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Abstract

Supersymmetry (SUSY) is one of the best motivated extensions of the Stan-
dard Model, and its searches at the LHC represent an important result in the
Physics Beyond the Standard Model. The subject of this thesis is the analysis
of two SUSY scenarios using 20.3 tb~! of ATLAS data at 8 TeV center of mass
energy.

The main topic of the thesis is a study of the Non-Universal Higgs Masses
model with gaugino mediation and 7, NLSP (NUHMG). This is a R-parity
conserving realistic SUSY model, where 7, decays into v, and G LSP. The
model is distinguished from other SUSY models by allowed I, decays, three-
body decays of 71, where the dominant decay is into a pair of fermions and
missing transverse energy, and a mass spectrum where X! has visible decays.
It is characterized by long decay chains with lots of soft leptons and jets. The
produced missing transverse energy from neutrinos can cancel out with the
missing transverse energy from the NLSP, which brings to relatively low missing
transverse energy.

A study showed that NUHMG can be found using ¢ and § production, using
final states with zero leptons of transverse momenta higher than 10 GeV, mul-
tiple jets and missing transverse energy. This is the most inclusive selection,
which in fact includes soft objects, but does not depend on the b-jet tagging or
7 reconstruction. Therefore, an analysis using 2-6 jets and missing transverse
energy has been set in place for the NUHMG model.

The NUHMG model viable parameter space for the 8 TeV data and 20.3 fb~!
of integrated luminosity has been determined using a simultaneous scan using
multiple criteria. The selected parameter space points were selected to have the
7, NLSP, that are not excluded by LEP, have Higgs mass close to 125 GeV, are
not excluded by previous LHC searches, and have a viable cross-section for the
analysis.

A dedicated optimization for the NUHMG model has been performed in three
steps. First, the optimal sensitive variable and jet multiplicity has been deter-
mined, using a newly developed fast cut-flow optimization method. It relies on
the Rectangular Cuts method with Genetic Algorithm in TMVA, where purely
Monte Carlo input has been used for signal and background modeling. Sec-
ond, the optimal variable combination and jet multiplicity have been further
optimized using a setup which uses data in the control regions, and performs a
likelihood fit to obtain Standard Model and potential SUSY signal estimates,
accounting systematic uncertainties. Third, the obtained cut flow is further
refined and integrated into a more general analysis with 2-6 jets and miss-
ing transverse energy as a signal region labeled 6jt+, within ATLAS inclusive
searches for § and § with zero leptons.

A data analysis has been performed using the log likelihood fit, and a sta-
tistical analysis has been set up to interpret the data. For expected 4.9+1.4
Standard Model events, 6 have been observed, which is within 1 sigma uncer-
tainty of the expectation. As no significant excess of data has been seen, the
95% CL exclusion limits on the NUHMG model have been set, where ¢ and g
masses are excluded up to 1250 and 1400 GeV respectively. In addition, the
6jt+ signal region improves the exclusion limits by about 100 GeV for the § in
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the compact mass region, for the simplified model of gluino production, with
one step decay via )Z{E . A search for the NUHMG using 1 lepton, multiple jets
and missing transverse energy has shown to give compatible results.

Second SUSY model studied in this thesis is the Non-universal Higgs Masses
model with X7 LSP (NUHM). It is well motivated in the framework of Radia-
tively Driven Natural SUSY (RNS), where Higgs of mass around 125 GeV, ¢
and § masses at the TeV scale are accommodated with low level of electroweak
fine tuning.

A study of RNS NUHM model final states, mass spectrum and production
cross-sections showed that the search for this model is viable using the direct
gaugino production, using multiple leptons and missing transverse energy. A
data analysis using a statistical combination of 2, 3 and 4 leptons has been
performed. As no significant excess of data has been observed, 95% CL exclusion
limits have been set on the RNS NUHM model. The statistical combination is
driven by the analysis with 3 leptons, and it reaches my,5 up to 300 GeV, and
extends up to the highest tested value of p = 500 GeV.

In addition to physics analyses, a program developed for online monitoring of
the ATLAS trigger, called Trigger Presenter (TriP), is described in this thesis.
It is aimed for a shifter and expert user in the control room. It receives the
information from Level 1, Level 2 and Event Filter trigger rates and HLT com-
puter farm status. Using various methods for reading out relevant information,
and developed naming conventions, the information is received, calculated, and
presented in a graphical user friendly interface. TriP was used in the ATLAS
control room for trigger monitoring at the first LHC startup.



Zusammenfassung

Supersymmetrie (SUSY) ist eine der am besten motivierten Erweiterungen
des Standardmodells, und die SUSY-Suchen am LHC sind ein wichtiger Bei-
trag zum Verstdndnis von neuer Physik. Das Thema dieser Doktorarbeit ist die
Analyse von zwei SUSY-Szenarien unter Verwendung von 20.3 fb~! an ATLAS-
Daten, die bei einer Schwerpunktenergie (1/s) von 8 TeV aufgezeichnet wurden.

Den Hauptteil der Arbeit stellt eine Untersuchung des “Non-Universal Higgs
Masses model with gaugino mediation and 7, NLSP” (NUHMG) dar. Es han-
delt sich um ein realistisches SUSY-Modell mit R-Paritétserhaltung, mit Zerfal-
len von 7, in v, und G (leichtestes supersymmetrisches Teilchen, LSP). Dieses
SUSY-Modell unterscheidet sich von anderen Modellen dadurch, dass {1, Zerfille
erlaubt sind, durch Dreikorperzerfalle von 7y, vorwiegend in ein Fermionenpaar
und das LSP, sowie durch ein Massenspektrum mit sichtbaren X§ Zerfillen.
Weiter wird es charakterisiert durch lange Zerfallsketten mit zahlreichen niede-
renergetischen Leptonen und Jets. Der Transversalimpuls von Neutrinos wird
teilweise durch das LSP kompensiert, wodurch der fehlende Transversalimpuls
insgesamt verhaltnisméfig gering ausfallt.

Das NUHMG-Modell sollte sich anhand der erzeugten § und § nachwei-
sen lassen, unter Verwendung von Endzustdnden mit mehreren Jets und feh-
lendem Transversalimpuls, aber ohne Leptonen mit einem Transversalimpuls
pr > 10 GeV. Diese Kriterien sind sehr inklusiv, es werden Ereignisse mit
niederenergetischen Objekten ausgewahlt, und es wird kein Gebrauch von Al-
gorithmen zur Erkennung von b-Jet oder zur Rekonstruktion von 7-Kandidaten
gemacht. Eine entsprechende Analyse mit 2-6 Jets und fehlendem Transversa-
limpuls im Endzustand wurde aufgesetzt.

Der Teil des Parameterraums des NUHMG-Modells, welcher mit den von
ATLAS bei /s = 8 TeV aufgezeichneten Daten erreichbar ist, wurde anhand
einer systematischen Variation verschiedener Auswahlkriterien bestimmt. Die
in Betracht gezogenen Punkte im Parameterraum mussten 7, als NLSP ha-
ben, durften nicht bereits durch frithere Ergebnisse von LEP- oder LHC-Suchen
ausgeschlossen sein, und mussten eine Higgs-Boson Masse nahe 125 GeV und
einen ausreichenden Wirkungsquerschnitt aufweisen.

Eine gezielte Optimierung fiir den Nachweis des NUHMG-Modells wurde in
drei Schritten vorgenommen: Zuerst wurden die Variablen mit der hochsten
Sensitivitdt sowie eine geeignete Jet-Multiplizitdt ermittelt, wobei eine kiirz-
lich entwickelte schnelle Optimierungsmethode zum Einsatz kam, welche auf
einem genetischen Algorithmus basiert und mit einer Monte Carlo Methode si-
mulierte pp-Kollisionsereignisse als Eingabe verwendete. Als zweites wurde die
optimale Kombination von Variablen und Jet-Multiplizitdt durch die Defini-
tion von Kontrollregionen, in denen simulierte und mit dem ATLAS-Detektor
aufgezeichneten Ereignisse verglichen werden, weiter verbessert. Hierbei kommt
ein Likelihood-Fit zum Einsatz, mit dem die Normierung der Standardmodell-
Beitrége angepasst wird und die Grofle eines moglichen SUSY-Beitrags abge-
schitzt wird, unter Beriicksichtigung von systematischen Unsicherheiten. Drit-
tens werden die erhaltenen Auswahlkriterien weiter verfeinert und als Signal-
region “6jt+” in die inklusive Analyse (mit 2-6 Jets und fehlender Transversa-
limpuls im Endzustand) integriert.
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Die ATLAS-Daten wurden mit dem optimierten Verfahren analysiert und
anschlieffend statistisch ausgewertet. Es wurden 6 passende Ereignisse gezahlt,
gegeniiber einer Erwartung von 4.9 + 1.4 Standardmodell Ereignissen. Da also
kein signifikanter Uberschuss an Ereignissen beobachtet wurde, wurden experi-
mentell ausgeschlossene Parameterbereiche des NUHMG-Modells bestimmt (bei
einem Konfidenzniveau von 95%). Hierbei wurden ¢ und g Massen unterhalb
von 1250 GeV bzw. 1400 GeV ausgeschlossen. Zusétzlich verbessert die 6jt+
Signalregion die § Ausschlussgrenzen um 100 GeV fiir vereinfachte Modelle mit
Gluino-Erzeugung und Zerfillen via )Zf bei kleinen Massendifferenzen. Eine Su-
che nach dem NUHMG-Modell in Endzustdnden mit 1 Lepton, mehreren Jets
und fehlendem Transversalimpuls hat zu vergleichbaren Ergebnissen gefiihrt.

Das zweite SUSY-Modell, das in dieser Doktorarbeit untersucht wird, ist das
“Non-universal Higgs Masses model with X7 LSP” (NUHM), welches innerhalb
von “Radiatively Driven Natural SUSY” (RNS) angesiedelt ist, und das durch
eine Higgs-Boson Masse nahe 125 GeV, ¢ und § Massen im TeV-Bereich, sowie
ein geringes Mafl an Fine-Tuning gekennzeichnet ist.

Eine Untersuchung der vom RNS-NUHM Modell vorhergesagten Endzustén-
de, des Massenspektrums und der Wirkungsquerschnitte zeigte, dass eine Suche
nach diesem Modell unter der Annahme direkter Gaugino-Erzeugung machbar
ist, unter Verwendung von Ereignissen mit mehreren Leptonen und fehlendem
Transversalimpuls. Eine Datenanalyse mit einer statistischen Kombination von
Ereignissen mit 2, 3 und 4 Leptonen wurde durchgefiihrt. Da kein signifikanter
Uberschuss von Ereignissen beobachtet wurde, wurden ausgeschlossene Parame-
terbereiche des RNS-NUHM Modells bestimmt. Der grofite Beitrag kommt hier-
bei von der Analyse mit 3 Leptonen, und es werden Werte von m; /2<300 GeV,
und von p<500 GeV ausgeschlossen.

Zusétzlich zu den genannten Analysen beschreibt diese Arbeit ein Programm,
das fiir die Uberwachung des ATLAS-Triggersystems entwickelt wurde, der so-
genannte “Trigger Presenter” (TriP). Es ist fiir die Verwendung durch Schicht-
Mitarbeiter und Trigger-Experten im ATLAS Kontrollraum gedacht. Es sam-
melt Informationen iiber Trigger-Raten von den verschiedenen Trigger-Unter
systemen (Level 1, Level 2, Event Filter), sowie {iber den Status der Compu-
teranlage des High Level Triggers. Die Information wird aus unterschiedlichen
Quellen zusammengefiihrt und in einer grafischen Benutzeroberflédche einheitlich
und tbersichtlich dargestellt. TriP kam im ATLAS Kontrollraum zum Einsatz,
beispielsweise in der wichtigen Phase der LHC Inbetriebnahme.
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1. Introduction

In the quest of high energy physics of finding the answers to the most fundamental
questions in understanding the nature, large experiments need to be built to collect
data for physics analyses. A number of advancements play an important role in
this task. Firstly, the modern high energy physics has a very good understanding
of fundamental particles and their interactions, described by the Standard Model
of particle physics (SM) [I-9]. In order to confirm its validity, a discovery of
the Higgs particle in July 2012 [10, 11] was of great importance. To understand
if the newly found particle is indeed the predicted SM Higgs boson, a number of
precision measurements are required. In addition, as there are signs of physics
beyond the SM, a number of hypothetical models are constructed, and the search
for their experimental confirmation is of great importance. Secondly, thanks to
the great advancements in technology in recent history, the construction of the
Large Hadron Collider (LHC) [I12] was performed, which resulted in the input
energy that has set a world record [I3]. It is designed to operate at 14 TeV,
currently reaching 8 TeV center of mass energy (c.m.e) in p-p collisions. The high
integrated luminosity obtained by the ATLAS [!4] and other LHC experiments [15—

|, with high efficiency of data taking, while operating in radiation hard conditions,
are wonderful technical achievements. Thirdly, the computing resources available
at all levels of complexity, computing power and parallelism are a great asset in
analyses performed at present. In addition, recent developments of Monte Carlo
event generators [l18] and techniques of statistical analyses play an important role
in the data mining. All these ingredients are a necessity for the current physics
searches.

There are two analyses described in this thesis, which use 20.3 fb~! of ATLAS data
collected at 8 TeV c.m.e p-p collisions. Their topic is in the physics beyond the SM,
in the field of Supersymmetry (SUSY) [19-27]. The main topic of this thesis is the
analysis of the Non-Universal Higgs Masses model with gaugino mediation and 7,
NLSP (NUHMG) [28]. Due to its distinguished event topology, a dedicated analysis
was set in place, which in addition extends its field of searches in ATLAS. The second
analysis explores the Non-Universal Higgs masses model [29] in the framework of
Radiatively Driven Natural Supersymmetry [30]. It has a good motivation for LHC
searches considering the recent Higgs discovery and no evidence of Supersymmetry
up to the TeV scale at the LHC experiments. No signs of new physics have been
found, and the analyses extend the exclusion reach in SUSY. Finally, in order to
ensure correct data taking, a program for online trigger monitoring in ATLAS called
Trigger Presenter (TriP) was developed, and its description is given here.

The thesis is organized in three parts, where the first gives the overall theoretical



1. Introduction

introduction, the second gives details of the experimental setup, and finally, the
third part gives a detailed explanation of the NUHMG model data analysis. The
first appendix describes the NUHM data analysis which was done in addition, and
the second appendix describes the more technical work on the program called TriP,
done for the ATLAS detector operations. A more detailed overview of the thesis
structure will be given here.

The chapters 2 - 5 describe the theoretical framework. A short introduction to
the Standard Model of elementary particle physics is given in the chapter 2, with
emphasis on the most recent measurements in the physics of the Standard Model
and Higgs. The motivation for the LHC searches and the theoretical framework of
Supersymmetry, as a theory beyond the Standard Model, is given in the chapter
3. Finally, for the two specific models studied in this thesis, the motivation and
formalism are given in the chapters 4 and 5.

In the chapters 6 - 8 the experimental setup used in data taking and physics
analyses is described. The ATLAS detector description is given in the chapter 6.
Details about event reconstruction and Monte Carlo event simulation commonly
used by the ATLAS experiment, and in these analyses, is given in the chapter 7.
Finally, various methods for data mining and statistical interpretation are described
in the chapter 8.

The chapters 9 - 11 describe the study of a NUHMG SUSY model using 20.3
fb~! of ATLAS data collected at 8 TeV c.m.e. This work was performed in a couple
of steps, and it resulted in joining this study to the more general search for ¢ and
g , using final states with jets and missing transverse momentum and a lepton veto
(0-lepton analysis) [31]. A short guideline for the 8 TeV data analysis will be given
here.

First, a feasibility study of a NUHMG model for the 8 TeV LHC searches was
performed. The SUSY mass spectrum, branching fractions and final states were
explored to select the optimal search approach. This resulted in a motivation for
a search with a lepton veto, multiple jets and missing transverse momentum. A
detailed description of this work is given in the chapter 9.

Second, within this thesis the NUHMG SUSY parameter space grid was prepared.
In order to ensure a study not already excluded by previous searches, the LEP limits
[32], Higgs mass constraint [33,34] and LHC ¢ , § and £ LHC limits [35] were con-
sidered in model generation. In addition, yields for the given energy and integrated
luminosity were estimated. This resulted in the preparation of the NUHMG grid for
further study. Details about the mass spectrum and cross-section analysis for the
NUHMG grid are given in the section 10.

Third, the NUHMG model analysis was optimized. For this, a fast cut flow
optimization method, using a framework for multivariate analyses TMVA [3(], was
developed. The analysis cut flow was refined using the standard setup of the 0-
lepton analysis, with the background determination using dedicated regions for the
standard model measurements, and statistical test using the C'Lg technique [37],
commonly used in the 0-lepton analysis. The optimal signal region was added to the



0-lepton analysis. As no significant excess of data was observed, the exclusion limits
were set for the NUHMG model [31]. As a cross-check, the analysis of NUHMG
model was performed using the search with one lepton, multiple jets and missing
transverse momentum (one-lepton analysis) [38], by the one lepton analysis SUSY
team. Details of the NUHMG analysis are given in the chapter 11. More details
about the search with 0-leptons, multiple jets and missing transverse momentum
can be found in [31]. The NUHMG model exclusion limits by the analysis with
one lepton, multiple jets and missing transverse momentum can be seen in [38] for
comparison. Finally, chapters 12 and 13 give a conclusion and outlook for all
results described in the thesis.

As the Non-universal Higgs Masses model (NUHM) has a very good motivation for
the LHC searches in the framework of Radiatively Driven Natural Supersymmetry,
the feasibility study, NUHM grid generation, and analysis using the electroweak
production and signatures with 2, 3 and 4 leptons for 20.3 fb~! of 8 TeV ATLAS
data is given in the appendix A.

In order to ensure good quality in ATLAS experiment data taking, the monitoring
of different detector components and data taking systems are of great importance. A
program called Trigger Presenter was prepared for the online monitoring of trigger,
and it was used in ATLAS detector integration tests and data taking periods at the
first LHC startup. The program implementation and short instructions for its usage
are described in the appendix B.






2. Physics in the Era of the Large
Hadron Collider

Current understanding of nature in elementary particle physics is summarized in the
theoretical framework of the Standard Model (SM) [1-9]. It describes all known
elementary particles and their interactions. It was well tested by the experiments in
the past twenty years. LHC [12] has been designed to extend the tests on the SM, by
confirming the existence of its last missing piece, the Higgs boson [10,11]. Therefore,
measurements of the SM parameters and the Higgs physics are of great importance
in understanding the nature and its modeling. As there is strong evidence of physics
beyond the SM, LHC also has a goal to enable direct searches for new physics. In
this chapter, the SM theoretical framework will be presented in the section 2.1.
Experimental confirmations of the SM and Higgs physics, including the most recent
results from the LHC measurements, will be shown in the section 2.2. Finally,
motivation for physics beyond the SM, will be given in the section 2.3.

2.1. The Standard Model of Particle Physics

The Standard Model of particle physics is the theory which explains fundamental
structure of matter and its interactions. It rests on the theoretical framework of
effective field theories, which capture the basic experimental facts up to a certain
scale. In this way, SM could be the theory functional up to the low-energy limit of
some more fundamental physics. In this section, the SM particle content, the known
particle physics interactions and the formalism of the SM, will be presented.

The theory of the SM is based on the relativistic quantum field theory, where
the matter is modeled by the fermion fields, interactions are mediated by gauge

bosons, and particles acquire mass via the Higgs mechanism [10-15]. The quantities
obtained by the experiment are the elementary particle properties. In the table 2.1
a summary of SM particle content [39] is shown.

The matter particles are fermions with spin 1/2, and their respective antiparticles.
They consist of quarks and leptons, and have three generations of particles which
differ by their mass. Quarks interact via strong, electromagnetic and weak interac-
tion, and carry quantum numbers of color, electric charge and weak isospin. Each
generation has an up-type quark with electric charge of +2/3 (u,c,t) and an down-
type quark with electric charge of -1/3 (d,s,b). Leptons interact via electromagnetic
and weak interaction, but due to the fact that neutrinos are neutral, they interact
only weakly. Each generation has an electron-type lepton (e,u,7) with electric charge
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Fermions S—= %

Gauge Bosons S=1

u C t
m=2.3"07T MeV m=1.275+£0.025GeV mM=173.2140.51£0.71GeV ~ m<1x107'® eV
g Q=2/3c Q=2/3¢ Q=2/3e Q<1x107® e
g up charm top photon
°d S b g
m=4.8"03 MeV m=95+5 MeV m=4.18+0.03 GeV m=0
Q=-1/3 e Q=-1/3 e Q=-1/3 e Q=0
down strange bottom gluon
v v v Z°
e 7 T
m<2 eV m<0.19 MeV m<18.2 MeV m=91.1876+0.0021GeV
B electron neutrino muon neutrino tau neutrino 7 boson
g T
S e T w
m=0.510 MeV m=105 MeV m=1776.82+0.16MeV  m=80.385+0.015GeV
Q=-le Q=-1le Q=-1e Q=*le
electron muon tau W boson

Higgs Boson S=0
HU

m=125.7+0.4 GeV
Q=0

Higgs

Table 2.1.: Standard Model particle content [39].
which have a spin 1/2, and have corresponding antiparticles. They can
be quarks, which interact in the strong, electromagnetic and weak in-
teractions, and fermions, which interact in electromagnetic and weak
interaction, where nearly massless neutrinos interact only weakly. Three
generations of fermions differ in mass. Gauge bosons are interaction me-
diators, where electromagnetic interaction is mediated by =y, electroweak
by W# and Z°, and strong by ¢. Particles acquire mass via Higgs mecha-
nism, and a quanta of the Higgs field is the Higgs particle. Uncertainties
on e and p mass are not shown in the table due to their high level of
accuracy.

Fermions are matter particles

of -1, and neutrino-type lepton (ve,v,,v-) with no charge and very small mass. The
matter particle interactions are mediated by the gauge bosons, which have a spin
1. The electromagnetic interaction is mediated by the photon 7, electroweak by the
W+ and Z° gauge bosons, and strong interaction by the gluon g.

The SM can be formulated in the quantum field theory via the Lagrangian for-
malism, where symmetries and the requirements on invariance of the Lagrangian
under local gauge transformations need to be considered. The invariance under lo-
cal transformation is obtained by including gauge fields into the Lagrangian, and
consequently, the quanta of the gauge fields are the gauge bosons. The SM symmetry
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group is given by:
SUB)c®@SUR2)LU(1)y (2.1)

where SU(3)c symmetry group describes the strong force mediated by eight glu-
ons, and the SU(2)r ® U(1)y represents the electromagnetic and weak interaction,
combined into the electroweak theory, mediated by W+ and the Z° bosons and the
photon ~. In total there are 12 types of gauge bosons in the SM. SM does not include
gravitation, but on the scale of elementary particle interactions it is very weak and
can be neglected.

The unification of electromagnetic and weak forces takes place via the Glashow
Salam Weinberg mechanism. It represents a transformation of left-handed weak
isospin doublets SU(2),, and hypercharge Y multiplets and singlets of U(1)y. When
invariance of the Langrangian under these transformations is required, new massless
vector fields need to be introduced (W123, B). The observed bosons W=, Z° and
~ are their linear combinations. The spontaneous symmetry breaking performs a
rotation by an angle 0y of the W and B plane, the so called weak mixing angle
or Weinberg angle, and produces Z° and ~ gauge bosons. It also provides relations
between W and Z boson masses, defined as cosf = %

The gauge invariance would imply massless gauge bosons, which is in contradiction
to the experimental measurements. Local gauge invariance in the SM would be
broken by adding simple mass terms to the Lagrangian. Therefore, the mechanism of
spontaneous symmetry breaking was introduced in order to explain particle masses.
Particles of the SM acquire mass by the interaction with the scalar Higgs field,
which results in a spontaneous electroweak symmetry breaking. As a consequence,
a weakly coupling particle of spin zero is added to the theory, with a potential that
is minimized at a non-zero value. The mechanism where particles acquire masses is
called the Higgs mechanism, and the quantum of the Higgs field is a bosonic scalar
Higgs particle (H).

In the next sections, the principles of gauge invariance and spontaneous symmetry
breaking, will be shown. Also, the electroweak theory, together with the Higgs
mechanism and quantum chromodynamics will be described. The following sections
are based on the [16-18].

2.1.1. Gauge Invariance

When the invariance under local gauge transformation for the Langrangian
density is required, gauge potential needs to be introduced, with couplings to el-
ementary fermion matter field, which is completely determined by the symmetry
principles, on a given scale.

The theory of electromagnetic interaction is introduced using the Dirac fermions.
The invariance of the Lagrangian is required, where the space-time dependent trans-
formation for fermions is given by:

Y(a) = D) (2.2)
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where a(x) depends on coordinates in space-time. The invariance of the Lagrangian
density under this transformation can be achieved using a covariant derivative D,,.
It requires introduction of the vector potential A, in the covariant derivative as:

D, =0y +iqAu(x). (2.3)

The Lagrangian then reads:
_ — 1
L = ipy, DFap — mapyp — ZFWFMV' (2.4)

where F},, = 0,A, —0,A,, and gy is the charge of the field. Then it can be proved
that in addition to the local phase transformation of the field ¢/, and when the vector
potential A, transforms inhomogeneously as:

Au(x) = Ay(z) — duolx) (2.5)

the Lagrangian 2.4 will be invariant under a set of local gauge transformations.
The phase transformations of the fermion 'matter’ field forms a U(1) group, and
the electrodynamics can be regarded as a gauge theory based on U(1) group. U(1)
is a Abelian group, where the elements commute with one another. The photon
field is required to be massless, as the mass term %m?yA“A“ would not be locally
gauge invariant, while fermions have mass. Finally, the Lagrangian density of the
Qunatum Electrodynamics (QED) is given by:

Fermion mass and
kinetic energy

Lopp =¢(in"0, —m)y {

= ~v kinetic

qpy" Ay { energy (2.6)
1. .

fZF“ Fu. Interaction

The idea of matter field transformations can be futhrer generalized, by introducing
more complicated non-Abelian transformations compared to U(1) group, as pointed
out by Yang, Mills, and independently Shaw (and also Utiyama). In this approach
there are several gauge fields in the representation of the gauge group. Matter and
gauge fields V,,, are 'minimally coupled’ via transformation of the form:

0 — Dy = 0y + igtaVay (2.7)

where t, is the matrix representation of the group generator, and g is the universal
gauge coupling constant. For example, the generators of SU(2) group ¢, = %UQ,
where o,, a=1,2,3, are Pauli matrices. Gauge potential mass terms are required to
be zero, and the interaction of matter and gauge fields is determined by the local
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gauge symimetry.

Note that the gauge field strength contains an additional term in comparison to
the electromagnetic case, Fou = 0uVar — 0y Vay — gfabeVouVer, where the fup is
the structure constant of the gauge group. This results in self interaction of the
non-Abelian gauge fields, which for e.g. brings to a property of asymptotic freedom
in QCD.

2.1.2. Spontaneous Symmetry breaking

In an example of a Hamiltonian invariance under symmetry transformation, it is not
reflected as a symmetry of the solutions to the corresponding equations of motion.
However, with a given solution to the equations of motion, other solutions with the
same energy can be obtained using the symmetry transformation. If the solution
is invariant under the symmetry transformation, new solutions cannot be generated
in this way. In quantum field theory the symmetries of the ground state of the
system are considered, where the excitations of the ground state are identified as
particles. For the case when the ground state is not invariant under a symmetry, the
ground state must be degenerate. If the symmetry transformation of the equations
of motion leaves them invariant, it is labeled by a continuous parameter, and an
infinity of ground states is found. Then the spectrum of excitations can be built by
expressing the Hamiltonian with fields whose quanta correspond to excitations of
one particular ground state. The original symmetry of the action is not present any
more, and the underlying symmetry is hidden, and therefore named as spontaneous
symmetry breaking.

Although the symmetry is not really broken, the observer in an experimental setup
will find many excitations of the ground states. This feature gives the universality
of gauge interactions even though the gauge symmetry is spontaneously broken.
In building of Lagrangian density the mass terms of gauge bosons were explicitly
required to be zero in order to accommodate for gauge invariance. However, gauge
bosons may acquire mass via the Higgs mechanism using the spontaneous symmetry
breaking.

2.1.3. Electroweak Theory

In order to explain the continuous energy spectrum of electron in the § decay, the
neutrino was postulated by Pauli, and a theory of weak interactions was proposed
by Fermi. The parity violating nature of weak interactions was first proposed by Lee
and Yang and experimentally confirmed by Wu et.al. The Wu experiment showed
that electrons emitted from the 8 decays of Cobalt 60 occur preferentially in the
opposite direction of the nucleus spin. This means that the parity is not conserved
in this process, since electron momentum transforms as a vector, and the spin like
a axial vector. This phenomena is accounted for in the V-A extension of the Fermi
theory, by introducing left and right chirality operators. However, both Fermi and
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the V-A extension of the theory are valid only in the low energy regime, below the
W boson mass, since the predicted cross sections rise quickly above this threshold.

Introducing intermediate vector bosons brings a solution to this problem. They
are a consequence of the Lagrangian density invariance under a set of local gauge
transformations. The weak interaction with parity violation can be accommodated
in the SU(2)r, group. The left-handed fermions are assembled in doublets of weak
isospin, where for the first generation of leptons they are:

i\ [ v
wL—<wu>—<eL>. (2.8)

The Lagrangian density of two free massless left-handed fermions is:

L= (iv"Ou)¥L. (2.9)

The invariance under local gauge transformation on the Lagrangian density is re-
quired to obtain mediators of the weak interaction, they are of the form:

Y — p = 9 @T (2.10)

where the 7% = %~ (a=1,2,3, and are o Pauli matrices), are generators of SU(2)[,
group. The «(x) are arbitrary space and time dependent functions, and g is the
coupling constant of the interaction. Next, to preserve invariance of the Lagrangian
under SU(2)y, transformations, a covariant derivative is of the form:

Dy = 0,igT*W (2.11)
where the W are three new vector boson fields, which are required to transform as:

Wi — Wy —0ua®(z) — geabcab(:n)Wl‘j (2.12)

where the ¢ is the Levi-Civita tensor. In order to accommodate kinetic energy,
the gauge field tensor is defined:

We, = 0, W — 9,W — ge"™ WhW,,. (2.13)

Despite the fact that SU(2); describes well the weak interaction, it is not a
complete theory. It does not describe well the observed masses of fermions and
gauge bosons associated with vector fields, and it fails in describing the interactions
mediated by the neutral Z boson. As a solution to this problem, electroweak theory
is constructed using the combination of SU(2) and U(1)y symmetry group, where
the Y is the so-called hypercharge. The transformations of the Langrangian under
U(1l)y gauge transformations is the same as in the U(1) case of electromagnetic

10
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interactions. The covariant derivative is given by:
1.
D, =0, + 519 Y B, (2.14)

where the B, is the new vector field, and ¢ is the new coupling constant. The field
strength tensor is given by:

By = 8,B, — 8,B,. (2.15)

Then the combined electroweak Lagrangian using the SU(2);, ® U(1)y groups
with the combined covariant derivative:

1.
Dy = 0y +igT* Wy + iig YB,. (2.16)

Then the combined electroweak Lagrangian density is given by:
1. 4 1 Gauge field kinetic energy
- __ LUIrsa - puv
Lpw 4W Wi 4B By { and self — interaction

— ) 1 1, Left — chiral fermion kinetic
1 _ Zg0We — =
17" (10 290 W“ 29 YBu)yL { energy and interaction
— , 1 Right — chiral fermion kinetic
0 _Z
V7" (10, 29 YBu)vr: { energy and interaction

(2.17)

The self-interaction of vector fields is a consequence of the non-Abelian nature of
SU(2)r group, i.e. its generators do not commute. Note that U(1)y symmetries
affect both the left and right-chiral particles, while SU(2), affects only the left ones.
This Lagrangian accommodates well for the experimentally observed phenomena of
charged and neutral currents of the electroweak interactions.

2.1.4. The BEH Mechanism

In the formalism described up to this point, SM describes well all physics phenomena
except for the gauge bosons and fermion masses, as the mass terms were requested to
be zero to accommodate for the gauge invariance. The particle masses in the SM are
incorporated into the theory via the Brout, Englert and Higgs (BEH) mechanism,
which introduces particle masses via spontaneous electroweak symmetry breaking.

In the Higgs mechanism a new complex scalar, the SU(2), doublet, with the field
of hypercharge Y=1, is postulated.

(et 1 [ ¢tk
¢‘<¢°>‘\/§<¢>3+i¢4>' 218)

11
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Since the fields are complex, there are four degrees of freedom. The Lagrangian
density of spin zero doublet is given by the Klein-Gordon equation:

Ly=|D"¢> = V(¢) = (D'¢)!(Duop) — V(¢) (2.19)

where the D, = 0, +igT*Wy + %ig/YBu is the electroweak covariant derivative,
and V(¢) is the new postulated potential, called the Higgs potential. The V(¢) is
required to be invariant under local gauge transformations. This requires the poten-
tial 2.18 to be symmetric in all four components, which brings to the expression:

V(¢) = —?|of* + Nol* (2.20)
where p2 and X are real constants. In the figure 2.1 the Higgs potential is shown.
It has a distinctive form of a 'Mexican hat’ The potential has degenerate minima

placed as a circle in the complex ¢1 vs ¢ plane, with the radius of v = ”72, which
is called the vacuum expectation value of the Higgs field.

Figure 2.1.: The Higgs potential [19].

Further, the choice of a particular ground state breaks the symmetry sponta-
neously. The following ground states are chosen:

<ot >=0, <¢’>=w. (2.21)

Next, the expansion of fields around the ground state is made:

_ 1 0+ni(z) +i&y (o)
o) =3 ( o mol) + () ) ' (2.22)

The n4(z), &4+ (), () fields lead to massless Goldstone bosons. These terms can
be absorbed, when the local gauge transformation is applied:

¢ ¢ =9 @ (2.23)

12
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where «(z) is a arbitrary function. A consequence of the gauge transformation are
three spin degrees of freedom for the vector bosons in the EW theory. The field is

now given by:
P(x) = % < U+20($) ) : (2.24)

The no(x) is associated with the field of the Higgs particle H. Consequently, the
potential is now given by:

1 1
V(p) = —5(2M2)H2 + MH? + 1AH‘*. (2.25)

The first term in the equation is the Higgs mass my = /—2u2, while the second
and the third terms describe the Higgs field self-interactions with 3 and 4 particle
vertexes.

The interaction of vector bosons in the EW theory with the Higgs boson can be
determined using the covariant derivative on the Lagrangian density 2.19. This
results in all terms including a photon field A* to be zero, since the photons are
massless. Since ¢T=0, there is no mixing between W* and Z fields. The gauge
boson masses are obtained to be:

1 1 /
mw = 59v, mz = 5\/92 + g"%v. (2.26)

From this the weak mixing angle can be determined as cosfy = % It can be

derived that the v = %, and from the experimental measurements of My and gz
one obtains a value of v=246 GeV, and also that the Higgs-vector boson couplings
are proportional to the masses of the vector bosons.

The fermion masses cannot be explained in a same way as for gauge bosons. From
the fact that fermion mass terms are not invariant under SU(2)z, and U(1)y gauge
transformations, the so-called Yukawa interaction is obtained, and for the leptons is
given as:

Ly = f)\l(de)OLR + ZR¢+LL) (2.27)

for Ly left-handed lepton doublets and Lg right-handed lepton singlets. It is au-
tomatically invariant under SU(2); because ¢ and L belong to the same doublet.
Further, the electron mass is obtained to be m, = )\e%, thus coupling to the Higgs
field is proportional to the electron mass, while similar expressions are obtained for
all leptons. The quark masses are obtained using the co-called Cabibbo-Kobayashi-
Maskawa (CKM) matrix, where mass eigenstates are rotated with respect to the
flavor eigenstates.

Finally, the Lagrangian density for the Higgs mechanism including the Yukawa

13
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interaction is given as:

1 1 H boson kinetic energy,
Ly =|(i0, — iigaaWﬁ - iig Y B,)o|* { W*/Z boson mass and
W*/Z — H interaction

H boson mass and
20l = Ay { (2:28)

sel f — interaction

Fermion Yukawa mass and
fermion — H interaction

(M don + MaB6C0n + hec). {

2.1.5. Quantum Chromodynamics

The Quantum Chromodynamics(QCD) describes the strong interaction between the
quarks and gluons. It is based on the SU(3)¢ symmetry group, where the resulting
gauge bosons are gluons. Quarks are assigned a color charge C, which can take
values of 'red’; 'blue’ and ’green’, and gluons carry combinations of color-anticolor.
Quarks are assembled in color triplets:

Ur
=1 U |. (2.29)
Vg
The Lagrangian density for free quarks is:
L = (intd, — m)ip. (2.30)

For the SU(3)¢ group, the local gauge invariance is required using a transformation:

P 1) = 90t @T (2.31)

where the g, is the strong coupling constant, as(x) are arbitrary functions of space
and time, and T, a=1,...8, are generators of the non-Abelian symmetry group
SU(3)c.

In order to have invariant Lagrangian density under SU(3)c symmetry transfor-
mations, the covariant derivative is of the form:

Dy = 0y, + ig, TGS (2.32)

which contains eight new vector fields G}, which correspond to massless gluons. Then
the fields are required to transform as:

Gy — Gy — 0ua(z) — gsfabcozb(q:)GfL (2.33)

where the kinetic energy of the gluons is given by the field strength tensor Gy, =

14
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.Gy, — 0,Gy, — gsf“bCGZGf,. This brings to the final Lagrangian density of QCD
given by:

q mass and
kinetic energy

q— g field
interaction

Lacp =0, — m)y {

1 — aya
0 DNG)Y { (2:34)

1 a
_ o e
4G G and sel f — interaction

{ Gauge field kinetic energy

The self-interaction of the gluon fields is a consequence of the non-Abelian nature
of the SU(3)¢ symmetry group. Confinement is the consequence of self-interaction,
where colored particles combine into colorless hadrons, which have a total of zero
colour charge.

2.1.6. The Standard Model Lagrangian

The SM has a symmetry of SU(3)c ® SU(2)L @ U(1)y, where the SU(2), @ U(1)y
spontaneously breaks to U(1)gas, while SU(3)¢ is considered to be unbroken. This
results in a final SM Lagrangian density before the electroweak symmetry breaking
given by:

1 1 1 Gauge field kinetic
£SM = _ZBauuBgV _ ZWQMVW;LIV _ ZGauuGzV enerqy (L’I’Ld
sel f — interaction
DL (0, = 390 Wit — 39V Bu)ur+

= . / energy and
PRy (10, — 59 Y By

{ Fermion kinetic
EW interaction

H kinetic energy,
W=*/Z mass and

1 1.
+[(10,, — Sigo" Wi — Sig Y B,)$|*
W*/7Z — H interaction

2

H boson mass
and sel f — interaction

1P [)* = At

+(M R + Map 6% R + h.c.)

and fermion — H
interaction

q— g field

1
L wyava
+2951/1q<7 MG interaction

{ Fermion Yukawa mass

(2.35)
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2.2. Standard Model and Higgs Measurements

Throughout many years the SM predictions have been successfully experimentally
confirmed [39]. In addition, SM predictions have passed stringent tests at the LHC
using the Run 1 data. However, the highlight of LHC searches is certainly the Higss-
like particle discovery. In this section a selection of recent LHC analyses results in
the physics of SM and Higgs will be presented.

B 1011 80 ub™?
2 ATLAS Preliminary Run1 vs5=7,8TeV
b
108 3
LHC pp s=7TeV LHC pp +s=8TeV
105 —o— B Theory Theory 3
=T - Data A| Data 1
10* 3
103 3
102 46107 20310 203 b .
mom """ RO o= E
4617 47104 203Afbf 20.3Afb‘ 130
Sy momTA
10t 48t 20fot 461 nzq.aAfbj‘ 3
467" 2031b!
A -
1 =
20.3 fb"! E
AR203 fb1]
10—1 A 4

PP w V4 tt te-chanWwW+wZ WW Her Wt WZ  ZZ  Hver ttW  ttZ

total total total total total total total total total total total total total total

Figure 2.2.: Standard Model total production cross section measurements compared
to corresponding theoretical expectations at NLO order or higher. The
data set and integrated luminosity used in the measurement are indi-
cated in the figure [50].

Standard Model Measurements

The theoretical predictions of SM process cross sections at the LHC have been suc-
cessfully confirmed by the ATLAS and CMS experiments. Firstly, good agreement
in the measurements of pure QCD jet production has been found over wide range
of jet transverse momenta [51]. Secondly, excellent agreement has been obtained
in the measurements of single and multiple W# and Z° production, single and pair
top quark production, and also in association with vector bosons. In the figure 2.2
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SM total cross sections production measurements for the ATLAS at 7 and 8 TeV are
shown, and a good agreement of theoretical prediction and data is found. Thirdly,
the observation of a Bg — u™pu~ process by the LHCb and CMS experiments [52]
is in good agreement with the SM prediction. Namely, the Cabbibo Kobayashi
Maskawa (CKM) description of flavor mixing and CP violations can be used to pre-
dict the branching ratio for this rare decay, which is sensitive to presence of new
physics, but no significant deviations from the SM have been observed. These results
give good confidence in the theoretical predictions and are a good confirmation of
the SM theoretical framework.

Higgs Physics

The Higgs-like particle discovery has been reported in 2012 by the ATLAS and CMS
experiments [53,54]. Since then, this result has been confirmed with higher con-
fidence by the analyses at these experiments, using more integrated luminosity. In
the figure 2.3 the observed local pg as a function of my is shown for ATLAS and
CMS. For the combined result using the H — vy and H — ZZ* — 4l processes sig-
nificance of 7 and around 6 sigma is reached for these experiments respectively. The
Higgs signal has been measured in a number of channels (yy, ZZ*, WW*,bb, 7777),
and their signal strength is shown in the figure 2.4. The overall signal strength for
both ATLAS and CMS is found to be around 1. Therefore the SM predictions for
the Higgs boson across different channels and experiments are in agreement with
data.

BEALEN EAREN LA 1 Qs V=7TeV,L=511b" (s=8TeV,L=531b"
R R B

R LI UL B R
ATLAS 2011 -2012
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8 E 5=7TeV: [Ldt=46-481" < Exp. = s \\ [~ 26
B o > 2 —
L 5=8TeV: [Lat=58591" M+1o 3 P “ /// BES
-4 [ —
S 107 J40

]
l\

G

i
S
&
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1070 |- == Exp. for SMH -
[ |——Vs=7Tev . |
10 | | | | L ; 1_12‘ — (5=8TeV Hoyy+H->ZZ 176
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Figure 2.3.: The observed local py as a function of my for the ATLAS [10](a) and
CMS [11](b) experiment using the combined H — vy and H — ZZ* —
4] processes. The dashed curves represent the median expected local p-
value, and the solid lines are the experimental results. There is a 7o
and around 60 signal-like peak for the ATLAS and CMS respectively.
The c.m.e and integrated luminosity are indicated on the plots.
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ATLAS Prelim. |—o(stat) Total uncertainty
my=125.36 GeV | __ g(§s,nc- Tloconp
arXiv:1408.7084
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arXiv:1408.5191 ‘
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H—- WW* = Iviv 1318
w=1.09"0%7 03
JHEP11(2014)056 ‘
W,Z H— bb 03| —1—
w=050488|  —g—
ATLAS-CONF-2014-061 ‘ ‘
H- 11 o8 —
W= 1.4j8;j 03 o —
| |
0 0.5 1 1.5 2

Js=7TeV |Ldt=4547 o’

/s =8TeV [Ldt = 20.3 fo"

Signal strength (w)

released 09.12.2014

Figure 2.4.: Production strengths for a Higgs boson of mass my = 125.36 GeV,
normalized to the SM expectations. Best fit values are shown with the
black line, the total +10 uncertainty is indicated in green [55].

mu [GeV] ATLAS [37]

mu [GeV] CMS [31]

H =y
H— ZZ* — 4l

H—~y, H—=>ZZ" — 4l

125.98 £ 0.42 £+ 0.28
124.51 £+ 0.52 £ 0.06
125.36 £ 0.37 + 0.18

125.98 £ 0.50
124.51 £+ 0.52
125.36 £ 0.41

124.70 £ 0.31 £ 0.15
125.6 £ 0.4 £ 0.2

125.0319-26 +0.13

124.7070-3%
125.6 + 0.4
125.03 + 0.30

AmH

1.47 & 0.67 £ 0.18

-0.9 + 0.4 £+ 0.27532

ATLAS, CMS |

]

125.094+0.214+0.11

Table 2.2.: ATLAS and CMS Higgs mass measurements in the H — ~v and
H — ZZ* — 4l channels, and their combination. The measurements
are presented with statistical and systematic uncertainty respectively.

The Higgs particle mass, is measured to be 125.09+0.214+0.11 |
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tistical combination of ATLAS and CMS experiments. In the table 2.2 recent
Higgs mass measurements are shown for ATLAS and CMS for the H — ~~ and
H — ZZ* — 4l channels, and their combination. This value is in agreement with
the relatively low Higgs mass predicted by the SM. In addition, Higgs spin and par-
ity have been experimentally determined to be zero and dominantly CP-even with
a high degree of confidence [57,58].

An important aspect of Higgs physics analyses is the study of its couplings to
fermions and gauge bosons. The ATLAS and CMS measurements are included in
the global fit, and good agreement with SM predictions for the signal strength and
coupling has been found [59]. The coupling measurements will play an important
role in the Run 2 analyses.
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Figure 2.5.: Global SM fit to electroweak data comparison to the Higgs mass mea-
surement [60]. The discrepancy between the fit obtained and the fit on
the ATLAS and CMS data is consistent with Ay? ~1.20 level.

Finally, the global SM fit to electroweak precision data was obtained using the
ATLAS and CMS measurements. In the figure 2.5 the comparison between the fit
using precision data and no assumption of the Higgs mass is compared to the fit
using the Higgs mass measurements. The electroweak fit obtained Higgs mass is
myg = 9433 GeV, and the discrepancy between these values is ~1.50, which shows
good agreement [(1]. Therefore, this result gives confidence in the SM as a theory.

2.3. Beyond the Standard Model

Despite the fact that good agreement of SM prediction compared to the data have
been found in the SM and Higgs physics processes, a number of topics cannot be
answered by the SM, or need to be interpreted using a more complex theory. A
number of phenomena occurs in nature, that cannot be explained by the SM. This
gives good motivation for physics beyond the SM (BSM).
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It is assumed that in the Big Bang Nucleosynthesis equal amounts of matter and
antimatter have been created. However, in the universe today mostly matter is
observed. The SM does not explain well the evolution of such a system to present
time, and additional theory is required to explain this fact. In the SM, neutrinos are
required to have mass equal to 0. However, neutrino experiments have shown that
neutrinos indeed have a mass. Adding extra terms to the SM to acquire mass for the
neutrinos brings additional theoretical problems, which need to be well incorporated
in the theory. The SM gives no explanation of the gravity, and it does not incorporate
well the most successful theory of gravity, the general relativity. A possibility of
finding a common theory for all known interactions should be considered. From the
cosmological observations, only about 4.9% of the universe makes the known matter.
The remaining 26.8% is considered to be dark matter, and 68.3% the dark energy
[62]. A number of theories offer explanations to this phenomena, and a prominent
one called Supersymmetry (SUSY), offers an explanation to the existence of dark
matter, and it is the topic of this thesis. In the next chapter, more details about
the SUSY motivation, theoretical framework, and searches strategy will be given.
It should be noted that SUSY does not provide the explanation to the existence
of dark energy. Dark energy is hypothesized to be ’filling’ the space, and it is
responsible for the acceleration and expansion of the universe. Numerous theories
give possible explanations, where one of the approaches suggests that volume of
space has some fundamental energy, where a cosmological constant A is introduced
to quantify that. Some SUSY theories require the cosmological constant to be zero,
which is in contradiction with the requirement of SUSY to be broken. SUSY is not
able to offer a good explanation of the dark energy.
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3. Supersymmetry

Supersymmetry (SUSY) [19-27] is one of the extensions of the SM, which offers
solutions to the problems not explained by the SM. The SM describes well the
fundamental particles and their interactions at energies from ~eV up to a few 100
GeV, excluding the neutrino masses phenomena. The SM has been well tested at
experiments up to the current energy reach. However, it does not explain phenomena
such as the arbitrariness of gauge couplings, mixing angles, particle masses, the
reasons for gauge theories, quantum numbers and generations, and does not add
gravity into the theory. It is highly probable that new physics is present in the
energy range from the current experimentally reachable TeV scales to the Planck
scale of ~10'® GeV, and SUSY gives a framework which incorporates this.

SUSY is postulated as a fundamental symmetry between fermions and bosons,
and it introduces a new set of supersymmetric particles at the electroweak scale. It
naturally offers solutions to a number of phenomena not incorporated into the SM,
and makes one of the best motivated theories in physics BSM. In this chapter the
motivation for SUSY will be given in the section 3.1, the formalism of SUSY in 3.2,
minimal SUSY model with the particle content and phenomenology will be given
in the section 3.3, and aspects of SUSY analyses in ATLAS will be shown in the
section 3.4. This chapter is based on [63], and additional descriptions are taken
from [16,48,64].

3.1. Motivation for SUSY

SUSY offers solutions to a number of phenomena, which cannot be explained in
the SM. In this section, an overview of problems not covered by the SM, which are
solved using SUSY, will be given as a motivation.

