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1. Introduction

The question about the fundamental building blocks of matter and their interactions has con-
cerned mankind for many centuries. Our current knowledge about the constituents of matter
is described by the Standard Model of particle physics (SM) which has been formulated in the
1970s. According to the SM, matter is made up of elementary particles — quarks and leptons —
which interact via three fundamental forces mediated by gauge bosons. The predictions of the
SM have been tested with high precision within the last decades and were in agreement with
the observations. Although being such a successful theory, the SM cannot explain for example
the origin of dark matter and the asymmetry between matter and antimatter. In order to solve
these unanswered questions, high-energy particle accelerators are built to enable measurements
at new energy scales.

The Large Hadron Collider (LHC) at CERN is the world’s largest particle accelerator with a
centre-of-mass energy of \/s = 8 TeV. Protons are accelerated to close to the speed of light and
are brought to collision in four different interaction points. In the years 2011 and 2012, the LHC
has delivered data corresponding to an integrated luminosity of approximately £ = 19 fb=! at
Vs =7 and 8 TeV. With this amount of data, the ATLAS and CMS collaboration were able to
present the first observation of a new boson in the context of the Standard Model Higgs boson
search. The Higgs boson is the last missing particle in the SM, predicted by the so-called Higgs

mechanism which gives mass to the gauge bosons of the weak interaction.

The heaviest particle of the SM is the top quark with a mass of my = 173.2 0.9 GeV which is
close to the scale of electroweak symmetry breaking. Therefore the top quark plays an important
role in searches for physics beyond the Standard Model. Due to its large mass, the top quark
decays before it can hadronise and does not form bound states. Thus it is the only quark which
can be studied as a bare quark. At the Tevatron, a 3.4 o deviation of the top forward-backward
asymmetry App above the next-to-leading order QCD prediction has been measured by the
CDF collaboration. The D@ collaboration has also measured Apg with a discrepancy of three
standard deviations. Measurements of the corresponding asymmetry Apg by the ATLAS and
CMS collaboration with the 2011 data showed no deviations from the SM predictions. A wide
class of models like axigluons, extra-dimensions, new heavy gauge bosons or diquarks have been

presented to explain the anomalous forward backward asymmetry.

In this thesis, a search for a new top-flavour violating particle M is presented. The particle

M could either be a new heavy gauge boson or a diquark as part of a colour triplet state which




1. Introduction

is produced in association with a top quark. The analysis is based on data corresponding to an
integrated luminosity of £ = 4.71 fb~! recorded with the ATLAS detector in 2011.

The thesis is organised as follows: Chapter [2| gives a summary of the Standard Model fol-
lowed by an introduction to top quark physics including the production and decay mechanism.
Afterwards the measurement of the top forward-backward asymmetry measured at the Tevatron
is discussed and a new model including top-flavour violating resonances is introduced to explain
the measured asymmetry. A short introduction in the Large Hadron Collider and the ATLAS
detector is given in chapter [3|followed by the object definitions in chapter[d] Chapter [f] describes
the signal and background Monte Carlo (MC) samples, the data driven background estimates
as well as the data set used for the analysis. The event selection which is optimized for the
search of a new top-flavour violating resonance in tf + jet events is introduced in chapter @
The reconstruction of ¢t events is done with a Kinematic Likelihood Fitter (KLFitter) which
is described in chapter [7| as well as studies for the performance of the KLFitter. Chapter
summarises the analysis strategy and introduces the two-dimensional binning method used to
enhance the signal over background ratio, followed by the sources of systematic uncertainties
which are presented in chapter [9] The CLg method, motivated by frequentist statistics, is used
to set limits on the production cross section and is introduced in chapter The results are

then presented in chapter




2. The Top Quark in Context of the
Standard Model

In this chapter a short introduction to the Standard Model of particle physics and an overview
of the top quark is given. Afterwards the measurement of the top forward-backward asymmetry

is discussed and new models which could explain the anomalous asymmetry are presented.

2.1. The Standard Model of Particle Physics

The Standard Model of particle physics (SM) [II, 2] is the most successful theoretical model to
describe the elementary particles and their fundamental interactions. The predictions of the SM
have been tested with very high precision in many experiments and no significant deviations
have been observed so far [3]. The SM distinguishes between fermions with half-integer spin and
vector bosons with integer spin. The fundamental interactions between fermions are mediated
by these bosons. The SM incorporates three of the four fundamental forces, the electromagnetic,
the weak and the strong force which are described by relativistic quantum field theories. Gravity
is not included in the SM as it can be neglected at energy scales which are accessible with the

current collider experiments.

2.1.1. Quarks and Leptons

The SM contains twelve fermions which are grouped into leptons and quarks. The fermions are
arranged into three generations with increasing masses. Each generation consists of two doublets

of left-handed particles and right-handed singlets.

Generation: I II IIT

A charged lepton (e, u, 7) with electric charge @ = —e E] forms together with its corresponding

e is the charge of a proton and le| the charge of an electron
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electrically neutral neutrino (ve, v, v-) the lepton doublet. The quark doublet comprises an up-
type quark (u,c,t) with electric charge Q = %e and a down-type quark (d,s,b) with @ = —%e.
The masses of the fermions are listed in Tab2.1l

Lepton Mass [MeV] Quark Mass [MeV]
e 0.511 u 1.7-3.1
Ve <2-1076 d 4.1-5.7
m 105.658 c (1.29759%) - 10°
v, | <0.19(90% CL) | s 100155
T 1776.82 £ 0.16 t (173.240.9) - 10°
v, | <18.2(95% CL) b 4.1910-03

Table 2.1.: Masses of the fermions [4]. The electron and muon mass are measured with a very
high precision. The uncertainties on their masses are therefore neglected.

The first generation contains the fermions, which are the building blocks of the visible matter.
The up and down quark are the constituents of the proton and form, together with the electrons,
the atoms. For each fermion a corresponding antifermion exists with the same mass and spin
but opposite charge and weak isospin.

The doublets are classified by the characterizing quantum numbers of the weak interaction, the
third component of the weak isospin I3 and the weak hypercharge Y which are related to the
electric charge Q:

Y

Q:IS+5~

Up-type quarks as well as charged leptons have a weak isospin of +% while down-type quarks
and neutrinos have a weak isospin of —%. Right-handed particles form singlets with Is = 0 and
do not interact weakly.

Furthermore, quarks carry an additional quantum number called colour charge which can be

either red, blue or green.

2.1.2. Interactions

The Standard Model describes three fundamental forces: the strong, the electromagnetic and
the weak force. These interactions can be expressed by local gauge symmetries, i.e. the La-
grangian is locally invariant under the action of a special unitary gauge group SU(N). Each
interaction is described by N2 — 1 gauge bosons which corresponds to the number of generators

of the gauge group and its dimension [5].
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The symmetry group of the Standard Model is
SU@3)-®SU(2);, ® U(1)y

which is the combination of the strong and electroweak interaction which will be explained in

the following.

Quantum Chromodynamics

The strong force is described by the SU(3)c gauge group, also known as Quantum Chromody-
namics (QCD) which is generated by the eight three-dimensional Gell-Mann matrices, A;. The
mediators of this group are eight colour-charged massless gluons. Gluons do not carry electro-

magnetic charge but colour and anti-colour and couple therefore only to quarks or to themselves.

In contrast to leptons, quarks do not exist as free particles but form mesons (¢g) or baryons (qqq
or qqq), also called hadrons because of the confinement. This phenomenon can be described
by the energy dependence of the strong coupling constant. When two quarks are separated,
the potential energy between these quarks increases until it becomes energetically favourable to
create a new quark-antiquark pair. These two quarks form, together with the two initial quarks,

a bound state. The strong coupling constant, gs, is related to oy, and its energy dependence is

127
(33 — 2ny) log(%)

QS(QZ) = .
A is a commonly chosen scale and is determined from measurements to be A =~ 200 MeV. The
parameter ny is the number of quark flavours at a certain energy scale (). For energy scales larger
than the heaviest quark mass, i.e. the top quark mass (@ > m;), the number of quark flavours
in the SM is six. For large energy scales (Q? > A?), or short distances, the strength of the strong
coupling decreases. Therefore, quarks can be treated as free particles at short distances which
allows the usage of perturbation theory in QCD. The antiscreening of the colour charge is called
asymptotic freedom. While the strong coupling constant decreases at larger energy scales, the
coupling constant of the electromagnetic interaction increases. This opposite behaviour is due to

the self-coupling of the gluons in comparison to the photons which cannot couple to themselves.

Electroweak Interactions

In 1967, Glashow, Weinberg and Salam proposed to unify the description of the electromagnetic
and weak interaction to the electroweak interaction by the group SU(2); ® U(1),.. The index L
implies that the weak interaction couples exclusively to left-handed fermions. The group SU(2),
is generated by the three Pauli matrices o;, with ¢ = 1,2, 3 and consists of an isotriplet of vector
gauge fields Wﬁ’2’3. The hypercharge Y is the generator of the U(1) group which contains only

an isosinglet gauge field B,,. The gauge bosons of the electroweak force, i.e. the massless photon
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and the massive bosons W=, Z0 are linear combinations of the gauge fields W,}’Q’B and By,. The

mass eigenstates of the neutral gauge bosons can be written as

A, = WS’ sin @y + By cosfy  (photon)
Z, = Wpcosy — Bysinfy (2°) .

Oy is the Weinberg-angle which describes the mixing between SU(2); and U(1), and is con-

nected to their coupling constants g and ¢':

/

g

sin Oy =

Its measured value is:
sin? Oy = 0.21316 4 0.00016 [4] .

The charged gauge bosons are defined as:

Wy = \}i(W,} FiW)) .

The photon is the mediator of the electromagnetic interaction and couples only to charged
particles. Since it is massless, the electromagnetic interaction has an infinite range.

The massive gauge bosons W+ and Z° are the mediators of the weak interaction. While the Z°
can couple to all fermions, the W* bosons couple only to left-handed particles. Due to the large
mass of the gauge bosons, the weak force has only a limited range and dominates only at high
energies. The relative strength of the interactions are listed in Tab[2.2] Although the coupling
of the weak interaction is larger than the coupling of the U(1) gauge, it is suppressed due to the

large mass of the weak gauge bosons.

Interaction Mediator Mass ‘ Relative strength
Strong Gluon 0 1
Electromagnetic | Photon <1-10718 eV 1072

W+ 80.399 40.023 GeV 13
Weal 70 91.1876 + 0.0021 GeV 10

Table 2.2.: Fundamental forces of the SM with their associated mediators and interactions
strengths. In addition, the masses of the gauge bosons are listed.

In the weak interaction, the eigenstates of the quarks ¢’ are linear combinations of the mass
eigenstates ¢ of the physical quarks, represented by the unitary 3x3 Cabibbo-Kobayashi-Maskawa
(CKM) matrix:
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d/ Vud Vus Vub d
SN =1 Vea Ves Va
v Vie Vis Vi

Since the CKM matrix differs from the unit matrix, flavour changing charged currents, i.e.
transitions between the three quark generations are possible in the weak interaction. No
flavour changing neutral currents have been observed so far. For leptons, the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix describes the mixing between the neutrino flavour eigenstates

Vo (=€, p,7) and the mass eigenstates i.

2.1.3. Electroweak Symmetry Breaking

Since the massive gauge bosons W* and Z° would break the local gauge invariance of the SM
Lagrangian, the so-called Higgs mechanism [0, [7] was introduced. The Higgs mechanism is based

on spontaneous symmetry breaking which results in an additional term in the SM Lagrangian:
Lhiggs = (D“q))T(Duq)) -V(?),

where @ is a complex scalar field in the spinor representation of SU(2):

The covariant derivative D, for left-handed particles is defined as
L0 i g
D,LL = 6# +Zg§Z . W/’i =+ Z§YB# ;
whereas the second term vanishes for right-handed particles since they do not carry isospin. The
Higgs potential has to be of the form
V(®) = p2®Td + A(®TP)2  with A >0

in order to be renormalisable and to be invariant under SU(2); ® U(1),..

Figure 2.1.: The Higgs potential for the case p? < 0.
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If 4% < 0, the potential has a non-zero vacuum expectation value v as shown in Fig. For
2

Dy = /55 = %, the potential has its global minimum, with v ~ 246 GeV. The non-

zero vacuum expectation value causes the symmetry breaking of SU(2); ® U(1)y. Due to the
symmetry of the potential, the states satisfying ®'® = 5 are infinitely degenerated. Usually the

ground state is arbitrarily chosen to be:

il

such that the scalar Higgs doublet ® can be obtained by perturbative expansion:

1 0
Q)O:ﬁ <U+H(x)>

with the real scalar field H. Expanding the Lagrangian around the ground state yields:

1 1 1 1
L= 50,HO"H + ZQQUZWJW’“ - g(g2 + g2, 7" — WP H? —  MwH? — 1H4 (2.1)

kinetic term mass terms self-coupling of H field

The first term in equation [2.1]is the kinetic term for the Higgs field. A mass term of a field F in
the Lagrangian is of the form %sz 2. Therefore the masses of the gauge bosons and the Higgs

boson can be directly extracted from the Lagrangian:

1
mws = gV,
1
my = §vvg2+g’2,

myg = V2)\U .

In the Higgs mechanism, the photon remains massless since no term proportional to A, A" ex-
ists in the Lagrangian. The mass of the Higgs boson cannot be determined due to the unknown
parameter A. So far, the mass of the Higgs boson could only be predicted from precision mea-
surements of the top quark and W boson mass. On the 4th of July, the ATLAS and CMS
collaboration presented the latest results for the Higgs boson search with the full 2011 and part
of the 2012 data in a dedicated seminar at CERN. Both collaborations reported the discovery
of a new boson with a mass of approximately 126 GeV.

Furthermore, the Lagrangian describes the self-coupling of the Higgs field. Terms of the order
OMHWTW~—, HZZ, HHWtW~, HHZZ) which represent the coupling of the Higgs field to the

massive gauge bosons have been neglected in equation [2.1

The Higgs mechanism was introduced in order to explain the masses of the gauge bosons while

the masses of the fermions cannot be extracted directly from the Lagrangian The fermion
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masses are implemented in the Standard Model by a Yukawa coupling of the Higgs field to the

fermions. The strength of the coupling gs is proportional to the mass of the fermion m:

gf-v
V2

my =

Observation of a New Particle in the Search for the Higgs Boson

The ATLAS and CMS collaboration performed a search for the Standard Model Higgs boson
in proton-proton collisions at the Large Hadron Collider using the data taken in 2011 and
2012 at centre-of-mass energies of /s = 7 TeV and 8 TeV, respectively. The search of the
ATLAS collaboration is based on the full 2011 data sample, corresponding to an integrated
luminosity of £ = 4.8 fb~! and 5.8 fb™! of data taken in 2012. The decay channels analysed in
the 2011 data, H — vy, ZZ*, WW*, bb, 777~ were combined with the high-mass resolution
searches H — vy, H —» ZZ* — 40 and H - WW* — evuv in the 8 TeV data. An excess
above the expected background is observed with a local significance of 5.9 ¢ at a mass of
126 4 0.4(stat) 0.4 (syst) [8]. This corresponds to a probability of 1.7-107? that the observation
is the result of a statistical background fluctuation, which in turn implies the Higgs boson
production and decay. The CMS collaboration analysed £ = 5.1 fb~! and 5.3 fb~! of 7 TeV and
8 TeV data, respectively using five different decay modes: H — vy, ZZ*, WW*, bb, 7H77.
With a local significance of 5.0 o, a new particle with a mass of 125.3 + 0.4(stat) + 0.5(syst)
has been discovered [9]. Taking the look-elsewhere effect into account, the global significance in
the mass range 115-130 GeV corresponds to 4.6 . The new particle is expected to be a boson
with a spin different from one due to the decay into two photons. Fig[2.2] shows the observed
local p-value as a function of the Higgs mass for the ATLAS (a) and CMS (b) collaborations.
The dashed line corresponds to the expected local p-value under the hypothesis of a SM Higgs

boson.

2.1.4. Open Questions in the SM

Although the SM is a very successful theory, it is not complete because several aspects cannot
be explained by the SM.

Only about 4.6% of the energy of the Universe is the baryonic matter comprising the particles
of the SM. The remaining 95% of the Universe energy density is dark matter and energy which
are not described by the SM. A possible dark matter candidate in supersymmetric models could
be the lightest supersymmetric particle (LSP).

Furthermore, the source of the matter-antimatter asymmetry is an unanswered question in the
SM. During the Big Bang, the same amount of matter and antimatter were produced. Without
an asymmetry, particles and antiparticles would have annihilated. The CP violation in the weak
interaction is too small to explain the observed asymmetry.

After the electroweak unification, it is assumed that the strong force and electroweak force
are described by a Grand Unified Theory (GUT). This would result in the convergence of the
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Figure 2.2.: Observed local p-value (solid black line) as a function of the Higgs mass mpy
measured by the ATLAS (a) and CMS (b) collaboration for the 2011 and 2012
data. The expected local p-value under the assumption of a SM Higgs boson is
shown as the dashed line.

coupling constants of the three forces at the grand unification scale of approx. 106 GeV. In the

SM the coupling constants do not unify.

