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Abstract

The goal of modern particle physics experiments is the most precise measurement of
known phenomena and the discovery of new physics. The complexity of these experi-
ments requires dedicated tools to ensure the correct functionality of every part of the
experiment and the analyses. One of these tools is the HepMCAnalysis Tool, a soft-
ware framework for Monte Carlo (MC) generator validation and comparisons, using
the generator independent HepMC event record. In this thesis, the development of
the HepMCAnalysis Tool is presented. Its wide range of applications extends from
validation and regression tests at the ATLAS experiment, over generator level stud-
ies and preparations of analyses, up to histogram based validation in the Generator
Services Project. Examples of its applications are given.

In November 2009, the Large Hadron Collider (LHC) started operation and the
ATLAS detector, the largest of the four LHC experiments, began taking data. Many
Standard Model (SM) processes can already be rediscovered and are used to optimise
the detector performance. Amongst those SM processes, processes involving particles
from the third generation, like 7 leptons, play an important role e.g. in the decay of
the Higgs boson. Also in models of new physics like supersymmetry (SUSY), third
generation particles, especially 7 leptons, can be found in the final state. An accurate
understanding of underlying SM processes with 7 leptons is therefore one of the keys
for the search of new physics. Among these, one of the most important processes is
the W — 7uv, decay. In the second part of this thesis, the cross section measurement
of W — 7v, decays in proton-proton collisions at a center-of-mass energy of /s =
7TeV with the ATLAS experiment is presented. This was measured to be cr%,[‘}t_)wT =
(11.1 £ 0.3 (stat.) £ 1.7 (syst.) £ 0.4 (lumi.))nb. This result is in agreement with
the NNLO prediction of (10.46 £ 0.52) nb. Furthermore, the W — 7v, branching
ratio was determined, using a total W boson production cross section of 100 nb with
an uncertainty of 5%, to be (11.1 £0.3 (stat.) £ 1.8 (syst.) & 0.4 (lumi.))%, also in
agreement with the SM expectation of 10.83%.






Zusammenfassung

Das Ziel moderner Teilchenphysikexperimente ist die prazise Vermessung bekannter
Phanomene und die Entdeckung neuer Physik. Die Komplexitéit dieser Experimente
erfordert fortgeschrittene Programme um die richtige Funktionalitéit jedes einzelnen
Teils des Detektors sowie jedes einzelnen Analyseabschnitts zu gewéhrleisten. Fines
dieser Programme ist das HepMCAnalysis Tool, ein Softwareframework fiir Monte
Carlo (MC) Generatorvalidierung und -vergleiche, das das generatorunabhingige
HepMC Format verwendet. In dieser Arbeit wird die Entwicklung des HepMCAnal-
ysis Tools vorgestellt. Seine Anwendungsbereiche reichen von Validierungen und
Regressionstests am ATLAS Experiment iiber Generatorstudien und vorbereiten-
den Studien physikalischer Analysen bis hin zur histogrammbasierten Validierung
im Generator Services Project. Anwendungsbeispiele werden kurz erlautert.

November 2009 fing die Datennahme am Large Hadron Collider (LHC) und dem
ATLAS Experiment, dem groiten der vier LHC Experimente, an. Viele Stan-
dardmodellereignisse (SM) koénnen bereits wieder entdeckt werden und werden
fir die Optimierung der Detektoreigenschaften genutzt. In diesen SM Ereignis-
sen haben Ereignisse mit Teilchen der dritten Generation (z.B. 7 Leptonen) u.a.
im Zerfall des Higgs Bosons eine bedeutende Rolle. Teilchen der dritten Gen-
eration, insbesondere 7 Leptonen, konnen aber auch im Endzustand vieler Mod-
elle neuer Physik (z.B. Supersymmetrie (SUSY)) gefunden werden. Daher ist ein
genaues Verstiandnis von SM Ereignissen mit 7 Leptonen einer der Schliissel bei
der Suche nach neuer Physik. Einer der wichtigsten Prozesse bildet dabei der
W — 7uv, Zerfall. Im zweiten Teil dieser Arbeit wird die Messung des W — 7uv;
Wirkungsquerschnitts in Proton-Proton-Kollisionen bei einer Schwerpunktsenergie
von /s = 7TTeV am ATLAS Experiment vorgestellt. Der ermittelte Wirkungs-
querschnitt ofp* = (11.1£0.3 (stat.) = 1.7 (syst.) £ 0.4 (lumi.)) nb stimmt mit
der NNLO Vorhersage von (10.46 £0.52)nb iiberein. Des Weiteren wurde das
W — 1v; Verzweigungsverhaltnis bestimmt. Bei einem gesamten W Boson Produk-
tionswirkungsquerschnitt von 100nb mit einer fiinfprozentigen Unsicherheit, ergibt
sich ein Wert von (11.1 £ 0.3 (stat.) £ 1.8 (syst.) & 0.4 (lumi.))%, der wiederum mit
der SM Erwartung von 10.83% {ibereinstimmt.
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1 Introduction

Since time immemorial, mankind has tried to answer questions about the content of the universe,
the elemental forces, and the origin of matter. Particle physics concentrates on these questions
and studies the fundamental constituents of matter and their fundamental forces. The current
theory of elementary particles is called the Standard Model (SM). It describes all known elemen-
tary particles and their interactions. The SM has been successfully tested at many experiments.
Nevertheless, the SM has a number of limitations, of a theoretical as well as experimental and
cosmological nature. It cannot explain, why the SM particles cover only 4% of the energy and
matter content of the universe, why there is an asymmetry between matter and antimatter, and
why there are a number of free parameters which cannot be calculated and have to be measured
in experiments, to name only a few. Furthermore, the Higgs boson, the particle that explains
how particles get mass, has not yet been found convincingly.

All these problems have led particle physicists to suppose that there must be a more funda-
mental theory, and the search for physics beyond the SM is underway. The third generation
of the SM plays an important role for the Higgs sector and many extensions of the SM. Third
generation particles, like the 7 lepton, can be found in the final states of many supersymmetric
scenarios as well as in the final states of Higgs bosons with light Higgs masses. Currently, there
are some indications that point to a light Higgs boson with a mass around 126 GeV [1]. In this
case, T leptons would become very important.

Therefore, an exact understanding of 7 leptons coming from SM processes is the key being
able to identify 7 leptons coming from processes beyond the SM. One of the most important
SM processes with 7 leptons in the final state is the W — 7v, decay due to a high cross section.
Its cross section is ten times higher than the cross section for the Z — 77 decay. Furthermore,
it has a similar event signature as the event signature of a charged Higgs boson decaying into a
7 lepton and the corresponding neutrino v, as well as the event signature of a H — 77 decay
in which one of the 7 leptons is not reconstructed.

Studies of particles and their decays at highest energies are performed by experiments at
high-energy particle colliders like the Large Hadron Collider (LHC), which started taking data
in November 2009. Searching for physics beyond the SM, searching for the Higgs boson, and
precision measurements of SM parameters are three of the main reasons for the construction of
the LHC and its experiments.

In this thesis, the measurement of the W — 7u, cross section in proton-proton collisions at
a center-of-mass energy of /s = 7TeV at ATLAS is presented using 2010 ATLAS data. The
ATLAS experiment is the largest of the LHC experiments. Repeating measurements of known
SM processes is important to demonstrate that ATLAS works as expected. Furthermore, the
W — tuv; branching ratio has to be remeasured because its average value was found to be 2.2¢
outside of the SM expectation at the Large Electron Positron (LEP) collider (see Sec. 7.3)
[2-5].

The experiments used to perform particle physics measurements are in general very complex.
Very precise descriptions of MC events are needed in order to check the expectations of what
will be measured in the detector and to optimise the detector performance. Such a description
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performed in a MC simulation comprises the MC event generation (including the hard process,
the parton shower, the hadronisation, the decay of particles, and the underlying event), a
detector simulation, and particle reconstruction. Sophisticated tools are needed to check and
ensure that the simulations work well. One of these tools is the HepMCAnalysis Tool, a
framework for MC generator validation and comparisons. A description of its development and
a discussion of its wide range of applications will be presented in this thesis.

This thesis covers two topics: the W — Tuv, cross section measurement in proton-proton

collisions at a center-of-mass energy of /s = 7TeV at ATLAS and the development of the
HepMCAnalysis Tool including its applications.
Chapter 2 describes theoretical aspects of particle physics. It gives an introduction to the SM,
describes the main aspects of physics in proton-proton collisions, provides a brief overview of
supersymmetry as an example of physics beyond the SM, and discusses the role of 7 leptons
in the context of new physics. This is followed by a description of the LHC and the ATLAS
experiment in Chapter 3. Data taking at ATLAS, the ATLAS software framework Athena
and object reconstruction at ATLAS are covered in Chapter 4. Afterwards, a general overview
of Monte Carlo (MC) event generation and MC generators is given in Chapter 5. Chapter
6 illustrates the HepMCAnalysis Tool and its wide range of applications. The HepMC event
record, a generator independent event record, is also introduced. The physics of the W boson and
the 7 lepton, as well as expectations of W — 7v, events in proton-proton collisions are covered
in Chapter 7, followed by the measurement of the W — 7u, cross section in proton-proton
collisions at /s = 7TeV with the ATLAS experiment in Chapter 8. Chapter 9 summarises the
main aspects discussed in this thesis.



2 Theoretical introduction

One of the goals in elementary particle physics is to explain and understand the constitution,
the interactions, and the origin of matter.

There are four fundamental forces (interactions) that play a role in physics processes. Physi-
cists would like to unify these four forces to one elemental force, described in a Theory of
Everything (see Fig. 2.1).

A successful description is the Standard Model of particle physics (SM) [6-10] which
summarises the today’s knowledge in particle physics. According to the SM there are matter
particles (fermions) as well as interaction particles (gauge bosons).

In the following, the SM and its main attributes are shortly described. Its particles and inter-
actions are explained, as well as its limitations, supersymmetry (SUSY) as a possible extension
of the SM and the role of 7 leptons in this context. The main basics of proton-proton collisions,
the structure of the proton and the 7 lepton and the W boson are discussed in more detail. In
Chap. 7, general aspects of pp — W 4+ X — 7v, 4+ X events are discussed.

2.1 Standard Model of particle physics

The SM describes all known elementary particles which can participate in fundamental interac-
tions due to the exchange of gauge bosons. Mathematically, the SM is based on a relativistic
quantum field theory formulated within the Lagrangian formalism. The most important prop-
erties are described below.

2.1.1 Particles and interactions

The particles can be divided into two parts: fermions and bosons. Fermions, particles with half-
integer spin, are the fundamental components of matter. Bosons are all particles with integer
spin. For instance all exchange particles, the gauge bosons, belong to the bosons.

Fermions

The fermions can be divided further into two subgroups: quarks (up u, down d, charm ¢, strange
s, top t, bottom b) and leptons (electron e, muon p, tau 7 and the corresponding neutrinos v,
Yy, V7). All fermions, the quarks and the leptons, are sorted in three generations (families) as
illustrated in Tab. 2.1. Each generation consists of two quarks (an up- and a down-type quark),
a lepton and the corresponding neutrino. The mass range of these particles starts from a few
eV and ends in the order of hundred GeV. From the first to the third generation the masses of
the particles increases. The mass can not be calculated in the SM and has to be measured by
experiments (see Sec. 2.1.2). Properties of these particles are listed in Tab. 2.2. A corresponding
anti-particle is assigned to each of these twelve particles. By doing so, all quantities (e.g. mass)
keep their value except the charged based quantities; they switch their sign. Mathematically,
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Figure 2.1: Unification of fundamental forces [11].
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Table 2.1: Fermions of the Standard Model of particle physics.

all these fermions are described by spinors, so that they have a left-handed and a right-handed
part, except of the neutrinos which are assumed to exist as left-handed particles only in the SM.

Interactions

The four fundamental forces/interactions - electromagnetic, weak, and the strong interaction,
as well as gravity - and their properties are summarised in Tab. 2.3. Gravity does not belong
to the SM. It is only listed here for completeness.

In order that particles interact, they need a fundamental charge. Additionally to the electrical
charge in the electromagnetic interaction, it is the weak charge in the weak and the colour charge
in the strong interaction. The mathematical description of the three interactions of the SM is
done by an invariant SU(3)c ® SU(2)r ® U(1)y gauge theory, which can be divided into two
parts:
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formion PIOPEIY | Joctrical charge |e] mass interaction
2 _
Z 3 81; 2;3 ﬁgg em, strong, weak
_g . - .
2 U5
c £ 1.29 GeV
quarks 3 —9 em, strong, weak
5 —% 100750 MeV
t z (172.9 £ 0.6 £ 0.9) GeV em, strong, wealk
0.185 ) 3
b -1 41910 55° GeV
Ve 0 < 2eV weak
e -1 511keV em, weak
lebtons vy, 0 < 0.19MeV weak
P " -1 105.658 MeV em, weak
vy 0 < 18.2MeV weak
T -1 1.777 GeV em, weak

Table 2.2: Properties of the fermions in the SM; the error for the mass of e, i and 7 is less than

one per mill, so it is not mentioned here [12].

interaction | gauge boson | range charge mass [GeV] relative force
electro- 0 _9
magnetic photon v & electrical charge 0 10
W= +1 (80,399 + 0,023)
weak A 10~ ¥m 0 (91,1876 + 0,0021) 1076
weak charge
0
-15
strong gluon g 107 m colour charge 0 1
gravity graviton G 00 0 0 10~

Table 2.3: Interactions and gauge bosons of the SM and their properties, gravity is listed in
addition [12, 13].

e SU(3)c!, the symmetry of Quantum Chromodynamics (QCD) [9], describes the strong
interaction between colour charged particles like quarks by coupling them to eight massless
also coloured gluons which can interact/couple themselves, see Sec. 2.1.3.

e SU(2)r ® U(1)y specifies the electroweak interaction, the unification of the electromag-
netic [14, 15] and weak [7, 8] force. The electroweak symmetry introduces three gauge
bosons coming from SU(2)z, the W12 " and one from U(1)y, the BY, which all mix
to the W* and Z° bosons and the massless photon . These four bosons couple to left-
handed fermions (and right-handed antifermions) via the weak isospin I3 and the weak
hypercharge Y.

The fermions are sorted into multiplets which are summarised in Tab. 2.4. The left-handed
fermions (and right-handed antifermions) form weak isospin doublets, while the right-handed
fermions (and left-handed antifermions) are singlets.

!The subscript C stands for the colour charge.
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UR CR lr 0 +4/3 +2/3
), sh, b 0 2/3 | -1/3

Table 2.4: SU(2)r, doublets and U(1)y singlets and corresponding electroweak quantum numbers
and electromagnetic charge of fermions and antifermions, respectively.

The electric charge @ can be calculated from the weak isospin I3 and the weak hypercharge Y

Y

As mentioned above, the electroweak symmetry introduces in total 4 gauge bosons which are
formed by four massless vector boson fields W12 and B®. The W° and W fields build the two
charged W bosons

(2.1)

1

W= — (W iw! 2.2
NG ( i ) (2.2)
and the BY and W? fields the neutral Z° boson and the photon A/vy
ZO%\  [cos(Ow) —sin(Ow)\ (W? (2.3)
A ) \sin(8w) cos(0w) B )" ’

The angle y is the electroweak mixing angle with the value of sin? (A7) ~ 0.231. The elec-
troweak mixing angle 6y describes the connection between the coupling constants of the elec-
tromagnetic force e and of the SU(2); ® U(1)y model g and g'?

e=gsin (Ow) = ¢  cos (Ow) . (2.4)

The quark mass eigenstates also differ from their weak eigenstates, due to the Yukawa cou-
plings

Ly = -YQ,6dr; — Y1Q, 0 up; + h.c. (2.5)

with Y%¢ as complex 3 x 3 matrix, ¢ as the Higgs field, i, j as generation labels and € as the
anti-symmetric 2 x 2 tensor. )p are left-handed quark doublets and dr and ug right-handed
down- and up-type quark singlets, respectively.

2.1.2 The Higgs mechanism

The origin of the mass of particles is one of the fundamental problems in the SM. The problem
is that the electroweak symmetry must be broken

SU@2)r @ ULy — U(1)em. (2.6)

2The coupling constant e comes out of the U(1)em, g of U(1)y and ¢’ of SU(2)z.
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This is done by introducing the Higgs mechanism [16, 17].
The Higgs field is a scalar complex doublet

L (o1 + i¢2> <¢+>
= — . p— 2.7
o=z (niin) = @7)
with four degrees of freedom. The Lagrangian of this Higgs field is

£=3(00)(06) V() 28)

with )
V() =126l + A ('0) (2.9)

as the Higgs potential and x? and A being constants. V' — oo should apply for ¢ — %00, so A
has to be positive. The minimum of the potential lies at

—u2
|[go| = N v (2.10)
for 4> < 0. For p? < 0, the ground state is no longer SU(2) symmetric, which is called
spontaneous symmetry breaking. Although the potential V' with the parameter v, the vacuum
expectation value, is still symmetric in SU(2)r, every ground state breaks this symmetry. By
choosing a specific ground state with ¢1 = ¢o = ¢4 = 0 and by expanding ¢ around the minimum

_ L[ &i(x) +i& (o)
= V2 <v + h(x) +i&s (m)) (2.11)

with h (z) and &1 2 3 (7) as real scalar fields, one gets a mass term my, = /2y for h. The massless
fields &;2,3 (x) are known as Goldstone bosons, which are absorbed by the gauge bosons and
create mass terms:

1
mw = 59v, (2.12)
1
myz = 51}\/92 + g’ (2.13)
and
my = 0. (2.14)

Thereby the masses of the W and Z bosons are coupled via
myy = Mz COS (Qw) . (2.15)

With Egs. (2.12), (2.13), (2.14), (2.15) and (2.4) as well as the measurements of my, mz and
Oy, the vacuum expectation value v can be estimated to be

v~ 246 GeV. (2.16)

In addition to the gauge boson mass terms, all fermions get masses by the Higgs mechanism

(2.17)

mf:

v
)\fﬁ,
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Figure 2.2: (a) Combined upper limit on the measured SM Higgs boson production cross sec-
tion divided by the SM expectation as a function of the Higgs boson mass mpy [1]
and (b) indirect determination of the Higgs boson mass: Ax? as a function of My
for the complete fit including direct Higgs searches results with data from LEP,
TEVATRON, and 2010 LHC data [19].

where \s is the coupling constant depending on the fermion.

The mass of the Higgs boson, which has not yet been discovered, is a free parameter of
the model which can only be determined by measurements. Many experiments at LEP and
TEVATRON have searched for the Higgs boson, but could only set limits on its mass range.
The Higgs boson has a mass in the range of (116 — 130) GeV (ATLAS), respectively (115 —
127) GeV (CMS) [18]. Figure 2.2(a) shows the upper limit on the SM cross section over the SM
expectation as a function of the Higgs boson mass at the ATLAS experiment [1]. An indirect
determination including LEP, TEVATRON, and 2010 LHC data of the Higgs boson mass is
shown in Fig. 2.2(b) with a possible Higgs boson mass in the same mass range [19].

2.1.3 Quantum Chromodynamics

Quantum Chromodynamics (QCD) [9] is the gauge theory, based on the SU(3)¢c gauge group,
of the strong interaction and describes the interaction between quarks and gluons. The gluons
are massless and the gauge bosons of QCD. Analogous to the electric charge, there is the colour
charge in QCD with three different colours: red, blue and green. The quarks as well as the
gluons are coloured, whereas the quarks carry three different colours® and the gluons a colour
and an anticolour. In total there are nine colour combinations for the gluons, but only eight are
realised in nature and described by the SU(3)¢ colour octet.

Interactions in particle physics can be described by Feynman diagrams, while the calculations
are often performed by Taylor expanding the Lagrangian. Every term of the Taylor series
corresponds to a specific Feynman diagram. These diagrams also contain closed internal particle
loops. These loops can be arbitrarily massive, so these diagrams can become divergent, which
results also in divergencies of the calculations — an infinite scattering amplitude. A method
called renormalisation is needed to avoid this. A scale A?QCD is introduced. This scale limits the
energy in the loop and every divergent diagram is corrected by a counterterm.

3 Accordingly, antiquarks carry three different anticolours.
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This scale AéCD goes into the (running) strong coupling constant «; which is also dependent
on the momentum transfer Q2. At leading order, a, can be described as

9 4m

)= o (@2/83p)

(2.18)

Qg (Q

with AéCD as the so-called QCD scale (~ 217MeV) and By = 11 — 2ny (ny is the number of
quark flavours which contributes) as a constant which is called the QFT beta-function in which
the running of the coupling parameter is included. The strong coupling constant «y is large
at small values of Q2 and decreases up to = 0 for high values of Q2. This behaviour is called
asymptotic freedom and confinement. Asymptotic freedom means that at short distances (high
@Q?) quarks and gluons are quasi-free particles, while for small Q? and therefore large distances,
quarks are coupled together (confinement) and build hadrons.

2.1.4 Proton-proton collisions and proton structure

Hadrons consist of gluons and two kinds of quarks, valence quarks and sea quarks. In the simplest
description, a proton is made up of two up- and one down-quark, the valence quarks, but to be
more detailed there are further quark-antiquark pairs, the sea quarks, and gluons. There is a
permanent flux of gluons emitting quark-antiquark pairs and quark-antiquark pairs annihilating
to gluons. All constituent parts of the proton, the partons?, carry the total momentum of the
proton. The fractional momentum of each parton is given by the parton distribution functions
(PDFs) [20-28], which are determined experimentally, for example in deep inelastic scattering
(DIS) experiments at the HERA accelerator, more details see below.

The detailed knowledge of the proton structure is important in proton-proton collisions [29],
where several processes contribute, visualised in Fig. 2.3, like the partonic hard scattering
process including initial state radiation (ISR, gluon radiation from the initial state partons) and
final state radiation (FSR, gluon radiation from the final state partons), the multiple parton
interactions (MPI) and the underlying event (UE) which are all activities in the event not affected
by the hard scattering process. Though, there are hard as well as soft scattering processes in a
proton-proton collision which can be predicted with different techniques. The underlying theory
for such processes is the QCD.

The hard interaction can be calculated with a perturbative expansion of the QCD (pertur-
bative QCD, pQCD) through leading order (LO) and next-to-leading order (NLO) calculations
of the cross section. LO cross section calculations contains contributions of O («) while at
NLO calculations contributions up to O (ozg) are included. The distribution of quarks and glu-
ons in the proton has to be considered for the calculation of soft processes. They can not be
calculated with pQCD [29]. For an exact calculation of a proton-proton collision, pQCD and
non-perturbative calculations are needed which can be separated in the factorisation theorem.
The short-distance, process-dependent parton cross section is calculated using pQCD while the
long-distance functions (hadronisation, parton distribution functions, models of multi parton
interactions) are determined empirically.

The factorisation theorem was formulated by Drell and Yan [30] and assumes that the cross
section of a process (c4p) can be reduced to the partonic cross section (64— x) with the PDFs

4Partons are the valence and sea quarks as well as the gluons, though all constituent parts of the proton.
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Figure 2.3: Schematic cartoon of a 2 — 2 hard scattering event [29].

of the protons A and B (f,/4 (a:a,u%), fo/B (a:b, ,u%))

oAB = /dJUadﬂfbfa/A (as 1F) for (w0, 7)) X [0 + as (uh) 61+ -] x (2.19)

with up as factorization scale, which can be thought of as the scale separating the long- and
short-distance physics, and ppr as renormalisation scale for the running coupling constant .
The factorization scale up is similar to the renormalisation scale ur and needed to deal with
the divergencies.

The partonic cross section in Eq. (2.19) is given by integrating the squared matrix element
(amplitude of the interaction) over the appropriate phase space, which is often done numerically.
To avoid divergencies, corresponding regions of the phase space are simply excluded from the
calculation.

The parton distribution functions describe the distribution of quarks and gluons by
parametrising the parton momentum as a function of the fraction x of the total proton mo-
mentum and the momentum transfer Q2. Figure 2.4 shows the combined results from H1 and
Zeus for the valence quarks zu, and zd,,, the gluons zg as well the sea quarks 2.5 at Q% = 10 GeV?
[28]. It is illustrated that valence quarks are dominated at high x values while at low z values
there is an increase of the gluon and sea quarks densities.

Parton distribution functions are evoluted with different evolution methods in such a way
that they delete the divergencies in the partonic cross section calculation. Several groups, for
example CTEQ [20], MRST/MSTW [21, 22], Alekhin [23], and groups at HERA [24-28], have
produced sets of PDFs based on data from HERA and the TEVATRON.

One of the evolution methods are the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)
equations [31-34] which start from an initial distribution at a measured predefined scale

dfajp (2, Q (@) [td
Cli:l;o(gx@z ) - : 2(7T ) /x ;z {Paa’ (Z7as (QQ)) fa’lp (57Q2>} (2.20)
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Figure 2.4: The parton distribution functions from HERAPDF1.0, zu,, xd,, S = 2z(U+D), xg,
at Q% = 10 GeV?2. The gluon and sea quark distributions are scaled down by a factor
20 [28].

with P, (z,as (Q2)) as Altarelli-Parisi splitting functions which give the probability that a
parton a with the momentum fraction z emits another parton ¢’ with the momentum fraction
x
2
as (Q° as (Q°
Paa/ (Z, Qg (QZ)) = P(?a' (Z) + 52(}”_)P;a/ (Z) + (52(71_)> P(fa/ (Z) + ... (221)

The superscript 0, 1, 2, ... corresponds to the order of the calculation. In the DGLAP equations,
the partons are ordered by their transverse momentum kp with

Q* > kf, > > kj, > k7, (2.22)
which is only valid for large Q? and large = with aj (Q2) In (%) < o (Q2) InQ? At low z
the Balitsky-Faden-Kuraev-Lipatov (BFKL) equations [35-38] are used. The BFKL method
orders the partons by their momentum fraction and the ordering in kp is not longer used. The

Ciafaloni-Cantani-Fiorani-Marchesini (CCFM) scheme [39, 40] is an attempt to combine the two
evolution methods (DGLAP for high and BFKL for low z).
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Figure 2.5: Illustration of a feynman diagram of a 7~ lepton decay via the production of a virtual
W~ boson.

2.1.5 The 7 lepton and W boson

The decay W — 7v; in proton-proton collisions is studied in this thesis. Therefore, the most
important characteristics of the 7 lepton and the W boson are discussed here, while the physics
of the 7 lepton and the W boson at the Large Hadron Collider (LHC) is discussed in Chap. 7.

The 7 lepton has been discovered 1975 at the electron-positron storage ring SPEAR at
the Stanford Linear Accelerator (SLAC) in Stanford [41]. It belongs to the third genera-
tion of the leptons, is negatively charged, underlies the electroweak interaction and is the
heaviest lepton with a mass of (1776.82 4 0.16) MeV [12]. Due to its rather short lifetime of
(2.906 & 0.010) x 107135 [12], it decays instantaneously in the detector of collision experiments
and can only be detected via its decay products. Due to its large mass, the 7 lepton is able to
decay into leptons and hadrons and has a high number of decay products. A 7 lepton decay is
illustrated in Fig. 2.5. The most important decay channels are listed in Tab. 2.5. As it can be
seen, there is always at least one neutrino in the 7 lepton decay which leads to missing trans-
verse momentum in the detector. Tau leptons decay leptonically in around 35.21% of the cases.
These 7 leptons can not be easily distinguished from prompt electrons or muons and though can
not be reconstructed directly. All other 7 leptons decay hadronically, mainly to pions. These
7 lepton decays are sorted by the number of charged decay particles, the so-called ‘1-prong’,
‘3-prong’ and ‘5-prong’ 7 leptons. Hadronically decaying 7 leptons are difficult to detect due to
their similarity to QCD jets. The shape difference of a hadronic 7 lepton decay and a QCD jet
is due to the colour flow of these two objects. The 7 lepton decays colour neutral via a W boson
(see Fig. 2.5) which means that the maximum @Q? of the decay is m2 resulting in a narrow cone
compared to a QCD jet (see Sec. 4.4.2). Compared to this, a QCD jet, consisting of quarks and
gluons, is not a colour neutral object. The colour field in such a jet can have enough energy,
so that new quark-antiquark pairs are produced resulting in colour neutral hadrons during the
fragmentation. There is no energy limit in the colour field of a jet, which is why the jet shape
expands compared to a hadronically decaying 7 lepton.

The 7 neutrino is present in all decay channels. It was discovered in the year 2000 at the
DONUT experiment located at FERMILAB [42]. High-energy protons have been accelerated
and collided with a tungsten block to produce 7 neutrinos and other particles. Its mass is less
than 18.2MeV [12].

The positively and the negatively charged W bosons are together with the Z° boson the
gauge bosons of the weak theory. They have been predicted by Glashow, Salam and Weinberg

12
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decay cannel

branching fraction

7 — hadrons 64.79%

T — leptons 35.21%
. v, | (17.39%0.04) %
leptonic T e T, (17.82 +0.04) %
T — T Ur (10.91 + 007) %
Oy, (25.51 + 0.09) %

hadronic 1-prong

7~ = a1 21%,
7~ = 7 310,
T - K v,
7~ — K 7%,
7~ — K27,
7~ — K 27%,

(9.29 +0.11) %
(1.04 +0.07) %
0.696 + 0.023) %
0.429 & 0.015) %
0.065 + 0.023) %
0.049 & 0.022) %

o~~~ S~

hadronic 3-prong

I S o SV
+ 0

T — T T OTWUr

(9.31 £ 0.06) %
(4.61 4 0.06) %

Table 2.5: Overview of the most probable 7 lepton decay channels and their branching fractions

[12].
decay cannel | branching fraction
W — hadrons 67.6%
W — leptons 32.4%
levtoic W+ —etu, (10.75+0.13) %
P W+ — uty, | (1057 £0.15) %
Wt — 1y, (11.254+0.20) %
W+ — X (33.4+£2.6)%
hadronic W s o3 <31 —l—ﬁ’) ) %

Table 2.6: Overview of the most probable W boson decay channels and their branching fractions
[12].

in the sixties of the 20th century [6-8] and observed 1983 by the UA1 and UA2 Collaborations
at the proton-antiproton collider SppS at CERN [43, 44]. The W bosons mediate the weak
interaction between leptons and quarks and change the flavour of the particles. Their properties
are measured in detail by the LEP experiments via W pair production ete™ — WTW ™~ [45].
The W bosons have a mass of (80.399 + 0.023) GeV and decay 67.6% hadronically and 32.4%
leptonically [12]. The most common decay channels are listed in Tab. 2.6.

