]Jets Top W +]Jets SM

M2l 0o o om -1 o005 ool
mi>a0Gew ool 0 g™ 0% ok oo
ma > 400GV oot 0 o 0% o4 —0o6
ma > 000Gyt g BN 0 o
ma >800Gey 000 pab e 08
ma >1000GeV 000 e 0 0

TaBLE A.20 The relative uncertainties on selected events at different cut stages due to muon momentum smearing in
the inner detector.

% Deviation Zi; I\I\ﬁ: :an DiBoson Drell Yan Z-Jets Top W +Jets SM
Nzt % gn 0 om0 oo
mESI0GY Ty ik Tes  0m om 013
ma > 400GV Goo o Ta o 07 008
ma > 006y TPt g 08 e o
Megr. > 800 GeV 8 8 8 :8(7)3 _8:21 :8?1?
ma 100G ¢ 0 e 01 o

TaBLE A.21 The relative uncertainties on selected events at different cut stages due to muon momentum smearing in
the muon spectrometer.
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% pile-up  DiBoson Drell Yan  Z+Jets Top W +Jets SM

GRL 0 0 0 0 0 0

Trigger ~ =+0.38 +0.08 0.6 +0.24  +0.65  +0.62
cleaning cuts +0.36 +0.06 +0.57 +0.24 +0.6 +0.58

NXCV>1  +0.04 +0.55 +0.19  +0.19  40.17  £0.2
NGV =1 +0.52 +0.37  +0.16  +£0.09  £0.06  =£0.07
N,>1 40.18 +1.55  +1.11  +0.53  +£0.01  +£0.15
m¥ >100GeV  +0.36 +7.86 4563  +£042  £515  £2.69
Mesz. > 300 GeV +1.57  £10.93  +6.16  +£0.81  +£4.99  £1.98
Mg, > 400 GeV +1.6 +7.01 +4.49  #1 4923  +2.78
Megr. > 500 GeV £8 +7.01  £552 052 +£1341  £3.21

Megr, > 600 GeV  £3.03 +6.75  £13.08 +1.57 +6.12 £3.02

Megr, > 700 GeV +4.52 0 +34.25 £3.07 £35.63 £10.9

mefr, > 800 GeV  £7.93 0 +5.68 +£12.35 £34.17 +17.83

Megt, > 900 GeV. £1.69 0 +9.71 +£36.23 £36.19 £32.42
Mesr. > 1000 GeV +4.93 0 +£9.71  +£43.08 £10.02 +27.36

TABLE A.22 The relative uncertainties on selected events at different cut stages due to pile-up mismodelling.

% TID DiBoson Drell Yan Z+]Jets Top W +Jets SM

N >1 +6.01 +6.16 +6 +0.63  £0.73  £1.52
m4 > 100 GeV £5.83 £5.78 +6.03 £0.63 £0.77  £0.08
Megr, > 400 GeV +5.3 +5.76 +597 +£0.83 £1.08 +0.33
megr, > 500 GeV +4.91 +5.76 +5.656 +1.11 +1.89 +0.6
Megr, > 600 GeV £3.42 +7.82 +5.74 £1.1 +2.29 £0.8

megr. > 1000 GeV £5.8 0 +4.65 +4.64 £2.29 £3.64

TaBLE A.23 The relative uncertainties on selected events at different cut stages for the tau identification efficiency
uncertainties.
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% Deviation L " %P DiBoson Drell Yan Z-Jets Top W +Jets SM

ST reso. down

N.>1 004 —009 003 096 154 091
2 ~0.04  —0.09 —0.04 079 188 105
w006y T 0 g5 oo o oar
ma>406V  Tios o Zgoi o aer o
v S A A
ma>800GY 0 g0 o P o
ma 100G g o gl 0 o

TABLE A.24 The relative uncertainties on selected events at different cut stages due to energy resolution uncertainties
on the soft terms in EJ'™*.

ST scale up DiBoson Drell Yan Z+]ets TOp W+]ets SM

% Deviation ST scale down

0 0 0 -0.29 038 —0.24
Nrz1 0 0 0 0 0.35 0.17
0.17 0 1.18 —-0.89 1.27 0.22

mk > 100 GeV
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TaBLE A.25 The relative uncertainties on selected events at different cut stages due to energy scale uncertainties on the
soft terms in B
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APPENDIX B

Auxiliary Figures

This appendix gives all auxiliary plots that have not been shown in the corresponding sections. The
explanations of the figure’s content are given where they are referenced in the text.
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FIGURE B.1 The obtained scalings for W +jets, Top with fake taus and Top with truth taus for different variations of
kinematic selections. Scalings can be seen to be robust.
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FIGURE B.2 The obtained scalings for W +jets, Top with fake taus and Top with truth taus for different variations in
tau BDT and pile-up conditions. Scalings can be seen to be robust.
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FIGURE B.3 The obtained scalings for W +jets, Top with fake taus and Top with truth taus for different variations of
kinematic selections and generators. Scalings can be seen to be robust.
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FIGURE B.4 The obtained scalings for W +jets, Top with fake taus and Top with truth taus for different variations of
kinematic selections. Scalings can be seen to be robust.
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FIGURE B.5 The obtained x*-distribution in different slices of wyy. No secondary local minima can be seen.
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FIGURE B.6 Obtained significances for six GMSB benchmarks for different combinations of Hr and mys after
mly > 100 GeV. Taus are BDT loose, backgrounds are rescaled with the data-driven scale factors and signal is NLO
reweighted. MC statistical uncertainty scale is given by the right axis.

The plots show that no combination shows better performance than the individual cut on my. The relative statistical
Monte-Carlo uncertainties above one are due to negative event weights. They can reduce the sum of weights, i.e. the
expected background, considerably. However, they increase the statistical uncertainty, which leads to the ratios above
one.
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FIGURE B.7 Obtained significances for six GMSB benchmarks for different combinations of E'S and Hr after
mb4 > 100 GeV. Taus are BDT loose, backgrounds are rescaled with the data-driven scale factors and signal is NLO
reweighted. MC statistical uncertainty scale is given by the right axis. The gaps in significances as well as the high
peaks in the relative uncertainties of the Monte-Carlo statistics are both due to cancellations of positive and negative
Monte-Carlo event weights in the sparely populated high mass tails.

In the significance gaps, the sum of event weights is slightly negative. Hence, no background is expected and significance
is infinity, which is not displayed. The high peaks in the relative uncertainties of Monte-Carlo statistics are due to
weights that cancel out up to a slightly positive sum. This positive sum is then much smaller than the quadratic sum of
the weights, i.e. the uncertainty. In both cases, the Monte-Carlo prediction is close to zero but the Monte-Carlo statistic
is too low for a proper estimate. However, there is no combination that shows better performance compared to the
individual m.g. cut.
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FIGURE B.8 Systematic uncertainties on the signal prediction in the signal region. All numbers are given in percent
relative to the total prediction.
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