2.2. Top Quark Physics

The top quark was discovered in 1995 at the Tevatron collider at Fermilab [10] [11] although it
has been predicted already in 1977 as the weak isospin partner of the b-quark [12]. The top
quark is the heaviest known elementary particle with a mass of m; = 173.2 £0.9 GeV [13]. Its
mass is the most precisely measured quark mass with a relative precision of 0.54%. Due to its

large mass, the top quark plays an important role for searches of physics beyond the SM.

2.2.1. Hadron Collider Physics

So far, top quarks have only been produced at hadron colliders. In order to describe the proton-
proton interactions at the LHC, the short distance structure of the proton has to be well un-
derstood. Experiments like the ep-accelerator HERA at DESY [I4] investigated the proton
structure through deep inelastic scattering (DIS). A Feynman diagram for the deep inelastic
scattering in an ep-collision is shown in Fig. The energy transfer by the virtual photon
is denoted as q. At low energies, the proton consists of three valence quarks: two up quarks
and one down quark. At large energies and therefore small distances, the proton comprises in
addition sea quarks and gluons. Hence, the structure of the proton is determined by the energy

scale ,u2F (—¢* = u2F), the so-called factorization scale at which the proton is probed.

The constituents of the proton carry only a fraction x, the so-called Bjorken x of the proton mo-

10
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Figure 2.3.: Feynman diagram for the deep inelastic scattering in a ep collision.

mentum. The probability for a parton ¢ with a certain momentum fraction z; to be in the proton
when probed at a scale p% is described by the parton distribution function (PDF) fi(z;, u%).
Since the momentum fraction cannot be calculated a priori by pertubative QCD, the PDFs are
measured in DIS experiments and parametrized as a function of z; and and at a starting scale
pd and taken to higher mu? values via the Altarelli-Parisi evolution equations [15]. The PDFs

for two different scales using the CT10 parametrization are shown in Fig.
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52
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(a) pi =100 GeV (b) pi =m¢
Figure 2.4.: CT10 parton distribution functions for two different up scales [16].
According to the factorization theorem, the leading order cross section ¢ for the process pp — AB

can be separated into the short distance partonic hard scattering process 6;;_, 4p convoluted with

the parton distribution functions:
OppsX = Z//dxldﬂfzfz‘(l’l,/LQ)fj(JTQ,MZ)&ij—mB(JBh332,as,§) :
,L‘)j

The squared partonic centre-of-mass energy s is defined as § = x;x;s and the indices 7 and j

sum over all quarks, antiquarks and gluons.

11
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2.2.2. Top Quark Production
Top Pair Production

Top quark pairs are produced via the strong interaction in two different processes: at leading
order these are quark-antiquark (¢g) annihilation and gluon-gluon (gg) fusion. The correspond-
ing Feynman diagrams are shown in Fig. [2.5] The next-to-next-to leading order t¢ production

cross section at the LHC is
o7 = 166.87193 pb

for a centre-of-mass energy of /s = 7 TeV and a top quark mass of m; = 172.5 GeV [17] and
includes also the process qg — tt.

g t g t g t

Figure 2.5.: Leading order Feynman diagrams for the production of ¢t pairs. The upper plot
shows the production via quark-antiquark annihilation and the lower plots that
for gluon-gluon fusion.

At the LHC which is a pp collider, the top quark pair production is dominated by gluon-
gluon fusion while the ¢¢ annihilation dominates at the pp collider Tevatron. This effect can
be explained by the different type of collider as well as the higher centre-of-mass energy at
the LHC. At the LHC with a centre-of-mass energy of /s = 7 TeV, a smaller momentum
fraction of the partons is needed to produce top quark pairs compared to the Tevatron with
/8 = 1.96 TeV. For small momentum fractions, the gluon parton distribution function dominates
over the quark/antiquark PDF's, see Fig

Single Top Production

Besides the top quark pair production, single tops are produced via the weak interactions in three

different channels: the s-channel, ¢-channel and the associated Wt-production. The leading-

12
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order Feynman diagrams are depicted in Fig.

q t g t q ql

q b b w9 b

Figure 2.6.: Feynman diagrams for the production of single top quarks in the s-channel (left),
the associated Wt-production (middle) and t-channel (right).

Single top quark production has been observed in 2009 at the Tevatron [I8, [19]. After the
discovery of top quarks pairs, it took approximately 14 years to discover the production of single
top quarks because of the much smaller cross section and the smaller signal to background ratio.
The measurement of the single top cross section enabled the first direct measurement of the
CKM matrix element |Vy|.

2.2.3. Top Quark Decay

0725 s and decays before it can

Due to its large mass, the top quark has a short lifetime of 73 =~ 5-1
hadronise. Therefore no bound states with top quarks exist. According to the CKM matrix, the
top quark decays via the weak interaction almost exclusively into a W-boson and a b-quark with
|Vip| = 0.999152f8:88882g [4]. The final state of ¢ pairs can be classified by the decay products
of the two W-bosons. The W-boson can decay either leptonically into a charged lepton and its
corresponding neutrino, or hadronically into two quarks. Neutrinos cannot be directly measured
in the detector but are identified by missing transverse energy. One distinguishes the following

channels:

e dileptonic: In the dilepton channel, both W-bosons decay leptonically. The signal con-
sists of two leptons, missing transverse energy and two b-jets. The dilepton channel cannot
be fully reconstructed due to the two neutrinos. The branching ration BR for the dilepton
channel is BR~ 4.94% assuming only decays into muons and electrons. Furthermore, the

background contribution to the dilepton channel is very small.

e lepton + jets The signal in the lepton + jets channel consists of four jets, one high-pr
lepton and missing transverse energy. The branching ratio for the lepton + jets channel is
relatively large BR =~ 34.9%, taking also the decay of taus into electrons and muons into
account. The lepton + jets channel is also called the golden channel due to its good signal

over background ratio.

e hadronic: In the hadronic channel, both W-bosons decay hadronically leading to six jets
in the final state. The channel has a high BR ~ 44.44% but also a large background due
to QCD multijet production.

13



2. The Top Quark in Context of the Standard Model

2.2.4. Charge Asymmetry in Top Quark Pair Production

At leading order, the production of tt pairs is symmetric under charge conjugation. At next-
to-leading order an asymmetry arises in the quark-antiquark production of ¢t pairs. The inter-
ference between the Born and box diagram leads to a positive asymmetry contribution while
the interference between initial and final state radiation leads to a small negative asymmetry
contribution. The interfering Feynman diagrams are shown in Fig. It is predicted that the
top quark is preferentially emitted in the direction of the incoming quark and the antitop quark
in the direction of the incoming antiquark. The production of ¢t pairs via gluon-gluon fusion

remains symmetric.

S]]
<

q t q t q 7 q

~|

(a) q7 — tt (b) q7 — ttg

Figure 2.7.: Interfering Born and box level diagrams (a) and initial and final state radiation
diagrams (b).

Charge Asymmetry at the Tevatron

At the pp collider Tevatron the charge asymmetry can be measured as a forward-backward

asymmetry Apg which is defined as:

N(AY > 0) — N(AY <0)
N(AY > 0) + N(AY < 0)’

AthB = with AY =y —yr .

The theoretical QCD prediction has been calculated with the Monte Carlo generator MCQNLO
assuming a top quark mass of my; = 172.5 GeV: AthB = 0.058 £ 0.009. CDF has measured
the forward-backward asymmetry as a function of the invariant ¢ mass M, with an integrated
luminosity of £ = 5.3 fb™! at a centre-of-mass energy of \/s = 1.96 TeV [20]. The distribution
is depicted in Fig.

For low masses M;; < 450 GeV, the theoretical prediction and the measured data agree very
well within the uncertainties, whereas for masses M;; > 450 GeV, an excess of data over the the-
oretical prediction is measured. Furthermore, the rapidity distributions AY at reconstruction
level are shown in Fig. for (a) My < 450 GeV and (b) Mz > 450 GeV. Good data/Monte
Carlo agreement is achieved for low M7 while the data distribution for Mz > 450 deviates from
the Standard Model prediction.

To compare the measured forward-backward asymmetry with the theoretical prediction, the
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2.2. Top Quark Physics
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Figure 2.8.: Top forward-backward asymmetry as a function of the invariant ¢£ mass [20].
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Figure 2.9.: AY distributions for a t# mass M,y smaller (a) and larger (b) than 450 GeV [20].

background is subtracted and an unfolding procedure was applied to correct for detector accep-

tance and resolution effects. The obtained forward-backward asymmetry for the low and high

theoretical prediction.

For My > 450 GeV, the measured partonic forward-backward asymmetry is:

Ameas — 0475 +0.114

mass region, M,y < 450 GeV and Mz > 450 GeV are shown in Fig. [2.10] together with the

which is 3.4 o deviations larger than the next-to-leading order QCD prediction of 0.088 4+ 0.013.

The D@ collaboration published results with data corresponding to an integrated luminosity of

L = 5.4 fb~! which also show deviations from the SM with a significance of three sigma [21]. The
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2. The Top Quark in Context of the Standard Model
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Figure 2.10.: Measured partonic top forward-backward asymmetry for M,z smaller and larger
than 450 GeV and the NLO prediction [20].

CDF collaboration published a new measurement of the forward-backward asymmetry with the
full Run IT dataset, corresponding to an integrated luminosity of £ = 8.7 fb~!. The latest results

still show a large asymmetry in the high invariant ¢¢ mass region but with lower significance:

AF =0.296 + 0.067 .

Charge Asymmetry at the LHC

Recently, the top charge asymmetry has been measured with the ATLAS detector at the LHC.
As the LHC is a proton-proton collider and therefore has a symmetric initial state, no forward-
backward asymmetry can be measured. It is predicted at the LHC that antitops are centrally
produced while top quarks are produced on average at higher rapidities. The charge asymmetry
observable is defined as:

N(A|Y|>0)— N(A|Y] <0)
T N(AY[>0)+ N(A[Y[<0)’

Ao with A[Y| = [Yi| — || .

Compared to the Tevatron only a small charge asymmetry is expected because the main produc-
tion mechanism for ¢t pairs is gluon-gluon fusion which is symmetric under the exchange of ¢ and
t. The theoretical prediction for the charge asymmetry is Ac = 0.006+0.002 (MC@QNLO). Using
data of \/s = 7 TeV pp collisions with a corresponding integrated luminosity of £ = 1.04 b1,

the charge asymmetry was measured to be:
Ac = —0.018 £ 0.028(stat.) + 0.023(syst.) (ATLAS) [22]

which is consistent with the Standard Model prediction. The CMS collaboration recently pub-

lished an analysis using a dataset of £ = 5.0 fb~! in the lepton + jets channel. The measured
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2.2. Top Quark Physics

value
Ac = 0.004 £ 0.010(stat.) £ 0.011(syst.) (CMS) [23] ,

is in agreement with the SM prediction Ag]eory = 0.0115 £ 0.0006 [24].

Charge Asymmetry Beyond the SM

A wide range of models like axigluons, extra-dimensions, new heavy gauge bosons and diquarks
have been presented to explain the anomalous forward-backward asymmetry measured at the
Tevatron. In Fig. the predicted inclusive partonic charge asymmetries at the Tevatron and
LHC for several models beyond the SM are shown. Detailed descriptions of the models can
be found in [25], 26] 27, 28]. The predictions are overlaid with the measured forward-backward
asymmetry at the Tevatron (CDF and D)) and the measured charge asymmetry at the LHC
(ATLAS and CMS). The solid lines represent the measured central value for each experiment
and the dashed areas are the 1 g-uncertainty regions. Furthermore the SM prediction is indi-

cated.

0.1II\I[III>IIlIIII\l\I\I

0.05

005p N\ .
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0 0.1 0.2 0.3 0.4 0.5
AFB

Figure 2.11.: Measured charge asymmetry at the LHC vs. the forward-backward asymmetry
at the Tevatron. Furthermore, the predicted charge asymmetries for different
theoretical beyond-the-SM-models are shown.

Promising models for the explanation of the large forward-backward asymmetry are those in-
cluding a new gauge boson W', diquarks or axigluons G,,.
2.2.5. Top Flavour Violating Resonances

The challenge for new models aiming to explain the large forward-backward asymmetry mea-

surement at the Tevatron is to preserve the total tt cross-section and the invariant tf mass
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2. The Top Quark in Context of the Standard Model

distribution which is in agreement with SM predictions. One distinguishes two different models:
s-channel exchange of a vector mediator and ¢-channel exchange of flavour violating mediators.
This flavour violating mediators can be either Z’' or W’ gauge bosons or coloured particles. The
t-channel exchange model has only a small contribution to the ¢t cross-section and is therefore
chosen.

In the following, the production of a new top flavour violating particle M [29, [30} B1], either a
new gauge boson W’ or a diquark (®) as part of a colour triplet model, in association with a top
quark will be considered [29]. The production of the gauge boson Z’ will not be considered here
since the measured charge asymmetry disfavours a Z’ at 2-3 o (see Fig. . The t-channel
Feynman diagram for the ¢t production is shown in Fig. (a). Furthermore, the Feynman
diagrams for the single M production are depicted in Fig (b)-(d). Only the triplet reso-
nance can be produced via the u-channel. Depending on the type of model, the new particle
is either produced in association with a top quark or an antitop quark. The W’ is produced
in association with a top quark (qg — W't), while the triplet resonance is produced with an

antitop quark (gg — ®t).

Figure 2.12.: Feynman diagrams for the production of a t{-pair via t-channel exchange of the
new particle M (a) and for the production of M via s-, t- and u-channel (b)-(d).

The new particle M couples only to the top quark and light quarks, i.e up and down quark.

The Lagrangians for the singlet and triplet resonance are:

1

Ly = dy"grPrtW,, + h.c. 2.2
W NG Y 9rPrIW), (2.2)
Lo = t_CT,‘,l(gLPL +gRPR)u<I)a + h.c. (2.3)

The production cross section of the colour singlet or triplet depends on the coupling to the t/t
and to the u and d quark. Assuming a unit coupling in the Lagrangian the leading
order cross-sections for the singlet and triplet resonance can be found in Tab. for different

masses.

If the mass of the new particle is larger than the top quark mass, it can decay into a top
or antitop quark and a light quark, M — t/tq. It is further assumed that the new particle is

not self-conjugated in order to avoid constraints from same sign top production. This results in
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2.2. Top Quark Physics

a tj or tj resonance in tt + jet events. In contrast to the Tevatron, the resonance at the LHC
is dominantly in either tj or #j assuming baryon number conservation. For the colour singlet
W', the resonance dominates in the ¢j system while a t;j resonance is expected for the colour

triplet model. The Feynman diagrams for the decay of the colour singlet and triplet are shown

in Fig.

~|
~~

(a) singlet (b) triplet

Figure 2.13.: Feynman diagrams for the decay of the new singlet (a) and triplet (b) resonance.

In the following, the lepton + jets decay channel of tf pairs will be assumed for all studies.

Therefore signal events contain five jets, one high-pt lepton and missing transverse energy.

CDF has published results of the search for a top + jet resonance in tt + jet(s) events. The
analysis has been performed in the lepton + jets channel using data of an integrated luminosity
of £ =87 fb~! [32]. No deviations from the SM prediction have been found and upper lim-
its on the cross-section for different resonance masses have been set. The upper limits on the
cross-section can be found in Fig. Specific models can be excluded by setting limits on the
mass-coupling space. The excluded regions in mass-coupling space for the singlet and triplet
resonance are depicted in Fig Assuming gr = 1, a singlet with my» < 270 GeV and a
coloured triplet with mg < 200 GeV can be excluded.

The CMS collaboration recently presented a search for the production of a W’ boson with
L = 5.0 fb~! of pp-collisions at /s = 7 TeV [33]. No excess above the SM prediction have been
observed and limits on the mass of the W’ have been set. W’ models with a coupling constant
of gr = 2 are excluded at 95% CL for W' masses below 840 GeV.
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Figure 2.14.: Upper cross-section limits at 95% CL for the production of a new mediator M
as a function of its mass.
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Figure 2.15.: Excluded regions in mass-coupling space for a singlet (a) and triplet (b) reso-
nance as a function of its mass. In addition, the region which is consistent with
the tt cross section measurement and the anomalous App is shown.
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3. Experimental Setup

The Large Hadron Collider (LHC) is the world’s largest and most powerful particle accelerator.
It has been built to allow high precision measurements of the SM, to verify or exclude the Higgs
mechanism, and to explore physics beyond the SM. In this chapter, the LHC is described and

one of the four main experiments, the ATLAS detector and its components are introduced.