2.1.6 Problems of the Standard Model of particle physics

Although the Standard Model of particle physics is a successful theory, there are still some open
issues. Together with some experimental problems of cosmological nature (e.g. dark matter,
matter-antimatter asymmetry), there are also unsolved problems in the theoretical formalism
of the SM (e.g. parameter problem, hierarchy problem). Some of these problems will be shortly
illustrated here.

13
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There are a lot of free parameters in the SM which can not be calculated within the model.
Furthermore the running coupling constants of the electroweak and the strong interaction do not
unify as this is done for the electromagnetic and weak interaction. A possible solution for such a
unification could be Grand Unified Theories (GUTSs) [46], in which the SM could be embedded,
and supersymmetric extensions of the Standard Model [47-49].

Another limitation of the SM studies the question why only 4% of the energy/matter content
of the universe can be described by the SM. 76% is filled up with so-called dark energy which
is responsible for the accelerated expansion of the universe. The remaining 20% of the universe
content consists of dark matter [50] which interacts only weakly and can be observed by astro-
physical measurements and gravitational effects. Due to its small mass, the neutrino is excluded
as the only candidate of dark matter in the SM. Supersymmetric theories, which introduce many
dark matter candidates depending on the model, could provide a solution for this problem.

There is also a matter-antimatter asymmetry in the universe which can not be explained only
by the complex phase in the CKM matrix as source of CP violation [51-53]. Additional complex
phases in supersymmetric extensions could solve this problem [54].

The Higgs mechanism explains how particles get mass. But enormous quantum corrections
from loop effects of every particle coupling to the Higgs boson increase the Higgs boson mass
quadratically with the cutoff scale A. This is known as the hierarchy problem

A2+O(lnA) + ... (2.23)

my

A
82

AM% =

These mathematical divergencies can only be avoided by a finetuning of the cutoff scale.

As last limitation, it should be mentioned that gravity is not included in particle physics. The
gravitational force is weak enough that it can be neglected in collider physics. But at energies at
the Planck scale the strength of the SM forces and gravity are of the same order of magnitude.
This is why a fundamental theory including gravity and the SM is needed.

2.2 Supersymmetry as a possible extension of the Standard Model

Due to the limitations of the SM, it is believed that the SM is only a part of a more fundamental
theory. There are lots of such theories which solve the limitations of the SM. The basic idea of
one of the most studied extensions, supersymmetry (SUSY), will be briefly sketched here, just
to give one example for physics beyond the SM, where the third generation of the SM plays an
important role.

Supersymmetry (SUSY) is an extension of the SM which can unify the three running coupling
constants (electromagnetic, weak and strong) in one point at around 106 GeV (see Fig. 2.6).
SUSY is a symmetry which transforms bosons into fermions and vice versa

fermi =1b
@ |fermion) = | os'on>7 (2.24)
@ |boson) = |fermion)

where (@ is a transformation operator. The supersymmetric partner particles of the SM particles,
listed in Tab. 2.7, are called sfermions (squarks, sleptons) for the SM fermions and gauginos for
the SM gauge bosons.

This fermion-boson symmetry provides a solution for the hierarchy problem (see Eq. (2.23))
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Figure 2.6: The unification of the running coupling constants in the SM and the Minimal Su-
persymmetric Standard Model (MSSM) [55].

SM particle SUSY particle
fermion/sfermion @ OB T
Ve, Vy, Vr Ve, Vy, Vr
u, ¢, t u, ¢, t
uark /squark T 2L
quark/sq d s, b 430
gauge bosons/gauginos | v, g, Z°, W*, HO* | 5, g, Z° W+, HO*

Table 2.7: SM particles and their supersymmetric partner particles.

by introducing quantum corrections of scalar particles that cancel the divergencies of the SM
fermions.

All quantum numbers of SM and SUSY particles except the spin of the particle are the same if
there were an exact symmetry between these two types of particles. The consequence of an exact
symmetry would be that the masses of SUSY particles are the same as for SM particles. But so
far, no supersymmetric particle has been found in nature, so SUSY has to be broken (like the
electroweak symmetry) which is achieved by extending the Lagrangian with non-supersymmetric
terms.

In SUSY an additional quantum number is defined, the R-parity

with B as baryon number, L as lepton number and s as the spin of the particle. SM particles
have an R-parity of Pr = 1 and SUSY particles of P = —1. If R-parity is conserved, SUSY
particles are only produced in pairs and the lightest supersymmetric particle (LSP) has to be
stable. Therefore the LSP would be a good candidate for dark matter.

There are several supersymmetric models. The Minimal Supersymmetric Standard Model
(MSSM) has 105 additional free parameters in comparison to the SM. Using assumptions for
the SUSY breaking mechanism the number of free parameters can be reduced to five parameters
in minimal Supergravity (mSugra) and six parameters in the Gauge Mediated SUSY Breaking
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Figure 2.7: Branching ratios of a SM Higgs boson [60].

(GMSB).
Further information on supersymmetric theories can be found in [47-49].

2.3 Tau leptons in context of new physics

Tau leptons play an important role in the context of new physics. They are often final state
particles of SUSY scenarios and can be found in the Higgs boson decay.

Higgs searches

Tau leptons are fundamental decay products of the Higgs boson. Figure 2.7 shows the branching
ratio of the SM Higgs boson as a function of its mass for different Higgs decay channels. It can
be seen that the third generation fermions are quite useful for the search of the Higgs boson. In
addition to the decay into gauge bosons, the Higgs boson often decays to heavier fermions. For
light Higgs boson masses the decays H — bb and H — 777~ become dominant. Due to the fact
that H — bb is difficult to measure at the LHC [56-58], the decay H — 717~ is an important
final state for the Higgs search. There is also the Higgs boson decay into two photons (no third
generation particles), which can be measured precisely [59], but the branching ratio of H — 77
processes is substantial (see Fig. 2.7). The production of a Higgs boson decaying into two 7
leptons is illustrated in Fig. 2.8.
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g 7t
Figure 2.8: Production process of a Higgs boson decaying into two 7 leptons.

Figure 2.9: Production of a charged Higgs boson via vector boson fusion.
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Figure 2.10: Expected branching ratios of a charged Higgs boson H" in the MSSM [61]. Scenario
A is one of the scenarios in the MSSM, in which the free parameters get particular
values described in [61]. tan 3 is the ratio of the vacuum expectation values of the
Higgs fields.
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Figure 2.11: (a) W* boson and (b) H* boson decay via a 7 lepton and a 7 neutrino.
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Figure 2.12: Two SUSY decay chains with 7 leptons in the final state for (a) mSugra and (b)
GMSB.

Furthermore, the understanding of 7 leptons is required due to the production of charged
Higgs bosons in SUSY models via vector boson fusion [62, 63] (see Fig. 2.9). Its branching
ratios are given in Fig. 2.10. One can see that the most dominant process is the charged Higgs
boson decay into a 7 lepton and a 7 neutrino for light Higgs masses. These decays are similar to
the signature of W — 7, events as illustrated in Fig. 2.11. This is why a deep comprehension
of the behaviour of 7 leptons is fundamental.

SUSY search

Tau leptons can often be found in the final state of supersymmetric scenarios. According to the
electroweak breaking, a left and right handed sfermion mixing appears in the SUSY breaking,
which results in a mixture of left and right handed components for the mass eigenstates. The
result is that sfermions of the first and second generation have large masses in many SUSY
models, while the mass of the 71 slepton, the supersymmetric partners of the 7 lepton, is
relative small.> As a consequence, the branching ratios for e.g. 3 — 717 are in specific SUSY
scenarios larger than for electrons or muons in the final state of the SUSY decay chain. Figure
2.12 shows two SUSY scenarios with 7 leptons in the final state. The understanding of the 7
leptons is so fundamental in these cases because they provide information for e.g. 7 masses. So,
7 leptons are important for the discovery of SUSY particles. The decay channels W — 7v, and
Z — 77 are for such a discovery one of the most important backgrounds.

5The mass for the 71 slepton is by definition smaller than for the 7 slepton.
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3 The LHC and the ATLAS detector

The Large Hadron Collider (LHC) is designed to solve the problems of the Standard Model,
which were described in Chap. 2. The LHC and the ATLAS detector is illustrated in this
chapter. At the beginning, the LHC is shortly introduced. Afterwards, the design of the
detector is described. Next, the coordinate system used at ATLAS, the magnet system, the
inner detector, the calorimeter system, and the muon spectrometer are presented. At the end,
the ATLAS trigger is discussed which is responsible for reducing the event rate from 40 MHz to
around 200 Hz. Finally, the 7 lepton and missing transverse momentum Effmss performance of
the ATLAS detector, relevant to the analysed decay W — 7v; in proton-proton collissions (see
Chaps. 7 and 8), is shown.
Unless otherwise specified, the explanations are based on [64] and [58].

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a two ring superconducting hadron accelerator and collider
located at CERN!, near Geneva in Switzerland. The accelerator was built in the former LEP?
tunnel, is between 45 m and 170 m below the surface, and has a circumference of 26.7 km.

Fig. 3.1 shows a schematic view of the LHC with its four major experiments. ATLAS® and
CMS* are multipurpose detectors designed to search for new physics such as the Higgs boson,
supersymmetry, mini black holes, extra dimensions etc., while the two other detectors are more
specialised. LHCb? is a B-physics experiment, focusing on CP-violating and rare decays with
the hope of explaining the universes baryonic asymmetry. And last but not least the ALICE ©
experiment is designed to study the quark-gluon plasma in heavy ion collisions.

The LHC is filled with protons, lead (Pb) ions, or gold (Au) ions via the LINAC2, the

Proton Synchrotron Booster (PSB, Booster), the Proton Synchrotron (PS) and the Super Proton
Synchrotron (SPS) as shown in Fig. 3.2.
After cooling down the machine to an operating temperature of 1.9 K, the LHC was successfully
switched on on September 10th 2008, but on September 19th 2008 there was an incident which
damaged an electrical connection between two magnets and resulted in a large helium leak into
the tunnel which destroyed several magnets [65-68].

Finally, after a repair time of approximately one year, the LHC started data taking in Novem-
ber 2009. First proton-proton-collisions at 450 GeV - the injection energy of the SPS - took
place from November 23rd 2009 to December 18th 2009 [69, 70]. After a Christmas break and a
short shutdown, on March 30th 2010 there were the first proton-proton collisions with a beam
energy of 3.5 TeV resulting in a center-of-mass energy of 7 TeV [71]. From November 7th 2010
until the winter shut down in December 2010 heavy lead ions collided in the LHC [72].

1Conseil Européen pour la Recherche Nucléaire
2?Large Electron Positron (collider)

3A Toroidal LHC ApparatuS

4Compact Muon Solenoid

SLarge Hadron Collider beauty

5A Large Ion Collider Experiment
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Figure 3.1: Schematic view of the LHC with its four major experiments [64].

It is foreseen that the LHC will run with a center-of-mass energy of 7 TeV until the end of 2012
[73]. Afterwards during a longer shut down, the LHC will be prepared to run with its designed
center-of-mass energy of 14 TeV [64, 73].

The LHC collects a huge amount of data. The number of events per second in LHC collisions
is calculated by

Nevent = L- Oevent (31)
where Tevent 1S the cross section for the event under study and £ the machine luminosity which
depends on beam parameters and is written as’:

L= M F (3.2)

4dmen By

“for a Gaussian beam distribution
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Figure 3.2: Accelerator complex at CERN, preaccelators of the LHC: LINAC2, Proton Syn-
chrotron Booster (PSB, Booster), Proton Synchrotron (PS), Super Proton Syn-
chrotron (SPS) [74].

with IV, as the number of particles per bunch, n, the number of bunches per beam, f,., the revo-
lution frequency, =, the relativistic gamma factor, €, the normalised transverse beam emittance,
(3* the beta function at the collision point and F the geometric luminosity reduction factor® due
to the crossing at the interaction point.

The cross sections of different processes in proton-proton collisions at the LHC and proton-
antiproton collisions at the Tevatron are given in Fig. 3.3. The cross section ¢ in nanobarn
and the number of events per second for a luminosity of 1033 cm™2s~! are plotted against the
center-of-mass energy /s. One can see that the LHC is mainly dominated by events with b-
quarks. In comparison, the cross sections for other events are several magnitudes smaller than
for b-quark-events. For instance, the cross section for a Higgs boson with a mass of 150 GeV is
10000 000 magnitudes smaller than the cross section for b-quarks. This means, to find these rare
events, the LHC needs a high beam energy, a high number of interactions per bunch crossing,
and therefore a high luminosity.

Therefore, the LHC design parameters are a center-of-mass energy of 14 TeV and a luminosity
of 103*cm=2s~! for proton-proton collisions. The LHC has a large number of bunches (2808

SF = (1 + (Gcaz)z)_l/Q
20%*
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Figure 3.3: Cross sections for some Standard Model processes at the Tevatron and the LHC [29].
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Energy [TeV] 7.0
Dipole field [T] 8.33
Luminosity em 257! 1034
Beam-beam parameter 0.0032
Injection energy [GeV] 450
Circulating current/beam [A] 0.53
Bunch spacing [ns] 25
Particles per bunch 1.15- 101
Stored beam energy [MLJ] 332
Normalised transverse emittance [em] 3.75
R.m.s. bunch length [m] 0.075
Beta values at I.P. [m)] 0.5

Crossing angle [urad] 200

Beam lifetime [h] 22
Luminosity lifetime [h] 10
Energy loss per turn [keV] 6.9
Critical photon energy [eV] 45.6
Total radiated power per beam kW] 3.7

Table 3.1: LHC main parameters [65].

bunches per proton beam) with 1.15 - 10! protons per bunch and a bunch spacing of 25ns.”
To keep the protons in the beam, strong magnets are needed which provide a magnetic field of
8.33T [65].

An overview of main design parameters of the LHC is given in Tab. 3.1.

3.2 The ATLAS detector

The ATLAS detector is a multipurpose detector and the largest of the LHC experiments. A
schematic view of the detector with its subdetectors is given in Fig. 3.4. It has a height of 25 m,
a length of 44 m and its overall weight is approximately 7 000 tonnes.

The main goals of the ATLAS detector are the discovery of the Higgs boson or new physics,
but due to the high luminosity and increased cross sections at the LHC (see Fig. 3.3), it is also
planned to do high-precision measurements for the Standard Model. These include high-precision
tests of QCD, electroweak interactions and flavour physics, for instance the top couplings and
spin. The LHC gives a good opportunity to test these parameters because the top quark is
produced at a rate of a few tens per second.

Furthermore, it is also expected that ATLAS will be able to measure the top and the W boson
mass with an accuracy of 1 GeV/c? and 15 MeV /c?, respectively [75].

This is relevant for Higgs searches because for different Higgs masses there are different pro-
duction and decay mechanisms. The branching ratio against the Higgs mass for different Higgs
decays was given in Fig. 2.7. All these different Higgs decays have to be covered by ATLAS and
its subsystems, so a good performace for each of the systems is needed. For light Higgs masses

9This corresponds to 40 million proton-proton collisions per second and counts for ATLAS and CMS. LHCb
is a low luminosity experiment and has a peak luminosity of 10>2cm~2s™!. ALICE is an ion experiment for
lead-lead ion collisions with a luminosity of 10*”cm™2s™! and an energy of 2.75 TeV per nuclei [58, 65].
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Figure 3.4: Cut-away view of the ATLAS detector [58].

(mg < 2myz) hadronic Higgs decays are important, but they will be difficult to distinguish
from the QCD jet background. Starting with Higgs masses larger than 130 GeV, Higgs decays
into dibosons like H — WW and H — ZZ become more interesting. These bosons can decay
leptonically which requires a good lepton reconstruction and identification. For Higgs masses
above 600 GeV a good detection of forward jets is needed because the W and Z bosons in the
diboson Higgs decays have mainly jets in their final state.

A good sensitivity for processes with 7 leptons is required because 7 leptons are often final
state particles in supersymmetric scenarios and other extensions of the Standard Model (see
Sec. 2.3). Good reconstruction of missing energy is also important, due to the fact that missing
energy is often predicted in many new physics scenarios such as in R-parity conserving SUSY,
where the lightest neutralino is stable, and thus escapes the detector.

To achieve all these physics aims, one can summarise the requirements on the ATLAS detector
as follows:

e fast, radiation-hard electronics and sensor elements, due to extreme experimental condi-
tions at the LHC,

e high detector granularity to handle high particle fluxes and to reduce influence of overlap-
ping events,

e almost full azimuthal angle coverage for a large acceptance in pseudorapidity,

e good charged-particle momentum resolution and reconstruction efficiency in the inner
tracker,

e vertex detectors close to the interaction region to observe secondary vertices for recon-
struction of 7 leptons and b-quark jets,

e very good electromagnetic (EM) calorimeter for electron and photon identification and
energy measurements,
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3.2 The ATLAS detector

Detector component Required resolution 7 coverage
Measurement Trigger
Tracking Ope /P = 0.05%pT © 1% +2.5
EM calorimetry og/E =10%/VE ©0.7% +3.2 +2.5
Hadronic calorimetry (jets)
barrel and end-cap og/E = 50%/VE & 3% +3.2 +3.2
forward og/E =100%/VE ® 10% 31<|n<49]31<|n <49
Muon spectrometer opr/pr = 10%pT at pr =1TeV +2.7 +2.4

Table 3.2: Performance goals of the ATLAS detector. It is important to know that the muon
spectrometer performance is independent of the inner detector system for high-pr
muons. The units for E and pr are in GeV [58].

e full-coverage hadronic calorimeter for jet and missing transverse momentum measurements,
e good muon identification and momentum resolution over a wide range, and

o efficient trigger system on low transverse momentum objects with a good background
rejection.

The performance goals for the ATLAS detector are listed in Tab. 3.2.

An onion-like structure is chosen for the ATLAS detector (see Fig. 3.4). It is constructed
cylindrically for full coverage in the three-dimensional domain and it is forward-backward
symmetric about the interaction point like many other detectors in particle physics. Around
the beam axis and the interaction point, there is the Inner Detector (tracking system) which is
surrounded by a thin superconducting solenoid. A second magnetic field with three supercon-
ducting toroids (one barrel and two end-caps) is arranged around the calorimeter system which
follows. The muon system forms the outer layer of the detector.

In the following sections, the different subdetectors are described in more detail after intro-
ducing the ATLAS coordinate system which defines a common set of variables for the overall
description of the detector.

3.2.1 Coordinate system

The origin of the coordinate system is the nominal interaction point, while the beam direction
defines the z-axis (positive z-axis anti-clockwise). The x-y plane is transverse to the beam
direction. Thereby the positive x-axis points from the interaction point to the center of the
LHC and the positive y-axis from the interaction point upwards. In addition, the positive z-axis
defines side-A of the detector and the negative z-axis side-C. Usually, the ATLAS coordinate
system is described by the z-axis, the azimuthal angle ¢ (measured as usual around the beam
axis) and the polar angle 6 (measured from the beam axis/z-axis).

Due to the fact that the pseudorapidity 7 is lorentz invariant with the exception of an additive
constant (see [13, 76]), the pseudorapidity 7 is used instead of the polar angle 6 to denote the

distance from the z-axis:
0
n=—In tan§ . (3.3)
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3 The LHC and the ATLAS detector

Distances in the pseudorapidity-azimuthal angle space at ATLAS are measured by
AR = \/A¢? + An2. (3.4)

ATLAS covers a three-dimensional domain up to a pseudorapidy of |n| = 4.9 which corre-
sponds to an angle up to 1° to the beam axis. In the case of heavy massive objects like jets, the
rapidity y is used instead of the pseudorapidity n

E+p.
E_pz'

y=1/2In (3.5)
Finally, the transverse momentum pr, the transverse energy Er and the missing transverse
momentum £ are measured in the x-y plane.

pT = 1\/P2 + pE. (3.6)

The formulas for the transverse energy E1 and the missing transverse momentum E%liss follow
accordingly.

3.2.2 Magnet system

The ATLAS magnet system [77] consists of four superconducting magnets, one central solenoid
which is aligned to the beam axis, one barrel toroid and two end-cap toroids. The ATLAS magnet
system has a total size of 26 m in length and 22 m in diameter. Its stored energy is 1.6 GJ. These
four superconducting magnets provide a magnetic field over a volume of 12000m3.' Figure 3.5
shows the layout of the magnet system.

Central solenoid

The central solenoid [78] provides a magnetic axial field of 2T to diffract the charged particles in
the Inner Detector. In order to fulfill the desired calorimeter performance the material thickness
in front of the calorimeter has to be as low as possible. In total this results in a contribution
of approximately 0.66 radiation lengths [79]. The solenoid has an axial length of 5.8m and
an inner and an outer diameter of 2.46 m and 2.56 m and lies completely inside the calorimeter
system. The flux of the magnetic field from the solenoid is returned by the hadronic calorimeter.
The operation temperature of the solenoid is 4.5 K and can be charged and discharged in round
about 30 minutes.

Toroid

The toroid provides a magnetic field to bend the muons in the muon spectrometer. The magnetic
field in the barrel toroid [80] is 0.5 T, while the two end-cap toroids [81] provide a magnetic field
of 1 T. The barrel toroid consists of eight coils and has a total length of 25.3 m, with inner and
outer diameters of 9.4m and 20.1 m, respectively.

More details about the ATLAS magnet system can be found in [77, 78, 80, 81].

10The magnetic field is defined as the region in which the field exceeds 5mT.
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Figure 3.5: Geometry of magnet windings and tile calorimeter steel. The solenoid winding lies
inside the calorimeter volume, while the eight barrel toroid coils with the end-cap
coils interleaved are visible [58].

3.2.3 Inner detector

The ATLAS Inner Detector (ID) [82] consists of three parts — a Pixel Detector, a Semiconductor
Tracker (SCT) and a Transition Radiation Tracker (TRT). The purpose of the Inner Detector is
a precise measurement of charged particles (momenta, charge etc.) as well as a good resolution
of primary and secondary vertices of charged tracks.

A schematic view of the Inner Detector is given in Fig. 3.6 and a cross section showing the
three individual parts in Fig. 3.7. The Inner Detector has a length of 6.2 m, a diameter of 2.1m
and is surrounded by a solenoid, providing a magnetic field of 2T (see Sec. 3.2.2). The whole
Inner Detector covers an area of || < 2.5. The Inner Detector allows good measurements of
multiple decays, which are important for the identification of 7 leptons or heavy quarks. A 7
lepton with a momenta of 20 GeV with an average lifetime of 2.91 - 107135 [12] and a mass of
1.777 GeV [12] would cover a short distance of round 980 um. To measure this 7 lepton, all
vertices of the decay products has to be resolved and therefore a good vertex reconstruction is
definitely needed.

Good track reconstruction performance is also important for the 7 lepton reconstruction. A
hadronically decaying 7 lepton leaves a signature similar to that of a QCD jet; the distinction is
that hadronic 7 lepton decays are narrower and have a lower track multiplicity (see Sec. 4.4.2).
The 7 lepton reconstruction algorithms are based on 7 leptons decaying hadronically into pions:

- 7T:|:1/7— +nn¥ and

+ + F 4+

T =TT Z/T+TL7T0.
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Pixel detectors

Barrel transition radiation tracker
End-cap transition radiation tracker

’ End-cap semiconductor tracker

Figure 3.6: Cut-away view of the ATLAS Inner Detector [58].
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Figure 3.7: Arrangement of the Pixel Detector, the SCT and the TRT in the ATLAS Inner
Detector [58].
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Figure 3.8: Plan view of a quarter section of the ATLAS Inner Detector.

The major detector

elements are illustrated with its active dimensions and envelopes [58].

The algorithm assigns the tracks from one or three charged pions to a matched calorimeter jet.

Figure 3.8 shows the different subsystems with their active dimensions and envelopes within
the Inner Detector. Detailed information about the intrinsic accuracy and the mechanical align-
ment are given in Tab. 3.3.

Item Intrinsic accuracy Alignment tolerances
(pm) (pm)
Radial (R) | Axial (z) | Azimuth (R-¢)

Pixel

Layer-0 10 (R-¢) 115 (2) 10 20 7
Layer-1 and -2 10 (R-¢) 115 (z) 20 20 7
Disks 10 (R-¢) 115 (R) 20 100 7
SCT

Barrel 17 (R-¢) 580 (z) 100 50 12
Disks 17 (R-¢) 580 (R) 50 200 12
TRT 130 30

Table 3.3: Intrinsic measurement accuracies and mechanical alignment for the Inner Detector
subsystems [58].
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Pixel Detector

The Pixel Detector [83] is located close to the interaction point and is the innermost part of
the Inner Detector. It was constructed for the resolution of the large number of tracks around
the interaction point and for the precise measurement of primary and secondary vertices. It
consists of three cylindrical layers in the barrel part, and three discs in the end-caps, and covers
a range of |n| < 2.5. It allows a resolution of 10 um (R — ¢) and 115 pum (z) in the barrel and
of 10 um (R — ¢) and 115 um (R) in the discs. In total, the Pixel Detector has 1744 identical,
250 pm thick, pixel sensors. On each sensor, there are 47232 pixels with a size in R — ¢ X z
of 50 x 400um? (about 90%) and 50 x 600um?.'! Adding all together, the Pixel detector has
approximately 80.4 million readout channels.

Semiconductor Tracker

Right after the Pixel Detector, there is the Semiconductor Tracker (SCT) [84]. It consists of
eight strip layers (four space points) which are crossed by each track. The SCT has a resolution
of 17pum (R — ¢) and 580 um (z) in the barrel and of 17 um (R — ¢) and 580 um (R) in the
end-cap region. In the barrel region, small-angle (40 mrad) stereo strips are used to measure
both coordinates. One set of strips in each layer is always parallel to the beam direction for the
measurement of R — ¢. Such a strip consists of two 6.4 cm long daisy-chained sensors. The strip
pitch is 80 um. In the end-cap region, a set of strips are arranged radially and another set of
strips at an angle of 40 mrad with an averaged pitch of also 80 ym. In total, the SCT has 6.3
million readout channels.

Transition Radiation Tracker

The outermost part of the ID is the Transition Radiation Tracker (TRT) [85]. 4mm diameter
straw tubes provide a large number of hits per track (typically 36). This drift chamber system
in the TRT covers a range up to n < 2.0 and allows an accuracy of 130 um (R — ¢) per straw.
The straw tubes act as cathode while the anodes are 31 ym diameter tungsten (99.95%) wires
which are plated with 0.5—0.7 um gold. The cathodes have an operation voltage of -1530V.
Inside the straw tubes, there is a gas mixture which contains 70% Xe, 27% COs and 3% Os.
The straws in the barrel region have a length of 144 cm and are parallel to the beam axis, while
in the end-cap region, they are 37 cm long and arranged radially. In total, the TRT has 351 000
readout channels.

3.2.4 Calorimeter system

While the inner detector measures primarily the momenta (and the sign of charge) of charged
particles, the calorimeter system measures the energy of particles like photons, electrons, jets
(incl. 7 leptons) and missing energy. In addition, it can reconstruct the direction of the particles.
The calorimeter system consists of active material, in which the energy measurement of the par-
ticle shower is made, and of passive absorber material in which the particles are stopped. There
is a fundamental difference between electromagnetic and hadronic particle showers. Electrons
and photons, as an example of an electromagnetic shower, react to the electrical field of the
atomic nuclei. This means that the shower is generated by bremsstrahlung and/or pair produc-
tion. In contrast, hadronic showers originate from the strong interaction with the atomic nuclei.

HThese are long pixels to cover the gaps between the readout chips.
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Figure 3.9: Cut-away view of the ATLAS calorimeter system [58].

The difference can be observed in the detector. Hadronic showers are wider, longer and more
unbalanced in the shape in comparison to electromagnetic showers. The ATLAS calorimeter
system [86, 87] consists of two parts: an electromagnetic and a hadronic calorimeter. Figure 3.9
shows the calorimeter system. The electromagnetic calorimeter covers a range of |n| < 3.2 and
has a thickness of more than 22 radiation lengths (X) in the barrel and more than 24 X, in
the end-caps. For a good resolution of high-energy jets, the active calorimeter has interaction
lengths () of 9.7\ in the barrel and 10 \ in the end-caps.'? A detailed list of main parameters
of the entire calorimeter system can be found in Tab. 3.4.

Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) [86] covers an area of |n| < 3.2 in which it is divided
into three parts (see Fig. 3.9 and Tab. 3.4): the barrel area (|n| < 1.5) and two end-caps
(1.5 < |n| < 3.2). It consists of lead plates as passive absorber material which alternate with
4 mm thick areas of liquid argon as active detection material. These materials have proven to be
particularly resistant to radiation. The thickness of the lead plates differ from region to region.
In the barrel (see Fig. 3.10), they have a thickness of 1.53 mm (1.13mm) for n < 0.8 (n > 0.8)
and in the end-caps of 1.7mm (2.2mm) for n < 2.5 (n > 2.5).

