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ZUSAMMENFASSUNG

Es werden drei Analysen vorgestellt, die nach elektroschwach produzierten super-
symmetrischen Teilchen in Proton-Proton-Kollisionen suchen. Die Kollisionen wur-
den mit dem ATLAS-Experiment am Large Hadron Collider aufgenommen. Zwei Lep-
tonen (Elektronen oder Myonen), Jets und fehlende transversale Energie werden im
Endzustand erwartet. ‘Simplified Models’ werden genauso wie das ‘phenomenologi-
cal Minimal Supersymmetric Standard Model’ (pMSSM) verwendet, um die Produk-
tion und den Zerfall von Gaugino-Paaren, also Paaren aus Charginos und Neutrali-
nos, zu untersuchen.

Die erste Analyse wird mit ATLAS Daten, die einer integrierten Luminositat von
4.7 tb~! entsprechen und im Jahr 2011 bei einer Schwerpunktenergie von /s =7 TeV
aufgenommen wurden, durchgefiihrt. Die direkte Produktion von Sleptonen sowie
drei weitere Szenarien, in denen Gaugino-Paare uber zwischenzeitliche Sleptonen
zerfallen, werden untersucht. Besonders hervorgehoben wird die Triggerstrategie.
Da kein Uberschuss an Ereignissen in den ATLAS Daten beobachtet wird, kénnen
beispielsweise die Massen linkshandiger Sleptonen im Bereich von 85 bis 195 GeV
mit 95% Konfidenzniveau ausgeschlossen werden. Hierfur wird ein Simplified Model,
das die direkte Produktion von Sleptonen annimmt, verwendet, und das Neutralino
besitzt eine Masse von 20 GeV.

In einer zweiten Analyse werden 20.3 fb~! ATLAS Daten benutzt, die im Jahr
2012 mit /s = 8 TeV aufgenommen wurden. Sieben Signalregionen zielen auf su-
persymmetrische Zerfallsketten ab, in denen zwei Leptonen mit entgegengesetztem
Ladungsvorzeichen im Endzustand erwartet werden. Der dominante Standardmod-
elluntergrund besteht, analog zu der Analyse der 2011ler Daten, aus tt-, Z/v* +
jets- und zwei-Boson-Prozessen. Zwei-Lepton-Trigger werden kombiniert um die
Ereignisse auszuwahlen. Die Ergebnisse entsprechen den Erwartungen des Stan-
dardmodells und werden im Rahmen des pMSSM interpretiert. Massen des >~<1i koén-
nen zwischen 100 und 105 GeV, 120 und 135 GeV sowie zwischen 145 und 160 GeV
mit 95% Konfidenzniveau fiir ein masseloses Y| ausgeschlossen werden. Das Sim-
plified Model fiir den Prozess {7 — WHy{W =) — v~y wird dazu verwen-
det. Mit der Simulation der direkten Produktion von Sleptonen in einem weiteren
Simplified Model kénnen Sleptonmassen zwischen 90 und 325 GeV ausgeschlossen
werden (mfc? < 30 GeV).

Die dritte Analyse wird ebenfalls mit 2012er Daten durchgefuhrt. Es wird ein
Szenario betrachtet, in dem ein Chargino-Neutralino-Paar tiber ein W- und ein
Higgsboson in einen Endzustand mit zwei gleichnamig geladenen Leptonen, zwei
Quarks und zwei leichtesten Neutralinos zerfallt. Der Hauptuntergrund beruht auf
Leptonen, die nicht vom priméaren Zerfallsvertex stammen, und wird mit Hilfe von
ATLAS Daten bestimmt. Der Beitrag durch Standardmodell-Prozesse mit zwei Boso-



nen wird z.B. durch Schnitte auf die invariante Masse der Zerfallsprodukte des
Higgsbosons und auf die effektive Masse, das ist die skalare Summe der Transver-
salimpulse der Leptonen, Jets und der fehlenden Transversalenergie, unterdruckt.
Die Ergebnisse dieser Analyse sind noch nicht verdffentlicht. Man erwartet, dass
die drei Massenpunkte mit Neutralinomassen unter 10 GeV und Charginomassen
unter 150 GeV mit 95% Konfidenzniveau ausgeschlossen werden kénnen.
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ABSTRACT

Three analyses searching for electroweakly produced supersymmetric particles in
proton-proton collisions are presented. The collisions were recorded by the ATLAS
experiment at the Large Hadron Collider. Two leptons (electrons or muons), jets
and missing transverse energy are expected in the final states. Simplified models as
well as the phenomenological Minimal Supersymmetric Standard Model (pMSSM)
are used to study the production and decay of pairs of gauginos, i.e. charginos and
neutralinos.

The first analysis is performed with an integrated luminosity of 4.7 fb~! of AT-
LAS data, recorded in 2011 at a centre-of-mass energy of \/s =7 TeV. Direct slepton
production and three scenarios in which pairs of gauginos decay via intermediate
sleptons are addressed. Particular attention is paid to the trigger strategy. No excess
is observed in the number of data events. In the simplified model that assumes the
direct slepton production, left-handed slepton masses between 85 and 195 GeV are
excluded at 95% confidence level for a 20 GeV neutralino.

The second analysis uses 20.3 fb~! of ATLAS data recorded in 2012 at /s = 8 TeV.
Seven signal regions address supersymmetric decay scenarios with two oppositely
charged leptons in the final state. The dominating Standard Model background pro-
cesses are, analogously to the 2011 analysis, ¢, Z/v* + jets and diboson processes.
A combination of dilepton triggers is used to select the events. The results are in
agreement with the Standard Model expectations and are interpreted in the context
of the pMSSM. i masses between 100 and 105 GeV, 120 and 135 GeV and 145 and
160 GeV can be excluded at 95% confidence level for Mg = 0 GeV in the simplified
model for which {{¥; = WT{IW %) — v}~ ox!. Slepton masses between 90 and
325 GeV can be excluded at 95% CL for a neutralino mass of less than 30 GeV when
the direct slepton production is simulated in a simplified model.

A third analysis is also performed on the 2012 data addressing a scenario in
which a chargino-neutralino pair decays via a W- and a Higgs boson into a final
state with two same-sign leptons, two quarks and two lightest neutralinos. The
dominating background is due to non-prompt leptons and is estimated by a data-
driven method. The contribution due to diboson background is suppressed e.g. by
cuts on the invariant mass of the decay products of the Higgs boson and on the
effective mass, which is the scalar sum of the pr of the leptons, jets and of the
missing transverse energy. The results for this analysis are not yet published. The
three mass points with the neutralino masses of less than 10 GeV and chargino
masses of less than 150 GeV are expected to be excluded at 95% CL.






Nobody in the game of football should be called a genius. A genius is somebody
like Norman Einstein.

(Joe Theismann, former quarterback)

Raj: Can you believe it! He watched me work for 10 minutes and than he tried to
build a little piece of software that could replace me!

Leonard: Is that really possible?

Raj: As it turned out, yes.

(from The Big Bang Theory, C. Lorre / B. Prady)
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1. INTRODUCTION

CERN, the Large Hadron Collider and the two experiments ATLAS and CMS were
mentioned in the news world-wide in the summer of 2012. On July 4th, the day
which is sometimes now referred to as the Higgs-dependence day, both experiments
announced the discovery of a Higgs-like particle. The Higgs mechanism had been
predicted already almost fifty years earlier (see e.g. [1]) and the discovery of the par-
ticle can be seen as a proof of the mechanism being realised in nature.

The Standard Model of particle physics can be mathematically described by La-
grangian densities; the interactions of the particle fields can be read off from the
individual terms. Although there is clearly some beauty in the simplicity of the
mathematical equations, extreme fine-tuning is needed to bring the experimental
results in agreement with the theoretical framework. Many parameters cannot be
predicted but only measured. The discovery of the Higgs boson means undoubtedly
a great scientific achievement and a relief because it is now theoretically explained
why some elementary particles are massive. But the Standard Model still has more
open issues. For example the fundamental force of gravity can not be included.

A possible solution of several problems is presented with the idea of Supersymme-
try as an extension to the Standard Model. Supersymmetric Lagrangians describe
the interactions between even more particles than the ones predicted by the Stan-
dard Model. Some of the additional particles like the neutralinos or gravitinos may
be candidates for the Dark Matter. The Higgs boson can also be included in the
Supersymmetry models and four more Higgs particles are expected in the ‘Higgs
sector’.

In this thesis, three analyses searching for supersymmetric particles that are pro-
duced by electroweak interactions in proton-proton collisions at the LHC will be
presented. ATLAS data which was recorded in the years of 2011 or 2012 is anal-
ysed, looking for final states with exactly two leptons (electrons or muons).

In the first two chapters, the Standard Model as well as the idea of Supersymmetry
will be introduced. In Chapter (3| it will be explained how a supersymmetric model
is assumed to be discovered or excluded in terms of statistics. The Large Hadron
Collider, the ATLAS experiment, particle identification as well as the trigger system
are introduced in Chapters 4] and [5| The analysis of 2011 data is presented in
Chapter [6, and 2012 data is analysed in Chapter [7] The Higgs boson is included in



the analysis of 2012 data regarding a scenario in which supersymmetric particles
decay via a Higgs boson. This analysis is shown in Chapter [§|



2. THE STANDARD MODEL AND ITS
SUPERSYMMETRIC EXTENSION

2.1. THE STANDARD MODEL OF ELEMENTARY PARTICLE
PHYSICS

The well-established Standard Model (SM) of particle physics is described in this
Chapter. The theoretical framework as well as the consequences for the measurable
physical effects are explained based on [2], [3], [4].

The variable action S which describes the evolution of a physical system must
fulfil the equation
oS
—— =0, 2.1
oq(t) (21)
where q are the N generalised coordinates (q1, g2, ..., ¢n) and q(¢) is the true trajec-
tory. This is called the Hamilton’s principle.

LAGRANGIAN MECHANICS S is the integral over a time-dependent function L(t), called
the Lagrange function:

S— [ L = / e L(6,0,9). (2.2)

The Lagrange function L is the space-integral of the Lagrange density or La-
grangian ¢ which depends on the real or complex field ¢(x) with x=(¢,7), and the
derivatives 0,¢ = 8‘% with 0, = (%,ﬁ). The Lagrange function summarises the dy-
namics of the physical system which it describes. In classical mechanics it can be
interpreted as the difference between the kinetic energy 7" and the potential energy
V, L =T —V. The basic equations of motion of the system are given by the Euler-
Lagrange equations. They are obtained by minimising the action with respect to the

field:
0.¢ A

5 aum. (2.3)



2.1 The Standard Model of Elementary Particle Physics

If the Lagrangian remains invariant under a group of transformations where a local
phase difference is created, it is called locally gauge invariant.

2.1.1. ELECTROWEAK INTERACTIONS

The interactions of particle fields are described by Lagrangians. The quantum field
theory of Quantum Electro-Dynamics (QED) describes the interactions which are
mediated by the electromagnetic force. Electromagnetism can be unified with the
weak force for energies higher than O (100 Ge Although the weak force is 1071!
times less strong than the electromagnetic force, both should be seen as two aspects
of the electroweak interaction. The mathematical description of electroweak interac-
tions is based on the group SU(2);, @ U(1)y, i.€. Leectrowear 1S local gauge invariant.
The interactions can be read from the Lagrangian

W, WH (2.4)

>~ =

- 1
gelectroweak = ZWW“DM% - ZB/U/B“V -
k

with the covariant derivatives for left-handed and right-handed fermions
1., 1. .-
DF .= 0“4—519 YLBM(ZC)—FiZgTW#(l’) (2.5)

and ]
DF . =0F+ §ig’YRB#(x), (2.6)

respectively. A fermion is a particle with a half-integer spin quantum number; parti-
cles with integer spin are called bosons. The helicity expresses the orientation of the
momentum vector and the spin vector of a particle: h = S.p= +% for right-handed
fermions, and h = —% for left-handed fermions. p is the momentum unit vector. Y7,
denotes the weak hypercharge for left-handed isospin doublets and Yy for right-
handed singlets. The components of 7 are the Pauli matrices. The field strength
tensors

Bt = ot BY — 0" B¥ (2.7)

and
WH = gHIWY — P WH — gWH x WY (2.8)

are based on the fields of Wu (which couple with the strength ¢ of SU(2)r) and B,
(which couple with the strength ¢’ of U(1)y). The coupling strengths can be converted

1 eV = 1.6022719 J is the amount of energy gained by an electron which moves across an electric potential
difference of 1 V.
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with the help of the electroweak mixing angle O,,:
gsin(0y) = ¢g'cos(Oy,) =e. (2.9)

e denotes the elementary charge of 1.6022 x 10~ C [5]. The fields can be combined to
form the mass eigenstates of the electroweak interactions by using the electroweak
mixing angle.

A, = Bycos(0Oy) + stm(@w) (2.10)

corresponds to the electrically neutral and massless photon which mediates the
electroweak force and
Z,, = —B,sin(0y) +Ws’cos(9w) (2.11)

corresponds to the electrically neutral Z-boson. The latter as well as the charged W=
bosons also mediate the electroweak force. The observed existence of these massive
excitations of the electroweak gauge fields can only be explained if spontaneous
breaking of the electroweak symmetry is assumed.

2.1.2. HIGGS MECHANISM

The spontaneous breaking of the electroweak symmetry is described theoretically
by the ABEGHHK'tH mechanism (for Anderson, Brout, Englert, Guralnik, Hagen,
Higgs, Kibble and 't Hooft). Spontaneous symmetry breaking occurs when the ground
state of a field has a non-zero vacuum expectation value, |¢y| # 0. The ‘wine bottle’
or ‘Mexican hat’ potential is defined as

V(g) = —p®|g)* + 22 |p[* (2.12)

with A,z € R, A >0, 12 > 0. The Higgs field ¢ is a complex scalar field, ¢(z) = %(gbl ()4
ig2(z)). The potential V(¢) is depicted in Figure It is invariant under phase
transformations, i.e. rotations in the plane spanned by ¢; and ¢2. Choosing a single
specific phase means breaking the electroweak symmetry.

When the Higgs field is expanded around its vacuum expectation value, ¢(z) =

%(v +n(z)+i¢(z)) with two real fields 7(z) and ((z) and v € R, the first two terms in

the Lagrangian .Z,,,s €xplain the mass acquisition of the weak gauge bosons:

1 _ _
Lhiggs = 5 (D) (D'¢) =V (6) = g5 (R¢' L+ LOR). (2.13)
The covariant derivative of ¢ is

DF¢ = [0" + %ig/YBH(x) + %igﬂ/f/“(x)kb. (2.14)
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FIGURE 2.1.: The ‘Mexican hat’ or ‘wine bottle’ potential and the excitation in
radial direction depicted as a smiley |6].

R and L are the right-handed and left-handed projections of the fermion field, re-
spectively. They also describe the mass of the Higgs boson itself as well as the
self-couplings of H.

If the Lagrangian describing the system has an exact continuous global symmetry
which the ground state ¢y does not possess, the Goldstone theorem states that
the theory must contain massless particles. This is the case for Z;4ys. Three of
those four so-called Nambu-Goldstone bosons which are introduced by the massless
field ¢(z) vanish in the transformed Higgs field. They give mass to the W and Z
bosons. The fourth boson corresponds to an excitation of the Higgs field in the radial
direction of the potential. This is the massive Higgs boson H which is illustrated as
a smiley in Figure 2.1]

The Higgs field does not only affect the weak force carriers. The coupling of the
scalar Higgs field to the fermions with strength g is called Yukawa coupling. The
third term in equation yields the interaction of the Higgs field with fermions.
After the symmetry breaking it provides the fermion mass terms.

2.1.3. STRONG INTERACTIONS

The strong force is about one hundred times stronger than the electromagnetic force.
It is mediated by the massless and electrically neutral gluons which are bosonic
states. They can be interpreted as excitations of the strong gauge field.

CoLouR CHARGE Quarks cannot exist isolated but only as composed hadrons. A
quark and an anti-quark form a meson; three quarks form a baryon.

The Pauli exclusion principle states that two fermionic particles cannot occupy
the same quantum state. As a consequence, the wave functions have to be anti-
symmetric in respect to exchanging the particles. The eight gluons interact with six
spin-% quarks which have different flavour, mass and electric charge. Since baryons
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can also contain three of the same quarks, an additional way to distinguish quarks
is needed. Therefore the attribute of colour charge was postulated. Quarks carry
red, green or blue colour. Anti-quarks carry anti-red, anti-green or anti-blue colour.
Hadrons have to be colourless. Therefore two quarks carry one unit of colour and
the corresponding unit of anti-colour to form a meson, and three quarks carry three
different units of (anti-)colour to form a baryon. Gluons carry one unit of colour and
one unit of anti-colour. They can be combined to eight linearly independent states.

Interactions involving gluons are described by the Lagrangian for @uantum Chromo-
Dynamics (QCD),
- 1o =
Zocp = V(i D" —m) — ZGWG# ) (2.15)

The QCD field strength tensor
G = OrGY — 9" GH — g,GM x G¥ (2.16)

is composed from the gluon fields G » and the SU(3) vector product. QCD is based
on the local gauge group SU(3). The covariant derivative is defined as

1. -~
D= 9" + Zig AG" (2.17)

with X denoting the Gell-Mann matrices.

2.1.4. GRAVITY

The fourth fundamental force is gravity. It is 10742 times weaker than the electro-
magnetic force and cannot be included in the Standard Model. No mediator like a
graviton was observed up to now.

2.1.5. PARTICLE CONTENT

The two tables and in this Section list the particles of the SM and their mea-
sured properties. The latest data from high energy physics experiments is used to
determine especially the masses with higher accuracy. The most recent measure-
ments are given in e.g. [5].

FERMIONS Table lists the fermions which take part in the strong interactions
(quarks) and electroweak interactions (both quarks and leptons). They are grouped
in three categories or families with similar structures. All have spin % The masses of
the particles are all different. The charges are given in units of the elementary charge
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of an electron, e, and the masses are given in units of ¢V which corresponds to
1.783x 10736 kg. In this thesis, the speed of light ¢ and the reduced Planck constant
I are set to unity. For each fermion an anti-particle exists which has the same mass
but opposite electric charge.

BosoNns The bosons, their charges, their masses and the forces which they are me-
diating are listed in table[2.2] The Higgs boson is an exception since it is not a force
carrier but the measurable excitation of the Higgs field. Its existence was proven by
measurements published in the year 2012 with a significance of 5.9 standard devia-
tions [7], [8] and has since been confirmed by numerous additional measurements.

TABLE 2.1.:  The three generations of fermions and their attributes [5].
Leptons Quarks
Flavour Mass | Charge || Flavour Mass | Charge
electron e~ 0.510998928 -1|up 2.3 70T MeV +2
+ 0.000000011 MeV
e-neutrino v, <2eV 0 || down 4.8 107 MeV -1
muon p~ 105.6583715 -1 | charm 1.275 + 0.025 GeV —i—%
+ 0.0000035 MeV
p-neutrino v, < 0.19 MeV 0| strange 95 + 5 MeV —1
tau 7~ 1776.82 + 0.16 MeV -1 | top 173.5 + 0.6 £ 0.8 GeV +2
7-neutrino v, < 18.2 MeV 0 || bottom 4.18 £+ 0.03 GeV -1
TABLE 2.2.:  The attributes of the bosons [5], [9], [10].
Mediator | Spin | Charge Mass Force
photon ~ 1 0 O | electromagnetic (electroweak)
gluon g 1 0 0 strong
w= 1 +1 | 80.385 + 0.015 GeV charged weak (electroweak)
Z0 1 0| 91.188 + 0.002 GeV neutral weak (electroweak)
H 0 0 125.6 + 0.3 GeV -

2.1.6. LIMITATIONS OF THE STANDARD MODEL

The theory of the SM has 18 free parameters. These are the masses of the massive
particles, the weak mixing parameters, the coupling constants of the fundamental
interactions and a parameter for the strong C'P violation. They need to be deter-
mined by experimental measurements which seems ad hoc and inelegant. To ex-
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plain the neutrino masses, seven more free parameters possibly need to be taken
into account.

After the Big Bang, matter and antimatter are expected to have been produced in
equal amounts. Today, matter clearly dominates over antimatter in our Universe.
The SM does not give an obvious reason.

The strengths or coupling constants of the weak, electromagnetic and strong in-
teractions depend on the squared momentum transfer |¢|? in an interaction. In Fig-
ure it is illustrated how they ‘run’ with |¢|. It is expected that they become

10'® GeV E

FIGURE 2.2.:  Evolution of the weak («,,), electromagnetic (o) and strong coupling
constants («s) with the energy E [2].

comparable at O(10'5 GeV). For processes occurring at the energies of the Planck
scale, O(10'? GeV), the strength of the gravitational force is also expected to become
significant. Grand unifying theories (GUTs) combining the three fundamental forces
or theories ‘of everything’, which also include gravity, are being developed.

HIERARCHY PROBLEM The mass of the Higgs boson was measured to be 125.6 +
0.3 GeV [9], which is much smaller than the Planck mass. The enormous difference
between these two parameters is referred to as the hierarchy problem. It is con-
tradictory to the aim for naturalness where physical constants should take relative
values of O(1).

FINE-TUNING The third term in the Lagrangian .Zy,,,s in equation describes
the coupling of a Higgs boson to fermions. Taking into account second order loop
diagrams (as depicted in Figure (a)) leads to correction terms for the mass of the
Higgs boson like

Al
872
with the ultraviolet momentum cut-off Ayy. E.g. for the top-quarks, Ay ~ 1 and
Ayy should be set to a value where the gravitational force becomes comparable

Ay +... (2.18)

2 _
AmH——
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in strength, thus again the Planck scale. These values make Amy many orders of
magnitudes higher than the nominal measured value of 125.6 GeV, and Amy needs
to be cancelled by an unnatural amount of fine-tuning [11].

(a) (b)

{ S
/ g = N\
H / \
_—_— _—— \ ;
\
_H_ —__> ...._--'_/ _____
FIGURE 2.3.:  One-loop corrections of second order to the squared Higgs mass due

to a fermion f (a) and a scalar S (b) [12].

DARK MATTER To explain the differences between observed physical effects and
possible effects caused by visible (i.e. measurable) matter, the existence of Dark
Matter (DM) was hypothesised. It was observed that galaxies like the Coma Cluster
cannot be held together only by the gravitational forces between the visible con-
stituents [13]. The existence of DM was further proven indirectly by other physical
effects. The SM cannot provide a candidate in form of an elementary or compound
particle.

2.2. SUPERSYMMETRY

When theories are developed which extend the SM framework the constraints men-
tioned in the last Section are addressed. In this Section the fundamentals of Super-
symmetry (SUSY) are discussed based on [10], [11] and [12].

2.2.1. PRINCIPLES

The idea of Supersymmetry is that a superpartner degree of freedom (d.o.f.) is allo-
cated to each SM particle d.o.f. and to each anti-particle d.o.f., introducing a sym-
metry between fermions and bosons. The operator Q turns fermionic states into
bosonic states and vice versa,

Q| fermion >= |boson > (2.19)

10
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Q|boson >= | fermion> . (2.20)

For the operator Q it must hold that

{Q,Q" = P, (2.21)
{Q.Q1={Q" Q=0 (2.22)

and
[PH,Q] = [P*, Q1] =0, (2.23)

with Q' being the Hermitian adjoint of ), and P* being the four-momentum gen-
erator of space-time translations.

The superpartners or ‘sparticles’ have the same quantum numbers as their part-

ners except for the spin which is different by % In analogy to the SM framework a
Lagrangian .%sysy can be derived for which the fields are invariant under a super-
symmetric transformation. The interactions and coupling strengths for the various
particles can be read off from the Lagrangian.
A supermultiplet is the reducible representation of the SUSY algebra. Each super-
multiplet contains the same number of fermions and bosons that are the super-
partners of each other. In an unbroken symmetry the superpartners should have
the same masses as their SM partners. However since no sparticles have been ob-
served as of this writing, their masses have to be higher than the ones of their SM
partners and SUSY must be a spontaneously broken symmetry. This necessity is
taken into account by adding a term to the Lagrangian, .Z;,s;. The breaking of the
symmetry should be soft, i.e. hardly modify the theory at high energies not to create
any new divergent contributions to e.g. the mass of the SM Higgs boson.

2.2.2. MOTIVATION FOR SUPERSYMMETRIC EXTENSIONS

One of the main motivations to consider SUSY concerns the unnatural fine-tuning
of the Higgs mass correction in the SM. The heavy complex scalar particles S with
the mass mg that are introduced by SUSY couple to the Higgs field as depicted in
Figure (b). They give corrections to the Higgs mass like

s A2y —2m2n 20V 4 ] (2.24)

Am2 =
"H = 2 mg

with the coupling constant \g [11]. For A\; =2- A% the two contributions of equa-
tions [2.18 and [2.24] cancel out and no fine-tuning is needed.

In the SM it is assumed that the baryon number B, defined as B = %(nq —ng) with
ng and ng being the numbers of quarks and anti-quarks, respectively, is conserved

11
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in each process. The conservation of the lepton number L, defined as L =n; —n; with
n; and n; being the numbers of leptons and anti-leptons, respectively, is also always
assumed. A variable which is defined by B, L and the spin quantum number s is
the ‘R-parity’, P,

Pr = (—1)3(B=L)+2s, (2.25)

In most SUSY models it is required that Py is conserved to forbid the violation of B
and L. The consequences of this new symmetry are - since SM particles always have
Pr = +1 while sparticles have Pp = —1 - that the lightest supersymmetric particle
(LSP) must be stable and that all heavier sparticles must decay into a state with an
odd number of LSPs. Furthermore, sparticles can only be produced in pairs. The
LSP is a promising candidate for Dark Matter.

Another motivation to consider the supersymmetric extension to the SM is that
SUSY predicts that the gauge coupling constants merge at O(10'¢ GeV) with higher
accuracy than solely with the SM particle content.

2.2.3. MINIMAL SUPERSYMMETRIC STANDARD MODEL

The minimal Supersymmetric SM (MSSM) is the supersymmetric extension of the
SM with the smallest particle yield and is therefore often tested in experiments.
The superpartners of the SM particles have names which are similar to the SM
particles. For the supersymmetric partners of the fermions, ‘s-’ is prepended to the
fermion name as abbreviation for ‘scalar’, and for the partners of the bosons, ‘-ino’
is appended. For example the superpartner of the left-handed electron ¢, is the left-
handed selectron ¢é;, (the handedness of a slepton actually indicates the handedness
of the leptonic superpartner since sleptons are no fermions). The superpartner of
the gluon ¢ is the gluino §. The symbols of the sparticles are denoted with a tilde.

SUPERMULTIPLETS Left- and right-handed particles have to be sorted into different
supermultiplets since they act differently in weak interactions. The chiral supermul-
tiplets of the MSSM are shown in Table together with the number of colours, the
third component of the weak isospin /3 and the weak hypercharge Y = 2(q— I3) which
can be computed from the electromagnetic charge ¢ and from /3. The SM fermions
have spin % the bosonic superpartners have spin O.

The gauge supermultiplets together with the attributes of the particles and spar-
ticles are shown in Table [2.4, The SM gauge bosons have spin 1, the fermionic
superpartners have spin 1.

12
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TABLE 2.3.:  The chiral supermultiplet of the MSSM.

Supermultiplets| Bosons | Fermions SU(3) SU(2) u(1)
(Neotour) | (NTsospin states) | (W eak Hypercharge)
slepton/lepton | (7,67)r| (v,e” )1 2 —3
e en 1 1 1
squark/quark (g, dg) (u,d) g, 3 2 :
UR UR 3 1 —%
dr dr 3 1 z
Higgs/Higgsino |(HY,H; )| (HY, H;) 1 2 -1
(. HY) | (Y 1 2 ;

TABLE 2.4.:  The gauge supermultiplet of the MSSM.
Supermultiplets | Bosons | Fermions SU(3) SU((2) u(1)
(Neotour) | (NTsospin states) | (W eak Hyperchar ge)
gluon/gluino g g 8 1 0
gauge/gaugino |W* W0 | W+ WO 1 3 0
B B 1 1 0

HicGs SEcTOR The Higgs sector of the MSSM has two complex Higgs doublets,
H, = (H, ,HY) and H, = (HJ,H,), i.e. eight degrees of freedom. They generate mass
for the ‘up’-type and ‘down’-type fermions After the breaking of the electroweak
symmetry which is explained by a mechanism similar to the one in the SM, the
Higgs sector is reduced to five mass states. Two are CP—everﬂ Higgs particles, H
and h, one is CP-odd, A, and two are electrically charged, H* and H~.

NEUTRALINOS AND CHARGINOS The supersymmetric winos, binos and Higgsinos as
given in Tables [2.3] and are only expected to be realised as mixed mass eigen-
states. The charged gauginos, namely the W+ and W~ as well as the charged Higgsi-
nos H; and H, are combined to the ‘charginos’ X and the heavier y3. Depending
on the size of the contributions, they can be more Higgsino- or more wino-like. The
electrically neutral gauginos and Higgsinos W', B, H? and HY mix to four states
which are called ‘neutralinos’, (Y, with i = 1,2,3,4. By convention it is hereafter as-
sumed for the masses of the neutralinos that mgo > mgo > mgo > mgo. In many SUSY
models the lightest neutralino Mo is the LSP.

2The charge conjugation operator C turns matter into anti-matter and vice versa. The parity operator P flips the
signs of spatial coordinates. ‘C' P-even’ means that after applying both C' and P to a state, the eigenvalue is
+1, while for ‘C' P-odd’ states it is —1.
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2.2.4. PHENOMENOLOGICAL MSSM

Since the MSSM contains 105 new free parameters, further theoretical assumptions
are made to reduce them and to make SUSY experimentally accessible.

One of the restricted models is called ‘phenomenological MSSM’ (pMSSM). The
restrictions are: no new source of C'P violation is added to the known SM sources,
no flavour changing neutral currents are allowed just as in the SM, and the first
and second generation sparticles are mass-degenerate.

As a consequence, the 19 free parameters which are left in addition to the 18
parameters of the SM are [14]:

¢ three gaugino masses M;, My and M3 for the binos, winos and gluinos,

e two Higgs sector parameters: m 4, the mass of the C'P-odd Higgs, and tan = f}—z
with the vacuum expectation values v, (vg) of the neutral components of the
Higgs field H,, (H;) that couples exclusively to up-type (down-type) quarks and
leptons;

e the Higgsino mass parameter g,

¢ five squark and slepton squared mass parameters for the degenerate first and
second generations M%l, MZE, M% , M% and MZ ,

e five squark and slepton squared-mass parameters for the third generation
M, Mp,, ME,, M}, and M7, and

e three third-generation trilinear couplings A;, 4, and Ar which are used to
factor out the Yukawa couplings.

It is expected that Supersymmetry breaking occurs in a ‘hidden sector’ in contra-
diction to the ‘visible sector’ of the chiral MSSM supermultiplets. The breaking could
e.g. occur via effects of gravitational strength which would make it gravity-mediated
or via gauge forces, making it gauge-mediated. No such assumptions are made for
the pMSSM.

2.2.5. SIMPLIFIED MODELS

The phase space spanned by the free SUSY parameters is huge. This makes it nec-
essary to develop more general models, making SUSY experimentally accessible. So-
called ‘simplified models’ make it possible to find out about the general sensitivity of
recorded data with respect to SUSY models and to set limits on SUSY parameters.
Simplified models only contain a small set of parameters like the masses of sparti-
cles, their production cross sections and their branching ratios for the various decay
modes. Nevertheless do the observables depend strongly on the variation of these
parameters. Decay chains are assumed to be as short as possible and only very few
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interactions between the particles are assumed in simplified models. Normally only
one production process and one decay mode are assumed with 100% branching ra-
tio (BR). Simplified models do not describe a complete SUSY model but are based on
a phenomenology which is typical for SUSY [15], [16].

An example is the simplified model which is used for the interpretation of the re-
sults of the analysis that is described in Chapter[7] The direct production of a pair of
X7 Xi via electroweak interactions is assumed. The pair then decays via intermediate
sleptons, Y1 x; — (ITv)/(1*t0)+ (") /(") = ITox~vx). The masses of ¥, ¥T, X9, 7
and [ are the only free parameters with m; = m;. Furthermore my, = (mx? + mxixg) /2
with xli and \3 being wino-like and mass degenerate. The squark masses are set to
O (100 TeV).

2.3. ELECTROWEAK PRODUCTION OF SUPERSYMMETRY

MOTIVATION FOR LHC SEARCHES Figure shows the production cross sections of
SUSY particles as a function of the average mass of the outgoing massive sparticles
at a centre-of-mass energy of /s = 8 TeV for a proton-proton collider such as the
Large Hadron Collider (LHC) at the Conseil Européen pour la Recherche Nucléaire
(CERN). The cross sections are calculated with the Prospino2 software [17]. They
depend on the parameters of the underlying SUSY model. The production of strongly
interacting sparticles such as squarks and gluinos clearly dominates for low masses.
The search for bottom and top squarks in a simplified model in [18] excludes gluinos
with masses below 1.34 TeV. Therefore the search for the electroweak production of
gauginos and sleptons which can be light over a large parameter space also becomes
important. As carried out in [19], charginos and neutralinos are foreseen to be light
at O (100 GeV) for naturalness reasons. The analyses presented in this thesis focus
on the search for electroweakly produced sparticles.
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FIGURE 2.4.: The cross section for the production of sparticles depending on

the average mass of the outgoing massive sparticle. The plot is generated with the
Prospino2 software [17].

