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1 Introduction

What is the world made of? This is one of the fundamental questions scientists try to an-
swer at the Large Hadron Collider (LHC) located at European Organization for Nuclear
Research, near Geneva. The LHC is the world’s largest particle accelerator and collider. In
December 2009 the LHC has started its operation and since then provides collisions for the
four main experiments. ATLAS is one of the general purpose experiments, it covers a broad
range of topics in high energy physics. This thesis has been performed within the ATLAS
collaboration.

According to our current knowledge about the constituents of the matter, there are 12
fundamental particles, 6 quarks and 6 leptons. While all ordinary matter is made of the
lightest two quarks, the up and down quark, and the lightest charged lepton, the electron,
the other particles can be produced in collisions of high-energy particles. The mass of par-
ticles, although present in everyday’s life, is theoretically not fully understood. In the Stan-
dard Model of high-energy particle physics the mass is generated through the mechanism
of electroweak symmetry breaking induced by one Higgs field, producing one additional
particle, the Higgs boson. Since no evidence for the Higgs boson has been found yet, al-
ternative mechanisms of the mass generation are of interest. The top quark is the heaviest
fundamental particle known so far and due to its large mass, it plays an important role in
these theories. Such models predict the existence of new heavy particles which couple to
top quarks. This leads to an additional production mechanism of top quarks and should be
visible in the invariant mass distribution of the top quark pairs.

First searches for new heavy particles in top quark pairs events have been performed
at the TEVATRON collider of the Fermi National Accelerator Laboratory. So far no evidence
for new particles was found. The higher centre-of-mass energy at the LHC allows to extend
these searches for the first time into the TeV-regime. In this thesis a method has been de-
veloped, which is able to reconstruct top quarks in a broad range of transverse momenta,
from top quarks at rest up to range of TeV. Based on the reconstructed invariant mass dis-
tribution, a statistical analysis has been performed to estimate the sensitivity of the ATLAS
experiment to detect new heavy particles in the early stage of the experiment.

Another aspect of this thesis is the implementation of a vertex reconstruction algorithm
in the ATLAS software framework. Vertex reconstruction is an important tool in high en-
ergy physics. It is essential for the identification of jets originating from bottom quarks, for
lifetime measurements and flavour physics. Many interesting physics processes, for exam-
ple top quark decays, contain bottom quarks in the final state, while background processes
contain only up, down, strange or gluon jets. Thus, the identification of bottom jets can
be used to separate signal from the background. The relatively long lifetime of B hadrons
(Byct = O(1) mm), produced during the hadronisation of bottom quarks, is unique and
allows to distinguish bottom jets from other jets. In this thesis a sophisticated secondary



2 Chapter 1. Introduction

vertex reconstruction algorithm is presented, which exploits the structure of B hadron de-
cays inside the jets. Its application to a bottom jet identification algorithm will be discussed
and compared to the algorithms available in the ATLAS software.



2 Theoretical Aspects of Top Quark
Physics

The Standard Model of elementary particle physics [1-10] provides a theoretical framework
to describe the fundamental particles and their interactions. Since its formulation in the
1960s and 1970s it has been tested by a large number of experiments up to energies of
O(100) GeV and so far no significant deviations from its predictions could be observed.
Nevertheless the Standard Model is not a complete theory. It includes only the description
of three of the four fundamental forces in nature, the electromagnetism, the weak and the
strong force. The gravitation can not be explained within the framework of the Standard
Model. Another open question is the origin of the particle masses. The so-called Higgs
mechanism [11] provides the particle masses in the Standard Model, but it is not experi-
mentally confirmed yet. There are several other theoretical models trying to answer this
question. One of the Standard Model particles, the top quark, often plays a special role in
such theories due to its high mass. They predict existence of new particles which couple
preferably to top quarks. To discover these particles is one of the exciting prospects at the
LHC.

A brief phenomenological introduction into the basic concepts of the Standard Model
will be given in the first section of this chapter followed by a detailed description of top
quark pair production and decay mechanisms in the Standard Model. An overview of the-
ories beyond the Standard Model (BSM) predicting resonant top quark pair production will
be given in the last section.

2.1 Basic Concepts of the Standard Model

All matter is build from quarks and leptons. The most well-known lepton is the electron.
Quarks are constituents of protons and neutrons. Quarks and leptons are spin-3 particles,
so-called fermions, and obey Fermi-Dirac statistics as well as the Pauli exclusion principle.
For each kind of particle there exists a corresponding antiparticle with identical proper-
ties except for the reversal of their quantum numbers, which describes values of conserved
quantities. Fermions are subdivided into three generations. Each generation is identical in
their attributes except their masses. The first generation of quarks and leptons: up (1) and
down (d) quarks, electron (e) and electron-neutrino (v) build all known matter. The second
and third generations: charm (c) and strange (s) quarks, muon (¢) and muon-neutrino (v}),
top (t) and bottom (b) quarks, tau (7) and tau-neutrino (v;) can only be observed in high-
energy interactions since they subsequently decay into first generation particles. Charged
leptons (e, i, T) carry one elementary charge, while the corresponding neutrinos are neu-
tral. The quarks carry fractional electric charges, the up-type (u, ¢, t) quarks +2/3 and the
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down-type (d, s, b) quarks -1/3 of the elementary charge. All but top quarks are bound in
combinations of quarks and antiquarks, so-called hadrons, with integer charge. Hadrons
build of three quarks are baryons, the quark-antiquark states are mesons. Without an addi-
tional quantum number the Pauli principle would be violated for gqg-states. Thus, quarks
carry colour charge denoted as red, green and blue.

Fermions interact by four fundamental interactions: the electromagnetic force, the weak
and the strong force and the gravitation. The gravitation can be neglected in high-energy
physics, because its strength is about 43 orders of magnitude weaker than the strong inter-
action. The mediators of the interactions between fermions are gauge bosons. The gauge
bosons have integer spin and obey Bose-Einstein statistics. Eight gauge bosons, so-called
gluons, belong to quantum chromodynamics (QCD) that describes strong interactions. The
quantum number of QCD is the already introduced colour charge. The mediators of the
electromagnetic and weak interactions are photons (7y) and Z- and W*-bosons. From a his-
torical point of view, quantum electrodynamics (QED) was the first formulated gauge theory
to describe electromagnetic interactions mediated by photons. Later Glashow, Weinberg and
Salam [1,4-6,12] have succeeded to combine the description of weak and electromagnetic
interactions in one gauge theory and herewith to allow a proper description of the weak in-
teraction. The electro-weak quantum numbers are weak isospin T and hypercharge Y. The
left-handed fermions have the total weak-isospin T' = 1/2 and form weak-isospin doublets.
The right-handed fermions have T = 0 and form singlets. The electric charge is related to the
third component of the weak-isospin T3 and the weak hypercharge by Q = T3 + Y /2. The
charged leptons interact electromagnetically and weakly, the neutral leptons interact only
weakly. By contrast, the quarks interact via all three interactions: electromagnetic, weak
and strong. All fundamental particles and some of their properties are shown in Figure 2.1.

QCD and the electro-weak theory are relativistic quantum field gauge theories, which
are combined into the Standard Model. The Standard Model is a gauge theory based on the
set of fields, namely three generations of fermions, one Higgs field and the gauge fields of
SU(3)c x SU(2)r x U(1)y symmetry group as listed in Table 2.1. SU(3)¢ is the symmetry
group of the strong interaction, SU(2) of the weak interaction and U(1)y of the electromag-
netic interaction. The symmetry transformations can be performed both locally and glob-
ally. Each gauge symmetry is connected to the conservation of a corresponding quantum
number, as stated by the Noether theorem [13]. In a gauge theory, the Lagrangian, which
describes the dynamics of a physical system, is invariant under local gauge transforma-
tions. Gauge fields guarantee this invariance and the excitatitions of these fields represent
the particles transmitting the forces, the gauge bosons. To obtain massive gauge bosons,
the introduction of a mass term into the Lagrangian is necessary. Such a term is not gauge
invariant under local gauge transformations. A solution has been provided by Higgs [11],
who introduced a new scalar field, named then Higgs field. The non-zero vacuum expecta-
tion value of the Higgs field breaks spontaneously the electro-weak symmetry. This leads to
the emergence of the massive vector bosons, the W and Z bosons, and a massless photon.
In the following, all three interactions as well as the Higgs mechanisms will be explained in
more details.
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|colour | I | I | Y | Q
i ur cL tr +1/2 +2/3
L= <dL> <5L> (bL> oV ] YR s
quarks ”32 = UR CR tr 3 0 0 4/3 | +2/3
dp = dg SR br 3 0 0 -2/3 1 —-1/3
i Vel VuL VL +1/2 0
b= <€L> (HL) <TL) R R IV B
leptons e% = eR UR TR 0 0 0 -2 -1
Vg = VeR VuR ViR 0 0 0 0 0
. B pt +1/2 +1
higgs = <¢0 0 1/2 12 +1 0

Table 2.1: The fields of the Standard Model and their quantum numbers. I is the total isospin
and I3 is its third component. Y is the weak hypercharge and Q is the electric
charge. L and R denote left- and right-handed fermions, respectively. The left-
handed states of one generation are grouped into weak-isospin doublets Q' and
Li. The right-handed states form singlets u, d, ei and vk.

Strong Interactions

The strong interactions are described by QCD [7, 8], a non-abelian gauge theory based on
the gauge group SU(3)c. It leads to eight massless, colour charged and thus self-interacting
gauge bosons, which mediate this interaction. As already mentioned, there are three kinds
of colour, denoted symbolically by red (R), green (G), and blue (B). The antiparticles are
assigned to complementary colours: antired (R), antigreen (G) and antiblue (B). Quarks
carry one colour, gluons carry one colour and one different anticolour. Neither quarks nor
gluons are observed as free particles. This property of the QCD dynamics is called con-
finement. Theoretical understanding of this phenomenon is not complete, but it explains
the consistent failure of free quark searches and it can be demonstrated in lattice QCD [16].
Experimentally the number of colour charges has been shown by the cross section ratio mea-
o(eTe” — qq)
olete” — ptyu~)
eTe™ annihilation.

surement R = of the hadronical final states to the leptonic final states in

The QCD Lagrangian describes the free propagation of quarks and gluons, the quark-
gluon interaction and gluon self-interactions and can be represented by Feynman diagrams
as shown in Figure 2.2. The strong coupling as is the fundamental parameter of QCD. In
the framework of perturbative QCD predictions for observables are expressed in terms of
ag. Higher orders of perturbation theory include amongst other Feynman diagrams gluon
and fermion loops. The momentum of virtual particles in such loops is not defined and it
leads to ultraviolet divergences in case of large momenta. An unphysical renormalisation
scale ug has to be chosen to remove divergences. The physical observables have to be scale-
independent, therefore the scale dependence is included in the coupling constant as(y3).
When the scale yR is close to the scale of the momentum transfer Q in a given process, then
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Figure 2.1: Fundamental particles of the Standard Model [14]. Top quark mass is taken from
Reference [15].
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Figure 2.2: Elements of Feynman diagrams in QCD: propagators for quarks and gluons,
quark-gluon vertex, three and four gluon vertex.

as(uz ~ Q2 is indicative of the effective strength of the interaction in that process. The
scale dependence of the renormalised coupling constant is controlled by the renormalisa-
tion group equations. In first order perturbation theory as(Q?) has the form (corresponding
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IR

Figure 2.3: Higher order corrections to the QCD coupling ag: gluon fluctuates into a virtual
g9 pair and one loop with two gluons.

Feynman diagrams are shown in Figure 2.3):

127

as(Qz) = (33 — 2nf) In(Q?/A2)’

@.1)

where 7y is the number of contributing quark flavours at the considered energy and A is
the scale at which ag diverges, A ~ 100 — 500 MeV [17]. As long as the number of in-
volved quark flavours is smaller than 16, the positive contribution of boson loops prevail
the negative contribution of fermion loops and the coupling decreases with increasing en-
ergy. This leads to quasi-free quarks and gluons at high energies, the so-called asymptotic
freedom. At small energy scales the strong coupling becomes large, and therefore pertur-
bative calculations are not possible anymore. Phenomenological models are then required
to describe low-energy processes, for example the process of hadronisation. The hadronisa-
tion describes the process of the formation of hadrons out of quarks and gluons. Coloured
objects build collimated streams of color-neutral particles, called jets.

Electro-weak Interactions

QED is a abelian group theory based on the gauge group U(1)y. One massless, neutral and
thus not self-interacting gauge boson, the photon <y, mediates electromagnetic interaction
between electrically charged particles. The Lagrangian of the QED is postulated in the way,
that applying the Euler-Lagrange equation, it results in the Dirac-equation of a free fermion.
Demanding local gauge invariance, we are forced to introduce a vector field with the same
properties like the photon field. Similar to the renormalisation procedure applied to the
strong coupling as, a scale dependent electromagnetic coupling can be defined agep(Q?). It
describes how the effective charge depends on the separation of the two charged particles.
As Q? increases, the photon sees more and more charge. So in contrast to the strong cou-
pling, szED(Qz) increases with increasing energy. However, the variation of aggp with Q?
is of order 10%. It increases from 1/137 at Q> = 0 to 1/127 at energies corresponding to the
mass of the Z boson.

The weak interaction is the only interaction capable of changing lepton and quark
flavours and is responsible for example for muon or charged pion decays. The observed life-
time of the muon is considerably longer than those of particles which decay either through
the strong or electromagnetic interactions. The reason for it is the fact that the weak cou-
pling is proportional to 1/my? and thus several orders of magnitude smaller than the strong
and electromagnetic couplings. The weak interaction distinguishes between the chirality of
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Figure 2.4: Elements of Feynman diagrams in QED: propagators for fermions and photons,
fermion-photon vertex.

the particles as experimentally detected by Wu [18]. It affects only left-handed particles or
right-handed antiparticles and therefore violates parity symmetry - the invariance under
point reflection.

The theory of weak interaction based on SU(2);, is not a self-consistent theory. Requiring
gauge invariance under the SU(2), transformation results in two charged and one neutral
gauge bosons. The latter is inconsistent with the observation, as the observed weak neutral
current has a right-handed component. Only the unification of electromagnetic and weak
interaction delivers a description consistent with the observation. The unified electro-weak
interaction is invariant under the SU(2);, x U(1)y transformation. The local gauge invari-
ance leads to the existence of four gauge bosons: Wy, W,, W3 from SU(2), and B from U(1)y.
The fields of electro-weak bosons (Z*, (W*)* and the photon field A*) are mixtures of these
gauge boson fields:

1

V2

_ —gB gy

= —sinOyB" + cos O W} (23)
IATH

o B WL

= cos Oy B! + sin Oy W . (2.4)

(W5 = —=(W] FiWy) (2.2)

Vi

The Weinberg mixing angle 6y and the electromagnetic coupling agep fix the gauge cou-
plings ¢ of SU(2); and ¢’ of U(1)y, namely,

aQED = gsinfy = ¢’ cos . (2.5)

The unification is not completely satisfying, because we have two groups each with an in-
dependent coupling, rather than a single symmetry group.

To give the gauge bosons a mass, an additional scalar isospin doublet ¢ has to be intro-
duced:

_ ¢+> ¢t = (g i)/ V2,
¢ = ( b ) witn Vs (2.6)
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and the field potential V(¢) of the form

V(9) = 19'9+A90), 27)
with 42 < 0 and A > 0 has to be added to the Lagrangian. The potential V(¢) has its
minimum at ¢'¢p = —%. The isospin doublet ¢(x) must be expanded about a particular
minimum, say

12
¢1=¢r=¢4 =0 and qb%:—xzvz. (2.8)

The effect is equivalent to the spontaneous breaking of the SU(2); symmetry. The result is

¢(x) = \E (U +2l(x)> : (2.9)

Of the four scalar fields only one Higgs field (x) remains. The masses of the gauge bosons
are acquired by their coupling to the Higgs field:

My = %vg (2.10)
my = %v\ /g% + g (2.11)
m, = 0. (2.12)

The Higgs mechanism in the Standard Model predicts a neutral Higgs boson /1 with a zero
spin and a mass of 1, = vy/2A. The vacuum expectation value can be calculated from the
Fermi coupling constant Gr and is 246 GeV, A is a free parameter. The Higgs boson has not
been found to date. The searches at LEP set lower mass limit of m;, > 114.4 GeV/c? [19] at
95% confidence level and searches at the TEVATRON exclude the Higgs masses between 162
and 166 GeV/c? at 95% confidence level [20]. The Feynman diagrams associated with the
Higgs Lagrangian term Lp;ges are depicted in Figure 2.5.

Similar to the generation of gauge boson masses, the fermion masses can be introduced:

Lo, = P with = (2.13)
The constant G ¥ is not determined by the theory and the masses of the fermions have to be
measured.

The electro-weak interaction changes the flavour of the fermions via charged currents.
The experimental evidence for flavour changing neutral currents is still absent. Cabbibo et.
al. proposed, that the mass eigenstates of fermions are not identical to the weak eigenstates
[21]. The transformation from one base into the other is described by a 3 x 3 unitary matrix,
which operates on the fermion mass eigenstates, resulting in the weak eigenstates. The
Cabibbo-Kobayashi-Maskawa (CKM) matrix [14, 21, 22] describes the mixing of the quark

eigenstates:
Vida Vus Vup 0.97428 0.2253  0.00347
Vekm = | Vo Vs Vi | = | 02252 0.97345 0.0410 | . (2.14)

Vi Vis Vg 0.00862 0.0403 0.999152
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Figure 2.5: Feynman diagrams associated with the Higgs Lagrangian term ﬁHiggS.
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The probability for a quark of flavour i to be transformed to a quark of flavour j by exchange
of a W boson is proportional to |V;;|>. The Maki-Nakagawa-Sakata (MNS) matrix [23] de-
scribes mixing in the leptonic sector. The CKM and MNS matrix elements are free parame-
ters of the Standard Model and have to be determined by experiment.

Gravity

One of the fundamental interactions, gravity, described by the theory of general relativ-
ity cannot be incorporated in the Standard Model, because the general relativity and the
quantum field theory seems to be mathematically incompatible. The quantum field theory
is renormalisable and calculations give finite results, while gravity does not. This follows
from the fact that the gravitational analogue of the fine structure constants of the interac-
tions appearing in the Standard Model is dimensionful and mass dependent. The Standard
Model in its present form cannot be the ultimate theory of everything. But still the effects of
gravity are extremely tiny at energies accessible today at particle colliders compared to the
other three interactions and therefore the gravity can be neglected.

2.2 Standard Model Top Quark Pair Production and Decay

The top quark is one of the six known quarks. Its existence as the weak-isospin partner of the
bottom quark was predicted by the Standard Model. Indirect constraints on its mass have
been inferred from the electro-weak precision data at LEP and other collider experiments.
It was directly observed in 1995 by the CDF [24] and DO [25] experiments at the FERMILAB
TEVATRON collider, a pp collider at a centre-of-mass energy of /s = 1.8 TeV in Run I and /s
= 1.96 TeV in Run II. The recent preliminary Tevatron combination of CDF and DO results
yields a top quark mass of 173.3 + 1.1 GeV/c? [15]. Although the top quark decay via the
weak interaction, its preducted lifetime is T ~ 0.5 - 10~2* 5. Thus the top quark decays before
it can hadronise.
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Top Quark Production

The dominating production mechanism for top quarks at hadron colliders is via the strong
interaction in pairs [26], while the single top quark production mediated by the electro-
weak interaction has subleading character [27]. The underlying theoretical framework for
the calculation of the production cross sections at hadron colliders is the QCD-improved
parton model [28]. The colliding high-energy hadrons are considered as a composition of
the quasi-free quarks and gluons, so-called partons. Each parton i carries a fraction x; of
the hadron momentum p,4. The parton distribution functions (PDFs) f;, 4 (x;, #?) describes
the probability density to find a parton of a flavour i inside the hadron A carrying the mo-
mentum fraction x;. The production cross section is calculated as a convolution of the PDFs
fisa(xi,u*) and fj/p(x;, u?) for the hadrons A and B and the parton-parton cross section
(Afl](l] — tf):

o(AB —th) = ) /dxidxjfi/A(xir 12) fi8(xj, u2) 03 (i — tE:5,4%), (2.15)
1j=0.4.8

where § is the square root of the centre-of-mass energy of colliding partons and u denotes
the typical energy scale of the considered interaction. The partonic tf production cross sec-
tion can be calculated in perturbative QCD. The Feynman diagrams of the leading order
subprocesses are depicted in Figure 2.7, contributing in a2 to the perturbation series. Figure
2.6 shows exemplary the parton distribution functions for u, 1, d, d, s quarks and gluons
inside the proton in the CTEQ6.6M [29] parametrisation evaluated at p = 175 GeV. The en-
ergy of partons has to be at least large enough to produce top quark pairs at rest § > 4m?.
Together with the approximation x; ~ x;, this leads to a typical parton momentum value x
for the tf production at the kinematic threshold x ~ 2m;/+/s, where s is the centre-of-mass
energy of colliding protons. The typical value at the LHC with a centre-of-mass energy of
10 TeV is x ~ 0.03 and thus the dominant production mechanism at the LHC is gluon-gluon
fusion with about 90% contribution. The tf production cross section at LHC is predicted
to be 40232 pb at 10 TeV for m; = 172.5 GeV/c? and CTEQ6.6 PDF parametrisation [26].
The quoted uncertainties include the uncertainty due to the choice of the scale y and the
uncertainty associated with the PDF parametrisation.

Top Quark Decay

The top quark decays via the weak interaction in a W boson and a down-type quark. The
decay rates are proportional to the CKM matrix elements |Vj,|> with 4 = d,s,b quarks.
Under assumption of the unitarity of the three generation CKM matrix, the matrix element
|Vip| is nearly 1, and thus the decay rate t — W™ b is nearly 100%. The mass of the top quark
is high enough to produce real W bosons and the decay width of the top quarks is extremely
large [30]:

T(t— Wb) ~142GeV  for m; = 175 GeV/c?, (2.16)

that implies a very short lifetime of ~ 0.5 - 10~2* 5. The characteristic formation time of
hadrons is Tgrm & 3 - 1072* 5. Therefore the top quark decays prior to hadronisation.
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Figure 2.6: CTEQ6.6M [29] PDFs for u, i1, d, d, s quarks and gluons evaluated at i = 175 GeV
inside the proton. Parton density function f;(x;, u?) times the momentum frac-
tion x; is plotted versus the momentum fraction.

The typical final states for tf events are defined by the W boson decay modes: it can decay
leptonically in a lepton and corresponding neutrino or hadronically in a quark-antiquark
pair. The tf final states can be divided in three classes:

fully hadronic (46.2%): tf — W bW~ b — q3'bq"7"b,
semi-leptonic (43.5%): tf — WTbW b — qg'blv,b + lv,bqq'b,
di-leptonic (10.3%): tf — WTbW b — (v,bl'vyD.

Disregarding phase space, the universality of the weak interaction implies that different
decay channels of a W boson have the same probability. The hadronic channels ud, c5 are
enhanced by factor three due to the three colour charges, leading to a branching ratio of 1/9
for each of the three leptonic decay modes and branching ratios of 3/9 for decays into a ud
or c3 pairs.

2.3 Top Quark Pair Production in the BSM Models

The top quark is unique among the fermions: it is the only fermion whose mass is very close
to the scale of electroweak symmetry breaking (EWSB) m; ~ v/+/2. Thus, the top quark
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Figure 2.7: tf production channels at leading order perturbation theory.

has been exploited in many scenarios of the fermion and boson mass generation beyond the
Standard Model. For example it triggers the mechanism of EWSB in the supersymmetric
models (SUSY) or it plays an important role in many alternative mechanisms of the mass
generation. These models predict the existence of new heavy particles, which couple to the
top quarks. This leads to an additional non-QCD production mechanism for the top quark
pairs. In the following, an overview of the models predicting neutral s-channel resonances
will be given as well as experimental constraints on these models. The list of the models
is not complete and exemplifies only possible theories. A generic neutral colour singlet
resonance will be discussed in more details.

In the Standard Model no bound states of top quark pairs are expected, since the lifetime
of the top quark is shorter than the typical timescale of the strong interaction. Therefore reso-
nant production of tf pairs is only possible through the Higgs boson decay, when the Higgs
boson mass is larger than twice the top quark mass. This production mechanism is very
unlikely and difficult to observe due to several reasons. Firstly, according to electro-weak
precision data from LEP a light Higgs boson with mass in the range 114 < m, < 186 GeV/c?
is preferred in the Standard Model [14]. Secondly the Higgs decay rate to W and Z bosons is
much larger than the decay rate to the top quark pairs BR(h —tf ) ~ 15% and the production
cross section via gluon-gluon fusion for a 400 GeV/c? Higgs boson at 14 TeV centre-of-mass
energy is only ~ 11 pb [31,32]. Additionally the width of the scalar Higgs bosons is relatively
large, about 7% of the mass, that makes its detection more difficult.

The BSM models predicting heavy tf resonances can be classified according to the spin,
colour and parity of the resonance. The spin of the new particle can be 0, 1 or 2. It can be
colour-neutral or coloured, scalar or pseudoscalar, vector or axialvector particle. The param-
eters related to each resonance are the mass, the width of the resonance and the couplings
to the Standard Model particles.
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Figure 2.8: CTEQ6.6M [29] PDFs for u, @, d, d quarks and gluons evaluated at y = 1 TeV
inside the proton.

Spin-0 Resonances

Several minimal supersymmetric extensions of the Standard Model (MSSM) or the two-
Higgs Doublet Model (2HDM) predict heavy spin-0 scalar as well as pseudoscalar Higgs
bosons, which couple primarily to top quarks [33-35]. As already explained using the ex-
ample of the Standard Model Higgs boson, there is only little hope to find a spin-0 scalar
resonance at the LHC, even when the coupling to the top quarks are larger than in the
Standard Model. The case of a pseudoscalar or a “boson-phobic” scalar resonance is more
promising and can be constructed in some SUSY models [36]. The branching ratio to the tf
pairs is equal to unity and smaller resonance widths lead to a narrow resonance peak. The
interference with the Standard Model tf production results in a peak-dip structure of the
invariant mass spectrum.

The case of a spin-0 colour octet resonance is very similar [37,38]. It couples only to
quarks and decays mainly to the top quark pairs. The main production mechanism of the
spin-0 colour singlet and octet states is through a top quark loop by gluon-gluon fusion as
shown in Figure 2.9. In Figure 2.8 the parton density functions for quarks, antiquarks and
gluons are compared. High momentum fractions x; are needed to produce resonances at
high masses, for example for a 1 TeV/c? resonance x; ~ 0.1 on average is required. The gluon
parton density function falls off strongly with increasing momentum fraction of partons,
therefore the production cross section decrease rapidly with increasing resonance mass.



2.3 Top Quark Pair Production in the BSM Models 15

Spin-1 Resonances

Spin-1 colour singlet resonances will be produced via quark-antiquark annihilation as
drawn in Figure 2.9. It can be a excitation of a Standard Model gauge boson from some extra
dimensional model [39,40] or new gauge bosons which can arise in various electro-weak ex-
tensions of the Standard Model [41-44]. Additional gauge symmetries can explain the mass
differences between the third family and the first two families as well as small quark CKM
mixing matrix elements between the families. The family non-universal couplings generate
flavour changing neutral currents, therefore these models are strongly constrained by the
electro-weak precision measurements at LEP.

Technicolor models [45] provide a dynamical approach to electro-weak and flavour sym-
metry breaking. The new interactions are asymptotically free at very high energies and
become strong and confining at lower energies. The masses of fermions and bosons are
generated through dynamics of new interactions similar to the mass generation in QCD.
Each Standard Model particle gets its corresponding techniparticle. Massive colour octet
gauge bosons, colorons, mediate the interaction between fermions and technifermions and
generate the fermion masses.

The Topcolor model [46] explains the large top quark mass through the formation of a
dynamical tf condensat, generated by a new strong force, which couples preferentially to the
third generation. The mediator of the new strong force is a neutral gauge boson, Z’, with an
attractive interaction between tf and a repulsive interaction between bb to block the forma-
tion of a bb condensate. Combination of these two theoretical models, the so-called “topcolor
assisted technicolor” model [47] provides a dynamical mechanism for electro-weak symme-
try breaking and explains the large top quark mass.