The different layers are designed like an accordion which allows a symmetrical coverage of the
detector independent of the angle of incidence of the particle. The calorimeter is built up of
three different layers with an averaged granularity of Anx A¢ = 0.25x 0.25 in the central region
In| < 2.5 (for the individual granularities in the different layers, see Tab. 3.4). With the inner-
most layer, which has a thickness of 4.3 X and a high granularity of An x A¢ = 0.0031 x 0.098,

2Tncluding 1.3 A from the outer support, the total thickness is 11 A at 5 = 0. This seems to be efficient to reduce
the punch-through to the muon system as measurements and simulations has shown.
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Barrel [ End-cap
EM calorimeter
Number of layers and |n| coverage
Presampler 1 | < 1.52 1.5 < [n] < 1.8
Calorimeter 3 [n| < 1.35 2 1.375 < |[n] < 1.5
2 1.35 < |n| < 1.475 3 1.5 < |n| <2.5
2 2.5 < |n| < 3.2
Granularity An X A¢ versus |n|
Presampler 0.025 x 0.1 [n] < 1.52 0.025 x 0.1 1.5 < [n| < 1.8
Calorimeter 1st layer 0.025/8 x 0.1 | < 1.40 0.050 x 0.1 1.375 < [n| < 1.425
0.025 x 0.025 1.40 < |n] < 1.475 0.025 x 0.1 1.425 < |n| < 1.5
0.025/8 x 0.1 1.5 < |n] <18
0.025/6 x 0.1 1.8 < |n| <2.0
0.025/4 x 0.1 20< |n|l <24
0.025 x 0.1 2.4 < |n| <25
0.1 x 0.1 2.5 < |n| <3.2
Calorimeter 2nd layer 0.025 x 0.025 | < 1.40 0.050 x 0.025 1.375 < [n| < 1.425
0.075 x 0.025 1.40 < |n] < 1.475 0.025 x 0.025 1.425 < |n| < 2.5
0.1 x0.1 2.5 < |n| < 3.2
Calorimeter 3rd layer 0.050 x 0.025 [n] <1.35 0.050 x 0.025 1.5 <[n] <25
Number of readout channels
Presampler 7808 1536 (both sides)
Calorimeter 101760 62208 (both sides)
LAr hadronic end-cap
[n| coverage 1.5 < |n| < 3.2
Number of layers 4
Granularity An X A¢ 0.1 x 0.1 1.5 < |n| < 2.5
0.2 x 0.2 2.5 < |n] <3.2
Readout channels 5632 ( both sides)
LAr forward calorimeter
[n] coverage 3.1 < [n] <4.9
Number of layers 3
Granularity Az X Ay (cm) FCall: 3.0 x 2.6 3.15 < |n| < 4.30
FCall: ~ four times finer 3.10 < |n| < 3.15,
4.30 < |n| < 4.83
FCal2: 3.3 x 4.2 3.24 < |n| < 4.50
FCal2: ~ four times finer 3.20 < |n| < 3.24,
4.50 < |n| < 4.81
FCal3: 5.4 x 4.7 3.32 < |n| < 4.60
FCal3: ~ four times finer 3.29 < |n| < 3.32,
4.60 < |n| < 4.75
Readout channels 3524 (both sides)
Scintillator tile calorimeter
Barrel Extended barrel
[n| coverage In] < 1.0 0.8 < [n| <1.7
Number of layers 3 3
Granularity An X A¢ 0.1 x0.1 0.1 x 0.1
Last layer 0.2 x 0.1 0.2 X 0.1
Readout channels 5760 4092 (both sides)

Table 3.4: Main parameters of the ATLAS calorimeter system [58].

it is possible to differentiate between photons v and neutral pions 7% because of the different
shower profiles. Electrons can be identified by comparing the shower profile in the electromag-
netic calorimeter with tracks in the inner detector. The most energy is in the second layer which
has a thickness of 16Xy and a granularity of An x A¢ = 0.0245 x 0.0245. Wide showers of
high-energy electromagnetic particles are expected to be in the third layer with a granularity of
An x A¢ = 0.05 x 0.0245 and a thickness of only 2.X.

A presampler, consisting of LAr layers, is installed in front of the electromagnetic calorimeter
to correct for the energy loss of the particles in the Inner Detector, the solenoid and the cooling
system.

Hadronic calorimeter

Following the electromagnetic calorimeter, there is the hadronic calorimeter (HCAL) [87] which
measures hadronic showers coming for example from jets or hadronic 7 lepton decays. It is
also split into three subcalorimeters: the tile calorimeter (|n| < 1.7), the hadronic end-caps
(1.5 < |n| < 3.2) and the forward calorimeter (FCAL, 3.1 < |n| < 4.9).

The tile calorimeter is a sampling calorimeter and consists of steel plates as absorber and
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Figure 3.10: Sketch of a barrel module of the electromagnetic calorimeter [58].

scintillating tiles as active material. The barrel part covers a range of |n| < 1.0 and the extended
barrel part 0.8 < |n| < 1.7. Both parts are divided azimuthally into 64 modules. The inner
radius is 2.28 m and the outer radius 4.25m. The total thickness of the detector at n = 0 is
9.7 A. Furthermore, the tile calorimeter is partitioned into three layers with depths of 1.5, 4.1,
1.8 (1.5, 2.6, 3.3) interaction lengths () for the barrel (extended barrel). The readout of the
scintillating tiles is done via wavelength shifting fibres into two separate photomultiplier tubes.

Due to the higher radiation level, the LAr hadronic end-cap calorimeter (HEC) consists of
copper plates as absorber and liquid argon as active material. It is located directly behind the
end-cap electromagnetic calorimeter and consists of two independent wheels per end-cap. It
covers a range of 1.5 < |n| < 3.2 and overlaps partly with the forward calorimeter.

The LAr forward calorimeter (FCAL) covers a range of 3.1 < |n| < 4.9. The forward
calorimeter is built up of three modules in each end-cap. While the active material is again
liquid argon, they have different absorber materials. The first is made of copper and optimised
for electromagnetic measurements. The other two use tungsten to measure mainly the energy
of hadronic interactions.

To summarise the most important detector components for the reconstruction of 7 leptons,
one can say, that hadronically decaying 7 leptons can be detected with the interaction of the so
far described detector components. These 7 leptons (7 jets) look like QCD jets in the detector.
So they have to be distinguished from QCD jets. In this case, the Inner Detector is needed for
the track reconstruction and the measurement of secondary vertices, while the electromagnetic
calorimeter can detect the pions from the 7 lepton decay (in particular 7). The hadronic shower
is measured with the hadronic calorimeter. The shape of the energy deposition in the hadronic
calorimeter of a 7 jet is narrower than a ‘normal’ QCD jet (for more details see Sec. 4.4.2).
Due to the neutrino in the 7 lepton decay the measurement of missing energy is important too.
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Figure 3.11: Cut-away view of the ATLAS muon system [58].

Certainly, the measurement of missing (transverse) momentum is important for other processes.
For example, there is a hope to find the lightest supersymmetric particle (LSP).

3.2.5 Muon spectrometer

The outermost part of the ATLAS detector is the muon spectrometer [88]. Muons are minimal
ionising particles, which cross the detector with almost no energy loss. Their properties are
measured in the muon chambers. Muons can be identified because they are the only particles
to reach the muon system. A schematic view is given in Fig. 3.11. A summary of the main
parameters can be found in Tab. 3.5.

The muon spectrometer consists of four parts: the monitored drift tubes and cathode strip
chambers for precise tracking and the resistive plate chambers and thin gap chambers as trigger
chambers which are part of the Level 1 trigger for the detection of muons.

The monitored drift tubes (MDT) are made of 3cm thick aluminium tubes as cathode and
of 50 pum thick tungsten-rhenium wires as anode. A gas mixture — consisting of 93% argon (Ar)
and 7% COy — flows through the aluminium tubes at a pressure of 3bar. The drift time from
the cathode to the anode is 700 ns. One tube achieves a resolution of 80 ym, the whole chamber
35pum. The MDTs cover the region || < 2.7. The innermost layer only covers a region of
[n| < 2.0. The region 2.0 < |n| < 2.7 is covered by the cathode strip chambers (CSC).

The CSCs are multi-wire propotional chambers. The wires are oriented radially while the
cathode planes are perpendicularly segmented. The gas mixture consists of 30% Ar, 50% COo,
and 20% CDy4. The CSC has a higher resolution than the MDT of 60 um in the bending plane
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Monitored drift tubes MDT

- Coverage In| < 2.7 (innermost layer: |n| < 2.0)
- Number of chambers 1088 (1150)

- Number of channels 339000 (354000)

- Function Precision tracking
Cathode strip chambers CSC

- Coverage 20 < |n| <2.7

- Number of chambers 32

- Number of channels 31000

- Function Precision tracking
Resisitive plate chambers RPC

- Coverage In| < 1.05

- Number of chambers 544 (606)

- Number of channels 359000 (373000)

- Function Triggering, second coordinate
Thing gap chambers TGC

- Coverage 1.05 < |n| < 2.7 (2.4 for triggering)
- Number of chambers 3588

- Number of channels 318000

- Function Triggering, second coordinate

Table 3.5: Main parameters of the muon spectrometer. Numbers in brackets refer to the final
detector configuration of 2009 [58].

(in the non-bending direction the resolution is 5 mm).

In order to achieve the necessary accuracy, the position of each component of the MDTs and
CSCs must be known with a precision of 30 um. This is done by an optical alignment system
which controls every deviation from straight lines.

As previously mentioned, the trigger chambers are built up of resistive plate chambers (RPC)
and thin gap chambers (TGC) and are part of the level 1 trigger. The RPCs cover the barrel
region of |n| < 1.05 and have a time resolution of 1.5ns. The RPCs have two parallel plates,
made of phenolic-melaminic plastic laminate, as anode at a distance of 2 mm instead of wires.
The electrical field is 4.9kV/mm. Additionally, the gas mixture is different: 94.7% CoHoFy, 5%
ISO—C4H10 and 03% SFG

The end-cap region (1.05 < |n| < 2.4) is covered by the TGCs which have a time resolution
of 4ns. Essentially, the TGCs are built up like the CSCs but with a smaller distance between
the parallel plates and a different gas mixture (55% COq and 45% n-pentane).

3.2.6 Trigger and Data Acquisition

To deal with the large amount of data it collects'®, ATLAS needs an efficient data processing
system. For this reason, a Trigger and Data Acquisition (TDAQ) composed of three parts was

3The LHC was designed for a bunch crossing rate of 40 MHz with 25 interactions per bunch crossing and a
luminosity of 104 cm™2s~!. This would be 10° — 1 billion — interactions per second. With an averaged event
size of 1.3 MB, ATLAS would take data in a rate of more than 1PB/s.
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Figure 3.12: Block diagram of the ATLAS Trigger/DAQ system [89].

installed at ATLAS. The Level 1 trigger (L1) is hardware based while the other two parts —
the Level 2 trigger (L2) and Event Filter (EF) — are software based and combined to form the
High Level Trigger (HLT). The data acquisition system receives the event data from the readout
electronics at the L1 trigger accept rate. This is done over 1600 point-to-point readout links
(ROL).

Figure 3.12 shows a schematic view of the ATLAS TDAQ system. A reduction of the event
rate down to 200 Hz is possible with such a design. This corresponds to a data rate of about
300 MB/s.

Level 1 Trigger (L1)

The hardware-based L1 trigger — shown in Fig. 3.13 — is divided into two parts. It has compo-
nents in the calorimeter as well as in the muon chambers. The L1 trigger reduces the event rate
from 40 MHz to 75 kHz in less than 2.5 us by using a limited amount of the detector information.
It searches for high transverse-momentum muons, electrons, photons, jets, hadronically decaying
7 leptons and large missing and total transverse energy.

The L1 calorimeter trigger (L1Calo) looks for all the above mentioned objects except the
muons and sends the trigger decision to the Central Trigger Processor (CTP) 1.5 us after the
event occurs. The L1Calo trigger decision is based on 7000 analogue trigger towers, with a
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Figure 3.13: Block diagram of the L1 Trigger [58].

granularity of An x A¢ = 0.1 x 0.1 (larger at high |n|). As an example, Fig. 3.14 shows the
electron/photon and 7 lepton trigger algorithms. The L1 7 lepton trigger algorithms combine
2 x 2 trigger towers to form a core region, surrounded by a 12-tower isolation region. This is
repeated for all possible 4 x 4 windows (known as a Region of Interest or ROI), in order to select
narrow hadronic jets.

Afterwards, the stored data from the L1Calo triggers are read out in the data acquisition
system if there is an L1 Accept decision from the CTP.

The L1 muon trigger is based on the muon chambers (RPC’s in the barrel region and the TGC’s
in the end-caps) because they have a sufficient timing accuracy to provide a clear identification
of the bunch-crossing for the muon candidate. The trigger is based on three stations for the
barrel and the end-cap, respectively. The trigger algorithm looks for hits in the different stations
and requires coincidences along the path of the muon from the interaction point through the
entire detector. Thereby, the pr threshold (e.g. 69 GeV for low pr or 9—35GeV for high pr),
which is applied, correlates to the width of the path of the muon since lower pr muons will
deviate more from a straight line. The signals from the barrel and the muon end-cap trigger
are combined and passed to the CTP. Finally, the CTP of the L1 trigger collects information
from the L1Calo and L1 muon system and sends it to the Level 2 Trigger (L2), where it is saved
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Figure 3.14: Electron/photon and 7 lepton trigger algorithms [58].

in so-called Regions of Interest (ROI), and the data acquisition system (DAQ) if the event is
accepted. These events in the ROIs are temporarily stored in 1574 Readout Buffers (ROB) until
there is a decision by the L2 trigger.

High Level Trigger (HLT) and Data Acquisition system (DAQ)

The software-based High Level Trigger (HLT) is divided into the Level 2 Trigger (L2) and the
Event Filter (EF), and uses components from the whole detector from the inner detector to the
muon chambers. If the L1 trigger accepts an event, the L2 trigger checks this event in the ROI
with fast and ‘easy’ selection algorithms on criterias like pp, AR etc. and decides if the event
will be accepted or not. In the case that the event will be rejected, it is directly deleted out
of the ROBs. With the L2 trigger, a reduction on the event rate up to 3.5 kHz with an event
processing time of about 40 ms is possible.

If an event is accepted by the L2 trigger, the complete event information for the event in the
ROB will be forwarded to the event builder, where the event is fully reconstructed, and then
analysed by the EF. The EF itself is more or less a computing and processing farm. The event
is checked on criterias coming from all components of the detector and finally the EF decides
if the event is accepted, and therefore saved in a central data recording facility, or rejected and
deleted. At this last step, the event rate is reduced to around 200 Hz.
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Tau lepton trigger

The 7 lepton trigger [57, 58, 90] has parts in all three subtriggers, L1, 1.2, and the EF.

As previously mentioned, the L1 7 lepton trigger [91] uses electromagnetic and hadronic
calorimeter information from the L1Calo trigger and combines 2 x 2 trigger towers, each with a
granularity of An x A¢ = 0.1 x 0.1, to define a core region, surrounded by a 12-tower isolation
region. This 4 x 4 window of trigger towers defines the ROI. The center of the ROI defines the
T lepton candidate. Its transverse energy Et is defined by the two most energetic neighbouring
towers in the core of the electromagnetic and the full core of the hadronic calorimeter. Different
E7 thresholds can be defined for the L1 7 lepton triggers. As a generic example, the ‘L1_TAUX’
trigger requires a 7 lepton with Ep > X GeV.

The L2 7 trigger is part of the HLT and is software-based. After refining the L1 position using
the second sample layer in the electromagnetic calorimeter, its algorithm selects narrow jets by
means of a shape variable, the EM radius Rgy (see Eq. (4.4)), which is an energy-weighted
squared radius in a region of size Anx A¢ = 0.6 x 0.6. The electromagnetic radius Rgy together
with the total transverse energy, which is calculated from all layers in the electromagnetic and
hadronic calorimeters, are the basis of the L2 calorimeter selection. The L2 track reconstruction
uses algorithms, with information from the SCT and pixel detectors only, to keep the execution
time small, and reconstructs tracks with pp > 1.5 GeV in a rectangular ROI of size An x A¢ =
0.6 x 0.6 centered on the L2 calorimeter position. Two regions around the identified highest-pr
track are defined: the inner cone (AR < 0.15) and the isolation ring (0.15 < AR < 0.3). These
two regions define together with the highest-p track another base selection variable, the ratio
of the scalar sum of the pt of all tracks in the isolation ring and the inner cone.

The EF selection is based on the offline 7 lepton reconstruction algorithms [57, 58]. Calorime-
ter cells within an ROI of 0.8 x 0.8 around the L2 direction are collected and form topological
clusters. All clusters within such an ROI build a jet which is calibrated. Afterwards, the can-
didate position, the transverse energy, and a number of shower variables are determined. The
track reconstruction uses the full offline algorithm to track detector data within the ROI. Typical
names of 7 lepton triggers at the EF are ‘EF _tauX’, which require a 7 lepton with Ep > X GeV.

Er_‘FiSS trigger

The ATLAS trigger system allows to trigger on ER too. The ERSS trigger [92] requires that
the magnitude of the vector sum of all transverse energies is larger than some thresholds.

Only calorimeter information from the trigger towers is used at L1. These trigger towers refer
to the analogue sum of all calorimeter cells in an (7, ¢) range of 0.1 x 0.1. The information
is digitised by the preprocessor and noise subtraction to the formed trigger towers is applied.
Afterwards, the preprocessor produces jet elements. The calorimeter energy sum along the x-
axis (E,) and y-axis (F,) are computed by the jet/energy processor by using all jet elements.
The transverse energy E%liss is not computed from E, and E,, but a look-up-table is used to
accept or reject the event. The scalar sum of the energy deposited in the calorimeter _ Ev is
determined similarly.

At L2, so-called FEX algorithms (Feature Extraction, software-based algorithms in the HLT
which perform the E2 and Y~ Et reconstruction from detector input) refine the L1 result by
applying corrections taking into account muons reconstructed at L2.

Contributions from the electromagnetic and hadronic calorimeters as well as from the muon
spectrometers are recomputed with the full granularity of the detector at the EF. Only positive
energy calorimeter cells above a certain threshold are considered in the Efrmss and ) E1 recon-
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struction to avoid electronic noise. Triggers on E%liss are usually called ‘xeY’ and ‘xeY_noMu’,
which requires E1"° > Y GeV in the event. The term ‘noMu’ means that EF"* is reconstructed
using the calorimeter information only (without the muon correction).

Combined triggers

All these individual triggers can be combined to produce triggers dependent on information
from several objects. For example, combined 7 lepton and E%liss triggers are used to identify
W — 7v; events having signatures with 7 leptons and missing transverse momentum E%ﬁss in
the event. The specific triggers used in this thesis are described in Sec. 8.2.3.

3.2.7 Tau lepton and missing transverse momentum E}** performance

The performance of the ATLAS detector has been studied in many ATLAS publications, how-
ever, since they are relevant to the W — 7uv; cross section analysis, that was performed as part
of this thesis, the ATLAS performance for missing transverse momentum Efrniss and 7 leptons
will be briefly described here. Performance studies on 7 leptons are done in [93] and [94] as well
as for B in [95] and [96]. General detector performance, which will not be described here,
can be found in [97].

Tau lepton performance

The 7 lepton reconstruction and identification performance described in [93] was performed us-
ing ATLAS data at a center-of-mass energy of /s = 7TeV and corresponds to an integrated
luminosity of 244nb~!. Although this dataset only has a small number of real 7 leptons, back-
ground jets reconstructed as 7 lepton candidates are used for the performance studies. QCD
jet processes are one of the most important backgrounds for signatures such as Z — 77 and
W — tv;. In [93], MC QCD jet samples (for the settings of the MC sample, see [93]) were used
for comparison to data. A MC Z — 77 sample is used for an MC sample with true 7 leptons.

Tau lepton reconstruction is either based on calorimeter seeds or on track seeds [57, 58].
The reconstruction of 7 lepton candidates provides little background rejection; the rejection is
normally obtained in the following identification step which is based on several discriminating
variables like the cluster mass, track mass, track radius, leading track momentum fraction,
electromagnetic radius, core energy fraction and the electromagnetic fraction. Figure 3.15 shows
some of these variables. The reconstruction and identification of 7 leptons are described in Sec.
4.4.2. There is a good agreement between data and MC QCD jets.™

For the performance studies, three different identification algorithms — simple cuts, boosted
decision trees (BDT) and projective likelihood (LL) — were used. Two important quantities are
the signal and background efficiencies:

-
o Npass,match

€Sig = N‘ri (37)
match

and bked
N, g

€bkgd = 71;?; (3.8)

total

MThere is a difference between data and MC of Z — 77 because QCD jets were used for the performance studies.
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Figure 3.15: (a) Cluster mass, (b) track mass (c) track radius, and (d) EM radius of 7 lepton
candidates [93].

with N[ .4 as the number of reconstructed 7 lepton candidates that are matched within

AR < 0.2 of a true, hadronically decaying 7 lepton with visible transverse momentum p%is >

15 GeV and visible pseudorapidity ‘n"is‘ < 2.5, reconstructed with the correct number of asso-
ciated tracks. Ngass’match passes the identification criteria in addition. Ngéfsgsd is the number of
7 lepton candidates that pass the identification criteria and Ntt(’)l;i?
candidates, determined from MC background samples (QCD jets).

the number of all 7 lepton

As a summary, Fig. 3.16 shows the signal and background efficiencies as function of the

reconstructed pr for the three different methods. There is again a good agreement between data
and MC.

The performance studies in [94] used a smaller dataset and some slightly changes in the
analysis procedure and came to the same result. In addition, the performance for 7 + E%iss
events were added, and the event selection was adapted to such events.'® Figure 3.17 shows the
A¢ between E%ﬁss and the 7 lepton candidate as well as the transverse mass mr of the 7 lepton
candidate and the ErTniss system. The MC describes the data quite well.

nstead of looking for two 7 lepton candidates, only one 7 lepton candidate and F2* is required.
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Figure 3.16: (a) Background efficiencies in data and MC and (b) signal efficiencies from MC as
a function of pT with the tight selection for cut-based, BDT and LL identification
methods [93].
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Figure 3.17: (a) A¢ between EXS and the 7 lepton candidate and (b) transverse mass of the
7 lepton candidate and EXSS system for events passing the 7 + EXiSS selection.
The edge at 40 GeV is due to selection criteria. The yellow band around the MC
expectation demonstrates the statistical uncertainty on the simulated samples [94].

Eiss performance

The comparisons and results in [95] show that the EMiS reconstruction and calibration are
well under control and reach the expected performance. Data from proton-proton collisions at
ATLAS with 7TeV center-of-mass energy recorded in April and May 2010 was used for this
study. For the comparison with MC, a sample with minimum bias events and another with
QCD jet events were used. In priniciple, the Efrniss reconstruction at ATLAS is done with the
following formula

miss __ pomiss,calo miss,cryo miss,muon
By =Py Ty By (3.9)
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Figure 3.18: EIF“iSS distribitutions in a data sample of 15.2 million selected minimum bias events
at 7TeV center-of-mass energy, recorded in April 2010. Only topoclusters are used
in the calculation, with energies that are calibrated with the LCW (a) and the
GCW (b) methods [95].

and contains information from the calorimeter, corrections for energy loss in the cryostat and
measured muons. A more detailed description of the recontruction of missing transverse mo-
mentum can be found in Sec. 4.4.3.

In [95], a more refined reconstruction of EM516 is compared with different methods of
calorimeter cell calibration and the influence from muons in the event is studied. The E%iss
distributions for two different methods (global cell energy-density weighting (GCW) and local
cluster weighting (LCW))!” for topoclusters only are illustrated in Fig. 3.18 and show a good
agreement to MC.

Reference [96] is based on [95] but with more data, and so corresponds to an integrated
luminosity of 36 pb~!. Furthermore, this data sample allows an estimation of the E%iss
performance in the presence of Z and W bosons which decay into electrons and/or muons. The
Effniss distributions for W — ev, and W — uv, events are shown in Fig. 3.19, again with a
good agreement between MC and data.

To summarise, there is a very good agreement between data and MC and all the different
detector components necessary for 7 lepton reconstruction and EF"®® measurements work well.

6The calorimeter energy is corrected for energy losses in dead material and for the non-compensating calorimeter
design.
1"These methods are described in Sec. 4.4.3.
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Figure 3.19: EXS distribitutions in a data sample of W — ev. (a) and W — uv,, (b) events
[96].
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4 Data taking, ATLAS software framework
Athena and object reconstruction

High-energy experiments need a well working technique and optimised software. The ATLAS
software framework Athena [98] performs Monte Carlo (MC) event generation, detector simula-
tion and object reconstruction.

This chapter describes the ATLAS data taking and the ATLAS software framework Athena.
The whole simulation chain from MC event generation to object reconstruction is illustrated.

4.1 Data taking at ATLAS

ATLAS data taking started November 23rd 2009 with the SPS injection energy of 450 GeV. From
March 30th 2010 until the end of 2011 ATLAS collected data at a center-of-mass energy of 7 TeV
(see Sec. 3.1). So far, ATLAS recorded data with an integrated luminosity of 5.25fb~!, while a
luminosity of 5.61fb~! have been delivered during stable beams in proton-proton collisions [99)].
The total integrated and the instananeous luminosity for 2011 and 2010 are shown in Figs. 4.1
and 4.2, respectively. In 2010, an integrated luminosity of 45.0pb~! has been recorded, while
48.1pb~! has been delivered [100, 101]. The data of 2010, which is analysed in this thesis (see
Chap. 8), is important for SM measurements because the pile-up effect is still small and the
statistic is high enough. The luminosity £ is calculated by

o pmfe  pnf g, 1)

Oinel €0inel Ovis

where p is the average number of interactions per bunch crossing, ny, the number of bunches
colliding at the interaction point, f. the machine revolution frequency, o, the inelastic cross
section, € the efficiency of the luminosity algorithm (including the acceptance) for a certain
detector, u™* = eu the average number of interactions per bunch crossing that pass the selec-
tion requirements of the algorithm, and o;s the ‘visible’ cross section (the detector calibration
constant).!

The ATLAS data taking is divided into periods, while each period corresponds to different
detector configuration and trigger settings. These periods are divided into runs, whereby one
run corresponds to one LHC run. Each run is divided into Luminosity Blocks (LBs) in which the
luminosity (as well as data quality information) is stored. The length of a LB is approximately
2 minutes in which the instantaneous luminosity is constant.? The start and end times are set
by the ATLAS data acquisition system (DAQ) [100]. Luminosity blocks with good data quality
are centrally provided in so-called Good Run Lists (GRLs) which can vary depending on the
needed settings for each analysis.

A summary of the individual 2010 data periods is given in Tab. 4.1.

!This equation is only valid in case of linear detector response with respect to . If this is not the case, corrections
are needed for the non-linearity of the detector response.
2The exact length is dependent on stable beam and detector conditions.
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Figure 4.1: Total integrated luminosity in 2011. (a) shows the cumulative integrated luminosity
versus day during stable beams and for proton-proton collisions at /s = 7TeV
recorded by ATLAS (yellow) and delivered by the LHC (green). (b) shows the
maximum instantaneous luminosity per fill versus day delivered to ATLAS [99].
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Figure 4.2: Total integrated luminosity in 2010. (a) shows the cumulative integrated luminosity
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versus day during stable beams and for proton-proton collisions at /s = 7TeV
recorded by ATLAS (yellow) and delivered by the LHC (green). (b) shows the
maximum instantaneous luminosity per fill versus day delivered to ATLAS [99].



4.2 ATLAS software framework Athena

Period | Run Range | Luminosity (nb—1)

A 152166-153200 0.4

B 153565-155160 9

C 155228-156682 9.5

D 158045-159224 320

E 160387-161948 144

F 162347-162882 580

G 165591-166383 780

H 166466166964 6500

I 167575167844 14500

Table 4.1: Data periods of 2010 data. The informations and details (detector and trigger settings
etc.) of each period can be found in [102-104].
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Figure 4.3: ATLAS simulation chain in Athena. Algorithms are in square-cornered boxes and
persistent data objects in rounded boxes [108]. The optional pile-up portion of the
chain is in dashed boxes. These are only used when events are overlaid.

4.2 ATLAS software framework Athena

The ATLAS software framework Athena [98] is based on the high-energy software framework
Gaudi [105, 106] which was originally developed for LHCb [107]. It is organised in different
modules so that different packages can be executed. The settings of an individual job depending
on these packages is done via configuration files, so-called job option files, in Athena. The entire
physics analysis for MC and data can be performed with Athena.

The MC simulation chain is divided into different steps: MC event generation, detector sim-
ulation, digitisation and (object) reconstruction (see Fig. 4.3). Real data are directly called on
the (object) reconstruction, the first three steps are dropped. The generated events of a MC
generator are stored in the standard HepMC event record [109, 110]* and can be filtered at
generation time. Only particles with certain properties (e.g. leptonic decays or particles with
energies above a threshold) are kept. Although a generator is sensitive on prompt decays, only
‘stable’ particles® are saved. Afterwards, the events are read into the detector simulation and

3The HepMC event record is described in Sec. 6.1.
4Stable particle means in this context a particle that covers a certain distance in the detector.
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TAG

RAW ESD A0D

DPD

Figure 4.4: Different ATLAS data formats for the physics analysis [113]. From raw data format
to physics analysis data format (lef to right).

every generated particle of each event has to be simulated through the full ATLAS detector by
the detector simulation GEANT4 [111, 112] used at ATLAS [108]. Two different formats are
the output of the detector simulation. In one of these formats — MCTruth — so called ‘truth’
information of each particle in the event (e.g. tracks, mother particle etc.) is saved and further
processed in the reconstruction step. If needed, it can be used during the analysis of simulated
data accordingly. The simulated events are also stored in (G4) hits which go to the next step.
During the digitisation, the detector response (e.g. electronic noise) is simulated and added to
the hits. After the full step (read out drivers (ROD) input digits, ROD emulation), the events
are saved in Raw Data Objects (RDO). In addition, simulated data objects (SDO) are created
from the MCTruth during the digitisation. As an optional function, the overlay of events (pile-
up events) is possible during the digitisation step to save CPU time required by the simulation.
Finally, all these three formats (RDO, MCTruth and SDO) pass to the reconstruction step. Real
data in the form of byte streams is directly saved in the RDO and RAW format®, respectively
and pass directly to the reconstruction step.

The reconstructed events are also stored in different formats as seen in Fig. 4.4 [113]. The
RAW/RDO format contains only events coming from the last trigger level, the Event Filter.
The reconstruction step is applied on these events, which are stored as Event Summary Data
(ESD). Although the ESD has already an object-oriented representation, the event size of
approximately 1 MB (target size 500kB) is too large. So the Analysis Object Data (AOD) is
a reduced ESD with a size of approximately 100 kB per event and can already be used for an
analysis. The Tag Data (TAG) coming from the AOD are event-level metadata with a size of
1kB per event. But coming from the AOD, there is also the Derived Physics Data (DPD) for
physics analysis.

