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Abstract

One of the main goals of the ATLAS experiment at the Large Hadron Collider (LHC) at
CERN in Geneva is the search for new physics beyond the Standard Model. In 2011, proton-
proton collisions were performed at the LHC at a center of mass energy of 7 TeV and an in-
tegrated luminosity of 4.7 fb~! was recorded. This dataset can be tested for one of the most
promising theories beyond limits achieved thus far: supersymmetry. Final states in supersym-
metry events at the LHC contain highly energetic jets and sizeable missing transverse energy.
The additional requirement of events with highly energetic leptons simplifies the control of the
backgrounds. This work presents results of a search for supersymmetry in the inclusive dilepton
channel. Special emphasis is put on the search within the Gauge-Mediated Symmetry Breaking
(GMSB) scenario in which the supersymmetry breaking is mediated via gauge fields. Statis-
tically independent Control Regions for the dominant Standard Model backgrounds as well as
Signal Regions for a discovery of a possible supersymmetry signal are defined and optimized. A
simultaneous fit of the background normalizations in the Control Regions via the profile like-
lihood method allows for a precise prediction of the backgrounds in the Signal Regions and
thus increases the sensitivity to several supersymmetry models. Systematic uncertainties on
the background prediction are constrained via the jet multiplicity distribution in the Control
Regions driven by data. The observed data are consistent with the Standard Model expectation.
New limits within the GMSB and the minimal Supergravity (mSUGRA) scenario as well as for
several simplified supersymmetry models are set or extended.






Kurzfassung

Eines der wesentlichen Ziele des ATLAS-Experiments am Large Hadron Collider (LHC) am
CERN in Genf ist die Suche nach neuer Physik jenseits des Standardmodells. Im Jahr 2011
wurden dazu am LHC Proton-Proton-Kollisionen bei einer Schwerpunktsenergie von 7 TeV
durchgefiihrt und eine integrierte Luminositit von 4.7 fb~' aufgezeichnet. Die gewonnenen
Daten ermoglichen es, eine der vielversprechendsten Theorien jenseits bisher erreichter Gren-
zen zu testen: Die Supersymmetrie. Endzustdnde in Supersymmetrie-Ereignissen am LHC sind
gekennzeichnet durch hochenergetische Jets und erhebliche fehlende Transversalenergie. Die
zuséatzliche Forderung nach Ereignissen mit hochenergetischen Leptonen vereinfacht das Kon-
trollieren der Untergriinde. Die Arbeit prasentiert Ergebnisse zur Suche nach Supersymmetrie
im inklusiven Dilepton-Kanal. Ein besonderer Schwerpunkt liegt dabei auf der Suche inner-
halb des Gauge-Mediated Symmetry Breaking (GMSB)-Szenarios, in dem die Supersymmetrie-
Brechung durch Eichfelder vermittelt wird. Statistisch unabhéngige Kontrollregionen fiir die
dominanten Standardmodell-Untergriinde sowie Signalregionen zum Nachweis eines moglichen
Supersymmetrie-Signals werden definiert und optimiert. Die simultane Anpassung der Normie-
rungen der Standardmodell-Untergriinde in den Kontrollregionen mit Hilfe der “profile likelihood”-
Methode ermdglicht eine prizise Vorhersage der Untergrunderwartung in den Signalregionen und
steigert die Sensitivitéit der Analyse auf verschiedene Supersymmetrie-Modelle. Systematische
Fehler auf die Untergrundvorhersage werden dabei mit Hilfe der Jet-Multiplizitdtsverteilung in
den Kontrollregionen datenbasiert eingeschrankt. Die beobachteten Daten stimmen gut mit der
Standardmodell-Untergrunderwartung iiberein. Neue Grenzen innerhalb des GMSB- und mi-
nimal Supergravity (mSUGRA)-Szenarios sowie fiir verschiedene vereinfachte Supersymmetrie-
Modelle werden gesetzt oder erweitert.
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1. Introduction

The Standard Model of Particle Physics is one of the most successful scientific models in the world. It
describes all known elementary particles and their corresponding interaction within the framework
of a relativistic quantum field theory to a very high precision. Among its many accomplishments
are the prediction of the existence and the mass of the W boson (discovered 1983 with the UAl
and UA2 Experiments [1-3]) and the top quark (discovered 1995 at the Tevatron [4, 5]). During
completion of this thesis there are now even tantalizing hints that a Standard Model-like Higgs
boson has been discovered (see chapter 2.4)), though the measurement of its properties (spin & CP
state as well as production and decay modes) still needs to be completed for a full confirmation.
Overall, the Standard Model is able to accommodate for all experimental precision measurements
in an excellent way as shown in Figure [Il

Nevertheless there are a number of open issues that cannot be answered within the Standard Model
itself: The large number of free parameters which cannot be predicted theoretically (18 differ-
ent masses, couplings etc.), the origin of the number of particle families and their observed mass
pattern, the missing incorporation of the gravitational interaction, the source of matter-antimatter-
asymmetry in the universe, the hierarchy problem (cf. chapter [34) and the nature of dark matter

! Apart from gravity.
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Figure 1: Pull distribution for the Standard Model fit to various electroweak precision data [6], for
a detailed discussion cf. [7].



1 INTRODUCTION

and dark energy (cf. chapter B.3). The answers to all these open questions must lie beyond the Stan-
dard Model, and correspondingly various extensions have been proposed and studied for a long time.
One of the most promising and most analyzed extensions is the concept of Supersymmetry (SUSY)
and the corresponding Minimal Supersymmetric Standard Model (MSSM). SUSY postulates a new
symmetry between fermions and bosons, and in the MSSM each Standard Model particle receives a
new supersymmetric partner. Furthermore, the Higgs sector needs to be extended by another Higgs
doublet and corresponding superpartners (cf. chapter B.2]). This extension of the Standard Model
solves a number of problems in a very elegant way (cf. chapter 3.4).

Despite of being theoretically appealing, supersymmetry has not yet been observed experimentally
(cf. chapter 3.6). The search for supersymmetry is therefore one of the main reasons for the
construction and operation of the Large Hadron Collider (LHC) at CERN in Geneva and the two
general purpose detectors ATLAS and CMS [8-13]. With a design center of mass energy of 14 TeV
it is possible to probe the physics beyond the Standard Model in proton-proton collisions on energy
scales that have not been reached in a laboratory before.

The aim of this thesis is the search for supersymmetry in final states with at least two leptonsg at the
ATLAS experiment. In 2011 the LHC provided proton-proton collisions at a center of mass energy of
7 TeV with a total integrated luminosity of 4.7 fb~! recorded with the ATLAS detector. This dataset
will be probed for hints of supersymmetry as a continuation of previous work on simulation [14]
and smaller datasets [15-18]. For this purpose, a simultaneous fit to multiple regions of phase space
is set up in order to constrain the Standard Model backgrounds and to enhance the sensitivity to
different signal models. The results obtained in the context of this thesis have been published by
ATLAS [19].

The thesis will be organized as follows: After a brief introduction of the Standard Model in chapter 2
the concept of Supersymmetry will be described in chapter Bl The properties of the dilepton final
state with respect to signal and background processes are described in chapter [l Chapter Bl contains
a description of the LHC and the ATLAS detector that is used to reconstruct and identify the
collision results as described in chapter fl The description of the analysis itself starts in chapter [7]
where special emphasis is placed on the background estimation and the systematic uncertainties
in chapters [§ and Finally, the simulatenous fit to Signal and Control Regions as the core of
the analysis is discussed in chapter [0l The corresponding results are contained in chapter [[T] and
their interpretation is given in chapter Chapter [[3] summarizes the work of thesis and gives an
outlook to possible further updates in the future.

2In the scope of this work ’leptons’ usually denotes electrons and muons including those from 7-lepton decays.



2. The Standard Model of Particle Physics

2.1. Overview

The Standard Model of Particle Physics is a relativistic quantum field theory, and as such its
fundamental building blocks are quantized fields of space-time exhibiting well-defined transformation
properties under Lorentz group transformations of special relativity. Interactions are a consequence
of the local gauge invariance under the gauge group SU(3)color ® SU(2)1ett ® U(1)Hypercharge- The
strong interaction is described by quantum chromodynamics (QCD), while electromagnetic and weak
interactions are unified within the electroweak theory. It has been shown [20] that the Standard
Model is a renormalizable field theory ensuring that all physical observables are finite. The following
brief summary of the Standard Model is based on [21]. More detailed descriptions can for example
be found in [22-24].

2.2. Particles and Forces

The field content of the Standard Model is divided into twelve spin-1/2 fields which belong to the
fundamental representation of the gauge group and therefore form the building blocks of matter. In
addition there are twelve vector-like gauge fields of spin 1 in the adjoint representation which mediate
the gauge interactions as force carriers. Finally there is the scalar Higgs boson as a consequence of
electroweak symmetry breaking and the Higgs mechanism as described in chapter 23l The twelve
fermions and their corresponding antiparticles are further divided into six quarks which carry color
charge and therefore interact via the strong interaction and six leptons which only participate in
electroweak interactions. Both quarks and leptons can be be arranged into three generations of
particles with identical quantum numbers, but different masses. Table [l gives an overview over
the fermions in the Standard Model where the left-handed and the right-handed components of the
fields are separated as required by the chiral nature of the Standard ModeB.

‘ Name ‘ Generations ‘ SU@B)c, SU2)L, U(1)y ‘
i i /i
“ ‘ _ (3,2,1/3)
d' st b*
Quarks /L /L /L .
U ‘R th (3,1,4/3)
dy st by (3,1,-2/3)
e | ) L)) ] wze
eptons e ), p), ),
€R BR R (1,1,-2)

Table 1: The fermionic sector of the Standard Model. The Index ¢ = 1,2, 3 represents the three
color eigenstates while the last column lists the corresponding representations of SU(3) and SU(2)
as well as the weak hypercharge.

3The Standard Model treats neutrinos as massless dirac fields. Extensions including the mass differences observed
through neutrino oscillations [25] and from cosmology [26] are possible |27, 2&]. Furthermore, the possibility of the
neutrinos being Majorana particles is investigated [29].
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Name Representation | Gauge group
Gluons Gy, (8,1,0) SU(3)c
Vector bosons | W}, (1,3,0) SU((2)L
Abelian boson | B, (1,1,0) Ul)y

Table 2: The gauge fields of the Standard Model with the corresponding representations of SU(3)
and SU(2), the weak hypercharge and the corresponding gauge group.

The gauge bosons of the Standard Model are formed by the eight gluons that mediate the strong
interaction, the photon v and the three vector bosons W+, W~ and Z° of the electroweak interac-
tions. The physical mass eigenstates of the electroweak bosons are related to the gauge eigenstates
W), and B, via a rotation by the Weinberg angle sin? Oy ~ 0.23 |30] after electroweak symmetry
breaking:

wE =W+ w?)/V2 (1)
A = B cos Oy + W3 sin Oy (2)
7 = —Bsin Oy + W3 cos Oy (3)

The multiplet structure of the gauge bosons is shown again in Table 2

The Higgs sector of the Standard Model consists of one doublet of scalar Higgs fields:

H*
H= ( 70 > with representations (1,2, —1).

2.3. Electroweak Symmetry Breaking and the Higgs Mechanism

Explicit mass terms for the electroweak gauge bosons in the Lagrangian of the Standard Model
violate the invariance under local SU %) 1, transformations. Therefore another mechanism is nec-
essary to explain the physical massed] of the W* and Z° bosons which are measured to be
Myy+ = 80.385 + 0.015 GeV |31, 132] and Mzo = 91.1876 + 0.0021 GeV [7]. An elegant solution is
provided by the Higgs mechanism: By postulating a Higgs potential

V(¢) = 2HTH + A (HTH)2 (4)

with A > 0, 2 < 0 and correspondingly a non-vanishing vacuum expectation value

= (1) v=mVa 5)

v

with Higgs mass m and Higgs coupling A, the gauge group of the Standard Model is broken spon-
taneously:

SU(3)C®SU(2)L®U(1)Y :>SU(3)C®U(1)EM (6)

“Natural units are used throughout this thesis setting ¢ = # = 1 and omitting ¢ and / from corresponding expressions.
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Figure 2: Measurements of the local probability pg for the background-only hypothesis as a function
of my, for various individual channels in searches for the Standard Model Higgs boson at ATLAS
(left) and CMS (right) 37, 38].

The spontaneous symmetry-breaking creates scalar Nambu-Goldstone bosons which generate masses
for the weak gauge bosons:

MW = MZ = Mw/ COS HW (7)

1
EQU,
with the weak coupling constant g while the photon remains massless. The remaining neutral
Goldstone boson is called the Higgs boson. Its mass term m% = 20°)\ is a free parameter within
the Standard Model. In addition to the generation of weak boson masses in a gauge-invariant and
renormalizable way, also the matter fields obtain masses via Yukawa-interactions without introduc-
ing explicit mass terms which would violate SU(2)y,.

2.4. Discovery of a Higgs-like Resonance

On 4th July 2012 the ATLAS and CMS collaborations announced the discovery of a new Higgs-like
particle with a mass of approximately 125 GeV [33,134]. By now, a signal has been established in
several search channels, leading to a combined statistical significance of &~ To per experiment as
shown in Figure 2 and a mass measurement of 125.5 + 0.2(stat) ") 2(sys) GeV [35] at ATLAS and
125.7 + 0.3(stat) + 0.3(sys) GeV [36] at CMS.

The measurements of the particle’s properties are ongoing. Figure [3]shows the current status of the
signal strength measurement p1 = o4s/0sp in the two experiments. Most channels are consistent
with the Standard Model prediction, while the observed signal strength for the h — ~~ process
deviates from unity at ATLAS

With respect to the couplings and the CP eigenstate, several studies are ongoing [37-39]. Cur-
rently results are consistent with the properties predicted by the Standard Model, though a final

SFurthermore, a certain tension in the measurement of the particle’s mass is observed at ATLAS that is not resolved
yet |37].
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Figure 3: Measurements of the signal strength parameter p for several channels and for their com-
bination in searches for the Standard Model Higgs boson at ATLAS (left, assuming mj;, = 125 GeV)
and CMS (right, assuming my, = 125.7 GeV) |35, 136].

confirmation might have to wait for the next data-taking periodﬁ.

After having introduced the Standard Model of Particle Physics and its current experimental status,
an introduction to supersymmetry will be given in the following chapter [3 solving several of the
shortcomings of the Standard Model (see chapter [3.4]).

A measurement of the Higgs-selfcoupling will only be possible with a significantly larger dataset |40)].



3. Supersymmetry

3.1. Overview

As described in the previous chapter 2] the Standard Model of Particle Physics is a renormaliz-
able gauge theory and as such a consistent description of nature, while possibly being incomplete.
However, a nontrivial extension within the framework of relativistic quantum field theories (apart
from extending the gauge group) is prohibited by the Coleman-Mandula theorem |41, 42| which
states that the symmetry group of a nontrivially interacting quantum field theory has to be a direct
product of the Poincaré group and the internal gauge group. The only possible exception is super-
symmetry: As shown by Haag, Lopuszanski and Sohnius [43], a nontrivial extension of the Poincaré
algebra is possible by using anticommutating spin-1/2 generators @, to define the supersymmetry
algebra

{Qu,Q} = ("), P" (8)
{Qu, @y} = {QLQJ}=0 (9)
[P*, Q] = [P“,QH:O (10)

where P is the momentum generator of spacetime translations, o* = (1, 0%) with the Pauli matrices
o' and using two-component Weyl fermion notation. The generator @, transforms a bosonic state
into a fermionic state and vice versa. Such related states are called superpartners that form the
irreducible representations of the supersymmetry algebra denoted as supermultipletts. If supersym-
metry was present in nature, therefore the maximal possible symmetry would be realized.

3.2. The Minimal Supersymmetric Standard Model

Supersymmetry [44-52] postulates the existence of additional superpartners for each Standard
Model particle as it is impossible to impose invariance under supersymmetry transformations using
only Standard Model particles. In the Minimal Supersymmetric Standard Model (MSSM) [53-57],
exactly one additional particle is introduced per bosonic and per fermionic degree of freedom in the
Standard Modell. The superpartners of the fermions are denoted as sfermions residing in the chiral
supermultipletts as shown in Table [3l

For the bosonic particles of the Standard Model, the suffix ino is appended for the supersymmet-
ric partners in the vector supermultipletts as presented in Table [l The combined set of all the
supersymmetric partners is usually referred to as sparticles.

In contrast to the Standard Model, it is necessary to add a second complex Higgs doublet and the
corresponding superpartners in order to give mass to both up- and down-type quarks via Yukawa
couplings and to avoid anomaly traces [61].

As in the Standard Model, the gauge eigenstates W and B° mix to the mass eigenstates Z° and
~ after electroweak symmetry breaking. In contrast now three electrically neutral and two charged
Higgs bosons are predicted. These are correspondingly denoted as h%, H?, A, Ht and H~ where
AY is a pseudo-scalar and the other four are scalar bosons.

"Further extensions such as the Next-to-Minimal Standard Model (NMSSM) |58, [59] which solves the pu-Problem [60)]
by adding an additional gauge singlet field are possible as well.
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Name Spin 0 Spin 1/2 | SU(3)c, SU2)L, U(1)y
Squarks, Quarks | Q | (@p d) | (ug dp) (3,2, %)
(x3 generations) | w Ug u;r% (3,1, %)
d | dy dy (3.1, 3)
Sleptons, Leptons | L (v er) (v er) (1,2, -3)
(x3 generations ) | € €h e}r% (1,1, 1)
Higgs, Higgsinos | H, | (H} HY) | (H} HY) (1,2, +3)
Hy | (H Hy) | (H) Hy) (1,2, —3)

Table 3: Chiral supermultipletts in the MSSM (modified after [61]). The chirality index L, R is
added for the squarks and sleptons for clarity despite of them being scalar particles.

Name Spin 1/2 | Spinl | SUB3)¢c, SU2)L, U(1)y
Gluino, Gluon g g (8,1,0)
Winos, W bosons | W* WO | w£ W0 (1,3,0)
Bino, B boson B° B (1,1,0)

Table 4: Gauge supermultipletts in the MSSM (modified after [61]).

Furthermore, also the supersymmetric partners of the electroweak gauge bosons possess the same
quantum numbers as the higgsinos which leads to a corresponding mixing between the neutral
particles to the four neutralinos )2(1)72737 4 and between the charged gauginos and higgsinos to the four

charginos ng (ordered ascending by mass).

Similarly to the mixing in the gaugino sector, also the gauge eigenstates of the superpartners of the
left- and right-handed fermions can mix due to electroweak symmetry breaking. While this mixing
is small for the first two families, it can have a significant size for stop, sbottom and stau depending
on tan 8. The corresponding mass eigenstates are denoted as f1,2-

In addition to these superpartners of the Standard Model particles, the breaking of local supersym-
metry will lead to the prediction of a spin-2 graviton G and its spin-3/2 superpartner, the gravitino
G as further discussed in chapter

3.3. R-Parity

Besides the above description of the MSSM, regularly another discrete Zs symmetry called R-Parity

is introduced:
Pr = (_1)337L+2S (11)

with Baryon number B, Lepton number L and Spin S for a given particle. Imposing this additional
symmetry prevents B- and L-violating terms in the superpotential of the supersymmetry Lagrangian
which determines the scalar interactions as well as the fermion masses and Yukawa couplings.
Therefore, interactions that would lead to proton decays (similar to SU(5) Grand Unified Theory
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(GUT) models [62]) are forbidden as required by experimental data [63]. As all Standard Model
particles have Pr = 1 and all the supersymmetric partners have Pg = —1, there has to be an
even number of supersymmetry particles at each interaction vertex. As a consequence the lightest
supersymmetric particle (LSP) is stable.

The assumption of R-parity conservation leads to very important experimental consequences. If the
LSP interacts only weakly, it can be an interesting candidate for dark matter as will be discussed
in chapter Furthermore it will not interact within particle physics detectors and therefore
lead to signatures involving missing energy as further discussed in chapter [l

Although there are possible supersymmetry scenarios involving R-parity violation where the cor-
responding interactions are assumed to be sufficiently small (RPV supersymmetry, see e.g. [64]
or [65]), R-parity conservation will be assumed for the rest of this work.

3.4. Motivation for Supersymmetry

While no supersymmetric partner of any of the Standard Model particles has been observed so far,
there are a number of reasons why supersymmetry is one of the best motivated extensions of the
Standard Model and therefore has been searched for extensively since the early 80s (see chapter

5.6).

3.4.1. Unification of Interactions

A very fundamental problem of modern physics is the missing unification between general relativity
as the description of gravity and the Standard Model of Particle Physics describing the strong and
electroweak interactions. The graviton as a hypothetical force carrier of the gravitational interaction
has to be a massless spin-2 particle [66] and therefore cannot be in the same representation of the
Poincaré algebra as the other gauge bosons. However, local supersymmetry can include the spin-2
graviton and its spin-3/2 superpartner, the gravitino, and connects the supersymmetry transforma-
tions to the coordinate transformations which form the basis of general relativity within the theory
of supergravity |61, [68].

3.4.2. Unification of Coupling Constants

In quantum field theories coupling constants are scale dependent quantities. This scale dependence
(running) is described by the renormalization group equations (RGEs) and the corresponding beta
functions. For any GUT that unites strong and electroweak interactions, it is necessary that there
exists an energy scale at which the corresponding coupling constants are of the same size. In
the MSSM as the simplest supersymmetric extension of the Standard Model (see chapter B.2]) the
coupling constants of the strong, weak and electromagnetic interaction unify at a scale Mgyt ~
10'® GeV as shown in Figure @

8Otherwise the model would be ruled out experimentally.
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Unification of the Coupling Constants
in the SM and the minimal MSSM
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Figure 4: Scale dependence of the couplings in the Standard Model (left) and in the MSSM
(right) [21].

3.4.3. The Hierarchy Problem

One of the most profound problems in theoretical high energy physics is the so called hierarchy
problem: The Planck scale M, = \/% ~ 10" GeV where quantum gravity effects become relevant

and the electroweak scale v = v/ Grv/2 ~ 246 GeV differ by many orders of magnitude which seems
unnatural from a theoretical point of view. Furthermore, propagators in quantum field theories
receive radiative corrections due to loop diagrams. While the gauge bosons and fermions of the
Standard Model are protected against such corrections via gauge and chiral symmetriesﬁ, this is not
the case for the scalar Higgs field. As such, the Higgs boson mass receives quadratic corrections
depending on the cutoff A of the theory [61]:
2 g’ 2
om’” = 167T2A

(12)

Therefore a large amount of finetuning of the coupling constants is necessary to sustain the hierarchy
of the two scales.

In supersymmetry however the additional superpartners contribute with the same loop corrections
resulting in an exact cancellation. As boson and fermion loop diagrams differ by a relative factor
of (-1), when the corresponding dimensionless couplings to the Higgs field fulfill

A7 = A (13)

for each fermion f and scalar particle s in the same supermultiplett, the contributions cancel as
illustrated in figure Bl This cancellation is an intrinsic property of supersymmetry which is valid to
all orders in perturbation theory |57, I69-71].

9Here, only logarithmically divergent terms occur.
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Figure 5: Cancellation of quadratically divergent loop correction to the Higgs boson propagator due
to superpartners [@]

3.4.4. Light Higgs Boson
In the Standard Model, the Higgs boson mass is a free parameter that is only bounded by some

generic arguments as shown in Figure[@Bl In contrast, within supersymmetry the mass of the lightest
Higgs boson A is directly related to the mass of the Z" boson [@, @]

mpo < |cos2B|m zo (14)

at tree level. Taking into account the significant quantum corrections (especially from top-stop

s O T T T T T T T T 5 S0 T T T T T
[ D E o 7
O] C —— Perturbativity bound 1 O 145F 1 Stability bound —
= C Stability bound 1 = E Finite-T metastability bound B
= 300 — - .a. llity boun . = 140 Il Zero-T metastability bound =
L A =271 [ Finite-T metastability bound i E Shown are 1 error bands, including theoretical errors 3
Foas Il Zero-T metastability bound Bl 135 = =
FAST Shown are 16 error bands, wio theoretical errors B E B
250 [— — 130 =
L ] 125 [ LEP exclusion
= - £ at>95% CL
200 [— — 120 £
L = 115 &
Tevatron exclusion at >95% CL E
150 — — 110 =
[ iresmmer E 105 -
g 7 i 7 :
100 4 6 8 10 12 14 16 18 100 4 6 8 10 12 14 16 18
log 10(/\ /GeV) log 10(/\ / GeV)

Figure 6: The scale A at which the two-loop RGEs drive the quartic SM Higgs coupling non-per-
turbative, and the scale A at which the RGEs create an instability in the electroweak vacuum

(A <0) [23).
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2
fits to electroweak precision dataia, @]

loops), this bound is softened to @]

mpo < 135 GeV (15)
Such a bound is in good agreement with the indirect predictions on the Higgs boson mass from
electroweak precision data as shown in figure [1

The potential discovery of a Standard Model-like Higgs boson with a mass of approximately
125 GeV @, @] leads to some tension for certain models of supersymmetry breaking, though
the amount of fine-tuning is limited as long as the masses and the mixing between #; and o, the
supersymmetric partners of the top quark, is sufficiently large [@, 77]. While the question of Higgs-
aware supersymmetry searches will become important in the future @], it will not be considered
in more detail in the following as the corresponding results were only obtained during completion
of this work.

3.4.5. Dark Matter

An essential question in modern astroparticle physics is the nature of dark matter as observed via
various effects such as the rotational speeds of galaxies [@], gravitational lensing effects like the
Bullet cluster shown in Fig. [ left or the large scale structure of the universe [84] as inferred from
the WMAP measurements depicted in Fig [8 right.

While there might be other possible explanations for some of the observed effect@, the simplest
explanation for most of the observations is that dark matter is cold, i.e. moves slowly compared to

9Such as Modified Newtonian Dynamics (MOND) [8d].
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Figure 8: Left: The merging cluster 1E0657-558 ("Bullet cluster") [85]. The green contours cor-
respond to the mass distribution reconstructed from gravitational lensing, while the color gradient
shows the observed plasma masses in the X-ray spectrum. Right: The temperature power spectrum
obtained by WMAP (black data) compared to the fit in the ACDM model (red curve) [26, 86-88|.

the speed of light and is composed of at least one not yet observed non-baryonic, weakly interact-
ing particle that can either be a massive WIMP (weakly interacting massive particle) [90] or the
hypothetical axion postulated to solve the strong CP problem in quantum chromodynamics |91, 192].

A lot of effort is ongoing in order to detect dark matter WIMPs directly in experiments such as
XENIO.N [93,194] or CDMS and EDELWEISS [95]. No clear indication of a signal has been identified
so farlL).

Within supersymmetry, the LSP is stable if R-parity is conserved (see chapter B.3]). As such, it
provides an interesting candidate for dark matter consistent with cosmological observations [99,(100].

3.5. Supersymmetry Breaking

All particles within a given supermultiplett share their quantum numbers for all operators commu-
tating with the supersymmetry generators. This holds for the generator of translations

[P, Q] = | P",QL] =0 (16)
and as such, Qg also commutates with the mass operator P2 = M?:
[M2,Qu] = [M2,Q]| =0 (17)

Therefore Standard Model particles and their superpartners are required to have the same mass
and should have been found experimentally. Thus supersymmetry has to be broken.

Several supersymmetry breaking mechanisms have been studied having in common that supersym-
metry breaking is assumed to be spontaneous and soft in order to keep solving the hierarchy problem
and to prevent quadratic divergencies. Exactly analogous to the electroweak symmetry breaking
described in chapter 2.3l spontaneous supersymmetry breaking requires a Lagrangian density invari-
ant under supersymmetry transformations, but a non-vanishing vacuum expectation value which
breaks supersymmetry. In this case, the so called F- and D-components of the superfields (see

"There is however an ongoing discussion regarding results obtained by DAMA /LIBRA |96, [97] and CoGeNT |98].

13



3 SUPERSYMMETRY
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Figure 9: Sketch of the mediation of supersymmetry breaking between hidden and visible sector [61].

e.g. [61]) describing the fields of a supermultiplett take on this role. Correspondingly the various
breaking mechanisms can generally be classified in D-term (Fayet-Iliopoulos, [101]) and F-term
(O’Raifeartaigh, [102]) breaking.

As it is impossible to break supersymmetry without violating gauge invariance, the breaking needs
to happen via additional fields in a hidden sector which is disjoint from the wvisible sector, i.e. the
MSSM. The breaking of supersymmetry in this hidden sector is communicated to the visible sector
via flavor-blind interactions with messenger fields as shown in figure

There are quite a few possibilities regarding the nature of the additional messenger fields and the
corresponding interactions leading to different predictions for the masses of the sparticles [103], for
example:

e Mediation via gravity (SUGRA)

e Mediation via gauge fields (GMSB)
e Mediation via anomalies (AMSB)
e Mediation via gauginos

e Mirage-mediation

In the most general formulation of supersymmetry breaking, many new parameters (up to 105 [61])
have to be introduced to describe all possible supersymmetry breaking terms in the Lagrangian as
a priori there is no knowledge on the nature of this breaking mechanism. Common for all of these
scenarios listed above is the goal to reduce the amount of additional parameters.

In the following, only the first two types of supersymmetry breaking will be studied in more detail,
further details on the various breaking scenarios can be found in [21] or [61]. It should be noticed
that the necessity of supersymmetry breaking and the inclusion of an invisible sector certainly
diminishes the predictive power of supersymmetry as it removes the unambigousness of unbroken
supersymmetry (in terms of couplings and interactions) and the many new parameters have no
direct connection to the Standard Model.

3.5.1. Gravity Mediation and mSUGRA

One possibility for the mediation of supersymmetry breaking from the hidden to the visible sector
is via the gravitational interaction. Supergravity requires supersymmetry to be a local symmetry
and provides a connection to the coordinate transformations of general relativity. Furthermore,
the spin-3/2 gravitino is introduced as the superpartner of the spin-2 graviton which takes on the
role as the “gauge” particle of local supersymmetry transformations and acquires a mass via the

14
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Figure 10: Scale dependence of the scalar and gaugino mass parameters for an examplary mSUGRA
model [61].

super-Higgs mechanism in analogy of electroweak symmetry breakin. While this mass mg/y of
the gravitino is comparable to the masses of the other sparticles it only interacts gravitationally and
therefore will not be of relevance in the followin. As a quantum theory description for gravity
could not be found so far, there is no complete model describing the breaking in detail and one has
to rely on an effective approach.