The Z’ boson decaying into top quark pairs produces a simple narrow peak in the in-
variant mass spectrum. The width and the height of the peak depends on the strength of
the couplings to the fermions. For massive colorons a coupling strength equal to the strong
coupling ag can be assumed for their coupling to quarks. Therefore the resonance peak will
be more pronounced than for a colour singlet Z’ boson.

Spin-2 Resonances

The interactions between gravitons and Standard Model particles are suppressed at TeV en-
ergies, but there are some models with extra dimensions where the contributions from gravi-
tons could be visible at the LHC. The Randall-Sundrum model [48,49] postulates one extra
dimension that is compactified to a orbifold. Two branes exist on the orbifold, a “Plank”
brane and a “TeV” brane where the Standard Model fields are confined. It predicts a limited
number of Kaluza Klein modes but the couplings are enhanced by a large “warp” factor.
The tf invariant mass spectrum is disturbed by a series of narrow width peaks.

A few benchmark models and corresponding parameters are listed in Table 2.2.
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Figure 2.9: Feynman diagrams for resonant tf production: spin-0 colour singlet or octet par-
ticle ¢ and spin-1 Z’ boson resonance.

resonance | spin | colour | mass, GeV/c? | ox x BR(X — tf), pb | T'/mx
SM Higgs 0 0 400 1.65 7%

sequential Z’ 1 0 1000 1.6 2.7%
topcolor Z’ 1 0 1000 6.6 3.3%
graviton (k/Mp; = 0.1) 2 0 1000 2.0 1.4%
KK gluon 1 8 1000 27.8 15.3%

Table 2.2: Overview of some tf resonance benchmark models.

Experimental Constraints

New particles in the BSM theories are indirectly constrained by electro-weak data from LEP
and directly by the searches at the TEVATRON. None of the searches at LEP or the TEVATRON
have led to an observation of a significant deviation from the Standard Model expectation.
The results have been used to contrain the models. Di-lepton searches exclude sequential
Z' boson with masses lower 1 TeV/c? at 95% confidence level [50-52]. Di-jet searches lead
to severe constraints on Z’ bosons, but constrain models involving coloured objects like
excited quarks, axigluons, colorons stronger. The upper mass limit varies from 600 GeV/c?
to 1250 GeV/c? depending on the model [53]. The tf searches have been primarily used
to constrain models, where the top quark acquires a special role. TEVATRON’s lower mass
limit is around 820 GeV/c? at 95% confidence level for a leptophobic Z’ boson in the Topcolor
model [54,55]. Limits on couplings to fermions have been obtained for models predicting
Kaluza-Klein gluons, which do not couple to leptons and quarks of the third family are
favoured over light quarks [56-58].

Neutral Spin-1 Colour Singlet Z’ Boson

Additional U(1)" gauge symmetries lead to the existence of neutral spin-1 colour singlet Z’
gauge bosons. The interaction of Z’ boson to the Standard Model fermions f can be written
as [59]:

_ g £~ o 5 !
= fog /7" (Cr = CaP)fZ,, 217)



2.3 Top Quark Pair Production in the BSM Models 17

where ¢ = 0.626 is the SU(2); gauge coupling, 0}y is the Weinberg angle and ", 7° are the
chiral operators. The axial C4 and vector Cy couplings to fermions can be expressed as:

CA :2cos(9w(sz—sz)gz//g, (2.18)
Cv =2cosOw(zf, +25)82/8, (2.19)

with the U(1)z gauge coupling ¢z and the left and right handed fermion charges z;, and
Zfz- The couplings to fermions are free parameters and can be set for example the same as the
Standard Model Z boson couplings. This so-called “sequential” Standard Model (SSM) is
not gauge invariant, but is often used for purpose of comparison and is representative for a
large range of models. The narrow width Z’ boson exclusion limits from pp and pp collisions
show only a weak model dependence [60]. The Z' boson production cross section depends
on the fourth power of the model dependent couplings to fermions, but the properties of the
parton density functions leads only to an effective logarithmic dependence on the couplings
as investigated in [61]. Thus, the SSM serves as a useful reference case.

At pp colliders only a direct production of Z’ boson via Drell-Yan process is allowed. In
general the Drell-Yan production cross section is proportional to:

A

S
(35— m2,)2 + 412,

o(qq — Z' — ff) o (2.20)

where /3 is the partonic centre-of-mass energy of the process. In the limit of infinite centre-

T71

of-mass energy the Drell-Yan production is preferred and the differential cross section Ep
Z/

peaks at Z' boson mass with the width of I'y. In the limit of infinite Z’ boson mass the
shape will correspond to the ff continuum shape with the highest cross section at the ff
mass threshold. At finite mz and centre-of-mass energy, at the LHC <\/§> ~ 600 GeV, we
have a mixture of both cases [62]. Figure 2.10 demonstrates how the tails to lower masses
become more pronounced with increasing ;.
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Figure 2.10: Z' boson mass distributions for Z' — tf in the mass range 500-3000 GeV/c?.



3 LHC and ATLAS Detector

The Large Hadron Collider (LHC) is a two-ring-superconducting hadron accelerator and
collider installed in a 26.7 km tunnel, that has been constructed between 1984 and 1989
for the Large Electron Positron machine, LEP. It is designed to collide proton beams with
a centre-of-mass energy of 14 TeV and a peak luminosity of 10%* cm 25! as well as lead
ions with an energy of 2.8 TeV per nucleon and a peak luminosity of 102 cm~2s~1. There
are five main experiments acquiring LHC collision data. ATLAS [63] and CMS [64] are two
general purpose experiments aiming at the highest luminosity for proton operation. The
low luminosity experiments are LHCb [65] for B-physics and TOTEM [66] for the detection
of protons from elastic scattering at small angles. ALICE [67] is a dedicated ion experiment
for the lead-lead ion operation. A brief summary of the accelerator and collider complex as
well as of the ATLAS detectors will be provided in this chapter. More detailed information

can be found in the overviews about the LHC machine [68] and the ATLAS experiment [63].

3.1 The Large Hadron Collider

The injector chain Linac2 — Proton Synchrotron Booster (PSB) — Proton Synchrotron (PS) —
Super Proton Synchrotron (SPS) supply the LHC rings with protons as illustrated in Figure
3.1. The linear accelerator Linac2 with a length of 30 m (first run in 1978) provides pulsed
1 Hz beams of up to 175 mA at 50 MeV, with pulse lengths varying between 20 and 150 yus
depending on the required number of protons. The beams are injected into the PSB, the first
and smallest circular proton accelerator. It was built in 1972 and contains four superimposed
rings with a radius of 25 meters. The protons are accelerated up to 1.4 GeV and are fed to
the PS, a circular accelerator with a circumference of 628.3 m. It was built in the late 1950s
and has been upgraded several times to improve the performance. The PS accelerates the
beams to 26 GeV and can produce bunch trains with the LHC bunch spacing of 25 ns, which
are then sent to SPS. It is a 6.9 km long circular accelerator and took its operation in 1976.
It accelerates protons up to 450 GeV and injects protons in the LHC in a clockwise and
anticlockwise direction. Finally the protons are accelerated to the nominal energy in the
LHC rings, where they continue to circulate.

The LHC tunnel was designed for the electron-positron machine LEP. It has eight straight
sections and eight arcs and lies between 45 m and 170 m below the surface on a plane in-
clined at 1.4% sloping towards the Léman lake. The long straight sections were necessary
for the LEP to reduce energy lost though the synchroton radiation. The LHC machine does
not have the same synchrotron radiation problem like LEP, because protons are 10* times
heavier than electrons and the synchrotron radiation is proportional to 1/m* of the particle
mass m. Longer arcs and shorter straight sections would be ideal, but accepting the tunnel
“as built” was the cost-effective solution.
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Figure 3.1: The LHC injector complex [69].

The tunnel in the arcs has a diameter of 3.7 m, therefore only one proton ring could be
installed. But for a particle-particle accelerator opposite magnetic dipole fields are required.
The twin-bore magnet design has been adopted to solve the space and the cost problem.
The main arcs have separate magnet fields and vacuum chambers, the common sections are
only at the insertion regions where the experiments are located. The nominal magnetic field
is 8.33 T, corresponding to an energy of 7 TeV. The LHC superconducting magnet system
uses the well-proven technology based on NbTi Rutherford cables and cools the magnets to
a temperature below 2 K with superfluid helium.

The machine luminosity depends on the beam parameters and can be written as:

L — Ngnbfrel’)’r F, (3.1)
47te, B*

where Nj, is the number of particles per bunch, 7, the number of bunches per beam, f,;
the revolution frequency, <, the relativistic gamma factor, ¢, the normalised transverse
beam emittance, f* beta function and F the geometric luminosity reduction factor due to
the crossing angle at the interaction point. The number of protons per bunch is limited
to 1.15 - 10! by the non-linear beam-beam interactions and the mechanical aperture of the
LHC. A maximum acceptable transverse beam emittance is ¢, = 3.75 ym. The nominal
number of bunches is 2808 per ring. The gaps between the bunches are 7 m long corre-
sponding to the bunch spacing of 25 ns and collision frequency of 40 MHz. The mechanical
aperture of the triplet magnets limits the minimum attainable * value and the maximum
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detector component required resolution Tcoverage
measurement \ trigger

tracking | 0p/pr=0.05%pr 1% | +25 | -

electromagnetic 1ho o

calorimetry 0g/E=10% / VE & 0.7% +32 +25

hadronic calorimetry

barrel and end-cap 0e/E=50% / VE ® 3% +3.2 +3.2

forward 0g/E=100% / VE® 10% | 3.1<|y|<49 |3.1<|y| <49

muon spectrometer | ¢y, /pr =10% at pp =1 TeV/c | +27 | +24

Table 3.1: General performance goals of the ATLAS detector [63].

attainable crossing angle at the interaction point. The nominal crossing angle is of the order
of 150-200 urad to avoid unwanted collisions near the interaction point. The limit of beta
function p* is 0.55 m for the high-luminosity proton-proton collisions at ATLAS and CMS.
The resulting nominal peak luminosity is 103 cm 251

3.2 The Atlas Detector

ATLAS (A Toroidal LHC ApparatuS) is one of two general purpose experiments at the LHC.
The high luminosity provided by the LHC and high cross sections due to the high energy en-
able further precision tests of the Standard Model as well as searches for physics beyond the
Standard Model. Several benchmark searches have been used to establish the performance
of the ATLAS detector. The search for the Standard Model Higgs boson is particularly im-
portant, since a broad range of production and decay mechanisms is covered by ATLAS.
Many beyond Standard Model theories predict new particles with masses in TeV-range and
small production cross sections. These rare processes have to be distinguished from the
dominating inelastic proton-proton interactions and QCD jet production.

The basis criteria when constructing the detector were a very good electromagnetic
calorimetry for electron and photon identification, full-coverage hadronic calorimetry for
jet and missing energy measurements, high-precision muon momentum measurements and
efficient tracking at high luminosity. The layout of the ATLAS detector is depicted in Figure
3.2 and its main performance goals are listed in Table 3.1. The following coordinate system
and nomenclature is used: the interaction point is defined as the origin of the coordinate
system. For a righthanded system the beam direction defines the z-axis, the positive x-axis
points from the interaction point to the centre of the LHC ring and the positive y-axis points
upwards. The azimuthal angle, ¢, is measured around the beam axis and the polar angle,
8, is the angle with respect to the beam axis. Instead of 6 the pseudorapidity # is widely
used, defined as 7 = —Intan(%). The transverse momentum pr, the transverse energy Et
and the missing transverse energy ET"*® are defined in the x-y plane. The distance AR in the

pseudorapidity-azimuthal angle space is defined as AR = /A¢? + Ay?.
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Figure 3.2: View of the ATLAS detector [70]. It measures 44m in length, has a diameter of
25m and weighs about 7000 tons.

The detector is built forward-backward symmetric around the interaction point. The
innermost part is a tracking detector. Measurements in the high-resolution semiconductor
pixel and strips detectors are combined with the measurements in the straw-tube tracking
detector, that allows to distinguish particle types by the transition radiation. The tracking
detector is immersed in a 2 T solenoidal magnetic field. The high granularity liquid-argon
(LAr) electromagnetic sampling calorimeters cover the pseudorapidity range || < 3.2. The
hadronic calorimeter in the range |7| < 1.7 is a scintillator-tile calorimeter, in the end-caps
1.5 < || < 3.2 the LAr technology has been used. The LAr forward electromagnetic and
hadronic calorimeters extend the pseudorapidity coverage to || = 4.9. The calorimeter is
surrounded by the muon spectrometer consisting of three layers of high precision tracking
chambers. One barrel and two end-caps of the large superconducting air-core toroid gener-
ate the magnetic field in the spectrometer.

A short summary of most important properties of the ATLAS detector components will
be presented in the following sections.

Inner Detector

The inner detector is designed to measure tracks of charged particles above a given trans-
verse momentum threshold (100 MeV/c in the initial measurements of minimum bias events
and 500 GeV/c at high luminosities because of the increasing track multiplicity) and within
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the pseudorapidity range of || < 2.5. Precise measurements in the innermost pixel layer is
one of the important requirements for a good b-jet identification and allows one to recon-
struct secondary vertices a few millimetre distant from the interaction point. The detector
is contained within a cylindrical envelope of 3512 mm length and 1150 mm radius and is
composed of three sub-elements. Figure 3.3 shows drawings of the sensors and structures
of the inner detector as well as the exact positions of the elements.

At innermost radii the pixel detector is placed containing of three silicon pixel layers
in the barrel region and three silicon pixel discs in each of the end-caps. The layers are
composed of 112 staves and the discs of 48 sectors, assembled on the supporting carbon-
fibre structure. All staves and sectors are identical in the construction. 13 modules are
mounted on each stave and 6 modules on each sector. The barrel modules are located in the
way to have no gaps in the detector, this requires an overlap of the modules in z and ¢. The
disk modules are mounted on both sides of the disk, which are slightly twisted to achieve
the complete coverage.

The barrel and disk modules are identical. The main components of a pixel module are
a silicon sensor, 16 electronic readout chips (FEs) 18x160 pixels each, a module controller
chip (MCC), and the interconnection foil (flex) as shown in Figure 3.4. The sensitive silicon
detector area is connected via bump bonds with the front-end chips. The nominal pixel size
is 50x400 um? (about 90% of pixels) and is defined by the read-out pitch of the front-end
chips. The size of the remaining pixels is 50x600 ym? in the regions between two front-
end chips on a module to avoid dead space. The barrel pixels are assembled in the way
that 400 (600) ym are positioned along the z-axis and the disk pixels have 400 (600) ym in
r, defined as \/x? + y2. The detector typically provides three space points per track with a
resolution of about 10 ym in r¢ and about 115 ym in z (or r in end-caps).

The pixel detector is surrounded by the SemiConductor Tracker (SCT), which consists of
four concentric barrel layers in the radial range between 299 and 514 mm and nine disks in
the forward and backward region in the longitudinal range between 853.8 and 2720.2 mm.
The SCT detector consists of 4088 modules, 2112 modules are installed in the barrel and 1976
modules in the end-caps. The modules use 80 ym pitch micro-strip sensors, two each on the
top and bottom side rotated by &+ 20 mrad around the geometrical centre of the sensors. The
active length of the barrel modules is 126.09 mm. In the inner end-caps the active length is
59.1 mm, in the middle 115.61 mm (in the short-middle end-caps 52.48 mm) and in the outer
end-caps 119.14 mm, see Figure 3.4. The dead space between sensors is 2.09 mm. The SCT
provides a space point resolution of about 17 ym in r¢ and about 580 ym in z (or r in the
end-caps).

The Transition Radiation Tracker (TRT) combines the concept of a straw tracker with the
transition radiation detection for the particle identification. It consists of 52 544 straws of
144 cm in length in the barrel region and 319 488 straws of 37 ¢cm in length arranged in
wheels in both end-cap regions. Figure 3.5 presents the TRT barrel and end-caps structures
and modules. The straws have a diameter of 4 mm. The barrel consists of three cylindrical
rings, each containing 32 modules. Each module contains axially positioned straws. The
end-caps consist of three wheels with radial positioned straws. All straws are embedded
in stacks of polypropylene/polyethylene fibres, which produce transition-radiation X-rays
used for the particle identification. The straw anodes are 31 ym in diameter gold-plated
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Figure 3.3: Sensors and structural elements of the ATLAS inner detector [70]. Drawing on
top shows a charged track traversing in the barrel at # = 0.3. Drawing at the
bottom shows two charged tracks traverse in the end-caps at 7 = 1.4 and 2.2.
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Figure 3.4: (a) Schematic view of a barrel pixel module and the SCT end-cap modules. (b)
The upper photograph on the right shows the outer, middle and inner modules
(from left to right). The lower schematic shows the components of the middle
module [63].

Figure 3.5: (a) Photograph of one quarter of the barrel TRT. (b) The triangular design of the
support structure and the shapes of the inner, middle and outer TRT modules can
be seen. Photograph of a TRT end-cap wheel (right) with 4 planes of straws [63].
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Figure 3.6: Cut-away view of the calorimeter system [70].

tungsten wires. The ionisation gas is a xenon-base gas mixture (70% Xe, 23% CO, and 3%
0Oy). All charged tracks with pr > 500 MeV/c and || < 2 will traverse at least 36 straws,
except in the barrel-end-caps transition region (0.8 < || < 1.0), where only 22 measurements
are possible. Typically seven to ten high threshold hits from transition radiation are expected
for electrons above 2 GeV/c. The intrinsic straw r¢ resolution is 130 ym, implying that each
wire position is constrained within & 50 ym.

The high-radiation environment imposes stringent conditions on the inner-detector sen-
sors, on-detector electronics, mechanical structure and services. To maintain an adequate
noise performance after radiation damage, the silicon sensors must be kept at low tempera-
ture of approximately -15 °C. The TRT can be operated at room temperature.

Calorimeters

The ATLAS calorimeters consist of a number of sampling detectors with full ¢-symmetry
and coverage in 7. The signal redout is separated from the particle absorption. The
schematic view of the components is shown in Figure 3.6 and its main parameters are listed
in Table 3.2. The calorimeters closest to the beampipe are housed in cryostats. The barrel
cryostat contains the electromagnetic calorimeter. The end-cap cryostats contain electromag-
netic (EMEC) and hadronic (HEC) end-cap calorimeters and a forward hadronic calorime-
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barrel

‘ end-cap

electromagnetic calorimeter granularity A¢ x Ay versus

presampler | 0.025 x 0.1 gl <152 | 0.025x0.1 15< |y <138
calorimeter 0.025/8 x 0.1 || <1.40 0.050 x 0.1 1.375 < |n7] < 1.425
Istlayer | 0.025 x 0.025 1.40<|y| <1475 | 0.025 x 0.1 1425< |y <15
0.025/8 x 0.1 15< |y <18
0.025/6 x 0.1 1.8< |yl <20
0.025/4 x 0.1 20<|p] <24
0.025 x 0.1 24<|p| <25
0.1 x 0.1 25<|n| <32
calorimeter | 0.025 x 0.025 7] <1.40 0.050 x 0.025 1.375 < || < 1.425
2nd layer | 0.075 x 0.025 140 < |5| <1475 | 0.025 x 0.025 1425 < |y <25
0.1 x 0.1 25<|n <32
calorimeter | 0.050 x 0.025 7] <1.35 0.050 x 0.025 15<|y| <25
3rd layer
Number of readout channels
presampler 7808 1536 (both sides)
calorimeter 101760 62208 (both sides)

LAr hadronic end-cap calorimeter granularity A¢ x Ay versus i

0.1 x0.1
0.2 x 0.2

15< |y <25
25< |y <32

LAr

hadronic forward calorimeter granularity Ax x Ay (cm) versus 7

FCall: 3.0 x 2.6 3.15 < || < 4.30
FCall: 310 < || <3.15
~ four times finer  4.30 < || <4.83
FCal2: 3.3 x 4.2 3.24 < || < 4.50
FCal2: 320 < |y| <3.24
~four times finer 450 < |n| <4.81
FCal3: 5.4 x 4.7 3.32 < || < 4.60
FCal3: 329 < |y| <3.32
~ four times finer ~ 4.60 < || <4.75

Scintillator tile calorimeter granularity A¢ x Ay

1st, 2nd layer 0.1 x 0.1 0.1 x 0.1 (extended barrel)
3rd layer 0.2 x 0.1 0.2 x 0.1 (extended barrel)
Number of readout channels
LAr end-cap 5632 (both sides)
LAr forward 3524 (both sides)

scintillator tile

5760

4092 (both sides, extended barrel)

Table 3.2: Granularity and number of readout channels of the ATLAS calorimeters [63].

ter (FCal). Liquid argon has been chosen as the sampling medium for these calorimeters
because of its intrinsic linear behaviour, its stability of response over time and its intrinsic
radiation-hardness. Lead is used as absorber for the electromagnetic calorimeter, cooper for
the hadronic end-cap calorimeters and cooper-tungsten for the forward calorimeter. The
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Figure 3.7: Sketch of the barrel module of electromagnetic calorimeter [63].

outer hadronic calorimeter use scintillator tiles as the sampling medium and steel as the
absorber medium.

An accordion geometry for the absorbers and the electrodes allows the liquid argon
calorimeters to have several active layers in depth, three in the central region 0 < || < 2.5
and two in the forward region 2.5 < || < 3.2 and in the overlap region 1.35 < || < 1.475
between the barrel and the end-caps. It provides naturally a full coverage in ¢ without any
cracks, and a fast extraction of the signal at the electrodes.

The tile calorimeter realises a well proven technology, its design is simple and cost effec-
tive. A module forms an almost-periodic steel-scintillator structure with a ratio by volume
of approximately 4.7:1. It allows to construct a large detector by assembling smaller sub-
modules together.

The electromagnetic calorimeter in the region || < 1.475 consists of two identical half-
barrels, separated by a small gap of 4 mm at z = 0. The length of each half-barrel is 3.2 m,
their inner and outer diameters are 2.8 m and 4 m respectively. The first layer is finely
segmented in strips along # to measure the direction of particles, the second layer collects
the largest fraction of the energy of the shower, and the third layer collects only the tail
of the shower and is therefore less segmented in 7. The third layer is additionally used
to trigger on energy deposits in the calorimeter. A detailed sketch of all layers and the
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granularity in # and ¢ is presented in Figure 3.7. To measure the energy lost by electrons
and photons before reaching the calorimeter, a presampler detector is placed in front of
the barrel. It is a thin liquid argon layer with 11 mm in depth. The electromagnetic end-
cap calorimeters consist of two wheels covering the range 1.375 < |y| < 3.2. Each wheel
is 63 cm thick, the external and internal radii are 2098 mm and 330 mm, respectively. In
the overlap region between the barrel and the end-cap calorimeters, where the material in
front of the calorimeter amounts to several interaction lengths, again a LAr presampler is
installed, covering the range 1.5 < || < 1.8. The resolution of the electromagnetic calorimeter
is expected to be 0 /E = 10%/+/'E & 0.7%.

The hadronic tile calorimeter is located in the region, || < 1.7, behind the electromag-
netic calorimeter. It is comprised of a central barrel, 5.8 m in length, and two extended
barrels, 2.6 m in length and each having an inner radius of 2.28 m and an outer radius of
4.25 m. The barrels are divided azimuthally into 64 modules and are segmented in depth
in three layers. The hadronic end-cap calorimeter covers the range 1.5 < || < 3.2, overlap-
ping with the tile and forward calorimeters to reduce the drop in material density in the
transition region. The hadronic end-cap calorimeter consists of two wheels per end-cap and
32 identical modules per wheel. Each wheel is divided into two segments in depth, for a
total of four layers per end-cap. The wheels closest to the interaction point are built from
25 mm parallel copper plates, while those further away use 50 mm copper plates. The cop-
per plates are interleaved with 8.5 mm LAr gaps. The outer radius of the copper plates is
2.03 m, while the inner radius is 0.475 m. Except in the overlap region with the forward
calorimeter where this radius becomes 0.372 m. The forward calorimeter located in the re-
gion 3.1 < || < 4.9 consists of three modules in each end-cap. The first module is made of
cooper and optimised for electromagnetic measurements. The other two layers are made of
tungsten and measure predominantly the energy of hadronic interactions. The resolution
of the hadronic calorimeters is expected to be 0r/E = 50% / VE @ 3% in the barrel and
end-caps and 0g/E = 100%/ V'E @& 10% in the forward calorimeter.

The total thickness of the electromagnetic calorimeter is more than 24 radiation lengths
in the barrel and above 26 radiation lengths in the end-caps. The total thickness of the
hadronic calorimeter is approximately 9.7 interaction lengths in the barrel and 10 interaction
lengths in the end-caps. The cumulative amounts of material in front of the electromagnetic
calorimeters, in the electromagnetic and hadronic calorimeters and in front of the first active
layer of the muon spectrometer in units of interaction length is visible in Figure 3.8. It
provides a good containment for electromagnetic and hadronic showers and limits punch-
through of particles into the muon system.

On the inner face of the endcap calorimeter cryostats at z = £3560 mm and perpendicu-
lar to the beam direction the Minimum Bias Trigger Scintillators (MBTS) are mounted. They
will be used to trigger on minimum collision activity for the initial running period at lumi-
nosities below 103 cm~2s~!. The MBTS detector consists of 32 scintillator paddles, 2 cm
thick, organized into 2 disks, one on each side of the interaction point of ATLAS. The light
emitted by each scintillator segment is collected by wavelength-shifting optical fibers and
guided to a photomultiplier tube. The signals are read out by the tile calorimeter electronics.
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Figure 3.8: The cumulative amounts of material in front of the electromagnetic calorimeters,
in the electromagnetic and hadronic calorimeters and in front of the first active
layer of the muon spectrometer in units of interaction length versus pseudora-
pidity [63].

Muon Spectrometer

The outermost part of the ATLAS detector is the muon spectrometer. All particles except
muons and neutrinos should be stopped by the calorimeters and therefore only muons are
assumed to reach the spectrometer, neutrinos will escape the detector anyway. The overall
view of the muon chambers and of the magnet system is depicted in Figure 3.9. The main
parameters of the muon spectrometer are listed in Table 3.3.

The spectrometer measurement is based on the deflection of charged particles in the
magnetic field of the superconducting air-core toroid magnets. A large toroid is installed
in the barrel, || < 1.4, and two smaller toroids are placed in the end-caps, 1.6 < || < 2.7.
In the transition region, 1.4 < || < 1.6, the magnetic field is induced by the both toroids.
The barrel toroid consists of eight coils encased in individual stainless-steel vacuum vessels
and supported by rings of struts. The overall size is 25.3 m in length, with inner and outer
diameters of 9.4 m and 20.1 m, respectively. Each end-cap toroid is made of a single cold
mass build up from eight flat, square coil units and eight keystone wedges. The length of
end-cap toroids is 5.0 m, the inner diameter is 1.65 m and the outer diameter is 10.7 m.
The toroids are arranged in the way that the magnetic field is mostly orthogonal to the
particle trajectory. The magnetic field in the barrel is approximately 0.5 T, in the end-caps it
is around 1 T and is measured by approximately 1800 Hall sensors distributed throughout
the spectrometer volume.

The barrel tracking chambers are monitored drift tubes (MDT), which are installed be-
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Figure 3.9: Schematic view of the muon spectrometer [70].

tween and on the eight coils of the barrel magnet. They are arranged in three concentric
cylindrical shells at radii of approximately 5 m, 7.5 m and 10 m from the beam axis. Due to
a high particle flux in the transition region and in the end-caps the cathode strip chambers
(CSC) have been installed in the innermost ring additionally to the three layers of MDTs. The
CSCs have a higher rate capability and time resolution than MDTs. The end-cap chambers
are mounted in front and behind the end-cap toroids. They form large wheels, perpendic-
ular to the z-axis and located at distances of |z| ~ 7.4 m, 10.8 m, 14 m and 21.5 m from the
interaction point.