PRODUCTION OF SPARTICLES A proton-proton collider such as the LHC is able to
produce electroweakly interacting sparticles via qg — >~<Z+ X; » a9 — )2?)@ qq — l+l ;49—
o'y, qq — fdt )2? and ¢¢ — leLEﬁl, where for the last two processes ¢ must be an up- or
down-type quark and ¢’ must be a down- or up-type quark.

DECAY OF SPARTICLES The neutralinos ¥? decay via electroweak 1nteract10ns in Zyx Xj,
WExT UL v, H=Y] or <I>XJ with ® =h, H, A, i > j. The charginos ;- decay into W=y,
ZXJ,ZI/ vl, HE{0 Or<I>XJ with ®=h, H, A, i > j.

Also possible are three-body decays such as (Y — f ij, f f’Xj or Xz — ff'x X]
Charged sleptons can subsequently further decay into Ix? or VXZ and sneutrinos
into vx? or IxF [20].

The typical detector signature for electroweakly produced sparticles contains one
or more charged leptons in the final state, missing energy due to the invisible neu-
trinos and neutralinos, and possibly one or more jets.

2.4. CURRENT ATLAS RESULTS IN THE SEARCH FOR
SUPERSYMMETRY

The most recent results from SUSY analyses performed with data taken by the
ATLAS detector at the LHC (see Section are shown in Figure 2.5] These results
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were presented at the International Conference for High Energy Physics (ICHEP)
2014 and depict the excluded sparticle mass ranges in coloured bars for a selection

of analyses.

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: ICHEP 2014 =7,8TeV
Model &MY Jets EP™ [raam™ Mass limit Reference
—— T T — T T T —T— T
MSUGRA/CMSSM 0 26jets  Yes 203 |&@ 1.7TeV. m(@)=m() 1405.7875
MSUGRA/CMSSM Tepu 3-6jets  Yes 203 z 1.2TeV any m(g) ATLAS-CONF-2013-062
) MSUGRA/CMSSM 0 7-10jets  Yes 20.3 4 1.1 TeV any m(g) 1308.1841
L w-i 0 26jets  Yes 203 |4 850 GeV' - 1405.7875
Sz gaqq;(‘]’ 0 26jets Yes 203 |z 1.33 TeV 1405.7875
S 2z 2oq9t —gqW* )(, leu 3-6jets  Yes 203 |Z 1.18 TeV m(F})<200 GeV, m(¥*)=0.5(m(¥})+m(z)) ATLAS-CONF-2013-062
@Dz, gaqg(ﬁ/fv/wm 2ep 0-3 jets - 203 |2 1.12 TeV m(E})=0GeV ATLAS-CONF-2013-089
Q  GMSB (/NLSP) 2epu 2-4jets  Yes 4.7 tang<15 1208.4688
‘B GMSB (7 NLSP) 1-27+0-1¢ 0-2jets  Yes 203 1.6TeV  tang>20 1407.0603
% GGM (bino NLSP) 2y - Yes 203 1.28 TeV m(F))>50 GeV ATLAS-CONF-2014-001
£ GGM (wino NLSP) Tepu+y - Yes 4.8 m(E})>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥)>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 03jets  Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 10.5 m(G)>10"* eV ATLAS-CONF-2012-147
50 g—>be 1 0 3b Yes  20.1 z 1.25 TeV m(¥})<400 GeV 1407.0600
S o) 0 7-10jets  Yes  20.3 z 1.1 TeV m(¥}) <350 GeV 1308.1841
) So g O-1ep 3b Yes 201 |[& 1.34 TeV m(¥})<400 GeV 1407.0600
- g—biX| 0-1 e, 3b Yes 201 |& 1.3 TeV m(F1)<300 GeV 1407.0600
biby, bi—bX) 2b Yes  20.1 by 100-620 GeV m(¥})<90 Gev 1308.2631
@ bibi, b 2e¢,u(8S) 08bh Yes 203 |B 275-440 GeV m(¥;)=2 m(¥}) 1404.2500
=S 77 light), fi—bYT 1-2ep 1-2b Yes 4.7 i 1 5GeV 1208.4305, 1209.2102
g S ai(light), iy ﬁWle 2en 0-2jets  Yes 203 |7 130-210 GeV mEy) =m(i)-m(1¥)-50 GeV, m(f)<<m(¥}) 1403.4853
8- iifi(medium), i —w\(, 2e.p 2jets  Yes 203 @ 215-530 GeV m(t)=1 GeV 1403.4853
S8 717y (medium), 7 —b¥; 0 2b Yes 20.1 Z. 150-580 GeV m(/’)<200 Gev m(¥;)-m(¥))=5 GeV 1308.2631
Q5 Afiheavy), h it leu 1b Yes 20 |4 210-640 GeV 1407.0583
~ O i (heavy)bz“. -k 0 2b Yes 20.1 i 260-640 GeV 1406.1122
B 0  mono-jet/c-tag Yes 203 |7 90-240 GeV m(7))-m(¥})<85 GeV 1407.0608
ij7) (natural GMSB) 2e,u(2) 1b Yes 203 |#@ 150-580 GeV m(¥})>150 GeV 14035222
b, i +Z 3e,u(2) 1b Yes 203 |7 290-600 GeV' m(¥})<200 GeV 1403.5222
l'y_ RfLR, l—»[xl 2ep 0 Yes 20.3 7 90-325 GeV 1403.5294
X,)(l ,X, —Tv(t7) 2en 0 Yes 20.3 )Zi 140-465 GeV GeV, m(Z,7)=0.5(m(¥T)+m(") 1403.5294
> g x,x X - v(Te) 27 - Yes 203 |X; 100-350 GeV 0.5(m(¥})+m(t}) 1407.0350
W= XI/\/”“[LV[L[(W) VL) Seu 0 Yes 203 )71’,13 700 GeV 0.5(m(¥} )+m(¥})) 1402.7029
° x,x Witz 23epu 0 Yes 203 ii,)‘(ﬁ 420 GeV , sleptons decoupled | 1403.5294, 1402.7029
XéX —»Wth)(, Tepu 2b Yes 20.3 )?b,)'(z 285 GeV , sleptons decoupled | ATLAS-CONF-2013-093
XX, 03 —lrl 4ep 0 Yes 203 |Xpy 620 GeV m{Ed)= m(f(’:) mm) o mi(Z, 7)=0.5(m(¥3)+m(¥})) 1405.5086
§ 2 Direct ¥{ ¥; prod., long-lived ¥;  Disapp. trk 1 jet Yes 203 | & 270 GeV m(E})-m(¥})=160 MeV, r(¥})=0.2 ns ATLAS-CONF-2013-069
=g Stable, stopped 2 R hadron 0 1-5jets  Yes 279 |& 832 GeV m(¥)=100 GeV, 10 us<()<1000 s 1310.6584
SE GMSB, s1ab|e 7, )(ﬁr(z ﬁ)+r(e w 12u - - 15.9 10<tanp<50 ATLAS-CONF-2013-058
S 8 GMSB, -G, longlived ¥ 2y - Yes 47 0.4<r(@)<2 ns 13046310
= 43, V) —>qqu (RPV) 1, displ. vix - - 203 |d 1.0 TeV 1.5 <cr<156 mm, BR(u)=1, m(¥})=108 GeV | ATLAS-CONF-2013-092
LFV pp—¥r + X, ¥r—e + 2en - - 46 2,,,=0.10, 4;3,=0.05 1212.1272
LFV pp—ir + X, 7r—e(u) + T lep+t - - 46 2,=0.10, 4233=0.05 1212.1272
>  Bilinear RPV CMSSM 2¢,u(SS) 03b Yes 203 |d&Z 1.35 TeV m(g)=m(2), erzsp<1 mm 1404.2500
& T E W) K e, ente dep - Yes 203 | ¥ 750 GeV. mEE)>0.2xm(E}), 412120 1405.5086
X0, X o WH K —1ev,,etv,  Beu+T - Yes 203 |y 450 GeV m(P)>0.2xm(F}), d133%0 1405.5086
&-44q 0 6-7 jets - 203 |# 916 GeV BR(1)=BR(5)=BR(c)=0% ATLAS-CONF-2013-091
goiit, i —bs 2e,u (SS) 0-3b Yes 20.3 4 850 GeV 1404.250
L Scalar gluon pair, sgluon—gg 0 4jets - 4.6 | sgluon ~ 100-287 GeV incl. limit from 1110.2693 1210.4826
D Scalar gluon pair, sgluon—ii 2e, u (88) 2b Yes  14.3 | sgluon | 350-800 GeV ATLAS-CONF-2013-051
‘O" WIMP interaction (D5, Dirac x) mono-jet  Yes 10.5 m(x)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147

107!

Vs =8TeV ’
full data

Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.

FIGURE 2.5

Selection of analyses looking for supersymmetric particles and the

mass ranges of sparticles excluded as a result. The analyses are performed with
data taken by the ATLAS detector at /s =7 (turquoise), 8 TeV (light green; partial

data: dark green) [2]1]].

Figure

shows the exclusion lines of the SUSY searches for sparticles produced

via electroweak interactions, presented at ICHEP 2014. A simplified model is as-
sumed where the only non-fixed parameters are the degenerate masses of the Xli
and )28 (shown on the z-axis) and the mass of the )2?, which is the LSP (shown on
the y-axis). The continuous lines are drawn around the points in the grid which are
excluded at 95% confidence level using data recorded with ATLAS at /s =8 GeV.
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The dashed lines show the expected limits at 95% confidence leveﬁ only using
the SM expectation. The different colours correspond to different analyses which
address the various production and decay channels of electroweakly interacting
sparticles. The four decay modes of the chargino and neutralino pairs are consid-
ered separately with 100% branching ratio each. As a result from the analysis which
investigates the decay of Xli 1) into a final state with three charged leptons via inter-
mediate sleptons, chargino masses until 700 GeV and LSP masses until 250 GeV
can be excluded. This is indicated by the continuous red line.

ATLAS Preliminary

20.3 b, {s=8 TeVv

Status: ICHEP 2014

— 600
% F o — %@ via /8 31, arxiv:1402.7029 - - - - Expected limits
O, [ — X% viaT/8  2ey, aivira035294 Observed limits
G L — ;bié via B/ b, 3l, arxiv:1402.7029 N
€ 500 — %é via FL/E, >21, arXiv:1407.0350 All limits at 95% CL
L —— B8 via B/F, 221, arxivi1407.0350
- — égﬁ via WZ, 2e/p+3l, arXiv:1403.5294
200 — gﬁgﬁ V?a Wh,  e/pbb, ATLAS-CONF-2013-093
- via Wh, 3l, arXiv:1402.7029
|7 e gi;f via WW, 2e/W, arxivi14035294 .~ \ .7
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FIGURE 2.6.:  Summary of SUSY searches for electroweakly produced sparticles
using ATLAS data recorded at /s =8 GeV. The axes show the mass of the \{ versus
the degenerate masses of the S(li and Y. Contour lines are drawn at 95% confidence
level, solid for the observed exclusion limits using ATLAS data and dashed for the
expected limits using SM expectations |21].

The exclusion lines for the analyses investigating the decay channels where a SM
Higgs boson was produced in association with a W boson are indicated by an orange
line for the final state with one charged lepton (electron or muon) and a bb pair. A
yellow line shows the exclusion limit for the final state with three charged leptons
(electrons or muons). M <o are excluded until almost 300 GeV (150 GeV) while

Mo is excluded for values higher than 20 GeV (about 5 GeV) for the Ibb (3 lepton)

3The meaning of the confidence level will be explained in Section

18



2.4 Current ATLAS Results in the Search for Supersymmetry

final state. Since the search with three leptons in the final state excludes M <0 at

low values and the search for Ibb excludes these masses at higher values, the two
channels seem complementary.
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3. STATISTICAL INTERPRETATION

To state how likely it is that a SUSY model exists or does not exist, for example a
cut-and-count analysis is performed on the recorded ATLAS data. In this Chapter it
is assumed that the expected event yield due to SM background is estimated only
by MC simulation. Likewise the detector response can be simulated for a particular
supersymmetric model - in this way a signal sample is provided. Recorded ATLAS
data contains both SM background processes and potential SUSY signal. The number
of events from the known SM background processes are assumed as null hypothe-
sis. An alternative hypothesis which in addition contains events from new physics,
namely the SUSY signal, is tested.

PROFILE LIKELIHOOD The expectation value of n events in a search region with a
number of signal events s and a number of background events b,,; can be expressed
as

En] = ps+biot. (3.1)

The signal strength parameter x is equal to O in a background-only hypothesis.
equal to unity corresponds to the nominal signal rate as predicted from the tested
SUSY model. b, is the expected total background which is computed from the N

N
individual background components b; for each process i, by, = Zbi'
=1

For each background component b;, M; events are generated by Monte Carlo sim-
ulation, see Section , and from these, m; events are selected in the search region.
The expectation value of the Poisson distribution which models these measurements
is

E[m;] = 1;b;. (3.2)

7; is the ratio of the integrated luminosity of the ith Monte Carlo sample over the

integrated luminosity of the recorded data, 7; = % [22]. A likelihood function for
the parameter of interest ¢ and the nuisance parameters © = (0,,0,b;) is defined
as a product of Poisson probabilities. The nuisance parameters - i.e. the statistical
and the systematic uncertainties on the number of signal and background events
- characterise the shapes of the probability density functions for signal and back-

ground. The measured number of signal events s and the number of background
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events b; depend on the uncertainties.

btot )" N (b))
L(M78) — (MS—’_ t t) e—(us—‘rbtot) H (T ) e szz (33)

| |
n! oy il

For this likelihood function the known absolute signal and background rates enter
and thus constrain the nuisance parameters. \(x) is then defined as the profile

likelihood ratio of L(u, (5)) over L(fi,©),

Ap) = : (3.4)

© refers to the conditional maximum-likelihood estimators, i.e. to the nuisance pa-
rameters that maximise L for the fixed value of p.

i as well as O refer to the unconditional maximum-likelihood estimators, i.e. to
the values of 1 and © that maximise L independently of each other [23].

If 1 is found to be equal to zero, the null hypothesis is confirmed. If on the other
hand ¢, = —2InA(p) is close to O, i.e. A(n) is close to 1, this means that the hypoth-
esised value of i is describing the observed data very well. Nevertheless the higher
the obtained value for ¢, becomes, the less compatible is the observed data with the
alternative hypothesis.

P-VALUE AND SIGNIFICANCE Supposing that the observed data results in a value of
qu = Qobs» the p-value states how well the data and the hypothesis, i.e. ;, agree:

e}

p= f(auli)dgy. (3.5)

qobs

f(qu|p) is the sampling distribution of ¢, under the assumption of n. The p-value
therefore gives the probability to obtain test statistics which are equal to or less
compatible than the observed ones, assuming that the null hypothesis with =0 is
true.

To optimise signal selections, the significance Zy is used. It is related to the p-

value by
>~ 1

P= ZN V 2
Zy is the number of standard deviations at which a standard Gaussian would give

a one-sided tail area equal to p. ¢ is the cumulative distribution for the standard
Gaussian [22].

z2
e 2dr=1-o(Zy). (3.6)
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Let 0, be the uncertainty on the number of background events. It is treated as
being due to an auxiliary background-only observation that is also Poisson dis-
tributed. As a measure of the signal significance, in this thesis Zy is computed
from s, b;r and o, with a function called ‘BinomialExpZ’ implemented in ROOT Roo-
Stats [24], [25], [26]. This variable is used to find an approximately optimal signal
selection using regularised beta functions [27]. A significance of Zy > 1.64 corre-
sponds to a p-value of less than 5%.

CONFIDENCE LEVEL The signal strength ;i can be excluded at a confidence level (CL)
of (1 - o) if the p-value is found below a certain threshold a. For the analyses pre-
sented in this thesis, « is chosen to be 5%.

The confidence level for the signal plus background hypothesis is given by the
probability that the test-statistics g, is less than or equal to the measured statistics

Qobs-

qobs dp b
CLsb=Ps+b(qu < Gobs) = / -

d 3.7
oo dq;L Ay ( )

with %‘/‘:b being the probability distribution function of the test-statistics for signal
plus background experiments. Small values of C'L, mean that the observed data is
not in good agreement with the signal-plus-background hypothesis. It is more likely
that the background-only hypothesis is true for C'L,; close to O. For values close to
1, on the other hand, the alternative hypothesis is confirmed.

In analogy, the confidence level in the background-only hypothesis is given by

9obs dpb

CLb = pb(Q,u < QObs) = / quu (38)
—oo dqy

with flqls being the probability density function of the test statistics for background
only. If CL; is close to unity this means that the background-only hypothesis can
most likely be rejected and that the signal-plus-background hypothesis is favoured.
For a value close to 0, the null hypothesis is confirmed.

C'Lg is defined by
_ CLerb

Ls= .
¢ CLy

The usage of CL, for statements about the confidence level is also referred to as
the ‘modified frequentist procedure’. It is motivated by the fact that the observed
number of events can also underestimate the expected number of events which
leads to unphysical estimators and an implausible background modelling. Therefore
the signal hypothesis is considered excluded at confidence level CL when 1—-CL; <
CL [28]. In other words, for CLs; < 0.05, the signal-plus-background hypothesis is
excluded at 95% confidence level.

(3.9)
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4. EXPERIMENTAL SETUP

To find out if supersymmetric particles exist, high energies need to be provided to
malee the production of elementary particles with high masses possible. This is based
on the equivalence of mass and energy, E = mc?. Subsequently the produced particles
need to be identified. Therefore their interaction vertices and tracks are recorded in
a detector. Information about their kinematics such as energy and momentum is pro-
vided.

In 1954, the European research centre for nuclear physics was founded, CERN.
It is located close to Geneva, Switzerland, and spreads out across the Swiss-French
border. It hosted and hosts numerous physical experiments, not least the Large
Electron Positron collider (LEP) which was taking data from the years 1989 to 2000.
Among many other accomplishments also the idea of the world wide web was devel-
oped in 1989 at CERN to facilitate access to data storage. 21 countries are official
members of CERN and a large number of scientists is involved from many more
guest states world wide [29].

4.1. LHC - LARGE HADRON COLLIDER

The high energies for the production of the elementary particles are achieved by
proton-proton collisions at centre-of-mass energies of up to 14 TeV. The protons are
extracted from hydrogen gas which was ionised by an electron beam. They then en-
ter a linear accelerator and pass several circular accelerators before being injected
in the Large Hadron Collider (LHC) in opposite directions. Occasionally LHC is also
used to accelerate lead ions for lead-proton or lead-lead collisions. These collisions
are investigated by some experiments but are not addressed by the analyses pre-
sented in this thesis.

The pre-accelerators, the LHC and the connected experiments are shown on a
map in Figure LHC is installed ~100 m below the surface in the same 26.7 km
long tunnel as the previous e*e™-collider LEP.

23



4.1 LHC - Large Hadron Collider
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FiGUurE 4.1.: A map showing the pre-accelerators, the LHC and the connected
experiments [30] (not to scale).

The protons in the circular accelerators pass radio-frequency (RF) cavities which
bring the protons to the required energies. For each of the two beam lines of the
LHC, eight RF cavities are installed. The design-centre-of-mass energy is 14 TeV
which means that in the LHC the protons travel at almost the speed of light.

The charged particles are forced on a circular path by magnetic fields of a strength
of 8.33 T. The fields are provided by 1232 dipole magnets with a length of 15 m each.
LHC magnets make use of superconducting cables made of a niobium-titanium alloy
and they are cooled down to 1.9 K by liquid Helium. The proton beams are focused
by quadrupole magnets of which in total 392 are installed in the tunnel.

There is no continuous proton flux in the beam pipes; the protons are bundled in
2808 bunches. These bunches are focused to a profile of 16 ym before they collide
in one of the four collision points along the LHC [31].

At each collision point a particle detector is placed:

e One multi-purpose detector called the ‘Compact Muon Solenoid’ (CMS),

e one detector addressing ion collisions with ultra-high energy densities which
are comparable to the ones at the time directly after the Big Bang, called ‘A
Large Ion Collider Experiment’ (ALICE),

e the ‘Large Hadron Collider beauty’ (LHCb) experiment for b-physics and

e another multi-purpose detector called ‘A Torodoidal LHC Apparatu$S’ (ATLAS).
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4.2 ATLAS - A Toroidal LHC Apparatus

4.2. ATLAS - A TorRoIDAL LHC APPARATUS

The data recorded with the ATLAS detector is analysed to - among other purposes
- study the possible substructure of particles, to address b-physics, to find super-
symmetric particles, to find the Higgs boson and to measure particle masses and
interaction strengths with high accuracy. Therefore ATLAS is demanded to provide
precise low-momentum measurements, the possibility of particle tracking as well as
the identification of electrons, photons, muons and hadrons.

The detector is composed from various subdetectors in an onion-skin structure.
Each subdetector provides information about the passing particles and the informa-
tion pieces are composed to identify the particles with high efficiency and to measure
their kinematics. The information about ATLAS in this Section is based on [32], [33].

ATLAS measures 44 m in length and 25 m in height and weighs about 7000 t. It
is depicted in Figure The interaction point for the proton-proton collisions is in
the very centre of the detector and the beam pipes enter from the left and from the
right.

44m

Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector \

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker

FIGURE 4.2.:  Depiction of ATLAS [34].
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4.2 ATLAS - A Toroidal LHC Apparatus

4.2.1. ATLAS COORDINATE SYSTEM

To describe ATLAS, a right-handed Cartesian coordinate system is used. The detec-
tor is forward-backward symmetric. The origin is placed at the centre of the detector
in the nominal bunch crossing point. The z-axis points along the beam axis and the
z-axis points to the centre of the LHC ring. The transverse plane is defined by the
z-y plane. The azimuth angle ¢ is measured around the z-axis and the polar angle ¢
is measured from the z-axis as indicated in Figure [4.3]

n=20
\ Y

N — +00

FIGURE 4.3.:  The ATLAS coordinate system |35].

Instead of using the polar angle ¢ it is more common to use the pseudorapidity 7,
to describe ATLAS. It is defined by

n= fln(tan(g)). (4.1)

For a ‘transverse’ variable like e.g. the transverse momentum, the absolute value of

the two dimensional vector in the z-y plane is computed, pr = y/p2 +p2.
The distance between two particle tracks, i.e. the distance of two axes in the 7n-¢

plane, is given by AR =/ An? + A¢?.

4.2.2. INNER DETECTOR
The three tracking detectors in the centre of ATLAS form the Inner Detector (ID)

which measures only 35 cm in length.

PixeL DETECTOR The innermost part is the Pixel Detector (PD). It provides a spatial
resolution of 12 ym [33] by the usage of 82 million silicon pixels.
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4.2 ATLAS - A Toroidal LHC Apparatus

SEMICONDUCTOR TRACKER The Semiconductor Tracker (SCT) also allows for high-
precision track measurements. It relays the information about track points for the
reconstruction of the flight paths of the passing particles. The 6 million channels
make it possible to measure the particle tracks in this silicon microstrip tracker
with an accuracy of 17 ym per layer in the direction transverse to the readout strips
which are placed on the silicon, and with an accuracy of 580 ym [33] in longitudinal
direction.

TRANSITION RADIATION TRACKER The outermost part of the ID is a transition ra-
diation tracker (TRT) which allows to distinguish between passing electrons and
hadrons. It consists of many layers of straw tubes which are filled with a xenon gas
mixture and it has a spatial R—¢E| resolution of 170 pm [33].

4.2.3. CALORIMETERS

In the calorimeters depicted in Figure [4.4] the passing particles are stopped by their
interactions with the absorbing material. The entering particles cause shower cas-
cades due to bremsstrahlung, ionisation, hadronisation and pair production of elec-
trons and positrons. The energy which is deposited in the active material by the
resulting particles, i.e. photons, is summed up to measure the energy of the initially
entering particles.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic y
end-cap (EMEC) —_
N

N \:\*i\
“‘x\t\a

LAr electromagnetic
barrel

)

7
(=)
\ : LAr forward (FCal)

FIGURE 4.4.: The combined calorimeters of ATLAS [34]].

'referring to cylindrical coordinates
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4.2 ATLAS - A Toroidal LHC Apparat

us

LiQuib ARGON CALORIMETERS The electromagnetic calorimeters in the barrel part
(jn| < 1.475) and in the two end-cap parts (1.375 < |5| < 3.2) use layers of liquid argon
(LAr) at a temperature of -183 °C as active material. Electromagnetically interacting
particles produce showers in the absorbing medium which is made from lead. The
active and the absorbing calorimeter layers are arranged in accordion geometry for
optimal coverage and read-out.

HADRONIC CALORIMETERS The hadronic calorimeters use layers of steel as absorber
and use scintillating tiles for the read-out. Both are arranged in a sampling struc-
ture. One hadronic calorimeter is placed directly outside the electromagnetic barrel
calorimeter, covering || < 1.0. The energy of hadronically interacting particles es-
caping in 0.8 < |n| < 1.7 is deposited in the two extended barrel calorimeters.

The LAr hadronic endcap calorimeters spatially overlap with the hadronic barrel
calorimeter and the LAr forward calorimeters. For the latter a copper module is in-
stalled to measure the energy of electromagnetically interacting particles and two
modules made of tungsten are provided to quantify the energy of hadrons. Since
they both use LAr as active material, the hadronic as well as the electromagnetic
endcap calorimeters share the same cryostats.

4.2.4. MUON DETECTOR

Just as the neutrinos which are non-detectable in ATLAS at all, also the muons
are not stopped or absorbed in the calorimeter system. Thus the outermost part of
ATLAS consists of four different types of chambers for coordinate and momentum
measurement of those electrically charged and relatively heavy particles. ~ 1 million
channels can be read out in an area of 5500 m? and a spatial resolution of < 50 ym
is possible [33].

In the MS, monitored drift tubes (MDTs) and cathode strip chambers (CSCs) make
precision tracking possible. Resistive plate chambers (RPCs) and thin gap chambers
(TGCs) are used for triggering on muons, see Section [5.1.1|

4.2.5. MAGNET SYSTEM

To provide a magnetic field of 2 T for the ID, a superconducting solenoid is installed
between the ID and the calorimeter system. It is 5.3 m long and measures 2.4 m
in diameter. The solenoid shares a cryostat with the LAr barrel calorimeter to make
the particles coming from the bunch crossing point pass as few absorbing material
as possible before they enter the calorimeter system. Due to the magnetic field the
tracks of charged particles are bent in the ID. Responsible for this is the Lorentz
force ﬁLOrentZ = q(U' x é) which can be computed from the electric charge ¢ and the
velocity 7 of a particle as well as from the strength of the magnetic field B which
the particle is passing. The momentum of the passing particles with mass m can
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4.2 ATLAS - A Toroidal LHC Apparatus

be determined from the sagitta of the bended track after equating the Lorentz force
with the centripetal force.

The muons pass a magnetic field of 4 T before entering the MS. This field is
created by eight toroids placed along the barrel region of the detector and by two
toroidal systems located at the endcaps of the detector, outside the calorimeters.
The direction of the deflection of the flight paths due to Florents gives indication of
the sign of the charge, i.e. a muon being a particle or an anti-particle.
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5. DATA TAKING AND RECONSTRUCTION OF
PHYSICS OBJECTS

5.1. TRIGGER SYSTEM

ATLAS detects 40 million events in one second, whereby an event means the collision
of protons and the following scattering processes and decay chains. Such high data
rate is not completely storable. Therefore at a very early stage, i.e. during data taking,
it needs to be decided which events might contain interesting physics. These events
are then kept for analysis and their data is written to disk. The decision making is
done by the ATLAS trigger system.

Data is analysed according to the expected physics signature of the process of
interest. Filters are applied selecting e.g. two leptons which are reconstructed with
high quality and a certain amount of transverse momentum. The trigger signature is
defined by interesting physics objects, i.e.electrons, photons, muons and hadrons.

First an event will be considered as interesting if it passes hardware-based criteria
on Level 1 of the trigger system. Secondly it has to pass software-based filters (Level
2) and thirdly an online reconstruction procedure (Event Filter) is applied which is
rather similar to the offline reconstruction algorithms, before the data is actually
written to disk. Later the offline reconstruction algorithms can be re-run as often
as needed. On each level, the rate of initially 40 MHz will be reduced as depicted in
Figure to finally storable O (100 Hz). During Run 1, i.e. data taking at /s =7 and
8 TeV in the years 2011 and 2012, respectively, the rate at Level 1 was restricted to
65 kHz. It will go up to 100 kHz for a luminosity of £ = 3 x 103*cm?s~! during Runs
2 and 3 when /s is increased to 14 TeV [36].
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5.1 Trigger System
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FiGure 5.1.:  The ATLAS Trigger System [37].

5.1.1. LEVEL 1

The first level of the ATLAS trigger system uses data from the detector with reduced
granularity to decide whether an event passes the trigger criteria. The decision is
based on information coming from the calorimeters or from the RPCs and TGCs
in the Muon Spectrometer. Physical objects are then identified. The areas of the
detector where the objects are recorded are treated as ‘Regions of Interest’ (Rols).

Using the neighbouring cells in all samplings of the electromagnetic and hadronic
calorimeters, trigger towers with a granularity of 0.1 x 0.1 in the 7 x ¢ space are
formed. They measure the transverse energy of the crossing particles from 1 GeV
on. The Cluster Processor (CP) for example uses overlapping sliding windows for
2 x 2 clusters of electromagnetic trigger towers and the hadronic towers behind to
identify electrons, photons and hadronically decaying taus. For an illustration see

Figure [5.2]
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5.1 Trigger System
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FIGURE 5.2.:  The trigger towers in the calorimeters. The green area corresponds

to a window of size Anx A¢ = 0.4 x 0.4 [33]

An object is identified and therefore fires the trigger when the local maximum
transverse energy in a trigger-tower region exceeds a threshold. Requirements on
the isolation of the object can also be part of the trigger criteria. An object is con-
sidered as being isolated when the energy deposit in a surrounding ring of trigger
towers in the electromagnetic or hadronic calorimeters is less than a certain value.

Quarks can only exist as bounded hadrons due to the colour confinement de-
scribed in Section [2.1.3] Because of the hadronisation effect they are not individ-
ually detectable, but they become measurable as cone shaped objects made from
hadrons which generally move away from the production vertex. These objects are
called jets and can be identified by the reconstruction algorithms.

The Jet/Energy Module (JEM) identifies jets at Level 1 when the energy deposi-
tions in trigger towers in the electromagnetic calorimeter added to the ones in the
hadronic calorimeter fulfil a certain minimum criterion.

It is also possible to measure the total sums of F,, £, and Er (the transverse
energy) to trigger for example on events with high missing transverse ener due to
undetected particles like neutrinos.

The RPCs and TGCs have a time resolution of 1.5 and 4 ns, respectively. Each
of the three RPC stations consists of two independent detector layers. Muon candi-
dates are identified by hits in the first doublet of the RPC, the pivot plane. A scan is
performed for more hits in the second RPC doublet. When the road whose centre is
defined by the line of conjunction of the hit in the pivot plane with the interaction
point has a certain maximum width, meaning a certain minimum pr value, the cri-

'For the definition of the missing transverse energy see Sectionm
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5.1 Trigger System

teria for a Level 1 muon candidate are fulfilled [33].

A prescale factor can be applied to the Level 1 trigger which means selecting only
1 out of N events. The prescale factor is adjusted during the data taking since
the peak luminosity decreases over time. The trigger configuration however always
remains the same during one luminosity block, which is the smallest subdivision of
a data taking period [38]. Level 1 has a latency of 2.5us until the information about
the Rols must be passed to the next trigger level [33].

5.1.2. HIGH-LEVEL TRIGGERS: LEVEL 2 AND EVENT FILTER

Level 2 requests information from all ATLAS subdetectors and is ‘seeded’ by Level 1,
starting the algorithms and extrapolations at the Rols which were passed by Level
1. Its purpose is to reduce the rate from the incoming O (100 kHz) to 3.5 kHz.
The event processing time is 40 ms [38]. In the following will be briefly described
how for example electron and muon candidates are processed at the software based
high-level trigger.

LEVEL 2 ELECTRON CANDIDATES For an electron candidate, which was passed as
Rol to Level 2, the energy deposit in the calorimeter must be similar to the pr of
the matching track in the ID. Furthermore, it must fulfil requirements on the Erp
of the considered electromagnetic calorimeter cluster, on the Ep in the first layer
of the hadronic calorimeter (hadronic leakage), on the shower shape and on the
ratio of the first and second energy maxima in the first measuring sampling of the
electromagnetic calorimeter. In the ID the tracks are reconstructed using the area
around the received Rol.

LEVEL 2 MuoN CANDIDATES Two types of reconstructed muons can be considered as
Level 2 muon candidates. First the so-called standalone muons are reconstructed
using only the information from the MS. Secondly, combined muons are identified
using also the information from the ID around the Rol which implies an improved
resolution for soft particles which have low pr.

EVENT FILTER The hypothesis test - for example at least two leptons with a mini-
mum pr - must not fail or an event will not pass to the last level of the ATLAS trigger
system, the Event Filter. Algorithms very close to the offline algorithms are used
to further improve the identification of the passed objects. The Event Filter has a
latency of 4 s [38].

The algorithms for electron identification use more shower shape and track quality
cuts compared to Level 2. The physics objects can now already be reconstructed with
loose, medium or tight quality [39]. A loose electron is more likely to be selected, but
compared to a medium or tight electron the higher reconstruction efficiency also
means a higher probability for misidentification.
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5.1 Trigger System

To increase the identification quality for muons, two algorithms are implemented.
One starts from the muon spectrometer and then extrapolates to the ID (‘Trig-
MuonEF’), the other algorithm works reversely, starting from the ID (‘TrigMuGirl’) [40].
Both are seeded by the Level 2 objects.