Hierarchy Problem and Naturalness

Supersymmetric field theories address the naturalness of a relatively light Higgs
boson mass. Namely, the radiative corrections to the Higgs boson mass squared
become extremely large when any particle couples to the Higgs directly or indirectly.
In the figure 3.1 left, a one-loop quantum correction to the Am%{ is shown for the
fermionic loop, which is given by:

2

y A
Am2 = — 2L oA 2 () + .. 1
my = — g3 [2A7 + 6mj n(mf)+ ] (3.1)
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3. Supersymmetry

where A is the ultraviolet cutoff energy scale at which the SM remains valid. The
Higgs mass diverges quadratically with A, and if it is assumed that the SM stays
valid up to the Planck scale Mp, i.e. A = Mp, this correction is 10%° times bigger
than the reasonable value of the m%{ ~ 10%° GeV2. Similarly, one-loop quantum
correction to the Am? via a scalar field S is presented in the figure 3.1 right, and
is given by: A

%[AQ —2m? ln(m—s) + . (3.2)

where \g is the quadratic coupling to the Higgs boson.

2 _
AmH—

f S

- - |

Figure 3.1.: One-loop quantum corrections to the Am3, due to the fermionic (left)
and scalar boson (right) loop [40].

As the contributions of boson and fermion loops are of opposite sign, from the
two expressions ( 3.1 and 3.2) it follows that divergent contributions with A? terms
can be canceled out in the theory if for each fermionic loop there is a scalar loop
with:

As = 2u7. (3.3)

As a solution, SUSY imposes exactly this relationship 3.3, and in SUSY field the-
ories, there are no quadratic divergences at one- and multi-loop levels. This allows
for large mass differences in the mass scale hierarchy, called the "hierarchy problem’
[65-68], to be maintained in a natural way in SUSY with this solution [69-74].
Moreover, other logarithmic corrections to the couplings vanish in SUSY.

Gauge Couplings Unification

Grand Unified Theories aim to provide a unified description of electroweak and
strong interactions [75]. This is done by embedding the gauge groups of SM
SU3)c ® SU(2), ® U(1)y into one universal symmetry group, where there will be
one interaction with one coupling constant at the GUT scale. The couplings unifica-
tion can be explored by taking the experimentally measured values of couplings, and
extrapolating them to high energies, using the energy dependent renormalization for-
malism for gauge couplings. The couplings of each fundamental force in SM, when
run by renormalization group equations of the SM to the high energy scale, never
become equal at the same scale, see figure 3.2 (a). This implies that unification in a
single point is not natural in SM, and it is ruled out by 7 standard deviations [75].
In order to obtain the unification of gauge couplings at the GUT scale, the running
of gauge couplings to the GUT scale needs to be modified. This can be obtained by
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3.1. Motivation for SUSY

introducing new physics between electroweak and Planck scale. For example, when
SUSY particles are included in the renormalization group equations, and evolution
of couplings is performed to the high energy scale, they appear to intersect at the
energy scale of ~ 10'6 GeV. The best unification of gauge couplings is achieved
for SUSY particle masses at the Planck scale. This gives a very good motivation
for SUSY, as it favors unification of couplings at the high energy scale with high
precision. Note that Grand Unification has been proposed [73,75-82] using minimal
SUSY, but it might not be the final solution to this problem.
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Figure 3.2.: Gauge coupling strengths in SM do not evolve to a unified value (a),
shown for the LEP measurements, but unify when SUSY is introduced

(b) [46].

Cold Dark Matter Candidate

The observations show that galaxy rotation curves do not fall with the radial dis-
tance from the galactic center [39]. However, they can be explained by introducing
a new type of weakly interacting matter, i.e. dark matter (DM). It is believed that
DM originates from neutral relic from the early Universe, i.e. it should be neu-
tral. In addition, to give explanation to the structure formation, DM should be
non-relativistic at the time of structure formation, i.e. it should be cold. Therefore,
the newly introduced particle needs to explain these effects, and accommodate for
current estimate of cold dark matter (CDM) density from the astronomical mea-
surements of cosmic microwave background, found to be Qcparh? = 0.119840.0026
for the Planck, WMAP and high resolution data from APC and SPT [33]. These
particles can participate only in the weak and gravitational interaction, which makes
their detection very hard. Due to the lack of electromagnetic interaction with normal
matter, they are invisible through normal electromagnetic measurements, and due
to large mass, they are not relativistic. The co-called, cold dark matter candidate
needs to be a weakly interacting and massive particle (WIMP). Within the SM only
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3. Supersymmetry

neutrinos can be considered as a DM candidate, but they are not massive, nor their
abundance is large enough to reproduce the DM in the Universe.

Dark Matter

Figure 3.3.: All-sky map of dark matter distribution in the universe (a) and the
‘cosmic recipe’ (b) obtained by the Planck measurements [34].

The lightest SUSY particle (LSP) could fit the properties of a WIMP. In many
SUSY models, a newly defined property called R-parity is conserved. The lepton
and baryon number conservation in SM has been tested with high precision, while
in SUSY a violation of this symmetry can be present due to a number of renor-
malizable couplings in the theory. Therefore, these couplings need to be small in
order to explain the data. The R-parity conservation forbids these couplings. As a
consequence, the LSP is a stable particle, see more details in the section 3.3.2. Then
in the evolution of particle content from the Big Bang Nucleosynthesis (BBN) up to
the present time, the CDM density is calculated and compared to the measurement.
Since relic from the BBN could consist of LSP, and could have the right amount of
relic density to be the majority of the CDM, the LSP is a good CDM candidate.
As an illustration, in the figure 3.3 the Planck measurement all-sky dark matter
distribution, and the current ’cosmic recipe’ which estimated 26.8% of dark matter
in the universe, is shown.

SUSY is not the only BSM theory which offers the WIMP candidates. The Unified
Extra Dimensions offer the lightest Kaluza-Klein particle (KLP), and Little Higgs
models offer the Lightest T-odd particle (LTP). In addition, opposed to WIMP, there
are other cold dark matter candidates, like massive compact halo objects (MACHO)
and axions.

Instability of the Electroweak Vacuum

The effective electroweak potential in the SM resembles the Mexican hat, and the
electroweak vacuum lies in the surrounding valley where v = 246 GeV. Beyond
this valley the potential energy of the Higgs field rises, i.e. the brim of the hat
rises. However, calculations show that when the renormalization by the top quark
is performed, for the most up to date measured m; and mpy, it overwhelms the
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3.1. Motivation for SUSY

Higgs field itself, and the brim of the hat turns down at large Higgs field values.
Consequently, the present electroweak vacuum is unstable, with a possibility of
quantum tunneling through the brim of the hat [64].

According to current best SM calculations available, the Higgs field potential turns
down at the Higgs scale A according to [35]:

as(My) — 0.1184)
0.0007
4)

myg

GeV

A
log10(——) = 11.3+1.0( 2 —125.66)—1.2(

—173.1 4
Gev GeV 73.10)+0-4(

and when the world average values of mp, m; and «y are used, the estimate is:
A = 1010511 Gy (3.5)

In the figure 3.4 (a) quadratic Higgs self coupling A is shown, where A < 0 for a scale
beyond the calculated A, i.e. the scale at which the brim of the hat turns down.
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Figure 3.4.: Quadratic Higgs self coupling A (a) and electroweak vacuum stability
(b). The A < 0 for a values of quadratic Higgs self coupling higher than
the cut-off scale. In the m; vs my plane, for the world average masses
and accuracy, the electroweak vacuum is in the meta stable region [35].

In the figure 3.4 (b) the regions of vacuum stability are shown in the m; vs mg
plane, for the current top and Higgs mass measurements. It can be stable, meta-
stable or instable, according to the Higgs scale A, where the stable would (probably)
live longer than the age of the Universe. The red dashed iso-lines represent the A
scale. It can be seen that with the current m; and mpy we are in fact residing
in the meta-stable region, but the uncertainty on the mass measurements is still
relatively large. As the A calculation is most sensitive to the top mass calculation,
a more precise measurement is required to make further distinction. For a higher
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3. Supersymmetry

value of m; further destabilization into meta-stable region would appear, where for
a lower m; the shift would be towards the stable region. In addition, improvement
in implementations of m; in Monte Carlo generators used by the experiments is
needed.

Although SM resides in the meta-stable region, the lifetime of the universe is still
very long. However, the SM might not be the final theory, and in various SUSY
models, solutions to the problem of electroweak vacuum residing in the meta-stable
region is given. Here the A is shifted towards the higher values, into the stable
region, i.e. there is no brim of the hat. This gives an alternative solution, with even
longer lifetime of the universe [04].

SUSY is a well motivated theory because it solves the hierarchy problem, it leads
to gauge coupling unification and provides the dark matter candidate. Despite the
fact that no experimental evidence of its existence has been seen so far, it is a
framework that combines well most of known phenomena in HEP, and a search for
its existence is of great importance.

However, SUSY has a few drawbacks. It does not provide a reason for the quark
and lepton masses or mixing angles. Also, it does not give an explanation for the
number of flavors. The CP violation is not explained by the SUSY, nor the barion
asymimetry.

3.2. Supersymmetric Lagrangian

In order to accommodate for phenomena not included by the SM formalism, a new
symmetry needs to be proposed. Bosons are mediators of interactions, and their
statistics allows for coherent superposition, and formation of forces. Fermions are
constitutes of matter, and their statistics has an additive character, and allows for
formation of matter. Supersymmetry is a theory which introduces a new symmetry,
between boson and fermion fields. However, generators of boson-fermion symmetry
need to have new properties in comparison to the SM gauge symmetries represented
by the SU(3)c ® SU(2), @ U(1)y groups, and details about the SUSY algebra need
to be defined, so the SUSY Lagrangian density can be derived. A general formalism
of SUSY will be given in this section.

3.2.1. Supersymmetry Algebra

A SUSY transformation turns a bosonic state into a fermionic state and reverse.
The operator of this transformation Q must be an anticommuting spinor, given by:

Q|Boson) = |Fermion)

Q|Fermion) = |Boson). (3.6)

Spinors are complex objects, so the hermitian conjugate of Q, QT is also a symmetry
generator. Due to the fact that @ and QT are fermionic operators, they have to carry
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3.2. Supersymmetric Lagrangian

spin angular momentum of %, and SUSY is a spacetime symmetry. The form of such
a symmetry group is highly restricted, as shown by the theory of Haag, Lopuszanski
and Sohnius [36], which is an extension of the Coleman and Mandula theorem
[87]. The symmetry is called the supersymmetry, and it is a non-trivial extension
of the Poincare symmetry. With a realistic approach in the theory, the fermions
have chirality, i.e. left- and right-handed fermions transform differently under gauge
transformations. Then the possibility of parity-violating interactions is allowed.
This theorem implies that following algebra of commutation and anticommutation
needs to be satisfied for the Q and Q' operators (in the schematic form with the
suppressed index notation):

{Q.Q"} =P+
{Q.Q} ={Q", Q" =0 (3.7)
[P*, Q] = [P*, Q" =0

where the P* is the four-momentum generator of spacetime translations. The P*
transforms under Lorentz boost and rotations as spin-1 object, while @ and Qf
transform as spin—% objects.

The supersymmetric algebra has the following consequences:

e The single-particle states of SUSY theory, where the bosonic and fermionic
states have the opposite spin statistics, fall into representations of SUSY alge-
bra, called the supermultiplets.

e Since the squared-mass operator commutes with both with @ and Q' opera-
tors, and also spacetime and translation operators, the particles of the same
supermultiplet must have the same eigenvalues of squared-mass operator, and
the masses of superpartners must be equal.

e Since Q and Qf SUSY generators commute with generators of gauge trans-
formations, particle of the same supermultiplet must be in the same represen-
tation of the gauge group, and therefore have the same quantum numbers of
charge, weak isospin and color.

e FEach supermultiplet contains the same number of bosonic and fermionic de-
grees of freedom, i.e. ngp = np. This is a consequence of the fact that fermionic
generators @ and QT map the bosonic sub-space B into fermionic sub-space F
and vice versa, and the dimensionality of the two sub-spaces is preserved in
the transformation. Then the transformation of B — F — B also preserves
the dimensionality, thus the number of bosonic and fermionic states must be
equal.

From the given SUSY algebra consequences, a supermultiplets can consist of a:

e Chiral supermultiplet, which consists of one fermion with two spin degrees
of freedom, i.e. np = 2, and two real scalar fields each with ng = 1. By the
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3. Supersymmetry

naming convention, to the SUSY scalar particle and extension ’s’ is added to
the name, e.g. ’sfermion’.

e Gauge supermultiplet, which consists of massless spin - 1 vector bosons
which has two helicity states, so the number of ng = 2, and its superpartners,
the spin—% fermions with two helicity states, so the there are ng = 2 super-
partners. By the naming convention the SUSY particles get an extension ’ino’

to their names, e.g. 'gaugino’

The supermultiplets constellation and SUSY particle content can vary for different
SUSY models. The particle content of minimal SUSY model will be examined in
the section 3.3.

In the following sections, the SUSY Lagrangian density will be derived in order
to get a general theory formulation which explains all particle masses and their
interactions. First the Lagrangian of the chiral supermultiplet and its interactions
in 3.2.2, and second, the gauge supermultiplet and its interactions in 3.2.3 will be
derived. Then the soft SUSY breaking term will be added in 3.2.4, and the final
SUSY Lagrangian density will be obtained in the section 3.2.5.

3.2.2. Lagrangian for the Chiral Supermultiplets

The starting point in the chiral supermultiplet Lagrangian density derivation is
considered in the most simple SUSY model. This is a theory with only one chiral
supermultiplet, the so-called massless non-interacting Wess-Zumino model [38]. It
contains one left-handed two component Weil fermion v, and a complex scalar field
¢ superpartner. The Lagrangian density is then given by:

Lchiral,free = 'Cscalar + ‘Cfermz'on =

. (3.8)
— M Dy + i1,
which contains two kinetic terms for the scalar and fermionic states.
The minimal SUSY transformations for the scalar fields are given by:
0p = e
(3.9)
06" = elyt

where €” is an infinitesimal, anti-comuting, two-component Weyl fermion object, and
it parametrizes the SUSY transformation. Then the scalar part of the Lagrangian
transforms like:

8 Lscatar = —€0108,0* + '0'p19,6. (3.10)

The fermion part of the Lagrangian transforms as:
0 L fermion = €0"0,¢" + e 0Mh10,,0 — 9, (ea” T8, " + e ¢ +elpT ot g). (3.11)

The scalar and fermionic part transformations of 3.10 and 3.11 equations cancel up
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to the total derivative, leaving the action invariant, and required by the Hamiltonian
principle of action.

In order to have a SUSY algebra valid off-shell, the given formalism needs to be
generalized by introducing an auxiliary field F', with the Lagrangian density:

ﬁauxiliary =F'F (312)
where the kinematic term is equal to zero. Then the auxiliary fields transform as:

OF = —ie'a"),1p

SF* =0, oe. (3:13)
The action needs to be invariant under transformations of:
0o = —i(a“eT)aﬁugb + €o F (3.14)
51#:; = i(ed”)a 00" + GLF*.
This brings to the Lagrangian density of the free chiral supermultiplet:
L chiral, free = —"¢* 0, ¢; + iv1'a" 0,0 + F*'F, (3.15)

where i is the index which runs over all flavor and gauge degrees of freedom.
Interactions of scalar and fermion fields within the same supermultiplet need to
be considered. The interaction Lagrangian follows as:

1 .. .
Lchiral,int = (—§W”¢ﬂ/}j + W’L-Fz) +c.c. (316)
where W% and W' are the functions of scalar fields which participate in the in-

teraction. With the requirement of invariance of the Lagrnangian under SUSY
transformation, the the W superpotential is obtained as:

1 . 1 .
W = §M”¢i¢j + gy”k@'%’cﬁk (3.17)
where M%7 is the SUSY fermion mass matrix and y%/* is the Yukawa coupling of two

fermion fields with one scalar.
Finally, the total Lagrangian density for the chiral suprmultiplet is given by:
. e 1 .. 1 .
Lenirat = =06 0u0i = V (9, ¢7) = i7" Otps — 5 MY ipinp — 5 Migptiopl? 1)
3.18

1 .. Loy e
—iywkﬁf?ﬂ/’jwk - iyijkd) z?/)”i/ﬁk

where the V(¢, ¢*) is the scalar potential. It can be shown that there are mass
degenerate partner states for each supermultiplet, and that the scalar and fermionic
coupling strengths cancel out as A\g = )\} as postulated as a solution to the hierarchy
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problem.

3.2.3. Lagrangian for the Gauge Supermultiplets

The gauge supermultiplet consists of massless gauge bosons A}, and their gaugino
SUSY partners A;:
Aa
® 1
3 (319

where index a runs over representations of the group, e.g. a=1,...,8 for SU(3)¢. The
SUSY transformations for the gauge supermultiplets are given by:

Aa%Aa_i_aAa_‘_ abcAbAc

n 7 Aut O+ o] b (3.20)

AL = A4 g fICNAC

where A is the infinitesimal gauge transformation parameter, g is the coupling

strength of the interaction and f%¢ is the structure constant. Then the Lagrangian
density for the chiral supermultiplet is given by:

1 1
Loauge = — 7 Fi F™ — iIN9T DAY+ S D D" (3.21)

The first term describes the kinetic energy using the gauge filed tensor Fj, = 0, A7 —
oAy + gf “bCAZAf,, for the respective gauge field components of the interaction
A,. The second term is the kinetic energy of the gaugino fields, which contains
interactions between gauge and gaugino fields and includes the covariant derivative
D\ =0\ +g fabCAZ)\C. The third term is the auxiliary field D, which accounts
for inequality of degrees of freedom within supermultiplets for the on- and off-shell
case. This term vanishes for the on-shell case.

3.2.4. Soft Supersymmetry Breaking

Since no mass degenerate SUSY partners of SM particles have been experimentally
found, if it exists, SUSY must be broken. The SUSY breaking must preserve the
renormalizability of the theory, as well as cancellation of the quadratic divergences
as a solution to the hierarchy problem. Therefore, a so-called ’soft-breaking’ term
is added to the SUSY Lagrangian density:

1

1. 1. -
Lsoft = —(§Ma/\a)\“ + Ea”%@jdﬁk + 55”@'(1)]' +c.c.) — (m?)5¢" b (3.22)

where the (m2)§- and b are the squared mass terms, the a”* are the cubic scalar
couplings, and M, are the gaugino mass terms, given for each gauge group. This
expression has only scalar and gaugino terms, thus the symmetry is broken by adding
mass to the associated particles. Examples of SUSY breaking will be given in the
section 3.3.4.
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3.2.5. Supersymmetric Lagrangian

From the chiral and gauge supermultiplets and the soft SUSY breaking Lagrangian
density terms, the total SUSY Lagrangian density can be obtained. Firstly, in order
to preserve gauge invariance, the derivatives of the scalar and fermion fields should
be replaced by their covariant derivatives as:

Butb = Dyt = Butp + ig AST

C ama (3.23)
Ou¢ — Dyop = 0,0 + nguT 10)

where the T is the generator of the gauge groups. This expression describes the
couplings between gauge bosons, and scalar and fermionic fields of the chiral super-
multiplet.

The possible renormalizable couplings of gaugino A\* and auxiliary D fields can
contribute with the following term:

—V29(¢" TN = V2gA (1 T¢) + g(* T"¢) D°. (3.24)
The D-term in the 3.24 and 3.21 combine into the equation of motion:
D" = g(6"T"9). (3.25)

Since this expression contains only scalar fields, it is often written with the scalar
potential as:

V(9,67) = WiW' + L (6" T6) (3.26)

The resulting total Lagrangian density for Supersymmetry is then given by:

Lsysy = —D ¢ D,¢p — i) o D, { scalars and fermions

— S Wty 4 syt

fermion mass and
Yukawa coupling

, 1
-W'w; — 592(¢*T¢) scalar potential
(3.27)

L g g _ iAeGH D, A {
) {

gauge bosons

4 H and gauginos

—V2g(¢" TN — V2gATe(piT?g

additional couplings

+ Lsoft - { soft breaking

31



3. Supersymmetry

3.3. The Minimal Supersymmetric Standard Model

In most of the current experimental SUSY searches, the minimal extension of the SM
is considered, the Minimal Supersymmetric Standard Model (MSSM) [69,89-02].
It contains the minimal number of couplings and fields. In this section the MSSM
particle content, and its features will be presented.

3.3.1. MSSM Particle Content

The MSSM field consists of chiral supermultiplets, which consist of SM quarks and
leptons, and their scalar SUSY partners ’squarks’ and ’sleptons’; and gauge super-
multiplets, which consist of SM gauge bosons and their SUSY partners ’gauginos’

Name Scalars ¢ J =0 | Fermions ¢ J = %
ar,d ur,,d
Squarks, Quarks ?1 ( L7* L) ( L7T 2
(3 generations) U Ur UR
—_ > 7 i
© Dy R dr
g Sleptons, Leptons | L; (De, €L) (Ve, er)
(3 generations) B & 52
+ 7o + 0
Higgs, Higgsino Huy (Hy, Hy) (Hy, Hy)
Hd (Hg’H(;) (H((i)ch?)
Name Bosons A* J =1 | Fermions \ J = %
o Gluon, Gluino g J
§ W-Bosons, Winos W=, Wwo W+, Wwo
B-Boson, Bino BO BO

Table 3.1.: MSSM particle content, given for chiral and gauge supermultiplets. The
Q; and L; represent the supermultiplets containing SU(2), doublets, and
U;, D; and E; are the corresponding conjugate right-handed singlets [63].
The mass eigenstates are obtained by mixing.

In the table 3.1 particle content for chiral and gauge supermultiplets is presented.
The chiral supermultiplets have SM fermions with two chiral states, which transform
differently under gauge symmetry, and each has its scalar superpartner. All chiral
left-handed fermions are defined as Weil-spinors, so the conjugation is applied to the
right-handed fields.

The Higgs chiral supermultiplets are accommodated into the Higgs and Higgsino
sector. However, in MSSM one Higgs-doublet would not be sufficient to have can-
cellations for gauge anomalies, and the two Higgs-doublets are introduced. They are
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3.3. The Minimal Supersymmetric Standard Model

also required to give mass to all fermions via electroweak symmetry breaking. The
Higgs-doublets are of the form:

(5) () .

There are 4 complex and 8 real degrees of freedom in the Higgs doublets. Three
phases are absorbed by the Goldstone bosons, like in the SM, and there are 5 physical
Higgs eigenstates:

e h, the light neutral scalar Higgs
e H, the heavy neutral scalar Higgs
e A, the neutral CP-odd pseudoscalar Higgs

e H¥ two charged scalar Higgs particles.

The gauge supermultiplets contain mediators of SM interactions and their super-
partners. They are 8 gluons and gluinos for SU(3)c symmetry, and W+, W0, BY
and their superpartners for SU(2); ® U(1)y symmetry. Via electroweak symmetry
breaking the mass eigenstates are obtained via mixing, where the new mass eigen-
states are formed from the electroweak gauginos and Higgsinos of the same charge,
since the mixing partners have the same quantum numbers. The neutral 'Neutrali-
nos’ )2?,273,4 are formed from WO,BO,ﬁS and f[g mixing, and ’Charginos’ )ZfQ are
formed from W*, H; and H, mixing.

For the case when gravity is included in the theory, called the Supergravity, an
additional supermultiplet is introduced, which contains the spin-2 Graviton and its

. 3 3 oy 3
spin-3 superpartner 'Gravitino’

3.3.2. R-parity Conservation

In MSSM an new quantum number, called R-parity, is introduced. In SM the baryon
and lepton numbers are conserved. In SUSY there are interaction terms that could
lead to violation of this symmetry. For this reason, in MSSM a conservation or
R-parity is required, where R is defined as:

R — (_1)3(B—L)+25 (329)

where B and L are barion and lepton numbers, and S is the spin of particles partici-
pating in the process. All SM fields carry R-parity of +1, while all superfields carry
parity of -1, and R-parity is a multiplicative quantum number.

Consequently, when the R-party is conserved, from SM particles the SUSY par-
ticles are produced in pairs. For e.g. two SM particles have Ryt = 12, and they
can produce two SUSY particles because Rypq = (—1)2. Also, the lightest SUSY
particle (LSP) is stable due to R-parity conservation, because LSP with R=-1 can-
not decay into SM particles, and due to its lowest mass, it cannot decay into SUSY
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3. Supersymmetry

particles, thus it is stable. However, some SUSY models allow R-parity violation,
up to the compatibility with the measured proton lifetime.

3.3.3. MSSM Interactions

In MSSM the generic superpotential is of the form:
Wirssm = yuUQHy — yaDQHg — ye ELHy + pH, Hy (3.30)

given for chiral and gauge superfields of supermultiplets, where indices for quark
and lepton generations are omitted. The 3 x 3 matrices y,, yqs and y. are Yukawa
couplings they determine the CKM mixing angles and masses after electroweak
breaking. The p is the SUSY Higgs mass parameter.

From the generic superpotential, the Yukawa interactions can be derived, i.e.
the couplings of fermions, Higgs and Higgsino fields, while from the kinetic term
in the SUSY Lagrangian the couplings of SM gauge bosons to SUSY particles are
determined.

3.3.4. MSSM SUSY Models

Although MSSM represents the minimal extension of the SM, due to the soft sym-
metry breaking, in the SUSY Lagrangian density there are 105 new parameters com-
pared to the SM, which include masses, phases and mixing angles of the particles.
Therefore, in the Lgygy there are too many free parameters, and the experimental
search in such a setup is practically not possible. There are two points which help to
overcome this problem. First, introducing certain symmetry breaking assumptions
and providing minimal models in those frameworks. Second, focusing on the sparti-
cle masses, decay products and event kinematics using certain simplifications in the
SUSY model. This motivates a construction of two types of models for analyses, the
realistic and simplified models.

Realistic SUSY Models

In most of the SUSY models, a spontaneous symmetry breaking occurs using a so-
called ’hidden sector’. In order to preserve the gauge invariance in SUSY, the MSSM
fields, the so-called ’visible sector’, must have zero vacuum expectation value. The
spontaneous SUSY breaking is then communicated to the observable MSSM sector
via hypothetical flavour-blind messenger fields. However, the mediation mechanism
is highly dependent on the model assumptions.

In addition, in the considered model generation, additional assumptions on the
sparticle masses can be added. Namely, the number of SUSY parameters can be
significantly reduced if a few parameters are selected at the high Planck scale, and the
SUSY particle masses at the electroweak scale are obtained by the renormalization
group equations, which depend on the model assumptions including the spontaneous
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Figure 3.5.: Running of renormalization group equations, an example of mSUGRA
/CMSSM model. Parameters mq and m;, are given at the high GUT
scale, and the SUSY particle masses are obtained at the electroweak
scale [10].

symmetry breaking model. This reduces the total number of free parameters in the
model to a few.

For example, the running of renormalization group equations from the high mass
scale to the electroweak scale, can be examined for the Minimal Supergravity
(mSUGRA) model. This model makes a connection between SUSY and General
Relativity, which are unified into one theory called Supergravity. This theory is
non-renormalizable, thus not a candidate for Theory of Everything. The SUSY
is put to be the local symmetry, and at the same time it represents an effective
theory for phenomena below the Planck scale (10'GeV), and a mechanism for
SUSY breaking. Being a local gauge theory, new gauge fields need to be introduced,
carried by graviton (spin 2) and its superpartner gravitino (spin %) The model
implies soft breaking terms, which reduces the number of model parameters to 5,
see more details below. In the figure 3.5 the selected model parameters mg and
my /o at the high mass scale are run down to the electroweak scale.

The most common SUSY models, based on their respective supersymmetry brak-
ing, are [93]:

e Constrained MSSM (CMSSM) [94-99]. Since gravity couples universally
to the energy, gravitational interaction is the obvious choice for mediating of
supersymmetry breaking. In addition, in this model gaugino masses unify to
common value of my/, at the GUT scale, and SUSY breaking masses of all
sfermions and Higgs doublets unify to value of mg at the GUT scale. The
model in addition has a common trilinear supersymmetry breaking parameter
Ag at the GUT scale. The ratio of Higgs vacuum expectation values tan 3
and the sign of the Higgs mixing parameter sign(u), both are defined at the
electroweak scale.
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3. Supersymmetry

e Minimal Supergravity Model (mnSUGRA) [91-99]. The CMSSM can be
restricted even more, by assumption of a relation between trilinear (Ap), bi-
linear (By) supersymmetry breaking parameters and universal scalar masses
mo (Ao = Bog + mg). The model parameters are universal scalar mass my,
universal gaugino mass my, universal trilinear couplings Ao, ratio of vac-
uum expectation of two Higgs doublets tan 8, and sign of the Higgs mixing
parameter sing(u).

e Non-Universal Higgs Masses (NUHM) [29]. To allow for more free pa-
rameters, NUHM is a less strict version of CMSSM, where mp, # mpg, # mo
at the high mass scale. The analysis of this model is done in this thesis, where
details about the model are given in the chapter 4 and the analysis description
in the appendix A.

e Anomaly Mediated Supersymmetry Breaking (AMSB) [100,101]. This
is a special case of gravity mediated SUSY breaking, with no direct tree-level
couplings between the sectors and SUSY particle masses are generated with
higher order loop corrections.

e Gauge Mediated Supersymmetry Breaking (GMSB) [102-107]. The
SM gauge interactions act as ‘messenger fields’ that couple directly to the
hidden sector, and produce the effect of SUSY breaking to the SUSY partners.

e Gaugino Mediated Supersymmetry Breaking [105] is a model based
on extra dimensions. The chiral supermultiplets reside on one brane, while
the SUSY breaking sector is confined to a different brane. Gravity and gauge
superfields directly couple to fields on both branes, so gauginos acquire mass.
Scalars acquire mass dominantly from the interaction with gauginos, which
results in suppressed scalar supersymmetry breaking masses. A special case of
Non-Universal Higgs Masses model with gaugino mediation is the main topic
of this thesis. The model description is given in the chapter 5 and the physics
analysis is described in the chapters 9, 10 and 11.

e Phenomenological MSSM (pMSSM) [109]. This model has 19 free param-
eters, where the supersymmetry breaking mechanism and running of renormal-
ization used in previous models, is replaced by a higher number of parameters
at the electroweak scale. The parameters are chosen to satisfy all existing ex-
perimental and theoretical constrains, as described in the section 3.4.2. In this
way the SUSY particle mass spectrum at the electroweak scale can be explored
directly, without an assumption on the supersymmetry breaking. In this way,
analyses which focus on the final states can be examined by generating large
amounts of parameter space points.

In addition, models Beyond the MSSM are considered:

e MISSM with R-Parity Violation (RPV-CMSSM) [110]. The CMSSM
can be generated with R-parity violation. R-parity, which was introduced to
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guarantee for the proton stability, is replaced by different symmetry (barion-
triality or lepton-parity), which guarantees proton stability but allows either
lepton number, or barion number violation. The LSP is not stable, but can
be long lived and can decay inside the detector.

e Next-to-MSSM (NMSSM) [l11]. NMSSM is the minimal extension of the
MSSM with the scale invariant superpotential. The superpotential u-term
is replaced by the coupling to the gauge singlet superfield S. This implies
more Higgs states (3 neutral CP-even and 2 neutral CP-odd states) and more
neutralinos (5 neutralinos). However, due to its complexity, there is no Run 1
exclusion of this model, and analyses are being prepared for the Run 2 data.

These models differ in their phenomenological characteristics, and often require ded-
icated analyses in experimental searches.

Simplified SUSY Models

In order to have a systematic approach in the experimental searches for SUSY, the
so-called Simplified Models [112] are used. They are designed to involve only a
few particles and interactions, and they can be described by a small number of
parameters which are related to collider physics observables, e.g. particle masses,
production cross-sections and branching fractions. Although they are to an extent
model dependent, the limits obtained by them are based on the signal topology,
therefore more general. The physics analysis can be optimized and presented as a
function of a few selected parameters of a simplified model.

3.4. Aspects of SUSY Searches in ATLAS

A distinguished characteristics of physics events which involve SUSY are the long
cascade decay chains. Namely, in R-parity conserving models, the higher SUSY
particles decay into lower ones and a SM one. The SM leptons and jets from the
quarks, together with the missing energy from the stable LSP represent a typical
signature of SUSY. The R-parity violating models have slightly different topology,
but long decay chains are their characteristics as well.

In ATLAS an approach of SUSY searches by the final state is used. Therefore, the
searches are more general than the initial assumptions of the model used for the op-
timization and analysis. The SUSY search result obtained by the experiment, with
the detailed description of the model, background determination, analysis technique
and final statistical interpretation can be also re-used for the analysis in the theo-
retical approach with different model assumptions for a given final state. For the
SUSY models which have a good physics motivation, however, dedicated analyses
are designed. In this section a brief description of organization in ATLAS SUSY
searches will be given. Also, the constrains on the SUSY parameter space, that
needs to be incorporated in the analyses strategy, is also added.
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3.4.1. SUSY Search Strategies in ATLAS

SUSY searches aim to have a full coverage of parameter space which is viable for a
given c.m.e. Therefore, the analyses need to be designed such that the regions not
covered by any search is minimized. The aim so to explore highly diverse SUSY
models, with their distinguished phenomenology. For this, various realistic SUSY
models and Simplified Models are explored. In ATLAS all search approaches are
grouped according to the dominant production channels:

e Strong Production SUSY Searches of Squarks and Gluinos includes a

number of simplified models which have a dominant ¢ and § production. The
highest number of SUSY models predicts this production to be dominant, see
figure 3.6. Their final state can involve multiple leptons, jets and missing
energy.

Third Generation SUSY Searches have a good motivation by the require-
ment of low level of fine tuning in the SUSY model. The #;is favored to be
below 1 TeV [l113]. Therefore, these searches have a high physics motivation.
Their final states can include ¢, b or ¢ quark.

Electroweak SUSY Searches despite the fact that electroweak production
is not expected to be dominant, these searches have high motivation because
the ¢ and g are excluded up to ~ 1.7 TeV [35], and if SUSY is realized in
nature and reachable at the LHC, it can be via the gaugino production. Their
characteristic signature involves multiple leptons.

R-Parity Violation and Long-Lived SUSY Model Searches are studied
in order to explore topologies if the assumption of R-parity conservation is not
valid, or if the SUSY particles live long enough to leave a visible trace in the
detector.

3.4.2. Constrains on SUSY Searches

The measurements of certain parameters in the SM can exclude some SUSY models.
For this reason the following constrains need to be considered:
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e Bg — pp is a flavor changing neutral current, and it can occur at one-loop

level with a suppressed branching ratio of 1072, In SUSY the branching ratio
of this process is enhanced due to additional flavor violating processes at one-
loop level due to the SUSY Higgs sector.The recent measurements by LHCb
and CMS put an upper limit on this branching ratio, and consequently strong
constrains on SUSY. It affects more the large tan 5 regions where this effect
is stronger.
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Figure 3.6.: Average production cross-sections for different production channels at 8
TeV, obtained by the Prospino 2.1 [l 14].

e b — s7v is a flavor changing process which in SM involves loops with W bosons
and up-type quarks. In SUSY additional loops with SUSY particles are al-
lowed. The measurements of the branching ratio for this process put strong
constrains on a number of SUSY models.

e Cold Dark Matter density measurements puts bounds on some SUSY models.
It is assumed that in the BBN WIMP-s were created in the early universe.
They stayed in the thermal equilibrium until temperatures dropped below
the mass of the WIMP, and their production was suppressed. The increasing
distance between particles reduced the annihilation rates up to the current
relic cold dark matter density ) at the current temperatures. Precise mea-
surements of the relic density have been measured by the WMAP experiment
[83], and they put bounds on SUSY models if the WIMP is the LSP. From
the constructed SUSY model, the relic density produced by the LSP can be
estimated, and models which are not in agreement with the relic density mea-
surement are excluded.

e Higgs mass puts a strong constrain on large amount of SUSY models. The
newly discovered Higgs particle mass needs to be generated by the renormal-
ization group equations in the SUSY models, however, for large amount of
SUSY models the lightest Higgs h is not compatible with the measured Higgs
mass.

e LEP and LHC previous measurements need to be included in SUSY searches.
The LEP bounds on sleptons and lower gauginos put bounds on SUSY models.
Also, the previous LHC measurements put strong bounds on the § , § , t e.t.c.
masses. These limits need to be considered as well [37].
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Figure 3.7.: Experimental and theoretical constrains for mSUGRA/CMSSM model
using tan 8 = 10 (a) and tan 8 = 50 (b) [l15]. Green shaded area
represents WMAP cosmological constrains [116], blue shaded area is the
LEP2 chargino limit [117], dashed blue line is the LHCb Bg — pu™u~
limit [118], orange shaded area is favored by g-2 anomaly measurements
[119], black solid line are exclusion limits from direct LHC measurements
[120,121], and red line represents the amount of fine tuning [115].

e Muon anomalous magnetic moment. The magnetic moment of the muon is
given by 1 = 528, for a spin operator S and giromagnetic factor g. The muon
anomaly defined as a, = (g —2)/2 is a low energy observable, which has been
measured by the Muon g-2 Collaboration, and it was found to have a 3 sigma
deviation from the SM expectation [122]. This anomaly can be explained
in SUSY by additional neutralino-smuon and chargino-sneutrino loops. The
g-2 anomaly explored using MSSM, favors positive values of Higgs mixing

parameter u, and high values of tan 3.

In the figure 3.7 a comparison of constrains for SUSY models are given for the
mSUGRA/CMSSM model. WMAP cosmological measurements exclude the area
along the diagonal for very high mgo and m,;/; masses. LHC measurements have
stronger limits than LEP2 measurements by a large amount. Bg — pupu measure-
ments exclude SUSY for very low mg values, but extend to very high values of m, /.
The favored g-2 anomaly region is better excluded by LHC measurements for low
tan g.
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4. Non-Universal Higgs Masses Model
and Radiatively Driven Natural SUSY

The Non-Universal Higgs Masses (NUHM) [29] is a model with two extra free
parameters at the high mass scale compared to CMSSM [91-99]. (A special case
of NUHM with gaugino mediation and o, NLSP [28] will be described in the next

section 5.) In the framework of Radiatively-Driven Natural SUSY (RNS) [30],
regions with low level of electroweak fine-tuning need to be achieved for SUSY mass
spectrum with h mass ~ 125.5 GeV and ¢ and § masses at the TeV scale. This can
be accommodated in the NUHM model. As the electroweak fine tuning depends on
the SUSY particle masses at the electroweak scale, the NUHM can be considered
as an effective theory which contains a more constrained theory, with the same
phenomenology and the same level of electroweak fine-tuning. This makes the RNS
NUHM analysis more general. The details of NUHM model and RNS motivation
will be described in this chapter, while the RNS NUHM 8 TeV analysis will be given
in the appendix A A.

4.1. Non-Universal Higgs Masses Model

The MSSM can be explored in a Non-Universal Higgs Masses model, where the soft
supersymmetry-breaking masses of the Higgs multiplets, mp, (Mx) and mg,(Mx),
are allowed to be non-universal, given at the high mass scale M, usually chosen to
be the GUT. In comparison to the constrained MSSM (CMSSM), where these terms
are set to be equal to the soft SUSY-breaking masses mq of the § and [ , in NUHM
they are independent mpy, (Mx) # mp,(Mx) # mg. Consequently, in CMSSM the
Higgs mixing parameter p and pseudoscalar Higgs mass m 4 are calculated, while in
NUHM they are two extra free parameters. The NUHM model description in this
section will be given as in the model proposal in [29].

The free parameters in NUHM are the soft SUSY-breaking scalar mass mg for §
and [ , the soft-SUSY breaking gaugino mass m; /2, trilinear SUSY-breaking parame-
ter Ag, the ratio of Higgs vacuum expectation values tan 3, the Higgs superpotential
coupling p and the pseudoscalar Higgs boson mass m 4. From the electroweak sym-
metry breaking conditions, the connections between parameters at the high mass
scale Mx, and low My scale can be made, and the last two parameters can be ex-
pressed in terms of Higgs masses at the high mass scale mpg, and mg,. In CMSSM
due to electroweak symmetry-breaking vacuum conditions which are normally used,
the value of  is fixed up to the sign ambiguity and m 4 is fixed in terms of other pa-
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rameters (mg, mq /2, Ao, tan B), which in effect has less free parameters than NUHM.

;140_,,. IV—NUHM L e

(1] B no scale

S - — mSUGRA

§ :1 35 ; VCMSSM GMSB

= - NMSSM AMSB
130

125—

120

115/}

-
-
(=]

ol

o

~10 20 30 a0

-
Y
=]

=

Figure 4.1.: Maximal h mass vs tan 8 for various SUSY models. Random scan for
SUSY parameters was performed, and the m;, was measured. The mj'**
is defined as the value for which 99% of scan points have mj, smaller

than it [123].

As the RGE in NUHM have extra terms in comparison to CMSSM, the resulting
SUSY particle bpectrum can differ significantly from the CMSSM case. In CMSSM
the LSP is usually a Xi. In the NUHM parameter space there can be found regions
with the following LSPs: X1, T1, €R, R, €L, AL, Veyu, Ur , i or b. However the

weakly interacting neutral DM candidate is favored [29], which can be X! and 7.
The 7 LSP is excluded by the LEP direct measurements if the majority of the CDM
is the LSP [124]. Therefore, the X! LSP and specific case for . NLSP, see chapter
5, are considered here. The major topic of the thesis is the analysis of the 7, NLSP
incarnation of NUHM model with gaugino mediation, given in 11, and the NUHM
with X} LSP analysis is given in the appendix A.

A note should be given concerning the NUHM model notation in literature [93].
There are two levels of complexity studied (all parameters given at the Mx scale,
except for tan 3, sign(u), ma and p which are at the my scale):

e NUHMI :
my 2, Mo, M, Ao, tan 3, sign(u) (4.1)

where myg = mpg, = mpy, and it can be traded for m4 and p free parameters.

e NUHM2 :
m1/27movaUmszAOvtaﬂﬁaSign(M) (42)

where mp, # mp, and they can be traded for m4 and p as free parameters.

In this thesis the NUHM2 model complexity is considered.
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The Higgs-like particle discovery with the mass of ~125.5 GeV [125] puts strong
constraints on large amount of SUSY models. In the figure 4.1 the viability of
highest h mass for different SUSY models is given, shown as a function of tan j.
The SUSY parameters were varied for different SUSY models, and the maximal my,
vs tan 3 was determined for each SUSY scenario. The m}'** is defined as the mass
point at which 99% of the scan points have the my below it. The m; for NUHM
reaches up to 128.5+1.0 GeV for the region of 10 < tan 8 < 40, see more details
in [123]. This gives a very good motivation for studies of NUHM model as it is in
agreement with the Higss mass measurement.

4.2. Radiatively Driven Natural SUSY and NUHM

Radiatively-driven Natural SUSY allows Z and Higgs masses around ~ 100 GeV
while ¢ and g masses are maintained beyond the TeV range. When no large cancel-
lations at the electroweak scale are required for mz = 91.2 GeV and my, ~ 125 GeV,
the sparticle spectrum has light higgsinos 100 - 300 GeV, gauginos 300 - 1200 GeV,
G with 1-4TeV, 7 and b1 - 4 TeV, and remaining SUSY Higgses of 5 - 30 TeV. In
RNS high degree of electroweak naturaleness can be achieved, and it can be studied
using the NUHM model, therefore analysis in this framework has good motivation
in LHC searches. The RNS with NUHM will be given in this section following the
proposal in [30], while the 8 TeV analysis will be given in the appendix A A.

In the light of recent results of SUSY searches at the LHC [35], the observed limits
on the ¢ and g are reaching order of TeV, and the rather large value of my, ~ 125 GeV.
This requires high mixing of top squarks with masses typically beyond TeV. Then the
weak-scale SUSY is questioned if it can naturally accommodate these phenomena,
together with the values of the SM particle masses of W+, Z and h ~ 100 GeV. In
particular, in the expression of the Z-mass obtained from the minimization of the
one loop MSSM Higgs potential, these limits require large cancellations of terms in:

MZ _my, + 34— (mE, + ) tan® 8 2

2 tan? 3 — 1 (43)

for all terms at the electroweak scale (Myz), where the Zg and ), terms contain
1-loop corrections to the Higgs field potential [30]. When no large cancellation of
terms is required for the MZ%/2, each term in equation 4.3 should be of the same
order.

Then the electroweak fine tuning parameter can be defined as:

Cil
MZ/2

Apw = maz; (4.4)

where C; represents each term in equation 4.3. In the Apgyw expression they are
compared to M % /2. The Agw depends only on the weak scale terms, and does not
contain any information about the high scale origin of SUSY masses or couplings,
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which are contained in the usual fine-tuning measures, see more details in [30].
Therefore, the Agw quantifies the minimal fine tuning that must be present, which
is determined by the SUSY mass spectrum at the electroweak scale, independently
of the high-scale mechanism that generates it. Then a SUSY model with high Agy
is fine-tuned, while with low Agy it has a possibility to have low fine-tuning.

In order to achieve low Agw, as mentioned above, all terms in 4.3 need to be of
the same order as M%/2. This can be achieved with the following conditions [30]:

e 100 < |u] < 300 GeV for Agw < 30
e my, (Mx) ~ (1.3 - 2) myg, which leads to my, (Myz) ~ -M%/2
e large £ mixing from Ay ~ £1.6mg, which reduce ¢ radiative corrections and

increases my, to ~ 125 GeV.

NUHM2: m =5 TeV, tanB=15, A, =-1.6m,, m,=1TeV, m, =173.2 GeV
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Figure 4.2.: Radiatively-driven natural SUSY using NUHM model for mg = 5 TeV,
tan 8 = 15, Ag = -1.6mg, myg = 1 TeV. The red line shows the Agw,
the solid blue is the 8 TeV LHC reach, in dashed and dot-dashed is the
14 TeV LHC reach, the black solid line shows the ILC reach. The blue
and gray shaded area are LEP2 and LEP1 exclusion limits for gauginos,
and light gray area has Q%’th < 0.12 [30].

In mSUGRA /CMSSM the lowest achieved Agy ~ 200, which makes this model fine-
tuned. However, in NUHM Agw ~ 7 - 10 can be reached using these conditions.
Then the NUHM model can be considered as an effective theory which contains
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a more constrained theory with fewer parameters. Then the constrained theory
phenomenology would be the same as for NUHM, as Apgy is determined by the
SUSY mass spectrum at the electroweak scale.

Detailed scans for NUHM with low Agy (EWFT) have been performed in [30].
Low level of EWFT of 3 - 15 % for 123 < mj, < 127 GeV can be achieved for the
following NUHM parameters. mg ~ 1 - 7 TeV, my/5 ~ 0.3 - 1.5 TeV, Ay ~ + (1
- 2)mg, tan B ~ 5 - 50, pu ~ 100 - 300 GeV and m4 in wide range of values. This
framework is named the Radiatively Driven Natural SUSY (RNS) because
the m3; (Myz) ~ My has been generated radiatively while running from the GUT
scale.

The RNS typical phenomenology has Higgsino-like gauginos >2(1), )ﬁc ~ 100 - 300
GeV with mass gap X1- X9~ 10 - 30 GeV, mz ~1-2TeV, mz,,my ~2-4TeV, mg ~
1 -5 TeV and mg, m; ~ 5 - 10 TeV. Therefore, RNS retains light Higgsinos, t and
bare considerably heavier than previous natural SUSY estimates, and § can be very
heavy ~ 5 TeV. Due to the large ¢ and § masses, the dominant production processes
are gaugino production, which gives strong motivation for electroweak searches using
2,3 or 4 leptons in the final state.

In this thesis the NUHM parameter space proposed in [30] is studied using mg =
5 TeV, tan 8 = 15, Ag = -1.6mg, ma = 1 TeV in the my /5 vs p plane. In the figure
4.2 the NUHM model parameter space is shown. For 100 < p < 300 GeV low level of
EWFT is achieved. At the same time, 8 TeV searches can have a reach up to about
myp ~ 400 GeV, as shown in the study [30]. Therefore, in this thesis a region of
NUHM parameter space up to my 5 ~ 500 GeV and p ~ 500 GeV will be considered
in the 8 TeV analysis, using 2, 3 and 4 lepton final states in the electroweak SUSY
searches. This analysis is presented in the appendix A A.
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5. Gaugino Mediation Non-Universal
Higgs Masses Model

In this section the Non-universal Higgs masses model with gaugino mediation and
vy NLSP (NUHMG) will be presented. This is a R-parity conserving and a gravitino
dark matter model, with G mass in the GeV range. The phenomenological features
of this model are low mass splitting for gauginos and sleptons, which produces
signatures with lots of soft leptons, jets and missing energy. It is distinguished from
MSSM models like mSUGRA by having allowed decays of X into 7 , or é or /i
in some parameter space. This chapter is based on the model description given in
[28], and will cover theoretical motivation for gravitino dark matter and 7, NLSP
in section 5.1 and gaugino mediation NUHM in the section 5.2.

5.1. Gravitino Dark Matter and 7, NLSP Motivation

In SUSY models with R-parity conservation, if the gravitino G is in the GeV range, it
can be long lived or stable, and therefore be the LSP [126]. Therefore, G represents
a good Cold Dark Matter (CDM) candidate. In this section the motivation for G
CDM will be explained. Additionally, #; LSP has heavy constraints from the Big
Bang Nucleosynthesis (BBN). Consequently, the motivation for 7, NLSP, with its
decay into G and v, will be given.

Figure 5.1.: Fyenman diagram for a 7, NLSP decay into G LSP and v;.