The DPDs are distributed in three different levels [114]. The primary DPDs (D1PDs) are
separated into a performance and a physics part. Out of these D1PDs, DPDs from a higher level
are produced, which have a smaller size than the D1PDs. Although secondary DPDs (D2PDs)
are smaller than D1PDs, they can store additional information which can be computed during
the production. D2PDs have the same data format as ESDs, AODs and D1PDs, the POOL
data format [115]. The tertiary DPDs (D3PDs) in ROOT format [116] are defined by the user.
The user can store the information which is needed for the individual analysis. Furthermore, it
is possible to produce D2PDs and D3PDs directly out of ESDs and AODs. D3PDs are used in
this thesis (see Sec. 8.1).

Due to the fact that all these different steps need a lot of CPU time, data samples are usually

5Usually, RDO applies to MC events and RAW to real data.
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centrally produced. For this, the LHC Computing Grid (WLCG, Grid) [117] is used. A single
task is parallelised into many jobs dependent on the task content. The output of each job is
registered with the ATLAS Distributed Data Mangement system (DDM) [118] and can be used
via DQ2 [118] amongst other things for bookkeeping and analyses.

4.3 Event generation, simulation and reconstruction at ATLAS

As already mentioned, it is possible with Athena to run the full chain from MC event generation
over detector simulation and digitisation up to object reconstruction. If it is desired, the physics
analysis can also be done within Athena. In the following, the different steps are described.

4.3.1 Event generation

Simulations are needed for the description and understanding of real data. The starting point
of the MC simulation is the event generation, which is based on probability based algorithms.
They calculate the physics process according to the structure functions and cross sections and
are independent of the detector. These MC simulations are calculated in MC generators. A more
detailed description of MC simulations and MC generators is given in Chap. 5. For completeness,
the fundamental principle of the event generation is described here. Proton-proton collisions,
which take place at ATLAS, pass through the following different steps [119, 120]:

1. hard scattering process: interaction between two partons (quarks or gluons) of the proton,
2. parton shower,

3. underlying/minimum bias events: interaction and production of particles that are not
involved in the hard process,

4. hadronisation of particles created during parton shower, and

5. decay of (probably) produced short-lived resonances into observable particles (leptons,
hadrons)

The event generation at ATLAS is done within the ATLAS software framework Athena.b

4.3.2 Detector simulation and digitisation

As a second step, the generated events have to pass through the ATLAS detector simulation
which is based on GEANT4 [111, 112]. So far, the generated events demonstrate the knowledge
about physics processes themselves. In order to measure these processes, the material of the
detector, noise, energy loss etc. have to be considered in the description of generated physics
events. Each particle of the event passes through every subsystem of the entire detector. At
every detector position, the interaction of the particle with the detector material is calculated
and stored as energy depositions (hits). For this, the exact knowledge of the detector geometry
and every individual subdetector as well as the magnetic field etc. is needed. Each event has a
size of about 2 MB after the detector simulation [108].

5Tt is technically implemented that Athena provides mostly interface packages and links to an external installation
of the MC generator in Genser (Generator Services Project) [121] and uses the libraries of the individual
generators installed there.

49



4 Data taking, ATLAS software framework Athena and object reconstruction

Afterwards, all the stored energy depositions in form of hits are transferred to electronic signal
in form of digits during the digitisation step. These digits are finally written out as RDOs, the
input of the reconstruction, and have a size of approximately 2.5 MB [108]. As mentioned above,
it is also possible during the digitisation step to overlay events and create pile-up events. These
pile-up events describe real events in a better way because there are usually more than one
collision of two particles in the event. The output after the digitisation corresponds to the
output of real detector raw data, coming from particle collisions.

4.3.3 Event reconstruction

Finally, the events are reconstructed. Different objects in the event are defined. These objects
are reconstructed with different algorithms both for MC and real data, which is illustrated in
Sec. 4.4.

4.4 Object reconstruction

In the following, the reconstruction of different objects like jets, hadronically decaying 7 leptons
and missing transverse momentum Effniss, needed for the selection of W — rtuv, events, are
described. For completeness, the reconstruction of electrons, photons and muons is briefly
discussed as well.

4.4.1 Jet reconstruction

Partons (quarks and gluons) are produced in proton-proton collisions at the LHC, either in
intermediate steps of the collision or from the proton remnants. These partons fragment and
hadronise into charged particles which form tracks and clusters in the detector. The finally
resulting electrons, photons, and hadrons leave energy depositions in the calorimeter. A jet
is a combination of all these elements. Figure 4.5(a) illustrates different jet types. There are
parton jets coming from the energy of the initial parton, particle jets which are reconstructed by
applying jet algorithms on stable particles, and calorimeter jets which are based on the energy
depositions in the calorimeters.

In experiments, jets can be reconstructed either from the track information or the cluster
information in the detector or mostly from a combination of both.

Originally, several jet algorithms like cone algorithms and/or k¢-algorithms have been devel-
oped and used at ATLAS, but since spring 2009 the anti-ki-algorithm is the default ATLAS
jet algorithm [123, 124]. The different steps of the ATLAS jet reconstruction are shown in Fig.
4.5(b). From the calorimeter cells, either clusters or towers are built, which are the input of jet
finding algorithms.

Calorimeter towers (see Fig. 4.6(a)) are built from calorimeter cells within a fixed width with
a size of Anp x A¢ = 0.1 x 0.1 [58]. These towers usually have a fixed radius. All the signals
of the individual cells are added together, while in the overlap area only a fraction of the signal
corresponding to the overlap area fraction between the tower bin and the cell in An and A¢ is
added to the calorimeter tower. All cells with a negative energy are suppressed to avoid noise.

Topological clustering (see Fig. 4.6(b)) combines three-dimensional energy depositions in
the calorimeter [58]. Topological cell clusters include a better noise suppression compared
to calorimeter towers. To start the cell clustering, seed cells with a significant absolute
signal over a certain threshold of |E| > 4o of the total noise (electronics and pile-up) are
chosen. Around these primary seeds, all immediate neighbour cells (secondary seeds) with
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Figure 4.5: (a) Different types of a jet [122], (b) Jet reconstruction flow based on calorimeter
towers or clusters [58].

an energy of |E| > 20. are added to the jets. Next, all surrounding cells with a basic
threshold of |E| > 0o are added to the jet. Finally, the resulting cluster is checked for lo-
cal signal maxima. If there are more then one maximum, the cluster is split into smaller clusters.

In the following, two different jet clustering algorithms, based on tower and topological clus-
ters, are described.

Many jet algorithms use the cone algorithm [58, 125]. Its goal is to maximise the energy
(or pr) in a geometric cone. The seeded cone algorithm at ATLAS uses two parameters:
the transverse energy threshold for a seed Er = 1GeV for all cone jets and the cone size
AR = \/An? + A¢2. For narrow jets, AR = 0.4 is chosen, for wide jets AR = 0.7. The jet
algorithm starts with input objects — the jet candidates — coming from a topological cluster and
a tower jet. All these input objects are sorted by their transverse energy Er. If the highest Er
object is above the threshold of 1 GeV, a cone around this object is created with the previously
mentioned cone size AR of 0.4 or 0.7. A graphical visualisation is given in Fig. 4.7(a). The
centroid of this cone is calculated which defines the new center of the object (recombination).
Afterwards, a new cone is drawn and all objects inside this cone are calculated and again
recombined, until there is no change for the centroid and a stable cone is found. If the cones of
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Figure 4.6: Two different jet definitions: (a) tower jets and (b) topocluster jets. The different
shapes of the cell clusters, used in the jet definitions, is visualised.

two jets overlap, they are split or merged. The overlap fraction is usually 50% for the decision of
splitting or merging. If the overlap region has to be split, the splitting is calcuated percentaged
to both of the cones, respectively.

The described cone algorithm is affected by so-called dark towers, which are energetic clusters
outside of any jet in the event (see Fig. 4.7(b)). A solution of this problem is the clustering
ansatz [125, 127-129]. This method is based on pair-wise clustering of the input objects and a
distance measurement between the two objects of a pair. All input objects are listed in a list of
protojets. The distance between all possible pairs of two protojets ¢ and j of this list is measured
as follows [127]: ,

dij = min (k77,77 ARR;J (4.2)

dip = k¥ (4.3)

with AR?]- = (y; — yj)2 + (¢i — gbj)z as the relative distance between object i and j and ki ),
Yri(j) and ¢y(;) as the transverse momentum, rapidity and the azimuth angle of object 4 (7). dip
is the distance between object ¢ and the beam. In ATLAS, AR = 0.4 and AR = 0.6 are used
for narrow and wide jets, respectively.

The values d;; and d;p are calculated for all possible combinations and the minimal value d,p
has to be found. If the minimal value d,;;, is from the d;; measurement the two protojets i and
j are merged together into a new protojet k. The two protojets ¢ and j are removed from the
list of protojets and replaced by the new protojet k. The distance measurement is repeated with
the new protojet k.
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(a) (b)

Figure 4.7: (a) Visualisation of a cone algorithm for jet finding, (b) Dark towers, energetic
clusters outside of any jet in the event as a problem of the cone algorithm [126].

If the minimum d,,;, is from d;g, the protojet is not mergeable anymore. The protojet is
classified as a jet and removed from the list of protojets. This procedure is repeated until the
list of protojets is empty.

The value p (see Egs. (4.2) and (4.3)) takes different values, which correspond to the accordant

jet algorithm. A p-value of 1 is the so-called ki-algorithm and of 0 the Cambridge/Aachen-
algorithm [127, 128].
At ATLAS the anti-k; algorithm is used which corresponds to a p-value of -1 [127]. Figure
4.8 shows an example of all four different jet algorithms. One can see that the k¢- and the
Cambridge/Aachen-algorithms are useful in its response to soft particles resulting in a complex
jet shape (see Figs. 4.8(a) and 4.8(b)). Many ‘ghosts’” are included in these jets, so it should
not be used for hard jets. Composite jets have more varied shapes in the cone algorithm (see
Fig. 4.8(c)), which results in irregular cones. The shape is regular for single-particle jets. The
hard jets are circular and only the softer ones have a more complex shape. However, the most
circular jet cones are given for the anti-k; algorithm (see Fig. 4.8(d)).

Before the jet can be used, the calorimeter cells are calibrated at the EM scale, which correctly
gives the energy deposition in the calorimeter of electromagnetic showers. According to this,
the aim of the jet energy scale calibration is the correction of the energy and the momentum
of jets which are measured in the calorimeter to those at the hadronic scale. Several effects
are corrected: partial measurement of the energy depositions of hadrons, energy losses in dead
detector material, energy depositions from particles outside the calorimeter and signal losses
during the clustering and the jet reconstruction in the calorimeter.

ATLAS uses a calibration scheme called jet energy scale (JES) calibration. These are jet-by-jet
corrections as a function of the jet energy and pseudorapidity at the electromagnetic scale. The
JES calibration is done in three steps. As a starting point, the averaged additional energy due to

"A ‘ghost’ is a single infinitely soft particle.
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SISCone, R=1, f=0.75

Figure 4.8: A parton-level event (together with many random soft ‘ghosts’) for the four dif-
ferent jet algorithms: (a) k¢-algorithm, (b) Cambridge/Aachen-algorithm, (c¢) Cone
algorithm, and (d) anti-k¢-algorithm [127].

pile-up effects is subtracted from the energy in the calorimeter still at the electromagnetic scale.
This correction is assigned by using minimum bias data as a function of number of reconstructed
primary vertices and jet pseudorapidity. As a second step, the position of the jet is corrected.
Instead of pointing to the geometrical center of the ATLAS detector, the jet direction points
to the primary vertex of the interaction. Finally, the jet energy reconstructed in the detector
and the position are corrected by using correction factors coming from the comparison of the
reconstructed and the corresponding MC truth jet. Further details as well as jet energy scale
systematic uncertainties can be found in [58] and [130].

4.4.2 Tau lepton reconstruction

The most difficult lepton to reconstruct and identify is the 7 lepton. Due to their similar
signature in the detector, it is difficult to distinguish between leptons from a leptonically decaying
7 lepton and prompt leptons, hence, only hadronically decaying 7 leptons are reconstructed.
In principle hadronically decaying 7 leptons, which are analysed in this thesis, leaves a signa-
ture in the detector which is similar to the one of a QCD jet coming from gluons and/or quarks
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Figure 4.9: (a) Typical 7 lepton decay; modified from [131], (b) track isolation cone for a hadron-
ically decaying 7 lepton.

in the detector. As mentioned in Sec. 2.1.5, 7 leptons decay hadronically in 64.79% of the cases.
In these decays, there are usually one (1-prong, single-prong) or three (3-prong, multi-prong®)
charged mesons (mostly pions, but there is also a small fraction of Kaons) in the final state.’
This decay has to be distinguished from other jets. A hadronic 7 lepton decay into n charged
particles is commonly termed as n-prong decay.

A typical 3-prong decay is illustrated in Fig. 4.9(a). One can see that a high-pp (compared
to its mass) 7 lepton produces a very collimated jet, which leaves significant energy depositions
in the calorimeter, and whose decay has a small track multiplicity with bundled tracks. To
summarise, the shape of a 7 lepton or a 7 jet (both terms are used equivalent) is similar to the
one of a narrow QCD jet (see Fig 4.9 and Sec. 2.1.5).

The track isolation for the 7 lepton reconstruction is illustrated in Fig. 4.9(b). The 7 jet
axis from the calorimeter jet defines the direction of the 7 lepton. All tracks with a transverse
momentum pr above a certain threshold and in a matching cone with radius Ry, are taken into
account for the search of signal tracks. The track with the highest pr inside this cone is the
leading track; the second leading accordingly. If there is any other track in a signal cone of
the leading track with smaller radius Ry and with a z-impact parameter close by the one of
the leading track, it is assumed that this track comes from the 7 lepton decay. These tracks
inside the Rg cone smaller than a given cut-off and with transverse momentum above a certain
threshold are reconstructed inside a larger cone with radius R;. If there are no other tracks
inside the cone with radius R; except the one which is already in the cone with radius Rs, the
isolation criteria is fulfilled. The leading track is then a track coming from the 7 lepton (decay)

8In this context multi-prong means more than 1-prong.
9There is also negligible amount of events with 5 charged particles, which are more difficult to distinguish from
QCD jets.
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and all the tracks together build a 7 lepton candidate [58, 93, 94]. For the second leading track
etc., the procedure is applied accordingly.

Reconstruction of T lepton candidates

There are two 7 lepton reconstruction algorithms, one being calorimeter- and one track-based.
The track-based 7 lepton reconstruction algorithm requires a leading track with a transverse
momentum larger than 9 GeV and has to fulfill certain criteria [58, 93, 94].

The hadronic 7 lepton reconstruction, which is used in this thesis, starts from calorimeter
jets reconstructed with the anti-k; jet reconstruction algorithm from topological clusters of
calorimeter cells and has a distance parameter of R = 0.4 (corresponds to the above Ry,). These
jets are seeds for the 7 lepton reconstruction algorithm. The 7 lepton reconstruction algorithm
runs on all seed jets in |n| < 2.5, associates tracks to every seed jet and calculates variables from
tracking and calorimeter information. Tracks, which are associated to a 7 lepton candidate,
have to be in a core cone of AR < 0.2 (corresponds to the above Rs) and have to fulfill the
following quality criteria:

e pr > 1GeV,

e number of B-layer hits Nl?i; layer > 4,

e number of pixel hits Nliitxel > 2,

e number of pixel and SCT hits leiitxel + NSCT > 7,

e distance of closest approach of the track to the reconstructed primary vertex in the trans-
verse plane |dp| < 1.0 mm, and

|z0sin 6| < 1.5 mm with 2o as the longitudinal distance of the closest approach d = 0.

As already mentioned, 7 lepton candidates are categorised as single-prong or multi-prong candi-
dates depending on the number of tracks in the core cone of the 7 lepton candidate. The charge
of this candidate is calculated as the sum of all reconstructed tracks. The charge misidentifica-
tion for the leading track is approximately 0.2% [58] but the overall charge misidentification is
higher due to combinatorial effects!® and around 0.3% [58, 132].

In order to suppress leptonically decaying 7 leptons, electron and muon vetoes are applied
[58].

The energy of hadronic 7 lepton candidates is also calibrated as for the jets by applying a
correction to the reconstructed energy at the electromagnetic energy scale!! [132].

Identification of hadronic 7 lepton candidates

The reconstruction described above is more related to the general kinematic of the object,
whereas the identification has a tighter list of criteria, which is described in the following. There
are three different methods for the identification (ID) of 7 lepton candidates: a cut based ID
(mainly for first data), a projective likelihood ID (LL) and a boosted decision tree ID (BDT)
[132]. All these methods are based on several variables that are described here [132]:

108ingle-prong decays could be reconstructed as a 3-prong 7 lepton due to photon conversions or the presence of
additional tracks from the underlying event. Furthermore, a 3-prong candidate could be reconstructed as a
1-prong due to inefficiencies of the track reconstruction and selection.

H1n this case, the electromagnetic energy scale is a sum over the energies of cells which form the topological
clusters of the jet seed as explained above.
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Electromagnetic radius: Transverse energy weighted shower width in the electromagnetic (EM)
calorimeter:

AR;<0.4 EM )
Zie{EM 0—2} ET,i AR%

ZAR,-<0.4 EEM )
1€{EM 0-2} —Ty

Rpm = (4.4)
7 runs over cells associated to the 7 lepton candidate. AR; is the distance between a
calorimeter cell and the seed axis of the 7 jet as well as E%l;ﬂ the cell transverse energy,
calibrated at the EM scale.

Track radius: p1 weighted track width:

AR;<O0.
Z‘ R;<0.4 PT. ARZ

7
AR;<0.4 ’
Zi pr

Rtrack = (45)

1 runs over all core and isolation tracks of the 7 lepton candidate within AR; < 0.4. AR;
is defined relative to the 7 jet seed axis and pr; transverse momentum of the track.

Leading track momentum fraction:

P
ftrack = 77_ » (46)
bt
ptTrafk is the transverse momentum of the leading core track of the 7 lepton candidate and

pT the transverse momentum of the 7 lepton candidate, both calibrated at the EM energy
scale.

Core energy fraction: Fraction of transverse energy in the core (AR < 0.1) of the 7 lepton

candidate: AR;<0.1 —-EM
diictany  ETi

Jeore = AR;<0.4 -EM’ (4'7)
Zie{all} T

i runs over all cells calibrated at the EM scale which are associated to the 7 lepton candidate
within AR < 0.1(0.4) of the 7 jet seed axis.

Electromagnetic fraction: Fraction of transverse energy in cell ¢ and j of the 7 lepton candidate
deposited in the EM calorimeter:

AR;<0.4 EM

ZiG{EM 0—2} Er;

ZARJ‘ <0.4 EM
jed{all} T,j

fem = : (4.8)

Er; (Et;) is the transverse energy which is calibrated at the EM energy scale and de-
posited in cell 7 (j). ¢ runs over the cells in the first three layers of the electromagnetic
calorimeter and j over the cells in all layers of the calorimeter.

Cluster mass: Invariant mass of the constituent clusters of the seed jet at the EM energy scale:

Melusters = ( > E>2 - ( > p>2- (4.9)

clusters clusters
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Ren Rirack forack  feore  fEM Mclusters  Miracks S’?“lght fur

Cuts . . °

Likelihood single-prong ° . °

Likelihood multi-prong . ° . ° °

Jet BDT single-prong ) ° o ° ° °

Jet BDT multi-prong ) . o ° . ° ° °
Electron BDT single-prong . . ° ° ° °

Electron BDT multi-prong ) ° o ° ° ° ° °

Table 4.2: Comparison of variables used by each 7 lepton identification method [132].

Track mass: Invariant mass of the track system. The tracks used for the invariant mass calcu-
lation use core and isolation tracks:

Miracks = (Z E>2 - (Z p)2. (4.10)

tracks tracks

Transverse flight path significance: Decay length significance of the secondary vertex for multi-
track 7 lepton candidates in the transverse plane:

ioh Lﬂight
Sret = . (4.11)
sLhe

flight

LfTlight is the reconstructed decay length and dL,> its estimated uncertainty.

TRT HT fraction: Number of high threshold hits over number of low threshold hits (including
outlier hits) in the Transition Radiation Tracker (TRT) of the highest pr core track asso-
ciated to the 7 lepton candidate for discriminating hadronically decaying 1-prong 7 lepton

candidates from electrons:
NHT
fup = =t (4.12)

- LT
Nhit

Some of these variables are visualised in Fig. 4.10 and 4.11. A good separation of these
variables can be used to reject QCD jet background (blue) from the signal (red; in this case
W —tv, +Z — 717).

Furthermore, the used variables for the three different methods — cut based, LL and BDT — are
summarised in Tab. 4.2. These three methods are optimised for three different signal efficien-
cies of 70% (loose), 50% (medium), and 30% (tight) with the following signal and background
efficiencies [132, 133]:

1/3—prong __ # of truth matched 1/3 — prong 7 candidates passing ID cuts (4.13)
sig ~ # of true hadronically decaying 1/3 — prong 7 candidates ’

and
1/3—prong _ # of 1/3 — prong 7 candidates passing ID cuts
bkg

= 4.14
# of all reconstructed 1/3 — prong 7 candidates ( )
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Figure 4.10: Distributions of (a) and (b) Rgm and (c¢) and (d) Rirack for 1-prong (left) and
3-prong (right) 7 lepton candidates [132].

with the background rejection'?

SE (4.15)
€bkg

In the following the three methods are shortly introduced.

Cut-based identification The cut-based ID [132, 133] has been developed for early data to
have a fast, simple, and easy comprehensible identification of 7 leptons. The cut-based ID relies
on three variables: Rpn, Rirack and fiack (see Tab. 4.2). Important is, that two of these
three variables, Ry and Rypack, are parametrised by the transverse momentum of the 7 lepton
candidate. The optimised cuts for these two parameters are very dependent on the transverse
momentum due to the Lorentz collimation of the decay products in hadronic 7 lepton decays.
Tau leptons are not produced at rest at ATLAS. While the decay products can point in any
direction in the 7 lepton rest frame, they are highly collimated along the momentum of the 7
lepton in the laboratory frame. The consequence is that width-like variables R should collimate

12The background rejection gives the ratio of rejected to accepted candidates.
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Figure 4.11: Distributions of (a) and (b) mclusters for 1-prong (top left) and 3-prong (top right)
7 lepton candidates, (¢) miracks for 3-prong 7 lepton candidates, and (d) Sf}lght for

3-prong 7 lepton candidates [132].

' R (pt) < 1/pr (4.16)

The pr-dependence is leveled by multiplying Eq. (4.16) by pr. Fitting the remaining pr-
dependence by a second-order polynomial to the means of R X pr for signal and background
distributions gives the parameterisation of the distributions:

g(pr) = ap + aipr + apt (4.17)

Finally, possible cut curves for different values x between signal and background distributions
can be calculated with

R (pr; 2)pr = (1 — 2)gsig(PT) + Zgbke (PT) (4.18)

There are two edge cases, x = 1 gives the mean of the signal distribution and & = 0 the one for
the background.
The dashed lines in Fig. 4.10 demonstrate the best cut value range for tight 7 leptons pr of
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Figure 4.12: Log-likelihood-ratio for (a) 1-prong and (b) 3-prong 7 lepton candidates [132].

20 GeV and 60 GeV.13

Projective likelihood identification As mentioned before, the cut-based ID was used only for
early data. With more data, it is replaced by the multivariate techniques projective likelihood
identification and boosted decision tree identification [132].

The likelihood (LL) function Lgp) for signal (background) is defined as

sz (:) (4.19)

with pf(B) (x;) being the probability density function for signal (background) of the identification

variable x; of N variables. The identification variables are listed in Tab. 4.2. The discriminant
of the likelihood method is given by the log-likelihood-ratio d between signal and background

S(x:)

d:1n< > 21 E(xl . (4.20)

The likelihood ID has been optimised and developed in different and separate categories like the
transverse momentum of the 7 lepton candidate, the track multiplicity, track quality criteria,
and the pile-up activity in the event.

The distributions of the log-likelihood-ratio d in Fig. 4.12 illustrates the good separation
between signal and QCD jet background.

Boosted decision tree For the cross section measurement done in this thesis (see Chap. 8),
boosted decision trees (BDTs) [132] are used for the 7 lepton identification. A decision tree
[134] performs a series of cuts on a set of identification variables. In principle, it is based
on a simple cut-based approach, but this technique is much more powerful and usually runs
in a multivariate environment. Another significant difference is that decision trees produce a

13The arrow points from the 7 lepton candidate with 20 GeV to the one with 60 GeV.
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Figure 4.14: Jet BDT score for (a) 1-prong and (b) 3-prong 7 lepton candidates [132].

continuous score between 0 (background) and 1 (signal).

The optimal cut value is determined separately for each identification variable, whereby the
decision tree algorithm starts with the entire sample at the root node. The best of these different
cuts is chosen, builds the ‘border’ of two child nodes (left and right or -1 and +1). Then, the
objects are sorted in a way that all objects below this cut are passed to the left and all objects
above to the right node. In the following step the same algorithm is applied recursively on each
child node on the remaining variables. The best cut is chosen again, on each child node two
new nodes are constructed, the objects are sorted and the algorithm runs again. The result is a
binary tree structure visualised in Fig. 4.13. The algorithm works until the leaf node is reached
and a stop condition is confirmed (like e.g. the number on 7 lepton candidates).

The advantage of a boosted decision tree (BDT) [136] is that it uses multiple decision trees
with a normalised weighted sum of their outputs. Correlations between variables are taken into
account and each decision tree is focused on correctly classifying objects for the case that these
are misclassified in the previous decision tree.

There are BDTs for jet rejection (in the following: jet BDT) as well as for electron rejection
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on candidates with one and three tracks, respectively.'* The individual identification variables
for each of the BDTs can be found in Tab. 4.2. The jet BDT score is shown in Fig. 4.14. A good
separation can be recognised between signal and background. In this thesis, jet BDT scores are
used for the cross section measurement of pp — W — 7v, events (see Sec. 8.2.2).

4.4.3 Reconstruction of missing transverse momentum

A good knowledge of the missing transverse momentum E%ﬂss is very important for the study of
many different physics channels in ATLAS, such as the search for signals from new physics like
supersymmetry or extra dimensions, but also for the reconstruction of top quarks and 7 leptons.
Furthermore, it is important for the reconstruction of the neutrino of pp - W + X — 7v, + X
events, which cannot be detected directly, but is reconstructed as missing transverse momentum
in the detector.

The current ERS reconstruction algorithm [95, 96] in ATLAS is based on transverse energy
depositions in the calorimeters and on corrections for energy loss in the cryostat and measured

muons

iss __ romiss,calo miss,cryo miss, muon
2 = Boy) Ty T B (4.21)

with the transverse missing energy E3'*°

Errfliss = \/(EQIUniSS)2 + (E;Jniss)2 (422)
and its azimuthal position ¢™
9™ = arctan (By™/ ) (4.23)

The calorimeter term in these formulas is defined as

Ncell
E}I;niss,calo = — Z E;sin 0; cos ¢;, (4'24)
=1
) Ncell
E;mssvcalo =— Z E; sin 0; sin ¢;, (4.25)
i=1

and

ErTniss,calo _ \/(E;niss,calo)2 n (E;Jniss,calo>2’ (4.26)

where Fj; is the cell energy, 0; the polar angle and ¢; the azimuthal angle in a pseurorapidity
range of || < 4.5. A noise supression is essential due to the high granularity of the calorimeter.
Only cells belonging to a topological cluster (topocluster) are considered for the calculation of
the missing transverse momentum.'®

As for the jets, the missing transverse momentum also needs to be calibrated since cell energies

"The jet BDT for 3-prong candidates is used for classifying any candidate with two or more tracks. The jet
BDTs are trained in unconnected categories which are defined by the number of reconstructed vertices of 1-2
and more than 2.

5The seed cells of these topoclusters are cells with a deposited energy of |E;| > 4omoise With onoise as the
Gaussian width of the cell energy distribution. The topoclusters are constructed by adding all neighbour cells
with |E;| > 20neise and then by all surrounded cells with a cell energy |E;| > Oonoise (see Sec. 4.4.1).
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on the EM scale in the calorimeters are used so far. There are different approaches for the
E%liss calibration: a global cell energy-density weighting calibration scheme (global calibration
or GCW), a local cluster weighting calibration scheme (local hadronic calibration or LCW) and
a more refined one. While in the GCW cell-level signal weights are applied to compensate
the different calorimeter reponse between electromagnetic and hadronic energy depositions, the
LCW uses properties of topological clusters to calibrate them individually. The LCW categorises
the calorimeter topoclusters as electromagnetic or hadronic and weights all the cell signals
corresponding to the topocluster energy and cell energy density. Additional corrections are also
applied for dead calorimeter material and energy loss.

As a more refined cell calibration for more data, the cells are sorted into categories of physical
objects which are individually calibrated. The calibrated missing energy is given by the negative
sum of all objects

Emiss,calo,calib — _Emiss,e N Emiss,w N Emiss,T - Emiss,jcts o Emiss,calo,,u, - Emiss,CellOut
T

Yy z(y) z(y) z(y) (y) z(y) z(y) y (427)

where E;I?ys)s calolt 5o the contribution from the energy lost by muons in the calorimeter and

Egzlys)s CellOut ¢ 6 sum from cells in the topocluster which do not belong to any reconstructed

object [95, 96].
In addition to the calorimeter term in Eq. (4.21), there are also the muon and the cryostat
terms. The EMS® muon term is given by the momenta of the muon tracks in || < 2.7

D DR ) (4.28)

selected muons

This term has to be considered for high-pr muons due to the limited coverage of the muon
spectrometer. Muons are lost outside the acceptance of the muon spectrometer (|n| > 2.7) and
also in smaller regions around |n| = 0 and |n| ~ 1.2. Finally, the cryostat term corrects for the
energy loss from hadronic showers between the LAr barrel electromagnetic calorimeter and the
TileCal barrel hadronic calorimeter.

For the cross section measurement of pp — W — 71, events (see Chap. 8), a missing
transverse momentum reconstruction method called MET _LocHadTopo is used, which is based
on the reconstruction of E%iss explained in the beginning of this subsection with the LCW
calibration method [137-139].

4.4.4 Reconstruction of electrons, photons and muons

For completeness, the reconstruction of electrons, photons and muons is shortly given because
they can fake hadronically decaying 7 leptons.