Assuming maximal universality for the supersymmetry breaking parameters as well as unification of
the mass parameters and couplings at the GUT scale, only the following parameters are necessary for
a complete prediction of the mass spectrum and the phenomenology of the corresponding minimal
supergravity (mSUGRA) scenario |[104-112]:

e 1y, the universal scalar mass

® myy, the universal gaugino mass

e Ag, the universal trilinear coupling parameter

e tan [, the ratio of the vacuum expectation values for the two Higgs doublets

e sign u, the sign of the Higgsino mass parameter

Choosing values for these five parameters at the GUT scale determines the complete mass spectrum
at the electroweak scale using the renormalization group equations as shown in figure [I0l

This drastic reduction of the number of free parameters allows for performing analyses within
mSUGRA by fixing parameters and studying hyperplanes in e.g. mo and m; 5 as further discussed
in chapter £.4]

2Here, the analogon to the Nambu-Goldstone boson is a fermionic goldstino.
13In SUGRA scenarios, a gravitino LSP would have severe cosmological implications and is therefore disfavoured.
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3.5.2. Gauge Mediation and GMSB

In constrast to the gravity-mediated supersymmetry breaking scenario above, in gauge-mediated
supersymmetry breaking (GMSB) the mediation between hidden and visible sector takes place
through ordinary gauge interactions via messenger particles. In the minimal GMSB scenario [113-
119], these messenger fields form a complete representation of SU(5) which preserves the unification
property of the gauge coupling. The masses of the gauginos are radiatively generated at one-loop
level, while sfermion masses require two loops as both gauge and messanger fields are necessary [123].
In this mimimal model, six parameters describe the complete mass spectrum and the resulting phe-
nomenology:

e A, the scale of supersymmetry breaking

Mpes, the mass scale of the messenger fields

e N5, the number of equivalent messenger fields

e Cyrav, the scale of the gravitational coupling

e tan 3, the ratio of the vacuum expectation values for the two Higgs doublets
e sign u, the sign of the Higgsino mass parameter

A is one of the most relevant parameters for the phenomenology of the model as it sets the overall
mass scale on which all sparticles in the MSSM depend on linearly. The messenger mass scale M,es
has to be larger than the supersymmetry breaking scale A to avoid color and charge breaking in
the messenger sector and somewhat smaller than the Planck scale to avoid gravity-induced flavor
problems. Nj also has a direct impact on the masses of the superpartners: The gaugino masses
scale with N5 while the sfermion masses scale with /N5. As in other scenarios tan 3 has important
consequences on the mass differences and branching ratios between the first, second and the third
family while sign p impacts e.g. the stop mixing. Finally Cg.q, determines the lifetime of the
next-to-lightest supersymmetric particle (NLSP).

The most distinctive feature of GSMB is the predicition of a gravitino LSP having important
consequences on the resulting decay signatures and also cosmological implications. The GMSB
model will be further analyzed in chapter 3]

3.6. Experimental Status

Until today no sparticle has been discovered. Before the start of the LHC, the most stringent limits
on supersymmetry have been set by the LEP and Tevatron experiment. Searches have been
carried out in many different final states including jets, leptons, photons and missing energy@. It is
very difficult to derive global limits on parameters of the MSSM due to the complexity introduced
by supersymmetry breaking. Therefore usually certain breaking scenarios or Simplified Models are
assumed in order to constrain the relevant parameter space. Consequently, limits on masses of
sparticles can strongly depend on the underlying assumptions. As such e.g. the 95% C.L. limit on

“Further generalizations denoted as Generalized Gauge Mediation (GGM) are possible [120-122].

5L EP was the predecessor of the LHC at CERN, colliding electrons and postrons at up to /s = 209 GeV. The
Tevatron was a proton-antiproton collider at the Fermilab near Chicago that operated at /s = 1.96 TeV.

SParticles interacting only weakly such as neutrinos or the LSP leave detectors without interactions causing an imbal-
ance in the total energy sum of a collision.
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Figure 11: Left: 95% C.L. exclusion limit in the mg-mg plane of a search in the Jets+EXS channel
by the D@ experiment compared to results from CDF and LEP |. Right: 95% C.L. exclusion
limits in the mo-my /; plane from searches at LEP, D@ and CDF |. Both Limits are are obtained
within the mSUGRA scenario.

the mass of the lightest neutralino in the general MSSM from direct searches at collider experiments
currently excludes values below 46 GeV whlle within the mSUGRA scenario assuming Ay = 0
and g > 0 the ¥J mass limit is at 59 GeV

Examples for exclusion limits on supersymmetry models before the start of the LHC are shown
in figure [[Il Figure [I1] left shows the limits obtained from the interpretation of a search in the
jets+EMsS channel by the DO experiment within the mSUGRA scenario. The red area is excluded
under the most conservative assumption on the production cross sections of squarks and gluinos
while the red (dashed green) lines are the exclusion contours assuming nominal cross section values.
Figure[ITlright shows similar interpretations of searches for charginos and neutralinos in three lepton
final states at CDF and D@, where the actual model parameters mg and m; /2 are used for setting
the limit.

Similar to the exclusion limit in the mSUGRA scenario, Figure [[2] shows results from the LEP and
Tevatron experiments interpreted within the GMSB scenario. These results are based on searches
requring two acoplanar photons and missing energy or two isolated leptons and missing energy.
Assuming a massless LSP, the LEP experiments have excluded ér masses of up to 99.9 GeV, [ir
masses of up to 94.9 GeV as well as 71 masses of up to 86.6 GeV M] Furthermore, the OPAL
experiment at LEP has performed a detailed interpretation of several analyses within the GMSB
scenario [@] For a messenger scale M,,.s = 250 TeV and N5 = 3 messenger fields, mass scales A
below 26 TeV are excluded.

Apart from direct searches at collider experiments, it is also possible to derive a prediction for masses
in the MSSM using indirect constraints from electroweak precision data. As shown in Figure
both the mass of the top quark and of the W boson depend on the masses of the other particles
in the MSSM and in the Standard Model, and as such a precision measurement of these masses
(black contour) allows for a comparison to theoretical predictions and to fits assuming either only
the Standard Model (blue contour) or different supersymmetry models (red/magenta contours).
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Figure 13: Prediction of myy in the MSSM and in the Standard Model as a function of m; and a
comparison to current experimental data and fits to electroweak precision measurements @]

Further indirect constraints can be derived from flavor physics measurements such as By —
o @] and b — sy “@, M]

In the following chapter d] the phenomenology specific to supersymmetry searches in the dilepton
final state will be discussed, before explaining in chapter [ how it is possible to test models of
supersymmetry on unprecedented energy scales with the proton collisions provided by the LHC
using the ATLAS detector to detect and reconstruct the collision events.
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4. Supersymmetry in the Dilepton Final State

This thesis focusses on the search for supersymmetry in the proton-proton collisions provided by the
Large Hadron Collider (LHC) which will be described in chapter Bl For this purpose, the dileptonic
final state with the signature

n jets + > 2 leptons + E?iss

will be analyzed. In the following the relevant supersymmetric production and decay modes leading
to this signature will be discussed and compared to the background expectation from Standard
Model processes motivating the dilepton final state as a search channel.

4.1. Production Processes

As discussed in chapter Bl the gauge couplings of the sparticles are identical to the couplings of their
Standard Model partners. If the center of mass energy is sufficiently large, production processes
via the strong interaction will therefore dominate in the proton-proton collisions of the LHC. Both
pair production of squarks and gluinos as well as the production of one squark and gluino each is
possible as shown exemplarily in Figure [[4]

Figure 14: Feynman diagrams for gluino and squark production via gluon-gluon- and gluon-quark—
fusion [61]. t- and u-channel diagrams are possible as well.

At hadron colliders such as the LHC, the partons as the fundamentally interacting particles are
confined within hadrons. The interaction cross sections of partons &;; and of protons o, are
related via the factorization theorem [136]:

opp(Vs) = Y /dﬁvidﬁvjfz(ﬁvi,u%)fj(ﬁﬂj,ll%)'f}ij(\/gaﬁﬂz’axj,u%) (18)

4,J=4,4,9

Here, 6;; denotes the parton-parton cross section, evaluated at a center of mass energy V'3 and
a renormalization scale ur which is necessarily introduced in the finite order calculations of the
perturbative expansion. The parton distribution functions (PDFs) [137-139] fi(z;, u2%) describe the
probability of finding a parton ¢ within the proton with fraction x; of the total proton momentum,
evaluated at a factorization scale pp that separates the calculation via perturbative QCD from the
non-perturbative regime.

The individual cross sections for the supersymmetric production processes depend on the sparticle
masses as well as on the center of mass energy. For the proton-proton collisions at /s = 7 TeV
discussed in this thesis, gluon-fusion induced production processes play a major role as the gluon
parton distribution functions and correspondingly the parton luminosities for gluon-gluon produc-
tion dominate |140)].
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4 SUPERSYMMETRY IN THE DILEPTON FINAL STATE

In addition to the production of sparticles via the strong interaction, also electroweak production
of charginos, neutralinos and sleptons is possible. These production mechanisms become espe-
cially relevant if the production of strongly interacting particles is suppressed by the PDFs due to
high squark or gluino masses. While this thesis focusses mainly on the strong production modes,
ATLAS has conducted searches for direct production of charginos and neutralinos [141] as well as
sleptons [142].

4.2. Decay Modes

Being the gauge boson of the strong interaction gluons only couple to quarks (and other gluons).
Correspondingly, gluinos can only decay into a (real or virtual) squark and a quark. Depending on
the mass difference between squarks and gluinos, squarks either decay into a quark and a gaugino
or into a quark and a gluino, provided that the gluino is sufficiently light. In such a case, the gluino
decays in a three-body decay via a virtual squark leading to additional jets in the final state and
longer decay chains.

In the supersymmetry breaking models considered in this work, squarks and gluinos are heavier
than the lightest charginos and neutralinod!l. Therefore (real or virtual) squarks decay in cascade
decays via electroweak processes to the LSP, possibly involving additional gauginos or sleptons. The
details of such decay chains depend on the mass spectrum and the gaugino mixing predicted by the
model and can lead to significant differences with respect to the branching ratios as discussed in
the following.

Depending on the mass spectrum, heavier gauginos usually decay via two-body decays into lighter
gauginos or sleptons and sneutrinos, accompanied by corresponding Standard Model particles:

o XV = ZXO W, hOR0 el v
o X = WY, ZX9, 1% v, vl

If the gaugino two-body decays are kinematically forbidden, three-body decays into two fermions
via off-shell gauge bosons take place. Furthermore depending on the field content of the gauginos,
i.e. the size of the bino, wino and higgsino components, certain decays are favoured. Similarly,
sleptons and sneutrinos can decay into the corresponding lepton or neutrino and a gaugino in two-
body decays, depending on the mass hierarchy. If the gravitino is the LSP (as realized in GMSB
scenarios), decay chains of gauginos and sleptons end in gravitino final states as discussed in the
following chapter.

4.3. GMSB

GMSB predicts that the lightest supersymmetric particle is the gravitino with a mass of a few eV
which escapes the detection and thus leads to missing energy E™5. With the gravitino having
a tiny mass, the nature of the next heavier sparticle, the NLSP, has important consequences on
the phenomenology of this scenario. For the interpretation of the results of this work within the

7"Otherwise the LSP would be a charged particle or the squark decay via virtual gauginos could lead to a significant
squark lifetime.
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Figure 15: NLSP type in the A-tan 3 plane in the GMSB scenario [@] In the region denoted as
CoNLSP the mass difference between 71 and £p is smaller than the tau mass. The upper left corner
is excluded as it would lead to tachyonic states.

minimal GMSB scenario, the following parameters are fixed

o M;es = 250 TeV

L] N5 :3
o Cgr(w =1
e sign p =+

and A and tan 8 will be varied as shown in Figure

This choice of parameters is driven by the necessity to further restrict the parameter space to a two-
dimensional hyperplane to allow for a meaningful interpretation. For N5 = 1, the NLSP is either
the lightest neutralino (small tan 3) or the lightest stau (larger tan ), while for N5 > 2 also slepton
NLSPs are possible leading to leptonic final states. Existing limits from LEP, especially OPAL |,
and previous studies by ATLAS @] lead to the parameter choice above as a benchmark scenario.

With this choice of parameters, typical resulting mass spectra are shown in Figure As a general
property of the investigated hyperplane, the squarks and gluinos have a much larger mass than the
gauginos and the sleptons. As the gluino is heavier than the squarks, gluinos decay via real squarks.
Furthermore squark production processes provide a larger contribution to the total cross sections.

The squarks usually decay directly to the lightest neutralino which subsequently decays via the
NLSP to the Gravitino. Depending on the nature of the NLSP, the following signatures arise:

e %! = 7G = Diphoton final states
e {0 = 77T = 757 TG = tau final states
o = (56T — (*1TG = leptonic final states

These decays can take place at both legs of the Feynman diagram, and as such final states with
up to four leptons are possible as depicted in Figure I71 Additionally it can be seen that final
states with opposite-sign same-flavor lepton pairs will have a large branching ratio, motivating a
corresponding selection.
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Figure 16: Mass spectra for A = 40 TeV and tan 8 = 5 (left, ég/fig NLSP) and tan 5 = 15 (right,
71 NLSP) (using [144]).

Figure 17: Representative Feynman diagram in the slepton NLSP region of the GMSB model for
squark pair production followed by decays via neutralinos and sleptons to the gravitino leading to
a multilepton+jets+EX final state (using [145]).
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For larger values of tan 3, the 7; becomes lighter than the right-handed selectron and smuon.
Correspondingly, the branching ratios of the ¥} decays change as depicted in Figure I8 Therefore
the sensitivity of the analysis is reduced in the stau-NLSP region, though leptonic final states are
possible as the neutralino to slepton branching ratio does not vanish completely and the sleptons
decay via staus in a three-body decay as shown in Figure [[9 Furthermore, the possible presence of
leptonic 7 decays leads to leptonic final states as well.
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Figure 18: Branching Ratio of X! to 717 (left) and to (r0 (right) as a function of A and tan j3.
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Figure 19: Branching Ratio of /5 to G¢ (left) and to 717¢ (right) as a function of A and tan §.

The differences between the slepton and the stau NLSP region do not only change the sensitivity
of this analysis due to the branching ratios into leptonic final states, but also have important
consequences on the kinematical properties of the signal. For example the transverse momentum of
the lepton (which in general is relatively large due to the large mass splittings between X{, l% and
G’) is significantly smaller in the stau NLSP than in the slepton NLSP region as shown in Figure 20
as the lepton originates either from the three-body gaugino decay or from leptonic tau decays.

The hierarchies in the mass spectra shown in Figure are quite generic for the investigated hy-
perplane because the masses of the sparticles scale with A as discussed in chapter This
dependence has a direct impact on the cross section which is shown in Figure 21l The cross sections
are calculated to next-to-leading order in the strong coupling constant, adding the resummation
of soft gluon emission at next-to-leading-logarithmic accuracy (NLO-+NLL) L@] For the
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Figure 20: Transverse momentum of the leading (left) and second leading lepton (right) for the
GMSB signals with A = 50 TeV and tan 8 = 5 (black, Eﬁ NLSP) or tan 8 = 20 (dashed red, 71

NLSP) after a dileptonic preselection normalized to unity.

electroweak production modes, PROSPINO 2.1 [146, [151-153| is used. Additional details on the
cross section prediction can be found in [154] and will be further discussed in chapter

Apart from the dependence of the total cross section on A, the relative contributions of the different
production processes to the total cross section change as a function of A and tan /3 as shown in
figures For low values of A, either ¢G or ¢g production provides the largest contribution, while
for large values of A above 40-50 TeV electroweak production dominates, as the cross section for
strong production processes falls faster than ogyy .

Consequently less signal events will be produced increasing the value of the parameter A. However,
the decrease of the cross section is partially compensated by the fact that the total energy in
the events also scales with A, simplifying the suppression of Standard Model backgrounds. This
property is depicted in Figure 23] using the effective mass

Njets Nleptons
meff =Y prit Y pry+EP
i=0 §=0

On the one hand, the division of the signal into strong production processes (broad peak at higher
meys values) and electroweak production processes (peak at lower m.s¢ values) it is clearly visible
in Figure 23l This separation occurs as strong production processes lead to more and typically
harder jets in the final states. As 0grong falls more rapidly with A than ogw, the mean of the
meyy distribution is larger for the models with smaller A. On the other hand, the contribution of
the distribution from strong production processes is shifted to higher values for higher A, as the
corresponding sparticles have a larger mass. This property will be further used in the signal region
optimization in chapter [[7l

Eventually the GMSB scenario is attractive both from a theoretical and an experimental point of
view. In addition to the inclusive dilepton analysis studied in this thesis, also analyses using tau-
based final states provide complementary sensitivity [155-157]. Furthermore, a dedicated multi-
lepton analysis could further enhance the sensitivity |15§].
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Figure 21: Total production cross section in the GMSB model as a function of A and tan 8. The
entries in the plane correspond to the simulated grid discussed in chapter

4.4. mSUGRA

In a similar approach to the GMSB scenario discussed in the previous chapter, a two-dimensional
hyperplane in the mSUGRA parameter space is investigated. For this purpose, the following pa-
rameters are fixed:

e tan 3 =10
[ ] AOZO
e sign u =+

The chosen parameter values are motivated from indirect fits and from direct constraints in the
Higgs sector @@

In constrast to the GMSB model, the sleptons are significantly heavier in the mSUGRA scenario as
shown in Figure Thus the main source for leptons is the decay of charginos and neutralinos into
the lightest neutralino being the LSP via real or virtual W and Z bosons. As such the branching
ratios into a dileptonic final state are suppressed compared to the decay via sleptons due to the
twofold requirement of heavier gauginos in the decay chain followed by leptonic gauge boson decays:
Due to the smaller phase space, the branching ratio of squarks into heavier gauginos is considerably
smaller than the direct decay into the LSP, and the small leptonic branching ratios of W and Z
bosons further limit the probability of a dilepton final state. Furthermore, the transverse momenta
of the leptons are smaller than in the GMSB model, especially if the intermediate W and Z bosons
are virtual due to too small gaugino mass differences.

8 This set of parameters is chosen as a common benchmark scenario between the ATLAS and CMS experiments, though
it is now disfavoured by the recent Higgs boson discovery.
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Figure 25: Representative Feynman diagram for the production of a squark and a gluino in the
mSUGRA model resulting in a dilepton final state via the decay of a X3 (using [144]).

Another difference to GMSB is that the gluino is not always heavier than the squark as also visible
in Figure This is due to the fact that the squark masses depend on both mg and m /, while the
gluino mass only depends on my/,. As a consequence, the mg — my/, hyperplane is separated into
a region where the gluinos decay via two-body decays (my < m; /2) and a region where three-body
decays of the gluinos via virtual squarks take place (mg > my/3). A typical resulting Feynman
diagram leading to a dileptonic final state is shown in Figure 28] alternatively also the decay via
two charginos leads to the same signatur@. Additional details on the properties of the investigated
mSUGRA model with respect to the dilepton final state can be found in |14], while information on
the cross sections is contained in [163].

From the description above it can be expected that the sensitivity of this dilepton analysis is not as
large as in a zero- or one-lepton analysis. Nevertheless it provides complementarity on a common
benchmark scenario.

4.5. Simplified Models

In addition to the investigation of specific supersymmetry breaking models, a phenomenological
approach using Simplified Models |164, 165] is possible. In this effective bottom-up approach only
specific Feynman diagrams of the MSSM and the corresponding event topologies are investigated. As
such, Simplified Models provide no fundamental description of the breaking mechanism of supersym-
metry. In contrast to GMSB and mSUGRA these models provide a simple and direct interpretation
that can be re-cast into other theoretical frameworks |166].

Several Simplified Models are considered assuming pair production of either squarks or gluinos
followed by decays via one or two intermediate sparticles into the LSP which is assumed to be the
lightest neutralino. In the one-step case, the following decay chains are investigated:

= q@xXF — q@WEY

o G — dXF = dWEY

1911 this case, also same-sign lepton pairs are possible due to gluinos being Majorana particles.
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using only left-handed squarks of the first and second generation and assuming wino-like charginos.
The W boson can be real or virtual and Standard Model branching ratios are assumed. To investi-
gate two-dimensional slices of the relevant mass parameter space, two different scenarios are defined
using the compression parameter

L= (m)zli - m)}?)/(mhe(wy - m)}?)

with mpeqvy being the mass of the squark or the gluino respectively. In one set of models, z = 1/2
is fixed while mpeq0y and mgo are varied. Alternatively, mgo is set to 60 GeV while mpeqy and x
are scanned. An example diagram is shown in Figure 26l top left.

Similarly, two-step Simplified Models are defined, assuming again pair production of gluinos or
squarks. In contrast to the one-step case, two intermediate sparticles are inserted into the decay
chain. Three different decay chains are investigated. In the first model the squarks or gluinos both
decay via a chargino, which then decays either via a left-handed slepton or a left-handed sneutrino
as shown in Figure 26 top right. Equal branching ratios to all generations of sleptons and sneutrinos
are assumed. In the second type of two-step models, one chargino is replaced by the second lightest
neutralino which decays either into a left-handed slepton and the corresponding lepton or into a
sneutrino-neutrino pair as depicted in Figure bottom left. Again equal branching ratios into
all three generations of sleptons and sneutrinos are assumed. In the third class of models, again
decays of the colored sparticles into two charginos are assumed, but no intermediate sleptons are
present in the decay chain. The charginos instead decay into the second lightest neutralino and a
(real or virtual) W boson. The Y9 then decays via (real or virtual) Z bosons to the LSP as shown
in Figure 26] bottom right.

In all three sets of two-step Simplified Models, the masses of the squarks or gluinos and the LSP are
varied, while the masses of the intermediate particles are fixed using similar compression parameters
as in the one-step case. In the first two models involving sleptons, the )N({E and the Y9 have equal
masses fixing = 1/2. Furthermore the slepton and sneutrino masses are also assumed to be equal
and halfway between the chargino/neutralino and the LSP mass. In the third model involving W-
and Z bosons, the mass of the secondary X3 replacing the sleptons/sneutrinos is set halfway between
the chargino and the LSP mass correspondingly.

In all the investigated Simplified Models, the other superpartners are decoupled by setting their
corresponding masses to 4.5 TeV. Additional information on the generated models, such as the
corresponding cross sections, is contained in [163].

4.6. Background Processes

In order to search for the previously discussed supersymmetry models, it is necessary to identify the
corresponding signal among the Standard Model background processes. Figure [27] shows the cross
sections for Standard Model processes at hadron colliders. In general, the requirement of at least
two isolated leptons with high transverse momentum effectively suppresses many of the Standard
Model backgrounds, especially the dominant di- and multijet QCD events.

Dileptonic final states at hadron colliders are possible via different Standard Model processes. The
most important one for this analysis is the dileptonic decay mode of top-antitop pair production as
shown in Figure 28] left.
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This process leads to final states containing two b-jets, two leptons of opposite sign and two neutrinos
which leave the detector undetected and lead to E?iss. Additional jets can be produced via initial
or final state radiation further mimicking the signal process. All three flavor combinations (ee,eu
and pp) are possible. The dileptonic decay of the top-antitop pair is suppressed compared to the
semi-leptonic and fullhadronic decays as shown in Figure 28] right.

Another important possibility for a dileptonic final state is the decay of a Z boson into an electron
positron or a muon antimuon pair as shown in Figure While this process provides no intrinsic
E?iss, the presence of additional jets from initial state radiation can lead to significant amounts of
ErTniSS due to resolution effects and mismeasurement as further discussed in chapter [l To a lesser
extend, also the Z boson decay into a tau pair is important as dileptonic final states are possible
when both taus decay leptonically, leading to intrinsic ErTniSS due to the additional neutrinos in the
final state.

Figure 29: Feynman diagram for s-channel Z+jets production with two initial state gluon emissions
(using [145]).

Further relevant background processes include the production of a single top quark (especially in the
Wt channel) or the diboson production of a WW, W Z or ZZ pair. These processes are suppressed
due to their smaller cross section, lower jet multiplicity and/or less E?iss.

Reducible backgrounds where one or both leptons are misidentified can arise from W-jet production
or from QCD processes, as the corrosponding cross sections are large. The W+jet background also
has intrinsic E}niss and is as such highly relevant for analyses involving a single lepton. In the context
of this dilepton analysis, only a small impact due to these reducible backgrounds is expected.
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5. The Large Hadron Collider and the ATLAS Experiment

With a design center of mass energy of 14 TeV and a target instantaneous luminosity of 1034 cm™2 s,
the Large Hadron Collider (LHC) at CERN provides proton-proton collisions at the highest ener-
gies reached at accellerator facilities in the world. Detecting the results of these collisions with the
ATLAS detector allows for testing the Standard Model on unprecedented scales and for searching
for the production and decay of sparticles as discussed in chapter [l
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Figure 30: Overview over layout of the CERN accellerator complex including the Large Hadron
Collider and the four main experiments @]

5.1. The Large Hadron Collider

The LHC was constructed in the circular tunnel of its predecessor LEP (Large Electron Positron
collider) after a long period of planning [@@] The tunnel has a circumference of 27 km and
is located on average 100 m below ground level near Geneva under the swiss-french border. The
LHC ring is formed by approximately 8000 dipole, quadrupole, sextupole and octupole magnets for
focussing, stabilization and to keep the beams on a circular orbit. Both beam pipes are contained
within one common yoke and cryostat forming the world’s largest superconducting site using liquid
helium for cooling the magnets to 1.9 K. The circular arcs of the ring are interspersed with eight long
straight sections (LSS) that contain further instrumentation (collimation systems, radio frequency
system, beam extraction) and of which four sections are used to form the interaction points around
which the main experiments ATLAS, CMS, LHCb and ALICE are constructed. Before being filled
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Figure 31: Left: Peak Luminosity per day in 2011 [176]. Right: Integrated luminosity recorded by
ATLAS in 2011 [176].

into the LHC, the protons are accellerated via linear accellerators, the Proton Synchrotron (PS)
and the Super Proton Synchrotron (SPS) to an injection energy of 450 GeV per beam. The protons
are grouped in well-defined bunches which ard?d further arranged to bunch trains in order to reduce
the fill time and to allow for easier increases in luminosity. The original design bunch spacing is
25 ns corresponding to a revolution frequency of 40 MHz using up to 2808 bunches in total. An
overview over the LHC accellerator complex is show in Figure B0

17 days after the first test beams successfully circulated in the LHC ring on August 2"¢ 2008, a
failure in a weld joint occurred leading to quenching magnets (i.e. loss of superconductivity) and
an accidental release of 600 MJ stored in one sector of LHC dipole magnets [173]. After a shutdown
of 14 months for reparation and installation of further protection systems |174], first collisions took
place in november 2009 followed by the first regular data taking period in 2010 which provided an
integrated luminosity of 35 pb~! of proton-proton collisions at a center of mass energy of 7 TeV.
Instantaneous luminosities of up to 2 x 1032 cm™2 s~! were reached in 2010 operating at a bunch
spacing of 50 ns.

In 2011, higher luminosities of up to 3.6 x 1033 cm =2 s~! were achieved by using up to 1380 bunches
consisting of 1.45 x 10! protons each and due to smaller beam cross sections at interaction points.
Further information on the commissioning of the LHC and the first periods of operation can be found
in [175]. The total integrated luminosity of 4.7 fb~! of proton-proton collisions at 7 TeV which were
recorded in 2011 will form the main dataset of this thesis. Figure B3Il shows the evolution of the
peak luminosity (left) and the integrated luminosity (right) as recorded by ATLAS in 2011.

In 2012 the center of mass energy was raised slightly to 8 TeV, however the corresponding dataset will
not be used within this work. Further upgrades of the LHC and its experiments are planned for the
shutdown in 2013-2014, after which the beam energies will be raised to 6.5-7 TeV with instantaneous
luminosities above 103* cm™2 s=! being planned [177]. Additional upgrades are forseen for the
shutdown in 2018 [178] and to the High Luminosity LHC with instantaneous luminosities above
10% em =2 s for 2021 [179] to enhance the physics potential even further [180].

2%since September 2010
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5.2. The ATLAS Detector

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Figure 32: Cut-away view of the ATLAS detector and its components M]

The ATLA detector is one of the two general purpose detectors at the LHC with a total size
of 46 m x 26 m x 26 m. The detector design was driven by the goal of covering a broad physics

spectrum with emphasis on the discovery of the Higgs boson and searches for new physics beyond
the Standard Model.

The detector consists of the inner detector for tracking and vertexing, electromagnetic and hadronic
calorimeters and a muon spectrometer as shown in Figure The inner detector is contained
within a superconducting solenoid magnet providing a magnetic field of 2 T to allow for momen-
tum measurements of electrically charged particles. In addition, a toroidal magnetic field for the
measurement of muon momenta is provided by large superconducting air-core magnets outside of
the calorimeters.

The combination of position sensitive subdetectors, magnets and calorimeters is necessary in order
to identify and measure the kinematical properties of the particles produced in the proton-proton
collisions. Especially for the determination of missing transverse energy E:,“?iss in the event (see
chapter £.2.] and [6.7)), it is important that the detectors cover as much of the 47 solid angle as
possible. Details on the design and expected performance of ATLAS described in the following can
be found in [@] and [@]

2L A Toroidal LHC ApparatuS.
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5.2.1. The ATLAS Coordinate System

In the following, the coordinate system used by ATLAS will be introduced. The primary interaction
vertex is chosen as the origin of the coordinate system. The beam axis within the detector defines
the z-axis while the x-y plane is transversal to the beam with the x-axis pointing towards the center
of the LHC ring and the y-axis pointing towards the surface. In spherical coordinates ¢ denotes
the azimuthal angle in the x-y plane and 6 is the polar angle to the z-axis. The pseudorapidity 7 is
defined via 6 as

n = —Intan(6/2) (19)
as a good approximation of the rapidity y = %ln %ﬁj for E > m. The rapidity is a useful quantity
at hadron colliders as distances Ay are Lorentz invariant quantities and therefore the unknown
Lorentz boost of the parton-parton center of mass system along the z-axis does not affect Ay.
Correspondingly angular distances are expressed via

AR = \/A@2 + A (20)

As the initial boost of the parton-parton system along the z-axis is unknown at hadron colliders,

mainly the transverse momentum
pr = \/P2 + D (21)

and the missing transverse energy (see chapter [6.7))

E%niss — \/(E;niss)Q + (E?rJniss)Q (22)
with
miss __ p-miss,calorimeter miss,muon system
vw) — Fa(y) + B (23)

are used to describe the kinematical properties of an event.