Gravitinos are produced thermally and non-thermally. In the thermal production,
gravitinos are produced via thermal scatterings at high temperatures, even if they
are not in thermal equilibrium, giving the energy density of:

T 100GeV ms \?2
Qlh h2 ~0.27 ( R ) ( g ) 5.1
3/2 100GeV )\ my;y ) \1TeV (5:1)
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5. Gaugino Mediation Non-Universal Higgs Masses Model

where the mg is the gluino mass at the EW scale, Tx is the maximal reheating
temperature, obtained for heaviest allowed G mass for the given mg [127,128].
In the non-thermal production, gravitinos are produced via NLSP decays, given
by:
m
Qnon—tth — 3/2 ch h2 5.9
3/2 mnisp NESP (5.2)
where the Q% o ,h? is the relic density of NLSP from thermal freeze-out without its
decay [129]. )
Therefore, the total energy density when G is the LSP has to be equal or smaller
than the cosmological observation of the CDM density:
—th
Qg/ah® = Q50" + Q%" n2. (5.3)
So the total energy density of G LSP if it makes up the whole CDM, should be equal
or smaller than the measured non-baryonic CDM density:

Q3/9h* < 0.1198 £ 0.0026 (5.4)

given for the combined measurement of Planck, WMAP and high resolution data
from APC and SPT [383]. It was found that the right CDM energy density, if the
G makes the whole CDM, can be obtained for the SUSY mass spectrum in the
GeV-TeV range [130,131].

NLSP decays into G can alter the primordial abundances of elements, because the
NLSP decays release electromagnetic and hadronic energy [130, 131]. Therefore,
due to the BBN, the nature, lifetime and freeze-out abundance of the NLSP is
constrained. In addition, if NLSP is charged, the bound states can effect the nuclear
reactions and the BBN predictions need to be modified [132-134].

In order to have a NLSP compatible with the BBN predictions, its lifetime needs
to be shorter than 103s [28]. In effect, the SUSY mass spectrum is very heavy
or its abundance has no strong suppression in comparison to the thermal freeze-out
prediction [135,136], e.g. the contribution from the late entropy production is small.
For the model of minimal setting of simple freeze-out and masses of G and NLSP
in the GeV range, the X! [137] and 7 [138] NLSP are incompatible with the BBN
predictions. In addition, ¢ NLSP is viable for some regions of the SUSY parameter
space [139]. However, a 7, NLSP is neutral and decays into G and v, which have
no electromagnetic or hadronic activity, so they will not modify the abundance of
the CDM. BBN bounds from neutrino interactions and sub-dominant decays into
quarks are much weaker than the interactions of X{ or [ NLSP [140,141]. Therefore,
in this model the 7, NLSP decaying into G’ LSP and v, will be considered, see figure
5.1.
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5.2. Gaugino Mediation and NUHM with - NLSP Model

In the models with non-universal Higgs masses, previously described in the section
4.1, where ]m%,1 - m%l2| > 0, the SUSY mass spectrum can have sparticle masses in
different order than in models with universal scalar (mg) and gaugino (m, ;) masses
at the high scale. In CMSSM m; < mj and m; < my, while this order can be
reversed in NUHM.

“source brane”
SUSY breaking sector

“matter brane”

MSSM matter fields

$5:0 I5:L

Figure 5.2.: SUSY breaking for gaugino mediation. In the bulk, SUSY breaking
couples directly to gauginos, while coupling between matter fields and
SUSY breaking sector is forbidden due to their location in the extra
dimensions [142].

The SUSY model studied in this thesis has non-universal boundary conditions
with gaugino mediation. Here the SUSY breaking is realized on a four-dimensional
brane within a higher dimensional theory [108,142]. Due to different locations of
fields, SUSY breaking will occur with different strength, see figure 5.2. Firstly,
SUSY breaking sector is located on one of the four-dimensional branes. Gauge
and Higgs super-fields, located in the bulk, directly couple to the chiral super-field
S, which realizes SUSY breaking. Therefore, gaugino and Higgs fields acquire soft
SUSY breaking masses at the tree level. Secondly, squarks and sleptons are confined
on some other branes, so they have no direct coupling to the chiral super-field S,
which yields no-scale boundary conditions for their masses [113,1411]. Thge following
boundary conditions at the compactification scale M¢, assuming M¢c = Mgy are
given for this model, as shown is studies [28, 108]:

e Gaugino masses: My = My = M3z =m,

e Squark and slepton masses: mg = 0
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5. Gaugino Mediation Non-Universal Higgs Masses Model

e Aterm: Ay =0

e Higgs masses: 1y M2 #0.
Therefore, the free parameters of the model are:
ml/g,mlqu,m%iz,tanﬁ and sign(u). (5.5)

The SUSY mass spectrum is determined from the given boundary conditions and
the renormalization group equations. The NUHMG model for G LSP and 7, NLSP
favors lower tan 5 values (10 < tan 8 < 25), m%b < 0.5TeV? and large values of
my;, ~2—3TeV? [28].

The NUHMG model with free m%l and my /o parameters is investigated for tan 3
=10, mg = 0, m%b =0, Ap =0, || = 1in [28]. The region with realized 7, NLSP
is considered, shown in orange in the figure 5.3. For fixed m;/, and increasing
m3;, the mgy_, mz, m; (I = (¢ ,ii)) decrease, while X1 is unchanged. This brings to
distinction of three regions, labeled A, B and C, which differ in the mass order as
Mz > Mgo > My, Mgo > My > My, and my Q> My > M > My, respectively. In
addition the mass difference for msz — Mp, is always very low, and obtains values 0

T

- 12 GeV. The ¢ and g masses run as mj 5.

~0 ~
0 and there can be a cascade X2 — | —

5((1), but in the region C mgo > my, and the decay chain is shorter with the possibility

In the A and B regions mgo > my > m

of only )2(1),2 — [ cascade, where slepton decays directly to 7, .

A distinctive feature of the NUHMG model is that my >my, and [, are produced
in the cascade, to the contrast of the Constrained Minimal Supersymmetry /Minimal
Supergravity (CMSSM/mSUGRA) model where mj, > mj, and only the [r appears
in the cascades [28]. This brings to a higher number of allowed decays and conse-
quently a possible longer decay chains. The decay chain can be examined further
through decays of X! and 71 which depend on the A, B or C regions mass order.

For the case of NUHMG studied in this thesis, where mp, = 0, XY s manly a
bino, and its mostly produced via the decay of §gr — qf((l). If mz + m; > mgo >

my., which can be realized in the region A, the cascade will be invisible after the XY
and the signature will look like the X! LSP case. However, in the regions B and C
the mass order is mgo > ms + m; > mgp_ and >~<(1) can have decays into 7;. In more

detail, X! can decay into 7y, [ or 71:

. <0 -
e Region A, where m# > mgo > M, , there are decays of X1— v, .

-0 > mz > my_, there are both, decays of Xi— vy and

e Region B, where mgo

<0 -
X1i— 771.

e Region C, where [ is lighter than the 7; and m.o > mj > mz > mg_, there

Xi
are three types of decays X1— v, , Xi— 771 and Xi— 10 .

50



5.2. Gaugino Mediation and NUHM with 7. NLSP Model

tang =10, m3 =0
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Figure 5.3.: NUHMG model for tan 8 = 10, mg = 0, m%h =0, Ap = 0 and || =
1 has three regions which differ in sparticle mass order as A (mz >
myo > My, ), B(mo>mT1 >7711,T)andC(77m>ml>mT1 > mp.).
Orange area has a satlsﬁed - NLSP, light gray is where 7, NLSP is
not viable, while dark gray has a 7| NLSP excluded by LEP limit. Left
white area has a 7; satisfied NLSP, while right white area is where >~<[1)
is the LSP/NLSP, which are not considered in this model. Dashed blue
equidistant lines represent the mass difference for mz — my, in GeV.
Region below white dash-dotted line satisfies BBN bounds for any G
mass [28].

An interesting feature appearing in NUHMG model is the 7; decay. In the region
A there is a possibility of mz > mgo + m; and a decay of 71— 7‘5((1) is dominant,
while due to small mass splittings (mz —ms. < 12 GeV, see figure 5.3) decays of
71 — Wi, or 71 — HD,; are kinematically forb1dden In the case of mz < mgo +
m., which can appear in all three A, B and C regions, the 7| has only 3-body decays
leading to a signature of soft ff’ with missing energy. A dominant contribution is
realized with the W exchange, shown in figure 5.4. The 7; lifetime for mz + my,
~ 5-10 GeV is in the order of 1076 - 10718 5, while a displaced vertex is obtained
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5. Gaugino Mediation Non-Universal Higgs Masses Model

only for a quasi-degenerate case of o and 71 [28]. The o, NLSP decay into G is
invisible regardless of 7, lifetime.

q,l”

q_7l/l
W;%
F —mm-

N
N

Vr

Figure 5.4.: Feynman diagram for a dominant three-body decay of 7 into 7 with
the W exchange [28].

In summary, the Non-universal Higgs masses model with gaugino mediation and
7 NLSP is a phenomenological model which is not covered by searches based on
CMSSM model. It is R-parity conserving with G DM. The model has non-universal
boundary conditions with gaugino mediation, and has mass spectrum with allowed
decays of X1. Due to its distinguished mass spectrum and kinematics, it represents
an interesting model to be studied at the LHC. The free parameters of the model
are mj /o, m%,l , m%b , tan B and sign(p). The grid is investigated in the m%l Vs
my /o plane for fixed m%&:o, mo=0, tan 8 = 10. The main topic of this thesis is
the analysis of the NUHMG model. The study of final states interesting for SUSY
searches at the LHC is given in the chapter 9. The analysis of the viable parameter
space for searches at 8 TeV, taking into account recent measurements in the filed
of SUSY and Higgs physics is given in the chapter 10. The optimization and data
analysis of the model is described in detail in the chapter 11.
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The Large Hadron Collider was designed to give answers to the most fundamental
questions, to experimentally confirm or disprove the presence of the SM Higgs bo-
son, and give insights into the physics BSM. It is aimed for p-p, Pb-Pb and p-Pb
collisons. LHC has been operational at 7 and 8 TeV. Four detectors are placed at
four interaction points, the ATLAS, CMS, LHCb and ALICE. The physics analysis
described in this thesis has been using the ATLAS data with 20.3 fb—1 of p-p col-
lision data, with the peak luminosity of 7x1033em?s~!. However, the LHC design
energy is 14 TeV, with instantaneous luminosity of 1034 ¢m=2s7!, so all detector
components have been developed to accommodate for those conditions.

In this chapter the LHC design will be explained in the section 6.1, and the
ATLAS detector, with its physics motivation and requirements in the section 6.2.
An overview of all ATLAS detector components will be given for inner detector in
6.3, calorimeters in 6.4, muon detectors in 6.5, and finally the trigger and data
acquisition system in the section 6.7.

6.1. The Large Hadron Collider

The Large Hadron Collider is a circular accelerator, which accelerates hadrons in a
26.7 km circumference ring, using superconducting magnet technology. It is situated
from 45 to 170 m below the surface. The hadrons are pre-accelerated, and then
injected into the LHC ring to obtain the high design energies. The acceleration is
performed in the two ring system of superconducting magnets, and the detectors
are placed at the interaction points. The LHC is designed to have high operational
energy, and high instantaneous and integrated luminosity [12].

To achieve high energy, hadrons are accelerated in the LHC accelerator complex,
shown in the figure 6.1. The protons are first accelerated in the Linear Collider
2 (LINAC) up to 50 MeV. Then they are inserted into the Proton Synchrotron
Booster (PS Booster) and their energy is ramped up to 1.4 GeV. Next, the protons
are injected into the Proton Synchrotron (PS) and accelerated up to 25 GeV. Then
they are injected into Super Proton Synchrotron (SPS) and accelerated up to 450
GeV. These beams are then injected into the LHC where their energy is ramped up
to the energy of 4 TeV, as in this thesis, or 7 TeV as in the design of the LHC. There
are four interaction points at the LHC, where the ATLAS [I1], LHCb [16], CMS
[15] and ALICE [17] experiments are placed.

LHC ring consists of magnets, which are designed to steer two hadron beams
in opposite directions. The LHC consists of superconducting magnets based on
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Figure 6.1.: Large Hadron Collider accelerator complex [I15]. The protons are

accelerated in steps via Linac2 (50 MeV), PS Booster (1.4 GeV), PS (25
GeV), SPS (450 GeV) and LHC (4 TeV in this thesis, 7 TeV design).

the NbTi Rutherford cables, and they are cooled to temperatures below 2 K using
superfluid Helium. Firstly, there are 1232 Main Dipoles (MB), which steer the beams
in a circular path around the LHC ring, they are 14.3 m long, and achieve magnetic
fields of 8 T. Secondly, there are ~400 Main Quadrupoles (MQ) which focalize the
beams, they are 3.1 m in length and achieve magnetic field of 233 T/m. Thirdly,
there are ~6400 more complex magnets, which are used for field error compensation,
adjustment of the beam orbit and tuning of the beam parameters. They are 0.15 -
1.5 m long, and operate at 0.1 - 3 T [140].

The LHC machine luminosity depends on the beam parameters, and for a Gaus-
sian beam distribution, it is given by:

L = M F (6.1)
4dme, B*

where the N, is the number of particles per bunch, n, number of bunches per beam,
frev is the revolution frequency, , is the relativistic gamma factor, €, is the nor-
malized beam emittance, S* is the beta function at the collision point, and F the
geometric luminosity reduction factor which is a consequence of crossing angle at
the interaction point. Therefore, in order to achieve high luminosity required by the
experiments, the hadron beams have very high intensity.
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6.2. ATLAS Detector

ATLAS Detector

The ATLAS detector has been designed to be a multi-purpose detector, namely,
to collect data for all types of physics questions that can be answered at the LHC
energies and luminosity. This section will start with general definitions for the
ATLAS detector in 6.2.1. Major points of physics motivation and consequently the
detector design will be explained in the subsections 6.2.2 and 6.2.3.

6.2.1. Coordinate system and Nomenclature

To ensure consistency of all analyses, a common coordinate system and nomenclature
for the ATLAS detector and particles emerging from p-p collisions have been defined

[14]:

z-axis is defined by the beam direction, and the x-y plane is transverse to the
beam direction.

Positive x-axis is defined to be pointing from the detector interaction point
towards the LHC ring center.

Positive y-axis is defined to point upwards.

Side-A of the detector is defined to be the side with the positive z direction.
Side-C of the detector is defined to be the side with the negative z direction.
Azimuthal angle ¢ is measured around the beam axis.

Polar angle 6 is measured from the beam axis.

Rapidity is defined as y = %111 ?—rﬁi’

the longitudinal particle momenta.

where E is the particle energy and p, is

Pseudorapidity is defined as n = —In tan(g).

pr is the transverse momentum.

Er is the transverse energy.

Emiss ig the missing transverse energy, defined in the x-y plane.

AR = /An? + A¢? is the distance in the pseudorapidity - azimuthal angle
space.
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6.2.2. Physics Requirements

With the knowledge of the typical expected decays of interesting events, it is possible
to estimate the required dimensions of the detector parts and materials to be used
for detection of different outgoing particles and their properties. Namely, the aim is
to make sure that the majority of typical events that bring answers to the relevant
physics questions, are collected for further analysis. Therefore, the detector design
has to meet very specific demands. Here a short overview of relevant topics in physics
of the LHC and ways for their detection, with specific requirements for the ATLAS
detector design will be given.
In the ATLAS detector design, a number of physics topics were considered:

e Standard Model physics. For physics at the LHC, understanding of Stan-
dard Model background is of high importance. First, the production cross
sections measurements of SM processes are made, since they are important for
gaining confidence in the detector performance and the SM backgrounds esti-
mation. With more accumulated data, precise measurements on a number of
properties give confirmations of SM predictions, or can give hints towards the
BSM physics. The deviations can occur in the invariant mass distributions,
shape discrepancies in kinematic distributions, or as an excess in the counting
experiments. To be able to claim the discovery if deviations take place, one
has to understand the backgrounds with high confidence, in order to exclude
misinterpretations.

e Higgs physics. Standard Model Higgs boson decay channels have been used
as major benchmarks for the construction of the ATLAS detector. ATLAS
detector was built in a way to enable detection of any possible Higgs incar-
nation at the LHC. Therefore, the low mass Higgs (my < 2myz = 180GeV)
would be characterized by a narrow width in order of few MeV, therefore it
would be determined by the detector resolution. Since the dominant decay of
Higgs into hadrons is hard to distinguish from the QCD background, there are
other interesting decays, like the decay of Higgs into two photons, or associ-
ated production of Higgs in the processes like ttH, WH and ZH, where the
event selection is performed using the top decay, or one lepton from W or Z,
and also the Higgs decays into bb, which relies on the efficient b-tagging. For
the Higgs in the mass range 130-600 GeV, dominant is the H — ZZ®*) decay,
where the decays of Z bosons produce a pair of oppositely charged leptons.
This is considered to be the cleanest channel for the Higgs detection. The
Higgs in the mass range higher than 600 GeV has decays of WW and ZZ into
jets or they involve neutrinos, but also the detection can be performed using
forward jets from the WW or ZZ fusion. The possibility of Supersymmetric
Higgs bosons can be investigated using 7 leptons and b tagging.

e New interactions. As a possibility of existing new interactions, W’ and Z’
should be investigated, using high resolution lepton measurements and charge
calculation in the high ppr range of 1 TeV. Further, by using the high pr
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jets reconstruction, the benchmark process of quark compositeness can be
investigated, where the deviation in the jet cross-section from the QCD expec-
tation should occur. Signs of new physics can be also investigated using flavor
changing neutral currents, lepton flavor violation and by measuring triple and
quadratic gauge couplings in corresponding decays with photons and leptons.

e Supersymmetry. If nature is realized through Supersymmetry, the typical
decay for a model with conserved R-parity has cascade decays with character-
istic jets of high transverse momenta and possible leptons, and it ends with the
decay into the lightest supersymmetrical particle (LSP). As the LSP is weakly
interacting, it passes the detector without any interaction, thus produces only
a signal of missing transverse energy.

e Extra Dimensions. The models which propose existence of extra dimensions
with the energy scale of quantum gravity in the TeV region, have emissions of
gravitons escaping into extra dimensions, leaving a typical signature of miss-
ing transverse energy. Also, the emission of Kaluza-Klein excitations can take
place, leaving detectable Z-like resonances, which are characterized by a typ-
ical mass separation of ~TeV. Additionally, interesting signatures can have
anomalous high-mass di-jet production, and finally there is the scenario of
mini black hole production, where they decay democratically to all particles of
the Standard Model (SM), therefore having a signature with high multiplicity
and high energy and transverse momentum particles.

e Rare events. Due to the fact that interesting physics processes have a very
low cross section, LHC has been designed to provide high luminosity in p-p
collisions of 10° inelastic events/s. However, each interesting event will on
average be accompanied by additional 23 inelastic events per bunch crossing.
In addition, QCD background characterized by high jet production is a dom-
inant process. Therefore, selection of interesting events should be performed
using additional parameters. For this, variables like missing transverse energy
or secondary vertices play an important role, since they improve the particle
identification and event selection significantly.

Having in mind the characteristics of these benchmark physics processes, and the
conditions of high luminosity p-p collisions, a list of general requirements has been
set up [14]:

e Radiation-hard electronics and sensors are required, because of high c.m.e.
and instantaneous luminosity of LHC p-p collisions. Also, due to the high
particle fluxes, high detector granularity is required to perform reliable object
reconstruction and to resolve overlap of hard interaction.

e Large acceptance in pseudorapidity and azimuthal angle to efficiently cover
the almost full phase-space of the detector.
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e Good inner detector momentum resolution and reconstruction efficiency for
charged particles. Vertex detectors are close to the interaction region, and
they need to resolve secondary vertices, which are important in 7-lepton and
b-jet tagging.

e Very good electromagnetic calorimetry for electron and photon identification
and full-coverage hadronic calorimetry for jet and missing transverse momen-
tum measurements, because they are essential for many interesting physics
analyses.

e Good muon momentum resolution and identification efficiency for a wide range
of transverse momenta, with additional high accuracy in muon charge mea-
surement.

e Highly efficient triggering system for high and low transverse momentum ob-
jects with very good background rejection.

Detector Required 7 coverage
component resolution Measurements Trigger
Tracking opr/pr = 0.05%Pr & 1% +2.5
EM calorimetry op/E =10%/VE ®0.7% +3.2 +2.5
Hadronic calorimetry
barrel and end-cap | op/E = 50%/vVE @ 3% +3.2 +3.2
forward op/E =100%/VE ®10% 3.1<|n <49 3.1<]|y <4.9
Muon spectrometer opr/pr = 10%, pr = 1TeV +2.7 +24
Table 6.1.: Performance goals for the ATLAS detector [!4]. High requirement on

the resolution and n coverage for the reconstruction of tracks, electrons,
photons, jets and muons. The units for £ and pr are in GeV.

More precise specification of requirements for the detector resolution and coverage
are summarized in the table 6.1. There is a very high resolution request for the
reconstruction of high number of charged particle tracks, but due to their slow
reconstruction, they are not used for the trigger. The detection of photons and
electrons is performed using the Electromagnetic Calorimetry, with high n coverage
and high resolution, which is requested according to the deposited energy of the
objects. Similarly, jets need be reconstructed with Hadronic Calorimetry with good
n coverage and good resolution relative to the jets energy. The muons are to be
detected with good resolution and high 7 coverage in the Muon Spectrometer.

6.2.3. Detector Design

With the aim to be the multi purpose detector, ATLAS has a hermetic 47 construc-
tion. For the good coverage in all directions, a design of barrel with end-caps has

58



6.2. ATLAS Detector

been put in place. To ensure detection of different kinds of particles, the layered
structure has been introduced. For the distinction of charged particles, the tracking
system has been put inside the superconducting solenoid magnet. Toroidal super-
conducting magnet has been deployed to bend the trajectory of muons, to ensure
their path is in the detector volume. The detector has a length of 44 m and a
diameter of 25 m.

Muon
Spectrometer

s
0

Re——
Neutnr]:l

Proton

Neutron

Electromagnetic B .
Calorimeter - " Electrons”
1 i1 3 ¥
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Figure 6.2.: Passage of particles through the ATLAS detector. Charged particles
like electron, muon and proton leave a track in the inner detector. The
electron and photon leave a shower in the Electromagnetic Calorime-
ter, while proton and neutron leave a hadronic shower in the hadronic
calorimeter, muon is detected by the muon spectrometer, and neutrino
is reconstructed as missing energy in the transverse plane [117].

Due to different characteristics of detectable particles, like charge and energy loss
in interaction with the detector material, they can be detected using reconstructed
tracks and energy deposition, shown on the figure 6.2. Also, particles which don’t
interact with any detector material, can be reconstructed as the missing energy.

99



6. ATLAS Detector at the LHC
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Figure 6.3.: Schematic view of the ATLAS detector. Inner detector consists of
Pixel, Semiconductor Tracker and Transition Radiation Tracker, and it
is placed inside the solenoid magnet. Liquid Argon and Tile calorime-
ters are outside of the solenoid magnet. Toroid magnet is placed around
the calorimeters. Muon spectrometers are placed within and outside of
the toroid magnet [14].

Electron will leave a track in the inner detector, and produce a shower in the electro-
magnetic calorimeter. Photon, will similarly, leave a shower in the electromagnetic
calorimeter, but having no charge, it will not be detected in the tracker. However,
proton, being a charged particle, will leave a track and have most of the energy
deposition in the hadronic detector. Neutron, being neutral, will interact in the
hadronic calorimeter but will leave no track. Charged particles in the transition
radiation tracker induce transition radiation photons, which produce a ionization
cascade with an energy proportional to the mass of the initial particle (E/m). This
property is used to distinguish electrons from pions, kaons e.t.c. Muon will be pass-
ing the whole volume of the detector leaving tracks. Finally, neutrino, being neutral
and weakly interacting, will leave the detector without any interaction. However,
with the precise calculation of the total deposited energy in all directions, its energy
can be reconstructed in the transverse plane.

The design and size of the detector is driven by the requirements for the magnet
system. The inner detector is surrounded by the thin superconducting solenoid,
which produces axial magnetic field of 2 T. Its outer diameter is 2.56 m, and it has a
length of 5.8 m. In addition, there is a system of large superconducting toroidal mag-
nets. The barrel region consists of eight toroid coils arranged in azimuthal symmetry
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outside of the calorimeter, producing a toroidal magnetic filed of approximately 0.5
T. Its outer diameter is 20.1 m and the length is 25.3 m. The system also includes A
and C side end-caps consisting out of eight coils each, producing a toroidal magnetic
field of approximately 1 T. They have an outer diameter of 10.7 m and length of 2.5
m each [I1]. With the selected design of the magnets, the sizes of other detector
parts are determined. Their layered structure is presented in the figure 6.3. More
details about the detector components will be presented in the following sections.

While p-p bunch crossing, for the design luminosity of 103%em=2s71, occur at the
rate of 40 MHz, due to the technical limitations, the event data recording can be
performed at 200 Hz. Therefore, event reduction needs to be in order of 10°. For
this, the trigger system has been set up, which selects events interesting for physics
analysis from the background dominated by the soft QCD. In ATLAS, the trigger
system consists of three levels. Level 1 is hardware based and reduces the rate down
to about 75 kHz, it performs a very fast decision based on the reduced detector
information. Level 2 and Event Filter are the remaining two software based trigger
levels that reduce the rate down to 100 kHz and 200 Hz respectively. The Level
2 uses the selection from Level 1 to look into interesting regions of the detector
and perform selection using more detailed detector information, while event filter
uses Level 2 decision and performs the final selection using the full detector full
granularity information from the interesting regions. The selected data is being
recorded to the permanent storage and is being distributed for the physics analyses.
Details about the trigger and data acquisition will be given in section 6.7.

6.3. Inner Detector

The inner detector is shown in the figure 6.4. The tracking system is placed inside
the magnetic field of the solenoid. It consists of high-resolution semiconductor de-
tectors placed at smaller radii covering |n| < 2.5, arranged in the barrel region in
concentric cylinders around the beam axis and on end-cap holders perpendicular to
them 6.4. The pixel detector has the highest granularity and is closest to the beam
line. Around it are the layers of the silicon strip detector (SCT). The semiconduc-
tor detectors in the barrel region are surrounded by layers of transition radiation
tracker (TRT) straw tubes, which provide only the R — ¢ information, and not the
z position of the hit. The TRT barrel region is covered up to |n| < 2, and the
end-cap regions have panels with radial placement of TRT tubes. This combination
of very high precision tracking at small radii in the Pixel and SCT detectors, and
very good momentum resolution obtained from high number of hits in the layers of
transition radiation tubes, gives a good cross check for momentum measurement and
track reconstruction. Inner tracker is primarily used for electron identification and
vertex reconstruction, but it is essential for impact parameter measurements, sec-
ondary vertex reconstruction and vertex measurements for b-tagging and 7-lepton
identification.
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) End-cap semiconductor tracker

Figure 6.4.: Inner detector components have a design of barrel and end-caps placed
inside the solenoid magnet. Closest to the beam-line are the Pixel and
Silicon micro-strip tracker (SCT), surrounded by the Transition radia-
tion tracker (TRT) [14].

6.4. Calorimetry

The system for calorimetry is shown in the figure 6.5. It consists of electromagnetic
liquid Argon (LAr) sampling calorimeter covering |n| < 3.2 and hadronic tile scin-
tillator calorimeter in the barrel region covering |n| < 1.7, with the end-caps made
in LAr technology, covering the remaining 1.5 < |n| < 3.2 range. To improve the
pseudorapidity coverage the LAr forward calorimeters have been put in place up to
the |n| < 4.9 region. The depth of the calorimeters has been calculated in such a way
that they have a good coverage for electromagnetic and hadronic showers, but also
need to be absorbent enough to prevent punch through of these objects to the muon
detector. The barrel and end-cap region of the electromagnetic LAr detector with
its fine granularity is used together with the tracking system for precision electron
and photon measurements. The outer smaller granularity of the hadronic detector
is well suited for jet reconstruction and measurements of Ejmiss.

6.5. Muon System

The muon system is shown in the figure 6.6. It is built around the calorimeter
as a large volume of light structure within the air-core toroid system. The layered
detector structure provides very good resolution, with the barrel and end-cap pseu-
dorapidity coverage of |n| < 2.7. The magnet configuration of barrel part with large
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Figure 6.5.: Calorimetry at the ATLAS experiment is placed outside the solenoid
magnet. It consists of electromagnetic and hadronic Liquid Argon
(LAr), and Tile calorimeters in the barrel and end-cap regions [14].

toroid magnets, smaller toroids at end-caps and the transition region between these
two, provide a magnetic field which is mostly orthogonal to the muon trajectory.
The expected high particle flux lead to a design which has high granularity, fast
readout capability, radiation hardness and good aging properties. The system con-
sists of two types of chambers. Namely, for precision measurements the Monitored
Drift Tubes (MDT) and Cathode Strip Chambers (CSC) at high pseudorapidities
are put in place, and for the fast trigger system there are Resistive Plate Chambers
(RPC) in barrel and Thin Gap Chambers (TGC) in the end-cap region, which are
essential for bunch-crossing identification, defining pr thresholds and measurements
of the muon coordinate in the direction orthogonal to the precision tracking mea-

surement. The outer size of the muon chambers determines the final size of the
ATLAS detector.

6.6. Forward Detectors

In addition to these detector parts, there are dedicated forward detectors built for
precise luminosity measurements. At 17 m from ATLAS interaction point (IP) is
Luminosity measurement using Cerenkov Integrating Detector (LUCID) which de-
tects inelastic p-p scattering in the forward region and measures the on-line relative
luminosity for ATLAS. At 4+ 140 m from the IP is the Zero Degree Calorimeter
(ZDC) is designed to measure the centrality of p-p collisions. It is constructed from
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Figure 6.6.: Muon Detector system at the ATLAS experiment consists of Monitored
Drift Tubes (MDT) and Cathode Strip Chambers (CSC) for precision
measurements, and Resistive Plate Chambers (RPC) and Thin Gap
Chambers (TGC) for fast triggering [11].

quartz rods and tungsten plates, and is able to detect neutral particles at very high
pseudorapidities of |n| < 8.2. At £240 m from IP is the Absolute Luminosity For
ATLAS (ALFA), which approaches as close as 1 mm to the beam and is constructed
of scintillating fiber trackers inside Roman pots for absolute luminosity measure-
ment.

6.7. Trigger and Data Acquisition

The ATLAS experiment is designed to extract data for the physics analyses from
LHC p-p collisions at the design energy of 14 TeV and instantaneous luminosity
reaching 103*cm?s~!. At nominal operation, the bunches contain 10'! protons, and
collisions occur at 40 MHz, which results in about 20 p-p interactions per bunch
crossing [148]. Only a small fraction of these events are used for physics analyses.
The Trigger and Data Acquisition (TDAQ) System of ATLAS has the aim to select
manageable rates of physics events for the mass storage, where the potentially in-
teresting physics events are kept for the analyses. As the recording rate reaches a
few hundreds of Hz, the trigger system needs to have a high reduction power. In
ATLAS, a design using the so-called Regions of Interest (Rol) is used, with the three

level trigger system. In this section details of the the ATLAS trigger system, data
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acquisition and its monitoring will be presented. More details about the program
called Trigger Presenter (TriP) designed for the online monitoring of the ATLAS
trigger is shown in the appendix B.

Interaction rate: ~1 GHz
Bunch crossing rate: 40 MHz

|LHC

LEVEL 1 Trigger
Rate: <100 kHz
Latency: <2.5pus

CALO MUON ||TRACKER

—]Pipeline memories

Hardware

F|— Derandomizers
|- Readout drivers

Regions
of Interest

[ | ——Readout buffers

Rate: < 2 kHz
Latency: <10 ms

| Event builder |

Software

Event Filter
Rate: 100-200 Hz
Latency: <1s

Full-event buffers
Processor sub-farms

Data recording

Figure 6.7.: Three level trigger system at the ATLAS experiment. The input bunch
crossing rate of ~40 MHz is reduced to < 75 kHz by the hardware based
Level 1 trigger, where regions of interest (Rol) are built with latency
of 2.5 ps using the reduced detector information from calorimeters and
muon detectors. The software based Level 2 and Event Filter triggers
reduce the event rate in two steps, to a few kHz by the Level 2 with
latency of 10 ms by adding the tracking information in the Rol, and
finally to a few hundreds of Hz by the event filter with latency of less
than 1s using the full detector information in the Rol [1419].

The ATLAS three level trigger system is schematically shown in the figure 6.7.
The mechanism of early rejection is used to minimize the total decision time and
maximize the interesting physics event rate within the manageable output recording
rate.

The Level 1 of the trigger system reduces the rate from 40 MHz to about 75 kHz. It
is hardware based and uses custom electronics, mainly ASIC and FPGA technology
[150]. It performs the early event selection based on the high pr objects, using
the configurable threshold selection. These are high pr muons, electrons, photons,
jets, hadronically decaying 7 leptons, large missing and total transverse energy. For
this purpose the data collected by the fast muon detector components and reduced
readout of calorimeter systems is used. The decision latency of Level 1 is 2.5 us, and
in this period data is collected in the pipeline memories. For accepted events, the
geometrical locations of the objects in 7 and ¢ of the detector, called the Regions
of Interest (Rol), are sent to the Level 2, and the data is moved to the Read-out
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Figure 6.8.: Trigger chains of the ATLAS High-Level Trigger steering algorithm. The
trigger decision is performed in a step-wise, seeded and consecutive way.
The boxes represent algorithm tests which start from Level 1 decision.
Multiple algorithms are run at Level 2 using the information in the
Rol. Similar procedure is performed at the Event Filter using the full
detector information. [150].

Buffers (ROB) [151].

The Level 2 and Event Filter, together called High-Level Trigger (HLT), are soft-
ware based triggers running on commodity computing and network technology. Level
2 reduces the event rate from ~ 75 kHz to a few kHz, with latency of ~ 10 ms. Level
2 algorithms are optimized for high speed. They use the data retrieved from ROB
but only in the Rol identified by the Level 1 decision. The Level 2 trigger decision
is proceeded by the Event Filter triggers. They reduce the rate from a few kHz to a
few hundreds of Hz. They make use of a higher latency of 1 s, and perform more
complex algorithms. The Event Filter refines the Level 2 decision, using the full
detector information from the ROB, and it benefits from a more detailed calibration
and alignment than at Level 2.

In order to minimize the computing time, the HLT is designed to perform an early
event rejection. A number of sub-trigger decisions, called ’trigger chains’, are used
from a Level 1 passed decision with the Rol, called ’trigger item’. Two types of HLT
algorithms are used. First are the Feature Extraction (FEX) algorithms, which
perform time consuming operations of data unpacking and calculation of physics
quantities for the physics objects (e.g. electron, muon). Second are the hypothesis
(Hypo) algorithms which perform quick selection cuts based on the previously cal-
culated features (e.g. energy, isolation). The trigger chain selection is performed
in steps, where each trigger decision algorithm is called a ’trigger element’. The
decision is performed from a ’seed’ coming from the previous level of decision, and
proceeded by the next consecutive trigger element. Trigger elements that fail the
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algorithm test are not processed further. At the end of each level a prescale factor
can be applied for each trigger chain in order to reduce the output rate. In the
figure 6.8 an example of trigger chains for an electron and photon with pr of at
least 60 GeV is shown. In this example two trigger chains, for an electron and a
photon, are run with consecutive steps requirements on calorimetry, tracking and
object identification.

In order to prepare relevant trigger selection for the data taking, the so called
‘trigger menu’ is prepared. It contains all the trigger chains that are run for given
data taking conditions. The offline trigger simulation uses the same algorithms as
online HLT. The trigger selection cuts are optimized in order to provide optimal
selection to accommodate event rates into limitations at each trigger level.

Event rate
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Dataflow manager

Custom links
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Figure 6.9.: Trigger and data acquisition system at the ATLAS experiment [11].

The Level 1 and HLT are accommodated in the Data Acquisition (DAQ) system,
see figure 6.9. The detector information is read out into Read out Drivers, and Level
1 decision is performed by the Central Trigger Processor using the trigger decisions
from the calorimeter and muon triggers. Level 1 decision and Rol information are
pushed to the Rol builder. Level 2 supervisor pulls the Level 1 information together
with the detector data, and sends the jobs for algorithm processing to the Level 2
processing units at the HLT farm. The Level 2 result is further distributed by the
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Data Flow Manager of the Event Filter into a Event Filter processing task at the
HLT farm. The Event Filter decision is attached to the full detector information
produced by the Event Builder and sent to the local and permanent data storage.
The whole system can be configured, controlled and monitored from the control
network [11].

In order to ensure stable data taking, a number of data quality monitoring tools
is used in ATLAS. The trigger rate and PC farm status information is published
to the Information Service (IS) system and Online Histogramming Service (OH).
Frequently used quality cross-checks for selected values are performed in the Data
Quality Framework (DQM) where tailored algorithms are run for subscribed infor-
mation in order to obtain a flag of OK, WARNING or ERROR [152].

The trigger online monitoring plays an important role, and a number of points
need to be considered. In the first place, the Level 1, Level 2 and Event Filter
summary rates need to be in the right range. Also, the rates of individual trigger
items and chains need to be monitored, as the history of their evolution can provide
information for their understanding. Second, as the HLT runs on commodity PC
farms, the performance of all PCs needs to be monitored. To allow for monitoring
of these details a program called Trigger Presenter was designed, and more details
can be found in the appendix B.
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Event Generation

In physics beyond the standard model (BSM), the prospects of discovery need to
be investigated for a variety of approaches, from changing model assumptions to
adjustments in physics analysis. A good starting point is to have a simulation
of the events that would occur for a given analysis. In experimental high energy
physics, a common approach is to use Monte Carlo (MC) event generators, which
according to the implemented physics model and additional tuning to the data,
produce events based on the current knowledge about physics processes. Moreover,
they enable implementing hypothetical physics models and investigation of their
discovery. In this chapter, the complete process of event generation is described, from
the chosen BSM signal mass spectrum production and new particles branching ratios
calculation, through events generation with their kinematic topology and probability,
to the simulation of the detector response for particles passing through different
layers of detector material, and to the final event reconstruction algorithms overview.
In this way a representation of new physics processes is obtained, so the physics
analysis and trigger selection can be optimized.

MC analysis in BSM physics needs to start with the mass spectrum generation of
the investigated model, described in section 7.1. For the selected set of parameters,
the software calculates the masses of all model particles at the electroweak scale. For
example in SUSY, the input parameters can be a few constrained model parameters
at the GUT scale, which are extrapolated to the electroweak scale according to the
renormalization group equations (RGE) using the appropriate software. This mass
spectrum makes the starting point for a given model investigation.

To have a completely defined SUSY point for a given model and input parameters,
the next step is to run a decay width and branching ratio calculator, described in
section 7.2. From the previously calculated mass spectrum, it determines the decay
widths and branching ratios for the SM and MSSM Higgs boson, and all SUSY
particles. This output is then ready to be used for further event generation.

Monte Carlo (MC) event generators produce representations of high energy physics
events. They simulate the outgoing particles according to analytic physics equations
and a variety of QCD models, and generate numbers of events using MC techniques.
The output are sets of outgoing particles produced in interactions between two
incoming particles (i.e. p-p collisions for LHC) which are used for analysis of model
properties. In the section 7.3 a more detailed description of Pythia MC generator,
used in the signal generation, and a comparison of MC generations in the background
event generation, will be given.
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To have a realistic representation of the physics event in the detector, it is nec-
essary to have a simulation and digitization of particles passage through complex
detector geometry, and estimate their tracks and hits in detector material, as de-
scribed in section 7.4. This includes electromagnetic and hadronic processes for
various particles in different energy range (from eV to TeV) passing through dif-
ferent materials. The software takes the generated event particles as a original
information, and then for a given detector construction, with all the materials and
dimensions, simulates the detection hits, and possible tracks left in the detector. Af-
ter this, in digitization process the calculation of the voltages and timing of detector
components is performed. In this way, the simulation of the full detector response
of all event particles is obtained.

The final step in the event generation is the event reconstruction, where the same
software is used for MC and data events, described in section 7.5. From the raw
data, i.e. voltages, timing, energy deposition in detector components, reconstruc-
tion of events is performed. This includes various algorithms for different physics
objects reconstruction, like electrons, muons, photons, jets, taus, heavy quarks, etc.
From the MC generated events, different physics scenarios can be investigated and
optimization of object definition can be performed. From the data reconstruction,
the physics analysis can be performed.

In order to have a right amount of events of different productions of signal and
background, i.e. to be able to perform weighting of MC samples in the physics anal-
ysis, it is required to obtain a good higher order cross-section calculation for different
physics processes. Although event generators are constructed to have good event
description, they are not well developed in the cross-section calculations. There-
fore, NLO and NLL cross-section calculations are done with dedicated programs for
analytic cross-section calculation, see section 7.6.

MC analysis, on the one side, plays a crucial role in preparing physics analyses,
and on the other, gives confidence in understanding physics processes seen in the
data. Being able to produce large amounts of events similar to the events recorded
by the detector, one can perform generation of different contributions of events, from
the well known SM ones, to the hypothetical of BSM physics. Despite the fact that
MC generators use a large number of models and built in assumptions, these tools
undoubtedly make an important apparatus for physics analyses and understanding of
data. In ATLAS a number of MC generators, and tools for simulation, digitization
and reconstruction are embedded in a common framework called Athena [153],
which is commonly used throughout the experiment, with user and group defined
specifications.

7.1. Signal Mass Spectrum Generation

The starting point for the SUSY model analysis is the calculation of the sparti-
cle masses at the electro weak scale (EW). The model investigated in this thesis
belongs to the group of R-parity conserving MSSM models and has non-universal
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Higgs masses (mpg, # mp,). Therefore, the natural choice for the mass spectrum
generator in this thesis is SOFTSUSY 3.1.2 [154] which calculates the sparticle
mass spectrum and supports MSSM and its extensions. Since MSSM models are
constructed to reduce the number of free parameters in the SUSY breaking sector,
the dimensionality of the problem is significantly smaller, and it is therefore possible
to perform various parameter scans.

SOFTSUSY is a mass spectrum generator for MSSM models, which calculates
the Higgs and sparticle masses. It uses SM constraints, i.e. the fermion masses
obtained from low energy measurements, gauge couplings and EW gauge boson
masses. The soft SUSY breaking parameters provided by the user and the specified
SUSY breaking model are being used. It calculates renormalization group equations
for SUSY parameters (Higgses and sparticle masses with the usage of SUSY radiative
corrections, and couplings) with the requirement of consistency of resulting MSSM
parameters with the Higgs potential, which leads to observed EW boson masses.
Through an iterative procedure, it calculates the superpotential p which agrees well
with input constrains, and finally calculates all the Higgses and sparticle masses and
their mixings. The details of this algorithm will be given in the following paragraphs,
as described in [151].

The program is a C++ code, where the input can be given via command line
or in the SUSY Les Houches accord [155]. In this thesis, the input files have been
prepared to contain the "monUniversal" model specification. In order to obtain the
final Les Houches file of each SUSY point, the next step is to get the decay widths
and branching ratios of the sparticles, which will be explained in the next section.

7.2. Signal Decay Width and Branching Ratio Calculation

In order to achieve high accuracy in decay width and branching ratio calculation,
a good theoretical model can be obtained with the package called SUSY-HIT
(SUspect-SdecaY-Hdecay-InTerface [156]). It represents an interface between the
SuSpect sparticle mass generator, HDECAY [157] MSSM Higgs bosons and SDE-
CAY [158] sparticles decay width and branching ratio calculators. The program
also provides a possibility of using an input Les Houches file for the sparticle and
MSSM Higgs mass spectrum. It has been chosen for this analysis since it calculates
the 3-body decay at the tree level, typical for the NUHMG model investigated in
this thesis.

The HDECAY program, interfaced through SUSY-HIT, calculates the SM and
MSSM neutral and charged Higgses decay widths and branching ratios with most up
to date theoretical models. Namely, it supports 2-body and multi-body decays, and
in MSSM the cascade and SUSY decays. It includes higher order QCD corrections
for decays into quarks, as well as double off-shell decays of CP-even MSSM Higgs
bosons into massive gauge bosons, and 3-body decays with heavy off-shell ¢, off-
shell gauge boson and heavy neutral Higgs decays with one off-shell Higgs boson.
In MSSM calculation it includes NLO radiative corrections and all kinematically
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allowed decays into SUSY particles.

The SDECAY program, via SUSY-HIT, calculates the sparticle decay widths
and branching ratios in MSSM. It supports 2-body decays for sfermions, SUSY QCD
corrections for colored sparticles, the top MSSM decays, and most importantly for
this analysis, the 3-body decays of gauginos, gluino, stops and sbottoms, as described
in [156].

SUSY-HIT is a FORTRAN program, which can be used with the SUSY and
Higgs mass spectrum obtained with SOFTSUSY in the Les Houches format. The
program adds to the Les Houches format mass spectrum the calculated decay widths
and branching ratios. In the next section, the MC event generation will be described
in more detail.

7.3. Monte Carlo Event Generation

The major purpose of using MC event generators in the physics analysis is to obtain
good prediction of the final state in the collision events. They also play an important
role in the analyses for the detector and trigger design. For example, the physics
analyses need to be optimized with the prediction of signal and background, and
trigger can be optimized to successfully reduce background and keep the signal.
MC generators are used to design the detector components and to evaluate required
corrections to the accumulated data.

Particles produced in one collision and recorded by the detector are considered
to belong to one event. Quantum mechanics predicts production of particles with
certain probability, but averages of various parameter distributions can be used
to reproduce these probabilities. In this way, Monte Carlo event generators use
pseudo random numbers to reproduce the quantum mechanical probabilities of event
outcomes. They generate complete particle content for each event, and estimate the
total cross-section for a selected production.

In this section a detailed description of the Pythia [159] MC generator will be
given, which was used in the SUSY signal event generation since it has an im-
plementation which can handle 3-body decays which occur in the NUHMG model
studied in this thesis. Background event generation was performed using various
MC generators, and some of their characteristics will be compared at the end of this
section.

7.3.1. Signal Event Generation

In order to produce an event in a MC generator, the physics event can be modeled in
somewhat independent stages. The building of an event in the generator can be done
in sequential steps, where in each step more complexity is added to the event. Each
event ends with hundreds of outgoing particles with around ten degrees of freedom,
e.g. mass, momentum, production vertex, lifetime. The aim of MC generators is
to have a good description of relevant parameter distributions, and the size of their
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fluctuations. In this section the MC event generation with Pythia MC generator,
which was used in signal event generation, will be described as in [159, 160].

A p-p collision can be represented in couple of stages, see figure 7.1. Two hadrons
on a collision course first produce a hard process (e.g. ud — W in SM or gg — §§
in BSM). Some events produce relatively short-lived particles like ¢, W* or Z°,
so together with their decay products are considered as part of the same process,
because their correlations are propagated from the production to the decay stages
(e.g. spin correlation). This event topology can be obtained by the matrix element
calculation. Since bremsstrahlung occurs with the accelerated color or EM charge
of the incoming partons, emissions called Initial State Radiation (ISR) on the two
incoming partons are formed. Also, emissions from the outgoing particles occur,
called Finite State Radiation (FSR). Additionally, more partons from the incoming
hadrons might produce an interaction within the same collision. They are called
Multiparton Interactions (MPI) and produce their ISR and FSR as well. Beam
remnants, the partons which do not undergo an interaction, take away much of the
input energy and continue to travel in the original direction. Also, they carry the
color taken away by the colliding partons.

With the produced particles propagation, the confinement becomes strong, so the
structure and evolution of the formed field needs to be modeled, since this QCD
problem is too complicated to be calculated from the first principles. It is assumed
that for each color there is a separate confinement field between color and its anti-
color (where gluon is considered a sum of color and anti-color, and all colors are
distinguishable from each other). These fields can break with the production of
a quark-antiquark pair, and by combining can produce a primary hadron, in the
process called hadronization. The produced hadrons can be unstable and decay
further while some are long-lived and are visible in the detector. At this stage MC
generators result can be passed further to the detector simulation programs to obtain
a good description of a detected event.

The cross-section for the selected final state is calculated by integrating over rel-
evant phase-space regions which are associated with the hard process, and summed
up over subsequent steps (eg. parton showers, hadronization) using probabilities for
transition from the hard process to the final state:

O final state = Ohard process Ptat,hard process— final state - (71)

Thanks to the modular structure of the physics event calculation, different pro-
grams can be used for different parts of the calculation. Also, SUSY model specifica-
tions can be calculated by dedicated programs, and passed on to the MC generator
with the usage of the Les Houches Accord [155]. However, multi purpose generators
are used to calculate the bulk of the event, and specific calculations are included by
the usage of external packages. Namely, the hard sub-process matrix element calcu-
lation for the SM particles is done by the generator, while for the BSM model (eg.
SUSY) particle spectrum, decay widths and branching ratios have been calculated
with the external package. These are combined and used further for the process
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Figure 7.1.: PYTHIA, the multi purpose event generator, performs calculation
through consecutive steps, [161, 162]. First the incoming p-p beams
properties are determined using parton densities. Next, the hard sub-
process is calculated using matrix elements, and the initial and final
state radiation are added. Then the multiple parton-parton interactions
with their initial and final state radiation are calculated. Finally, the
color strings are formed, the hadronisation and the decays of unstable

particles are calculated.
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selection and resonance decays. Next, the parton showers, MPI and beam remnants
calculations can be calculated using the external libraries for different PDF sets,
like LHAPDF (Les Houches Accord Parton Density Functions library [163]. The
hadronization and final decays of unstable particles can be refined by using external
programs. In this thesis, the general purpose generator PYTHIA [159] is used with
external packages for 7 decays TAUOLA [164] and photon QED radiative corrections
PHOTOS [165].