Electrons and photons are reconstructed by using information from the Inner Detector
and the electromagnetic calorimeter. The reconstruction is performed by looking for an
energy deposition in the electromagnetic calorimeter with certain criteria (like e.g. energy,
ratio of transverse energy to transverse momentum) and matching this deposition to a
track in the Inner Detector. If there is a track, an electron is reconstructed, otherwise it
is reconstructed as a photon. Both photon and electron reconstruction is performed by
maximising the energy in a cluster of fixed size using a sliding-window algorithm with a
window size of 5 x 5 cells. Following, the mentioned matching on a possible track is con-
ducted. One has to pay attention on hadrons, which also create energy depositions in the
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electromagnetic calorimeter that have similar shapes like electrons or photons. These so called
fakes can be diagnosed by comparing the electromagnetic cluster with clusters in the hadronic
calorimeter, and by checking if the origin of these clusters are hadrons. For more details see [58].

The reconstruction of muons is performed with the Inner Detector and the muon system.
Muons pass through the whole detector and leave signals in all subsystems, so the muon recon-
struction algorithms combine all the information of the individual subsystems. There are two
main algorithms to find muons in the detector: algorithms for standalone muons and combined
muons, respectively. In principle, both start with a track in the muon chambers and are con-
sidered if this track points to the interaction point. Muons, which are identified only by the
muon system, are called standalone muons. Combined muons use additional information of the
Inner Detector. This algorithm checks supplementary, if the track in the muon chamber has a
corresponding track in the Inner Detector, and combines the information of the muon system
and the Inner Detector. More information about the muon reconstruction can be found in [58].
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5 Monte Carlo event generation and Monte
Carlo generators

Event generation plays an important role in many aspects of high-energy physics (HEP). It is
usually based on Monte Carlo (MC) techniques which are useful if analytical calculations are
impossible or for simulation systems with many degrees of freedom. These MC simulations
are probability-based simulations which calculate the physics process according to the structure
functions and cross sections and are independent from the experiment. There are two mainly
used HEP MC generators, PYTHIA [140] and HERWIG [141, 142]. The methods used in these
generators are described below.

In this chapter the MC event generation in HEP is shortly illustrated and the main MC
generators are briefly introduced, both based on LHC physics, namely proton-proton collisions.
In order to describe the reality, one cannot use MC simulations only, the MC generators have to
be tuned to agree with real data. A nice and more detailed overview of MC event generation and
MC generators is given in [119] and [120] as well as in the manuals of different MC generators
e.g. PYTHIA [140, 143] and HERWIG [141, 142, 144].

5.1 Monte Carlo event generation

The starting step of each event generation is the calculation of the hard scattering process, mainly
the calculation of the matrix element of the partonic cross section, at a fixed order of the strong
coupling including the randomly chosen momenta of the ingoing partons, which are based on the
parton distribution functions (PDFs). Higher order QCD effects are added by using different
generator dependent parton evolution equations during the following parton shower. As a next
step, there is the hadronisation of the partons done with different hadronisation models. Here,
the underlying event/multi parton interaction (UE/MPI) is also taken into account because
they depend on the description of the hadronisation. Finally, unstable hadrons like short-lived
resonances decay to stable particles. The fundamental principle of the above described MC
event generation for a proton-proton collision is illustrated in Fig. 5.1, while the complexity and
the overlap of all the different steps of such an event is given in Fig. 2.3. In the following the
indiviual steps of an event generation are described in more detail.

5.1.1 Matrix element

The first step in the event generation is the calculation of the matrix element at a fixed order
of the strong coupling (LO, NLO, NNLO, ...) in the hard process. Out of this matrix element,
which symbolises the amplitude of the interaction, the partonic cross section can be determined
by integrating the squared matrix element over the whole phase space of the interaction. These
calculations are often done numerically. Because of the possibility to exclude particular regions
of the phase space, divergencies can be avoided.
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Figure 5.1: Scheme of the basic structure of a showering and hadronisation generator event [120)].

5.1.2 Parton shower

As it can be seen in Fig. 5.1, the interaction between two protons occurs through their partons.
Due to gluon radiation (¢ — ¢qg, § — qg) and pair production (¢ — ¢g) new particles arise
which cause a parton shower. So, parton showers play an important role in event generation.
They simulate the initial (ISR) and final state radiation (FSR), gluon radiation before (ISR)
and after (FSR) the hard process, in a collision. The general approach of simulating ISR and
FSR is based on the same method, although the execution is different due to the fact that the
cascades of ISR are space-like and of FSR time-like. Nonetheless, the calculations are done
via DGLAP equations which describe the development, kinematics, and flavours of the emitted
partons.! The two main generators PYTHIA and HERWIG have two different methods for the
evolution in the DGLAP equations. In PYTHIA, the evolution variable is either the virtuality of
the parent parton, Q?, or the squared transverse momentum of the two emitted partons k% In
HERWIG, the parton shower is angular-ordered and the evolution variable E? (1 — cos ) is a bit
more complex. It depends on the energy E of the parent parton and the angle 6 between the two
emitted showered partons. Both approaches cancel out infrared singularities. The parton shower
finishes when the virtuality of the partons Q2 reaches a minimum value of e.g. Q% = 1GeV?2.

'Partons from the hard process are assigned to partons at the Aqcp scale.
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5.1.3 Hadronisation

In the following hadronisation, all coloured particles compose colourless hadrons. Several iter-
ative models have been developed for the hadronisation. The two predominantly models used
are the Lund string model [145-147] and the cluster fragmentation model [148-150].

In the cluster fragmentation model, final state gluons split into ¢g pairs. Pairs of quarks and
anti-quarks group together so that they build colour neutral clusters which usually decay into
smaller clusters until hadrons are formed. If a cluster is too light to fragment into a hadron, a
light hadron replaces the cluster directly.

In the Lund string model, there are colour flux tubes or strings between strongly interacting
particles which stands for the potential energy between them. These strings are uniform in
length, have insignificant transverse momenta and have a diameter of a meson (1fm). The
principles of the confinement are valid for the strings. The larger the distance between the
partons, the higher the energy is between them. Therefore, the energy increases linearly with
the distance F (d) o« xd. At one point, the distance and therefore the energy of a ¢g pair is
so large that it is more energetic to fragment and create a new ¢g pair. During this process a
virtual qq pair fluctuates out of the vacuum on the string with the same colour as the quarks
at the endpoints, the colour field is compensated, the string breaks into two pieces, and two ¢q
pairs are arisen. This procedure is repeated until no further fragmentation, respectively string
breaking, is possible. For both methods, baryons are produced by creating diquark pairs instead
of quark pairs.

Multi parton interactions, which are covered in section 5.1.4, are also taken into account
during the hadronisation. After the full hadronisation, unstable particles decay according to
their branching ratios.

5.1.4 Multi parton interaction and underlying event

Due to the fact that the proton is not pointlike but exists of quarks and gluons, there are also
multi parton interactions (MPIs) next to the hard process and gluon radiation (ISR, FSR) in
the event (see Fig. 2.3). In the collision of two composite particles like protons, there is always
the possibility that more than one pair of partons interact. All these secondary collisions are
called MPIs and are especially important in the regions of small momentum fraction x of the
proton. In general MPIs are usually soft (low transverse momentum) but they can also be hard
with enough transverse momentum to build jets. There are different models to simulate MPIs.
One important parameter of these models is a low transverse momentum cut-off p7 min. The
cross section of the hard scattering process above pr min can be calculated as [151]

Ohard (PT,min) = / ——dpT x (5.1)
p

T, min pT p%,min
A pr min cut-off has to be introduced because otherwise the calculated differential cross section
would diverge like 1/ p%. For an infinitely small pr min, the total integrated cross section still
diverges and reaches a value larger than the total pp cross section, which is why this lower limit
on the minimum transverse momentum of the interaction is introduced to suppress all scatters
below pr min. This cut-off pr min is chosen to be reasonable small to have unbiased events with a
realistic amount of soft activity in the event. The event generator PYTHIA uses an adjustable
variable for this cut-off while HERWIG has an abrupt p7 min cut-off.
The hard cross section oy.,q contributes only once to the total cross section oyt so that the
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number of averaged parton-parton interactions (n) above pr min in an event is given by

n) = Thard, (5.2)

Otot

MPI and UE are often used in the same context, although there is a difference between both
terms. The UE is more generic than MPI and consists usually of MPIs, beam-beam remnants
(BBR)?, ISR and FSR. This gives a definition of the UE: all the activity which is not associated
to the primary hard process. At high energies, MPIs are a predominant source of UE activities
in the event, which is why MPI and UE are often used equivalently.

5.2 Monte Carlo generators

Monte Carlo generators cover all the discussed properties of MC event generation and simulate
events in high-energy physics by factorising the whole event into these different steps (see Sec.
5.1). Many MC event generators are available: PYTHIA [140, 143], HERWIG [141, 142, 144],
ALPGEN [152], SHERPA [153, 154], CASCADE [155], TAUOLA [156], ... . These are partly
multipurpose but also specialised generators that concentrate on particular event topologies and
physics channels or on the treatment of properties not covered by multipurpose generators (e.g.
spin correlation of particles). The two main multipurpose generators currently used in HEP are
PYTHIA and HERWIG and are briefly discussed in this section. In parts of this thesis (e.g.
analysis and tests with the HepMCAnalysis Tool, see Chap. 6), other generators are also used
which will be therefore shortly mentioned in Sec. 5.2.3.

5.2.1 PYTHIA

PYTHIA is one of the most common used multipurpose generators for hadronic events in pp,
ete™, and ep colliders. It is available in two versions, PYTHIAG6 [140] and PYTHIAS [143].
PYTHIAS is basically the C++ rewritten version of (Fortran) PYTHIAG6, but not yet in the
same state as PYTHIAG6 with its functionalities and processes. PYTHIAG6 covers the whole area
of event generation and contains a large range of physics processes, initial and final state parton
showers (ISR and FSR), underlying event, hadronisation, and particle decays.

A large physics area from QCD over Standard Model processes to SUSY and Exotics is covered
with its several hundred implemented different 2 — n subprocesses, most of them 2 — 2, but
also some 2 — 1 and 2 — 3. A detailed list of the physics processes is given in the manual [140]
and is summarised in [120]:

e QCD: 2 — 2 partonic scattering, heavy flavour, elastic and diffractive processes,
e Standard Model: v/~*/Z"/W¥ single or in pairs, or with a quark or gluon, Higgs,
e SUSY: two Higgs doublets, sfermion and gauginos pairs, R-parity-violating decays, and

e Exotics: Technicolor, new gauge boson, compositeness, leptoquarks, double charged Higgs
bosons, extra dimensions.

The parton showers (ISR and FSR) are calculated space-like and time-like. ISR is based on
backwards evolution in terms of a decreasing space-like virtuality @2 and also includes coherence

2Beam-beam remnants result from the hadronisation of the partonic constituents which did not participate in
any scattering.
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effects. For the calculation, the hard scattering process is chosen as the starting point from which
one moves backwards in time to the shower initiators. Partons from ISR can cause FSR.

Final state radiaton is based on forward evolution in terms of a decreasing time-like virtuality
m?. Final state radiation is usually angular-ordered. The calculations are done in LO but also
include NLO aspects, e.g. energy-momentum conservation, (p%), and coherence. Many other
features like gluon polarisation effects and photon emission are also included.

Although ISR and FSR are calculated independently, they are finally matched to each other
by maximum emission cones.

The UE in PYTHIAG is described by perturbation theory including all constituents of the UE.
The calculations are approximated by a set of separate 2 — 2 scatterings which are (colour-)
connected with each other. The pr min cut-off is 2 GeV so that below this value, no interaction
is allowed.

The hadronisation is simulated with the Lund string model which creates stable and unsta-
ble hadrons in the event generation. Finally, unstable hadrons decay corresponding to their
branching ratios. If better decay models are available for certain particle decays, these decays
can be assigned to specialised generators (e.g. TAUOLA [156] for 7 lepton decays including spin
information).

PYTHIAG contains a lot of free parameters which have to be combined to describe the reality.
Combinations of these parameters are summarised in so-called tunes which are introduced in
Sec. 5.3.

5.2.2 HERWIG

HERWIG is another multipurpose generator and exists in two versions too, a Fortran and a
C++ one, which is called HERWIG+4. HERWIGH+ is mainly the C++ rewritten version
of Fortran HERWIG and will replace it. Except for bug fixes, there is no further support or
development of Fortran HERWIG (in the following, HERWIG only).

HERWIG [141, 142] is a multipurpose generator for the simulation of hadron-hadron, lepton-
hadron and lepton-lepton collisions including many hard scattering processes, angular-ordered
parton shower, underlying event simulation, hadronisation, and hadron decays. As in PYTHIA,
HERWIG contains a large library of hard 2 — n scattering Standard Model and supersymmetric
processes. It is partly specialised on the decay of unstable resonances. HERWIG covers this
summarised list of physics process [120]:

e QCD: 2 — 2 scattering processes including heavy flavour production,
e Electroweak: v/v*/Z°/W¥*/H? single or pair production; often with additional hard jets,

e SUSY: large range of MSSM production processes in hadron-hadron and lepton-lepton
collisions including Higgs production; the option of R-parity violating decays and hard
production processes, and

e Exotics: new gauge boson and resonant graviton production.

HERWIG is also interfaced to TAUOLA to handle the correct polarisation in the 7 lepton decay.
Furthermore, additional processes can be added by using the Les Houches Accord (LHA) event
record [157].

HERWIG uses an angular-ordered shower for both ISR and FSR which is related on a coherent
branching algorithm. Leading soft and collinear singularities are considered as well as azimuthal
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corrections due to spin effects in the parton shower and the dead-cone effect for radiation from
massive quarks.

The UE in HERWIG is based on the minimum bias pp generator of the UA5 Collaboration
[158] which is modified for using the cluster fragmentation algorithm. HERWIG is also interfaced
to JIMMY [159, 160] for a better simulation of multiple scattering in the UE.

HERWIG uses the cluster fragmentation model based on colour preconfinement properties of
the angular-ordered shower as hadronisation (see Sec. 5.1.3). High mass clusters split into lower
mass clusters with a string-like mechanism which decay into observed hadrons. The unstable
hadrons decay into stable particles according to their branching ratios and phase space.

HERWIG++ [144] is a multipurpose generator based on the experience of Fortran HERWIG
rewritten completely in C++. HERWIG++ depends on the Toolkit for High Energy Physics
Event Generation (ThePEG) [161] and the Class Library for High Energy Physics (CLHEP)
[162]. Its goal is that it has a greater flexibility, generality, and ease of maintenance in their im-
proved capabilities like the angular-ordered parton shower and the cluster fragmentation model
as well as correlation features (e.g. polarisation) than HERWIG. But in principle its main func-
tionality is the same as in HERWIG. The processes are mainly LO, but there are also some
NLO processes in HERWIG++. The main difference in the parton shower is the use of new
evolution variables to describe radiation from heavy quarks as well as from light partons. The
improvement for the hadronisation amounts to a new cluster fragmentation model developed for
HERWIG++. The flavour selection in cluster decays changed. The probability of choosing a
given light hadron is not lowered anymore if heavier states are added to the particle tables. Ad-
ditionally, the meson and baryon sectors are dealt with independently [144]. Models of hadron
and 7 lepton decays are included so that there is no need to use external packages. These decays
are simulated by using matrix elements including momentas of decay products, spin correlations
etc. . Finally, HERWIGH++ also contains UE models which rely only on a small number of
parameters to simulate the MPI.

5.2.3 Other MC generators

There is a multiplicity of other MC generators, multipurpose but also a lot of specialised gener-
ators which are in use with one of the multipurpose generators. Some of them used in parts of
this thesis are briefly mentioned here and described in detail in the references.

AcerMC

The AcerMC MC generator [163, 164] is a special MC generator for the generation of Standard
Model background processes in proton-proton collisions at the LHC. It contains mainly W and
Z/~* as well as top and bottom quark production and their combinations. AcerMC provides
a library of the massive matrix elements and phase space modules for the generation of the
implemented processes. After the calculation of the hard process, AcerMC has to be interfaced
to another generator, e.g. PYTHIA or HERWIG, for the simulation of the parton shower,
the hadronisation and the decay of particles. It is also possible to interface AcerMC to other
specialised generators like TAUOLA or PHOTOS for the simulation of complex particle decays.

ALPGEN

ALPGEN [152] is designed for Standard Model processes in hadronic collisions. The focus of the
generated events lies on final states with high jet multiplicities. Partonic matrix elements are
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calculated in an exact leading order evaluation. There is the possibility to generate events in a
weighted and an unweighted mode, and to define user analysis cuts and distributions. Running
ALPGEN in the weighted mode is for instance useful for high-statistics parton-level studies,
while events in the unweighted mode can be passed to other generators to process the parton
shower and hadronisation. For this, default interfaces for PYTHIA and HERWIG are provided.
ALPGEN, like almost all other generators, allows the use of LHAPDF [165] for different parton
distribution functions.

CASCADE

CASCADE [155] is a full hadron level MC generator for small « processes in ep, vyp, pp and pp
collisions. It uses the CCFM evolution equations for the initial state radiation in a backward
evolution approach for the hard scattering process. The angular-ordered initial state parton
shower consists so far only of gluons. The final state parton shower uses the parton shower
routine of PYTHIA, while the hadronisation can be done by any MC generator (e.g. HERWIG,
PYTHIA) using the LHA event record.

CompHEP

CompHEP [166], a package written in C for evaluating Feynman diagrams, generates unweighted
events including colour flow information. This package generates events with a high level of
automation and integrates over multi-particle phase space. CompHEP does basically event cal-
culations at leading order, but it allows partly NLO corrections like NLO tree level 2 — N + 1
real emission corrections to 2 — N processes, NLO structure functions, ... . The generated
events are provided in the LHA event record, so CompHEP is interfaced to PYTHIA and HER-
WIG and can easily be interfaced to other generators for the parton shower and hadronisation
processes.

JIMMY

JIMMY [159, 160] is a package for HERWIG and HERWIG based generators. It should be
linked to HERWIG (based) generators for a better description of multi parton scattered events,
the design goal of JIMMY. It is possible to generate multi parton scattered events in hadron-

hadron, hadron-photon and photon-photon events. The hard process taking place before has to
be calculated with another generator like HERWIG, MCQNLO or others.

MCG@NLO

MC@NLO [167] is a specialised MC generator which calculates the hard scattering process
including the full next-to-leading order QCD corrections. Mass effects as well as spin correlations
for the decay products are included in most of the processes. MCQNLO also gives a sensible
description of multiple soft and collinear emissions. It is a standalone package writing an event
file in the LHA event record for reading by general purpose showering and hadronisation code.
MC@NLO has to be interfaced to a multipurpose generator, usually HERWIG, for simulating
the parton shower and the hadronisation.
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PHOTOS

PHOTOS [168, 169] is a package for the simulation of QED bremsstrahlung corrections. As
with many other specialised generators, it is linked to multipurpose generators during event
generation.

POWHEG

POWHEG [170-172] is an alternative to the MC@QNLO generator. POWHEG calculates the hard
process in NLO calculations and can be interfaced to various other parton shower generators by
using the LHA event record. Leading order accuracy of the parton shower and NLO accuracy
for the hard process are both supported.

SHERPA

SHERPA [153, 154] is a multipurpose event generator for hadron-hadron, lepton-hadron, lepton-
lepton as well as lepton-photon and photon-photon collisions with focus on matrix element and
parton shower merging with the CKKW method [173]. It is independently developed from
PYTHIA and HERWIG and has all the necessary functionalities of a multipurpose generator.
Interfaces to common event records like HepMC (see Sec. 6.1) are included.

TAUOLA

TAUOLA [156] is a dedicated package for the generation of 7 lepton decays including spin
polarisation and can be interfaced in several generators. For each decay mode, there is an
individual phase space generator, a part describing the weak current (including first order QED
corrections for leptonic decays, tau neutrino mass, ... ), a part describing the hadronic current,
and a part which is responsible for the choice of the 7 lepton decay mode and the overall
administration. It is recommended that it should be used in combination with PHOTOS.

5.3 Tuning of Monte Carlo generators

Monte Carlo generators (respectively MC simulations) are based on perturbative calculations
as well as on phenomenological models and depend on a large number of different models (see
Sec. 5.1 and 5.2). Therefore, they have a number of free parameters for the settings to be
changed. While the perturbative part (e.g. the hard process) is calculated quite similarly, there
could be larger differences in the non-perturbative parts. The latter part can be adjusted with a
large number of free tunable parameters to agree with experimental data. A set of such tunable
parameters is called a tune and differs often in its choice of flavour, fragmentation and UE
properties. Underlying event tunes, for example, often include specifications on the y/s-energy
and the prmin cut-off, possible momentum correlations, parton showering, MPI model, and
choice of PDFs. But it is also possible to tune other parameters like the scaling of as. A choice
has to be made between a model with many free tunable parameters and a model with only
a few but more physically affected parameters. Models with many parameters are sometimes
difficult to handle due to the multiplicity of parameter settings. Non-physical parameters are
also often included in these descriptions, for which reason models with only a few free tunable
parameters have a deeper physical specification but less flexibility. In the following, two examples
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5.3 Tuning of Monte Carlo generators

parameter PYTHIAG setting range used
scaling of PARP(64) 0.5—2.0
DT min cut-off PARP(62) 0.5 —2.5GeV
intrinsic momentum PARP(91) 0.5 —4.0GeV
intrinsic momentum maximum cut-off PARP(93) 5.0 — 20.0 GeV

Table 5.1: Settings used for parameter variations [174].
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Figure 5.2: Z boson pr distribution normalised to the differential cross section for the scaling of

a, for (a) below 25 GeV and (b) up to 120 GeV [174].

of tunable parameters are given [1 74].3 In this study, 300 000 single Z boson events are generated
with PYTHIA6.4 and CTEQ6L1 [175] as PDF set. The parameters, which are varied, are
given in Tab. 5.1. Two of them, the scaling of o, and the p7 min cut-off, are chosen here for
demonstration.

The variation of the strong coupling constant ag results in a change of the transverse momen-
tum of the Z boson for low and high transverse momenta as shown in Fig. 5.2. The changes
are quite significant and add up to an overall effect of around £5% mainly for high, and up to
+20% for low transverse momenta.

Varying the prmin cut-off has an effect on the overall cross section of the event. Table 5.2
illustrates that for an increase of prmin the cross sections decreases, resulting in a reduction
of the number of events. Although the cross sections differ slightly, the distributions of the Z
boson transverse momentum does not show significant effects (see Fig. 5.3). The shapes look
similar in the weighted distributions and overall reduction of the events is adumbrated.

There are several tunes, for example the AMBT1 [176], DW [177], Perugia2010 [178], and
AUET1 [179] tunes. The AMBT1 and AUET1 tunes are new tunes created with ATLAS data

3This study was performed in collaboration with Adam Bailey who worked as a summer student at the DESY
ATLAS group in summer 2011.
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PARP(62) | o [nb]
0.5 5.041
1.0 5.026
1.5 5.031
2.0 4.950
2.5 4.872

Table 5.2: Cross sections for ISR pr min cut-off [174].

S b et ] S 0252 |
© 0.12(— - = . \ — ] oA f - o —
& or2p ot + p,; min [GeV]= - 05 | o [fF p;min[GeV]= =05 ]
g = i, +1 1 2 [ +1
s F o b 1 = H"L .
s M= by 15 — £ 02T : 15 —
P e 2 {4 § F & 2 7
C L) n L b ' 7
00— * " 25 | s wisFl 1 25
! - aaiing |
ol s - He ¥ -
F e, ] [ 5 ]
oosjr- Mo, —] i l“L, 7
Fol 2 . 01 B —
004! e, . i ", B
o T, — o e ]
= o] 5 -, -
F ] § . B
00[1 — 0.05F— ", 7
UL - . .""\..._“ |
= - [ i -
S L | L | 1 L] S | 1 1 | T e e SN -
3 () 5 10 15 20 25 s % 10 20 30 40 50 60 70 80 90 100
= 115 — - L=
oot — n
c ISR
£ 105}~ | £
E L - v | E | i ey, L
D:095 - --‘—} g = : } s Q': 09— y
S s
£ oo — £ o8
. 5 10 15 2 - 10 20 30
a Zp, [GeV] Q
(a)

Figure 5.3: Z boson pr distribution normalised to the differential cross section for different ISR
PT,min cut-off values for (a) below 25 GeV and (b) up to 120 GeV [174].

only, while in DW and Perugia2010, Tevatron data is implemented. The DW tune is a Q-
ordered tune with more MPIs and a wider shower than only pr-ordered tunes and shows better
agreement with data. The Perugia2010 tune is a further development of the Perugia0 tune
[178] with the amount of final state radiation outside resonance decays increased to agree with
the level inside them. Additionally, it should improve the jet shapes description. AMBT1 and
AUET1 are pr-ordered shower tunes and used in different generators, AMBT1 for PYTHIA and
AUET1 for all HERWIG/JIMMY based generators. The major benefit of these tunes is a better
description of the MPI up to very low transverse momenta.

At ATLAS, the PROFESSOR tool [180], which is based on an interpolation of the generator
response in each bin of the distributions considered for tuning is often used for the development
of new tools. Figure 5.4 shows the n distribution of charged particles of the AMBT1 tune
evaluated with PROFESSOR. The RIVET package [181] is used for data MC comparisons in
these distributions.
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Figure 5.4: ATLAS minimum bias distributions: (a) n of charged particles and (b) number of
charged particles n., at 7 TeV with n., > 6 compared to the new tune AMBT1 (red
solid line), the MCO09c tune (blue dashed line), Perugia0 tune (magenta dash-dotted
line) and DW tune (brown long dashed line) [176].
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6 The HepMCAnalysis Tool

Monte Carlo (MC) generators use their own internal event record and convert it to a standard for-
mat at the end. Newer generators for high-energy physics (HEP) use the HepMC event record.
A framework to analyse the output of all the different MC generators generator independently
is given by the HepMCAnalysis Tool.

After a short introduction of the HepMC event record, the HepMCAnalysis Tool and its wide
range of applications is described.

6.1 HepMC event record

With the introduction of object oriented (OO) computing and programming in the high-energy
physics (HEP) community, an object oriented event record was needed. So, the HepMC event
record [109, 110] has been developed to replace (and also extend) HEPEVT [182] which is the
HEP standard for HEP software and MC generators written in Fortran.

This object oriented HepMC format, written in C++4, can be used for all HEP Monte Carlo
generators independently of the generator. It gives a simple and easy access to the event in-
formation. In this event record, the whole physics event (from the hard scattering process over
showering, hadronisation etc. to particle decay, see Sec. 5.1) is stored in container classes.

Figure 6.1 visualises the graph structure of the HepMC event record. On the left side, a
physics event is shown including the parton distribution functions, the hard subprocess, parton
cascades, hadronisation and decay of originated particles. The right side shows the same event
in the HepMC event record where the points represent vertices implemented in a Vertex class
and the arrows represent the particles implemented in a particle class. The connection between
particles and vertices shown in the picture as connected lines are implemented as pointers in the
corresponding classes.

So, the HepMC event record structures the event into containers, particles, and vertices. The
fundamental unit is a HepMC event container class with particles and vertices. The particle
class stores information on its Lorentz vector (thus the four momentum), flow and polarisation
information, particle identification (ID)? and status information, as well as the above mentioned
pointers to its production and end vertex. It is common standard to fill at least all final state
particles of the event into the event record by using the particles status information (status
code). It is differed in status codes of 1 and 2 for (stable) final state particles and decaying
particles like the 7 lepton, and status codes of 3 and larger for internal use of the generator.
The last are so-called ‘documentary’ particles and usually exist as intermediate states during
the event generation. Each particle belongs at least to one vertex. The pointers provide an
access to the different particles and their relations whereby the pointers can only be set from
the vertex. A vertex is a node between two particles in this graph structure (see Fig. 6.1),
which comprehends with a list of the incoming and outgoing particles, its position (in terms of a

'There was already the HEPEVT [182], a standard for HEP software written in Fortran during the Fortran time.
2The conventions of the Particle Data Group (PDG) [12, 183] is used for particle identification in the HepMC
event record.
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Figure 6.1: Visualisation of the collision of a physics event (left) and the concerning graph struc-
ture with edges and nodes in the HepMC event record (right) [110].

Lorentz vector), as well as a vertex identifier. In addition, there is a container of weights for each
vertex with additional information belonging to the vertex like colour flow and/or helicity (spin
density matrices). All vertices of an event are stored in a container of (all) vertices (belonging
to this event). As an additional option, a pointer to the primary vertex can be saved in this
container. And furthermore, there is the possibility to store a process ID, if many processes
are generated in the same job, and to extend it with features like event weights and states of
random number generators. Iterators are provided to access the vertices and particles in the
event record.

6.2 HepMCAnalysis Tool - structure and design

The HepMCAnalysis Tool is a framework, which uses the HepMC event record, to validate MC
generators and perform MC generator studies. The HepMCAnalysis Tool is published in [184]
and has been presented in several talks. Further information can also be found on the tool’s
webpage at [185].

The idea of the development of the HepMCAnalysis Tool is to have a framework with minimal
dependencies on other packages which allows an easy acces to generator level information in the
HepMC event record in a generator independent way. This already defines the design goals of
the HepMCAnalysis Tool

e robustness: minimal dependencies on other software packages and a minimal framework,
e simplicity: easy understandable code, written in C++4, and
e scalability: easy extendable for user analysis or other applications.

Thereby, analysing events with the HepMCAnalysis Tool covers the various aspects of event
generation like hard process, parton shower, multi parton interaction/underlying event and
hadronisation and furthermore different physics procceses like pp — tt, pp — Z — 77, pp — Jets,
pp — W/Z (+Jets) and many other. It is available on [185] but also pre-installed in Genser
(Generator Services Project) [121]3.

3Genser is a part of the already mentioned LHC Computing Grid Project [117] and provides a large number
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Figure 6.2: Class library structure of the HepMCAnalysis Tool.

The framework provide all the different parts which are needed for an analysis of MC generator
predictions

e the HepMCAnalysis class library, which only depends on ROOT [116], the HepMC event
record, and FastJet [186], with different physics analyses,

e a software environment to run and analyse MC generators with setup scripts, Makefiles,
links to the MC generator software with parton distribution functions (PDFs), the HepMC
event record, and ROOT, in an executable main program,

e steering files for different generators and their settings, and

e scripts for a web display and for comparisons of the output.