3.1. The Large Hadron Collider

The LHC is a proton-proton (pp) collider which is located at CERN (Conseil Européen pour
la Recherche Nucléaire) in Geneva [34] B5]. Furthermore, lead ions can be brought to collision
in the LHC. The two beam pipes of the LHC are situated in the previous tunnel of the Large
Electron Positron collider in which electrons and positrons were brought to collisions with a
maximum centre-of-mass energy of 209 GeV from 1989 to 2000. The tunnel has a circumference
of approximately 27 km. The design centre-of-mass energy of the LHC is /s = 14 TeV. Until
the end of 2011, the LHC ran at centre-of-mass energy of 7 TeV. For the 2012 run, the LHC
has been upgraded to /s = 8 TeV. The expected event rate % for a process with cross section
o is:

AN
&Y s
a7

where the instantaneous luminosity L is defined as

ny N1 N f

L =
ooy

ny is the number of bunches, N; and N» the number of particles per bunch in beam 1 and 2,
f the revolution frequency and o, and o, are the horizontal and vertical beam sizes assuming

Gaussian beam shapes. The LHC has a design luminosity of 1034 cm=2s~1.

Before being injected in the LHC, the protons are first preaccelerated in the linear collider
LINAC2 to 50 MeV and in the BOOSTER to 1.4 GeV. Afterwards the protons are transferred
to the Proton Synchroton (PS) which accelerates the protons to an energy of 25 GeV before
they enter the Super Proton Synchrotron (SPS). In the SPS, the protons reach an energy of
450 GeV, the LHC injection energy. The proton bunches are then injected in the two beam
pipes of the LHC and are accelerated to their final energy. The accelerator chain of the LHC is
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3. Experimental Setup

depicted in Fig. Each proton beam consists of 2808 bunches with approximately 1.15- 10!

protons per bunch. The separation between the bunches is 25 ns.

The proton bunches are accelerated in the LHC with radio-frequency cavities and deflected
by 1232 superconducting dipole magnets to keep them on their circular path. The dipole mag-
nets have a maximum magnetic field of 8.33 T. Furthermore, 392 superconducting quadrupole
magnets are installed to focus the beam. Liquid helium is used to cool down the dipole and

quadrupole magnets to a temperature of 1.9 K.

CERN's accelerator complex
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Figure 3.1.: The LHC accelerator chain with the four main experiments [36].

The proton bunches are brought to collision at four different interaction points where the main
experiments ALICE, ATLAS, CMS and LHCD are situated. The two general-purpose detectors
ATLAS (A Toroidal LHC Apparatus) [37] and CMS (Compact Muon Solenoid) [38] investigate
a wide range of physics topics. ALICE (A Large Ion Collider Ezperiment) [39] was built to
investigate the quark-gluon plasma created by lead ion collisions and LHCb [40] studies the

matter-antimatter asymmetry in the b-physics sector.
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3.2. The ATLAS Detector

Performance of the LHC

The first protons circulated in the LHC ring in September 2008. Due to a failure of an electrical
connection between two magnets which resulted in a helium leakage, several magnets of the
LHC were damaged only a few days later. It took more than one year to replace and repair the
damaged magnets until the first pp collision at /s = 900 GeV could be recorded on November
23rd 2009. The first pp collisions at /s = 7 TeV succeeded on March 30th 2010. Hence, the
LHC became the world’s most powerful particle accelerator. Within 2010, the ATLAS detector
recorded 45 pb~! of pp collisions. After the winter shutdown, the LHC started data taking in
March 2011 and recorded more than 5 fb~! of data, see Fig. Till the end of September
2012, 8 TeV pp collisions have been recorded which correspond to an integrated luminosity of
15 fb~!. The delivered integrated luminosity by the LHC per day and the recorded integrated
luminosity by the ATLAS experiment in 2011 and 2012 are shown in Fig.
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Figure 3.2.: Delivered integrated luminosity by the LHC (green) and the recorded integrated
luminosity (yellow) by the ATLAS experiment in 2011 (left) and 2012 (right) per
day [41].

3.2. The ATLAS Detector

The ATLAS detector is one of the two multi-purpose detectors at the LHC and covers a broad
range of physics. It is 44 m long and has a diameter of 25 m with a total weight of 7000 tons.
The ATLAS detector has an onion-shell-like structure and consists of four major components:
the Inner Detector, the electromagnetic and hadronic calorimeters, the muon spectrometer and
the magnet system which will be described in more detail in the next sections. An overview of
the ATLAS detector with its components is shown in Fig.
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Figure 3.3.: The ATLAS detector with its subcomponents [42].

3.2.1. Detector Coordinates

The ATLAS detector uses a right-handed coordinate system whose origin is placed in the in-
teraction point. The x-axis points towards the centre of the LHC, the y-axis upwards and the
z-axis along the beam pipe. Positions within the detector are well-defined by the coordinates

(¢,m, z), where ¢ is the azimuthal angle in the zy-plane:
¢ = arctan (2) .
x

The pseudorapidity 7 is defined as

v ().

where the polar angle 8 is measured between the momentum of the particle and the beam-axis.
The pseudorapidity is an approximation of the rapidity y for particles with small masses and
differences An are invariant under Lorentz transformations. The momentum of particles in the

xy plane, the so-called transverse momentum pr is given by

pT = \/P2 +P§

where py and p, are the momenta in the x and y direction, respectively. Distances between

particles are defined in the 7-¢-plane according to

AR = /(B2 + (Bo) .
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3.2. The ATLAS Detector

3.2.2. The Inner Detector

The track of charged particles and its momentum as well as the primary and secondary vertices
are measured in the innermost part of the detector. The inner detector contains the pixzel detec-
tor, the semiconductor tracker (SCT) and the transition radiation tracker (TRT), see Fig. (3.4
The inner detector is surrounded by a thin superconducting solenoidal magnet with a field

strength of 2 T which bends the trajectory of charged particles.

R=1082 mm

TRT

R =88.5mm
R =50.5mm

R=0mm

R=1225mm e — 9 Pixels
Pixels S =

End-cap semiconductor fracker

Figure 3.4.: Schematic view of the ATLAS inner detector consisting of the pixel detector,
semiconductor tracker and transition radiation tracker [42].

The innermost part of the ATLAS detector is the pixel detector which consists of three barrel
layers and three disc layers in the forward and backward direction. The pixel detector enables
three measurements of the track of a traversing charged particle in the pseudorapidity range
In| < 2.5. The approximately 80.4 million pixels, each having a size of 50 x 400 um? are indi-
vidually read-out by front-end chips via bump-bond connections. The so-called b-layer is the
innermost layer of the pixel detector and installed with a distance of approximately 5 cm to the
beam. The b-layer is exposed to a very high radiation dose resulting in a decrease of its perfor-
mance. Therefore, an additional layer, the so-called insertable b-layer (IBL) will be installed in
the pixel detector during the shutdown in 2013 [43].

The semiconductor tracker affords eight measurements of (R,®) for each track and is composed
of four barrel layers covering the pseudorapidity range || < 1.4 and nine end-cap layer disks
on each side covering 1.4 < |n| < 2.5. Each layer consists of single-sided silicon microstrip de-
tectors which are installed back-to-back at an angle of 40 mrad to provide a three-dimensional
measurement.

The transition radiation tracker is the outermost part of the inner detector and consists of straw
tubes which are filled with a gas mixture of 70 % Xe, 27 % COs and 3% Os. The TRT has two
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end-caps and a central barrel section which results in approximately 36 hits per track. Besides
the track measurement, the TRT is also used to distinguish between electrons and pions. If a
relativistic charged particle traverses a region with different dielectric constants, it emits pho-
tons. The emitted radiation depends on the characteristics of the traversing particle and can

therefore be used to distinguish between hadrons (e.g. pions) and electrons.

3.2.3. The Calorimeters

The energy of particles is measured in the electromagnetic and hadronic calorimeters. Both
calorimeters are sampling calorimeters consisting of alternating passive absorber material and
active material which measures the deposited energy in the calorimeter. The energy of electrons
and photons is measured in the electromagnetic calorimeter. If a high-energetic electron or pho-
ton enters the electromagnetic calorimeter, it interacts with the material and produces a particle
shower via bremsstrahlung and eTe™ pair-production. The electromagnetic calorimeter is sur-
rounded by the hadronic calorimeter and measures the energy of hadrons which are originating
from the hadronisation of quarks and gluons. Hadrons passing the hadronic calorimeter interact
via the strong interaction with the nuclei of the absorber material and produce secondary parti-
cles leading to a shower. Besides the measurement of the energy of electrons, photons, 7-leptons
and jets, the calorimeters are an essential ingredient for the determination of the missing trans-
verse energy originating from neutrinos.

The number of particles, N, produced in the shower is proportional to the energy E of the incom-
ing particle and follows Poisson statistics. Therefore, the energy resolution of the calorimeters

is parametrized as

OE a
R ﬁ @ o) Dec.

The constant term ¢ accounts for systematic uncertainties due to miscalibration of the detector
as well as dead detector material, and the noise is described by the term b.

An overview of the calorimeter system in ATLAS is shown in Fig. The electromagnetic
calorimeter covers the pseudorapidity range |n| < 3.2 and is divided into a barrel region and two
end-caps. Due to its high density, lead is chosen as absorber and liquid Argon (LAr) is used as
active material. The electromagnetic calorimeter has a total thickness of 24 and 26 radiation
lengths in the barrel and end-caps respectively to ensure that the traversing particles deposit
all of their energy.

The hadronic calorimeter can be divided into three parts: the tile calorimeter, the liquid Argon
end-caps and forward calorimeter which cover a pseudorapidity range of |n| < 4.9. To minimize
punch-through into the muon system, the hadronic calorimeter has a total thickness of more
than eleven radiation lengths. The tile calorimeter (|n| < 1.7) uses iron plates as absorber and
scintillating tiles as active material. In the hadronic end-caps (HEC) as well as for the forward

calorimeter (FCAL) LAr is used as passive absorber. The HEC consists of two copper wheels on
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Figure 3.5.: Overview of the electromagnetic and hadronic calorimeters in the ATLAS detector

[42].

each side, separated by a thin gap of 8.5 mm in which the liquid argon as well as the read-out
wires are contained. The FCAL is contained in the HEC and consists of three sections using

copper as absorber for the innermost layer and tungsten for the two outermost layers.

3.2.4. The Muon Spectrometer

Heavy charged particles penetrating through matter, loose energy due to ionization and exci-
tations of the atoms. The average energy loss per distance is described by the Bethe-Bloch
formula [4]

dFE 9 9 9Z 1 2me Y2 B2 Tnax 9 0
—<£>:47TNAremecz Z@ [ln( 2 - B 50>

where N4 is the Avogadro constant, r. and m. the classical radius and the mass of the electron,
z the charge of the interacting particle, Z and A atomic and mass number of the absorbing
material, I the mean excitation energy, Ti,.x the maximum energy transfer per collision and
0 the density correction. The energy loss has a minimum at v ~ 3.5 which is approximately
independent of the absorber material. High-energetic muons with a momentum of 1 - 100 GeV
are called minimum ionizing particles because their energy loss per distance is close to its minimal
value. Therefore, muons deposit only a small amount of their energy in the detector and their
momentum is measured in the outermost part of the ATLAS detector: the muon spectrometer.
The muon spectrometer comprises four different types of detectors which are embedded in a
superconducting toroid magnet with a peak field strength of 4 T to deflect the muons. The
momentum of muons is measured with high precision in the monitored drift tubes (MDTs)
and cathode strip chambers (CSCs). Resistive plate chambers (RPCs) and thin gap chambers

(TGCs) are used for fast triggering of muon events. The MDTs are arranged in three layers
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in the barrel region and cover a pseudorapidity range of |n| < 2.0. Due to the higher particle
flux with larger |n|, the innermost layer of the endcaps (2.0 < |n| < 2.7) uses the CSCs which
are multiwire proportional chambers using cathode strips as readout. The trigger chambers
provide well-defined pt thresholds as well as a measurement of the muon track orthogonal to
the measurement in the MDT's and CSCs. The RPCs are used for triggering events in the barrel
region and the TGCs in the endcaps.

3.2.5. The Trigger System

The high luminosity of the LHC leads to a bunch crossing rate of 40 MHz with approximately
25 interactions per crossing. In order to store only the data which are of interest, a three level
trigger system is used within ATLAS and reduces the data to 200 Hz.

The level-1 trigger (LV1) is hardware based and uses only a subset of the detector information
from the calorimeters and the muon chambers. The LV1 is sensitive to high pp muons, electrons,
photons and jets as well as large missing transverse energy. Within a latency of 25 us the LV1
decides if an event is rejected or further analysed, reducing the rate to 75 kHz. Before being
passed to the high-level trigger, regions of interest (Rol) in the 7-¢ plane are defined.

The high-level trigger consists of the level-2 trigger (LV2) and the Event Filter (EF) and is
software based. The LV2 investigates the Rol using the full granularity information of all
subdetectors. Within 40 ms a decision is made, reducing the rate to 3 kHz. The full event
information is provided by the EF which reconstructs and analyses the event signature based
on offline algorithms resulting in a processing time of 4 s per event. Events passing all trigger

levels are written to streams which are stored permanently.
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4. Object Definitions

Particles traversing the ATLAS detector produce characteristic signatures which are used to
identify the particles. Electrons, muons and jets are identified and reconstructed using infor-
mation from the inner detector, calorimeters and the muon spectrometer. In the following, the

object definitions optimized for the 2011 collision data are presented.

4.1. Jets

Jets are reconstructed with the anti-kt [45] algorithm with a radius parameter of AR = 0.4.
Topological clusters at the electromagnetic scale, built from calorimeter cells, are used as input
for the jet algorithm. Based on the transverse momentum and the pseudorapidity, the recon-
structed jets are then calibrated to the hadronic scale.

Jets are required to have a minimum transverse momentum of pp > 25 GeV and a pseudorapid-
ity of |n| < 2.5. To reduce the number of pile-up jets, a cut on the jet vertex fraction (JVF) is
applied: |JVF| > 0.75. The JVF is defined as the ratio of the p of the matched tracks from the
primary to the total number of matched track pr in the jet. In the jet-overlap removal, jets are
removed from an event if they overlap within AR > 0.2 with an electron (see below for object

definitions).

b-Tagging

The identification of jets originating from a b-quark is crucial for top quark (¢ — Wb) and Higgs
(H — bb) analyses to separate the signal from background contamination. b-tagging algorithms
discriminate between light and b-flavored jets exploiting the long lifetime of B-mesons of about
10~'2 5. Therefore, B-mesons decay after a flight length of approx. 1 mm, leading to a displaced
secondary vertex and a large impact parameter. In this analysis, the neural network-based
algorithm MV1 was used which combines the weights of three different b-taggers: SV0, IP3D
and JetFitterCombNN. Further information on the different b-tagging algorithms can be found
in [46]. The performance of the algorithm is characterized by its efficiency to correctly identify
b-jets and the rejection efficiency defined as the inverse of the rate with which light jets are

misidentified as b-jets. For this analysis, the 70% working point of the MV1 tagger is chosen.
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4.2. Electrons

Electrons are reconstructed from energy deposits in the electromagnetic calorimeter via the
cluster-based sliding window algorithm [47]. Clusters are only taken into account if they can
be matched to a track in the inner detector. Electrons are required to be detected in the
central region of the detector |Neuster] < 2.47, excluding the transition region between the
barrel and endcaps (1.37 < |Ncluster] < 1.52). In addition, the transverse energy of the electron
Et1 = Eduster/ cosh(niack) has to be larger than 25 GeV and a cut on the zy position with
respect to the primary vertex is applied |zp| < 2 mm. To suppress QCD multijet background,
electrons are required to be isolated. Therefore, cuts on the deposited transverse energy in a
cone of AR = 0.2 (Etcone20) around the electron and the transverse momentum in a cone of
AR = 0.3 (ptcone30) are imposed. Further separation between electrons and jets is achieved if
electrons satisfy the tight++ quality criteria. If the distance AR between an electron and a jet

is smaller than 0.4 after the jet-overlap removal, the electron is discarded.

4.3. Muons

Muons in the ATLAS detector can be reconstructed with four different algorithms depending on
the available information of the different detector subsystems. In top quark analyses, muons are
reconstructed with the MUIDcombined algorithm which combines the track in the muon spec-
trometer with its associated track in the inner detector via a global fit. The quality requirements
on the inner detector track can be found in the recommendations of the muon combined per-
formance group [48]. In addition, only muons with pp > 20 GeV and |n| < 2.5 are considered.
Events with large JVF scale factors are rejected if muons fulfill 2| < 2 mm with respect to the
primary vertex. To reduce the amount of non-prompt muons, i.e. muons which are produced
in the decay of hadrons inside a jet, tight isolation criteria are defined. Tight muons have to
fulfill the following requirements: ptcone30 < 2.5 GeV and etcone20 < 4 GeV. Furthermore the
distance between a jet (pt > 25 GeV) and a muon in the 7— ¢ plane has to be at least AR > 0.4.