7.3.2. Background Event Generation

There is a number of MC generators that can be used for the background event
generation. In practice for each SM contribution, the MC-data agreement is checked
for a dedicated selection, usually targeting one dominant SM process. The MC
generators used in this thesis include the following:

e SHERPA [166] is distinguished from other MC generators by performing auto-
mated merging of leading-order matrix elements (ME) for multijet production
together with parton showers (PS). It provides two independent matrix ele-
ment generators for the case of large final state multiplicity for a number of
models. It treats infrared divergent structures in NLO QCD corrections, and
it treats matching of parton showers with NLO matrix elements in an auto-
mated way. In this thesis it is used for bulk MC production of W+jets, Z+jets
and y+jets processes, with up to 4 extra partons in the final state, as it is a
multi-parton ME+PS generator which includes hadronization.

e ALPGEN [167] is a new event generator dedicated for multiparton hard pro-
cesses in hadronic collisions. It performs at LO for QCD and EW interactions,
calculates the exact matrix elements for a large set of parton-level processes
for Tevatron and LHC. Events at parton-level have the full information on
the color, flavor structure, which allows for evolution of partons to the fully
hadronized states. In this thesis it is used for W+jets, Z+jets and ~+jets
processes for the systematic uncertainty determination related to theoretical
uncertainties, in the event generation with up to 5 partons. It can be used
for multi-parton bulk event production, with an interface to multi purpose
generators like Pythia, HERWIG++ for PS and fragmentation.

e POWHEG-BOX [168] is a Positive Weight Hardest Emission Generator, which
performs NLO accuracy calculation with parton shower event generation, fol-
lowing the POWHEG method. It is used in MC generation with extra event
complexity. In addition, it contains a library of previously included processes,
which enables faster event generation. All modern shower MC programs that
support Les Houches accord [169] have an interface to it. In this thesis it is
used for tt event generation with an interface to Pythia MC generator for par-
ton showering. It is also used as a secondary MC event generator for systematic
uncertainty determination for processes of W+jets, Z+jets and vy+jets.
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e HERWIG++ [170] has an implementation which includes parton shower mod-
eling including coherence effects, detailed model of underlying event, several
processes at NLO accuracy, number of BSM models simulations including spin
correlations and detailed hadron and tau decays. It is well suitable for signal
event generation in the analysis with 2-6 jets and missing transverse energy,
but the NUHMG model event generation was performed using Pythia as it
supports the typical 3-body decay at the end of the decay chain.

e MCQ@QNLO [171] is based on HERWIG and HERWIG++ MC generators,
where it combines the MC event generation at NLO accuracy in rates for
QCD processes. It allows the NLO QCD matrix elements consistently into a
parton shower framework. It is suitable for MC generation of events with ex-
tra complexity. Processes include hard production of single vector and Higgs
bosons, vector boson pairs, heavy quark pairs, single top in association with
W or Higgs in type I or II 2HDM models, pairs of leptons, and Higgs in asso-
ciation with W or Z. It includes spin correlations, except for the ZZ process.
In this thesis it is used for single ¢ s-channel production, interfaced to HER-
WIG++ MC generator for PS modeling. It is also used as a secondary MC
event generation for ¢t processes for the systematic uncertainty determination
related to theoretical uncertainties.

e MADGRAPHS5 [172] has a fully staged simulation chain implementation for
multi-jet production and merging. It has interfaces to automatic computation
of loop amplitudes, combination of real corrections, and automatic interface
via the MC@QNLO method to HERWIG++ and Pythia parton showering and
hadronization. It is able to generate multi-leg events at the NLO accuracy
for any process in various models, and typically it is interfaced to PS MC
generators like Pythia. In this thesis it is used for ¢t with electroweak boson
and jets event generation, interfaced to Pythia for PS.

7.4. Monte Carlo Event Simulation

In order to get a realistic description of the event in the detector, the event sim-

ulation and digitization is performed. In ATLAS the GEANT4 [173] simulation
toolkit is used for events generated by the dedicated event generator, and a faster
parametrized event simulation using the ATLFAST-II [174] simulation. A detailed

implementation of all detector components and material budget is included in the
Athena framework.

GEANTY4 is a toolkit which simulates the passage of particles through matter,
where simulation of charged particle tracks in the inner detector and muon spec-
trometer, and particle showers for e.g. electrons and jets in the calorimeter system
are simulated. It includes a wide range of functionality for detector geometry de-
scription, tracking, physics models and hits in the detector. It has been designed
to enable complex detector geometry consideration. Physics processes include wide
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range of electromagnetic and hadronic processes, and cover energy range up to TeV
range.

In the Athena implementation of the ATLAS detector using GEANT4, the fol-
lowing aspects were considered for simulation. The detectors geometry, materials,
particle interactions with the detector components inside the electromagnetic fields,
tracking of particles through the detector material, response of detector components,
digitization and hit management, generation of event and track data, and storage
of event information.

The event simulation is performed in stages, where GEANT4 classes are used:

o Event represents the main unit of the simulation, which is used to store infor-
mation for processing down the simulation chain. In data taking, an event is a
unit which contains the collision products, starting from the primary vertex to
the full detector response of particles passing through the detector. In simula-
tion it contains the primary vertexes and primary particles as input, and as a
result after full simulation process, it contains generated hits and digitization,
and trajectories of simulated particles.

¢ Geometry and Representations are used to describe the geometrical struc-
ture of the detector, for the passage of particles through it. In the experimental
setup, detectors are designed to enable particle detection using their properties
and interaction with the detector components. Sophisticated analyses are set
in place to determine the optimal size and materials while designing the detec-
tor, but also large number of events of particles passing through the detector
need to be generated in order to optimize physics analyses. The geometry
is represented via logical volumes of simple shape, which can be arranged in
repetitive patterns, with larger structures holding smaller within. The more
complicated detector volumes are represented via smaller simple volumes con-
nected via bounding surfaces, the boundary representations.

e Tracking of GEANT4 is a simulation implementation which takes each
particle and ’transports’ it step by step to the next position. The passage of
particles through the detector volume can be modeled in stages. The physics
processes associated with the particle propose the next step. There are three
types of physics processes implemented. First, for a particle at rest (e.g decay
at rest), second, energy loss or secondary particle production that happen con-
tinuously (e.g. Cherenkov radiation), and third, the final step (e.g. secondary
particle production by decay or interaction).

e Physics processes in GEANT4 include electromagnetic and hadronic pro-
cesses. The physics process which occur in a collision and in interaction of
outgoing particles with the detector components can be modeled in stages.
The particle decay step length is calculated from the mean lifetime of a parti-
cle. Electromagnetic interactions of electrons, positrons, photons and hadron
interactions can be implemented for soft and hard objects independently.
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They can include ionization, bremsstrahlung, multiple scattering, Compton
and Rayleigh scattering, photo-electric effect, pair conversion, annihilation,
synchrotron and transition radiation, scintillation, refraction, reflection, ab-
sorption, Cherenkov effect e.t.c. The energy loss for soft and hard muons is
calculated separately. Hadronic decay final state generation is implemented
using a so called ’Russian doll” approach. A higher sub-level has specifications
for the ancestor level in the hadronic shower simulation, where various shower
modelings are used.

e Particles and materials are used to describe the particle-matter interac-
tions. The interaction of outgoing particles with the detector components is
modeled in a sophisticated manner, where different particle properties deter-
mine their interaction with the material and dimensions of the detector compo-
nents. Particles are defined by their properties, where leptons, bosons, mesons,
baryons, etc. are considered, with properties like particle mass, charge, etc.,
list of processes to which they are sensitive to, and cut ranges for different in-
formation. The materials of the detector define its properties, where elements,
isotopes, or their mixtures are considered, while physical properties for mate-
rials are described in a generic way. Characteristics like radiation, interaction
length, excitation energy loss, coefficients in the Bethe-Bloch formula, shell
correction factors etc. are implemented for elements and isotopes, and their
combinations can be derived in a specific GEANT4 implementation.

The details of each detector component and the interactions for all particles are,
therefore, implemented for the ATLAS detector design. Then large number of MC
events can be simulated in order to get a realistic detector response used in physics
analyses. As a last step before reconstruction, the digitization is performed. Full de-
tector response is transferred into a signal, which would be produced by the detector
components and read out by the reconstruction software.

Since the computation time of event simulation using GEANT4 represents the
most demanding step in the event simulation, in ATLAS it is often replaced by the
ATLFAST-II [174] event simulation. Here the particle showers in the calorime-
ters are used in a parametrized implementation, which reduces the long computa-
tion time. The obtained distributions using the ATLFAST-II are compared to the
GEANT4 simulation, and when good agreement is achieved, full simulation using
GEANT4 can be replaced by the ATLFAST-II fast simulation.

7.5. Event Reconstruction

The reconstruction of objects like electrons, muons, taus, jets, b-jets and missing
energy is performed for MC and data using the same software. The objects are
reconstructed using sophisticated algorithms. In the figure 7.2 the electron, muon
and EMS reconstruction efficiency and the jet energy scale uncertainty using the
8 TeV 2012 data is shown. It can be seen that high reconstruction efficiency is
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achieved for all objects and that the fractional jet energy scale uncertainty is at the
percent level. This shows a very good performance of both, the MC event generation
and data reconstruction, and gives good confidence in the MC predictions and the
ATLAS detector performance. Details for object reconstruction used in this thesis
will be given in this section. More details about vertex reconstruction and overlap
removal procedures used in ATLAS can be found in [175].
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Figure 7.2.: Electron (a) [176], muon (b) [177] i EXS (¢) [178] reconstruction effi-
ciency, and jet energy scale uncertainty (d) [178] for 8 TeV 2012 AT-
LAS data. The muon reconstruction efficiency shown for inner detector
muons. ErTniss shown for after pile-up suppression. Fractional jet en-
ergy scale as a function of anti-kt jets ppr with R=0.4 calibrated using
LCWHJES calibration scheme, for average pile-up conditions.

In increased instantaneous luminosity conditions, there is a higher number of
inelastic pp interactions per bunch crossing, i.e. there is pile-up. The mean number
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of inelastic interactions per bunch crossing (u) is given by:

L x Oinel

(1) (7.2)

Npunch X fLHC
where L is the instantaneous luminosity, o;,¢; is the total inelastic pp cross-section,
and Npynen X froc is the average frequency of bunch crossing in the LHC [179].
Therefore, for higher instantaneous luminosity, the (u) increases. The pile-up is
present in events in two ways. First, in the triggered event additional interactions
are present in the same bunch crossing, i.e. in-time-pile-up. Second, multiple in-
teractions are present in the neighboring bunch crossings, i.e. out-of-time-pile-up.
This brings to distortion of signals in electromagnetic and hadronic calorimeters,
and corrections for this effect need to be set in place, in particular in the electron
and jet reconstruction.

7.5.1. Electron Reconstruction

Electron reconstruction in the range |n|<2.47 of the ATLAS detector will be con-
sidered here [176]. It takes clusters of energy deposited in the EM calorimeter and
associates them to the reconstructed tracks of charged particles in the inner detector
(ID) in the following way:

e Seed clusters are reconstructed from the calorimeter towers of a size
0.025%0.025 in n and ¢ placed longitudinally in the detector. Then the so-
called sliding algorithm, of a window size 3x5 calorimeter towers, scans over
the calorimeter volume and identifies the so-called seed clusters with a mini-
mum transverse energy of 2.5 GeV.

e Electron track candidate is reconstructed in the ID using the standard
ATLAS track reconstruction algorithms [I80]. The tracks are extrapolated
to the middle layer of EM calorimeter, and matched to the seed clusters. For
tracks additional requirements are placed on the angular distance between
the extrapolated track and EM cluster to have |An|< 0.05, and A¢< 0.1 in
the bending direction of the track, to account for bremsstrahlung loss, and
Ap<0.05 in the opposite direction. The tracks with hits in the silicon detector
and smallest value of AR = \/An? + A¢? are preferred.

e Electron candidate is reconstructed by forming the electromagnetic cluster
from the track-matched seed using the 3x7 and 5x5 blocks of longitudinal
calorimeter towers in barrel and end-cap respectively. The electron energy is
calculated from the energy deposits in the cluster cells, with corrections for
the energy loss upstream of the calorimeter and for lateral and longitudinal
leakage. The electron direction is determined from the n and ¢ directions of
the reconstructed ID track at the vertex position.
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e Electron identification is performed by placing additional criteria to in-
crease the fraction of true signal electrons and reject background from photon
conversions, pion decays and hadronic jets faking an electron. There are sev-
eral selection criteria used for the electron, labeled with ’loose’, 'medium’ or
‘tight”. They include cuts on electron identification variables which describe
the hadronic leakage, track quality, track-cluster matching and number of hits
in detector layers. In order to account for pile-up, which occurs in high instan-
taneous luminosity conditions, additional tighter selection criteria are applied,
which are labeled with '++’. In pile-up conditions, due to higher overall energy
deposition in the event, shower shapes get distorted. The selection criteria are
adjusted, where looser selection is performed on the pile-up sensitive variables,
and tighter cuts are applied on the other variables, such that the reconstruction
efficiency is constant for changing number of primary vertices.

In this thesis the electron reconstruction was used for the lepton selection or a lepton
veto. In a similar way to electron reconstruction, the photons are reconstructed using
the seed clusters in the EM calorimeter, which have no associated tracks.

7.5.2. Muon Reconstruction

Detector information from the muon spectrometer (MS) and inner detector (ID) is
used for the muon reconstruction. MS enables large eta coverage up to |n|=2.7. The
ID provides independent measurement of the muon track in the region close to the
interaction point (IP). There are four different types of muon identification [177]:

e Stand-Alone (SA) muons. The muon track is reconstructed only form the MS
information, they are mostly used to extend the acceptance of the ID in the
region 2.5 < |n| < 2.7. At least two track segments in different layers of MS
are sufficient to obtain the muon track. The parameters of the muon track
at the interaction point are obtained by extrapolating the muon track to the
point of closest approach to the beam line, while energy loss of the muon in
the calorimeters is taken into account.

e Combined (CB) muons. The muon track is reconstructed for MS and ID track
segments independently, and a combined track is constructed for a successful
combinations. This type of muon identification has the highest muon purity.

e Segment-tagged (ST) muons. The ID muon track is extrapolated to MS and
accepted if there is at least one hit in the MDT or CSC detector. It is used to
increase the acceptance of the tracks in the MS.

e Calorimeter-tagged (CaloTag) muons. A track in ID is identified as a muon
if its particle energy deposition in the calorimeter can be associated with a
minim ionizing particle. They are optimized for |n| < 0.1 and 25< pp <100
GeV.
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In order to combine muon tracks from MS and ID the implementations of MUON-
BOY, STACO and MuTag algorithms [181] were developed. The MUONBOY uses
stand-alone muons from the RPC and TGC 7 and ¢ regions, and local track seg-
ments are reconstructed. Next, the track segments are combined to form track
candidates, and a global track fit is applied through the full MS to determine the
track parameters. Then the track is extrapolated to the beam line, and additional
corrections to the energy loss in the calorimeters are added. The STACO algorithm
performs a statistical combination of tracks measured separately in MS and ID. It
has a good momentum resolution and enables muon rejections from secondary in-
teractions. The MuTag taggs ID tracks not used by the STACO algorithm for a
requirement of a track segment match in the MS. It recovers muons with low pr
which can be detected only by the ID inner layers. In this thesis the STACO muons
were used for the lepton selection or a lepton veto.

7.5.3. Tau Reconstruction

Tau lepton, due to its high mass, is the only lepton that can have decays into both,
leptons (Br(t — every ) = 17.8%, Br(t — pvyv,) = 17.4%) and hadrons (64.8 %,
predominantely into one or three 7%, a v and posibly additional 7°, and with 2.9%
into kaons) [182,183]. Due to its short lifetime, the proper decay length is very
short, and decay is inside the beam pipe. Therefore, they can be identified only
using their decay products. The hadronically decaying 7,44 lepton reconstruction
considers two classes of decays with respect to a number of charged decay products
which leave tracks in the detector, i.e. 'prongs’. These are 1-prong decays (49.5%)
and 3-prong decays (15.2 %), where percentage is given relative to all 7 decays. The
leptonically decaying 7 leptons are very hard to deistinguish from prompt e or pu.
Therefore, 7 identiffication is perfomred using its hadronic decays.

The hadronically decaying 7 has a very similar signature to jets from a q or g,
but they can be distinguished using their 1 and 3-prong signature, relatively narrow
clustering of tracks and energy deposited in the calorimeters. Additionally, the 1-
prong 7 decay can be mis-identified as e or u, and they are distinguished using
various methods for their separation from QCD jets. Additional refinement to the
7 identification is done to account for the conditions of high pile-up.

In this thesis a pp-correlated track counting algorithm has been used for 7 iden-
tification. It uses inner detector information for track reconstruction, where ad-
ditionally charge of tracks and their collimation are considered, and calorimeter
information on energy depositions of visible 7 decay products. 7 leptons have nar-
row showers in the electromagnetic calorimeter, and for 1-prong decay they contain
one or a few 70, which bring large yields in the calorimeter. The algorithm requires
a narrow calorimeter cluster to match the track(s).

The reconstruction and identification of the visible decay products of a 7 lepton,
i.e. Thad wis, is performed in a few steps. First, each jet is considered as Thqq vis can-
didate, and their kinematic properties are calculated. Second, tracks which satisfy
selection criteria are associated to clusters, and the kinematic properties of tracks
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associated to jets are calculated. Third, the calculated variables are combined into
a multivariate discriminant which is used to reject QCD jets and electrons. In the
analysis, Thad vis candidates are selected using the output discriminant for a required
background rejection and signal efficiency.

7.5.4. Jet Reconstruction

In MC event generation, definitions of parton level and particle level jets were used,
while in the reconstruction, which is used on the data and simulated and digitized
MC, the detector level jets are used. Parton level jets at the end of the shower are the
final state particles from the hard scattering process that develop into jets. The par-
ticle level jets consist of stable particles after the fragmentation and hadronization.
The detector level jets are calculated using the energy deposition in the detector of
stable particles.

The jet reconstruction can be performed in two ways [184,185], using calorimeter
towers or topological calorimeter clusters, i.e. topoclusters. Calorimeter tow-
ers represent regions in 7 and ¢ where the energy deposition in calorimeter cells is
summed up in radial direction. Topoclusters are formed around the seed calorime-
ter cell that has a large excess of energy compared to the expected level of noise. The
neighboring cells with energy higher than the expected level of noise, using a lower
threshold, are grouped with the seed cell. The resulting topojet represents a three
dimensional object which consists of calorimeter cells. In this thesis topocluster jets
reconstructed with Anit-kp algorithm are used.

The Anti-k7 jet reconstruction algorithm [186] is based on topoclusters, and
performs sequential clustering, i.e. it adds clusters in an iterative way. The algorithm
uses distances between topoclusters in the event and merges the closest ones. The
distance between two topoclusters i and j, and a topocluster i and beam B, are
defined as:

oy o A2
dij =min(k;), k‘t]p) RQJ (7.3)

2p
diB - kti

where the k4; and k;; are the transverse momenta of objects. The Agj = Ayfj+A¢3j is
the radial distance between two objects with rapidity and azimuthal angle differences
Ay?j and A¢;j. The R is the user defined radius parameter of the algorithm, and
for the Anti-k7 algorithm p = -1. The algorithm performs in an iterative way. First
a list of topocluster distances d;; is prepared, and the topoclusters with a smallest
distances are merged. The list is remade, and the merging is repeated until d;p = k:fip
is the smallest distance. The merged object is called a jet, and removed from the
list. The Anti-kp algorithm is infrared and collinear safe, i.e. the result is unaffected
by emission of soft particles and splitting of a jet into two close by jets respectively.

Initially the energy of reconstructed jets is measured using the electromagnetic
scale, i.e. the default energy scale of calorimeters calibration. However, the jet en-
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ergy needs to be corrected using a pr and n dependent calibration scheme, called the
EM+JES scheme, for the lower energy response in the hadronic calorimeters. This
calibration is obtained using the comparison of MC simulated truth jets with recon-
structed jets. The corrections for pile-up interactions and primary vertex position
are included as well [137].

Jet reconstruction is in particular sensitive to the effect of pile-up, and the pile-up
correction for jets in ATLAS is performed using the so-called jet area method [179].
Namely, particles associated with a jet are placed in a large area of the detector,
and pile-up interactions can overlap with the jet. For a larger jet area, the effect of
pile-up is stronger. In addition, the pile-up contributes to a larger jet multiplicity
in the event. Therefore, corrections are estimated using the jet-by-jet sensitivity to
the pile-up and event-by-event pile-up activity.

7.5.5. b-jet Tagging

Tagging of b-jets represents a powerful tool for separation of e.g. tt background from
other SM processes, because BR(t — Wb) ~ 1 and one b-jet is expected from each
t quark decay. The b-jets originate from b-quarks, and they can be distinguished
from the light and c-jets, using the b-jet topology where a secondary vertex is present
inside the b-jet. It originates from the b-hadron decay, produced in the process of
fragmentation, which has a decay length 0.5 mm before the decay. The c-jet in a
similar way contains a c-hadron. In order to distinguish a b-jet from a c-jet, a shorter
mean lifetime of the c-hadron and the pr spectra of the decay products are used,
where heavier b-hadrons produce decay products with higher pr. In addition, some
b-tagging algorithms make use of further decay of the b-hadron due to electroweak
interactions, which brings to a transition of the b-quark into a c-quark, which has a
weak decay, producing a tertiary vertex.

A number of algorithms for b-jet tagging have been developed in ATLAS [188,

|

e IP3D is a impact parameter based algorithm. It makes use of the secondary
vertex topology, where the likelihood ratio algorithm computes the compati-
bility of a given jet with a b-jet and a light jet hypothesis, using the transverse
and longitudinal impact parameters of the tracks associated with the jet.

e SV1 is a secondary vertex based algorithm. It makes use of the reconstructed
decay products of the b-hadron and possible c-hadron from a tertiary vertex,
a so called inclusive vertex. It looks for pairs of tracks associated to a jet,
with a distinguished vertex sufficiently far from the primary vertex. Tracks
from all good vertices are combined into one inclusive vertex, then the tracks
are removed in an iterative procedure until the best x? test is achieved for a
inclusive vertex. Then the properties of the inclusive vertex, like decay length,
invariant mass of the tracks associated to the inclusive vertex, and the tracks
energy and topology, are used to compute the b-tagging weights using the
likelihood ratio technique.
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o JetFitter is a tertiary vertex based algorithm. It exploits the topology of
the secondary and tertiary vertex of a b-jet. The Kalman filter is used to
reconstruct the flight of the b-hadron and following c-hadron from the primary
vertex. With the reconstructed primary and secondary vertex, their properties
are further used to obtain the b-jet weights, where likelihood ratio technique
is used to distinguish b, ¢ and light jets.

e MV1 is a multi-variate based algorithm. It combines outputs of simpler al-
gorithms, and obtains b-jet weights using multivariate techniques. First the
IP3D and JetFitter outputs are used to obtain a discriminator using Artificial
Neural Networks (ANN) in a JetFitterCombNN algorithm. Then MV1 uses
tagging weights for b-jets of the IP3D, SV1 and JetFitterCombNN algorithms,
and obtains a stronger discriminating performance compared to individual al-
gorithms.

MV1 tagger is used for b-tagging in this thesis.

7.5.6. Missing Transverse Energy

The ES reconstruction [190] [175] is based on using energy deposition in calorime-
ters and reconstructed muons. The calculation uses reconstructed and calibrated
physics objects. The calorimeter energy deposit can be calculated in two ways.
First is the cell-based way, where the energy deposits of individual calorimeter
cells are summed up. Second is an object-based way, where the energy deposits
of calorimeter cells associated with the physics objects using their calibration, are
summed up. The second approach is used in this thesis. The muon energy deposit
is calculated using the muon reconstruction as explained in the subsection 7.5.2. In
addition, deposits not associated with any reconstructed and identified object are
included in the calculation.

The EIsS is calculated as a negative sum of calibrated reconstructed objects x
and y projections as:

T = B4 B BT B 4 BT e (1)
where the summed up objects are reconstructed in a specified order as: electrons,
photons, hadronically decaying 7, jets, energy not associated with any object, i.e.
soft term, and finally muons. The soft term is calculated using only the energy
deposits from topoclusters. To avoid double counting of energy deposits if the com-
bined muon is used, the parametrized muon energy loss in the calorimeters is sub-
tracted from the EXS calculation.

Each term based on calorimeter information is calculated using x and y projections
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for each cell energy deposition as:

term
Ncell

E;m‘ss,term - _ Z FE; sin 0; cos sz
i=1 (7.5)

term
Ncell

maiss,term __ . .
Ey =— Z FE;sin 0; sin ¢;

=1

where i runs over all cells associated with specified objects in |n| < 4.5, E; is the cell
energy, 0; is the polar and ¢; azimuthal angle of a given cell. The remaining muon
term is calculated from muon momentum of tracks reconstructed in n < 2.7 as:

MISS, U “w
Bay) " =~ Z Pp(y)- (7.6)

muons

Then the final ErTniSS is calculated as:

E’III‘liSS — \/(E;cniss)Q + (EZTJniSS)Z (77)

for missing energy in the x and y direction.

7.6. NLO and NLL Cross-Section Calculation

MC events need to be produced in the amount which occurs the experimental data,
therefore a good cross-section calculation is needed in the analysis. MC events for a
given physics process are generated in a size that is reasonable to obtain technically,
so weighting of the generated samples according to the channel cross-section has to
be introduced in order to have their right amounts. For a SUSY model cross-section
calculation, one has to use a dedicated NLO cross-section calculator. In this the-
sis, the PROSPINO 2.1 cross-section calculator (PROduction of Supersymmetric

Particles In Next-to-leading Order QCD) [114,191] has been used. The most recent
version has the processes of X' /X" and [ [192], X°/X* and § [193], X°/X" and §
/g [194], ¢ and g [195], and pairs of £ /b [196] production channels cross-section

calculation included. The sparticle masses are read from the input Les Houches file,
parton densities can be linked to the program for a user provided collider choice.
The program calculates the differential cross-sections in transverse momenta and
pseudorapidity of the outgoing particles for a selected production channel, and its
LO and NLO cross-section. Also, it provides the K-factor (K = onro/oLo) and
uncertainties for different production channels. In this thesis the R-parity conserving
models are considered, therefore, SUSY particles are produced in pairs. The double-
differential cross-section calculated at NLO for outgoing SUSY initial state particles
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a,b in the process pp — @, b) is given as [107]:

Oah = Z /dx1d$2fi(xlaﬂF)fj(x27MF)6i,j(xlax2aMF:,UR> (7.8)

z,j:&,B

where ij = §§, 4, 4G, tt, bb, 11, X°%°, x=%~, X°XT processes, z;/; are the partonic mo-
mentum fraction for the partons i/j, f;/; are the parton density functions for the
partons ¢/j, &;; is the partonic cross-section, and pp and pg are factorization and
renormalization scales respectively. NLO cross-sections have been obtained by sum-
ming up of over all production channels for each signal parameter space point. The-
oretical systematic uncertainty estimation for PDF and «g variations have been
obtained with CTEQ6.6, according to recommendations in [197].

The § and g hadronic production cross-section can also be calculated with NLO
supersymmetric QCD corrections and the resummation of soft gluon emission and
Next-to-Leading-Logarithmic (NLL) accuracy. For this the NLL-FAST [195, 198~

| program is used. Using the pre-computed cross-sections and their uncertainties,
for a requested sparticle masses and processes, the program performs interpolation
to obtain the NLO+NLL accuracy cross-sections. Therefore, this program has a
limitation, where cross-sections can be obtained only for present implementations.
These include § pair, ¢ pair, § ¢, G § , t pair and b pair production for clearly defined
ranges. Theoretical systematic uncertainty estimation for PDF and ag variations
are obtained with CTEQG6.6, according to recommendations in [197].

In this thesis the signal cross-sections have been calculated at NLO+NLL accuracy
using the NLL-FAST for the signal sparticle masses and processes where available.
All other cross-sections have been calculated at NLO accuracy using PROSPINO,
according to recommendations in [197].
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The HEP experiments are characterized by large amounts of collected data. The
data is collected by the detector, the pre-selection is performed using the trigger, and
the potentially interesting data is fully reconstructed for the data analysis. In order
to perform optimal signal selection from the large background, and to provide good
understanding of the significance for a potential new physics yield or lack of it, tools
of statistical analyses are used, and their description will be given in this section.
The methods often used for optimization of the signal separation using multivariate
techniques will be described in the section 8.1. The statistical interpretation of
yields after the selection using the background or signal hypothesis will be described
in the section 8.2. In order to perform background modeling, various statistical fits
are used, and in the section 8.3 details of the combined fit used for the background
determination in this thesis will be described.

8.1. Multivariate Analyses and TMVA

In the searches for new physics at the LHC, very often, yields of the BSM physics
processes are much smaller than the ones originating from the SM background pro-
cesses. The differences in kinematic distributions of BSM and SM events are used to
extract the signal. Typically, high number of kinematic variable distributions need
to be used at the same time. In order to select variables which perform a better sig-
nal separation, and to find the optimal selection criteria, multivariate classification
methods based on the machine learning are used. In HEP the toolkit for multivari-
ate data analysis TMVA is used [36]. In this section the implementation and usage
of TMVA methods in section 8.1.1 will be described. In addition, description of the
Rectangular Cuts method used in this thesis will be given in the section 8.1.2.

A number of multivariate classification methods are used in HEP, and many of
them are implemented in the C++ ROOT-based analysis framework, called TMVA
[36]. These include Projective Likelihood Estimation (PDE), Artificial Neural Net-
works
(ANN), Support Vector Machine (SVM), Boosted Decision Trees (BDT), Rectan-

gular Cuts etc., and more details about these methods can be found in [36]. All of
TMVA methods belong to the family of ’supervised learning’ algorithms, see more
details in [203]. In this approach, a fraction of the data events are used for ’train-

ing’, where the signal and background yields are known. Then the signal separation
is optimized using multiple variable distributions, and a optimal cut on the resulting
function is obtained. The classification is performed on the remaining fraction of the
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sample, i.e. ’application’ is performed. In practice, all methods need specific tuning
for a given MC or data samples and their chosen distributions, in order to obtain
optimal classification capabilities, and for this various methods of ’evaluation’ for
method performance are used.

In HEP there is a number of examples of physics analyses with multivariate tech-
niques. They are used when better separation is obtained compared to simple algo-
rithms or cut and count selection. For the b-tagging in ATLAS a MV1 algorithm
[204] is used. It combines the jet tagging weights information taken from a number
of relatively simple b-tagging algorithms, using the ANN multivariate method. It
uses the information on the impact parameter, secondary vertex, the topology of
weak decays of b and ¢ quarks inside the jet, where the Kalman filter is used to re-
construct the primary vertex to the secondary vertex, and additional variables like
jet transverse momenta and |n|. In SUSY searches, a number of analyses are based
on multivariate techniques. They use discriminating variables which exploit geomet-
ric and kinematic features of SUSY decays, which typically have lots of jets, high
transverse momentum, large missing transverse momentum and spherical distribu-
tion of outgoing particles. Often the ANN and BDT multivariate methods are used
to obtain better signal separation. However, in this thesis, a multivariate technique
has been used in an indirect way. Multiple variables were used with a multivariate
technique in order to obtain a optimal cut and count analysis.

8.1.1. TMVA Implementation

The machine learning techniques use multiple variable distributions, typically, to
construct a sensitive variable on which a cut is applied to make a optimal signal
selection. In the analysis, a cut on the newly constructed variable is used. For
this reason, the TMVA implementation consists of two classes, the Factory and
the Reader, and specific user implementation scripts for training and application
of classification are used, see figure 8.1. The tasks of preparation of MC or data
samples, defining variables and MVA methods to be used, training of the MVA
methods, testing and evaluation of their performance on the fraction of the input
samples is done in the Factory. The obtained optimal results of multiple MVA
methods can next be used in the Reader, and obtained classification method can
be used on the other fraction of the data. The advantage of this implementation is
that multiple MVA algorithms can be used at the same time on the same sample,
and the results of their optimization can be evaluated and compared.

In order to ensure that optimization using multivariate techniques is not depen-
dent on the chosen MC/data sample, the sample that is used for the optimization,
needs to be different from the sample that is used in the separation. Typically, the
MC and/or data sample is divided into two or three sub samples. In a simpler ap-
proach, the training and evaluation is performed on the fist half of the samples, and
application of the classification is done on the second. In a more strict approach,
sample is divided into three parts, where first is used for training, second is used for
evaluation, and the third is used for classification. In this thesis TMVA is used with
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flow of sequences
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Figure 8.1.: TMVA Factory and Reader class implementation. The user provides
a script with specifications for the MVA method and discriminating
variables for the training sample. The event weighing, samples distribu-
tion preparation is performed. The specified MVA methods are trained,
and the result is tested and evaluated by Factory for all specified MVA
methods simultaneously. The user also provides a script for the Reader,
including used variables and MVA methods, and the event classification
is performed for all specified MVA methods simultaneously [36].

MC samples for SUSY signal and SM background, where the training and evaluation
is performed on one half of the sample, and classification is performed on the other.

The performance of multivariate techniques can be enhanced by incorporating
previous physics knowledge into their usage. For this reason, first the variable dis-
tributions of MC/data samples need to be prepared. This is done in the Factory
using the event weighting. A number of pre-analyses are performed on the train-
ing samples to provide more information for the optimization. For the selected
(weighted) kinematic variable distributions the linear correlations are calculated,
where strongly correlated variables are not expected to bring improvement in the
selection, so some of them can be removed from the analysis. Also, variables can
be linearly transformed, projected upon their principal components, or transformed
into a normalized Gaussian shape, in order to obtain better results in classifica-
tion. For some MVA methods, the ranking by the strength of kinematic variable for
the signal separation is done, and less sensitive variables can be removed from the
analysis.

The performance of used MVA methods is evaluated by comparing their signal
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efficiency and background rejection, and the quality of the training. TMVA provides
a number of scripts for visualization of these results, in order to select the optimal
method and its specifications.

After the MVA method has been optimized and its performance evaluated and
compared to other MVA methods, the application on can be performed on the
testing sample, where the classification is done by the Reader. The same conditions
as specified in the Factory are used, and the results of the MC or data classification
can be used for further statistical hypothesis testing in the physics analysis.

8.1.2. Rectangular Cut Optimization Method

In supervised learning techniques, typically, the output discriminating variable is
constructed, which is in the function of the input variables for the signal and back-
ground samples. Highly complex and powerful algorithms have been developed for
the classification. In this thesis the Rectangular Cut Optimization method is used,
and its detailed description will be given in this section.

(a) Minuit (b) Monte Carlo Sampling

(c¢) Genetic Algorithm (d) Simulated Annealing

Figure 8.2.: Minimization algorithms schematic representation [205].

92



8.2. Likelihood-Based Tests of New Physics

Rectangular cuts optimization method represents the simplest and most com-
monly used method in signal separation optimization for the cut based physics anal-
yses. This method does not use variable combinations in the optimization as MVA
methods, so technically is is not regarded as a MVA technique. However, the result
is obtained by using multiple variable distributions for the signal and background
samples. The scan on signal efficiency is performed, with maximizing the back-
ground rejection. The optimization criteria used is the maximum in significance,

defined in TMVA as:

Zy = €slVs (8.1)

vesNg +epNp

where eg,ep are the signal and background efficiencies, and Ng, Np are the signal
and background event yields before applying the cuts. The cut ensemble leading
to maximum significance is obtained for each working point at the signal efficiency
curve. The cut optimization is performed using the multivariate parameter fitters.
In this thesis the Genetic Algorithm is used.

In TMVA for the rectangular cut optimization method the Minuit, Monte Carlo
Sampling, Genetic Algorithm and Simulated Annealing fitters are available. In the
figure 8.2 schematic comparison for reaching a global minimum is presented for these
fitters [205]. Minuit has shown to give worse results in finding the global minimum,
therefore its usage in Rectangular Cuts optimization is not recommended. Monte
Carlo Sampling takes random samples for fitting parameters. It is performing well in
finding the global minimum, but at the same time it is highly inefficient. Simulated
annealing performs minimization by ’freezing’ the states far from minimum, while
moving towards states of lower values. It is good in finding the global minimum, but
its performance is slower than for the Genetic Algorithm, see more details in [30].

The Genetic algorithm is a minimization algorithm which finds approximate solu-
tions in optimization or finding a minimum. An initial random selection of points in
the multidimensional parameter space is chosen. The minimization criteria is eval-
uated. The worst performing points are discarded, and new points are selected for
the next round of evaluation. New points are produced in a random way choosing
parameter values between the parameter values of the points successfully passing
the minimization criteria. The user defines the number of points at each step of
evaluation and the number of evaluation steps. Genetic Algorithm is known to be
the one of the best minimization algorithms in finding the global minimum and in
the speed of its performance. Therefore, it was chosen as the minimization algorithm
for the Rectangular Cuts Optimization used in this thesis.

8.2. Likelihood-Based Tests of New Physics

In particle physics search experiments, results are presented using statistical in-
terpretation, and there are two approaches that can be considered. First is the
interpretation of experimental results using Bayesian credible intervals, where prior
probability distributions are included in the result. In this way, certain subjectivity
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is included into a measurement, e.g. by assuming that some parameters from previ-
ous measurements are true. Second is the interpretation using frequentist confidence
intervals, which is done purely using statistics, and a hypothesis is tested for data
given with theory. In the search for new physics, it is favored that the experimental
results are summarized with the frequentist approach. Although these two methods
converge for large statistics which is dominated by the signal, frequentist approach
needs to be interpreted with care for the case when statistics is small, and signal is
small compared to the background.

In order to quantify the statistical significance of a possible observed excess (or
lack) of data, the p-value or its equivalent in Gaussian standard deviations, is often
used. However, frequentist statistics interpretation may bring to false statements
about the signal if the size of background is not considered. For example, for two
experiments with the same efficiency and observations, the experiment with larger
expected background can quote stronger limits on the physical constant. This can
bring to a situation where experiment with largest expected background has better
exclusion limit for lower signal rates, than the experiment with higher signal rates,
see more details in [206]. In ATLAS the frequentist C'Lg technique is used for
interpretation of search results, which incorporates the size of the background into
the statistical interpretation. In order to show the sensitivity of an experiment
to a given analysis, the expected significance is estimated for a number of signal
hypothesis.

In this section the formalism of a statistical search will be explained, and defini-
tions of p-value, C'Ls and expected significance Zy will be given in the section 8.2.1.
Recommendations for frequentist limits in ATLAS will be presented in the section
8.2.2. Further details about fits typically used for the background determination
in BSM are given in the section 8.3. Detailed description of statistical test and
background fit implementation used in this thesis is given in the section 11.7.

8.2.1. Formalism of a Search for New Physics Using a Statistical Test

The frequentist statistical test in the search for new physics phenomena, considers
two cases. First is the test for the discovery of new physics signal. It tests the null
hypothesis Hy that includes all known processes, i.e. background only hypothesis,
against the alternative hypothesis H;, which includes background plus hypothetical
new physics signal processes. Second is the case of setting limits if no new physics
has been found, where the null hypothesis Hyp now includes signal plus background
processes, and the alternative hypothesis H; is the background-only hypothesis.
Then the agreement of data with the considered hypothesis H is quantified by com-
puting the p-value, which is defined as the probability under assumption of true H,
of finding data of equal or greater incompatibility with the prediction of H. The
measure of incompatibility can be computed from the number of events found in
selected regions of certain distributions, or the corresponding likelihood ratio for
signal and background. Then the considered hypothesis is excluded if its p-value is
below a certain threshold. It should be noted that in scientific context, the discov-
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ery of a new phenomena should not be based only on the statistical rejection of a
background only hypothesis. In addition, the plausibility of a new signal hypothesis
and a degree of how well it describes the data should be taken into account as well
[207].

In HEP the p-value is also expressed in equivalent of significance Z, where for a
Gaussian distribution of a variable, for a Z standard deviations above its mean, the
upper-tail has a probability equal to p (here the one-sided definition is used where
for Z = 0 it is p = 0.5). This can be expressed using the quantile ®~! of the standard
Gaussian, i.e. inverse of a cumulative distribution:

Z=o"11-p). (8.2)

In the case of a discovery for a signal like the presence of a Higgs boson processes,
the background only hypothesis is rejected for significance of at least Z = 5, which
corresponds to p = 2.87 x 10~ 7. For exclusion of a signal hypothesis, the threshold
of p = 0.05 is used, i.e. 95% confidence level, which corresponds to Z = 1.64.

In addition, in HEP it is useful to quantify the sensitivity of an experiment, by
computing the expected significance for a number of signal hypotheses, which
would be computed for the background-only Hy hypothesis expectation, under the
signal process assumption H;.

Profile Likelihood Ratio Test

A common procedure in HEP for testing a hypothesis is based on a frequentest
significance test approach, using a profile likelihood ratio test. Here the input
parameters are the counts of the processes. In addition, the nuisance parameters
coming from the uncertainties on the modeling of the signal and background are
included as input. In the following the profile likelihood ratio test formalism will be
shown using an experiment where kinematic variables are measured for each event.
The measured kinematic distributions will be presented using binned histograms,
where an unbinned formalism can be derived as an extension to the binned approach.

For each event in the signal sample the measured variable x can be presented in
a histogram of counts in N bins n = (n1,...,ny), where the expectation value for
counts in i-th bin n; using the signal and background can be written as:

E[nz] = us; +b; (8.3)

where p is the strength parameter of the signal process. The u = 0 represents a
background only hypothesis, and @ = 1 is the nominal signal hypothesis. The mean
number of entries in the i-th bin for signal and background are:

Si = Stot ) fs(x7 Hs)d.%' (84)

bini
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bi = bros /b o, Oy)da (8.5)

where fs(z,05) and fy(x, 6y) are the probability density functions of the variable x for
signal and background. 65 and 6, represent sets of parameters that characterize the
shapes of pdfs, s;ot = Ngeg and byt = Npep are the total mean number of signal
and background events for their respective event yields Ng, Np and efficiencies
€s, €g. The integrals represent the probabilities of finding a signal or background
event in the i-th bin. In the following all nuisance parameters will be denoted by
0 = (0s, 0, biot), as they are all adjustable, however s is fixed to a value predicted
by a considered signal model [207].

In order to further constrain nuisance parameters, additional measurements are
set in place in control samples, which are designed to be populated mainly by back-
ground events. Then the measured kinematic variable can be presented in a his-
togram with counts in M number of bins m = (my,...,mps). The expectation value
of counts in i-th bin m; is:

Elmi] = ui(6) (8.6)

where u; are quantities which depend on nuisance parameters and can be calculated.
For example this is used to obtain the normalization parameters for the background
to obtain b, in the signal region, or even obtain signal and background shape
parameters [207].

The likelihood function L can be presented as a product of Poisson probabilities
for all bins as:

N
H MSJ - b e*(#é’ﬁbj) H Yk o= (8.7)

of u:

(8.8)

where 6 is the value of # that maximizes the likelihood L for specified W, ie. it is
the conditional maximum-likelihood (ML) estimator of # which is in a function of
11, while 2 and 6 are unconditional maximum-likelihood estimators [207].

It should be noted that in SUSY and Higgs searches, the presence of the signal
is expected to manifest as an excess in the data, and consequently the contribution
of the signal to the mean number of events is assumed to be non-negative. This
implies that all physical estimators for p must be non-negative. However, it is
useful to define i effective estimator as the value of 1 that maximizes the likelihood,
including the case i <0, with a condition that the Poisson mean values stay non-
negative us; + b;>0. This will allow to model the i estimator by the Gaussian
distribution, which will be used in further test statistics distribution modeling. For
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Figure 8.3.: Test statistics ¢, distribution and p-value (a) and significance Z rela-
tion to p-value for the Gaussian distribution o(z) = (1/v27)e *"/2 (b)

[207].

this reason, i will be allowed to take negative values in the following.

Test Statistics ¢, and p-value

From the definition of A(u) given in equation 8.8, for good agreement of data and
hypothetical value of p it will be around 1, which brings to A(u) <1. Due to the
request of ps; +b;>0, it will be A(p) >0, which brings to 0 < A(p) < 1. A statistical
test for a hypothesized value of 1 needs to be performed. This is done by introducing
the test statistics ¢,,, which is a measure of discrepancy between data and hypothesis,
and is defined as:

t, = —2In\(p) (8.9)

where higher values of ¢, correspond to higher disagreement of data and hypothetical
. In order to quantify the level of disagreement between the data and hypothetical
1, the p-value is computed as:

pu= / T Flpydt, (8.10)

tu,obs

where ,, s is the observed statistic in the data, and f(t,|u) is the pdf of ¢, under
a given assumption of signal strength p. The relation between the p-value and the
observed statistic ¢, 445, and significance Z and p-value are shown in the figure 8.3.

The test statistics ¢, can take low p-values in two cases, distinguished by the
relation of estimated signal strength 4 and hypothesized value of u, as i > p and
it < p. The hypothesized p values are rejected because their p-values are below a
certain threshold «a, but they can lie on both sides of not rejected hypothesized u
values. Therefore, two-sided confidence intervals can be obtained for hypothesized
value of pu.
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Test Statistics ¢, for > 0

As explained above, in SUSY and Higgs searches the presence of new signal is
expected only to increase the mean event rate on top of expected background. For
presence of signal, the hypothesized signal strength is always pu > 0. However, i
was allowed to take negative values in order to increase maximum likelihood. This
brings to a situation where hypothesized signal strength is 4 > 0, but estimated
signal strength can take values of ji <0. For this case, the best agreement of data
and hypothesized value p occurs for u=0. Then the profile likelihood and test
statistics need to be re-defined as:

Ld@) 5 s g
Np) =4 H@0 o 11
M= i) (8.11)
L00(0))

where §(0) and (1) are conditional maximized likelihood estimators of § for strength
parameter 0 and p respectively. Consequently, the corresponding test statistic is:

|
[\
—_
=
=
=
>
I~
=

7 21n A DN 8.12
=M= i) (8.12)
£(0,0(0))

The p-value is determined in an unchanged way as in p-value definition 8.10. The tAu
statistics can be determined using approximated statistics distribution, as explained
in detail in reference [207]. The p values excluded by given data set can be above
or below fi, in a same way as in t, case, and they can form two-sided confidence
intervals for u.

Test Statistics gy for Discovery of a Positive Signal

An important statistics test tNH is a test for the discovery, which is obtained for the
case of rejecting the p = 0 hypothesis. This is done by using the test statistics tNH
as in equation 8.12 using p = 0, which is then labeled qq, where ¢y = %y and:

[ —2mA(0) 2 >0,
q0 = { 0 i < 0. (8.13)

Consequently the p-value is computed as:

[e.9]

Po = f(q0l0)dqo (8.14)

qo,0bs

where f(qo|0) is the pdf of the gy statistic under assumption of background-only
hypothesis (4=0). Additional approximations of this pdf is explained in detail in
[207]. For higher g, which occurs for higher fi when event yields are higher than
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the expected background, there is higher incompatibility of data with the p = 0
hypothesis, i.e. the case of discovery.

In physics searches where signal could contain an upward or downward fluctuations
in data, like in neutrino experiments, ty statistics is used like in equation 8.12. In
searches where the signal is expected to be an upward fluctuation in the data, like in
Higgs and SUSY searches, the gg statistics is used. For the case of disagreement of
data with the background-only hypothesis, here only the i > 0 cases are considered.
If the value of [i is much below 0, this would rather point to certain disagreement in
the background modeling or unaccounted systematic uncertainties, and not to the
presence of the signal.

Test Statistics g, for Upper Limits

In addition to the discovery test, it is important to establish upper limits on the sig-
nal strength parameter u, i.e. p values which are not compatible with the data need
to be rejected. Here the relation between expected signal strength f and hypothe-
sized signal strength p are considered. As mentioned above, in the rejected region
where p-value is below threshold «, & can take values of i > p and i < u. However,
the statistics test with expected signal strength higher than the hypothesized signal
strength, i > pu, does not have a stronger test on pu than with the obtained data.
Therefore, this statistics is not included in the test for rejecting a p hypothesis, and
qu is set to 0 in this region. Then the test statistics for upper limits g, is defined
as:

qu = { 0 0> (8.15)

where A(p) is defined as in equation 8.8 in the i < p case. In a same way as in
t, case, for higher g, values, there is is greater disagreement of data with the p
hypothesis.

Consequently, the p-value is:

Pu =:Jéoo faulp)day (8.16)

w,0bs

where f(gu|p) is the pdf of g, assuming a hypothesis p. Additional approximations
of g, statistics are explained in reference [207].

Further, the g, statistics can be considered for fi > 0 case, which is applicable
in SUSY and Higgs searches. The A(y) definition is used instead of A(u) as in
equation 8.11. Then the test statistics for upper limits for the case of signal upward
fluctuation is:

>
—~
=
i
=

—21p Lnf i <0,
i L(0.6(0)) 517
=N _oin Ll - .
2In L) 0< i<y,
0 > .
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However, it has been shown that statistical tests based on g, and ¢, have negligible
differences and lead to same results [207], so using ¢, calculation is much simpler.

Distributions and Approximation of Test Statistics

In order to obtain p-values for the discovery test and upper limit, test statistics prob-
ability density functions need to be determined. The test statistic can be generated
using Monte Carlo by calculating the logarithmic log likelihood ratio for smeared
nuisance parameters 6. The p-value for the case of discovery and finding an upper
limit, is calculated using the equations 8.14 and 8.16 respectively. For the case of the
test for discovery, the p = 0, qo is defined as in equation 8.13 and the pdf f(go|0)
needs to be determined. For the case of finding a upper limit for the non zero u
value, the test statistics is given by g, as in equation 8.15 or ¢, given by &.17.
However, the computing time for generating the test statistics can be shortened by
using approximations. As the p-value is calculated from the given test statistics, for
the case of approximation it is essential to have a good model, that describes the
Monte Carlo generated test statistics well.