The technical implementation of the tool is summarised in Fig. 6.2 for the class structure of the
physics libraries and in Fig. 6.3 for the workflow of the tool.

6.2.1 The class library

The class library with the different physics analysis classes is shown in Fig. 6.2. A baseAnalysis
class is given which defines a common interface with functions like Init() for the initialisation of
histograms and other values, a Process() function, in which the physics event is analysed and the
results are filled into histograms, and a Finalize() function for final calculations and the write-out
of histograms into ROOT files. Furthermore, there are some special algorithms for jet finding
(FastJet is interfaced for this), particle identification, missing energy calculations, algorithms
for identifying of final state particles and many others. All the different physics classes inherit
all the functions of the baseAnalysis class which can be modified for the individual physics
analysis. Also other functions can be added in these classes. Currently these physics classes are
implemented:

of centrally installed MC generators as libraries and source code in the afs file system. Furthermore, Genser
provides libraries for HepMC and FastJet too. Also libraries of the HepMCAnalysis Tool are installed at
Genser. Before the installation of the libraries, they are adequate tested by Genser. The Genser installations
are used by the LHC experiments but also by theorists.
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Figure 6.3: Workflow of the HepMCAnalysis Tool, events are generated with provided example
programs and steering files, temporary stored in HepMC event record, and analysed
with the HepMCAnalysis class library. After analysing all events, the results in form
of histograms are written out to ROOT files which can be analysed and displayed
with provided scripts for comparison and a web display.

bbbarAnalysis for the analysis of bb events

ElasScat Analysis for the analysis of elastic scattered protons

EtMissAnalysis for the analysis of missing energy

JetAnalysis for the analysis of jet events

ttbarAnalysis for ¢t events

UEAnalysis for the analysis of the underlying event

WhplusJetAnalysis for the analysis of W + Jets events

WtaunuAnalysis for W — 7, events

ZAnalysis for Z events

ZtautauAnalysis for Z — 77 events

UserAnalysis for the individual analysis

As it can be seen, there is also a UserAnalysis in which the own analysis can easily be
implemented. All the different physics analysis classes can be used modularly independently
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from the physics process.

6.2.2 Event generation of MC events

Example programs (including steering files for the settings of the physics events and MC gen-
erator specific functions for configuration, initialisation and event generation) for the event
generation are provided for different MC generators (so far PYTHIAG6 [140], PYTHIAS [143],
HERWIG [141, 142], HERWIG++ [144], CASCADE [155] and ALPGEN [152]). Furthermore
there is one example program to read in HepMC files. Following the design goals, the tool uses
per default centrally installed MC generators from Genser. However, it is also possible to use
locally installed generators by changing the setup scripts.

The HepMCAnalysis Tool provides homogenous configuration mechanisms and steerings for
all supported generators. A so called ‘Configuration’ class reads a global configuration file (e.g.
Process.config), which is illustrated in Fig. 6.4, and includes the following information:

e configuration file for the generator with information of the physics process, PDF sets,
center-of-mass energy etc.

e switches on/off for the analysis classes and the analysis class parameter settings

e global settings as number of events to be generated, ROOT output filename, jet parameters
ete.

The individual generator parameters are written in separate configuration files* which are loaded
in an other configuration file. It is also possible to specify a list of generator configuration files,
which are read in one after the other. The whole configuration (the global as well as the generator
settings) is interpreted line by line.

Figure 6.3 illustrates the workflow of the HepMCAnalysis Tool. The generated event (of
the example program) is stored in memory in the HepMC event record for further analysis.
Afterwards the HepMCAnalysis library is called to analyse the event and to write the output
into histograms provided by ROOT. These steps are done event by event. The event is generated,
temporary stored in HepMC event record and analysed with the HepMCAnalysis class library.
The advantage of this procedure is that there is no need to save the event in HepMC format on
disc. In this way one can save a lot of disc space. The file size of events saved in the HepMC
event record is quite large to store all the different information (60.5 Mbytes for 1000 pp — W+
events generated with PYTHIA6 [110]). But optionally, there is the possibility to store the
events on disc. After running over all events when the event loop is finished, the results in form
of histograms are ordered in different folders, which follow the different physics analyses that
have been running, and are saved in ROOT files.

6.2.3 Check and display of the output

In order to have a fast access to the results, there are scripts for comparison and a web display
inside the provided software of the HepMCAnalysis Tool. With these scripts, which are simple
ROQOT macros, the resulting ROOT files can be opened and histograms can be extracted. The

4The generator settings are different from generator to generator but can be interpreted in the HepMC Analysis
Tool with the style used in these separate configuration files. In the tool, there are examples for the steering
and configuration of many physics processes for each supported generator.
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# Nr of Events to be generated

nevents 100

# randomseed ...

# if no randomseed is specified time in seconds will be set
rseed 1234567

# The histograms will be saved into File
OutputFileName Pythia6_test.root

# use the following Configuration files for the generator
# several may be specified

ConfigFileNames configfiles/Pythia6_Common.config
ConfigFileNames configfiles/Pythia6_PDF.config
ConfigFileNames configfiles/Pythia6_ttbar.config
# enable Analysis to be performed

jet_analysis true

z_analysis false

wplusjet_analysis false

ztautau_analysis false

wtaunu_analysis false

bbbar_analysis true

ttbar_analysis true

ue_analysis false

etmiss_analysis false

elasScat_analysis false

user_analysis true

# master switches for FSR, ISR and MI
# these switches are set in Pythia6_Common.config

# set Jet parameter

jet_coneRadius 0
jet_overlapThreshold 0
jet_ptmin 1
lepton_ptmin 1
DeltaR_lepton_track 0
max_eta 2
min_pt 0

cut on tracks for jet finder
cut on tracks for jet finder

Figure 6.4: Example of a configuration file of the HepMCAnalysis Tool for the generator
PYTHIAG. This skeletal structure is the same for all supported generators.
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Figure 6.5: Athena interface of the HepMCAnalysis Tool.

same histograms from different input ROOT files can be extracted and displayed in one canvas,
whereby the distribution are compared and performed with tests like Kolmogorov-Smirnoff-
and x2-tests. Finally, image files with the results and statistics are created which can be
summarised in automatically created webpages.

6.2.4 Interface to the ATLAS software framework Athena

The HepMCAnalysis Tool is also used by the ATLAS collaboration. The HepMCAnalysisIn-
terface provides a skeleton for the analysis of existing evgen/EVNT files® or the generation of
events within the ATLAS software framework Athena (see Sec. 4.2), the analysis of generator
information with predefined analysis classes or a developped user analysis. It is implemented
via a so called glue packageS, which links the interface to the installation of the HepMCAnalysis
Tool in Genser, and an interface package’, that defines the skeleton for the analysis, in Athena.

The principal functionality, visualised in Fig. 6.5, is the same as for the standalone
HepMCAnalysis Tool. A detailed description for the interface can be found at [187]. Inside
Athena, the interface of a MC generator generates events which are stored transiently as HepMC
event record in memory. Alternatively, it is also possible to read in a HepMC event from file
in evgen/EVNT format instead of running a generator. The stored event is analysed and the
results filled in histograms via the HepMCAnalysis_i, the interface to the class library with the
different physics analyses. Thereby, it is also possible to modify or create an own user analysis

5Generated events can be stored in these files in the HepMC event record.
5This external package can be found in External/AtlasHepMCAnalysis of the ATLAS software.
"This package can be found in Generators/HepMCAnalysis_i inside Athena.
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inside Athena.® The event loop is done within Athena. After it, the histograms are written out
inside Athena using the Athena histogram service THistSvc [188] to a ROOT file which can be
used externally.

The settings and configurations for such a job are done within ATLAS configuration files, so-
called job option files, (corresponding to the configuration files of the standalone HepMCAnalysis
Tool) as it is usually done in Athena.

6.3 Application of the HepMCAnalysis Tool

The HepMCAnalysis Tool is in a wide range of use. Next to Monte Carlo schools [189, 190]
of the Helmholtz Alliance ‘Physics at the Terascale’ [191] at DESY (Deutsches Elektronen-
Synchrotron) [192], other workshops and validation tests on the HepMCAnalysis Tool webpage
[185], it is also utilised for MC generator validation and regression tests in Genser and ATLAS
as well as in generator level studies and preparations of analyses, and other applications. Hence
it uses the above discussed generator independent HepMC event record, it is also possible to
discriminate between bugs of MC generators due to the same analysis code which is used. A
short extract of some applications is given here. In the following, pp — A + X — Il (q¢") + X
events are denoted as pp — A — Iy (qq).

6.3.1 Histogram based validation in Genser

One of the applications of the HepMCAnalysis Tool is histogram based validation of MC
generators in Genser [121]. Regression tests of several of the supported generators by Genser
are done with the HepMCAnalysis Tool for a histogram based validation. Figure 6.6 shows a
screenshot [193] of a part of the histogram based validation in Genser with the HepMCAnalysis
Tool. The layout of this webpage is a modified version of the scripts of the HepMCAnalysis
Tool. It gives an overview of the whole analysis and it is possible to follow the whole analysis.
There are links to the generator settings and the source code of the analysis.

Furthermore, it was discovered by this histogram based validation in Genser that there was
a change in the event record for Z bosons of HERWIG++ 2.5.0 with respect to version 2.4.2 [194].

In addition, it is also planned that the HepMCAnalysis Tool runs in nightly tests for
regression tests in Genser [195].

6.3.2 Regression tests in ATLAS

Another application for regression tests and tests on generator code changes and/or bugs is the
use of the HepMCAnalysis Tool in nightly tests of ATLAS [196]. For this purpose test jobs
of the ATLAS interface of the HepMCAnalysis Tool run in the RunTimeTester (RTT) [197],
a framework used to test the ATLAS software, next to other test jobs of other packages. The
test jobs of the HepMCAnalysis Tool are mainly Standard Model tests, which demonstrate the
principal functionality of the software and the generator if the results are reasonable. Results can
be found at the RTT homepage [198] or in the Figures 6.7, 6.8, 6.9, and 6.10 which show parts of

8To do so, one has to modify the files HepMCAnalysis_i/src/UserAnalysis.cxx and HepMCAnaly-
sis_i/HepMCAnalysis_i/User Analysis.h and recompile.
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Figure 6.6: Screenshot of a part of the Genser webpage in which the histgram based validation
with the HepMCAnalysis Tool is demonstrated [193]. The angle ¢ between a 7 lepton
and the corresponding v, of pp — W — 7, events for the MC generator PYTHIA
6.4.26 is mapped in this histogram and shows a good agreement to previous generator
versions. Furthermore, links to the generator configurations as well as the source code
are available on this webpage.

the RTT homepage for test jobs of the Athena interface HepMCAnalysis_i of the HepMCAnalysis
Tool.

To get to these results, one has to search for ‘HepMCAnalysis_i’ from the RTT start page
[198]. Some of the running test jobs of the HepMCAnalysis interface are listed in Fig. 6.7
while in Fig. 6.8 one of these test jobs, pp — W — 7v, events of the MC generator PYTHIAG,
is chosen with many information like logfiles, job settings and output files. The graphical
visualisation of the histograms in the resulting ROOT files is done via the DCube Service
[199, 200]. Figure 6.9 illustrates the principal layout of this service of the above job already
with a lot of information of folders and histograms in the ROOT files as well as tests which are
done between the resulting ROOT file and a reference file. Finally, Fig. 6.10 demonstrates the
plot view between the resulting and the reference file. It can be seen that there are no large
differences between the two files which means that there have not been large changes (or bugs)
in the ATLAS software from the version of ‘today’ and the version created by the reference

ROOT file.

A major revision of the RTT is ongoing at the moment, which will change parts of the
description.
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Figure 6.7: Screenshot of a part of the RT'T homepage [198]. A list of test jobs for the HepMC-
Analysis interface is illustrated.
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Figure 6.8: Screenshot of a part of the RT'T homepage [198]. Results of one of these test jobs for
pp — W — 7, events of the MC generator PYTHIAG6. A list of many files is shown.
A graphical visualisation of this test job is done via the DCube Service [199, 200].
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Figure 6.9: Screenshot of a part of the RT'T homepage [198]. This part demonstrates an overview
of the used DCube Service [199, 200] for illustrating the histograms of the ROOT
files in comparison with reference files.
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Figure 6.10: Screenshot of a part of the RTT homepage [198]. One of the resulting histograms
are plotted in comparison with a reference file using the DCube Service [199, 200].
Different tests can be run like a Kolmogorov-Smirnoff-, a y2-, and/or a bin-by-bin-
test. In this job, all tests are successful and there are no larger differences between
the resulting ROOT file of the test job and the reference ROOT file. This means
that there are no larger changes in the source code of the MC generator PYTHIAG6
(concerning pp — W — Tv; events).
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Figure 6.11: Read in of a dataset in evgen/EVNT format in the Athena interface of the
HepMCAnalysis Tool for a so-called sample B validation of ATLAS.

6.3.3 Validation for ATLAS MC production

A validation has been done with the Athena interface of the HepMCAnalysis Tool. This so-
called sample B validation was a test (in addition to expert checks) of the validity of MC
generators and their production scripts of different MC samples for a central production for
2009 in ATLAS in comparison with the central production of 2008. The datasets which has
been validated are summarised in Tab. 6.1. To analyse these datasets in evgen/EVNT format?,
the HepMCAnalysis interface has to read in dataset files in HepMC event record instead of
running a generator (interface), see Fig. 6.11. The rest of the functionality is as described
previously.

The results of the validation have been mainly presented online using the automatic web
interface scripts'®, but parts of the validation are summarised in Figs. 6.12 and 6.13.

While there is a good agreement in the transverse momentum of the top and antitop quark
in pp — tt events for PYTHIAG6 (Fig. 6.12(a)), differences can be observed in the ¢ distribution
of stable particles (excluding neutrinos) (Fig. 6.12(b)) in these events. The underlying event
has been improved from the 2008 (MCO08) to the 2009 (MC09) MC central production. The
distributions (¢ of W boson, n of W boson, A¢ between top and antitop, number of jets) for
pp — tt events but with different generators in Figs. 6.12(c), 6.12(d), 6.12(e), and 6.12(f)
show a good agreement and illustrate that there has not been larger changes in these issues,
respectively bugs between the two central productions. For further processes and generators,
the mass of the Z boson and the pseudorapidity n of the Z boson for pp — Z — pu events
of ALPGEN+JIMMY-+HERWIG are given in Figs. 6.13(a) and 6.13(b). The transverse mass
in pp - W — ev, events of JIMMY+HERWIG is given in Fig. 6.13(c). The pdg ID (particle
data group identification number) of the lepton coming from the W boson decay in Fig. 6.13(d)
illustrates nicely the asymmetry of W and W~ boson production in proton-proton collisions
due to the parton distribution functions and the valence quarks in the proton.

9This ATLAS term corresponds to the HepMC event record.
10The website is offline in the meantime.
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Figure 6.12: (a) Transverse momentum of the top and antitop quark in pp — ¢t events of
PYTHIAG6, (b) angle ¢ of stable particles (excluding neutrinos) in pp — tt events
of PYTHIAG, (c) angle ¢ of the W boson coming from the top decay in pp — tt
events of POWHEG+JIMMY+HERWIG, (d) pseudorapidity n of the W boson
coming from the top decay in pp — tt events of POWHEG-+JIMMY+HERWIG,
(e) angle A¢ between the top and antitop quark in pp — ¢t events of
MC@QNLO+JIMMY+HERWIG, and (f) number of jets coming from initial and
final state radiation as well as from multi parton interaction in pp — tt events of
MCQ@NLO+JIMMY+HERWIG.
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Figure 6.13: (a) Mass of the Z boson in pp — Z — pu events of ALPGEN+JIMMY+HERWIG,
(b) pseudorapidity n of the Z boson in pp — Z — pup events of ALP-
GEN+JIMMY+HERWIG, (c) transverse mass of the W boson in pp — W — e,
events of JIMMY+HERWIG, (d) pdg ID of the lepton coming from the W bo-
son decay in pp — W — ev, events of JIMMY+HERWIG, (e) number of jets in
pp — W + 3 jets — 7v, + X events of SHERPA, and (f) event number pp — tt
events of AcerMC+PYTHIAG.
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Although good agreements are demonstrated so far for the sample B validation, the sense of
it is to test the general functionality and validity of MC generator and production scripts for
a central MC production. While the number of jets in pp — W + 3jets — 7v, + X events of
SHERPA in Fig. 6.13(e) still show a good agreement, discrepancies in the number of events in
pp — tt events of AcerMC+PYTHIAG6 can be observed in Fig. 6.13(f). During the validation
it could be figured out in time that there were empty events in the dataset which were skipped
during the generation. These ‘broken’ datasets could be corrected before the central production
started.

6.3.4 Further studies

Next to regression and validation tests, the HepMCAnalysis Tool is also a good framework for
fast checks and tests as well as for physics studies. For instance, it is often used as a first check
for a version change of generator or other packages like LHAPDF [165] if obvious differences can
be expected or not.

There are also a few more studies which have been done with the HepMCAnalysis Tool. It is also
possible to use it for fast analysis checks. For closing this chapter, three of them are presented
here.

PDF study

A PDF study introduced here was done in reference to [201] for a better understanding of
so-called modified leading order parton distribution functions (modLO PDFs). Modified LO
PDFs are special developed PDF's for LO MC generators to reach as close as possible the NLO
(next-to-leading order) distributions. These new PDFs are achieved by relaxing the momentum
conservation and allowing NLO couplings in the fit which results in an increased gluon density
at low x and a total momentum carried by the input partons of round 113% [201]. For this study
100000 pp — W — puv, events have been generated with PYTHIA6 and CTEQ6L1 [175] and
mLOMRST/MRST2007lomod [201] as PDF sets. In the reference [201] HERWIG/CompHEP
[166] with the PDF sets MRST2001LO [202] and MRSTLO*/MRST2007lomod have been used.
The corresponding cross sections are 17.25nb for CTEQ6L1 (17.5nb in [201]) and 19.37nb for
MRST2007lomod (20.6nb in [201]).

The idea of the modified leading order PDFs studied in [201] could be confirmed in this
analysis. As an example, Fig. 6.14 shows the rapidity distribution normalised to the cross section
of the W boson in pp — W — puv, events. The distributions for the LO PDF (CTEQ6L1) as
well as for the modLLO PDF (MRST2007lomod) agree quite well with the corresponding ones in
201].

In addition to [201], jets coming from the parton shower could be ovserved (Fig. 6.15) which
are produced due to initial state radiation (ISR) and multi parton interaction (MPI) (see below).

Furthermore, this study with the above PDFs has been done also for other generation
processes which could also confirm the results found in [201] and the idea of modLO PDFs.
Control histograms and further histograms can be found in Chap. A.
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Figure 6.16: (a) and (b) Number of jets and (c) and (d) the transverse momentum of jets for ISR,
FSR, MPI, and without ISR/FSR/MPI each on the left side and for all combinations
on the right side.

ISR, FSR and MPI

The aim of this study was to figure out, where jets in pp — W — [y, events come from. This
question came up during the above PDF study. It was assumed that they come from initial
(ISR) and final (FSR) state radiation as well as from multi parton interaction (MPI). 2000
PYTHIAG pp — W — [y, events with the same setup as in the above PDF study but only for
CTEQG6L1 as PDF set have been generated for this purpose. Initial and final state radiation as
well as multi parton interaction have been simulated by switching ISR, FSR, and MPI in the
settings of PYTHIA6 on and off.

A summary can be seen in Fig. 6.16. The number of jets as well as the transverse momentum
of the jets are shown for ISR, FSR, MI, and without ISR/FSR/MI as well as for all combinations
of ISR, FSR, and MPI. It can be seen that the jets are not coming from FSR but only from ISR
and MPI in pp — W — [y, events. Thereby, MPI produces more but lower-energetic jets than
the ISR.
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6.4 Summary

Process Generator Dataset ID Production job option file

7 — ee HERWIGH+ 108294 MC9.108294.HerwigppZee

Z — up HERWIGH+ 108295 MC9.108295.HerwigppZmumu

Z =TT HERWIGH+ 108296 MC9.108296.HerwigppZtautau
W — ev, HERWIG++ 108291 MC9.108291.Herwigpp Wenu
W — v, HERWIGH+ 108292 MC9.108292.Herwigpp Wmunu
W — 1v, HERWIGH+ 108293 MC9.108293.Herwigpp Wtaunu

reference datasamples

Z —ee | JIMMY+HERWIG 106057 MC9.106057.JimmyZee_no_filter
Z — pp | JIMMY+HERWIG 106058 MC9.106057.JimmyZmumu_no_filter
Z — 77 | JIMMY+HERWIG - MC9.myJimmyZmumu_no_filter
W —eve | JIMMY+HERWIG 105100 MC9.105100.JimmyWenu
W — pv, | JIMMY+HERWIG 106056 MC9.106056.JimmyWmunu_no_filter
W — tv, | JIMMY+HERWIG 106045 MC9.106045.JimmyWtaunu_no_filter

Table 6.2: List of datasets which were prevalidated before the sample B validation in ATLAS.

HERWIG++ validation

Concerning the sample B validation (see Sec. 6.3.3), the ATLAS interface of the HepMCAnalysis
Tool has been used for a prevalidation of different HERWIG++ datasets based on preliminary
production job option files listed in Tab. 6.2. These datasets were not official at this time and
produced privately for these first tests. The reference datasets created with Fortran HERWIG
are also listed in Tab. 6.2.11

Figures 6.17, 6.18, and 6.19 show some of the results for the Z data samples. While there
are small differences in the number of Z bosons (Fig. 6.17(a)) of pp — Z — ee events, the
mass of Z bosons (Fig. 6.17(b)) shows quite a good agreement between both generators.
Some discrepancies have been found in the transverse momentum prt of Z bosons and the
pseudorapidity n of Z bosons in pp — Z — pp events (Fig. 6.18). The number of tracks in
the 7 lepton decay of pp — Z — 77 events in Fig. 6.19 agree quite well. The differences in
the number of tracks (Fig. 6.19(a)) are explained by the fact that HERWIG++ has an own 7
lepton decay package while Fortran HERWIG uses Tauola [156] to simulate the 7 lepton decay.
Better agreement exists in the transverse momentum prt of the highest pt track from the 7
lepton decay of these events.

6.4 Summary

The HepMCAnalysis Tool is a package for MC generator validation and comparisons. It is a
stable, easy-to-use, and extendable framework allowing easy access to generator level analysis,
using the generator independent HepMC event record. It contains a class library with benchmark
physics processes and a user analysis, in which the own analysis can easily be implemented, to
analyse events at generator level and to fill results into ROOT histograms. The HepMCAnalysis

1 As a technical note: The validation was done with Athena version 15.5.1 and the Athena interface of Hep-
MCAnalysis Tool 3.1. The samples have been requested by the Standard Model group in ATLAS and are
provided in evgen/EVNT format.
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6 The HepMCAnalysis Tool
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Figure 6.17: (a) Number of Z bosons and (b) mass of Z bosons in pp — Z — ee events.
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Figure 6.19: (a) Number of tracks in the 7 lepton decay and (b) transverse momentum pr of the
highest pr track from the 7 lepton decay in pp — Z — 77 events.
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6.4 Summary

Tool includes steerable example programs for MC event generation. Scripts for a web display
and comparisons of the ROOT histograms are provided, including Kolmogorov-Smirnoff- and
x2-tests. The HepMCAnalysis Tool is available on its webpage [185] and in Genser (Generator
Services Project).

The tool is in use for a variety of applications. An interface to the ATLAS software framework
Athena is available, where it runs for validation and (nightly) regression tests of MC production
scripts as well as for generator level studies and preparations for private analyses. Several
(pre-)validations for large production of ATLAS MC datasets were performed and bugs could be
discovered early enough in the MC datasets. Other applications are histogram based validation
in Genser, as framework in MC schools, in generator level studies, and in preparations for user
analyses, like the PDF study presented here. The running of nightly tests in Genser is also
planned.
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7 General aspects of W — 7v, events in
proton-proton collisions

This chapter describes general aspects of the process pp — W + X — 7v, + X at ATLAS. In the
following, the process pp — W + X — 71v,; + X is denoted as W — 7v, for simplification. The
W boson and the 7 lepton were already introduced in Sec. 2.1.5 with their major properties.
In this chapter, the 7 lepton and W boson are summarised in context of LHC physics. The W
boson production at a proton-proton collider is illustrated as well as expectations of W — 7v;
events.

7.1 Physics of the W boson

Since general aspects of the W boson, like mass, were already covered in Sec. 2.1.5, the focus is
put on physics of the W boson at the LHC in this section.

Single massive vector bosons are mainly produced via quark-quark scattering from the in-
coming hadrons in a hadron collider like the LHC (see Fig. 7.1). The rest of the hadrons, the
spectator partons, build up a part of the underlying event. The specific Feynman diagrams up
to NLO calculations for the production of a W boson decaying into a 7 lepton and a 7 neutrino
are given in Fig. 7.2.

The hard process cross section for each individual generating process can be calculated with
the factorisation theorem (see Sec. 2.1.4 and Eq. (2.19)). Due to the fact that the cross section
is also an observable, it can be directly measured in experiments

Nobs - kag

1
AwCw L (7.1)

ow =

with Nyps as number of events passing the final selection, Ny, as number of background events,
Aw as acceptance, Cy as correction factor and £ as integrated luminosity (see Sec. 8.5 for
details). The total W boson production cross section is given in Fig. 3.3, that shows that the
W boson production cross section is approximately ten times larger than that of Z bosons. The
W boson decays into a quark pair or into a charged lepton and a corresponding neutrino. The
ATLAS physics program for W bosons in early data comprehends several topics to have a good
understanding of SM processes and for the search of new physics:

e measurement of the inclusive W boson production cross section,

o W boson charge asymmetry,

e measurement of differential cross section in the W boson production, and
e precision measurements of the W boson mass and decay width.

The cross sections of W — ev, and W — puv,, processes have been already measured in 7 TeV
ATLAS data and was found to be in agreement with the value from the NNLO calculation of
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7 General aspects of W — Tuv, events in proton-proton collisions
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Figure 7.1: Scheme for W+ boson production at a proton-proton collider.
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Figure 7.2: Feynman diagrams for single W boson production decaying into a 7 lepton and a
corresponding 7 neutrino.
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7.2 Physics of the T lepton
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Figure 7.3: Lepton charged asymmetries for the (a) electron and (b) muon channels including
the superimposition of several theoretical predictions [203].

10.46 nb [203]. The cross section for W — tv, processes in first ATLAS data was published in
[137, 138] and will be described in Chap. 8.

The measurement of the W boson charge asymmetry provides information about parton dis-
tribution functions (PDFs). Inclusive measurements have been performed at the TEVATRON
[204-207] whose data has been included in global fits of PDFs [22, 175]. The asymmetry of the
W boson decay can be obtained by comparing the positively and negatively charged decay cross
sections. Formally, the lepton charge asymmetry A; is defined as

I+ l—
A = Uleiafﬁ‘ (7.2)
Owy T oy
where a% 4 and 0%7 are respectively the positively and negatively charged W boson fiducial
cross sections.

The charge asymmetry is different from zero due to the different numbers of v and d valence
quarks in the proton and it differs from the charge asymmetry in proton-antiproton collisions.
The charge asymmetry of W bosons has been already measured in W — ev, and W — puv,
events by ATLAS with 7TeV data and is in agreement with the predictions (see Fig. 7.3) [203].

7.2 Physics of the 7T lepton

The 7 lepton was already introduced in Sec. 2.1.5. Its main physics aspects are summarised
here.

The 7 lepton belongs to the third generation of leptons. It is the heaviest with a mass of
1.777 GeV and it has a rather short lifetime of 2.9 x 10713s. It decays in 64.79% of the cases
hadronically and 35.21% leptonically [12]. Its decay is given in Fig. 2.5. Due to their similar
signature in the detector, leptonically decaying 7 leptons are difficult to distinguish from primary
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7 General aspects of W — Tuv, events in proton-proton collisions

electrons or muons. The additional neutrino in the leptonic 7 lepton decay like 7 — puv, v,
results in a visible energy of the 7 lepton less than in the hadronic decay. This high missing
transverse momentum in the leptonic 7 lepton decay is a big challenge for the leptonic 7 lepton
reconstruction. So, the 7 lepton reconstruction algorithms at ATLAS focusses on hadronically
decaying 7 leptons only (in the following 7, leptons, see Sec. 4.4.2). These are characterised
by an odd number of charged mesons, mainly one or three pions, in the decay. There are also
neutral particles, mainly neutral pions 7°, in the 1- and 3-prong decays that can be registered
as electromagnetic energy depositions (e.g. 70 — 7).

A central aspect in the physics of the 7 lepton is its polarisation, which has been thoroughly
analysed at the Large Electron Positron (LEP) collider in ete™ — Z — 7777 processes, and
gives a hint on parity violating processes [208]. The 7 lepton polarisation can be calculated by

Lo GVr/9Ar o9V
1+ (gvr/gar)? 9Ar

=—2(1—4sin’fy), (7.3)

where gy.+/ga - is the ratio of the vector and axial vector coupling constants of the 7 lepton to
the Z boson. The polarisation of the 7 lepton has been measured to be P, = —0.152 4 0.045,
which provides a mixing angle of sin® y (M%) = 0.2302 + 0.0058 [208]. The aspect of the 7
lepton polarisation is quite important as a probe of new physics. New heavy particles can be
identified via their decay into 7 leptons, such as the charged Higgs boson, which can decay in a
right-handed 7 lepton and a corresponding neutrino [209].

Furthermore, 7 leptons play an important role in many physics processes, in SM physics as
well as in physics beyond the SM (see Sec. 2.3). For light Higgs boson masses, the 7 lepton can
be often found in the Higgs boson decay, both in the neutral and in the charged Higgs boson
decay. The 7 lepton is also an important final state particle in many supersymmetric scenarios.
Thus, the 7 lepton is important on the one hand for understanding SM background in the search
for new physics, and on the other hand for precision measurements in the SM. Significant SM
events with 7 leptons are W — 7v, and Z — 77 events, which can be used for calibration
and validation of the 7 lepton reconstruction and identification in first data. In addition, t¢
events are crucial events with 7 leptons for the measurement of the top quark mass in the decay
channels tt — W (— qq) W (— 7v,) bb and tt — W (— eve/pv,) W (— Tv;) bb, too.