The MDTs are built of aluminum tubes of 30 mm diameter filled with argon-gas-mixture
at an absolute pressure of 3 bar and contain a 50 ym diameter tungsten-rhenium wire in the
centre. The typical single wire resolution is 80 ym, the resolution per chamber is 35 ym in
the bending plane. The CSCs are multi-wire proportional chambers filled with argon (30%) -
carbonic acid (50%) - tetrafluormethane (20%) gas mixture with cathode planes segmented
into strips in orthogonal directions. The diameter of one single wire made of tungsten-
rhenium is 30 um, its spatial resolution is about 60 ym. The resolution of a chamber is
40 pm in the bending plane and about 5 mm in the transverse plane.

An essential design criterion of the muon system was the capability to trigger on muon
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MDT: monitored drift tubes

coverage || < 2.7 (innermost layer: || < 2.0)
number of chambers 1150
number of channels 354 000
function tracking
resolution 35 ym (z)
CSC: cathode strip chambers
coverage 20< |y <27
number of chambers 32
number of channels 31 000
function tracking
resolution 40 ym (R), 5 mm (¢)
RPC: resistive plate chambers
coverage 7] <1.05
number of chambers 606
number of channels 373 000
function triggering, second coordinate
resolution 10 mm (z), 10 mm (¢)
RPC: resistive plate chambers
coverage 1.05 < |57| < 2.7 (2.4 for triggering)

number of chambers
number of channels
function

resolution

3588
318 000
triggering, second coordinate
2-6 mm (R), 3-7 mm (¢)

Table 3.3: Main parameters of the muon spectrometer [63].

tracks. The muon trigger chambers covers the pseudorapidity range |77| < 2.4 and provide a
bunch crossing identification, well-defined pr-thresholds and a measurement of the second
coordinate orthogonal to the coordinate measured in the tracking chambers. Resistive plate
chambers (RPC) are used in the barrel and thin gap chambers (TGC) in the end-cap regions.
The RPCs are gaseous detectors with 2 mm thick Bakelite plates separated by polycarbonate
spacers whereas the TGCs are multi-wire proportional chambers. Both chamber types de-
liver signals with a spread of 15-25 ns, thus providing the ability to tag the beam-crossing.
The MDT tracking chambers determine the coordinate of the particle track only in the bend-
ing plane. After matching the MDT and trigger chambers measurements in the bending
plane, the trigger chamber’s coordinate in the non-bending plane is adopted as the second

coordinate of the MDT measurement.
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Figure 3.10: Placement of the forward detectors LUCID, ZDC and ALFA along the beam-
line around the interaction point (IP) [63]. LUCID is located near the Target
Absorber Secondaries (TAS) collimator. The ZDC is embedded in the Target
Absorber Neutral (TAN).

3.3 Forward Detectors

Three small detectors are being built to provide a good coverage in the very forward region.
The main function of the first two systems is to determine the luminosity delivered to AT-
LAS. Closest to the ATLAS detector, at the distance of £ 17 m from the interaction point,
a Cherenkov detector called LUCID (LUminosity measurement using Cherenkov Integrat-
ing Detector) is placed. The second detector is ALFA (Absolute Luminosity For ATLAS)
will be located at + 240 m and is still under construction. The third system is the Zero-
Degree Calorimeter (ZDC) to determine the centrality of heavy-ion collisions and is located
at + 140 m away from the interaction point. The placement of the three detectors and their
schematic view are shown in Figure 3.10.

LUCID is a relative luminosity detector. Detecting inelastic pp scattering in the forward
direction, it measures the integrated luminosity and monitors on-line the instantaneous lu-
minosity and beam conditions. LUCID can determine the luminosity to a precision of 20-
30% using calculations based on the LHC machine parameters. It is build of an array of
twenty Cherenkov tubes filled with C4F;g at a pressure of 1.2-1.4 bar. The Cherenkov light
emitted by a particle traversing the tube is measured by photomultiplier tubes, the signal
amplitude is used to distinguish the number of particles per tube. Counting the number of
tubes with a signal above a certain threshold provides a measurement for on-line monitor-

ing.
The ALFA detector will measure the absolute luminosity via elastic scattering at small
angles. The optical theorem connects the elastic-scattering amplitude in the forward direc-

tion to the total cross-section and can be used to extract the luminosity. Extremely small
scattering angles of order 3 yrad are needed to make these measurements, therefore the de-
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tectors have to be placed far away from the interaction point and as close as possible to the
beam. The Roman pots technique will be used to move the the scintillating-fibre tracker as
close as 1 mm to the beam. The goal is to measure the luminosity with an uncertainty of
better than 5%.

The primary purpose of ZDC is to detect forward neutrons in heavy-ion collisions and
to measure the centrality of such collisions. During the start-up phase of the LHC it will
enhance the acceptance of the ATLAS detector for diffractive processes and can also provide
an additional minimum-bias trigger for ATLAS.

3.4 Data Acquisition System

At the LHC the collision rate is 40 MHz for a bunch spacing of 25 ns. The LHC has started
its operation with a peak luminosity of 10? cm2s~! and the luminosity will be increased
up to the design luminosity of 10%* cm2s~! step by step. The incoming interaction rate at
the design luminosity is about 1 GHz. On the one hand recording all data with such a high
frequency exceeds our technical possibilities and on the other hand we do not need to record
all physics processes with the same rate. Events with a lower production rate should be
recorded more often than events with a higher production rate. The trigger system classifies
the events by the specified properties and decides if a specific event will be written to mass
storage or not.

The ATLAS trigger system is based on three levels of event selection, which reduces the
output event storage from 40 MHz rate to about 200 Hz rate. The first step is a hardware
based Level 1 trigger [71]. The next two steps are software based Level 2 and Event Filter
triggers, collectively named as the High Level Trigger [72]. From Figure 3.11 we can see the
reduction rates after each trigger level and production rates for different physics processes.
The aim is to reduce the amount of low energy QCD processes and to achieve an efficient
selection of rare processes.

The Level 1 trigger receives all collision data and has to take its decision within 2.5 us
to reduce the output rate to 75 kHz. The decision is based on the multiplicities and energy
thresholds for the following objects reconstructed by the Level 1 trigger algorithms: elec-
tromagnetic clusters, taus, jets, missing transverse energy, scalar sum of transverse energy
in the calorimeter, total transverse energy of observed jets and trajectories of muons mea-
sured in the muon spectrometer. The total number of allowed Level 1 configurations is 256.
Using a prescale factor N (where only 1 of N events is selected), each configuration can be
weighted also depending on the current peak luminosity during the run.

The Level 2 trigger uses the regions-of-interest identified by the Level 1 trigger and anal-
yses locally but using fine-grained data from the detector. Depending on the type of selected
object the size of the region-of-interest is defined and the Level 1 object is re-reconstructed
with improved precision. The Level 2 trigger uses information from the inner detector,
which is not available for the Level 1 trigger and combines information from different sub-
detectors to provide additional purity of the selected events. The average processing time is
40 ms, including the time for data transfers. The output rate is reduced to 2 kHz.
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Figure 3.11: Expected event rates and cross section for several physics processes as a func-
tion of energy at a luminosity of 10** cm~2s~! and 14 TeV centre-of-mass en-

ergy [73].

The last step in the on-line selection is the Event Filter. It uses objects reconstructed
by the Level 2 trigger, but it has direct access to the complete data for a given event as
the Event Filter runs after the event building process. The Event Filter uses typically the
same algorithms as the offline reconstruction, hence a more complex pattern recognition
procedure and calibration. The average processing time is 4 s per event and it provides an
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additional rejection to 200 Hz.

The raw data events are written in one or more inclusive streams depending on the trig-
ger decision. The initial streams are “egamma”, “jetTauEtmiss”, “muons”, and “minbias”.
Each stream contains events that pass at least one of the trigger signatures. For example,
events passing the electron or photon triggers will be written to the egamma stream. The
streams have approximately the same proportion of events and the event duplication across

streams is less than 10%.

At the LHC start-up the strategy is to commission the trigger and the detector with well-
measured Standard Model processes. Many triggers will operate in pass-through mode to
validate the trigger selection and trigger reconstruction algorithms. With increasing lumi-
nosity a higher thresholds and tighter selections will be applied to select the most interesting
physics processes.

3.5 Performance of the LHC and the ATLAS Experiment

In December 2009 the ATLAS detector has started to record data from collisions. The beam
energy and the corresponding dipole field is reduced to 3.5 TeV per beam to allow a safe op-
eration. All main components of the detector are fully operational and all levels of the trigger
and data aquisition system performed as expected. The approximate operational fraction of
ATLAS detector components is listed in Table 3.4. The commissioning and calibration of
the ATLAS detector was started during the cosmic ray data taking in 2008 and 2009. Per-
formance close to design goals has been obtained for different detector components: inner
detector [74], LAr calorimeter [75] and muon spectrometer [76]. Currently collision data
at 7 TeV centre-of-mass energy is used to calibrate the detector as well for the first physics
studies.

The instantaneous luminosity given by Equation 3.1 characterises the performance of
the LHC machine. It is determined in real time approximately one per second using a num-
ber of detectors and algorithms. The highest peak luminosity obtained to date is of order
1032 cm~2s~ . The full history is displayed in Figure 3.13(a).

Integrating the instantaneous luminosity over time gives the integrated luminosity Lin¢,
which corresponds to the amount of collected data. Figure 3.13(b) shows the delivered lu-
minosity by the LHC machine and the recorded luminosity by the ATLAS experiment. The
uncertainty on the measured luminosity is 11% and has been obtained using an absolute
calibration via beam separation scans [77]. To calculate the number of events N of a certain
physics process, the total luminosity has to be multiplied with the probability of the process
occurring, the cross section o

N=c- ‘Cint (32)

The cross section ¢ given in cm 2 is preferably quoted in picobarn (pb), where 1 pb =
1073 cm?.
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component ‘ num. of channels ‘ operational fraction
pixels 80 - 10° 97.4%
silicon strips 6.3-10° 99.2%
transition radiation tracker 350 - 103 98.0%
LAr EM calorimeter 170 - 103 98.5%
tile calorimeter 9800 97.3%
hadronic endcap LAr calorimeter 5600 99.9%
forward LAr calorimeter 3500 100%
level 1 calo trigger 7160 99.9%
level 1 muon RPC trigger 370 - 103 99.5%
level 1 muon TGC trigger 320 - 10° 100%
muon drift tubes 350 - 10° 99.7%
cathode strip chambers 31-10° 98.5%
RPC barrel muon chambers 370 - 103 97.0%
TGC endcap muon chambers 320103 98.6%

Table 3.4: Operational fraction of ATLAS detector components (May, 2010).
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Figure 3.12: (a) The delivered instantaneous luminosity measured online and taken at /s =
7 TeV. (b) The delivered and recorded by ATLAS total integrated luminosity at
Vs =7Tev.
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4 Event Simulation

The simulation of physics processes with the according detector response is an essential tool
in high energy physics. During the preparation stage of a experiment it allows to predict sen-
sitivity to various physics processes, to develop and to validate readout and reconstruction
algorithms. At the running stage of a experiment it is used to test predictions of theoret-
ical models against the real detector response. The simulation is divided into three steps:
generation of events and immediate decays, simulation of interactions in the detector and
digitalisation of energy deposited in the detector into voltages and currents for readout elec-
tronics. The output format of the simulation is identical to the true detector output format
and can be run through the same trigger and reconstruction algorithms.

The first part of this chapter deals with simulation of physics processes. The main as-
pects of the event generation techniques and the event generators used in this thesis will be
discussed. The second part summarise the simulation of detector response, the full detector
simulation based on GEANT4 [78] and the fast detector simulation ATLFAST-II [79]. After-
wards the simulated signal and background processes will the described in more details.

4.1 Main Aspects of Monte Carlo Event Simulation

The Monte Carlo event simulation enables the description of the final states resulting from
high-energy collisions. The state-of-the-art knowledge about quantum chromodynamics
is implemented using numerical Monte Carlo techniques. The aim is to produce events
imitating Nature’s behaviour in a real experiment. The ability to isolate independent phases
of the overall collision, the concept of “factorisation”, makes possible to simulate complex
final states with hundreds of particles.

In particular, factorisation allows to separate parts that describe the structure of the pro-
ton and the final-state hadron formation from the hard interaction part. The time scale at
that the hard scattering takes place is so short, that the details of the parton distributions
and their interactions in proton or what will happen to it after the hard collision, are ir-
relevant. Figure 4.1 illustrates the general structure of a hard proton-proton collision. The
hard interaction among the partons can be calculated perturbatively. The parton density
functions depend only on the energy scale of the hard scatterers and not on the nature of
the probe and are determined by global fits to data from deep inelastic scattering, Drell-
Yan and jet production. After the hard process, created partons emit themselves partons.
The parton shower process, governed by perturbative QCD, continue until a low virtuality
scale is reached (the region labelled with the dotted line in the figure). At this point the
hadronisation process starts. The hadronisation is assumed to be independent of the initial
hard process, therefore its parametrisation, tuned in some reference process, can be used in
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Figure 4.1: General structure of a hard proton-proton collision [80].

other hard interactions. Nearby partons combine into colour-singlet clusters (the grey small
blobs in figure), which build hadrons. The remnants of colliding protons undergo similar
shower and hadronisation processes. The evolution of the underlying event (the labelled
large grey blob) depends on the hard event, because at least colour quantum numbers must
be exchanged to guarantee overall neutralisation. In our picture, the initial partons emit
further partons, which split into g7 pairs shared with underlying event. Finally the decays
of unstable hadrons are handled. Multi-parton interactions, wherein more than one pair of
partons from protons interact as well as pile-up from other proton-proton collisions in the
same bunch crossing are accounted for.

Additional partons in the final states can be handled in two ways: by the matrix element
or by the patron shower methods. In the matrix element method additional Feynman dia-
grams are calculated, taking into account exact kinematics, interferences and helicity struc-
ture. This approach is correct, but calculations becomes extensive with increasing number
of final states. The parton shower method allows to add an arbitrary number of branch-
ings of one parton into two (or more) partons. It is possible by simplifying the kinematics,
and the interference and helicity structure of the process. Both approaches have strong and
weak points. The parton shower method yields good descriptions of relatively soft gluon
emission, while at higher energy scale the matrix element method provides more reasonable
results. The ultimate goal is to combine the best aspects of the both methods.

There are multi-purpose Monte Carlo generators, which handle all phases of event sim-
ulation, as well the specialised generators, which cover only single steps. The most accurate
theoretical predictions are often obtained by combining components of different simulation
programs - one program to produce a hard process, another to evolve the final states of the
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hard process through the parton shower, a third to hadronise the products of parton shower
and so forth. Depending on the problem of interest, best suitable tools should be chosen.

In the following the used Monte Carlo programs and some simulation components will
be discussed in more details in context of their implementation in event generators.

4.1.1 Parton Level Event Generators

The parton level Monte Carlo event generators simulate final states consisting of leptons,
bare quarks and gluons. The colliding partons can be considered as free at smallest scale in
time and distance and the perturbative expansion provides reliable predictions. The code is
often based on the direct computation of the relevant Feynman diagrams, but also programs
for automatic generation of parton-level processes exist. At the tree level the limiting factor
for the automatic generation is the CPU power. The computation of higher order corrections
in particular of virtual emissions is technically more complex.

The parton-level computation has to be combined with the partonic evolution given by
the shower Monte Carlo programs in a consistent way. A final state with n partons can
be obtained from n — k partons generated by the matrix event generator plus k additional
partons from the shower Monte Carlo simulations. This implies that the same final state
can be generated starting from different (n — k)-parton configurations. To avoid double
counting the parton configuration generated by the parton shower should be matched to
the parton configuration generated by the matrix element generators.

ALPGEN

ALPGEN [81] allows exact computation of tree level matrix elements with a fixed number of
partons in the final state for a large list of pre-defined Standard Model processes in hadronic
collisions. Emphasis has been placed on final states with a large parton multiplicity. The
b-quark and top quark masses are included, the c-quark mass is taken into account in some
special cases and the top-quark and gauge-boson decays are implemented with helicity cor-
relations. Full information on the colour and flavour structure of parton level events is pro-
vided to enable the evolution of the partonic final states into fully hadronised final states. A
strategy [82,83] has been developed to match the multiparton final states with the shower
development. The phase space is separated in the matrix element and parton shower do-
mains by definition of a cut value. The matrix elements are reweighted with Sudakov form
factors [84] and the parton showers are subjected to a veto procedure to cancel dependence
on the cut value to next-to-leading logarithmic accuracy.

MCG@NLO

MC@NLO [85] is a method for matching next-to-leading order QCD calculations of hard
processes and parton shower Monte Carlo simulations. The total rates are accurate to the
next-to-leading order, the distributions are recovered upon expansion in the strong cou-
pling constant xs. The next-to-leading order calculations include virtual and real emission
of partons. The real emissions are also included in the parton shower simulation and this
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should not be double-counted. The matching is based on the subtraction method widely
used for the next-to-leading order calculations. The result is a set of leading order and next-
to-leading order parton configurations that are fed into a parton shower generator. In order
to reproduce the next-to-leading order corrections fully, some of the configurations have
negative weights. The MC@NLO formalism is general, but in the current version only the
showering and hadronisation code of HERWIG is supported.

4.1.2 Multi-purpose Event Generators

Multi-purpose event generators are able to simulate a wide variety of the initial and final
states with the frequency as predicted by theory. The hard subprocess is often the only
process dependent part and everything else is almost completely generic. Therefore such
generators have a modular structure and the parton level event generators can be interfaced
to the shower and hadronisation modules. The multi-purpose simulation programs provide
an exclusive description of events. For example, a Z boson produced in the hard subprocess
has zero transverse momentum. Through the parton shower the transverse momentum can
be produced, since the final state particles from the hard subprocess must recoil against
those produced by the shower. Thus, the general purpose generators are ideal to describe
the full event necessary for a more realistic description of collision events.

PYTHIA

PYTHIA [86] is a general-purpose Monte Carlo program for hadronic event simulation in
pp, e"e~and ep colliders. Around 300 different 2 — n (maximal 3) subprocesses are im-
plemented. Not all contributing Feynman graphs are always included, but the more im-
portant. Also various approximations in the matrix element calculations are used. To the
partonic processes the initial and final state parton shower are added. The final state shower
is based on forward evolution in terms of decreasing time-like virtuality m? = E? — p? with
angular ordering imposed by veto. The framework is a leading-log approximation, but in-
cludes energy-momentum conservation and other next-to-leading-log aspects. The initial
state radiation is based on the backwards evolution, starting at the hard scattering scale and
moving backwards in time. The Lund string model [87] is used to simulate the hadronisa-
tion process. The assumption of linear confinement provides a starting point for the model.
The energy stored in a colour dipole field between a charge and an anticharge increases lin-
early with the separation between the charges. The string breaks by the production of new
g9 pairs and the quark and antiquark from two adjacent string breaks can combine to form
a meson. The simulation of underlying event is approximated by a set of 2 — 2 scatterings
taking into account energy conservation and colour connections.

HERWIG

HERWIG [88, 89] is a general-purpose event generator for the simulation of lepton-lepton,
lepton-hadron and hadron-hadron collisions. A large list of 2 — n processes for the Stan-
dard Model and its supersymmetric extensions are implemented. The full spin correlations
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are included for the most processes to take into account the correlations between the pro-
duction and decay of the particles as well between all decays in an event in a correct way.
An interface is provided to include further hard subprocesses. The initial and final state ra-
diation is generated using a coherent branching algorithm. The full available phase space is
restricted to an angular-ordered region for correct treatment of the leading soft and collinear
singularities. In case of the final state radiation, at each branching, the angle between two
emitted partons is smaller than that of the previous branching. The initial-state branching
algorithm is based on the backward evolution. Azimuthal correlations due to spin effects
are also taken into account. HERWIG is using the cluster hadronisation model based on the
colour pre-confinement property of the angular-ordered parton shower. After the parton
showering, all outgoing gluons are split into light quark-antiquark pairs. In the limit of
a large number of colours, all quarks and antiquarks can form colour-singlet clusters. The
high mass clusters split into low mass clusters using string-like mechanism. Cluster splitting
continues till all hadrons are build. The underlying event model is based on the minimum-
bias event generator [90] of the UA5 collaboration, but also an external package JIMMY [91]
can be used.

4.2 Detector Simulation

Detector simulation allows to study the detector response for a wide range of physics pro-
cesses and scenarios. Taking events generated with a Monte Carlo program as input, it
provides an output as expected to that of the real detector. The GEANT4 simulation toolkit
contains models for physics and infrastructure for particle transport through the detector
material. These models as well the description of detector components has to be validated
with data. Combined test beam studies, cosmic ray data and collision data have been used
to validate and to improve the detector description. The ATLAS detector is divided in ap-
proximately 4.8 million volumes to match the as-build detector as close as possible. Large
computing resources are required to accurately model the detector geometry and physics
descriptions. Therefore also fast simulations have been developed to allow a faster but still
precise simulation of data.

4.2.1 Full Detector Simulation

The ATLAS detector geometry is build from databases containing the information describ-
ing the physical construction and conditions data. The detector structure can be viewed in
terms of solids and basic shapes. Out of it logical volumes are build. Repeating structures
are combined in physical volumes and finally out of nested physical volumes total volumes
are created. The most complex structure has the smallest detector - the inner detector with
1.8 million volumes. The calorimeter consists of 1.6 million volumes and the muon system
counts 1.4 million volumes. It is a challenging task to create such a dense geometry, to re-
move volume overlaps and touching surfaces. A review of the status of the software and
the detector geometry can be found in Reference [79].

Despite a careful weighting and accounting of detector components, data-driven meth-
ods are crucial to evaluate the material in the inner detector. Several complementary meth-
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ods have been used to map out the detector with first 900 GeV and 7 TeV data taken last
and this year. Measurements of the track length in the outer SCT layers, the SCT-extension
efficiency and hit patterns, track residuals in different silicon layers, K mass and so on
have been used to estimate the material budget of the inner detector. It has been found
that the nominal Monte Carlo simulation describes accurately the material of the real detec-
tor [92,93].

Alignment of the inner detector is the next crucial point. After assembly of the detector,
the position of the individual modules is known with much worse accuracy than their intrin-
sic resolution. A track-based alignment has been applied to determine the absolute position
of modules. A position precision of ~10 ym is required for physics measurements. The
estimated size of the misalignments in the pixel barrel is ~17 ym and in the SCT ~25 ym.
The distributions in the TRT barrel agree perfectly with expectations, the distributions in the
TRT end-caps require further improvements [94]. A good performance has been achieved
so far and further improvements are expected with more collision data.

Test beam data are used to validate the calorimeter response for single pions and protons
and to determine parameter settings for the hadronic interaction model used by GEANT4
[95]. The simulation compared to collision data at 7 TeV agrees within 5% [96]. The descrip-
tion of the electromagnetic shower profiles has been tested with cosmic muon data. A good
agreement between data and Monte Carlo simulations has been found as well [75].

The simulation of the muon reconstruction in the muon spectrometer and in the inner
detector has been tested with the first collision data, too. The key properties like the iden-
tification efficiencies, rates of secondary muons from pions, momentum resolution are well
described by the simulation [97].

To summarise, the detector description is in a good shape and comparisons with taken
data confirm that the full detector simulation describes the real detector with the required
precision.

4.2.2 Fast Detector Simulation

Because of the complicated detector geometry and detailed physics description, it is impos-
sible to provide the needed simulated statistics for many physics studies due to the limited
computer resources. Therefore several fast simulation programs have been developed. The
most time consuming part, approximately 80%, is the simulation of particles traversing the
calorimetry, especially of low energetic electromagnetic particles. These particles are re-
moved from the simulation and replaced with pre-simulated showers. This simplification
is used by default for all processes that do not require a extremely accurate modeling of the
calorimeter response and agrees within 1-2% with the full calorimeter simulation.

The ATLFAST-II [79] detector simulation uses a full simulation of the inner detector and
muon system and a fast simulation of the calorimeter. ATLFAST-II is about factor 20-40
faster than the full detector simulation. The single particle shower in the calorimeter is
parametrised in the longitudinal and lateral energy profiles. Fine binning of the parametri-
sation in energy and pseudo-rapidity as well in the longitudinal depth of the shower centre
is provided. The electron and photon showers are approximated by the photon parametri-
sation and all hadronic showers by the charged pion parametrisation. The ATLFAST-II sim-
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ulation differs at 5% level from the full simulation, especially in properties sensitive to the
shape of hadronic showers and in the electron identification efficiency.

4.3 Signal and Background Event Modeling

To evaluate ATLAS potential to discover tf resonances, the signal and most relevant back-
ground samples have been generated at the centre-of-mass energy of 10 TeV. A generic nar-
row width Z’ boson sample generated with PYTHIA is representative for the electroweak Z'’
bosons in a large range of models. The Z’ boson masses have been chosen in the region 500 -
3000 GeV/c? to have an overlap with the current searches at the TEVATRON on the one hand
and to extend the mass reach into TeV regime on the other hand. The main irreducible back-
ground is the Standard Model tf production. The predicted cross section involving at least
one lepton from the W boson decay is 216 pb and 186 pb for fully hadronic decays. Other
sources of irreducible backgrounds are W boson plus jets production and the single top pro-
duction. The QCD multi-jet and Z boson plus jets event contribute to background, too. The
signal process has been generated using the full and ATLFAST-II detector simulation, all
background samples are processed with the full detector simulation. The detector geometry
and material description corresponds to a perfectly aligned detector. The consistency be-
tween the full and fast simulation has been checked on a sample with smaller statistics. In
the following, a detailed description of used Monte Carlo signal and background samples
will be given.

4.3.1 Signal Event Simulation

PYTHIA 6.418 generator with the CTEQ6.6 leading order PDF set has been used to produce
a neutral spin-1 colour singlet Z’ boson. The axial C4 and vector Cy couplings to fermions
for each generation of leptons and quarks and the mass of the Z’ boson are the only free
parameters of the PYTHIA Z’ boson model. The couplings have been defined in Section
2.3. Two scenarios have been simulated: Z’ boson with the Standard Model Z-boson-like
couplings (sequential Standard Model, SSM) and Z’ boson with the non-Standard Model
couplings (nSM). In both cases the couplings are equal for all three fermion generations.
The vector and axial couplings to quarks and leptons are listed in Table 4.1. The width of
the Z’ boson is given by its couplings and increases to a good approximation linearly with
the mass. The width of the Z’' boson with Standard Model couplings is about 3.2% of the
Z' boson mass and the non Standard Model couplings lead to the smaller width of about
1.23%. The Z' boson cross section ¢ and its width I are tabulated as a function of Z’ boson
mass for SSM, nSM and Topcolor models in Table 4.2.

Figure 4.2 compares the invariant mass m,;, rapidity y and pr distributions of the top and
antitop quarks for the SSM and nSM scenarios at generator level. The shape of the invariant
mass distributions differs significantly, but in both cases the width is still smaller than the
expected detector resolution. Nevertheless the effect of the width on the analysis after detec-
tor simulation will be investigated in Section 7.6. The rapidity and pr distributions are more
similar for both scenarios. It means, that the model dependent couplings have only a small
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d-type quark | u-type quark lepton Viepton
del pto:
mose v Ca Cv  Ca Cy Ca Cv Ca
SSM | -0.639 -1 | 0387 1 -0.08 -1 1 1
nSM | -0.410 -0.592 | 0.299 0.592 | -0.047 -0.592 | 0.592 0.592

Table 4.1: PYTHIA parameter settings for Z’ boson couplings to fermions.

), GeV/c2 SSM / PYTHIA nSM / PYTHIA topcolor / [98]
’ o,pb T,GeV/c? | o,pb T,GeV/c?> | 7,pb T, GeV/c?
500 5.465 15.2 - -

700 3.325 21.9 — -
750 - - 13.17 15.0
1000 0.634 31.8 0.239 12.3 3.28 20.0
1250 - - 1.53 25.0
1300 0.204 419 - -
1500 - - 0.56 30.0
1600 0.0723 51.8 0.0269 20.0 -
2000 0.0214 65.1 0.0076 251 0.13 40.0
2500 0.005 81.6 - -
3000 0.001 98.2 - -

Table 4.2: Cross section ¢ and width I' are tabulated as a function of the Z’ boson mass for
SSM, nSM and Topcolor models. Top quark mass was set to 172.5 GeV/c?.

influence on the distributions of final decay products and with it on the signal acceptance in
the detector.