The approximations of the test statistics and p-value calculations rely on three
theorems, of Wilks, Wald and Asimov:

e Wald theorem [208] states that for the case of one parameter of interest, the
test statistics distribution [i can be approximated by a Gaussian distribution
with mean g/ and standard deviation 0. The o can be determined from the
covariance matrix of all nuisance parameter estimators 0.

e Wilk’s theorem [209] suggests that if fi can be approximated by the Gaussian
distribution, the test statistics follows a non-central y? distribution with one
(n—p')?

degree of freedom, where non-centrality parameter is given by A = *—3
For the special case of p/ = p it will be A = 0, and test statistics is given by
x? distribution with one degree of freedom. (The Wald and Wilk’s theorem
can be generalized for a case of more parameters of interest, if they can be
identified with a subset of parameters 6.)

e The toy Monte Carlo samples can be generated using the so-called Asimov data
set [207], which relies on the Wald and Wilk’s theorems. In the asymptotic
regime, p-value can be obtained from a formula.

In practice, these approximations become exact in the large statistics sample, and
fairly accurate for small sample sizes, while for very small sample sizes, Monte Carlo
distributions need to be used instead.

In order to obtain the C'Lg and p-value for the discovery and upper limit, the
test statistics given in equations 8.13 and 8.15, go and g, are typically generated
using toy MC. For a large sample, the test statistics can be approximated by the y?
distribution with one degree of freedom. The test statistics for the discovery case
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Figure 8.4.: Sensitivity of an experiment. The median g, statistics assuming
strength parameter p' relation to p-value in the pdf for g, assuming
strength parameter p [207].

then reads:

=
[V

_ ) = =0, 8.18
@ {0 i < 0. (8.18)

where p has a Gaussian distribution, with the mean y’ and standard deviation o.
The p-value is given by:

LY

po=1-2(y/q) (8.19)

where ® is the cumulative distribution of the Gaussian with mean of 0, and variance
of 1. Similarly, for the upper limit case, the test statistics reads:

(=p)?
G = { RN (8.20)
0 > .

The p-value for the upper limit case using the approximation is given by:
P =1-2(J7). (8.21)

Experimental Sensitivity with Significance Approximation Z;

In the evaluation of the experiment sensitivity, it is more interesting to obtain the
significance for different p values, than just using one data set. In particular, for
the case of discovery it is interesting to know the median of test statistics where the
background-only hypothesis is rejected, for a nominal signal model (4 = 1). For the
case of setting exclusion upper limits, the experimental sensitivity is described by
median significance for the 4 = 0 hypothesis with which the p # 0 hypothesis is
rejected (at most interest is the p = 1 case).

The sensitivity of an experiment can be shown in the following way. For a test
statistic ¢, for assumed strength parameter p and median p/, the pdf can be pre-
sented as in figure 8.4. The distribution f(g,|u’) is shifted to higher values of
qu, which corresponds to lower p-values. The experimental sensitivity can be char-
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acterized by giving the p-value of the test statistic g, which corresponds to the
median of ¢, under an assumption of y/. To determine experimental sensitivity of
the experiment, Asimov data set approximations are used, and asymptotic formula
for the significance estimation can be derived. For the counting experiment, if we
consider the background to be known, and the signal hypothesis (z=1), the median
significance reads:

S
Zo = \/2((5 +D)In(1+7) ~ 5) (8.22)
where by logarithmic expansion, significance can be approximated with:
S
A
However, in this thesis, in the experimental significance estimation, an asymptotic
formula which includes the effect of background uncertainty is used:

Zo ~ (8.23)

Tom —— (8.24)

\/b+a§

where oy, is the background uncertainty, as justified in [210)].

The CL; Method for Setting Exclusion Limits

In the new physics searches there are two tests that are interesting for consideration.
One is to confirm the presence of new phenomena, and the other is to perform exclu-
sion of certain theories in the case of no discovery. In addition, it should be tested
if given experimental data agrees with a certain theory, so the experiment needs to
be sensitive to the parameters of the theory, because confidence intervals for the ex-
periment with no sensitivity are uninformative. In ATLAS new physics searches, in
the exclusion limits setting procedure the C'Lg techniques is recommended [37,211].
It is well motivated due to its robustness against the possibilities of misinterpreta-
tions for the cases of low signal or large background counts. It is designed to obtain
greater values than the standard confidence level, taken by convention to be 95%,
for the cases where the experiment sensitivity to the new physics search is very low.
It also allows comparison to previous experiments at Tevatron and LEP, and other
LHC experiments like CMS. In previous experiments, a C'Lg definition was used
where the parameters determined by previous measurements were assumed to be
correct. However, a good enough comparison to current definition of C'Lg is viable.
The CLg technique motivation and definition will be shown in this section. For
the non-search oriented statistical tests it is not recommended to use the C' L, tech-
nique, e.g. determination of boundaries on parameters, where more details about
these recommendations in ATLAS can be found in [211].

In the figure 8.5(a) the test statistics ¢ pdf distributions for the case of signal
strength @ = 1 (s+b hypothesis) and = 0 (b only hypothesis), and the observed
statistics g.ps are shown for the case of good experimental sensitivity, where the two
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Figure 8.5.: Test statistics ¢ distribution under s + b and b only hypothesis for
good (a) and poor sensitivity (b) [37]. (Note that test statistics here
are represented by Gaussian distributions, while in practice they satisfy
the chi-square distribution.)

distributions are well separated. The probability of excluding a s+b hypothesis is
given by:
(o]
Ps+b = P(a = qobs|s +0) = [ fals+ b)dg. (8:25)

qobs

The probability of not excluding the background-only hypothesis is given by:

Qobs
Py = P(q < qobs|b) = f(q|b)dg. (8.26)
—00
The signal model can be regarded as excluded at confidence level CL = 95% when
the probability psyp is not passing the o thereshold:

CLstb = psib < (8.27)

where 1 - a = 95%, so @ = 0.05. A confidence interval at 95% confidence level is
constructed for the not excluded rates or cross-section. The upper limit (on the rate
or cross-section) is the largest value of rate or cross-section not excluded. All values
of rate or cross-section are excluded within the interval from 0 to the upper limit
rate or cross-section value, with at least 95% confidence.

However, in the case where the experiment has very low or no sensitivity, so
there number of signal events is much lower than the number of background events,
the pdf distributions of test statistics g for s+b and b-only hypothesis are almost
overlapping, like in the figure 8.5(b). In this case, using just the equation 8.27
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would result in excluding with 95% confidence level any signal hypothesis to which
the experiment has no sensitivity. For this, a penalty (increase) factor of 1/(1 - py)
has been introduced to the psy; probability, and the C' Ly for determining the 95%
confidence level exclusion is defined as:

CL, = 25t 4, (8.28)
)
For the case of good experimental sensitivity, when the test statistics distributions
for the s+b and b-only hypothesis are well separated, the 1 - p; is close to 1, and
the penalty is very small, so the CLs exclusion does not differ much from the pg1p.
For the case of low experimental sensitivity, the 1 - p, becomes small, and the
Ps+p is penalized (increased). Similarly, the upper limit using the C'Ls method is
weaker than by using the psip. In this way the exclusion of signal models for low
experimental sensitivity is prevented. Therefore, the excluded models by CLs; < «
are a subset of ps1p < o number of excluded models, and therefore, this procedure
is considered conservative.
When C'Ls method is used for setting upper limits on the cross-section, parameter
1 is defined as the ratio of the measured and model theory predicted cross-section.
For a large sample, the test statistics can be calculated using the Asimov data sets,
while for small samples Monte Carlo tests statistics needs to be generated.

8.2.2. Statistical Test Setup

The usual procedure in the ATLAS new physics searches for the statistical tests is
summarized in this section, following the prescription in [37,211,212]. To quantify
the possible excess in the test of the discovery, the p-value is calculated, and in order
to perform exclusion, the C'L, value needs to be computed. In SUSY searches, the
scans in parameter space of a considered model are investigated, where the statistical
procedure is repeated for each point in the parameter space grid. One should note
that these tests need to be performed both for the observed and the expected case.
They are for discovery/exclusion purpose only, and not for the measurement of
parameter values.

8.3. Likelihood-Based Combined Fit

In a typical SUSY analysis there are three types of data or MC selection regions,
which are used to determine the background by using the fit. First are the signal
regions (SR) which are signal-enriched and have negligible contribution to the back-
ground determination parameters. Second are the control regions (CR), which are
background-enriched regions with negligible signal contamination. They are used in
the fit to estimate background population in the SR. Third are the validation re-
gions (VR), which are designed not to be included in the SR, yet similar to it, which
are used to validate the background extrapolation from CR to the SR. In order to
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ensure statistical independence, the SR and CR selections need to be designed such
that they have no overlap, i.e. the SR and CR selections need to be orthogonal.
Then their parameter distributions can be modeled by separate probability density
functions (pdf) which can be combined into a simultaneous fit.

All backgrounds from CR and SR and their systematic uncertainties are included
in a combined fit based on the profile likelihood method. The likelihood function is
built from binned pdf-s in all regions of the fit. The fit performs adjustment of pdf-s
using MC in all CR to data and determines the optimal parameters, which include
relative contributions of the background samples and the nuisance parameters which
are used to model the statistical and systematic uncertainties. The formalism of the
pdf parametrization and profile likelihood method in the combined fit will be dis-
cussed in the section 8.3.1. Short technical explanations of tools and the combined
fit used in this analysis, are provided in the section 11.7.

8.3.1. Combined Fit Tools and Formalism

The simultaneous fit is required to have flexible treatment of counts in the selection
regions and also different systematic uncertainties of each sample. This can be
achieved by using the parametrized probability density functions. They are required
to include multiple signal and background samples, possibility for unconstrained
scaling for normalization of samples, ability to parametrize normalization, ability
to parametrize the shapes of samples due to systematic effects, include bin-by-bin
statistical uncertainty, and ability to combine multiple channels of disjoint event
selections and correlate parameters across them.

In ATLAS SUSY searches the simultaneous fit is performed using the HisSTFIT-

TER [213] package. This is a wrapper around the HISTFACTORY [2141] tool which
builds parametrized probability density functions using the ROOT [215] histograms
and ROOFIT [216] tool used for the fit, and ROOSTATS [217] used for the statistical

interpretation. Note that the hypothesis testing and limit setting are typically done
at the same time as the combined fit, in order to share pdf distributions, obtained
optimal results of the fit and final signal and background counts with their associ-
ated uncertainties. In the following, the parametrized probability density function
formalism as implemented in HISTFACTORY will be presented.

The starting point of the statistical interpretation is the construction of the likeli-
hood function, previously given by equation 8.7. It consists of two terms, where the
first term represents the product of Poisson probabilities for all bins of a selected
variable distribution, and second is the product of all Poisson probabilities of the
control samples, used to constrain the nuisance parameters. In the HISTFACTORY
notation, the probability model P is used, and it represents the likelihood function if
the data is considered to be fixed. The implementation can consider a more general
case, where multiple channels, i.e. selections, for SR and and CRs can be used, and
multiple samples can be used in the selection, e.g. multiple background samples.

The probability model P in the HISTFACTORY notation, can be written as a
product of Poisson distributions for each bin in a histogram of some parameter
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distribution for each channel (see details below):

P(neb, ap|¢pa Op, V) = H H Pois(ne|vey) - G(Lo|A, AL) - H fp(apwp)‘ (8.29)
c b p

The expected mean number of events for a channel in a bin, depending on a sample,
previously defined as 8.4 and 8.5 for the signal and background respectively, in the
HiSTFACTORY notation is given by:

Vcb(¢pa Hpa ’Yb) = )\cs')/cb¢csncs(9)acsb(9) (8.30)

where the probability density function is given by:

Veb,
fc(xe’¢p;0p77b) = Vb ) (831)

C

where v, = >, Vep, be is the bin number, and x. its content for the variable distri-
bution. In the probability model the following notation is used:

e ¢ - channel index in the fit, which labels event selection region (consists of a
SR with sets of CR and VR)

e b - bin index in the fit, which labels the bin of parameter distributions in a
given channel

e p - parameter index in the fit, which labels the parameter distribution, runs
over constrained parameters which may be channel or bin dependent

e s - sample index in the fit, which labels the sample
e n., - number of events in the bin for a given channel

e a, - auxiliary measurement for a parameter to constrain the nuisance param-
eters 0,

® ¢, - the unconstrained normalization parameters

e 0, - the nuisance parameters with external constrains, associated to systemat-
ics

® 7 - bin-by-bin constrained uncertainties (statistical error, shape systematics)

e [], fp(ap|6p) - constant term describing auxiliary measurements a, to constrain
nuisance parameters 6,

e Pois(ne|vey) - Poisson probability of observing ng, for expected v, events for
a given channel and bin

o G(Lo|\, Ar) - Gaussian penalty term for nominal luminosity Ly and luminosity
uncertainty Apr,
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e vy - mean number of events in a bin for a given channel

e ). - luminosity parameter for a given channel and sample. It can take values
of nominal luminosity Lg, or it can be a common parameter for all samples of
a given channel

® 7 - bin-by-bin scale factor used for statistical uncertainties, shape systematics
and data driven shape extrapolations. It is unchanged for samples for a given
bin and channel. For statistical error Poissonian distribution is assumed.

® ¢cs = |[, #p - normalization factor, product of unconstrained normalization
factors for a given sample and channel (e.g. signal cross-section or branching
ratio)

e 17.s(0) - parametrized normalization uncertainties for a given sample and chan-
nel (typically around 1)

e 0.4(0) - parametrized histogram for a given sample and channel, where pa-
rametrization is done as a linear interpolation between the upward and down-
ward scaled histogram by the input given uncertainty. It is fully correlated
across bins of the histogram.

The probability model implementation in the HISTFACTORY, i.e. likelihood func-
tion for fixed data, is further used by multiple programs. The HISTFITTER performs
the steering in order to obtain the background normalization and statistical inter-
pretation. Here the ROOFIT program is used to obtain the optimal normalization
factors for background samples, by performing the maximum likelihood fit, i.e. tak-
ing the logarithm of the likelihood, where information from CRs is used. The sta-
tistical interpretation is performed using the log likelihood ratio and test statistics,
to obtain the p-value and C'Ls values, as explained in the previous section 8.2.1,
using the ROOSTATS package. Here the test statistics can be obtained both for toy
MC and Asimov data set. Details about the SR, CRs, systematic uncertainties and
statistical treatment used in this thesis is given in the section 11.7.
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9. NUHMG Final States

In this chapter the NUHMG model, described in the chapter 5, search strategy at
the LHC is explored. This is a R-parity conserving model and has 7. as the NLSP.
It is characterized by allowed decays of X! and low mass splittings for gauginos and
sleptons, and therefore has a signature with lots of soft leptons, together with jets
and missing energy, due to long cascade decay chains. This chapter will give details
about the NUHMG model typical mass spectrum and dominant decay modes in the
section 9.1 and final states at the LHC will be described in the section 9.2.

9.1. Typical Mass Spectrum and Dominant Decay Modes

In this section the NUHMG model mass spectrum and dominant decay modes are
investigated. The final states expected at 8 TeV LHC collisions are shown in the
next section 9.2. However, more details about the NUHMG grid parameters and
its preparation are shown in the chapter 10.

The SUSY and Higgs mass spectrum and mixing angles have been computed

using SOFTSUSY 3.3.4 [154], while the SUSY and Higgs particle decays have been
calculated using SUSY-HIT [156] as an interface to decay calculators SDECAY 1.3
[158] and HDECAY 3.302 [157] respectively. The assumption of G LSP is used,

and parameter space with 7; NLSP is chosen. SM input parameters are m; = 173.2
GeV, my(mp) = 4.2 GeV and agMMS = 0.1184. This SUSY parameter space region
has a G mass mj /2 > 10 GeV [25]. The high mass compactification scale is set to
be Mx = Mgyt = 1.987x101¢ GeV.

As previously shown in the figure 5.3, the NUHMG model parameter space has
three regions which differ in the sparticle mass order as:

o A:msz > mgo > My,
e B: mgo > Mz > My,

o C: m>~<(1) > mp > mzy > M, .

The mass spectrum and dominant decays for one typical point in the C region is
given in the table 9.1. The dominant productions are direct production of § and
G , or the production of [ and gauginos, i.e. strong and electro-weak production
respectively. Strong production has decays of § and § into X! and ﬁ: / >~<§t , while in
electro-weak production [ and higher gauginos typically decay into lower gauginos.
A detailed analysis of final states at the LHC will be given in the next section 9.2.

Mass spectrum of three points for the same my 5, which results in same ¢ and g
masses, are presented in the figure 9.1. In this model g is always heavier than the
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Mass (GeV) Decay Modes
g 1047 qLa(10%), Grq(33%), t1t(37%), by 2b(20%)
L 972 X1 q( 65%), X3q( 32%), X3 5.4q( 2%)
|90 | Xe09%)
X9 732 114(66%), X1 W (18%), X5h(8%)
X 733 116(58%), XoW (12%), X1 Z(11%), X1 h(11%)
e 725 XTW (55%), X32(24%), X3Z(8%)
I 77 Cb(TA%), XTt(15%), Xoe(11%)
Ir 415 X31(99%)
X 350 5il(33%), CLv(28%), 7y T(20%), Frvr (18%)
X5 349 7(32%), EL1(30%), 7y v-(19%), F17(19%)
X1 183 71 (28%), IL1(11%), iy vr(37%), 717(24%)
2 146 7y T1(100%)
175 124 17-,- 1/11/7-(91%), 177- 17(9%)
7y 92 v W (30%), or q¢' (70%)
oy 63 G v,(100%) NLSP

Table 9.1.: NUHMG point m%h = 2.8 TeV?, my /9 = 450 GeV (C region) mass spec-
trum and branching ratios. Higher chargino and neutralino decays are
relevant only for the direct gaugino production. § and [ masses are given
for the average of the first two generations, as they are almost degener-
ate. (tan 8 = 10, my = 0, m%z =0, Ag < 0, sign(p) > 0,1 = (e,u), q =
(wd,e,s), I = (€ ,), § = (4,d,6,3).)

G . Higher gauginos are of the same order of mass as light ¢ , while lower gauginos
have masses of the same order as [ and 7 and make a compact mass spectrum. The
regions A, B and C differ with the mass order of )2[1), 71, [ and D.

A note should be made concerning the A region (mgL > mz > Mmgo > my, ) which
shifts towards the upper diagonal. With Ay < 0 used in this analysis in the my
maximization, all gaugino masses shift towards higher values compared to the Ag =
0 case. This partially distorts the /p,, 71 and X! mass order, and consequently the
placement of A, B and C regions, leading to dominant C, narrow B and vanishing
A region.

A comment concerning the Higgs mass is in order. As a gaugino mediation model,
the my, in fact does not satisfy the Higgs mass constraint of 121 < mj, < 127 GeV for
all points. Studies of the Gauge Mediated Symmetry Model (GMSB) have shown
that the Higgs mass constraint can be achieved for £ masses in the TeV range,
where the slepton masses are related to squark masses. However, modifications
to the minimal GMSB can allow for the Higgs mass within the constraint without
changing the sparticle masses [219-221]. In a similar way as in GMSB, the NUHMG
model can be extended to accommodate for the Higgs mass constraint, while all
sparticle masses stay unchanged, and the targeted final state and its kinematics
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Figure 9.1.: NUHMG points mass spectrum and branchlng ratio lines. Mass order
for X1 ¢ and 7 differs for increasing m? 71, » where /1, and 7 masses shift in

comparison to Xi. Region A (mg, > mz > mgo > my, ) is not presented
as it is very close to the diagonal, while regions B (mgL > mgo > mz >
my,) and C (mgo >my > mz > my,) are present in a) and b) figures
respectively. Thickness of the gray lines is scaled to the value of the
branching ratio. (tan/ = 10, my = 0, m%b =0, Ag < 0, sign(y) > 0,
= (e ,n), ¢§ = (u,d,3s).) Sparticle mass spectrum plots are obtained
using the PySLHA [218].

stay unaffected by this extension.

0.2. Final States at the LHC

In the following section the cascade decays of the NUHMG model will be examined.
First the production cross-section will be considered. Next, the possible decays for
A, B and C NUHMG model parameter space regions will be examined for different
parts of the decay chain. Finally, the targeted final states will be justified.

In the considered mp, vs my/p parameter space the ¢ and g masses are in the
TeV range, which results in large cross-sections at the LHC, in the range of 10-100
fb for the strong production. In the figure 9.2 production cross-section for the §
and ¢ production is shown. As mentioned in the previous section, in this model §
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is always heavier than the ¢ due to my = 0, which is set by the model construction.
This results in large direct ¢ pair production cross-section. The #;is lighter than the
G by a small amount, which results in similar and slightly larger cross section. As
the higher gaugino masses are of the same order as light squarks, the electro-weak
production has large cross-sections as well, where higher gauginos decay into lower
ones. In this thesis an emphasis on the § and § production including the third
generation, ¢ -gaugino, g -gaugino production will be given, shown as total in the
figure 9.2. See more details about the NUHMG cross-section in the section 10.3.

NUHMG: ma =44 TeV?, mé =0, m = 0, u>0, tanf = 10, A0 <0

2 [ ™
° o Y Producti i
100 — N\ roduction: —
NN . -
L NN === total -
C NN R ’
AR ~
80— N tt —
I~ NN \\ 5\ aa’ag’ggvbb 1
I~ NN 1
60— S X9-X8 —
40— —
- ANN -
20— —
0 _| o Tttt | 1 |_
560 580 600 620 640 660 680 700
m, , (GeV)

Figure 9.2.: NUHMG model cross-section for the strong production processes, with
included ¢ -gaugino and ¢ -gaugino production. For all squark gen-
erations anti-squark production is included, and ¥ denotes all ¥° and
%t generations. Total includes the processes of tt, §d, Gj, §d, bb, X9, X9
production.

The features of the NUHMG model and typical decays have been explained in the
section 5.2. The beginning of the decay chain of § and § production has dominant
decays into lower gauginos with a quark, see table 9.1. The model is characterized
with a possibility of forming longer decay chains, and a typical signature with lots
of leptons and jets. Due to its typical mass spectrum, where X! is not the LSP,
there are allowed decays of X!. Due to mp > mp, and allowed decays of Iz, it can
be produced in the cascade. Also, 71 has a three-body decay, which produces a pair
of fermions and missing transverse energy. Since the mass spectrum is compact, the
visible decay products tend to be soft. The #, NLSP produced at the end of the
chain, decays into G and v;, leaving a signature with missing transverse energy.
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2-4 b
0-4 W
0-4 (q)
0-4 (1)
0-2 (1)
Errrniss

2 W
0-4 (q)
0-4 (1)
0-2 (1)
E%iss

2 7/h
0-4 ()
0-4 (1)
0-2 (1)
E%iss

Table 9.2.: NUHMG decay chains (from left to right) and final states for a point
in the region C. Strong production has 2-4 light jets and ERS | and
similarly strong production with third generation has 2-4 b-jets, 0-4 W

miss
and EF"™ .

The gaugino production has 2 W, 2 Z or 2 h and ERss

All final states in addition can have more soft 1,7 or jets. 1 = (e,u), q =
(u7d7c7s)7 l = (é 7/])'
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In the long decay chains the produced missing transverse energy from neutrinos can
cancel out with the missing transverse energy of the NLSP, bringing to a signature
with low missing transverse energy. Although this model offers possible signatures
with lots of soft leptons and taus at the end of the decay chain, a more robust search,
which will not depend on the small lepton or tau pr, using a signature with more
jets and missing energy, is investigated in the table 9.2. The cascade decays and
final states for each production channel characteristics are:

e Strong production with light jets, can have decay chains starting with a § or ¢
, which decay into X! or >~<1i with jets. Further X! or ﬁ[ have decays into 7, .
If there is an intermediate [ or 7; the signature will have a [ or 7 of moderate
pr. Further decay of [, 7, or , will give only soft fermions and missing energy.
Due to the fact that the decay chain is long and the mass spectrum is compact,
the 7, and v are produced in different directions. This brings to a relatively
low missing energy in the final state due to the vectorial cancellation of missing
transverse momenta of 7, and v. Therefore, the final state will have 2-4 jets
and relatively low missing transverse momenta, with possible additional jets,
leptons and taus. In addition, this search is viable due to the large ¢ and ¢
production cross-section.

e Strong production with third generation, in a similar way, has a final state with
2-4 b-jets and 0-4 W, which can decay hadronically or leptonically, missing
transverse momenta and possible additional jets, leptons and taus. Also, the
cross-section for the ¢ pair production is large, which makes this search viable.

e Gaugino production can have final states with 2W or 27 /h and missing energy,
with possible additional jets, leptons and taus. Although the production cross-
section is relatively large, this search is more difficult since the decay products
are soft.

e Direct slepton production can be difficult for analysis because /g decays into
X! and /1, decays into 7, , leaving signatures with soft leptons or tau. Since the
decay chain is very short and boosted, the decay products are back to back,
thus the missing transverse momenta is very low.

This brings to the final conclusion that NUHMG can be found using final states
with multiple jets and low missing energy using the strong production. This is the
most inclusive selection which does not depend on the b-jet tagging nor 7 reconstruc-
tion. Also, it does not depend on the low pp of possible [ or 7, but with a lepton
veto of 10 GeV it in fact includes states with soft objects. However, the search
using multiple jets, | and missing transverse momenta should give complementary
results. The Feynman diagrams of targeted final states using multiple jets, missing
transverse momenta and a lepton veto are shown in the figure 9.3. These are § pair
production with up to 8 jets and low E%iss ,  pair production with up to 6 jets and
E%ﬁss , and 7] pair production with 2 b-jets, up to 4 light jets and EIT’[1iSS .
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Figure 9.3.: Targeted NUHMG final states with multiple jets and ErT“iSS . § pair
production with up to 8 jets and E%liss (a), ¢ pair production with up
to 6 jets and ErTniSS (b), and #; pair production with 2 b-jets, up to 4
light jets and EXS (¢). Same final state using a lepton veto can be used
when soft 7 or 1 is present. If no b-tag is applied, #; pair production
with multiple jets can be found as well. 1 = (e,u), q = (u,d,c,s).

A note should be made concerning the slepton and gaugino production, which
is not negligible for NUHMG model. Final states with 2W, 2Z or 2h with missing
energy could provide interesting searches, but since these events are mostly back-
to-back with short decay chains, large fraction remains with very low canceled out
Effniss . This brings to the conclusion that a search with the slepton and gaugino
production could be used in the NUHMG searches. However, in this thesis an
approach of a search with strong production has been selected due to its larger
effective cross-section and more inclusive and robust approach, using the analysis
of 2-6 jets, missing transverse momentum and a lepton veto, see full description of
the analysis in the chapter 11. In addition, a complementary search for strong
production with 1 [ with 2-6 jets and missing transverse momentum was performed,
and the results are given in the section 11.8.5 for comparison.
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In order to perform the data analysis of a SUSY model, a grid of SUSY parameter
points needs to be selected such that the search is viable for given experimental con-
ditions, while it satisfies selected constrains and is not already excluded by previous
experiments. The details of the NUHMG grid preparation are shown in this chapter.
The NUHMG model is therefore investigated in the m%ﬁ vs my /o plane for fixed mo
=0, m%b = 0, sign(p) > 0, tan 8 = 10, see table 10.1. The interesting parameter

space region is selected with the requirement of 7, NLSP, and 7y, X1 and >~<1i masses
higher than the LEP limit [39]. An additional scan has been performed to obtain
the lightest SUSY Higgs mass h closest to the Higgs mass constrain of m, = 125.5
GeV  [222]. This resulted in an estimate for the viable NUHMG model region of
2.0 <m¥, < 7.2 TeV? and 450 < my /5 < 890 GeV.

A note should be made concerning the LEP limit on the 7, mass. All the LEP
limits on 7, have been done using the Xi LSP case [39], while 7, LSP is excluded
[124], therefore, there are no limits made for the #; NLSP case, and no mass constrain
on the ©; was considered in this analysis.

mgy =0
mf% =0
sign(p) > 0
tan8 = 10
v; NLSP
NLSP and LEP limit 71> 81.9 GeV
checks >~((1)> 46 GeV
X0 > 94 GeV
Ay < 0, varied to
obtain h mass closest to

125.5 GeV, step 10 GeV
2.0 <m¥, < 7.2 TeV?, step 0.4 TeV?
450 < myp < 890 GeV, step 40 GeV

Fixed parameters

Higgs mass constrain

Grid parameters

Table 10.1.: NUHMG grid parameters. Grid is prepared in m%ﬁ VS My /o parameter
space for given fixed parameters. 7, NLSP and LEP limit [39] checks
performed, together with the Higgs mass constrain [222].

To summarize, NUHMG model parameter space points have been examined in
three aspects at the same time. Firstly, the scan on parameters, with the LEP limit
constrain and a scan to obtain the best h mass is performed, described in the section
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10. NUHMG Grid Properties

10.1. Secondly, the sparticle mass spectrum has been explored to determine regions
which are not covered by other LHC searches, and more details will be shown in
the section 10.2. Thirdly, the points cross-sections have been calculated and details
about the production channel dependency on the c.m.e. are given in the section
10.3 in order to define regions with yields viable for 8 TeV LHC conditions. The
scan has been performed on a wider range, but the plots in this thesis represent the
final parameters selection.

10.1. LEP Limit and the Higgs Mass Constrain

In the NUHMG grid preparation, the SUSY parameter space points with the right
7> NLSP and points not excluded by the LEP measurements, should be considered.
The grid scan has been performed using the same setup for mass spectrum, mixing
and branching ratios generation as described in the section 9.1, using the scan
details previously shown in the table 10.1. First, for the given fixed parameters
a point for a scan on m%h and my/ parameters is generated using A9 = 0. Next,

the check for the 7 NLSP and LEP limits on 92(1), X{E and 77 is added. For a point
satisfying these criteria a scan into negative values of A( is performed, using a step
of 10 GeV, where the point with my closest to 125.5 GeV is kept. The cross-check
for the 7 NLSP and LEP limits is repeated on the obtained points.

In more detail, the viable 7; NLSP and LEP limit constrain for points using
Ao = 0 are shown in red in the figure 10.1(a), i.e. before the scan for the Higgs
mass constrain. The resulting points, shown as circled, are distributed somewhat
diagonally in the m%h vs my/o plane in the range 2.0 < m%l < 7.2 TeV? and
450 < my /5 < 890 GeV. Next the Higgs mass constrain scan is run by testing the
Higss mass of each attempt. The resulting Higgs mass closest to 125.5 GeV is shown
in the figure 10.1(b) and the used Ag value is shown at 10.1(c). For the point
with best Higgs mass obtained the LEP limits on 92(1), ﬁ:and 7 are checked one more
time, shown in figures 10.1(d), 10.1(e) and 10.1(f) respectively. All points satisfy
the LEP limits.

10.2. Mass Spectra for Grid Points

In the NUHMG grid preparation, points which are not already excluded by other
LHC measurements need to be investigated. In the first place its § and § masses
need to be in the TeV range in order to be comparable to the LHC measurements
for strong production and compact mass spectrum [35]. The naturalness criteria
favour stop mass m;z, around 700 GeV [113], therefore the NUHMG points need to
have t; masses of this order.

The g and ¢ mass are shown in figures 10.2(a) and 10.2(b) respectively. They
take values in the range 1045 < mg < 1962 GeV and 965 < mg < 1805 GeV, and they
depend on my /3 but not on m%h. They are in the somewhat lower range for the LHC
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Figure 10.1.: NUHMG grid scan using 7, NLSP selection and LEP limits constrain
with the scan on the Higgs mass constrain. First the satisfying points
for Ag = 0, are selected for the grid, shown in red at a). Next, the scan
into negative values of Ay was performed and the point with highest
my, was selected. The best obtained Higgs mass is shown at b) and
the corresponding value of Ay is shown at c¢). All grid points, shown
as circled, satisfy the LEP limits for >2(1), )ﬁcand 7imass for both Ag =
0 and after the Ayg < 0 scan, shown at d), e) and f) respectively for
the Ap < 0 case. (*) The my, represents the obtained h mass for each
point in the grid, maximized to be close to the experimental Higgs
mass measurement ~ 125.5 GeV.
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Figure 10.2.: NUHMG grid check for § , ¢ and ¢;masses. For all points ¢ , § and £;
masses run with my/ parameter. ¢ and g masses are in the 1-2 TeV
range, shown at a) and b), and #; has masses below 1 TeV, shown at
c). Uy mass shown at d).

measurements, but since the NUHMG model explores compact mass spectrum, these
are not excluded yet, and therefore represent an interesting region for the analysis.
In the plot 10.2(c) the £; mass takes values in the range 417 < m; < 885 GeV, due
to the very low production cross-section for direct £ production these points are not
yet excluded by LHC measurements and have the right masses for the naturalness
criteria. The o mass is shown in the figure 10.2(d), but there is no exclusion done
for the o, NLSP case, so there is no constrain made for its mass.

The mass spectrum of individual points has been already investigated in the sec-
tion 9.1 and the mass spectrum for two points in the B and C regions has been
shown in the figure 9.1. In the figure 10.3(a) the NUHMG grid mass spectrum
for the fixed my/5 = 530 GeV is shown. For a constant my 5 the ¢ and g masses
are constant as well, and ¢ is always heavier than the § . Spectrum of gauginos
and [ is more compact for lower m%{ ,» but the g , ¢ and t1 mass difference is almost
unchanged. Also, these points have a larger strong production cross-section. The
crossing of the X! and /1, line around m%h = 3.15 TeV? shows the transition between
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Figure 10.3.: NUHMG model sparticle masses for M2 and fixed my /o = 530 GeV
(a) and for my 5 and fixed m¥%; = 4 TeV? (b).

the B and C regions. In the figure 10.3(b) the mass spectrum is shown for fixed m%ﬁ
= 4 TeV. Here the ¢ and g masses increase for higher m /; but their mass differences

are preserved, and the mass spectrum of gauginos and [ is more compact for high
my /o values. The transition from C to B region is around my,, = 600 GeV. This
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10. NUHMG Grid Properties

brings to the conclusion that jets production will not vary to a large extent, while [
and 7 pr and missing transverse momenta will differ for different points in the grid.

10.3. Cross Section and Production Channel Analysis

The NUHMG grid needs to be investigated in the parameter space range which has
high enough cross-section at 8 TeV LHC p-p collsions. For this reason the total and
the strong production cross-section is investigated. Firstly, the dependency of the
production is investigated with respect to different c.m.e., and secondly the NUHMG
grid cross-section at 8 TeV is shown for all points for different productions.

An interesting feature of the NUHMG model is the strong production cross-section
dependency on the c.m.e. Namely, in this model the slepton and gaugino production
have a high branching fraction which also depends on the c.m.e. In the figure 10.4
the LO cross-section 10.4(a) and branching fraction 10.4(b) for all productions are
shown for one point of Minimal Supergravity Model, mSUGRA (left), and NUHMG
(right) model. The total cross-section is of the same order for both models, but
strong production cross section for NUHMG is smaller than for mSUGRA. Namely,
the branching fraction into strong production takes values from 40% for 8 TeV to 60%
at 13 TeV for NUHMG, in contrast to mSUGRA which has 70% strong production
at 8 TeV and 80% at 13 TeV. This shows that NUHMG model search strategy needs
to be tailored for specific c.m.e.

The grid range needs to be selected to include viable points for 8 TeV searches. In
the figure 10.5 the leading order (LO) cross-section obtained with PYTHIA 6.4.26
[159] for processes of G G, § g and ¢ g production at 8 TeV is shown for total 10.5(a)
and strong 10.5(b) production. The total production cross-section is in the range
2.5 pb - 10 fb, while strong production is around 1 - 300 fb. The branching fraction
for the strong production is shown at 10.5(c), where strong production takes only
30-40 % of the total production for most of the points. Previous searches with 2-6
jets and mising transverse energy had the signal efficiency in the range below 1 %
to more than 20 % [223]. The estimate of expected signal events was performed for
assumed 3.5 % efficiency and 21 fb~!, and is shown at 10.5(d).

With the aim to perform the strong production analysis, the estimate for the
number of events for assumed signal efficiency and integrated luminosity is interest-
ing up to 1 expected event, in order to be able to present exclusion limits including
the systematic uncertainty. Therefore, the upper grid parameters range has been
selected to have at least 1 expected signal event for assumed 3.5% signal efficiency
and 21 fb~!. The grid granularity has been chosen to fit the technically allocated
budget of 1 million events. The resulting NUHMG grid was generated with 50 points
and 20000 events per point.

The cross section used for the analysis of the NUHMG model has been calcualted
at next-to-leading order (NLO) in the strong coupling constant, with added next-to-
leading-log (NLL) accuarcy for the resummation of soft fluon emision, following the
prescription from [224]. This allows for high reduction of theoretical uncertainties
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Figure 10.4.: NUHMG (left) and mSUGRA (right) typical points cross section (a)
and branching fractions (b) at LO obtained with PYTHIA 6.4.22
[159] at different c.m.e. Given for the mSUGRA point (SU3) with
tanf=6, sign(u)>0, me=100 GeV, m;,y=300 GeV, Ag=-300 GeV,
and NUHMG point with tanf=10, sign(u)>0, mo=0, m; /=350 GeV,
mp,=0, myg,=1.5 TeV, Ag=0 parameters.
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10. NUHMG Grid Properties

due to unknown higher perturbative orders. Namely, for the strong production the
interpolation tool NLL-fast [195] is used to obtain NLL+NLO cross-sections. As
some parameter space regions are not covered with this method, the remaining pa-
rameter space cross-sections are calculated at NLO using PROSPINO 2.1 [191]. To
obtain the systematic uncertainty on the cross section calculation, the 68% confi-
dence level up and down variations for CTEQ6.6 [225], including uncertainty on the
ag, and MSTW2008 [226] PDF sets, together with the variations on the renormaliza-
tion and facotrization scales by a factor of two, were varied according to prescription
given in [224]. The nominal strong production NLL+NLO cross-section is shown in
the figure 10.6 for all points of the NUHMG grid, where it takes values in the range
2 - 520 fh.

> 90T T 5
e = °
o 850 —
] E E
E 47 47 49 5.5
800 =~ = w0
E 75 75 79 83 834
750 — — I
- 120 121 127 128 128 135 -
700 == 186 195 196 198 210 210 100 o |
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Figure 10.6.: NUHMG grid strong production cross-section at NLL+NLO ob-
tained following the prescription from [224] using NLL-fast [198] and
PROSPINO 2.1 [191] used in the analysis. It includes production pro-
cesses of G G ,5 7,40 Dbt T, xg and xq¢ . x denotes all generations
of X and ¥*. All cross-sections include both squark and anti-squark
production.

In summary, an interesting feature of the NUHMG model is its high dependency of
the strong production with the c.m.e in LHC conditions, therefore analysis needs to
be tailored to a certain c.m.e. The NUHMG grid has been generated using constrains
from the LEP measurements on the )2(1], X1 and 7| masses. A scan into negative
values of Agp has been used to obtain my, closest to 125.5 GeV. The resulting points
are not excluded by previous measurements at the LHC, in particular measurements
for the strong and third generation production, i.e. the ¢, § and #; masses are in
the right range. With the aim to perform strong production analysis the total and
strong production cross-section at LO has been used for estimates. For NUHMG
the strong production takes only 30-40 % of the total production, and cross-sections
are in the pb-fb range at 8 TeV for 2.0 < m%h < 7.2 TeV? and 450 < myp < 890
GeV. The cross-section used in the data analysis is calculated at NLL+NLO order
for 50 NUHMG grid points.
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11. NUHMG Analysis Using Final States
with Jets and Missing Transverse
Momentum

NUHMG model analysis has been performed with a search for a ¢ and § using
final states with a lepton veto, multiple jets and missing transverse momentum with
the 20.3 fb~! of 8 TeV p-p collision ATLAS data. A dedicated signal region has
been optimized for this model and added to the search with O leptons. A short
analysis overview is shown in the section 11.1. The details of commonly used data
and MC samples in section 11.2, event reconstruction, trigger and event cleaning in
11.3 are presented. The NUHMG grid cut flow optimization procedure in 11.4 and
event selection including the new signal region in 11.5 are described. The standard
model background determination in 11.6 and statistical treatment with systematic
uncertainty considered in the analysis in 11.7 are described. The results, their
interpretation and comparison are presented in the section 11.8.

11.1. Analysis Overview

The analysis using final states with jets and missing transverse momentum is ded-
icated to decays of heavy SUSY particles which produce long cascade decays with
short-lived SUSY particles and visible jets, with the invisible LSP at the end of the
decay chain showing up as missing energy in the detector. A good discriminant of
the SUSY signal from the SM background are the variables which consider missing
transverse momentum and transverse momentum of jets.

The 0-lepton search is targeting decays of § and § into an invisible ¥} with a pos-
sible intermediate )ZI—L in the decay chain. For this purpose, the so called ’simplified
models’ have been used. In addition, the performance is cross-checked using physical
models like mSUGRA. In this scope, NUHMG model analysis has been added to
the search with 0 leptons due to the similar final state when soft leptons are not
passing the criteria of the lepton veto. The NUHMG model final states have been
discussed in the section 9.2 and the targeted final states are shown in the figure 9.3.
Due to the specific mass spectrum and specific kinematics of the NUHMG decays,
a dedicated analysis has been set and added to the search.

The 0-lepton analysis consists of 15 signal regions (SR), with channels of inclusive
jet multiplicities for 2-6 jets and additional cuts. The low jet multiplicity channels
target direct decays of ¢ ¢ production into the ¥ LSP, and the higher jet multiplicity
is dedicated to longer decay chains in one-step decays of § § production via )Zf into
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Figure 11.1.: Targeted final states in the search with no leptons, jets and missing
transverse momenta. Feynman diagrams of direct decays of ¢ ¢ (a) and
G G (b), and one step decays via Y for ¢ ¢ (b) and § § (c) are shown.

) LSP, see figure 11.1. The NUHMG targeted final states have been shown in the
figure 9.3, and a dedicated analysis uses the 6-jet selection.

Each SR has associated control regions (CR) which are used to estimate the SM
content in the SR. They are placed close to SR region edges in order to reduce the
uncertainties related to extrapolation from low pr scale to the hard one. They are:

e W(— lv) with jets CR uses a b-veto and a selection with one lepton.
e tt and single ¢ background uses a CR with a b-tag and the one lepton selection.

e Multi-jet background uses CR which has tightened and reversed cuts depend-
ing on the SR cut specifications.

e Z(— vv) with jets uses CR with the isolated photon selection, but in addition
normalization of the SR estimate is performed using the Z — [l with jets
events using a dedicated CR.

e Diboson with jets background estimate in the SR is performed using MC.

Validation regions are used as a cross check of the SR counts estimates, and are
placed close to the SR cuts.
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11.2. Data and Monte Carlo Samples

The first estimate of each background content in the SR is calculated using the so-
called transfer factors (TF). They are determined from the ratio of expected number
of MC events in the SR and CR. See more details in the section 11.7.1, where the TF
is given by the equation 11.15 and estimated number of events in the SR calculated
as in equation 11.16. The total uncertainty in the SR has contributions from the
CR statistic uncertainty and the residual uncertainty from the extrapolation using
the TF. In effect, the total uncertainty on the SR is significantly reduced due to the
ratio of MC estimates in the TF. This motivates a looser CR definitions, to allow
lower statistical uncertainty, without significantly increasing the uncertainty on the
TF [213].

Next, the simultaneous likelihood fit using the counts in each CR of each SM
processes is performed to have agreement of the observed and expected events for
each CR. In this way normalization on the counts in SR for each background process
is performed. In this procedure CR contamination by different SM processes and/or
SUSY signal events are taken into account. The final total background estimate
consists of central value for each process TF and its associated uncertainties.

The result of the likelihood fit for each SR is a set of normalized background
estimates and uncertainties with a p-value calculated for each SR. First, a search for
the excess of the SUSY signal is performed, with an assumption that SUSY has no
contribution to the yields in the CRs, but contributes to the SR only, i.e. TF for the
signal are not included in the fit. Second, if no excess is observed, fit using a MC
estimate of the signal in the SR is performed, i.e. TF for the signal are included in
the fit. Limits are set for examined SUSY parameter space, where theoretical and
experimental uncertainties for the signal and background are included in the fit.

11.2. Data and Monte Carlo Samples

The data and MC samples commonly used in the analysis with jets and missing
transverse momentum are described in this section, and further details can be found
at [227].

11.2.1. Data Samples

The data sample used in this analysis was collected in 2012 with LHC p-p collisions
at 8 TeV. The raw recorded data had 20.7 fb~!, and after applying the beam,
detector and data-quality requirements, it resulted in 20.3 fb=1, see figure 11.2(a).
The mean number of p-p interactions per bunch crossing was was 20.7, with a
maximal value around 40 interactions per bunch crossing, see figure 11.2(b). The
peak instantaneous luminosity per LHC fill had the typical value of 7x1033cm?s™!,
see figure 11.2(c) for the year 2012.
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Figure 11.2.: Details of the data sample at 8 TeV p-p collisions used in the anal-
ysis. The collected integrated luminosity in 2012 was 20.3 fb~! (a),
mean number of p-p interactions per bunch crossing was 20.7 (b), and
average the peak instantaneous luminosity per LHC fill in 2012 was
7x10%cem?s™! (¢) [228].

11.2.2. Monte Carlo Samples

Monte Carlo (MC) simulation samples are used to develop and optimize selections,
determine SM background normalization factors from the data/MC ratio, and to
access the SUSY signal sensitivity for the models. The considered backgrounds
are those that can mimic the signal, with jets and missing transverse momentum
in the event. These are W with jets, Z with jets, v with jets, t¢ and single ¢
events, and diboson MC samples. The table 11.1 shows the MC generators used
for each background. In addition, the order of ay cross-section calculation, tunes
for the underlying event and parton distribution functions (PDF) sets used for each
sample are shown. QCD multi-jet MC generated samples are used only for the
data versus MC comparison and no corresponding uncertainty is evaluated [227], as
this background is estimated using a data driven technique described in the section
11.5.2. The multi-jet MC events are generated using PYTHIA8 [229] using the
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CT10 NLO PDF sets and the ATLAS tune AUET2B, see table 11.1.

Generator Cross-section

P T PDF
rocess + frag./had. order in oy une set
Wtjets SHERPA-1.4.0 [160] NNLO [230] SHERPA default CT10 [231]

. ALPGEN-2.14 [167]

t. NNL AUET2B TEQ6L1
Wiets (9) | HERWIG-6.520 [170, 23] O [230] v [252] CTEQGLL [255]
Z/v*+jets SHERPA-1.4.0 NNLO [230] SHERPA default CT10

.y ALPGEN-2.14
Z/v* +jets (o) - HERWIG.6.520 NNLO [230] AUET2B CTEQS6LI1
Yy+jets SHERPA-1.4.0 LO SHERPA default CT10
. ALPGEN-2.14
Y+iets (o) - HERWIG. 6520 LO AUET2B CTEQS6L1
- POWHEG-BOX-1.0 [235-237] PERUGIA2011C
tt NNLO-+NNLL T1
+ PYTHIA-6.426 [15] o+ (235,239 © 71040, 0a1] CT10
_ MC@NLO-4.03 [171,242)
{7 (o) - HERWIC-6.5%0 NNLO-+NNLL [238,239]  AUET2B CT10
Single top
ACERMC-38 [243]
t-channel + PYTHIA-6.426 NNLO+NNLL [244] AUET2B CTEQ6L1
MC@NLO-4.03
-ch 1 NNL NNLL AUET2B T1
s-channel, Wt + HERWIC-6.520 O+ [245,246] U CT10
- MADGRAPH-5.0 [172]
tt+EW boson o PYTHIAG.426 NLO | I AUET2B CTEQSL1
Dibosons
WW, Wz, 22, SHERPA-1.4.0 NLO [250, ] SHERPA default CT10
W+ and Zvy

Table 11.1.: Details of the SM background MC simulation samples used in the anal-
ysis [31]. The MC generator, order of ay of cross-section calculation,
tune used for the underlying event and PDF sets are shown. Samples
marked with (e) are used for the systematic uncertainty evaluation.
For the v+jets process the LO cross-section is taken directly form the
MC generator. Where it is leading order (LO), next-to-leading order
(NLO), next-to-next-to-leading order (NNLO), next-to-next-to-leading
logarithm (NNLL).

The dominant background processes of W/Z + jets and ¢t use the nominal MC for
the background estimate. The Z+jets background estimate, in addition, uses the ~y
+ jets MC samples in the data-driven normalization procedure in order to estimate
the systematic uncertainty, where more details about this technique are provided in
the section 11.5.2. The ¢t nominal MC events sample has been reweighed in bins of
pr to match the top quark pair differential cross-section observed in ATLAS data
[252,253]. No such procedure has been applied to the alternative MC sample for
tt, used for the theoretical uncertainty determination, because this MC reproduces
better its pp distribution. However, this MC generator is not used for the nominal
sample as it does not reproduce well the high jet-multiplicity events.

The NUHMG MC signal sample was generated using the same setup as described
in the section 9.1. The SUSY and Higgs mass spectrum and mixing angles are
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computed with SOFTSUSY 3.3.4 [154], while the SUSY and Higgs particle decays
are calculated using SUSY-HIT [150] as an interface to decay calculators SDECAY
1.3 [158] and HDECAY 3.302 [157] respectively. The event generation was per-
formed using PYTHIA-6.426 [159] using PDF set CTEQG6L1. Signal cross-section
calculation is already described in the section 10.3 using the NLO+NLL order
calculation from the prescription [224] using NLL-fast [198] and PROSPINO 2.1

[191] calculators. Namely, the signal cross-section is calculated at NLO order in
the ag, including the resummation of the soft gluon emission at the NLL accuracy
[195,199-202]. The nominal cross-section and its uncertainty are determined from
the variations in different PDF sets, factorization and renormalization scales.

All MC samples are generated using the standard ATLAS wide parameters, as
defined in [232,254,255]. The SM background samples are generated using the full
ATLAS detector simulation [174] which uses GEANT4 [256]. Only the W/Z/~
+ jets with pr < 280 GeV and nominal ¢t samples are generated using the fast
simulation which uses parametrisation of the ATLAS detector for EM and hadronic
calorimeters and GEANT4 for the remaining detector components. The same fast
simulation setup is used for the SUSY signal simulation, where fast simulation was
validated against full GEANT4 simulation for several SUSY signal points.