5.1.3. TRIGGER MENU AND NOTATION

Many event signatures corresponding to the wide ATLAS physics programme must
be covered, but at the same time the data rate needs to be kept at a storable level.
For these reasons the data stream is cut into slices, according to the trigger menu.
Each slice corresponds to a particular trigger signature which has to balance the
need for high statistics of events with soft objects and the requirement of the total
bandwidth not to exceed O (100 Hz).

A trigger signature means that the hypothesis of at least a number of certain physics
objects which are identified with a certain minimum transverse momentum is sat-
isfied. The objects are labelled with

e e for electrons

e mu for muons

e tau for tauons

e j for jets

e g for photons and

e xe for missing transverse energy.

Followed by a number, such abbreviation indicates the minimum threshold on the
transverse momentum of the object. Additional requirements on the isolation of
the physics objects are indicated by the letter ‘i’ and leptons can be requested to
be reconstructed with ‘loose’, ‘medium’ or ‘tight’ quality at trigger level. The label
‘e24vhi_medium1’ for example implies the hypothesis of at least one isolated elec-
tron with at least 24 GeV of transverse momentum which was reconstructed with
the ‘medium1’ quality criterion (the quality criteria were tightened during several
months of data taking, i.e. ‘medium’ became ‘medium1’). The token ‘vh’ implies that
the n-dependent Er selections were applied at Level 1 and that the energy in the
core of the hadronic calorimeter is required to be smaller than 1 GeV [41].

In this thesis, if not otherwise indicated, the trigger signature will always refer to
the signature on the Event Filter level. To each signature on the Event Filter level
corresponds a signature on Level 1 and one on Level 2 which seeded the Event Filter.
For the above example of ‘24evhi_medium1’, this would be e.g. ‘EM18VH’ on Level
1 where an object with at least 18 GeV Er was requested in the electromagnetic
calorimeter which also needed to fulfil the ‘vh’ criterion.
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5.2 Data Acquisition and Monte Carlo Simulation

An event will only be considered for a physics analysis if a certain trigger or a com-
bination of triggers is caused.

5.2. DATA ACQUISITION AND MONTE CARLO SIMULATION

DATA FORMATS After the trigger-based decision on which events to store on disk for
later analysis, the data is still in a ‘Byte-stream Data’ format for all events which
passed the high-level triggers. For simulated events the generated hits need to be
translated into charges, light and the response of the readout electronics. After this
step of digitisation and the conversion to ‘Raw Data Object Data’ (ROD) based on
C++, the simulated data is similar to the recorded detector data. ROD contains
all the information read out from the subdetectors, e.g. times and voltages. ‘Event
Summary Data’ (ESD) is the next step during data handling for which the raw data
is reconstructed into information about energy deposits and tracks. A summary
of the ESD is the ‘Analysis Object Data’ (AOD) which contains the reconstructed
physics objects. The data format which is finally used for most analyses is a n-tuple
style representation of the AOD: the ‘Derived Physics Data’ (DPD) [42]. The DPD is
processed for an analysis inside the ‘ROOT’ framework [43].

MONTE CARLO SIMULATION To discover new physics or to exclude certain models,
the recorded data needs to be compared to what is expected. It is not known what
processes exactly lead to the recorded detector signature. Conclusions can be drawn
only from applying cuts on the data and from comparisons with the theoretical
expectation. This motivates the need for simulated data for which then not only the
true process is known but also the consequent detector response.

The simulation is done by making use of ‘Monte-Carlo (MC) methods’: a statistical
procedure many times repeats random experiments.

PILE-UP During one bunch crossing more than one proton-proton collision can take
place since a bunch contains O(10'!) protons. The proton-proton collisions which
happen in the same bunch crossing are called ‘in-time pile-up’. It can happen that
protons from a previous or following bunch crossing leave a detector signature.
This is called ‘out-of time pile-up’. The amount of pile-up is not always correctly
estimated in the MC simulation. Therefore the MC events are reweighted depending
on the number of inelastic interactions in data to reflect the detector response.

The underlying event means the collisions of the other constituents of the protons
which are not part of the hard collision of the event primary vertex.

The following paragraph is based on information taken from [44]. The software
used to simulate the complex hadronisation processes are ‘PYTHIA’ [45] and ‘HER-
WIG’ [46]. The latter also makes use of ‘JIMMY’ [47] which contains a multiple scat-
tering model for the ‘underlying event’.
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Other examples for generator software are
e ‘SHERPA'’ [48] which is a multipurpose event generator,

e ‘MCQNLO’ [49]- [51] which includes the full next-to-leading order QCD correc-
tions in the computation of hard subprocesses,

e ‘AlpGEN’ [52] which is used for final states with high jet multiplicities and

e ‘MadGraph’ [53], a matrix element generator with automatic computation of
the amplitudes for all relevant subprocesses.

The detector response for each generated event is simulated by the GEANT4 soft-
ware [54]. The simulated data is then processed and provided in the same data
formats, starting with ESD, as the data recorded by ATLAS.

5.3. RECONSTRUCTION AND DEFINITION OF PHYSICS OBJECTS

5.3.1. JETS

Cone-shaped objects which are initiated by a hadron are detected in the calorimeters
of ATLAS. For the definition and identification of the jets which are used in the
analyses presented in this thesis, the ‘anti-£; jet clustering algorithm’ [55] is used.
It is therefore briefly summarised in the following. So-called topological clusters are
used as input for the algorithm. Such a cluster is formed starting with a ‘seed’ cell in
the calorimeter for which the signal is high compared to the noise. The neighbouring
cells which still have a comparably high signal-to-noise ratio are then iteratively
added. Finally, all surrounding cells which are direct neighbours to the cluster are
added, independent of their signal [56].

The distance between two such entities i and j or the beam axis B is computed
with the following formulae:

1A
ki, ki, R2

dij = min( (5.1)
1

= (5.2)
K7

dip
kr denotes the transverse momentum, y = %ln gfgi stands for the rapidity, Afj =(y; —
y;)? + (¢i — ¢;)? defines a distance in the y-¢-plane and R is a radius parameter which
is set to e.g. 0.4. For all clusters and the beam axis the distances are computed. If
the smallest distance is d;;, both entities ¢ and j are combined and the algorithm
starts all over again. If the smallest distance is d;p, the cluster i is defined as a jet
and no longer considered as an entity during the next run of the algorithm. In the
anti-k; jet clustering algorithm the soft entities, i.e. the ones with low pr, will cluster
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5.3 Reconstruction and Definition of Physics Objects

rather with the hard, i.e. high-pr entities. Therefore the shape of the final jets is not
depending much on the soft entities.

JET ENERGY SCALE AND RESOLUTION A calibration procedure is performed to make
up for the difference of the energy of the measured jets compared to the energy
of the truth jets which is referred to as ‘Jet Energy Scale’ (JES). Pile-up is one of
the reasons why the reconstructed jets need to be calibrated to subtract the addi-
tional energy deposits in the calorimeters caused by other close-by proton-proton
collisions. An offset correction is applied to the Er of a jet which depends on the
number of primary vertices for the proton-proton collisions, on the jet pseudorapid-
ity and on the bunch spacing. Furthermore the direction of the jet is corrected to let
it origin from the primary vertex and not from the geometrical centre of the detector.
In a next step the energy of the jet is once more corrected using information from
the comparison with truth jets in Monte Carlo simulation [56].

The jet energy resolution (JER) is determined from calorimeter observables, ex-
ploiting the transverse momentum balance in events which contain jets with large
transverse momenta [57].

JET VERTEX FRACTION The ‘Jet Vertex Fraction’ (JVF) is the total transverse mo-
mentum of tracks in the ID which come from the primary vertex and which are
associated to a jet. It is divided by the total transverse momentum of all tracks that
are matched to the jet and which originate from any reconstructed vertex [58].

D-TAGGING A b-jet is assumed to be initiated by a b-quark, and hadrons containing a
b-quark have a long life-time compared to other hadrons. Therefore the b-hadron can
travel through the detector for some time before it decays. The travel path becomes
visible because the secondary vertex of the b-decay-process is spatially displaced
from the first production vertex. A possibility to classify these jets is the so-called ‘b-
tagging’. The ‘ATLAS MV1 b-tagging algorithm’ is a neural network which combines
the information from three high-performance taggers which are called IP3D’, ‘SV1’
and ‘JetFitter’. To find out if a jet is most likely originating from a b-quark, they
make use of its transverse and longitudinal impact parameter significances. They
reconstruct the inclusive vertex which is formed by the decay products of the b-
hadrons. The topology of the primary vertex and of the vertices of the b-decay as well
as the flight length significance are parameters which are also taken into account.
The input variables are then compared to smoothed normalised distributions for
the b-hadron hypothesis and the background hypothesis by using a likelihood ratio
technique [59]. The efficiency for distinguishing between b-jets and other jets is
different for data and for Monte Carlo simulation. Therefore scale factors depending
on the transverse momentum and on the pseudorapidity of the jets are applied to all
Monte Carlo samples to correct for small discrepancies in the b-tagging performance.
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5.3 Reconstruction and Definition of Physics Objects

5.3.2. ELECTRONS

Electrons interact with the detector material in the ID and in the electromagnetic
calorimeter. A seeded calorimeter tower with Er > 3 GeV must match to a track
in the ID within a broad window of An x A¢ = 0.05 x 0.10. At the same time the
energy of the calorimeter cluster must not be more than ten times higher than the
momentum of the matched track. This identifies electrons in the detector region
with || < 2.5. Electrons with 2.5 < |n| < 3.7 can only be reconstructed using the
calorimeter clusters since the ID covers only |7| < 2.5. These electrons can then only
be identified with high efficiency in specific processes such as Z — ee or H — ecee for
which the decay products have e.g. a characteristic total invariant mass which is
equal to the mass of the decaying boson.

Since jets also deposit energy in the electromagnetic calorimeter before they enter
the outer hadronic calorimeter, it is important to find criteria which clearly distin-
guish between electron and jet candidates. The overlap removal procedure which is
described in Section rejects jets which are too close to electrons in the mean-
ing of AR and and for which most likely the same calorimeter clusters are used to
reconstruct a jet and an electron.

QUALITY CRITERIA A summary of the quality criteria for electrons [39] is listed in
the following:

e ‘Loose’: Electrons need to have || < 2.47 and the energy leakage into the
hadronic calorimeter must not be too high. Requirements are placed on the
shower shape variables using the second layer of the electromagnetic calorime-
ter. The electrons are identified with high efficiency but the background is
hardly suppressed.

e ‘Medium’: Additional cuts are placed on the energy deposits in the first layer
of the electromagnetic calorimeter. At least one hit must be recorded in the
PD and at least nine in the SCT. The transverse impact parameter dy must
be shorter than 1 mm. The jet rejection factor is increased by a factor of 3-4
compared to only applying the ‘loose’ cuts.

e Tight: The electrons need to be isolated in addition. This means that they
have to fulfil the requirement on the ratio of the transverse energy in a cone
around the object with AR < 0.2 to the total cluster transverse energy. An
electron candidate must have at least one hit in the vertexing layer and the
clusters and tracks need to be matching more precisely compared to ‘medium’
electrons. A certain number of hits is required in the TRT. In general all tools
which are available to identify electrons are utilised to define the ‘tight’ quality
criterion. Therefore the identification efficiency for isolated electrons is at min-
imum and jets are well rejected. The numbers for the identification efficiency
are measured depending on the electron pr and 7 in [60].
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To select events for the physics analysis, the electrons are required to have a cer-
tain minimum pr which is motivated by the trigger strategy and the corresponding
turn-on curves of the electron triggers, see e.g. Section [6.7.1] The requirements on
the longitudinal and transverse impact parameters are tightened. The electrons have
to be isolated referring to their tracks in the ID (‘ptcone’), referring to the sum of the
calorimeter cells in a cone around the electron candidate in the n-¢-space (‘etcone’)
or referring to the sum of the transverse energies of the topological clusters within
a cone around the cluster barycentre (‘topoEtcone’).

A scale factor is applied to Monte-Carlo simulated events which contain an elec-
tron to account for the differences in the reconstruction efficiency in data and in
Monte Carlo simulations. Furthermore the electron energy is smeared in Monte
Carlo events to better reproduce the energy resolution in data.

PHOTONS As explained above, clusters which can be matched to a track are iden-
tified as electrons. If a cluster cannot be allocated to a track in the ID and cannot
be associated to a conversion, the assigned cluster is considered as a photon candi-
date [39].

5.3.3. MuoNs

Muons are identified and reconstructed using information from the ID and the MS.

STANDALONE For ‘standalone’ muons only information from the MS is used. The
tracks are extrapolated to the beam line. The detector region until |n| < 2.7 is covered
(with gaps at 0.0 and 1.2) by the MS while the ID only reaches until |5 < 2.5. Soft
muons are not easily reconstructed since they do not always reach the outermost
layers of the MS.

ComBINED The linked space points in the PD and the SCT are extended to the mea-
surements from the outer layers of the ID. The ID muon tracks are then combined
with the MS muon candidates to reconstruct ‘combined’ muons. Two algorithms are
available: ‘staco’ and ‘muid’. The decision if two tracks from the ID and the MS are
combined is based on the x? variable. It is a figure of merit for the quality of the
match. The difference between ‘staco’ and ‘muid’ is that the first algorithm uses a
statistical combination of the inner and outer track vectors while the ‘muid’ algo-
rithm uses the inner track vector together with the covariance matrix and then the
outer track to obtain the combined track vector.

SEGMENT-TAGGED For ‘segment-tagged’ muons, all tracks of the ID with a certain
minimum momentum are extrapolated to the innermost stations of the MS. If suf-
ficiently close segments with hits are found, the tracks in the ID are identified
as muon candidates. Two examples for algorithms to reconstruct segment-tagged
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5.3 Reconstruction and Definition of Physics Objects

muons are ‘MuTag’ and ‘MuGirl’ [39].

In analogy to the selection of electrons, muons are also required to be isolated, and
cuts on the transverse and longitudinal impact parameters of the muon candidates
are placed. For Monte Carlo events which contain muons, scale factors are applied
in the same way as for electrons and the transverse momenta of the muons are
smeared.

5.3.4. TAus

Tau leptons decay into the lighter leptons or into hadrons inside ATLAS. The prod-
ucts of the leptonically decaying taus are not distinguishable from prompt electrons
and muons. The products of the hadronically decaying taus on the other hand can
be identified.

Taus can decay into hadrons, i.e. pions, for example like 7+ — 7ty 7t70
7¥707%, with one charged hadron in the final state (‘1 prong), or 7= — 7
and 7*r*7 T 7%, with three charged hadrons in the final state (‘3-prong’). For their
reconstruction, a jet which is identified with the anti-£; jet clustering algorithm as
described in Section is used. For a 1-prong tau or a 3-prong tau, one or three
tracks must be found in the ID in a cone of AR <0.2 around the axis of the seed jet.
The tracks need to fulfil requirements on the pr, on the number of hits in the PD
and the SCT as well as on the transverse and longitudinal impact parameters. For a
better distinction of the taus originating from pile-up vertices and of the taus orig-
inating from the primary vertex, a tau jet vertex fraction (TJVF) is used in analogy
to the JVF. The algorithms which are implemented for the identification of taus are
based on boosted decision trees (BDT algorithm) or on log-likelihood functions (LLH
algorithm) [61].

vy and

FrtrFu,

5.3.5. MISSING TRANSVERSE ENERGY

The SM neutrinos do not interact with detector material and are therefore invisible.
The same holds for the supersymmetric neutralinos which can also not be recon-
structed. The amount of energy which the invisible particles carry away can still
be estimated due to the law of energy conservation in a closed system: the initial
protons only carry momentum in the z-direction, therefore the momenta in the z-
and in the y-direction of all the visible and invisible particles must add up to O.

0=>_ phvisible 4 Z plrinvisible _ Z p; wisible | Z pz jinvisible (5.3)
7 7 i

7
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5.3 Reconstruction and Definition of Physics Objects

The ‘missing’ energy can therefore be assigned to the invisible particles and must be
equal to the negative sum of the energy of the visible particles:

i i ,visible
) =~ ZEx(y) : (5.4)

The missing transverse energy is defined as

Ej?’fliss — \/(E‘;niss)Z_i_(E‘g’liss)Q. (55)

Epss is computed using the energies of the reconstructed and calibrated elec-
trons, photons, muons, taus and jets. A so-called ‘soft term’ which contains the
energy of topological clusters which are not associated to the reconstructed high-pr
physics objects is also added [62].

5.3.6. OVERLAP REMOVAL PROCEDURE

The following procedure is referred to as the ‘overlap removal’ (OR). It is performed
for each event after the full reconstruction and selection of the physics objects since
it is necessary to remove physical objects which are overlapping in the n-¢ space,

i.e. which have a too small AR = \/An? + A¢2.

ELECTRON, ELECTRON If two electrons are very close to each other (analysis of 2012
data: AR < 0.05, 2011: AR < 0.1) the one with lower transverse momentum is dis-
carded since it is most likely originating from bremsstrahlung.

ELECTRON, JET If a jet is close to an electron (AR < 0.2), it is removed from the
event. With high probability the very same cluster in the calorimeter is used for the
reconstruction of the two objects.

TAU, ELECTRON/MUON If a tau which is assumed to have decayed hadronically is
close to an electron or a muon (AR < 0.2), it is rejected because this tau is then
more likely mis-identified.

JET, ELECTRON/MUON Electrons and muons which are found close to jets (AR < 0.4)
are removed. This is motivated by the fact that the leptons could be produced in
semi leptonic decays of c¢- or b-hadrons inside the jet.

ELECTRON, MUON If an electron and a muon are found to be very close to each other
(analysis of 2012 data: AR < 0.01, 2011: AR < 0.1), both are removed. The muon
most likely emitted bremsstrahlung in the calorimeter and the electron is to be seen
as a result of this process.
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5.4 Event cleaning

MuonN, muoN If two muons are close to each other (AR < 0.05), both are rejected
from the object collection since it could be one single muon which is falsely recon-
structed as two objects.

JET, TAU If a jet is found close to a hadronically decaying tau (AR < 0.2), it is
removed.

DILEPTON RESONANCES Low mass dilepton resonances like e.g. the J/¢) meson are
removed by requiring that the invariant mass of any dilepton pair with same flavour
and opposite signs has to be higher than 12 GeV. Otherwise the whole event is
rejected.

5.4. EVENT CLEANING

In addition to a positive trigger decision, an event needs to pass the quality criteria
which are listed in the following to be considered for the physics analysis :

e Only events from data runs for which all subdetectors were properly working
are used.

e Data events are rejected when the physics objects are pointing to a calorimeter
region which is suffering from noise bursts or which could not be read out

properly.
e Only events with complete detector information are considered.

e Every event must have a chosen primary vertex. This is the vertex with the
highest Y~ p?. of associated tracks, the other vertices are treated as pile-up. The
primary vertex also must have at least five tracks.

¢ Ifthe charge ¢ and the momentum p of a muon fulfil the equation a(%) /| %] > 0.2,
the muon is called ‘badly’ reconstructed and the event is rejected.

e Cosmic muons are identified by requiring |2{V| > 1 mm for the longitudinal
impact parameter and \d§V| > 0.2 mm for the transverse impact parameter
with respect to the event primary vertex. Events containing one or more cosmic
muons are not considered for the physics analysis.
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6. DIRECT GAUGINO AND DIRECT SLEPTON
PRODUCTION: ANALYSIS AND TRIGGER
STUDIES WITH /s = 7 TEV DATA

A search for final states with two leptons (electrons or muons) after the electroweak
production of supersymmetric particles in the data recorded with ATLAS in 2011 at a
centre-of-mass energy of \/s = 7 TeV and with an integrated luminosity of 4.7 fb~! is
published in [63]. It is presented in this Chapter. The analysis is sensitive to the direct
production of pairs of left handed sleptons and pairs of gauginos, while the direct
production of right handed sleptons is not addressed because of the very low cross
section. Particular attention is paid to the trigger strategy: the efficiency measurements
in MC simulations are shown for an electron-muon trigger.

6.1. ADDRESSED SUSY SIGNAL MODELS

In this analysis the production of gauginos refers to the production of pairs of
charginos and neutralinos like Y17, ¥9%3 and Y7 x3. The neutralinos can then fur-
ther decay into final states with e.g. two charged leptons, {9 — (I*1%)/(Zx}) — IFIT ).
The charginos at the same time decay like e.g. ¥ — (W*x0)/(I*v)/(I*0) — IFvx). A
hadronic final state is possible via i — W*x) = ¢7x}.

For charginos as well as for neutralinos the decay through sleptons is possible.
For this it is required that the sleptons are light enough to be produced on-shell, i.e.
that the mass is sufficiently low and that the equations of motions are fulfilled when
these particles are included in the system. The decay of e.g. YT — ITv(I*5) — Ty}
via an intermediate slepton yields different kinematics compared to the decay via W
or Z bosons and the branching ratios for leptonic final states are maximised. This
particular process is depicted in Figures (a) and (c).
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6.1 Addressed SUSY Signal Models

FiGURrE 6.1.:  Graphs as examples for the decay chains of electroweakly produced
sparticles, leading to two leptons (electrons or muons) in the final state.

@ pp — X XT = Fv(E0)Fv(1F0) — (Fvi) (Fvid)

(b) 4§ — Z/y* — 517 — FIF Y

(©) pp — X9XT — 1= (= E))IE (= 159 IFv

(d) pp — 9% — (17X (gax?)
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6.2 SM Background

All the diagrams shown in Figure give examples for the possible decay chains
after the direct production of sleptons or gauginos with two leptons in the final state.
For the scenarios with a third lepton in the final state it is assumed that this lepton
is not identified. In this way the analysis is orthogonal to the analysis that searches
for SUSY in final states with three identified leptons. The direct production of two
opposite sign sleptons is similar to the Drell-Yan production [64] and will lead to
two same flavor (SF) leptons with opposite signs (OS) as well as two neutralinos in
the final state, [*IF — [*IF{0%!, and is depicted in Figure (b).

One of the SUSY models considered for the search for direct slepton and for direct
gaugino production is the pMSSM. For this model the results are interpreted by set-
ting limits on the masses of the sleptons and neutralinos. The signal grid is Monte
Carlo simulated with HERWIG [46]. The masses of the squarks, gluinos, staus and
gauginos except for the xj are set to 2.5 TeV. The mass of the bino-like lightest neu-
tralino ! is varied by scanning M; in 20-GeV-steps from 20 to 160 GeV. The mass
of the selectron equals the mass of the smuon and is generated from 70 to 90 GeV
in 20-GeV steps. The cross section decreases from 3.9 to 0.05 pb for m; rising from
70 to 190 GeV.

For the direct gaugino production, simplified models are used in which only the
masses of the Y, 7, [, ¥ and Y9 are free parameters. Limits on the masses of the
lightest neutralino and the chargino are deduced. The mass points of the grid are
simulated with ‘Herwig++ [65]. The {J is assumed to be wino-like, the %! is bino-
like. The masses of the charged and the uncharged sleptonf (i.e. the selectrons and

m_o+m_+

X
the smuons) are degenerate and are set to my = mp, = % The masses of the

squarks, the gluinos and the staus are set to 2 TeV. The production cross section
decreases from 3 pb for m + = 50 GeV to 0.2 pb for m_+ > 200 GeV.
1 1

6.2. SM BACKGROUND

The SM background processes may have signatures which are very similar to the
ones of the SUSY scenarios described above. For example the fully leptonic de-
cay of a pair of top quarks also results in a final state with two OS leptons, tt —
(W+b)(W~b) — (ITwb)(I"vb). This process is MC simulated with the POWHEG gener -
ator [66], using a top-quark mass of 172.5 GeV. W — v or Z — [T1~ + jets processes
are generated with ALPGEN [52]. Diboson processes also contribute to the SM back-
ground: WW, WZ and ZZ are simulated with SHERPA [48] in the signal regions
which require jets and with HERWIG [46] for all the other regions. The MCQNLO
tool [49]- [51] is used for the simulation of the single top production.
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6.3 Physics Object Definition

6.3. PHYSICS OBJECT DEFINITION

Events are selected as described in Section and the physics objects are selected
according to the algorithms presented in Section [5.3] They undergo the overlap re-
moval from Section |5.3.6| except for the steps where tau objects are considered and
the ‘muon, muon’ step.

ELECTRONS Electrons are reconstructed with tight quality criteria and have pr >
10 GeV and || < 2.47. They are isolated; that means that the sum of the pr of all

tracks with pr >10 GeV in a cone of AR = /An?2+ A¢? = 0.2 (‘ptcone20’) is smaller
than 10% of the pr of the electron.

MuoNs Muons must be reconstructed with the ‘staco’ algorithm for combined MS
and ID measurements or with the ‘segment-tagged’ algorithm. They must fulfil a
list of quality requirements, i.e. have a certain number of hits in the PD, the TRT
and the SCT. The transverse momentum must be larger than 10 GeV and || < 2.4.
They must be isolated, i.e. the sum of the pr of all tracks in a cone with AR = 0.2
(‘ptcone20’) is smaller than 1.8 GeV.

JETs Jets must have pr > 30 GeV and |n| < 2.5 as well as a JVF of more than 0.75.
b-jets are reconstructed with 80% efficiency for the b-tagging. The efficiency is de-
termined in MC simulated ¢t samples. The misidentification rate for light-quark jets
or gluon jets is less than 1%.

EJ'ss To calculate the missing transverse energy, all electrons, muons, jets and
clusters of energy with |n| < 4.9 that are not associated to one of the other objects
are taken into account. Instead of Efiss, E"**™ the ‘relative missing transverse
energy’, is used if the azimuthal angle, A¢; ;, between the nearest lepton () or jet (5)
and E7"*% is smaller than J:

BT = IS sin Agy (6.1)
This variable is introduced to suppress fake E*¢ from Z/v* — Il + jets events and to

reduce Z/~* — 77 — ee,eu, pp because in such events the missing transverse energy
can be aligned with the direction of the mis-measured leptons.
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6.4. DISCRIMINATING VARIABLES

6.4.1. STRANSVERSE MASS

Sensitivity to the SUSY signal is in this analysis mainly achieved by making use of
a variable which is called ‘stransverse mass’ (mps). For events with pair-produced
identical particles which decay into a final state with two visible and two (or more)
invisible particles as in I=IF — IFF30%9 or yixT — (IFv))((FrxY), the my, distribu-
tion has a characteristic kinematic endpoint which indicates the true mass of the [+
or f(li

The stransverse mass is based on the ‘(co-)transverse mass’ my which is invariant
under co-linear equal-magnitude Lorentz transformations in the z-direction; both
decay products are boosted into the same frame. It is defined as my = /m? +p2 +p2
for a mother particle with the mass m and the momentum components p, and p,.
For a two-body decay into a final state with one visible lepton and (at least) one
invisible particle, the formula becomes

mr = \/2ELER(1 - cosg) (6.2)

where EL denotes the transverse energy of a lepton, EX is the missing transverse
energy of the event and ¢ is the angle between the lepton and the EX component
in the transverse plane. To obtain Equation the masses of the daughter parti-
cles are assumed to be negligible with respect to the mass of the mother particle.
The distribution of my has an endpoint at the mass of the mother particle in the
two-body decay, my < m.

If the transverse momenta of the individual invisible decay products after the de-
cay of [*IT or yix{ were known, the transverse masses of the sleptons or charginos
could be individually computed. The maximum value of the transverse masses
would allow to deduce a lower bound on the mass of the slepton or chargino. How-
ever, no information about how much missing transverse energy is contributed by
which invisible final state particle exists, therefore the test values g1 or 71 for the
momenta of the invisible final state particles in each leg of the sparticle-pair decay
are used. The values of ¢r and 7 are chosen in such way that they minimise the
maximum of the transverse masses to not arbitrarily increase the lower bound on
the slepton or chargino mass.

To obtain mr9 in an event, 57 is decomposed in ¢r + i = p*** and the trans-
verse masses are computed for the lepton with higher transverse momentum, ﬁél,

and for the lepton with lower transverse momentum, 1742. The complete formula is

. Sl Iy
mry =  min _ [max(mr(py,qr),mr(pr, 7)) (6.3)

‘jT +FT =Pr
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6.5 Signal Regions

where the maximum is minimised by varying the decomposition of j [67].

6.4.2. CONTRANSVERSE MASS

Another variable called ‘contransverse mass’ (mqor) is used to remove events which
are most likely from a tt process. The decay of two top quarks is an important
background contribution to e.g. the signal process Y9%1 — (IFIT{)) + (¢7'x)) since it
can also lead to two OS leptons, jets and missing transverse energy in the final state
via the fully leptonic decay tt — (W*+b)(W~b) — (ITwb)(I"vb). The contransverse mass
is defined as

mer = \/[Br(v) + Er(va)]2 — [Fr(vr) — fr (v2)]? (6.4)

where v; and v2 can be leptons or jets or lepton-jet combinations. The quantity
is constructed from the momentum components measured in the laboratory plane
transverse to the beam direction and is invariant under equal-magnitude Lorentz
transformations in opposite directions, i.e. contra-linear boosts.

The contransverse mass is not representing the mass of a particle §; which decayed
to produce v;. The distribution of m¢r is nevertheless expected to show a charac-
teristic endpoint as it is depending on pr(v;) and pr(ve) which in turn are bound by
the mass of the mother particles §; and d,. This is due to the fact that ms, can be

calculated from pr(v;):
ms

00— i) = i (os)sin ™ (6:) (6:5)

with 60; being the polar angle relative to the beam direction [68].

Since mcr is bound by the masses of the top quarks or of the W bosons in a ¢t
event, one can use this condition and veto those events which have values of the
contransverse mass similar to the ones which are measured for ¢t events.

6.5. SIGNAL REGIONS

To address the processes where sparticles are produced electroweakly and decay
into final states with two leptons, four signal regions (SRs) are designed. They are
summarised in Table
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6.5 Signal Regions

TABLE 6.1.: Summary of the four signal region definitions. ‘OS’ means oppositely
charged leptons, ‘SS’ means that the two leptons carry the same charge. ‘Z-veto’
refers to |m; —myz| > 10 GeV with m; being the invariant mass of the two leptons.

Requirements SR-m72 | SR-OSjetveto | SR-SSjetveto SR-Zjets
Charge oS 0S SS oS
Flavour any any any SF
my Z-veto Z-veto Z-veto
Number of jets 0 0] 0] >2
Number of b-jets - - - 0)
Eq"fiss’ml > 40 GeV > 100 GeV > 100 GeV | > 50 GeV
Other mpo > 90 GeV - - | mgr-veto

SR-m7y SR-mps requires two OS leptons which may be of same or opposite flavour,
a jet-veto and a relative missing transverse energy of more than 40 GeV. ‘Jet veto’
means that no events are considered which contain any reconstructed jet. Events
where the invariant mass of the two leptons, my, is inside a window of +10 GeV
around the mass of the Z boson (91.2 GeV) are vetoed (‘Z-veto’). The stransverse
mass variable my, must be larger than 90 GeV. It therefore provides sensitivity to
the processes Yixi — ITv(*0)Fv(iFr) — (Fvxd)((Fvyl) and FIF — FF59%), illus-
trated in Figures|6.1|(a) and (b). Decay chains without intermediate sleptons are not
considered since they hardly contribute compared to the scenarios with intermedi-
ate sleptons.

SR-OSjetveto The process without any jet in the final state but with two OS lep-
tons, X9%7 — FIF Ity — (I, X)) (TX9)(1*v), which is depicted in Figure (c), (one
of the same sign (SS) leptons is not identified, l,,iq), and YEXT — (Tv(IF0)ITv(1F0) —
(IFvx))(IFvx)) are addressed by a second SR, SR-OSjetveto. In addition to the jet-

veto and to the Z-veto, in this SR it is required that E**¢ > 100 GeV.

SR-SSjetveto  From the process Y3%i — ITv(IE0IE1F) — (1715, . xY)(1Tvx}) can also re-
sult a signature with two SS leptons and no jets when the third OS lepton is not
identified. In addition to the two SS leptons and the jet-veto, E7**"* > 100 GeV is

demanded for SR-SSjetveto.

SR-2jets A final state with two additional jets can arise e.g. from the process where
a chargino decays hadronically in association to a neutralino: ¥9%¢ — (IF1¥x9)(¢7' 1Y),
the scenario is depicted in Figure (d). SR-Zjets therefore requires at least two jets,

49



6.6 Background Estimation

no b-jets, two OS leptons, a Z-veto, E7"**"® > 50 GeV and a veto on events where

the value of mcr is compatible to the one of a ¢t topology (‘mcr-veto).

6.6. BACKGROUND ESTIMATION

The event yields in the SRs due to SM background processes are estimated based
on the event yields in control regions (CRs) which are enriched in a particular SM
background process. The control regions are in general designed in such a way that
they are kinematically very close to the corresponding signal region.