4.4. Missing Transverse Energy

The production of top pairs in the lepton + jets channel results in a large amount of missing
transverse energy ErTniSS due to the neutrino which escapes the dectector. The imbalance of
the transverse energy in the detector is used to measure E%iss based on the deposited energy
in the calorimeters and the muon momentum. For the calculation of E%iss, electrons with a
transverse momentum of pr > 10 GeV are considered. Jets fulfilling the object definitions
described above as well as soft jets with 7 GeV < pp < 20 GeV at the electromagnetic scale are
included in the definition of E%liss. The contribution of the muons to the EI{}iSS is determined
by the pr measured in the muon spectrometer, including all muons in the pseudorapidity range

|n| < 2.7. In addition, calorimeter cells with deposited energy not associated to a high pt object,
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4.4. Missing Transverse Energy

are included in the so-called cell-out term. Hence, the missing energy in x and y direction is

composed as follows:
miss __ rRefElectron RefMuon RefJet RefSoftJet CellOut
_Ex7y - Exvy + Ex7y + Ex7y + Ex7y + Ex,y )

resulting in the definition of the missing transverse energy

Errfliss — \/(E;r(niss)2 + (E}r]niss)Q .
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5. Process Modelling and Data Sample

Monte Carlo (MC) generators play an important role in high energy physics. MC simulations are
used to estimate the background, predict experimental observables which discriminate between
signal and background processes as well as to determine signal selection efficiencies. Further-
more, the detector and the trigger system is optimized with MC simulations. The MC event
generators simulate the hard scattering process between two incoming partons, the parton show-
ers in the initial and final state, the hadronisation and decay of the final state particles as well as
the underlying event. The underlying event describes the beam remnants and multiple parton

interactions. A simulated event is shown schematically in Fig. [5.1]

decay

hadronization

parton
shower
hard
interaction

3 D

Figure 5.1.: Schematic view of a Monte Carlo simulated event including the hard scattering
process, parton shower and hadronisation.

Tree level matrix element generators like Alpgen [49], AcerMC [50], MadGraph [51] and MC@QNLO
[52] are specialised on the simulation of hard scattering processes via perturbative QCD and in-
terfaced to full event simulation generators, e.g. Pythia [53], Herwig [54] and Sherpa [55]. The
full event generators simulate the non-perturbative parton showering, hadronisation and under-
lying event. Two different approaches for the hadronisation exist: the Lund string fragmentation
model which is implemented in Pythia while Herwig and Sherpa use the cluster fragmentation

model.

The MC signal and background samples used for the analysis are described in this chapter.

Athena software framework [56] version 17 is used to perform the event generation, detector
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simulation (through GEANT 4 [57]), digitization and reconstruction. All MC samples have
been created during the central ATLAS MC11c production with an assumed centre-of-mass en-
ergy of /s = 7 TeV. The signal samples as well as the t¢ and single top samples are produced
with a default top quark mass of m; = 172.5 GeV. Furthermore, the analysed data sample is
described in [5.3

5.1. Signal Modelling

Two types of MC signal samples have been generated using MadGraph and passed through
Pythia. The new particle M can either be a colour singlet (/W) or a colour triplet diquark. For
both particles, seven samples have been generated with masses ranging from 200-800 GeV in
100 GeV intervals. In addition five samples with masses in the range 1000-2000 GeV in 250 GeV
step have been generated. For the production of the signal samples, no pair production of the
new particle is assumed. Furthermore, the all-hadronic decay channel is not contained in the

signal samples. The production cross sections can be found in Tab.

Leading order cross section [pb

Mass [GeV] Color singlet Color triplc[at ]

200 40.20 45.00

300 14.00 17.50

400 5.77 7.91

500 2.64 3.90

600 1.30 2.07

700 0.684 1.15

800 0.372 0.665

900 0.209 0.396

1000 0.121 0.243

1250 0.0338 0.0757

1500 0.0103 0.0254

1750 0.0033 0.0090

2000 0.0011 0.0032

Table 5.1.: Cross sections for the colour singlet and triplet samples.

5.2. Background Modelling

The same signature as that of the new top-flavour violating particle in association with a top
quark can also be produced by several background processes. The following processes will be
considered as background: tt + jets production, W + jets, Z + jets, single-top, diboson and
multijet production.

The dominant background for this analysis is the production of ¢t pairs in association with

additional jets. These additional jets are produced via initial or final state radiation as well
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5.2. Background Modelling

as from underlying events. Furthermore, W + jets events are one of the main background
processes. In W + jets events, a single W-boson is produced which decays into a lepton and
its corresponding neutrino with additional jets. In Z + jets events, one lepton is not detected
and can therefore be measured as missing transverse energy. In the multijet production a jet is
misidentified as a lepton and the missing transverse energy can be observed due to jets which
are outside the detector acceptance. The contribution of the fake lepton background (QCD
multijet) is estimated with a data driven matrix method [22] which is explained in section

5.2.1. Background Monte Carlo Samples

Top Pair Production

The ¢t sample was generated with MC@QNLO v4.01 with the CT10 [I6] parton distribution
functions. MC@NLO is interfaced to Herwig v6.520 and Jimmy v4.31 [58] to simulate the
parton showering (fragmentation and hadronization) and the multiple parton interactions. The
tt sample does not contain the all-hadronic decay mode. The tt cross section is normalized to
the approximate next-to-next-to leading order (NNLO) prediction value o, = 166.81%?:2 pb,
calculated with HATHOR [17] using the MSTW2008 NNLO PDF sets [59].

Single Top Production

Single top production in the t-channel and Wt-production was simulated with MCQNLO using
Herwig/Jimmy for the parton shower and underlying event. The s-channel production of single
top events was generated using AcerMC v3.8 interfaced with Pythia. For the leading-order
(LO) generator AcerMC, the modified LO** PDFs were used, which are implemented in the Les
Houches Accord PDF Interface [60].

Vector Boson Production With Additional Jets

Vector boson production with additional jets (W + jets, Z + jets) was simulated with the LO
generator Alpgen v2.14 interfaced with Herwig and Jimmy. Alpgen includes the CTEQ6L1 [61]
parton distribution functions. The partons which are produced in association with a W or Z
boson can be either light quarks (W + jets, Z + jets) or heavy quarks (W + ¢ + jets, W +cc +
jets, W 4 bb + jets and Z + bb +jets). In the inclusive W and Z + jets samples, the light quark
as well as the heavy quark processes are included. Therefore, in order to avoid double counting,
the heavy flavour overlap removal tool [62] is used. The Z + jets and Z + bb + jets samples also
contain the Drell-Yan contribution from the process v* — Il and takes the Z/v* interference
into account. The cross sections of the W + jets and Z + jets production are normalized to
the NNLO predictions. For the Z + jets samples, the full DY cross sections are used. The
shape of the W + jets background is estimated from MC whereas the normalisation of the
W + jets background is determined using a data driven method from the W charge asymmetry

measurement, see [5.2.2]
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Diboson Production

Finally, the production of diboson events (WW, W Z, ZZ) is simulated with Herwig. In all vector

boson samples, the NLO cross section predictions are used to obtain the k-factors.

5.2.2. Background Estimation With Data-Driven Methods
Normalisation of W 4 jets

The normalisation of the W + jets background is estimated from the W charge asymmetry
measurement [22]. At the LHC the production of W bosons is charge asymmetric due to the
parton distribution functions while the ¢, Z + jets and QCD multijet production is symmetric.

Therefore the total number of W events in the pretag sample can be approximated by

MC MC
NW+ + NW_

N+ +Nw- = e (D7 = D7)
NMC _NMC
1
- MOFlip+ poy,
rvc — 1

where DT, D~ is the number of data events with a positively or negatively charged lepton.
o(pp—=W)
o(pp—W—)
calculated from Monte Carlo simulations [63]. The number of W events in the tagged sample

The variable ryc is defined as the ratio of the W+, W™~ cross section rc = and

can be estimated by:
tagged _ arpretag
NW _NW 'ftagged ;

where fiagged is the probability for a jet to be tagged. The normalisation is applied to the MC

sample via scale factors.

QCD Multijet Background

Mis-identified leptons (”fake” leptons) are a non-negligible background for the production of ¢t
pairs. Since this background is difficult to model with Monte Carlo simulations, a data driven
matrix method was used to estimate the fake lepton background in the p + jets and e + jets
channel [22]. A loose and a tight sample are defined, where the tight sample is a subset of the
loose sample by applying additional cuts. The number of events which contain a loose (Njgose)

and tight lepton (Nigns) is given by

loose loose
Nioose = Nreal + Nfake ’
loose
Ntight = €real " {Vyeal ~+ €fake * Niake -
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5.2. Background Modelling

The factors €041 and egie are the efficiencies of a real and fake lepton to pass the tight selection,

i.e.
tight tight
€ — N, real € _ N, fake
real loose ? fake Nloose *
real fake

In order to account for detector acceptance, the signal and background efficiencies are parametrised
in |n| and py. The determination of the efficiencies for the 1 + jets and e + jets channel are de-
scribed below. The number of background (fake lepton) events passing the tight lepton selection

can then be estimated by:

€fake

€fake — €real

Ntight o

fake — Cfake - Neake = : (Ntight — €real - Nloose) . (51)

A weight is applied to each event in the data sample depending on passed selection. According
to equation the event weight for the loose selection with Niggse = 1, Nijght = 0 is

€fake€real

Wioose = ;
€real — €fake

and for the tight selection (Nipose = 1, Niight = 1):

Efake(l - 6mal)

Wtight —
e €fake — €real

Matrix Method in the Muon + jets channel

In the muon channel, the loose sample for the matrix method is the default muon selection
except for the isolation criteria described in The tight sample contains muons which fulfil

in addition the following cuts:

e ptconed0 < 2.5 GeV,

e Etcone20 < 4 GeV.

The signal efficiencies are determined in di-muon data events which are produced in the decay
of a Z-boson (Z/vy — pu) using a tag & probe method. The fake efficiencies are estimated in
a control region which contains a large amount of QCD events. This control region might be
a region with low missing transverse momentum or low transverse W mass. In the p + jets

channel, the control region is defined through the following triangular cut:

o mr(W) < 20 GeV,

o EMSS 4 mp(W) < 60 GeV.

Matrix Method in the Electron + jets channel

Tight electrons are the default electrons with the object definitions described in The loose

sample contains electrons passing the Medium++ quality criteria with a veto on the conversion
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of a photon to electron-positron pairs. The tag & probe method is used to derive the signal
efficiencies in the e + jets channel using a sample of Z/y — ee data events. The fake efficiencies
are measured in a control region with low missing transverse energy (EMisS < 20 GeV) using
samples which contain at least one high-pr jet (pr > 25 GeV) and exactly one loose electron.
The jet and electron have to be separated by AR > 0.7. Monte Carlo simulations are used to
estimated the contamination of signal leptons from the decay of a W- or Z-boson in the low

ET region.

5.3. Data Sample

For this analysis, the complete data set recorded during the 2011 run is considered, corresponding
to an integrated luminosity of £ = 4.71 fb~!. The top good runs list (GRL) [64] was used in
order to assure stable data-taking conditions. Depending on the data-taking period, different
lepton triggers were used for the single electron and muon channels. Details of the trigger
requirements can be found in Tab.

period single electron channel single muon channel
period B-1 EF_e20_medium EF _mul§
period J EF_e20_medium EF_mul8_medium
period K EF_e22_medium EF _mul8_medium
period L-M | EF_e22vh_mediuml OR EF _e45_mediuml | EF_mul8_medium

Table 5.2.: Triggers used for the single electron and muon channel in different data taking
periods.
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6. Event Selection

In this chapter, the event selection optimized for top quark analyses is introduced. Three
different control regions are defined to validate the selection and the background modelling. The
event yields for the different control regions and distributions of different kinematic variables are
presented in chapter In addition, matching efficiencies for the event selection are calculated

using the signal Monte Carlo samples.

6.1. Signal Region Selection Criteria

Signal events in the lepton + jets channel contain at least five jets, one isolated lepton and
missing transverse energy. In order to enhance the signal over the background, the following

pre-selection is applied:

e The trigger to the corresponding period has fired, see Tab.

e To reject non-collision background, a good primary vertex with at least five tracks associ-

ated to it is required.

e In the single electron channel, exactly one electron with Er > 25 GeV and the absence of
muons is required. Exactly one muon with pr > 20 GeV and the absence of electrons is

required in the muon + jets channel.

e The lepton must match the trigger object which fired the corresponding trigger. The
distance between the trigger object and the reconstructed lepton must be smaller than
AR =0.15.

e Muons can also be reconstructed as electrons in the detector. Therefore, events are removed

if an electron and a muon share an inner detector track.

e Events containing a bad jet with pp > 20 GeV are rejected. These jets do not correspond
to real energy deposits in the calorimeter. A jet is labelled bad if it fulfils the loose quality
requirements on the electromagnetic coherent noise, hadronic end caps and LHC beam
conditions, defined in [65]

o At least four jets fulfilling the object criteria described in section [4.1] are required.

e A minimum amount of missing transverse energy of ErT]rliss > 30 GeV is required in the

single electron and E?iss > 20 GeV in the single muon channel.
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e In the single electron channel a transverse mass of the leptonic W-boson mrt(W) of at
least 30 GeV is required. A triangular cut of mp(W) + EXiSS > 60 GeV is applied in the

single muon channel. The transverse mass of the W-boson is defined as:

mer(W) = /29594 (1 — cos(f — ) .
e Events with data integrity errors in the LAr calorimeter are removed.

In the signal region further criteria on the jets are imposed. The event has to contain at least
five jets where at least one jet is required to be b-tagged with the MV 1 algorithm using a working
point of 70%.

6.2. Truth Matching

The assignment of the reconstructed objects to the decay products of the top-antitop pair and
the resonance is done with the KLF'itter, see chapter In order to evaluate the reconstruction
efficiency of the KLFitter, the reconstructed objects need to be identified with their correspond-
ing truth partons. Therefore, a matching criteria in the n — ¢ space is applied. A reconstructed

jet is associated with a truth quark if

AR = \/(¢reco - ¢truth)2 + (77reco - Utruth)Q <0.3

is fulfilled. For leptons, tighter criteria are applied. A reconstructed lepton is matched to a
truth lepton if AR < 0.1. This matching is not unique because a truth quark can be matched

to more than one jet or more than two truth quarks can share the same reconstructed jet.

Matching Efficiency

The matching efficiency ey is defined as the probability to select the objects from the leading-
order hard scattering process with the event selection described in section Matching effi-
ciencies for different signal samples will be presented in this section.

An event containing a top-antitop pair is called matched if a one-to-one assignment of the four
truth partons to the selected jets is fulfilled. In addition, the truth lepton needs to be uniquely
matched to the reconstructed lepton. A singlet or triplet signal event is labelled matched if
in addition to the matching criteria in tf events, the light truth quark from the decay of the
resonance is matched to exactly one of the reconstructed jets which is not associated with the
truth quarks from the tt decay.

The matching efficiencies for three different singlet and triplet samples with masses of 200, 1000
and 2000 GeV are listed in Tab. and for different jet multiplicities. The matching effi-
ciencies for the ¢t sample are shown in Tab. All jets in the events are considered for the

matching.
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# jets Matching Efficiency en[%]
in event | myy = 200 GeV | my = 1000 GeV | my = 2000 GeV
>5 248 +£1.0 247 +£ 0.7 14.5 £ 0.6
) 19.7 £ 1.2 174 +£ 0.9 6.5 £ 0.7
6 33.3 £ 24 271+ 1.2 145 £ 1.1
7 35.9 £ 4.0 281 £1.6 179 £ 14

Table 6.1.: Matching efficiencies for the combined electron and muon channel in different W’
samples with my» = 200, 1000 and 2000 GeV for different jet multiplicities.

# jets Matching Efficiency ey|%]

in event | mg = 200 GeV | mg = 1000 GeV | mg = 2000 GeV
>5 22.1 £ 1.7 33.0 £0.8 18.4 + 0.7
5 19.5 + 2.0 25.9 £ 1.0 111+ 08
6 24.1 + 3.7 36.8 + 1.4 21.9 + 1.4
7 38.9 £8.1 44.6 £ 2.1 29.6 + 2.3

Table 6.2.: Matching efficiencies for the combined electron and muon channel in different triplet
samples ® with mge = 200, 1000 and 2000 GeV for different jet multiplicities.

6.3. Control Regions

Before the search for the new particle can be performed, all possible background processes
have to be well understood. To validate the modelling of background processes, three different
control regions are defined with low signal contamination and an enhancement of the important

background processes.

1. Pretag Region: At least four jets are required in the pretag (no tag requirement) region

which is used to validate W + jets and ¢t events.