In the step of digitization each event is overlaid with additional minimum bias
events, which are generated using the PYTHIAS, AM2 tune and LO PDF set of
MSTW2008LO. To obtain the same pile-up conditions as in data, each MC event is
re-weighted to the distribution of the mean number of interactions observed in data.

11.3. Event Reconstruction, Trigger and Event Cleaning

The event reconstruction, trigger selection and event cleaning commonly used in the
analysis with jets and missing transverse momentum are described in this section,
and further details can be found at [227].

11.3.1. Event Reconstruction

In the event reconstruction the following object definitions have been commonly used
in the analysis with jets and missing transverse energy. The signal region selection
requires jets, missing transverse energy and a veto on the electrons and muons. The
photons are used for the Z + jets background normalization and b-jet tagging for
the W/Z/v+ + jets and tt control region definitions, while 7 definition is used only
for dedicated 7 validation regions. In addition, the main sources of uncertainty are
presented for each object definition and the overlap removal procedures used in the
analysis are explained.

Jet candidates are reconstructed using the anti-kp algorithm [186,257] with a
radius distance parameter R = 0.4, which is suitable for a SUSY analysis with large
jet multiplicity. This algorithm takes as input the energies of clusters [184,185] of

calorimeter cells seeded by clusters with energy high above the measured noise. The

132



11.3. Event Reconstruction, Trigger and Event Cleaning

jet momenta are constructed by summing up on all cell clusters four-momenta and
using a zero mass.

The jets are corrected for pile-up effect, using the method described in [258]. The
effect of pile-up occurs due to high instantaneous luminosity of p-p interactions,
where multiple interactions occur in the same bunch crossing, and additional inter-
actions can be detected in the callorimeters due to interactions in the neighbouring
bunch crossings. Since particles associated with a jet can be detected in wide area
of the detector, reconstruction and calibration of jets is sensitive to the pile-up.
Jets which occupy large detector area are more affected by the pile-up interactions.
Therefore, each jet needs to be corrected for the pile-up on the event by event basis.
First the event-by-event pile-up activity and jet sensitivity to the pile-up are esti-
mated. Next, the effect of pile-up on the jet is subtracted, by applying a correction
on four momenta of each jet in the event for the pile-up fluctuation, based on jet
area and event pile-up activity [179].

The jet calibration scheme classifies topological jet clusters as electromagnetic or
hadronic using the local cluster weighting (LCW) jet calibration method [185,259],
where two jet type corrections are determined from MC and data, and applied on
each jet accordingly. In this way the jet energy resolution (JER) is improved by
different weighting of electromagnetic and hadronic showers. On top of this, the
‘jet energy scale’ (JES) corrections are applied, related to the calorimeter response
to the true jet energy [185,260]. Only jet candidates with pr > 20 GeV in |n|
< 4.5 after all corrections are considered in the analysis. There are two types of
uncertainties for jets, which are related to JER and JES scale.

The b and ¢ quark jets are identified using the ‘"MV1’ b-tagging algorithm at the
70% efficiency and a light quark rejection factor of 140, which was determined with
simulated tt events [261]. The b-tagged jet candidates with pr > 40 GeV and |7
> 2.5 are considered in the analysis.

Lepton candidates have two levels of definitions in the analysis with jets and
missing transverse momentum, since they are rejected in the signal region, but
are used in the control region selection. ’Baseline’ lepton definition is designed to
maximize W + jets and ¢t background rejection with the lepton veto in the signal
region selection. The ’high-purity’ definition leptons are used in the control region
estimates for the W + jets and ¢t backgrounds and they have additional requirements
on the leptons for higher purity.

Electron candidates for baseline selection are required to have pr > 10 GeV and
In| > 2.47, and to satisfy 'medium’ electron shower shape and track selection criteria
as described in Ref. [262], with a modification which reduces the impact of pile-up
and is suitable for 2012 tighter trigger selection criteria. High-purity electrons must
have pr > 25 GeV, ’tight’ modified selection criteria, the primary vertex transverse
impact parameter must be |[d)V'| < 1 mm and the longitudinal 2’V < 2 mm.

Muon candidates for the baseline selection need to have hits in the muon spec-
trometer and in the inner detector, as described in the [263]. They need to have pr
> 10 GeV and |n| < 2.4. High purity muon candidates in addition need to have pr
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> 25 GeV and |n| < 2.4,, tracks must be isolated, and the primary vertex transverse
impact parameter di’V < 0.2 mm and longitudinal |z, — 2&’V| < 1 mm requirements
are added to reject the cosmic events.

Resolving overlapping objects needs to be performed in case when objects
passing the selection criteria are overlapping, in order to select just one object for
the analysis [204]. The selection uses a geometric variable AR = /A®? + An?
between each two considered objects, and criteria are applied in the following order
for jets in || < 2.8. First, since most of the electrons are reconstructed by the
jet algorithm, if an electron and a jet are in AR < 0.2, the object is interpreted
as an electron, and the jet is discarded. Same is applied for a overlapping photon
with a jet. Second, in order to separate prompt muons from the muons originating
from a hadron decay within a jet, the reconstructed muons which are not isolated
are rejected. If a muon and a jet are in AR < 0.4, the selected object is the jet,
while the muon is discarded. Third, is the case when a hadron jet looses a fraction
of its energy to the electron, then if any remaining electron in 0.2 < AR < 0.4 is
overlapping with a jet, the jet is kept and the lepton is discarded.

Missing transverse momentum EF is calculated by performing the vector
sum of the momenta in a transverse plane for each reconstructed object, and by
balancing this sum to obtain zero momentum. Namely, clusters are associated to
objects like electron, photon, jet or a muon. Remaining clusters not classified in any
of these objects are grouped under a ’soft term’ Then the Emlss is calculated from
a negative sum of calibrated cluster energies inside the obJects in x and y direction
as:

RefFinal RefE'le RefGamma RefJet Muons SoftT
miss miss miss miss miss miss
gl _ gy + s + B + Ejpiss 10Ny il

where EmiSSRZf Ele i the contribution from the electrons, EmISSsz Gamma & om pho-
tons, EmISSMM"S from muons and Emlssiof " which is calculated from locally cali-

brated clusters which are not included in the reconstructed objects. This definition
does not include a contribution using the 7 object definition, but its contribution is

RefJet isgSoftT
miss miss
included via terms of B "7 or ER'= 70 |

from each object are propagated to the ER uncertainty using the uncertainties on
the scale and resolution.

Photon object definition is used only in the Z + jet background estimation, and
not in the signal region selection. Photons are required to have pr > 130 GeV and
In| < 1.37 or 1.52 < |n| < 2.47, satisfy photon shower shape and electron rejection
criteria, and isolation [265]. The resolving of jets and photons is done with the
removal of jets in the AR < 0.2 of a photon candidate.

Tau object definition is not used in any step of the selection, but only in the
tau related validation regions. The tau objects need to be reconstructed with pp-
correlated track counting algorithm as described in Ref. [182]. For hadronically
decaying 7 the purity of the validation in the background events is in the range of
65% - 90 %.

,190]. The uncertainties arising
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11.3.2. Trigger Selection

The triggers commonly used in the analysis were chosen to allow for full efficiency in
the signal region and to have high statistics in the control regions for the data driven
estimates. In the table 11.2 all trigger chains used in the analysis are presented,
using ATLAS trigger naming scheme. The trigger for the analysis SR requires
events with a jet of pp > 80 GeV before any jet correction and uncorrected missing
transverse energy of at least 100 GeV. The triggers which are used for the selection
in the control and validation regions require an isolated electron with pr > 24 GeV,
muon with pr > 24 GeV or a photon with pyr > 120 GeV. For multi-jet background
determination single jet triggers were used, where average of pre-scales over full data
taking sample are given in the table. In the QCD background estimation procedure,
average over data taking periods is used [227]. Details about SR, CR and VR
selections will be given in the section 11.5.

Region | Trigger Chain L2 Chain L1 Seed Prescale
SR EF_j80_adtchad_ xel00_ tclcw_veryloose] L2 j75_ c4cchad_xeb5 L1_J50_ XE40 1
CRY EF _g120_loose L2 g120_loose L1_EM30 1
VRZ EF__mu24i_ tight L2_mu24i_ tight L1_MU15 1
CRW EF e24vhi mediuml L2 e24vhi mediuml | L1 EMI18VH | 1
CRT EF_e60__medium1 L2_e60_mediuml L1_EM30 1
EF_j55_ adtchad L2_j50_c4cchad L1 J15 28919
EF_j80_adtchad L2_j65_ cdcchad L1_J30 5511
EF_j110_adtchad L2 j105_ c4cchad L1_J50 1282
EF__j145_adtchad L2_j140_ c4cchad L1_J75 341
QCD EF_j180_ adtchad L2 j165_ cdcchad L1_J75 195
EF__j220__adtchad L2 _j165_ cdcchad L1_J75 48
EF_j280_ adtchad L2 j165_ cdcchad L1 J75 9
EF_j360__adtchad L2_j165_ c4cchad L1 J75 1
EF_j460_adtchad L2 j165_ cd4cchad L1_J75 1

Table 11.2.: Triggers used in the analysis. Trigger dedicated to SR uses 1 jet and
Emiss - CRY uses a trigger with a photon, and VRZ, CRW, CRT use
selections with a lepton or muon. The CRQ uses triggers with at least
one jet, and the average trigger prescale over the full data sample is
shown. However, the QCD estimation procedure uses average prescale
for each trigger per data taking period [227].

Trigger efficiencies were estimated using a so called bootstrapping method [260],
where a looser trigger is used with applying tighter selections to choose the optimal
trigger for the given analysis requirements. In the figure 11.3 efficiency curves for
the trigger EF  j80 adtchad_xel00_tclcw wveryloose used for the SR selection,
are shown by using the looser trigger EF,.eb50,4tchad for bootsrapping. Trigger
reaches full efficiency for jet pr > 130 GeV (a), and for Ef% > 160 GeV (b), using
the LCW jet calibration. The trigger efficiency over different data taking periods
is unchanged, shown in (c). Therefore, in this analysis, for the SR selection trigger
EF_j80_adtchad_xel00_tclcw_veryloose, and cuts on the first jet pr > 130 GeV
and EX > 160 GeV are chosen for signal selection to allow for high trigger efficiency

[227].
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Figure 11.3.: Efficiency curves for jet pr (a) and EXS (b) for EF_j80 adtchad
rel00_tclew_veryloose trigger, and efficiency curves for the ERSS for
different data taking periods (c), bootsrapped using the looser EF
xeb0__adtchad trigger. Efficiency curves shown after applied LCW jet
calibration [227].

11.3.3. Event Cleaning

In order to obtain a representative data sample, the sources of events with fake
missing energy due to non-collision backgrounds, bad calorimeter regions and fake
muons need to be discarded. Same pre-selections are applied on the MC and data
sample. Also, the non-removable non-collision backgrounds need to be estimated
and their influence on the results of the analysis is evaluated in this section.

The non-collision background is the signal produced in the ATLAS detec-
tor in the processes which are not normal LHC collisions. The dominant sources
of non-collision backgrounds are coherent noise in the LAr barrel and end-cap EM
calorimeters, spike noise in the LAr hadronic end-cap calorimeters, cosmic-ray and
beam-halo events where muons produce energetic photons in the calorimeter in the
processes of bremsstrahlung, and beam-gas event where a proton collides with gas
molecules in the volume of the beam pipe vacuum [227]. The event cleaning proce-
dures for non collision backgrounds include the following;:
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e Vetoing events or full luminosity blocks in a time window around noise bursts
in the Tile and LAr detector.

e Properties of the reconstructed jet are used to distinguish a jet originating from
the p-p collision events, where non-collision background events can deposit real
or fake energy in the calorimeters. Consequently bad jets with pr > 20 GeV
are rejected according ATLAS jet and EX™* study recommendations [267].

e Negative energy cleaning is performed for the events which have a data corrup-
tion in the Tile calorimeter, which produces large negative cell or topo clusters
energy. The cells with negative energy are normally not included in the jets
by the reconstruction algorithm, which brings to large fake missing energy. A
study showed that problematic events are successfully rejected with a cut of:

EmissCellOut
T

miss
E T

CellOut

cos(p( B ) — (ERS)) > 0.5 (11.1)

where the Effnissce”om is the negative energy deposited in the cells, which

cannot be clustered in any object.

e A cut on charged fraction on a leading jet is used to reject cosmic events,
beam background, jets not produced in a p-p collision, or detector noise where
tracks are not expected but can have a accidental overlap with tracks from
minimum bias events. The optimal cut value has been selected using the
study performed on QCD MC samples and data [227]. Also, Tile hot cells,
which were not masked in the MC event generation, have faulty events which
are successfully removed with cuts on the jet charged fraction.

e The cut on timing is applied to reject remaining non-collision events. A cut
on the energy weighted mean time of two leading jets after overlap removal is
applied. Due to its low efficiency, the events failing this selection are used for
a estimate on residual non-collision background contamination.

Residual non-collision background which remains after applying cuts of event
cleaning, is estimated using the jet timing method. The jets originating from the p-p
collisions are reconstructed with timing of 0 ns, and resolution of a few ns. However,
jets originating from calorimeter noise, cosmic muons or beam background are more
likely to be reconstructed out-of-time. The distribution of energy weighted mean
time for the leading jets is used for the residual non-collision background estimate,
which is defined as:

N.
Zizjo tiEy

N.

Zizj() Ez’

where NN; is the number of considered leading jets in the event, ¢; is the timing of the
i-th jet, and E; is the energy of the i-th jet. For a di-jet event, a cut on ]th| > 4 ns
successfully removes the non-collision background, and for higher jet multiplicity the
tn; > 4 fully removes the non-collision background. The inverted cut on timing is
used to perform an estimate of non-collision background in the signal region, which

tn, = (11.2)
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was found to be negligible for a 2-6 jet multiplicity [227].

Dead calorimeter regions can strongly affect the reconstructed event topol-
ogy, because they can lead to faulty jet energy reconstruction, jet energy response
and resolution and fake missing transverse energy. For this reason, corrections on
malfunctioning cells need to be placed, or the faulty events need to be discarded.

In this analysis there are two methods which estimate the energy which was not
measured by the dead cells. The first method performs a correction using neighbor-
ing cells, with the assumption that the energy density is constant for all neighboring
cells. This method is used by default in the jet pr correction for all masked dead
Tile cells and for isolated masked LAr cells before the E%ﬁss reconstruction. The
second method performs a jet pr correction on a jet by jet basis based on the jet pro-
filing. From the MC simulation for the jet shape, the energy deposited in the dead
calorimeter cells is estimated. The tool is run by default for all masked calorimeter
cells, but it does not perform the jet energy nor missing transverse momenta cor-
rection. This method has the highest accuracy in the dead calorimeter cell energy
deposition estimate.

In events with fake missing transverse energy due to dead calorimeter regions,
faulty events are discarded. Here the multi-jet events can mimic signal due to the
fake EXSS  In particular, for the dead Tile regions, a cut on A¢(j1 2.3, E55) applied
on the jets with py > 40 GeV successfully removes the fake EIS events [227].

Fake muons in the reconstruction can be caused by energetic jets which punch
through the calorimeter and are detected in the muon system, or by badly measured
inner detector tracks in jets which are wrongly matched to the muon spectrometer
hits. They can cause a fake ER | and these events are vetoed if the muon does
not satisfy the charge and momentum characteristics of a muon, or if the Effmss
contribution from the muon is large in the EX'S of the event. Since this analysis
uses no leptons, inefficiency of these cuts in the signal region is found to me negligible
[227].

To summarize, after the trigger decision the event pre-selection is applied on the
events. The events with jets which fail the quality criteria for the detector noise
suppression and non-collision backgrounds, or they have no reconstructed primary
vertex associated with five or more tracks are discarded [227].

11.4. Optimization for the NUHMG Model

The NUHMG model analysis was optimized in order to be compatible with the
SUSY searches with a lepton veto, multiple jets and missing transverse momentum.
It was optimized using multivariate technique and the fit setup assuming total inte-
grated luminosity of 20.3 fb~!. The optimization was performed in two steps. First
step was done using the multivariate analysis. It was using MC signal and back-
ground samples and assuming 30% uncertainty on the background in the significance
definition. The result is a ranked list of variable combinations with good signal sep-
aration, given with their range for further optimization. Second step was performed
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using the background fit for the obtained optimal variable combination and their
ranges. Here the MC samples and pseudo data for QCD were used, as described
in the section 11.6, where the fit implementation was using control regions and
signal and background uncertainties in the calculation. The multivariate analysis
optimization was performed using 9 benchmark points, while the scan using the fit
technique was performed with all 50 points of the NUHMG grid. The best perform-
ing cut flow using the fit was obtained for a pre-selection with 6 jets, high cut on
mitc | relatively high cut on Aé(ji~3, F3%) and loose cut on transverse sphericity
St . Improvements were set in place, where better fit stability was achieved without
the usage of St , while obtaining similar expected exclusion. Further, high cut on
Ad(jis3, ERS5) was traded for a very low cut on EXSS /mecl for a better QCD
background removal.

Detailed optimization procedure is described in this section. The considered vari-
ables are defined in the section 11.4.1, NUHMG kinematic distributions are exam-
ined in 11.4.2, fast cut flow optimization using TMVA in 11.4.3, further optimiza-
tion using the background fit in 11.4.4, and additional adjustments applied for the
merging with the O-lepton analysis in 11.4.5. Descriptions given in this section are
taken and extended from [227].

11.4.1. SUSY Signal Separation Variables

NUHMG model has a jet multiplicity which peaks at 4 jets, which will be shown in
the next section 11.4.2, while targeted final states include up to 8 jets and ErTniSS ,
described in the section 9.2. The model is explored in the analysis with a lepton
veto, where channels with 2-6 jets and EX'S are considered. Therefore, in this
analysis optimization, a number of variables which exploit the event topology with
high jet multiplicity and missing transverse energy for the signal separation from the
SM background are considered. The main sources of background are the multi-jet,
Wjets, Z+jets and tt background. The multi-jet background has a large cross-
section, but SUSY signal can be well separated from it. Z(— vv)+jets background
represents an irreducible background as it represents a true source of E%iss with jets,
but due to low cross-sections, it can be eliminated to a large extent. This leaves the
Wjets and tt as the main sources of background in this analysis.
The variables used in the signal separation are defined as:

® Nje - jet multiplicity is a powerful discriminating variable in SUSY searches,
often used together with other cuts. It is defined in a inclusive way, where
given jet multiplicity includes Nj¢; and higher number of jets. NUHMG model
typically has a jet multiplicity with N > 4.

e EMSS _ missing transverse momentum in the event. This analysis considers
R-parity conserving SUSY models, and their decays have an invisible LSP
or NLSP at the end of the decay chain, which results in missing transverse
momentum. Due to large varieties of studied SUSY models, which consider

various SUSY particles mass spectrum, the EEFiSS can take values from rela-
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tively low to very high values, and represents a good discriminant from all SM
backgrounds for a large amount of models.

mgéfl - effective mass in the event, describes the total activity of the event.
SUSY events typically have long decay chains and large pp jets, and their mqg
is larger than for SM events. It is defined as the scalar sum of transverse
momenta for all selected high pr jets and leptons and the missing transverse
energy, but since this analysis uses a lepton veto, the lepton term is equal to

Zero:
Njet

maf =D [pr(i)| + EF. (11.3)
=1

incl

In this analysis the mJ§ includes the Nje; number of jets defined by the
channel, with pr defined by the analysis selection, and in addition sums on all
jets with pp > 40 GeV in the event, i.e. the inclusive definition.

Hy - scalar sum of jet pr, in a similar way like mg}f"l represents the event
activity, but does not rely on the size of the E%iss . It is defined as:

Njet
Hr=Y" lor(). (114
=1

It is a good discriminant against all SM backgrounds, but its performance
needs to be evaluated and compared to other discriminating variables when
considering a certain SUSY model. In this analysis Ht includes Nj,; number
of jets defined by the channel, with pr defined by the analysis selection, and
in addition sums on all jets with pr > 40 GeV in the event, i.e. the inclusive
definition.

ErTniss / m%d - ratio of ErT]rliSS and mgﬁd , represents a very good discrimi-
nating variable against multi-jet background. However, some SUSY models,
like NUHMG, tend to have low EIT]niSS , and only low cuts on EITniss / m%d can
give good signal separation while maintaining sufficient signal statistics after
performing the selection. Note that meg used in this context sums over Njets
number of jets used in the channel definition, with pp defined by the analysis
selection, i.e. exclusive definition.

Emiss [ /Hr - missing transverse momenta significance, is designed for a re-
duction of events with fake EF" . It represents a measure of probability for
E%liss being higher than some threshold, for a given Hp . It is defined as ratio
of EMsS and /Hr, and it is mainly used for the multi-jet background reduc-
tion. Its performance needs to be compared to other discriminating variables
when a certain SUSY model is studied. Note that Ht used in this context
sums over Njq;s number of jets used for the channel definition, with pr defined
by the analysis selection, i.e. exclusive definition.

A¢(j1,2.3, B¥) and A¢(ji>3, EX) - angle in the transverse plane between

a jet and E%‘iss . They are a powerful discriminating variables, used to suppress
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the multi-jet background. In the jet energy miss-measurement of a multi-jet
event, a fake ETSS is reconstructed in the direction of the jet. Ad(jy 2.3, FRS)
is defined for up to first three jets in the event, while A¢(j;>3, ErTniSS) is used
for channels with 3-6 jets for all the jets in the event from the fourth.

e St - transverse sphericity, describes the event topology. SM events tend
to have mostly back to back jets and leptons, while the rich cascade decays
in SUSY events are produced from initial sparticles almost at rest, which
decay in many directions, and therefore have jets and leptons distributed in all
directions. Sphericity (.5) is a variable which quantifies how much an event is
shperical, and in ATLAS its transverse projection is considered. S, therefore,
gives a measure of how much an event is spherical, with the projection to the
transverse plane. An event which has two back to back events will have a
St = 0, while an event with many jets and leptons in all directions will have
St close to 1. It is defined from the eigenvalues of the 2x2 sphericity tensor
Sij = 2k prip"?, where transverse momenta of all selected jets and leptons is
included in the calculation:

oy
B A1+ Ao

T (11.5)
where A; > Ay are the eigenvalues of the S;; tensor [175]. SM events tend to
have a large fraction of events with transverse sphericity close to 0, therefore,
a cut on St is good for the SUSY signal separation.

11.4.2. NUHMG Strong Production Properties

The NUHMG model search is targeting a final state with multiple jets and miss-
ing transverse momentum. Firstly, jet multiplicity and ER distributions are of
interest. As this analysis is foreseen to be added to the search for ¢ and § using
final states with jets, missing transverse momentum and a veto on a lepton, already
some optimization for more general searches have been done, and the NUHMG op-
timization needs to comply with requirements of jets pr. Secondly, distributions of
additional variables need to be investigated for improvements in the signal separa-
tion. In this section, distributions for the NUHMG signal and SM background will
be given before applying the cut flow, but with already applied pre-cuts on trigger,
event cleaning, lepton veto, A¢(j1.23, FR) > 0.2, EXSS > 160 GeV, pr(jetl) >
130 GeV and pr(jet2) > 60 GeV.

In the figure 11.4 jet multiplicity, EXSS | mgilfl and Hrt distributions are shown
for 3 NUHMG signal points and SM background. NUHMG model has a large jet
multiplicity which peaks around 4 jets, and higher jet multiplicity can be a powerful
discriminant against the SM background. As a typical R-parity conserving model,
NUHMG signal has long E%ﬁss tails, and the mé‘gl and Hr distributions tend to
take higher values than the SM background, and should be considered in the signal
separation.
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Figure 11.4.: NUHMG strong production distributions for Nje, Elfﬁss , mg}fd and
Hry . Pre-cuts on trigger, event cleaning, lepton veto, A¢(ji23, E%‘iss)
> 0.2, ERSS > 160 GeV, pr(jetl) > 130 GeV and pr(jet2) > 60 GeV
have been used. Significance is calculated using the formula 8.22.

NUHMG analysis needs to be added to a more general search for § and g , where
analysis is split into categorization according to jet multiplicity. Jets in the event
are ordered by ascending jet pr. Then for a channel of jet multiplicity Njes, jets are
selected such that the first jet pr(jetl) > 160 GeV, and pr(jet) > 60 GeV for the
following jets, where in addition all remaining jets with pr > 40 GeV are selected.
In the figure 11.5 pr distributions of first 6 jets for the NUHMG signal and SM are
presented. First jet peaks around 450 GeV, so the cut on 160 GeV is in order. The
2-6 jets have sufficient signal events with pr > 60 GeV. Therefore, this analysis can
investigate channels with 4-6 jets.
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Figure 11.5.: NUHMG strong production distributions for jet pr for the first 6 jets.
Pre-cuts on trigger, event cleaning, lepton veto, A¢(j1.2,3, BX) > 0.2,
Emiss > 160 GeV, pr(jetl) > 130 GeV and pr(jet2) > 60 GeV have
been used. Significance is calculated using the formula 8.22.
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Figure 11.6.: NUHMG strong production distributions for Emiss /miﬁd , Emiss
JVHT, Ap(ji>3, ER%) and St . Pre-cuts on trigger, event cleaning,
lepton veto, A¢(ji 2.3, EHSS) > 0.2, EISS > 160 GeV, pr(jetl) > 130
GeV and pr(jet2) > 60 GeV have been used. Significance is calculated
using the formula 8.22.

In order to improve signal separation, additional variables are considered. The
NUHMG signal and SM background distributions for EIiss /mexcl - pmiss /. /T
A¢(ji>3, EB5%) and St are presented in the figure 11.6. Cutting on ERISS /mgxel
and E%iss /Hr is not expected to bring improvement in signal separation, while
A¢(ji>3, El}“iss) and St variables are expected to give improvement in a combination
with other cuts. Therefore, in the NUHMG signal separation, a set of sensitive
variables needs to be identified and the optimal cut flow needs to be chosen.
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11.4.3. Fast Cut Flow Optimization Using TMVA

The NUHMG model is investigated in the m%n vs my e plane. To obtain better
discovery and exclusion prospects 9 benchmark points were used. They were selected
to cover typical B and C regions of the model, which are distributed parallel to the
edge of the viable region, and with an increase in the masses of m?%,, see table
11.3. Three of these points are excluded or very close to the observed exclusion
line obtained by general O-lepton searches with 20.3 fb=! [223]. Therefore, the new
signal region was optimized to have a coverage higher than 3 benchmark points.

Point name miy (TeV?) | my (GeV)
NUHMG_ 2800000_450* | 2.8 450
NUHMG_ 2800000_490* | 2.8 490
NUHMG_ 2800000_530 | 2.8 530
NUHMG_ 4400000_570* | 4.4 570
NUHMG_ 4400000_610 | 4.4 610
NUHMG_ 4400000_690 | 4.4 690
NUHMG__6000000_650 | 6.0 650
NUHMG__6000000_730 | 6.0 730
NUHMG__ 6000000_810 | 6.0 810

Table 11.3.: NUHMG model baseline points used for optimization. Points with (*)
are excluded or very close to the observed exclusion line using stan-
dard O-lepton setup with 20.3 fb=! [223]. Improvement is viable for a
coverage of more than 3 NUHMG points from this list.

The first part of the optimization was done using multivariate analysis in the
TMVA [36] implementation. Instead of relying on the variable ranking of TMVA,
variable combinations were run independently with TMVA using Cuts method
with Genetic Algorithm for the minimization. For each variable combination
the maximal significance was read out and the scan on the signal efficiency was
performed, on which selection criteria were placed. In addition, the TMVA output
for the cut flow was read out to obtain the range of the cuts of interesting variable
combinations. The explanation of this method will be presented here.

The optimization was performed using the MC predictions of W+jets, Z+jets,
diboson and tt backgrounds, and multi-jet pseudo-data background produced us-
ing the jet smearing method. Although the method has a possibility of performing
optimization for each background separately, or combinations for selections of back-
grounds expected to have dominant contribution, here all samples have been used
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in the optimization.

First the variable combinations were prepared. For this ERiss = pmiss /pexcl
misc | Hy | ERSS/Hyp o Ad(j123, BES) | Ad(ji>3, ER%) and St were used. In
order to reduce the number of variable combinations, correlations of variables for
signal and background were investigated. For correlations higher than 60% for each
signal and background only one variable at a time was considered, i.e. a simple OR
was used. Namely, these were Hr OR mii! | Hp OR ERss /m&cl and ERss OR
Emiss /mexcl OR, EWiss /\/Hr . The obtained number of variable combinations was
90.

In NUHMG model strong production the typical signature is expected to have
at least 4 jets. Therefore, standard pre-cuts in the channels of at least 4, 5 and 6
jets were placed on the jet pr (130, 60, 60, 60, 60, 60 GeV), ER (160 GeV) and
A¢(j12,3, EMIs5) (0.4). For each of 9 benchmark points all variable combinations for
all 3 channels were run with the TMVA. In this way 90 x 3 x 9 = 2430 variable-
channel-point combinations were run with TMVA simultaneously.

Second, the TMVA implementation was run for each variable-channel-point com-
bination with the Cuts method using the Genetic Algorithm for the minimization,
for the specified variable ranges. From the obtained result the significance was read
out using the simplified formula with 30% uncertainty for the background:

S
VB + (O'BB)2

where S and B are number of signal and background events after all applied cuts,
and op is the assumed relative uncertainty for the background. The maximum
significance and integrated significance were read out. In addition, the scan on the
signal efficiency was performed. For each signal efficiency in the range 0.05 to 0.5
in steps of 0.05, the number of signal and background events, significance and the
TMVA optimized cut flow were read out.

Third, the selection criteria were placed to obtain the good variable combinations,
in two runs using Z4 > 5 and Z4 > 3 criteria. Firstly, the variable-channel-point
combinations were selected for a maximum significance of 3(5), where the cases
with integrated significance below 0.01 were rejected (sharp peaks). For the ob-
tained combinations an efficiency scan was performed. Efficiencies with more than 1
signal event after applying all cuts were considered. For the signal efficiencies with
significance higher than 3(5) cut flow was read out, and the maximum and minimum
values for each cut were kept, providing an interesting range for a given cut on the
variable in the given combination. Secondly, the list of points which passed the
criteria for common variable-channel combination was made and ranked, see table
11.4. The maximum number of benchmark points passing the Z4 > 5 criteria was
5, and for Z4 > 3 criteria was 6.

Zy = (11.6)
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Figure 11.7.: TMVA optimization result for the 6-jet pre-selection using St ,
Ad(jisz, ERsS) | mitel and B /me variables ('best for fit” scan
selection) for the m%,; = 2.8 TeV, my o = 450 GeV, m3, = 2.8 TeV,
my /o = 490 GeV and m3;; = 2.8 TeV, my; = 530 GeV points respec-

tively. Significance of 5 can be achieved for 5 NUHMG points.
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Figure 11.8.: TMVA optimization result for the 6-jet pre-selection using ST,
Ad(fisz, BRS) | mitel and B2 /meCl variables (‘best for fit” scan
selection) for the m%, = 4.4 TeV, myo = 570 GeV and m%, = 4.4
TeV, my/, = 610 GeV points respectively. Significance of 5 can be

achieved for 5 NUHMG points.
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Figure 11.9.: TMVA optimization result for the 6-jet pre-selection using mgﬁcl ,
Episs Im& L A¢(j12,3, ) and A¢(jis3, EF*) variables (‘final’
selection) for the m%,; = 2.8 TeV, my o = 450 GeV, m3, = 2.8 TeV,
my o = 490 GeV and m3;; = 2.8 TeV, my; = 530 GeV points respec-
tively. Significance of 3 can be achieved for 5 NUHMG points.
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TeV, my/, = 610 GeV points respectively. Significance of 3 can be
achieved for 5 NUHMG points.
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11. NUHMG Analysis Using Final States with Jets and Missing Tr. Momentum

Two variable-channel combinations with the highest number of benchmark points
passing the criteria on significance were considered. First uses a 6 jet channel,
A¢(jisg, ERISS) | mgflfl , Fmiss /mg’f}d and St and finds 5 NUHMG points for Z4 >
5 criteria. The second uses a 6 jet channel, Ag(j1.2.3, ER) | Ad(jin3, FRISS) | minc
and EXS /meel and finds 5 NUHMG points for Z4 > 3 criteria.

In the figures 11.7, 11.8, 11.9 and 11.10 the TMVA optimization results for
these two variable-channel combinations and 5 points each, are shown. The signal
efficiency on the x-axis is given for the training, while the efficiency and significance
on the y-axis is given for the test sample. The solid green line represents the sig-
nificance defined as 11.6. The solid blue and red line are signal and background
efficiency respectively. The dashed blue line is signal purity defined as S/(S + B),
where S is the number of signal and B is the number of background events after the
cuts. The dotted blue line is a product of signal efficiency and signal purity. The
NUHMG points closer to the upper diagonal in the grid have a more uneven signif-
icance distribution, due to the fact that they have lower signal yields, and therefore
it is more difficult to obtain high significance for them.

The obtained results showed linear performance for the signal efficiency in the
range of up to about 30 %, i.e. the signal efficiency used in the train sample was
about the same as the signal efficiency used in the test sample in the low signal
efficiency range, which is sufficient for the SUSY searches where no high signal
efficiency is expected.

The first variable-channel combination was used as a starting point in the opti-
mization using the fit, and the second is the final variable-channel selection obtained
in this analysis. The result of the TMVA optimization also includes the read out
cut ranges for all variables for a given combination, and these are used in the next
step of optimization described in the section 11.4.4.

11.4.4. Grid Optimization Using the Fit

In order to include all systematic and statistic uncertainties for the signal and back-
ground in the SR optimization, the fit method of the analysis with 0 leptons was
used. The optimal cut flow was obtained from the selected variable-channel combi-
nation, chosen from the TMVA optimization result. In this step of optimization all
50 NUHMG grid points have been used.

The pre-cuts on the jet multiplicity, pr, E¥ and A¢(j12.3, ERS) were placed.
The cuts on A@(jiss3, ERsS) | mincl - pmiss /mexcl and St were varied as shown in
the table 11.5 for 81 signal region options. The best performing signal region using
the criteria of lowest C'Lg value was obtained, labeled as E31, see figure 11.11 and
table 11.5 for best for fit’ using A¢(ji>3, ERISS) > 0.6, m,i;%fd > 1500 GeV, Emiss
/m > 0.05 and St > 0.1, and further refinements were set in place.
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Variables Fit scan Best fit Improved Final
45 jet multiplicity >6
2| pr(jetl) [GeV] >130
8| pr(jet2-jet6) [GeV] >60
EXiss [GeV] . >160
A¢(j1,2,3, ER) >0.4
‘2 A¢(jisg, ERIss) [>0.4,>0.6,>0.8] >0.6 >0.6 >0.2
S| mind [GeV] [>1200,>1500,>1800] >1500  >1700 >1700
Emiss /mexel (N;) | [>0.05,>0.10,>0.15] >0.05 - >0.15
St [>0.1,>0.3,>0.5] >0.1 - -

miss

Table 11.5.: Signal region optimization using the fit. Pre-cuts on the jet pr, B}
and A¢(j1,2,3, Emiss) were applied on the 6-jet selection and fit was run
for a combination of cuts on A@(ji~3, FRisS) | mind = pmiss /mexcl ang
St . Best for fit optimization combination of cuts was selected for
further optimization. The removal of the EXS /m&cl > 0.05 did not
change the result, so it was not considered further in the analysis. The
St was further removed as this did not change significantly the expected
exclusion. This allowed for a higher cut on mie%d , shown as ’improved’
result in the table. As similar expected exclusion was obtained for low
cut on BRI /mEd and low cut on A¢(ji~3, EXS%) this selection was
chosen as the "final’ selection.

11.4.5. Addition of the 6jt+ Signal Region to the Analysis

As the best performing signal region had a very low cut on ERiss / mgﬁd of 0.05,
its removal was investigated. This showed that the analysis is not affected by the
removal of this cut. Additionally, in order to achieve better fit stability, the removal
of transverse sphericity cut was tested. This analysis showed that with omission of
St cut the obtained C'Lg values for each NUHMG point become higher, but the
expected exclusion curve stays unchanged, while better fit stability is achieved for
all NUHMG grid points.

Next, the distributions for parameters after placing all cuts except one, the so
called N-1 or marginal distributions, with and without St cut were investigated. In
the figure 11.12 marginal distributions for A¢(ji>3, E%5) (a,b) and mi¢! (c,d) are

miss

shown. The St removes the multi-jet background. However, the A¢(ji>3, EF"™)
and mf;{lfl show to be strong separating variables for both cases, with and without
the St cut. The St distribution is also shown with and without the A¢(ji>3, E%nss)
> 0.6 cut. The high cut on A¢(ji>3, EF5) removes well all the backgrounds, but
the St cut seems to remove both signal and background in the same amount. In
addition, in order to preserve consistency with other SR in the 0 lepton analysis,
the case without sphericity was favored. Therefore, in further analysis, the cut-flow

without St is investigated.
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NUHM model with gaugino mediation and v, NLSP
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Figure 11.11.: Scan using the fit of analysis with 2-6 jets and missing transverse
momenta. Expected exclusion without the new SR is shown at (a).
Different cut values for A¢(jisg, ERiss) | minel - pmiss /mexcl and Sy
with the baseline 6-jet pre-selection were varied, and the SR with best
C'Lg value is shown at (b). The best performing signal region labeled
E31, was selected for further refinement.
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Figure 11.12.: NUHMG strong production marginal distributions for A¢(j;>s, ER™)

(a,b) and m%! (c,d) for w/wo St , and St distribution for w/wo
A¢(jis3, BR=) cut. Pre-cuts on trigger, event cleaning, lepton veto,
A¢(j1,2.3, BRSS) > 0.2, ESS > 160 GeV, pr(jetl) > 130 GeV and
pr(jet2) > 60 GeV, cuts on Njer > 6, pr(jeti) > 130 GeV, pr(jeta_s)
> 60 GeV, EXS > 160 GeV have been used. Significance is calculated
using the formula 8.22.
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Figure 11.14.: NUHMG strong production marginal distributions for no St . No
additional FIss / meXCl cut was used in the distributions. Pre-cuts on
trigger, event cleamng, lepton veto, A¢(j1 2,3, ERSS) > 0.2, ERiss >
160 GeV, pr(jetl) > 130 GeV and pr(jet2) > 60 GeV, cuts on Nje; >
6, pr(jet1) > 130 GeV, pr(jeta_g) > 60 GeV, ER® > 160 GeV have
been used. Significance is calculated using the formula 8.22.

The removal of St cut allowed placing a higher cut on mgéfl , and performance
was investigated for different cut values for mmc1 The best expected exclusion and
CLg values were obtained by placing mii! > 1700 GeV, see figure 11.13 (a) and
table 11.5 for "improved’. Next, the high cut on A¢(ji>3, E35) was traded for a low
cut on Em1SS / mexCl and cut on A¢(ji>3, Emlss) > 0.2 typically used in the analysis
with jets and Emlss Although the C'Lg values were a little bit worse, the expected
exclusion had a very similar performance. The final selection was chosen with the
6-jet pre-selection and EXSS /m > 0.15, mii > 1700 GeV and A (ji;>3, Emis)
> 0.2, see figure 11.13 (a ) and the table 11.5 for final’.

The fit obtained background content was also investigated. In the case of the
‘improved’ selection the background was dominated by the multi-jet background.
The final’ cut flow had background content dominated by W+jet and tt. As there
are large uncertainties on the multi-jet background, the ’final’ cut flow was chosen.
All control and validation regions were used as in the standard analysis with no
leptons, 2-6 jets and E%liss .

In the ’final’ cut flow marginal distributions were investigated as a cross-check.
In the figure 11.14 marginal distributions for EF' iss /mBXCI cut and mm'31 cut are
shown. The Emiss / meXCl cut needs to be very low in order to allow for enough
signal statistics, however, a cut of 1700 GeV in the m1nC1 distribution separates the
SM background well.

In conclusion, the cut flow with A¢(jis3, ERiSS) > 0.2, ERss /mexd > 0.15 and
mgéfl > 1700 GeV had a good expected exclusion coverage for the whole NUHMG
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grid, similar performance for the C'Lg values, and irreducible background content
not dominated by multi-jet background. In addition, it uses the standard variables
of the 0 lepton search, which makes the CR design compatible with the 0 lepton
search, therefore it was chosen as the optimal SR for the NUHMG grid analysis.

A note is in order concerning the transition from the optimal variable-channel
combination obtained by the fast cut flow optimization with TMVA to the final
selection. The result obtained with TMVA relies on the signal and background
estimate obtained by MC, while the refined optimization using the fit incorporates
all systematic uncertainties and CRs design. In addition, the method using the fit
provides the final background content estimate in the SR, obtained by using the MC
and data in CRs, which was considered in the selection of the optimal SR. Although
the variable combination with 6 jets,A¢(ji~3, ERS) ,miel%fl  Fomiss /mg’f‘fd ,ST was
initially investigated for its prospects for a selection reaching significance of 5 sigma
for 5 points used in the optimization, it was replaced with the variable combination
with 6 jets,A¢(j1.2.3, EM) [ Ad(jisz, BRS) mind  pmiss /mexc  The later has
prospects for significance of 3 sigma for 5 signal points obtained in optimization
using TMVA. Namely, the method using TMVA obtained both variable-channel
combinations in its ranking, i.e. the initial and the final variable combination are
present in the table 11.4 marked with *. Therefore, the fast cut flow optimization
using TMVA showed to help in finding a optimal SR when criteria for significance is
considered, while refined optimization using the fit gave important information on
the background content in the SR, and it provided better background estimate in the
SR, as it included MC and data in CRs and full systematic uncertainty estimates.

11.5. Event Selection

The event selection used in the analysis with jets and missing transverse energy will
be presented in this section. Special emphasis will be given on the 6jt+ signal region
which was optimized for the NUHMG model.

11.5.1. Signal Regions Selection

The common event selection is performed using pre-selection cuts as explained in the
section 11.3, which are followed by a number of signal region selection cuts that will
be described in this section. As this analysis relies on good lepton reconstruction
for the lepton veto and accurate missing transverse energy reconstruction, first the
requirements on the data quality are applied by requesting a good run for all detector
components. This is followed by the trigger decision selection which was described
in the section 11.3.2. Next, to ensure event selection from a p-p collision, a request
on a primary vertex is placed, by requiring at least 5 primary tracks in the event.
Then the event cleaning requirements are placed, as described in the section 11.3.3,
where events with faulty Tile or LAr events are removed, jets are required to have
the right fraction of the transverse momentum of the jet carried by the charged
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particle tracks, and jet energy deposited in the electromagnetic calorimeter, badly
reconstructed muons are vetoed, corrupted Tile cells, cosmic and dead Tile drawer
events are removed. Finally, as this analysis is based on the selection with no leptons,
on the cleaned sample a veto on the lepton (e, i) of good quality with pp > 10 GeV
is placed.

After the pre-selection, the cuts for 15 signal regions are applied, see table 11.6.
Following the study on the trigger efficiency, to ensure that the events are in the
plateau of the trigger which uses jets and Ell?iss , for all SR a cut on E%iss of 160 GeV
and a cut on the first jet pr of 130 GeV are placed. The proceeding cuts for signal

regions are optimized to have maximal reach in sensitivity for the grids in the mg vs
mg plane. In particular, in the direct decays of ¢ — q)?? one jet is produced, direct

decays of § — qq??? produce two jets, while longer SUSY cascade decays can have
)ﬁc — qq X! in the decay chain and therefore more jets. Therefore, by examining
processes of ¢ ¢ , ¢ g and g § production, final states with two, three, four, five
and six jet channels were considered, and dedicated optimizations were performed
to obtain highest coverage. The lower jet multiplicity selections are targeting direct
squark decays, while longer decay chains of gluino decays are used with higher jet
multiplicity. The further jets pp threshold is optimized for reducing the pile-up effect
and good background rejection, and is set to 60 GeV. Additional cuts are placed for
each signal region in order to reduce background and maintain SUSY signal in the
selection, and they vary in the level of background rejection as ’very loose’, "loose’,
‘medium’, ’tight’ and ’'very tight’, labeled as 1-, 1, m, t, t4. In addition to these
selections, signal regions which benefit from selecting a boosted W in the decay
chain are in addition labeled with W.

Namely, for one-step g § production grids, where )21i—> Wf((l), the W boost is
proportional to the ﬁc— X! mass difference, and variable x is defined as:

m.+ — 1Mo

r=-—"1 X (11.7)
Mg(g) — Mx9

The optimization in the high x region was performed considering a hadronically
decaying W. The W is reconstructed as either a single high mass jet, or two resolved
jets. The optimal signal regions selection with 2 resolved W jets (2(W — j)) is
labeled 2jW, and with one resolved (W — jj) and one un-resolved W jet (W — j)
is labeled 4jW, where jets invariant mass is required to be around the W mass peak
of 60 < my < 100 GeV.

In order to suppress the QCD background, all signal regions have a requirement
on first three jets, if they exist, to have A@(j1 2,3, ER%) > 0.4, where all jets with
pr > 40 GeV are considered. Signal regions with higher jet multiplicity, except the
channels with W selection, have a looser requirement of A¢(j;>3, E%liss) > 0.2 for
the remaining jets, where all jets with pr > 40 GeV are considered as well.

Further good QCD background suppression is done with variables which use the
information on EXS and energy carried by the jets. In this respect, one of two

159



11. NUHMG Analysis Using Final States with Jets and Missing Tr.

Momentum

Signal Region

Requirement
2j1 [ 2im | 2t | 2w | 35 | 4jW
ET™ [GeV] > 160
pr(j1) [GeV] > 130
pr(j2) [GeV] > 60
pr(ja) [GeV] > - 60 40
pr(ja) [GeV] > 40
A¢(jet1,2,(3)vE¥ﬁSS)min > 0.4
Ad(jet;sz, BT )min > 0.2
W candidates - 20W = §) ‘ _ (W =) + (W = jj)
Emiss [ /Hr [GeVY/?] > 8 | 15 _
B fm (Ny) > - 0.25 0.3 0.35
mis! [GeV] > 800 | 1200 | 1600 | 1800 | 2200 1100
Requirement Signal Region
4jl- | 4jl | 4jm | 45t | 55 | 6jl [ 6jm | ejt | 6jt+
Er™ [GeV] > 160
pr(j1) [GeV] > 130
pr(j2) [GeV] > 60
pr(js) [GeV] > 60
pr(ja) [GeV] > 60
pr(js) [GeV] > - | 60
pr(jo) [GeV] > - | 60
A¢(j6t1,2,(3)a E"rrniss)min > 0.4
A¢(J'eti>3vE"Fiss)min > 0.2
ER/\/Hy [GeV'/?] > 10 -
ER™ /mg (N;) > - 04 | 025 0.2 025 | 0.15
mi! [GeV] > 700 | 1000 | 1300 | 2200 | 1200 \ 900 \ 1200 | 1500 | 1700

Table 11.6.: Selection criteria used in the analysis with a lepton veto (pr > 10 GeV)
[31]. The signal regions are named after the jet multiplicity selection,

and labeled 2j, 3j, 4j, 5j or 6j. In addition, according to the level of signal
efficiency of ’very loose’, "loose’, 'medium’, ’'tight’ and ’very tight’, the
extension ’l-’, 'I’, 'm’, 't’ or 't4’ is added. In addition, the SR 2jW and
SR 4jW have a requirement of 60 GeV < m(Weanq) < 100 GeV used for

resolved and unresolved W bosons. The EXiS /mel cut uses a value

with pp > 40 GeV.

160

incl

constructed from the leading N jets, but the m;

cut includes all jets




11.5. Event Selection

Point m(H?)=2.8 TeV | m(H?)=3.2 TeV | m(H?)=4.0 TeV
my =450 GeV | my,5=490 GeV | m,,5=530 GeV
Channel 6jt+ 6jt+ 6jt+
Nigenerated (unweighted) 19875 19913 19897
Ngenerated (Weighted) 5581.4 (100.0 ) | 5551.5 (100.0 ) | 1531.6 (100.0 )
Trigger 5581.4 (100.0 ) | 5551.5 (100.0 ) | 1531.6 (100.0 )
Jet Cleaning 3496.1 (62.6 ) | 3612.0 (65.1) | 918.5 (60.0 )
Vertex Cut 3493.3 (62.6 ) | 3609.5 (65.0) | 918.2 (59.9)
Cosmic Muon Veto 3475.0 (62.3) 3585.4 (64.6 ) 914.4 (59.7)
Bad Muon Veto 3474.4 (62.2) | 3584.1 (64.6) | 913.8 (59.7)
Bad E2i Muon Veto 3158.7 (56.6 ) | 3290.7 (59.3) | 842.5 (55.0)
Bad Tile Veto 3130.2 (56.1) | 3269.0 (58.9) | 835.7 (54.6 )
Negative-cell Cleaning 3026.2 (54.2) 3132.1 (56.4) 813.4 (53.1)
0 Lepton 1856.4 (33.3) | 1767.6 (31.8 ) | 485.7 (31.7)
Emiss > 160 GeV 1107.2 (19.8) | 903.1 (16.3 ) 334.4 (21.8)
pr(n) > 130 Gev 1101.7 (19.7) | 883.7 (15.9) 334.4 (21.8 )
pr(ja) > 60 GeV 11017 (19.7) | 880.8 (15.9) | 334.4 (21.8)
pT(jd) > 60 GeV 1090.3 (19.5) | 835.9 (15.1) 332.6 (21.7 )
pr(ja) > 60 GeV 998.5 (17.9) 713.4 (12.9 ) 314.0 (205 )
pr(js) > 60 GeV 668.1 (12.0 ) 465.8 (8.4) 218.9 (14.3)
pr(js) > 60 GeV 347.3 (6.2 ) 223.5 (4.0 ) 121.5 (7.9 )
A(j1.2.3, Ei55) > 0.4 248.0 (4.4 ) 155.6 (2.8 ) 88.0 (5.7 )
Ad(jiss > 40GeV, Emiss) > 0.2 | 177.7 (3.2 ) 117.2 (2.1) 64.1 (4.2)
Emiss /mexel 5 0,15 106.8 (1.9 ) 67.2 (1.2) 35.4 (2.3)
mitel > 1.7 TeV 42.0 (0.8) 34.0 (0.6 ) 24.0 (1.6 )

Table 11.7.: Cut flow for the 6jt+ SR for three NUHMG parameter-space points
normalized to 20.3 fb~!. Absolute efficiency in brackets (%).

types of cuts are placed, based on the optimization results for each signal region.
The Emiss /mee! cut takes values on the range from 0.15 to 0.40, while the cut on
Effmss / \/7 is in the range from 8 to 15. Both variables use information on the jets
used for defining the channel of the analysis, i.e. jet pr > 60 GeV.