Top A physical process which provides the same signature as the SUSY signal
process addressed by SR-Zjets is the decay of a pair of top and anti-top quarks.
The Monte Carlo simulation of ¢t and single top is compared to data in a control
region. It is defined by requiring at least two jets, one must be b-tagged, the Z-
veto and E%"'ss > 40, 50, 100 GeV (for the CRs corresponding to SR-mp2, SR-2jets,
SR-OSjetveto). Top events contribute more than 96% to the total yield in this CR.
The number of top events in the SR, Ngg, follows from the number of data events

in the CR, N¢pg, after subtracting non-top backgrounds, multiplied by the transfer
MC
SR

factor 7 = VMO

A scaling factor S; is applied to account for the different jet-veto
CR
efficiencies in data and MC:

NMC
Nsr=Sae Nor: Sr. (6.6)
CR

Z 4+ X The Z+ X background consists of the Z/v* + jets, ZW and ZZ processes.
It is estimated by normalising MC to data in a CR which requires the invariant
mass of the two SFOS leptons in an event to be inside the window of +10 GeV
around the mass of the Z boson. The Z-veto is therefore reverted. For SR-ms, the
normalisation is performed before the cut on mype. Furthermore EI”J“S > 40, 50,
100 GeV is required, as well as > 0, > 2, = 0 jets and > 0, = 0, > O b-jets in
the event (for the CRs corresponding to SR-mry, SR-2jets, SR-OSjetveto). For the CR
corresponding to SR-Zjets, the mgor-veto is applied.

In data, the contamination by other processes inside this CR which is based on
the Z-window is subtracted. It is measured to be less than 2%. For the subtraction,
events with one electron and one muon in the final state which have an invariant
mass close to the mass of the Z-boson are selected. A correction factor needs to
be applied due to the different reconstruction efficiencies of the electrons and the
muons. The subtraction also removes events from Z/~* — 77+ jets processes. Be-
cause of the comparably small branching ratios for e.g. Z — 77 — lvvivy, the back-
ground contribution from Z/v* — 77+ jets is estimated solely with MC simulation.
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6.6 Background Estimation

WW  To estimate the WIWW background for SR-mpy, the MC simulation is used.
For the other SRs, a CR which requires 70 < E"** < 100 GeV is designed to be
orthogonal to the SRs. A Z-veto and a jet-veto are applied. The contamination from
top-quark events is 24% although an additional b-jet veto is applied. MC is then
normalised to data in the CR.

The definitions of the three CRs are summarised in Table [6.2]

TABLE 6.2.:  Summary of the CR definitions for the estimation of the SM back-
ground processes for the decay of top quarks, Z/v* — Il and diboson processes.
When the definition of a CR differs for the three OS SRs, the conditions are
given as a comma-separated list (SR-mpo, SR-2jets, SR-OSjetveto). ‘Z-veto’ refers to
|my —myz| > 10 GeV with m;; being the invariant mass of the two leptons. ‘Z-window’
defines the reverse.

Requirements Top Z+X wWWw
my Z-veto Z-window Z-veto
Number of jets > 2 =0,>2,>0 =0
Number of b-jets >1 >0,=0,>0 =0
E;”SS’M > 40, 50, 100 GeV | > 40, 50, 100 GeV | 70-100 GeV
Other - -, mgr-veto, - -

NON-PROMPT LEPTONS Jets can be mis-identified as leptons or leptons can orig-
inate from leptonic decays of hadrons. Conversions where a photon was emitted
after the interaction of an electron with the detector material and where the photon
then decays into e*e~ are another possible source of non-prompt leptons. The de-
tector signature based on these objects is called ‘fake’ background. In the presented
analysis this background is estimated using the ‘Matrix Method’. A formula relates
the true composition of a sample in terms of real and fake leptons with its observ-
able, i.e. measurable composition in terms of leptons reconstructed with more or
less tight quality requirements. A detailed description for this method is given in
Section

CHARGE FLIP A trident event occurs when an electron emits a hard photon which
again produces an electron-positron pair with a high-p; positron, e* — e*v,,.q —
*(eif,4¢T)- This results in a SS event where the electron seems to flip its charge
and the third lepton is not selected because it is too soft. The probability for this
to happen is found to be negligible for muons. For electrons, it is measured in data
with a likelihood method. To estimate the number of events with two OS leptons
which appear as SS leptons, the probability is applied to MC events coming from

tt — e*IT, Z + jets and diboson processes.

e
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6.7 Trigger Studies

6.7. TRIGGER STUDIES

The trigger configurations which can be useful for an analysis selecting events with
two leptons in the final state and which were deployed during the 2011 data taking
require one or two leptons with a certain minimum pr and a certain reconstruction
quality.

Single lepton triggers in general have a higher pr threshold than dilepton triggers
which require at least two leptons with a definite minimum pr. The request of only
one lepton is less strict and the data taking rate would be too high with a lower
pr threshold. Combining single and dilepton triggers optimises the coverage of the
surface which is spanned by the pr of the two leptons in an event.

6.7.1. TRIGGER MENU

TABLE 6.3.: Lepton triggers used for the \/s =7 TeV analysis. The corresponding
offline pr thresholds for the triggering objects and the data taking period in which
the triggers are deployed are also given.

Trigger configuration | Offline py threshold | Data taking period
e20_medium 25 GeV A-J
€22 _medium 25 GeV K
e22vh_medium 25 GeV L-M
2el2_medium 17 GeV A-J
2el12T medium 17 GeV K
2e12Tvh_medium 17 GeV L-M
mul8 20 GeV A-1
mul8_medium 20 GeV J-M
2mulO_loose 12 GeV A-M
el0_medium_mu6 15 GeV, 8 GeV A-M

The eligible triggers are listed in Table The trigger configuration corresponds
to the requirements on the Event Filter level of the ATLAS trigger system. A pr
threshold of e.g. 10 GeV for electrons on Event Filter level does not directly translate
in a 10-GeV-pr threshold for electrons after offline reconstruction; the algorithms
which are run to reconstruct the electrons are not the same and therefore the pr
values may differ. For triggers, a figure of merit with high validity is the efficiency,
defined as the number of events which passed a particular trigger, divided by the
number of all events considered:

Nt’riggered
€= ————. 6.7
N total ( )
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6.7 Trigger Studies

The current convention is to choose the threshold where the ‘turn-on curve’ of the
trigger, i.e. the pp-dependent efficiency curve, reaches 90% of the plateau efficiency,
as the offline pr value. Events which contain leptons falling in the pr range for which
the efficiency is not stable should not be used in the analysis. An example is given
in Section [6.7.3l

In comparison to electron triggers, muon triggers are less efficient due to the lower
acceptance of muons. The MS cannot completely cover the whole solid angle. The
logical OR of the single muon trigger and the dimuon trigger increases the muon
trigger efficiency significantly and is therefore used for this analysis.

For individual areas of the pp-surface for two muons (uu), two electrons (eu) or one

muon and one electron (eu) in the final state, the most efficient trigger combination
is chosen. The coverage is depicted in Figure [6.2]
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FIGURE 6.2.: The diagrams show the surface spanned by the pr of the two leptons
in an event. The surfaces are covered by the single and dilepton triggers depending
on the lepton flavours in the dilepton final state. The diagram in (a) shows the
coverage for an electron with higher momentum (pr(ep)) and an electron with lower
momentum (pr(e1)). For an event falling in regions A or B, the single lepton trigger
must have a positive decision. For region C, the dielectron trigger is requested.
For the final state with two muons, depicted in (b), single and dimuon triggers are
combined with logical OR for region A, in region B the single muon trigger and in
region C the dimuon trigger is used. For the ey final state, single electron and single
muon triggers are combined with logical OR in region A, region B is covered by the
single electron trigger, C and E by the single muon trigger and D by the electron-
muon trigger.
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6.7 Trigger Studies

A data event must have a positive trigger decision to be selected for analysis. In
addition, one of the two offline leptons must be matched uniquely to the online
object which caused the trigger. This is done in the 7-¢ space by requiring that

AR = \/An?+ A¢? between the offline and online object is smaller than 0.15. No
other offline object may be closer to the online object and no other online object
may be closer to the offline object.

6.7.2. TRIGGER REWEIGHTING

ScALE FACTORS The performance of the triggers is modelled in Monte Carlo sim-
ulated data, however the efficiencies in data and MC are not 100% comparable.
Discrepancies are taken into account by applying a scale factor for each MC event
which passed the simulated trigger. This reflects the actual detector performance.
Such scale factor is defined as

SF = 6dat‘a7 (68)
EMC

where €4,, is the trigger efficiency measured in data and €, is the efficiency of the
simulated trigger. The scale factor for a particular trigger is mapped in a meaningful
parametrisation concerning the kinematics of the physics objects and is provided
by the ATLAS trigger performance groups. However, not all possible combinations
of various triggers with logical OR are covered. To determine the uncertainty on the
event yield due to trigger efficiency measurements, the scale factors are treated as
100% correlated, which is not always true. Moreover only using MC events where
the simulated trigger has as positive decision leads to a loss of MC statistics of (1 -
¢) although the generation of those events is CPU-intensive.

REWEIGHTING METHOD An alternative approach to using the trigger simulation is the
‘Reweighting Method’. Each MC simulated event is weighted with the probability that
this event has a positive trigger decision in the actual data taking. The probability is
computed from the trigger efficiencies measured in ATLAS data. The uncertainties
on the event yield due to the Reweighting Method can be deduced from the statistical
uncertainties of the trigger efficiencies measured in data as well as from systematic
errors.

The efficiencies and thus the weights can be strongly depending on the parametri-
sation concerning the kinematics of the trigger objects. The parametrisation and the
binning of these kinematic variables needs to be chosen carefully [69].

To show the validity of the Reweighting Method, a closure test is performed. The
outcome of the Reweighting Method is compared to the event yield when using the
simulated triggers. A good agreement must be achieved between the estimated un-
certainties.
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6.7 Trigger Studies

PROBABILITIES The probability for an event to be triggered by a dilepton or a single
lepton trigger is
P20V 11) = P(11) + P(21!11) - P(1— P(11)), (6.9)

where P(1l) is the probability for the single lepton trigger to have a positive deci-
sion. To compute P(2(V 1), the conditional probability P(2!|!1l), the dilepton trigger
having a positive decision while the single lepton trigger does not, also needs to be
measured.

The probability for a single lepton trigger to have a positive decision in an event
with n leptons, where the ith lepton has the kinematic-dependent efficiency ¢;, is

n

Pl =1-]J(1-e). (6.10)

=1

For an event with n leptons, the probability for a dilepton trigger to have a positive
decision becomes

P2l)=1- ﬁ(1—ej)—zej‘ ﬁ ‘(1—61-). (6.11)

This is based on the assumption of the factorisability of the probability for a positive
dilepton trigger decision,
P(AANB)=P(A)-P(B), (6.12)

provided that P(A) and P(B) are stochastically independent.

6.7.3. TRIGGER EFFICIENCIES

As an example, in the following the measurement of the efficiencies for the electron-
muon trigger as well as the closure test for the Reweighting Method will be dis-
cussed.

TAG & PROBE METHOD To study the performance of the triggers, to deduce the of-
fline py values for the leptons and to compute the weights for Monte Carlo events,
the single lepton trigger efficiencies are measured with the ‘Tag & Probe Method'.
Events in which a Z boson decays into two OS leptons are selected by requiring
an invariant mass of the two SF leptons close to the mass of the Z boson, i.e.
|my —myz| < 15 GeV, mz = 91.2 GeV. The idea is to tag one of the two leptons and
to then have a sample of probe leptons (the other daughter particle of the Z boson)
which is used to measure the trigger efficiency. The tagging is done by requiring
that the lowest p; unprescaled trigger was released by that lepton, i.e. matching the
offline probe lepton to the lepton on trigger level in the n-¢ space.

The efficiency of the trigger of interest is measured by counting the number of
probe leptons for which the trigger has a positive decision and for which the offline

26



6.7 Trigger Studies

probe lepton can be matched to the online lepton,

Nprobe leptons triggered and matched (6 13)
Nall probe leptons

Each event is processed twice, investigating if also the second lepton can be tagged
which means that the first lepton becomes the probe lepton.

SINGLE LEPTON TRIGGER EFFICIENCIES To study the electron-muon trigger, the ef-
ficiencies of the individual legs, i.e. €e10_medium and mu6, need to be measured.
7Z — eTe” events are selected e.g. in ALPGENJIMMY MC samples [47], [52] and one
of the two electrons is tagged if the lowest pr unprescaled electron trigger, i.e. €20_-
medium, has a positive decision and if the offline electron with py > 20 GeV can be
matched to the online electron on Event Filter level with AR < 0.15. The efficiency
e10_medium is then measured by counting the number of probe electrons which
can be matched to an online electron which caused the e10_medium trigger.

The efficiency of the muon leg, mu6, is deduced from all MC events which have a
positive trigger decision due to their muon signature. One of the offline muons in a
Z — utu~ event in ALPGENJIMMY MC samples is tagged if it caused mul8, i.e. it can
be matched by AR < 0.15 to the online muon on Event Filter level which unleashed
the lowest pr unprescaled muon trigger and which has pr > 20 GeV. The efficiency
of mu6 is then given by the number of probe muons which can be matched to the
online muon that released mu6, divided by the number of all probe muons.

What is meant by the expression ‘turn-on curve’ becomes clear looking at Fig-
ure [6.3|where the efficiencies of the single lepton triggers e10_medium and mu6 are
shown. The efficiency of e10_medium is plotted with blue lines, depending on the of-
fline py. The errors (shown as vertical lines in each bin) correspond to the statistical
uncertainties. The trigger is not fully turned on, i.e. does not become fully efficient,
as soon as the offline py threshold of 10 GeV is reached. Some events which have
an offline pr of less than 10 GeV already pass the trigger and not all events with
pr > 10 GeV are selected. An additional requirement on the offline py is placed to
ensure that the efficiency is not strongly depending on the transverse momentum.
In the case of the e10_medium trigger the threshold is 15 GeV. A horizontal line can
be fit to the curve at an absolute ‘plateau efficiency’ of 98%.

The efficiency of the mu6 trigger is strongly depending on the pseudorapidity of
the offline muon. Therefore it is shown once for the endcap region (5| >1.05) of the
detector where the trigger becomes at maximum 88% efficient and once for the the
barrel region (|n| <1.05) where the trigger reaches the plateau at only 75% due to
lower acceptance. The trigger is fully turned on at 8 GeV.
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FIGURE 6.3.:  The efficiencies of the single lepton triggers el0_medium (blue) and
mu6 for muons in the barrel (|n| <1.05) (red) or endcap region (|n| >1.05) (green) of
ATLAS. The efficiencies are measured with the Tag & Probe Method in MC simula-
tion and are shown depending on the pr of the probe lepton. The errors show the
statistical uncertainty due to the limited number of generated events.
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6.7 Trigger Studies

FACTORISABILITY OF DILEPTON TRIGGER EFFICIENCY The event and object selections
as described in Section are applied on a MC ¢t sample. The sample is generated
with MCQ@QNLO [49]- [51] JIMMY [47] with ¢ X BRgjieptonic = 98 pb and 1 500 000
events. One electron and one muon are requested in the final state, the requirement
on the lepton pr is relaxed to 5 GeV.

The ratio of the number of events in which the electron-muon trigger has a pos-
itive decision over the number of all events is shown depending on the transverse
momentum of the electron in Figure (a) and depending on the transverse mo-
mentum of the muon in (b). For muons detected in the barrel region of the
detector the efficiency is shown in green colour, for muons in the endcap in red
colour. The plateau values are reached at 70% and 85%, respectively.

(a) (b)
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FIGURE 6.4.: The factorised electron-muon trigger efficiency (black, blue) depend-
ing on the pr of the electron (a) and muon (b) as well as the electron-muon trigger
efficiency (green, red). All efficiencies are obtained from the MC trigger simulation.
The efficiencies are shown for muons in the barrel (|n| <1.05) (green, black) and end-
cap (In| >1.05) (red, blue) regions. The error is the statistical uncertainty due to the
limited number of generated events.

The efficiency of the electron-muon trigger as a function of the pr of the electron
is .
) el\ __ el , jb el,, [ 1
€e10_medium_mub (pT) = /0 €e10_mub (pTva) : f(pTapT) de (6~14)

and as a function of the pr of the muon
* ! I ol
€e10_medium_mub (pljﬂ) = /0 €e10_mub <peT7pﬁ%) : f(p’zﬂ;p%) dp%. (6'15)

The probability function f(p$;p/.) is derived from the distribution of the lepton trans-
verse momenta.
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6.7 Trigger Studies

To obtain the factorised efficiency of the dilepton trigger depending e.g. on p%, the
single lepton efficiencies are plugged in the following formula:

oo
€e10_medium_mub (P%) = €e10_medium (p%) /0 €mub (p/;“) : f(pgé;Plf) dp’%. (6 16)

The factorised efficiency is then plotted for electrons in Figure (@) and for
muons in (b), split for barrel and endcap muons. The good agreement with the
green and red curves, respectively, proves that the factorisability assumption holds
and therefore that .10 medium and ey, are independent as expected.

6.7.4. CLOSURE TEST AND SYSTEMATIC UNCERTAINTIES

To perform the closure test which shows the validity of the Reweighting Method, the
efficiencies are measured from Z — [/~ MC events with the Tag & Probe Method as
described in the previous Section. They are parametrised in pr, n and ¢ of the offline
leptons. The binning is chosen according to the recommendations of the ATLAS
trigger performance groups to optimally reflect the dependencies of the efficiencies.
The last bin for the pr dependency starts at 60 GeV for electrons and 45 GeV for
muons to take into account the low statistics for Z — ("]~ events with high pr.

The efficiencies are projected on the 7-¢-plane in Figure (a) for e10_medium
and in [6.5| (b) for the mu6 trigger. The region with zero efficiency in the plot for
electrons is due to an outage in the LAr calorimeter. Therefore no electrons in —0.1 <
n< 1.5, —0.9 < ¢ < — 0.5 are considered for the analysis.
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FI1GURE 6.5.:  The efficiencies projected on the n— ¢ plane for the simulated single
lepton triggers e10_medium (a) and mu6 (b).
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CLOSURE TEST FOR REWEIGHTING METHOD

e For the closure test, first the efficiency of the dilepton trigger is obtained in the
tt MC sample by requiring a positive trigger decision of the simulated el0_-
medium_mu6 trigger. The efficiency is shown for the electron pr in Figure
(a) and for the muon pr in (b) with red lines and reaches the plateau at an
absolute efficiency of 75%. It is the same measurement the the one which was
done for the green and red curves in the plots in Figure [6.4]

e In a second step, the efficiency of the dilepton trigger is obtained by dividing

the number of weighted events by the number of unweighted events, €,cighted =

Nweighted

J— The weight is computed for each event according to the formula in
unwerg €

Equation with the single lepton efficiencies measured in the Z — [T/~ MC
samples: w = €10 medium - €mus- The efficiency eyeighted is shown in Figure in

red lines.
(a) (b)
.é*” 11— 1 ._&1 1- 1
é' 08: : é‘ 08: ]
Fr F e =+ (S N B .
0.6 . 0.6 :
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FIGURE 6.6.: The efficiencies resulting from reweighting the tt MC events with

the efficiencies measured in Z — Il MC events (black) and from requiring a positive
simulated trigger decision in the tt sample (red) depending on the electron pr (a) and
the muon pr (b).

For the closure test the two methods, i.e. the black and red curves, are compared.
The difference is on average less than 1% for leptons in the trigger plateau, showing
that the Reweighting Method works well.

SYSTEMATIC UNCERTAINTIES The observed difference of 1% is taken as a systematic
uncertainty on the Reweighting Method concerning the validity of the factorisabil-
ity assumption and the choice of the binning. Uncertainties which result from the
Tag & Probe Method when varying the tagging trigger, the Z-mass window, the AR
matching and from studying the dependencies on the pile-up and the run period for
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the electron and muon triggers are also taken into account for the total systematic
error. The results of these studies are summarised in Table [6.4]. In addition to the
statistical uncertainty on the trigger weight which is computed with Gaussian error
propagation, a total systematic uncertainty of £1.5% is applied on each event to
obtain the error on the event yield due to trigger efficiency measurements and due
to the Reweighting Method.

TABLE 6.4.:  The systematic uncertainties derived from the Tag & Probe Method
and from the closure tests for the electron, muon and electron-muon triggers. X’
refers to the momentum threshold and to the possible isolation criteria of the leptons
on Event Filter level.

Type of trigger Tag & Probe Method Reweighting Method
e2X _medium | 1% (|n| <1.5), 1.5% (|n| >1.5) 1%
elx_medium 1% (jn] <1.5), 1.5% (|n| >1.5) | 1% (pr >20 GeV), 2% (pr <20 GeV)
2muX, 1muX (included in closure test) 1.2%
e_mu (see single lepton triggers) 1%

6.8. RESULTS AND INTERPRETATION

The comparison of the data event yields with the expected SM background favours
the null hypothesis without SUSY signal since the numbers are in good agreement.
The numbers are given in Table[6.5] For SR-m 12, the SF channel is quoted separately
since the eu channel is not meaningful for the search for [=[T — [+]F Wx). Therefore
the results are used to set limits on the masses of the sleptons and charginos in the
pMSSM and in the simplified model.

The systematic uncertainties are dominated by the jet energy scale calibration, by
the jet energy resolution, by the choice of the MC generator as well as by the lepton
efficiencies and the lepton momentum measurements. They are taken into account
together with the statistical uncertainties on the limited number of events in the
SRs.
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TABLE 6.5.:

total systematic uncertainty. o

The predicted contributions of the MC-simulated SM background
processes and the observed number of data events for the SRs. The quoted errors
are first the statistical error due to the limited number of MC events and second the

obs(exp
VLS

visible cross section for non-SM events [63].

) gives the observed (expected) 95% CL on the

SR-mrs9

ete” et T uwtp~ all SF
Z+X 3.2+1.141.7|  0.3+0.1+0.2 3.6+1.3+1.7|  7.141.742.1| 6.8+1.7+2.1
Ww 2.3+0.340.4|  4.840.4+0.7 3.5+0.340.5| 10.6+0.6+1.5| 5.8+0.4+0.9
tf, single top |  2.6+1.2+1.3|  6.2+1.6+2.9 4.141.3+1.6| 12.9+2.4+4.6| 6.8+1.8+2.3
Fake leptons|  1.0£0.6+0.6|  1.1+0.6+0.8|-0.024+0.01+0.05|  2.2+0.9+1.4| 1.0+0.6:+0.6
Total 9.2+1.842.5| 12.4+1.743.1| 11.241.943.0| 32.8+3.2+6.3(20.4+2.6+3.9
Data 7 9 8 24 15
gobs(erp) ) 1.5 (1.8) 1.6 (2.0) 1.6 (1.9) 2.5 (3.3) 1.9 (2.5)

SR-OSjetveto

ete™ et T utp~ all
Z+X 45+1.241.2|  3.0+0.940.5 4.7£1.1£1.2 12.2£1.8+1.8
WwW 8.8+1.844.4| 20.9+2.6+6.2| 13.3+1.9+3.5| 43.0+3.7+12.2
tf, single top | 21.14£2.3+4.2| 47.74£3.4420.5| 27.542.549.0| 96.2:+4.8+29.5
Fake leptons|  2.9+1.241.2|  6.941.842.6 0.4+0.6+0.3| 10.3+2.2+4.1
Total 37.243.346.4| 78.5+4.7420.9| 45.9+3.4+9.4|161.746.7+30.8
Data 33 66 40 139
25 [fp] 3.3 (3.8) 6.8 (7.8) 4.0 (4.6) 9.8 (11.9)

SR-SSjetveto
ete et F ptp~ all

Charge Flip

0.49+0.03+0.17

0.34+0.02+0.11

0.83+£0.04+0.18

Diboson 0.62+0.134+0.18|1.93+0.23+0.36 | 0.94+0.16+0.26 | 3.50-+£0.31+0.54
Fake leptons|  3.240.9+1.7|  2.940.9+1.9 0.6+0.6+0.3|  6.6+1.4+3.8
Total 4.3+0.9+1.7| 5.1+£1.0+1.9 1.5+0.6+0.4| 11.0+1.5+3.9
Data 1 5 3 9
gobs(erp) ) 0.7 (1.1) 1.6 (1.6) 1.3 (0.9) 1.9 (2.1)
SR-2jets

ete” et F ptp~ all = SF

Z+X 3.841.3+2.7 - 5.8+1.643.9|  9.6+2.045.1
Www 6.4+0.5+4.3 - 8.4+0.645.7| 14.8+0.7+9.9
tt, single top | 14.8+1.949.2 ~| 22.142.1420.7| 36.9+2.94+29.6
Fake leptons 2.5+1.2+1.5 - 1.7+1.340.8 4.2+1.842.3
Total 27.5+2.6+10.6 ~| 37.943.0£21.0| 65.5+4.0+31.8
Data 39 - 39 78
obs(ewp) ) 6.9 (5.3) - 7.7 (7.6) 13.6 (12.5)

VLS
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6.8 Results and Interpretation

Figure W shows the 95% CL; expected (dashed line) and observed (solid line)
limits on the masses of the left-handed sleptons and the lightest neutralinos in the
pMSSM direct [*/F-production. For these and for the solid yellow band around the
expected limit which shows the +1¢ result, all uncertainties are included in the
fit except for the uncertainty on the theoretical signal cross section. The +1¢ lines
around the observed limit are created by moving the nominal signal cross section
up or down by +1¢ the theoretical uncertainty.
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FIGURE 6.7.: The 95% CL, expected (dashed line) and observed (solid line) limits on
the masses of the left-handed sleptons and the lightest neutralinos in the pMSSM
direct [*I¥-production. For these and the solid yellow band around the expected
limit which shows the +1o0 result all uncertainties are included in the fit except for
the uncertainty on the theoretical signal cross section. The +1oc lines around the
observed limit are created by moving the nominal signal cross section up or down
by +1o0 the theoretical uncertainty. Also shown are the exclusion limits from LEP in
orange color |63].

Also shown in Figure are the exclusion limits from the data recorded with LEP
which was in operation in the years 1989 - 2000. Limits are set on the mass of the
right-handed iz and according to assumptions made for the analysis of LEP data,
left-handed sleptons with the same mass are also automatically ruled out. For a Y{
mass of more than 20 GeV, left handed sleptons with masses from 85 to 195 GeV
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6.8 Results and Interpretation

can be excluded with the LHC data at /s =7 TeV. For a higher neutralino mass of
60 GeV, the excluded range for m; is between 135 and 180 GeV.

The sensitivity decreases with smaller mass differences mi —mygo because for this
exclusion plot, the results from the most sensitive SR, SR-mpy, are used. For de-
creasing mass differences, the kinematic endpoint of the mry distribution is shifted
to higher values, getting closer to the endpoint of the SM background distributions,
as can be seen in Figure [6.8] From the same Figure it can also be deduced that the
background estimation nicely describes the data.
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FIGURE 6.8.: The distribution of mpe in SR-mpe before cutting on > 90 GeV in

the same flavour lepton channels ee and pp. Since this SR addresses the direct
slepton production SUSY signal, the corresponding mass points with (m;, mfc?) (130,
20) and (190, 100) GeV are superimposed (dashed lines). The coloured contributions
show the MC background contributions which are the processes involving 7 /v*+jets
(yellow), tt quark pairs (red), single top quarks (blue) and two bosons (green). ‘Fake
leptons’ (white colour) are estimated from data. The black dots represent ATLAS
data. The hatched band illustrates the systematic and statistical uncertainties on
the SM background. The lower ratio plot shows for each bin the number of data
events over the number of MC events with the statistical error on data and again
the error on the background as a band [63].
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6.8 Results and Interpretation

From the interpretation of the results in the simplified model with direct )ﬁ)ﬁ
production, exclusion limits on the masses of the lightest neutralino and the Yi
can be deduced. For m_ 0 > 10 GeV, Xi with masses between 110 and 340 GeV are
excluded at 95% CL,. For each grid point, the SR with the best expected p-value is
used to compute the limit. Figure [6.9] shows the expected and observed limit in the
same way as for the pMSSM exclusion plot.
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FIGURE 6.9.: 95% CL, expected (dashed line) and observed (solid line) limits on the
masses of the X and the Y7 in the simplified model. For these and the solid yellow
band around the expected limit which shows the +1o¢ result all uncertainties are
included in the fit except for the uncertainty on the theoretical signal cross section.
The +10 lines around the observed limit are created by moving the nominal signal
cross section up or down by +1o the theoretical uncertainty |63].
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7. DIRECT GAUGINO AND DIRECT SLEPTON
PRODUCTION: ANALYSIS AND TRIGGER
STUDIES WITH /s = 8 TEV DATA

Another search for electroweakly produced supersymmetric particles is presented in
this Chapter. It makes use of the full dataset of [dtL = 20.3 fb~! which was recorded
in 2012 with a centre-of-mass energy of /s =8 TeV. SUSY scenarios which result in
final states with two identified leptons with opposite signs (OS) are addressed. The
trigger strategy is explained in great detail in Section|7.6. No significant data excess is
observed and the results are interpreted in the pMSSM as well as in simplified models
with a neutralino LSP. The analysis is published in [70].

7.1. SUSY DECAY SCENARIOS

The SUSY scenarios to which this analysis is sensitive are shown in Figure [7.1]

SIMPLIFIED MODELS To set limits on the masses of the %9, the ) and the Y7, a
simplified model with a ) as the LSP is assumed. The ¥i and the %) are pure
wino and mass degenerate. The production via quark annihilation creates pairs of
gauginos, q7 — (Z/7)* — X{ x{ with cross sections of e.g. ¢ = 6 pb for Myt = 100 GeV
or o =10 fb for m_ == 450 GeV. Another production mechanism is ¢g — (Wi) — Xy
with e.g. 0 = 11. 5pb for m_ g0 = 100 GeVora—4Ofbform)2i)~<0 = 400 GeV.

X1 X2
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7.1 SUSY Decay Scenarios

FIGURrRE 7.1.: Graphs as examples for SUSY decay scenarios after electroweak
production, leading to two OS leptons (electrons or muons) in the final state.
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7.2 SM Background

The graph in Figure (a) shows the decay of a pair of charginos via intermediate
sleptons or sneutrinos. The values of the masses of the mass-degenerate sleptons
and sneutrinos are set halfway between the values of the masses of the YT and
the . The branching ratio for the decay of the YT into [*v or [*7 is set to é each,
according to the three lepton flavours. The masses of all six sleptons are degenerate.

In Figure (b) the )ﬁ is assumed to be the next-to lightest supersymmetric
particle (NLSP). The pair of charginos decays leptonically via W bosons.

For the graph shown in Figure (c), the ¥y is made the co-NLSP. A pair of
ﬁ;zg decays hadronically via W bosons and leptonically via Z bosons, respectively.
This leads to a final state with two OS leptons. The invariant masses of the two
reconstructed jets and of the two reconstructed SFOS leptons are consistent with
the masses of the W and Z bosons, respectively.

The direct slepton production is shown in Figure (d). It leads to a final state
with two OS leptons and two neutralinos. The production cross section for left-
handed sleptons decreases from 127 fb to 0.5 fb and for right-handed sleptons from
49 fb to 0.2 fb for m; increasing from 100 GeV to 370 GeV.

PMSSM The motivation for the search for the particular SUSY scenarios is based
on the assumption that in the framework of the pMSSM, the masses of the squarks,
of the CP-odd Higgs and of the left-handed sleptons are set to high values. After
the electroweak process which involves the constituents of the protons, ¢¢'/qq —
W*/(Z/v)*, then only the production of i and {J is allowed. The gauginos can
decay via right-handed sleptons, W, Z or the lightest Higgs bosons.

In a first model, the masses of the right-handed sleptons are set halfway between
the masses of the neutralinos ¥} and ¥3. The \J preferentially decays via intermedi-
ate sleptons, 3 — [T — X)I*IT. The other free SUSY parameters are set to tan = 6
for the ratio of the expectation values of the SUSY Higgs fields and M; = 100, 140
or 250 GeV. Since M, is the bino mass parameter, it is varied to provide sensitivity
to different ¥} compositions. M; = 100 GeV means a very bino-like neutralino, for
higher values of M; the wino and higgsino rates are distinctly increased.

In a second model, also the right-handed sleptons are assumed to be very heavy.
The parameter tanf is set to 10 and M is set to 50 GeV. The charginos can therefore
only decay via W, Z or H, and not via intermediate sleptons.

To interpret the results in the pMSSM, the exclusion in the p— M, grid for the
Higgsino and the wino mass parameters is shown at the end of this Chapter.

7.2. SM BACKGROUND

For the decay scenarios with intermediate sleptons or two W bosons, the expected
SM background with a similar detector signature is due to the production of diboson
states and top quarks such as tt and Wt. The latter is Monte Carlo simulated with
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7.3 Physics Object Definition

MCQNLO [49]- [51] and AcerMC [71] for the ¢t-channel production of Wt. In the SF
final states also the ZZ or WZ contributions are important. The MC samples for the
diboson processes are generated by POWHEG-BOX [66].

For the SUSY signal with jets in the final state, shown in Figure (c), Z/v* + jets
processes are the dominating SM background. Also the production of pairs of top
quarks makes it difficult to filter the signal since one of the top quarks can decay
hadronically and result in a final state with two jets. The Z/v* + jets MC samples are
simulated with a combination of SHERPA [48] and ALPGEN [52].

The SM background contribution due to non-prompt leptons, e.g. the leptonic
decays of hadrons, is estimated with a data-driven technique.

7.3. PHYSICS OBJECT DEFINITION

The collections of physics objects selected for this analysis are reconstructed using
the algorithms described in Section [5.3] The overlap removal stated in Section [5.3.6]
is performed. Events are selected according to the requirements listed in Section (5.4}

ELECTRONS Electrons must be reconstructed with the ‘tight++’ reconstruction qual-
ity criteria. They have || < 2.47 and pr > 10 GeV. They need to be isolated which
means that the scalar sum of the py of the tracks which have pr > 0.4 GeV within
a cone of size AR = 0.3 and which are associated to the primary vertex (‘ptcone30’)
must be less than 16% of the electron pr. The pile-up corrected sum of Ep of the
surrounding calorimeter clusters in a cone of AR = 0.3 (‘Etcone30Corr’) must be
less than 18% of the electron pr. The transverse impact parameter with respect to
dPV
the event primary vertex, d’V', must fulfil |%\ < 5 and the longitudinal impact
oy
parameter zp must fulfil |z - sin(f)| < 0.4 mm.