The difference in the rapidity distribution of top and antitop quarks is significant. The
top quarks are produced at higher rapidities than the antitop quarks. One quark and one
antiquark are needed to produce a Z’ boson. At pp colliders and at high energies, the quark
will be a valence quark with a larger fraction of protons momentum and the antiquark will
be a sea-quark with less momentum. The top quark follows mostly the direction of the in-
coming quark and the antitop quark follows the direction of the incoming antiquark. Thus,
the top quark can be produced at higher rapidity than the antitop quark. The pt distribu-
tions show a typical Jacobian peak at m /2 as expected.

To keep the statistics as high as possible, 1 million Z' — tf events per mass point have
been produced at the generator level. All possible tf decay modes are allowed: semi-
leptonic, full hadronic and di-leptonic. For all events fast detector simulation ATLFAST-II
has been performed. To check the consistency with the full detector simulation also full
detector simulation have been prepared for 3 mass points, 1000 GeV/c?, 2000 GeV/c* and
3000 GeV/c?. Comparison between both simulations will be discussed in Section 7.1.
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Figure 4.2: The invariant mass my, rapidity y and pt distributions of top and antitop quarks

for SSM and nSSM modelsand Z’ boson mass of 1000 GeV/c2.
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dataset ‘ physics process ‘ m;, GeV/c? ‘ generator ‘ o, pb ‘ k-factor ‘ Liot, pb_1

105200 tf no hadronic 172.5 MC@NLO | 202.86 1.07 2843
105204 | tf fully hadronic 172.5 MC@NLO | 170.74 1.07 121
106202 tf no hadronic 160.0 MC@NLO | 166.82 1.06 300
106203 tf no hadronic 180.0 MC@NLO | 295.96 1.06 300
105503 Wt di-lepton 172.5 ACERMC 2.79 0.99 17918
108340 t-channel ev 172.5 MC@NLO | 14.46 1 454
108341 t-channel pv 172.5 MC@NLO | 14.46 1 459
108342 t-channel tv 172.5 MC@NLO | 14.46 1 448

Table 4.3: Generated single top quark and top quark pairs samples. ATLAS specific dataset
number, the name of physics process, the used top quark mass, the Monte Carlo
generator name, the theoretical cross section with the according k-factor and the
produced total luminosity are tabled.

4.3.2 Background Event Simulation

The non-resonant tf production is the main source of background for our searches. The
default generator for the official tf Monte Carlo production in 2008-2009 in ATLAS is
MC@NLO 3.31 with the CTEQ6.6 next-to-leading order PDF set. The final states are passed
to HERWIG parton shower generator. Similar to the Z’' boson sample, all possible top quark
decay modes are allowed and the default top quark mass is set to 172.5 GeV/c>. MC@NLO
is also used for the t - channel single top quark production. The Wt-channel is generated
with ACERMC 3.6. It is a leading order matrix element generator interfaced to the PYTHIA
parton shower generator. Used single top quark and top quark pair samples are tabled in
Table 4.3. A “k-factor ” normalises the generator cross section to the theoretically calculated
cross section.

The W + jets process mimics the signal event signature of one leptonically decaying W
boson and several additional jets. The Z + jets events contribute if one of the two leptons
is lost or a T-lepton decays hadronically. The QCD multijet events can mimic the signal
signature if a lepton from a semileptonic b quark decay or a jet is erroneously identified as
an isolated lepton. The ALPGEN 2.13 generator is used to simulate multijet final states for
QCD events and for the associated production of vector bosons (W/Z). The parton shower
is modeled by the HERWIG generator, the CTEQ6L1 is the default PDF set. The W(Z) boson
mass is set to 80.403 (91.1876) GeV/c? and the width is 2.141 (2.4952) GeV/c?. For the W +
jets process, ALPGEN includes all processes with u, d, s and ¢ quarks, which are treated as
massless. The W + bb + jets process is neglected, because of the low production cross section,
o(W + bb +jets) = 17.86 pb, and the b-jet identification has not been used in this analysis. The
Z + jets process includes both Z boson and * propagator terms as well as their interference
terms. A lower and upper cut is applied on m+ -, 60 GeV/c>< my+ - < 200 GeV/c?, that limits
the phase space to the region dominated by the Z boson propagator. The generated W + jets
and Z + jets samples are listed in Table 4.4 and 4.5, respectively.

The ALPGEN QCD multijet cross section with leading jet pr > 10 GeV/c is about 6 billion
pb. Thus, the QCD multijet samples cannot be produced inclusively in useful amounts of
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dataset ‘ physics process ‘ o, pb ‘ k-factor ‘ Liot, pb~!
107680 | W — ev + 0 partons | 10184.7 1.22 299.4
107681 | W — ev + 1 partons | 2112.3 1.22 301.8
107682 | W — ev + 2 partons | 676.0 1.22 3004.4
107683 | W — ev + 3 partons | 203.3 1.22 2990.4
107684 | W — ev + 4 partons 56.1 1.22 2975.9
107685 | W — ev + 5 partons 16.6 1.22 3018.4
107690 | W — uv + 0 partons | 10125.7 1.22 301.1
107691 | W — uv + 1 partons | 2155.5 1.22 295.9
107692 | W — uv + 2 partons | 682.3 1.22 2976.9
107693 | W — pv + 3 partons | 202.0 1.22 3009.5
107694 | W — uv + 4 partons | 55.5 1.22 3008.6
107695 | W — uv + 5 partons 16.3 1.22 3065.0
107700 | W — tv + 0 partons | 10178.3 1.22 299.6
107701 | W — tv + 1 partons | 2106.9 1.22 302.7
107702 | W — tv + 2 partons | 672.8 1.22 3018.7
107703 | W — v + 3 partons | 202.7 1.22 3000.1
107704 | W — tv + 4 partons | 55.3 122 3017.8
107705 | W — tv + 5 partons 17.0 1.22 2942.8

Table 4.4: Generated W + jets samples. ATLAS specific dataset number, the name of physics
process, the theoretical cross section with the according k-factor and the produced
total luminosity are tabled.

the integrated luminosity. For this reason the QCD multijet process has been divided in
multiple samples according to the leading jet pt in the event. The definition of slices and
corresponding cross sections are summarised in Table 4.6. No events are generated with the
leading jet pr below 35 GeV/c due to practical limitations. The flavour content of multijet
events is similar to that of W + jets events. The light quarks are produced through the matrix
element calculations and treated as massless, pairs of b quarks are produced only through
the ¢ — bb parton showering process. A detailed description of all generator settings can be
found in [99].
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dataset ‘ physics process ‘ o, pb ‘ k-factor ‘ Liot, pb~!
107650 | Z — ee + 0 partons | 898.18 1.22 300.1
107651 | Z — ee + 1 partons | 206.57 1.22 300.1
107652 | Z — ee +2 partons | 72.50 1.22 3000.1
107653 | Z — ee + 3 partons | 21.08 1.22 3012.2
107654 | Z — ee + 4 partons | 6.00 1.22 3082.3
107655 | Z — ee + 5 partons | 1.73 1.22 3186.2
107660 | Z — uu + 0 partons | 900.21 1.22 300.5
107661 | Z — up + 1 partons | 205.21 1.22 302.1
107662 | Z — up + 2 partons | 69.35 1.22 3006.3
107663 | Z — up + 3 partons | 21.63 1.22 3004.8
107664 | Z — pu + 4 partons | 6.08 1.22 3041.5
107665 | Z — up + 5 partons | 1.70 1.22 3239.2
107670 | Z — 77 + 0 partons | 902.71 1.22 300.2
107671 | Z — tT + 1 partons | 209.26 1.22 301.1
107672 | Z — tT + 2 partons | 70.16 1.22 3000.1
107673 | Z — 17 + 3 partons | 21.07 1.22 3013.7
107674 | Z — TT + 4 partons | 6.04 1.22 3062.5
107675 | Z — T +5partons | 1.71 1.22 3218.3

Table 4.5: Generated Z + jets samples. ATLAS specific dataset number, the name of physics
process, the theoretical cross section with the according k-factor and the produced
total luminosity are tabled.
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dataset ‘ physics process ‘

o, pb

‘ k-factor ‘ Liot, pb_l

J5plus slice: pr(min) = 280 GeV/c pr(max) = oo

108371 | QCD 6 partons 972.6 1 300
108370 | QCD 5 partons 1392.8 1 300
108369 | QCD 4 partons 2149.9 1 300
108368 | QCD 3 partons 1944.8 1 300
108367 | QCD 2 partons 750.2 1 300
J4 slice: pr(min) = 140 GeV/c pr(max) = 280 GeV/c

108366 | QCD 6 partons 11571.7 1 10
108365 | QCD 5 partons 24249.3 1 10
108364 | QCD 4 partons 49028.2 1 10
108363 | QCD 3 partons 65508.9 1 10
108362 | QCD 2 partons 31872 1 10
J3 slice: pr(min) = 70 GeV/c pr(max) = 140 GeV/c

108360 | QCD 5 partons | 189793.0 1 1
108359 | QCD 4 partons | 552311.1 1 1
108358 | QCD 3 partons | 1486726.3 1 1
108357 | QCD 2 partons | 1116548.7 1 1
J2 slice: pr(min) = 35 GeV/c pr(max) =70 GeV/c

108355 | QCD 5 partons | 249184.8 1 0.1
108354 | QCD 4 partons | 1494832.2 1 0.1
108353 | QCD 3 partons | 9835389.5 1 0.1
108352 | QCD 2 partons | 30114236.6 1 0.1

Table 4.6: Generated QCD multijet samples. ATLAS specific dataset number, the name of
physics process, the theoretical cross section with the according k-factor and the
produced total luminosity are tabled.
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5 Event Reconstruction

Particles produced in proton-proton collisions go through the detector material and leave
signals in form of electrical charges, which are collected, digitalised and read out by the
detector electronics. Event reconstruction starts with electronic signals in the detector and
builds physics objects out of it. The aim is to identify the type of objects and to measure their
momentum and energy with the best possible precision. This chapter describes the signa-
ture of different object types in the detector, the algorithms to identify and to reconstruct
individual signatures and the corresponding performance. The reconstruction of electons,
muons, jets, neutrinos and particle tracks will be discussed, because these objects have been
used for this analysis.

5.1 Track Reconstruction in the Inner Detector

At the design luminosity of 103 cm~2s~! about 1000 charged particles will go through the
ATLAS detector every 25 ns. Such a dense track environment requires high-precision mea-
surements as well as a powerful track reconstruction to meet the momentum and vertex res-
olution requirements of physics processes. As already discussed in Chapter 3.2, the ATLAS
inner detector consists of three sub-detectors: the pixel detector, the semiconductor tracker
and the transition radiation tracker. The pixel detector delivers directly three-dimensional
measurements, measurements in the SCT are transformed into three-dimensional space
points combining the information from the opposite sites of a module. The transition ra-
diation tracker provides only two-dimensional measurements, but allows an additional dis-
crimination between electrons and pions utilising transition radiation in foils and fibres.

Reconstruction of tracks starts with a pattern recognition procedure, which associates de-
tector measurements to track candidates. Global methods like histogramming and HOUGH-
transform [100] are used to identify all tracks simultaneously. The measurement positions
are transformed from measurement space (measurement coordinates) into track parameter
space (parameters to describe trajectory of a particle). Each measurement corresponds to one
curve. The point where all curves belonging to one track cross corresponds to the param-
eter of that track. To find these points, the transformed measurements are histogramised.
For example for straight-line tracks the angle between the track and one of the axes is his-
togramised. Measurements which belong to one track will peak in the histogram. The pat-
tern recognition procedure starts with measurements in the three pixel layer and the first
SCT layer to search for tracks originating from the interaction region. Found seeds are then
extended through the SCT to form track candidates.

After the pattern recognition procedure, many tracks not belonging to any particle, the
so-called “ghost” tracks, will be produced. Such tracks will be identified in the track fitting
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Figure 5.1: Track helix in the transverse and in the longitudinal plane.

procedure and removed. There are two categories of track fitters: global-x? fitters and recur-
sive track filters. In general the performance is equal, but for the recursive track filters it is
easier to include material effects like multiple scattering or energy loss. The global-x? fitters
define a measure for the distance between the fitted track and measurements and minimise
this measure. The recursive track filters like Kalman-filter [101] add measurements succes-
sively to the track. After the track fitting procedure track quality cuts are applied to remove
“ghost” tracks. The selected tracks are then extended into the TRT and re-fitted again.

To improve the reconstruction efficiency for secondary tracks from decays of long-lived
particles or conversions, a complementary track finding strategy, so-called “back-tracking”
is applied. The track finding starts with unused track segments in the TRT and extends these
segments into the SCT and pixel detector.

A detailed description of the inner detector track reconstruction algorithms and those
implementation in the ATLAS software framework can be found in Reference [102].

The tracks are parametrised using the so-called “perigee” representation. The trajectory
is defined at the point of closest approach P to a reference point O according to the reference
plane defined in Section 3.2. Track helix in the transverse and in the longitudinal plane is
shown in Figure 5.1. Five parameters are used in ATLAS: signed transverse impact parame-
ter do, longitudinal impact parameter zo, azimuthal ¢ and polar 6 angle of the track tangent

at P and charge signed inverse transverse momentum pq The sign of dj is positive if the
T
origin is to the right side of the track, otherwise negative.

The resolution ox of a track parameter X is a function of the particle pr:

ox(pr) = ox(0) (1@ px/pr)- (5.1)

At high transverse momenta the parameter resolution is given by the intrinsic detector res-
olution, thus ox (o) denote the asymptotic resolution expected at infinite momentum. At
low transverse momenta the resolution is dominated by multiple scattering. The constant
px represent the transverse momentum value for which the intrinsic and multiple-scattering
terms are equal and @ denotes addition in quadrature. The expected track parameter reso-
lutions for single muons are presented in Table 5.1. The distributions for pions are slightly
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track parameter 0.25<|7|<0.5 1.5<|5|<1.75

P ox(co) | px,GeV/ic | ox(e0) | px, GeV/e
inverse transverse momentum, 4/ pr 0.34 TeV~! 44 0.41 TeV ! 80
azimuthal angle, ¢ 70 prad 39 92 prad 49
polar angle, cot 6 0.7 x1073 5.0 1.2 x1073 10
transverse impact parameter, dy 10 pm 14 12 ym 20
longitudinal impact parameter, zg X sin 6 91 ym 2.3 71 ym 3.7

Table 5.1: Expected track parameter resolutions for isolated, single muons. The values are
given for two 77-ranges, in the barrel with minimal amount of material and in the
end-cap region with maximal amount of material [73].

broader and have small tails. The tails for electrons are even larger due to bremstrahlung.
The specialised track reconstruction algorithms estimate the energy loss in detector and take
it into account during the track fitting procedure [102].

5.2 Primary Vertex Reconstruction

On average 4.6 proton-proton interactions per bunch crossing are expected at luminosity of
103 cm~2s~1. The number of collisions raises up to 23 per bunch at the nominal luminosity.
In general one triggered and reconstructed high-energy signal interaction superimposed
with several low-energy interactions is expected. The interaction region is described by a
Gaussian with the width of about 5.6 cm in the beam direction and about 15 ym in the
transverse plane. The task of the primary vertex reconstruction is an efficient and precise
reconstruction of all primary interaction vertices per bunch crossing and definition of the
signal collision.

The primary vertex reconstruction can be subdivided in two steps similar to the track
reconstruction procedure:

* pattern recognition procedure: association of reconstructed tracks to a particular ver-
tex candidate

¢ fitting procedure: reconstruction of the vertex position and determination of its error
matrix, estimation of the fit quality and re-fit of track parameters at vertex

Two approaches are implemented in the ATLAS software framework [103]. The “fitting-
after-finding” approach selects tracks compatible with the bunch crossing region and clus-
ters the tracks according to the longitudinal impact parameter position. The track clusters
are fitted and cleaned iteratively from outliers. The number of vertices is fixed and the re-
jected tracks are not used in any other cluster.

Outlier treatment can be improved with the “finding-through-fitting” procedure. The
signal vertex is expected to have a higher track multiplicity, thus all tracks are fitted to one
single vertex candidate at first. After the first fit, the incompatible tracks are used to create a
new vertex candidate. At the next iteration a simultaneous fit of both vertices is performed.
The number of vertex candidates is growing after each iteration and vertices are competing
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with each other to obtain more tracks. The vertex with the largest sum of squared transverse
momenta of all associated tracks Z p3 is defined as the signal vertex.

The performance of the primary vertex reconstruction is physics process dependent. The
reconstruction efficiency for tf events is 100% and the selection efficiency of the signal vertex
is around 99%. The position resolution in the transverse plane to the beam axis is 11 ym and
along the beam axis 40 ym [73].

5.3 Charged Lepton Identification

As the expected Z’ boson production cross section is small, an excellent lepton identification
especially at high transverse momenta is crucial. In the next two sections the electron and
muon reconstruction and identification relevant for this analysis will be described.

Reconstruction and ldentification of Electrons

Electrons are charged particles which leave tracks in the inner detector and induce shower
in the electromagnetic calorimeter. Electrons going through matter primarily emit photons
in the bremstrahlung process. Photons convert into an electron-positron pair, the produced
electrons and positrons emit photons again. The pair production and the bremstrahlung
continue in turn, until produced particles are absorbed by atoms. Therefore, the electro-
magnetic showers induced by electrons and photons are very similar. Photons are neutral
particles and do not produce tracks as long as they do not convert in the material of the inner
detector. To distinguish between electrons and photons we require a track not associated to
a photon conversion.

Reconstruction of electrons starts from clusters reconstructed in the electromagnetic
calorimeter. Electron identification variables are build from track properties and measure-
ments in the calorimeters. An electromagnetic tower seed with transverse energy above
~ 3 GeV and a matching track which do not belong to a photon conversion in the material
of the inner detector are required for an electron candidate. A track extrapolated to the elec-
tromagnetic calorimeter must match the cluster in the middle layer in a Ay x A¢ window
of 0.05 x 0.10. The ratio of energy of the cluster to the momentum of the track is required
to be lower than 10. The selection efficiency of true isolated electrons with Er> 20 GeV and
|7] < 2.51s about 93%. The inefficiency is caused mainly by the large amount of material in
the inner detector.

The signal in the electromagnetic calorimeter induced by electrons has to be distin-
guished from the shower induced by hadrons like pions or protons. Due to the design of
the ATLAS detector, hadrons go first through the electromagnetic calorimeter and deposit
a small amount of their energy in the electromagnetic calorimeter. In general the width of
an electron shower is narrower than for hadrons. Electrons leave a core with a high activity
surrounded by a small area with low activity in the calorimeter. Additionally hadron show-
ers are often produced by several particles which belong to one jet and thus their shower is
broader. It is more difficult to discriminate between single pions decaying into two photons
and isolated electons. The granularity of the electromagnetic calorimeter is high enough to
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resolve both photons. Counting the number of energy maxima found in the electromag-
netic shower allows to identify single electrons. As the main part of the energy deposit of
hadrons is in the hadronic calorimeter, a good discriminant is the ratio of the energy stored
in the hadronic calorimeter to the energy stored in the electromagnetic calorimeter, the so-
called hadronic leakage. Also the ratio of energy deposit in electromagnetic calorimeter to
the track momentum for charged hadrons is much lower than for electrons.

To identify true high-pr electrons, three sets of selection criteria, loose, medium and
tight, have been defined, depending on the electron identification efficiency and the cor-
responding background rejection rate. This provides some flexibility in the choice of an
optimal electron selection depending on the process we are interested in. The standard elec-
tron identification is based on cuts, optimised in up to seven bins in # and up to six bins in
pr. Briefly summarised, the selection criteria are:

¢ Joose electron selection criteria

— detector acceptance within |77| < 2.47
— hadronic leakage

— ratio in 7 of cell energies in 3x7 versus 7x7 cells from the middle layer of elec-
tromagnetic calorimeter

— ratio in ¢ of cell energies in 3x3 versus 3x7 cells from the middle layer of elec-
tromagnetic calorimeter

— lateral width of shower
¢ medium electron selection criteria

— includes loose cuts

difference between the second largest energy deposit in a window An x A¢ =
0.125 x 0.2 around the cell with the highest Et and the minimal energy between
the first and the second maxima

- second largest energy deposit normalised to the cluster energy

- total shower width

— shower width over three strips in the first layer of elecromagnetic calorimeter
around the one with the maximal energy deposit

— fraction of energy deposited outside the shower core of three central strips but
within seven strips

- track quality cuts: at least one pixel hit, at least nine pixel and SCT hits and trans-
verse impact parameter <1 mm
¢ tight electron selection criteria

- includes medium cuts

— at least one hit in the first pixel layer

— total number of hits in the TRT

— ratio of high-threshold hits in the TRT to the total number of hits in the TRT
- Ay < 0.005 and A¢ < 0.02 between the cluster and the matched track

— ratio of the cluster energy to the track momentum

- two different cuts optimised for the isolated and non-isolated electrons in jets: in
case of isolated electrons additional cut on the ratio of transverse energy in a cone
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Figure 5.2: Electron identification efficiency as a function of Et (left) and # (right) for elec-
trons from Z' — ete™ events [73].

AR < 0.2 to the total cluster transverse energy is applied. In case of non-isolated
electrons tighter TRT cuts are required

The medium and loose electron reconstruction efficiency for Z’' — e™e™ process in Et and
1 bins is presented in Figure 5.2. The loose electron selection provides the best efficiency, but
a low jet rejection rate. For example the loose reconstruction efficiency in Z — ee™ process
is about 88% and the jet rejection rate 1/¢€jet is ~ 570 [73]. The medium selection improves
the background rejection by a factor of 3-4 and leads to a moderate efficiency loss of ~ 10%.
For a tight selection the electron identification efficiency drops down to 61 - 65%, but the jet
rejection rate is of order 10°. For this analysis electrons with medium quality cuts will be
used. This provides a good selection efficiency and a reasonable jet rejection rate.

Reconstruction and ldentification of Muons

The primary system to detect muons is the muon spectrometer. It has been designed to
identify muons with pt above 3 GeV/c and covers the pseudorapidity range || < 2.7. The
muon spectrometer provides a precise measurement of muon momentum up to 1 TeV/c. At
low momentum, the resolution is mainly limited by the energy loss in the material in front
of spectrometer. In the intermediate range the multiple scattering in the spectrometer plays
a decisive role. At very high transverse momenta above 300 GeV/c, prevails the single hit
resolution.

Other parts of the ATLAS detector have an impact on the muon reconstruction, too. The
calorimeter absorbs hadrons, electrons and photons, thus the rate of particles except muons
is reduced significantly before entering the spectrometer. The characteristic minimum ion-
ising signature of muons in the calorimeter can be aid in the muon identification. Direct
measurement of the muon energy lost in the calorimeter improves the energy resolution.
The inner detector provides an independent and very precise momentum measurement for
muons as well a confirmation of the spectrometer measurement, but in a reduced |77| < 2.5
range.
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Figure 5.3: Combined muon reconstruction efficiency in tf events for “Staco” algorithm and
muon momentum resolution as function of # [73]. For “good”muons a good
distance match (x? < 4.5) between reconstructed and truth track is required.

The muon momentum resolution is improved by a combination of measurements in
the inner detector and in the spectrometer for muons with transverse momenta between
30 GeV/c and 200 GeV/c. At transverse momenta below 30 GeV/c the resolution achieved in
the inner detector is better than in the spectrometer. At very high momenta above 200 GeV/c,
the spectrometer has better performance due to the longer lever arm.

As shown in Figure 5.3, the muon reconstruction efficiency is close to 100% except in
regions where the detector coverage is poor, that is for || around 0.0 and 1.2. On average
the reconstruction efficiency in tf events is 94.3% and for high pr muons from the Z’ boson
decay is 91.0%. The transverse momentum resolution ¢, / pt is around 3-4% for muon pr
below 200 GeV/c and increases up to 10% at 1 TeV/c. Mis-reconstruction and charge misiden-
tification rates are around 0.01%.

5.4 Jet Reconstruction

Jet algorithms define the jets. They provide a set of rules that indicate how close two parti-
cles must be to belong to one jet and how the momentum of the combination is calculated. A
jet algorithm should fulfill several requirements, which become apparent in different appli-
cation of jets in the experiments and in theory. The jet definition should be mostly indepen-
dent of the non-perturbative effects like hadronisation and underlying event. The measured
observables should be comparable to the theoretical calculations. Addition of an infinite
soft parton (infrared safety, illustrated in Figure 5.5(a)) or a parton radiated by an infinite
small angle (collinear safety, illustrated in Figure 5.5(b)) should not change properties and
number of resulting jets and they should be independent of the detector details.

At the LHC a new energy regime will be explored, heavy particles like W and Z bosons
or top quarks will be produced relatively often at high transverse momenta. Their hadronic
decay products may form single jets with a complex substructure. To study such substruc-
tures, we need a suitable jet finder. In the ATLAS reconstruction framework the same jet
finder can be run on miscellaneous objects like calorimeter signal towers, topological cell
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Figure 5.4: (a) Illustration of infrared sensitivity: the arrows represent seed particles, a soft
radiated parton causes a merging of the seeds in one jet. (b) Illustration of the
collinear sensitivity: the splitting into two particles changes the number of jets or
jet properties.

clusters in the calorimeters, reconstructed tracks, generator particles and partons. A well-
maintained open-source software package FastJet [104] is used for all jet finder implemen-
tations, except for the ATLAS Cone algorithm.

A common feature of all jet finder implementations in ATLAS is the full four-momentum
recombination scheme. This scheme conserves energy and momentum and provides a
meaningful single-jet mass. The algorithms can be divided in two broad categories. The
first category is based on the energy flow into a geometric cone (cone algorithms) and the
second one on the recombination of the closest pairs of the particles (cluster algorithms).

ATLAS Cone Algorithm

There is a wide range of “cone algorithms” based on the maximisation of the energy in a
geometric cone. The key parameter of the cone algorithms is the radius of the cone in the
(1 — ¢)-plane, Reone. The ATLAS cone algorithm uses seeds in order to initiate the first cone
candidates. The seed is a calorimeter tower or cluster, parton or particle with Et or pt above
the seed threshold. All objects with a distance R smaller than the fixed cone size Rcone Will be
combined with the seed. The direction of the seed is updated from the four-momenta of the
constituents inside the initial cone and a new cone is centred around it. The recombination
continues until a seed with a stable direction is found. This procedure is repeated for all
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founded seeds. The seeds can share the constituents, the ambiguities are solved in the last
so-called “split and merge” step. The jets which share constituents with 50% of Et or pr of
the lowest energy jet will be merged.

The seeded cone algorithms are not infrared safe. An additional soft particle, acting
as a new seed, can cause the iterative process to find a new stable cone. This can lead in
the split-merge step to the modification of the final jets. The ATLAS cone algorithm is still
used in many physics analysis for more or less historical reasons. The ATLAS performance
group responsible for the jet and missing transverse energy calibration has established now
the Anti-kt jet algorithm, which belongs to the second category of the jet reconstruction
algorithms.

Cluster Algorithms

The cluster algorithms are based on the pair-wise clustering of initial constituents. The key
parameters are a distance measure between the objects and some condition upon which
clustering should not be carried out. The distance measures d;; between two objects i and j
and d;p between the object i and the beam, are defined as:

. (AR)}
djj = min (P%@”/Prﬁ”) =7 (5.2)

dip = p3r, (5.3)

where (AR)? is the distance between two objects in the (17 — ¢)-plane. The d values are com-
puted for all possible combinations. If d;; is the smallest value, objects i and j are combined
using four-momentum combination and the remaining combinations are recalculated. If the
smallest value is d;p, this object is considered as a jet and is removed from the initial objects.
The variable R defines the resolution at which jets are resolved from each other compared
to the beam.