The final cut placed on all signal regions is mainly for further QCD reduction, and
it is computed as the scalar sum of all jets with pr > 40 GeV and missing transverse
energy, labeled as mmCl It is in the range from 800 to 2200 GeV.

The dominant sources of backgrounds remaining in the signal region selection
originate from W-jets, Z-+jets, tt, single t and multiple jets. The major contribu-
tion within the W+jets background comes from W — 7v events with 7 decaying
hadronically, and smaller contributing from W — ev, uv events. The Z+jets con-
tribute to the irreducible background with Z — v which have a large E%liss . The
top quark pair backgrounds can have large ETS in decays like tt — bbrrqq’ when
7 decays hadronically, where these events can pass the signal region selections at
non-negligible rate. Finally, the multi-jet background can pass signal region selec-
tion in cases where jets are miss-reconstructed, so fake EmlSS is large, or in the semi
leptonic decays of third generation quarks where EIS is present.
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The cut flow for the 6jt4+ SR is shown in the figure 11.7 for three NUHMG
parameter-space points. The trigger is fully efficient, but about 30-40% of events
are filtered out by the jet cleaning cut. This cut is known to remove more events
for models which have low EXS . Therefore, this is well justified by the typical
kinematics of a NUHMG model event, which is characterized by lots of events with
very low ERS | which would be removed by higher EX cut later on in any case.
Further event cleaning for cosmic muons, bad muon reconstruction, and detector
corrections remove additional 5-10 % of events. The lepton veto is a strong selection
cut which removes around 20% of events. The cut on EX additionally removes
10-15% of events, but effectively removes the background events. As NUHMG model
has a peak jet multiplicity for 4 jets, the next cuts on first 4 jet pr are not strong
in removing the signal events, but are effective in the background rejection, while
cuts on fifth and sixth jet ppr remove more signal events but tailor the signal to
background ratio towards higher significance. Strong QCD removal is obtained by
the A¢(j1,2,3, ER5) and A¢(ji>3, ER5) cuts. Finally, good signal to background
ratio is obtained by the cuts on Emiss /mcl and mii¢! which remove a lot of signal
events, but at the same time remove remaining W+jets, Z+jets and tt backgrounds
in the SR. The obtained absolute signal efficiency after the cut flow is around 1% or

below.

11.5.2. Control Regions Selection

The backgrounds in the analysis are estimated in a consistent way by using control
regions (CR). For each signal region there are four orthogonal control regions defined
(CR7y, CRQ, CRW and CRT) which provide independent data samples used for the
background estimate, see table 11.8. In total there are 60 CR used in the analysis.
They are designed to contain a large enough statistics, negligible SUSY signal con-
tamination and low systematic uncertainty contribution in the signal region count

estimate, which is achieved by reverting the cut on mgéfd used in the SR selection.

CR SR background CR process CR selection

CRy Z(— vv)+jets y+jets Isolated photon

CRQ  Multi-jets Multi-jets SR with reversed requirements on (i) A¢(j1,2,3, F)
and (i) BR= /mSE (N;) or BRi=//Hx

CRW W (= fv)+jets W (— Lv)+jets 30 GeV < mr(£, BF™) < 100 GeV, b-veto
CRT t and single-t tt — bbgq' v 30 GeV < mr(£, ER) < 100 GeV, b-tag
Table 11.8.: Details of control regions used in the analysis [31]. For each control

region the targeted background in the SR, the process in the CR and
the selection in the CR are shown. The high-purity leptons (photons)
in the CR have a 25 (130) GeV threshold.
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Figure 11.15.: Observed mi%! distributions in the CRy (a), CRW (b), CRZ (c) and
CRQ (excluding requirement on ERis /meel ) (d) control regions for
the six-jet channel [227]. The CR~y, CRW and CRZ distributions
are given for MC background expectations normalized to the cross-
section and integrated luminosity. The CRQ distribution is given
for the data-driven estimation used in the analysis. In the lower
plots the yellow error band denotes experimental and MC statistical
uncertainty, while the green band in addition includes the theoretical
modeling uncertainty. The arrows denote the mgﬁfl cut requirements
for six-jet loose, medium, tight and very-tight signal regions.
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CRyy is used for the Z(— vv)+jets background estimate. The y-+jets events are
selected with a photon threshold of pp(vy) > 130 GeV. For a pp(v) > myz the kinemat-
ics of events resembles the Z+jets events [227], and the photon pr can be replaced
by the missing transverse momentum to estimate the Z(— vv)+ jets background.
The uncertainites on the photon isolation, parton distribution functions and photon
miss-identification are included in the analysis in the estimate for the Z(— vv)+jets
background, see more details in the section 11.7.2.

CRQ selects events rich with multi-jet events in the region similar to the SR,
with reverting the cuts on Ag(j1 2,3, EM5) | which selects multi-jet events with fake
E%ﬁss and E%iss from neutrinos in the heavy quark decay, and EEFiSS / mgg‘:l or E%iss
/v/Hr which separate this CR from the W+jets and tt events in which the boosted
W decays into hadronic 7 giving a low A¢(j1,2,3, E%iss) topology. However, in order
to minimize effects of extrapolation from CR to the SR, in addition a lower cut is
placed on these two variables.

CRW and CRT target the events of W(— [v)+jets and combined semi-leptonic
tt with single-t, respectively. The CRW uses a selection with a b-jet veto, while
CRT has a b-jet tag requirement. Each CR selects a high purity lepton with pp(l)
> 25 GeV which has a transverse mass with ETSS mqp (1, EXSS) in the range from
30 to 100 GeV. A study showed that in W(— [v)+jets and semi-leptonic tt samples
about 75% events in the SR have a jet faked by the lepton, coming from electron
miss-identification or hadronically decaying 7 leptons. Therefore, to estimate the
W(— lv)+jets and combined ¢t with single-t background the reconstructed lepton
is treated as a jet to recompute jet dependent variables like A¢(j;, E%ﬁss) and mg}_fd
in the event for estimates. However, these CR do not use cuts on A(j;, EXsS) |
Emiss /mexcl of pmiss [/, with the exception of SR 2jl, in order to increase the
statistics. For the same purpose, the mic?fl cut is loosened to 1300 GeV in CRW and
CRT for the SR 6jt.

In the figure 11.15 the mgﬁ?l distribution for CR~y, CRQ, CRW and CRT for the 6
jet channel are shown, where the inverted cut on m‘i;%fcl is added to obtain values for
each dedicated SR selection, and the SR 6jt-+ mfj%fl cut is labeled as 't+’ in the plots.
The MC distributions are to an extent harder than the data, which is corrected by

the normalization factors obtained by the fit.

11.5.3. Validation Regions Selection

The background estimates are cross-checked in the validation regions (VR), designed
to have minimal signal contamination. The results on validation for the 6jt+ SR
are shown in the section 11.8.2. There is a number of VR designed per each SR,
dedicated for different physics processes, and they are defined as:

e VRZ is designed to validate CRry estimate of the Z(— vv)+jets events by
selecting Z(— ll)+jets events. Two opposite sign same flavor high-purity lep-
tons are selected and their invariant mass is requested to be around the Z mass
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peak, from 66 to 116 GeV. Second validation region, VRZf is similar to VRZ,
but with additional cuts on EXSS /ml and Ag(j;, BRss) .

VRWHT uses cuts as CRW to validate events where lepton is miss-reconstructed
as a jet, but adds the cuts on A¢(j;, EWisS) and ERIsS /m&e or EWss [ /M.
VRWM takes the selection as CRW, but considers identified lepton as missing
particle (M) instead of being treated as a jet. VRWMTI is very similar to
VRWM, but adds cuts on Ag¢(j;, E¥) and ERiSS /m& or EWsS /\/Hry.

VRTT uses cuts as CRT to validate events where lepton is identified as a jet,
but adds cuts on A¢(j;, EWis) and ERSS /m or RS /\/Hr. VRTM takes
the selection as CRT, but considers identified lepton as missing particle (M)
instead of being treated as a jet. VRTMT( is very similar to VRTM, but adds
cuts on Ag(j;, ERIs) and EWiss /mecl or Eiss /\/Hp. VRT2L is sensitive to
fully leptonic #t processes and is similar to VRZ. It requires two opposite sign
same flavor high-purity leptons but their mass is requested to be higher than
116 GeV, away from the Z mass peak.

VRWT+ is used to test lepton charge asymmetry. The selection is placed in
a same way as for CRW+CRT but keeping only positively charged leptons.
Similarly, the VRWT- takes the CRW+CRT and selects negatively charged
leptons. The VRWTf+ and VRWT- take in addition cuts on Ag(j;, ER)
and EFS /m&c or EYSS /\/Hrp.

VRQi are designed to verify multi-jet background estimates, and they are
orthogonal to CRQ and SR, as presented in the figure 11.16. VRQLI is sensitive
to Emiss /mecl extrapolation and is defined as CRQ with a modified cut on
Emiss /mexel which is the same as for SR. VRQ2 is sensitive to the Ag(j;, E3iss)
extrapolation and is defined as CRQ with a modified cut on Ag(j;, ER)
which is the same as for SR. VRQ3 and VRQ4 give additional validation by
adding intermediate cuts between CR and SR, but taking modified cut on
A¢(ji, EBISS) with 0.2 < A¢(ji2,3, BB%) < 0.4 and 0.1 < A¢(ji>3, ERSS) <
0.2.

The remaining VR are for validating 7 lepton estimates. VRWTau is designed
to test W(— 7v)+jets background estimate, and requires cuts as for SR with
modified cut on Ag¢(j;, EH5) which takes values 0.2 < A¢(j12.3, EFS) < 0.4
and 0.1 < A¢(ji>3, EBR) < 0.2 and no b-tagged jets. VRttbarTau is designed
to test tt — Tv+jets background and is similar to VRWTau with a difference
of requesting at least one b-tagged jet.
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Figure 11.16.: Validation regions for multi-jet background definition in the
Emiss imexcl or priss /T vs Ad(j;, BRSS) plane [227].

11.6. Background Estimation

The background determination in the SR is done in couple of steps. As the control
regions are designed to be dominated by certain processes, the initial estimate of
each process is done by using the control regions CRQ, CRW, CRT, CR~ and CRZ,
to perform estimates of QCD multi-jet, Wjets, tt, y+jets for the Z(— vv)+jets
and Z-+jets processes respectively. They are used to extrapolate these estimates to
the SR. The QCD multi-jet background estimation is done using the jet smearing
method, described in the section 11.6.1, while all other background estimates are
explained in the section 11.6.2. A fit is performed simultaneously for all processes
in order to match the MC counts to the data using all CR selections. The obtained
normalization is applied to the MC estimate in the CR and propagated to the
SR estimate. These are used further for the statistical analysis in the signal and
background or background only hypothesis. This procedure is described in the
section 11.6.2.

11.6.1. QCD Multi-jet Background Estimation

In this analysis the multi-jet background is determined in a fully data driven way,
using the jet smearing method. The E%“ss in the QCD multi-jet background can
originate from jet miss-measurement and neutrinos in heavy flavor jets. The jet-
smearing method includes both of these effects, and provides QCD multi-jet dis-
tributions minimally dependent on the MC prediction. The multi-jet background
estimation in CRs is used to obtain transfer factors, included in the likelihood fit,
and give predictions in the SRs. A short description of this method will be given in
this section.

The jet smearing method uses the so-called jet response function, which quan-
tifies the fluctuation in the jet pr measurement, where more details about the
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method can be found in [268,269]. The low EMS events from the data are se-
lected, because their reconstruction is closest to the 'true’ particle level jets. Then
the jet fluctuation is added by smearing out the four-vector of the jets, to obtain
the QCD pseudo data. Typically, this method is used to determine transfer factors
from the e.g. low A¢(j123, EF5) QCD CR to the higher Ad(j1 2,3, ER) in the
SRs. The jet-smearing method is performed in four steps:

1. Select low EEFiSS seed events in data using single jet triggers to be used in steps
3 and 4.

2. Define MC response function by comparing the generator level pr to the re-
constructed, for different jet pr slices and b-tag and b-jet selection.

3. Modify the response function (2) by smearing the seed events from data (1)
until an agreement is reached between the smeared response function and data
in CRs.

4. Smear jets from the seed events (1) using the data constrained smearing func-
tion (3) to obtain distributions of key variables in the CRs and SRs, which
produces low and high EX'SS events.

The seed events are selected using a single jet trigger with jet py thresholds as
shown in the table 11.2. An additional cut on the leading offline reconstructed jet
pr is placed to ensure that selected events are in the trigger platoe. To ensure that
the jets are well measured, i.e. the response fluctuations are small, an additional
cut on EXS /\/Hry is placed. For b-jets an additional higher cut on E¥s /\/Hp
per b-jet is placed, to ensure that the fraction of b-jets before and after the seed
selection remains unchanged, so that no bias is introduced to the seeds with less
b-jets.

MC response function R is obtained by matching truth and reconstructed jets
in the multi-jet QCD MC sample, and it is defined as:

_ pr(reco)

~ pr(truth) (11.8)

and it is binned in pr = 20 GeV bin size, see figure 11.17 (a) (black line labeled
as MC Response Map). The jet response is dependent on the jet kinematics. It
is pr dependent since hadronic showers can have large fluctuations, some of the
deposited energy can be outside of the jet reconstruction algorithm cone, and some
jets can produce a ’punch through’ to the muon system. Also, due to the fact that
ATLAS uses different detector technologies in different 7 regions, jet response is 7
dependent. Since heavy flavor jets can contain neutrinos, the jet response differs for
the b-jet veto and the b-jet selection. The MC response function can be modeled
by the Gaussian function in the core region (blue line) and non-Gaussian function
in the low side tail region (black line). In order to obtain the turning point between
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these two regions, the Crystal Ball function is used (red line). The b-tagged and
b-vetoed response functions are measured each.

T g
C — MC Response Map ]
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E — Gaussian Core Fit 3
F — Gaussian Tail Fit 3
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Figure 11.17.: MC response function in the jet pr slice 200-220 GeV. The MC re-
sponse function is modeled in the core and low-tail region, where the
core has a Gaussian distribution(a). The Crystal Ball function is used
to determine the turning point for the two regions. The data ’seed
event’ jets are smeared to obtain agreement of MC event distributions
and data [206%,209].

Modification of the MC response is performed by seed event smearing, in
order to obtain jet response that matches the data. The seed events are used to
produce pseudo-data which is compared to the data. For the multi-jet selection,
each jet four-vector is multiplied by a random value using the jet response function
for a given jet pr, and the jet response function is modified until agreement of

pseudo-data and data is reached. Then the EIT]rliSS in the smeared event is:

B = ppisseed LN mn() — S i) (11.9)
7 %

where the prime denotes the values after smearing.
The jet smearing is performed in two ways:

e Additional Gaussian smearing in the core region, to widen the jet response.
A pr dependent Gaussian is used, and a jet from a seed event is multiplied
by a random number from a Gaussian of mean one and width ocorrection(PT),
determined in the di-jet analysis.

e Non-Gaussian jet response low-side tail shape modification, which is essential
for Elj?iss modeling. It accounts for events which have a large jet reconstruction
fluctuation. Events with high ErT]rliSS are required, where the ErT]rliSS is associated
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with one jet, and a multi-jet selection is used, in the so called ‘Mercedes’
analysis.

Di-jet analysis accounts for jet fluctuation in the pure di-jet events, which man-
ifests in the jet pr asymmetry. It takes a selection of exactly two jets with back-to
back topology and small Elj?iss . It uses the jet pr asymmetry, defined for first two
jets as:
pr1 — P12
pT1+ P12
which is considered for MC and data. The asymmetry A is measured for pr bins, and
each bin is fitted with the Gaussian. If the MC jet asymmetry width o4 is narrower
than in the data, the MC jets are smeared by the pr dependent value o correction(PT)-
It is required that the corrected response oyuq(pr) matches the response of data

(Utotal (pT) = Odata (pT)) and the ocorrection (PT) is obtained from:

(Utotal(pT)>2 _ <UMC(pT) 2

) + Ocorrection (pT)2 (1111)
pr pr

A(pr1,pr2) = (11.10)

with the usage of the o4 fit parameters obtained for the MC and data.

Additional refinement to this method is performed using the ¢ smearing method,
where the MC jets are in addition smeared by a rotation in the ¢ angle, to account
for the difference in the phi distribution of MC jets after the smearing by the pr.
The A¢ correction is obtained in a same procedure as for the asymmetry case. The
method is performed for each, the b-jet veto and the b-jet selection using jet pr
slices.

’Mercedes’ analysis considers the non-Gaussian jet response low-side tail, and
is essential in producing high ES pseudo-data. It is performed after the di-jet
analysis jet smearing, with a selection of at least three jets, where one jet is associated
with E%liss . This is realized for jets forming a typical 'Mercedes’ sign, see figure
11.17 (b). Then the response function for these jets is given by:

miss
Ry ~ Pr (P T ER) (11.12)
7+ By

where ﬁgT is transverse momenta of the reconstructed jet associated with ErTniSS .
The non-Gaussian response needs to be modified in order to achieve agreement of
pseudo-data and data. First the low side tail region needs to be defined, by finding
the turning point from the core Gaussian to the low side tail region. This is achieved
by using the Crystal Ball function on each jet response jet pp slice. From the fit
parameters, the turning point is found and low side tail region is defined. Second, the
low side tail is best fitted in the with the Gaussian in the newly defined tail region,
and width of the low side tail o4 is multiplied by a A4, to obtain agreement of the
smeared sample with the data in the Ro distribution. This procedure is performed
for each, b-jet and b-veto selection. Additional check was performed using || slices,

169



11. NUHMG Analysis Using Final States with Jets and Missing Tr. Momentum

to account for Ry dependence on |7)|.

The jet smearing was performed using the di-jet and "Mercedes’ analysis to obtain
the QCD pseudo-data. Jet smearing is also performed to account for the systematic
uncertainties for the upward and downward fluctuation. The MC for other SM back-
grounds together with the QCD pseudo data was compared to the data in the QCD
CRs. The performance was validated for meg , EXS /meg and A¢(j1 2,3, EFS) dis-
tributions for 2-6 jet multiplicity, and uniform ratio is obtained for all distributions.
The QCD pseudo data is further included in the likelihood fit in the analysis, where
additional normalization is performed, and estimate of the QCD background in the
SR is obtained.

11.6.2. Electroweak Background Estimation

The Z+jets, W+jets and tt backgrounds are determined from MC and data, using
the technique which will be described in the section 11.7.1, while diboson back-
ground is determined from MC only. In this section details about MC and their
comparison to data will be given.

The fake lepton background in CRW, CRT and VRZ have shown to be lower than
4% mainly due to the fact that it decreases quickly with EXS [270]. The fake
photon background was estimated to be less than 5 % of the total SM prediction
in the CRy region [271]. Therefore, these backgrounds can be neglected in this
analysis [227].

For CRvy, VRZ, CRW and CRT the default and alternative MC generator per-
formance have been compared, the MC generators used in this analysis have been
presented in the table 11.1. It has been shown that MC produced with SHERPA
agrees well with data in terms of rate and shape in the CRy and VRZ. However,
using SHERPA in CRry gives higher number of events for high jet multiplicity (Ve
> 5), while ALPGEN gives a beeter agreement. Therefore, the difference between
these two generators is included in the analysis as additional source of uncertainty.
In CRW both SHERPA and ALPGEN tend to over estimate the event rate in the
W pr distribution. In addition, for very high jet multiplicitites, SHERPA pre-
dicts too many events with respect to data in CRW, while ALPGEN is providing
a slightly better agreement with data in the jet-multiplicity distributions. There-
fore, the difference of these two generator predictions is added to the analysis as
additional systematic uncertainty. The ¢t background in the CRT using the default
PowHeg+PYTHIA and alternative MCQNLO+HERWIG generators tend to over
estimate the data. In this analysis the default MC using the PowHeg+PYTHIA
with the Perugia2011C tune is used, which in addition uses pp(tt) reweighing. A
dedicated analysis showed that good agreement of MC and data is achieved for up
to 7 jet multiplicity, which gives good confidence in the usage of this method. As
the diboson represents a minor background in this analysis, its estimate has been
taken directly from MC distributions, together with its theoretical uncertainty. To
the contrary of all other backgrounds it is not included in the fit as a free parameter,
see more about the statistical procedure in the next section 11.7.1.
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11.7. Statistical Treatment and Systematic Uncertainties

The background determination and statistical tests are performed at the same time
in this analysis. Details about the statistical treatment are given in the section
11.7.1 and considered systematic uncertainties are described in the section 11.7.2.

11.7.1. Statistical Treatment

This analysis uses a profile likelihood approach in the background determination
and new physics statistical tests, using the MC predictions and observed number of
events in the SR and multiple CR. This method allows for CR correlations due to
cross contamination and common systematic uncertainties of different SM (or SUSY)
processes to be taken into account. In the background determination the combined
fit with log likelihood is used, as described in the section 8.3. The statistical
test uses profile log likelihood ratio, as described in the section 8.2. There are three
results that are computed, called the background only fit (background fit), model
independent fit (discovery fit) and the SUSY model-exclusion fit (exclusion
fit). In this section more details on the fit and statistical tests used in this analysis
will be given.

The likelihood function is constructed for each channel, i.e. SR with its dedi-
cated CRs. The counts in these regions are treated as Poisson distributions for each
SM and SUSY sample, labeled as Psgr,Pcry,Pcrg,Pcrw and Pcorr, for control
regions dedicated for samples of Z+jets, QCD jets, W+jets and tt respectively. The
systematic uncertainties are included as nuisance parameters and are assumed to
have Gausian distribution. The likelihood for each channel for a tested p value is
therefore:

L(n\,u, S,b,@) = PSR X PCRW X PCRQ X PCRW X PCRT X Csyst (11.13)

where the term Cj,s represents the pdf-s which constrain the systematic uncer-
tainties, and more details about the treatment of systematic uncertainties will be
given in the section 11.7.2. The n represents the measured number of events for
each region, b is the expected number of background events for control regions, and
0 are the nuisance parameters that parametrize the systematic uncertainties, e.g.
luminosity or jet energy scale. The s is the expected number of signal events taken
from MC when the exclusion fit is used.

The expected number of background events b for each region i like SR, CR or VR
and sample j are taken from MC for W+jets, Z+jet and tt, while for the QCD jets
the estimate is taken from pseudo data generated using the jet smearing method.

The p value for the signal is fixed to us = 0 in the background-only and model
independent and ps = 1 in the SUSY model-exclusion fit. The pu; for the back-
ground samples j (W+jets,Z+jets,tt,QCD jets) have an initial value of 1, and are
determined by the selected type of fit (background-only, model independent, SUSY
model-exclusion). Other minor backgrounds like diboson and single ¢ are taken from
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MC and are treated as fixed.
The expected number of events A for each SR, CR or VR i and samples j, is given

by:
W,Z,t1,QC D

Nlpsisb0) = si(Ops + > bis(O)y + YV (0) (11.14)
J
where the s; is the expected number of events for a given SR, CR or VR, the bZVV (9)
term denotes minor backgrounds like diboson, which are taken from MC.
For a given set of SR, CR and VR (i.e. channel), the background fit obtains the so
called transfer factors (TF) as the main result, i.e. the ratios of expected number
of events in the SR and CR for a given SM sample:

MC
— NSR

TF =
NAEE

(11.15)

The number of events in the signal region for a sample j is initially given by:

red dat NSQ/II%C
NgR = C’%a NMC (1116)
CR

where the Ng‘}%a is the number of observed events in the CR, and the initial value

for the TF before the fit is given by the ratio of expected number of events in
the SR and CR. Next, the background estimates are normalized coherently across
all CR-s for a given channel using the inter-CR TF, so the fit obtained TF allow
for the total number of expected and observed events to match in all CR. The
final result is the central expected TF value for each sample, i.e. SM process,
together with their associated correlated and uncorrelated uncertainties. By using
this technique some of the systematic uncertainties cancel out to a large extent,
like systematic uncertainty from jet energy scale (JES) and theoretical uncertainties
in the MC cross-section calculation of SM processes. The analysis uses similar
kinematic selections for the CRs and SR in order to reduce residual uncertainties
correlated between them.

The Z(— vv)4jets process represents an important background in this study, as
it mimics the signal and is a source of large systematic uncertainty. For this reason
an improved background determination of this process has been used. In a standard
setup, a control sample of v + jets in the CR is used to estimate the Z(— vv)+jets
sample. For pr(y) > my these kinematics are similar, and the pr of the photon is
considered as a ES . The Z(— ll)+jets events strongly resemble Z(— vv)+jets
events, but have low statistics. The y+jets have high statistics, but need a correction
on the cross-section of the process. Therefore, the improved estimate on the number
of events for the Z(— vv)+jets process has a correction k to the y+jets MC:

p p J NZI/V,MC

vv,pred __ v+jets,data SR

N = N X e (11.17)
CR~y XK
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11.7. Statistical Treatment and Systematic Uncertainties

and the x correction is given as ratio of normalization factors in CR~y and CRZ for
~v+jets and Z(— [l)+jets processes:

y+jets,data ZI,MC data bkg,MC ZI,MC
_ Nerwr o X Nerzve  (NERyve — Newrbve) X Negrzve (11.18)
T Arytjets, MC Zll,data ~— zry+jets,MC data bkg,MC :
Nemvi X Nogzve  Néwrwi <X (NERGvr — Nerzvi)

where CRs are designed to be very loose, i.e. CRyVL and CRZVL, and a correc-
tion to the data estimate is placed by subtracting the remaining background, esti-
mated by the MC, i.e. Ngﬁg’wﬂég and Ng%;é%. The k value is measured for Sherpa
(nominal) and Alpgen (alternative) MC generators, which reduces the theoretical
uncertainty on the Z(— vv)+jets background due to differences in the MC generator
distributions, by a large amount. However, the uncertainty on the s correction mea-
surements needs to be included in the fit, and is treated as additional uncertainty
on the Z(— vv)+jets background, see more details on the systematic uncertainties
treatment in the next section 11.7.2, and the Z(— vv)+jets background estimate
method description in [227].

The multi-jet TF-s are obtained with the data-driven method, where a resolution
function is applied to well measured multi-jet events to account for uncertainty
coming from jet energy miss-measurement and heavy-flavor semileptonic decays on
Effniss , as explained in detail in the section 11.6.1. The TF for the other SM
processes use MC information.

The background-only fit is performed in order to determine compatibility of
event yields from the SR with the SM prediction. It uses data from the CRs in the
likelihood fit, in order to constrain all nuisance parameters and determine normal-
ization for each background TF. For each background component a dedicated CR
is used, and the predicted yields in the CR are fitted to the values obtained from
the data. It is assumed that new physics does not contribute to the yields. The
background-only fit is therefore used for the estimation of the expected yields in
the SR, but also in VRs in order to gain confidence in the background estimation.
The statistics test quantifies the agreement of data with the SM-only hypothesis
with the one-sided py value. All event yield tables in this thesis are given for the
background-only fit.

The model-independent fit is performed if no excess of data has been observed
in order to determine upper limits on the on the number of new physics signal
events in each SR. Namely, this is a upper limit on the visible cross-section for BSM
physics processes ({e0)) and it is defined as the product of acceptance, reconstruction
efficiency and production cross-section. The likelihood for the model-independent
fit includes the number of observed events in the SR, in addition to the event yields
from the CR, as done in the background-only fit. The signal strength p is fixed
to be non-negative, and added as a free parameter in the fit, and normalization on
the TFs for each background are set as free parameters in the fit. The possible
contamination of CR by the new physics events is neglected.

The SUSY model-exclusion fit can be used to set limits on the signal cross-
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11. NUHMG Analysis Using Final States with Jets and Missing Tr. Momentum

sections for a given SUSY model (assuming signal strength p = 1), if no excess of
data has been observed. The normalization on each background TF and on the
signal are free parameters in the fit. For the case of discovery, the fit obtained signal
strength fige, i.e. the signal normalization factor, can give confidence in a certain
signal hypothesis test. The likelihood is constructed using the yields in the CRs and
in the SR, as in the model-independent fit, with additionally taking into account the
presence of the signal events in the CRs, theoretical and experimental uncertainties
of the SUSY cross-section and kinematic distributions. Also, the correlations be-
tween signal and background systematic uncertainties are included in the likelihood.
Here the C'L; statistical test is used to produce exclusion curves for the SUSY signal
exclusion plots.

In the analysis test statistics pdf need to be used for the likelihood fit, p-value
and C'Lg; computation. For the analysis optimization and first estimates the Asimov
test statistics is used, as described in the chapter 8.2.1. The public results of the
discovery test and a selection of signal points for a cross-check in model-independent
and SUSY model-exclusion fits use the toy MC pdf-s. The low count channels use
toy MC pdf as well. The background-only test is performed for a ¢ statistics and
p-value is calculated for the observed statistics gops as ppy = P(q < qops|b). The
SUSY model-exclusion uses the CLs = psis/(1 — pp) as explained in the chapter
8.2.1, while the result for the model-independent fit as a result obtains the optimal
w1 value.

11.7.2. Systematic Uncertainties

In the likelihood function, the systematic uncertainties are included with the prob-
ability density function Cgys:(6°,6) for nominal values #° of nuisance parameters
and 6 values around them, which are varied when the likelihood is maximized. The
Clyst is simplified by taking each 09 = 0 and normalizing their constraining pdf-s for
0;. For e.g. luminosity is modeled by the Gaussian distribution with O?UW- = 0 and
Orumi = £1, which corresponds to one sigma deviation. Therefore, for independent

nuisance parameters the Cyyq is a product of Gaussian probability distributions:

Coyst(0°,0) = T] G(67,6)) (11.19)
1€SU

where SU are all considered systematic uncertainties.

There are four ways to consider nuisance parameter correlations, included in the
likelihood for the systematic uncertainty treatment. First, they can be fully cor-
related across different regions and samples (e.g. luminosity, JES, JER, see more
details below). Second, fully correlated across different regions but independent per
sample (e.g. theoretical uncertainties). Third, fully uncorrelated variables with one
parameter per bin (e.g. statistical errors). Fourth, partially correlated (e.g. diboson
theoretical uncertainty). The systematic uncertainties with impact lower than the
luminosity uncertainty are neglected.
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Name Characteristic scale L Treatment Comment

Luminosity 2.8% Fully correlated | Pure MC estimates

MC statistics Uncorrelated All MC samples
Experimental Uncertainties

JES

JER

Soft Er}nfss scale 5% Fully corr.

Soft ER'S® resolution 2%

Lepton/photon efficiency | 5 — 7% for ~ For photons, CRY only

b-tagging Only in CRW and CRT]

Theoretical uncertainties

Pile-Up (u)y x [0.9,1.1] Fully corr. All MC samples

Total cross-section Diboson Partially corr. Pure MC estimates

wr/pF scale variation % [0.5,2.0] Corr. per process W+jets/Z+jets/v+jets

Matching scale variation | pr(j, min) = [15,25] GeV Corr. per process W+jets/Z+jets/v+jets

Number of extra partons | Decreased by 1 Corr. per process W+jets/Z+jets/v+jets

Generator comparison ALPGEN vs SHERPA Corr. per process W+jets/Z+jets/v+jets

W + heavy flavor ~ 25 — 50% Corr. per process] W+jets

v+jets K correction ~ 6% Corr. per process y+jets

Generator comparison MC@NLO vs POWHEG-BOX| Corr. per process| tt

tt diff. cross-section vary weights Corr. per process| tt

Multi-jets method (Gaus.) Corr. per process QCD

Multi-jets method (Tails) Corr. per process QCD

Table 11.9.: Details on systematic uncertainties used in the likelihood fit. They
are included as nuisance parameters in the fit, and can be treated as
uncorrelated and partially or fully correlated per physics sample and
selection region [227].

In the table 11.9 the details of systematics treatment in the likelihood fit are
shown. The systematic on luminosity is treated as fully correlated across different
regions and samples. Due to high precision in luminosity determination it takes a
value of 2.8%, and uncertainty is used only with the pure MC estimates. The MC
statistics is treated as uncorrelated for all MC samples. The uncertainties due to
experimental uncertainties are included in the fit. The jet energy scale (JES) uncer-
tainty is determined using the test-beam, simulation and in-situ measurements as
described in [185,272]. In this analysis one nuisance parameter for JES is used, and
this systematic uncertainty is treated as fully correlated across all MC samples. The
17 JES nuisance parameters were varied up and down, and the sum in quadrature
of up and down variations has been compared to the summary variation case. Good
agreement has been found for different jet multiplicities, and using one nuisance pa-
rameter in the JES uncertainty estimation can be applied in the 6jt+ selection. The
study has been performed using the simplified model of G§ production on the up and
down JES variations. The JES nuisance parameters included effects on a number of
partons, calibration effects, pileup, flavor composition and b-jet energy scale. Using
one nuisance parameter and its uncertainty using summary up and down variations
has been found to be a good estimate of the JES uncertainty for this analysis [227].
The jet energy resolution (JER) was estimated using a technique described in [273],
and treated as fully correlated across all MC samples. As this analysis relies on the
reconstruction of large number of jets, the JES and JER uncertainties are expected
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to be large. However, due to the usage of transfer factors in the background deter-
mination, using the equation 11.15, these uncertainties cancel out to a large extent,
and these uncertainties are not dominant. The effect of pile-up due to high instan-
taneous luminosity is varied for (u) in the 0.9 - 1.1 range, and added to the JES and
JER calculation. It is fully correlated across all MC samples. The effect on scale
and resolution from the low-py calorimeter activity, included in the EXS calculation
but not coming from jets and baseline leptons, is treated as fully correlated across
all MC samples, and is estimated to be 7% and 2% respectively. The uncertainty on
the lepton and photon reconstruction efficiency is used fully correlated for photons
in the CRY, and is estimated to be 5-7%. The effect of b-tagging/veto efficiency
systematic uncertainty is used in CRW and CRT as fully correlated.

The uncertainties of theoretical MC modeling are taken into account. The uncer-
tainty on the cross-section calculation is used only for the pure MC estimates, in par-
ticular for the diboson sample, and is partially correlated, per process. The W+jets,
Z+jets and y+jets backgrounds have a refined systematic uncertainty estimation
which includes uncertainty from the factorization and renormalization scales, deter-
mined by shifting the scale by a factor of two, and are correlated per process. Also,
matching scale, number of extra partons and uncertainties determined by the differ-
ent generator comparison are included correlated per process. For the Z(— ll)+jets
in addition to these uncertainties, the k correction is used on the nominal and alter-
native MC estimates, which improves the MC and data agreement in the CRs and
reduces the overall systematic uncertainty for this background. The uncertainty on
the k correction, in addition to other uncertainties, accounts for photon isolation
and miss-identification, and effects of different parton distribution functions, and
is estimated to be around 6%. Most of the systematic uncertainties for x cancel
out, and the dominant contribution arises primarily from the photon selection, and
there are smaller effects on the lepton selection, QCD and other background uncer-
tainties in the dedicated CRs. Uncertainty on the s correction is incorporated as
additional uncertainty on the Z(— ll)+jets background estimation, correlated per
process. Additional uncertainty arising from W+heavy flavor background, is found
to be 25%-50%, and is included as correlated per process, but is highly reduced by
the usage of the TF in the analysis.

The uncertainties for the diboson sample on scale and PDF uncertainties are found
to be < 50 % for each SR, and a uniform 50% uncertainty is applied for this case.
The tt uncertainties are added correlated per process for different generators and
difference in cross-section calculation correlated per process. The QCD background
systematic uncertainties are determined as the uncertainties from the jet-smearing
method, which is determined by varying the width and tails of the jet resolution
function, which are both added correlated per process. The uncertainties from PDF
modeling have shown to be negligible for each MC sample. The breakdown of
systematic obtained by the background-only fit is shown in the section 11.8.1 in the
table 11.13.

The SUSY model analysis includes theoretical uncertainties on the signal cross-
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section and systematic uncertainties on the signal acceptance. It has been shown that
initial state radiation (ISR) strongly affects the signal acceptance for SUSY models
with small mass splittings between the strongly interacting states (¢ and §) and the
LSP/NLSP ()ﬁ or ;). The systematic uncertainty arising from ISR was studied
using MC samples by varying the value of ag, renormalization and factorization
scales and the MADGRAPH/PYTHIA matching scales. For mass splittings of Am
< 100 GeV this uncertainty was ranging 10-40% for different SR, the uncertainty was
shown not to depend on the SUSY particles masses for a fixed Am, while for fixed
SUSY particle masses Am falls approximately exponentially [31]. The NUHMG
model for all studied points has a larger mass splitting of Am > 900 GeV, see
figures 10.2 and 10.3 , and the uncertainty from ISR has a small effect for this grid.

11.8. Results and Interpretation

This section describes the results of the SR 6jt+ and NUHMG model using the 20.3
fb—1 of ATLAS 8 TeV data. First the background only fit performance is estimated
in the section 11.8.1. Next, the validation of the background estimation is set in
place, as described in the section 11.8.2. The results are presented in the section
11.8.3. As no significant excess of data compared to the SM expectation is observed,
the results interpretation is shown in the section 11.8.4, and the performance of the
0-lepton NUHMG model analysis is compared to the one-lepton analysis in the
section 11.8.5.

11.8.1. Background Fit Performance

The background-only fit is run to obtain background normalization factors, gain
confidence in background determination using validation and to perform the statis-
tical test for the background-only hypothesis. In this section the performance of this
fit will be presented.

The free parameters in the fit are scaling factors for the background samples and
the nuisance parameters . The results for the background-only fit for the 6jt+
channel CRs and SR are shown in the table 11.10. The statistical uncertainites for
dedicated CR are derived from the number of events and the correlations between
the CRs. After the fit dominant contribution of irreducible background in the SR
comes from the top background, while the multi-jet, W+jets, Z+jets and diboson
background have smaller contributions in the SR.

In the table 11.11 scaling factor values are shown. The W+jets and Z+jets back-
grounds have the highest scaling factors, which is due to two reasons. First, the
W /Z+jet background modeling for the large jet multiplicity predicts more events
than seen in data. This tendency has been observed ATLAS wide, and is explained
in the section 11.6.2. This effect is included in the analysis with theoretical uncer-
tainties on these backgrounds. Second, the ERss / m§§d cut strongly reduces the
W /Z+jets background in the CRW /Z, which manifests in large statistical uncertain-
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SR6jt+ channel CRW CRT CRY CRQ SR
Observed events 5 16 5 53 6
Fitted bkg events 5.054 1.82 16.01 £4.10 4.99+2.23 53.01 £7.29 4.94 & 1.56
Fitted Diboson events 1.10+0.55 0.2040.10 0.65+0.33 1.01+0.50 0.20 +0.10
Fitted y-+jets events 0.00 £ 0.00  0.00 +0.00 4.19+2.26 0.00 +0.00 0.00 % 0.00
Fitted Multi-jet events ~ 0.00 £0.00  0.00 +0.00 0.00 4+ 0.00 43.25+8.36  0.257032
Fitted tt events 3.20£2.81 15.55+4.59 0.13+£0.12 8.09+4.83 3.67+1.75
Fitted W-jets events 0.677521  0.26703¢ 0.0040.00 02279 0.257523
Fitted Z+jets events 0.08+0.07  0.00*3% 0.01+001 0447530 0577070
MC exp. SM events 13.19 17.92 16.16 38.89 9.16
MC exp. Diboson events 1.11 0.20 0.66 1.01 0.21
MC exp. y+jets events 0.00 0.00 15.34 0.00 0.00
MC exp. Multi-jet events 0.00 0.00 0.00 25.88 0.15
MC exp. tt events 2.95 14.27 0.12 7.46 3.38
MC exp. W+jets events 8.82 3.44 0.00 2.95 3.36
MC exp. Z+jets events 0.30 0.01 0.04 1.59 2.07

Table 11.10.: SR6jt+ background fit results for the CRW, CRT, CRY, CRQ and SR
regions, for an integrated luminosity of 20.3 fb~! fb=! [227]. Nominal
MC expectations (normalized to MC cross-sections) are given for com-
parison. The errors shown for CRs are the statistical plus systematic,
while for the SR they are systematic uncertainties only.

Sample Scaling factor
Z+jets 0.27 +£0.15
W4jets 0.1 £0.7
tt 1.09 +0.38
Multi-jets 1.67 +£0.32

Table 11.11.: Scaling factors in the 6jt+ channel for Z+jets, W-jets, t£ and multi-jet
background obtained by the background-only fit.

ties. Therefore, this effect is included in the analysis via uncertainties on the scaling
factors. The Z+jets background has an additional refinement which reduces its sys-
tematic uncertainty, as explained in the section 11.7.1, which contributes to the fact
that this scaling factor is smaller than the Wjets case. However, in the validation
procedure, these backgrounds show good performance in the background-only fit,
and good agreement is reached for all VRW/Z pulls, see section 11.8.2 and figure
11.20. Therefore, W /Z+jets background estimates can be considered reliable.

In order to gain confidence in the quality of the background determination and
fitting procedure, cross-checks on the nuisance parameters and size of correlations
are set in place for the background-only fit. In the profile log-likelihood fit, the
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Figure 11.18.: Nuisance parameter values obtained by the background-only fit for
the 6jt+ channel [227]. All nuisance parameters have width around
1, therefore there is no profiling of the nuisance parameters by the fit.

nuisance parameters are modeled with the Gaussian distribution with a mean value
and width equal to 1 as an initial value. Their final fit-obtained values are shown
in the figure 11.18. The fit-obtained values are very close to the initial value of
1, i.e. there are no large changes by the fit for all nuisance parameters width,
therefore there is no profiling of nuisance parameters, which gives confidence in the
fit quality. The map of correlations for the SR 6jt+ obtained for the background-only
fit between different systematic uncertainties are shown in the figure 11.19. There
are no strong correlations except for the case of top theoretical uncertainty correlated
with CR statistics of W+jets and multi-jet background, and correlations between
top CR statistics with CR statistics of W+jets and multi-jet background. This is
well understood by the top background population in CRW and CRQ and its large
theoretical uncertainty, and is included in the systematic uncertainty calculation.
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11.8. Results and Interpretation

11.8.2. Validation

The most powerful test of background determination procedure using the fit is ob-
tained by comparing the number of events observed in data with the expected num-
ber of events determined by the background-only fit in VRs. More precisely, the
background-only fit is run and the predictions obtained by the fit are compared to
the observed number of events in each VR. A set of 19 VRs are used for the 6jt+
channel, where each VR is dedicated for a cross-check of different physics process,
which are defined in the section 11.5.3.

Number of events

- npred) / Olot

(nobs

CRCRT CRY CRQ Rz VRZ VAWV R RWIRT VAT R T R KawFawkawERQ ,V/?oeV/?oaV/?o!/?wg@zrbggau

Figure 11.20.: Observed versus expected number of events in all VRs for the 6jt+
channel [227]. Event counts are shown in the upper plot, where dark
blue is the Z+jets, light blue is the W+jets, light green is the top, light
yellow is the W+top, and dark yellow is the QCD background pre-
diction, and the black dots are the observed number of events. The
dashed blue area represents the total uncertainty for the predicted
number of events, including statistical and fitted background uncer-
tainty. The lower plot shows ‘pull® results, using the same coloring
scheme, where oy is the total uncertainty in the VR, including statis-
tical and fitted background uncertainty. Note that oy is correlated
between VRs.

The validation results are typically presented with the so called ‘pull* distributions,
see figure 11.20. The ‘pull* for a given VR is defined as:

Nobs — Npred (11 20)

Otot
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where n4ps and ny,eq are the number of observed and predicted number of events in
the VR, respectively. The oy, is the total uncertainty in the VR, and is given by:

Otot = Ostat @ An;m"ed (1121)

where An,,,..q is the uncertainty on the background prediction in the VR obtained by
the fit, while o4 is the statistical uncertainty on the predicted number of events in
the VR, computed as an upper and lower 68% CL of a Poisson distribution centered
around nypyeq. In more detail, the values of ‘pull® in relevant VRs for the 6jt+ channel
are shown in the table 11.12. All VRs pulls have less than 1.4 sigma deviation from
the central value. Therefore, SR 6jt+ has good performance in all VR, which gives
good confidence in the procedure of background determination using the fit. One
should note that uncertainties are correlated and VRs are not necessarily mutually
exclusive.

SR VRZz VRWf VRMWf VRWTau VRTf VRMT{ VRttbarTau VRQl VRQ4
6jt+  -0.8 0.5 0.5 0.4 -1.4 -0.5 -1.0 0.2 0.1

Table 11.12.: Difference of number of events observed in data and SM MC expec-
tations obtained by the fit, divided by the total uncertainty of the
prediction (‘pull‘), in relevant VRs for the 6jt+ channel [31].

11.8.3. Results

As the background-only fit performance in the SR 6jt+ was validated, the results
of this SR can be examined. First the dominant contributions to systematic uncer-
tainties and the kinematic variable distributions will be examined. Then the yields
in the SR and their statistical interpretation will be explored in the section.

The treatment of systematic uncertainties have been described in the section
11.7.2, and in the table 11.13 breakdown of dominant systematic uncertainties for
the SR 6jt+ is shown. The CR statistics uncertainty arises for the limited statistics
in the CRs. The uncertainty on the JES, JER, including the uncertainty on low-pr
calorimeter activity not associated with jets or leptons, i.e. the ERSS soft term, are
together labeled as Jet/MET in the table. The uncertainty related to theoretical
modeling of SM background samples are estimated using the comparison of TFs for
each sample produced by different generator. The theoretical uncertainty on the
renormalization and factorization scales is estimated by increasing and decreasing
the relevant scales by factor of two. The uncertainty on the PDF modeling has been
tested for each background process and found to be negligible. The diboson scale
and PDF uncertainties have been taken to be 50% with a uniform distribution. The
uncertainties of b-jet tag/veto, pile-up and other minor backgrounds are included in
the table under the label ‘other*.

The overall systematic uncertainty is estimated to be 33%. The dominant con-
tribution is arising from the top quark CR statistics with 22.4 %. In a similar way,

182



11.8. Results and Interpretation

Channel 6jt+

Total bkg 4.9

Total bkg unc. +1.6 [33%)
CR stats: Z/~*+jets +0.31 [6.3%]
CR stats: W+jets +0.7 [14.3%]
CR stats: top quark +1.1 [22.4%]
CR stats: multi-jets +0.04 [0.8%]
MC statistics +0.4 [8.2%]
Jet /MET +£0.29 [5.9%]
Leptons +0.32 [6.5%]
7/ TF £0.04 [0.8%]
Theory: Z/v*+jets +0.7 [14.3%]
Theory: W-+jets +0.08 [1.6%]
Theory: top quark +0.5 [10.2%]
Theory: diboson +0.1 [2.0%]
Theory: scale unc. +0.5 [10.2%]
Multi-jets method +0.4 [8.2%]
Other +0.03 [0.6%]

Table 11.13.: Breakdown of the dominant systematic uncertainties on background
estimates obtained by the fit, in the SR 6jt+. Uncertainties relative
to the expected total background yield are shown in parenthesis. ‘CR
stats‘ labels the uncertainties arising from a statistical uncertainty of
a dedicated CR for a given physics process. Note that the individual
uncertainties can be correlated, and do not necessarily add up quadrat-
ically to the total background uncertainty [31].

the W+jets background CR statistics uncertainties are as high as 14.3 %. The the-
oretical uncertainties in the Z/~v*+jets sample are as high as 14.3 %, and are arising
from their EM contribution in the SR due to the low EXS /mcl cut of 6jt+.
The theoretical uncertainty on the top quark background modeling is 10.2 %, while
the scale uncertainty is 10.2 %. Jet/MET is not very high in this SR, and is 5.9
%. Namely, by using the transfer factor technique in the background determination,
these large uncertainties cancel out. The MC statistics uncertainty in the SR is 8.2
%. The multi-jets background has a relatively low contribution of 8.2 % due to the
successful QCD background removal in the SR selection. Note that the individual
uncertainties can be correlated, and do not necessarily add up quadratically to the
total background uncertainty.

In the figure 11.21 the observed EXisS /mxcl (excluding requirement on miuf!
) and mggfl distributions for the SR 6jt+ are shown. The distributions are given
for before the normalization. The distributions show good agreement of data and
MC prediction within the statistical and systematic uncertainty, and no significant
excess of data has been observed in the SR 6jt+.
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11. NUHMG Analysis Using Final States with Jets and Missing Tr. Momentum

The event yields in the SR 6jt+ are presented in the figure 11.22 for pure MC
prediction before the fit (a) and values obtained by the fit (b). Before the fit MC
prediction has large tt, W+jets and Z+jets contribution, while multi-jets and di-
boson contributions are very small. The fit performs scaling down of W+jets and
Z+jets backgrounds, as explained in the section 11.8.1. The uncertainties on mod-
eling of these backgrounds are included in the fit as nuisance parameters, and good
performance in the validation regions is obtained for all VRW /Z, see more details in
the section 11.8.2. The multi-jet contribution is scaled up by a small amount, while
diboson is unchanged since it is taken from the MC prediction. A good agreement
of data with the SM prediction in the SR 6jt+ is seen.
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Figure 11.21.: Observed E2iss /m&! (excluding requirement on m%! ) (a) and mii¢!