MuoNns Staco combined or segment-tagged muons must have |n| < 2.4 and pr >
10 GeV. They must fulfil a list of quality requirements, i.e. have a certain number of
hits in the PD, the TRT and the SCT. Muons also need to be isolated in the same way
as electrons regarding the scalar sum of the pr of tracks in AR = 0.3. In addition,
the distance of the closest approach of a muon to the primary vertex, df’V', must be
within 3¢ and |zpsinf| must be smaller than 1 mm for the impact parameter along
the beam direction.

Taus Tau-leptons which decay hadronically are not allowed in any event and are
reconstructed by matching one or three tracks with pr > 1 GeV to the calorimeter
jets. A multivariate analysis technique is used to reconstruct taus: the Boosted
Decision Tree (BDT) method. The algorithms of this method provide a possibility
to distinguish between jets and taus and electrons and taus. The tau transverse
momentum must exceed 20 GeV; |n| must be smaller than 2.47.
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7.4 Signal Regions

JETS Jets are built using the anti-kr clustering algorithm with distance parameter
AR = 0.4. They must fulfil p; > 20 GeV and |5| < 4.5. The jets are further exclusively
sorted in three categories: ‘central b-jets’ are identified with a b-jet identification al-
gorithm with 80% identification efficiency and have || < 2.4. ‘Central light-flavour
jets’ as well have || < 2.4 but must not be b-tagged. To select jets from the primary
vertex and not from pile-up interactions, at least on of the tracks of such central
jet with pr < 50 GeV must originate from the primary vertex. ‘Forward jets’ have
2.4 <|n| < 4.5 and pr > 30 GeV.

EJ'ss  The missing transverse energy is build from the electrons, muons and pho-
tons with pr > 10 GeV as well as from jets with pr > 20 GeV. Calorimeter clusters
with |n| < 4.9 which are not allocated to any of the physics objects are also included
in the computation of EJss.

7.4. SIGNAL REGIONS

Seven SRs are designed to address the SUSY scenarios which are described in the
beginning of this Chapter. The SRs are summarised in Table[7.1]

TABLE 7.1.: Summary of the seven signal regions. ‘SF’ means that the two leptons
have the same flavour. The requirements on |m; —my| are only placed on SF leptons.
In SR-Zjets the central jets have pr > 45 GeV.

Requirements | SR-WW®| SR-WW? | SR-WW¢| SR-m%’, | SRmi¥ | SR-m}y | SR-Zjets
Lepton flavour any any any any any any SF
N central jets 0 0 0 0 0 0 > 2
N b-jets 0 0 0] 0] 0] 0] 0]
N forward jets 0 0 0] 0 0] 0] 0]
|y —mz| [GeV] > 10 > 10 > 10 > 10 > 10 > 10 < 10
my [GeV] < 120| < 170 - - - - -
EEsTel [GeV > 80 - - - - - > 80
Pt [GeV] > 80 - - - - - > 80
mro [GeV] - > 90 > 100 >90| > 120| > 150 -
ARy - - - - - -110.3, 1.5]
mj; [GeV] - - - - - -|[50, 100]

SR-WW® "¢ The decay of a chargino pair via W bosons, {ixj — WEQIWFy) —
vy is targeted by the three SRs which are called SR-WW¢, SR-WW? and SR-
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7.4 Signal Regions

WWwe. The differences of the three SRs refer to the increasing mass difference of the
gauginos yi and !, Mg —Mgo. Two OS leptons and no jets are required as well as
1

the Z-veto for SF leptons, |m; —mz| > 10 GeV. SR-WW? and SR-WW* further demand
mro > 90 GeV and mpe > 100 GeV, respectively, which copes with large values of
Mgt =M. The stransverse mass is expected to display a characteristic endpoint at

1 1
the relatively high m_ .. An additional requirement is put on the invariant mass of
1

the two leptons, my, in SR-WW?: the variable has to be smaller than 170 GeV to
enable a good distinction of the SUSY signal against the SM background.

SR-WW* is designed for SUSY signal points with small mass splitting, i.e. Mk =
Mo close to the mass of the I boson. For that reason no requirement is placed on

the stransverse mass since the mass of the yi is expected to be close to the mass
of the W boson - mpy then does not provide a good differentiation to the SM WW
production. Cutting on this variable would most notably decrease the statistics. Al-
beit for the dilepton system the transverse momentum, p, has to be higher than
80 GeV and the invariant mass has to be lower than 120 GeV. The motivation for the
requirement on my; arises from the distributions of the SM background processes
and of the SUSY signal. They are shown in Figure (a) for SF final states and in
Figure (b) for DF final states. The background distributions show a peak for high
my; values and thus background events can be rejected by placing an upper bound
on this variable. The events with SUSY signal are expected to have a small opening
angle between the two leptons which makes the EJ***" distributions different for
background and signal. It motivates the cut on Ej***"* >80 GeV. The distributions
of this variable are shown in Figures (c) and (d) for SF and DF final states, re-
spectively. The signal distribution is at maximum only for values of E**"* higher
than 80 GeV and therefore the SM background can be nicely suppressed by this cut.
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FIGURE 7.2.: The distribution of the invariant mass of the two leptons, my;, in

SR-WW*“, The plot in (a) shows the SF final state, in (b) the DF final state. All cuts
are applied except for the one on my. The plots in (c) and (d) show the distributions
of E;**" in the same SR for SF and DF final states, respectively. All SR-defining
cuts are applied except for the ones on my and E}***"®, The SM background contri-
butions are represented in solid colours, the pred1cted SUSY signal in the simplified
model with Mot = 100 GeV and Mg = 0 GeV is superimposed in a red dashed line.

The hashed regions show the combined statistical and systematic errors. Red ar-
rows indicate the cut on the variable for the final definition of SR-WW*“. The bottom
panel for each plot shows the ratio of data over the SM expectation together with
the error on data as a hashed region. For the plot in (a), an additional Z-veto of
|my —myz| > 10 GeV is placed to reject the SM processes in this region, i.e. mainly
diboson ZV [70].
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7.4 Signal Regions

SR-m%QZ’ 120.150°" Three additional signal regions which are based on cuts on high val-
ues of the stransverse mass, namely mzr2 > 90, 120 and 150 GeV, respectively, are
designed. They aim to be sensitive to the i decay via intermediate sleptons as de-
picted in Figure (@), which leads to SF or DF final states with two OS leptons
and no jets. These SRs are also sensitive to the scenario of the direct slepton pair
production with a SF final state, see Figure (d). The distribution of mys in SR-
m%’ 120,150 hefore cutting on this variable is shown in Figure (a) for SF and in
(b) for DF final states, respectively. For high values of mpy the distributions of the
SM background processes decrease while the superimposed predicted SUSY signal
stays rather constant. In the SF channels, a Z-veto is applied to suppress SM back-
ground originating from a Z — [/~ decay. In the same way as for SR-WW? and SR-
WWe¢, the SRs with rather low requirements on the stransverse mass address the

signal mass points with low mass splitting for slepton and neutralino m;— mgo or

X
chargino and neutralino m s —mgo, while a high threshold as in SR-m1Y) addresses
1

large mass differences.
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FIGURE 7.3.:  The distribution of the stransverse mass in SR-m,.; ~"""". All cuts

are applied except for the one on mro. The plot in (a) shows the SF final state, in
(b) the DF final state. Red arrows indicate the cuts on mpry for the final definitions
of SR-m 90 120.150 " The plot in (c) shows the distribution of E}”iss’rel in SR-Zjets. All
SR- deﬁmng cuts are applied except for the one on E'"**"* The red arrow indicates
the cut for the final definition of SR-Zjets. The SM background contributions are
represented in solid colours, the predicted SUSY signal in the simplified model with
myo = 0 GeV and M = 350 GeV ((a), (b)) or 250 GeV (c) is superimposed in a red
dashed line. The s1gna1 for m; = 251 GeV and m, Q= = 10 GeV is superimposed in
(a) in a blue dashed line. The hashed regions show the combined statistical and
systematic errors. The bottom panel for each plot shows the ratio of data over the
SM expectation together with the error on data as a hashed region [70].
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SR-Zjets SR-Zjets achieves sensitivity to the process where a pair of Y3 and i
decays via Z and W in a final state with two SFOS leptons, two hadrons and two
neutralinos. The process is depicted in Figure (c). The SR is defined by requiring
at least two central light-flavour jets with pr > 45 GeV and an invariant mass of the
dijet system between 50 and 100 GeV to be close to the mass of the W boson which
is 80.4 GeV. No other jet of any other classification is allowed. Furthermore, the two
leptons must have the same flavour and a total invariant mass inside the Z-mass
window of my 4+ 10 GeV. The transverse momentum of the dilepton system hast to be
smaller than 80 GeV to ensure that the Z-boson which decays into the two leptons is
recoiling against the other objects. For the distance in the 7-¢ plane, 0.3 <AR; < 1.5
must be fulfilled for the two leptons. High EJ'**" of at least 80 GeV is required in
order to suppress SM Z + jets processes where a mis-measured jet can significantly
contribute to the relative missing transverse energy. The choice of the cut value is
motivated by the distributions of the expected SM background processes and the
predicted SUSY signal for E}mss’rel, shown in Figure (0).

CORRELATIONS The SF channels of the various SRs are overlapping and are not
statistically independent except for SR-Zjets. Therefore the SF and DF channels for
every SR are treated separately. When computing the exclusion limits, the SRs are
combined in such a way that the scenarios which can lead to a SF as well as to a
DF final state are treated specially.

7.5. BACKGROUND ESTIMATION

The dominating SM background arises from processes involving the decays of two
gauge bosons or of a top quark pair which also lead to final states with two leptons.
To estimate the event yield due to SM background processes in the SRs, CRs are
defined which are kinematically very close to the SRs but orthogonal to those. They
are enriched in a particular background process and hardly suffer from signal con-
tamination. From the CRs, normalisation factors are deduced by performing simul-
taneous likelihood fits. The fits take as input the number of observed events in the
CRs and the number of events expected from studying MC simulations or from data-
driven background estimates. The gained information about the SM background is
migrated to the SRs. Correlations between the SRs, CRs and background processes
are taken into account in the fits with nuisance parameters. The definitions of the
CRs are summarised in Table

FOR SIGNAL WITH HIGH GAUGINO MAss SPLITTING The SRs which place requirements
on the stransverse mass, i.e. SR-m%OQ’ 120,150 and SR-WW? ¢ have the same CR defini-
tions:

e Enrichment in WW processes is achieved by demanding 50 < mp2 < 90 GeV,
i.e. a stransverse mass close to the mass of the W boson, and only DF leptons,
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7.5 Background Estimation

since the SF signature yields a too high contamination due to Z/v* + jets pro-
cesses. The events must not contain any jets. This is the definition of WW-CR.

e Top-CR is defined by requesting only DF leptons, at least one b-jet and no jets
from any other category as well as mzo > 70 GeV.

e Diboson processes involving ZV, V =W or Z, are estimated after applying the
same selection criteria as the ones of SR-m3% but requiring two SFOS leptons
with an invariant mass m; —mz < 10 GeV, which corresponds to a ‘reversed’
Z-veto. The dominating contamination for this ZV-CR are W W processes which
only contribute 4.5%.

For SR-WW® Since it has no requirement on the stransverse mass, for SR-WW* a
set of CRs is individually defined:

miss,rel

e To enrich a region in WW processes for WW-CR, the E, and the pl cuts
are loosened: the variables are required to fulfil 60 < Ej’lms’rd < 80 GeV and
pr,u > 40 GeV. The other cuts are the same ones as for SR-WW*, i.e. no jets
are allowed and my; is smaller than 120 GeV. Only DF leptons are considered.
The signal contamination is observed to be less than 10% for the simulation of
NEXT = WEWFIKY — 1+0ox0T oy with mg+ > 100 GeV.

¢ In the Top-CR the signal contamination is negligible for the considered models.
This CR only uses DF leptons and is defined in the same way as SR-WW* but
in addition requests at least one b-jet.

e The ZV background is estimated by requiring only SF leptons and reversing
the Z-veto. The signal contamination in ZV-CR is less than 5%.

For SR-Zjets Due to the jets in the final state a different approach is chosen to
estimate the background in SR-Zjets:

e A Top-CR is defined using the same requirements as for SR-Zjets. It is enriched
in tt and W +top processes by reversing the Z window requirement and by
requesting at least one b-jet. The transverse momentum of the jets has to be
higher than 20 GeV and the cut on m;; is no longer applied to increase the
statistics. The contamination from the predicted SUSY signal is negligible in
Top-CR.

e A different method compared to the definition of CRs is used to estimate the
ZV background contribution for SR-Zjets. Since ZV — 71 ¢q is already strongly
suppressed by the cut on E} issrel - 80 GeV, only the WEZqq — luniav! Tl qq
(with one unidentified lepton [,,;;) and ZZqq — [Tl vvqq processes need to be
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estimated. The event yield in the SRs results directly from MC simulated sam-
ples.

The WZ and ZZ background contributions are then validated in control sam-
ples: The simulation of the process W*Zqq — I*vitl~qq is used, requiring at
least one SFOS pair among the three reconstructed leptons which is a ‘Z-

candidate’ with |my —mz| < 10 GeV. Furthermore, EF*** >30 GeV and my >40 GeV

are demanded, where for the computation of the transverse mass the one lep-
ton which is not contributing to the Z-candidate is used. The SUSY signal
contamination is found to be less than 10%.

The estimation of the ZZqq process is validated in a second control sample,
requiring 4 charged leptons and two jets in the final state for the process
ZZqq — It1711' 17 qq. Among the leptons two SFOS lepton pairs which are Z-
candidates must be found, E7**** must be smaller than 50 GeV and the event
must contain at least two central light-flavour jets but no b-jets.

The background of Z/~* + jets is rather important for SR-Zjets due to the very
similar detector signature in comparison to the SUSY signal. High EJ'*¢ can
arise due to mis-measured jet pr in the Z/v* + jets SM process and is not well
modelled in the MC simulation. This background contribution is estimated
with a data-driven technique, using the so-called ‘Jet Smearing Method’:

Seed events are taken from an ATLAS data sample. It is enriched in Z/~* + jets
events by using the definition of SR-Zjets but reversing the requirement on the
relative missing transverse energy to E7."**"* < 80 GeV. A high quality of the jet

reconstruction is ensured by additionally requiring EJ**s¢/,/Em% < 1.5 GeV:.

The events are then smeared by multiplying the jet four-momentum with a
pggco

random number. The number is deduced from the jet response function — .

The function is measured in simulated data and corrected according toTthe
comparison with measurements in data. The soft-term contribution to the
missing transverse energy is also modified by using random numbers which
are deduced from a Z — [T]~ sample with zero jets. For every seed event, the
smearing procedure is repeated 10 000 times.

In the resulting pseudo-data the distribution for E7s s normalised to data
for £ < 40 GeV and the resulting information is then used to estimate
the Z/+* + jets contribution in SR-Zjets.

For the validation of the Jet Smearing Method a control sample is selected
according to the definitions of SR-Zjets. But the plqlw cut is reversed and the ARy
and m;j; cuts are removed to benefit high statistics. The seed events in addition
need to fulfil E7/**" < 40 GeV and Episs/,/Emiss < 1.5 GeV?. The validation

takes place in a region which is defined by 40 GeV < EJ/**" < 80 GeV.
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NoN-PrRoMPT The fake background which arises from non-prompt leptons in the
final state contributes less than 5% to the total background in all SRs and is esti-
mated by the Matrix Method. The method is explained in detail in Section [8.6.1.1]

TABLE 7.2.: The summary of the control regions. ‘SF’ means that the two leptons
have the same flavour, ‘DF’ means different flavour. In SR-Zjets the central jets must
have pr > 20 GeV, and at least one b-jet is required.

SR-miy 120190 SR Wwb-¢ SR-Ww* SR-Zjets
Requirements WW-CR Top-CR ZV-CR|WW-CR Top-CR ZV-CR| Top-CR
Lepton flavour DF DF SF DF DF SF SF
N of central jets 0] 0 0 0] 0 0 > 2
N of b-jets 0] >1 0 0] >1 0] >1
N of forward jets 0 0 0 0) 0 0 0
|my ——mz| [GeV] - - <10 - - <10 > 10
my; [GeV] - - -1 <120 < 120 - -
Eissrel [Gev] - - -|[60,80] >80 >80 > 80
Pl [GeV] - - - >40 >80 >80 > 80
mpo [GeV] [50,90] >70 >90 - - - -
ARy - - - - - -110.3, 1.5]

7.6. TRIGGER STRATEGY

When a data event fulfils the requirements listed in Section it is only used for
the analysis if in addition one of the designated triggers has a positive decision on
Event Filter level and if the offline leptons can be matched to the trigger objects in
the n-¢-space. A Monte Carlo event does not need to have a positive decision of the
simulated triggers but is reweighted according to what is described for the Reweight-

ing Method in Section [6.7.2]

Although various single lepton triggers are implemented for the data taking in
2012, the analysis is not incorporating those in any way. It turned out that the
overall gain in the signal event yield would still never be more than 5% when the
dilepton and single lepton triggers are combined with logical OR. In the larger part
of the surface which is spanned by the pr of the two leptons, the relative trigger
efficiency could only be increased by 1-2%.

Due to the increased instantaneous luminosity and the therefore higher data tak-
ing rate in the year 2012 compared to 2011, the trigger thresholds for single lepton
triggers needed to be tightened. Therefore some single lepton triggers require that

80



7.6 Trigger Strategy

the triggering lepton is isolated. The data-driven Matrix Method which is used to
estimate the background contribution due to non-prompt leptons uses the isolation
requirement as a distinguishing feature. Therefore it was decided not to use the sin-
gle lepton triggers in the trigger strategy.

The dilepton triggers are either symmetric, i.e. both leptons have to fulfil the same
criteria to trigger the event on Event Filter level, or asymmetric, i.e. the second lepton
has to fulfil only less tight py criteria to trigger the event compared to the leading
lepton with higher pr. The symmetric and asymmetric triggers can be combined with
logical OR. This is particularly useful for the final states with two muons where the
combination of two dimuon triggers significantly improves the coverage of the pr
surface.

7.6.1. TRIGGER MENU

The lowest pr unprescaled dilepton triggers are listed in Table together with the
Level 1 trigger configuration which seeds the Level 2 and therefore also indirectly the
Event Filter. Also given are the offline p; thresholds which are in some cases slightly
higher than the online py thresholds. They correspond to the values for which the
absolute efficiency of the individual trigger legs reached 90%. The plots with the
turn-on curves for e.g. the muon triggers can be found in Section [7.6.4{

TABLE 7.3.:  The list of the lowest pr unprescaled dilepton triggers.

Trigger L1 Offline pr threshold
2e12Tvh_loosel 2EMI10VH | pr(e1) > 14 GeV, pp(e2) > 14 GeV
e24vh_medium1_e7_medium1 EM18VH pr(e1) > 25 GeV, pr(ey) > 8 GeV
2mul3 2MU10 | pr(p1) > 14 GeV, pr(p2) > 14 GeV
mul8_tight mu8_EFFS MU15 | pr(p1) > 18 GeV, pr(uz) > 8 GeV
el12Tvh_medium1l_mu8 EM10VH_MUG6 pr(e) > 14 GeV, pr(u) > 8 GeV
mul8_tight_e7_mediuml MU15 pr(e) > 8 GeV, pr(n) > 18 GeV

A combination of two dilepton triggers with logical OR is only considered if the
combined trigger efficiencies can be significantly increased for a particular area of
the surface which is spanned by the pr of the two leptons. This can be deduced from
the pr-dependent efficiency measurements.

7.6.2. COVERAGE OF p7 SURFACE

The decision on which combination of triggers to use for which region of the pr
surface is based on the possible increase of the overall efficiency on the studied
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SUSY signal models for a particular region of the pr surface. The coverage of the pr
surfaces for the final states with two electrons, the ee channel, with two muons, the
e channel, or with one electron and one muon, the ey channel, is summarised in

Table [7.4].

TABLE 7.4.:
lepton pr surface.

The dilepton triggers which are used in the different regions of the

Region Trigger r-axis y-axis
ee channel:

region A 2e12Tvh_loosel p$t > 14 GeV p$? > 14 GeV
region B e24vh_medium]l-

_e7 _mediuml

pit > 25 GeV

10 < p? < 14 GeV

1 channel:

region A mul8_tight_ mu8_EFFS p‘;l > 18 GeV p‘%z > 18 GeV
region B mul8_tight mu8_EFFS

or 2mul3 Pyt > 18 GeV | 14 < pli? < 18 GeV
region C mu18_tight_mu8_EFFS Pl > 18 GeV | 8 <pli? < 14 GeV
region D 2mul3 | 14 <ph' < 18 GeV | 14 < pi? < 18 GeV
ey channel:
region A el12Tvh_medium1_mu8 P > 14 GeV P > 8 GeV
region B mul8_tight_e7_mediuml | 10 < peTl < 14 GeV p% > 18 GeV

ELECTRON-ELECTRON The electron trigger leg which only requires online electrons
with ‘loosel’ reconstruction quality and which is used for the symmetric dielectron
trigger is in general more efficient than the ‘medium1’ legs of the asymmetric dielec-
tron trigger. Therefore it is very likely that an event which has a positive decision for
the asymmetric dielectron trigger also causes the symmetric dielectron trigger. Using
only the symmetric dielectron trigger for electrons with p$!, pst2 > 14 GeV instead of
both dielectron triggers means an efficiency loss of only 1%. These pr requirements
correspond to the ones for region A in Figure [7.4| (a). The asymmetric dielectron
trigger has a lower pr threshold and therefore covers region B for p! > 25 GeV and
10 < p? < 14 GeV.
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FIGURE 7.4.: The coverage of the pr surfaces for the final states with two electrons
(a), two muons (b) or one electron and one muon (c).
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MuoNn-MuoN For the muon triggers, it cannot clearly be stated if one dimuon trigger
is more efficient than the other. In contrast to the symmetric dimuon trigger which
requires a Level 1 seed (2MU10’) for both legs, the asymmetric dimuon trigger only
requests a Level 1 seed for the ‘mul8_tight’ leg, ‘MU15’. The situation becomes even
less obvious regarding the ‘Event Filter Full Scan’ feature of the ‘mu8_EFFS’ leg of
the asymmetric trigger (explanation in Section [7.6.4). Studies of the gain in effi-
ciency for the possible combinations lead to the recommendations explained in the
following paragraph.

For region A of the pp surface in Figure (b) for the uu final state where
pgil, p‘T‘2 > 18 GeV, the asymmetric dimuon trigger is used. Here the muons have
a pr that is high enough to match both muons to the ‘mul8_tight’ leg of the trigger,
which is the leg which is seeded by Level 1.

Region B is defined by p' > 18 GeV and 14 < p? < 18 GeV, which means that only
the leading muon can trigger the ‘mul8_tight’ leg. Studies showed that a logical OR
of the asymmetric and the symmetric dimuon triggers actually improves the total
efficiency in region B by 4-5%.

In region C, the logical OR does not significantly increase the overall efficiency and
therefore only the asymmetric trigger is used for p%l > 18 GeV and 8 < p%Q < 14 GeV.

In region D with 14 < p%l, p%Q < 18 GeV, the pT for both muons is too low to trigger
the ‘mu18_tight’ leg of the asymmetric dimuon trigger. Therefore this region is only
covered by the symmetric dimuon trigger.

ELECTRON, MUON AND MUON, ELECTRON The surface which is spanned by the trans-
verse momenta of a final state electron and a final state muon is depicted in Fig-
ure (c). Region ‘A’ is defined by peTl > 14 GeV and p}. > 8 GeV and is covered
by the electron-muon trigger e12Tvh_medium1_mu8. This trigger has looser muon
requirements than the muon-electron trigger mu18_tight_e7_medium]1.

The latter is used in region B with 10 < pﬁf < 14 GeV and p/. > 18 GeV since this
region is not accessible for the electron-muon trigger with the higher pr threshold
for online electrons.

7.6.3. REWEIGHTING PROCEDURE

To each MC simulated event used in the analysis described in this Chapter, a weight
is assigned which corresponds to the probability that this event has a positive trigger
decision in ATLAS data. The weight is computed from the efficiencies which are
measured in data as described in Section [7.6.4]
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7.6.3.1. WEIGHT COMPUTATION

SYMMETRIC DILEPTON TRIGGER The symmetric dilepton trigger has a Level 1 seed for
both legs. The probability for a dilepton trigger to have a positive decision in an event
with n leptons is given in Equation [6.11] For n = 2 leptons, the formula reduces to

P(2l) =€ - € (7.1)

with ¢; being the efficiency of the leading lepton and e; being the efficiency of the
subleading lepton. With this formula, the weights for the pr-surface regions for
symmetric dilepton triggers like e.g. region D for the uu channel can be computed.

AsYMMETRIC DILEPTON TRIGGER The asymmetric dilepton trigger only has a Level 1
seed for the first leg of the trigger but not for the second leg. Not both leptons need to
fire both legs of the trigger, but this case also needs to be considered. It is reflected
in the first line of the following equation.

leptonl lepton2 leptonl lepton2

P(21) = P(m) - Por?). pient ). pr ) (72)
leptonl lept leptonl lepton?2

P (1= P PUT ) PR ) (1)
leptonl lept leptonl lepton?2

(1= P P T P ) (1.0

In the other two lines only one of the two leptons triggers the leg with the Level 1

requirement. P(;Z’; 5717221) is the probability for lepton 1 to cause leg2 of the asymmetric
lepton2

trigger when leg1 also was triggered by the same lepton. P( leg?) legl) is the probability
for lepton 2 to cause leg2 of the asymmetric trigger under the condition that legl
has a negative decision.

This formula is used to calculate the weight for e.g. pr-surface region A of the
upe channel. Therefore it is necessary to measure the conditional efficiencies for
the muon triggers ‘mu8_EFFS|Imul8_tight' (the efficiency of ‘mu8_EFFS’ if also
‘mul8_tight’ is caused) and ‘mu8_EFFS|!mul8_tight’ (the efficiency of ‘mu8_EFFS’
if ‘mu18_tight’ is not caused).

In a pr-surface region where only the leading lepton has a pr which is high enough
to trigger the legl of the asymmetric dilepton trigger, the formula to compute the
weight is given by the following equation:

leptonl lepton2 leptonl leptonl lepton2
P(21) = P(iomt). p(Em2). perent ) = p(icriont). p(leron?) (7.5)

With the assumption that P(ig‘ﬁ;l) = 1 because the requirements of legl are al-
ways tighter than the ones of leg2. This formula is used in e.g. region C of the uu

channel.
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SYMMETRIC DILEPTON TRIGGER OR ASYMMETRIC DILEPTON TRIGGER For region B of
the ;0 channel, the probability for the symmetric dilepton trigger (S) OR the asym-
metric dilepton trigger (A) having a positive decision needs to be computed. One
starts with the general formula of

P(AV S) = P(S) + P(A|!S) - P(15). (7.6)

The first term, P(S5), is given by Equation One has to keep in mind that
e the symmetric trigger requires a Level 1 seed for both legs,
e the asymmetric trigger only requires a Level 1 seed for legl and

e the requirements of legl of the asymmetric trigger are always tighter than the
ones of the legs of the symmetric trigger.

This means that the asymmetric trigger can only recover the Level 1 inefficiencies of
the symmetric trigger. The probability for the asymmetric dilepton trigger to have a
positive decision, P(A), can be decomposed like the following:

leptonl lepton?2
P(A) = P(Ag™ v Ag™) (7.7)

leptonl lepton2| sleptonl leptonl
:P(Azegi )+P(Ale§§ |A!zf;1 )‘P(A!15;1 ) (7.8)

where it is indirectly assumed that each time the other lepton triggered leg2 of the
asymmetric trigger. It is then also valid that

P(AJIS) = P((Aigy™" v Aighy™)|(S1erient v ghiertonz)) (7.9)

where S'¢Po"i means that lepton i does not cause the symmetric dilepton trigger.
The second term of Equation can then be calculated with the following for-
mula.

P(A"S) . P('S) _ P(Agiztlonl‘sleptonl /\S!lepton2) . P(Sleptonl A S!leptonQ) (7_10)
+P(A§Z§§0n2|5!leptonl /\SleptonQ) . P(S!leptonl A SleptonQ) (711)

It is assumed that P(A§2§§0"1|S”€pt°”1) = P(Aiﬁ(m]s”@pto”?) = 0 because the Level 1

requirement of A is always tighter than the Level 1 requirement of S. The whole
formula then becomes

P(Ql) _ Sleptonl _SleptonQ (712)
(AT pAleTi| gllepion?) . p(lpion?) (713)
DAL p(AlPn| gliertont) p(gleptont) (7.14)
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7.6.3.2. CLOSURE TESTS

The validity of the factorisability assumption and the Reweighting Method is shown
in a closure test for each of the three channels uu, ep and ee. Instead of measur-
ing the efficiencies in ATLAS data to compute the weights for the MC events, the
efficiencies of the simulated triggers are measured in appropriate MC samples. The
weights which are based on those MC efficiencies are then applied on a tt MC sample
generated with MCQNLO [49]- [51] and JIMMY [47] and compared to the efficiencies
when asking for a positive decision of the simulated triggers in this ¢/ sample.

MuoN, MuoN CLOSURE TEST Z — uu+ jets events generated with ALPGEN [52] and
JIMMY [47] are selected to measure the efficiencies of the muon triggers with the Tag
& Probe Method. Details about the completely analogues measurements in ATLAS
data will be given in Section [7.6.4]

The tt sample is then processed twice. In a first step, a positive trigger decision of
the dimuon triggers is requested according to the strategy for the pu channel. In a
second step, the events are reweighted with the probability that the dilepton triggers
have a positive decision, using the efficiencies measured in the Z — uu+ jets MC
sample. The distributions for the transverse momenta of the leading and subleading
muon in the ¢t events as well as for the pseudorapidities are shown in Figures (@
and (b), respectively.
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FIGURE 7.5.: (a) and (b) show the distributions of pr and n for the leading and
subleading muons in uu events of a tt MC sample. The green points show step one of
the closure test, where a positive decision of the simulated triggers is requested. The
red points show step two where a weight is applied on each event which is computed
from the efficiencies measured in the 7 — uu+ jets MC samples. (c) and (d) show the
ratios of the two curves in (a) and (b), respectively.
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The fact that the distributions agree within uncertainties proves that the factoris-
ability assumption is correct and that the binning which is chosen for the parametri-
sation of the muon trigger efficiencies is reflecting the detector geometry of the MS
very well. The efficiencies depend on 1 and ¢, the binning is chosen according to
recommendations of the ATLAS trigger group. The dependency on pr is discarded
not to introduce an additional statistical uncertainty due to fine binning. From the
ratios shown in Figures (c) and (d) which are defined by the number of weighted
events divided by the number of events with a positive trigger decision for each bin,
a deviation of 1% is deduced.

ELECTRON, MUON AND MUON, ELECTRON CLOSURE TESTS To perform the closure test
in the final state with one electron and one muon, weights computed from efficien-
cies measured in Z — ee+ jets and in Z — pupu+ jets MC samples which are generated
with PYTHIA [45], and with ALPGEN [52] and JIMMY [47], respectively, are applied
on tt MC events. For the eu channel, i.e. the final state where the electron has a
higher pr than the muon, the distributions for the pr and 7 of the electron are
shown in Figures [7.6| (a) and (b). The distributions agree within errors. From the
ratio plots in Figures (c) and (d) a deviation of 1% is deduced.
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(a) and (b) show the distributions of pr and n for the electron in ey

events of a tt MC sample. The green points show step one of the closure test, where
a positive decision of the simulated triggers is requested. The red points show step
two where a weight is applied on each event which is computed from the efficiencies
measured in the Z — up+ jets and Z — ee + jets MC samples. (c) and (d) show the
ratios of the two curves in (a) and (b), respectively.
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For the kinematics of the muon in pe events, the distributions are shown in Fig-
ures (@) and (b). In almost every bin, the distributions of the events with the
positive trigger decision lie above the distributions for the weighted events. This
means that the Reweighting Method is underestimating the total event yield. From
the ratio plots in Figures (c) and (d), a deviation of 10% for |n| > 1.37 and a devia-
tion of 30% for electrons with |n| < 1.37 is read off. The comparably large deviations
are due to the usage of the efficiency of the ‘e7T_medium1’ trigger for factorising the
muon-electron trigger mul8_tight_e7_medium1. More details are given in the next
paragraph where the closure test for ee final states is explained.
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FIGURE 7.7.: (a) and (b) show the distributions of pr and n for the muon in pe

events of a tt MC sample. The green points show step one of the closure test, where
a positive decision of the simulated triggers is requested. The red points show step
two where a weight is applied on each event which is computed from the efficiencies
measured in the Z — uu+ jets and Z — ee+ jets MC samples. (c) and (d) show the
ratios of the two curves in (a) and (b), respectively.
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ELECTRON, ELECTRON CLOSURE TEST For the closure test with events with two elec-
trons in the final state, weights are computed based on the efficiencies measured for
simulated triggers in Z — ee+ jets events in a MC sample generated with PYTHIA [45].
For the part of the pp-surface where the symmetric dielectron trigger is used, 2e12Tvh_-
loosel in region A, a deviation of maximum 0.5% can be quoted. This is deduced
from the comparison of the distribution for the ¢t MC events which have a positive
trigger decision with the distribution for the events which are reweighted. It means
that the factorisability assumption is correct and that the chosen parametrisation of
the efficiencies, namely the dependencies on pr and 7 in a binning which follows the
recommendations of the ATLAS trigger group, is meaningful. The efficiencies found
in 30 < pr < 60 GeV are extrapolated to high-pr regions with low statistics.