5.2.2. The Inner Detector

The inner detector shown in Figure B3] consists of three different detectors for tracking and vertexing
and is surrounded by the superconducting solenoid magnet.

The innermost component is the Pixel Detector consisting of pixel modules arranged in three con-
centric layers around the beampipe and three additional disks on either side. The pixel modules
consist of silicon sensors and the corresponding front-end readout electronics providing in total
approximately 80 million readout channels (pixels) of 50 x 400 um? each. This high granularity
is crucial for providing the necessary spatial resolution for vertex and track reconstruction in a
high pileup environment [184]: The high instantaneous luminosity of the LHC leads to multiple
interactions per bunch crossing as shown in Figure [34] which also impacts the reconstruction and
performance of physics objects (chapter [f]). Being close to the beampipe, providing sufficient ra-
diation hardness and fault-tolerant logics while keeping a low material budget has been one of the
main challenges in the design and the development of the Pixel Detector.

Similar to the Pixel Detector, the Semi-Conductor Tracker (SCT) is built of longer silicon microstrip
detectors of 80 pm x 12 ¢cm arranged in four double-layers. Covering a larger area the SCT provides
the main part of the ATLAS tracking system.
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" Forward SCT

Figure 33: Cut-away view of the inner detector [@]
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Figure 34: Average number of interactions per crossing in 2011 @]

37



5 THE LARGE HADRON COLLIDER AND THE ATLAS EXPERIMENT

The outermost component of the inner detector is formed by the Transition Radiation Tracker
(TRT) consisting of densely packed straw tubes filled with Xenon and containing a central wire as an
electrode. The straw tubes are enclosed within polypropylene fibers producing transition radiation
from highly relativistic particles due to the transition between materials with different dielectric
constants. The photon emission depends on the relativistic velocity p/m with a threshold around
By > 1000 |. These transition radiation photons produce energy depositions in the straw gas
(high-threshold TRT hits) that can be distinguished from the lower-energy track ionization (TRT
hits). By this means, the TRT provides information for the identification of electrons in addition
to the track reconstruction as will be discussed in chapter

The combination of Pixel Detector, SCT and TRT is used for the reconstruction of tracks in ATLAS
by measuring spatial points (Hits) along the trajectory of a charged particle with high precision
as discussed in chapter The presence of the magnetic field provided by the solenoid magnet
allows for the determination of the momenta of charged particles by measuring the curvature of the
corresponding tracks. Both Pixel and SCT detector cover pseudorapidities || < 2.5 while the TRT
is limited to |n| < 2.

5.2.3. The Calorimeter System

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr electromagnetic
barrel

Figure 35: Cut-away view of the ATLAS calorimeters [@]

The ATLAS detector provides two calorimeter systems for measuring the energies of the particles
produced in the proton-proton collisions: The electromagnetic and the hadronic calorimeter as
shown in Figure

Surrounding the inner detector and the solenoid magnet, the electromagnetic calorimeter follows
the typical design of a sampling calorimeter. The absorber that stops electrons and photons via
electromagnetic interactions leading to typical electromagnetic showers (see chapter [6.3]) consists
of lead layers arranged in an accordion-like structure. Liquid Argon (LAr) is used for the active
material providing a homogeneous response that allows for the determination of the energy of
electrons and photons. As shown in Figure B3] the electromagnetic calorimeter is separated into
a central barrel (|n| < 1.475), end-cap wheels (1.375 < |n| < 3.2) and forward calorimeters (3.1 <
In| < 4.9). Longitudinally the barrel and end-cap calorimeters are segmented in three different
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layers with different granularities An and A¢ to separate two photons or electrons. For the central
region |n| < 1.8 an additional presampler detector has been installed to correct for energy losses
upstream of the calorimeter. More details on the performance of the reconstruction of electrons
using the electromagnetic calorimeter will be discussed in chapter

As neutral and charged hadrons which form the jets produced by the hadronization of quarks and
gluons have a longer radiation length than photons and electrons, a hadronic calorimeter is in-
stalled around the electromagnetic calorimeter to measure their energies. Like the electromagnetic
calorimeter, the hadronic calorimeter is a sampling calorimeter using steel for the absorption and
plastic scintillators (tiles) as active material for detecting the hadronic showers of strongly interact-
ing particles. For the very forward region (|n| > 3.2), liquid Argon and copper or tungsten are used
for the active and passive components to cope with the higher radiation levels. The granularity of
the hadronic calorimeter is coarser (An x A¢ = 0.1 x 0.1) as it is not necessary to identify single
hadrons in jets in order to reconstruct the energy and direction of the initial parton. The recon-
struction of jets using the hadronic calorimeter will be described in chapter The identification
of jets originating from b- and c-quarks is made possible via backwards extrapolation from the
calorimeter to the inner detector and the beam pipe as discussed in chapter

In general, the resolution of a sampling calorimeter as a function of energy can be described by

three terms:

=_Ng2ec

E VE FE
Here, the noise term N describes electronic and detector noise as well as pileup contribution
which are independent of the energy and dominate the overall resolution for the low energy regime.
The constant term C' contains the contributions that scale with the energy such as the signal loss in
passive material. As such, the constant term is most relevant for the measurement of particles with
high energy. In the intermediate regime, the sampling term S containing the stochastical fluctuations
in the energy measurement of the sampling calorimeter is of high importance. The performance of
the ATLAS calorimeters will be further discussed in terms of the resulting systematic uncertainties
on the leptons, jets and missing transverse energy in chapter [

5.2.4. The Muon System

Being mimimal ionizing particles, muons traverse the complete ATLAS calorimeter as they do not
interact hadronically and emit no bremsstrahlun. Therefore a large muon spectrometer as the
outermost detector (FigureBal) is used to identify muons and to reconstruct their momenta using the
magnetic field provided by the toroid magnet combined with information from the inner detector.
The toroidal magnetic field deflects the muons orthogonal to the transversal detector plane within
In| < 2.7 using an inhomogeneous field with on average 0.5 T. For the central part (|n| < 2.0), layers
of monitored drift tubes (MDT) provide the measurement of the muon track components while for
2.0 < |n| < 2.7 cathode strip chambers (CSC) are used as shown in Figure MDT and CSC are
accompanied by resistive plate chambers (RPC) and thin-gap chambers (TGC) for fast triggering
and to complement the muon reconstruction as described in chapter

22 In addition to the in-time pileup from multiple interactions per bunch crossing, also out-of-time pileup due to energy
depositions from previous or later bunch crossings can impact the calorimeter measurements.
2below energies of ~ 500 GeV
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Figure 36: Cut-away view of the ATLAS muon system [@]

5.2.5. The Luminosity Detectors

Several detectors are used for a precise determination of the instantaneous and the integrated
luminosity delivered by the LHC. While the absolute luminosity is obtained from the LHC beam
conditions measured via van der Meer scans @], the relative luminosity is constantly determined
using several dedicated forward detectors, with LUCIDZY @] and BCMZ @] providing the
main measurement. LUCID is a Cherenkov detector consisting of 20 optically reflecting gas tubes
installed around the beampipe at the longitudinal ends of ATLAS covering 5.6 < |n| < 5.9. It
measures the number of inelastic proton-proton interactions per bunch crossing by detecting the
Cherenkov radiation produced from the interaction of charged particles in the gas tubes. The BCM
detector consists of each two arms of radiation-hard diamond sensors located around the beampipe
on both sides of ATLAS at z = £184 cm (corresponding to |n| ~ 4.2), thus allowing for a coincidence
measurement of the number of collisions. Furthermore, the BCM detector is also used to monitor
the beam gas and beam halo backgrounds providing a fast feedback for the accellerator operation
as well as a very important detector protection via emergency beam dumps in case of beam losses.

5.2.6. The Trigger System

With a nominal interaction rate of 40 MHz and more than 160 million readout channels, it is
impossible to record and store all collisions provided by the LHC. Therefore a dedicated trigger
system is used to identify and select events stemming from interesting rare processes while rejecting
most of the ordinary QCD events in real-time [@, |.

The ATLAS Trigger system is composed of three layers as shown in Figure 371 The first level
trigger (LVL1) is purely hardware-based. It reduces the event rate to 100 kHz using fast algorithms
scanning regions of the calorimeters and the muon system for possibly interesting information.

24L,Uminosity measurement using a Cherenkov Integrating Detector
25Beam Conditions Monitor
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Figure 37: Block diagram of the Trigger/DAQ system [182]. The actual trigger rates used for the
2011 data taking period surpass those given in the diagram.

The second level trigger (LVL2) combines these information using additional selection algorithms
reducing the rate to 2 kHz. The last layer is formed by the “Event Filter” (EF) which uses the full
event information for the trigger decision and further decreases the event rate to ~ 400 Hz which is
small enough for permanent storage. Both LVL2 and EF rely on software-based algorithms run on
a small computer cluster. This multi-layered trigger system allows for the usage of complex trigger
chains as each subsequent layer has more time for its decision. The triggering of interesting physics
processes is further complicated by the presence of pileup. This is one of the reasons why additional
upgrades of the ATLAS trigger system are foreseen for the shutdown in 2013-2014 [191].

5.2.7. Data Acquisition and Computing

Following a positive trigger decision, events will be recorded and fully reconstructed by the data
acquisition (DAQ) system at the Tier-0 site, a dedicated computer cluster forming the lowest layer
of the ATLAS computing system [192| as part of the worldwide LHC Computing Grid (LCG) |193].
After the reconstruction, the data is further transfered to several large computing centers (Tier-1)
which then serve additional smaller centers (Tier-2) and universities (Tier-3) downstream in order to
spread-out the data. This decentral layout guarantees the parallel access by many physics analysts
independent of the geographical location.

5.2.8. Physics and Detector Simulation
In order to compare the measured results from the LHC collisions to the theoretical predictions, it is

necessary to use Monte Carlo simulation. At first the matrix element of a certain physics processes
as well as the hadronization of the quarks and gluons leading to jets is calculated using various
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generators. Subsequently, the Monte Carlo events produced by these generators are simulated using
the GEANT4-based [194] ATLAS detector simulation Athena [192,195]. The presence of additional
interactions from pileup is included within the simulation. Using common data formats it is possible
to run the same digitization, reconstruction and Trigger algorithms on the output of the simulation
and on measured data.
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6. Object Definition and Reconstruction

In order to search for supersymmetry in the dileptonic final state, it is necessary to identify the
jets and leptons and to reconstruct their transversal energy by using the information from the
subdetectors, magnets and calorimeters described in the previous chapter Bl In the following, a
brief summary on the definition and reconstruction of the physics objects relevant for this analysis
will be layed out before further discussing the event selection requirements in chapter [7l

6.1. Tracks

Charged particles produced in the proton-proton collisions traversing the inner detector leave hits in
the Pixel, SCT and TRT detectors. From these hits, particle trajectories (tracks) are reconstructed
using several different algorithms, with the inside-out algorithm being most important for tracks
with a transverse momentum of several GeV [196]. Starting from track seeds using three space-
points closest to the interaction point, further hits are associated by extrapolation outwards to the
TRT and ambiguities between overlapping tracks are resolved. In order to further increase the
track reconstruction efficiency, this track reconstruction scheme is accompanied by an additional
back-tracking algorithm starting from seeds in the TRT. The lowest transverse momentum in the
track reconstruction for the 2011 dataset at /s = 7 TeV has been set to 500 MeV. As an example,
Figure B8 shows the expected track reconstruction efficiency as a function of n for electrons and
muons with different transverse momenta. Additional information on the reconstruction of tracks
in ATLAS are contained in [183, [196-198]
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Figure 38: Simulated track reconstruction efficiencies as a function of |n| for muons (left) and
electrons (right) with pr of 1, 5 and 100 GeV |183].

2. Vertices

Vertices are reconstructed based on the tracking information provided by the inner detector. Both
primary and secondary vertices are identified using dedicated algorithms. The main primary vertex
is defined as the one with the largest sum of [p%| of associated tracks. The reconstruction of the
vertices from additional interactions provides a handle for the treatment of pileup as shown in Fig-
ure [39 and for the suppression of jets originating from such additional interactions as described in
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Figure 39: Distribution of the average number of reconstructed vertices as function of the average
number of interactions per bunch crossing [201].

chapter Information on secondary vertices is highly relevant for the identification of jets origi-
nating from the decays of B-Hadrons as further discussed in chapter Details on the performance
of the reconstruction of primary vertices in ATLAS can be found in [198-200)].

6.3. Electrons

The reconstruction and identification is based on the tracks reconstructed in the inner detectror
and the energy clusters in the electromagnetic calorimeter.

6.3.1. Electron Reconstruction

In the main reconstruction algorithm@], seeds for the electron reconstruction are obtained from
energy clusters in the electromagnetic calorimeter with a transverse energy above ~ 3 GeV. These
seed clusters are found using a sliding window algorithm [202] with a fixed rectangular size of 3 x 7
(5 x 5) cells in (n,¢) in the barrel (endcap) region. The clusters are loosely matched to tracks
from the inner detector to form electron candidates [203]. The energy of the electron candidate is
set to the cluster energy, which itself combines the information from the presampler and the three
calorimeter layers. The electron momentum information is usually taken from the corresponding
track (providing higher resolution) unless the track contains less than four pixel and SCT hits such
that the cluster information is used as 1 and ¢. Additional details on the electron reconstruction
can be found in [183].

The performance of the electron reconstruction has been investigated using simulation [203], test
beams [204, 205] and measured with collision data [206]. Further updates using a Gaussian Sum
Filter-based model for bremsstrahlung are being investigated [207].

26There are additional dedicated algorithms for electrons with very low energy and for electrons in the forward region.
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6.3.2. Electron Identification

The identification of electrons is based on the shape information of the electromagnetic shower as
well as the quality of the corresponding reconstructed track. Three different sets of identification
requirements denoted as loose, medium and tight have been defined using the variables shown in
Table The cut requirements on these variables are varied as a function of pr and 7 to achieve
identification efficiencies that are approximately independent of pr and 7. In the transition region
between barrel and endcap calorimeter of (1.37 < |n| < 1.52), the efficiency and resolution is
reduced.

Type | Description | Name
Loose selection
Acceptance In| < 2.47
Hadronic leakage | Ratio of Er in the first layer of the hadronic calorimeter to Er of Rhad1
the EM cluster (used over the range |n| < 0.8 and || > 1.37)
Ratio of Er in the hadronic calorimeter to Er of the EM cluster Rhad
(used over the range |n| > 0.8 and |n| < 1.37)
Middle layer of Ratio of the energy in 3x7 cells over the energy in 7x7 cells R,
EM calorimeter centred at the electron cluster position
Lateral width of the shower W2
Medium selection (includes loose)
Strip layer of Total shower width Wstot
EM calorimeter Ratio of the energy difference between the largest and second largest | FEratio
energy deposits in the cluster over the sum of these energies
Track quality Number of hits in the Pixel Detector (> 1) Npixel
Number of total hits in the Pixel and SCT detectors (> 7) nsi
Transverse impact parameter (|do| <5 mm) do
Track—cluster An between the cluster position in the strip layer and the An
matching extrapolated track (|An| < 0.01)
Tight selection (includes medium)
Track—cluster A¢ between the cluster position in the middle layer and the A¢
matching extrapolated track (|A¢| < 0.02)
Ratio of the cluster energy to the track momentum E/p
Tighter An requirement (JAn| < 0.005) An
Track quality Tighter transverse impact parameter requirement (Jdo| <1 mm) do
TRT Total number of hits in the TRT NTRT
Ratio of the number of high-threshold hits to the total number of fur
hits in the TRT
Conversions Number of hits in the b-layer (> 1) NBL
Veto electron candidates matched to reconstructed photon
conversions

Table 5: Definition of variables used for loose, medium and tight electron identification cuts for the
central region of the detector with |n| < 2.47 |206].

These three sets of criteria correspond to different levels of selection efficiency for real electrons and
rejections of fake backgrounds.

For the 2011 data taking period, the identification criteria have been updated requiring a tighter
track-cluster matching in 7, stricter pixel and TRT hit requirements and tighter shower-shape
requirements for || > 2.0 compared to |206]. These updated identification requirements will be
denoted as “++” in the following, whereas identification criteria without the “++" suffix correspond
to the definitions of the 2010 data taking period.

Figure 40 left shows the measured loose++ identification efficiency as an example. A mild depen-
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Figure 40: Left: Loose++ electron identification efficiency measurement for electrons with trans-
verse energy between 7 and 50 GeV [208]. Right: Electron identification efficiency dependence on
pileup for electron transverse energies between 20-50GeV [209].

dence of the identification efficiencies on the number of reconstructed vertices is observed as shown
in Figure @0 right.

6.3.3. Electron Identification Efficiency from J/¥ Decays using the ;Plot Technique

The determination of efficiencies is a crucial ingredient to any physics analysis. In the context of
this analysis, the inclusion of leptons with low transverse momenta is beneficial (especially with re-
spect to the soft lepton analysis, see chapter [7). As such it is necessary to extend the measurement
of efficiencies to low transverse momenta. In the following, the measurement of electron identifi-
cation efficiencies for electrons with low transverse momentum from J/W¥ decays using the ;Plot
technique [210] is described as a short excursus.

In general, efficiencies related to the reconstruction and identification of leptons can be obtained
using the tag-and-probe method |211, 212], usually based on leptonic Z boson decays. In this
data-driven method, a tight selection criteria is applied to one of the decay candidates (the tag),
while only loose criteria are required for the second candidate lepton (the probe). By requiring a
reconstructed dilepton mass close to the Z boson mass, a high purity sample of events stemming
from Z boson decays is selected. As such, the reconstruction and identification criteria can then be
tested on the probe candidate, allowing for a efficiency measurement in data. For electrons with
transverse momenta below =~ 15 GeV, electrons from Z boson decays are below the kinematic reach.
To extend this reach to very low pr, electrons from J/¥ — e*e™ decays can be used instead?7.

In contrast to the standard tag-and-probe method using Z bosons, a much larger background from
hadrons faking electrons is present for very low pr electrons that needs to be subtracted to perform
the efficiency measurement as a function of the electron py and 7. Such a background subtraction is
the purpose of the ;Plot technique and will be used here to derive the loose identification efficiency
with respect to a track matched to an electron candidate. The ;Plot technique allows to separate
several different sources of a given sample of events as a function of control variables by utilizing
uncorrelated discriminating variables for which the distributions are known. As such it will be used
in the following to derive the pp and 71 distributions for the probe electrons from true J/¥ — ee
before and after requiring the loose electron identification criterium.

2"The J/¥ meson has a large branching ratio to leptons as hadronic decays are suppressed according to the OZI rule.
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Figure 41: Fraction of high threshold TRT hits for loose electron candidates obtained using data
from 2009 [213)].

For this purpose, simulated samples for the direct production of J/¥ — e@ and a background
estimate based on an inclusive minimum bias sampla=] with cross sections of =~ 100 nb and ~ 2 mb
respectively are used. From the sum of these samples, a simulated dataset is randomly generated
corresponding to an integrated luminosity of 20 pb~! .

Tag-and-probe candidates are preselected with the following requirements starting from two electron
candidates:

e Track selection: 8 pixel+SCT hits, 20 TRT hits

e Cut on TR fraction, i.e. fraction of High Treshold Hits > 0.2
e Cut on tag pr > 5 GeV, probe pr > 3 GeV and opposite sign
e Require a tight reconstructed electron as tag electron

e Match probe tracks to reconstructed electron candidates

This preselection is necessary to obtain a reasonable signal-to-background ratio. Figure [4I] shows
the fraction of high threshold TRT hits for electrons from conversions and for hadrons motivating
a corresponding selection.

As a first step, it is necessary to fit the inclusive reconstructed invariant mass distribution of the
two electrons forming the discriminating variable to obtain a probability distribution function (pdf)
for the J/W signal and the corresponding inclusive background as shown in Figure For the
signal pdf, a Crystal Ball function m, | has been used while the background is assumed to
have exponential shape.

Using these pdfs, an event weight (;Weight) can be derived as a function of invariant mass which
represents the probability for a given event to be of signal type. The following brief description of
a simplified derivation of this event weight is fully taken from |:

28mc08.105751.Pythia_ directJpsie3e3.merge. AOD.e347 5462 s520 r808 r838
2mc08.105805.filtered minbias6.merge.AOD.e347 5462 s520 1808 r838

47



6 OBJECT DEFINITION AND RECONSTRUCTION

@ @ R E
5 ATLAS Work in Progress 1 + J/‘Y+M|nB|as MC B S 1000 —ATLAS Work in Progress —'— J/‘P+M|nBlas MC ]
& 1200? {| — Signal Fit - @ L — Signal Fit ]
r — Background Fit 4 L — Background Fit |

1000~ Fit Combination —| 800~ Fit Combination
800; . E 600} {
600 - L 1

: 400— —

400 = a ]
200 3 200~ -

o HHHHH‘\HHHH\“H: S L ! ! ]

1 1.5 2 25 3 3.5 4 4.5 5 1 1.5 2 25 3 3.5 4 45 5
Invariant Mass [GeV] Invariant Mass [GeV]

Figure 42: Invariant mass distribution for all electron candidates (left) and for those candidates
where the probe track is matched to a loose electron (right) using 20 pb~! of simulated data.

Let f*(pr,m) and f°(pr,m) be the two-dimensional pdfs for signal and background for an event
with probe track transverse momentum pr and invariant mass m. With the approximation that pp
and mass are independent it follows that:

fi(pr,m) = f*(pr) f*(m) (24)
folpr,m) = fP(pr) fo(m) (25)

f%(m) and f’(m) are known from the invariant mass fits, therefore it remains to find the f*(pr)
and f%(pr) parts. The probability for an event in the mass bin m to be of type signal is:

Nim) _ Nfi(m)
N*(m) + No(m)  Nof>(m) + No75(m)

P*(m) (26)

with N* and N® being the total number of signal and background events and N*(m) and N®(m)
the number of events in the mass bin m. The goal is to estimate the number of signal events in a
given pr bin:

N*(pr) = N*f*(pr) ZN pr,m)P%(m) = Z[NS(pT,m) + Nb(pp, m)|P%(m) (27)

m

With equation 24H26)] it follows that:
N*£(m)

N*f*(pr) = > IN*f*(pr,m) + Nbfb(pT,m)]sts(m) NPT () (28)
- SINS ) m) 4 N ) ) (ﬁi s @)

Ns s s Nb b
= pT Z sts f_i_( N)b]fb Z sts l_ Nfbf(b( ) ) (30)

As such, fs(pT) is a linear combination of f*(pr) and fb(pr):

. S(m)fs(m *(m)f(m
Fon =N S xeo i V0 S Nepa iy O
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Figure 43: Invariant mass distribution of the candidate dielectron pair from J/¥ — eTe™ decays
as a function of the transverse momentum of the probe track.

In analogy, f b(pr) can also be expressed as a similar linear combination yielding two linear equations
that can be solved for N*(pr) and N b(pT). For this purpose, the weight in equation 26] has to be
replaced. The corresponding ;Weight to get these is defined as

Zj:s,b Vstj(m) (Vij)_l Zm fz(m)fj(m)
2 jmsp N7 (m) Nt fi(m) + N fI(m)

The general proof that these weights sum up to the number of signal events in a given bin, known
as the sPlot technique, as well as its properties can be found in [210)].

P?(m) =

(32)

The ;Plot technique is applicable in this context as the candidate invariant mass and the probe pp
are approximately independent as shown in Figure 43l

The sWeight (equation [32)) is calculated for each event and summed to arrive at predictions for the
pr and 7 distributions for the J/W signal as shown in Figure [44] The overall agreement between
the shapes derived using the ;Plot technique and the input distributions is reasonable.

To determine the final efficiency of reconstructing a cluster fulfilling the loose identification criterium,
the ratio of the corresponding distributions of Figure 44l is calculated as shown in Figure Note
that efficiencies larger than one can occur due to the background subtraction method being used.

The sPlot technique has been implemented within the InsituPerformance framework [217, 1218] of
the ATLAS Simulation Software (see chapter (.2.8) and has been successfully applied to data since
the first observation of J/W¥ mesons at the beginning of the data taking in 2010 [219]|. Figure
shows the corresponding reconstructed dielectron mass distribution obtained with the full 2010
dataset of 40 pb~1.

6.4. Muons
The reconstruction of muons is based on the tracks reconstructed in the inner detector in combina-
tion with the information provided by the muon spectrometer.

In contrast to the detectors used for the electron reconstruction, the layout of the muon system is
rather inhomogeneous. Furthermore, the magnetic field exhibits a large dependence on n as well
such that the resulting muon trajectories have no simple analytical shape.
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Figure 44: pr (top) and n (bottom) distributions for all electron candidates (left) and for those
fulfilling the loose electron ID (right).
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Figure 46: Reconstructed dielectron mass distribution for J/¥ — eTe™ decays [206].

For the track reconstruction in the muon system, chambers of the muon detectors are grouped in
stations. Local track segments are reconstructed from the hit information in the precision chambers
of these stations. From the track segments, the full muon track is reconstructed using sophisticated
fitting techniques [220)].

Several identification and reconstruction algorithms are available:

e Standalone: Muons are reconstructed only using the muon spectrometer and extrapolated to
the interaction point.

e Combined: Standalone muon tracks are combined with the tracks reconstructed in the inner
detector using a STAtistical COmbination (STACO).

e Segment Tagged: Muon track reconstruction is seeded from inner detector tracks extrapolated
to the Muon Spectrometer

e Calomuons: Algorithm designed to recover not instrumented region around 7 =~ 0 using
calorimeter information.

The performance of the muon reconstruction has been investigated based on simulation [183] and
using test beam data [221], muons from cosmic rays [222] and collision data 223, 224].

Figure @7 shows the reconstruction efficiencies for muons from Z boson decays reconstructed using
the combined+segment tagged algorithm for data from 2011 compared to Monte Carlo simulation.
For n ~ 0, results for the calomuon algorithm are shown as well.

6.5. Jets

Jets are the particle showers emerging from the hadronization of quarks and gluons. Most of the
jet energy is deposited in the hadronic calorimeter. Due to the presence of charged particles in the
jets, these hadronic showers are usually accompanied by a number of tracks in the inner detector
as well.
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Figure 47: Reconstruction efficiencies for combined+segment tagged muons from Z boson decays
as a function of pr (left) and n (right) [225].

6.5.1. Jet Reconstruction

A number of jet reconstruction algorithms are available in the ATLAS reconstruction software, with
the anti-k; algorithm [226, 227| using a radius parameter R = 0.4 being the default choice. Jets
are reconstructed combining the energy depositions in the hadronic calorimeter iteratively. This
clustering algorithm is known to be infrared and collinear safe.

In contrast to electrons and muons, jets are complex objects. As such, the definition of the jet energy
scale that translates to the energy of the initial parton is more delicate. Initially, the cells of the
hadronic calorimeter forming the topoclusters are calibrated to the electromagnetic (EM) scale. As
hadronic interactions differ from electromagnetic interactions, this energy needs to be adjusted, for
which several calibration schemes exist [228]. In the following, the EM+JES calibration will be used,
while global (GCW) and local (LCW) cluster weighting calibration schemes are possible as well.
The important jet energy scale-related systematic uncertainties and their impact on this analysis
will be further discussed in chapter

6.5.2. Jet Vertex Fraction

While the jet reconstruction takes the existence of pileup into account [229], it is desirable to remove
the jets from additional interactions for the analysis as their presence degrades the separation power
between the supersymmetric signal and the backgrounds with less jet activity. For this purpose, the
Jet Vertex Fraction (JVF) variable [230] provides a strong handle. The JVF measures the probability
of a jet to originate from a specific primary vertex by dividing the sum of the transverse momenta
of tracks matched to this vertex by the sum of the transverse momenta of tracks associated to the
jet as shown in Figure @g left. Figure [48 right shows the distribution of the resulting JVF variable
which provides the separation power between jets from the hard scatter and those originating from
additional interactions.

Further details on the determination of the JVF and its performance are contained in [231, 232].
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Figure 48: Left: Schematic representation of the jet-to-vertex association provided by the jet-vertex
fraction (JVF) discriminant corresponding to the fraction of a jet originating from vertex i [231].
Right: Reconstructed jet-vertex fraction (JVF) with respect to the selected primary vertex for jets
with pr > 20 GeV and |n| < 2.0 using simulated dijet events [231].

6.6. b-Tagging

Jets originating from b-quarks can be identified using b-tagging algorithms as the life-time of the
corresponding B-Hadrons is of O(ps). As such, B-Hadrons decay after having traversed a distance
of O(mm) within the Pixel Detector leading to the creation of secondary vertices and displaced
tracks. Furthermore, also the possibility of semi-leptonic decays of b-quarks into leptons with a
branching ratio of 10% [233] can be exploited.

In the following, the JetFitterCombNN b-tagging algorithm [234] will be used which itself combines
the output of the IP3D [234] and the JetFitter [235] algorithms using a neural network. The
operating point is chosen such that the b-tagging efficiency in simulated t¢ events is approximately
60% while the jets originating from light quarks or gluons are rejected by a factor of 200-400,
depending on the jet pr. Figure [49 shows the corresponding performance in comparison to several
other algorithms. The JetFitterCombNN algorithm is calibrated using the 2011 dataset [236].

6.7. Missing Transverse Energy

Particles interacting only via the weak interaction (such as neutrinos or the supersymmetry LSPs)
leave the ATLAS detector without hits or energy depositions, leading to an imbalance of the total
energy in the transverse plane called missing tranverse energy (ErTniSS). In general, ErTniSS is computed
in ATLAS as the transverse component of the vector sum of all reconstructed physics objects adding
the residual not assigned calorimeter cells. In this computation, the appropriate energy scales are
taken into account.

For this analysis, the Simplified20_RefFinal algorithm is used which is a modification of the
default RefFinal reconstruction algorithm [237|, that does not apply a dedicated energy scale for
hadronically decaying 7 leptons. The performance and calibration of the missing transverse energy
reconstruction has been measured using the 2011 dataset correcting for the presence of pileup [23§].
Figure shows the resolution of the missing transverse energy measured in data and computed
in the Monte Carlo simulation as an example.
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Figure 49: Light-jet rejection as a function of b-tagging efficiency (left) and as a function of jet pp
(right) for several b-tagging algorithms using simulated ¢t events [234].
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7. Analysis

After having discussed the details of the reconstruction and identification of physics objects in
the previous chapter, the event and object selection for the analysis will be introduced and a first
comparison of data to the Standard Model backgrounds will be shown.