(b) distributions in the SR of the 6jt4 channel [31]. The distribu-
tions are given for MC background expectations normalized to the
cross-section and integrated luminosity for all background samples,
except for the multi-jet background distribution, which is given for
the data-driven estimation used in the analysis. In the lower plots
the yellow error band denotes experimental and MC statistical un-
certainty, while the green band in addition includes the theoretical
modeling uncertainty. The arrows denote the cut requirements for
six-jet loose, tight and very-tight signal regions.

The details of event yield in the SR 6jt+ are shown in the table 11.14. The
background only fit obtained expected number of SM background events in the
signal region is 4.9+1.6, where the number of observed events is 6. Also, the 95%
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11.8. Results and Interpretation

CL model independent upper limits for the visible cross-section on the new physics
((ed)? ) are calculated using 5000 MC pseudo-experiments and asymptotic test
statistics calculation, and are 0.39 fb and 0.36 fb respectively. The 95% upper limit
on the observed number of signal events is 7.9 and 7.3 for the MC pseudo-experiments
and asymptotic estimate, while the upper limit for expected number of signal events
is 6.671% and 6.4752 for the MC pseudo-experiments and asymptotic calculation
estimate. Finally, the p-value for the background-only hypothesis is pp=0.36 and
the equvivalent Gausian significance is Z=0.4. The number of observed events in
the SR 6jt+ is slighlty higher than the expected background estimation, but the
excess is not significant and the data is in agreement with the SM prediction. In
addition, no significant exess is seen in any of the SR in the search with 2-6 jets and
Elfliss , and good agreement between the data and the expected number of events are
observed in all SR, see more details in [31]. Therefore, the results can be interpreted
in a number of SUSY models, where a dedicated interpretation in the NUHMG will

be shown in the next section 11.8.4

0w r ] 0 T ]
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°>) F)Ldt=2031b, Vs=8TeV Y Uncertainty Total SM 7 %’ p)Ld=2081, fs=8TeV [ Uncertainty Total SM ]
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Figure 11.22.: Event yields in the SR 6jt+ before (a) and after (b) the background-
only fit.

11.8.4. Interpretation

No statistically significant excess of data in the SRs has been observed, and limits on
the physics BSM are set. In more detail, the 95% CL exclusion limits are set using
the C'Lg prescription [212] explained in the section 8.2.1. The test statistics was
generated using asymptotic formulae [207], and all 0-lepton analyses results were
cross-checked using 5000 MC pseudo-experiments for a few signal points. All SR
selections were run for each NUHMG grid point using the SUSY-model exclusion fit,
as explained in 11.7.1. The SR with best expected sensitivity is selected to derive
the observed limit, where asymptotic formulae are used to obtain these results. In
addition, the observed SUSY-model exclusion limits are calculated for o variation
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11. NUHMG Analysis Using Final States with Jets and Missing Tr. Momentum

Signal Region 6jt+
MC expected events
Diboson 0.21
Z/v*+jets 2.1
W +jets 3.4
tt(+EW) + single top 3.4
Fitted background events
Diboson 0.2£0.1
Z/y*+iets 0.650%
W +jets 0.3%53
tt(+EW) + single top 3.7+1.7
Multi-jets 0.3194
Total bkg 49+1.6
Observed 6
(e0 73, 0] 0.39
(€)% [fb] (asymptotic) 0.36
S 7.9
5% (asymptotic) 7.3
Seep 6.6276
S22, (asymptotic) 6.4732
po (Z) 0.36 (0.4)

Table 11.14.: Number of events observed in the signal region 6jt+ and background
expectations shown for MC estimates and normalized by the fit [31].
The uncertainty on the total background yield is quoted symmetric.
The 95% CL upper limits on the visible cross-section ((ec)%.), the
observed number of signal events (S5, ) and the number of signal
events (S92,) given the expected number (and £1o excursions on the
expectation) of background events are given using 5000 MC pseudo-
experiments and asymptotic formulae. The quoted p-value (py) is given
for the background-only hypothesis, and the equivalent Gaussian sig-

nificance (Z) is given in the brackets.

on the theoretical systematic uncertainty on the cross-section calculation for each
signal point. The expected SUSY-model exclusion limits are calculated using the
mean expected background estimate for the SR as the nominal event yield.

In the figure 11.23 the expected and observed SUSY-model exclusion is shown
for the NUHMG model. All grid points around and inside the expected exclusion
line have the 6jt+ SR as the best performing expected sensitivity SR. The observed
SUSY-model exclusion line is below the expected due to the excess in the observa-
tion, but is within the +10 systematic uncertainty of the expected exclusion. The
excluded region has a good coverage in the low my, region which has a more com-
pact mass spectrum, up to my /3 = 530 GeV. In the high mass range better exclusion
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11.8. Results and Interpretation

NUHM model with gaugino mediation and v, NLSP, m,=0, mH2=O, tanf=10, u>0, AO<O
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Figure 11.23.: Expected and observed NUHMG SUSY-model exclusion using the
CLg technique [31]. The best expected sensitivity SR is the 6jt+
for all grid points within the exclusion. The expected +1o¢., exclu-
sion includes experimental and theoretical uncertainties on the signal
and background. The observed ilaf)’gs variations are calculated for
theoretical uncertainty on the cross-section calculation for each point.

is obtained for the lower m o points, i.e. closer to the lower diagonal, and observed
exclusion line reaches up to m;,, = 620 GeV and m%,l = 5.4 TeV?. In the grid the
mg and mg masses grow linearly with my 5, and observed excluded masses for ¢ and
g are up to about 1250 and 1400 GeV respectively.

In addition to NUHMG model interpretation, the SR 6jt+ showed good perfor-
mance in the models where final state has high jet multiplicity and low EXS | which
is typical for a longer § decay chains. Therefore, the performance of SR 6jt+ can be
inspected on two models commonly studied in the search with 2-6 jets and missing
transverse momentum. First, the slice of mSUGRA/CMSSM  [94-99] models with
tan 8 = 30, Ag = -2myg and p > 0 is studied, where SUSY signal events were obtained
using Herwig++ 2.5.2. Second, the simplified model for pair produced gluino pair
with intermediate X1 each decaying into two quarks, a W boson and X7 (one-step
decay). The X! mass is set to 60 GeV for this grid. Here the SUSY signal samples
are generated using HERWIG++ 2.5.2 interfaced to PYTHIA 6.426.
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Figure 11.24.: Expected and observed mSUGRA/CMSSM SUSY-model exclusion

using the C'Lg technique [31].
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Figure 11.25.: Expected and observed simplified model § § production one-step de-
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11.8. Results and Interpretation

In the figures 11.24 and 11.25 the expected and observed SUSY-model exclusions
using the C'Lg technique are presented for these two grids. In the mSUGRA /CMSSM
model for 1200 < mg < 2300 GeV range the best performing expected sensitivity
SR is the 6jt+. For the simplified model of §§ one-step decay the best performlng
expected sensitivity SR is the 6jt+ for the low X = Am(X1 X1)/Am(g, X1) region.
For X=0.1 the observed exclusion is up to about 1100 GeV for the § masses. In the
region of 0.3 < X < 0.8 the best performing expected sensitivity SR is 6jt+ as well,
and the observed exclusion reaches mg of about 1350 GeV, however, in this region
similar performance can be obtained with the SR 6jt as well.

11.8.5. Comparison to Analysis with One Lepton, Jets and Missing
Transverse Momentum

In order to show compatibility of the NUHMG search using the lepton veto to other
analyses, a similar search has been performed on this grid, by the search with one
lepton. It was using a selection with one high pr lepton of pp > 25 GeV, 3-6 jets
and missing transverse momenta. It targets ¢ or § pair production. There was no
dedicated optimization performed for the NUHMG model. In this section details of
the search with one high pr lepton will be given, where more information can be
found in [38], and a comparison of these two searches will be presented.

The final states of the analysis with one high pp lepton target pair produced g and
G (assuming degenerate first two generations), with decay chains via X1 and/or X1
or [ . The )ﬁc decays into W boson and the >~<9, X5 or i , X5 decays into Z boson and
)2(1), or via [ into leptons and X1 Also, t mediated final states are also considered,
see figure 11.26. The analysis with one high pr lepton requires exactly one lepton,
3-6 jets, and missing transverse momentum.

In addition to the analysis with 0 leptons, this analysis uses these variables:

° m”ﬁ?l - effective mass in the event, as defined at 11.3 with the lepton term

different from zero. It is a scalar sum of transverse momenta for all selected
high pr jets and leptons and the missing transverse energy:

jet

‘J%E’I—ZIPT |+Z\pT )| + B, (11.22)

e My - transverse mass of the lepton and pm“s It is defined as:

Mr = \/QplTEm‘SS(l — cos[A¢(l ,p?“‘s)]) (11.23)

mzss

where Agp(l 7p’mss) is the angle between the lepton and p7:
the W — [v background rejection.

It is good for
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a T . W

W 7 / ¢/v %fqz

Figure 11.26.: Targeted final states in the analysis using one high pr lepton, multiple
jets and missing transverse momentum [38].

Single-bin (binned) hard single-lepton

3-jet \ 5-jet \ 6-jet
Ny 1 electron or muon
pr(l) (GeV) > 25
Lepton veto pr2 lepton 10 GeV
Niet >3 >5 > 6
P (GaV) =80, 80,30 | > 80, 50, 40, 40, 40| > 80, 50, 40, 40, 40, 40
Jet veto (pr°7i° < 40 GeV) (pTﬁthjet < 40 GeV) -
B (GeV) =500 (300) =300 =350 (250)
My (GeV) > 150 > 200 (150) > 150
B et >0.3 - -
miT (GeV) = 1400 (300) > 600
Binned variable (mITin 4 bins) (EX in 3 bins)
Bin width (200 GeV, 4™ is inclusive) (100 GeV, 3'¥ is inclusive)

Table 11.15.: Selection criteria for the single-lepton SRs aimed for the ¢ or g pair
production. There are two sets of requirements using the single-bin
and binned signal regions, where the selection for the binned case is in
brackets. Electron and muon channels are targeted independently, see
more details in [35].
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Signal region (ea)9p[fb] S Soo CLp p(s =0)
Single-bin hard single-lepton channel

3-jet 0.40 8.2 7.8753 0.59 0.41
3-jet (electron) 0.29 5.9 6.2730 0.39 0.50
3-jet (muon) 0.35 7.0 57121 0.72 0.27
5-jet 0.28 5.7 7.2131 0.26 0.50
5jet (electron) 0.29 6.0 58123 0.55 0.50
5-jet (muon) 0.20 4.0 54116 0.10 0.49
6-jet 0.22 4.5 6.0t32 0.10 0.50
6-jet (electron) 0.24 4.8 53718 0.32 0.50
6-jet (muon) 0.16 3.2 49113 0.08 0.50

Table 11.16.: Single lepton analysis upper limits using the model independent fit, for
95% CL upper limit on the visible cross-section ({€o)% ) and number
of signal events (S%. ). 95% CL upper limit in the expected number of
signal events Seg;?p, confidence level observed for the background-only

hypothesis C'Lg, and the discovery p-value (p(s = 0), for less observed
events than expected p(s=0) = 0.5) [38].

For the SRs there are two sets of selections defined, see table 11.15. They all
require a electron or a muon with pyr > 25 GeV, with a veto on more leptons in
order to be orthogonal to other analyses. They have requirements of 3, 5 or 6 jets,
and place cuts on ERSS | My and EXSS /mSel . First is a single bin selection.
It is optimized for the discovery, and it is also used to set limits on the visible
cross-section. Second is the binned SR, which exploits the signal shape when model
dependent limits are set. The binned variable in the 3-jet and 5-jet channel is mie%fl
with 4 steps of 200 GeV, while the 6-jet channel is using ER with 3 steps of 100
GeV, where for all binned SRs the last bin is inclusive. The binned SR requirements
have relaxed values with respect to single-bin SRs. The binned SRs have exclusive
jet selection, by placing a jet veto, in order to be orthogonal and allow for a statistical
combination of these SRs.

More details about the used samples, pre-selection, CRs, VRs, background de-
termination and analysis procedure can be found in [38]. The number of observed
events in each SR has been found to be consistent with the SM expectations. The
model independent 95% CL upper limit in the observed/expected cross-section and
number of events, C'Lp and p-value for the background only hypothesis are shown
in the table 11.16.

As no significant excess of data in any SR has been observed, exclusion limits have
been set for the NUHMG model. The 95% CL expected and observed exclusion limits
are shown in the figure 11.27. In the low mass region the expected and observed
exclusion does not reach the upper diagonal. In the high mass range better exclusion
is obtained for the lower m, /5 points, and expected exclusion line reaches up to my
= 500 GeV and m%h = 3.3 TeV?, while the observed reaches up to my /o = 530 GeV
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NUHM model with gaugino mediation and v, NLSP
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Figure 11.27.: Expected and observed NUHMG SUSY-model exclusion for one-

lepton analysis [38]. The 10y, includes experimental and theoreti-
cal, while :l:laggs includes theoretical uncertainty on the cross-section

calculation.

and m%ﬁ = 4.5 TeV2, but does not reach the lower diagonal in the high m, /2 region.

In order to compare sensitivity of two analyses, the expected exclusion at 95% CL
is compared for the 0-lepton and one-lepton searches, see figure 11.28. The one-
lepton expected line has about 100 GeV in my/, and 1 TeV in m%,l smaller reach.
In addition, the 1 sigma deviation on the expected exclusion due to experimental
uncertainities is much higher for the one-lepton case, see figures 11.23 and 11.27.
The observed 95% CL line of the 0-lepton analysis is below the expected due to small
excess in the observed number of events in the data. In the one-lepton analysis, the
observed line is higher than the expected due to the smaller number of observed
events in the SRs than predicted. In each analysis this deviation is within the 1
sigma experimental uncertainty of the expected exclusion, see figures 11.23 and
11.27. In all regions O-lepton analysis expected and observed exclusion is higher
than in the one-lepton analysis, however, the searches show compatible exclusion.
As these two analyses have orthogonal selections, the statistical combination of the
0-lepton and one-lepton searches is in preparation, and is driven by the 0-lepton
analysis due to its higher sensitivity for the NUHMG model.
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NUHM model with gaugino mediation and v, NLSP, m0=0, mH2=0, tanf=10, u>0, A0<0
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Figure 11.28.: Expected and observed NUHMG SUSY-model exclusion comparison
for O-lepton and one-lepton analyses. The expected £lo.,, exclu-
sion includes experimental and theoretical uncertainties on the signal
and background. The observed +1¢? variations are calculated for

obs
theoretical uncertainty on the cross-section calculation for each point.
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12. Conclusion

In this thesis the 8 TeV physics analyses of NUHMG and NUHM SUSY models were
performed using 20.3 fb~! of ATLAS data. Firstly, the NUHMG analysis [25] was
done by optimizing a dedicated signal region for this model and adding it to the
search for ¢ and § with 2-6 jets, missing energy and a lepton veto. The new signal
region named 6jt+ showed good expected sensitivity for the NUHMG model, and
it performed well in the models which predict multiple jets and missing transverse
energy in the O-lepton searches. Good agreement in the number of events in the
data compared to the SM prediction has been observed, and 95% CL exclusion
limits have been set, where the expected and observed 95% CL exclusion limits
agree within 1 sigma uncertainty. An additional search for the NUHMG model has
been performed in the analysis with one lepton, multiple jets and missing energy as
a cross-check. The 0- and one-lepton search showed compatible sensitivity, and a
statistical combination of these two analyses is in preparation, where the result is
driven by the O-lepton exclusion limits. Secondly, the NUHM model analysis is well
motivated in the framework of Radiatively Driven Natural SUSY [30]. The analysis
of this model was performed with the direct gaugino production, with a statistical
combination of searches using final states with 2, 3, and 4 leptons, without dedicated
optimization for this model, and exclusion limits have been set as no significant
excess of data has been seen.

The NUHMG model is well motivated in SUSY searches due to its compact mass
spectrum, additional allowed decays of sleptons and gauginos, and 7, NLSP. It
was found that a search with multiple jets and missing energy has good prospects,
because the leptons have very low pr, and a search with a lepton veto is a good
selection.

NUHMG analysis has been optimized in three steps. In the first step, a newly
developed method for fast signal region optimization with Rectangular Cuts method
of TMVA with the Genetic Algorithm, was used. It performs TMVA optimization
for ~10 discriminating variables, several jet multiplicity channels and 9 NUHMG
points. This leads to ~2400 variable-channel-point combinations, from which the
optimal variable combinations are ranked for the successful performance, using the
MC predictions on the signal and SM background, and approximated significance
definition. In the second step, for the selected variable combination, a scan using a
fit, with data in control regions, full systematic uncertainties, for all 50 signal points,
is performed to select the optimal cut values. In the third step, the optimal cut flow
is adjusted and re-evaluated to be compatible with the O-lepton analysis control and
validation regions design. The background is estimated using the background fit,
and the C'Lg value for all NUHMG grid points is used for the comparison of analyses
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12. Conclusion

performance. The resulting signal region uses 6 jets, low cut on E%“SS /meg and
high cut on meg , and has been named 6jt+.

The analysis on 20.3 fb~! of 8 TeV ATLAS data showed good agreement in the
number of events observed in the data and predicted by the SM. Therefore, 95% CL
exclusion limits have been set for a number of models. The best performance for the
NUHMG model was obtained using the 6jt+ signal region. The observed number
of data events in this signal region is 6 for expected 4.9+1.4 SM events, where the
observed limit is within 1 sigma uncertainty of the expected exclusion. The observed
excluded masses for ¢ and § are up to about 1250 and 1400 GeV respectively. This
was the first experimental result for the NUHMG model. Also, the 6jt+ signal region
showed good performance in the SUSY models with large jet multiplicity and low
missing energy, i.e. the compact mass spectrum regions, and therefore it extends the
general SUSY searches. Additional search for NUHMG model has been performed
with the analysis using one lepton, multiple jets and missing energy. Each, the 95%
CL expected and observed exclusion are lower for the one-lepton analysis compared
to the 0-lepton analysis, but they show compatibility. A statistical combination of
these two searches is in preparation and is driven by the 0-lepton exclusion.

The NUHM model has a very good motivation in current SUSY searches, and it
was interpreted using the ATLAS multilepton searches. The model has two degrees
of freedom more compared to CMSSM models, and allows for a SUSY parameter
space where it is compatible with the Higgs mass constrain. In addition, as ¢ and §
masses have been excluded by the LHC searches up to ~1.7 TeV, it can accommodate
this constrain as well, with the low level of electroweak fine tuning. This framework
has been named Radiatively Driven Natural SUSY. The dominant production is
direct gaugino production, and a search using a statistical combination of 2, 3 and
4 lepton searches was performed for NUHM. The statistical combination is driven
by the 3 lepton search, which showed the highest sensitivity. The model dependent
observed exclusion showed smaller exclusion reach than the expected, where the
difference is higher than 1 sigma, in the high m;/, range where the gaugino mass
spectrum becomes compact. The 95% CL observed exclusion reaches about 300 GeV
in my /5, and extends to highest tested values of 500 GeV in the p direction. This is
the first RNS NUHM exlusion at the LHC.

In addition to physics searches, the assurance of data taking is of great importance.
For this reason, the ATLAS trigger online monitoring represents an important task,
and a program called Trigger Presenter (TriP) was prepared for shifters and experts
in the ATLAS control room. The program is lightweight, it collects data in different
ways and presents the information on Level 1, Level 2 and Event Filter triggers,
High Level Trigger PC farms and global information in a user friendly graphical
user interface. The program was extensively used in integration tests before, and at
the first LHC startup. Today a new version of this program is in use.

In this thesis various aspects of physics searches and analysis optimization have
been presented. The results on NUHMG and NUHM models exclusion represent
the first exclusions of these models at the LHC, and therefore due to their physics
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motivation an important result. In addition, a program implemented and used in
the online monitoring represents an important part of the ATLAS data taking and
data quality assurance.
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13. Outlook

Direct searches for new physics represent an important aspect in understanding the
nature, and have a good motivation be continued in the following LHC data taking
and future high energy experiments. Future SUSY analyses should have complete
and wide coverage, but also include most recent measurements, and explore models
that fit the observations. The analyses described in this thesis were extending the
SUSY searches and exploring well motivated models. In future searches, the aspects
of these analyses need to be further explored and refined.

The NUHMG analysis with the newly developed 6jt+ signal region showed good
sensitivity in the compact mass region in ¢ and § production searches with longer
decay chains in 8 TeV searches with 20.3 fb~!. With the increasing exclusion reach
of direct SUSY searches, the compact mass region is one of the scenarios where
additional improvements are needed. However, for more compact regions, the jet pr
is lower, which makes the analysis more difficult. On the other hand, with higher
c.m.e. p-p collisions, the ¢ and ¢ production cross-sections increase faster than the
SM background, and higher coverage is viable with a dedicated analysis. Therefore,
in order to allow for better coverage of these searches, compact mass spectrum and
signatures with lots of jets and EX will represent an important search in the future
LHC data taking, and dedicated analyses should be set in place.

As the parameter space of MSSM is being strongly excluded by the current LHC
searches, the next step for future analyses can be the Next-to-MSSM. This SUSY
model with higher complexity predicts more Higgs particles, and more gauginos.
Due to presence of higher number of SUSY particles, the mass spectrum can be
more compact, and signature with higher object multiplicity will be of interest for
future searches. Therefore, analysis with high jet multiplicity will be needed also for
the models with higher complexity.

The NUHM was explored in the Radiatively Driven Natural SUSY framework, and
future analyses of this model will represent a well motivated search at higher c.m.e.
at the LHC and future colliders. In this model the § masses are in the order of a few
TeV, and at 8 TeV the dominant production is the gaugino production. However, at
13 TeV and higher c.m.e. the § and § production cross-section increase in larger
amount than the electroweak, in the low pu ~ 150 GeV region. Then the search
using the strong production can give good sensitivity even using lower integrated
luminosity. Also, the analysis using the gaugino production at 13 TeV and higher
integrated luminosity ~ 100 fb~! will give an additional good sensitivity in the
higher my /o region. Due to the good motivation of this model, the search for RNS
with NUHM model will represent a very important search at 13 TeV.

In order to obtain the data-set with good quality assurance, in addition to physics
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13. Outlook

searches, various aspects of data taking need to be taken into account, and programs
for online monitoring will be a great asset in future data taking.

Having in mind the complexity of the SM predictions and measurements and
aspects of physics beyond the SM, the searches for new physics are of great impor-
tance in understanding the nature. With the current experimental results, theoret-
ical modeling, running high energy data taking experiments, advanced computing
resources, highly developed techniques for signal and background estimation and
separation, these searches are viable at the LHC and future experiments. It is a
wonderful opportunity to be able to contribute to this global goal.

200



A. NUHM and Radiatively Driven
Natural SUSY Analysis

The NUHM model within the Radiatively-driven Natural SUSY framework (RNS)
was motivated in the section 4. In this section the 8 TeV analysis of the model will
be shown. First the NUHM scans were performed in order to find viable regions with
the Higgs mass, LEP and LHC constrains, and the compatibility of these findings
with the RNS NUHM grid proposal will be shown in the section A.1. Second
the SUSY mass spectrum using the RNS NUHM, dominant productions, branching
fractions and final states will be examined in the section A.2. Third, details of
the NUHM grid mass spectrum and cross sections will be shown in the section A.3.
Finally, the results of the NUHM grid interpretation using 20.3 fb~! of 8 TeV ATLAS
data, within the searches for the electroweak production using 2, 3 and 4 leptons
will be presented in the section A.4. Descriptions given in this section are taken
and extended from [274].

A.1. NUHM Scans Compatibility with RNS

Good motivation for NUHM model within the RNS framework was examined in the
section 4. The NUHM parameter space proposed in [30] was chosen for the analysis
using mo = 5 TeV, tan 8 = 15, Ag = -1.6mg, ma = 1 TeV in the m;/ vs p plane.
However, prior to this choice for the NUHM grid, detailed scans were performed to
find a viable region in NUHM parameter-space where the Higgs mass constrain is
preserved, the points are viable for the LEP limits on gaugino masses constrain, the
G .5 and { are not excluded by previous LHC measurements, and the XY is the LSP.
A compatibility of these scans findings with the RNS NUHM grid proposal will be
presented at the end of this section.

The NUHM SUSY mass spectrum and LO cross-sections were generated using the
same setup as described in the section 9.1. The SUSY and Higgs mass spectrum

and mixing angles have been computed using SOFTSUSY 3.3.4 [154], while the
SUSY and Higgs particle decays have been calculated using SUSY-HIT [156] as
an interface to decay calculators SDECAY 1.3 [158] and HDECAY 3.302 [157]

respectively. The high mass compactification scale is set to be Mx = Mgyr =
1.987x10'® GeV. At this stage of analysis cross-sections were calculated at LO using
PYTHIA 6.426 [159] using PDF set CTEQ6LI1.

Extensive NUHM grid scans were performed in order to find viable parameter
space regions with mj, and LEP constrain and with X! LSP. Each point was obtained
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A. NUHM and Radiatively Driven Natural SUSY Analysis

for Ag = 0, and then the Ay scan was performed in order to obtain 122.5 < my <
127.5 GeV. In this setup, the considered grid plane was in p vs my 5, and additional
scans on tan 3, mg and m4 were done. Scans were performed in a wider range than
the final proposal, see table A.l for details. The cross sections, branching fractions
and mass spectrum were examined. In the following are the scan details and a short
list of conclusions:

e Aj scan into negative values to obtain my, constrain. It is run for all scans:
— Higgs mass constrain always obtained for about Ag ~ -2my.
— Therefore, select Ag ~ —2my.
e tan 3 scan in the range [10, 50] with step 10 (1 = 300GeV, m; /5 = 500GeV,
mo = 3 TeV, tan 8 = 10, my = 1 TeV):

— For higher tan S in the mass spectrum [ have higher mass spread, but
gaugino sector is not affected.

— t always light, but gaugino production higher than strong production.
— At very high tan 8 = 50 number of viable points drops.

Gaugino cross-sections not affected by the tan S scan.

Therefore, tan 8 should be below 50, gaugino production will not be af-
fected by tan .

e mg scan in the range [1, 5] TeV with step 1 TeV (u = 300GeV, my /5 = 500GeV,
mo =4 TeV, tan § = 10, mgq = 1 TeV):

— For higher my § masses shift to very high values, ¢ always in the same
mass range, but gaugino production gets more dominant for higher my.

Number of viable points better for mg > 1 TeV.
— Gaugino production cross-section not affected by the mg scan.

— Therefore, as the gaugino production is dominant, any high value of mq
can be chosen.

e my scan for 0.6 and 1 TeV:
— Higher number of viable points obtained with 1 TeV.
— Therefore, fix my = 1 TeV.

In conclusion, the RNS NUHM choice of low tan 8 = 15 agrees with tan 8 < 50
value obtained by the scans. The high mg produces high § and § masses, which
allows for gaugino production to become dominant. Therefore, RNS mg = 5 TeV is
in agreement with favored high values of mg > 1 TeV obtained by the scans, since
the dominant gaugino production is not affected by this parameter. The value of Ay
= -1.6 my is in agreement with the scan findings of Ag ~ —2my, and sets the my, to
be around 125 GeV. Also, the choice of ma4 = 1 TeV agrees with the value obtained
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Fixed parameters sign(p) > 0
mo = b TeV, tan § = 15, Ay = -1.6my,
RNS NUHM 100 < 4 gnggo_eivi:es\éep 50 GeV
100 < my/9 < 500 GeV, step 50 GeV
X! LSP
LSP and LEP limit X1> 46 GeV
checks )ﬁE> 94 GeV

Ay < 0, varied to obtain
122.5 < my, < 127.5 GeV, step 10 GeV
0.1< < 2.2 TeV, step 0.2 TeV
0.1< my/p <3 TeV, step 0.2 TeV
10 < tan 8 < 50, step 10
p = 300GeV, my/y = 500GeV, mo = 3 TeV,
Scan details tan 8 = 10, my = 1 TeV
1 <mg <5 TeV, step 1 TeV
p = 300GeV, my /5 = 500GeV, mo = 4 TeV,
tan 8 = 10, my =1 TeV
600 < m4 < 1000 GeV, step 400 GeV

Higgs mass constrain

Grid scan range

Table A.1.: RNS NUHM and NUHM grid scan parameters. Grid is prepared in p
vs my /o parameter space. In the scans the X! LSP and LEP limits [39]

checks were performed, together with the Higgs mass constrain [222].

by the scans. Therefore, the NUHM grid scans are in complete agreement with the
RNS NUHM parameters. Due to low level of electroweak fine tuning for p < 500
GeV, viable cross-section at 8 TeV p-p collisions up to m; s < 500 GeV, and LEP
limits requiring p 2 100 GeV and m /; Z 100 GeV, the RNS NUHM was chosen for
the analysis, as shown in the table A.1.

A.2. NUHM Final States

In this section the typical mass spectrum, dominant production channels, branching
fractions and final states will be examined for the RNS NUHM model.

An example of the mass spectrum and dominant decay modes for one NUHM
point u = 300 GeV, my,, = 300 GeV is given in the table A.2. The g, b and %,
masses are very high = 3 TeV, which means their direct production at 8 TeV will
be suppressed. The #; is of the order 1.5 TeV, and § has a low mass below 1 TeV,
but their production is not dominant. Gauginos have low masses of a few 100 GeV,
and their direct production is dominant. X! LSP has a mass higher than 100 GeV.
Therefore, in this analysis, production and decays of gauginos are of interest. The
dominant decay modes are:
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e X3 — X1 Z.

Therefore, searches for electroweak production of gauginos with W, Z or h in the
final state have good prospects.

Mass (GeV) | Decay Modes
i, 5075 X1 v (34%), X2 v(27%), X91(24%), X41(8%), X31(7%)
7 5074 XE1(44%), X3 1(17%), X31(15%), X9 (13%), X (11%)
7 5005 Xi v (32%), X v, (26%), X97(24%), Xi7(8%), X7 (7%)
o, 5004 X7 (44%), X (18%), X3v, (14%), XIv-(13%), XJvr (11%)
x 4822 X01(95%)
# 4673 X7 (82%)
Gr | 5100 | gq99%)
qL 4948 G q(95%)
by 4786 7 b(95%)
i 3458 G H(T1%), X3t(7%), X9t(6%), T1h(3%)
by 3452 | § b(76%), Xa t(12%), Xb(7%)
i 1480 G 1(58%), X3 b(14%), X3¢(11%), X3(7%), XEb(7%)
g | 818 | Xob(30%). XibH(21%), Xi1t(12%). X$rt(8%), XStr(9%), Xhrt(T%)
X 356 X1 W (84%), Xh(13%), X2 Z(3%)
X5 354 XOW (54%), X+ Z(32%), XIW (14%)
X3 312 X12(94%), X1h(6%)
X5 234 X0 Z(100%)
i 233 XYW (100%)
X1 131 LSP

Table A.2.: NUHM point p = 300 GeV, my /; = 300 GeV mass spectrum and branch-
ing ratios. Direct gluino, squark and slepton production suppressed due
to their high masses. Only direct gaugino production and decays are
relevant for this grid at 8 TeV searches. Squark, slepton and sneutrino
masses given for the average of the first two generations respectively, as
they are almost degenerate. 1 = (e,u), q = (u,d,c,s).
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~0 ~
X1 0

X1

~O ~
X1 0

X1

Z/h Wi

Figure A.1.: Targeted NUHM final states. Due to low branching fraction of the
strong production, direct gaugino production is dominant. Typical final
states include 4W and ER (a), 2W2Z and E¥ (b), 2Z/h and Eiss
(c) or 2W and ER (d). 1 = (e,u), q = (u,d,c,s).

In the figure A.1 targeted final states of 4W with EXsS  2W27Z with ERSS  2W
with ErTmSS and 27Z/h with EITniSS are presented for the direct gaugino production.
Therefore, in this analysis, final states with 2, 3, and 4 leptons are of interest.

The mass spectrum of three NUHM points are shown in the figure A.2 for compar-
ison. A distinguishable property of NUHM is the compact and low gaugino sector.
The § is always lighter than the #; and § . For increasing my /2 gauginos become
heavier, and for increasing p gaugino mass spectrum becomes more compact, which
makes the analysis more difficult. The #; mass is somewhat low compared to previ-
ous LHC exclusion limits of ~ 1 TeV [35], however these searches were done using
the strong production. Therefore, NUHM represents an interesting scenario for LHC
searches due to its low and compact gaugino sector and not yet excluded #;using the
direct gaugino production.
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Figure A.2.: Mass spectrum and branching ratio lines for NUHM points. With in-
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creasing my/y gauginos become heavier (compare (a) and (b)). For
increasing {1 gaugino mass spectrum becomes more compact (compare
(a) and (c)). Thickness of the gray lines scaled to the value of the

branching ratio. Sparticle mass spectrum plots are obtained using the
PySLHA [21%].



A.3. NUHM Grid Properties

A.3. NUHM Grid Properties

The NUHM grid was produced for 81 SUSY parameter space points, using the RNS
NUHM specifications shown in the table A.1. The LEP constrain was not used, as
this is the first exclusion of this model. The mass spectrum and the cross-section of
the grid is presented in this section.

The Les Houches accord files for the points were produced using the setup de-
scribed in the section A.l. The event generation was performed using the HER-
WIGH+ 2.5.2 [170] event generator with the CTEQ6L1 [233] tune, for the direct
gaugino production. The two lepton generator filter was used, within |n| < 2.7, for
the electrons and muons of pr > 5 GeV, and leptonic taus of pr > 15 GeV, while
maintaining the hadronic taus.

~0~0 ~t~—+

NUHM X X . X X > )”(JO Zi production cross section

m, , (GeV)
O (PD)

6.3 5.6 Sl 4.9 4.8 4.6

243 21.6 20.1 19.2 18.6 18.1
L1 L1 1

I I250I = 300 = 350 = I400I I I450I = I500I I
i (GeV)

Figure A.3.: NUHM grid direct gaugino production NLL+NLO cross-section ob-
tained following the prescription from [224] using NLL-fast [198] and
PROSPINO 2.1 [191] used in the analysis. It includes all productions
of X°%Y, xTx* and Y°x* for all gaugino generations.

The mass spectrum of NUHM for fixed p = 150 GeV and m; /o = 150 is shown in
the figure A.4. For increasing m, 5 the gaugino masses increase, but the mass spec-
trum becomes more compact, which makes the analysis more difficult for increasing
my/o. § mass is increasing in a same way as gauginos, and for my/, > 500 GeV it
becomes higher than ¢;, while ¢ and ¢t masses do not change in large amount. As
the ¢ and ¢ masses are very high, their production is negligible at 8 TeV searches,
while g production falls steeply for high my /5. For increasing u the gaugino masses
increase, and the mass difference of gauginos always has > 30 GeV mass gap, which
leaves leptons with high pp for the detection at all 4 values. The increasing p does
not affect the § , ¢ and ¢ masses.

The production cross-section used in the analysis was calculated for all gaugino
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production processes at NLL + NLO following the prescription from [224], using
NLL-fast [198] and PROSPINO 2.1 [191]. In the figure A.3 total gaugino production
cross-section for all NUHM points, without generator filter efficiency applied, are
presented. As expected, for increasing p the cross-section is almost unchanged,
but for increasing my , the gaugino production cross-section falls steeply. It should
be noted that for most of the NUHM grid, excluding only the low ,m;/ points,
gaugino production represents almost 100% of the total cross-section.

A.4. NUHM 8 TeV Data Analysis

The NUHM model analysis was performed without a dedicated optimization, using
the analyses of electroweak production with 2, 3 and 4 leptons [275-277]. In addition
to O-lepton and 1-lepton analyses, these searches use the following variables:

o Emiss rel _ corrected ERSS definition, defined as:

miss,rel E%’liss 7A¢l,j > 77/2,
Er - { ERss xsinAgy;  ,Agyj < m/2 (A1)

where A¢; ; is the azimuthal angle between the p1™** direction and the near-
est e, u, central b-jet or central light-flavor jet. It is aimed to suppress events
with significantly miss-measured jets and leptons.

e mroy - 'stransverse’ mass is calculated for two leptons and pp” using the

qgr transverse vector, which is used to minimize the larger of two transverse
masses mp in the my9 definition:

mr(pr,qr) = \/2<PT(IT — prar) (A.2)

mry = IgiTﬂ[maX(mT(PTﬂ, ar), mr(pr'?, pr™* — qr))] (A.3)

where pl% and plqg are transverse momenta of two leptons. In SM events with
two W bosons which decay leptonically, the p’7**® originates from neutrinos,
and the mpy has an end-point around the W mass. For the signal, the LSP

contributes to the pgﬁ”ss, and mp9 end-point is shifted by a value correlated

to the [ or ﬁcand LSP mass difference.

® Mgy - invariant mass of two objects, which for signal events can take values
that differ from the W and Z mass.

The NUHM model interpretation is performed using a statistical combination
where the following signal regions were included in the fit, see table A.3:
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Figure A.4.: NUHM model sparticle masses for fixed y = 150 GeV (a) and m; /5 =
150 GeV (b).
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e 2 Lepton: Signal region with the best expected sensitivity is selected for
each point, using the SRWWa, SRWWb, SRWWc, SR-mT90, SRmT120 and
SRZJets, defined in [275].

3 Lepton: Statistical combination of signal regions SR0Oa, SROb, SR1 and

SR2a, defined in |

].

e 4 Lepton: Statistical combination of signal regions SROnoZa, SR1noZa,
SR2noZa, SR0Z, SR1Z and SR2Z, defined in [277].
SR ma% miz WWa WWhb WWe Zjets
lepton flavor DF,SF DF,SF DFSF DF,SF DF,SF SF
= | central light jets 0 0 0 0 0 >2
o1, | central b-jets 0 0 0 0 0 0
- forward jets 0 0 0 0 0 0
3 |y — mz|(GeV) > 10 > 10 > 10 > 10 > 10 <10
& | my (GeV) - - < 120 < 170 - -
= Emiss .rel (GeV) - - > 80 - - > 80
o DT, (GGV) - - > 80 - - > 80
mpa (GeV) > 90 > 120 - > 90 > 100 -
ARy - - - - - [0.3,1.5]
mg, (GGV) - - - - - [50,100]
SR Ora 07b 17 27a
= | Flavor/sign T, 1EFF TEFIT T 77l
o1, | b-tagged jet veto veto veto veto
- ERiss (GeV) binned > 50 > 50 > 50
S msros binned  pi1>20 P2 1>30 mmer>100
E‘ Other mr binned Agmim < 1.0 Soph > 70
myr < 120
« Mee 24 veto
SR OnoZa 1noZa 2noZa 0Z 17 27
= | N( >4 =3 =2 >4 = =
5| N(n) >0 >1 >2 >0 >1 >2
y SFOS SFOS SFOS
S Z-veto SFOS+! SFOS+1  SFOS - - -
2 SFOS+SFOS
— | Z-requirement - - - SFOS SFOS SFOS
= | Emiss (GeV) > 50 > 50 >7 >7 >100 >75

Table A.3.: Signal region selection used in the 2, 3 and 4 lepton statistical combi-
nation analysis. One best expected signal region for 2 lepton analysis
is used, and all listed 3 and 4 lepton signal regions. More details about
samples, control and validation region selection, and individual analyses
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Figure A.5.: RNS NUHM exclusion for a statistical combination of 2, 3 and 4 lepton
analyses [271].

The analysis was performed using a statistical combination including one signal
region with the best expected sensitivity for the 2 lepton analysis, and all listed signal
regions for the 3 and 4 lepton analysis. See more details about each analyses samples,
control and validation regions and selections in [275-277]. Fit performance showed
no additional profiling compared to single analyses, which gives good confidence in
its performance.

No significant excess of data in any of the analyses has been seen, and exclusion
limits have been set. The statistical combination exclusion limits for NUHM are
driven by the 3 lepton analysis, which showed highest expected sensitivity. The
95% CL expected and observed exclusion limits using the 2, 3 and 4 lepton analyses
and their statistical combination are shown in the figure A.5 [274]. The observed
95% CL exclusion in the low u region has a downward fluctuation compared to the
expected 95% CL exclusion higher than 1 sigma. This effect has been observed also in
the 3 lepton analysis, which is the dominant analysis in this statistical combination.
The observed 95% CL exclusion reaches about 300 GeV in my /5, while in z direction
it extends up to the highest examined value of 500 GeV.
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B. Online Monitoring of the Trigger in
ATLAS with TriP

A program called Trigger Presenter (TriP) was designed in order to accommodate
requirements for the online monitoring of the ATLAS trigger. In the section 6.7
the ATLAS Trigger and Data acquisition system were described. In the section B.1
details about the program implementation, and its usage in B.2, will be provided.
Trigger Presenter was extensively used in the ATLAS control room during the AT-
LAS integration test runs during 2008. and at the LHC startup in September 2008.
A new version of the program called Trigger Rate Presenter (TRP) is in use today.

B.1. Trigger Presenter Implementation

In order to provide a tool for online monitoring and diagnostics for the shifter and
a trigger expert, the Trigger Presenter was designed. It is aimed at monitoring of
Level 1 and HLT rates. Also, in order to ensure stable running of HL'T algorithms,
the monitoring of the HLT PC farms is performed. In this section the requirements
for the program and details about its implementation will be given.

A number of requirements needs to be met in the design of the TriP:

e High scalability: there is a couple aspects in which the program is required
to be scalable. First, the trigger menu can be changed for each data taking
run. Then the number of Level 1 trigger items and Level 2 and Event Filter
trigger chains can significantly vary, depending on the run conditions. Second,
the HLT farms have a highly configurable structure which can be changed for
each run. Also, the possibility of adding PCs to the HLT farm needs to be
considered in both of these aspects.

e Flexible structure: at Level 2 and Event Filter, the number of trigger chains
and for each chain a number of steps can differ, and they can be changed for
each run. Also, the HLT PC farm structure is defined by the configuration,
where the complete organization and grouping of PCs can be changed for each
run.

e Accessible levels of information: the summary information needs to be moni-
tored, but in case of problems, there should be a possibility to navigate down
to the lowest level of structure for the trigger rates and PC farms.
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e History of all information: as the time and presence of a problem can pro-
vide good diagnostics, the history of all information needs to be stored, and
accommodated with the current structure.

e Simple warning system: as the program provides rates, additional warning
system using thresholds is used. A simple warning system with green - orange
- red for OK - WARNING - ERROR levels of rates is set in place. For this
dedicated algorithm checks are used.

e User friendly graphical user interface: as the program is used by the shifter
and expert, it is required to be easy to read but also provide all available
information.

e Lightweight program: as the program receives large amounts of information,
and multiple monitoring tools are used in the control room, the program needs
to have low memory consumption.

Trigger and Data Acquisition (TDAQ) system of ATLAS is running on about
2000 commodity computing nodes. Multiple software applications for tasks of event
rejection, event building, recording, task control and event monitoring are executed
on each node. In order to ensure high performance of of the TDAQ, a system for
exchanging control and monitoring information is used, called Information Service
(IS). In addition, some monitoring tasks require a usage of histograms, and for this
a dedicated system is used, called the Online Histogramming (OH) [278]. Typically,
the TDAQ information, e.g. trigger rates or CPU usage of the node, are published
to the IS or OH, and monitoring software reads this information and presents it in
a user friendly way.

The information published by the TDAQ to the IS and OH needs to be summed
up and evaluated. This is done by two systems, the Gatherer and the Data Quality
Monitoring Framework (DQMF), see figure B.1. Gatherer is a system that sums up
specified information from IS or OH and produces summary result for a given con-
figuration. DQMF is a system for evaluation of summed up values. For each trigger
and detector system, information is evaluated by dedicated algorithms executed by
the DQMF, where warning and error signals are produced for specified thresholds
and test algorithms, calculated by DQMF using the IS, OH and the ATLAS detector
status information from the Conditions Data Base. The evaluated information is
further published to the IS, or automatically sent as warnings to the Run Control
system, and evaluation flags are saved to the Conditions Database [152].

The information and the data quality flag published to the IS are read out by
the monitoring system, where it subscribes to the information using the naming
convention for the IS [278]. The information published to the OH is read out in
a similar way. A dedicated convention has been developed for the HLT published
rates, trigger chain names and steps. In the figure B.2 an example of HLT chain
names and event counts convention used by the OH is shown, the so called HLT
Steering file, produced for Level 2 and Event Filter [150]. The axis holds the chain
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Figure B.1.: Data Quality Monitoring information for ATLAS using Information
Service (IS), Online Histogramming (OH), Gatherer and Data Qual-
ity Monitoring Framework (DQMF) [152]. Information published by
TDAQ to the IS or OH is summed up by the Gatherer. Data quality
flag is assigned by the DQMF, using in addition the information on the
ATLAS detector components status from the Conditions Data Base,
and published back to the IS and Run Control.

DQ Results

names, and the first column gives the summary information for the whole Level 2 or
Event Filter. In the first row the input rates for Level 2 or Event Filter are shown,
and higher rows show chain rates at next steps. The -1 represents end of a chain.
Step names for a given chain are read out from the Conditions DB. The last two
rows hold after the pre-scale rate, and after the pass-through rate. Pre-scale is used
for some chains in order to reduce their bandwidth, while pass-through allows for
a minimal number of events to be accepted if the rate for the chain is low. From
this information rates for all chains and summary information are calculated by the
Trigger Presenter.

The information for trigger components from IS and OH is received, mapped and
presented in different ways in TriP. The details of the information receiving and TriP
class implementations are given here, see figure B.3 for the TriP classes:

e Level 1: The Level 1 information about the trigger item names, rates before
and after pre-scale and forced accept are received from the IS and mapped into
structure by the TDataManagerLvll class implementation. The maximal
number of trigger items is 256 which is a hardware limit, but not all need to be
used in each run. The mapped information consists of TLevellData class,
which consists of multiple TPItem class objects which summarize the rate
information in TItem and additional information about the used pre-scales.
In addition the summary information is calculated and the history information
is stored during the run.
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Figure B.2.: Convention for the Data Quality Monitoring of High Level Trigger
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[150], the so-called HLT Steering file. Axis represent the chain names,
first column is the summary information for the whole Level 2 or Event
Filter. First row is the input number of events, and higher rows show
the number events for a given step, where -1 represents end of the chain.
Last two rows show the after the pre-scale and after the pass-through
number of events. From this input rates are calculated in the TriP.

e Level 2 and Event Filter: The Level 2 and Event Filter trigger chains infor-

mation is received from OH each. The rates and the DQMF flag information is
received and mapped into structure by the TDataManager class. A conven-
tion for the chain steps and their DQM flag is used. The mapped information
consists of TLevelData class which contains multiple TChain objects which
further contain TStep objects. The summary information is calculated and
the rate history is stored during the run.

HLT Farms: The HLT farms information is read out from IS and mapped
into structure by the TFarmManager class. Level 2 and Event Filter farms
have different types of substructure. The HLT farm can be changed by the
configuration and the number of substructure segments can significantly vary,
while the number of structure levels is kept. One should note that HLT is using
more than 16000 processing tasks (PT). Level 2 can have multiple segments
L2_Segment, which contain multiple sub-segments L2_ Subsegment,
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B.1. Trigger Presenter Implementation
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Figure B.3.: Trigger Presenter (TriP) classes implementation for Level 1, Level 2 and

Event Filter trigger information, HLUT PC farm and global information.

which further consist of more processing units L2_ ProcessingUnit. Event
Filter can have multiple racks EF__Rack, which contain more sub-racks
EF_ Subrack, which further have more EFDs EF__EFD and they consist of
more processing tasks EF__ProcessingTask. The information on the rate,
number of errors, CPU and memory usage is read out and mapped to corre-
sponding classes, and the summary information is calculated and the history
information is stored during the run.

Global Information: In addition to trigger information, the global informa-
tion about the run status, run number, luminosity block and time are shown.
These are read out from IS and from the local computer.

TriP is designed as a plug-in for the Online Histogram Presenter (OHP) [279] in
order to make use of the information receiving from the OH. In order to perform
reading out of large amounts of data, a design using the semaphore is implemented,
where retrieving of different blocks of information is performed one at a time. The
blocks of information are read at 10s intervals.
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B.2. Graphical User Interface

The read out, mapped and stored history information in TriP is presented in a user
friendly graphical user interface. In the figure B.4 the main panel is shown. On
the upper left the Level 1 summary and history information are shown. On the
upper middle and right is the same for Level 2 and Event Filter. The the global
information is on the lower left, while the HLT farm information is on the lower
middle and right. The user can navigate by clicking on the Level 1 button to get
the list of trigger items and their rate information, see figure B.5. By clicking on
a trigger item and holding shift for selecting multiple trigger items, and clicking on
the Draw button, the history of the selected rate is shown.

By clicking on the Level 2 or Event Filter button, the clickable list of trigger chains
with their rate information is obtained, see figure B.6. By clicking on a trigger chain
button, step and history information is obtained, and by further clicking on Show
Step History, their history of rates is shown in a new panel.

By clicking on a Level 2 Farm or Event Filter Farm button, summary history
information is obtained, see figure B.7. By clicking on a Level 2 segment, the user
can navigate through sub-segments to the processing units rate and their history.
By clicking on Event Filter Rack button, the user can navigate via sub-rack, EFD
to the processing task rates and their history.
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