2. A control region with more than four jets and no b-tagged is required to control the
W + jets background.

3. The tt background is tested by selecting events with exactly four jets with at least one
b-tagged jet.

Control plots for the event selection in the control region with exactly four jets and at least one
b-tagged jet are shown in Fig. for the muon channel and in Fig. for the electron channel.
The uncertainties on the Monte Carlo prediction include the systematic uncertainties on the
background normalisation, the lepton efficiencies and the luminosity as well as the statistical
uncertainty. A list of all systematic uncertainties and their determination can be found in
chapter 0] A good agreement between the Monte Carlo prediction and the observation can be
observed for the tt enhanced control region. The control regions for the pretag region and the
enhanced W + jets background can be found in Appendix [A] Although a good agreement within

the uncertainties for the expected and observed number of events can be observed in the pretag
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region, the Monte Carlo prediction in the muon channel, see Fig. [A] and [A2] underestimates
the observation whereas a good modelling is achieved in the electron channel, see Fig. and
[A4] This effect is currently studied within the ATLAS collaboration. The jet multiplicity
in data does not agree very well with the predicted distribution in Monte Carlo in the muon
channel especially for large jet multiplicities if the production of top quark pairs is modelled
with MC@QNLO. Currently the settings of different Monte Carlo generators for the production
of top quarks with additional jets are compared and validated. This mismodelling of the jet
multiplicity distribution leads also to the large discrepancies in the W + jets enhanced control

region with at least five jets.
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Figure 6.1.: Control plots for the p + jets channel in the ¢t enhanced background region with
exactly four jets and at least one b-tagged jet. The transverse momentum pr and
the pseudorapidity 7 of the jets and the muon are shown as well as the missing
transverse energy distribution E%‘iss and the transverse W-boson mass mr(W).
The uncertainties are statistical and systematic uncertainties on the normalisation
of the background as well as uncertainties on the luminosity, b-tag scale factors
and electron and muon efficiencies.
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Figure 6.2.: Control plots for the e + jets channel in the ¢¢ enhanced background region with

exactly four jets and at least one b-tagged jet. The transverse momentum pr and
the pseudorapidity 7 of the jets and the electron are shown as well as the missing
transverse energy distribution E%‘iss and the transverse W-boson mass mr(W).
The uncertainties on the prediction are statistical and systematic uncertainties
on the normalisation of the background as well as uncertainties on the luminosity,
b-tag scale factors and electron and muon efficiencies.
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7. Event Reconstruction

The selected signal events in the lepton + jets channel comprise five jets at leading order. Four
of those jets can be associated to the decay of the ¢t pair and the remaining jet to the decay of
the new resonance M. The reconstruction of the top-antitop pair is done with the Kinematic
Likelihood Fitter [66] which will be denoted in the following as KLFitter. The KLFitter is based
on a likelihood approach and is explained in section [7.1] Two different techniques to choose the
jet associated to the resonance decay among the remaining jets have been tested. Reconstruction
efficiencies, which are defined as the probability that all jets are correctly assigned to the truth
quarks, are presented in for both techniques.

7.1. Kinematic Likelihood Fitter

The KLFitter is a general tool for kinematic fitting using a likelihood approach. The likelihood
is defined as the probability to measure a certain set of quantities given a particular event
topology with a certain set of parameters. In this analysis, the KLFitter is used to reconstruct
the semileptonic decay of top-antitop pairs. For the kinematic fit, the energies and directions
of the four jets (E;, ), the lepton (E;, ;) and the missing transverse energy ERSS are used
from the measurement. The z and y-component of the missing transverse energy as well as
the energies of the jets and the lepton cannot be measured precisely due to resolution effects.
The directions of the jets and the lepton are assumed to be measured without uncertainty.
The energy resolution of the detector is parametrized by a double gaussian transfer function
W (Etrue, Pmeas) which is defined as the probability to measure an energy Epeas given the truth

energy Fipye:

1 1 2B 2L
W(Etruea Emeas) - %m e 2r3 —I—pg <€ 2pg ,

with

AFE — Emeas - Etruth
Etruth

The parameters p1,ps are the mean values of the first and second Gaussian, respectively and
P2, ps are the width of the two Gaussians. The parameter ps is the scale of the second Gaussian
compared to the first one. The parameters p; depend on the truth energy FEi,.n of the parti-
cle. The energy dependence of the parameters p; depends on the type of particle and is listed
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7. Event Reconstruction

in Tab. One distinguishes between b-jets, light jets, electrons and muons. The transfer

functions have been extracted from semileptonic ¢t samples which have been generated with

MCQ@NLO and passed through the full ATLAS reconstruction.

parton type | p1 \ p2 \ p3 P4 ps
‘ b‘jeFS \/ﬁ + bl . Etruth EZtiuth + b2 ﬁ + b3 : Etruth a4 + b4 . Etruth as + b5 . Etruth
light jets a1 + b1 - Egruth Tt b2 a3 + b3 - Egruth ag + by Eguth | as + b5 - Eguth
electrons a1 + b1 - Eirutn \/ﬁ + bo a3 + b3 - Eirutn a4 + b4 - Egruen | a5 + b5 - Eirugn
muons ay + bl . Etruth az + b2 . Etruth as + b3 . Etruth a4 + b4 : Etruth as + b5 . Etruth

Table 7.1.: Energy dependence of the parameters p; of the transfer functions for different par-
ticle types.

For the calculation of the likelihood, the invariant dijet mass m;; and the invariant mass of
the lepton and neutrino my, are assumed to be Breit-Wigner (BW) distributed around the pole
W-mass my = 80.4 GeV within a width of I' = 2.1 GeV. Moreover the invariant mass of one
b-jet and the two light jets m;;; has to be Breit-Wigner distributed around the top-pole mass
of my = 172.5 GeV within a width of I' = 1.5 GeV and analogue for the invariant mass of the
b-jet, lepton and the corresponding neutrino my, ;. The top quark mass can be either used as

an additional free parameter in the kinematic fit or be fixed.

The likelihood for the lepton + jets channel in ¢ events is defined as:

L = BW (myj;j, m) - BW (myy;, my) - BW(mjj, mw) - BW (mg,, mw)-

4 . iss iss W(El,El) , electron channel
H W(Ei7 EZ) ’ W(Ex ) Py ) ) W(Ey » Py ) ’
i=1

W (pr1,pr,) , muon channel
As indicated in chapter events with at least five jets are selected. In order to choose the

four jets from the ¢t decay out of the n selected jets i combinations exist. For each

combination, 24 possible permutations exist to assign the four jets to the two light quarks from
the hadronically decaying W-boson and the two b-quarks. Since the likelihood is symmetric
under the permutation of the two light quarks, only 12 permutations remain. Due to the large
number of possible permutations, only events with less than 10 jets are used for the analysis.
The likelihood is calculated for each permutation and the permutation with the largest likelihood
value is chosen for the event reconstruction. Instead of maximizing the likelihood function, the
minimum of —log £ is calculated with respect to the parameters. For the minimization, the
KLFitter is interfaced to the Bayesian Analysis Toolkit (BAT) [67] which uses amongst other
MINUIT as minimization technique.

The KLFitter returns the best fit parameters, the likelihood value as well as a relative weight
for each permutation which contains also the b-tagging weight if the weighting method is chosen

which will be explained in the following.
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7.2. Resonance Reconstruction

b-tagging in KLFitter

B-tagging can be used in the KLFitter to improve the reconstruction efficiency. Two different

methods can be chosen:
1. a veto method (kVeto),
2. a weighting method.

In the first method, permutations with b-tagged jets on the position of the light quarks of the
hadronically decaying W-boson are vetoed. These events have an event probability of zero.
The weighting method is applied to a certain working point and takes the tagging efficiencies of
b-quarks and the rejection of light quarks into account. The event probability for each event is

multiplied by the following factor:
€ , bpaq tagged € , bep tagged
(1 —€), bpeq not tagged (1 =€), biep not tagged
. 1 .
, light quark 1 tagged 7 light quark 2 tagged

1 1
(1-— E), light quark 1 not tagged (1-— R)’ light quark 2 not tagged

If b-tagging is used in the kinematic fit, for each jet, the information if the jet was tagged, needs
to be provided for the veto and weighting method. Furthermore, the tagging efficiency for b-jets
and rejection for light jets is needed in the weighting method.

7.2. Resonance Reconstruction

For the reconstruction of the new particle, the assignment of the reconstructed jets to the four
truth partons of the tf decay is used. The light flavour jet associated to the decay of the new
particle is chosen among the remaining jets which are not assigned to the ¢t decay. Two different
approaches have been tested to identify the light flavour jet. In a first approach, the jet with
the highest transverse momentum is selected as the jet from the resonance decay. This approach
will be denoted as the pp method in the following. In a second approach, each remaining jet is
combined with the top and antitop quark, respectively and the invariant masses my;, mg; are
calculated. The jet which gives the largest invariant ¢j and ¢j mass is chosen. The masses my;
and my; are maximized separately which might result in two different jets for the reconstruction
of the resonance. In the following, this approach will be denoted as the my;/mg; mass method.
Both techniques for the reconstruction of the new resonance are compared and reconstruction
efficiencies are evaluated in chapter
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7. Event Reconstruction

7.2.1. Reconstruction Efficiencies

The reconstruction efficiency eg is defined as the probability to find the correct jet-parton asso-
ciation. As the correct permutation can only be selected for matched events, the reconstruction
efficiency can be defined as the ratio of the number of events in which all jets are correctly
assigned to the total number of matched events.

For the analysis, the number of jets which is passed to the KLFitter for the reconstruction of the
tt pair will be limited to reduce the number of permutations per event. The more jets are taken
into account, the more permutations exist which results in an decrease of the reconstruction
efficiency. If the number of jets in the event is n, then (Z) permutations exist to choose the
four jets from the tf decay. For each permutation, 4! possibilities to assign the jets to the truth
partons need to be taken into account. Therefore, the total number of permutations in an event

with n jets is given by:

n!

Nperm = 2‘(n_4)! .

If not all selected jets are taken into account for the reconstruction of the resonance, the matching
efficiencies (see chapter need to be re-evaluated. The matching efficiencies for the three
different singlet and triplet samples with masses of 200, 1000 and 2000 GeV are listed in Tab.
and for different jet multiplicities depending on the number of jets used for the matching.
If the number of jets for the matching is limited to nj, only n; jets with the highest pr are
considered. The matching efficiencies for the five jet inclusive bin for the different samples are
summarized in the first row. If the number of jets in the event is smaller than the number of jets
which are considered for the matching, all available jets are used for the matching. In addition,
the matching efficiencies for the tf samples are given in Tab. As expected, the more jets

are taken into account for the matching, the higher the matching efficiency.

Number of jets | Number of jets Matching Efficiency [%]
in event considered for fit | my» = 200 GeV \ myyr = 1000 GeV \ myyr = 2000 GeV

) 14.2 £ 0.8 115 £ 0.5 4.2 £0.3

>5 6 222 +£1.0 19.1 £ 0.6 8.7£0.5

7 243 +£1.0 23.1 £ 0.6 11.9 £ 0.5

) ) 19.7 £ 1.2 174 £ 0.9 6.5 £ 0.7

6 ) 4.5+ 1.0 10.3 £ 0.8 4.9 £ 0.7

6 33.3 £ 24 271 £ 1.2 145 £ 1.1

5 34+£15 6.2 £09 3.5 £ 0.7

7 6 15.2 £ 3.0 14.8 £ 1.3 9.6 £ 1.0

7 35.7 £4.0 281 £1.6 179+ 14

Table 7.2.: Matching efficiency for three different W’ samples with masses of 200, 1000 and
2000 GeV for a given number of jets in the event and in dependence on the number
of jets which are considered for the matching.
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7.2. Resonance Reconstruction

Number of jets | Number of jets Matching Efficiency [%]
in event considered for fit | mg = 200 GeV \ mg = 1000 GeV \ mge = 2000 GeV

) 150 £ 1.5 18.4 + 0.6 8.5 £ 0.5

>5 6 20.3 £ 1.7 28.3 £ 0.7 14.9 + 0.7

7 21.8 £ 1.7 31.8 £ 0.8 17.3 £ 0.7

5 ) 19.5 £ 2.0 259+ 1.1 11.1 £ 0.9

6 ) 6.8 & 2.2 153 + 1.1 8.5+ 1.0

6 24.0 + 3.4 36.8 + 1.4 219+ 14

5 0.0 £ 0.0 9.6 + 1.2 4.7+ 1.1

7 6 19.4 + 6.6 26.6 £ 1.9 16.9 £ 1.9

7 389 £ 8.1 44.6 £+ 2.1 29.6 + 2.3

Table 7.3.: Matching efficiency for three different triplet samples with masses of 200, 1000 and
2000 GeV for a given number of jets in the event and in dependence on the number
of jets which are considered for the matching.

Comparison of the Reconstruction Methods

The correct reconstruction of the selected objects to the decay topology of the new particle
is very important for the analysis. Therefore, the reconstruction efficiency of the KLFitter is
calculated for different signal samples and the ¢f sample. Furthermore, the two reconstruction
techniques, described in chapter are compared. The reconstruction efficiencies for the sin-
glet and triplet samples with masses of 200 and 1000 GeV for both reconstruction methods can
be found in Appendix The reconstruction efficiencies for the ¢t sample are summarized in
Tab. [C.3] In this chapter, the reconstruction methods are compared for the singlet and triplet
sample with a mass of m = 2000 GeV in Tab.

Number of Number of jets Reconstruction Efficiency eg [%]
jets in event considered for fit iy = 2000 GeV me = 2000 GeV
pt method \ myj/mg; mass | pr method \ myj /Mg Mass
5 344 + 3.8 344 + 3.8 40.7 £ 3.2 40.7 £ 3.2
>5 6 30.4 £ 2.5 29.8 £ 2.5 334+ 23| 31.8+ 2.3
7 264 + 2.1 24.9 +£ 2.0 325+ 2.1 31.0+ 2.1
5 5 29.6 = 5.4 29.6 = 5.4 389+ 4.0 389+ 4.0
6 5 383 7.1 383 7.1 458 &£ 59| 458 £ 5.9
6 30.7 £ 3.9 30.0 £ 3.9 33.8+ 35| 31.7+ 34
5 42.9 £ 9.4 42.9 £ 9.4 31.6 £ 10.7 31.6 £ 10.7
7 6 27.6 £ 5.1 26.3 £ 5.1 25,0+ 5.3 2214+ 5.0
7 22.5 £ 3.5 21.8 £ 3.5 22.7 £ 3.8 21.8 £ 3.8

Table 7.4.: Reconstruction efficiencies for the singlet and triplet samples with m = 2000 GeV
for a given number of jets in the event and in dependence on the number of jets
which are considered for the fit. The reconstruction efficiencies are evaluated for
the two different reconstruction methods.
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7. Event Reconstruction

The reconstruction efficiency decreases if more jets are taken into account due to the larger
number of permutations. An event which is reconstructed with the my;/mg; mass method can
only be correctly reconstructed if the jets which gives the largest tj and tj invariant mass are
the same. Therefore, the reconstruction efficiencies using the highest pr jet for the resonance re-
construction is higher. For the signal samples with a high mass of 2000 GeV, the reconstruction
efficiencies for both methods are very similar. The difference between eg for the two reconstruc-
tion methods is larger for the signal samples with a smaller mass, see Tab and This can
be explained by the four different possibilities which exist if comparing the two reconstruction

methods.

1. The same jet gives the largest ¢j and ¢j invariant mass and is also the highest remaining

P jet.

2. The two jets which give the largest tj and £j invariant mass are the same but not the

highest remaining pr jet.

3. Different jets are used for the reconstruction of m¢; and mg; and one jet is the highest

remaining pr jet.
4. All jets differ.

For the three different singlet and triplet samples, the percentage with which each of the cases
described above occurs, is given in Tab. Only events containing more than five jets have

been taken into account and the highest seven jets in pt have been considered for the fit.

| Sample | Mass [GeV] | case 1 [%] | case 2 [%] | case 3 [%] | case 4 [%] |

200 55.71 14.11 27.77 2.32

Singlet 1000 73.32 6.30 19.66 0.69
2000 70.93 7.55 20.90 0.62

200 61.79 12.74 23.85 1.36

Triplet 1000 75.03 5.47 18.91 0.60
2000 78.87 3.88 17.16 0.09

Table 7.5.: Comparison of the reconstruction methods for different singlet and triplet samples.

The smaller the mass of the resonance, the higher the probability that the jets for the recon-
struction of the tj and ¢j mass differ (case 3 and 4). In addition, the probability for case 1
decreases for small resonance masses. Therefore, the difference between the two reconstruction

methods becomes larger for smaller resonance masses.
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7.2. Resonance Reconstruction

KLFitter Performance

To evaluate the performance of the KLFitter, the reconstruction efficiencies are compared to
the statistical probabilities. Fig. shows the reconstruction efficiencies of the KLFitter for the
three different singlet (a) and triplet (b) samples as well as the statistical probabilities for random
assignments of the jets to the decay topology. In these plots, the pr reconstruction method has
been used and the highest six pr jets have been taken into account for the reconstruction. The
efficiency of the KLFitter to assign all jets correctly to the decay of the resonance for the singlet
sample with a mass of my» = 2000 GeV is 30.6% compared to 0.28% if the jets are randomly

assigned.

< 100 — 100
S E S E
=) E — my, = 200 GeV =) E —— mg= 200 GeV
Z 9O  — m, =1000GeV & % — m,=1000Gev
S = m,, = 2000 GeV S = m,, = 2000 GeV —t—]
2 8ol o [ 2 8o o
© = [ pure statistical K] £ [ pure statistical
= = —_— = = -
w70 w70

60— 60

50— 50

40— 40—

e 30 t

201 20F- !