7.3 Expectation from W — 7v, events

The process W — v, plays an important role for physics with 7 leptons in first ATLAS data.
It is used for validation of the reconstruction and identification techniques for 7 leptons and of
the measurement of the missing transverse momentum. Furthermore, the process W — 7v, can
also be used in the search for physics beyond the SM (like charged Higgs bosons). Although
other channels like Z — 77 are easier to select, the W — 7v, process has a ten times higher
cross section of ¢ x BR = 10.46- 103 pb (NNLO) at /s = 7TeV [203] (¢ x BR = 1.7-10* pb (LO)
at /s = 14TeV [57, 58]). Its branching ratio is (11.25+ 0.20) % [12]. The main production
processes of W — tuv; events are summarised in Fig. 7.2.

The process W — myv, is dominated by events with low transverse momentum of the W
boson which result in soft 7 leptons with low missing transverse momentum as illustrated in
Fig. 7.4. The neutrino in the decay carries a large fraction of the W boson energy away, which
results in visible measurable low reconstructed momenta.

Measurements concerning the W — v, channel have been already performed at hadron
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7.3 Expectation from W — Tuv; events
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Figure 7.4: Visible momenta of the (a) 7 lepton and (b) W boson in W — m,v; events at
generator level generated with PYTHIAG. Visible momentum means that only decay
products are implemented in the momentum which can be detected in a detector.

colliders by the TEVATRON experiments to test for example the lepton universality.

The CDF Collaboration measured the cross section o (pp — W) x BR(W — Tv;)
and the ratio BR(W — tv;) /BR(W — ev.) in pp collisions at /s = 18TeV on
data with an integrated luminosity of 4.05pb~! [210]. They obtained a value
for the cross section of o (pp — W) x BR(W — 7v;) =2.05+£0.27nb and for the ratio
BR(W — 1v;) /BR(W — eve) = 0.97£0.07 in agreement with the SM expectations assuming
lepton universality [210]. Both measurements include statistical and systematic errors.

The same measurements with an integrated luminosity of 18pb~! have been
accomplished by the DO Collaboration. They published a cross section of
2.22 +0.09 (stat.) £ 0.1 (syst.) £ 0.1 (lumi.)nb and a ratio of 0.980 £ 0.031 [211]. Similar
measurements were also performed by the UA1 and UA2 Collaborations [43, 212].

The W — 7v; branching ratio was also measured at the LEP collider and deviations from the
SM expectations were observed. The four LEP experiments (ALEPH, DELPHI, L3, and OPAL)
measured an average branching ratio of (11.44 £ 0.19 ( stat.) + 0.2 ( syst.))% [2-5].! Assuming
100% unknown correlation, the systematic uncertainty of the average value is set on 0.2%.
The SM expectation lies at 10.83%, which means that the LEP experiments have deviations of
approximately 2.20, which necessitates the aim of repitition of this measurement at the LHC.

These measurements are repeated with the first LHC data. Chapter 8 covers the W — 7u;
cross section measurement, which was published in [137] and [138].

In this thesis, one focus in the cross section measurement lies on acceptance calculations (see
Sec. 8.5 and Sec. 8.6.4). A first estimation of possible results is given by a generator based
study [213].2 A simplified efficiency calculation was done with the following cuts:

® 20 GeV < pr (1) <60 GeV,

!The averaged branching ratio is calculated by arithmetic averaging. The individual branching ratios
are: (11.25 £+ 0.32 ( stat.) = 0.20 ( syst.))% (ALEPH) [2], (11.46 & 0.39 ( stat.) £ 0.19 ( syst.))% (DELPHI) [3],
(11.89 4 0.40 ( stat.) £ 0.20 ( syst.))% (L3) [4], and (11.14 £ 0.42 ( stat.) & 0.17 ( syst.))% (OPAL) [5]. The er-
rors are calculated with usual error propagation of the individual errors from the experiments.

2This study was performed in collaboration with Marc Sangel who worked as a summer student at the DESY
ATLAS group in summer 2011.
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7 General aspects of W — Tv, events in proton-proton collisions
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Figure 7.5: (a) Transverse momentum and (b) rapidity of the W boson in W' — 7v, events [213].

e |n(7)] <2.5and not in 1.3 < |n(7)] < 1.7,
e (3 pY)p > 30 GeV, and

o Ap(p™,> p") > 0.5,

where pr (7) and 7 (7) are the transverse momentum and pseudorapidity of the 7 lepton.
The term (> p”), is the transverse part of the sum of the neutrino momenta. The angle
A¢ (p™, > p”) is the angle between the momentum of the 7 lepton and the sum of the neutrino
momenta. These cuts are chosen in a way that they are similar to Sec. 8.5 and correspond to the
visible part of a reconstructed 7 lepton. For an approximation of the efficiency expected in the ac-
ceptance calculation of Sec. 8.5, 100000 W — 7v; events have been generated with PYTHIAG6
for different parton distribution functions (PDFs): CTEQ66 (NLO) [214], MRST2007lomod
[201], MSTW2008l090cl (LO) [22] and HERAPDF15NNLO [29]. The efficiency is defined as

number of all events after cuts

€ =

number of all generated events’ (7.4)
Results are shown in Figs. 7.5 and 7.6 and Tabs. 7.1, 7.2, and 7.3.

As expected, there are differences in the distributions of the W boson and the 7 lepton in
Figs. 7.5 and 7.6 for the different PDFs and the distributions which agree with the results in
[201] (see Sec. 6.3.4). Table 7.1 shows the number of events after each cut for hadronically and
leptonically decaying 7 leptons in W — 7v, events with the corresponding efficiency in Tab.
7.2. The statistical error for the efficiency is calculated with usual error propagation. In order
to have an approximation of the efficiency of hadronically decaying 7 leptons only, the efficiency
of all decaying 7 leptons (see Tab. 7.2) is multiplied with the branching ratio of hadronically
decaying 7 leptons of 0.6479 and gets the efficiency of hadronically decaying 7 leptons shown in
Tab. 7.3. The differences in the acceptance between this result and what was published in [137]
((9.75 £0.19) %) arises due to the use of a different tune. ATLAS uses the AMBT1 LO* tune
[176] while in this study the PYTHIAG6 standard tune [215] based on Rick Field’s tune A was
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7.3 Expectation from W — Tuv; events

’ cut number of events error
| MRST2007lomod
without cut 100000 + 316.228
pr(7) 77770 + 278.873
In(7)] 42835 +  206.966
o) 14030 4+ 118.448
Ap(p™, > p") 13617 +  116.692
y CTEQ66 (NLO)
without cut 100000 + 316.228
pr(7) 78182 +  279.61
In(7)] 44171 + 210.169
) 13804 + 11749
Ap(p™, > p”) 13482 + 116.112
| MSTW2008lo90cl
without cut 100000 + 316.228
pr(T) 78215 +  279.669
In(7)] 41773 + 204.384
) 13116 4+ 114.525
Ap(p™, S p¥) 12762 + 112.969
| HERAPDF15NNLOEIG
without cut 10000 + 316.228
pr(7) 78277 + 279.78
()] 44714 + 211457
o) 13752 +  117.269
Ap(p™, > p¥) 13427 + 115.875

Table 7.1: Number of events after each cut for hadronically and leptonically decaying 7 leptons
in W — 7v; events [213].

’ PDF efficiency error
MRST2007lomod 0.13617 £ 0.00124
CTEQ66 0.13482 £+ 0.00124
MSTW20081080cl 0.12762 £+ 0.00120
HERAPDF15NNLOEIG | 0.13427 + 0.00123

Table 7.2: Efficiency for hadronically and leptonically decaying 7 leptons in W — 7v, events
[213].
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events in proton-proton collisions
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Figure 7.6: (a) Transverse momentum and (b) rapidity of the 7 lepton in W — 7, events [213].

PDF

‘ efficiency error
MRST2007lomod 0.08822 + 0.00081
CTEQ66 0.08735 + 0.00080
MSTW2008l080cl 0.08269 + 0.00078
HERAPDF15NNLOEIG | 0.08699 4+ 0.00080

Table 7.3: Efficiency for only hadronically decaying 7 leptons in W — 7v; events [213]
(modified).

used. Comparisons for different tunes have also been performed with no significant differences.

Several W — m,v; candidates have already been observed [216]. Figure 7.7 shows the event
signature of one of the first candidates observed by the ATLAS experiment. The event was
collected on May 24th 2010 and passed the event selection criteria described in [216]. The
hadronic 7 lepton candidate has a transverse momentum of 29 GeV and has one charged track
in its decay (1-prong). The missing transverse momentum in the event is 39 GeV and the angle
A¢ between the 7 lepton candidate and the missing transverse momentum is 3.1. No electrons,
muons, photons, jets or other objects can be found in this event. The top left view is a projection
of the event in the x-y plane. The isolated hadronic 7 lepton candidate is visualised as an orange
line. Its energy depositions in the electromagnetic (green) and hadronic (red) calorimeter can be
seen as yellow boxes. The missing transverse energy opposite to the hadronic 7 lepton candidate
in the x-y plane is a red dotted line. The shape of the energy depositions of the hadronic 7
lepton is given in the top right view. These energy depositions (magenta and yellow boxes) in
the 3D view denotes that hadronically decaying 7 leptons have similar shapes like QCD jets but
narrower.
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7.3 Expectation from W — Tuv; events

p,(t) = 29 GeV
E,ms = 39 GeV
Ad(t,E™) = 3.1

2 EXPERIMENT m, = 68 Gev

Run 155697, Event 6769403
Time 2010-05-24, 17:38 CEST

W-1tv candidate in
7 TeV collisions

Figure 7.7: Event display of a W — v, candidate, collected on May 24th 2010. Event proper-
ties: pr (1) = 29 GeV, ERIS = 39 GeV, Ag¢ (7‘, EEE“SS) = 3.1 and mt = 68 GeV. No
additional object (electron, muon or jet) was found in the event [217].
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8 Measurement of the W — 7r._. cross section
in proton-proton collisions at /s = 7 TeV
with the ATLAS experiment

The study of the W — 71, decay in pp collisions is crucial for the physics program using early
ATLAS data. It complements the measurement of W boson production decaying into electrons
and muons [218, 219]. It is important to rediscover the SM at the LHC experiments as a demon-
stration of detector understanding and as background for new physics searches. Furthermore,
these measurements can improve the precision currently available for many SM parameters. In
addition, the W — 7uv, branching ratio has to be checked, because deviations of approximately
2.2¢ from the theoretical prediction have been observed at LEP. A W — 7v; branching ratio of
10.83% is expected but a branching ratio of (11.44 + 0.19 ( stat.) + 0.1 ( syst.))%, averaged over
all LEP experiments, was measured (see Sec. 7.3) [2-5].

Therefore, as one of the starting points, the cross section of W — 7u, is determined. As
already mentioned in Sec. 7.3, W — 7v, events are dominated by low-pr W bosons decaying
into 7 leptons with small visible transverse momenta. Due to the neutrinos in the W boson
and 7 lepton decays, there is large missing transverse momentum in the event. From NNLO
calculations, a cross section times branching ratio of o x BR = 10.46 - 103 pb is expected for a
center-of-mass energy /s = 7TeV [22, 203, 220].

The entire cross section measurement published in [137] and [138] is described in this chapter.
The focus lies on the acceptance calculation and systematic uncertainties of the acceptance.
Furthermore, systematic uncertainties of the underlying event modelling are evaluated by us-
ing different tunes. For the analysis, the full 2010 data, recorded by the ATLAS experiment,
corresponding to an integrated luminosity of 34.3pb~! is used. In the following, a hadroni-
cally /leptonically decaying 7 lepton is denoted as 7, /7 lepton.

8.1 Data samples

The cross section measurement is performed on the 2010 ATLAS data recorded in proton-
proton collisions at a center-of-mass-energy of /s = 7TeV. Only data, taken during data taking
periods where all relevant subdetector systems were fully operational, is taken into account.
Furthermore, only events, which are selected by a combined 73, lepton and EEFiSS trigger, are
used. This results in a total integrated luminosity of 34.3pb~'. Further cleaning cuts are
applied to guarantee that the events come from real collisions, and that all the objects and
quantities are correctly reconstructed.
The collected data is compared to ATLAS Monte Carlo samples.

8.1.1 Data samples

The considered data samples are divded into two different periods: Run 158632 — 166658
compose the first period and run 166786 — 167844 the second. For the first period, the
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Period Runs Integrated luminosity
First period 158632 — 166658 10.7pb~ !
Second period | 166786 — 167844 23.6pb~!
Total 34.3pb~ !

Table 8.1: Run periods and corresponding integrated luminosity for the standard analysis. A
loose 7 lepton trigger was used in the first period and a medium 7 lepton trigger in
the second period.

Period Runs Integrated luminosity
First period | 158632 — 166658 10.7pb~!
Second period | 166786 — 167844 5.6pb~ !
Total 16.3pb~!

Table 8.2: Run periods and corresponding integrated luminosity for the QCD estimation. In
both periods a loose 7 lepton trigger is used.

EF _taul2_loose_xe20_noMu trigger is used, and for the second EF_taul6_medium xe22 noMu.
More details on the trigger is given in Sec. 8.2.3. The two periods are chosen to avoid high
prescale factors being applied to the triggers, because the trigger used for the first period is
highly prescaled in the second period. Due to the fact that the EF trigger was not active in
the first runs from 152166 to 158582, these events, with an insignificant integrated luminosity
of 77nb~ !, are not used.

For the analysis, centrally produced data samples, which consist of events that are collected
by the L1Calo stream, respectively the JetTauEtMiss stream from run 160387 on!, are used in
the D3PD format, created by the TauD3PDMaker [221] (tag 01-00-01-01) [222]. For good data
quality, a good run list (GRL) is applied, in which all necessary detector flags for W boson and
Th lepton physics are combined.?

The total integrated luminosity is summarised in Tab. 8.1. It is already corrected by a factor
0.964 from the updated luminosity measurement in ATLAS [224]. The QCD jet background is
extracted from data in a control region (see Sec. 8.3). The integrated luminosity of this control
region is summarised in Tab. 8.2. A loose 7 lepton trigger is used for both data periods, for
which reason the integrated luminosity differs from the one in the signal region of Tab. 8.1.

8.1.2 Monte Carlo samples

Monte Carlo (MC) samples are used for comparison between data and theory. The background is
evaluated with these Monte Carlo samples. The main background comes from electroweak (EW)
processes like W production decaying into an electron or a muon and the corresponding neutrino,
or Z production decaying into two leptons. QCD jets are also one of the largest backgrounds
and the contribution is estimated from data, due to the limited MC statistic available. Table
8.3 summarises the used MC datasets, with the first part listing the MC datasets used in the
analysis, and the other parts those used for systematic studies (e.g. different tunes). These MC
datasets are also centrally produced and available in the same format as for real data (D3PDs

!The name of the stream changed starting with run 160387.
2The GRL can be found at [223].
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created with the TauD3PDMaker tag 01-00-01-01, see Sec. 8.1.1). TAUOLA [156] is used for
simulating 7 lepton decays and PHOTOS [168, 169] for QED radiation in the final state in all
samples.

All samples are produced including the pile-up effect with an averaged number of additional
vertices of < Madditional,vix >= 2. Each MC sample has to be reweighted with factors calculated
separately for each MC sample to account for the pile-up conditions in data. Each event is
reweighted in a way that the distributions of the number of reconstructed primary vertices per
bunch crossing matches the number measured by ATLAS. The reweighting factors are calculated
for events with 1, 2, 3, 4, and > 5 reconstructed vertices after the data quality requirements,
the trigger selection and jet cleaning cuts for each of the used triggers in the signal and control
regions defined in Sec. 8.3. The reweighting factors can be found in Appendix B.1.

8.2 Event selection

An efficient event selection is needed to select the signal signature W — m,v; and to suppress
the background. This section describes possible background processes, reintroduces the used 7
lepton reconstruction algorithm and introduces the event selection.

8.2.1 Background processes

The following background processes, which are normalised to the NNLO cross section given in
Tab. 8.3 (except QCD jets, see below), are considered in this analysis:

QCD jets: QCD jet events, where one jet is misidentified as a hadronically decaying 7 lepton
and with a significant amount of misreconstructed missing transverse momentum, is the
dominant background process. The cross section of these background events is several
orders of magnitude larger than that of the signal, so that an effective suppression of QCD
jet events is crucial for the analysis. Due to limited statistics of QCD jet events in the MC
samples, a method to extract this background from data is used (see Sec. 8.3).

W — eve/pv,: This process contributes to the background if the lepton from the W boson
decay is misidentified as a hadronically decaying 1-prong 7 lepton, which can be suppressed
by electron and muon vetoes. It can also contribute to the background if a jet fakes a
hadronically decaying 7 lepton. To supress these fakes, it is required that no reconstructed
electron or muon is in the event, so that there are only fake 7 leptons left in events where
the electron or muon could not be reconstructed.

W — tv; — eve/pv,: As already mentioned, the decay products from leptonically decaying
7 leptons are difficult to distinguish from primary electrons and muons, but this process
can nevertheless be suppressed similarly to W — ev./uv,, processes.

Z — ee/pp: This process can contribute to the background if one electron or muon is misiden-
tified as a hadronically decaying 7 lepton and the other one is lost. This process can be
rejected, as with W — ev,/uv, processes by applying electron and muon vetoes.

Z — 7171 Although the production cross section of Z — 77 events is ten times smaller than
for W — tv, events, it can contribute to the background, if only one of the 7 leptons is
reconstructed as a hadronically decaying 7 lepton and the other one is lost.
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MC DS ID | MC Sample | MC Generator | UE Tune PileUp Simulation tag Events | cross section [nb]
106043 W — ev, Pythia6 AMBT1 InTime < 2 > | €574.8933.8946_r1661_r1700 | 1.4M 10.46
106044 W — pv, Pythia6 AMBT1 InTime < 2 > | €574.8933_8946_r1659_r1700 | 1.4M 10.46
107054 W — tu, Pythia6 AMBT1 InTime < 2 > | eb74_8934_s946_r1660_r2040 1M 10.46
106046 Z — ee Pythia6 AMBT1 InTime < 2 > | e574.8933_s946_r1661_r1700 1M 0.99
106047 Z — pp Pythia6 AMBT1 InTime < 2 > | 57489338946 _r1659_r1700 1M 0.99
106052 Z =TT Pythia6 AMBT1 InTime < 2 > | €574.8934_s946_r1660_r2040 1M 0.99
105200 tt leptonic MC@NLO AUET1 InTime < 2 > | €598_8933_8946_r1659_r1700 | 200k 0.144x0.556
105204 tt hadronic MC@NLO AUET1 InTime < 2 > | €598_5933_s946_r1659_r1700 30k 0.144x0.444
107419 W — v, Pythia6 Perugia2010 | InTime < 2 > | €618_5934.8946_r1660_r2040 | 500k 10.46
107418 Z =TT Pythia6 Perugia2010 | InTime < 2 > | e618_5934.8946_r1660_r2040 | 500k 0.99
108328 W+ — 1ty MC@NLO AUET1 InTime < 2 > | €598_5934_s946_r1660_r1700 | 200k 6.16
108329 W= - 7171, MCQ@NLO AUET1 InTime < 2 > | €598.8934_8946_r1660_r1700 | 200k 4.3

Table 8.3: Monte Carlo datasets (DS) used in the analysis. The cross sections are the NNLO cross sections given in [22, 203, 220].
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Signature Efficiency
EF _taul2_loose_xe20_noMu (81.3+0.8) %
EF_taul6_medium xe22 noMu | (62.7 +£0.7) %

Table 8.4: Trigger efficiencies for the two triggers used [138]. The uncertainties are statistical
only.

tt: The cross section of ¢t events is much smaller than that of the signal, but top quarks decay
into a W boson and a bottom quark. This process contributes to the background, if one of
the W bosons decays into a hadronically decaying 7 lepton or if one of the decay products
fakes a hadronically decaying 7 lepton.

8.2.2 BDT T, identification

A boosted decision tree ID is used for the reconstruction and identification of hadronically
decaying 7 leptons. This method uses eight variables, which are the cluster mass, the track
mass, the track radius, the leading track momentum fraction, the electromagnetic radius, the
core energy fraction, the electromagnetic fraction, and the transverse flight path significance
(see Sec. 4.4.2).

8.2.3 Event selection

The following event selection is performed for both data and MC to suppress the background
sources (after applying the GRL in the case of data).

Trigger

Events are selected using triggers at all three ATLAS trigger levels, based on a 7, lepton and
missing transverse momentum E%liss signatures. As already mentioned in Sec. 8.1, two triggers
are used. EF_taul2_loose_xe20_noMu is used for the first data period, in which a loosely identified
Th lepton candidate with a transverse momentum pt , > 12 GeV (reconstructed at trigger level)
and a missing transverse momentum E%iss > 20 GeV is required. The part ‘noMu’ refers to the
fact that the missing transverse momentum is reconstructed with the calorimeter information
only (without the information coming from the muon spectrometer). The trigger for the second
data period is the EF_taul6_medium_xe22_ noMu trigger, which means that a medium identified
Th lepton candidate with a transverse momentum pr ., > 16 GeV (reconstructed at trigger
level) and a missing transverse momentum EX > 22 GeV (reconstructed with the calorimeter
information only) is required. A tighter 7 lepton selection is needed for the second data period
due to increased luminosity. The trigger efficiencies with respect to the offline event selection is
summarised in Tab. 8.4.

Collision and jet cleaning

Collision cleaning It is required that there is at least one vertex in the event with three or
more (pr > 150 MeV) tracks to ensure that the event is a good collision event.
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Loose Medium = Loose OR
HECf>0.5 && |[HECQ|>0.5
HEC spikes url HECf>1-|HECQ|
|neg. E[>60GeV
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coherent | ENf>0.95&&ILArQP0.8 &5 [etal<2.8 | EMf>0.9 &% [LArQ[>0.8 3 [etal<2.8
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Non- or [t}>10ns
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5 EMf<0.05 && |eta[>=2 or
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FMax>0.99 && [etal<2

Figure 8.1: Sets of cuts for jet cleaning [138].

Jet cleaning Additional selection cuts are applied to suppress events coming from cosmic rays
or events containing jets which were incompletely reconstructed or affected by electronic noise
in the calorimeters. A summary of possible sets of cuts for the jet cleaning is given in Fig. 8.1.
The loose one is used in this analysis.

The jet cleaning is not applied to MC because some of the cleaning variables are poorly
described in MC. The effect of jet cleaning in MC has been checked and was found to be
negligible as systematic uncertainty (lower than 0.1% for the loose trigger period, lower than
0.2% for the medium trigger period), because the other systematic uncertainties are much higher
[138].

Additional cleaning cuts

In addition to the data quality requirement (GRL) and the collision and jet cleaning cuts, further
cleaning cuts are applied.

Jet in crack region Events with at least one jet with pt > 20 GeV are suppressed if a jet or a
7h lepton candidate is found in the crack region, 1.3 < |n| < 1.7, of the ATLAS detector. This
transition region between the barrel and the end-cap calorimeter has a lower resolution than in
the rest of the calorimeter, which can result in a bad E%‘iss reconstruction.

A (jet, E?I‘niss) A cut on events on the minimum of A¢ (jet, EITniSS) > 0.5 for jets with pp >
20 GeV is required to suppress QCD jet events that are collinear with A¢ (jet, EEFiSS).

Event signature

For the signature of W — m,v; processes, further cuts have to be applied, which are described
in the following.

E.%liss cut A minimum missing transverse momentum E%liss of 30 GeV is required to reject
QCD jets as background. The missing transverse momentum reconstruction method used,
MET _LocHadTopo, is based on the reconstruction of Effniss using the LCW calibration method
(see Sec. 4.4.3).
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Figure 8.2: Distribution of events in the Effnissﬂ/z ET plane after the trigger requirement for
QCD jet background and the signal W — m,v; Monte Carlo samples. Each sample
is scaled according to its cross section. The applied Efrniss and SErTniss criteria are

shown as solid lines [138].

Tau selection The 7 lepton candidate has to pass the medium BDT 7 lepton identification for
1-prong 7 lepton candidates and the tight BDT 7 lepton identification for multi-prong 7 lepton
candidates. It should also have a transverse momentum between 20 and 60 GeV. Furthermore,
only 7 lepton candidates with |n| < 2.5 and not in 1.3 < |n| < 1.7 are considered.

Lepton vetoes Lepton vetoes are needed for the suppression of EW background sources (W —
eve, W — vy, W — nv,, Z — ee, Z — pp, and Z — 77), in which a 7, is faked from
misidentified electrons or muons, or from additional jets in the event. To supress electrons and
muons faking a 7, lepton, a (tight) electron and muon veto provided by the 7, identification
algorithm is applied. Events with leptonically decaying W and Z bosons, where the electron or
muon is correctly reconstructed and the 7, lepton comes from an additional jet, are rejected by
applying a cut on the transverse momentum of the electron or muon at pp > 15 GeV.

Significance of E?iss The significance of EEE“SS is defined as:

ERiss[GeV]
0.5v/GeV /3 Er[GeV]

SE¥iSS - (81)

The significance of EEFiSS is a strong variable to suppress QCD background, which has lower
S miss values than for signal W — m,v; events as illustrated in Fig. 8.2. Events are rejected if
SE¥iss < 6

8.2.4 Summary of the event selection

To summarise, the following cuts are applied in the event selection:

e Preselection cuts:

— GRL
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— Trigger: EF _taul2_loose_xe20_noMu for the first and EF _taul6_medium_xe22 noMu
for the second data period
e Cleaning cuts:
— Collision candidate: at least one vertex with N > 3
— Jet/ Efrniss cleaning: reject event if there is any loose bad jet with pt > 20 GeV

— Jet in crack region: reject the event if there is a jet with ppr > 20GeV and
1.3<|n <17

— Ag (jet, ER): reject event if min (A¢ (jet, ER)) < 0.5 for jets with pp > 20 GeV

e Event signature cuts:
— B cut: ERSS > 30 GeV
— Tau lepton selection: select the 7 lepton candidate passing BDT identification
(medium for 1-prong and tight for multi-prong candidates):
* require this candidate to have 20 GeV < E1 < 60 GeV
% require this candidate to have |n| < 2.5
* require the candidate not to be in the crack region 1.3 < |n| < 1.7

e Lepton vetoes:
— require the 7 lepton candidate to pass the 7 lepton tight electron and muon vetoes
— electron veto: reject the event, if there is an electron with pp > 15 GeV

— muon veto: reject the event, if there is a muon with pp > 15 GeV

Emiss
T > 6

e Significance of Emiss: § N o
. T

8.3 Background estimation

8.3.1 Electroweak background estimation

There is a good agreement between data and MC simulation in the W boson cross section mea-
surement at ATLAS, where the W boson decays into an electron or muon [218, 219]. Therefore,
the number of signal and EW background events is also extracted from MC simulation here. An
embedding technique was used as a cross-check of the results derived from MC. The muon in a
high-purity sample of W — uv,, events is replaced by a simulated 7, lepton. Only the 7 lepton
decay and its detector response are taken from the simulation. All other properties of the event
are extracted from the W — puv, data events. Details of the embedding technique used can be
found in [138]. Figure 8.3 shows the good agreement of Spmiss between the m,-embedded and a
W — muv, MC sample. This is a good indication that MC simulation can be used reliably to
estimate the rate of signal and EW background processes.

8.3.2 QCD jet background estimation

The QCD jet background is estimated with a data driven method, the ABCD method introduced
in [216], due to the limited statistics of the available MC samples.® For this data driven ABCD

3The selection process removes QCD jet backgrounds from MC samples almost completely. The remaining events
then have to be scaled by huge factors, resulting in very large uncertainties.
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Figure 8.3: Distribution of Spmis for the my-embedded W' — v, data sample (points) and

simulated W — m,v; events (red boxes), including statistical uncertainties [137].

method, four regions are defined as illustrated in Fig. 8.4: one signal-dominated region (signal
region) following the event selection and three background-dominated regions (control regions)
defined by inverting the selections on S miss and/or the 7, lepton identification (ID). This results
in these four regions used in this analysis:

e Region A: S Emiss > 6.0 and 7, lepton candidates satisfying the signal medium/tight 7,
lepton ID requirements,

e Region B: S pmiss < 4.5 and 1, lepton candidates satisfying the signal-region medium/tight
7h lepton ID requirements,

e Region C: S Emiss > 6.0 and 7, lepton candidates satisfying a looser 1y, lepton ID but failing
the medium/tight 7, lepton ID requirements of the signal region, and

e Region D: § pmiss < 4.5 and 7, lepton candidates satisfying a looser 7y, lepton ID but failing
the medium/tight 7, lepton ID requirements of the signal region

Region A is the signal region and regions B, C, and D control regions. The contamination from
signal and EW background processes is too large for the loose BDT 7, lepton identification in
the control regions C and D, and so, a looser cut on the BDTJet score? is applied (BDTJet score
< 0.5 for 1, leptons with one track and BDTJet score < 0.45 for 1, leptons with more than one
track).

4The BDTJet score corresponds to the jet BDT score defined in Sec. 4.4.2.
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Figure 8.4: QCD jet background estimation: signal region A and the three control regions B,C,
and D [138].

The ABCD method used has some assumptions, which are partly fulfilled (see [138]). The
signal and EW background contribution in the control regions has to be negligible and the

shape of the S Emiss distribution for the QCD jet background must be independent of the m,
lepton identification requirements.

The number of QCD jet background events can be calculated as

NBNC
Nocp = “ND (82)

with N* as number of observed events in region i. To include the signal and background con-
taminations in the control regions B, C, and D, N? has to be corrected

N' — Nigy =N —¢;(N* =N§¢p)  i=B,C,D (8.3)
with ) .
NZ, + Ni
¢ = S/:g in i=B,C,D (8.4)
N + New

as the ratio of simulated signal and EW background events in the control region ¢ over those in
the signal region A. Using Eqs. (8.3) and (8.4), (8.2) becomes

[NB — cg(NA = NEep)I[NC — co(N* = N§op)]
ND —ep(NA — NA L)

NgCD: (8.5)
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Figure 8.5: (a) S pmiss distribution in the combined region AB, extended over the full S pomiss
range. The QCD jet background shape was extracted from regions CD. Monte
Carlo signal and EW background in regions AB are also shown; (b) the 7, lepton
identification variable Rgyr in the combined region AC. The QCD jet background
shape was extracted from regions BD. Monte Carlo signal and EW background in
regions AC are also shown [137].