The results obtained in this dileptonic search channel will be further combined with two orthogonal
single lepton search channels requiring exactly one lepton with high or low transverse momentum
to maximize the sensitivity to different supersymmetry models:

o Hard dilepton channel: For the dilepton channel, at least two leptons are required as intro-
duced in chapter @ The two leptons with the highest transverse momentum are required to
be of opposite charge@, leading to three different final states (ee,eu and pp). This search
channel will form the main channel analyzed within this thesis, providing high sensitivity to
decay chains involving sleptons.

e Hard single-lepton channel: The dilepton channel will be accompanied by a search requiring
exactly one electron or muon. This hard single-lepton channel targets decay chains involving
charginos which decay leptonically via a (real or virtual) W boson.

o Soft single-lepton channel: Additionaly, an analysis channel requiring exactly one soft lepton
with low transverse momentum and soft jets is introduced to improve the coverage of super-
symmetry models with compressed mass spectra in which the mass differences between the
sparticles involved in the decay chains are small.

The three analysis channels partially share common background estimations as described in detail
in chapter [I0] and as such will be discussed together when appropriate. This combined analysis has
been published by ATLAS [19]. Figure 51l shows a schematic overview of the analysis channels and
their combination as discussed in the following chapters.

7.1. Trigger and Data Collection

The analysis is based on the full 2011 dataset of proton-proton collisions at a center of mass energy of
Vs =7 TeV. After applying data-quality requirements demanding good LHC and ATLAS running
conditions in all parts of the detecto, the total integrated luminosity is 4.7140.18 fb~1 [240, 241).
The maximum instantaneous luminosity in this dataset reached 3.65x 1033 cm=2s~!, with an average
number of interactions per bunch crossing of 10 as discussed in chapter

Events are selected using single lepton triggers as shown in Table[6l The 2011 dataset is divided in
several periods with different run conditions and trigger menus. For the ee and pp final states, the
corresponding single lepton triggers with thresholds of 20-22GeV (electrons) and 18GeV (muons)
will be used. For the ey final state, events are selected using both the single electron trigger or
the single muon trigger (avoiding overlaps) to maximize the selection efficiency. Additionaly, a
muon-+jet trigger is used for periods J-M to recover an inefficiency in the corresponding single
muon trigger. As the ATLAS simulation fully simulates the triggers, the trigger requirements can
be applied to Monte Carlo simulations as well. Small remaining discrepancies are corrected as
discussed in more detail in [242].

30 A similar analysis focussing on same-sign dileptons is contained in [239].
31The data quality in all detector components is ascertained by applying the official ATLAS Good Runs List
datall_7TeV.periodAllYear_DetStatus-v36-prol0_CoolRunQuery-00-04-08_Susy.xml
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2 lepton 1 lepton
- - - 2 leptons, | 2 leptons, ||Hard lepton,Hard lepton,|Soft lepton,
Exclusive Signal Regions 2 jets 4 jets 3 jets 4 jets 2 jets
4 4 4 4 4
. . . . Etmiss
Triggers Single electron and muon (+jet) triggers triggers
Y Y Y
u
Dominant Backgrounds ttbar, Z+jets ttbar, W+jets W;fatf' 2
5
Estimated in dedicated control regions g
. y y o
Y Y Y £
QCD (estimated with data-driven matrix method)
Other Backgrounds Single Top, Diboson (taken from Monte Carlo simulation) 2
¥ Al A
Interpretation GMSB mSUGRA Simplified Models
Figure 51: Schematic overview of the combined analysis setup.
Period Data | MC
Single Electron Trigger
B-J EF €20 medium EF 20 medium + trigger scale factor (1)
K EF €22 medium EF €20 medium + trigger scale factor (1)
L-M EF e22vh mediuml OR EF e45 mediuml | EF e22vh mediuml + trigger scale factor (2)
Single Muon Trigger
B-1 EF mul8 Trigger reweighting (1)
J-M EF mul8 medium, EF mul8 L1J10 Trigger reweighting (2)

Table 6: Triggers used to select events for the different data taking periods as applied on data
(left) and Monte Carlo simulation (right). The numbers in parentheses indicate, that different
reweightings are necessary for different data taking periods.
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Figure 52: Trigger efficiency with respect to offline reconstructed electrons for the different single
electron triggers used in this analysis as a function of offline  and pr [243]. The efficiencies have

been determined using the tag-and-probe method on Z — ee events.
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Figure 53: Trigger efficiency with respect to offline reconstructed muons for single muon triggers in
the barrel (left) and endcap (right) regions [244|. The efficiencies have been determined using the
tag-and-probe method on Z — pp events.

The trigger requirements are adjusted to avoid prescaled trigger while ascertaining that the event
selection based on reconstruced objects is in the efficiency plateau as shown in figures B2land 53l The
usage of single lepton triggers for this dilepton analysis is possible as the targeted supersymmetry
scenarios involve large mass differences leading to leptons with high transverse momenta as was
shown in Figure The usage of common triggers simplifies the combination of the results from
this dilepton analysis with the hard one lepton channel further discussed in chapter [0l

7.2. Object Selection

While the main properties of the object reconstruction and identification have already been layed
out in chapter [6] the exact object definitions for jets, electrons and muons used for this analysis
will be detailed in the following. For these objects, first a preselection with looser requirements is

32Prescaled triggers artificially record only a subset of events passing the trigger criteria to reduce the trigger rate as
imposed by the limited trigger bandwidth.
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Cut Value/description
Jet Type no | b-jet

| Preselected jet
Algorithm AntiKt4Topo
Acceptance pr > 20 GeV,|n| < 2.5
Overlap AR(jet,e) > 0.2
Quality reject events with bad jet quality
Jet Vertex Fraction JVF > 0.75

| Signal jet |
Acceptance pr > 25 GeV,

In] < 2.5

Other - | JetFitterCombNN>1.8

Table 7: Summary of the jet and b-jet selection criteria. The signal selection requirements are
applied on top of the preselection.

| Cut | Value/description
| Preselected Electron
Algorithm AuthorElectron
Acceptance pr > 10 GeV, [t < 2.47 (hard lepton channels)
7 GeV < pr < 25 GeV, |nlust] < 2.47,1.37 < [n°!Ust] < 1.52 excluded (soft lepton channels)
Quality Medium+-+
Overlap AR(e, jet) > 0.4
| Signal Electron
Quality Tight++
Acceptance pr > 25 GeV (leading electron)
Track isolation > pr in AR cone of 0.2/pr < 0.10

Table 8: Summary of the electron selection criteria. The signal selection requirements are applied
on top of the preselection.

defined. The preselected objects are used for the overlap removal between jets, electrons and muons
to avoid double-counting of objects. Afterwards, the final selection is tightened using signal objects.
Track isolation requirements are imposed on both electrons and muons.

This object selection is applied via the SUSYTools package [245], which in turn fixes various small
discrepancies for the efficiencies not yet contained in the ATLAS simulation using the packages
listed in appendix [Bl Tables [ B and @ contain the corresponding definitions for jets, electrons and
muons respectively, which are commonly used in the ATLAS supersymmetry analyses.

7.3. Event Selection

In addition to the general assessment of data quality described in chapter [[1] individual events
are rejected if noise bursts or data integrity problems in the electromagnetic [246] or hadronic
calorimeters [247, 248| are present.

For approximately 20% of the dataset, the region 0 < n < 1.4 and —0.8 < ¢ < —0.6 in the electro-
magnetic calorimeter had an electronic failure in the corresponding Front End Boards preventing
the recording of signals. As such, events in the dataset are vetoed if an electron is reconstructed
in this region [246, 249]. Furthermore, events are vetoed if the jet-related contribution to EMiss
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‘ Cut Value/description ‘
‘ Preselected muon ‘
Algorithm STACO, combined or segment-tagged muon
Acceptance pr > 10 GeV,|n| < 2.4 (hard lepton channels)
6 GeV < pr <20 GeV,|n| < 2.4 (soft lepton channels)
Quality Loose
Inner detector Number of pixel hits + number of crossed dead pixel sensors > 1

Number of SCT hits+number of crossed dead SCT sensors > 6
Pixel holes + SCT holes < 3
> 1 b-layer hit when it can be expected

Track quality If [n] < 1.9: nrrr > 5 and n4kers < 0.9nrrr
If | > 1.9 and nrrr > 5: n$ekers < 0.9nrrr
Overlap AR(p,jet) > 04
‘ Signal muon
Acceptance pr > 20 GeV (leading muon)
Track isolation > pr in AR cone of 0.2 < 1.8 GeV

(excluding muon track)

Table 9: Summary of the muon selection criteria. In this table, ntrr is the total number of TRT
hits, including outliers. The signal selection requirements are applied on top of the preselection.

pointing to this defective region is large and provides a significant fraction of the total EX. The
contribution is estimated using the information on the energy in the neighbouring calorimeter cells.
This effect is included in the detector simulation for the Monte Carlo datasets used in the following.
Further studies on this event veto are contained in [250] showing that the overall loss of signal
accceptance from this requirement is neglible.

Moreover, the presence of cosmic muons is taken into account by rejecting events containing prese-
lected muons with impact parameters of |zg py| > 1 mm or |dp py| > 0.2 mm with respect to the
primary vertex. The remaining contribution from cosmic muons has been estimated using a Control
Region with large |29 py| and found to be negligible [242].

7.4. Background Prediction

Simulated Monte Carlo samples are used for the description of the different Standard Model back-
grounds utilizing several generators as shown in Table TPY. As the correct description of final states
with additional jet radiation is of high relevance for the dominant ¢¢ and Z+jets backgrounds, ALP-
GEN [251] is used to generate the corresponding processes including up to five additional partons
in the matrix element calculation, which allows for a more precise prediction of the emission of ad-
ditional hard jets compared to a description via parton shower algorithms. Single-top samples are
simulated using MC@QNLO [252], while Herwig [253] is used for the diboson backgrounds. For all the
samples, the parton shower and fragmentation processes are simulated using Herwig in combination
with Jimmy [254] for the underlying event modeling using the ATLAS AUET2B_LO** tunes [255].
The overlap between the heavy-flavored and light-flavored W /Z-+jets samples is removed using the

33The full list of samples is contained in appendix [Al
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heavy flavor overlap removal (HFOR) tool |256].

In addition to the information on the generators and PDF sets used for the simulation of the
backgrounds, the corresponding cross sections and parton distribution function sets are contained
in Table [I0] as well. For most of the processes, higher order calculations of the cross sections are
available and will thus be used for the (nominal) background normalization.

All these samples have been simulated and reconstructed using the ATLAS simulation framework
taking into account the presence of pileup as described in chapter L.2.8

7.5. Signal Prediction

For the different supersymmetry signal models, samples are simulated as follows: The GMSB and
MSUGRA mass spectra are calculated with ISAJET 7.80 [267] and ISASUSY [268| using the SUSY
Les Houches Accord format |269, 270]. Signal events are generated using Herwig++ 2.5.2 |271] and
MRST2007LO* [272| parton distribution functions.

For the Simplified Models, the signal samples are generated using MADGRAPHS5 [273| with the
CTEQG6L1 [257] PDF set and PYTHIA [274] for the parton showering. The samples are generated
including one extra parton in the matrix element calculation and applying the MLM matching
scheme [275] setting the scale parameter to one-fourth of the LSP mass.

The signal cross sections are calculated at NLO+NLL accuracy using NLL-fast [146-150| for the
pure strong production processes and at NLO accuracy using Prospino 2.1%1 [146, [151-153] for all
other production mechanisms. The corresponding uncertainties on the signal cross sections will be
discussed in chapter

34Prosino 2.1 as of 11/20/2011.
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PDF Set Cross PDF Set Calculation
Physics process Generator (Generator) section (pb) | (Cross Section) accuracy
m ALPGEN 2.13 [251] | CTEQG6LI [257] 166.8 MSTW2008NNLO [258] | NLONLL _ [259]
W (= v) + jets ALPGEN 2.13 [251] | CTEQSLI [257] 10460 MSTW2008NNLO [258] NNLO [260]
W(— v) + bb + jets ALPGEN 2.13 [251] | CTEQS6L1 [257] 130 LOXK
W(— v) + ¢ + jets ALPGEN 2.13 [251] | CTEQS6L1 [257] 360 LOXK
W(— ) + ¢ + jets ALPGEN 2.13 [251] | CTEQS6L1 [257] 1100 LOXK
Z/v* (= €h) + jets (mgp > 40 GeV) ALPGEN 2.13 [251] | CTEQS6L1 [257] 1070 MSTW2008NNLO [258] NNLO 260]
Z/v* (— £0) + jets (10 GeV < myy < 40 GeV) | ALPGEN 2.13 [251] | CTEQ6LI [257] 3970 MSTW2008NNLO [258] NNLO [260]
Z/v* (= €6) + bb + jets (mygp > 40 GeV) ALPGEN 2.13 [251] | CTEQS6L1 [257] 10.3 LO
Single-top (¢-chan) MCG@NLO 4.01 [252] | CT10 [261] 7.0 MSTW2008NNLO [258] | NNLO+NNLL  [262]
Single-top (s-chan) MC@NLO 4.01 [252] | CT10 [261] 0.5 MSTW2008NNLO [258] | NNLO+NNLL  [263]
Single-top (W t-chan) MC@NLO 4.01 [252] | CT10 [261] 15.7 MSTW2008NNLO [258] | NNLO+NNLL  [264]
wWw HERWIG 6.5.20 [253] | MRSTMCal (LO**) [265] 44.9 MSTW2008NLO [258] NLO [266]
WZ /v HERWIG 6.5.20 [253] | MRSTMCal (LO**) [265] 18.5 MSTW2008NLO [258] NLO 266]
Zjv* Z HERWIG 6.5.20 [253] | MRSTMCal (LO**) [265] 5.96 MSTW2008NLO [258] NLO [266]

19

Table 10: Simulated background event samples used in this analysis, with the corresponding production cross sections. The notation
LOxK indicates that the process is calculated at leading-order and corrected by a factor derived from the ratio of NLO to LO cross
sections for a closely related process. The ¢t , W+ light-jets and Z-+ light-jets samples are normalized using the inclusive cross sections;
the values shown for the W+ light-jets and Z+ light-jets samples are for a single lepton flavor. The single-top cross sections are listed
for a single lepton flavor in the s- and t-channels. Further details are given in the text.
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dilepton preselection

eFeT pEpF e*pu®
Trigger Single electron  Single muon (+jet) Single electron or muon (+jet)
Nele >2 =0 >1
Ninwo =0 ) > 1
P (GeV) >25 > 20 > 25 (20)
P2 (GeV) > 10 > 10 > 10
My (GeV) > 12 > 12 -
Nt >2 >2 >2
Pt (GeV) > 50, 50 > 50, 50 > 50, 50

Table 11: Overview of the selection criteria for the preselection.

7.6. Kinematic Distributions

In the following, the simulated Monte Carlo backgrounds will be compared to data after a loose
preselection as shown in Table [[1l In addition to the event preselection described above, at least
two leptons of opposite sign with pr > 10 GeV are required. To assure a flat trigger efficiency,
the leading lepton has to have pr > 25 (20) GeV for electrons (muons). In the dielectron and
dimuon channels, the invariant mass of the leading two leptons is required to be larger than 12 GeV
to suppress low mass resonances such as J/¥ and Y. Furthermore, the presence of at least two
jets with pr > 50 GeV is required to loosely preselect a phase space-region matching the signal
propertie.

Figure [B4] shows the transverse momentum of the leading and second leading lepton for the ee, ey
and pp final states, while Figure shows the invariant mass of the two leading leptons and the
missing transverse energy. Furthermore, Figure contains the distribution of the vectorial sum
of transverse momenta of the two leading leptons as well as the number of jets with transverse
momentum above 25 GeV. Finally, Figure provides the transverse momentum of the leading
jet and the effective mass. In addition to the stacked Standard Model backgrounds, exemplary
distributions for the GMSB signal model with A = 45 TeV and tan 8 = 5 are overlayed. The insets
denoted as “Data/SM‘“ show the ratio between data and the total Standard Model expectation
and as such allow for a visual check of consistency. The yellow band in the figures reflects the
uncertainties due to limited Monte Carlo statistics as well as the systematic uncertainties that will
be discussed in detail in chapter @ The data-driven estimate for the misidentified leptons in multijet
events will be described in chapter Bl

It can be seen that with this preselection, the ee and pp channels are dominated by the Z-+jets
background, while the eu events are composed mainly of ¢f production. The overall agreement
between the simulation and data is satisfactory, while some discrepancy in the modelling of the
transverse momentum of the Z boson can be observed in the Zpp and lepton pp distributions. The
correction of this mismodelling is the topic of chapter B3l

As observable when comparing the total Standard Model expectation to the exemplary signal model,
an enrichment of signal events compared to the Standard Model backgrounds can be achieved by
applying phase space cuts on different variables such as Njet, E%ﬁss or meg which will be discussed
in chapter [[.71

35This also fulfills the requirement of at least one jet due to the trigger requirements in the muon-jet trigger.
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Figure 54: Distribution of the transverse momentum for the leading (left) and second leading lepton
(right) in data and Monte Carlo for the ee channel (top) and the pp channel (middle) as well as the
leading electron (left) and leading muon (right) for the ex channel (bottom) after the lepton plus
two jets kinematic selection. The yellow band definition is given in the text. For each distribution
data Monte Carlo ratio plots are also shown.
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Figure 55: Distribution of the invariant mass (left) and missing transverse energy (right) in data
and Monte Carlo for the ee channel (top), the ppu channel (middle) and the eu channel (bottom)

after the lepton plus two jets kinematic selection. The yellow band definition is given in the text.
For each distribution data Monte Carlo ratio plots are also shown.
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Figure 56: Distribution of the vectorial sum of the transverse momenta of the leading two leptons
(left) and of the number of jets with transverse momenta above 25 GeV (right) in data and Monte
Carlo for the ee channel (top), the pp channel (middle) and the ep channel (bottom) after the
lepton plus two jets kinematic selection. The yellow band definition is given in the text. For each
distribution data Monte Carlo ratio plots are also shown.
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Figure 57: Distribution of the transverse momentum of the leading jet (left) and of effective mass
(right) in data and Monte Carlo for the ee channel (top), the pp channel (middle) and the ep
channel (bottom) after the lepton plus two jets kinematic selection. The yellow band definition is
given in the text. For each distribution data Monte Carlo ratio plots are also shown.
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7.7. Signal Region Optimization

The goal of this analysis is the discovery or exclusion of certain supersymmetry models introduced

in chapter @l As such it is necessary to maximize the possibility to distinguish a supposed number

of signal events S from the background B such that an excess in the data cannot be attributed to a

statistical fluctuation of the background. In high energy physics, this is often done by maximizing

the significance

. S+B-B S
VB VB

which measures the difference between the S + B and the B hypothesis in relation to the lo
uncertainty of the background expectation v/B, assuming Gaussian distributions for both signal
and background expectations. Therefore large significances correspond to high probabilities for
a deviation from the background-only model. If the expectation values S and B are small, the
expected number of events are better described via Poisson-distributions

(33)

(34)

Correspondingly, the significance definition is modified to the following implicit definition

> fB) == [ cap(-a /2o (35)
T JSig

n=S+B

which translates the probability density function of the background expectation f(n; B) into widths
of a Gaussian normal distribution. For large values of B, equation B5] approaches equation [33

In addition to these statistical properties, it is necessary to take into account systematic uncertainties
on the expected number of signal and background events. Such systematic uncertainties can be
incorporated into the significance definition by convoluting the Poisson distribution f(n;A) with an
additional Gaussian distribution of mean A\ = B and width o,,,. For the optimization described in
the following, a systematic uncertainty oy, of 30% was assumed based on previous experience@.

Using this significance definition as a figure of merit, Signal Regions can be defined by applying
phase space region cuts on different variables. To maximize the sensitivity, several variables are
scanned in parallel for all model points of a given supersymmetry scenario: For each model point,
the possible cut combinations of all considered variables are scanned with a small stepsize and the
remaining number of signal and background events is calculated.

The cut combination maximizing the following criteria (in this order of importance) for a given
model is chosen as the Signal Region:

e Maximize the number of excludable points (using TLimit 276, 277])
e Maximize the number of discoverable points (> 50)
e Maximize the total sum of signficances

Further details on the method applied here can be found in [278].

Two Signal Regions are optimized for the dilepton analysis targeting different supersymmetry sce-
narios and assuming an integrated luminosity of 5 fb~!. As discussed in chapter @ in the GMSB

36The exact size of the systematic uncertainties was unknown at the time this optimization was performed.
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scenario the dominant production mechanisms are gluino-squark and squark-pair production, which
corresponds to the production of two or three jets. Furthermore, the mass difference between squarks
and sleptons is large, leading to relatively hard jets. Correspondingly, the following set of variables
has been scanned

e number of jets between 2 and 4

e transverse momenta of the leading to fourth leading jet between 30 GeV and 450 GeV in steps
of 10 GeV

e missing transverse momentum between 100 GeV and 400 GeV in steps of 10 GeV

This set of variables is chosen as it provides strong separation between the signal models and the
Standard Model backgrounds as visible in figures B5l (6l and B71

In the signal scenarios where gluino pair production dominates (such at the gluino-based Simplified
Models or mSUGRA for large myg), larger jet multiplicities are present leading to a Signal Region
definition requiring at least four jets. As the Simplified Model Monte Carlo was mostly unavailable
at the time the optimization was performed, a generic selection based on the effective mass

Njets Nleptons
Meff = Z PTi + Z pr; + EPs (36)
i=0 =0

was used in addition to imposing soft selection requirements on the individual jets and on E?iss.
Furthermore, the ratio of E}mss /Mg is used to discriminate the signal from the Standard Model
backgrounds as the fraction of missing transverse energy of the total mass of the event (as measured
by meg) in supersymmetric events is relatively large due to the presence of the two LSPs.

The results of the optimization are shown in Table and illustrated in Figure Here, meg
denotes the effective mass including only the explicitly selected number of jets, while mgy sums the
transverse momenta of all signal jets in the event. Similarly, Signal Regions have been optimized for

the hard one lepton and soft lepton Signal Regions [163] which are contained in Table [[2] as wel P,

In order to search for the presence of a possible signal in these Signal Regions, it is necessary to
have a precise prediction for the expected Standard Model background. The corresponding methods
used for this purpose will be layed out in the following chapter &

3"For the single-lepton Signal Regions, the transverse mass

mr = /2 B[ — cos(Ag(lep, Ei*)) (37)

miss

is used. As the projection of the invariant mass of the lepton and E7' in the transverse plane, mp exhibits an
endpoint at mw in Wjets and semi-leptonic tf events and therefore can be used to suppress these backgrounds.
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multi-lepton

single-lepton

2-jet 4-jet 3-jet 4-jet soft-lepton

Trigger Single electron or muon (+jet) Single electron or muon (+jet) Missing ET
Niep >2 >2 1 1 1
pfrl (GeV) > 25 (20) > 25 (20) > 25 (20) > 25 (20) 7 to 25 (6 to 20)
P2 (GeV) > 10 > 10 <10 <10 < 7(6)
Niet >2 >4 >3 >4 > 2

;ﬁt (GeV) > 200,200 > 50,50,50,50 > 100, 25, 25 > 80, 80, 80, 80 > 130,25
patiet (GeV) < 50 — < 80 — —
EXSS (GeV) > 300 > 100 > 250 > 250 > 250
mr (GeV) — — > 100 > 100 > 100
B2 Im g — 0.2 > 0.3 > 0.2 > 0.3
mine (GeV) — > 650 > 1200 > 800 —

Table 12: Overview of the selection criteria for the Signal Regions used in this analysis.

pr selections for leptons are given for electrons (muons).
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8. Background Estimation

In the following, details on the background estimation techniques will be given. For this purpose,
Control Regions will be defined that are used to constrain the main Standard Model backgrounds
contributing to the Signal Regions defined in the previous chapter [l The information obtained
from the Control Regions will then be combined in a simultaneous fit as discussed in chapter [I0

8.1. Fake Background Estimation

As discussed in chapter several backgrounds are present in the analysis where one or both leptons
are fake leptons due to misidentification. A sufficient description of the QCD background involving
two fake leptons using the Monte Carlo simulation is impossible as large amounts of simulated
Monte Carlo events would be necessary due to the combination of high cross section and low fake
rate. Furthermore the description of fake leptons in the simulation can be problematic. Therefore,
the contribution due to events involving two fake leptons is obtained using the matrix method [279].

Equation B8 defines the 4 x 4 matrix connecting the number of real (R) and fake (L) leptons to
those passing the tight (T) and those passing the loose but failing the tight lepton requirements

(L).

Nrr €1€2 €1f2 fie fifa Ngrr
Nrp | _ e1(l - e2) er(l - f2) fi(l =€) [l = f2) | Nrr (39)
Ny (1 —er)er (1—e)fa (1= fi)e (1= fuf Nrr
Nrw (I-ea)l-e) A-a)l-fi) 0-f)0-e) Q-/f)0-/f) Npr

Here, €; (f;) are the probabilities of a real (fake) loose lepton to pass the tight identification criteria.
By inverting equation B8 the number of events involving one (Npgr, Ngrr) or two (Npp) can be
obtained from data yielding the total number of fake dilepton events:

NpakesTr = €1f2 X Nrp + fiea X Npr+ f1fa X Npp (39)

Fake rates are obtained for electron- and muon-fakes as a function of  and pr using dedicated QCD-
enriched single lepton Control Regions as discussed in [242]. For the loose identification criterium,
the preselected electrons and muons are used, while the tight criterium corresponds to the signal
electrons and muons as defined in Tables [§ and @l The measured true electron efficiency varies from
70.7% to 94.6%, while the true muon efficiency is measured to be &~ 97%. For central electrons,
the fake efficiency varies from 32% to 22%, and the fake muon efficiency changes from 35% to
23% as a function of pr. Further dependencies of the rate measurements on the jet multiplicity
are incorporated as systematic uncertainties. The measured rates are used for the estimation of
the QCD background with two fake leptons in all Signal and Control Regions and applied via the
FakeLeptBkg [280] package. The contribution involving one fake lepton in processes such as W-jets
or semi-leptonic ¢t is directly taken from the Monte Carlo simulation after cross-checking with the
matrix method results as shown in Fig.

8.2. Control Regions

In order to validate the Monte Carlo simulation of the Standard Model backgrounds, Control Regions
with a high purity are defined for the dominant Z and ¢f backgrounds. Similar Control Regions are
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Figure 59: Distribution of the single fake lepton component determined from data via the matrix
method compared to the Monte Carlo estimate as a function of missing transverse energy for the
ee channel (left) and the ey channel (right) after the lepton plus two jets kinematic selection (cf.

Table [T)).

defined for the hard and soft one lepton analyses as well, where W -jets and tt provide the largest
backgrounds. For all remaining backgrounds, the Monte Carlo based background estimate will be
used, as their contribution is rather small.

For the Z Control Region, only ee and pu final states are used (as the dileptonic Z — 77 background
is very small compared to ¢t and does not result in a clear peak), while for ¢¢ all three dileptonic final
states are investigated. Similar jet requirements as in the Signal Region definition are imposed to
select events with comparable kinematical properties as those entering the Signal Regions, reducing
uncertainties from extrapolating between Control and Signal Regions. With respect to the 2-jet
Signal Region, the jet pr requirements are softer in order to keep sufficiently many events while still
being reasonably close to the Signal Region requirements. In order to minimize the contribution
from possible signal events and to keep the regions disjoint, cuts on E?iss are imposed. To further
separate the Control Regions, the invariant mass of the leading lepton pair is required to be within
(outside of) [81,101] GeV for the Z (tt) Control Region. Furthermore, at least one of the three
leading jets is required to be b-tagged for the ¢t region to enhance the purity. Table [I3] shows
the selection criteria used to define the Control Regions. The corresponding selection is further
illustrated in Figure

Figure shows the distributions of the jet multiplicity and the effective mass in the ¢f region,
while Figure [62] provides the same distributions for the Z Control Region. Both the purity of the
investigated process and the general agreement between data and simulation are reasonable and the
signal contamination for the depicted GMSB model point is small.
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multi-lepton

hard-lepton

soft-lepton

Z CR tt CR W CR tt CR W CR tt CR
Nijet >2 >2 >3 >3 > 2 > 2
P (GeV) > 80,50 or > 80,50 or > 80,25, 25 > 80,25, 25 > 130,25 > 130,25

> 50,50,50,50 > 50,50,50,50

Njet (b-tagged) — >1 =0 >1 =0 >1
ER= (GeV) <50 [30,80] [40,150] [40,150] [180,250] [180,250]
mr (GeV) — — [40,80] [40,80] [40,80] [40,80]
mi (GeV) — — > 500 > 500 — —
mee (GeV) [81,101] < 81 or > 101 — — — —

Table 13: Overview of the selection criteria for the Wjets, Z-+jets and t¢ Control Regions (CR).
Only the criteria that are different from the signal selection criteria listed in Table [[2] are shown.
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Figure 60: Control Region definition for the Z and the ¢t Control Region as a function of E%liss
and myy compared to the Signal Region definition. The Validation Region shown in addition will

be discussed in chapter [[1.2]
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Control Region.
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Figure 62: Distribution of the number of jets (left) and of effective mass (right) in data and Monte
Carlo for the ee channel (top) and the pp channel (bottom) in the Z Control Region.
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Truth p% bin Fitted scale factor
[0GeV, 50 GeV | 1.0 (fixed)

[50 GeV, 100 GeV | 0.893+0.043
[100 GeV, 150 GeV | 0.866+0.056
[150 GeV, 200 GeV | 0.737+0.061

> 200 GeV 0.7721+0.079

Table 14: Fitted scale factors for the p%—reweighting for the different bins in truth pr of the Z
boson [163].

8.3. Z pt Fit

As already observable in Figure [B6] in chapter [[.6] the transverse momentum of the Z-boson p% is
not correctly described by the simulation based on the ALPGEN generator. A similar discrepancy
is observed in W+ jets events in the hard one lepton analysis using the same generator [281]. To
correct this mismodelling, a data-driven reweighting approach is used |163].

Events are selected in a Z-+jets enriched region by requiring two opposite-sign, same-flavor leptons
with invariant mass between 80 GeV and 100 GeV as well as at least three jets with pr > 25 GeV.
Furthermore, mé’}ﬁc > 400 GeV is required to mimick the W Control Region used in the hard one
lepton channel.

The ALPGEN Z+jets Monte Carlo sample is divided in four 50 GeV bins of generated Z pr between
0 GeV and 200 GeV and one inclusive bin above 200 GeV. The measured p% distribution in data
is compared to the reconstructed p% predicted by the simulation and relative normalization factors
with respect to the lowest p% bin are fitted for each true p% bin keeping the overall normalization
constant. A common set of factors is determined for both the ee and the pu channel.