10— 10—

E o E
All Correct  Ttbar Correct W, Correct b, Correct by, Correct All Correct  Ttbar Correct W, Correct b, Correct b, Correct
(a) singlet (b) triplet

Figure 7.1.: Comparison of the KLFitter reconstruction efficiencies to the statistical proba-
bilities for the singlet (a) and triplet (b) samples with a mass of 200, 1000 and
2000 GeV. The efficiencies for finding the correct resonance reconstruction, the
correct assignment of the jets to the tf decay topology, the correct quarks of the
hadronic W decay, the b-quark from the hadronic top quark decay as well as the
b-quark from the leptonic top quark decay.

Total Efficiencies

Although the reconstruction efficiency is the quantity which should be maximized in the anal-
ysis, €r is not used to quantify the performance of the KLFitter. If more jets are considered in
the fit, the matching efficiency increases. Due to the larger number of matched events, the num-
ber of correctly reconstructed events might also increase although the reconstruction efficiency

decreases. Therefore, the performance of the KLFitter is quantified by the total efficiency €;ot:
€tot = €M * €R -

The total efficiencies for the different singlet and triplet samples can be found in Tab. and
using the pr method for the reconstruction. The total efficiencies for the my;/mg; method
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7. Event Reconstruction

can be found in Tab. B3 and B4l

Number of jets | Number of jets Total Efficiency €0t [%]
in event considered for fit | my» = 200 GeV \ myyr = 1000 GeV \ myyr = 2000 GeV

5) 3.44+04 4.6 £ 0.3 1.4 +£0.2

>5 6 3.5 +04 6.2 + 0.4 2.7+ 0.3

7 3.5+04 6.5+ 0.4 3.24+0.3

9 5) 4.6 £ 0.6 6.8 £ 0.6 1.9+ 04

6 5) 1.3 £ 0.6 4.5 4+ 0.6 1.9+ 04

6 1.5 £ 0.6 79 £ 0.8 4.5 £ 0.7

5 1.4+ 1.0 23 £ 0.5 1.54+04

7 6 1.4 +£1.0 4.2 £ 0.7 2.6 £0.6

7 21+1.2 5.0+ 0.8 4.0 £ 0.7

Table 7.6.: Total efficiencies for different W’ samples using the pt mass method for the recon-
struction of the resonance.

Number of jets | Number of jets Total Efficiency €tor [%]
in event considered for fit | me = 200 GeV \ me = 1000 GeV \ me = 2000 GeV

5 3.44+0.8 72+04 3.5 +0.3

>5 6 3.7 £ 0.8 9.0 £0.5 50+ 04

7 3.7+ 0.8 9.6 £ 0.5 5.6 04

5 ) 49+ 1.1 9.8 £ 0.7 4.3 + 0.6

6 5 0.0 £ 0.0 6.0 £ 0.7 3.9 £ 0.7

6 1.5+ 1.1 9.7 £ 0.9 7.4 +0.9

5 0.0 £0.0 4.3 £0.9 1.5 £ 0.6

7 6 0.0 £ 0.0 79 £ 1.1 42+ 1.0

7 0.0 £ 0.0 114 +£ 1.3 6.7+ 1.2

Table 7.7.: Total efficiencies for different triplet samples using the pr mass method for the
reconstruction of the resonance.

In general, the total efficiency increases the more jets are taken into account for the fit. If
seven jets are considered in the fit, the total efficiency does not gain significantly compared to
the efficiencies if only six jets are used. On the other hand, the reconstruction efficiencies for
the high mass singlet samples, see Tab. and Tab. drops significantly if seven instead
of six jets are used for the reconstruction. Furthermore, it has been checked if the signal over
background ratio increases if more jets are considered. No significant improvement of S/v/B
have been observed. Therefore, only the highest six pr jets are used for the reconstruction in
the following analysis. Besides, the pr method is chosen for the reconstruction of the resonance

as it has higher reconstruction efficiencies than the my;/ms; mass method.

Reconstruction with/without b-tagging

Besides the number of jets which are taken into account for the fit, the impact of the different

b-tagging methods on the reconstruction efficiencies has been investigated. The reconstruction

52



7.3. Kinematic Distributions

efficiencies for the 2000 GeV singlet and triplet sample if no b-tagging information is used as well
as for the kVeto and the weighting method are listed in Tab. and Tab. For informations
about the different methods, see chapter As expected, the reconstruction efficiency increases
if b-tagging information is used. Further improvement can be achieved if the weighting method

is chosen which takes the tagging efficiencies into account.

Number of jets | Number of jets Reconstruction Efficiency [%)]

in event considered for fit | weighting method \ kVeto \ no b-tagging
5 344 + 3.8 325 +£3.7| 299 + 3.7

>5 6 304 £+ 2.5 26.1 £2.4 | 252+ 24

7 26.4 + 2.1 23.1+20| 209+1.9

5 5 29.6 £ 5.4 29.6 £ 5.4 | 22.54+5.0

6 5 383+ 7.1 383+7.1| 34.0+6.9

6 30.7 + 3.9 25.0 £ 3.7 | 25.7+ 3.7

5 429 + 9.4 321 +88| 429+94

7 6 27.6 £ 5.1 23.7+49 | 21.14+4.7

7 22.5 + 3.5 204+ 34| 169 + 3.1

Table 7.8.: Reconstruction efficiencies for the singlet sample with myy» = 2000 GeV using no
b-tag information, the kVeto method and the weighting method.

Number of jets | Number of jets Reconstruction Efficiency [%]
in event considered for fit | weighting method \ kVeto \ no b-tagging
) 40.7 + 3.2 36.6 + 3.1 | 29.24+ 2.9
>5 6 3344+ 23 287+ 22| 233+ 2.0
7 32.5 + 2.1 278+ 20| 233+ 1.9
) ) 389+ 4.0 358+ 39| 2754+ 3.7
6 ) 45.8 + 5.9 403+ 58| 31.9+ 5.5
6 339+ 3.5 269+ 33| 231+ 3.1
) 31.6 + 10.7 26.3 + 10.1 | 26.3 + 10.1
7 6 25.0 £ 5.3 226 + 50| 19.1 + 4.8
7 22.7 £ 3.8 185+ 36| 16.8 £ 34

Table 7.9.: Reconstruction efficiencies for the triplet sample with mge = 2000 GeV using no
b-tag information, the kVeto method and the weighting method.

7.3. Kinematic Distributions

Control plots for the reconstruction of the ¢t pair with the KLFitter as well as the resonance
are shown in Fig. for the muon and electron channel in the ¢t enhanced control region,
respectively. Shown are the log Likelihood, the invariant mass of the tf pair myy; and its

transverse momentum pr(¢t). Further distributions for the pretag control region can be found
in Fig. and Fig. [A.4] and for the W + jets enhanced region in Fig. and Fig. in
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7. Event Reconstruction

Appendix [A] For all control regions, the predictions agree within their uncertainties with the

observations.
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Figure 7.2.: Control plots for the u + jets (left) and e + jets (right) channel in the tZ enhanced
region. Shown are the log Likelihood, the invariant mass of the ¢t pair and its
transverse momentum. Only the statistical uncertainties are indicated.
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8. Analysis Strategy

Due to the small cross sections of the production of a new singlet or triplet particle, the analysis
needs to be optimised to enhance the signal over the background. Several optimisation studies
have been performed for the analysis [68] which are shortly summarised in chapter The
analysis presented in [68] is a cut-and-count analysis and hence does not use shape information.
In order to select a sample of events with a high signal-over-background ratio, a cut in the

myj — myg; plane is applied which is described in chapter [8.2]

8.1. Optimisation Studies

In the following, the optimisations which have been studied to improve the sensitivity of the
analysis are introduced. As a figure of merit, the scale factor s95 has been used which is the
scale factor on which the signal is excluded at 95%. The new physics process can be excluded
for s95 = 1. Hence, the smaller s95, the better the sensitivity.

The likelihood distributions for the singlet sample with my = 400 GeV and the ¢t background
sample in the signal region (at least five jets and at least one b-tag) are shown in Fig. It has
been tested if a cut on the log likelihood distribution at log(L) = —52 improves the sensitivity
of the analysis. Although a large number of ¢t events is thrown away, no gain in sensitivity can

be achieved if a likelihood cut is applied.
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Figure 8.1.: Log likelihood distributions in the signal region for the ¢ sample and the singlet
sample with my» = 400 GeV. The red line indicates the likelihood cut value.
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8. Analysis Strategy

Furthermore, it has been tested whether b-tagging information should be used in the KLFitter
and which method (kVeto or weighting method) should be chosen. Using b-tagging information
in the KLFitter does not change the sensitivity. Therefore, the weighting method is chosen as
it gives the largest reconstruction efficiency.

The sensitivity is increased if only the assignment of the jets to the partons by the KLFitter is
used and not the fitted values. The larger the mass of the resonance, the larger the discrepancy
between the scale factor s95 if fitted or the reconstructed values are used.

In the event selection, the leading jet is required to have a transverse momentum of at least
25 GeV. Three different cuts on the leading jet pr , i.e. pr > 60, 80 and 100 GeV, have been

tested. No gain in sensitivity was observed and the standard pr cut is kept for the analysis.

8.2. 2d-Binning Method

To enhance the signal over background ratio and hence to increase the sensitivity, a two dimen-
sional binning optimisation in the m;; — my; plane has been performed. For each singlet and
triplet sample, two dimensional histograms (1my; vs. mg;) are filled using bin sizes of 25 GeV.
Different bin sizes for the optimisation have been studied, yielding no further improvements. To
choose the my; — my; phase space which is most sensitive for the signal sample under study, a
scan over the two-dimensional histogram is performed varying the upper and lower bin edges
of my; and my;, respectively. The bin edges for different singlet and triplet samples which give
the largest sensitivity are listed in Tab. and For the optimisation studies, the full list of

systematic uncertainties, described in chapter [9) have been taken into account.

Resonance ‘ 200 GeV 300 GeV 400 GeV 500 GeV 600 GeV 700 GeV 800 GeV
my; lower bound | 250 GeV 350 GeV 400 GeV 550 GeV 550 GeV 675 GeV 675 GeV
my; upper bound | 300 GeV 450 GeV 825 GeV 775 GeV 750 GeV 1125 GeV 1150 GeV
my; lower bound | 225 GeV 275 GeV 375 GeV 450 GeV 550 GeV 675 GeV 700 GeV
my; upper bound | 250 GeV 350 GeV 425 GeV 525 GeV 650 GeV 750 GeV 875 GeV

Table 8.1.: Upper and lower bin edges for different singlet samples using the 2d optimisation.

Resonance ‘ 200 GeV 300 GeV 400 GeV 500 GeV 600 GeV 700 GeV 800 GeV
myj lower bound | 225 GeV 300 GeV 400 GeV 500 GeV 575 GeV 700 GeV 750 GeV
myg; upper bound | 325 GeV 325 GeV 425 GeV 525 GeV 650 GeV 775 GeV 800 GeV
mg; lower bound | 250 GeV 350 GeV 375 GeV 400 GeV 475 GeV 450 GeV 750 GeV
mg; upper bound | 350 GeV 525 GeV 575 GeV 875 GeV 875 GeV 750 GeV 950 GeV

Table 8.2.: Upper and lower bin edges for different triplet samples using the 2d optimisation.

In order not to tune the bin optimisation to statistical fluctuations, the bin edges of the m;; and
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8.2. 2d-Binning Method

mg; windows are smoothed using a linear approach. A linear dependence of the bin edges on
the resonance mass is assumed. The upper and lower bin edges for my; and my; for the singlet
samples are depicted in Fig. [8.2]a,b and for the triplet samples in Fig. [8.2] ¢,d. Furthermore, the
linear fits are shown. The shaded area between the linear curves for the upper and lower limit
indicates the my; and mg; mass windows considered for each mass point. As it can be seen in
Fig. the myg; window for the singlet sample is much smaller than the m;; window, taking

into account that the resonance is expected to occur predominantly in the ¢j-system.

< 12007771 T 7 = 12001 .
= r ® upper limit 5| = r = upper limit 1
= 1000~ . lower limit 23] = 1000 o lower limit ]
£ L ] S L ]
800~ 2 800[— —
600~ - 600~ -
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= r = upper limit n = r = upper limit .
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600[— - 600[— .
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Figure 8.2.: Upper and lower bin edges for the my; (left) and my; (right) mass windows for
the singlet (a,b) and triplet (c,d) samples. Furthermore, the linear fits used for
the smoothing of the bin edges is shown. The shaded area between the fits for
the upper and lower limit indicates the m;; and mz; mass windows considered for
each mass point.

For the analysis, the bin edges, defined by the linear fits are used. For signal samples with
masses larger than 800 GeV, the upper limit on my; and mg; are set to 2500 GeV. Only events
which fulfil the cuts, defined through the upper and lower bin edges are selected in the analysis,

resulting in a single bin counting experiment.

Exemplary, the two dimensional histograms for the singlet sample with a mass of 400 GeV
as well as the histogram for the largest background are shown in Fig. a,b. The histograms

are overlaid with the m;; — mg; mass window for the my» = 400 GeV singlet sample, indicated
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8. Analysis Strategy

by the dashed box. Furthermore, the histogram for the triplet sample with a mass of 400 GeV
and the ¢t sample are depicted in Fig. c,d overlaid with the optimised mass window.

PR R
1000 1200

m, [GeV] m, [GeV]

(a) Singlet my» = 400 GeV (b) tt (singlet)

m, [GeV]

(c) Triplet mge = 400 GeV (d) tt (triplet)

Figure 8.3.: myj —mg; histograms for the 400 GeV singlet (a) and triplet (c) sample overlaid
with the optimised mass windows. The histograms for the ¢t sample are overlaid
with the mass window optimised for the 400 GeV singlet (b) and triplet (d)
sample.
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9. Systematic Uncertainties

Due to the large amount of data recorded by the Large Hadron Collider per year, the evaluation of
the systematic uncertainties is crucial for each analysis since the statistical uncertainty decreases
with increasing statistics. In this chapter, the systematic uncertainties arising from the modelling
of the signal and background processes are presented as well as uncertainties due to the modelling
of the detector. Furthermore, the uncertainty of 1.8% on the integrated luminosity for the full
2011 data set is taken into account. The evaluation of the systematic uncertainties follows the
prescription in [69]. In the following, only the systematic uncertainties which are included in
the limit setting procedure, described in chapter are introduced. For the analysis presented

n [68], all systematic uncertainties have been taken into account.

9.1. Signal and Background Uncertainties

e Monte Carlo generator: The uncertainty due to the modelling of ¢t events using dif-
ferent Monte Carlo generators is studied comparing the default generator MC@QNLO with
Powheg [70] using Herwig/Jimmy for the showering. The systematic uncertainty is esti-

mated as the relative difference between the two samples.

e Parton shower model: In the default ¢t sample, MC@QNLO is interfaced with Her-
wig/Jimmy for the showering. In order to account for uncertainties due to the shower
modelling, the results obtained with two different Powheg samples, once interfaced with

Pythia and once with Herwig are compared.

e Initial and final state radiation: The impact of initial and final state radiation
(ISR/FSR) on the measurement is studied by varying the amount of radiation. For the tt
sample, two different samples are simulated with AcerMC interfaced with Pythia for the
showering with "more” and ”less” radiation. Half the difference between the two samples
is taken as uncertainty. For the signal samples, private fully reconstructed samples with
varied radiation are used. For the singlet and triplet samples with a mass of 800 GeV as
well as for the 500 GeV triplet sample, the systematic uncertainty is examined and the

largest variation is taken for all signal samples.

e Parton distribution functions: The signal samples generated with the PDF set CTQ6L1
are reweighted to MSTW2008lo68cl following the prescription in [71] using the LHAPDF
interface [72]. The uncertainties are estimated with an asymmetric Hessian method and

half of the envelope is used as systematic uncertainty.
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9. Systematic Uncertainties

9.2.

tt normalisation: An uncertainty of 10% for the ¢t cross section is taken into account.

Z + jets normalisation: An uncertainty of 24% per jet is used for the estimation of the
uncertainty on the Z + jets cross section. The uncertainties are assumed to be uncorrelated
and thus are added in quadrature resulting in a total uncertainty on the Z + jets cross

section of 54% in the signal region.

W 4 jets normalisation: As described in chapter the normalisation of the
W 4 jets background is a data driven approach. The systematic uncertainties due to
the scale factors are varied within their 41 ¢ uncertainties and compared to the nominal

value, resulting in an uncertainty of approx. 28%.

Single top normalisation: The uncertainty on the single top normalisation is estimated
using the NNLO cross sections and their uncertainties as quoted in [73] [74, [75] resulting

in an approximate uncertainty of 12%.

Diboson normalisation: The uncertainty on the diboson production cross section is 5%
as described in [76].

QCD multijet normalisation: For the normalisation of the QCD multijet background,

conservative uncertainties of 50% in the electron and 20% in the muon channel are assumed.