There are three different cluster algorithms, depending on the value of variable m:
® kr algorithm [105,106] with m =1,

* Anti-kt algorithm [107] with m = —1,

¢ Cambridge/Aachen algorithm [108,109] with m = 0.

If m = 1, the objects with low relative pt are merged first and the final merge is the
hardest one. In some sense this procedure is inverse to the splitting within a parton shower
and provides a tool to analyse the substructure of jets. Not merged soft partons will be
rejected by a final pt cut and associated with the beam.

If m = —1, the soft objects will tend to cluster with the hard ones, long before they
cluster among themselves. The hard objects will accumulate all soft ones within a cone of
radius R, if no hard neighbours are within 2R. The result will be a perfectly conical jet.
Two comparably hard objects within R < AR < 2R will share the energy between them
depending on the relative pr and the distance. The hard objects within AR < R will be
merged in one single jet.
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For m = 0 the pt of the objects is irrelevant and the clustering will be carry out according
to the angular distance R between two objects, starting with the closest one. This algorithm
can improve the single-jet mass resolution, removing small and peripheral subjets.

All three cluster algorithms are infrared and collinear safe. The Anti-kt algorithm is
most preferred one at ATLAS. Studies in Reference [110] demonstrate that the Anti-kt jets
are less affected by underlying event and pileup effects and show best performance for all
jet flavours, fragmentation and showering models in terms of reconstruction efficiency. The
jet area is the most stable and should be the easiest to calibrate.

Calorimeter Jets

The jets are reconstructed with the jet algorithms described above using calorimeter signals.
The ATLAS calorimeter is a complex system with about 200 000 cells. The cells are combined
into a larger signal objects, which are the input for the jet finder. There are two concepts for
the combination: signal towers and topological cell cluster.

e signal towers: The calorimeter cells are projected onto a grid in the (7, ¢)-plane as
illustrated in Figure 5.6(a). The towers have a fixed size of Ay x A¢ = 0.1 x 0.1. The
whole acceptance region is divided uniform in 6 400 towers in total. The signal cells
contribute their total raw signal as measured in the calorimeter to the tower signal,
weighted by the overlap fraction of the cell area with the towers. The energy scale of
the raw signal is called electromagnetic (EM) energy scale. No further corrections or
calibrations are applied at this stage.

¢ topological cell cluster: The signal cells are clustered to three-dimensional “energy
blobs”, representing the particle showering in the calorimeter. The clustering starts
with the seed cells, whose signal significance defined as the cell energy E. divided
by the cell noise Onoise, I = Ecell/ Onoise, i above a certain threshold, |T'| > 4. All direct
neighbours are collected first. Neighbours of neighbours are added to the cluster if
their signal is above a secondary threshold, || > 2. Finally, the ring of guard cells
with the significance |T'| > 0 are added. Afterwards the initial clusters are analysed
for the local signal maxima and splitted if any are found. An example of reconstructed
clusters is illustrated in Figure 5.6(b).

In the pseudorapidity range 1.5 < || < 2.5 single particles can be resolved by the
clustering algorithm. In the central region || < 1.5 the cell size is a bit larger and the
shower of single particles may overlap. On average 1.6 particles are reconstructed in one
cluster. In the forward region || 2 2.5 the linear distance between the particles is smaller
and the calorimeter cells are larger. Either leads to a worse resolution.

Similar to the tower signals, the topological cell clusters are build from the cell signals
at the EM scale. Additionally the energy can be calibrated to a local hadronic energy scale.
The clusters are classified as electromagnetic, hadronic and noise. The energy of hadronic
clusters is corrected according to their location and the signal shape. The energy lost in the
dead material is corrected for all clusters. The correction functions are based on the single
particle simulations.
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Figure 5.5: (a) Building of signal towers, cells contribute with their total signal weighted by
the overlap fraction wgey. (b) Building of signal clusters, cells contribute only
when their signal significance is above a certain threshold. Thus clusters have

noise suppression build in.

Jet Reconstruction Flow

The jet reconstruction flow is sketched in Figure 5.6. It starts from calorimeter towers
or topological clusters measured at the EM scale. The charge output for hadrons in the
calorimeter is smaller than for electrons and has to be corrected to the hadronic energy scale.
The way how to calibrate hadronic signals will be discussed a bit later. The tower signals
are only on the EM scale. The topological clusters are either on this scale or are calibrated
on a local hadronic energy scale. Signal fluctuations from noise can lead to a negative tower
signal. Combination of negative signal towers with nearby positive signal towers cancels
most of the fluctuations. Only negative signal towers without nearby positive towers are

dropped. The topological clusters have noise suppression build in.

Towers or clusters are input to the jet finding algorithms. The output are calorimeter
jets on the electromagnetic energy scale or already fully calibrated calorimeter jets on the
hadronic energy scale. On the non-calibrated calorimeter jets cell weighting technique is ap-
plied [111]. The signal in each calorimeter cell i is weighted depending on the cell location
and the cell signal density p; = E;/V;, where E; is the energy in the cell on the electro-
magnetic scale and V; is its volume. For the high signal densities more likely generated by
electrons the weighting factor is around 1. It raises up to 1.5, the typical electron/pion signal

ratio for the ATLAS calorimeter for decreasing cell signal densities more likely generated by
hadrons. The weighting functions are determined using the cone Rone= 0.7 jets in fully sim-
ulated QCD di-jet events by fitting the reconstructed calorimeter tower jet energies to the

matched Monte Carlo truth particle jet energies.
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The calibrated calorimeter jets with energy below 7 GeV are discarded. More refined
corrections are needed to calibrate the calorimeter jets to the particle level. Those corrections
depend on the jet reconstruction algorithm and include noise, pile-up and algorithm effects.
Again this calibration step relies on the Monte Carlo simulations.

For this analysis calibrated calorimeter jets reconstructed with the default ATLAS cone
Reone= 0.4 jet algorithm have been used. One outstanding issue has to be studied before we
can decide which type of calorimeter objects to use in the analysis, towers or topological cell
clusters. Because of the expected production of heavy particles, the invariant jet mass has
gained interest and will be investigated in more details in the next section.

Jet Mass

The invariant jet mass is expected to be a useful property in the selection of events with
highly boosted top quarks and electroweak bosons [112-114]. Partons are massless, except
for the heavy quarks, but the jets are not. The mass of QCD gluon or light-quark jets is
generated by the gluon emission. A heavy quark jet has additionally an intrinsic mass from
the heavy quark. The expected average jet mass arising from perturbative QCD interactions
has been calculated to the first non-trivial order in the hadron collider context [115]:

(Mf) ~C (32) as (BT) - mAR?, (5.4)

where the prefunction C depends on the relative fraction of quarks and gluons and decreases

slowly with increasing momentum fraction of jets \}9} R is the cone size of the used jet
s

algorithm and /s is the centre-of-mass energy. We expect alone from perturbative QCD the

jet mass growing nearly linearly with the jet size. The authors claim, within 25% accuracy,

the numerical value for the prefactor is roughly 0.2:

1
<MI2> ~ (0.2 2 (o.s - i’g)) - prR, (5.5)

including the dependence on g, the colour charges and the parton density functions.

Jet mass distribution of the jet with the highest pt for four di-jet pr slices V) can be found
in Figure 5.8(a). The peak shifts to higher jet masses for raising di-jet pt, above the peak the
distribution falls slowly. The dependence of the average jet mass with respect to the jet p
is presented in Figure 5.8(b) for PYTHIA di-jet and ALPGEN + HERWIG multijet events. The
cluster jets are reconstructed with the cone Reone= 0.4 algorithm and a jet with the highest pr
is selected. According to Equation 5.5, for a jet with pt = 500 GeV/c we expect a jet mass of
around 50 GeV/c? and this fits quite well to this simple rule. We observe a good agreement
between both generators too, though different hadronisation models have been used. A
jet pr above 800 GeV/c is needed to produce QCD jets with a mass comparable to the W
boson mass. The production cross section for high-energy QCD jets is only a few pb and for

DThe dijet pr slicing strategy is similar to the strategy used for ALPGEN QCD multijet samples defined in
Section 4.3.2. The QCD di-jet process is divided in multiple samples that correspond to bins of di-jet pr in
the event [99].
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Figure 5.7: (a) PYTHIA QCD jet mass distributions of the highest pt jet for several jet pr
slices. (b) Average jet mass distribution of highest pt jet in QCD events generated
with PYTHIA and ALPGEN. (c) Ratio of the reconstructed jet mass for tower and
cluster jets to truth jet mass at generator level as a function of jet pr in Z' — #f
events. Reconstructed jets are matched to truth jets requiring AR < 0.2

the first resonance searches in the semi-leptonic channel neglectable, but we should keep in
mind that the QCD jets are not massless.

From the experimental point of view, the jet mass reconstruction is a challenging task.
To get a perfect jet mass resolution, all hadrons in jet have to be reconstructed as precisely
as possible. Due to the showering and resulting overlap of signals in the calorimeter, the
jet mass will be smeared. In the pseudorapidity range 1.5 < [57| < 2.5 single particles can
be resolved, but in the central and in the forward region the calorimeter cells are too large
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to resolve single particles. Low-energy particles with pr < 500 MeV/c will be bend by the
magnetic field in the inner detector and get lost for the jet reconstruction. Dead material
in the detector will absorb the low-energy photons. The reconstructed jet mass agrees with
the true jet mass within 10% as presented in Figure 5.8(c). At jet transverse momenta below

100 GeV/c, the jet mass is underestimated, at higher pt overestimated. The ratio % i
ruth je

closer to 1 for tower jets, because tower truth jets have been used to calibrate the jet energy
scale. Thus, for this analysis the tower jets will be used.

5.5 Neutrino Reconstruction

The interaction probability for neutrinos with the material of the detector is close to zero.
Therefore they can be reconstructed only indirectly from the total energy balance of the
event. The longitudinal component of the energy in hadron-hadron collisions is unknown,
since the colliding partons carry only a fraction of the energy of the hadrons. But the initial
transverse component is zero and the transverse energy balance can be used to reconstruct
at least the transverse energy of neutrino, so-called EIT“iSS.

A precise measurement of the missing transverse energy is essential for the QCD mul-
tijet background suppression. The main challenge is to minimise the impact of the limited
detector coverage, finite detector resolution, presence of dead regions and noise in the de-
tector that can produce fake EITniSS. The transverse missing energy is primarily reconstructed
from the energy deposits in the calorimeter and reconstructed muon tracks. The calorimeter
extends to a large pseudorapidity range and detects particles even in the very forward re-
gion. There are several inactive transition regions between different parts of the calorimeter,
which have to be taken into account. Also dead and noisy readout channels contribute to
fake ErTniSS.

Two algorithms are available to reconstruct missing transverse energy. One uses the
calorimeter cells as input and the other uses the reconstructed objects. The object-based Exss
reconstruction is used for analyses that are sensitive to low-prt deposits coming from pions,
soft jets, the underlying event and from pile-up. A detailed description for the object-based
algorithm can be found in [73], for this analysis only the cell-based method is used. The
cell-based missing energy reconstruction starts with cells that survive the noise suppression
procedure and sums up the transverse energy deposits in the calorimeter, corrected by the
energy lost in the cryostat and energy of measured muons.

The calorimeter cells are calibrated depending on the nature of the shower - electromag-
netic or hadronic one. Muons reconstructed in the muon spectrometer and with a matched
track in the inner detector are considered. But only the energy measurement in the spectrom-
eter is taken, hence the energy lost in the calorimeter is already included. The energy of jets is
corrected by the energy lost in the cryostat between electromagnetic and hadronic calorime-
[ (true) — | B (reco)

| Emiss| (true)
resolution is achieved. Finally the calorimeter cells are associated with the reconstructed
and identified high-pr objects, in a chosen order: electrons, photons, muons, hadronically
decaying t-leptons, b-jets and light jets. Refined calibration of the objects is used to improve

ter. Already at this point a good linearity and a good energy
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Figure 5.8: (a) Linearity of reconstructed missing transverse energy for different physics pro-
cesses as a function of true missing transverse energy at different calibration
stages. (b) Missing transverse energy resolution as a function of the total trans-

verse energy. The curve corresponds to o = 0.57 Z Er fit [73].

the global calibration of calorimeter cells. For calorimeter cells not associated with any re-
constructed high-pt objects only the global calibration can be used. The linearity of response
for reconstructed EIT“iSS at different calibration stages as well as the EIis$ = |EITniSS| resolution
is presented in Figure 5.8. Refined EX*S calibration shows the best results compared to the
calibration at the earlier stages. For EIT‘niss above 40 GeV, the linearity is within 2%, at lower
missing transverse energies the measurement is biased due to the finite resolution. The EXiss

resolution behaves close to ¢ = 0.57 Z Et. Only at very low EITniSS values, where the con-
tribution of noise is more important, and at very high ET** values, where the constant term

in the resolution dominates, we observe a stronger deviation from the Z Et behaviour.

Reconstruction of the longitudinal component of the neutrino momentum p,, is only
possible when some additional information is taken into account. In our case the neutrino
is coming from the W boson decay. Thus, assuming the W boson is produced on-shell, we
can use its pole mass my= 80.4 GeV/c? as constraint to obtain an equation for the missing
longitudinal component of the neutrino momentum. The sum of the four-vectors of the
lepton py and the neutrino p, is equal to the four-vector of the W boson pyy:

pPw = pi+ po- (5.6)

After squaring the equation, rearranging its terms and neglecting the invariant masses of
the lepton and the neutrino, a quadratic equation in p,, is obtained:

. . =0, 5.7
Bz, Pt T 67

pg,v -2

1
with p = Em%,\, + PrepTVvCOS AP, 5.8)
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where the azimuthal angle difference between the missing transverse energy and the lepton
is given by A¢. E; is the energy and p,/ is the longitudinal component of the lepton mo-
mentum and pr, is the transverse component of the neutrino momentum. Equation 5.7 is
solved by

+ _ PPzt P‘ng,é E; PZT,V —p? 59
Pzy = m i - 5 . (5.9)
/ T,C P,

If the radicand is positive, we retrieve two real solutions. The solution with the smaller
absolute value is taken, because in about 70% of tf events the smaller solution leads to values
close to the true values. But if the reconstructed transverse mass of the W boson mr py

mtw = E7w — Prw = 2p1,epry(1 — cos Ag) (5.10)

exceeds the pole mass and the radicand becomes negative, the solutions become complex.
The width of the W boson is too narrow to explain the large values of mr and the main
reason is the imperfect reconstruction of the missing transverse energy. An approach has
been developed in [116] to handle complex solutions. The idea is to modify the EM and
E?ﬁss components, so that the resulting solution for the longitudinal component becomes
real. It has been shown that the modified values for the transverse missing energy are closer
to the true values and improve the missing energy reconstruction.
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6 Topological Vertex Finder

Vertex finding implies the finding and reconstruction of the common intersection points
between sets of tracks. It can be the proton-proton interaction point as well the decay point
of an unstable particle. Most of the tracks in an event originate from the collision point,
indicating the primary vertex of that event. Some tracks originate from long-lived particles,
which decay at a measurable distance from the primary vertex, at the so-called secondary
vertex. Unstable particles produced at secondary vertices decay again and build tertiary
vertices. A primary vertex in tf events often contains 50 or more tracks while secondary or
tertiary vertices are built of just 2 or 3 tracks.

Requirements on a vertex finder depend on the type of vertices. A primary vertex finder
is designed to identify and to reconstruct the location of the hard parton collision with a
high precision in the environment of high track multiplicities. A well identified primary
vertex is an important ingredient for the reconstruction of secondary vertices. A secondary
vertex finder is designed to identify vertices with a low track multiplicity, also in case of
mis-measured tracks which can fake secondary tracks or vertices very close to the primary
interaction.

One of the important applications of the secondary vertex reconstruction is the iden-
tification of jets originating from b-quarks, so called b-tagging. Many interesting physics
processes, for example top quark decays, contain bottom quarks in the final state, while the
background processes contain only light (up, down, strange) quark jets, gluon jets or charm
quark jets. Thus b-tagging can be used to separate signal from background.

This chapter starts with a description of the b-jet properties used in b-tagging as well the
selection and association of tracks to jets. An overview of b-tagging algorithms available in
ATLAS will be also given. In the second part of this chapter a new vertex finder algorithm,
topological vertex finder, will be introduced. Finally, its application to b-tagging and its
performance will be discussed using tf Monte Carlo events.

6.1 Properties of b-Quark Jets

Several properties of the hadronisation of b-quarks are unique and allow to identify jets
originating from b-quarks. A b-quark fragments into a b-flavoured hadron, since the strong
interaction is flavour blind. In about 86% of cases an excited B hadron B* or B** is produced,
otherwise a ground state B hadron is produced directly. The excited B hadron decays im-
mediately into a ground state B hadron and produces one or more additional particles. The
produced B hadron decays weakly, its lifetime is of order 1.6 x 10712 s.

The B hadron keeps on average a significant fraction of b-quark energy as described by
the fragmentation function shown in Figure 6.1. The combination of the long lifetime and
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Figure 6.1: Measured e*e~ fragmentation function of b-quarks into B hadrons at
Vs =~ 91 GeV [14].

the high kinetic energy leads to a secondary vertex significantly displaced with respect to
the primary vertex position. On average, a B hadron in a jet with pt = 50 GeV/c travels circa
3 mm, before it decays. The heavy mass of the B hadron leads to the relatively wide angles
between the flight direction of the B hadron and its decay products. This effect simplifies
the reconstruction of the secondary vertex position. The presence of a displaced secondary
vertex with a large energy fraction of the original b-quark retained by the B hadron, form a
typical signature used to identify b-quark jets.

Since the CKM matrix element |V| is larger than |V,;|, the B hadron decays preferably
into a D hadron. A D hadron has a shorter lifetime and its momentum is lower than the
B hadron momentum, thus the travelled distance is on average smaller, but still a tertiary
vertex can be separated from the secondary vertex. Reconstruction of a D hadron decay
vertex improves the performance of the b-jet identification.

About 42% of B hadron decays, direct or via D hadron, contain an electron or a muon.
On average the lepton transverse momentum is of order of the B or D hadron mass. The
identification of a lepton with a high transverse momentum with respect to the jet axis is
used to tag b-jets, since leptons in light jets are produced from in-flight decays of charged
kaons, neutral or charged pions and y-conversions.

The main properties of B and D hadrons are listed in Table 6.1. A B — D hadron
decay chain in b-jets is depicted in Figure 6.2. Few tracks from the primary vertex as well
secondary tracks from B and D hadrons are shown. The flight direction of hadrons is close
to the jet axis, defined by the jet momentum.
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Figure 6.2: Schematic view of a B — D hadron decay chain in b-jets.

hadron ‘ branching fraction, % mass, MeV/c? ‘ lifetime x 10712, 5
B hadron: b — B hadron
B* 40.1+1.3 5279.17 4 0.29 1.638 + 0.011
B° 40.1+£1.3 5279.50 4+ 0.30 |  1.525 =+ 0.009
BY 11.3+1.3 5366.3 + 0.6 14721005
A) 5620.2 4 1.6 1.39170:05¢
g 5807.8 + 2.7 -
> 5815.2 + 2.0 -
b
Bbaryon 85+22 57905 + 2.7 1.49+019
B, 5790.5 + 2.7 1.56 4 0.26
Q, 6071 + 40 11797
D hadron: B meson — D hadron + anything
D* 231+15 1869.60 + 0.16 | (1040 &+ 7) x 1073
D°/D° 62.5 429 1864.83 £ 0.14 | (410 £ 1.7) x 1073
D¥ 83+0.8 1968.47 £0.33 | (500 +7) x 1073

Table 6.1: Main decay modes and some properties of B and D hadrons [14].
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selection criteria ‘ cut value

jet selection criteria

transverse momentum pr > 15 GeV/c
pseudo-rapidity ln| <2.5
number associated tracks Neracks >= 1

track selection criteria

transverse momentum pt > 800 MeV/c
track fit quality xX*/nd.f.<5
number of b-layer hits Nplayer > 1
number of pixel detector hits Npixel > 2
number of SCT hits ngct > 4
number of pixel + SCT hits Npixel+SCT = 7
transverse impact parameter [IPyg| <4 mm
longitudinal impact parameter |IP;| < 6 mm
transverse impact parameter error o(IPyy) < 0.35 mm

longitudinal impact parameter error | o (IP;) <2.5 mm

Table 6.2: Jet and track selection criteria for b-tagging.

6.2 Association and Selection of Tracks and Jet Flavour
Labelling

The main ingredient for the identification of b-jets are tracks of charged particles. Since jets
are reconstructed in the calorimeter and tracks are reconstructed in the inner detector, they
have to be associated to each other. This is done using the angular distance of track momenta
Pk to the jet momentum pie; at the point of closest approach to the interaction point:

AR(pjetr ﬁtrk) < Reut- (61)

The default Rqyt value is 0.4, independently from the parameters of jet finding algorithms.
The performance of b-tagging algorithms can be improved using a cut value, that depends
on the jet pr as investigated in Reference [73], but typically only in case of significant envi-
ronmental contamination like additional tracks from underlying event, pile-up or from close
lying light quark jets. For this studies it is sufficient to use the default cut value of Rcy = 0.4.

In this analysis, jets are reconstructed with the ATLAS cone AR = 0.4 algorithm using
calorimeter towers. Selected jets have transverse momentum pr > 15 GeV/c and |77| <2.5. At
least one reconstructed track has to be associated with jets. After association of tracks to jets,
the tracks are filtered to remove mis-measured tracks as well as secondary tracks coming
not from B hadron decays. The aim is to reduce the number of fake vertices due to the
mis-measured tracks, which can randomly cross primary tracks and to remove secondary
vertices of long lived particles like K2, A and electromagnetic (y conversions) or hadronic
interactions with the detector material. The selection cuts are summarised in Table 6.2.
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Figure 6.3: Transverse momentum distributions of tracks associated to light and b-jets (a).
Transverse (b) and longitudinal (c) impact parameter distributions of tracks asso-
ciated to b-jets. Tracks are subdivided into categories according to their physical
origin.

To reduce the number of tracks from long lived particles or from material interactions
in the detector, at least one hit in the first layer of the pixel detector is required. The mea-
surement in the first layer is also crucial for the resolution of the vertex position. To fit
requirements on track quality, a minimum number of hits in the pixel and SCT detectors are
required. Track fit quality divided by the number of degrees of freedom should be x?/n.d.f.
< 5. As already mentioned in the previous section B hadrons keep about 70% of the original
b-quark energy. In b-jets the transverse momentum of B hadron decay products is on aver-
age higher than for tracks originating from the b-quark fragmentation as shown in Figure
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b-jet light jet

associated ‘ selected | associated ‘ selected
average track multiplicity | 11.04 | 6353 | 7560 | 3.954
track origin
from fragmentation 27.30% 38.09% 59.73% 95.13%
from B hadron 28.15% 30.49% - -
from D hadron 26.05% 28.67% - -
from Kg 1.713% 0.518% 2.893% 0.833%
from A 1.139% 0.295% 3.007% 0.614%
from 6.074% 0.439% 17.94% 1.745%
other 9.574% 1.498% 16.43% 1.678%

Table 6.3: Average track multiplicity in b- and light jets with relative contribution of tracks
obtained from pp—tt (where one or both W bosons decay leptonically) Monte
Carlo sample.

6.3. B hadrons decay on average to five charged particles. The transverse momentum of
tracks from D hadrons is on average slightly higher than for B hadron tracks because of the
smaller charged decay multiplicity of approximately 3 tracks for D hadrons. The tracks in
light jets have lower pr, than the B hadron tracks. But their pr is still higher, than pr of the
fragmentation tracks in b-jets. The track pr cut is set to 800 MeV/c to reject low p tracks
from fragmentation.

Secondary tracks are expected to have high transverse 1P,y and longitudinal [P, impact
parameters. They are calculated at the point of the closest approach with respect to the
primary vertex:

1P,y = do and IP, = zy-sinf, (6.2)

where dy, zp and 0 are perigee parameters. Figure 6.3 shows that tracks originating from B
and D hadrons have significantly higher impact parameters than prompt tracks from frag-
mentation but still lower than the impact parameters of tracks from K2, A or 7 decays. Since
vertices of long lived particles and from material interactions will be reconstructed and re-
jected, a looser selection cut on impact parameters can be chosen. Impact parameter errors
o(IP;y) and o(IP;) are required to be below 0.35 mm and 2.5 mm, respectively.

The relative contribution of tracks in b- and light jets is presented in Table 6.3. About
95% of selected tracks in light jets are prompt tracks. b-jets contain 38% tracks from frag-
mentation, 30% of tracks are from B hadron and 28% of tracks are from D hadron decays.
On average 62% of B hadron tracks and 63% of D hadron tracks survive the selection in
b-jets.

To study the performance of b-tagging algorithms, we have to associate reconstructed
jets to the initial partons or T leptons. As already discussed in Section 5.4, this association
is ambiguous in some cases. To label jets, a default ATLAS reconstruction procedure based
on the geometrical closeness of a particle to a jet have been applied. Firstly all closest b, ¢
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Figure 6.4: Definition of the signed track impact parameter IP in jets. The sign is positive if
the track intersects the jet axis in front of the primary vertex or negative for tracks
from secondary vertices opposite to the jet direction.

quarks or T leptons with pt above 5 GeV/c and inside the cone AR < 0.3 around the jet axis
are found. If there is a b-quark found, the jet is labelled as a b-jet. If there is a c quark found,
the jet is labelled as a c-jet and otherwise if a T lepton is found, the jet is a T-jet. If no b, ¢
quarks or T leptons could be found, the jet is considered as a light jet. The disadvantage of
this method is that jets, which cannot be correctly labelled as b-, c- or T-jets, are automatically
labelled as light jets. Jets from gluon splitting into b- or c-quarks are labelled as b- or c-quark
jets, respectively.

6.3 b-Tagging Algorithms in ATLAS

Two types of b-tagging algorithms are available in ATLAS: impact parameter based and
secondary vertex based. Both types will be discussed in more details in this section.

Impact Parameter Based b-Tagging Algorithms

Impact parameter based algorithms use the signed longitudinal and transverse impact pa-
rameter significance to discriminate between prompt tracks in light jets and displaced tracks
from B or D hadron decays. The significance is defined as impact parameter divided by its
error: IP/o(IP). The sign is positive if the track intersects the jet axis in front of the pri-
mary vertex, like in case of tracks from B and D hadron decays, or negative for tracks from
secondary vertices opposite to the jet direction as depicted in Figure 6.4. The computation
of the sign assumes that the jet direction reproduces the B hadron flight direction. This
assumption is valid up to a good approximation.
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Figure 6.5: Transverse (a) and longitudinal (b) signed impact parameter significance distri-
butions for tracks from B and D hadrons as well as primary and secondary tracks
in light jets.

Distributions of the signed impact parameter significances are presented in Figure 6.5 for
different track categories in light and b-jets. Since no correlations with the jet direction are
expected for prompt tracks, the distributions are symmetric. The width of the distribution
is given by the track parameters resolution. Secondary track distributions from B and D
hadron decays are asymmetric with significant tails to positive values due to a real hadron
lifetime. Negative tails are mostly caused by resolution effects on prompt tracks or by the
approximation of the B hadron flight direction through the jet axis. Signed impact param-
eter significance distributions of tracks from K2, A or from -y conversion decays have tails
to positive and negative values, because their decay vertices are uncorrelated with the jet
direction.

The impact parameter significances of all selected tracks N are combined into a single
discriminating variable as a product of probability density functions based on the single
track distributions: Hi]\i1 PDFje flavour (IP;). The discrimination variable used for b-tagging is
defined as:

[T, PDF;_jet (IP;) ) | 63)

IT1 PDFighyjer(IP;)
Single track based PDFs have to be calibrated for each quark flavour. This method is fairly

simple and requires only reconstruction of tracks. Separation of PDFs in jet pt and 7 bins
improves the performance at the cost of a more difficult calibration on data [73].

weight = log (

Secondary Vertex Based b-Tagging Algorithms

Secondary vertex based b-tagging algorithms attempt to reconstruct B and D hadron decay
vertices in a inclusive way. An exclusive reconstruction cannot be performed at high effi-
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ciency due to a huge number of different decay modes, missing tracks of neutral particles
and limited detector resolution.