The resulting normalization factors are listed in Table [4l Figure shows the reconstructed p%
before and after applying these fitted normalization factors. Good agreement is observed after
applying the correction.

The same set of normalization factors will also be applied to the W+jets Monte Carlo fixing the
analogous discrepancy in the pIW modelling observed in the one lepton channels. This approach is
reasonable as the physics behind W- and Z-+jets production is very similar and a possible impact
due to the different gauge boson masses is expected to be small?d.

8.4. K-factor Fit

The tt and Z Control Regions will be used to validate and correct the background modelling and in
addition to constrain systematic uncertainties. As the Signal Regions contain high jet multiplicities,
the modelling of additional jet radiation is vital. For this reason, ALPGEN is chosen as the generator
for tt, Z+jets as well as W+jets production as discussed in chapter [[4l Although implementing
matrix elements only at tree level, events containing a fixed number of additional final-state partons
can be generated and matched to a parton-shower algorithm using the MLM matching scheme [275]

38 It is reasonable to use the pZ instead of the py distribution for the correction of this mismodelling as the dilepton
final state is purer and not affected by jet energy uncertainties which would occur via the incorporation of E7' in
the W reconstruction.
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Figure 64: Left: Comparison of the transverse momentum of the leading jet for the W+jets sample
including one additional parton varying the factorization and renormalization scales jointly by a
factor of two normalized to the same cross section [@ Right: The Er distribution of the third
leading jet in W~ +jets events predicted by Blackhat |.

providing an improved descri tlon of the additional jet radiation compared to generators such as
MC@NLO or POWHEG

While the inclusive cross sections can be predicted with high accurancy m, @], significant sys-
tematic uncertainties on the individual light parton bins related to the renormalization and fac-
torization scales k{fl and Qfqc (see chapter 1)) as well as the matching scale pmm arise. These
systematic uncertainties and their impact on supersymmetry analyses have been investigated ex-
tensively @, @] It has been observed | that a variation of both the renormalization and the
factorization scales only affects the cross sections of the individual Nprton samples while leaving the
shape of the transverse momenta of the jets within each Np4rton subsample unchanged. This obser-
vation has the important consequence that the scale-related theory uncertainties can be constrained
by a data-driven determination of the individual normalization k; of the Npqrt0n subsamples M],
provided that the shape prediction at leading order is not too different from predictions at higher
orders.

Figure [64] left shows the impact of the varations of the factorization and renormalization scales on
the transverse momentum of the leading jet for the W-+jets sample including one additional parton
as an example, while Figure right contains a comparison between LO and NLO predictions of
the transverse momenta of the third hardest jet in W™ +jets events using Blackhat E&] It can be
observed that a variation of the factorization scale does not lead to a shape variation. Furthermore,
the predicted jet pr shape at NLO is very similar to the LO prediction for this reasonable scale
choice. The figures are included here as an example, many more details on the method and its
validity can be found in [@]

The extraction of these individual normalization factors k; from data is possible as the jet multi-
plicity distribution provides sensitivity to the individual parton bins as shown in Figure 65 i.e. the
reconstructed number of jets corresponds to the true number of partons apart from pileup as well
as jet splitting or jet merging effects.
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Figure 65: Jet multiplicity distribution for the ALPGEN Z — ee samples with 0 to 5 partons after
a dielectron preselection normalized to unity.

After having discussed the impact of other systematic uncertainties in the following chapter B these
normalization factors will be fit in the Control Regions and applied to the W, Z and ¢t samples
in the Signal Regions as well to obtain an improved background prediction as further discussed in
chapter [I0Ol
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9. Systematic Uncertainties

Before discussing the combined fit to Control and Signal Regions that forms the core part of this
analysis, it is necessary to discuss the impact of experimental and theoretical systematic uncer-
tainties on the prediction for the signal and background processes. These uncertainties arise from
various sources, but can be partially constraint further using data as discussed in the next chapter.

9.1. Experimental Uncertainties
9.1.1. Luminosity

The luminosity is measured with several dedicated subdetectors with the corresponding luminosity
scale being obtained via van der Meer scans as discussed in chapter Uncertainties on the
luminosity estimate of 4.714-0.18 fb~! have been investigated in detail in [240,241]. The luminosity
uncertainty is dominanted by the bunch charge product, the product of the number of protons in
the two colliding bunches. The total luminosity uncertainty has been measured to be 3.8% for the
full 2011 dataset.

9.1.2. Trigger

Electron and Muon trigger efficiencies are measured with a tag-and-probe method using Z decays
with a total uncertainty of < 1% [243,244]. Residual discrepancies in the trigger description between
data and simulation are corrected [289].

9.1.3. Jet Energy Scale and Resolution

Jets are composite objects resulting from the fragmentation and hadronization of quarks and gluons.
As such, the jet energy scale that translates the measured energy depositions in the calorimeters
to the parton energy is subject to substantial systematic uncertainties from various sources, such
as the non-instrumented detector material, neutral particles or the single-particle response of the
calorimeter. The jet energy scale has been estimated from Monte Carlo simulation and measured
using testbeam studies as well as in situ using among others Z+jet [290, 291] and photon+-jet [292]
events. In addition to the jet energy scale, the jet energy resolution (i.e. the fluctuation of the mea-
sured jet energy around a central value) has been measured using data-driven techniques [293, [294].
The corresponding systematic uncertainties have been derived [295] including additional uncer-
tainties for multi-jet final states as well [296]. Figure left shows the resulting jet energy scale
uncertainty for jets reconstructed with the anti-k; algorithm with a radius parameter R = 0.6.
For central jets with pr < 60 GeV, the resulting uncertainty is between 2% and 4%, while for
jet transverse momenta between 60 GeV < pr < 800 GeV uncertainties range from 2% to 2.5%
and between 2.5% and 4% for momenta above 800 GeV. For jet transverse momenta > 100 GeV,
the uncertainty is dominated by the single-particle response of the calorimeter, while for smaller
momenta several sources contribute. In the endcap region, larger uncertainties of up to 7% occur
due to larger intercalibration uncertainties. Figure [66] right shows the result from a test of the jet
energy scale measurement using Z-+jet events as an additional example.
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Figure 66: Left: Fractional jet energy scale uncertainty and its contributions as a function of jet
transverse momentum for central jets with 0.3 < |n| < 0.8. Right: Probing of the jet energy scale
uncertainty (grey band) for jets reconstructed with the anti-k; algorithm with a radius parameter
R = 0.4 using Z+jets events as a function of pi</ = pZ x |cos(A¢(jet, Z))| [291].

9.1.4. Lepton Scale, Resolution and Efficiency

As for the jets, the simulation of energy scale and resolution for both electrons and muons is cross-
checked using data 206, 225] and corresponding systematic uncertainties have been derived [297).
Additionally, also the reconstruction and identification efficiencies are subject to systematic uncer-
tainties that will be taken into account [298, 299]. The impact of the lepton-related systematic
uncertainties is expected to be relatively small. Figure 07 shows the measured energy scale correc-
tions as well as the dimuon mass resolution as an example.

9.1.5. Missing Energy Uncertainties

As described in chapter [6.7] the missing transverse energy combines the information on jets and
leptons as well as residual cells not assigned to any physics object. While the scale and resolution
uncertainties on the former objects have been discussed above and are propagated to the missing
transverse energy, additional uncertainties on the CellOut term containing the unassigned energy
cells are present as well and have been assessed [238,1300]. Further pileup-related uncertainties with
respect to |300] have been studied and are included as well via [301].

9.1.6. b-tagging Uncertainties

Data-driven corrections and systematic uncertainties on the b-tagging efficiency and rejection in
the simulation have been measured using events with jets containing muons as well as in ¢t events
with several techniques [236, 1302, 1303]. Up to 20 different sources of uncertainties are combined
and determined as a function of jet transverse momentum and jet flavor [304].
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Figure 67: Left: Electron energy scale corrections and corresponding systematic uncertainties for
central electrons as a function of electron energy obtained using tag and probe techniques [206].
Right: Dimuon mass resolution obtained in Z — uu events combining the measurements from the
inner detector and the muon system in bins of 1 [225].
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Figure 68: The b-tagging efficiency measured in data and simulation (left) as well as the derived
data-to-simulation scale factors for the JetFitterCombNN tagging algorithm at 60% efficiency [303].
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9.2. Theory Uncertainties

In addition to the experimental uncertainties described so far, several theory-related uncertainties
impact the prediction of the standard model backgrounds as well as the supersymmetry signal.

9.2.1. Scale Uncertainties

Scale uncertainties arise in the prediction for ¢f, Z and W events with high jet multiplicities using
the ALPGEN generator in the MLM matching procedure as discussed in chapter The factoriza-
tion and renormalization scale uncertainties will be absorbed in the uncertainties on the k-factors
as described in chapter and as such do not need to be considered explicitly. In addition, also
uncertainties related to the MLM matching parameter p?i” separating the matrix element calcu-
lation from the parton shower algorithm have to be considered. The impact of a variation of the
pgﬂm'" parameter has been studied in detail using Monte Carlo simulations with varied parameter
settings [281), 1285]. The resulting uncertainties range from 0.1% to 14% in the Control Regions and

up to 14% in the Signal Regions as shown in Table

P Njet Bin
Region | Process | Variation 2 3 4 5 6 l
B up 1.003 1.04 - - 11
Top CR tt down . ~ 09 0.8 088 -
‘ w103 ~ 105 113
ZOR - ZHGets | Gown | 097 093 096
2-jet SR il .
— W 114
Jels down 0.86
I 095
4-jet SR il .
Z+jets 1P o
J down 0.92

Table 15: Systematic uncertainties from pg}m variations due to the MLM matching scheme in the
ALPGEN Monte Carlo simulation of t¢ and Z+jets for the Control and Signal Regions |281]. The
listed numbers correspond to the resulting change of normalization in bins of the Nje distributions
(CR) or the total normalization (SR). For the Signal Regions, only a total normalization has been

derived due to the limited number of Monte Carlo events.

9.2.2. Parton Shower and Hadronization

Systematic uncertainties related to parton shower and hadronization are partially already contained
in the jet energy scale uncertainties. In addition, dedicated studies have been performed regarding
their impact on extrapolations into the rather extreme phase space regions that are of relevance
for supersymmetry searches [163]. Using ¢t (W/Z) events generated with POWHEG (ALPGEN)
combined with the parton shower and hadronization model of either Herwig/Jimmy or Pythia,
extrapolation uncertainties of 12% (10%) on the transfer factors from Control to Signal Region
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(see next chapter [I0) have been assigned based on the different meg requirements in the different
regions |305].

9.3. Signal-related Systematic Uncertainties
9.3.1. Cross Section Uncertainties

The signal cross section prediction is subject to systematic uncertainties due to the PDF, the
renormalization and factorization scales as well as the strong coupling constant «gs. The size of
the uncertainties is determined for each model following a common approach between the ATLAS,
CMS and LPCC supersymmetry working groups described in detail in [154] and as implemented
via [306].

For the determination of scale uncertainties, both factorization and renormalization scales are
varyied up and down by a factor of two with respect to the nominal choice @ = (m;1 + mg)/2
with mq o being the masses of the produced supersymmetric particles for a given production pro-
cess. PDF uncertainties are calculated via the set of 22 (20) different variations of the CTEQ6.6
(MSTW2008) PDF sets spanning the range of uncertainties for the corresponding PDF fit. a; un-
certainties are included via the CTEQG6.6AS variations. The impact on the cross section is derived
by quadratically summing the resulting deviations from the nominal cross section. The maximum
of the resulting deviations from the two different PDF sets

U = max(CTEQnom + CTEQup, MSTW,om + MSTW,y,)
L = min(CTEQuom — CTEQagwns MSTWiom — MSTWapun)

is used to arrive at the final cross section and the symmetrized total uncertainty

o = (U+1L))2
Ao = (U-1L)/2

This calculation is performed for each production process of a given model of supersymmetry break-
ing. In both the GMSB and the mSUGRA model, several production processes occur as described
in chapter @ Therefore, the total systematic uncertainty is obtained as the quadratic sum over the
diﬁererljl% production processes, weighted with the relative contribution to the corresponding Signal
Region??.

Figure [69 shows the relative uncertainties on the cross section for the main production processes in
the GMSB model. The relative uncertainties grow with A due to the growing sparticle masses, thus
probing PDFs at higher x where the uncertainties increase. Furthermore, production mechanisms
via gluons in the initial state have larger uncertainties than those via quarks as the uncertainty
on the gluon PDF is larger. The resulting total relative uncertainty is shown in Figure For
small values of A, the resulting signal cross section uncertainties are approximately 10%, while for
larger values of A, the uncertainty is increased to approximately 25% due to the heavy squark and
gluino masses. More information on the signal cross section uncertainties in the GMSB model are
contained in [307].

390nly the 2-jet Signal Region is used for this calculation here for technical reasons in the context of the limit setting
procedure described in chapter[I2l The 2-jet Signal Region was chosen as the resulting uncertainties were larger with
respect to the 4-jet Signal Region.
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Figure 69: Relative cross section uncertainty in the GMSB model for gluino-gluino (top left),
gluino-squark (top right), squark-squark (middle left), squark-antisquark (middle right), squark—
gaugino (bottom left) and gaugino-pair production (bottom right) as a function of A and tan f.
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Figure 70: Total production cross section uncertainty in the GMSB model as a function of A and
tan 8. The entries in the plane correspond to the simulated grid discussed in chapter

9.3.2. Initial State Radiation

Uncertainties on the radiation of additional jets in the dominant backgrounds are already covered by
the ALPGEN scale variations. For the Simplified Model-based supersymmetry signals, uncertainties
related to Initial State Radiation (ISR) are of special importance for the soft lepton analysis as it
relies on the ISR boost for models with small mass splittings between squark/gluino and LSP. The
impact of ISR variations is investigated by generating samples with different Pythia PDF tunes and
with varied matching scale parameters for the MADGRAPH samples of the Simplified Models M]
The resulting uncertainty is parametrized as a function of the squark/gluino and the LSP mass.
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10. Simultaneous Fit

After having introduced the Signal and Control Regions as well as the relevant systematic un-
certainties, a simultaneous fit providing a combined statistical treatment will be discussed in the
following chapter. The approach uses a profile likelihood method taking into account the systematic
uncertainties as nuisance parameters. The method itself and the description in the following closely
follows [308].

10.1. Overview & Statistical Procedure

The maximum likelihood method is a well-known technique for parameter estimation. The likelihood
function is the combined probability density that a measured set of data could have been produced
from a set of model parameters. In the context of this analysis, the likelihood function can be written
as a product of Poisson distribution functions P for Signal and Control Regions accompanied by
additional systematic uncertainty distributions Pgy:

L(n,0%u,b,0) = Psgx Por x Psys (40)
= H P(nzp‘z(,ua ba 0)) X H P(n]p‘](//ﬂ b’ 0)) X PSyst(oo’ 0) (41)
i€SR JECR

Here, n; and n; are the number of observed events in Signal and Control Regions ¢ and j, while
A; and A; are the Poisson expectation values. The expectation values depend on the background
normalization factors b, the nuisance parameters @ modelling the systematic uncertainties as well
as the signal strength p, with g = 1 corresponding to the nominal signal under consideration and
1 = 0 describing a background-only likelihood. In addition to the product over Signal and Control
Regions, the probability density functions will be binned in jet multiplicity (CR) and effective mass
(SR) as shown in Table As all Signal and Control Regions are disjoint in phase space, a direct
combination is possible.

Systematic uncertainties are incorporated as nuisance parameters via the probability density func-
tion ngst(GO, 0), with 0° being the set of nominal values and € a possible variation in the progress
of maximizing the likelihood®. Without loss of generality, the parametrization can be chosen such
that 9?:0 for the nominal value and 6; = £1 corresponding to the one sigma deviations. Here, all
systematic uncertainties will be modelled by Gaussian normal distributions.

The expectation values for Signal and Control Regions A are chosen such that the measurements
between different regions are connected via transfer functions c obtained from the Monte Carlo
simulation

Ai(p, b, 9) = - 0572‘(9) - S+ Z Cjﬂ‘(a) - b;. (42)
j€bkgs

These transfer functions connect the dedicated Control Region for a process j to the other Signal
and Control Regions:

nMC
]7Z
Cprocess j,region i — L MC X |1+ E Aj,i;kak . (43)
j k

757

49The property of the method to adjust the size of systematic uncertainties is called profiling.
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Here, Aj ;. corresponds to the impact of a given systematic ) on this Monte Carlo based extrap-
olation.

Therefore, a globally fitted normalization on the signal and background components is shared and
extrapolated between Signal and Control Regions. The nuisance parameters can be (partially)
shared between different samples and/or regions via the transfer functions.

Technically, this setup leads to the following set of fit parameters:

e Free Parameters: Unconstraint normalization factors for signal and background normalization
denoted as mu_ XXX, with mu_XXX=1 corresponding to the nominal value for process XXX.

e Nuisance Parameters: In addition to the free parameters, systematic uncertainties are in-
corporated via two types of nuisance parameters allowing for changing both the central value
(leading to changes in normalization and shape) as well as the size of the systematic (changing
the uncertainty estimate). alpha XXX denotes Gaussian PDFs with alpha XXX=0 being
the nominal value for the systematic XXX. The according uncertainty Aalpha XXX corre-
sponds to the width of the Gaussian, with Aalpha XXX=1 corresponding to the nominal 1o
uncertainty before the fit. Similarly, gamma XXX denote Poissonian PDFs describing the
statistical uncertainties due to a limited number of MC events.

The profile likelihood method will be implemented using the HistFitter package |309] which is
based on the RooStats [310] extension HistFactory |311].

10.2. Fit Configuration

Three different fit configurations will be used in the following:

e Background-only fit: This fit configuration starts from the background-only hypothesis. Only
the information provided by the Control Regions is used to constrain the fit parameters. This
default fit configuration will be used for testing the method and obtaining the main results of
the analysis.

e Exclusion fit: A specific supersymmetry signal is included as a component of the fit. Both
Signal and Control Regions are used, fully including the predicted signal contribution in all
regions and using the shape of the meg distribution in the Signal Region to further enhance
the sensitivity with the binning defined in Table This configuration will be used to test
and exclude specific models.

e Discovery fit: Both Signal and Control Regions are used in the fit to constrain the background
model. In the Signal Region, no shape information is used, and a possible signal contamination
in the Control Region is neglected. An additional fit parameter corresponding to the number
of Signal Events in the Signal Region is introduced. This fit configuration will be used to
derive model-independent limits on the visible cross section.

In the Control Regions, the jet multiplicity distribution of jets with pp > 25 GeV will be used,
starting at two jets for the soft and dilepton analyses and at three jets for the hard one lepton
analysis channel. The main fit parameters are the free normalization factors for the different parton
multiplicity bins of the W, Z and ¢t backgrounds that can be fit with data to constrain scale
uncertainties as discussed in chapter 84 The normalization factors are shared between the analysis
channels and furthermore between the W- and Z-samples as they are based on similar physics and
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10 SIMULTANEOUS FIT

channel Signal Region number of bins bin ranges

dilepton 2 jet 5 meg=|700-1500+]|GeV
dilepton 4 jet 5 Megr=|600-1400+|GeV
hard one lepton 3 jet 5 Megr—|600-1400-+|GeV
hard one lepton 4 jet 5 M =|800-1600+|GeV
soft one lepton 2 jet 6 EisS /e =[0.1-0.7+]

Table 16: Binning of the distribution of the discriminating variable in the Signal Regions of the
different analysis channels. Equidistant bins are chosen, the last bin includes the overflow.

the same generato. Similarly, the normalization factors on the ¢t parton multicplicity bins are
shared between the semileptonic and the dileptonic decay mode as the jet radiation is independent
of the tt decay mode. Due to the jet requirements in the W- and Z-Control Regions, the sensitivity
to the normalization factors of the W/Z + 0 parton and the W/Z + 1 parton samples is low and
as such the corresponding parameters will be fixed to one. The corresponding factorization and
renormalization scale uncertainties will be included as an overall normalization uncertainty on the
corresponding sample. Furthermore, the ¢f samples with 3-5 additional partons are jointly treated
with a single free normalization factor to increase the fit stability.

In addition to the free normalization factors, systematic uncertainties are incorporated via nuisance
parameters. The following types of systematic uncertainties will be used:

e OverallSys: This type corresponds to a systematic uncertainty that only changes the normal-
ization of a certain variable and process while leaving the shape unchanged. Technically this
corresponds to a Gaussian constrain of mean (1 + «) and width o - F with E being the input
uncertainty

e HistoSys: This type corresponds to a systematic uncertainty changing both the normalization
and the shape of a given variable and process coherently. Three histograms representing the
nominal distribution as well as the +10 variations are used as input distributions and linearly
interpolated in the process of profiling the related uncertainty o &+ o - E; with F; being the
uncertainty in bin <.

e normHistoSys: This configuration is identical to the HistoSys type, but the overall normal-
ization is kept constant.

e MCStatError: Uncertainties due to limited Monte Carlo statistics are modelled by Poisson
distributions in each bin. For performance reasons, the uncertainty is neglected in a given bin
if it is smaller than 5%.

While the origin of the systematic uncertainties has been described in chapter [@ Table [I7] contains
the corresponding type characterization used for the fit.

The jet energy scale uncertainty is separated into three nuisance parameters for jets with low
(pr < 40 GeV), medium (40 < pr < 100 GeV) and high (pr > 100 GeV) transverse momentum
and split between signal and background samples as several components contribute differently to
the combined jet energy scale uncertainty for soft and hard jets (see chapter [@)) and a treatment
with a single parameter could lead to potential over-profiling. For similar reasons, the lepton-

“Possible differences involve effects due to the different masses. The W- and Z samples with one (two) additional
heavy quarks and N partons in the matrix element are combined with the corresponding N+1 (N+2) light flavor
sample.
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‘ Uncertainty ‘ Parameter ‘ Type ‘ Correlations
Luminosity Lumi OverallSys all regions & samples
alpha JLow
alpha JMedium . all regions & samples
Jet Energy Scale alpha_ JHigh HistoSys
alpha_JSignal all regions, signal only
b-tagging efficienc alpha BT OverallSys all regions with b-tagging /veto,
818 Y pha_ Y all samples
: . one parameter per region,
Trigger efficiency alpha TE OverallSys all samples
Lepton identification efficiency | alpha LE OverallSys one parameter per region,
- all samples
one parameter per region,
Lepton energy scale alpha LES OverallSys all samples
Muon energy resolution (ID) alpha_ LRI OverallSys :V?fhpifj;?l:e;lps;i;gl;zn
. one parameter per region
M 1 M Ipha LRM 11
uon energy resolution (MS) | alpha LR OverallSys with muons, all samples
Er}liss cell-out uncertainty alpha MC HistoSys all regions & samples
Er}liss pileup uncertainty alpha MP HistoSys all regions & samples
. all regions & samples,
Zpr fit uncertainty alpha_Zpt OverallSys four Zpt bins
Renormalization and all regions
Iph 7 11 '
factorization scale alpha_err_W OverallSys W/Z + 0,1 parton samples
all regions,
MLM matching scale alpha PtMin NormHistoSys | one joint parameter for ¢t
and W/Z samples
all signal regions,
Hadronization alpha had OverallSys one joint parameter for ¢
and W/Z samples
Heavy Flavour alpha HF HistoSys all regions, W/Z samples
S . one parameter per region,
QCD normalization alpha QCDNorm | HistoSys QCD only
all regions
her Back Iph B 11 ’
Other Backgrounds alpha_err BG OverallSys single top and diboson samples
Monte Carlo statistics gamma,_ stat MCStatError | °°¢ pgrameter oL Teglon
- and histogram bin

Table 17: Nuisance parameters describing the systematic uncertainties in the Combined Fit.
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related uncertainties are treated as uncorrelated between the Control and Signal Regions. The
QCD nuisance parameters correspond to the uncertainties predicted by the matrix method and
are also treated as uncorrelated between the regions. While the dominant renormalization and
factorization scale uncertainties on ¢t and W/Z are implictly determined by the fit approach, the
remaining MLM matching and hadronization uncertainties as well as the uncertainty describing the
additional W/Z-+heavy flavor cross sections are included separately.

10.3. Fit Setup Validation

Before applying the profile likelihood fit to the observed data, it is important to validate the fit
configuration with a closure test using toy data generated from the input distributions. Thereby it
is possible to check the self-consistency of the method by investigating the fit stability as well as
the resulting fit parameters.

For this purpose, toy data sets have been generated and fitted with the background-only fit con-
figuration layed out above. Consequently the resulting fit parameters should follow a Gaussian
distribution around their nominal value of one. Furthermore, the error estimate should correspond
to the width of the distribution.

Figure [Tl contains the resulting distribution for the normalization factors of the ¢t and W/Z parton
multiplicity bins. The distributions have been transformed such that the nominal value corresponds
to zero and the nominal width of the distribution to one. Overall, the fit is stable with a failure
rate of less than 1%o0 and the spread of the parameters follow Gaussian distributions, while some
bias on the parameters is observed: It can be seen that the width of the Gaussian distributions is
larger than one, corresponding to an underestimation of the related uncertainty, presumably due to
the complexity of the combined fit setu.

After having discussed the fit configuration, the results from the application to data and further
validation with respect to the extrapolation to the Signal Regions will be discussed in the following
chapter [I11

“ZFor simple fit configurations without so many systematic uncertainties, this problem is not present.
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Figure 71: Pull distributions for the ¢t and W/Z normalization factors obtained from toy datasets.
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11. Results

In the following, the results from the application of the profile likelihood method described in the
previous chapter will be presented. The results will be discussed with emphasis on the dilepton
Control and Signal Regions, results with respect to the single lepton regions are contained in ap-
pendix [F]

11.1. Background-only Fit

In the background-only fit configuration, the fit is performed in the Control Regions only without
assuming the presence of a possible signal. All single- and dilepton Control Regions are used to
constrain the fit parameters. The resulting fit parameters are listed in Table [I8

The free normalization parameters for the different parton multiplicity bins of the W/Z and tt
samples have been constraint with uncertainties of 6-13% and are in general in good agreement
with their nominal values of one. Several of the systematic uncertainties such as the jet energy
scale for soft, medium and high pr jets have been constraint significantly as these change the
corresponding jet multiplicity distributions and to which the fit is thus sensitiv. In constrast,
the lepton-related uncertainties (energy scale and resolution as well as trigger and reconstruction
efficiencies) are mostly kept unchanged, as they have nearly no impact on the Control Regions.
Figure [[2] shows scans of the likelihood projected on the free normalization parameters. It can be
seen that the curves are well-behaved parabolas.

Table 19 shows the resulting event numbers for the dilepton Control Regions after the fit in com-
parison to the pure Monte Carlo estimate separated by final state. Good agreement between the
fitted and the measured number of events is observed in all regions, with the largest discrepancy
being 1.1¢ in the dimuon ¢t Control Region.

In addition to the individual fit parameter results, it is also important to study the correlation
between the parameters. Figure [[3] shows the correlation matrix for the most relevant parameters,
the full matrix is contained in appendix [Dl It can be seen that the fit is able to disentangle the pa-
rameters, leading to an improved description of the profiled systematic uncertainties. For simpler fit
configurations, a chessboard-like correlation matrix with large anti-correlations between neighboring
and large correlations between next-to-neighboring parton multiplicity bins has been observed [285],
caused by large mutual contributions of these samples in the jet multiplicity distribution. This pat-
tern is only partially realized in this fit configuration, as the different dilepton and single-lepton
Control Regions together with the sizeable set of systematic uncertainties are combined.

To compare the impact on the jet multiplicity, the corresponding distributions before and after
applying the fit are shown in Figure [74l for the ¢f and in Figure[75l for the Z Control Regions. A clear
improvement of the agreement between data and Monte Carlo simulation can be observed, especially
in the two-jet bin of the dielectron channels. Additionally, the size of the total uncertainty on the
background estimate is reduced as expected. In the highest jet multiplicity bins, the simulation
somewhat underestimates the dat. The expected impact on the analysis is nevertheless low, as
only at least two or four jets are required for the Signal Regions.

43The sensitivity to JHigh is large due to the requirements on the leading jet as well as on the effective mass in the
one-lepton channels.