In region B, however, where the asymmetric dielectron trigger e24vh_medium1l_-
e7_mediuml is used, a deviation of 10% for electrons which are detected in the
endcap region of ATLAS and a deviation of 40% for the electrons in the barrel region
is found.

A problem occurred with the measurement of the efficiency of the ‘e7_medium1’
leg. This trigger was not implemented in the trigger menu for the 2012 data taking
until the run period B14. It therefore needs to be rebuild with offline selection cuts
in ATLAS data. It is also not simulated in Monte Carlo. For this reason for the
closure test, the simulated ‘e7T_medium1’ trigger is used. Instead of ‘EM3’ for ‘e7_-
medium1’, it has a different seed at Level 1, namely ‘EM6’. This fact as well as the
poor quality of the electrons in the 10-14 GeV pr range leads to the comparably
large deviation in the closure tests for the asymmetric dielectron trigger as well as
for the muon-electron trigger.

7.6.4. TRIGGER EFFICIENCIES IN DATA

To study the performance of the dilepton triggers listed in Table in ATLAS data,
the efficiencies of the individual legs, i.e. the single lepton triggers, are measured
with the Tag & Probe Method which was introduced in Section The efficiencies
of the dilepton triggers can then be estimated by factorising them with the single
lepton trigger efficiencies.

7.6.4.1. MuUON TRIGGER EFFICIENCIES

If a muon in a Z — u™p~ event can be tagged by matching it in the 7-¢ space with
AR < 0.15 to the muon on Event Filter level that released the lowest unprescaled
single muon trigger, then the other muon becomes the probe muon. Each event is
processed twice, and in the second attempt it is checked if the other muon can be
tagged so that the first muon becomes the probe muon.
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‘MU13’ To measure the efficiency of the ‘mul3’ trigger, all probe muons are checked
if they can be matched to the online muons which unleashed the trigger. The effi-
ciency depending on the pr of the offline probe muons is shown in Figure (@).
Muons in the endcap region, || > 1.05, have in general a better acceptance already
on Level 1 of the ATLAS trigger system and also a higher efficiency compared to the
muons which are detected in the barrel region of the detector, || < 1.05. The effi-
ciencies are therefore always shown separately for those two categories. The curve
for endcap muons in Figure (a) reaches 90% of the absolute efficiency at 14 GeV
which is the value chosen for the offline pr cut. The plateau efficiency, i.e. a rather
stable value for high pr, is reached at 88%. From the curve for the barrel muons the
same offline pr value is deduced as from the curve for the endcap muons, as was
expected. The plateau efficiency for the barrel muons, however, reaches only 72%.

‘MU18_TIGHT FOR DIMUON TRIGGER Analogously, the plateau efficiencies for the trig-
ger ‘mul8_tight’ are measured to be 86% for endcap muons and 66% for barrel
muons. From the turn-on curves in Figure (b) it can be read off that a cut on the
offline pr at 18 GeV ensures a stable efficiency as a function of the muon transverse
momentum. When matching the probe muons to the online muons which triggered
‘mul8_tight’, it is in addition required that the so-called ‘TrigMuonEF’ algorithm
was used to reconstruct the online muon. This particular algorithm is used for the
asymmetric dimuon trigger.

‘MU8’ FOR DIMUON TRIGGER The token ‘EFFS’ in the name of the asymmetric dimuon
trigger stands for ‘Event Filter Full Scan’ - on Event Filter level, the algorithms do
exceptionally not only work with the Regions of Interest from Level 1 and Level 2, but
enough time is admitted to perform a full scan of the muon information to recover
the inefficiencies of the Level 1 trigger. The measurement of the ‘mu8’ leg of this
trigger is not straight-forward because the requirement on the second muon only
needs to be fulfilled on Event Filter level, not on Level 1: only the information about
the decision of the complete asymmetric dimuon trigger is available.

The decision of the dimuon trigger is positive if two muons are found at Event Fil-
ter level, one of which had a pr of more than 15 GeV on Level 1. On Event Filter level,
one of the two muons fulfils the ‘mul8_tight’ condition and one muon the ‘mu8’ re-
quirement. The information about the ‘mu8’ decision is not available independently
of the ‘mu18_tight’ decision.

To measure the efficiency of the ‘mu8’ leg of this dimuon trigger, each tag muon is
therefore not only matched to the muon which triggered the lowest pr unprescaled
single muon trigger. It must also be matched to one of the online muons which
caused the asymmetric dimuon trigger and which has an online py of more than
18 GeV. The information about whether an online muon caused one leg of the
mul8_tight mu8_EFFS trigger is available, but not about which leg it was. For the
efficiency measurement of the ‘mu8’ leg, one counts the number of probe muons
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The efficiencies of the single muon triggers in ATLAS data of the 2012
run periods A and B, depending on the offline pr of the probe muon. The efficiency
of muons detected in the barrel region (jn| < 1.05) is represented by light green or
purple lines, the efficiency of muons detected in the endcap region (|n| > 1.05) are
represented by dark green or pink lines. The errors are statistical errors. The plot in
(a) shows the efficiency for ‘mul3’, (b) for ‘mul8_tight’ for the asymmetric dimuon
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which can be matched to another online muon that also caused the asymmetric
dimuon trigger and that has an online py of more than 8 GeV.

Muons which are detected in the barrel region of the detector and muons in the
endcap region have the same turn-on curves as can be seen in Figure (c). The
trigger is fully turned on for pr > 8 GeV and the plateau efficiency is at 98%. Obvi-
ously the decreased acceptance for muons at Level 1 is recovered for this trigger.

‘MU8’ FOR ELECTRON-MuUON TRIGGER The efficiency of ‘mu8’ also needs to be mea-
sured for the electron-muon trigger e12Tvh_medium1_mu8. The probe muons are
matched to the online muons which triggered ‘mu8’ since in this case the informa-
tion about the trigger decision is available independently of the ‘e12Tvh_medium1’
leg. The efficiency depending on the pr of the probe muons is shown in Figure (d).
It reaches a plateau at 88% for muons in the endcap region and 73% for muons in
the barrel region. The offline pr cut value is at 8 GeV.
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F1GURE 7.9.:  The (conditional) efficiencies of the single muon triggers in ATLAS

data of the 2012 run periods A and B, depending on the pr of the probe muon.
The efficiency of muons detected in the barrel region (jn| < 1.05) is represented
by light green or purple lines, the efficiency of muons detected in the endcap re-
gion (|n| > 1.05) are represented by dark green or pink lines. The errors are sta-
tistical errors. The plot in (a) shows the efficiency for mul8_tight for the muon-
electron trigger, (b) the conditional efficiency mu8_EFFS|!mul8_tight for the sym-
metric dimuon trigger, (c) the conditional efficiency mu8_EFFS|mul8_tight for the
symmetric dimuon trigger and (d) the conditional efficiency for mu8_EFFS|!mul3.
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‘MU18_TIGHT’ FOR MUON-ELECTRON TRIGGER For the muon-electron trigger mul8_-
tight_e7_medium1 the efficiency of ‘mul8_tight’ needs to be measured not only for
the muons found by the TrigMuonEF algorithm. Another reconstruction algorithm
is called ‘MuGirl’. The resulting efficiency is shown for barrel muons and for endcap
muons in Figure (@) and is lower for barrel muons due to the inefficiency of Level
1 muon triggers. The plateau is reached at 87% for the endcap region and at 67%
for the barrel region, the offline pr cut is chosen to be 18 GeV.

CONDITIONAL ‘MU8_EFFS|!Mu18_TIGHT” For the combination with logical OR mea-
surements of conditional efficiencies are needed. The efficiency for the ‘mu8’ leg of
the asymmetric dimuon trigger under the condition that ‘mul8_tight’ has a negative
decision is computed in this way: if a probe muon cannot be matched to the online
muon which caused ‘mul8_tight’, the same checks for the tag and for the probe
muons are done as for measuring the efficiency of ‘mu8_EFFS’. The turn-on curves
are shown in Figure (b). The efficiencies for the barrel and endcap muons are
again very similar and start at 98% for a pr of the probe muons of more than 10 GeV.
For pr > 18 GeV, the efficiency drops to a plateau value of 94% which is expected
since the ‘mul8_tight’ trigger only becomes fully efficient only for pr > 18 GeV.

CONDITIONAL ‘MU8_EFFS|MU18_TIGHT' The efficiency of ‘mu8_EFFS’ is measured
once more in the same way if the probe muon can be matched to ‘mul8_tight’ to plot
the turn-on curves for the positive conditional efficiency of ‘mu8_EFFS |Imul8_tight'.
It is shown in Figure (c). The curves for the endcap and for the barrel muons are
very similar, the plateau efficiencies are reached at 99% and 98%, respectively, and
the offline pr threshold is chosen to be larger than 8 GeV.

CONDITIONAL ‘mMU8_EFFS|!Mu13” One more conditional efficiency which needs to be
measured is ‘mu8_EFFSI|!mul3’. If a probe muon cannot be matched to an on-
line muon which caused ‘mul3’, the efficiency of ‘mu8_EFFS’ is computed with the
matching procedure as described above. The turn-on curves lie on top of each other
for endcap and for barrel muons as can be seen in Figure [7.9| (d). A plateau effi-
ciency of 98% is reached for probe muons with pr > 8 GeV and it falls to 94% for
pr > 14 GeV. That was expected since the ‘mul3’ trigger only becomes fully efficient
for pr > 14 GeV.

7.6.4.2. ELECTRON TRIGGER EFFICIENCIES

For measuring the efficiencies of the single electron triggers which make up the legs
of the dielectron triggers and the electron-muon triggers, the Tag & Probe Method
is used. The tag electron is matched to the online electron which caused the lowest
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unprescaled single electron trigger. The probe electron is then matched to the online
electron which caused the trigger of interest.

The efficiencies of the single electron triggers as well as a summary of the muon
trigger efficiencies are listed in Table[7.5]

TABLE 7.5.: The summary of the single lepton trigger efficiencies, measured
in period A of the 2012 ATLAS data. The barrel region spans up to |n| = 1.05 for
muons and to 0.1 < |n| < 1.37 for electrons. The endcap region for electrons is
1.52 > |n| < 2.01. For the measurements of the quoted efficiencies, a transition
region and a region at |n| > 2.01 is excluded. Also listed are the recommended offline
pr thresholds to ensure a stable efficiency regarding the pr-dependency.

Trigger Offline pr | €endcaps | €barrel
threshold [GeV]
el2Tvh_loosel 14 0.99 | 0.97
e24vh_medium1l 25 0.96 | 0.91
e7_medium1 10 0.97 | 0.93
mul3 14 0.72 | 0.88
mul8_tight (dimuon trigger) 18 0.66 | 0.86
mu8_EFFS 8 0.98 | 0.98
mu8 8 0.73 | 0.88
mul8_tight (muon-electron trigger) 18 0.67 | 0.87

7.6.5. TRIGGER SYSTEMATICS

The deviations observed in the closure tests are used to assign a systematic un-
certainty to the Reweighting Method. They take into account the accuracy of the
factorisability assumption and the parametrisation and binning of the efficiencies
measured in ATLAS data. These uncertainties are combined with the errors assigned
to the Tag & Probe Method. In the following the latter are deduced for muon triggers.

7.6.5.1. TAG & PROBE METHOD - ERRORS FOR MUON TRIGGERS

DEPENDENCY ON RUN PERIODS A possible dependency on the run periods of the 2012
ATLAS data taking is taken into account by measuring the efficiencies of the muon
triggers individually for the run periods A, B, C, D, E, G, H, I, J, L. That there is
indeed a difference for e.g. the comparably short run period A and the run period B,
but that the efficiency of a trigger stays rather constant during the subdivisions of
run period B, becomes obvious in the plot in Figure (a). It shows the efficiency of
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mul3 depending on the pseudorapidity of the probe muons for the measurement in
data of run period A in pink dots and the measurement in run period B in the other
colours. The efficiency is in some bins lower for run period A, but the efficiencies
in the subdivisions of run period B are very similar and no obvious tendency is
observed.
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FiGure 7.10.:  (a) shows the efficiency measurements of the mul3 trigger for run

period A and the subdivisions of run period B depending on n of the probe muons.
(b) shows the conditional efficiency of mu8_EFFS |!mul8_tight for a Z-mass window
of size 8 GeV, subtracted from the efficiency for a Z-mass window of size 25 GeV (run
period B). (c) shows the efficiency of the mul8_tight trigger for the muon-electron
trigger depending on the number of vertices for data recorded in the 2012 ATLAS
run period B. It is fitted with a linear function (red line). (d) shows the conditional
efficiency of mu8_EFFS|!mul3 for AR < 0.1 for the matching of the probe muon to
the online muon minus AR < 0.2 in ATLAS run period A. The distributions in light
green colour show the difference for muons in the barrel region (|n| < 1.05) and the
distributions in dark green colour for muons in the endcap region (jn| > 1.05).
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The dependency on run periods is taken into account for the study of the system-
atic errors of the Tag & Probe Method by comparing the variations of e.g. AR for the
matching of the offline and online leptons for the two datasets of run period A and
B.

VARIATION OF Z-MAsSs WINDOW For muon triggers, the ‘Z mass window’ to select
SFOS leptons which have a total invariant mass inside the window and which most
likely result from a Z boson decay is nominally set to mz+ 10 GeV. It is varied to + 25
and + 8 GeV to study the influence on the efficiency measurements. This results
in an error of 1% for the bins with reasonably high statistics. In Figure (b),
the difference for the conditional efficiencies of e.g. mu8_EFFS|!mul3 is shown for
e(Z-mass window + 25 GeV) —¢(Z-mass window + 8 GeV) for muons detected in the
barrel and in the endcap region of ATLAS, respectively. For this plot the efficiency is
measured in ATLAS data of the run period B.

DEPENDENCY ON PILE-UP The dependency of the efficiency measurements on pile-
up, i.e. the number of vertices N,,, is evaluated. Figure (c) shows the efficiency
of mu18_tight for the muon-electron trigger depending on N,,. The efficiency values
vary significantly in the bins with low statistics (V,, > 23) compared to the plateau
values. But since the statistical error in those bins is relatively high, it was decided
to fit a linear function to the efficiency curve, depicted by a red line in Figure (c).
The slope of the function is chosen to be the systematic uncertainty on the number
of vertices. With this method, a maximum uncertainty of 0.5% is assigned to the
variation of N,, for N,, < 23 and 5% for N,, > 23.

VARIATION OF AR CuT To match the offline muons to the online muon which caused
the triggers on Event Filter level, AR = /An?+ A¢? must be smaller than 0.15. This
threshold is varied to 0.1 and to 0.2 to study the influence on the efficiency mea-
surements. Figure (d) shows the difference for the conditional efficiency mea-
surement in data of the run period A of mu8_EFFS|!mul8_tight for AR < 0.1 and
AR < 0.2. In this plot, the difference is at maximum 0.9%. For the measurements
in data of the run period B, in most cases a difference of 0.2% is found.

DEPENDENCY ON pr For the Reweighting Method, the dependency of the efficiencies
of the muon triggers on the transverse momentum is not included. To take into ac-
count possible deviations from the quoted plateau efficiency values, an uncertainty
of 1% is concluded.

7.6.5.2. TAG & PROBE METHOD - ERRORS FOR ELECTRON TRIGGERS

To assign an error to the efficiency measurements for the electron triggers, the same
variations and dependencies are studied as for the muon triggers. The electron trig-
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ger efficiencies are measured individually for the run period subdivisions of A, B1 -
B3,B4-B8, B9-B14,C-D3,D4-D7,D8-Eand - L.

The nominal value for the Z-mass window is + 10 GeV. It is varied to + 15 and
+ 25 GeV. The difference between the efficiencies is found to be smaller than 0.4%.

The largest uncertainty is found for the dependency of the efficiency measure-
ments on pile-up, i.e. the number of the vertices. It can be up to 0.5% when com-
paring the efficiencies for N,, > 14 and N,, < 14.

When the AR threshold for matching the offline electrons to the Event Filter elec-
trons is varied from nominal 0.15 to 0.1 or 0.2, the difference is 0.1%.

In contrast to the muon efficiencies, the electron efficiencies depend on the py of
the electrons. An additional check was performed for the electron trigger efficiencies:
the dependency on the quality of the tag electron, i.e. whether it is ‘tight++ (nominal
requirement) or ‘medium++’ (loosened requirement). The tag quality does not have
much influence on the efficiency measurements since a difference of maximum 0.2%
is found.

The uncertainties are in general higher for electron triggers with a ‘mediuml’
quality requirement for the online electron and || > 2.37, pr < 50 GeV for the offline
electrons.

7.6.5.3. SUMMARY OF TRIGGER UNCERTAINTIES

Table summarises the errors for the muon trigger efficiencies and Table for
the electron trigger efficiencies. The errors from the Tag & Probe Method need to be
applied to each muon or electron in an event.

TABLE 7.6.:  The summary of the systematic uncertainties for the muon triggers,
coming from the Tag & Probe Method or the closure test. The errors from the Tag
& Probe Method need to be applied to each electron in an event. The error from the
closure test is for a uu event.

Trigger Uncertainty | Uncertainty
Tag & Probe Method | Closure Test

period A

Nyg < 23 1.2% 1.0%

Nyz > 23 5.2% 1.0%

period B

Nyg < 23 1.2% 1.0%

Nyz > 23 5.2% 1.0%

The errors from the Tag & Probe Method are added linearly for the two leptons
in an event, i.e. they are correlated. They are uncorrelated with the errors from the
closure tests. Both types of errors are combined to the total systematic errors.
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TABLE 7.7.: The summary of the systematic uncertainties for the electron triggers,
coming from the Tag & Probe Method or the closure test. The errors from the Tag
& Probe Method need to be applied to each electron in an event. The error from the
closure test is for a ee event.

Trigger Kinematics Uncertainty | Uncertainty
Tag & Probe Method | Closure Test

el2Tvh_medium]l,

e24vh_medium1 In| < 2.37 or pr > 50 GeV 0.5% 0.5%
In| > 2.37 and pr < 50 GeV 2.5% 0.5%

e7_medium [n| < 1.5 0.5% 40%
1.5 < || < 2.37 or pr > 50 GeV 0.5% 10%

In| > 2.37. pr < 50 GeV 2.5% 10%

For events with one electron and one muon in the final state, the same errors as
quoted in Tables [7.6] and are used for the Tag & Probe Method. For the closure
test, the errors are summarised in Table [7.8|

TABLE 7.8.:  The summary of the systematic uncertainties for the electron-muon
triggers, coming from the closure test for an ey or pe event.

Trigger Kinematics | Uncertainty Closure Test

el2Tvh_mediuml_mu8

(region A) 1%

mul8_tight_e7_medium1l

(region B) In¢| > 1.87 10%
In¢| < 1.87 30%

The total systematic uncertainty is added in quadrature to the statistical error
which is propagated with the Gaussian error propagation when varying the weights
from the Reweighting Method to estimate the change in the event yield. The same
systematic errors are used for all periods of ATLAS 2012 data.

7.7. SYSTEMATIC UNCERTAINTIES ON EVENT YIELDS

The estimated numbers of events in the SRs and CRs are affected by systematic
effects. The errors on the event yields are obtained by lowering or increasing the in-
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dividual input parameters within their uncertainties. They are listed in detail in[8.7]
For their combinations, possible correlations are taken into account.

The dominant systematic uncertainties in this analysis are due to the propagation
of JES calibration and JER uncertainties. Other jet-related systematic uncertainties
such as the differences between quark and gluon jets as well as between heavy
flavour (HF) and light flavour (LF) jets and the effect of pile-up interactions are
considered. Lepton-related uncertainties and systematic shifts affecting the Ejss
soft term and b-tagging uncertainties are computed.

The uncertainties on the methods used for the background estimate are taken into
account by e.g. comparing the control sample data for the ZV background estima-
tion in SR-Zjets with the Monte Carlo simulated WZjj — l,,;,qvlljj and ZZjj — llvvjj
samples. Errors are associated to the Jet Smearing Method due to the uncertainty
on the ERss/, /Emiss cut and the fluctuations in the non-Gaussian tails of the jet re-
sponse function. For the estimate of MC generator uncertainties, various generators
are compared.

7.8. RESULTS

. 120,1 .
The expected numbers of events in SR-mgTOQ’ 0.150" are given for each background

contribution and for the total expected SM background in Table [7.9] together with
the event yield measured in ATLAS data. The predicted SUSY signal yields for the

simplified model mass points with m - = 350 GeV and mgo =0 GeV for the {{x; —
~ ~ 1
Ww(D) (o) — ITvx§1~ XY process as well as with m; = 251 GeV and mg = 10 GeV for

the It1~ — 110~ process are also given.
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TABLE 7.9.:  The expected SM background contributions and the observed num-
bers of events in SR-mgTOQ’ 120150 “The ‘others’ background category summarises con-
tributions from non-prompt leptons, Z/~*+ jets and SM Higgs. Signal predictions for
a mass point of the simplified model process Y{x; — WT{W=x{ — itvx{i-v? and
for a mass point of the process R = IV~ xY are given. The one-sided p-value py is
shown together with the observed and expected 95% CL upper limits on the visible
cross section 2. [70].

V1S

SR-m% SR-m}% SR-mi%)

SF DF SF DF SF DF
Expected Background
ww 22.1+4.3 16.2+3.2| 3.5+1.3 3.3+1.2| 1.0+0.5 0.9+0.5
zv 12.942.2 0.8+0.2| 4.9+1.6 0.240.1| 2.2+0.5 <0.1
Top 3.0£1.8 5.5+1.9| 0.3 )3 < 0.1 <0.1 <0.1
Others 0.3+0.3 0.8+0.6| 0.1 %91 0.1+0.1| 0.1 7)1 0.0*%3
Total 38.2+5.1 23.3+3.7| 8.9+2.1 3.6+1.2| 3.240.7 1.0+0.5
Observed Events 33 21 5 5 3 2
Predicted signal
(m e+, mgo) = (350, 0) | 24.242.5 19.142.1| 18.1£1.8 14.7£1.7| 12.0£1.3 10.1+£1.3
(my. myo) = (251, 10) | 24.0+2.7 -1 19.1+2.5 - 14.3+1.7 -
Po 0.50 0.50 0.50 0.27 0.50 0.21
Observed 092, [fb] 0.63 0.55 0.26 0.36 0.24 0.26
Expected o9, [fb] 0.78 7032 0.62 T0-2¢10.37 *3-17 0.30 *5-1310.24 1513 0.19 910

For example for SR-mi%, the total expected event yield from SM processes for SF

final states is 8.9 + 2.1, but only 5 events are observed in data, including potential
SUSY signal. The quoted errors combine the statistical and systematic uncertain-
ties. This leads to a one-sided p-value pg of 0.50 and to a 0.26 fb observed 95%
CL upper limit on the visible cross section for non-SM events, ¢)7., as well as to
0.371517 fb for the expected limit on ¢%?,. Actually, when the value for p, exceeds
0.50, it is by default set to 0.50.

The p-value gives the probability of the background alone to fluctuate to the ob-
served number of events or higher. To obtain this value, a simultaneous likelihood
fit is performed which also takes as input the number of observed events in the SR.

The visible cross section is the cross section multiplied with the acceptance A and
the selection efficiency e, 0,;s = 0- A-e. The acceptance is the ratio of the number of
events in the SR using cuts on truth information over the number of MC generated
events. The truth information of an event uses the parameters of the physics objects
with which the event was generated. The efficiency is the number of reconstructed
events in the SR divided by the number of events in the SR using cuts on truth
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7.8 Results

information. oY%, is the result of a fit which also takes into account the observed

number of events in the SRs. The systematic uncertainties and possible correlations
are taken into account as nuisance parameters.

For DF final states, in total 2.6 + 1.2 events are expected and 5 events are ob-
served in data. The underprediction leads to a lower p-value of 0.27 and to the
observed limit on ¢, exceeding the expected limit on ¢%2,, 0.36 fb vs. 0.30 *J-13 fb.

Analogously, the numbers are given for SR-WW® % ¢ in Table and for SR-Zjets
in Table [7.11] Only for SR-WWF* in the DF channel are more events measured than
predicted, 11 vs. 9.0 + 2.2, what leads to a p-value of 0.31. In general, good agree-

ment between the prediction and measurement is observed.

TABLE 7.10.: The expected SM background contributions and the observed num-
bers of events in SR-WW® % ¢, The ‘others’ background category summarises contri-
butions from non-prompt leptons, Z/v* + jets and SM Higgs. Signal predictions for
mass points of the simplified model \{ vy — WH{W=x{ — 17vx91= 9% process are
given. The one-sided p-value py is shown together with the observed and expected

95% CL upper limits on the visible cross section 2>, [70].

VLS

SR-WW* SR-WW? SR-WW*

SF DF SF DF SF DF
Expected background
ww 57.8+5.5 58.2+6.0| 16.4+2.5 12.3+2.0| 10.44+2.7 7.3+1.9
zv 16.3+3.5 1.840.5| 10.9+1.9 0.6+0.2| 9.242.1 0.4+.02
Top 9.2+43.5 11.6+4.3| 2.4+2.7 4.3+1.6| 0.6")2 0.9+0.8
Others 3.3+1.5 2.0+1.1| 0.5+0.4 0.9+0.6| 0.1 )% 0.4+0.3
Total 86.5+7.4 73.6+7.9|30.2+3.5 18.1+2.6| 20.3+3.5 9.0+2.2
Observed events 73 70 26 17 10 11
Predicted signal
(m g+, mgo) = (100, 0) | 25.6+3.3 24.442.2
(g, mg0) = (140, 20) 8.3+0.8 7.2+0.8
(mg, my0) = (200, 0) 5.2+0.5 4.6+0.4
o 0.50 0.50 0.50 0.50 0.50 0.31
Observed ¢92; [fb] 0.78 1.00 0.54 0.49 0.29 0.50
Expected 092, [fb] 1.13 7035 1.11 T3-3110.66 T9-23 0.53 T93310.52 T2 0.41 T 19
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7.9 Interpretation of Results

TABLE 7.11.:  The expected SM background contributions and the observed num-
ber of events in SR-Zjets. The ‘others’ background category summarises contribu-
tions from non-prompt leptons, Z/v*+ jets and SM Higgs. Signal predictions for
mass points of the simplified model %9 — W*{0Zx) — qqx{1+1~ X} process are given.
The one-sided p-value py is shown together with the observed and expected 95% CL

upper limits on the visible cross section o2, [70].

SR-Zjets
Expected background
WWw 0.1+£0.1
zv 1.0+0.6
Top < 0.1
Others 0.3+£0.2
Total 1.4+0.6
Observed events 1
Predicted signal
(mig’xit, mi?) = (250, 0) 6.4+0.8
(mxg,xf’ m)z(lj) = (350, 50)| 3.7+0.2
bo 0.50
Observed ¢22_ [fb] 0.17
Expected 092, [fb] 0.19 4L

7.9. INTERPRETATION OF RESULTS

Since no significant excess is observed in data for the SRs described in this Chapter,
limits are set on the sparticle masses in simplified models and on SUSY parameters
in the pMSSM.

SIMPLIFIED MODELS The results obtained when selecting events with the definitions
of SRng%’uO’lE’O are interpreted in the simplified model for the Y x; — Ww(io)lv(l7) —
Itvx{1-vx} process which is depicted in Figure (@). The 95% CL exclusion limit is
shown in Figure (@). The continuous red line shows the observed limit together
with the + 1 of;gff; band indicated by red dashed lines. The latter is computed by
moving the nominal signal cross section up or down by £+ 1 ¢ the theoretical un-
certainty. The expected 95% CL exclusion region is given by the black dashed line,
the solid yellow band shows the + 1 o, variation. All statistical and systematic
uncertainties on the expected SM background and SUSY signal yields are taken
into account except for the the error on the cross section of the signal process. For
a neutralino mass of My = 0 GeV, i with masses between 140 and 465 GeV are
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7.9 Interpretation of Results

excluded at 95% CL.

The results of SR-WW* ¢ and of SR-Zjets are also interpreted in simplified mod-
els. The exclusion plots can be found in [70]. For SR-WW% b,c the simplified model
process of Y ¥7 — WHIW=x{ — 1tvx{i-v¢Y, depicted in Figure (b), is used to ex-
clude i masses between 100 and 105 GeV, 120 and 135 GeV and 145 and 160 GeV
at 95% confidence level for mgo = 0 GeV.

To interpret the results of SR-Zjets, the simplified model for Y3 — W*x{Zx) —
qqxX3171~ XY is used. The process is illustrated in Figure (c). Degenerate Y7~ and X9
masses between 180 and 355 GeV are excluded for a massless .

The masses of the same particles can be excluded between 100 and 415 GeV due
to the increased sensitivity when combining the results from the analysis presented
in this Chapter with the analysis in [72] which looks for electroweakly produced
SUSY with three leptons in the final state. For the combination, the fit is performed
on the combined likelihood function when using all relevant SRs, possible correla-
tions between channels and processes are taken into account.

Using the results from SR-mgTOQ’ 120,150 4n the simplified model process of IT]1~ —
I~ makes the exclusion of slepton masses between 90 and 325 GeV possible
at 95% CL. The ! is assumed to be massless and the right and left handed sleptons
are mass degenerate. The exclusion plot is shown in Figure (b).

PMSSM The 95% CL exclusion limits on the pMSSM with the ratio of the expec-
tation values of the Higgs fields tan set to 6 and the gaugino mass parameter M
set to 100 GeV is shown in the exclusion plot in Figure (c). The plot shows the
regions which are excluded in the p— M> plane at 95% CL. For each model point
the SR with the best expected sensitivity is used. The continuous red line shows
the observed limit, the red dashed lines indicate the region including the theoretical
uncertainty. The expected limit at 95% CL is shown by the dashed black line and
the + 1 0., by the solid yellow band. The green colour shows the area which is
excluded by the —1o0 expected limit. The continuous blue line indicates the regions
which are excluded by previous ATLAS analyses [73] and the solid orange colour
shows the LEP limits [74], [75].

The exclusion plots where tan(5) = 6 and M; = 140 or 250 GeV as well as the
combination with the ATLAS three lepton analysis from [72] are to be found in [70].

The interpretation with the pMSSM model with very large slepton masses, tan 5= 10
and M; = 50 GeV is shown in Figure (d), i.e. the exclusion limits at 95% CL.
For this plot the results of SR-Zjets are combined with the results of the three-lepton
analysis presented in [72].
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FiGUurE 7.11.:  The observed and the expected 95% CL limits. The continuous red
line shows the observed limit, the dashed red lines the & 1 aﬁgi’; region which is
computed by moving the nominal signal cross section up or down by + 1 o the the-
oretical uncertainty. The expected limit at 95% CL is indicated by the black dashed
line, the solid yellow band shows the + 1 o.,, region. All statistical and systematic
uncertainties on the expected yields are taken into account except for the the error
on the cross section of the signal process. The blue line indicates exclusion limits
obtained by previous ATLAS analyses, [63] for (a) and [73] for (c). The green colour in
(c) and (d) indicates the area which is excluded by the —1o expected limit. (a) shows

the exclusion limits in the simplified model for X x7 — lv(10)lv(10) — T v~ v us-

ing the results of SR-mgTOQ’ 120,150, (b) uses the same results but interprets them in
the simplified model process of IT1~ — Itx{1~ %Y. (c) shows the exclusion limits for
the pMSSM model with tan = 6 and M; = 100 GeV, using the SR with the best
expected sensitivity for each model point. (d) uses the results of SR-Zjets in combi-
nation with the one of to set limits on pMSSM models with very large slepton

masses, tan3 = 10 and M; = 50 GeV [70].
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8. CHARGINO-NEUTRALINO PRODUCTION
FOLLOWED BY A DECAY WITH
INTERMEDIATE HIGGS BOSON

The two analyses which were presented in this thesis so _far, do not explicitly address
the decay modes of electroweakly produced SUSY into a Higgs boson. The discovery
of a Higgs-likke particle in the year 2012 [7], [8] and the subsequent confirmation of
this particle being the SM Higgs boson is the motivation to especially search for the
SUSY decay scenarios which involve a Higgs boson. The analysis which is presented
in this Chapter looks for SUSY after the electroweal production of )Zli X9 with two same
sign leptons in the final state. It is assumed that the 5({5 decays into a W* boson and
a ¥}, and that the Y decays into a H and a X{. The data which was recorded in 2012
at /s = 8 TeV, corresponding to an integrated luminosity of 20.3 fb~!, is analysed.
The background estimation and the signal region optimisation are discussed in the
following Sections. The expected results are shown at the end of this Chapter. The
publication of this analysis is in preparation.

8.1. SUSY DECAY SCENARIO

It is assumed that a pair of y{J is produced electroweakly and that it decays into
a SM Higgs boson in association with a W boson. For a final state with two leptons
the following decay chains are possible:

o H(—= ZZ)VIWERY = 1F1-viri%7 9.

o H(—= ZZ)IWERY = 171930 qa 12,

o H(—WHWH)RIWE) = itul- 5397 ¢ and
o H(=WHWI)RWEL — iFvgg WiEvsy.