Detector Modelling

Jet energy scale:: Due to the large number of jets in the event in the signal region,
the analysis is sensitive to the jet energy scale (JES). The JES uncertainty takes amongst
others the uncertainties arising from the flavour composition of the jets, the in-situ cali-
bration and close-by jets into account. The energies of the jets are scaled up and down by
1 o of their transverse momentum uncertainty to determine the influence of the JES on

the measurement.

Jet energy resolution: The impact of the jet energy resolution is taken into account by
Gaussian smearing of the transverse momentum of the jets. Since the resolution in data

and MC simulations agree, no smearing of the nominal jet transverse momenta is applied.

Jet reconstruction efficiencies: To account for the jet reconstruction inefficiency of ap-
prox. 3% for jets with pr < 30 GeV, an uncertainty is estimated by randomly dropping jets

in the Monte Carlo simulation based on their transverse momentum and pseudorapidity.

Jet vertex fraction: To reduce the number of pile-up events, a cut on the jet vertex
fraction is applied. The scale factors for the jet vertex fraction efficiency and fake rates

are varied within their uncertainty and applied to the MC simulations.
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9.2. Detector Modelling

e b tagging scale factors: In the signal region, events with at least two b-tagged jets are
selected. Systematic uncertainties due to b-tagging are taken into account by shifting the

scale factors for the b-tagging efficiency and mistag rates by = 1 o.

e Muon efficiencies: To achieve better agreement between simulation and data, scale fac-
tors for the muon trigger efficiency, reconstruction and identification efficiency are applied.
These scale factors are determined in Z — pu events using the tag & probe method. The
scale factors are varied within their uncertainty (up and down variation) to account for

systematic uncertainties.

e Muon momentum scale and resolution: To account for discrepancies between the
muon resolution in data and Monte Carlo, the momentum of the muons is smeared and
scaled according to dimuon mass resolution at the Z-pole. The pt of the muon in the
inner detector and the muon spectrometer are smeared separately. For the systematic
uncertainty, the inner detector and muon spectrometer track are smeared by + 1 ¢ and

half of the difference of the maximal and minimal variation is considered as uncertainty.

e Electron efficiencies: Systematic uncertainties arising from the electron trigger, recon-
struction, identification and isolation efficiencies are estimated in the same way as for the

muons.

e Electron energy scale and resolution: The electron energy scale and resolution are
determined in Z — ee events. Since the simulated energy resolution does not reflect the
resolution in data, a Gaussian smearing to the transverse energy of the electron is applied.
The energy resolution and scale are varied within their uncertainty and the largest variation

is used as systematic uncertainty.
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10. Statistical Treatment

In this chapter, the CLg method is introduced which is used to interpret the results presented
in chapter The CLg method has been introduced at the LEP experiment for the combined
search for the Higgs boson. Within this context, the CLg method, based on a profile likelihood

ratio is used to set upper limits on the singlet and triplet production cross sections.

10.1. CLg Method

With the CLg method [77, [78], which is based on frequentist statistics, confidence levels for
searches for new particles are calculated. The CLg method is applied to searches with small
expected number of signal s and background b events, and assuming Poisson statistics. Two
hypotheses are tested to calculate the confidence levels: the background-only and the signal-
plus-background hypothesis.

Assuming that the search is performed in n channels or bins, which are statistically indepen-
dent, the likelihood to observe d; events under the assumption of the signal-plus-background

hypothesis, is given by

To discriminate between signal-like and background-like outcomes, a test statistic @) is defined.
The optimal choice, according to the Neyman-Pearson lemma [79] is the likelihood ratio test

statistic:

£(d]s +b)
L(db)

- 2Zn:si—2i:diln <1+2f) .
i=1 i=1 ¢

Fig. shows the probability density functions of the test statistic Q) for the background-only
hypothesis f(Q[b) and signal + background hypothesis f(Q|s + b). The distributions have been

Q = —-2In
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10. Statistical Treatment

created by performing 5 - 10° pseudo-experiments with s = 30 and b = 60 expected signal and
background events. The vertical line indicates the test statistic Qops for the observed number

of events, d = 70 observed events.

f(Qls+b) f(Qlb)

arbitrary units

Figure 10.1.: Probability density functions of the test statistic ) for the background-only
f(Q|b) and signal-plus-background hypothesis f(Q|s + b) assuming s = 30 and
b = 60 expected signal and background events. The test statistic Qops for the
observed number of data events d = 70 is indicated as the horizontal line. The
shaded areas show the confidence levels for the signal-plus-background CLg
and background only hypothesis CLj.

The probability that the test statistic is less than ()ops under the assumption of the background
only hypothesis is given by:

P(Q < Qops) =1—CLy ,

where CL;, is defined as:

CLy = 0 f(@Q[b) 4@ .

The confidence level for excluding the signal-plus-background hypothesis is defined as the prob-

ability of the test statistic being larger than the observed value in data:

CLs—i—b = P(Q > Qobs) s
with

CLyyy = /Q F(Qls+b) dQ .
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10.1. CLg Method

For CLs1p < «, the signal-plus-background hypothesis is excluded at confidence level of 1 — a.
The disadvantage of using CL, is that if the number of observed events is less than the number
of predicted background events, the signal-plus-background hypothesis could be excluded even
though the experiment is not sensitive to the signal because of small expected signal yields. To

account for this effect, the Modified Frequentist confidence level CLg was introduced:

CLS _ CLs+b _ DPs+b ]
CLy 1—pp

The upper limits from CLg are weaker than the ones from CLgyy since CLgy > CLgyy. As for
CLg.p, the signal-plus-background hypothesis is excluded at 95% confidence level if CLg < 0.05.
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11. Results

In Chapter and Appendix[A] it was shown that the background processes for the production
of a resonance in tt +jets events are well modelled in the defined control regions. In the following,
the signal region with at least five jets and one b-tagged jet is analysed. Control region plots are
shown, followed by the evaluation of the systematic uncertainties. Since no deviations from the
Standard Model expectations are observed, upper limits on the signal production cross section

are set.

11.1. Control Plots and Event Yields

In Tab. the numbers of expected events from Monte Carlo predictions and data driven
methods are compared to the numbers of observed events in the data sample in the single
electron and muon channels. As expected, more events in the i + jets channel are observed due
to the tighter cut on the missing transverse energy in the e + jets channel. Within the statistical
and systematic uncertainties, the number of expected events is in agreement with the number
of observed events in the electron and muon channel. As explained before, the normalisation in

the muon channel is not well described by Monte Carlo predictions and currently studied.

’ Process single electron channel ‘ single muon channel
tt 6406 £+ 1258 10601 £ 1993
Single top 331 £ 103 557 £ 156
W + jets 473 £ 248 1050 + 461
Z + jets 138 £ 97 129 + 111
Diboson 10 + 8 13+ 12
QCD multijet 614 £ 327 506 £ 112

| Total predicted | 7972 £ 1331 | 12856 £ 2058 |

| Total observed | 8631 | 14704 |

Table 11.1.: Comparison of the expected number of events and the number of observed events.
The uncertainties are statistical and include all systematic uncertainties except
for the ¢t modelling systematics (generator and parton shower model) and the
initial and final state radiation.

Control region plots for the single muon and electron channel are depicted in Fig. and
A good agreement between the observation and prediction is achieved within the statistical and
systematic uncertainties. In addition, the invariant mass distributions of the top-jet system and

the antitop-jet system, which are sensitive to the mass of the singlet and triplet, are shown in

67



11. Results

Fig. Further control plots showing distributions of the kinematic event reconstruction can
be found in Appendix D} As described in Chapter the my; and my; distributions are used as
input for the two-dimensional binning method to perform the counting experiment in a single

bin depending on the signal sample under study.

11.2. Systematic Uncertainties

The full list of systematic uncertainties, summarised in Chapter [9] are evaluated for each singlet
and triplet sample due to the different optimised m¢; — mg; mass windows. The uncertainties
on the choice of the parton distribution function utilised in the MadGraph MC generator for
the modelling of the singlet and triplet samples are given in Tab. The uncertainty due to
the PDF increases with the signal mass. Tables and list the breakdown of systematic
uncertainties exemplary for the singlet and triplet sample with a mass of 400 GeV for the
electron and muon channel. The systematic uncertainties arising from the modelling of the
signal and background processes and from the detector modelling were treated as uncorrelated
and thus added in quadrature. For the signal and background samples, the jet energy scale is

the dominating systematic uncertainty.

Sample mass PDF uncertainty
[GeV] Singlet [%] | Triplet [%]
200 1.3 1.3
300 1.4 1.4
400 1.5 1.5
500 1.7 1.7
600 2.0 1.8
700 2.1 2.1
800 2.4 2.8
1000 3.7 3.2
1250 4.5 4.4
1500 6.6 5.7
1750 7.4 6.6
2000 8.5 7.6

Table 11.2.: Systematic uncertainty due to the parton distribution functions of the different
singlet and triplet samples. The signal samples were generated with CTQ6L1 and
were reweighted to MSTW2008lo68cl to estimate the uncertainty.
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11.2. Systematic Uncertainties

’ Electron channel ‘

’ Systematic ‘ tt (%) ‘ W + jets [%] ‘ Total [%] ‘ Signal [%] ‘
Jet energy scale a7 5 s ‘s
Jet reconstruction efficiency | £ 1.2 + 0.0 + 0.1 + 2.1
Jet energy resolution + 6.9 + 14.6 + 5.3 + 04
Jet vertex fraction efficiency | £ 1.4 + 1.9 + 1.1 + 1.7
b-tag scale factors + 5.3 + 94 + 4.0 + 4.6
Electron efficiencies + 24 + 24 + 1.8 + 2.4
Electron smearing + 0.2 + 8.1 + 0.8 + 3.6
Electron energy scale + 0.2 + 94 + 0.9 + 3.1
Generator + 24.5 - + 18.2 -
Parton Shower + 0.3 - + 0.3 -
ISR/FSR + 79 - + 59 + 10.3
Luminosity + 1.8 + 1.8 + 1.8 + 1.8

’ Muon channel

| Systematic t (%) | W+ jets [%] | Total [%] | Signal [%] |
Jet energy scale 15 s oo s
Jet reconstruction efficiency | £ 0.2 + 0.0 + 0.2 + 5.6
Jet energy resolution + 1.2 + 22.5 + 2.2 + 0.6
Jet vertex fraction efficiency | £ 1.5 + 14 + 1.2 + 1.8
b-tag scale factors + 4.6 + 9.6 + 3.8 + 4.8
Muon efficiencies + 1.5 + 1.4 + 1.2 + 1.5
Muon smearing + 0.0 + 0.0 + 0.0 + 0.3
Muon momentum scale + 0.0 + 1.6 + 0.1 + 0.8
Generator + 18.6 - + 14.9 -
Parton Shower + 4.8 - + 3.9 -
ISR/FSR + 9.7 - + 79 + 10.3
Luminosity + 1.8 + 1.8 + 1.8 + 1.8

Table 11.3.: Systematic uncertainties on the signal and background samples in the signal region

optimised for the 400 GeV singlet sample.
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Figure 11.1.: Control plots for the u + jets channel. The transverse momentum pr and the

pseudorapidity 7 of the jets and the muon are shown as well as the missing trans-
verse energy distribution EX and the transverse W-boson mass mt(W). The
uncertainties are statistical and all systematic uncertainties except for ISR/FSR
and the ¢t modelling uncertainties.

70



11.2. Systematic Uncertainties

L o e R L N N
§16000 - ATLAS > 1 tags, e +> 5-jets
r i * Dat ]
814000 :_ work in progreis — f,}’i;,s _:
> F|Ldt=471" 1 Z+jets ]
+=12000( Diboson -
2 F — Islll’ 'ng(;e Il:ptons ]
r isid. Bl
U>J10000 C Uncertailr)nty |
[ P ]
8000 Z 3
6000 3
4000 |~ -
2000[ 3
of =

0 50 100 150 200 250
Jet P, [GeV]
> R T R
8 [ ATLAS > 1 tags, e +> 5-jets
o 3000[ work in progress b gata -
= [ E WHjets |
~ F | Ldt=47%" . Z+jets .
8 2500 Dib =
% r ] S;p;feog)p q
> C I Misid. leptons ]
w2000 Uncertainty 3
C % ]
1500 3
1000 =
[ 7 ]
500 3
O —— =

0 50 100 150 200
Lepton P, [GeV]
> 18005 L L T T T T =
8 r ATLAS > 1 tags, e + > 5-jets -
~ 1600 F work in progress é ’é_/ata E
@ 14001 J Ldt=47f" Y rivg -
o [ Diboson ]
> 1200 B Single top .
w L W Misid. Ieptons |
1000 P Uncertainty =
8001 3
6001~ 3
4001~ -
2001~ .

of
0 50 100 150 200

Missing ET [GeV]

Figure 11.2.: Control plots for the e + jets channel.
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The transverse momentum pr and

the pseudorapidity 1 of the jets and the electron are shown as well as the
missing transverse energy distribution E4"* and the transverse W-boson mass
mr(W). The uncertainties are statistical and all systematic uncertainties except

for ISR/FSR and the ¢t modelling uncertainties.
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Figure 11.3.: Invariant mass distributions of the top-jet and antitop-jet system my; and mg;
for the p + jets (a, b) and e +jets (c, d) channel.
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11.2. Systematic Uncertainties

’ Electron channel ‘

’ Systematic ‘ tt (%] ‘ W + jets [%] ‘ Total [%] ‘ Signal [%] ‘
Jet energy scale 150 o a7 o7
Jet reconstruction efficiency | £ 0.6 + 0.0 + 04 + 1.3
Jet energy resolution + 24 + 7.1 + 1.9 + 0.6
Jet vertex fraction efficiency | £ 1.4 + 1.1 + 1.0 + 1.7
b-tag scale factors + 3.8 + 10.6 + 29 + 5.6
Electron efficiencies + 24 + 2.5 + 1.8 + 2.5
Electron smearing + 0.5 + 0.2 + 04 + 1.6
Electron energy scale + 0.1 + 3.0 + 04 + 2.5
Generator + 19.3 - + 14.1 -
Parton Shower + 1.1 - + 0.8 -
ISR/FSR + 7.5 - + 5.5 + 10.3
Luminosity + 1.8 + 1.8 + 1.8 + 1.8

’ Muon channel ‘

| Systematic t7 (%) | W+ jets [%] | Total [%] | Signal [%] |
Jet energy scale 15 Ry G T
Jet reconstruction efficiency | £ 0.0 + 2.0 + 0.2 + 2.1
Jet energy resolution + 0.1 + 12.2 + 14 + 0.5
Jet vertex fraction efficiency | £ 1.4 + 2.6 + 1.1 + 1.7
b-tag scale factors + 4.9 + 9.7 + 4.0 + 8.1
Muon efficiencies + 1.5 + 14 + 1.2 + 14
Muon smearing + 0.2 + 0.6 + 0.2 + 0.0
Muon momentum scale + 0.3 + 3.2 + 0.5 + 0.7
Generator + 18.8 - + 14.6 -
Parton Shower + 3.1 - + 24 -
ISR/FSR + 9.8 - + 7.7 + 10.3
Luminosity + 1.8 + 1.8 + 1.8 + 1.8

Table 11.4.: Systematic uncertainties on the signal and background samples in the signal region
optimised for the 400 GeV triplet sample.
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11.3. Limit Setting

The number of expected signal and background events as well as the number of observed events
after applying the cuts on the my; and my; variables are listed in Tab. and Tab. for
each singlet and triplet sample, respectively. The uncertainties on the prediction are statistical
and systematic uncertainties. As a simplification, the electron and muon channels were assumed
to be uncorrelated. The number of background events depends on the signal mass due to the
different optimised my;—my; bins, see Fig.

Signal Mass | Background (expected) ‘ Signal (expected) ‘ Observed

200 GeV 561 * &7 424 *,56 627
300 GeV 773 TS 387 £ I 924
400 GeV 598 * 99 214 + 30 662
500 GeV 425 + o1 107 * 13 470
600 GeV 284 + 18 54 19 301
700 GeV 194 + 35 3271 8 208
800 GeV 134 22 V- 151
1000 GeV 165 * 33 8§t 2 139
1250 GeV 87110 1+ 38
1500 GeV 221 8 ot 1 17
1750 GeV 221 8 ot 1 17
2000 GeV 237 8 ot 1 17

Table 11.5.: Expected number of background, signal and observed events for different singlet
samples, fulfilling the cuts on my; and my;, defined in chapter

For each signal sample, the p-value and the significance are calculated and listed in Tab.
The p-value is defined as the probability to observe more events than the number of measured
data events under the background-only hypothesis. For values p > 0.005, the observation is
consistent with the background-only hypothesis. For each mass window, the observation is con-
sistent with the Standard Model hypotheses and 95% confidence level upper limits on the signal

cross section are set.