44 As single and dilepton Control Regions are fitted at the same time, such discrepancies can remain after applying the
fit, depending on their impact on the fit parameters.
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Floating Parameter Fit Result
mu_Top NpO 1.27 £ 0.10
mu_Top Npl 0.99 £+ 0.06
mu_Top Np2 1.07 £+ 0.09
mu_Top Np3 0.92 £ 0.08
mu_WZ Np2 1.14 + 0.08
mu WZ Np3 1.07 = 0.06
mu WZ Np4d 1.02 £ 0.06
mu_ WZ Npbd 1.24 + 0.13

alpha BT 0.82 £ 0.28

alpha HF 0.12 £+ 0.46
alpha_JHigh -0.90 £ 0.27
alpha JLow -0.29 + 0.29

alpha JMedium -0.56 £+ 0.36
alpha LESee 0.14 £ 0.20
alpha LESem 0.01 £+ 0.96
alpha LESmm -0.01 + 0.98
alpha LEee 1.25 + 0.62

alpha LEem -0.06 £ 0.84

alpha LEmm 0.02 £+ 0.86
alpha LRIem -0.01 £ 0.95
alpha LRImm -0.01 £ 0.86
alpha LRMem -0.03 £ 0.95
alpha LRMmm 0.04 £ 0.92
alpha  MC -0.86 £ 0.47

alpha MP 0.28 £ 0.48

alpha PtMinTop 0.01 £ 0.18
alpha PtMinWZ 1.14 + 0.68
alpha  QCDNorm_TRee 0.53 = 0.75
alpha  QCDNorm_TRem  0.05 £+ 1.11
alpha  QCDNorm_ TRmm  0.11 4+ 1.25
alpha  QCDNorm ZRee 0.01 £ 0.96
alpha  QCDNorm ZRmm  0.03 £ 1.02
alpha TEee 0.36 &+ 0.92

alpha TEel -0.27 £ 0.94

alpha TEem -0.15 £ 0.65
alpha  TEmm 0.46 £ 0.54
alpha TEmu 0.43 £+ 0.48
alpha_Zpt50GeV 0.12 + 0.70

alpha Zpt100GeV 0.21 £ 0.61

alpha Zpt150GeV 0.08 £ 0.74

alpha Zpt200GeV -0.27 £ 0.72
alpha err BG -0.05 £ 0.97

alpha _err  WZ Np0 0.01 £+ 0.96
alpha _err WZ Npl 0.29 £ 0.18

Table 18: Fit parameter results obtained with the background-only fit configuration. Only the
parameters connected to the dilepton Control Regions are shown, the full list of parameters is
contained in appendix
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Control Region tt

Number of events ee L ee L el
Observed 8090 10915 574 740 1165
Fitted bkg 8065.1 +91.8 10937.5+102.5  559.3+16.1 706.9+15.6 1168.0+294
Fitted top 67.8+ 1.9 82.24+2.2 495.8 £13.2 648.3+15.9 11295+ 31.2
Fitted W/Z+jets 7924.24+104.2  10763.6 + 102.8 36.5+0.9 40.5+ 1.0 32403
Fitted other bkg 69.8 + 14.0 91.2+18.3 11.8+2.3 16.6 £ 3.3 26.4+5.3
Fitted multijet 324374 0.5+4.0 15.1+£14.9 1.6 +2.7 8.9+ 13.7
MC exp. SM 7393.4 10273.0 510.1 678.6 1141.5
MC exp. top 65.1 80.9 461.3 619.4 1101.5
MC exp. W/Z+jets 7253.2 10093.8 34.1 40.9 3.4

MC exp. other bkg 73.0 98.0 11.5 17.0 28.5
Data-driven multijet 2.2 0.3 3.2 1.2 8.1

Table 19:

The observed numbers of events in the Z and ¢t Control Regions and the background

expectations from the fit. The inputs to the fit are also shown; these consist of the data-driven
multijet background estimate and the nominal expectations from simulation (MC), normalized to
theoretical cross sections. The errors shown are the statistical plus systematic uncertainties.
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Figure 73: Correlation matrix for a subset of the fitparameters in the background-only fit.
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Figure 75: Distribution of the number of jets in the Z Control Region (ZRL2) in the dielectron

(top) and dimuon final state (bottom) before (left) and after (right) applying the background-only
fit.
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11.2. Fit Results Validation

Before discussing the results in the Signal Regions, it is necessary to validate the extrapolation from
the Control to the Signal Region phase spaces. For this purpose, additional Validation Regions are
defined as shown in tables 20 and [Z[@ These phase space regions are not used to constrain the fit
parameters. Instead, the extrapolation of the fit results from Control to Signal Regions is validated
by applying the fit parameters obtained from the Control Regions in these Validation Regions. For
the dilepton analysis, 2-jet and 4-jet Validation Regions are defined for both ¢¢ and Z production.
The jet requirements correspond to the dilepton Signal Regions and the ErTniSS requirements are
chosen such that the Validation Regions cover part of the phase space between the Signal and
Contgl% Regions. Thus the validity of the extrapolation from Control to Signal Regions can be
tested™.

dilepton 2-jet dilepton 4-jet
Z VR tt VR Z VR tt VR
Niet > 2 >2 >4 >4
P (GeV) > 120, 120 > 120, 120 > 80,50,50,50 > 80,50,50,50
Niet (b-tagged) — >1 — >1
ET' (GeV) [50,100] [100,300] [50,100] [80,100]
mee (GeV) [81,101] < 81 or > 101 [81,101] < 81 or > 101

Table 20: Overview of the selection criteria for the background Validation Regions. Only the
criteria that are different from the signal selection criteria listed in Table are shown. For the
2-jet Validation Regions, the fourth leading jet (if present) is required to have pr < 50 GeV.

hard-lepton soft-lepton
W VR tt VR High-mt VR

Niet >3 >3 >3 >2
119JT'3t (GeV) > 80, 25, 25 > 80, 25, 25 > 80, 25, 25 > 130,25
Nje (b-tagged) 0 >1 —

ET' (GeV) [150,250] [150,250] [40,250] [180,250]
mr (GeV) [40,80] [40,80] > 100 [80,100]
mog (GeV) > 500 > 500 > 500 -

Table 21: Overview of the selection criteria for the background Validation Regions (VR) for the
single-lepton channels. Only the criteria that are different from the signal selection criteria listed
in Table [[2] are shown.

Tables 22] and 23] contain the corresponding results before and after applying the fit. Similarly, the
distributions of the jet multiplicity and of the effective mass are shown in figures [[679. A good
agreement is observed within the large statistical uncertainties?7.

#>The Validation Regions for the one lepton channels are given here as well to allow for a full overview over the impact

of the fit on the combined analysis as shown in Figure

assuming small signal contamination in these Validation Regions.

4TIn some of the regions, the agreement is slightly worse than before applying the fit results. This is caused by the
impact of the statistically dominant hard one lepton top Control Regions on the fit which pull the predicted tt
background towards lower values.

46
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2-jet Validation Region tt

Number of events ee Lo ee L el
Observed 150 181 64 83 117
Fitted bkg 134.4+£7.3 173.3 £8.7 53.4+3.7 74.7 £ 4.8 1109+ 7.8
Fitted top 7.7+£1.3 10.5£1.3 39.8+ 2.9 54.5+4.1 1004 £ 7.2
Fitted W/Z+jets 125.6 £6.2 161.6 £ 8.3 11.5+£0.8 17.84+1.0 53+04
Fitted other bkg 1.1+£0.3 1.24+0.3 214+04 2.5+0.5 53+ 1.1
Fitted multijet < 0.05 < 0.05 < 0.05 < 0.05 < 0.05
MC exp. SM 137.3 176.5 61.3 85.5 134.5
MC exp. top 12.3 16.1 47.1 65.5 122.8
MC exp. W/Z+jets 123.8 158.9 12.0 17.2 5.6
MC exp. other bkg 1.3 1.5 2.2 2.8 6.1
Data-driven multijet < 0.05 < 0.05 < 0.05 < 0.05 < 0.05

Table 22:

The observed numbers of events in the dijet Validation Regions and the background

expectations from the fit. The inputs to the fit are also shown; these consist of the data-driven
multijet background estimate and the nominal expectations from simulation (MC), normalized to
theoretical cross sections. The errors shown are the statistical plus systematic uncertainties.

4-jet Validation Region tt

Number of events ee L ee L e
Observed 40 34 8 12 22
Fitted bkg 33.1+1.9 36.8+2.2 94+1.2 11.0+1.0 20.0£1.5
Fitted top 8.6 £0.7 1254+ 0.9 8.6+ 0.9 10.2+1.0 19.7£ 1.5
Fitted W/Z+jets 24.0+14 2414+1.6 0.3+0.1 0.4+0.1 < 0.05
Fitted other bkg 0.24+0.1 0.24+0.1 0.3+0.1 0.3+£0.1 0.3+0.1
Fitted multijet 0.2+0.6 < 0.05 0.2£0.6 < 0.05 < 0.05
MC exp. SM 34.5 39.7 10.3 12.7 23.0
MC exp. top 11.4 15.9 9.6 12.0 22.7
MC exp. W/Z-+jets 22.6 23.5 0.3 0.3 < 0.05
MC exp. other bkg 0.4 0.3 0.2 0.4 0.3
Data-driven multijet 0.2 < 0.05 0.2 < 0.05 < 0.05

Table 23:

The observed numbers of events in the 4-jet Validation Regions and the background

expectations from the fit. The inputs to the fit are also shown; these consist of the data-driven
multijet background estimate and the nominal expectations from simulation (MC), normalized to
theoretical cross sections. The errors shown are the statistical plus systematic uncertainties.
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Figure 76: Distribution of the number of jets (left) and of the effective mass (right) in the dileptonic
top Validation Region with two jets in the dielectron (top), dimuon (middle) and electron-muon
final state (bottom) after applying the background-only fit.
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Figure 77: Distribution of the number of jets (left) and of the effective mass (right) in the Z
Validation Region with two jets in the dielectron (top) and dimuon final state (bottom) after
applying the background-only fit.
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Figure 78: Distribution of the number of jets (left) and of the effective mass (right) in the dileptonic
top Validation Region with four jets in the dielectron (top), dimuon (middle) and electron-muon
final state (bottom) after applying the background-only fit.

105



11 RESULTS

Events

Data/ SM

Events

Data/ SM

2 E . @ Data 2011 ({57 TeV)
= = 3 4444 Total pdf
oy Ldt=4.7 fb ([0 V+ets + 5 partons in ME
18— (0 V+ets + 4 partons in ME
F (@ V+iets + 3 partons in ME
16— @ V+iets + 2 partons in ME
g 1 (i + 5 partons in ME
o ] i + 4 partons in ME
uE 3 (i + 3 partons in ME
= =3 7 + 2 partons in ME
12— (@ (f + 1 partons in ME
E (=3 single top & diboson
10— 0 muliiets (data estimate)
8
6
4
2=
i: }
E I ! .
1 <
E T
0 C 1 1 1 1
3 4 6 7 8 9
N jets
25—
r . ®  Data 2011 (5=7 TeV)
B = 3 4544 Total pdf
— J. Ldt = 4.7 fo ([0 V+ets + 5 partons in ME
o (0 V+ets + 4 partons in ME
20— (@ V+ets + 3 partons in ME
- (@ V+iets + 2 partons in ME
r 3 (i + 5 partons in ME
* ] i + 4 partons in ME
r 3 (i + 3 partons in ME
15— (=3 (i + 2 partons in ME
r @ 7 + 1 partons in ME
o (=3 single top & diboson
- (=0 muttiets (data estimate)
10—
5—
2F
E I 4
e >
- bt ,
0 C 1 1 1 1 1
3 4 6 7 8 9

N jets

Events / (100)

Data/ SM

Events / (100)

Data/ SM

2 ®  Data 2011 (5=7 TeV)
L Ldt=4.7fb" 2= oapd
L Vijets + 5 partons in ME
10— Vijets + 4 partons in ME
C Vijets + 3 partons in ME
- @ V+iets + 2 partons in ME
L 1 (i + 5 partons in ME
8l— ] (i + 4 partons in ME
. =3 (T + 3 partons in ME
r +2 partons in ME
C +1 partons in ME
gle top & diboson
6 — [0 multijets (data estimate)
al—
o—
2F
N //)f I f %/W ///
0 C 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
12

» ) ®

~N

J' Ldt=4.7 "

®  Data 2011 (15=7 TeV)
4554 Total pdf
(=0 V+ets + 5 partons in ME
(0 V+ets + 4 partons in ME
(@ V+iets + 3 partons in ME
- V+ets + 2 partons in ME
0 1 + 5 partons in ME
[ i + 4 partons in ME
3 (i + 3 partons in ME
== i + 2 partons in ME
@ 7 + 1 partons in ME
(=3 single top & diboson
(0 muttiets (data estimate)

2E . T /
1o ////////f///// ///////////
E ?
00 200 460 660 860 1000 1200 1400 1600 1800 2000

m,; [GeV]

Figure 79: Distribution of the number of jets (left) and of the effective mass (right) in the Z
Validation Region with four jets in the dielectron (top) and dimuon final state (bottom) after
applying the background-only fit.
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To further check the validity of the fit results, pull distributions for the Control and Validation
Regions are shown in Figure[R0l It can be seen that for the dielectron and dimuon ¢¢ Control Regions,
the observed number of events is larger than the predicted number of events. This discrepancy
is still present after the fit as the ¢f normalization factors are shared between the single- and
dilepton analyses, and as such the opposite discrepancy in the hard one electron t¢ Control Region
compensates the dileptonic regions. The overall pull distribution for the Control Regions shows that
the observed discrepancies are consistent with statistical fluctuations. Furthermore, no significant
trends are observed in the Validation Region.
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Figure 80: Summary of the fit results in the Control Regions (left) and Validation Regions (right).
The difference between the observed and predicted number of events, divided by the total (statistical
and systematic) uncertainty on the prediction, is shown for each Control and Validation Region.

4830me tension between the dilepton and the one lepton channels can be observed, caused by the differing results with
respect to the tf normalization.
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11.3. Signal Region Results

After having scrutinized the results of the combined fit with respect to the Control and Validation
Regions, the results of the analyses in the Signal Regions can be investigated. For this purpose,
the results from the background-only fit are applied to the events in the Signal Regions. Table
contains the predicted and observed event yields in the dilepton Signal Regions for the different
final states as the main result of this analysis.

Signal Region 2-jets 4-jets

Number of events ee Lo e ee Lo e
Observed 0 0 1 8 12 18
Fitted bkg 0.31+0.17 0.42+0.16 0.65+0.21 9.1+1.5 11.7£1.7 2143
Fitted top 0.11+£0.06 0.24+0.09 0.58+0.19 91+14 11.1+£1.7 20+ 3
Fitted W/Z+jets 0.11+0.06 0.11+0.04 0.01+0.02 0.04+£0.04 0.23+£0.07 0.41+£0.05
Fitted other bkg 0.09+0.05 0.07+0.03 0.06+0.02 0.01£0.03 0.36+0.12 0.61+£0.12
Fitted multijet < 0.01 < 0.01 < 0.01 0.04 +0.22 < 0.01 < 0.01
MC exp. SM 0.34 0.48 0.89 114 14.7 27.1
MC exp. top 0.16 0.31 0.73 11.1 13.9 26.0
MC exp. W/Z-+jets 0.10 0.10 0.10 0.08 0.28 0.38
MC exp. other bkg 0.09 0.07 0.06 0.17 0.49 0.67
Data-driven multijet < 0.01 < 0.01 < 0.01 0.04 < 0.01 < 0.01

Table 24: The observed numbers of events in the dilepton Signal Regions, and the background
expectations from the fit. The inputs to the fit are also shown; these consist of the data-driven
multijet background estimate and the nominal expectations from simulation (MC), normalized to
theoretical cross sections. The errors shown are the statistical plus systematic uncertainties.

It can be seen that the observed data agree well with the predicted Standard Model backgrounds,
such that there is no apparent sign for the presence of a possible supersymmetry signal. To further
illustrate the Signal Regions, Figure RI] shows the effective mass distributions in all the Signal
Regions. The systematic uncertainties on the background prediction in the Signal Regions will be
discussed in the following chapter.

As for the Control and Validation Regions, it is interesting to study the resulting pull distributions
for the Signal Regions shown in Figure None of the Signal Regions show evidence for a possible
supersymmetry signal. Correspondingly, these null results will be translated into exclusion limits
on several supersymmetry models in chapter

““The QCD prediction in the third bin of the 4-jet ee Signal Region of ~ 0.06 events is partially compensated by a
negative expectation of ~ 0.02 QCD events in the second bin, leading to the total prediction of 0.04 events shown in

Table 241
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after all selection requirements for the 2-jet (left) and the 4-jet

Signal Region (right) in the ee (top), ep (middle) and pp (bottom) final state. The last bin includes
all overflows. The Standard Model expectation shown here is the input to the final fit, and is derived

from simulation only, normalized to the theoretical cross section

. The uncertainty band around

the Standard Model expectation combines the statistical and systematic uncertainties. An example
of the distribution for a simulated signal is also shown (not stacked).
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Figure 82: Summary of the fit results in both the single and the dilepton Signal Regions. The
difference between the observed and predicted number of events, divided by the total (statistical
and systematic) uncertainty on the prediction is shown for each region.
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11.4. Impact of Systematic Uncertainties

Tables 28] and 26] contain the breakdown of the systematic uncertainties on the final result calculated
by propagating the uncertainty due to a specific parameter into the corresponding phase space
region. The given numbers are the absolute uncertainty on the total background prediction. Only
parameters resulting in an uncertainty of at least 0.01 events in one of the Signal Regions are
shown. It should also be noted that the shown uncertainties are partially correlated as discussed in
chapter [[T.1] such that they do not simply add up quadratically to the total background uncertainty.

In the 2-jet Signal Region, the uncertainties are fully dominated by the limited number of Monte
Carlo events as a consequence of the very tight selection. In the 4-jet Signal Region, also the ¢t
normalization, the uncertainty on the hadronization as well as jet energy scale uncertainties are of
relevance.

The total systematic uncertainty in the 2-jet Signal Regions amounts to 30-50%, while in the 4-jet
Signal Regions the uncertainties are approximately 15%.

Signal channel S2ee S2mm S2em
Total statistical (1/Npred) 0.56 0.65 +0.81
Total background systematic +0.17 +0.16 +0.22
alpha_JHigh +0.02 +0.01 +0.06
alpha_JMedium < 0.01 +0.01 < 0.01
alpha LEem < 0.01 < 0.01 +0.01
alpha  QCDNorm_S2em meffInc < 0.01 < 0.01 +0.01
alpha TEem < 0.01 < 0.01 +0.02
alpha_ TEmm < 0.01 +0.01 < 0.01
alpha Zpt200GeV +0.01 < 0.01 < 0.01
alpha_err  BG +0.02 +0.01 40.01
alpha_hadTop +0.01 +0.03 +0.07
alpha hadWZ +0.01 +0.01 < 0.01
gamma_stat S2ee meffInc +0.17 < 0.01 < 0.01
gamma _stat S2em_meffInc < 0.01 < 0.01 +0.19
gamma_stat S2mm_meffInc < 0.01 +0.15 < 0.01
mu_Top Npl < 0.01 < 0.01 +0.01
mu_Top Np2 +0.01 +0.01 +0.02
mu_Top Np3 < 0.01 +0.01 +0.02
mu_WZ Np3 +0.01 < 0.01 < 0.01
mu_WZ Np4d < 0.01 +0.01 < 0.01

Table 25: Breakdown of the absolute systematic uncertainties on background estimates in the vari-
ous Signal Regions. Note that the individual uncertainties can be correlated, and do not necessarily
add up quadratically to the total background uncertainty.
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Signal channel Sdee S4mm Sdem
Total statistical (1/Npred) +3.02 +3.42 +4.58
Total background systematic +1.49 +1.75 +2.91
MET cell-out +0.04 +0.04 < 0.01
MET pile-up +0.10 +0.06 +0.02
alpha JHigh +0.39 +0.41 +0.73
alpha_JLow +0.21 +0.16 +0.34
alpha_JMedium +0.62 +0.76 +1.37
alpha_LESee +0.01 < 0.01 < 0.01
alpha LESem < 0.01 < 0.01 +0.16
alpha LEee +0.25 < 0.01 < 0.01
alpha LEem < 0.01 < 0.01 +0.35
alpha LEmm < 0.01 +0.02 < 0.01
alpha LRIem < 0.01 < 0.01 +0.05
alpha LRMem < 0.01 < 0.01 +0.06
alpha_QCDNorm_S4ee meffInc +0.22 < 0.01 < 0.01
alpha TEee +0.09 < 0.01 < 0.01
alpha_TEem < 0.01 < 0.01 +0.59
alpha  TEmm < 0.01 +0.21 < 0.01
alpha Zpt200GeV < 0.01 +0.01 +0.02
alpha_err  BG < 0.01 +0.07 +0.12
alpha hadTop +1.00 +1.22 +2.21
alpha hadWZ < 0.01 +0.02 +0.04
gamma_stat S4ee meffInc +0.58 < 0.01 < 0.01
gamma_stat S4em meffInc < 0.01 < 0.01 +0.93
gamma_stat S4mm_meffInc < 0.01 +0.66 < 0.01
mu_Top Npl < 0.01 < 0.01 +0.02
mu_Top Np2 +0.12 +0.18 +0.36
mu_Top Np3 +0.72 +0.84 +1.44
mu_WZ _ Np3 < 0.01 < 0.01 +0.01
mu_ WZ Np4 < 0.01 +0.01 +0.01
mu_ WZ Npb < 0.01 +0.01 +0.02

Table 26: Breakdown of the absolute systematic uncertainties on background estimates in the vari-
ous Signal Regions. Note that the individual uncertainties can be correlated, and do not necessarily
add up quadratically to the total background uncertainty.
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12. Interpretation

After having investigated the Signal Region results in the previous chapter, the agreement between
the observed number of events and the predicted Standard Model backgrounds will be translated
into exclusion limits on several supersymmetry models in the following using hypothesis tests based
on the profile log likelihood ratio (LLR) in a frequentist treatment. For this purpose, the exclusion
as well as the discovery fit configurations discussed in chapter will be used.

12.1. Introduction

In the following, a brief introduction into the calculation of upper limits using the profile LLR
and the C'L |277, 1312] method will be given. The discussion is based on the description in [308§],
additional information on the method is contained in [313| as well as [314].

The profile LLR is defined as
A(:u') = A(,U,, n, 00) = -2 (ln L(”’a 00‘:”’7 éu7 éu) - 1HL(TL7 00’ﬂ7 137 é)) (44)

using the likelihood function defined in equation 40l Here, ﬂ,i),é are the set of parameter val-

ues maximizing the (unconditional) likelihood function while i)u, éu are the conditional maximum-
likelihood estimators of b and @ maximizing L for a fixed value of the signal strength p. As such,
higher values of A correspond to larger incompabilities between the data and the prediction for a
given p. Further complications arise when taking into account the fact that only p > 0 corresponds
to physical values and that upward fluctuations of the data resulting in & > p should not be treated
as evidence against the signal with strength p as discussed in detail in |313, 1314].

This test statistics A(u) is evaluated on data to arrive at the observed value A(u),obs for a given

signal strength u, together with the nuisance parameters l;u and éu for both the signal+background
as well as the background-only (u = 0) hypothesis.

The level of disagreement can be translated into the corresponding p-values

P, = / F(Al)dA (45)
A(p),0bs

t-p= [ f(aojan (46)
A(0),0bs

with f(A|u) being the probability density function of A(u) for a given signal strength p. The
corresponding probability density function f can either been obtained via Monte Carlo methods or
using approximate distributions following the theorems of Wilks [315,1316] and Wald [317]. Figure[83]
left shows a sketch of the probability density functions for the test statistics.

Thus, exclusion limits are set using the C'L value

_ Pu _ CLs+b
1-— Pb 1-— CLb

CLy(1) (47)

as a ratio of the two probabilities for the signal4-background and the background-only hypotheses.
A certain signal strength p is said to be excluded at 95% Confidence Level if C'Ls(n) < 0.05.
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12 INTERPRETATION

This approach has the advantage of preventing strong exclusion limits in case of large downward
fluctuations, though leading to overcoverage of the frequentist probability [318]. Figure [83] right
shows an example for the dependence of C'Lgyy, C'Ly and C'Lg on the signal strength p. It can be
seen that p < 2.7 is excluded for this model.

The method described above will be applied to the results of the discovery fit (for determining model-
independent upper limits) and the exclusion fit (for testing specific models) configurations described
in chapter In addition to the calculation of observed limits using the measured data, expected
limits will be derived from the median limit of the background-only hypothesis using pseudo-data.
Furthermore, the +10,, variations around the median expected limit are determined including all
experimental uncertainties. The theoretical uncertainties on the signal in turn are separated and
used to determine the ilaﬁgig limits around the nominal model cross section following the common
agreement between ATLAS & CMS [319]|. As such, the impact of theory uncertainties (changing
the predicted signal cross section) is clearly separated from the experimental uncertainties.

Technically the limit setting is implemented using the RooStats [310]-based HistFitter pack-
age |309]. For better visualisation, the C'Lg limits obtained for the different signal model points will
be interpolated using Delaunay triangulation [320] to obtain smooth exclusion contours.
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Figure 83: Left: Sketch of test statistics distributions for the signal+background and back-
ground-only hypotheses [321]. Right: Exemplary C'Ls,p, CLy and CLg distributions as a function
of the signal strength pu.

12.2. Model-independent Upper Limits

Before investigating specific models of supersymmetry breaking, it is illustrative to derive model-
independent limits on the visible cross section in each of the different Signal Regions, i.e. on the
product of the production cross section, branching ratio, acceptance and efficiency of a hypothetical
signal. These limits are determined using the discovery-fit configuration as discussed in chapter
without specific assumptions on the signal model by including an additional floating signal parameter
in the fit in each of the Signal Regions. Table 27 contains the expected and observed 95% CL upper
limits on the number of signal events derived via the C'Lg method as well as the corresponding
limit on the visible cross section in the Signal Region@. Furthermore, the confidence level for the
background-only hypothesis C'Ly is given.

59The model-independent upper limits for the one-lepton analyses are contained in appendix [El
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Signal channel (ea)2D [fb] S9%. S92, CLy
ee, 2-jet 0.71 3.3 3.5+0.1 0.48
L1, 2-jet 0.76 3.6 3.5+0.1 0.46
ept, 2-jet 0.83 3.9 3.6709 0.85
ee, 4-jet 1.53 7.2 7.7t 0.39
fig, 4-jet 1.93 9.1 8.813 0.55
eft, 4-jet 2.14 10.1 11.573% 0.28
Table 27:  Left to right: 95% CL upper limits on the visible cross section ((€0)%.) in the various
Signal Regions, and on the number of signal events (Sggs ). The third column (Sg)fp) shows the 95%

CL upper limit on the number of signal events, given the expected number (and +1o uncertainty on
the expectation) of background events. The last column indicates the C'L; value, i.e. the observed
confidence level for the background-only hypothesis.

As already visible in the comparison between data and fit results, the overall agreement is good
leading to large C'L; values between 0.28 and 0.85. Due to the small background expectation,
stronger bounds on the visible cross sections between 0.71 fb and 0.83 fb are obtained from the 2-jet
Signal Regions, while the limits in the 4-jet Signal Regions range from 1.53 fb to 2.14 fb.

12.3. Limits in the GMSB Model

After having discussed the model-independent upper limits derived using the discovery fit configu-
ration, model-specific limits are obtained using the exclusion-fit configuration taking into account
a specific signal in all Signal and Control Regions and using the shape of the meg distribution in
the Signal Regio. Exclusion limits are set in the GMSB model using all six dilepto Signal
Regions as shown in Figure B4l Models with A < 55 TeV are excluded at 95% CL, approximately
independent of tan 3, testing gluino masses of up to 1300 GeV and squark masses of up to 1250 GeV.
The strongest bounds are obtained in the slepton-NLSP region, while the limits in the stau-NLSP
region are slightly weaker due to the smaller branching ratio into leptonic final states as discussed
in chapter [£3l Owverall, the limits strongly exceeds those of previous publications by ATLAS and
the LEP experiments and currently provide the strongest exclusion limit in this GMSB scenario for
low values of tan 3.

For further illustration, Figure contains a comparison of the exclusion limit obtained in this
analysis to a similar ATLAS analysis using tau-final states |[155]. Both analyses complement each
other in the different regions of the A — tan 8 plane.

51The impact of this fit configuration on the main fit parameters compared to the background-only fit is shown in
appendix [El

52In the GMSB model, the Branching Ratio to one lepton final states is small and as such the contribution of these
channels is neglected. The acceptance times efficiency of the individual dilepton Signal Regions is contained in
appendix
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Figure 84: Expected and observed 95% CL exclusion limits in the minimal GMSB model, combining
six Signal Regions from the dilepton channels. The band around the median expected limit shows
the +10 variations, including all uncertainties except theoretical uncertainties on the signal. The
dotted lines around the observed limit indicate the sensitivity to £1¢ variations on these theoretical
uncertainties. The different next-to-lightest particle (NLSP) regions are indicated. The coNLSP
region denotes the region where 7, and {p are nearly mass degenerate. Previous OPAL and ATLAS
limits in this model are taken from @] and [@, @], respectively. Limits derived from the LEP
slepton mass limits @] are also shown.
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Figure 85: Expected and observed 95% CL exclusion limits in the minimal GMSB model from
this anma}ysis in comparison to limits obtained in the ATLAS supersymmetry searches requiring
taus .
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Figure 86: Expected and observed 95% CL exclusion limits in the mSUGRA model with
tan 8 = 10,49 = 0 and the sign of u taken to be positive. The results are obtained by com-
bining ten Signal Regions from the hard single-lepton and dilepton channels. The band around the
median expected limit shows the +1¢ variations, including all uncertainties except theoretical un-
certainties on the signal. The dotted lines around the observed limit indicate the sensitivity to £1o
variations on these theoretical uncertainties. The dashed grid shows contours of constant squark
(curved lines) and gluino (nearly horizontal lines) masses. The previous limit from ATLAS [327]
and the results from the LEP experiments [328] are also shown. The parameter space labelled as
“No EWSB?” is theoretically excluded as no electroweak symmetrybreaking is possible in this region.

12.4. Limits in the mSUGRA Model

For the interpretation within the mSUGRA scenario, the ten Signal Regions from the dilepton and
the hard one-lepton analysis are Combine. Figure [86] shows the exclusion limit in the mo —my s
plane, providing a large improvement compared to previous analyses based on the hard one lepton
channel. Assuming the validity of this mSUGRA scenario and equal masses, squarks and gluinos
with masses below approximately 1.2 TeV are excluded at 95% CL. Compared to similar ATLAS
analyses on the same dataset and model in final states without leptons and 2-6 jets [322] or 6-
9 jets [323|, a similar sensitivity is obtained for intermediate to large values of m( despite the
smaller branching ratio of squarks and gluinos into leptonic final states, while [322] is slightly more
sensitive for small values mg and large values of my/,. Furthermore, similar analyses have also been
carried out by CMS using either single [324] or dilepton 325, 326] final states leading to comparable
sensitivities.

To illustrate the performance of the different Signal Regions within this scenario, Figure 87 contains
the expected limits obtained from the individual Signal Regions when combining only the different
flavor final state. It can be seen that both the 4-jet dilepton as well as the 4-jet hard one lepton

53The soft-lepton Signal Regions are not taken into account as they provide only very low sensitivity in this scenario
due to the relatively large transverse momenta of the leptons in the relevant parameter space.
54The acceptance times efficiency of the individual dilepton Signal Regions is contained in appendix [Cl
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Signal Regions contribute to the limit for large values of mg, while for large values of m,, the
exclusion reach is driven by the one lepton Signal Regions. For large values of mg, gluino pair
production dominates, leading to four jet final states due to the three-body gluino decays as the
squark masses are larger than the gluino masses. In contrast, for large values of m; 5, squark pair
production as well as mixed squark-gluino production contribute significantly, which in turn leads to
less, but harder jets in the final states. To illustrate the impact of using the shape information from
the meg distribution, Figure B8 contains a comparison to a cut-and-count analysis using a single
inclusive bin for each Signal Region. It can be seen that the inclusion of the shape information
significantly improves the sensitivity.
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Figure 87: Contributions from the different dilepton and single hard lepton Signal Regions to the
combined limit shown in Figure

12.5. Limits in the Simplified Models

In addition to the specific interpretations in the GMSB and the mSUGRA scenario, exclusion limits
are derived in the one- and the two-step Simplified Models. For all the Simplified Models, all
one- and dilepton Signal Regions (including the soft-lepton channel) are combined to maximize
the exclusion reach. In contrast to the previous scenarios where the model completely specifies all
sparticle masses, cross sections and branching ratios, the excluded model cross section opominal * 495
for the different Simplified Models is calculated explicitly by scanning the excluded signal strength
i as shown in Figure B3 right. For the calculation of the exclusion curves, the nominal MSSM
production cross section is used, while the branching ratio to the specific decay chain is fixed to
one.