Even the inclusive secondary vertex reconstruction is a challenging task: the average
number of reconstructed and selected secondary tracks from B/D hadrons is below 2, as
evaluated in Table 6.3. Decays of hadrons close to the primary vertex are difficult to sepa-
rate from the primary interaction and they cannot be considered for the secondary vertex
reconstruction. The probability to distinguish between B and D hadron vertices depends
strongly on the distance between the vertices and on the track parameters resolution. Espe-
cially at low track momenta, the resolution is not sufficient to separate both vertices.

The VKalVrt [117] reconstruction package implemented in the ATLAS software frame-
work attempts to reconstruct a single secondary vertex. It starts with the selected tracks
associated to a jet and forms a “two-track” vertex from all possible combinations of two
tracks, which satisfy following selection criteria:

¢ the impact parameter significance of each track is larger than 2 and the sum of these
two significances is larger than 6

e the probability of the vertex fit, based on x? of the fit, is > 3.5%

* “two-track” vertices 75, are required to be produced in the b-jet direction, pit, by re-
quiring the scalar product (7o — ?primary) * Piet to be positive, where Pprimary is the po-
sition of the primary vertex

* “two-track” vertices compatible with K A, 7 decays or with material interactions are
rejected

All tracks from the accepted two-track vertices are used to fit a single secondary vertex. If
the resulting vertex has a x* above x2,,,, the track with the highest contribution is removed
and the vertex fit is redone. This procedure is repeated until a x> < x2,,, is obtained.

Properties of the reconstructed secondary vertex are used in the b-tagging algorithm
BTagVrtSec [118] to separate light and b-jets. The presence of a reconstructed vertex in the
jet itself is the first variable, because the probability to find a secondary vertex in b-jets is
significantly higher for b-jets than for light jets. The mass of the reconstructed vertex M,
the ratio of the energy of charged particle tracks at vertex to the total energy of all charged
particles R and the number of accepted “two-track” vertices N are also used. The distance
between primary and secondary vertices is only used if the tagger is not combined with a
impact parameter based tagger. These variables are transformed to facilitate the calibration
of the b-tagging algorithm on data and to reduce the necessary amount of data:

e transformed invariant mass: M’ = Miﬂ

e transformed energy ratio: R’ = R%/

e transformed number of accepted “two-track” secondary vertices: N = log N

The probability density function is defined as:
PDF = (1—¢)-6(M,R',N') +€e-ASH(M',R,N’), (6.4)

where € is the secondary vertex reconstruction efficiency and 6(M',R’, N’) is a é-function
to account for a less than 100% efficient reconstruction. A continuous probability density
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function ASH(M’, R’, N’) of the vertex variables is constructed using the ASH smoothing
method [119]. Additionally, the correlations between all three variables as used in the “SV2”
tagger or the correlations between M’ and R’ as used in the “SV1” tagger can be taken into
account [73].

A new inclusive secondary vertex reconstruction algorithm, JetFitter [120], has been re-
cently developed. It assumes that B and D hadron decay vertices lie on the same line defined
by the B hadron flight path. Tracks of all charged particles originating from either B or D
hadron decay will intersect this flight path. This method allows to reconstruct incomplete
decay topologies, even the topology with a single track from the B hadron and a single track
from the D hadron decay is accessible. Reconstruction of the B — D hadron decay topology
increases the discrimination power against light quark jets.

6.4 Topological Vertex Finder

The topological vertex finder, ZVTOP, is an inclusive multi-vertex finder optimised to recon-
struct the B — D hadron decay topology in b-jets. This method has been developed by the
SLD collaboration and successfully applied to reconstruct hadronic Z-boson decays [121].
The main concept is to search for vertices in the three dimensional space rather than by form-
ing vertices from all track combinations. Vertex seeds are found using a vertex probability
function which is defined by the trajectories and position resolution of tracks. Compati-
ble vertex seeds are combined into vertex clusters and fitted to retrieve the vertex position.
Tracks can be associated to several vertex seeds. In the final step the track ambiguities are
solved taking into account the decay topology. This method can be used to reconstruct all
vertices in one event, but due to a high charged tracks multiplicity at ATLAS, it will be a
very CPU time consuming task. Thus, we will concentrate on reconstruction of vertices in
jets.

In the following, the single reconstruction steps:
¢ construction of track probability tubes

¢ construction of vertex probability function

¢ vertex seed finding

¢ clustering of vertex seeds

e vertex fit

* ambiguity solving

will be introduced in all details.

construction of track probability tubes

Vertex finding starts with a construction of Gaussian probability tubes for all selected
tracks, associated to a jet. Tracks are parametrised using the perigee parametrisation:
g = (do,zo0,,6, ;—T) Track parameter errors are defined by the covariance matrix covy cal-
culated during the track fitting procedure. A Gaussian track probability tube for a track
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trajectory is given by:
f(7) = exp <—;A(7T(7)COV[7_1(7)A£7(?)) , (6.5)

where Ag(7) is the residual to the track trajectory at the position 7. Additionally a further
function fy(7) is introduced, which describes the location of the interaction point and its
uncertainty. The interaction point is described by a Gaussian with the width of O(1) cm in
the beam direction and of O(10) ym in the transverse plane. The residual is defined to the
interaction point at 7 and the covariance matrix is given by its uncertainty. This function
allows to constrain the reconstructed primary vertex to be consistent with the interaction
point position.

The interaction point function fy(¥) is weighted by a constant K;p = 1.1. Large values
of Kjp enhance the probability function at the interaction point and more tracks can be ab-
sorbed into the primary vertex. It reduces the probability to find secondary vertices near the
interaction point. Trajectories of individual tracks around the primary vertex can be seen in
Figure 6.7(a). A pronounced peak at the interaction point as well as few outgoing tracks are
shown. The Gaussian tubes of two tracks in the x-y plane are well visible.

vertex probability function

Vertex probability at the position 7 is defined in such a way that at least the probability
functions of two tracks or of one track and the interaction point should be nonzero at this
position. It should be a smooth and continuous function to ensure finding of its maxima.
These requirements results in the form:

V(FE) =) fi(7) - , (6.6)
where N is the number of tracks. The sum over track probability functions YN, f;(7) is a
measure of the multiplicity and degree of overlap of tracks. The second term ensure that the

vertex probability is V(¥) = 0, if only one track or only the interaction point contribute to
V(7).

Known physics information can be included in the vertex probability function. The flight
direction of a hadron is well approximated by the jet direction and we expect small angles
between the jet axis and the reconstructed flight direction. To take it into account, V (7) is
modified by a factor dependent on the angular location of the position 7

V(7)) — V(7) exp(—K,XocZ), (6.7)

where « is the angle between the position 7 and the jet axis as shown in Figure 6.7(b). A
cylinder centred on the jet axis is constructed in order to avoid, that the vertex probability is
reduced in the area close to the interaction point. In regions outside the cylinder, V(7) is set
to zero. These locations are unlikely to contain useful vertices. The factor K, is proportional
to the jet momentum. With the increasing jet momentum, the angle between the jet axis and
the hadron flight axis will decrease and a harder cut on the angular displacement can be
performed.
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Figure 6.6: (a) Trajectories of individual tracks around a primary vertex. (b) Construction of
«, the angular displacement.
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Figure 6.7: (a) A scan (shown only in 2 dimensions) with a step size of (AX,AY) to find
maxima of the vertex probability function. The maximal size of the scanned area
is 480 x 480 x 480 um?3. (b) Two locations 7; and 7, are resolved if a minimum of
V(7) with R < Ry on a straight line joining 7; and 7, could be found.

vertex seed finding

After the construction of the track probability tubes f;(¥) and the vertex probability function
V(7), the maxima of V (7) have to be found. To simplify the search, the maxima of f;(7) f;(7)
are found first by a direct calculation. In the proximity of the found maxima of f;(7)f;(7), a
three dimensional scan with a step size of ScanStep = 30 um is performed to find maxima
of the vertex probability function as depicted in Figure 6.8(a). This procedure reduces the
effective three dimensional search area.
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clustering of vertex seeds

Found vertex seeds have to be clustered together to form vertex candidates. Two vertex
seeds are resolved, if a minimum of V(7) could be found between these two locations as
shown in Figure 6.8(b). The absolute value of the minimum should depend on the value
of the vertex probability function of both seeds and this leads to the following resolution
criterion. Two locations 7; and 7, are resolved if:

min{V(7): 7€ +a(fa—7), 0<a<1}

min{V (%), V(%) < Ro, (6.8)

where the numerator is the minimum of V() on a straight line joining 7; and 7, and the
denominator is the lower of the two vertex probabilities. V(7) is determined for a finite
number of points Nstep = 16 on this line. The number of steps can be smaller, if the step size
is below a certain minimal length, min Lsey = 15p¢m. The number of found vertices depends
on the cut value Ry, the default value is set to Ry = 0.6.

vertex fit

The clustered vertex candidates are fitted in order to calculate vertex positions and their
errors. Used vertex fitter is based on the Billoir vertex fitting technique [122]. Vertex clusters
with the two dimensional distance significance distyp /o (dist,p) below signif2D = 2 are
compatible with the interaction point position. This cluster is labeled as “primary” and
fitted using the interaction point constraint. Tracks with a large contribution to the x? of the
vertex fit are iteratively removed. The fitting and track removal procedure continue, till at
least two tracks remain. If x? of the vertex candidate is still above a threshold x2,, = 7, this
vertex candidate will be dropped. The vertex candidate is rejected if the number of tracks
is less than two, except for the primary vertex, which can have only one associated track
because of the interaction point constraint.

Vertex candidates with two associated tracks may be produced through hadronic inter-
actions in the inner detector, K and A decays or 7y conversions. If tracks have opposite
charges, the invariant mass at vertex is calculated using (p,7), (7,7r) and (e,e) mass hypothe-
ses for the tracks. The invariant mass distributions m(7, 7r) and m(p, r) are presented in
Figure 6.9(a) and 6.9(b), respectively. Sharp peaks at Mgy ~ 500 MeV/c? and at my =~

1116 MeV/c? are visible in particular for light jets. The fraction of A baryons in b-jets is
negligible.

A neutral particle is reconstructed out of both charged tracks and its signed three di-
mensional impact parameter significance is calculated with respect to the primary vertex.
The distributions of the signed impact parameter significances are shown in 6.9(d). K2 and
A particle candidates in light jets are expected to be produced at primary vertex, thus they
will have small impact parameters significances, signif Neutral < 2. All two track vertices
within the K2 or A particle mass window and compatible with the primary vertex as well as
vertices within the y mass window are rejected.

In Figure 6.9(c) secondary vertices produced through material interactions in the detector
are clearly visible around 50 mm at the position of the first layer. A small peak can be seen
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Figure 6.8: Reconstructed “two-track” vertices from Kg (@), A (b) decays and material inter-
actions (c) in light and b-jets. The proton mass is assigned to the track with the
largest momentum. (d) Signed impact parameter significance of Kg candidates
selected in the K‘S) mass window.

around 30 mm, at the position of the beam pipe. Such vertices are rejected, if the distance
difference to the beam pipe walls is ARgp < 1 mm or to the layers of the inner detector
ARplay < 3.5 mm.

ambiguity solving

In general each track can be associated with more than one vertex candidate. It enhances
the vertex finding efficiency, but these ambiguities will be resolved in the last step. The
following procedure, presented in Figure 6.9, is applied to solve the ambiguities. All se-
lected vertex candidates are sorted according to their three dimensional distance from the
interaction point. The tracks associated to the furtherst vertex are fixed in that vertex and
removed from any others. Vertices with removed tracks are refitted and the distance to the
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track 2

track 5 track 5
track 3 track 3 track 5
track 4 track 4
vertex 1 vertex 1 track 4
vertex 1
vertex 2
vertex 3
vertex 4 vertex 4
vertex 4
vertex 5
vertex 6 vertex 6
vertex 6
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Figure 6.9: Ambiguity solving procedure: (a) association of tracks 1 and 2 to vertex 1, re-
moval of these tracks from vertex 2 and 3, vertices 2 and 3 are rejected; (b) associ-
ation of tracks 3 and 4 to the vertex 4, removal from vertex 5; vertex 5 is rejected;
(¢) final association.

interaction point is recalculated again. The remaining vertices are considered in order of
decreasing distances and the procedure is repeated again till all ambiguities are solved.

This procedure allows to associate compatible tracks with the D hadron vertex at first, in
the second step with the B hadron vertex and in the final step with the primary vertex. If the
opening angle between decaying particles is very small, the tracks of decay products can be
associated to the decay vertex as well to the production vertex of the decaying particle. The
“outside-inside” ambiguity solving procedure provides an optimal solution in such cases.

All discussed tunable parameter of topological vertex finder and corresponding default
values optimised to reconstruct secondary vertices in tf events are listed in Table 6.4.

6.5 Secondary Vertex Reconstruction Performance

The performance of the topological vertex finder will be discussed in this section. The main
point of interest is the secondary vertex reconstruction efficiency and purity in light and b-
jets. The performance of ZVTOP vertex finder will be compared with the performance of the
inclusive secondary vertex finder VKalVrt using jets reconstructed in tf Monte Carlo events.

Reconstructed vertices are labeled as secondary vertices, if their three dimensional flight
length significance distsp /o (distsp ) is above 3.5. Secondary vertex reconstruction efficiency
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ZVTOP parameter | default value
impact parameter factor Kip 1.1
angular distance factor K, 300[GeV/c]/ priet [ GeV/c]
distD 0.1 mm
angular distance cylinder distIP 0.1 mm
distL 65 mm
vertex seed finder scan step ScanStep 30 pym
vertex clustering number steps Nstep 16
vertex clustering minimum step length min Lgtep 5 ym
vertex clustering cut value Ry 0.6
vertex significance signif2D 2
vertex fit maximal x? value oax 7
K(S) mass window Ang 18 MeV/c?
A mass window Amp 7 MeV/c?
¥ mass windows Am, 30 MeV/c?
beam pipe interaction ARgp 1 mm
tirst pixel layer interaction ARplay 3.5 mm
neutral particle vertex significance signif Neutral 2

Table 6.4: The list of tunable parameter of topological vertex finder and corresponding de-
fault values.

in b-jets is defined as a number of b-jets with at least one reconstructed secondary vertex
divided by the number of all b-jets. This definition makes a comparison with a single vertex
finder possible. Secondary vertex reconstruction purity is defined as a number of b-jets
with at least one reconstructed secondary vertex divided by the number of light and b-jets
with at least one reconstructed secondary vertex. Efficiency times purity is a measure of the
reconstruction performance.

The secondary vertex reconstruction efficiency and purity have been calculated in bins of
jet pr and 1 and plotted in Figure 6.11(a) and 6.11(b). With the increasing jet momentum, the
transverse momentum of tracks in jets increases. At higher transverse momenta the track
reconstruction becomes more efficient and the track resolution improves as well. This leads
to a improvement in the vertex reconstruction efficiency. Both vertex finder show expected
behaviour. Above a certain pr, the reconstruction efficiency approaches approximately a
value around 75-80% for ZVTOP and 70-75% for VKalVrt. The amount of reconstructed
vertices in light jets is raising with the increasing jet pr, too. One of the sources of secondary
tracks are real secondary decays from K2, A particles or material interactions in the detector.
Another source is the increased number of tracks in jets due to the fragmentation process,
which produces more tracks at higher jet prs. Thus, the number of tracks which can fake
secondary tracks raises in light jets. ZVTOP algorithm reconstructs more fake vertices in
light jets, but the efficiency times purity of both vertex finders is comparable.

Different resolutions can be achieved in different parts of the inner detector, thus the
vertex reconstruction efficiency depends on the jet pseudo-rapidity. Atjet || > 1.5 the track
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resolutions get worse and the track reconstruction efficiency drops. The consequence is a
decrease in the vertex reconstruction efficiency and an increase of fake vertices.

6.6 Application to b-Tagging

The number of reconstructed secondary vertices and their properties are used to tag b-quark
jets. The b-tagging algorithm is based on a likelihood function build of the following vari-
ables:

* number of secondary vertices
¢ total number of tracks at these vertices

¢ invariant mass of all charged particle tracks associated to the secondary vertices with
a correction for neutral particles

¢ the sum over the energies of charged particles at vertex divided by the sum of the
energies of all charged particles associated to the jet

¢ three dimensional flight length significance of the furthest displaced vertex

All variables will be introduced and discussed below. Distributions of these variables are
presented in Figure 6.11 for b-quark and light quark jets in tf events. They are compared to
the distributions retrieved with the VKalVrt reconstruction algorithm as well.

Both secondary vertex finder require secondary vertices with the flight length signifi-
cance above 3.5. ZVTOP has a higher secondary vertex reconstruction efficiency of ~ 70%
but also a higher fake rate of ~ 4% in light jets compared to VKalVrt algorithm (~ 67% and
~ 2%, respectively).

Secondary vertices in light quark jets contain mostly only two associated tracks. The
average number of tracks at secondary vertices in b-quark jets is 3.42 and 3.14 for ZVTOP
and VKalVrt, respectively. ZVTOP associates 8% more tracks to secondary vertices in b-
quark jets and around 5% more tracks in light quark jets. In Table 6.3 it has been shown that
on average 3.76 tracks from B and D hadrons are expected in the b-quark jets. This number
agrees quite well with the number of tracks associated to the secondary vertices.

The invariant mass at vertex is calculated assuming that each track has the mass of a pion.
For the topological vertex finder the mass is partially corrected for the presence of neutral
particles at the B/D hadron decay vertex. If all decay products of hadrons could be detected
and reconstucted, the sum of all momenta at decay vertex pyertex Would point into the B-
flight direction. This property can be used to correct for the missing transverse component of
the momentum pr yertex With respect to the flight direction, since the longitudinal component
is not accessible [123]:

_ 2 2
MB,corrected = \/mcharged +p T, vertex + |pT,vertex|- (6.9)

The invariant mass calculated using only charged track particles distributions is comparable
for both vertex finder apart from the very low and very high mass tails. The K and A
invariant mass peaks are still visible and can be removed increasing the mass window cut.
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Figure 6.11: Distributions of variables used to tag b-jets: number of reconstucted vertices,
number of tracks associated to a vertex, corrected invariant mass at vertex, flight
length significance and energy fraction at vertex for light and b-jets. They are
compared to distributions retrieved with the VKalVrt reconstruction algorithm.
The invariant mass without a correction for the neutral tracks is shown for a
better comparison between both vertex finder.
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The corrected invariant mass distribution is shifted to higher mass values and shows a good
separation between b- and light quark jets.

ZVTOP reconstructs more secondary vertices with a lower flight length significance, but
the shapes are still well comparable for both vertex finder. The energy fraction at vertex
is lower for VKalVrt, because VKalVrt associates on average less charged track particles to
vertex than ZVTOP.

As already mentioned, a likelihood function is build out of these variables. The likeli-
hood function is defined as a product of the single probability density functions:

PDFjet flavour (Variablei ) ’ (6 10)

5
Ljet flavour

i=1

and the discrimination variable used for b-tagging is logarithm of the ratio of PDFs:

. Lb—jet
weight = log . (6.11)
Liight jet

Additionally a multilayer perceptron (MLP) neural network (NN) [124] implemented in
TMVA [125] have been used. The input layer contains as many neurons as input variables
and one additional neuron, the so-called “bias node”. The output layer contains only a
single neuron for the signal weight used as a discrimination variable for b-tagging. Only
one hidden layer has been used. All neuron inputs to a layer are linear combinations of the
neuron output of the previous layer. The transfer from input to output is performed via
a sigmoid activation function. A detailed information on the NN implementation can be
found in Reference [125].

6.7 Performance in Rejecting Light Quark Jets

The performance of the topological vertex finder developed in this thesis will be analysed
and compared to the performance of another inclusive secondary vertex based algorithm
available in ATLAS, BtagSecVtx. Before starting the discussion about the performance of
b-tagging algorithms, two definitions will be introduced: tagging efficiency and rejection.
The efficiency to tag a jet of flavour g as b-quark jet, ¢, is defined as:

_ number of jets of real flavour q tagged as b

¢ = (6.12)

number of jets of real flavour q

€p is called b-tagging efficiency and €4 is mis-tagging rate. The inverse of the mis-tagging
rate 7,4 = 1/€,4s is called light quark jet rejection.

The b-tagging efficiency versus the light quark jet rejection rate is ploted in Figure 6.12
and the rejection rates for the fixed b-tagging efficiencies of 50%, 60% and 70% are listed
in Table 6.5 for different tagging algorithms. The maximum achievable b-tagging efficiency
of secondary vertex based algorithms is limited by the efficiency to reconstruct a displaced
vertex.
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Figure 6.12: B-tagging efficiency versus light quark jet rejection for tf events. The ZVTOP
performance is shown for the likelihood (LH) and neural network (NN) meth-
ods. For the BTagSecVtx tagger SV1 and SV2 methods have been used.

light quark jet rejection rate
b-tagging efficiency ZNTOP BTagSecVtx
LH | NN svi | sv2
50% 217 £13 | 280 £14 | 265 £13 | 260 + 13
60% 92+3 | 108+3 | 102+3 | 94+3
70% 24+1 25+1 36+1 37+1

Table 6.5: Light quark jet rejection for the fixed b-tagging efficiencies of 50%, 60% and 70%
for tt events. The ZVTOP performance is shown for the likelihood (LH) and neural
network (NN) methods. For the BTagSecVtx tagger SV1 and SV2 methods have
been used.

The performance of ZVTOP tagger based on the use of a likelihood discriminator is
worse than the performance of the SV1 and SV2 taggers, because these tagger consider the
correlations between the b-tagging variables, while in the likelihood approach of ZVTOP
they are not considered. The correlations are taken into account in the neural network based
approach. It shows best rejection power compared to the likelihood based methods. Never-
theless its performance drops at efficiencies below 40%, because of the low statistics for the
NN training. The performance of the SV1 and SV2 taggers is very similar, the SV1 tagger
has a slighly better rejection power and is the default algorithm in ATLAS.

There is still a lot of room for performance improvement of the topological vertex finder.
The calibration and tuning of the ZVTOP tagger will be done using collision data. The b-
tagging group in ATLAS has started with the calibration of the simple b-tagging algorithms
based on one or two variables like the flight length significance based SV0 tagger. Next step
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will be more complex but also more powerful tagger: BTagSecVtx, JetFitter, ZVTOP or also
impact parameter based tagger.



7 The tf Invariant Mass Distribution

This analysis is based on a model independent search of a narrow width resonance in the
semi-leptonic decay channel of the top quark pairs. First direct searches for resonant tf pro-
duction have been done at the TEVATRON. So far no significant deviation from the Standard
Model predictions could be observed. A higher centre-of-mass energy at the LHC allows to
extend these searches for the first time into the TeV-regime.

The production cross-section of the new heavy particles is very low compared to the
Standard Model tf pair production. We will focus on the efficient selection and identifica-
tion of signal events in the whole accessible m;;-range. The topology of events produced at
the tf mass threshold differs strongly from the event topology at a few TeV. A new recon-
struction scheme has been developed to deal with the different topologies. In this chapter
we start with the discussion of the semi-leptonic event selection and identification of the
event topology at different resonance masses. Based on it, an analysis strategy will be de-
veloped and the performance of the reconstruction algorithm will be discussed. Finally the
expected systematical uncertainties will be given.

7.1 Event Selection

The ¢t final state is quite complex. The top quarks decay to nearly 100% in a W boson and a
bottom quark. The W boson decays into a lepton and neutrino pair or in a quark anti-quark
pair. Requiring semi-leptonic tf decays, we expect exactly one lepton, missing transverse en-
ergy due to the escaping neutrino and jets. The decay products should have high transverse
momenta, because the mass of the resonance particles is of the order of several top quark
masses. We consider only reconstructed electrons and muons. The tau leptons decaying lep-
tonically are difficult to distinguish from the direct electron or muon decays and therefore
contribute to the signal. The hadronical tau decays may be misidentified as electrons, since
the tau jets are also narrow and have low track multiplicities.

To select the reconstructed objects - jets, lepton and E‘Tniss, following criteria have been
applied. We are using the inclusive isolated electron and muon triggers with 15 GeV thresh-
olds. The trigger efficiency well above the threshold is nearly 100% for electrons and about
95% for muons in tt events [73]. Selected events must have at least one lepton with trans-
verse momentum larger than 25 GeV/c. Depending on the flavour of the selected lepton, the
corresponding trigger has to fire.

Electrons of “medium” quality!) within the volume of the inner detector || < 2.47
are selected. In the transition region between barrel and end-caps of the electromagnetic
calorimeter 1.37 < || < 1.52 the reconstruction efficiency and the jet rejection rate are very

Ddefined in Section 5.3
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low. Therefore electrons reconstructed in the so-called “crack” region of the calorimeter are
rejected. Electrons are required to be isolated - the transverse energy in a cone of opening
0.2 around the electromagnetic cluster’s centroid minus the cluster energy Et has to be be-
low 4 GeV+ 0.023-Et [126]. The constant of 4 GeV accounts for the noise and the energy
dependent term accounts for the increased bremsstrahlung with a higher electron energy.

Muons have to be reconstructed in the tracker and the muon-spectrometer within || <
2.5. To reject non-isolated muons, for example from B hadrons, track and calorimeter based
isolation criteria have been applied. The relative transverse energy in a cone of 0.2 around
a muon, Etconeo2/pr ™", has to be below 0.1. The sum of transverse momenta of tracks
reconstructed around the muon within AR< 0.3 has to be less than 4 GeV/c. Muons close
to jets with AR(muon,jet) < 0.3 are rejected. Muons from prompt W boson decays may give
rise to jets of small pr very close to the muons. Therefore only jets with pr larger 20 GeV/c
and prit > 1pp™Uuon are taken into account for this isolation requirement. It additionally
improves the performance of track based and calorimeter based isolation cuts [126].

Jets are reconstructed with the standard ATLAS cone AR = 0.4 algorithm using calorime-
ter towers. Selected events must have at least three jets with pr > 40 GeV/c and be inside
|7| < 2.5. In semi-leptonic tf decays we could expect at least four jets, but with the increas-
ing transverse momentum of the top quarks the partons may merge in one jet, therefore we
require less jets. The event topology will be discussed in more details in the next section.
Any reconstructed electron is also reconstructed as a jet by the ATLAS software. To remove
electron-jets, jets within AR < 0.2 of a selected electron are removed.

A neutrino from a W boson decay is expected to carry similar transverse momentum as
the charged lepton. Therefore we require the missing transverse energy to be larger than
25 GeV. The correlation between missing transverse energy and the transverse W boson
mass mrw = mr(lep, rawEXsS) are presented in Figure 7.1 for different signal and back-
ground sources. The “raw” EJ"® denotes the measured missing transverse energy with-
out modifications as described in Section 5.5. Events with fake leptons like QCD multijet
events or tf fully hadronic events have lower transverse energies and lower transverse W
boson masses in comparison to the semi-leptonic and di-leptonic #f events. Thus, addition-
ally a combined EXsS and a transverse W boson mass cut is applied, EX > 50 GeV and
mrw > 40 GeV/ c2. All selection cuts are summarised in Table 7.1.