The upper limits on the cross section are computed based on the CLg; method as described
in Chapter The MCLimit package [80] is used to calculate the 95% C.L. expected and
observed upper cross section limits ogs9,. 10000 pseudo-experiments were performed to create
the probability density functions for the background-only and signal-plus-background hypothe-
ses. Exemplary, the probability density functions for the two hypotheses for the singlet sample
with a mass of 400 GeV are shown in Fig. without taking the systematic uncertainties
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into account. With systematic uncertainties, the parton distribution functions are smeared out
around the central value. The scale factor at which the signal is excluded at 95% C.L. is defined
as s95 = 2—513 and is listed in Tab. Furthermore, the scale factor is shown as a function
of the resonance mass in Fig. For s95 < 1, the signal can be excluded at 95% confidence
level. Hence, no 95% C.L. lower limits on the mass of the new resonance can be set in the
analysed mass range due to the large systematic uncertainties. Masses below 430 GeV and
220 GeV for the singlet and triplet, respectively, were expected to be excluded. Without taking
the systematic uncertainties into account, the lower limit on the mass of the colour singlet is
534 GeV whereas the expected lower limit is 620 GeV, assuming a unit right-handed coupling.
For the colour triplet sample, the limit on the mass is 630 GeV, where it was expected to set a
limit at 700 GeV.

Signal Mass | Expected events ‘ Signal (expected) ‘ Observed

200 GeV 2272 1329 713 T3 2467
300 GeV 1295 T758 456 * 97 1512
400 GeV 667 T0g 240 * 39 725
500 GeV 328 © 57 115+ 2 373
600 GeV 178 © 33 58 T 13 193
700 GeV 103 13 3271 1T 113
800 GeV 56+ 13 137+ 1 57
1000 GeV 186 © 55 19+ 11 169
1250 GeV 60 © 13 51 2 39
1500 GeV 18t 7 1t 13
1750 GeV 18+ 1 15 13
2000 GeV 18° 7 0t 4 13

Table 11.6.: Expected number of background, signal and observed events for different triplet
samples, fulfilling the cuts on my; and mg;, defined in chapter
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. Singlet Triplet
Signal Mass
p-value | Significance | p-value | Significance
200 GeV 0.28 0.60 0.32 0.47
300 GeV 0.11 1.23 0.17 0.96
400 GeV 0.31 0.49 0.35 0.38
500 GeV 0.31 0.50 0.26 0.63
600 GeV 0.38 0.30 0.36 0.37
700 GeV 0.36 0.35 0.35 0.39
800 GeV 0.30 0.53 0.48 0.04
1000 GeV 0.70 -0.54 0.59 -0.24
1250 GeV 0.68 -0.49 0.87 -1.12
1500 GeV 0.71 -0.55 0.78 -0.77
1750 GeV 0.71 -0.55 0.78 -0.77
2000 GeV 0.71 -0.55 0.78 -0.77

Table 11.7.: p-value and significance of the different signal samples to show the consistency of
the observation with the Standard Model background.
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= - N Y
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Figure 11.4.: Probability density functions of the test statistic @) for the background-only
(red) and signal-plus-background hypothesis (blue) for the singlet sample with
400 GeV if no systematic uncertainties are considered. The test statistic for the
observation yields () = 22.8.
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Sample

Singlet

Triplet

595 | $95exp | 0959 [DD]

595 | $95exp | 059 [DD)

200 GeV
300 GeV
400 GeV
500 GeV
600 GeV
700 GeV
800 GeV

1.03
1.15
1.40
2.39
2.73
4.46
9.12

0.92
0.78
1.13
1.98
2.39
3.88
7.84

58.80
21.05
10.36
7.78
4.23
3.50
6.25

1.24
1.71
1.32
1.92
2.14
2.73
5.85

0.98
1.23
1.09
1.54
1.90
2.39
4.16

55.80
29.93
10.44
7.49
4.45
3.14
3.89

Table 11.8.: Scale factor s95 at which the signal is excluded at 95 % confidence level and the
expected scale factor for the null hypothesis. Furthermore, the scale factor is
translated into the upper signal cross section limit.
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Figure 11.5.: Scale factor s95 at which the signal is excluded at 95% C.L. as a function of the
mass of the colour singlet (a) or triplet (b).
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12. Conclusion and Outlook

In this thesis, a search for a new top-flavour violating particle in association with a top quark
was performed using the full 2011 dataset collected with the ATLAS detector and corresponding
to an integrated luminosity of 4.7 fb~! of proton-proton collisions at a centre-of-mass energy
of \/s =7 TeV. Two different models were considered in the analysis: a colour singlet and a
colour triplet which could explain the anomalous forward-backward asymmetry measured in top
quark production at the Tevatron. The new particle decays either into a top plus light jet or an

antitop plus light jet, resulting in a resonance in ¢t + jet final states.

Events passing the event selection criteria were reconstructed with the Kinematic Likelihood
Fitter under the assumption of the lepton + jets decay topology. In order to maximise the
reconstruction efficiency for a possible signal, several configurations of the fitter were tested and
compared. An event selection was applied which reduces the number of W + jets events signifi-
cantly; the Standard Model production of top-antitop pairs remains an irreducible background.
Therefore, a two-dimensional binning method in the my;—m;; mass plane was applied, resulting
in a single bin counting experiment. This binning method was optimised for each singlet and
triplet sample, taking all systematic uncertainties into account. For each singlet and triplet sam-
ple, the systematic uncertainties were evaluated. The event yields in the different signal regions
were determined and compared to the observation which is consistent with the background-only
hypothesis. Hence, upper limits on the signal cross section were set with the CL; method, based
on a frequentist approach. Assuming a unit right-handed coupling, no lower limits on the mass
of the new particles could be set in the studied range due too the large systematic uncertainties.
It was expected to exclude a new singlet state with m < 430 GeV and a triplet with m < 220
GeV.

To finalise these studies, the electron and muon channel need to be properly combined tak-
ing into account correlations between both channels. In addition, the discrepancies between
the predicted and observed number of events, arising from the mismodelling of the production
of tt pairs with additional jets, need to be further investigated. Especially the systematic un-
certainties need to be minimised in order to be able to exclude mass ranges for the singlet or
triplet. In order to improve the sensitivity of the analysis, further optimisation studies need to
be performed. The angle between the top and the light jet or the antitop and the light jet could
be used as discriminating variable between the dominating background sources and the signal.

In the SM, the additional jet is produced via initial or final state radiation which would result
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12. Conclusion and Outlook

in a uniform distribution of the angle as a function of the ¢j and ¢j mass. If the mass of the new
particle is sufficiently low, the decay products of the particle are boosted, resulting in a small
angle between the decay products. If, however, the new particle is produced at rest due to its

large mass, the decay products are emitted back-to-back.
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A. Control Region Plots

Control region plots for the muon and electron channel in the pretag region with at least four
jets and b-tag requirement are depicted in Fig. - and for the W + jets region with
more than four jets and no b-tagged jet in Fig. - The uncertainties on the prediction
are statistical and systematic uncertainties on the normalisation of the background as well as

uncertainties on the luminosity, b-tag scale factors and electron and muon efficiencies.
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Figure A.1.: Control plots for the p + jets channel in the pretag region with at least four jets
and no b-tag requirement. The transverse momentum pr and the pseudorapidity
1 of the jets and the muon are shown as well as the missing transverse energy
distribution ER and the transverse W-boson mass mt(W).
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Figure A.2.: Control plots for the p + jets channel in the pretag region. Shown are the log
Likelihood, the jet multiplicity Njets, the invariant mass of the ¢ pair and its
transverse momentum as well as the invariant mass of the top-jet and antitop-jet
system.
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Figure A.3.: Control plots for the e + jets channel in the pretag region with at least four jets
and no b-tag requirement. The transverse momentum pr and the pseudorapidity
71 of the jets and the electron are shown as well as the missing transverse energy
distribution ER and the transverse W-boson mass mt(W).
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Figure A.J.: Control plots for the e + jets channel in the pretag region. Shown are the log
Likelihood, the jet multiplicity Njets, the invariant mass of the ¢ pair and its
transverse momentum as well as the invariant mass of the top-jet and antitop-jet
system.
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Figure A.5.: Control plots for the p + jets channel in the enhanced W + jets region with

more than four jets and no b-tagged jets. The transverse momentum pr and
the pseudorapidity n of the jets and the muon are shown as well as the missing
transverse energy distribution EF'*® and the transverse W-boson mass mr(W).
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Figure A.6.: Control plots for the u + jets channel in the enhanced W + jets region. Shown

are the log Likelihood, the jet multiplicity, the invariant mass of the ¢f pair and its
transverse momentum as well as the invariant mass of the top-jet and antitop-jet
system.
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Figure A.7.: Control plots for the e 4 jets channel in the enhanced W + jets region with

more than four jets and no b-tagged jets. The transverse momentum pr and
the pseudorapidity n of the jets and the muon are shown as well as the missing
transverse energy distribution EF'*® and the transverse W-boson mass mr(W).
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Figure A.8.: Control plots for the e + jets channel in the enhanced W + jets region. Shown
are the log Likelihood, the jet multiplicity, the invariant mass of the ¢f pair and its
transverse momentum as well as the invariant mass of the top-jet and antitop-jet
system.

95






B. Reconstruction and Total Efficiencies

In this appendix, the reconstruction efficiencies for the singlet and triplet samples with masses
of 200 and 1000 GeV are listed in Tab. [B.1] and Tab. [B.2] for the two different reconstruction
techniques. Furthermore, the total efficiencies for the three singlet and triplet samples are given
in Tab. and Tab. for the my;/mg; mass method.

Number of Nutber of ot Reconstruction Efficiency eg [%]
pr method ‘ myj/mg; mass | pr method ‘ myj/ Mg mass

) 240 £ 2.7 | 2404+ 2.7 22.4 £ 4.5 22.4 £ 4.5
>95 6 156+ 1.9 | 140+ 1.8 18.3 £ 3.6 16.5 £ 3.5
7 145+ 1.7 128 & 1.6 17.1 £ 34 15.4 £+ 3.3
D ) 233+ 2.9 23.3 £ 2.9 25.3 £ 5.0 25.3 £ 5.0
6 ) 27.8 +£10.6 | 27.8 &+ 10.6 0.0 £ 0.0 0.0 £ 0.0
6 45+ 1.8 1.5+ 1.0 6.3 £ 4.3 0.0 £0.0

) 40.0 £21.9 | 40.0 £21.9 - -
7 6 9.1+ 6.1 0.0+ 0.0 0.0 £ 0.0 0.0 £ 0.0
7 5.8 + 3.2 0.0+ 0.0 0.0 £ 0.0 0.0 £ 0.0

Table B.1.: Comparison of the reconstruction efficiencies using the two different reconstruction

methods for the singlet and triplet samples with m = 200 GeV.
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B. Reconstruction and Total Efficiencies

Nuwber of Nuwther of fet Reconstruction Efficiency er [%]
je?:;ne;v(e)znt coigdziez i]’:))rsﬁt m = 1000 GeV me = 1000 GeV
pr method ‘ myj/mg; mass | pr method ‘ myj/mi; mass
5 40.0 £ 2.2 40.0 £ 2.2 39.0 £ 1.9 39.0 £ 1.9
>95 6 325 £ 1.6 31.1 £ 1.6 31.7 £ 14 30.1 £14
7 281+ 14 26.5 + 1.4 30.2 + 1.3 28.0 + 1.3
) ) 39.1 £29 39.1 £29 379 £ 23 37.9 £ 2.3
6 b} 43.6 + 4.3 43.6 + 4.3 39.1 + 3.6 39.1 +£ 3.6
6 29.2 £ 24 278 £ 24 26.5 + 2.1 24.2 £ 2.1
5 37.5+ 7.0 375+ 7.0 44.4 + 6.8 44.4 + 6.8
7 6 28.7 £ 4.2 24.3 £ 4.0 29.5 + 3.7 25.5 £ 3.6
7 17.8 £ 2.6 13.7 £ 2.3 25.6 £ 2.8 21.6 £ 2.6

Table B.2.: Comparison of the reconstruction efficiencies using the two different reconstruction

methods for the singlet and triplet samples with m = 1000 GeV.

Number of jets | Number of jets Total Efficiency [%]
in event considered for fit | my~ = 200 GeV | myr = 1000 GeV | my» = 2000 GeV

5 3.44+04 4.6 £ 0.3 1.43+ 0.2

>95 6 3.1+04 59+ 04 2.6 £0.3

7 3.1+04 6.1 £ 0.4 3.0+ 0.3

5 5) 4.6 £ 0.6 6.8 £ 0.6 1.9+ 04

6 ) 1.3 £ 0.6 4.5 4+ 0.6 1.9+ 04

6 0.5+ 0.4 7.5+ 0.7 44 + 0.7

5 1.4+ 1.0 2.3+ 0.5 1.5+ 04

7 6 0.0 £0.0 3.6 £0.7 25 +£0.6

7 0.0 £0.0 3.9 £ 0.7 4.0 £ 0.7

Table B.3.: Total efficiencies for different W’ samples using the my;j/ms; mass method for the

reconstruction of the resonance.
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Number of jets | Number of jets Total Efficiency [%)]
in event considered for fit | mg = 200 GeV | mg = 1000 GeV ‘ mg = 2000 GeV

) 3.4 +0.8 7.2+ 04 3.5 +0.3

>5 6 3.4+0.38 8.5+ 0.5 4.7+ 0.4

7 3.4 4+0.8 8.9 + 0.5 5.4 4+04

5 5 4.9+ 1.1 9.8 +0.7 4.3 + 0.6

6 5 0.0 £ 0.0 6.0 + 0.7 3.9 +0.7

6 0.0 + 0.0 8.9 + 0.8 7.0+ 0.9

5 0.0 £ 0.0 4.3 +0.9 1.5 £0.6

7 6 0.0 + 0.0 6.8 + 1.1 3.7+ 0.9

7 0.0 + 0.0 9.6 + 1.2 6.5+ 1.2

Table B.4.: Total efficiencies for different triplet samples using the my;/mg; mass method for
the reonstruction of the resonance.
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C. Efficiencies for the ¢t Background

The reconstruction of ¢t pairs which is the main background for this analysis with the KLFit-
ter is analysed in this appendix. Therefore, events with at least four jets are selected. If a
one-to-one assignment of the four truth partons to the selected jets and the truth lepton to the
reconstructed lepton is fulfilled, a ¢t event is labeled matched. The matching efficiencies for the

electron and muon channel are listed in resulting in a overall matching efficiency of 37.9%.

’ jets in the event ‘ em (%] ‘
>4 37.90 + 0.04
4 32.52 £+ 0.05
) 44.10 £+ 0.08
6 49.49 + 0.10
7 51.80 £ 0.26

Table C.1.: Matching efficiencies for the electron and muon channel in the ¢t sample for dif-
ferent jet multiplicities.

If the event contains a large number of jets, the probability that the KLFitter chooses the cor-
rect permutation decreases. Therefore, the number of jets which is considered in the KLFitter
for the reconstruction is limited. The reconstruction efficiency can be only evaluated for events
which have been selected containing the truth partons. If not all jets in the event are considered
for the fit, the matching efficiencies need to be recalculated. Depending on the number of jets in
the event and the number of jets considered in the fit, the matching efficiencies for the ¢t sample
are given in As for the singlet and triplet samples, the more jets are taken into account,

the larger the matching efficiency.

The reconstruction efficiency for the ¢t sample is defined as the ratio of the number of cor-
reclty reconstructed events over the number of matched events. Tab. contains the recon-
struction efficiencies in dependence on the number of jets considered by the KLFitter. If more
jets are taken into account, the reconstruction efficiency decreases due to the larger number of

permutations.
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C. Efficiencies for the tt Background

Table C.2.:

Number of jets

in event

Number of jets

considered in fit

Matching Efficiency ey[%]

for the ¢t sample

W

23.91 + 0.04
34.44 £ 0.04
37.24 £ 0.03
37.79 £ 0.04

32.52 £ 0.05

13.56 £ 0.06
44.10 £ 0.08

6.52 £ 0.07
24.97 £ 0.12
49.49 £+ 0.10

EN =S, BTG - NS B IS SN S IES e NS

3.46 £ 0.10
14.66 £ 0.19
32.82 £ 0.18
51.80 £ 0.26

Matching efficiencies for the electron and muon channel in the ¢t sample for dif-

ferent jet multiplicities.

Number of jets

in event

Number of jets

considered in fit

Reconstruction Efficiency eg[%)]

for the ¢t sample

W

37.96 £ 0.09
33.15 £ 0.07
31.50 £ 0.05
31.07 £ 0.06

37.86 £ 0.10

38.28 £ 0.22
26.72 £ 0.10

39.02 £ 0.55
28.00 + 0.24
19.11 £ 0.11

N O U RO O R |Ct R O Ot

40.47 £ 1.49
30.38 £ 0.63
21.52 £ 0.28
14.77 £ 0.26

Table C.3.: Reconstruction efficiencies for the ¢t sample for different jet multiplicities.
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D. Signal Region Plots
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Figure D.1.: Control plots for the p + jets channel. Shown are the log Likelihood, the jet
multiplicity Njets, the invariant mass of the ¢¢ pair and its transverse momentum.
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D. Signal Region Plots
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Figure D.2.: Control plots for the e + jets channel. Shown are the log Likelihood, the jet
multiplicity Njets, the invariant mass of the t¢ pair and its transverse momentum.
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