The first three decay chains lead to two OS leptons and to two or four quarks
in the final state. They have a detector signature which is very similar to the SM
processes of Z + jets and tt production. The analysis in this Chapter focuses only on
the final state with two SS leptons - the last decay chain in the list above leads to
two OS or SS leptons. The process is depicted in Figure [8.1]
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8.2 SM Background

FIGURE 8.1.:  The graph for the SUSY decay scenario after the electroweak pro-
duction of Yiy3, leading to two OS or SS leptons (electrons, muons) in the final
state.

SIMPLIFIED MODEL 28 mass points are simulated in a simplified model, varying the
masses of the Y, 9 and y{. The {3 and i are wino-like and mass-degenerate,
the %Y is bino-like. The cross section for the production of ;zlixg is 4.24 pb for
mxi, Xy = 130 GeV and decreases to 220 fb for myi,y) = 275 GeV. The slepton
and squark masses are set to high values (O (100 GeV)). The branching ratios for
the decay of Yy — W*{? and yJ — Hx) are both 100%. The mass of the Higgs boson
is set to 125 GeV and the branching ratios are the same as in the SM. The signal
samples are generated using Herwig++ [65].

PMSSM The pMSSM which will be used for interpreting the results is the same as
the one for the analysis in Chapter [7] with tan 3 =10. The masses of the squarks, the
gluinos, the CP-odd Higgs and the sleptons are very high. ;%3 can thus only decay
via W, Z or H bosons. M is set to 50 GeV and the ; and M»; parameters are varied.
The branching ratios for the Higgs decays are similar to the ones in the SM but for
p= 200 GeV (100 GeV), the branching ratio for H — ¥{%} BR rises to 20% (70%).

8.2. SM BACKGROUND

The SM processes that can have a signature similar to the SUSY signal final state,
i.e. two SS leptons, at least two jets and missing transverse energy from the unde-
tected particles, are: non-prompt leptons, i.e. jets which fake leptons, and diboson
processes like W*7Z — [*vitl~ or ZZ — 717171~ when not all leptons are identified.
The contribution due to fake leptons is estimated with a data-driven method. The
diboson processes are simulated with the Monte Carlo generator SHERPA [48]. Gen-
uine SM background processes which lead to two SS leptons in the final state are
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8.3 Physics Object Definition

e.g. tt+V and WWW* which are simulated with MADGRAPH [53] and POWHEG [66],
respectively.

The contribution from OS events due to charge mis-identification is studied as
well.

8.3. PHYSICS OBJECT DEFINITION

The events and physics objects used in this analysis are selected according to the
criteria stated in Sections [5.4] and [5.3] Except for the isolation criteria the physics
objects have to fulfil the same requirements as for the analysis described in Chap-
ter [7} They undergo the over overlap removal described in Section [5.3.6]

ELECTRONS Electrons need to have pr > 10 GeV and the absolute value of the
pseudorapidity of the utilised calorimeter clusters must be smaller than 2.47. They

need to be reconstructed with the ‘tight++ criteria and have to fulfil the following
PV

requirements on their impact parameters: |a(dc(l)PV)
|z0 - sin(f)] < 0.4 mm for the longitudinal one. T%ey must be isolated, i.e. the scalar
sum of the pr of tracks with pr > 0.4 GeV, |d{’V'| < 1.5 mm, a b-layer hit and > 9 hits in
the SCT within a cone of size AR = 0.3 (‘ptcone30’) around the electron must be less
than 7% of the electron pr, but at maximum 4.2 GeV. The b-layer is the innermost
layer of the PD. Another isolation criterion is that the pile-up corrected sum of
Er of the calorimeter clusters which surround the electron in a cone of AR = 0.3
(‘Etcone30Corr’) must be less than 13% of the electron pr, but at maximum 7.8 GeV.

| < 3 for the transverse one and

Muons Combined muons which are reconstructed with the staco algorithm are
used as well as segment-tagged muons. They must fulfil a list of quality require-
ments, i.e. have a certain number of hits in the PD, the TRT and the SCT. The pr
must be larger than 10 GeV and |n| must be smaller Igt&an 2.5. Regarding the impact
dp

a(dg")
Only isolated muons are used, for this the pile-up corrected sum of Er which is de-
fined in a similar way as for electrons (‘Etcone30Corr’) must be smaller than 14% of
the muon pr in AR = 0.3, but at maximum 8.4 GeV. The ptcone30 variable must be

smaller than 6% of the muon pr, but at maximum 3.6 GeV.

parameter, all reconstructed muons need to fulfil | | < 8 and |z-sin(d)| < 1 mm.

Taus The tau identification is based on a multivariate analysis technique. The tech-
nique is used to discriminate the hadronically decaying taus from jets or electrons.
Taus must have a py of more than 20 GeV, |5| < 2.5 and one or three tracks. Events
are vetoed if they contain any tau.
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JETS Jets are reconstructed with the anti-kr algorithm with the distance parameter
R = 0.4 and topological clusters as input. Baseline jets are calibrated as described
in Section and need to have pr > 20 GeV and |n| < 4.9 before they undergo the
overlap removal procedure.

The jets are further defined according to the requirements listed in Table [8.1]
The criteria concern the transverse momentum, the pseudorapidity and the JVF of
the objects. The b-jets in addition must satisfy the ATLAS MV1 b-tagging algorithm
working point for which the tagging efficiency is 80%.

TABLE 8.1.:  The definitions of the signal jets.

Central light jets | Central b-jets | Forward jets
pr [GeV] > 20 > 20 > 30
7] <24 <24 [2.4,4.5]
JVF |[JVF| > 0O if pr < 50 GeV . .

EJ''s$  The missing transverse energy is computed using the transverse momenta of
the electrons, muons and photons with pr > 10 GeV and of the jets with pr > 20 GeV.
The soft terms, i.e. the calibrated calorimeter clusters which are not associated
to a physics object, are also taken into account. For the calculation of EF$, the
calibrated and/or smeared transverse momenta are used.

8.4. DISCRIMINATING VARIABLES

To better distinguish the SUSY signal process from the SM background, among
others the ‘effective mass’ and the reconstructed invariant mass of the Higgs boson
are used.

EFFECTIVE MAss The effective mass m.y; is the sum of the transverse momenta of
the two SS leptons, the NV central light jets (see Table and the missing transverse
energy:

N
Meps =P +DF + Y P+ EF (8.1)
7

myj, my;; The invariant mass of the Higgs boson which decays into W W~ and then
into I*vqq, my;;, is computed from the invariant mass of the lepton-dijet system. The
system is formed by the two central light jets with the highest transverse momenta
in the event and by the lepton which is closest in the n-¢-space. The distribution
of my;; is expected to peak below the mass of the Higgs boson because the miss-
ing transverse energy due to the neutrino is not regarded in the computation. In
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events where only one of the two expected jets is reconstructed, the m;; variable is
computed from the total invariant mass of the central jet and the closest lepton.

8.5. EVENT SELECTION

The goal of the analysis is to select events of the signal process H(— WW7)x{W*y{ —
Frg X1 vy and to suppress SM background processes which have a similar de-
tector signature. The events need to have a positive decision of one of the dilepton
triggers listed in Table for the analysis of /s = 8 TeV 2012 data, according to the
trigger strategy explained in [7.6.2] MC events are reweighted with the probability
that the trigger has a positive decision.

Exactly two SS leptons and no hadronically decaying taus, b-jets or forward jets
are required. Although in the addressed SUSY scenario two quarks are expected in
the final state, also events with only one central light jet are considered because the
second jet could be not reconstructed. Events with three central light jets can also
increase the sensitivity to this simplified model because a third jet can be the result
of initial state radiation.

8.5.1. THIRD LEPTON VETO

For the final states with two muons or one electron and one muon in the final state,
the diboson processes ZV, where V=W or Z, are a dominating background contri-
bution along side the background due to non-prompt leptons. For ee events, the
contribution from Z + jets processes is relatively high. This is shown in the distribu-
tions in Figure for the transverse momentum of the leading lepton in ee, up or
ep events when requiring two SS leptons and one, two or three central light jets.
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8.5 Event Selection

The W*Z — I*viti~ process has the same detector signature as the SUSY signal
process if the third lepton in the final state does not pass the selection criteria for
electrons or muons. In order to further suppress this process, a loose third lepton
is selected in addition to the two SS leptons and is combined with one of the two SS
leptons to obtain a SFOS pair. If the invariant mass of the SFOS pair is close to the
mass of the Z boson (inside the window of 91.2 + 20 GeV), the event is rejected.

All leptons with a pr larger than 6 GeV which fulfil the requirements on the impact
parameters for electrons and muons as listed in and which are reconstructed
with ‘medium++’ criteria, are considered as candidates for the third leptons. These
candidates must not overlap with any of the two SS leptons; the distance in the
n-¢-space, AR, must be larger than 0.05.

A study shows why the lepton selection is not passed by the loose leptons defined
above. The histograms in Figure show in the first bin the total number of third
leptons. Events with two SS leptons and one, two or three central light jets are
selected. The second bin shows the number of third leptons which have a transverse
momentum which is too low to be selected according to the trigger-dependent offline
thresholds. Most third lepton candidates are not selected because they are too soft.
In many ee or ey events in which the third lepton is an electron, see Figures (@)
and (c), the third electrons do not pass the selection criteria because they are too
close to another physics object, i.e. they do not pass the overlap removal procedure.
They may also not be properly isolated or not reconstructed with the ‘tight++’ quality.
Each of these criteria has a corresponding bin in the histograms which is labelled
accordingly. Third muon candidates for muu or ey events, see Figures (b) and
(d), may pass the overlap removal procedure, may not be well isolated or may not be
prompt (using the truth information).
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FicUure 8.3.:  For events with two SS leptons and one, two or three central light

jets, the first bin of the histograms shows the total number of third leptons which
can be combined to a SFOS pair with one of the two SS leptons. The other bins
show how many of the third leptons do not pass the selection because of pr, 1,
isolation or impact parameter requirements, because of the reconstruction quality,
the overlap removal or because they are not prompt. By definition the background
contribution due to non-prompt leptons (grey colour) only has third leptons which
are ‘not prompt’. The MC simulated W Z processes are shown in light green colour.
Figure (a) contains third leptons which are electrons in the ee channel, (b) muons in
the pu channel, (c) electrons in the ep channel and (d) muons in the ey channel.
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Only leptons which are not originating from a semileptonic b- or c-decay inside a
jet or from bremsstrahlung, i.e. which are prompt, should be considered as third
lepton candidates. The third lepton which can be used to form a SFOS pair with one
of the two SS leptons and for which the pair has an invariant mass close to my is
often close to a jet in the 7n-¢-space. The two-dimensional histograms in Figure
show on the y-axis the invariant mass of the SFOS pair in an event whose invariant
mass is closest to the mass of the Z boson. The AR of the third lepton to any
baseline jet in the event is shown on the z-axis. The Z-mass window is indicated by
two horizontal orange lines. From the distribution in Figures (a) and (c) for third
electrons in ee or eu events it can be concluded that the third electrons and jets are
well separated. The third muons in pup and ey events on the other hand are close to
jets in most cases, see Figures [8.4] (b) and (d). These muons would be removed in
the overlap removal procedure.
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FIGURE 8.4.:  The invariant mass of the SFOS pair (one third lepton and one of

the two SS leptons) in the event whose mass is closest to the mass of the Z boson
vs. AR between the third lepton and any baseline jet in the event. The horizontal
orange lines indicate the 91.2 + 20 GeV window. Figure (a) contains third leptons
which are electrons in the ec channel, (b) muons in the pu channel, (c) electrons in
the ey channel, (d) muons in the e; channel.
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8.5 Event Selection

The origin of the third leptons which are closer to a jet than AR = 0.4 and which
are part of a SFOS pair with in an invariant mass inside the Z-window is studied
and listed in Table In most of the WZ events (92 - 99%) in which a Z-candidate
is found, the third lepton is prompt, i.e. originating from the decays of Z/v* bosons,
W bosons or 7 leptons. Thus most third lepton candidates are not the result from
a semi-leptonic c¢- or b-decay inside a jet. Only in very few events (< 6%) the third
lepton is originating from a ‘heavy flavour’ (HF) or ‘light flavour’ (LF) jet as indicated
in the truth information. ‘Heavy flavour’ refers to - and c-hadrons, ‘light flavour’ to
the lighter quarks. Thus, events in which the third lepton candidate is close to a jet,
but the SFOS pair has a mass inside the Z-window, can be safely rejected.

To visualise the effect of the veto, Table shows the event yield in the six SRs
which will be defined in Section without applying the ‘third lepton veto’ to
suppress the W27 background (‘before’) and when additionally applying the third
lepton veto (‘after’). The largest reduction is observed for SRY, in which the event
yield for simulated W Z processes is decreased by 28%. In SR}, a cutback of 22% is
achieved. For the other background contributions no events are rejected or the event
yield is minimally decreased within the statistical uncertainty. For the predicted
SUSY signal a maximum reduction of 3.68% in SR/, is obtained, using the mass

point with (mﬁ,fcg’mﬂ?) = (130, 0) GeV.
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8.5 Event Selection

TABLE 8.2.:  For the WZ MC sample, the number of all events with a Z-candidate
formed by one of the SS leptons and a third lepton is given. The percentage of events
in which a jet is found close to the third lepton, i.e. AR < 0.4, and for which the
third lepton truly is prompt, a HF jet or a LF jet, is also listed.

ee Jp eu

electrons muons
Number of events with Z-candidate 405 | 3987 413 2554
Third lepton is prompt 91.6% | 94.4% 97.8% 98.8%
Third lepton is HF jet 2.2% | 3.5% 0.5% 0.7%
and in addition AR < 0.4 2.0% 3.0% 0.5% 0.6%
Third lepton is LF jet 57% | 2.1% 1.2% 0.5%
and in addition AR < 0.4 4.2% 2.0% 1.2% 0.5%

120



8.5 Event Selection

TABLE 8.3.:
the full SR definition applied except for the third lepton veto (‘before’) and after the
additional third lepton veto (after’). The statistical errors are quoted. The reduction
in percent when applying the third lepton veto is given in brackets. The ‘signal’ is
the prediction for the simplified model mass point for (mili,ig’m”?) = (130, 0) GeV.

X

The events are normalised to an integrated luminosity of 20.3 fb~!.

The event yield for the different background contributions with

SRS, SRI%, SRil,

before after before after before after
Fake 3.240.6 3.240.6(0%) | 0.15+0.23  0.00+0.12(100%) | 3.040.6 3.0+0.6(0%)
wWZ 2.440.4 2.24+0.4(6.8%)| 5.0£0.6 3.94+0.5(21.6%) | 4.6+0.6 3.34+0.5(27.6%)
wWw 0.39£0.04 0.3940.04(0%) [ 0.27£0.04  0.27£0.04(0.99%) | 0.46£0.04 0.46+0.04(0%)
tt+Wt |0.1240.01 0.12+0.01(0%) | 0.01£0.01 0.01+0.01(0%) | 0.144+0.01  0.1440.01(0.76%)
Z + jets 0.06+0.02 0.06+0.02(0%) 0+0 04+0(0%) 0+0 0+0(0%)
Higgs 0+0 0+0(0%) [0.13£0.05  0.13£0.05(1.83%) | 0.09+0.04 0.08+0.03(6.74%)
Total 6.1+0.7 6.0+£0.7(1.9%) | 5.5+0.7 4.3+0.6(0.8%)| 8.3+£0.8 7.1+0.7(0.9%)
Signal 24404 2.440.4(0%)| 4.6+0.5 4.540.5(3.7%)| 5.6£0.6 5.6+£0.55(0%)

SR5% et SREL,% jet SR;% jet

before after before after before after
Fake 2.1£0.5 2.1+0.5 (0%) [ 0.14+£0.06 0.114+0.05 (19.11%)| 0.7+0.3 0.6+0.3 (9.0%)
wWZ 0.894+0.25 0.73+0.22 (18.16%)| 2.0£0.4 1.6+0.4 (17.8%) |1.17£0.26 1.1140.26 (5.71%)
ww 0.34£0.05 0.34+0.05 (0%) | 0.41+0.06  0.4040.06(1.28%) | 0.2440.04 0.24+0.04 (0%)
tt+ Wt [0.084£0.01  0.0840.01 (0.48%) |0.0240.01 0.0240.01 (0%) [0.07+0.01  0.07+0.01 (0%)
Z + jets|0.58+0.14 0.58+0.14 (0%) 0+0 0+0 (0%) 0+0 0.00+0 (0%)
Higgs |0.04£0.03 0.0440.03 (0%) | 0.044-0.02 0.0440.02 (0%) | 0.0310.02 0.03+0.02 (0%)
Total 4.140.6 3.940.6 (4.0%)| 2.340.4 2.0+0.4 (0.9%)| 2.240.4 2.140.4 (0.9%)
Signal 24404 24404 (0%)| 3.540.5 3.440.5 (1.6%) | 3.44+0.4 3.4+0.4 (0%)
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8.5 Event Selection

8.5.2. DEFINITION OF THE SRS

The optimisation of the six SRs split depending on the lepton flavours (ee, pup and
ep) and the number of central light jets (one jet or two and three jets), is based on
the significance variable Zy as defined in Chapter [3] The distributions of geometrical
and kinematic event and object variables are studied to deduce the cut values which
maximise the significance.

8.5.2.1. SR{,, SRS

jets

For the final state with two SS electrons, the SM background processes due to the
Z + jets production dominate over the predicted signal for the invariant masses of the
dilepton system being close to the mass of the Z boson. The distribution is shown
in Figure (a) for final states with exactly one central light jet and in Figure
(b) for two and three central light jets. Only events with |m..— 92.1 GeV| > 10 GeV
are selected.

The cut efficiency for increasing cut values (decreasing cut values for m;;, my;;) for
the SM background expectation and for the predicted SUSY signal, and the signifi-
cance Zpy are shown for each bin .

The transverse momentum of the leading electron must be larger than 30 GeV and
the transverse momentum of the subleading electron must be larger than 20 GeV.
For SR{S, my; must be smaller than 90 GeV and the effective mass must be larger
than 200 GeV. The maximum of the transverse masses of the leading lepton and the
missing transverse energy, my(I!, Ef¥*%), and the subleading lepton and the missing
transverse energy, my (12, EJ¥%) is abbreviated by ‘maz(mr) and must be larger than
110 GeV for SR%;,. For the SR with two or three jets, m,;; must be smaller than
120 GeV.

Due to the neutrinos and neutralinos in the final state of the SUSY signal pro-
cess it is meaningful to require a minimum value for the relative missing trans-
verse energy. The EJ'**" distributions for SRS, and SR5%;., are shown in Fig-
ures (c) and (d), respectively. The predicted SUSY signal for the mass point with
(mﬁ,ngmx?) = (130, 0) GeV is almost flat while the distribution for the SM back-
ground processes peaks at low values. The SM background is suppressed when
cutting on EJ'**" Jarger than 55 GeV (30 GeV) for SR{S; (SRSG;c4)-
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Ficure 8.5.:  The lower plots show the distributions for the variables which mo-
tivate the cuts for the SR definition. The events are not selected due to the full SR
definition but the cuts are applied in the order which is given in the Table[8.4 ‘Fake’
is the expected bg contribution due to non-prompt leptons which is estimated data-
driven with the Matrix Method (grey colour). The other SM background processes ZV
(blue), Z + jets (orange), Top (light green), WW (red) and Higgs (yellow) are simulated

with MC. The predicted SUSY signal for the mass point with (mﬁt XS’mi?) = (130,

0) GeV is superimposed (pink dashed line). The upper plots show the cut efficiency
for increasing cut values for the SM background expectation (black line) and for the
predicted SUSY signal (red line). The blue stacked line shows the significance Zy.
(a) shows the distribution for the total invariant mass of the two electrons in SRS,
(b) shows it for SR5%;.,. (c) shows the distribution of Epssel jn SRS and (d) shows
it for SRS% ;e -
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8.5 Event Selection

The distributions of the mentioned variables are shown in Figures[A.1],[A.2]and [A.3]
in Appendix|A.1] The SR-defining cuts are applied in the order given in Table and
the distribution of each variable is shown before the cut on the particular parameter.
For example is the distribution for m;; in SR, shown after the requirement on my,,

on the transverse momenta of the leptons and on max(mr), but before cutting on
miss, rel

mij, Meyf OT E

When the full SR definitions are applied, event yields from the SM background
and the predicted SUSY signal are used to estimate the expected sensitivity. The
significance 7 is computed for each mass point. A flat uncertainty of 30% is applied
on the background in each SR to be conservative. Zy is shown for the different
values of the degenerate masses of the y{ and the ) and the mass of the ¥{ for the
event yield in SR{,, in Figure (a) and for SR5%,, in Figure ). The point with
(m_+ _o,m o) (130, 0) GeV has the maximum value of Zy of O. 50 for SR{S.; and of

X1 Xo
0. 68 for SRS?3 jet- The ee channels are therefore most sensitive to this mass point.
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FIGURE 8.6.:  When applying all the cuts of the definition for SR{S.; (a) and SRS’
(b), the expected Zy can be computed from the resulting event yield for all mass
points of the simplified model grid. Various values of the masses of Yi, ¥ and x!
are scanned. The colour index and the printed numbers show the results for Zy for
each mass point. The events are normalised to an integrated luminosity of 20.3 fb~!.

8.5.2.2. SRIL,, SRS,

The SRs with two muons in the final state are designed as explained in the following.

For the SR with exactly one central light jet, the leading muon has pr > 30 GeV
and the subleading muon has pr > 20 GeV. The pseudorapidity between the two
muons, An;, must be smaller than 1.5. This requirement is motivated by the dis-
tribution of Any; in Figure (@) where both the distributions for the background
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8.5 Event Selection

processes and for the predicted SUSY signal peak at low values, but the signal dis-
tribution decreases quicker for higher values of Any;.

In SRy, max(mr) must be larger than 110 GeV. The distribution for m; after
applying the cuts on the pr of the leptons, An; and maxz(mr), but before the cut on
meys (the order of cuts is given in Table is shown in Figure (c). Only using
events for which m,; is lower than 90 GeV cuts away the tail of background events.
The difference between the cut efficiencies for signal and background is maximum
at ~ 90 GeV and Zy, the blue stacked line, is very high.

The effective mass must be larger than 200 GeV in SR%;. The plots for the distri-
butions of the other variables can be found in Appendix in Figures and [A.5]

The definition of SRy, requires that both muons have a pr of more than 30 GeV.
The variable Arn; must be smaller than 1.5. The corresponding plots can be found
in Figures and in Appendix [A.2] In Figure (b), the distribution for
myj;, the variable that reconstructs the mass of the Higgs boson under the as-
sumption that H — W*TW ™~ — lvqq, is shown. The SUSY signal distribution for this
variable should have its maximum for values lower than my = 125 GeV. For my;;
higher than 120 GeV, the distribution of the predicted SUSY signal indeed decreases
steeply while it has a peak for values of 120 GeV. Therefore the requirement of
myj; < 120 GeV mainly suppresses SM background processes.

Requiring that the effective mass must be larger than 200 GeV selects mainly sig-
nal events since the SM background distribution peaks at values for m.; < 200 GeV,
as shown in Figure (d).
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FiGURE 8.7.:  The lower plots show the distributions for the variables which mo-
tivate the cuts for the SR definition. The events are not selected due to the full SR
definition but the cuts are applied in the order which is given in the Table[8.4. The
expected SM background consists of ‘Fakes’ (grey colour), ZV (blue), Z + jets (or-
ange), Top (light green), WW (red) and Higgs (yellow).. The predicted SUSY signal
for the mass point with (mﬁ,ig’mfé’) = (130, 0) GeV is superimposed (pink dashed
line). The upper plots show the cut efficiency for increasing cut values (decreasing
cut values for my;, my;;) for the SM background expectation (black line) and for the
predicted SUSY signal (red line). The blue stacked line shows the significance Zy.
(a) shows the distribution of Any; in SRﬁ‘gfet, (b) shows my; for Slefét- (c) shows the
distribution of m;;; in SRy, and (d) shows the effective mass for SRy ;..

126



8.5 Event Selection

The significance Zy is computed for each mass point of the simplified model grid,
using the event yield of the expected SM background and of the predicted SUSY
signal in SR}, and SR}%;.,. The plots are shown in Figure E (a) and (b). Again the

SRs are most sensitive to the point with (mgx co,my ) = (130, 0) GeV. In SRy, the

significance of this point is equal to 1.58.

(a) £

70

60

50

40

30

20

10

0

140 160 180 200 220 240 260 140 160 180 200 220 240 260

R T

FIGURE 8.8.:  When applying all the cuts of the definition for SR} (a) and SRy
(b), the expected Zy can be computed from the resulting event yield for all mass
points of the simplified model grid. Various values of the masses of Yi, ¥ and !
are scanned. The colour index and the printed numbers show the results for Zy for
each mass point. The events are normalised to an integrated luminosity of 20.3 fb~!.

8.5.2.3. SRl](t; SRgféjct

The SRs with one electron and one muon with same electrical charge in the final
state require pr > 30 GeV both for the leading and the subleading lepton. In addition,
An; has to be smaller than 1.5. Figures (a) and (b) show the distribution of
the maximum of the transverse masses of the leading lepton and EF** and the
subleading lepton and E7¥**. In both histograms, the distribution for the predicted
SUSY signal is rather symmetric and peaks at ~ 110 GeV. The distribution for the
SM background on the other hand peaks at values lower than 110 GeV. For SR
as well as for SRY;;,, it is therefore required that this variable exceeds 110 GeV.

my; is shown in Figure (c) for SR, and in Figure [8.9| (d) for SR}'; ;. In both
histograms, the distribution for the predicted SUSY signal peaks at low values; in
this region the contribution of the SM background is rather low. Therefore SRY,
requires m;; < 90 GeV and SR}, requires my;; < 120 GeV. Furthermore the effec-
tive mass in both SRs must be larger than 200 GeV. The histograms of the other
variables with cuts applied in the order as given in Table are to be found in

Appendix [A.3|in Figures[A.6)and [A.7]
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FiGUrRE 8.9.:  The lower plots show the distributions for the variables which mo-

tivate the cuts for the SR definition. The events are not selected due to the full SR
definition but the cuts are applied in the order which is given in the Table[8.4. The
expected SM background consists of ‘Fakes’ (grey colour), ZV (blue), Z + jets (or-
ange), Top (light green), WW (red) and Higgs (yellow). The predicted SUSY signal
for the mass point with (mﬁ,ig’mfcﬁ’) = (130, 0) GeV is superimposed (pink dashed
line). The upper plots show the cut efficiency for increasing cut values (decreasing
cut values for my;, my;;) for the SM background expectation (black line) and for the
predicted SUSY signal (red line). The blue stacked line shows the significance Zy.
(a) shows the distribution of max(mr) before cutting on it in SR‘f’j‘et, (b) shows it for
SRY3;et- () shows the distribution of my; in SR, and (d) shows m;; for SRy3 ;.
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8.5 Event Selection

For each mass point of the simplified model grid, the significance is computed
from the expected event yield in the SRs. For SR, the distribution is shown in
Figure ; the most sensitive mass point reaches Zy = 1.22. For SR; jet» Shown
in Figure (b), the significance reaches a maximum value of 1.51 for the same

mass point with (mﬁ&g,mi?) = (130, 0) GeV.
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FIGURE 8.10.: When applying all the cuts of the definition for SR, (a) and
SR;’% et (b), the expected Zy can be computed from the resulting event yield for all
mass points of the simplified model grid. Various values of the masses of \i, %3
and ! are scanned. The colour index and the printed numbers show the results for
Zn for each mass point. The events are normalised to an integrated Iuminosity of

20.3 b~ 1.
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8.6 Background Estimation

TABLE 8.4.:  The signal region definitions.

ee ee Hp 12t ep ep
SRI jet SRQ,Bjet Sleet SRQ,Bjet Sleet SR‘Z,Bjet

Leptons 2 2 2 2 2 2
Hadronic taus 0] 0 0] 0 0] 0]
Lepton flavour ee ee L L el el
3rd lepton veto yes yes yes yes yes yes
Central light jets 1 2o0r3 1 2o0r3 1 2o0r3
Central b-jets 0 0 0 0 0 0
Forward jets 0 0 0 0 0 0

|mee —mz| [GeV] > 10 > 10 — — _ _
pr (Lo, l1) [GeV] 30, 20 30, 20 | 30,20 30, 30 | 30, 30 30, 30

Any — — | <15 <15| <15 < 1.5
maz(mr)[GeV] — >110| > 110 — | >110 >110
my; or my;; [GeV] | <90 <120 | <90 <120| <90 <120
meyss [GeV] > 200 — | > 200 > 200 | > 200 > 200
Efss el [Gev] >55 > 30 — — — —

8.6. BACKGROUND ESTIMATION

The dominating background contribution due to non-prompt leptons is estimated
with a data-driven method; all other SM processes are simulated with MC.

8.6.1. NON-PROMPT LEPTONS

Non-prompt leptons can originate from leptonic decays inside jets or can truly be
mis-identified jets. When a particle interacts with detector material, a photon can
be emitted and produce a ete~ pair. The resulting electrons are non-prompt. The
goal is to estimate the number of events in which a process leads to one or two
non-prompt leptons which fulfil the selection criteria for electrons or muons.

8.6.1.1. MATRIX METHOD

The MC simulation of QCD multi-jet background is difficult because the modelling
of the hadronisation processes is very CPU intensive due to the high cross sections.
The probability for a lepton to be non-prompt is measured in all available Monte
Carlo simulated samples for SM processes, for which the truth information, i.e. the
information about the actual origin of a lepton, is accessible. The expected number
of events which contains at least one signal lepton that is non-prompt is estimated
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8.6 Background Estimation

from ATLAS data:

The idea of the Matrix Method will first be explained for events with exactly one
lepton in the final state. The number of leptons which fulfil loose’ requirements,
N’, and the number of leptons which in addition fulfil ‘tight’ requirements, N7, are
measured. They are composed from leptons which are ‘loose’ and ‘real’ (V ]%), loose
and ‘fake’ (Nf), ‘tight’ and ‘real’ (N}) or ‘tight’ and ‘fake’ (N}):

Nt = NE 4+ NE. (8.2)
and
NT L ij«: L L L
NT:N§+N£:N—§-NR+W-NF::T.NR+f-NF. (8.3)
R F

‘Loose’ electrons only need to have a pr of more than 10 GeV, |n| < 2.47 and ‘'medium++’
reconstruction quality. ‘Loose’ muons only need to have pr > 10 GeV and |5| < 2.5. In
contradiction to the ‘tight’ leptons, loose leptons may not fulfil the requirements on

the impact parameters or isolation and may not pass the overlap removal procedure.
NT
The probability for a lepton to be prompt, the real efficiency r = N—z, and the prob-

ability for a lepton to originate from a jet or from a conversion process, the fake
Ni
NE’
The system of the two linear equations can then be solved to obtain the number of
events with a tight lepton which is fake, i.e. non-prompt.

rate f = are measured in MC samples with the help of the truth information.

The true composition of the sample, i.e. the origins of the leptons which are not
measurable in ATLAS data, is related to the observable composition of the sample,
i.e. how many leptons fulfil the tight requirements [76].

For a final state with exactly two leptons, estimating the SM background due
to non-prompt leptons means estimating the number of events where one or two
leptons are non-prompt. Measurable are the number of events in which the leading
lepton is tight and the subleading lepton is only loose, N*, the number of events in
which the leading lepton is only loose and the subleading lepton is tight, N%7', and
the number of events in which both leptons are tight, N77, or in which no lepton is
tight, NI,

These numbers can be related to the number of events with one or two loose and
fake leptons, Nkk, NEE and NEL, or with two loose and real leptons, Ni%, by the
following matrix formula:

NTT rirg rife fire fif2\ (NEE
NTL _ 172 T1f2 Jilf2 ]ilf? NI%%/?
N N mry Fife fire fifo | | NEE
NLL 172 771]?2 f1f2 fle N#%’
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fi=1—fi, 7; = 1 —r;, where r; is the real efficiency for lepton i, and f; is the fake rate
for lepton .

RATEs The fake rates and real efficiencies are measured individually for electrons
and muons. They depend on the origin of the lepton, i.e. the information if a lepton
is truly due to a HF jet, a LF jet or if an electron is the result of a conversion process
(conv). The rates are studied individually in Z + jets, W + jets, tt, bl_)/ cc and diboson SM
processes, all simulated with MC. PYTHIA [45] is used to generate the bE/ cc sample.
The probability for a lepton of a certain origin to be tight (i.e. a signal lepton) under
the condition that it is loose (i.e. a baseline lepton) is measured depending on n and
pr in so-called extraction regions. For the extraction regions exactly two baseline
leptons with any sign, at least one central loose jet and no taus are required.

ScALE FACTORS Since the simulation of the detector response is not perfect, scale
factors (SFs) need to be applied on the fake rates and real efficiencies. They take
into account the differences between the event yield of the expected SM background
and the event yield of data in CRs which are enriched in non-prompt HF, LF or
conversion leptons. The SFs depend on the lepton pr and for electrons also on the
pseudorapidity; the values are measured in the central (|| < 1.37) or forward region
(|n| > 1.37).

e For real efficiencies, scale factors are deduced from a sample of real leptons.
To define the sample, tag leptons are selected with the Tag & Probe method
in Z — [T~ events. They must have pr > 25 GeV and pass the single-lepton
trigger. The SFs are found to be consistent with unity within 1%.

e A CR enriched in bb/cc processes is defined to deduce the SF for HF non-prompt
leptons. The Tag & Probe method is applied by tagging muons which are over-
lapping with b-jets in the n-¢-space and which have pr > 20 GeV. The other
probe lepton in the event can be a muon or an electron. The event must have a
positive decision for the corresponding dilepton trigger. The missing transverse
energy must not be larger than 40 GeV. The missing transverse energy and
the probe lepton are used to compute the transverse mass, mr(l, E7**¢), which
must not be higher than 40 GeV. The contamination from genuine W + jets
events is estimated in the region 40 < my(l, E7%*) < 100 GeV and is subtracted
from the CR.