At present, ATLFAST-II does not contain a simulation of the High Level trigger. Thus,
the selection efficiency for signal samples simulated with ATLFAST-II has to be corrected for
the trigger efficiency. Three full simulated samples, with mz = 1000 GeV/c?, 2000 GeV/c? and
3000 GeV/c?, have been used to estimate the trigger efficiency after selection cuts. Figure 7.2
shows the fraction of events that have passed the selection cuts and are also required to pass
the lepton trigger cuts as a function of lepton pt for the electron and muon channel sepa-
rately. The efficiency is roughly flat in pr and nearly 98% for electrons and 82% for muons.
The detector acceptance is well modelled in the fast simulation. Kinematic distributions of
the leptons or jets like pt, 7 and missing transverse energy are in good agreement within
5% with the full detector simulation as shown in Figure 7.3. Only the jet mass distribution
shows larger deviations of order 20%, especially at low values, due to a simplified simula-
tion of calorimeter signals. But this variable is not used in the event selection. Therefore, the
ATLFAST-II events need only to be scaled by these factors to correct for the overall efficiency.
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Object Selection

Trigger Electron channel: medium, Et > 15 GeV
Muon channel: Et > 15 GeV

Electrons medium

pr > 25GeV/c
7| < 1.370r 1.52 < |y| < 2.47
ETcone 02 <4 GeV+ 0.023-Et
Muons “Staco” algorithm
combined reconstruction
pt > 25GeV/c
ln| <25
Etcone02/p1< 0.1 mm and preone 0.2 < 4 GeV/e
AR(muon jet) > 0.3 if pr/®t > Lppmuon
Jets cone AR = 0.4, tower jets
pr > 40GeV/c
| <25
jets within AR < 0.2 of a selected electron are removed
Emiss refined calibration
EFUss > 25GeV
QCD cut ET"® > 60GeV and my > 40GeV

Table 7.1: Summary of the semi-leptonic event selection cuts.

cut | tF | singletop | W +jets | Z +jets | QCD ALPGEN
total 79950 9228 9691534 883570 9045692520
triggered 26166 4394 3144797 441510 10370206
isolated lepton | 16970 3146 2324786 195091 1345721

at least 3 jets 8112 146.2 6819 1368 7803
ET"® 6806 124.1 5517 388.8 1125
QCD rejection | 6327 116.9 5163 325.1 510.4
efficiency, % | 791 | 127 | 0.0533 | 0.0368 | 5.64x10°°
cut | Z/'500 | Z'700 | Z’1000 | Z"1300 | Z’' 1600 | Z' 2000 | Z’'2500 | Z’ 3000
total 1093 665.0 126.8 40.8 14.5 4.28 1.00 0.20
triggered 904.4 555.9 106.5 343 12.2 3.60 0.84 0.17
isolated lepton | 230.8 151.1 30.6 10.0 3.60 1.01 0.22 0.041
at least 3 jets 105.9 922 20.8 6.77 2.37 0.67 0.15 0.027
ET"® 87.8 80.1 18.7 6.23 2.21 0.63 0.14 0.026
QCD rejection | 81.1 75.0 17.8 5.96 2.13 0.61 0.13 0.025
efficiency, % | 742 | 113 | 140 | 146 | 147 | 142 | 135 | 126

Table 7.2: Number of expected signal and background events after the semi-leptonic selec-

tion cuts normalised to the integrated luminosity of 200 pb~!. The assumed signal
cross section (SSM model) is listed in Table 4.2.
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Figure 7.1: Missing transverse energy versus transverse W boson mass mry =
mr(lep, rawEl®) for events with the high-pr leptons like in the semi-leptonic
and di-leptonic tf events or fake leptons in the QCD multijet and in the ff fully
hadronic events. The Z’ boson sample contains all possible tf decay modes, also
fake leptons from the fully hadronic ¢f decays.

The number of expected events for signal and the main sources of background after
the semi-leptonic selection cuts are listed in Table 7.2. They are given for the whole ;-
range and for an expected luminosity of 200 pb~!. The fraction of expected signal and
background events under the Z’ boson mass peak, relevant for the sensitivity of the signal
will be discussed in Section 7.4. Now, we will discuss the overall selection efficiency for the
signal and background.

The signal selection efficiency is raising with increasing Z’ boson mass up to 14.7%. For
Z' boson mass of 500 GeV/c?, the efficiency is comparable to the selection efficiency of tF
background as expected. In the most interesting mass range between 1000 and 2000 GeV/c?
the signal selection efficiency is nearly constant and at its highest value for the chosen cuts.
At Z' boson masses larger than 2000 GeV/c? the lepton isolation criterion leads to a decrease
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Figure 7.2: Lepton trigger efficiency versus lepton pr for signal events after semi-leptonic
selection cuts.

in the efficiency.

tf events have the highest contribution to the background, followed by W + jets events.
About 7.9 % of all tf events are selected. The probability to selecta W + jets event is of order
0.05 %, but the production cross section is two magnitudes higher than for the tf events. The
QCD background is reduced by a factor 107°. Z + jets events can pass the selection if one
of the leptons is not reconstructed and not selected. The selection probability is 0.037 %, but
the production cross section is a factor 10 lower compared to W + jets. The single top quark
background is the smallest one because of the small production rate and a low selection
efficiency. Additional jets are required to mimic the second top quark, therefore the selection
efficiency is lower than for the ¢f events.

To check the purity of the selected signal events, they have been categorised as di-
leptonic, semi-leptonic and fully hadronic events using the Monte Carlo truth informa-
tion. Tau leptons are counted as leptons only if taus decay leptonically, otherwise they are
counted as jets. The categories are:

¢ di-leptonic signature
ee, up +jets and et, ut, TT + jets with T — leptons (branching ratio ~ 6.5%)
¢ semi-leptonic signature

L. e, u +jets and T + jets with T — leptons (branching ratio ~ 34.6%)

II. et, utT + jets with T — hadrons and 77 + jets with one T — leptons and one T
— hadrons (branching ratio ~ 3.5%)

¢ fully hadronic signature

jets and T, TT + jets with T — hadrons (branching ratio ~ 55.3%)
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Figure 7.3: Comparison between the ATLFAST-II and full simulation for a Z’ boson with my
= 1000 GeV/c?. pr and 7 of selected lepton and of selected jet with the highest
transverse momentum, missing transverse energy and the highest invariant jet
mass are plotted.
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my, GeV/c? | di-leptonic semlc—zl;?fomc semé-;f.pltlomc fully hadronic

500 6.18% 88.29% 5.00% 0.53%

700 6.49% 86.93% 5.79% 0.79%
1000 7.49% 83.98% 6.79% 1.73%
1300 8.45% 81.44% 7.24% 2.87%
1600 9.33% 81.36% 7.43% 3.58%
2000 10.42% 77.81% 7.62% 4.15%
2500 11.71% 76.28% 7.64% 4.36%
3000 12.52% 75.67% 7.51% 4.31%

Table 7.3: Categorisation of selected signal events in the di-leptonic, semi-leptonic and fully
hadronic channels using Monte Carlo truth information.

The purity of the selected signal events is reasonable, see Table 7.3. At low Z’ boson
masses more than 90% of events have semi-leptonic signature. The fraction of events with
the di-leptonic and fully hadronic signature increases with the increasing Z’ boson mass.

7.2 Event Topology

The high centre-of-mass energy at the LHC allows top quark production in a broad range of
momenta. The top quarks can be produced at rest as well at very high momenta of order of
1 TeV/c. To achieve a good reconstruction efficiency, we have to optimise the reconstruction
algorithm in the whole pr range. Previous Monte Carlo studies [73] have shown that the ef-
ficiency of the “standard” top quark reconstruction algorithms degrade rapidly with raising
resonance mass or rather raising momenta. Our aim is to analyse this loss in efficiency and
to develop a new method to reconstruct top quarks at various prs.

The “standard” top reconstruction algorithms assume well separated decay products.
One isolated lepton, two jets coming from b-quarks, two jets coming from light quarks plus
additional jets from gluon radiation are expected for the semi-leptonic tf decays. This topol-
ogy is dominant at low transverse momenta of the top quarks. With the increasing energy
the decay products of the individual top quarks will be more collimated. The partons, com-
ing from W bosons most probably, may merge in one jet. At transverse momenta much
higher than the top quark mass, all decay products of a single top quark may be collimated
in one jet. At such high momenta, the isolation criterion for leptons may be not fulfilled any
more.

To understand qualitatively the dependence of the event topology on the transverse mo-
menta of the top quarks, the probability for various topologies at different Z’ boson masses
has been investigated. The event topology is defined by the jet with the highest number of
partons in a cone AR < 0.4 around the jet. Events containing only jets with one matched
parton, will be tagged as events with the “resolved” topology. Events with two matched par-
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Figure 7.4: Probability that partons from hadronic decaying top quarks will not be merged
(red circles), that two partons will be merged in one jet (green squares) and all
three partons will be merged (blue triangles) at generator level 7.5(a) and after
the detector simulation 7.5(b). Jets are reconstructed with the ATLAS Cone 0.4 jet
algorithm.

tons are named “partially merged” events and such with three merged partons are so-called
“fully merged” events.

The fraction of resolved, partially merged and fully merged events is presented in Fig-
ure 7.4. The plot on the left is obtained using truth jets reconstructed from generator par-
ticles without detector simulation. Only tf — e + jets and tf — u + jets decay modes are
considered here. At low m,;; dominates the resolved event topology. The fraction of partially
merged events increases with the raising Z’ boson mass and achieves its maximum at about
1600 GeV/c?. At the same time the amount of fully merged events is increasing and leads to
a decrease of partially merged events. A similar behaviour is observed for the reconstructed
jets after detector simulation. But the reconstruction efficiency for the partially and fully
merged topology is in general lower.

To identify the event topology in collision data, the invariant jet mass can be used. As
discussed in Section 5.4 the invariant mass of jets originating from W bosons or top quarks
is related to the mass of the parent particle. In case of partially merged events we expect that
quarks from the W boson decay will merged in one jet and the jet mass will be distributed
around 80.4 GeV/c?. In case of fully merged events, all quarks from the top quark decay will
be merged in one jet and the mass of the jet will be around 172.5 GeV/c?. The mass of gluon
or light quark jets is generated by gluon emission. Thus, the masses of single parton jets will
be well below 50 GeV/c? as shown in Section 5.4. The invariant jet mass distributions for all
three event topologies are presented in Figure 7.5.

For the resolved event topology the standard top quark pairs reconstruction can be ap-
plied. At least four jets, one isolated lepton and missing transverse energy are characteristic
for this channel. In case of partially merged events prevalently the light quarks coming from
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Figure 7.5: Invariant jet mass distributions for the resolved (a), partially merged (b) and fully
merged (c) event topologies evaluated for signal events with m = 1000, 1600 and
2000 [GeV/c?].

W boson will be reconstructed in one jet. Thus only three or more jets are required as de-
fined in Section 7.1. A pronounced peak at the W boson mass is visible in Figure 7.6(b). With
the increasing Z’ boson mass, leading to an increasing jet pr, the jet mass peak is shifted to
higher values. The angle between the lepton and the b-quark of the leptonically decaying
top quarks is decreasing with the increasing Z' boson mass as shown in Figure 7.6. Thus not
all leptons can fulfill the lepton isolation criteria. At least three jets, one lepton and missing
transverse energy is the signature of the partially merged topology. For the fully merged
topology a peak at the top quark mass is visible in Figure 7.6(c). At least two jets, one lep-
ton and missing transverse energy are expected for the fully merged topology. In the mass
region below 2000 GeV/c?, this event topology is less probable. Thus, we will neglect these
events and deal exclusively with the resolved and the partially merged topologies in this
analysis.
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resolved (a), partially merged (b) and fully merged (c) event topologies evaluated
for signal events with mz = 1000, 1600 and 2000 [GeV/c?].

7.3 Analysis Strategy

This reconstruction approach is designed for the tf resonance searches in the early stage of
the experiment. The strategy is to keep the signal efficiency as high as possible and to use
as less observables as possible. The goal is to reduce the systematic uncertainty and to test
a wide range of my; also increasing the sensitivity in a mass range which is currently tested
by D@ and CDFE.

No attempt is made to fully reconstruct the individual top quarks to calculate m;;. The
invariant mass is reconstructed by summing up the four momenta of the selected jets, the
lepton and the reconstructed neutrino. The number of required jets depends on the event
topology, which is defined using the highest invariant jet mass in the event. The events are
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Figure 7.7: Number of reconstructed jets (a) and the highest invariant jet mass in the 3 jet bin
(b) after selection cuts for the main background processes and a signal process
with m,,=1000 GeV/c2.

separated into sub-samples with different jet multiplicities and jet masses. That allows to
prepare a topology-dependent reconstruction of signal events. The composition and the size
of background varies for different sub-samples. The events can be separated in a very signal
pure and in a background enriched sub-samples to optimise the sensitivity for the signal in

a wide my; range.

The selected events are classified in the following way:

* 4 jets sub-sample

events containing four jets are suppose to be fully resolved events. The four jets,
the lepton and reconstructed neutrino are used to compute the ¢f invariant mass.

* 5or more jets sub-sample

events containing more than four jets are supposed to be fully resolved events
with additional jets from gluon radiation. The four jets with highest transverse
momenta, the lepton and reconstructed neutrino are used to compute the #f in-

variant mass.

* 3jets low and high

jet mass sub-samples

events containing three jets are supposed to have merged jets. These events are
split into two sub-samples according to the highest jet mass mje; found in the
event. The cut value is chosen in the way to separate events in a background
dominated and a signal dominated regions. The first sub-sample consist of three
jet events with mje; below 65 GeV/c?, three jet events with m;e; above 65 GeV/c?
forming the second sub-sample. The three jets, the lepton and reconstructed neu-
trino are used to compute the tf invariant mass.
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3 jet low Mijet 3 jet high et 4 jet 5 or more jets

e | wu e | wu e | m e | n
tt 1920 | 1973 54.5 449 890 901 269 275
W +jets 2071 2183 37.1 244 350 384 58.5 66.2
Z +jets 120 109 2.19 1.17 324 21.7 9.43 4.52
single top 47.6 54.8 1.41 0.47 7.48 8.27 2.01 1.10
QCD (ALPGEN) | 268.6 87.8 17.4 9.37 79.1 10.7 12.0 254

all background | 4427.2 | 4407.6 | 112.6 | 80.31 | 1361 | 1325.7 | 3509 | 371.2

Z' boson (SSM model) with m,/ [GeV/c?]

mz =500 28.2 32.7 0.25 0.23 10.6 12.2 3.00 3.40
my =700 14.6 17.3 1.06 0.96 8.44 9.92 2.94 3.45
myr =1000 3.30 4.06 1.46 1.52 291 3.55 1.40 1.69
myr = 1300 0.75 0.99 0.76 0.86 0.93 1.17 0.53 0.69
myr = 1600 0.19 0.26 0.32 0.38 0.33 0.42 0.20 0.28
myr = 2000 0.041 | 0.056 0.10 0.12 0.091 0.12 0.063 | 0.088
my = 2500 0.0083 | 0.011 | 0.025 0.03 0.021 | 0.028 | 0.015 | 0.022
myr = 3000 0.0022 | 0.0029 | 0.0063 | 0.0074 | 0.0054 | 0.0072 | 0.0041 | 0.0058

Table 7.4: Number of expected signal and background events subdivided in sub-samples ac-
cording to the number of jets, the highest jet mass and the lepton types normalised
to 200 pb~!. The “3 jet low m;e;” sub-sample consists of three jet events with the
highest jet mass below 65 GeV/c?and the “3 jet high mje;” sub-sample of three jet
events with the highest mass above 65 GeV/c2.

The contribution of different background sources differs for electron and muon channels.
Therefore the single sub-classes are separated additionally in the electron and muon sub-
samples.

The number of selected jets and the highest jet mass for the main background processes
and Z’ boson with mz = 1000 GeV/c? are plotted in Figure 7.7. About 82% of W + jets and
single top events and about 76% of Z + jets and QCD multi-jets events are in the 3 jet bin.
63% of tt events are in the 3 jet bin, about 29% of tf are in the 4 jet bin and 8% of events have
5 or more jets. Signal events have a higher jet multiplicity, about 51% of events are in the 3 jet
bin, 31% in the 4 jet bin and 11% are in the 5 jet bin. The jet mass distributions are similar for
all background processes, because most of events do not contain partially or fully merged
topology like it is the case for the signal events.

The amount of expected signal and background events in the different sub-samples, nor-
malised to £ = 200 pbfl, is listed in Table 7.4. The number of events has been calculated
over the whole m,; range. The main source of background in the “3 jet low m;e” sub-sample
are W + jets events, tf events are the second important background. With the increasing jet
multiplicity the tf background dominates over the W + jets events. Contributions of other
sources of background are small compared to the main backgrounds. With the increasing Z’
boson mass, the “3 jet high mje;” sub-sample contains more and more signal events, because
the amount of merged jets increases.

The reconstructed tf mass distributions are shown in Figure 7.8 and 7.9 for all sub-
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Figure 7.8: The tf invariant mass distributions in 3 jet channel for electron + 3 jets, low Miet
(a), muon + 3 jets, low mijet (b), electron + 3 jets, high mje (c) and muon + 3 jets,
high ;e (d) sub-samples. The Z’ boson cross section (SSM model) has been
multiplied by a factor of 50.

samples. The signal events are scaled by a factor of 50 for a better visibility. Not only the
amount of events, but also the m;; shape differs for individual sub-samples for the signal
and as well as for the background.

7.4 Selection Efficiency and Mass Resolution

In this section we will give an estimate for the sensitivity of this analysis for tf resonances
in different sub-samples. We will focus on two aspects: the event selection efficiency in a
mass window around the reconstructed resonance peak and the mass resolution. The ratio
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Figure 7.9: The tf invariant mass distributions in 4 and 5 or more jets channel for electron +
4 jets (a), muon + 4 jets (b), electron + 5 or more jets (c) and muon + 5 or more jets
(d) sub-samples. The Z’ boson cross section (SSM model) has been multiplied by
a factor of 50.

of signal events to the square root of background events S/+/B determines the sensitivity of
the individual sub-samples. In addition to the total rates, the width of the reconstructed m;;
distribution influences the sensitivity to the signal. A good mass resolution allows an easier
separation of the resonance peak from the tf continuum.

Selection Efficiency

To take into account signal events with the partially merged topology, defined in Section 7.2,
we have to consider events with only three jets. That increases the amount of background
events by a factor of 2.6. But for the sensitivity to the resonant signal not the total number
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Figure 7.10: Z' boson mass distribution in electron + 3 jets, low Mijet (a), muon + 3 jets, low
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of background events is of interest, but rather the amount of background events under the
signal bump. Therefore, the number of expected events in the 1 root mean square (RMS)
range around the reconstructed signal mass peak has been determined. The RMS and the
maximal value have been taken from the Z’ boson m;; distributions shown in Figure 7.10
and 7.11. The results are summarised in Table 7.5.

The “3 jet low mje;” sub-sample has the highest background rate especially from the
W + jets events, but it still has a high amount of the signal events. Thus its sensitivity
is comparable to the “4 jets” and “5 or more jets” category particularly at lower Z’ boson
masses. But this sub-sample looses its importance for the higher Z’ boson masses, because
the number of the expected signal events decreases.

As shown in Figure 7.5(b), the fraction of events with the merged topology raises with
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Figure 7.11: Z' boson mass distribution in electron + 4 jets (a), muon + 4 jets (b), electron + 5
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the increasing Z’' boson mass. More and more signal events populate the “3 jet high m1e;”

category. Due to a low background rate in this category, it has the best S/+/B ratio especially
at high Z’ boson masses.

The S/+/B ratio of the “4 jet” and “5 or more jets” sub-samples is of the same size. The
muon channel is slightly more sensitive for all event topologies, because a higher signal se-
lection efficiency prevails a partly higher background selection efficiency. Finally the combi-
nation of all sub-samples provides the sensitivity in a broad mass range from twice the top
quark mass into the TeV-regime.
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3jetlow mjer | 3 jet high mje; 4 jet 5 or more jets
ele ‘ muo ele ‘ muo ele ‘ muo ele ‘ muo

Z' boson with my = 1000 GeV/c?

max [GeV/c?] | 8743 | 8743 | 974.6 | 974.6 | 9463 | 946.3 | 9232 | 923.2
RMS [GeV/c?] | 1843 | 1839 | 193.2 | 194.1 | 2349 | 2305 | 2765 | 2713
tf 232 | 243 | 252 | 203 | 29 | 301 | 117 | 123
W + jets 516 | 548 | 134 | 836 | 159 | 172 | 292 | 29.4
Z +jets 331 | 313 | 040 | 048 | 161 | 9.87 | 483 | 2.15
single top 7.26 12.8 0.88 0.0 3.45 4.09 0.07 | 0.52
QCD (ALPGEN) | 99.1 | 334 | 268 | 468 | 361 | 736 | 534 | 214
z' 264 | 302 | 119 | 126 | 228 | 284 | 1.02 | 126
S/VB | 0.089 | 010 | 018 | 022 | 010 | 0.13 | 0.082 | 0.095

Z' boson with my = 2000 GeV/c?

max [GeV/c?] 1627 | 1627 | 1936 | 1936 | 1933 | 1933 | 1813 | 1813
RMS [GeV/c?] | 423 | 429 | 328 | 291 | 422 | 397 | 400 | 380

t 273 | 291 | 281 | 3.03 | 203 | 413 | 136 | 17.6
W + jets 101 | 115 | 544 | 404 | 296 | 324 | 744 | 144
Z +jets 801 | 643 | 024 | 016 | 338 | 196 | 177 | 054
single top 097 | 00 | 045 | 045 | 044 | 045 | 044 | 00

QCD (ALPGEN) | 67.5 | 263 | 535 | 067 | 802 | 267 | 267 | 3.34
z' 0.024 | 0.034 | 0.068 | 0.083 | 0.064 | 0.088 | 0.043 | 0.063
S/VB | 0.0017 | 0.0026 | 0.018 | 0.029 | 0.0081 | 0.0099 | 0.0084 | 0.011

Table 7.5: Number of expected signal and background events in the &1 RMS range around
the reconstructed signal mass peak normalised to the integrated luminosity of
200 pb~!. The RMS and the maximal value have been taken from the Z’ boson
my; distributions shown in Figure 7.10 and 7.11.

Mass Resolution

The Z’' boson mass resolution is determined from the residual distribution of the recon-
structed tf mass minus the generated Z’ boson mass. The distributions for mz = 700, 1000
and 1300 GeV/c? are presented in Figure 7.12 and 7.13 for each sub-sample. The full width
at half maximum (FWHM) and the position of maximum (max) are listed in Table 7.6.

The mass peak is shifted to the negative values for nearly all sub-samples and Z’ boson
masses. In the “3 jet low mje;” sub-sample the incomplete reconstruction of the tf system
leads to the shift to smaller m,;. The shift in the “3 jet high mjet” and “4 jets” sub-samples is
of the same size and increases with the increasing Z’ boson mass.

The shift in the “5 or more jets” sub-sample is twice as high as in the “4 jets” sub-sample.
The main reason for the shift is gluon radiation off the partons from the top quark decay.
If the radiation is hard enough, the radiated parton can be reconstructed as an additional
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3jetlow mjer | 3jet high mje; 4 jet 5 or more jets

Mz FWHM ‘ max | FWHM ‘ max | FWHM ‘ max | FWHM ‘ max

electron + jets

500 133 -60 363 56 147 -20 312 19
700 178 -100 171 -25 164 -22 308 -22
1000 269 -77 247 -25 267 -49 352 -90
1300 365 -125 305 -47 344 -78 438 -125
1600 524 -189 289 -64 442 -65 523 -163
2000 854 -125 505 -65 506 -60 614 -159
2500 553 -65 598 -85 638 -65 754 -186
3000 248 -67 534 -67 530 -67 638 -170

muon + jets

500 128 -60 442 15 150 -20 322 19
700 188 -83 109 -25 153 -22 294 -22
1000 267 -77 162 -25 249 -32 318 -90
1300 322 -125 234 -47 295 -54 363 -125
1600 489 -155 259 -64 356 -65 467 -163
2000 682 -125 313 -65 368 -65 489 -167
2500 437 -90 362 -85 403 -70 522 -186
3000 247 -67 420 -90 393 -67 593 -188

Table 7.6: The full width at half maximum and the position of the maximum for different
resonance masses. All values are given in GeV/c?.

jet. This jet is not taken into account in the m;; calculation and the reconstructed invariant
mass is underestimated. The probability to radiate gluons raises with the increasing quark
energy, thus the shift is larger for higher Z’ boson masses.

The mass is overestimated for Z' boson with my = 500 GeV/c? in the “3 jet high mje”
and “5 or more jets” sub-samples. Only one per cent of events with the partially merged
topology are expected at low Z’ boson masses. So it is less probable to find correctly recon-
structed signal events in this category and the required high jet mass leads to a higher m;.
Four jets with the highest pr are taken to calculate the invariant mass in the “5 or more jets”
sub-sample, that shifts the mass peak to the higher values.

The residual distributions are asymmetric, in particular for the Z’ boson masses below
1300 GeV/c?. The my; distribution in the 3 jet bin channel shows longer tails to smaller masses
for low mjer and vice versa for higher mje;. With the increasing 7' boson mass the distribu-
tions become more symmetric. The full width at half maximum varies on average from 20
to 30% of the Z’ boson mass depending on the sub-sample.
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Figure 7.12: Z' boson mass resolution in electron + 3 jets, low Mjet (a), muon + 3 jets, low My
(b), electron + 3 jets, high mje (c) and muon + 3 jets, high mje; (d) sub-samples
for Z' boson masses of my = 700, 1000, 1300 GeV/c2.

7.5 Systematic Uncertainties

The discovery sensitivity of this analysis to narrow width ¢f resonances is affected by several
sources of systematic uncertainties. The estimated ratio of signal and background events as
well the shape of the m; distribution or both can be affected. Following sources of systematic
uncertainties have been considered:

luminosity

* jet energy scale and resolution

parton distribution function

initial and final state radiation
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Figure 7.13: Z' boson mass distribution in electron + 4 jets (a), muon + 4 jets (b), electron + 5
or more jets (c) and muon + 5 or more jets (d) sub-samples for Z’' boson masses
of my =700, 1000, 1300 GeV/c?.

* QCD background estimation
¢ top quark mass

and will be discussed here.

Luminosity

The uncertainty on the measured integrated luminosity is expected to be 10%. At the time
of writing, the uncertainty of 11% could be achieved in collision data using an absolute
calibration via beam separation scans [77]. This uncertainty effects all processes for which
the expected rate is determined using Monte Carlo efficiencies.
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Figure 7.14: Jet energy scale systematics for Z’ boson events with mz = 1000 GeV/c? sub-
divided in “lepton + 3 jets, low mjet” (a), “lepton + 3 jets, high mjet” (b), “lepton
+4jets” (c), “lepton + 5 or more jets” (d) samples. The blue band is the statistical
uncertainty of the nominal distribution.

Jet Energy Scale and Resolution

The uncertainty on the jet energy scale (JES) and the jet energy resolution (JER) has a strong
impact on this analysis, because jets are used to calculate the invariant ¢f mass. As men-
tioned in Section 5.4, the jet energy measured in the calorimeter has to be calibrated to the
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Figure 7.15: Jet energy scale systematics for tf events sub-divided in “lepton + 3 jets, low
mjet” (a), “lepton + 3 jets, high mjet” (b), “lepton + 4 jets” (c), “lepton + 5 or more
jets” (d) samples. The blue band is the statistical uncertainty of the nominal
distribution.

hadronic energy scale using a detailed simulation of hadronic showers in the detector. This
calibration can systematically shift the jet energy to higher or lower values. Additionally
the jet energy resolution could be underestimated in the Monte Carlo simulations compared
to the measured resolution in collision data. Both affect the sensitivity to the signal. To es-
timate the impact of these uncertainties on the analysis, the energy of all selected jets have
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Figure 7.16: Jet energy resolution systematics for Z’ boson events with mz = 1000 GeV/c?
sub-divided in “lepton + 3 jets, low mje;” (a), “lepton + 3 jets, high mjet” (b),
“lepton + 4 jets” (c), “lepton + 5 or more jets” (d) samples. The blue band is the
statistical uncertainty of the nominal distribution.

been scaled up and down by 5% and have been smeared by a Gaussian function with the
width of LZ_/“ + 5%. For each jet a random number is generated from this Gaussian function

jet

and the jet energy is scaled by this number. Missing transverse energy is calculated from the
total energy balance of the event. Thus, the difference between the unscaled and scaled jet
energy is vectorially added to ETUsS.
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The influence of the jet energy scale variation on the reconstructed m,;; shape for the sig-
nal events can be seen in Figure 7.14 and for the tf background events in Figure 7.15. The
electron and muon channels are combined in the plots, because this systematic uncertainty
affects the m,;; shapes of both channels in the same way. The shift of the jet energy scale leads
to the shift of the Z’ boson mass peak, the relative difference of the nominal and shifted dis-
tributions is of order 20-25%. The background shapes are not affected, the relative difference
of the nominal and shifted distributions is of the same order as the statistical uncertainty.