Figure B9 contains the exclusion limits for the one-step Simplified Models. The limits are dominated
by the one lepton Signal Regions as the dilepton channel only contributes if both W bosons decay
leptonicall P3. For model points with small mass differences between the squark/gluino and the LSP

5The acceptance times efficiency of the individual dilepton Signal Regions for all the Simplified Models is contained
in appendix

118



12 INTERPRETATION

MSUGRA/CMSSM: tanp = 10, A0 =0,u>0

S‘ T T T I T T 17T I \I LI I T \I T T 1 T T T T ‘ T T T T ‘ T T T T I T ]
» 700 H A:IZI:A*S«— ~T f\x ' \ ===--- Expected limit (+10,,,) ]
B nternal — — - - B
.Q. > 4 = \ CRERLRE Y Expected Limit (Cut And Count) -
N Ldt=4.7 fb’,ys=7 TeV ; . b
g 600 M =[ — L ATLAS 1 lepton (.04 fb™)) =
v N B A LEP2 E
3 \ S ) e ]
y C ) R -
500 = "o ) S| oewss =
. "N - N
F o . Y Al limits at 95% CLs .
e R \ T 1 ) 1 -
400 — N =y N L\ \ \ \ \ —]
- \ ’,I NN VT A — L | —
- \ .S \ \ R et

‘e

300

200

100 1 1 1 I 11 1 | I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
500 1000 1500 2000 2500 3000 3500

m, [GeV]

Figure 88: Comparison of the combined expected mSUGRA limit using the shape information from
the meg distribution compared to a cut-and-count analysis using a single inclusive bin for each
Signal Region.

(or respectively for models with small mass splitting x), the soft lepton Signal Regions significantly
extend the exclusion reach. In both the scenario with fixed mass splitting = = 1/2 as well as in the
scenario with 60 GeV LSP mass, gluinos masses of up to 900 GeV are excluded. In the squark pair
production models, the limit is weaker due to the smaller production cross section as well as the
smaller selection efficiency due to the lower jet multiplicity. Here, squark masses of up to 600 GeV
are excluded.

In the same way, Figure @0 shows the exclusion limits in the two-step Simplified Models for gluino
pair production. In the Simplified Model involving sleptons, the 4-jet dilepton Signal Region pro-
vides the largest contribution to the reach as always two leptons and four jets are produced, while
in the Simplified Model involving W/Z bosons, contributions from all Signal Regions are present.

Finally, Figure contains the exclusion limits obtained in the two-step Simplified Models for
squark pair production. Again the exclusion reach is dominated by the dilepton Signal Regions in
the models involving sleptons, while some contribution from the one-lepton channels is present as
well for model with x9 due to the decays via sneutrinos. As for the two-step gluino pair production,
the model with decay chains via W/Z bosons is affected by the lower leptonic branching ratio
compared to the slepton grids, which is partially compensated by the higher acceptance of the
one-lepton signal regions.

Limits in the two-step Simplified Models exclude gluino masses around 900-1000 GeV, while squark
masses of 500-700 GeV are excluded for low LSP masses. The exclusion limits for the Simplified
Models obtained in the context of this work significantly extend previous constraints or exclude
types of models for the first time. A similar combination of several analysis channels and a cor-
responding interpretation within many Simplified Models has also been carried out by now by the
CMS collaboration, resulting in comparable exclusion limits [329].

119



12 INTERPRETATION

o9 _,qqquwgl’%, x=1/2
= 1200 [T T T T[T T [T T T [T T[T T T [T [ TT T T[T
> L 4
8 [ ATLAS .
e [ 1377 i
EE“ 1000 |- ILdt: 4.7 5% 5=7 Tev -
r 3964 T
L 1390 |
[ Observed limit (tlofr‘ii’;) smL{T 814 . 261 |
800 — ____ Expected limit (+10¢,,) 4184 o3 - ze
- Allimits at 95% CL 6530 L 260 “
L Q& 1303 599 103 i
e b103 1035 250 56
600 — N 1423 660 109 32—
L 107 1046 2 61 23
[ 1527 705 119 36 B
1201 402 62 2 i
400 4 15
18 4
14 B
24063 14 - o]
200 [= 12 —
d 1 4
o 281 63 25 5 u
Lizhy HTLFL 5 HH"]HHHNY’H L \‘?-.\‘f'x |
300 400 500 600 700 800 900 1000 1100 1200
m; [GeV]
&G - qOWWXK, X=1/2
;1200 [T T T T [T T T T [T T[T T T [T [TT T T[T TTT
> 4
8 [ ATLAS
€ fOOO L ILdt=4.7fb'l,\/§=7 Tev
= 635 —
[ 946 288 |
L . Observed limit (ﬂa‘sh‘:f;) 362 oss 120 |
800 — ____ Expected limit (+10,,) - "2% e
+ Alllimits at 95% CL ! 14 B
292 66
[ 140 2 T
600 [— o .
= 146 4 234
[ 30 i
[ 4704 8 i
1541
400 — 9 3 2 —
L 48 3 3 2 4
221 6 2 18 N
108 22
4 223 66 1 7
200 -
k. 8 6 21 1 -
k)’-’lfi W 62 29 20 16 N
M EEANC R \’"“\}‘?7\\\1HWHLMHZHHHML?HMHH
300 400 500 600 700 800 900 1000 1100 1200
m; [GeV]

Figure 89: Excluded regions at 95% confidence level in the parameter space of one-step Simplified
Models. Top row: gluino pair production with § — qq’ﬁ — q@W*XY. Bottom row: squark pair
production with ¢, — ¢’ )ﬁc — ¢W*XY. In the left column, the chargino mass is set to be halfway
between gluino (top) or squark (bottom) and LSP masses. In the right column, the LSP mass is
fixed at 60 GeV and the masses of the chargino and gluino (top) or squark (bottom) are varied. The
band around the median expected limit shows the +10 variations, including all uncertainties except
theoretical uncertainties on the signal. The dotted lines around the observed limit indicate the
sensitivity to +1o variations on these theoretical uncertainties. The plots are from the combination
of all single and dilepton channels. The numbers indicate the excluded cross section in fb. A smaller
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Figure 90: Excluded regions at 95% confidence level in the parameter space of

two-step Simplified Models with gluino pair production. Left: both gluinos decay via
J = q@XT = q@ 0o, — q@ v or § = q@XE — qﬁ'ugf — q@vf*x{. Right: both gluinos
decay via § — qq’ﬁ — qa’W(*)if(g — W(*)iZ(*))Z?. The band around the median expected limit
shows the +10 variations, including all uncertainties except theoretical uncertainties on the signal.
The dotted lines around the observed limit indicate the sensitivity to +1¢ variations on these theo-
retical uncertainties. The plots are dominated by the dilepton channels. The numbers indicate the
excluded cross section in fb. A smaller excluded cross section implies a more stringent limit.
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Figure 91: Excluded regions at 95% confidence level in the parameter space of two-step
Simplified Models with squark pair production. Top left:  both squarks decay via
i — ¢XE = ¢0Fop — ¢ or G — ¢XE — (v — ¢rFvR). Top right: one squark
decays via Gr, — ¢'XT — 00 — ¢Fvx) or Gr, — ¢XT — ¢0Fv — ¢1FrRY and the other squark
decays via G, — qxy — qﬁigf — 0T or G — qxXS — qui, — qurx) . Bottom row: both
squarks decay via ¢;, — q’)ﬁc — W(*)i)zg — W(*)iZ(*))Z?. The band around the median expected
limit shows the +1¢ variations, including all uncertainties except theoretical uncertainties on the
signal. The dotted lines around the observed limit indicate the sensitivity to £1o variations on
these theoretical uncertainties. The plots are dominated by the dilepton channels. The numbers
indicate the excluded cross section in fb. A smaller excluded cross section implies a more stringent
limit.
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13. Summary & Outlook

In the present work, a search for supersymmetry with the ATLAS detector in final states containing
jets, ErTniSS and at least two isolated leptons has been presented. The requirement of at least
two leptons efficiently suppresses otherwise dominant Standard Model backgrounds such as QCD
multijet and W+jet events and as such simplifies the control of the background. The full dataset
from the 2011 data-taking period with an integrated luminosity of 4.7 fb~! of v/7 TeV proton-proton
collisions provided by the LHC has been analyzed and results have been found to be consistent with
the Standard Model predictions.

The main emphasis of this work has been set on the configuration, validation and application of a
simultaneous fit to several Control and Signal Regions, combining results of this dilepton analysis
with two additional one lepton analyses. The combined fit improves the modelling of the Standard
Model background processes and reduces the systematic uncertainties significantly, thus resulting
in a more precise background prediction for the Signal Regions and as such a higher sensitivity
to supersymmetry models and an extended exclusion reach. Dominant systematics arise due to
the limited Monte Carlo statistics in the extreme phase space regions of the Signal Regions. In
the Signal Region requiring at least four jets with high transverse momenta, the uncertainties on
the tt+jets normalization as well as jet energy scale and hadronization uncertainties are also of
relevance.

In all the Signal Regions, the observed data is consistent with the Standard Model prediction and as
such exclusion limits have been derived in several scenarios. The exclusion limits set by this analysis
strongly exceed limits from the LEP and Tevatron experiments. Visible cross sections between 0.71
fb and 2.14 fb are excluded at 95% CL in the Signal Regions. In the GMSB scenario investigated
in this analysis, models with A < 55 TeV are excluded at 95% CL, corresponding to gluino masses
of about 1.2 TeV. Similarly, squark and gluino masses below 1.2 TeV are excluded 95% CL in the
mSUGRA scenario for models with equal squark and gluino masses. Furthermore, exclusion limits
have been set in several different one- and two-step Simplified Models for the first time in leptonic
supersymmetry searches. For not too large LSP masses, gluinos with masses below 900 — 1000 GeV
and squarks with masses below 500 — 600 GeV are excluded at 95% CL for several possible decay
modes.

Further supersymmetry searches are being carried out by ATLAS using the dataset from the 2012
data taking period with an integrated luminosity of up to 20 fb~! at a slightly higher center of mass
energy of 8 TeV. While updates for the hard one lepton analysis are ongoing [330], no immediate
update for this dilepton analysis is currently forseen and the complexity of this combined analysis in
terms of the constraining of theoretical uncertainties on the Standard Model background prediction
is unrivaled at this point in time. Apart from the inclusion of more data at higher center of mass
energies, further improvements of the analysis could be realized by combining the results of an
exclusive dilepton analysis with a dedicated multilepton analysis which would strongly improve the
sensitivity to scenarios with light sleptons such as the GMSB model.

With the discovery of a Higgs boson with a mass of approximately 125 GeV and properties con-
sistent with the Standard Model predictions, the last remaining ingredient of the Standard Model
has been found. Nevertheless, even this presumptive completion of the Standard Model does not
provide a full answer to all the open questions of particle physics, necessitating physics beyond the
Standard Model. The absence of any signal observation in many different search channels com-
bined with the observed Higgs boson mass, the null results from dark matter experiments such as
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Figure 92: Summary of the dedicated ATLAS searches for top squark pair production based on up
to 20.7 fb~! of pp collision data taken at /s = 8 TeV and 4.7 fb=! of pp collision data taken at /s
— 7 TeV [334).

XENON100 [@] as well as the constraints on the By — p ™~ branching ratio @ have ruled out
several supersymmetry models that had been favoured before the start of the LHC |. Thus, the
focus of the ongoing supersymmetry searches at the LHC is shifting towards supersymmetry models
in which only the top squark, the gauginos and the gluino are light, while all other sparticles have
masses beyond the kinematic reach of the LHC. Such “natural” supersymmetry models still provide
a solution to the hierarchy problem and for dark matter, but lead to scenarios that are harder to
detect and thus could have escaped the current supersymmetry searches at the LHC. Figure
shows the corresponding limits in the #; — Y plane from several ATLAS analyses.

Apart from such more specific searches, further improved sensitivities can also be expected with
higher center of mass energies and integrated luminosites after the upgrade of the LHC. As shown
in Figure @3] the LHC and its experiments will be able to further test supersymmetry models on
unprecedented scales in the coming years.
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A. Monte Carlo Samples

For the analysis, the following official datasets provided by the ATLAS supersymmetry working
group using the SUSYD3PDMaker package [336] have been used:
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B. Packages

The following packages provided by the ATLAS combined performance and supersymmetry working
groups are used for the event and object selection, partially applying small corrections to the
simulation ex post:

atlasoff/PhysicsAnalysis/SUSYPhys/SUSYTools/tags/SUSYTools-00-00-61
atlasoff/PhysicsAnalysis/D3PDTools/RootCore/tags/RootCore-00-00-31
atlasoff/PhysicsAnalysis/AnalysisCommon/ObjectSelectorCore/tags/0ObjectSelectorCore-00-00-09
atlasoff/PhysicsAnalysis/JetMissingEtID/JetSelectorTools/tags/JetSelectorTools-00-00-11
atlasoff/PhysicsAnalysis/MuonID/MuonIDAnalysis/MuonEfficiencyCorrections/tags/MuonEfficiencyCorrections-01-00-10
atlasoff/PhysicsAnalysis/MuonID/MuonIDAnalysis/MuonMomentumCorrections/tags/MuonMomentumCorrections-00-05-03
atlasoff/Reconstruction/egamma/egammaEvent/tags/egammaEvent-03-06-20
atlasoff/Reconstruction/egamma/egammaAnalysis/egammaAnalysisUtils/tags/egammaAnalysisUtils-00-02-76
atlasoff/PhysicsAnalysis/JetTagging/JetTagPerformanceCalibration/CalibrationDatalnterface\
/tags/CalibrationDatalnterface-00-01-02

atlasoff/DataQuality/GoodRunsLists/tags/GoodRunsLists-00-00-96
atlasoff/PhysicsAnalysis/AnalysisCommon/PileupReweighting/tags/PileupReweighting-00-02-02
atlasoff/Reconstruction/Jet/JetUncertainties/tags/JetUncertainties-00-03-05-01
atlasgrp/CombPerf/JetETMiss/JetCalibrationTools/ApplyJetCalibration/tags/ApplyJetCalibration-00-00-09
atlasoff/Reconstruction/Jet/JetResolution/tags/JetResolution-01-00-00
atlasoff/Reconstruction/MissingETUtility/tags/MissingETUtility-00-02-13
atlasoff/PhysicsAnalysis/AnalysisCommon/ReweightUtils/tags/ReweightUtils-00-02-06
atlasoff/Trigger/TrighAnalysis/TrigRootAnalysis/tags/TrigRootAnalysis-00-00-07
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C. Signal Acceptance and Efficiency

Figures [07], and show the signal acceptance times efficiency of the 2-jet and 4-jet Signal
Regions for the GMSB, mSUGRA as well as the Simplified Models. The acceptance times efficiency
increases with higher sparticle masses and larger mass differences. In the GMSB scenario, a clear
separation between the slepton and stau NLSP regions is visible. In the mSUGRA model, the
separation between the two-body and the three-body region can be observed, leading to a larger
acceptance times efficiency for the 2-jet (4-jet) Signal Region for large m / (mo)@. In the Simplified
Models, the acceptance times efficiency of the 2-jet Signal Region is usually larger for the squark

pair production scenarios, while the 4-jet Signal Region performs better for gluino pair production
scenarios.
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Figure 94: Acceptance times efficiency for the GMSB grid for the dielectron (top), dimuon (middle)
and electron muon (bottom) selection in the 2-jet (left) and 4-jet (right) channel.

56The large efficiency in the high m, /2 region for the four-jet Signal Regions is a consequence of the high EX'S cut
which enhances the two-body region relative to the three-body region.
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Figure 95: Acceptance times efficiency for the mSUGRA grid for the dielectron (top), dimuon
(middle) and electron muon (bottom) selection in the 2-jet (left) and 4-jet (right) channel.
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Figure 96: Acceptance times efficiency for the one step Simplified Model grid with gluino pair
production and x = 1/2 for the dielectron (top), dimuon (middle) and electron muon (bottom)
selection in the 2-jet (left) and 4-jet (right) channel.
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Figure 97: Acceptance times efficiency for the one step Simplified Model grid with gluino pair
production and varied x for the dielectron (top), dimuon (middle) and electron muon (bottom)
selection in the 2-jet (left) and 4-jet (right) channel.
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Figure 98: Acceptance times efficiency for the one step Simplified Model grid with squark pair
production and x = 1/2 for the dielectron (top), dimuon (middle) and electron muon (bottom)
selection in the 2-jet (left) and 4-jet (right) channel.
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Figure 99: Acceptance times efficiency for the one step Simplified Model grid with squark pair
production and varied x for the dielectron (top), dimuon (middle) and electron muon (bottom)
selection in the 2-jet (left) and 4-jet (right) channel.
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Figure 100: Acceptance times efficiency for the two step Simplified Model grid with gluino pair
production and decays via sleptons for the dielectron (top), dimuon (middle) and electron muon
(bottom) selection in the 2-jet (left) and 4-jet (right) channel.
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Figure 101: Acceptance times efficiency for the two step Simplified Model grid with gluino pair pro-
duction and decays via W/Z for the dielectron (top), dimuon (middle) and electron muon (bottom)
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Figure 102: Acceptance times efficiency for the two step Simplified Model grid with squark pair
production and decays via sleptons and two charginos for the dielectron (top), dimuon (middle) and
electron muon (bottom) selection in the 2-jet (left) and 4-jet (right) channel.
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Figure 103: Acceptance times efficiency for the two step Simplified Model grid with squark pair pro-
duction and decays via sleptons and chargino/neutralino for the dielectron (top), dimuon (middle)
and electron muon (bottom) selection in the 2-jet (left) and 4-jet (right) channel.
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Figure 104: Acceptance times efficiency for the two step Simplified Model grid with squark pair pro-
duction and decays via W/Z for the dielectron (top), dimuon (middle) and electron muon (bottom)
selection in the 2-jet (left) and 4-jet (right) channel.
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D. Fit Parameter Results

The following table contains a full set of fit results for the background-only fit:

Floating Parameter FinalValue +/- Error
alpha_BT 8.2123e-01 +/-
alpha_HF 1.1700e-01 +/-

alpha_JHigh -9.0297e-01 +/-
alpha_JLow  -2.9170e-01 +/-
alpha_JMedium -5.6379e-01 +/-
alpha_LESee 1.3750e-01 +/-
alpha_LESel 1.6230e-01 +/-
alpha_LESem 1.0827e-02 +/-
alpha_LESmm -1.0714e-02 +/-
alpha_LESmu 9.2659e-03 +/-
alpha_LESse 1.7247e-02 +/-
alpha_LESsm -1.2051e-02 +/-
alpha_LEee 1.2590e+00 +/-
alpha_LEel -6.6297e-01 +/-
alpha_LEem -5.9210e-02 +/-
alpha_LEmm 1.8984e-02 +/-
alpha_LEmu 8.9295e-03 +/-
alpha_LEse -3.7047e-01 +/-
alpha_LEsm 4.6735e-03 +/-
alpha_LRIem -1.1518e-02 +/-
alpha_LRImm -1.1050e-02 +/-
alpha_LRImu -4.2262e-02 +/-
alpha_LRIsm -2.7316e-02 +/-
alpha_LRMem -2.6651e-02 +/-
alpha_LRMmm 3.9411e-02 +/-
alpha_LRMmu 6.4819e-02 +/-
alpha_LRMsm -3.0665e-02 +/-
alpha_MC  -8.6103e-01 +/-
alpha_MP 2.8320e-01 +/-
alpha_PtMinTop 5.6652e-03 +/- .76e-01
alpha_PtMinWZ 1.1400e+00 +/- 6.77e-01
alpha_QCDNorm_SVTEl_nJet 4.0307e-01 +/- 4.15e-01
alpha_QCDNorm_SVTMu_nJet 3.7979%e-01 +/- 6.05e-01
alpha_QCDNorm_SVWE1l_nJet -1.3298e+00 +/- 8.10e-02
alpha_QCDNorm_SVWMu_nJet  -3.9108e-01 +/- 6.09e-01

.79e-01
.14e+00
.78e-01
.93e-01
.20e-01
.82e-01
.38e-01
.56e-01
.91e-01
.88e-01
.93e-01
.47e-01
.57e-01
.01e+00
.15e-01
.49e-01
.21e-01
.01e+00
.66e-01
.68e-01
.81e-01

= s P O, O O O~ 0O OO ©WO0 0000 O © Ul © O© B NWNDNDSDN

(e}

alpha_QCDNorm_TREl_nJet  -7.6837e-01 +/- 6.47e-01
alpha_QCDNorm_TRMu_nJet 2.6128e-01 +/- 6.53e-01
alpha_QCDNorm_TRee_nJet 5.2791e-01 +/- 7.48e-01
alpha_QCDNorm_TRem_nJet 5.1741e-02 +/- 1.11e+00
alpha_QCDNorm_TRmm_nJet 1.1228e-01 +/- 1.25e+00
alpha_QCDNorm_WREl_nJet 1.3172e-01 +/- 2.41e-01
alpha_QCDNorm_WRMu_nJet -2.8610e-01 +/- 8.92e-01
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alpha_QCDNorm_ZRee_nJet 1.4336e-02 +/- 9.55e-01
alpha_QCDNorm_ZRmm_nJet 3.2123e-02 +/- 1.02e+00

alpha_TEee 3.6007e-01 +/- 9.16e-01
alpha_TEel -2.7167e-01 +/- 9.41e-01
alpha_TEem -1.5103e-01 +/- 6.49e-01
alpha_TEmm 4.5870e-01 +/- 5.36e-01
alpha_TEmu 4.3290e-01 +/- 4.76e-01
alpha_Zpt100GeV 2.1610e-01 +/- 6.07e-01
alpha_Zpt150GeV 8.0396e-02 +/- 7.36e-01
alpha_Zpt200GeV  -2.6990e-01 +/- 7.20e-01
alpha_Zpt50GeV 1.2496e-01 +/- 6.99e-01
alpha_err_BG  -4.7096e-02 +/- 9.72e-01
alpha_err_WZ_NpO 1.1261e-02 +/- 9.56e-01
alpha_err_WZ_Npl 2.8783e-01 +/- 1.81le-01
gamma_stat_SVTEl_nJet_bin_0O 1.1592e+00 +/- 1.48e-01
gamma_stat_SVTEl_nJet_bin_1 9.3785e-01 +/- 9.28e-02
gamma_stat_SVTEl_nJet_bin_2 1.0599e+00 +/- 9.69e-02
gamma_stat_SVTEl_nJet_bin_3 1.0202e+00 +/- 1.33e-01
gamma_stat_SVTEl_nJet_bin_4 9.2554e-01 +/- 1.39e-01
gamma_stat_SVTEl_nJet_bin_5 1.0715e+00 +/- 3.21e-01
gamma_stat_SVTMu_nJet_bin_0O 1.0117e+00 +/- 9.76e-02
gamma_stat_SVTMu_nJet_bin_1 9.5312e-01 +/- 8.09e-02
gamma_stat_SVTMu_nJet_bin_2 1.0146e+00 +/- 7.87e-02
gamma_stat_SVTMu_nJet_bin_3 1.0510e+00 +/- 7.29e-02
gamma_stat_SVTMu_nJet_bin_4 1.0045e+00 +/- 1.52e-01
gamma_stat_SVTMu_nJet_bin_5 1.0546e+00 +/- 2.74e-01
gamma_stat_SVWEl_nJet_bin_1 9.6839e-01 +/- 4.70e-02
gamma_stat_SVWEl_nJet_bin_2 9.3503e-01 +/- 7.01e-02
gamma_stat_SVWEl_nJet_bin_3 9.8481e-01 +/- 1.04e-01
gamma_stat_SVWEl_nJet_bin_4 1.0877e+00 +/- 1.64e-01
gamma_stat_SVWEl_nJet_bin_5 9.9079e-01 +/- 2.12e-01
gamma_stat_SVWMu_nJet_bin_2 9.7136e-01 +/- 6.05e-02
gamma_stat_SVWMu_nJet_bin_3 9.4722e-01 +/- 9.02e-02
gamma_stat_SVWMu_nJet_bin_4 1.0650e+00 +/- 1.52e-01
gamma_stat_SVWMu_nJet_bin_5 1.0805e+00 +/- 2.25e-01
gamma_stat_TREl_nJet_bin_5 1.0076e+00 +/- 5.31e-02
gamma_stat_TREl_nJet_bin_6 1.0293e+00 +/- 9.92e-02
gamma_stat_TRMu_nJet_bin_6 9.9807e-01 +/- 7.13e-02
gamma_stat_TRee_nJet_bin_4 1.0334e+00 +/- 7.43e-02
gamma_stat_TRee_nJet_bin_5 9.5275e-01 +/- 1.64e-01
gamma_stat_TRee_nJet_bin_6 9.7862e-01 +/- 2.58e-01
gamma_stat_TRee_nJet_bin_7 9.4746e-01 +/- 6.74e-01
gamma_stat_TRem_nJet_bin_4 1.0219e+00 +/- 4.81e-02
gamma_stat_TRem_nJet_bin_5 9.6577e-01 +/- 1.10e-01
gamma_stat_TRem_nJet_bin_6 1.0326e+00 +/- 2.46e-01
gamma_stat_TRem_nJet_bin_7 9.6471e-01 +/- 4.86e-01
gamma_stat_TRmm_nJet_bin_4 1.0506e+00 +/- 6.34e-02
gamma_stat_TRmm_nJet_bin_5 9.8600e-01 +/- 1.49e-01
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gamma_stat_TRmm_nJet_bin_6 1.0560e+00 +/- 3.05e-01
gamma_stat_TRmm_nJet_bin_7 1.6062e+00 +/- 6.20e-01
gamma_stat_WREl_nJet_bin_4 9.3416e-01 +/- 5.87e-02
gamma_stat_WREl_nJet_bin_5 9.9502e-01 +/- 4.92e-02
gamma_stat_WREl_nJet_bin_6 1.0515e+00 +/- 8.42e-02
gamma_stat_WRMu_nJet_bin_5 1.0042e+00 +/- 4.84e-02
gamma_stat_WRMu_nJet_bin_6 9.9940e-01 +/- 8.26e-02
gamma_stat_ZRee_nJet_bin_5 1.0373e+00 +/- 9.60e-02
gamma_stat_ZRee_nJet_bin_6 9.6586e-01 +/- 1.77e-01
gamma_stat_ZRee_nJet_bin_7 8.8978e-01 +/- 3.96e-01
gamma_stat_ZRmm_nJet_bin_5 1.0445e+00 +/- 7.52e-02
gamma_stat_ZRmm_nJet_bin_6 1.0280e+00 +/- 1.76e-01

gamma_stat_ZRmm_nJet_bin_7 1.2097e+00 +/- 3.04e-01

mu_Top_NpO 1.2677e+00 +/- 9.95e-02
mu_Top_Npl 9.8943e-01 +/- 5.91e-02
mu_Top_Np2 1.0716e+00 +/- 8.62e-02
mu_Top_Np3 9.2026e-01 +/- 7.59e-02
mu_WZ_Np2 1.1416e+00 +/- 7.90e-02
mu_WZ_Np3 1.0677e+00 +/- 5.99e-02
mu_WZ_Np4 1.0195e+00 +/- 6.25e-02
mu_WZ_Npb 1.2441e+00 +/- 1.28e-01

The following table contains a full set of fit results for an exemplary mSUGRA exclusion fit for the
model with (mq,m;/2) = (3060 GeV,300 GeV) using the 10 hard single lepton and dilepton SRs. It
can be seen that some of the parameters acquire different values compared to the background-only
fit configuration, while no significant changes occur for the main free normalization parameters. A
further investigation of the fit parameter dependence on the signal model under consideration is
contained in appendix [El

Floating Parameter FinalValue +/- Error
Lumi 1.0000e+00 +/- 3.68e-02
alpha_BT 6.1716e-01 +/- 2.01e-01
alpha_HF  -1.8372e-01 +/- 4.06e-01
alpha_JHigh  -5.8397e-01 +/- 1.68e-01
alpha_JLow 1.7754e-02 +/- 1.06e-01
alpha_JMedium -4.1112e-01 +/- 2.75e-01
alpha_JSig  -1.4920e-03 +/- 1.01e+00
alpha_LESee 1.4343e-01 +/- 1.89e-01
alpha_LESel 4.2309e-02 +/- 1.32e-01
alpha_LESem 2.3759e-03 +/- 9.44e-01
alpha LESmm -1.2616e-02 +/- 9.77e-01
alpha_LESmu 9.6822e-03 +/- 9.78e-01
alpha_LESse 1.4730e-02 +/- 9.53e-01
alpha_LESsm  -1.2249e-02 +/- 9.92e-01
alpha_LEee 1.3428e+00 +/- 5.69e-01
alpha_LEel  -8.2052e-01 +/- 8.70e-01
alpha_LEem 1.5764e-02 +/- 9.52e-01
alpha_LEmm 2.2169e-02 +/- 7.98e-01
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alpha_LEmu 9.6580e-03 +/-
alpha_LEse -3.7166e-01 +/-
alpha_LEsm 5.0370e-03 +/-

alpha_LRIem -1.1064e-02 +/-
alpha_LRImm -1.2561e-02 +/-
alpha_LRImu  -4.6099e-02 +/-
alpha_LRIsm -2.8187e-02 +/-
alpha_LRMem -3.1488e-02 +/-
alpha_LRMmm 3.9314e-02 +/-
alpha_LRMmu 7.9642e-02 +/-
alpha_LRMsm -3.9153e-02 +/-
alpha_MC  -9.5757e-01 +/-
alpha_MP 4.4960e-02 +/-
alpha_PtMinTop 1.6802e-02 +/-
alpha_PtMinTopSR 6.9747e-02 +/-
alpha_PtMinWZ 1.0601e+00 +/-
alpha_PtMinWZSR  -2.2760e-01 +/-
alpha_QCDNorm_S2em_meffInc 1.0325e-
alpha_QCDNorm_S3El_meffInc -3.0757e-
alpha_QCDNorm_S3Mu_meffInc 2.3426e-
alpha_(QCDNorm_S4El_meffInc 6.9537e-
alpha_QCDNorm_S4ee_meffInc -8.9678e-
alpha_QCDNorm_S4em_meffInc  -1.2372e-
alpha_QCDNorm_S4mm_meffInc 3.7986e-
alpha_QCDNorm_SVTEl_nJet 4.0287e-01
alpha_QCDNorm_SVTMu_nJet 2.6420e-01
alpha_QCDNorm_SVWE1l_nJet -1.3652e+00
alpha_QCDNorm_SVWMu_nJet -4.6585e-01
alpha_(QCDNorm_TREl_nJet  -7.5689e-01
alpha_QCDNorm_TRMu_nJet 9.9552e-02
alpha_QCDNorm_TRee_nlJet 6.9443e-01
alpha_QCDNorm_TRem_nJet 2.6732e-01
alpha_QCDNorm_TRmm_nJet 1.5028e-01
alpha_QCDNorm_WRE1l_nJet 1.3121e-01
alpha_(QCDNorm_WRMu_nJet  -1.8093e-01
alpha_QCDNorm_ZRee_nJet 2.2489e-02
alpha_QCDNorm_ZRmm_nJet 2.8327e-02
alpha_SigXSec 1.4828e-03 +/-
alpha_TEee 3.7415e-01 +/-
alpha_TEel -3.3679e-01 +/-
alpha_TEem 4.5806e-02 +/-
alpha_TEmm 5.9874e-01 +/-
alpha_TEmu 4.6970e-01 +/-
alpha_Zpt100GeV 1.9573e-01 +/-
alpha_Zpt150GeV 1.8136e-01 +/-
alpha_Zpt200GeV  -2.1015e-01 +/-
alpha_Zpt50GeV 9.7869e-02 +/-
alpha_err_BG  -6.1572e-02 +/-

D OO NEF- P O © O O WO W W o o

.34e-01
.85e-01
.93e-01
.41e-01
.13e-01
.97e-01
.78e-01
.49e-01
.03e-01
.05e+00
.59e-01
.38e-01
.78e-01
.10e-01
.56e-01
.76e-01
.63e-01

02 +/- 9.
01 +/- 9.