If the probe lepton is a muon, the dilepton invariant mass must be larger than
40 GeV and must be outside the Z-mass window.

For central muons (electrons), the SF value is 1.02 + 0.23 (0.81 £ 0.17) and for
forward muons (electrons) 1.31 &+ 0.38 (0.62 + 0.15). The errors are statistical.

e To measure the SF for conversion electrons, events with exactly two OS signal
muons and one baseline electron are selected. The three objects must have
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8.6 Background Estimation

a total invariant mass close to the mass of the Z boson. EJ'** < 50 GeV and
my(e, E1%%) < 40 GeV are required. For central electrons, the resulting SF is
1.08 £+ 0.24 and for forward electrons, 0.88 + 0.17.

e The contribution from LF non-prompt leptons is less than 20% and the SF
is assumed to be equal to unity. No MC simulated samples for LF jets are
available.

LEPTON CompPosITION The rates are averaged for the various kinds of SM processes
and the types of lepton origins. It is therefore measured how many of all real, HF,
LF and conversion leptons result from a process p, i.e. Z + jets, W + jets, tt, bb/cc or
diboson processes. The fractions must then add up to 100% when summing over all
processes:

HF LF conv real
S R+ R4 R =Y R =1 (8.4)
p p

Measurements in MC simulated samples show that non-prompt electrons are
mostly resulting from conversion processes in W+ jets, Z + jets or diboson processes.
The main source for non-prompt muons are HF bb/cc processes. As was expected,
for real leptons, most electrons originate from Z + jets processes and most muons
from W + jets processes.

WEIGHTED AVERAGED RATES The fake rates and real efficiencies are then averaged
and weighted according to the following formulae:

o The fake rate for electrons

fe _ Z[ffF'SFHF'RfF-I-prF‘SFLF'RgF—FfpconU'Schw'Rgom)] (85)
p

for which the values range from 0.072 + 0.013 to 0.090 + 0.016,

e the fake rate for muons

fu=Y_[fFF.SPHE.RIF 4 fLE . gptE. RLF] (8.6)
p

for which the values range from 0.118 + 0.027 to 0.215 + 0.112 over the four
n and pr dependent bins for fake rates,

¢ the real efficiency for electrons

re =3 [ry- SFeel . Ry (8.7)
p

for which the values range from 0.61 £+ 0.03 to 0.84 £+ 0.01 and
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¢ and the real efficiency for muons

rp =3[y SETe . Rreel] (8.8)
p

for which the values range from 0.80 + 0.05 to 0.97 + 0.04 over the six n and
pr dependent bins for real efficiencies.

8.6.1.2. VALIDATION REGION

The estimation of the background due to non-prompt leptons needs to be validated.
Three validation regions (VRs) are defined for ee, up and ep final states which are
orthogonal to the SRs due to the reversed cut on m;; or m;;; for events with one jet
or two or three jets. Events with two SS leptons are selected which must have a pr
of at least 20 or 30 GeV. The exact definitions are given in Table [8.5] Events with
two electrons must have an invariant dilepton mass outside the Z-mass window and
EPoT 5 40 GeV.

TABLE 8.5.:  The definition of the VRs which are enriched in non-prompt leptons
and ZV processes for ee, uu and ep final states. The events have exactly one jet or
two or three jets. Accordingly a cut is placed on either ml;; or my;;.

ee ZV+fake | puu ZV+fake | ey ZV+fake
Pl [GeV] > 20 > 30 > 30
P2 [GeV] > 20 > 20 > 20
mly; (N; =1) [GeV] > 90 > 90 > 90
mly;; (Nj =2,3) [GeV] > 120 > 120 > 120
lmy —mz| [GeV] > 10 - B}
Eiss el [Gev] > 40 - -

Table gives the yield for the various SM background contributions estimated
from MC samples and with the Matrix Method for the non-prompt leptons. The first
error is the statistical error due to the limited number of events in the samples, the
second error is due to systematic variations. The contributions due to non-prompt
leptons and ZV processes are dominating. The measured event yield in ATLAS data
agrees within the errors with the total expected event yield due to SM processes.
The last row gives the predicted event yield for the SUSY signal mass point with

(g 50.mgp) = (130, 0) GeV.
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8.6 Background Estimation

TABLE 8.6.:

The event yield in the VRs which are enriched in non-prompt leptons

and ZV processes. Fake’ gives the yield when using the data-driven Matrix Method.
ZV, WW, tt+Wt, Z + jets and Higgs are estimated from MC samples. The yield for
‘signal’ corresponds to the simplified model mass point with (mﬁ 22’m~?) = (130,

X

0) GeV. The first error is statistical, the second error is due to systematic variations.
The events are normalised to an integrated luminosity of 20.3 fb~!.

ee L el Total
Fake 28.3 + 1.8 788 28.4 +2.6 T1971131.95 + 4.26 72738 1188.7 + 5.3 1306
zZv 9.6+0.8 35 47.0+ 1.9 1132 87.1 +2.4 72531143.8 + 3.1 7309
wWw 4.76 +0.19 *201115.83 + 0.35 +17:83 23.3 + 0.4 T3] 43.9+ 0.6 1313
tt+Wt | 0.92 +0.06 710 1.07 + 0.08 11§ 3.19 +0.10 73°8 /518 + 0.14 39
Z+jets| 1.77 + 0.18 7213 0+07T)| 0.73+0.08 758 (2.50 + 0.20 722
Higgs | 0.14 +0.04 7914 0.56 £ 0.09 92| 0.92 +0.10 ¥9:9¢|1.62 + 0.14 +1-14
Total |45.51 +2.00 T34%192.89 + 3.23 T2326|  247.3 + 4.9 7{521385.7 + 6.2 7332
Data 49 76 279 404
Signal 3.1+0.4 1535 12.3 £ 0.8 715 18.4 + 1.0 73, /33.8 + 1.34 7353

8.6.2. TRIDENT EVENTS AND CHARGE FLIP

When selecting events with two SS leptons in the final state, it should be taken into
account how likely it is that the sign of the electromagnetic charge is not changed
in an intermediate process. For example, in a so-called ‘trident event’ an electron
emits a photon and gives the major part of its energy to the ~. The high-pr photon
then produces an electron-positron pair where the positron carries most of the en-
ergy: et — el i hard = esiofte;ardes_oft. It looks like the initial electron flips its sign and
becomes a positron. This is especially the case when the accompanying electrons in
the event are very soft.

CHARGE FLIP RATE The probability for such ‘charge flip’ to happen is observed to
be lower in data than in MC simulation. It is measured in data, depending on the
transverse momentum and the pseudorapidity of the electrons. The events with
two electrons of any sign and the events with two SS electrons are counted. For
this procedure events for which the invariant mass of the two electrons is inside
the Z-mass window are selected and the background due to non-prompt leptons
is subtracted. A likelihood minimisation procedure uses these numbers as input to
map the charge flip rate v/ depending on || and pr.
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From the charge flip rate for the leading (rff ) and subleading electron (rgf ) in an
OS event, a weight is computed,

r(ff -+ Tgf

w = )
(1—rN)-(1=rgh)

(8.9)

and applied to the event to estimate the number of background OS events which ap-
pear as SS events. The values for ¢/ are e.g. 0.0001 4 0.0000 for central electrons
with pr = 30 GeV or 0.0292 £ 0.0023 for electrons with a transverse momentum of
more than 70 GeV which are detected in 2.25 < |5| < 2.47.

The probability for a muon to be part of such trident event is found to be negligible.

CORRECTION FACTOR For the estimation of the background contribution due to non-
prompt electrons, conversion processes are taken into account. In other words, for
each event with an electron, the probability that the electron is the result of a par-
ticle reaction with detector material and the subsequent process of v — ete™ is con-
sidered. This process is also taken into account in the charge flip measurement.
Therefore the two methods of background estimation have an overlap. A correction
factor is deduced from the comparison of data with SM prediction in events with two
SS electrons which have a total invariant mass close to the mass of the Z boson.
The value of the correction factor is found to be 0.37 + 0.19.

8.7. SYSTEMATIC UNCERTAINTIES

The statistical and the systematic uncertainties vary the event yields in the CRs and
SRs. The statistical error is due to the limited number of events in a sample. The
following individual sources are taken into account for systematic uncertainties :
e Jet-related systematic uncertainties:
— Jet energy scale (JES).
— Jet energy resolution (JER).
— b-tagging.

e Lepton-related systematic uncertainties:

Scale factors (data - MC agreement for reconstruction efficiencies) and
trigger weights for electrons and muons.

Momentum resolution (ID and MS measurements) of muons.

Calibration of the energy scale for electrons.

— Calorimeter resolution of electron pr.
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8.7 Systematic Uncertainties

o EMss soft-term-related systematic uncertainties: Energy scale calibration and
resolution.

e Systematic uncertainties related to non-prompt leptons:

— Dependency on the binning and the choice of the extraction region for
fake rates.

— Uncertainty due to potential differences in the non-prompt lepton com-
positions in the extraction regions and SRs for the measurement of fake
rates.

— Dependency on the binning and choice of extraction regions for real effi-
ciencies.

— Statistical uncertainties.
e Luminosity-related systematic uncertainty: flat 2.8%.

e Systematic uncertainties due to SM background modelling:

— Uncertainty on cross sections for the production of SM background pro-
cesses.

— Uncertainty on the choice of the MC generators: 100% for the production
of tt, ttV, Z/v+ jets, triboson and Higgs (these processes contribute less
than 10 % to the total SM background).

— Uncertainty due to diboson MC generator: Events with three leptons are
selected to address the process W*Z — [*/*]~. One SFOS lepton pair must
have an invariant mass close to my. The distributions of the variables
which are used to define the SRs are compared to ATLAS data for the SS
lepton pair in the three-lepton event, ignoring the third lepton. 36.8% is
found to be a conservative estimate for the deviations. This difference is
used as systematic uncertainty.

e Uncertainty on pile-up reweighting.

e Uncertainties on the charge flip probability of electrons and on the correction
factor on the overlap with the estimation of the non-prompt leptons back-
ground.

The individual systematic variations are combined to a total systematic uncer-
tainty, regarding potential correlations between the SM production processes or SRs
and CRs: correlated errors are added linearly. The dominant systematic uncertain-
ties on the individual SR event yields are due to background modelling (7 - 29%),
the estimate of the non-prompt leptons background (1 - 19%) and the jet-related
systematic variations (2 - 15%).
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8.8. PRELIMINARY RESULTS AND INTERPRETATION

The full event selection of the SRs summarised in Table [8.4] are applied on the
expected SM background. Data is ‘blinded’, i.e. not shown in the region of the plots
which are inside the SR for the particular variables and the data yield is not given
in the tables. The reason is that the analysis is not yet published.

The histograms in Figure show the distribution of m;; which has high sen-
sitivity to the SUSY signal process for some SRs. The data distribution is given by
black dots with the statistical error as vertical lines. The dashed region includes the
combined statistical and systematic error on the expected SM background. The red
arrow indicates the cut value according to the SR definition. The lower plots show
the ratio between ATLAS data and the SM prediction, the vertical lines indicate the
statistical error on data. The dashed region in the lower plots includes the combined
statistical and systematic error for the expected SM background.

An example is the histogram for SRY;;,, in Figure (d) since the distributions for
the predicted SUSY signal and the expected SM background have different shapes.
The data yield is only shown for m;; > 90 GeV in Figure (a) for the ee final state,
in (b) for pup and in (c) for eu. The lower plot shows the ratio of ATLAS data over the
SM expectation in the non-blinded regions.

Figure (a) shows the distribution for my;; in SRS%;,,, (b) in SRy%;,, and (c) in
SRY3 et Data is blinded for m;;; < 120 GeV.

The histograms in Figures [8.11] and [8.12] have low statistics due to the tight cuts
of the SR definitions. The agreement of the SM expectation with the ATLAS data is
better visible in the combination of SR{S,, with SR}, and SR, in Figure [8.13] (a)
for m;; and in Figure (b) for m;; in the combination of SR§%,, with SRy, and
SRY; ;- The prediction and data agree within the combined statistical and system-
atic errors (hatched band for MC).

138



8.8 Preliminary Results and Interpretation

> 4 e e e e e
? E ATLAS Internal @ Data2012 I:I"*Wt E
o 35F =0 Non-prompt leptons [ Z+jets =
& £ [Ldt=203fb" {s=8Tev =y Higs E
=~ ~ [ N 3BKkg. Uncert. |
2 3 0) GeV -
c C 3
3] E E
i} 25— =

2 =
15 =
1= =
0.5 -
s Q <
7] 15 NN ANkl
3 N R T T T
a l \\ NN \\ \\\ \. N NN NN N \\\
o RRBBBUIBBHIBBUUISEORUEELNSIANNNAAAN \?&\\\?&\\\Q\ NTHTHnatt
05 N\\N AN AN \\\\\§§§\\\
0
0 50 100 150 200 250 300
m, [GeV]
> e O e e PV AR S e
3 E I L dt =203 fb* Vs = 8 TeV ® Data2012 Ot +we E
o 1.8— \ (=1 Non-prompt leptons (] Z+jets H
I = ; [~ FY DHiggs =
S 1.6 : — 1 S3Bkg. Uncert. [
%) E == (M, o) = (130.0) Gev 3
5] 14 KX =
o =N . 3
1.2 ]
1= =
0.8 B
0.6 B
0.4 H
E S
0.2
BN
= N RS NN
%] 15 N I
E " AR A A A AN
‘(—6 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
[a} Attty \iik\@ I I I I I Il
0.5/ W RRRRRRRRRRRRRREETET®TRRRIRIR
NN AT I
0 50 100 150 200 250 300
m; [GeV]
> b T T T
o F I|_c|1:20,3 fol Vs =8 TeVv @ Data 2012 |:|n+w1 ]
o - 3 Non-prompt leptons ) Z+jets 4
& 5 = CHiggs =
= - -l ww E3Bkg. Uncert.
§4) C == (M, M) =(130,0) GeV .
c C S .
2 4 -
w C .
B3 W =
2
1 = ¢ ¢
= 2 NN N 3 N
[ 15 NN NN R NN
% 1 A T T T e
[a) A A e e A .
05 NN NN AR T Y e
'0 N NN NN
0 50 100 150 200 250 300
m; [GeV]

FiGURE 8.11.: The upper plots show the distributions of the variable m;;. The
events are selected due to the full SR definition except for the cut on the shown vari-
able. The expected background processes are non-prompt leptons (grey), ZV (blue),
Z + jets (orange), tt+ Wt (green), WW (red) and Higgs (yellow). The SR is blinded for
data. The predicted SUSY signal for the mass point with (m 29 o) (130, 0) GeV
is superimposed (pink dashed line). (a) shows the d1st1°1but1on for my; in SR et (b)
shows it for SRy and (c) shows it for SRY.
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FIGURE 8.12.: The upper plots show the distributions of the variable m;;;. The
events are selected due to the full SR definition except for the cut on the shown vari-
able. The expected background processes are non-prompt leptons (grey), ZV (blue),
Z + jets (orange), tt+ Wt (green), WW (red) and Higgs (yellow). The SR is blinded for
data. The predicted SUSY signal for the mass point with (m~i 29 o) (130, 0) GeV
is superimposed (pink dashed line). (a) shows the d1str1but10n for myj; in SR§73jet, (b)

shows it for SRy, and (c) shows it for SR);.;.
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FIGURE 8.13.: The upper plots show the distributions of the variable which is
supposed to reconstruct the mass of the Higgs boson. The events are selected due
to the full SR definition except for the cut on the shown variable. The expected
background processes are non-prompt leptons (grey), ZV (blue), Z + jets (orange),
tt+Wt (green), WW (red) and Higgs (yellow). The SR is blinded for data. The predicted
SUSY signal for the mass point with (m 20 Mg o) (130, 0) GeV is superimposed
(pink dashed line). (a) shows the d1str1but1on for my; in the combination of SRS T5ets
SR}, and SR, before cutting on it and (b) shows m;; for the combination of

SRe 2,3jet? SRS:SJet and SRS ,3jet”

BLINDED RESULTS The event yield in the six SRs is given in Table The assump-
tion of a flat uncertainty of 30% on the background yield during the optimisation
process is proven to be too conservative. The predicted SUSY signal for the most
sensitive mass point of the simplified model, (mxf,xgvmx&)) = (130, 0) GeV is given.
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TABLE &8.7.:

one.

The expected numbers of SM background events in the SRs with ex-
actly one central light jet or two and three jets, scaled to an integrated luminosity of
20.3 tb~!. The first error is the statistical uncertainty and the second the systematic

SR{fet SR, SR Total

Fake 3.4+0.6702/0.01 +0.15 7011| 3.0+ 0.6 153 6.4 +0.8 712
zv 22+04 72| 3.4+050*)0,| 383+0577 896+0.80 (0
WW  0.33+£0.04 T3, 10.24 £0.04 T30 | 0.4 +£0.04 T)35| 0.97 £ 0.07 7§22
ti+Wt |0.09 £0.01 £31110.01 = 0.01 ¥} |0.11 £ 0.01 £314| 0.21 £ 0.02 £313
Z+jets | 0.04 + 0.02 T5 0+07* 0+0*0| 0.04+0.02 109
Higes 0+ 075|0.13 +0.05 £§1}|0.08 £ 0.03 {55 | 0.21 +0.06 T51?
Total 6.0+0.7 401 38+05%7| 7.0+0.7*1]16.81 +1.16 71
Signal 2.440.4%921  42+05%3| 56+0.65705 12.1+0.87F9F
SR jet SRY5 et SRY 3 et Total

Fake 1.6 + 0.4 73410.28 + 0.34 7099 10.48 + 0.25 7015 2.4+ 0.6 704
ZV |0.66 £0.21 03¢  1.8+0.4 703 1.11 + 0.26 T2 3.6 +0.5 )}
WW  0.22 + 0.04 7023 10.43 + 0.06 7045 10.23 + 0.04 T52¢ | 0.88 + 0.08 758
tt+Wt |0.05 + 0.01 ) 9%]0.02 £ 0.01 *{:03/0.06 + 0.01 )03 0.13 +0.02 323
Z+jets|0.22 + 0.11 1557 0+07™ 0+0*%0| 0.22+0.11 1077
Higgs |0.04 £ 0.03 702 |0.04 + 0.02 *{:05]0.03 +£0.02 7743 | 0.11 & 0.04 702
Total 28+05%7 26+£057 7 1.9+04707 7.3+0.8 7173
Signal 1.9+04 103 38+0517 3.4+041] 9.1 +0.7 133
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INTERPRETATION OF RESULTS In Figure the mass points that are expected to be
excluded at 95% CL are shown. The significance of each of the six SRs ¢ is combined
to a ‘total’ Zy for each simplified model mass point with the formula given by

n
AN IV (8.10)
=1

with n = 6. Since 7y exceeds the value of 1.64 for the mass points with (m - 0 mxo) =

(130, 0) GeV (Z{¢t4! = 2.95), (m._ T w) = (140, 10) GeV (Zetal = 1.91) and (m £ 20, Mg

(150, 0) GeV (Zk¢'! = 2.31), these points are expected to be excluded at 95% CL When
data is ‘unblinded’.
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FIGURE 8.14.:  The expected significance Zy of all six SRs is combined for each
mass point of the simplified model grid with the formula given in Equation[8.10. The
dashed black line indicates which region is expected to be excluded at 95% CL. The
events are normalised to an integrated luminosity of 20.3 fb~!.

The expected significance to the mass points of the pMSSM with tang =10 is
shown in Figure [8.15 Only the point with y = 150 GeV and M, = 100 GeV is ex-
pected to be excluded at 95% CL with Zy =2.48 according to formula [8.10]

)=
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FIGURE 8.15.:  The expected significance Zy of all six SRs is combined for each

mass point of the pMSSM grid with the formula given in Equation The events
are normalised to an integrated luminosity of 20.3 tb~!.
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9. SUMMARY AND OUTLOOK

The Standard Model of elementary particle physics has limitations; it cannot explain
why for example the mass of the Higgs boson is many orders of magnitudes smaller
than the Planck mass or why extreme fine-tuning is needed for the correction terms
of the Higgs mass. Supersymmetry is a possible extension to the Standard Model
which can provide solutions to these problems and which in addition provides a
candidate for Dark Matter - the neutralino.

Since strongly interacting particles like the gluinos have already been excluded
in simplified models for masses up to 1.34 TeV [18], the search for electroweakly
produced sparticles, which have a comparably low production cross section in LHC
proton-proton collisions, becomes important. In this thesis, three analyses which
address final states with exactly two leptons (electrons or muons), jets and missing
transverse energy due to the non-detectable neutrinos and neutralinos were pre-
sented.

For the search for Supersymmetry in 4.7 fb~! of ATLAS data recorded at /s = 7 TeV
in the year 2011, four signal regions are designed for four different SUSY decay sce-
narios. )2{“)21_— or ﬁxg pairs decay via intermediate sleptons into final states with
two identified leptons, jets and missing transverse energy. Another possibility is
the direct production of a pair of sleptons, similar to the Standard Model Drell-Yan
production mechanism.

The scenarios are generated with Monte Carlo in the context of the pMSSM with
very heavy strongly-interacting sparticles, staus and gauginos. Only the mass of the
Y) is varied as well as the bino mass parameter ;. Simplified models are simulated
for the direct gaugino production scenarios with variable masses for the !, 7, [, i
and 9.

The signal regions make use of a Z-veto and put requirements on the relative
missing transverse energy of at least 40, 50 or 100 GeV. The stransverse mass
variable is used to suppress SM background processes. In the signal region which
requires at least two jets, events in which the contransverse mass has values which
are similar to the ones in tt processes, are vetoed. The Standard Model processes
which have a detector signature that is similar to the signal signature are mainly
tt, Z/v*+ jets, ZV, ZZ and WV . Their contributions to the event yield in the signal
regions are estimated with Monte Carlo simulated samples which are normalised to
data in control regions. The background due to non-prompt leptons is given by the
application of the data-driven Matrix Method.
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In general, only events which pass the trigger requirement are used - this means
that depending on the flavour and the pr of the two leptons in the event, a single
lepton trigger, a dilepton trigger or at least one of the two must be passed. To each
Monte Carlo simulated event a weight equal to the probability that this event passes
a trigger in ATLAS data is assigned.

In the scenario of direct slepton production, left-handed slepton masses between
85 and 195 GeV are excluded at 95% confidence level for a 20 GeV neutralino.
Masses of the xli between 110 and 340 GeV are excluded at 95% CL when the Y{
has a mass of 10 GeV. The latter exclusion limit is obtained for the scenario Y X7 —
Fo(IF0)Fv(IF0) — (IFvxd)((Fryy). To this decay chain, the signal region which re-
quires a stransverse mass of more than 90 GeV is most sensitive.

In the year of 2012, 20.3 fb~! of data were recorded in ATLAS at /s = 8 TeV. In the
second analysis presented in this thesis, electroweakly produced supersymmetric
particles are assumed to decay into final states with two oppositely charged leptons
(electrons or muons), jets and missing transverse energy. The scenario of a pair of
charginos which decays via 1V bosons or sleptons, the scenario of a pair of i yJ
which decays via W and Z into two leptons, two quarks and two neutralinos as well
as the direct slepton production are studied using simplified models. The xli and {9
are pure wino and mass degenerate.

For the interpretation in the pMSSM, one setting with tan § = 6 with intermediate
slepton decay and one setting with tan § = 10 with very heavy sleptons are used. The
supersymmetric ;4 and )M; mass parameters are varied.

Three signal regions address the signal processes with two intermediate 1 bosons,
three other signal regions make use of the stransverse mass variable and one sig-
nal region is especially designed for the final state with jets. The Standard Model
background is estimated by normalising the distribution of Monte Carlo simulated
events to data in control regions for tt, WW, ZW and ZZ processes. In the signal
regions with jets, the background due to ZW and ZZ is estimated from control sam-
ples with three or four identified leptons in the final state, and the background due
to Z/v*+ jets processes is estimated with the data-driven Jet Smearing Method.

Only events which pass one of the dilepton triggers, depending on the pr of the
leptons in the event, are analysed. For the uu channel, the symmetric and asym-
metric dimuon triggers are combined with logical OR when certain requirements on
the transverse momenta of the muons are fulfilled. Monte Carlo simulated events
are reweighted using the trigger efficiencies measured in ATLAS data.

The expected and observed numbers of events are in agreement in all seven signal
regions. The results are used to exclude yi masses between 100 and 105 GeV, 120
and 135 GeV and 145 and 160 GeV at 95% confidence level for mgo = 0 GeV in the
simplified model where {7 v; — WH W) — iTvx{i~vy). Slepton masses between
90 and 325 GeV can be excluded at 95% CL for a massless neutralino in the context
of direct slepton production.
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After the discovery of the Higgs boson in 2012 it became meaningful to include the
decay chains with this particle in the search for Supersymmetry. The ATLAS data
recorded in 2012 is therefore analysed relating to a scenario where a pair of Y x3
decays into W H and then into a final state with two same-sign leptons, two quarks
and two neutralinos. Six signal regions depending on the flavour of the leptons and
the number of jets in the event are designed. The Supersymmetry signal simulated
in a simplified model is used to optimise the signal regions. To distinguish the signal
from Standard Model background, cuts on the effective mass, the maximum of the
transverse masses and the variable which reconstructs the invariant mass of the
Higgs boson are important. The Standard Model background in the signal regions
consists mainly of events with non-prompt leptons. This contribution is estimated
with the data-driven Matrix Method. Diboson processes are also dominating and are
- as well as all other background processes - estimated from Monte Carlo simulated
samples. A veto on events with so-called third leptons suppresses contributions
from WZ. The analysis is still blinded in the signal regions. It is expected that in
the simplified model, three mass points with neutralino masses of less than 10 GeV
and chargino masses of less than 10 GeV can be excluded at 95% confidence level.

As of this writing, Supersymmetry was not observed. E.g. a sparticle mass range
up to 1.34 TeV could be excluded for gluinos in a simplified model. In 2015, AT-
LAS is going to start to record data at /s =13 TeV. The ongoing data taking will
increase the integrated luminosity and therefore provide higher statistics for rare
events. The higher centre-of-mass energies mean higher production cross sections
of heavy supersymmetric particles. Since the SM background processes are now
well understood, the chance to discover sparticles with high masses will be raised.
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A. SR OPTIMISATION

A.1. SRf. AND SRS
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The lower plots show the distributions for the variables which

motivate the cuts for the SR definition. The events are not selected due to the full
SR definition but the cuts are applied in the order which is given in the Table [8.4]
The expected SM background consists of ‘Fakes’ (grey colour), ZV (blue), Z + jets
(orange), Top (light green), WW (red) and Higgs (vellow). The predicted SUSY signal
for the mass point with (mig,mﬁ’;(?) = (130, 0) GeV is superimposed (pink dashed
line). The upper plots show the cut efficiency for increasing cut values (decreasing
cut values for m;;, my;;) for the SM background expectation (black line) and for the
predicted SUSY signal (red line). The event yield is used which results from the
cut on the value indicated by the particular bin. The blue stacked line shows the
significance. (a) shows the distribution for the pr of the leading electron in SRfSet
(b) shows it for SRS et - (c) shows the distribution of pr of the subleading electron in
SRS, and (d) shows it for SR5% .
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FIcURE A.2.: The lower plots show the distributions for the variables which

motivate the cuts for the SR definition. The events are not selected due to the full
SR definition but the cuts are applied in the order which is given in the Table[8.4]
The expected SM background consists of ‘Fakes’ (grey colour), ZV (blue), Z + jets
(orange), Top (light green), WW (red) and Higgs (yellow). The predicted SUSY signal
for the mass point with (ng,mﬁX?) = (130, 0) GeV is superimposed (pink dashed
line). The upper plots show the cut efficiency for increasing cut values (decreasing
cut values for my;, my;;) for the SM background expectation (black line) and for the
predicted SUSY signal (red line). The event yield is used which results from the
cut on the value indicated by the particular bin. The blue stacked line shows the
significance Zy . (a) shows the distribution of the difference of the pseudorapidites
of the two electrons in SR??et and (b) in SRgfgjet. (c) shows the distribution of the
the maximum of the transverse masses for the leading lepton and E7'"*° and the
subleading lepton and EF** in SR{S; and (d) shows it for SR5%
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FicUurReE A.3.: The lower plots show the distributions for the variables which

motivate the cuts for the SR definition. The events are not selected due to the full
SR definition but the cuts are applied in the order which is given in the Table [8.4
The expected SM background consists of ‘Fakes’ (grey colour), ZV (blue), Z + jets
(orange), Top (light green), WW (red) and Higgs (yellow). The predicted SUSY signal
for the mass point with (mig’mﬁ,x?) = (130, 0) GeV is superimposed (pink dashed
line). The upper plots show the cut efficiency for increasing cut values (decreasing
cut values for my;, my;;) for the SM background expectation (black line) and for the
predicted SUSY signal (red line). The event yield is used which results from the
cut on the value indicated by the particular bin. The blue stacked line shows the
significance Zy . (a) shows the distribution for m;; in SR{., (b) shows m;; for SR5% ;.
(c) shows the distribution of the effective mass in SRf§,, and (d) shows it for SR5%;;.
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FIcURE A .4.: The lower plots show the distributions for the variables which

motivate the cuts for the SR definition. The events are not selected due to the full
SR definition but the cuts are applied in the order which is given in the Table [8.4]
The expected SM background consists of ‘Fakes’ (grey colour), ZV (blue), Z + jets
(orange), Top (light green), WW (red) and Higgs (yellow). The predicted SUSY signal
for the mass point with (mig’mﬁ,x?) = (130, 0) GeV is superimposed (pink dashed
line). The upper plots show the cut efficiency for increasing cut values (decreasing
cut values for my;, my;;) for the SM background expectation (black line) and for the
predicted SUSY signal (red line). The event yield is used which results from the cut
on the value indicated by the particular bin. The blue stacked line shows the sig-
nificance Zy. (a) shows the distribution of the transverse momentum of the leading
muon in SRy, (b) shows it for SRy, (c) shows the distribution of momentum of
the subleading muon in SRy, and (d) shows it for SRy;;..
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FiGURE A.5.: The lower plots show the distributions for the variables which

motivate the cuts for the SR definition. The events are not selected due to the full
SR definition but the cuts are applied in the order which is given in the Table
The expected SM background consists of ‘Fakes’ (grey colour), ZV (blue), Z + jets
(orange), Top (light green), WW (red) and Higgs (vellow). The predicted SUSY signal
for the mass point with (mig,mﬁ’xg) = (130, 0) GeV is superimposed (pink dashed
line). The upper plots show the cut efficiency for increasing cut values (decreasing
cut values for my;, my;;) for the SM background expectation (black line) and for the
predicted SUSY signal (red line). The event yield is used which results from the
cut on the value indicated by the particular bin. The blue stacked line shows the
significance Zy. (a) shows the distribution for Any; in SR/ﬁé‘w (b) shows max(my) for
SRg‘gjet. (c) shows the distribution of max(mr) in SR‘fﬁf?t and (d) shows the effective
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FicUrRE A.6.:  The lower plots show the distributions for the variables which mo-

tivate the cuts for the SR definition. The events are not selected due to the full SR
definition but the cuts are applied in the order which is given in the Table [8.4. he
expected SM background consists of ‘Fakes’ (grey colour), ZV (blue), Z + jets (or-
ange), Top (light green), WW (red) and Higgs (yellow). The predicted SUSY signal
for the mass point with (mxg’mxf,x?) = (130, 0) GeV is superimposed (pink dashed
line). The upper plots show the cut efficiency for increasing cut values (decreasing
cut values for my;, my;;) for the SM background expectation (black line) and for the
predicted SUSY signal (red line). The event yield is used which results from the cut
on the value indicated by the particular bin. The blue stacked line shows the signif-
icance Zy. (a) shows the distribution for the transverse momentum of the leading
lepton in SR, (b) shows it for SR};;.,. (c) shows the distribution o the transverse
momentum of the subleading leptons in SR, and (d) shows it for SR}/,
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FICcURE A.7.: The lower plots show the distributions for the variables which

motivate the cuts for the SR definition. The events are not selected due to the full
SR definition but the cuts are applied in the order which is given in the Table[8.4 T
he expected SM background consists of ‘Fakes’ (grey colour), ZV (blue), Z + jets
(orange), Top (light green), WW (red) and Higgs (yellow). The predicted SUSY signal
for the mass point with (mﬁg’mﬁ,fc?) = (130, 0) GeV is superimposed (pink dashed
line). The upper plots show the cut efficiency for increasing cut values (decreasing
cut values for my;, my;;) for the SM background expectation (black line) and for the
predicted SUSY signal (red line). The event yield is used which results from the
cut on the value indicated by the particular bin. The blue stacked line shows the
significance Zy. (a) shows the distribution for Ay in SR, (b) shows it for SR}
(c) shows the distribution of the effective mass in SRy, and (d) shows it for SR3;..
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