Figure 7.16 presents the jet energy resolution uncertainty for the signal events. An ad-
ditional smearing of the jet energy has a small effect on the m;; distributions. The maximal
relative difference between the nominal and smeared distributions is about 10%.

Not only the shapes, but also the number of expected signal and background events are
affected. The relative uncertainty on the number of events is listed in Table 7.7. The negative
shift of JES leads to an overall loss of events or to a migration of events to the lower jet bins
and for the positive shift vice versa. The jet energy smearing leads to an increase of the
background and a decrease of signal events in the 3 jet bin.

Parton Distribution Function

The systematic uncertainty due to the choice of the parametrisation of the parton distribu-
tion functions (PDF) used for the signal event simulation is examined by a re-weighting
scheme. It uses Monte Carlo truth information about the hard partons that participated in
the hard process. The probability of an event with a particular kinematic characteristic to
be produced is evaluated and re-weighted according to the new values of the PDFs. The
CTEQS6LL [29] is default PDF set used to simulate signal events and the MRST2001LO [127]
as an alternative PDF set.

Reconstructed m,; distribution for signal events is shown in Figure 7.17. The shapes of
distributions in the peak region are not affected at all. The relative change in the number of
expected signal events can be found in Table 7.7 and is around 3%.

Initial and Final State Radiation

To estimate the uncertainty due to the modeling of initial (ISR) and final (FSR) state radiation
for signal events, two samples have been produced for which the simulation is altered to
produce either less or more gluon radiation compared to the nominal settings. The Aqgcp
value in the strong coupling ag controlling the parton shower has been varied to enhance
the initial state radiation and at the same tome to suppress the final state radiation and vice
versa.

Figure 7.18 presents the m,; shapes of the nominal and altered distributions. The relative
change is of order of 5-10%, in the tails prevails the statistical uncertainty. The suppressed
final state radiation results in a higher energy jets, which can more easily pass the selection
cuts and the number of selected events raises in the higher jet bins as shown in Table 7.7.



7.5 Systematic Uncertainties 117

c Ns=10TeV c ~Ns=10Tev
o ' —cTEQéLL |1 § © 0 2[. ' —cTEQeLL ] §
= 0.15 ~—MRST2001LO{ & S — MRST2001LO] ®
Q ., 1= 0O a 1=
E o : g E 0!15- " o - 5
L 0.1 ° . 18 W& 12
E * 1% E 0.1 " 1%
@ ° 1N @ N 1N
w0y . 1§ do.o5 - 1t
q ... = - '.’: g L ala s @ .- 1 ....‘ﬂll... ] g
= 0.0 ;5 00 :
S 0.0 i %005 U
0.7 5¢0 1000 1500 -0.1—500 1000 1500
m, [GeV/c?] m, [GeV/c?]
(a) lepton + 3 jets, low ey (b) lepton + 3 jets, high mjet
c ~Ns=10TevV c ~Ns=10Tev
S 0.15¢ ' —CTEQ6LL ] § o ' *—CTEQ6LL ] g
:.3 . , ~MRST2001L0{ & ..3 .. T MRsT2001L0} &
g S |t 5 01 S
w 0.1 . e & . ] e
b d I ] E b d
c » ] g c n. ] g
O » R 18 ©0.05 . R i N
u>J 0.05¢ . . ; E u>J 0.05 . ; TE
o .‘n. 9§ 5 ‘. ."nn le
q—-..-u-ll".. I 20paa] 2 q R P B R 2
£ 00 ] £ 0%
-c. [T L= 'U ' 0 UH__” E
3 -0.0 3 -0.0 :
0. 5q0 1000 1500 -0.1500 1000 1500
m, [GeV/c?] m, [GeV/c?]
(c) lepton + 4 jets (d) lepton + 5 or more jets

Figure 7.17: Parton distribution function systematics for Z' boson events with my =
1000 GeV/c? sub-divided in “lepton + 3 jets, low mje” (a), “lepton + 3 jets, high

miet” (b), “lepton + 4 jets” (c), “lepton + 5 or more jets” (d) samples. The blue
band is the statistical uncertainty of the nominal distribution.

QCD background estimation

A correct estimate of the QCD background contribution is difficult due to a high cross sec-
tion but also a low selection efficiency of order 107® and thus limited statistics available in
particular at low energies. The number of selected events is too low to get smooth distribu-
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Figure 7.18: Initial and final state radiation systematics for Z’' boson events with my =
1000 GeV/c? sub-divided in “lepton + 3 jets, low mje” (a), “lepton + 3 jets, high
mje” (b), “lepton + 4 jets” (c), “lepton + 5 or more jets” (d) samples. The blue
band is the statistical uncertainty of the nominal distribution.

tions. The amount of QCD background events has to be measured in data. To evaluate the
effect of an over- or underestimation of the QCD background, the number of QCD events
has scaled up and down by 30%.



7.5 Systematic Uncertainties 119

PR R CLL1h . AN 0Ty
% —172.SGeVI:2; = % — 1725 Gewfzf =
E 0.15 . 2 — 170 GeVIh::2 - E E 0.1 — 170 GeVIh::2 f E
™ s 3 180 GeV/c ] ™ ' | 180 GeV/c " e
‘E 0-1'- 4 ] g E . I“I‘;J fl: !, I 1 | g
g : 18 @005 It {4
(11] 0-05-‘ . E E L | I‘Ii “'-'Q"‘ ? - ] E
c . ] s P el e B g c . ..‘ﬁ.‘l‘-* ] oA g

£ 0.4 5 £ 04F [ H o3

S 0‘4:']__| DR, -'._u!'._ =] - E S O.E.' =1 o494 ["

3 42 R - SOr OO

' 500 1000 1500 ' 500 1000 1500
m, [GeV/c?] m, [GeV/c?]
\s =10 TeV Vs =10 TeV

c S - e m ) [P = |_ LI B LI B
2 —1256eviez| £ S 0.1 —172.5GeVic? | £
O 6, —170Gevic? & © d13t —170Gewic? | E
s 01 .15 8 eI . 15
s 3 180 GeV/c 12 s ! *,*... 180 GeV/c ] o
= 13 £0.05 13
§0.05 , " 18 8 ; Hy, 13
> 18 2 T 15
m ‘.”u U'- E m u;"-x:t,, 1 E
A RRRGALTT T 2 d. o1 1 “rapul 2

e o3 e o3 T

L =] 0% rl_l_ _ _—_a - | = T 0% < _——l-l _—_|—_l-| !-I E

s 97 R NI il (e

500 1000 1500 500 1000 1500
m, [GeV/c?] m, [GeV/c?]

Figure 7.19: The reconstructed tf mass distribution for tf sample with different top quark
masses. The events are sub-divided in “lepton + 3 jets, low mjet” (a), “lepton + 3
jets, high mjet” (b), “lepton + 4 jets” (c), “lepton + 5 or more jets” (d) samples. The
blue band is the statistical uncertainty of the mop = 172.5 GeV/ 2 distribution.

Top Quark Mass

The mass of the top quark influences the kinematic properties of its decay products. Thus, it
can affect the shape of the m; distribution. Figure 7.19 demonstrates that the changes due to
the top quark mass uncertainty are negligible. The uncertainty on the top quark mass will
have also a small effect on the m;; distribution of the signal events, because the resonance
mass is much larger than 2-m;,).
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relative systematic uncertainty (%)
source 3jet low mjer | 3 jet high mje 4 jet 5 or more jets
up down | up dowm | up down | up down
electron + jets
JES sig | -45 +46 | +38 9.0 |+22 -52 |+9.7  -18
bgd | +19  +3.2 | +22 -17 +22 88 | +27 -21
JEG sig -10 -1.0 +8.0 +0.44
bgd +12 +11 +28 +8.6
ISR/FSR sig | 093 +29 |+12 -38 |+34 -64 |+77 @ -12
PDF sig +3.2 +3.2 +3.3 +3.4
muon + jets
JES sig | -41 +45 | +46 96 |+26 -59 | +10 -18
bgd | +24 -15 | +22 -12 +25 -12 | +31 -23
JEG sig -3.6 +3.6 -6.1 +13
bgd +13 +26 +11 +33
ISR/FSR sig | -0.84 +3.0 | 46 +25 |+22 -48 | +15 -21
PDF sig +3.2 +3.0 +3.2 +3.3

Table 7.7: Summary of the relative uncertainty on the number of expected signal and back-
ground events for shape and selection efficiency changing systematics. “ISR/FSR
down” means ISR down, FSR up and “ISR/FSR up” means ISR up, FSR down.

7.6 Resonance Width

In Section 4.3.1 the effect of the Z' boson width on the kinematic distributions of top and anti-
top quarks and on the f invariant mass distribution has been studied at generator level. In
this section the shape of the m; distribution after the detector simulation will be compared
for two Z' boson widths. The width of Z’ boson is given by its couplings to the fermions.
The default Z’ boson sample is generated with the Standard Model Z boson couplings which
correspond to a width of 3.2% of mz. One sample with a narrower resonance has been
generated with I'/mz = 1.23%.

In Figure 7.20 the shapes of both m;; distributions are plotted. The relative difference in
the peak region and in the tails to higher masses is below 10%. Only the tails to lower masses
show larger deviations in particular for 1600 and 2000 GeV/ ¢ Z' boson masses. Thus, at high
masses the effect of the Z boson width should be taken into account. For this analysis, we
are interested in the mass range around 1000 GeV/c? and can neglect this effect.
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myz = 1000 (a), 1600 (b) and 2000 GeV/c? (c). The blue band is the statistical
uncertainty of the nominal distribution.
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8 Heavy Resonance Searches at ATLAS

In the previous chapter the reconstruction method of heavy top quark resonances has been
discussed and its performance in terms of signal selection efficiency and mass resolution
as well systematic uncertainties has been investigated. In this chapter a Bayesian approach
will be presented, which has been used to extract the Z’ boson cross section from the recon-
structed ff invariant mass spectrum. If no significant excess of signal events in data can be
found, a upper limit on the signal cross section times branching ratio 0z x BR(Z" — tf) can
be set. Combination of theoretical predictions of BSM models with the experimental limits
allows to constrain these models. In the following the main ideas of the Bayesian method
will be introduced in the context of the cross section measurement using binned signal and
background distributions [128,129]. Detailed information concerning Bayesian techniques
can be found in [130]. In the second part of this chapter the sensitivity of the ATLAS ex-
periment for the tf resonance searches will be investigated. This study has been performed
assuming an integrated luminosity of 200 pb~! and including expected systematic uncer-
tainties. An estimate of the ATLAS sensitivity at 7 TeV centre-of-mass energy will be given.

8.1 Statistical Tools

In high energy physics we are often interested in making statistical inferences about a cer-
tain theoretical model using a given sample of data. The aim is to determine parameters
of the model or to exclude the model. To quantify the random aspects of experiments, two
main approaches can be used, frequentist or Bayesian. Frequentist interpret the probability
as the frequency of the outcome of a repeatable experiment. In Bayesian statistics, the inter-
pretation of the probability is more general and includes degree of belief. The probability
density function for a hypothesis or for a parameter expresses the state of knowledge about
its true value. The prior degree of belief is then updated by data from the experiment.

Suppose the outcome of the experiment is given by a vector of data D, whose probability
density function (p.d.f.) depends on an unknown parameter ¢, the signal cross section which
we would like to determine. For a given bin, the probability to observe a count D, if the
mean count is d, is given by the Poisson distribution:

—ddD
p(DId) = “5—. 5.1)

The mean count d is a sum of the predicted contributions from signal and background.
The signal yield is the product of the signal cross section ¢ and the effective luminosity 4,
defined as the signal acceptance times the integrated luminosity. The background yield b is
the sum over all background sources. The probability to observe a count in a given bin i is
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Figure 8.1: (a) An example of the posterior probability density function is shown. The upper
limit on the signal cross section is calculated at 95% confidence level. (b) A dis-
tribution of the upper limits for 10000 pseudo-datasets is shown. The expected
cross section is defined as a median of the distribution.

independent of the counts in the other bins, therefore the probability for the distribution of
counts is the product of all single-bin counts, 1... N:

N
L(D|d) = L(D|o,a,b) = [ [ p(Di|c, a;, b (8.2)
i=1
To combine several independent channels for example the ¢ + jets and y + jets channel, the
single channel probabilities are replaced by the product of the channel probabilities.

Using Bayes’ theorem, the posterior probability density function p(c|D) for the parame-
ter o is obtained, which gives the degree of belief for ¢ to take on values given the observed
data D:

p(c|D) = /1[ // L(D|c,a,b)rt(c,a,b) da db, (8.3)

where 77(0,a,b) is the prior knowledge of effective luminosity 2 and background yields b.
The overall normalisation A is calculated from the requirement [;™ p(¢|D)do = 1. The
upper bound omax is defined at the value of the posterior sufficiently close to zero. The lower
bound is given by the assumption that the signal cross section is non-negative. The prior
knowledge n(o,a,b) is independent of the signal cross section:

ni(o,a,b) = mt(a,b)m(o). (8.4)

There is no recipe how to construct the prior p.d.f. for the signal cross section. We assume a
flat prior in o

7'[((7’) —= U'rrllax 0 S o S Umax . (8.5)
0 otherwise
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The prior p.d.f. 7w(a,b) encodes our knowledge of the effective signal luminosity and back-
ground yields. The parameters a and b are the so-called nuisance parameters. To take sys-
tematical uncertainties into account, we assume a multivariate Gaussian p.d.f. centred about
the nominal value plus/minus one standard deviation. The standard deviation is given by
the acceptance uncertainty and the shapes of the distributions. The one-sided systematic
uncertainties, like jet energy resolution, are symmetrised around the nominal value. In each
bin the shift with respect to the nominal yield is sampled from this Gaussian p.d.f.. The new
yield is the sum over the shifted yields for each systematic uncertainty plus the nominal
yield.

A Bayesian upper limit oy at a confidence level CL can be obtained by requiring:

/0 ™ p(@|B) = CL. (8.6)

The integral is solved numerically using Monte Carlo importance sampling. An example of
the posterior probability density function is shown in Figure 8.2(a).

To estimate the sensitivity, pseudo-data from the input data distributions has been gen-
erated. A count in each bin is sampled from a Poison distribution with mean the same as
the nominal distribution and within one standard deviation. For each pseudo-experiment
an expected upper limit on the signal cross section is calculated. Figure 8.2(b) is an example
of such a distribution. The median defined as the 50% quantile of the upper limit distribu-
tion is taken as a final result. The one standard deviation uncertainty on the cross section is
defined by 16% and 84% quantiles.

8.2 Sensitivity for Heavy Resonances

To determine the sensitivity of this analysis to discover narrow width tf resonances, the
statistical analysis has been performed on the m,; distributions reconstructed as described
in the previous chapter. Using sub-samples as defined in Section 7.3, an upper limit on the
signal cross-section at 95% confidence level is extracted assuming that no signal is expected.

The input for the limit calculation is the m,; distributions for the signal and for the main
sources of background: tf, W + Jets, Z + Jets, QCD and single top quark. The samples are
subdivided in the following channels:

* electron + 3 jets, the jet mass of the jet with the highest jet mass is below 65 GeV/c?
* muon + 3 jets, the jet mass of the jet with the highest jet mass is below 65 GeV/c?

o electron + 3 jets, the jet mass of the jet with the highest jet mass is above 65 GeV/c?
* muon + 3 jets, the jet mass of the jet with the highest jet mass is above 65 GeV/c?

¢ electron + 4 jets

* muon + 4 jets

¢ electron + 5 or more jets

* muon + 5 or more jets



126 Chapter 8. Heavy Resonance Searches at ATLAS
E.,=10TeV 200 pb" E..=10TeV 200 pb"!
2 -_,_,.EP:I T g T P T T ] 2 T : T rl’ T T T
< [ Z' 1000 GeV/c® o] < Z' 1000 GeV/c? o]
£ L 3 jetlowm, . expected upper limit € 2000[ 3 jet highm : expected upper limit
] e R ef -
5 1500[ Ji* o, = 8.74 pb @ 95% C.C] s W, ' 5,=4.25pb @ 95% C.L]
o [ LI ] o ¥ ]
> » *
x [ + 1 @ 1500 . .
} I + ] ¥ ]
'g - * . -g L] * 4
S 1000 ¢ + ) E . ]
L + . -
2 [ . A ] 2 1000 . . .
z - . - 4 . ]
500 . . . * ]
I e . 500 . *a -
L - - - -
L - o‘.” - . '... :
B - (L =] g, -
PR T T N N T T T T T A FEEEE ) BN RN B EE T AR B
% 5 10 15 20 25 274 6 8 1042 14
Goxp. timit IPP] Goze tlimit [PP]
(a) lepton + 3 jets, low mijey (b) lepton + 3 jets, high et
= -1 = -1
P 1500F E,;r=1 10ITeV I200 ;?b : : - @ 1500F EF’T' I10 T?V |200| pb : : : —
< [~ 2 1000 GeVic? tod — < L Z' 1000 GeV/c? tod fimit
£ 4jet expected upper limit ] £ - 5 or more jets expected upper limit
S ty Op = 6.58 pb @ 95% C.Ls o 3 iﬁ* o, = 8.87 pb @ 95% C.L]
& oy 1 ¥ 1000k + ]
¢ 1000 1 - $ 1000 by .
o : 4 . o - # @ .
S + 1 S - + 4 1
g bi h % [ i* ]
o X B + - o - é . .
Z 500F ’ - Z 500 . *e .
L) L * .
vob - .
- »e b ) . s T
L '_. - = ';. -
| hd s i | - “a' i
|||1.rl‘||I|||I|||I|||I|||I|| g |||I|n'||||I|||I|||I|||I|||I|||I|T‘|’.PDA|
00 2 4 6 8 10 95;!2.:,_ 14 00 2 4 6 8 10 12 1495;6c |_18 20
G, limit LPP] Goze tlimit [PP]
(c) lepton + 4 jets (d) lepton + 5 jets
E.. =10TeV 200 pb"’
2 "'_'_‘Fﬂl.| T : T FI’ T T T
t 3000 Z' 1000 GeV/c? T
@ - . expected upper limit 4
E | combined ]
5 [ o o, =3.02 pb @ 95% C.L]
o L + L) -
3
g 2000_ * ]
S - b . 4
[<]
o I i
o | - -
Z 1000 . .
- i
L - -
-
! . i
3 - .,.‘ -
274 e & 10 12 14
o, limit LPP]

(e) lepton + jets

Figure 8.2: Distributions of the expected upper limits for Z’ boson with mz = 1000 GeV/c?
for all sub-samples separately and combined. In the plots the electron and muon
channels have been combined. The upper limits are calculated under the as-
sumption that no signal is expected.
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Figure 8.3: Expected upper limits at 95% CL as a function of the Z’ boson mass. Only statis-
tical uncertainties have been taken into account.

The invariant mass distributions have been shown in Figure 7.8, 7.9, 7.10 and 7.11 for the
background processes as well as for the signal with mz =500, 700, 1000 and 1300 GeV/c?.

Figure 8.2 present distributions of upper limits at 95% CL for a Z’' resonance at my =
1000 GeV/c? for all sub-samples separately and combined. As expected, the “3 jet high Mjet”
sub-sample is most sensitive to signal. The second-best performance shows the “4 jet” sub-
sample, followed by the “3 jet low mj;” and “5 or more jets” sub-sample with a similar
performance. These results are in good agreement with the performance estimate done in
Section 7.4. A combination of all sub-samples provides the final result. The expected upper
limit is defined as a median of this distribution. It means, that in 50% of cases the measured
cross-section will be below the given value.

The expected upper limit on the signal cross-section taking only statistical uncertainty as
a function of the resonance mass can be found in Figure 8.3. It shows upper limits for the
single sub-samples as well as for the combination of sub-samples. The calculation is pre-
pared only for resonance masses below 2000 GeV/c?, because it is the most interesting mass
range at low integrated luminosity. The “3 jet low mjet” sub-sample looses on sensitivity
with the increasing Z’ boson mass. In contrast, the “3 jet high m;e” sub-sample is insensi-
tive around tf mass threshold, but it has the lowest upper limit on the cross section above
1000 GeV/c?. The sensitivity of “4 jet” and “5 or more jets” sub-samples is similar at masses
above 1300 GeV/c?, at lower masses we expect less signal events with additional jets.



128 Chapter 8. Heavy Resonance Searches at ATLAS

—e— 95% C.L. expected limit (stat) .

—=— 95% C.L. expected limit (incl. sys) —
—— TopColor Z', R. Harris hep-ph/9911288

6, x Br(Z' — tt) [pb]

[E—
Wn
4\\\\‘I\\I‘\\I\‘\\\I‘\I\\‘I\\A

s =10 TeV
L, = 200 pb"

600 800 100012001400 1600 18002000
m,. [GeV/c]

Figure 8.4: The 95% CL exclusion limits on the cross section, taking into account the main
sources of systematic uncertainty.

To estimate the effect of systematic biases and uncertainties on the sensitivity to the sig-
nal, the statistical analysis is repeated including several effects, that are expected to lead
to significant systematic uncertainties. The following systematic uncertainties have been
considered:

¢ an uncertainty on the jet energy scale of 10%

¢ the jet energy resolution is degraded by smearing the jet Er with an additional 2\%’ +
5%

® 10% error on the luminosity

* 30% uncertainty on the amount of the QCD background

¢ PDF uncertainty

¢ initial and final state radiation

¢ top quark mass

These systematics have the largest impact on the sensitivity as discussed in Section 7.5. The
upper limits on the signal production cross-section are presented in Figure 8.4 and sum-
marised in Table 8.1. The limits could be set to 3.6271 pb (mz = 1000 GeV/c?), 2.1610 pb
(mz = 1300 GeV/c?) and 1. 01+ 3 pb (mz = 2000 GeV/c?) assuming /s = 10 TeV c0111s10ns
and 200 pb~! of integrated lum1n051ty At Z' boson masses below 1000 GeV/c?, the sys-
tematic uncertainties reduces significantly the sensitivity to the signal. At Z’ boson masses



8.3 Prospects for Heavy Resonance Searches 129

stat [pb] incl. sys [pb]
16% | median | 84% || 16% | median | 84%
500 GeV/c2 | 7.49 | 104 | 145 | 124 ] 191 | 276
700 GeV/c® | 441 | 611 | 852 | 627 | 899 | 132
1000 GeV/c? | 217 | 3.02 | 419 | 248 | 3.62 |522
1300 GeV/c? | 1.36 | 190 | 264 | 146 | 216 | 3.09
1600 GeV/c2 | 094 | 131 | 1.83 | 096 | 141 | 208
2000 GeV/c? | 071 | 099 | 139 || 067 | 1.01 | 1.52

mz

Table 8.1: The 95% C.L. exclusion limits on the signal cross-section, taking into account the
main sources of systematic uncertainty.

above 1000 GeV/c? prevails the statistical uncertainty. The results obtained here are valid for
resonances whose natural width does not contribute significantly to the reconstructed mass
distribution of the signal.

In Figure 8.4 a theoretical cross-section is indicated, corresponding to a narrow leptopho-
bic topcolour 7' with T'/myz = 1.2% listed in Table 4.2. A leptophobic topcolour Z! boson
with a mass below 1000 GeV/c? can be excluded at 95% confidence level using 200 pb~! of
data at /s = 10 TeV. Therefore, this analysis is able to constrain this model in a mass range
that is not covered by previous experiments.

8.3 Prospects for Heavy Resonance Searches

The LHC is operating at a centre-of-mass energy of 7 TeV this year instead of the assumed
10 TeV. Lower centre-of-mass energy leads to the reduction of production rates of particles
as shown in Figure 8.5. The ratio of the g7 and gg parton luminosity is plotted versus the
mass of the produced particles.

The production cross section of processes initiated through a g4 annihilation are reduced
by a factor of 2.5 and for processes initiated through a gg-fusion the cross section is reduced
by a factor of 4. Thus, the Z’' boson production cross section is less affected than the predom-
inantly gg-initiated background production cross section. The selection efficiency has been
cross-checked for the tf and signal samples at 7 TeV and it has been found to be comparable
to the values at 10 TeV within 5% [131]. Only the loss in the parton luminosity has to be
compensated. Therefore, even at 7 TeV we will be able to extend the current searches for tf
resonances into the TeV regime collecting a larger data set of order 1 fb~!.
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9 Summary and Conclusions

In this thesis a new inclusive topological multi-vertex finder, ZVTOP, was implemented
in the ATLAS software framework. ZVTOP is used for the identification of B to D hadron
cascades in b-jets. The main concept is to search for vertices in the three dimensional space in
contrast to former algorithms which form vertices from all track combinations. Vertices are
found using a vertex probability function which is defined by the trajectories and position
resolution of the tracks. Reconstructed vertices are used as input for the b-jet identification.
One method is based on a likelihood ratio approach and the second one on an artificial
neural network. Using a neural network approach results in the light quark jet rejection rate
for tt events of 108 (208) with a b-tagging efficiency of 60% (50%). This means only one every
108(280) light-quark jets is mis-identified as a b-jet. The relative improvement compared to
the standard algorithm is ~ 8%. Future improvements are expected using collision data
collected by the experiment, especially in calibrating and tuning the ZVTOP tagger.

The main part of the thesis concentrates on the search for heavy narrow width resonances
in the tf invariant mass spectrum. A new reconstruction scheme has been developed for
the efficient selection and reconstruction of tf final states at various resonance masses. The
topology of events produced at the tf mass threshold differs significantly from the event
topology at m;; ~ 1-2 TeV/c?. With increasing mass, the decay products of the individual
top quarks will become more collimated. The partons from W bosons or even from top
quarks may be reconstructed into one jet. Such jets have a high invariant mass comparable
to the mass of intrinsic quarks or bosons. The invariant jet mass is used to identify the
event topology and the topology dependent reconstruction of the m,; distribution can be
performed.

The sensitivity of the ATLAS experiment for a discovery of a narrow uncoloured ¢ res-
onance using the presented method is encouraging: a 95% CL exclusion on the produc-
tion cross-section including systematical uncertainties could be set to 3.6211% pb (my =
1000 GeV/c?), 216109 pb (mz = 1300 GeV/c?) and 1.01703 pb (mz = 2000 GeV/c?) as-
suming /s = 10 TeV collisions and 200 pb~! of integrated luminosity. So a leptophobic
topcolour Z’ boson with a mass below 1000 GeV/c? can be excluded at 95% confidence level.
Therefore, this analysis is able to constrain this model in a mass range that is not covered by
the previous experiments.

Two other approaches have been developed at ATLAS to reconstruct heavy tt reso-
nances [131]. The first approach performs a full reconstruction of the top and anti-top
quarks. Observables like the mass of the reconstructed top quark candidates, in combi-
nation with b-tagging, allow for a tight control of the reducible backgrounds. The second
approach is designed to reconstruct highly boosted top quarks. This algorithm reconstructs
the full top quark decay as a single jet. The sensitivity of all three reconstruction methods is
comparable in the mass range around 1000 GeV/c?. At lower masses, the full reconstruction
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approach achieves better results due to a better background suppression. At higher masses,
the mono-jet reconstruction approach is more sensitive, because the fraction of events with
the fully merged topology increases with the increasing resonance mass.

The CMS experiment at the LHC has prepared an analysis for a search for narrow width
resonances at /s = 10 TeV and an assumed integrated luminosity of 200 pb~! in the muon
channel only [133]. They claim an expected cross section exclusion limit at 95% CL of
7.5757 pb for a 1000 GeV/c? heavy resonance and a limit of 29703 pb for a 2000 GeV/c?
heavy resonance. This analysis is more sensitive, because - among other differences - both
lepton channels are used.
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