01 +/- 9
02 +/- 9
02 +/- 8.
02 +/- 9
03 +/- 1

+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-

+
~
I

O O 01O OO © 00 ©

4.12
5.64
1.68
6.07
6.43e
5.87e
7.20e
9.87e
1.27e
1.70e
6.90e
9.16e
9.93e

.00e-01
.03e-01
.02e-01
.14e-01
.85e-01
.38e-01
.94e-01
.65e-01
.89%e-01
.59e-01
.16e-01

88e-01
15e-01

.87e-01
.05e-01

53e-01

.38e-01
.01e+00

e-01
e-01
e-02
e-01
-01
-01
-01
-01
+00
-01
-01
-01
-01
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alpha_err_WZ_NpO 9.9890e-03
alpha_err_WZ_Npil 4.7006e-01
alpha_hadTop -6.1200e-02
alpha_hadWZ 2.2785e-03

gamma_stat_S2ee_meffInc_bin_2
gamma_stat_S2ee_meffInc_bin_3
gamma_stat_S2ee_meffInc_bin_4
gamma_stat_S2em_meffInc_bin_1
gamma_stat_S2em_meffInc_bin_2
gamma_stat_S2em_meffInc_bin_3
gamma_stat_S2em_meffInc_bin_4
gamma_stat_S2mm_meffInc_bin_1
gamma_stat_S2mm_meffInc_bin_2
gamma_stat_S2mm_meffInc_bin_3
gamma_stat_S2mm_meffInc_bin_4
gamma_stat_S3El_meffInc_bin_0
gamma_stat_S3El_meffInc_bin_1
gamma_stat_S3El_meffInc_bin_2
gamma_stat_S3El_meffInc_bin_3
gamma_stat_S3El_meffInc_bin_4
gamma_stat_S3El_meffInc_bin_b
gamma_stat_S3Mu_meffInc_bin_0O
gamma_stat_S3Mu_meffInc_bin_1
gamma_stat_S3Mu_meffInc_bin_2
gamma_stat_S3Mu_meffInc_bin_3
gamma_stat_S3Mu_meffInc_bin_4
gamma_stat_S3Mu_meffInc_bin_5b
gamma_stat_S4El_meffInc_bin_0O
gamma_stat_S4El_meffInc_bin_1
gamma_stat_S4El_meffInc_bin_2
gamma_stat_S4El_meffInc_bin_3
gamma_stat_S4Mu_meffInc_bin_0O
gamma_stat_S4Mu_meffInc_bin_1
gamma_stat_S4Mu_meffInc_bin_2
gamma_stat_S4Mu_meffInc_bin_3
gamma_stat_S4ee_meffInc_bin_0
gamma_stat_S4ee_meffInc_bin_1
gamma_stat_S4ee_meffInc_bin_2
gamma_stat_S4ee_meffInc_bin_3
gamma_stat_S4ee_meffInc_bin_4
gamma_stat_S4em_meffInc_bin_0
gamma_stat_S4em_meffInc_bin_1
gamma_stat_S4em_meffInc_bin_2
gamma_stat_S4em_meffInc_bin_3
gamma_stat_S4em_meffInc_bin_4
gamma_stat_S4mm_meffInc_bin_0O
gamma_stat_S4mm_meffInc_bin_1
gamma_stat_S4mm_meffInc_bin_2

O r P PP OO OUO0OVOoOOUFr ook OoOFr OFR,r P, NOFRFRPR,PFP ORFR, N OO OO OO O O© O O O 0 O

+/- 1.19e+00
+/- 2.69e-01
+/- 1.22e-01
+/- 1.35e-01

.6831e-01 +/-
.8757e-01 +/-
.0378e-01 +/-
.5753e-01 +/-
.2854e-01 +/-
.2806e-01 +/-
.1330e+00 +/-
.5485e-01 +/-
.7035e-01 +/-
.9966e-01 +/-
.6351e-01 +/-
.6374e-01 +/-
.6756e-01 +/-
.7715e-01 +/-
.5866e-01 +/-
.5094e-01 +/-
.1025e+00 +/-
.7263e-01 +/-
.0184e+00 +/-
.0434e+00 +/-
.0508e+00 +/-
.6592e-01 +/-
.6082e-01 +/-
.0780e+00 +/-
.0017e+00 +/-
.5191e-01 +/-
.0035e+00 +/-
.8031e-01 +/-
.0450e+00 +/-
.9514e-01 +/-
.9213e-01 +/-
.0288e+00 +/-
.7751e-01 +/-
.7659e-01 +/-
.8620e-01 +/-
.9022e-01 +/-
.9908e-01 +/-
.9320e-01 +/-
.8899e-01 +/-
.0005e+00 +/-
.0141e+00 +/-
.0062e+00 +/-
.0104e+00 +/-
.7853e-01 +/-

P P, NP, PP, NONRP, PR PR O, PP NEPEPDNEROONEREOOWONOFRRFRFERDNDONOOS S OO O ©

.47e-01
.06e-01
.52e-01
.79e-01
.91e-01
.45e-01
.02e-01
.76e-01
.41e-01
.87e-01
.04e-01
.67e-01
.03e-01
.10e-01
.82e-01
.30e-01
.59e-01
.00e-01
.39e-02
.65e-02
.64e-01
.69e-01
.83e-01
.98e-01
.61e-01
.77e-01
.81e-01
.79e-01
.70e-01
.48e-01
.14e-01
.45e-02
.05e-01
.40e-01
.82e-01
.23e-01
.17e-02
.24e-02
.03e-01
.53e-01
.60e-01
.37e-02
.03e-01
.29e-01
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gamma_stat_S4mm_meffInc_bin_3 1.0115e+00 +/- 1.66e-01
gamma_stat_S4mm_meffInc_bin_4 9.8487e-01 +/- 2.32e-01

gamma_stat_SVTEl_nJet_bin_O 1.2096e+00 +/- 1.45e-01
gamma_stat_SVTEl_nJet_bin_1 9.3453e-01 +/- 9.13e-02
gamma_stat_SVTEl_nJet_bin_2 1.0608e+00 +/- 9.45e-02
gamma_stat_SVTEl_nJet_bin_3 1.0080e+00 +/- 1.32e-01
gamma_stat_SVTEl_nJet_bin_4 9.2429e-01 +/- 1.39%e-01
gamma_stat_SVTEl_nJet_bin_5 1.0614e+00 +/- 3.18e-01
gamma_stat_SVTMu_nJet_bin_0 1.0177e+00 +/- 9.56e-02
gamma_stat_SVTMu_nJet_bin_1 9.4906e-01 +/- 7.84e-02
gamma_stat_SVTMu_nJet_bin_2 1.0136e+00 +/- 7.76e-02
gamma_stat_SVTMu_nJet_bin_3 1.0453e+00 +/- 7.32e-02
gamma_stat_SVTMu_nJet_bin_4 1.0062e+00 +/- 1.50e-01
gamma_stat_SVTMu_nJet_bin_5 1.0435e+00 +/- 2.69e-01
gamma_stat_SVWEl_nJet_bin_1 9.6470e-01 +/- 4.71e-02
gamma_stat_SVWEl_nJet_bin_2 9.2632e-01 +/- 7.12e-02
gamma_stat_SVWEl_nJet_bin_3 9.7688e-01 +/- 1.04e-01
gamma_stat_SVWEl_nJet_bin_4 1.0836e+00 +/- 1.66e-01
gamma_stat_SVWEl_nJet_bin_5 9.8652e-01 +/- 2.12e-01
gamma_stat_SVWMu_nJet_bin_2 9.6849e-01 +/- 5.93e-02
gamma_stat_SVWMu_nJet_bin_3 9.3858e-01 +/- 8.98e-02
gamma_stat_SVWMu_nJet_bin_4 1.0515e+00 +/- 1.51e-01
gamma_stat_SVWMu_nJet_bin_5 1.0872e+00 +/- 2.25e-01
gamma_stat_TREl_nJet_bin_5 1.0060e+00 +/- 5.31e-02
gamma_stat_TREl_nJet_bin_6 1.0286e+00 +/- 9.72e-02
gamma_stat_TRMu_nJet_bin_6 9.9850e-01 +/- 7.06e-02
gamma_stat_TRee_nJet_bin_4 1.0334e+00 +/- 7.38e-02
gamma_stat_TRee_nJet_bin_5 9.5317e-01 +/- 1.63e-01
gamma_stat_TRee_nJet_bin_6 9.7189%e-01 +/- 2.57e-01
gamma_stat_TRee_nJet_bin_7 9.6393e-01 +/- 5.82e-01
gamma_stat_TRem_nJet_bin_4 1.0223e+00 +/- 4.80e-02
gamma_stat_TRem_nJet_bin_5 9.6581e-01 +/- 1.09e-01
gamma_stat_TRem_nJet_bin_6 1.0256e+00 +/- 2.20e-01
gamma_stat_TRem_nJet_bin_7 9.7829%e-01 +/- 3.90e-01
gamma_stat_TRmm_nJet_bin_4 1.0513e+00 +/- 6.34e-02
gamma_stat_TRmm_nJet_bin_5 9.8643e-01 +/- 1.46e-01
gamma_stat_TRmm_nJet_bin_6 1.0426e+00 +/- 2.60e-01
gamma_stat_TRmm_nJet_bin_7 1.6056e+00 +/- 6.22e-01
gamma_stat_WREl_nJet_bin_4 9.3146e-01 +/- 5.80e-02
gamma_stat_WREl_nJet_bin_5 9.9431e-01 +/- 4.91e-02
gamma_stat_WREl_nJet_bin_6 1.0496e+00 +/- 8.33e-02
gamma_stat_WRMu_nJet_bin_5 1.0057e+00 +/- 4.82e-02
gamma_stat_WRMu_nJet_bin_6 9.9955e-01 +/- 8.14e-02
gamma_stat_ZRee_nJet_bin_5 1.0393e+00 +/- 9.57e-02
gamma_stat_ZRee_nJet_bin_6 9.6808e-01 +/- 1.77e-01
gamma_stat_ZRee_nJet_bin_7 9.0632e-01 +/- 3.72e-01
gamma_stat_ZRmm_nJet_bin_5 1.0443e+00 +/- 7.51e-02
gamma_stat_ZRmm_nJet_bin_6 1.0232e+00 +/- 1.73e-01
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gamma_stat_ZRmm_nJet_bin

mu_SIG

mu_Top_NpO
mu_Top_Npl
mu_Top_Np2
mu_Top_Np3
mu_WZ_Np2

mu_WZ_Np3

mu_WZ_Np4

mu_WZ_Npb

= O = B 0k, O = WI

7

1.2075e+00 +/- 3.04e-01

.7596e-08
.2305e+00
.7231e-01
.0398e+00
.4885e-01
.1532e+00
.0308e+00
.8793e-01
.1458e+00

+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-

~NOoO OO OO

.58e-01
.07e-02
.63e-02
.81e-02
.02e-02
.08e-02
.14e-02
.61e-02
.46e-02
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D.1. Correlation Matrix

Figure [I05] contains the full correlation matrix between all the fit parameters as discussed in chap-

ter TT.11
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Correlation Matrix for Fit Parameters

Figure 105: Correlation matrix of the fitparameters
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D.2. Impact of Systematic Uncertainties

Signal channel S2ee S2mm S2em
Total statistical (1/Npred) 0.56 0.65 +0.81
Total background systematic +0.17 +0.16 +0.22
B tagging < 0.01 < 0.01 < 0.01
MET cell-out < 0.01 < 0.01 < 0.01
MET pile-up < 0.01 < 0.01 < 0.01
alpha HF < 0.01 < 0.01 < 0.01
alpha_JHigh +0.02 +0.01 +0.06
alpha JLow < 0.01 < 0.01 < 0.01
alpha_JMedium < 0.01 +0.01 < 0.01
alpha_LESee < 0.01 < 0.01 < 0.01
alpha LESem < 0.01 < 0.01 < 0.01
alpha LESmm < 0.01 < 0.01 < 0.01
alpha LEee < 0.01 < 0.01 < 0.01
alpha LEem < 0.01 < 0.01 +0.01
alpha LEmm < 0.01 < 0.01 < 0.01
alpha LRIem < 0.01 < 0.01 < 0.01
alpha LRImm < 0.01 < 0.01 < 0.01
alpha LRMem < 0.01 < 0.01 < 0.01
alpha LRMmm < 0.01 < 0.01 < 0.01
alpha PtMinTop < 0.01 < 0.01 < 0.01
alpha PtMinWZ < 0.01 < 0.01 < 0.01
alpha QCDNorm_S2emT meffInc < 0.01 < 0.01 40.01
alpha TEee < 0.01 < 0.01 < 0.01
alpha TEem < 0.01 < 0.01 +0.02
alpha TEmm < 0.01 +0.01 < 0.01
alpha Zpt100GeV < 0.01 < 0.01 < 0.01
alpha_Zpt150GeV < 0.01 < 0.01 < 0.01
alpha_Zpt200GeV +0.01 < 0.01 < 0.01
alpha Zpt50GeV < 0.01 < 0.01 < 0.01
alpha_err BG 40.02 +0.01 40.01
alpha _err WZ_NpO < 0.01 < 0.01 < 0.01
alpha err  WZ_ Npl < 0.01 < 0.01 < 0.01
alpha_had < 0.01 < 0.01 < 0.01
alpha_hadTop +0.01 +0.03 +0.07
alpha hadWZ +0.01 +0.01 < 0.01
gamma_stat S2eeT meffInc_bin 0 +0.17 < 0.01 < 0.01
gamma _stat S2emT mefflnc_bin_ 0 < 0.01 < 0.01 +0.19
gamma_stat S2mmT mefflnc_bin 0 < 0.01 +0.15 < 0.01
mu_Top NpO < 0.01 < 0.01 < 0.01
mu_Top Npl < 0.01 < 0.01 +0.01
mu_Top Np2 +0.01 +0.01 +0.02
mu_Top_ Np3 < 0.01 +0.01 +0.02
mu_WZ Np2 < 0.01 < 0.01 < 0.01
mu_WZ Np3 +0.01 < 0.01 < 0.01
mu_WZ Np4 < 0.01 +0.01 < 0.01
mu_WZ Npb < 0.01 < 0.01 < 0.01

Table 28: Breakdown of the dominant systematic uncertainties on background estimates in the var-
ious Signal Regions. Note that the individual uncertainties can be correlated, and do not necessarily
add up quadratically to the total background uncertainty.
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Signal channel Sdee S4mm Sdem
Total statistical (1/Npred) +3.02 +3.42 +4.58
Total background systematic +1.49 +1.75 +2.91
B tagging < 0.01 < 0.01 < 0.01
MET cell-out +0.04 +0.04 < 0.01
MET pile-up +0.10 +0.06 +0.02
alpha HF < 0.01 < 0.01 < 0.01
alpha_JHigh +0.39 +0.41 +0.73
alpha JLow +0.21 +0.16 +0.34
alpha_JMedium +0.62 +0.76 +1.37
alpha_LESee +0.01 < 0.01 < 0.01
alpha LESem < 0.01 < 0.01 +0.16
alpha LESmm < 0.01 < 0.01 < 0.01
alpha LEee +0.25 < 0.01 < 0.01
alpha LEem < 0.01 < 0.01 +0.35
alpha LEmm < 0.01 +0.02 < 0.01
alpha LRIem < 0.01 < 0.01 +0.05
alpha LRImm < 0.01 < 0.01 < 0.01
alpha LRMem < 0.01 < 0.01 +0.06
alpha_ LRMmm < 0.01 < 0.01 < 0.01
alpha PtMinTop < 0.01 < 0.01 < 0.01
alpha PtMinWZ < 0.01 < 0.01 < 0.01
alpha  QCDNorm _S4eeT meffInc +0.22 < 0.01 < 0.01
alpha TEee +0.09 < 0.01 < 0.01
alpha TEem < 0.01 < 0.01 +0.59
alpha  TEmm < 0.01 +0.21 < 0.01
alpha Zpt100GeV < 0.01 < 0.01 < 0.01
alpha_Zpt150GeV < 0.01 < 0.01 < 0.01
alpha_Zpt200GeV < 0.01 +0.01 +0.02
alpha Zpt50GeV < 0.01 < 0.01 < 0.01
alpha_err BG < 0.01 +0.07 +0.12
alpha_err WZ Np0 < 0.01 < 0.01 < 0.01
alpha_err WZ Npl < 0.01 < 0.01 < 0.01
alpha_had < 0.01 < 0.01 < 0.01
alpha_hadTop +1.00 +1.22 +2.21
alpha hadWZ < 0.01 +0.02 +0.04
gamma_stat S4eeT meffInc_bin 0 +0.58 < 0.01 < 0.01
gamma _stat S4emT meffInc_bin_ 0 < 0.01 < 0.01 +0.93
gamma_stat S4mmT mefflnc_bin 0 < 0.01 +0.66 < 0.01
mu_Top NpO < 0.01 < 0.01 < 0.01
mu_Top Npl < 0.01 < 0.01 +0.02
mu_Top Np2 +0.12 +0.18 +0.36
mu_Top Np3 +0.72 +0.84 +1.44
mu_WZ Np2 < 0.01 < 0.01 < 0.01
mu_ WZ Np3 < 0.01 < 0.01 +0.01
mu_WZ Np4d < 0.01 +0.01 +0.01
mu_WZ Npb < 0.01 +0.01 +0.02

Table 29: Breakdown of the dominant systematic uncertainties on background estimates in the var-
ious Signal Regions. Note that the individual uncertainties can be correlated, and do not necessarily
add up quadratically to the total background uncertainty.
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E. Fit Validation for Exclusion Fits

Figures and [[07 show the resulting fit parameters for the ¢¢ and W/Z normalization parameters
for the different GMSB signal model points as a cross check of the exclusion fit setup on data. It
can be seen that the resulting parameters have no strong dependence on the signal model. For very
small values of A, the signal contamination in the Control Regions gets larger due to the larger
signal cross sections, which has a small impact on the background normalization.
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Figure 106: Fit results for the Top Normalization factors mu_Top NpO (top left), mu_ Top Npl
(top right), mu_Top Np2 (bottom left), mu_ Top Np3 (bottom right) for the GMSB exclusion

fits.
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fits.
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F. One Lepton Results

For completeness, the full set of results in Control, Validation and Signal Regions for the hard and
the soft single lepton analyses are given in the following. Further details and discussions of these
results are contained in |19, [163, 281].

F.1. Control Regions

Table B0 contains the fit results in the hard one lepton Control Regions as defined in chapter B.2]
while Figures [[08] and show the jet multiplicity distributions in these regions before and after
applying the fit results. Similarly, Table BI] and Figures [[T0] and [IT1] show the results for the soft

one lepton Control Regions.

F.1.1. Hard One Lepton

channel TREI TRMu WREI WRMu
Observed events 2225 2137 4510 4064
Fitted bkg events 2270.9+40.1  2130.8+39.0 4515.34+62.9  4060.4 +60.3
Fitted top events 1842.24+53.0  1724.0+50.5 882.5 + 63.7 806.8 & 57.2
Fitted WZ events 292.6 +40.7 255.0+36.3  3103.0+89.3 3116.3+£72.1
Fitted other BGs events 119.6 £ 23.6 101.2 £21.0 90.9 +£19.0 73.7+15.8
Fitted QCD & fake lepton events 16.6 = 33.4 50.6 £26.6  438.9 +107.6 63.6 = 68.2
MC exp. SM events 2533.4 2232.4 4932.1 4317.3
MC exp. top events 2012.4 1816.7 1154.0 1006.6
MC exp. WZ events 315.5 261.4 3281.5 3119.8
MC exp. other BGs events 132.2 116.4 115.7 104.1
Data-driven QCD & fake lepton events 73.3 37.9 380.8 86.8

Table 30: Background fit results for the hard one lepton W- and ¢t Control Regions for an integrated
luminosity of 4.7 fb~!. Nominal MC expectations (normalized to MC cross sections) are given for
comparison. The errors shown are the statistical plus systematic uncertainties.
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Figure 108: Distribution of the number of jets in the ¢¢ Control Region (TRL1) in the electron (left)
and muon final state (right) before (top) and after (bottom) applying the background-only fit.
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Figure 109: Distribution of the number of jets in the W Control Region (WRL1) in the electron

(left) and muon final state (right) before (top) and after (bottom) applying the background-only
fit.
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F.1.2. Soft One Lepton

channel SVTEI SVWEI SVTMu SVWMu
Observed events 131 633 200 1092
Fitted bkg events 131.0£10.2 640.1 +20.9 194.44+11.7 1093.5 + 28.0
Fitted top events 69.4 +£5.8 31.8+ 3.2 1074+ 6.4 57.7+5.0
Fitted WZ events 34.4+44 593.9+19.9 43.1+6.2 998.7 £ 28.8
Fitted other BGs events 10.6 +2.2 11.24+2.3 16.2+3.3 12.0 + 3.2
Fitted QCD & fake lepton events 16.5+114 3.1+0.5 27.7+£11.4 25.1+21.1
MC exp. SM events 125.7 679.3 212.8 1091.5
MC exp. top events 78.8 44.3 122.6 72.5
MC exp. WZ events 30.3 597.0 50.0 961.5
MC exp. other BGs events 11.2 14.2 19.5 21.0
Data-driven QCD & fake lepton events 5.4 23.9 20.7 36.4

Table 31:

Background fit results for the soft one lepton Control Regions regions, for an integrated

luminosity of 4.7 fb~!. Nominal MC expectations (normalized to MC cross sections) are given for
comparison. The errors shown are the statistical plus systematic uncertainties.
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Figure 110: Distribution of the number of jets in the soft lepton t¢ Control Region (SLTR) in

the electron (left) and muon final state (right) before (top) and after (bottom) applying the back-
ground-only fit.
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Figure 111: Distribution of the number of jets in the soft lepton W Control Region (SLWR) in

the electron (left) and muon final state (right) before (top) and after (bottom) applying the back-
ground-only fit.
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F.2. Signal Regions

Table [32] contains the fit results in the hard and soft one lepton Signal Regions as defined in chap-
ter [[.77, while Figure [12'shows corresponding distributions of data and Standard Model backgrounds
in the Signal Regions.

Single-lepton Electron Muon

Number of events 3-jet 4-jet, soft lepton 3-jet 4-jet soft lepton
Observed 2 4 11 1 2 14
Fitted bkg 2.3£0.9 3.5+0.9 14.0£3.3 2.6£0.8 1.5+£0.3 19+5
Fitted top 04+0.2 2.3+0.6 3.8+0.6 0.5+0.2 1.3+0.3 3.8+0.8
Fitted W/Z+jets 1.5+£0.6 09+£0.2 5.8+ 1.0 2.0+0.6 0.2+0.1 11.44+2.3
Fitted other bkg 0.0+ 0.0 0.0153 0.6 +0.1 0.14+0.1 0.0+ 0.0 0.2+0.1
Fitted multijet 0.3+04 0.3+0.4 3.8+25 0.0+ 0.0 0.0£0.0 3.6 2.5
MC exp. SM 2.7 5.3 14.2 2.8 24 18.0
MC exp. top 0.9 3.1 4.3 0.6 2.0 3.8
MC exp. W/Z+jets 1.5 1.3 5.5 2.0 0.3 10.5
MC exp. other bkg 0.0 0.5 0.5 0.2 0.1 0.1
Data-driven multijet 0.3 0.3 3.8 0.0 0.0 3.6

Table 32: The observed numbers of events in the single-lepton Signal Regions, and the background
expectations from the fit. The inputs to the fit are also shown; these consist of the data-driven
multijet background estimate and the nominal expectations from simulation (MC), normalized to
theoretical cross sections. The errors shown are the statistical plus systematic uncertainties.
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Figure 112:  Top: Distribution of mI¢ in the 3-jet (left) and 4-jet (right) hard-lepton Signal
Regions after all selection requirements except for that on the inclusive effective mass. Bottom:
The E:,“?iss /meg distribution in the soft-lepton Signal Region after all selection requirements except
for that on E}niss /meg- The last mg{‘f bin includes all overflows. The different lepton flavors have
been combined for ease of presentation. The “Data/SM” plots show the ratio between data and the
total Standard Model expectation. The Standard Model expectation shown here is the input to
the final fit, and is derived from simulation only, normalized to the theoretical cross sections. The
uncertainty band around the Standard Model expectation combines the statistical uncertainty on
the simulated event samples with the systematic uncertainties on the jet energy scale, b-tagging,
data-driven multijet background, and luminosity. The systematic uncertainties are largely correlated
from bin to bin. An example of the distribution for a simulated signal is also shown (not stacked).

160



F ONE LEPTON RESULTS

F.3. Validation Regions

Tables B3] and B4l show the fit results in the hard one electron and hard one muon Validation Regions
as defined in chapter [I1.2], while Table contains the results for the soft one lepton Validation

Regions.

F.3.1. Hard One Lepton

hard one electron channel High-mt VR W VR tt VR
Observed events 7698 1068 499
Fitted bkg events 7618.1 +553.9 1017.8 £42.9 501.6 £ 16.7
Fitted top events 3014.6 £ 113.3 213.5+£16.9 410.6 £ 17.5
Fitted WZ events 3936.4 + 162.7 778.1+39.5 58.2+9.7
Fitted other BGs events 231.2 +£46.3 26.2 + 5.7 32.8+6.6
Fitted QCD & fake lepton events 435.9 £ 525.6 0.0£0.0 0.0£0.0
MC exp. SM events 8054.7 1160.3 561.7
MC exp. top events 3382.1 281.0 447.7
MC exp. WZ events 3987.6 842.3 72.7
MC exp. other BGs events 249.1 37.0 41.3
Data-driven QCD & fake lepton events 435.9 0.0 0.0
Table 33: Background fit results for the hard one electron Validation Regions. Nominal MC

expectations (normalized to MC cross sections) are given for comparison. The errors shown are the

statistical plus systematic uncertainties.

hard one muon channel High-mt VR W VR tt VR
Observed events 7088 1020 428
Fitted bkg events 7298.0 + 152.8 1038.0 + 37.7 4749+ 11.6
Fitted top events 2884.0 +111.9 192.1 £ 14.5 371.1+14.8
Fitted WZ events 4148.8 +143.5 816.9 £+ 34.0 74.6 +9.5
Fitted other BGs events 229.6 +45.8 24.14+5.1 26.1+5.3
Fitted QCD & fake lepton events 35.7+85.0 5.0£11.5 3.2+£5.2
MC exp. SM events 7503.2 1120.9 493.5
MC exp. top events 3213.3 243.2 386.8
MC exp. WZ events 3998.6 840.7 74.7
MC exp. other BGs events 255.7 32.0 28.8
Data-driven QCD & fake lepton events 35.7 5.0 3.2

Table 34: Background fit results for hard one muon Validation Regions. Nominal MC expectations
(normalized to MC cross sections) are given for comparison. The errors shown are the statistical

plus systematic uncertainties.
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F.3.2. Soft One Lepton

channel soft electron soft muon

Observed events 295 463
Fitted bkg events 329.0+17.6 478.1+22.9
Fitted top events 60.2 + 3.6 71.2+3.3
Fitted WZ events 245.1+10.5 3745+ 13.7
Fitted other BGs events 10.3+ 2.1 149+ 3.0
Fitted QCD & fake lepton events 134+£11.7 17.5+18.2
MC exp. SM events 342.4 479.1
MC exp. top events 69.5 80.9
MC exp. WZ events 247.1 363.7
MC exp. other BGs events 12.4 17.1
Data-driven QCD & fake lepton events 13.4 17.5

Table 35: Background fit results for the soft lepton Validation Regions. Nominal MC expectations
(normalized to MC cross sections) are given for comparison. The errors shown are the statistical
plus systematic uncertainties.

F.4. Model-independent Upper Limits

Table contains the model-independent upper limits for the hard and soft one lepton Signal
Regions as discussed in chapter 12.2]

Signal channel (e [fD] S%. S92 CLp
hard electron, 3-jet 0.94 4.4 4.3‘_%:2 0.54
hard muon, 3-jet 0.75 3.6 4.2:2):(7] 0.27
hard electron, 4-jet 1.22 5.8 5.31%? 0.63
hard muon, 4-jet 0.95 4.5 3.8703 0.75
soft electron 1.82 8.6 10.4%:% 0.28
soft muon 1.92 9.0 12,5753 0.21

Table 36: Left to right: 95% CL upper limits on the visible cross section ((e0)%.) in the various
Signal Regions, and on the number of signal events (S%. ). The third column (Sg)fp) shows the 95%
CL upper limit on the number of signal events, given the expected number (and +1o uncertainty on
the expectation) of background events. The last column indicates the C'Lp value, i.e. the observed

confidence level for the background-only hypothesis.
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