Thereby, the uncertainty of the calculation of the ¢; coefficients, due to limited MC statistics,
and the statistical uncertainty of the data in the four regions is both included in the statistical
error of NéCD'

8.4 Results of the event selection

The event selection is applied to data and MC. The results are summarised in Tabs. 8.5 and 8.6.
It is transparent out of the cut flow (Tab. 8.5), that 2335 events are selected in data after the
event selection, whereby 2095 events are signal (1811) and EW background events according to
the MC samples. QCD events are not considered in these numbers. The previously described
ABCD method is used for the estimation for the QCD jet background and can estimate 127
QCD events in the signal region A (see Tab. 8.6).

For evaluating the quality of the description of the selected data by the background models,
Fig. 8.5 shows the § Emiss and Rgy distributions for data in comparison to MC simulation
and QCD jet background estimation in combined regions of the ABCD method. Characteristic
properties of W — 1, events are given in Fig. 8.6. A good agreement between data and MC
predictions can be noticed in all distributions.

8.5 Methodology for cross section measurement

The fiducial cross section is measured in a phase space region determined by the geometrical
acceptance of the detector and the kinematic event selection of the analysis:

Nobs - kag
)

oy, = ow x BR(W — 7v;) x BR (7 — hadv) = Gl

(8.6)
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Data W — mavr W — nvr W — eve W — pv, Z — 1T 7 — ee 7 — pp tt lep tt had
Events 191991948 232377 126672 358359 358656 34033.7 34644.3 33917.5 2746.2 2185.9
GRL 165757532 232377 126672 358359 358656 34033.7 34644.3 33917.5 2746.2 2185.9
Trigger 6879843 20110.6£80.8 | 7507.3+49.6 | 175936+151.7 | 5620.4+37.2 | 2663.7+£9.1 | 2306.14+8.5 | 707.1+4.8 | 1304.7£3.4 | 394.5+5.4
Collision cleaning 6879795 20107.54+80.8 | 7506.9449.6 175882+151.7 | 5620.44+37.2 | 2663.6+9.1 2306+8.5 707.1+4.8 1304.7£3.4 | 394.5+5.4
Jet cleaning 6873901 20107.54+80.8 | 7506.9449.6 | 175882+151.7 | 5620.4+37.2 | 2663.6+9.1 2306+8.5 707.1+4.8 | 1304.7£3.4 | 394.5+5.4
Jet in gap veto 4962570 16372.6+£73.6 6123.1+45 143338+148.6 | 4504.74+33.4 | 2085.7+8.1 | 1458.9+6.9 | 569.6+4.3 673.8+3 175.443.8
min (A (jet, ER%)) > 0.5 | 2421757 | 15326.5471.4 | 5770.8443.8 | 1377554147.6 | 4215.84£32.3 | 1659.347.3 | 656.444.7 | 526.944.2 | 375.642.4 | 27.241.6
ER'® > 30 GeV 350444 11899+63.5 3718+35.5 104857+138.1 | 3829.4430.8 | 1145.24+6.1 19.3£0.8 45943.9 349.4+2.3 6.5+£0.8
pr (Th) > 20 GeV 321246 11599.8+62.8 | 3545.1£34.7 | 103800+137.7 | 3760.5+30.6 1122.7+6 18.7+0.8 450.7+3.8 349.2+2.3 6.5+0.8
71 identification 62754 5526.4+44.1 1112.4+19.6 23918.8+75.6 662.5+12.9 579.8+4.4 5.240.4 124.142 120.3+1.4 1.3+0.4
pr (Th) < 60 GeV 37199 4789.6+41.1 767.3+16.4 19648+69 280.1+8.4 445.843.9 3.240.3 54.54+1.4 50.9+0.9 0.14+0.1
7 ID ele/mu veto 10199 3975.9+37.5 4443.9 452.7+10.8 202.1+£7.2 347.1+3.4 0.1+0 38.1+1.1 18.240.6 0.1+0.1
Electron veto 9912 3959.4+37.5 35.7+3.5 196+7.1 197.74+7.1 344.14£3.4 040 36.7£1.1 15+0.5 0.1+0.1
Muon veto 9604 3958.8+37.5 29.4+3.2 195.94+7.1 110.945.3 259.4+2.9 040 2.940.3 10.94+0.4 0.1+0.1
2335 1811.2425.4 15.14+2.3 92.54+4.9 56.1+3.8 112.1+1.9 040 1.4+0.2 6.4+0.3 040

S pomiss > 6
ET

Table 8.5: Cut flow table of the event selection. The MC is normalised to an integrated luminosity of 34.3pb~! [138].
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8.5 Methodology for cross section measurement

A B C D
N' (Data) 2335 4796 1577 27636
Nig (W= mpy) 1811425 683416 269 +8 93 +5
Ni 24+7 118+ 4 388 + 9 90 + 4
¢ 0.38 £ 0.01 0.31 + 0.01 0.087 + 0.003
Nocn 127 £8 3953 £ 75 885 +45 27444 + 166

Table 8.6:

Estimated sample compositions and ¢; factors (as defined in Eq. (8.4)) in the signal
region A and control regions B, C, and D defined in the text [137].
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Figure 8.6: (a) Distribution of missing transverse energy in signal region A on a linear scale. The

QCD background shape was extracted from control region C. (b) Same distribution
on a logarithmic scale. (c) Transverse momentum and (d) number of tracks of m,
lepton candidates in signal region A. The QCD jet background shape was extracted
from control region B. (e) Distribution of A¢ (jet, ER'), and (f) transverse mass

mr = \/2 ‘P -E%ﬁss . (1 — cos A (Th, E%ﬁss)) in signal region A. The QCD jet
background shape was extracted from control region C. The expectation from Monte
Carlo signal and EW background in region A are also shown [137].
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8 Measurement of the W — Tv, cross section in proton-proton collisions at /s = 7 TeV

where Nops is the number of observed events in data, Npke the number of estimated (QCD
and EW) background events, and £ the integrated luminosity. The factor Cy is a correction
factor which takes into account the trigger efficiency, the 7, reconstruction and identification
efficiencies, and the efficiency of the selection cuts within the detector acceptance

Nieco, all
CW _ N eco, all cuts 7 (87)

gen, kin/geom

where Nyeco, all cuts 18 the number of fully simulated signal events passing the reconstruction,
trigger and selection cuts used in the analysis, and Ngen, kin/geom the number of simulated signal
events within the acceptance region.

The acceptance region is defined, based on the decay products of a 7, lepton decay:

e 20GeV < pp"™® < 60GeV,
o |n™hvis| < 2.5, excluding 1.3 < |1, vis| < 1.7,
e (> pY)p > 30GeV, and

o |A¢ (Thyis, »_v)| > 0.5.

A visible hadronically decaying 7 lepton 7, vis is the sum of the four-vectors of the decay products,
excluding neutrinos, from a simulated hadronic 7 lepton decay. Photons, radiated from the 7,
lepton and from its decay products, are considered in the 7, yis lepton if they are within a cone
of AR < 0.4 with respect to the 7, lepton. The > v is defined analogously by the sum of the
four-vectors of the neutrinos and corresponds to missing energy/momentum in the detector.
By this definition, the transverse component of the sum of the simulated neutrino four-vectors
(3= p¥)r corresponds to the missing transverse momentum EMss,
Using the kinematic and geometrical signal acceptance

Ngen, kin/
Ay = 55 T8O 8.8
v ]\fgen7 all ( )

where Ngen, an is the total number of simulated signal events and Ngey, kin/geom 18 as defined
previously in Eq. (8.7), the total cross section can be calculated as follows

Nobs - kag

tot fid /AW _ AWCWE

O'WHT}lI/T = O’WHT}‘VT (89)
Ay and Cy are estimated by using a PYTHIA Monte Carlo signal W — 7v,. sample
with the dataset identification number 107054, using the AMBTI1 tune [176] and PDF
set MRST2007lomod/MRSTLO* [201] (see Tab. 8.3). The acceptance is found to be
Aw = 0.0975 £ 0.0004 (stat.) and the correction factor Cy = 0.0799 £ 0.0011 (stat.).

In the following, the procedure of the acceptance Ay calculation is described in more detail.
The acceptance calculation is restricted to MC generator information only. To use the MC truth
particles correctly, one has to pay attention to the particle data group identification numbers
(pdgID) [12] and the status code information of the particles. Concerning the HepMC event
record (see Sec. 6.1), a status code of 1 means a stable particle, 2 a decaying particle and status
codes of 3 and larger are so-called ‘documentary’ particles, intended for internal use within the
generators. In reality, many intermediate particles like the W boson have different status codes
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8.5 Methodology for cross section measurement

Cut W — ThlVr
Events (no cut) 639288.0 £+ 799.6
Th PT 317343.0 £ 563.3
Th 7] 204831.0 £ 452.6
2P ) 65217.0 £ 255.4
[ A (Th,vis, 2 V) 62333.0 + 249.7
Acceptance Ay = |A¢ (Thvis, » V)|/Events | 0.0975 + 0.0004

Table 8.7: Number of events (no scaling of the MC) after the acceptance cuts and the resulting
acceptance.

in different generators. The challenge in the acceptance calculation is to deal with the status
codes and pdgIDs of the particles in the generators. This procedure is summarised in Fig. 8.9
for PYTHIA and MC@NLO/HERWIG (for the determination of systematic uncertainties of
Aw, see Sec. 8.6.4), the generators used. For getting a W — m,v; event at generator level in
PYTHIA, one has to look for a W boson with status code 3 that can decay into a 7 lepton
with status code 3 (as ‘documentary’ particle) and a W boson with status code 2 or 10902.° In
order to find the W — m,v; decay chain, one has to continue with these W bosons and check
their decay particles which must be either photons or 7 leptons with status code 2. These T
leptons can radiate photons and decay leptonically, with neutrinos and a lepton in the decay
chain, and hadronically, with a neutrino and no other particle or a neutrino and a W boson,
which can radiate further in the decay chain. To get the W — m,v; decay, one has to look for
the hadronic decay, which means finding a neutrino and no further particle or a neutrino and
a W boson in the event. If such an event is detected, one can determine the visible part of
the 7, lepton and the sum of the neutrinos ) v, the variables for the acceptance calculation,
from the particles in this decay chain. All radiated photons found in the event are included
in the acceptance calculation as described above. The procedure for MCAQNLO/HERWIG is
equivalent, using different status codes as given in Fig. 8.9.

A cut flow table for the acceptance calculation is given in Tab. 8.7. The number of events
represent the pure MC statistics, they are not scaled to a specific integrated luminosity. Figures
8.7 and 8.8 show variables of the 7, is lepton and the ) v before any acceptance cut, which
look as expected. The corresponding distributions following the defined acceptance cuts are
shown in Figs. B.1 — B.8. In total, an acceptance of Ay = 0.0975 & 0.0004 (stat.) is estimated,
as mentioned above.

With the determined acceptance Ay and the correction factor Cyy, the measured fiducial
cross section of the W — mv; decay is

obd ., =(0.70 £0.02 (stat.)) nb (8.10)
and the total cross section
oWy, = (7.2 0.2 (stat.)) nb. (8.11)

Alternative analyses are performed to confirm these results [138]. For example, the BDT 7,

5The status code of the 7 leptons changes by PHOTOS if a photon is radiated.
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8 Measurement of the W — Tv, cross section in proton-proton collisions at /s = 7 TeV
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Figure 8.7: (a) Visible transverse energy, (b) pseudorapidity 7, and (c) angle ¢ of the true 7, vis
lepton before any acceptance cut.
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Figure 8.8: (a) Transverse momentum, (b) pseudorapidity 7, (c¢) angle ¢ of the sum of the
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neutrinos » . v before any acceptance cut.
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8.5 Methodology for cross section measurement

lepton identification is replaced by a simple cut based identification (see Sec. 4.4.2). Further-
more, the signal selection is rectricted to events with only one reconstructed vertex to study
the influence of the pile-up effect. These alternative studies yield results consistent with those
shown here.
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8.6 Systematic uncertainties

Sample Cross Section Combination Reference
W — eve /W — pvy, (10.391 £ 0.022(stat.) & 0.238(syst.) £ 0.353(lumi.) £ 0.312(acc.)) nb 3.8% [203, 218]
W — s (10.46 = 0.52( comb.)) nb 5% NNLO [22, 220]
Z —ee/Z — pp (0.945 + 0.006(stat.) £ 0.011(syst.) & 0.032(lumi.) £ 0.038(acc.)) nb 4.2% [203, 218]
Z — 17 (0.99 + 0.05( comb.)) nb 5% NNLO [22, 220]
tt (180 + 9(stat.) & 15(syst.) & 6(lumi.)) pb 9.7% [226]

Table 8.8: Cross section of backgrounds as measured by ATLAS [138].

8.6 Systematic uncertainties

This section describes briefly the systematic uncertainties of the W — 7v; cross section mea-
surement, which are summarised in [137] and [138] in more detail, with focus on uncertainties
of the acceptance calculation.

8.6.1 Systematic uncertainties of Monte Carlo predictions
Cross sections

The uncertainty of the cross sections of each of the background processes lies between 3.8% and
9.7%. A summary of these uncertainties is given in Tab. 8.8. The uncertainty is taken from the
ATLAS measurement, if a measurement is available [203, 218]. Otherwise, the uncertainty of
the theoretical NNLO cross section is used [22, 220].

Luminosity

The uncertainty of the integrated luminosity, taken from the luminosity determination in pp
collision at /s = 7TeV at ATLAS [224], is 3.4%.

Pile-up effect

There is also a systematic on the pile-up effect, due to the reweighting procedure in the MC
samples. This reweighting procedure itself is limited by the statictical uncertainty of data and
MC. The systematic uncertainty from the reweighting factors is evaluated by varying these
factors within their statistical uncertainty and comparing the results after the event selection.
The systematic uncertainties are 0.4% for W — ev,, 2.3% for W — puv,, 2.6% for W — nu,,
and 1.2% for Z — 77 processes.

Trigger efficiency

The trigger efficiency for the combined ER and 7, triggers is estimated using only MC. This is
because a determination on real data is not possible within the statistics of 2010 ATLAS data.
The systematic uncertainty for each of the triggers of the two periods is determined by dividing
the combined trigger in its individual trigger parts, Eﬁ?iss and 7,. On them, a selection of cuts
of the event selection, like the cut on BDT 7y, ID, on A¢ (jet, Er‘fliss), and S pmiss is applied on a
pure and unbiased data sample enriched with W — 7,1,. The response of the individual trigger
part is compared to the response in the MC signal sample. The differences are integrated over
the offline 7, lepton pt and the Effmss range [138]. The uncertainty of the combined trigger is
calculated by the square root of the sum of the square of both trigger parts. The combination

of the two combined triggers used in the two data periods gives an uncertainty of 6.1%, which is
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8 Measurement of the W — Tuv;, cross section in proton-proton collisions at /s = 7TeV

Signature Systematic
taul2_loose 6.5 %
xe20_noMu 1.0 %
EF _taul2_loose_xe20_noMu 6.6 %
EF_taul6_medium 5.0 %
xe22_noMu 3.2 %
EF_taul6_medium_xe22_noMu 59 %
’ Combination ‘ 6.1 % ‘

Table 8.9: Summary of trigger systematics [138].

calculated by the square root of the sum of the square of both triggers. The individual results
are summarised in Tab. 8.9.

Jet cleaning

The systematic effect from the jet cleaning is negligible (see Sec. 8.2.3).

Energy scale and E}'ss scale

The signal and background efficiencies depend on the energy scale of the calibrated 7, lepton
candidates and on the energy scales of the clusters, which are needed for the computation of E%ﬁss
and S Emiss- The uncertainty due to the cluster energy within |n| < 3.2 varies between 3% for high-
pr clusters and less than 10% for pp of 500 MeV [96]. In the forward region, |n| > 3.2, it is 10%.
All clusters in the event are scaled corresponding to these uncertainties and EX5 and Y By are
recalculated to determine the uncertainty of E%liss and Spmiss. Simultaneuosly, the energy scale
of the 7, lepton is varied according to its uncertainty [132]. The uncertainty fluctuates between
2.5% and 10%. It depends on the number of tracks of the 7, lepton, its transverse momentum
pr and the 1 range. Additionally, the sensitivity of the signal and background efficiencies to
the E%iss resolution was studied. It was found that it varies for the signal and EW background
between 6.7% and 8.7%, respectively.

Hadronically decaying 7 lepton identification efficiency

Hadronically decaying 7 lepton candidates are identified using the medium BDT ID for 1-prong
T leptons and the tight BDT ID for multi-prong 7, leptons. It was found that the reconstruc-
tion and identification efficiencies are mainly compromised by the detector geometry, the noise
thresholds of calorimeter cells for cluster reconstruction, the underlying event model, and by
the hadronic shower model. These uncertainties are evaluated in [132] separately as a function
of the 7, lepton pt for 1-prong or multi-prong 7 leptons and low or high multiplicity of primary
vertices per event. This results in systematic uncertainties in the signal and EW background
efficiencies of 9.6% and 4.1%, respectively.

Jet and lepton fake rates of 7, lepton candidates

The 7, lepton missidentification probability from jets are determined by using a selection of
W — ly; + jets events (I = e, ) and measuring the fraction of identified to reconstructed
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8.6 Systematic uncertainties

lepton candidates in data and MC. This fraction is 31% (28%) for the electron (muon) channel.
As systematic uncertainty, the highest value is used, which has to be applied to the fraction
of background events, where the lepton is not reconstructed and the 7, lepton candidate is
mistaken by a jet. The EW background has an uncertainty of 7.2%.

The 1, lepton fake rate from electrons is determined in Z — ee events by a ‘tag-and-probe’
method [227]. The 7, lepton idenfication and 7, lepton electron veto is applied to one of the
electrons. The systematic uncertainty is the difference between the fake rate in data and MC
as a function of n and comes up to 4.5% for the EW background.

The missidentification rate from muons is negligible.

Electron and muon reconstruction and identification efficiency

A systematic uncertainty turns up due to the fact that reconstructed electrons/muons passing
the electron/muon identification are applied to reject the EW background. The systematic
uncertainties on the electron and muon reconstruction and identification efficiencies are rather
small and have been determined using a ‘tag-and-probe’ method on Z — ee events, respectively
Z — pp events [228-230]. It is 1.2% for the electrons and 0.3% for the muons in each case for
the EW background.

Underlying event modelling

In order to study the effect of the underlying event modelling on the signal and background
selection, alternative models to the AMBT1 tune [176] used in this thesis are studied. In
particular, Efrniss values are expected to differ. A cut flow table for the available MC samples
of the Perugia2010 tune [178] is shown in Tab. 8.10. The deviation after full event selection
with respect to the default samples is taken as systematic uncertainties. It amounts to 1.3% for
W — myvr and 1.1% for Z — 77, which is applied to all MC background samples.

The reasonability of this systematic uncertainty could be verified with comparisons to an
embedding sample (see Sec. 8.3.1). The comparison of W — pv, data to W — puv, MC events
results in a difference of less than 1% [138].

8.6.2 Systematic uncertainties of QCD jet background estimation

The uncertainty of QCD jet background estimation comprehends two different sources, the sta-
bility of the ABCD method (see Sec. 8.3.2) and the contamination of signal and EW background
events in the control regions.

Variations of S pmiss between 4 and 6 tests the two variables, 7, lepton ID and S pmiss- It also
checks the correlation between the two variables and the stability of the ABCD method. The
systematic uncertainty of 2.7% is chosen by the largest deviation of the resulting number of
background events.

The systematic uncertainty of the signal and EW background contamination is 2.1%. It is
estimated by varying the number of events in the four regions (signal and background regions)
up and down within the combined systematic and statistical uncertainties of the MC predictions.
The result of the again applied ABCD method is taken as systematic.

The combined total uncertainty of the QCD jet background estimation of 3.4% is calculated
by the sqare root of the sum of the squared uncertainties.
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8 Measurement of the W — Tuv;, cross section in proton-proton collisions at /s = 7TeV

W — mur W — nvr Z =TT
Events 232946 126925 34095
GRL 232946 126925 34095
Trigger 19442.4+112.7 | 7152.4468.7 | 2603.9+£12.7
Collision cleaning 19433.7+£112.6 | 7151.8468.7 | 2603.3£12.7
Jet cleaning 19433.7+£112.6 | 7151.8+68.7 | 2603.3+12.7
Jet in gap veto 15722.9+102.3 | 5812.1£62.3 | 2034.9+11.3
min (A¢ (jet, EF'*)) > 0.5 | 14760.4+99.3 | 5478.4460.5 | 1621.9+10.2
ERss > 30 GeV 11339.1488 | 3423.5448.3 | 1108.64+8.5
pr (Th) > 20 GeV 11036.4+86.9 | 3269.2+47.3 | 1083.6+8.4
7y identification 5233.5+£60.8 | 1077.6£27.3 | 551.9+6.1
pr (Th) < 60 GeV 4489+56.4 | 726.5+22.5 | 417453
m ID ele/mu veto 3773.2451.8 | 39.245.2 | 319.2+4.6
Electron veto 3753.3£51.7 29.8+4.5 316.1+4.6
Muon veto 3752.6+£51.7 | 251442 | 2414441
Spmiss > 6 1787.7+35.8 | 15.143.2 110.942.6

Table 8.10: Cut flow table for PYTHIA Monte Carlo samples with the Perugia2010 tune nor-
malised to an integrated luminosity of 34.3 pb~!.

8.6.3 Systematic uncertainties of Cy,

The systematic uncertainty of Cyy contains most of the uncertainty in the MC signal prediction
described in 8.6.1. Its uncertainty is summarised in Tab. B.11.

8.6.4 Systematic uncertainties of Ay

The theoretical uncertainty on the geometric and kinematic acceptance Ay, defined in Eq. (8.8),
is dominated by the limited knowledge of the proton PDFs and the modelling of the W boson
production at the LHC. The uncertainty has three components: deviations between different
PDF sets, uncertainty within one PDF set, and the uncertainty due to the modelling of the
parton shower.

Uncertainty between different PDF sets

The uncertainty due to the choice of the PDF set is determined by reweighting the default signal
sample (dataset ID 107054, see Tab. 8.3) with the MRST2007lomod PDF set [201] to different
PDF sets, CTEQG6.6 [214] and HERAPDF1.0 [28], and comparing the resulting acceptances
from these different PDF sets. The number of events after the defined acceptance cuts and the
resulting acceptances can be found in Tab. 8.11. The uncertainty is the maximal deviation
between the resulting acceptances of the PDF sets CTEQ6.6 and HERAPDF1.0 compared to
the default MRST2007lomod and has a value of 1.6%. This small value is depicted in Figs. 8.10
and 8.11. These figures show typical variables for the acceptance calculation (see. Sec 8.5) and
have small deviations.
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8.6 Systematic uncertainties

Cut MRST2007lomod CTEQ6.6 HERAPDF1.0
Events (no cut) 639288.0 + 799.6 | 613870.5 + 783.5 | 630972.3 £ 794.3
Th PT 317343.0 = 563.3 | 304659.0 &+ 552.0 | 313418.7 £ 559.8
Th 7 204831.0 &£ 452.6 | 200277.0 £ 447.5 | 205760.8 &+ 453.6
o)t 65217.0 £ 255.4 63613.8 £+ 252.2 65161.4 £+ 255.3

‘A@ (Th,visa Z V)|

62333.0 £ 249.7

60824.1 £ 246.6

62305.3 £ 249.6

Acceptance Aw = |A¢ (Th,vis, »_, V)| /Events

0.0975 £ 0.0004

0.0991 + 0.0004

0.0987 £ 0.0004

Table 8.11: Number of events after the acceptance cuts and the resulting acceptance. The error
is statistical only. The MC is not scaled, but reweighted from the MRST2007lomod
PDF to the corresponding PDF.
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Figure 8.10: (a) Visible transverse energy, (b) pseudorapidity 7, and (c) angle ¢ of the true 7, vis
lepton before any acceptance cut.
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Figure 8.11: (a) Transverse momentum, (b) pseudorapidity 7, (c) angle ¢ of the sum of the
neutrinos ) v, and (d) angle A¢ between the true 7, vis lepton and the sum of the
neutrinos » v before any acceptance cut.

Uncertainty within one PDF set

The uncertainty within one PDF set is estimated by using the 44 error eigenvectors, which are
available, for the CTEQ6.6 NLO PDF set [214]. The variations are obtained by reweighting
the default sample (MRST2007lomod) to the relevant error eigenvectors of CTEQ6.6. The
acceptances Aiv{ﬁ and Aiv; are calculated from the up and down, respectively odd and even,
eigenvector excursion for each eigenvector, which can be found in Tab. B.7. The uncertainty is
derived using

1 i i—\2
AAy = 2\/2 (ALF — AL, (8.12)

which gives the error AAy = 0.0008 of the central value (best fit) Ay = 0.0991 of the CTEQ6.6
PDF set (see Tab. B.7). The largest deviation from Ay = 0.0991 £+ 0.0008 estimates the
uncertainty within one PDF set

_ Aw + Ay

OAw,one PDF — Ay (8.13)
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8.6 Systematic uncertainties

Aw
Pythia MRST2007lomod 0.0975
Pythia CTEQ6.6 0.0991
Pythia HERAPDF1.0 0.0987
MCQ@QNLO CTEQ6.6 0.1145
MC@NLO spin effect correction | 0.0973

Table 8.12: Variation of Ay values using different Monte Carlo configurations.

Aw
CTEQ 6.6 eignevector set | 1.0%
Different PDF sets 1.6%
Model dependence 0.2%
Total systematic 1.9 %
Ay value 0.0975
Stat. error 0.0004
Syst. error 0.019

Table 8.13: Summary table for systematic uncertainties affecting Ay .

The resulting uncertainty is 0.8%. An uncertainty of 1.0% is used in the following (see [137, 138]),
which overestimates the uncertainty a bit.

Uncertainty due to the modelling of the parton shower

The uncertainty due to the modelling of the parton shower is estimated using an MCQNLO
interfaced with HERWIG MC sample with the CTEQ6.6 PDF set and AUET1 tune [179].
The resulting acceptance has to be corrected because HERWIG in combination with external
generators does not handle the 7 lepton polarisation correctly. The correction is evaluated using
samples with and without 7 lepton polarisation effect. The correction factor is 0.8500 &£ 0.0002
(stat.).

The uncertainty is the deviation in the corrected acceptance of the MCQNLO sample to the one
of the default sample, reweighted to the central value of the CTEQ6.6 PDF set. It amounts 0.2%.

All the individual systematic uncertainties result in a total systematic uncertainty of 1.9%.
The overall acceptance is Ay = 0.0975 £ 0.0004 (stat.) £ 0.019 (syst.). Tables 8.12 and 8.13
summarise the geometric and kinematic acceptance, and the systematic uncertainties of different
PDF's and model variations.

8.6.5 Summary on systematic uncertainties

A summary of all systematic effects on the fiducial cross section measurement is given in Tab.
8.14. The systematic uncertainties of the indiviudal electroweak background, Ngw, Nqocp and
Cyw are given in Tabs. B.8, B.9, B.10, and B.11. The contribution of the Z — ee, Z — uu, and
the hadronic ¢t background is negligible. The uncertainties of the acceptance calculation can be
found in Tab. 8.13.
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8 Measurement of the W — Tuv;, cross section in proton-proton collisions at /s = 7TeV

5Cw SNew | 9Nqcp égsg—mhvr

Cw New Nqcp a&}iﬂThur
Trigger efficiency 6.1% | 6.1% - 7.0%
Energy scale 6.7% | 8.7% - 8.0%
h lepton ID efficiency 9.6% | 4.1% - 10.3%
Jet 7, lepton misidentification - 7.2% - 1.1%
Electron 7, lepton misidentification - 4.5% - 0.7%
Pile-up reweighting 1.4% | 1.2% - 1.6%
Electron reconstruction/identification - 1.2% - 0.2%
Muon reconstruction - 0.3% - 0.04%
Underlying event modelling 1.3% | 1.1% - 1.5%
Cross section - 4.5% - 0.7%
QCD estimation: Stability/correlation - - 2.7% 0.2%
QCD estimation: Signal/EW contamination - - 2.1% 0.1%
Monte Carlo statistics 1.4% | 2.4% | 6.0% 1.5%
Total systematic uncertainty 13.4% | 15.2% | 6.9% 15.1%

Table 8.14: Summary table for systematic uncertainties. For the systematic uncertainty of the
fiducial cross section measurement, correlations between the systematics affecting
Cw and Ngw have been taken into account [137].

As it can be seen from Tabs. 8.13 and 8.14, the main systematic uncertainties come from the
trigger efficiency, the energy scale, and the 7, lepton identification efficiency.

8.7 W — Tv, cross section

The fiducial and inclusive total cross sections of the W — 7, decay can be calculated using
Eq. (8.6) and Eq. (8.9), and the information given in Tab. 8.15. Their methods used for their
determination are described in Sec. 8.5.

The number of observed events (Nyps = 2335) in data is determined by counting the number of
events after the event selection (see Secs. 8.2 and 8.4). A cut flow table, including MC samples,
is given in Tab. 8.5. The number of background events, is given by Ny, = Nqcp + New,
where Ngw = 284 + 43 is the number of EW background events estimated from MC and
Nqcp = 127 £9 is the number of QCD jet background events estimated from data with the
ABCD method (see Sec. 8.3.2). The defined detector acceptance Ay = 0.0975 £ 0.0019 can
be estimated using Eq. 8.8, and the correction factor (for the trigger efficiency, 7, lepton
reconstruction and identification efficiencies, and the efficiency of all selection cuts within the
detector acceptance) Cy = 0.0799 + 0.0107 by using Eq. 8.7. Systematic uncertainties were
studied and are summarised in Tabs. 8.13 and 8.14.

fid

Within the acceptance region the fiducial cross section o is estimated to be

W—mvr
oy, = (0.70 £0.02 (stat.) £ 0.11 (syst.) £0.02 (lumi.)) nb (8.14)
and the total cross section U%/I(}t—»n,w to be
oWy, = (7.2 0.2 (stat.) £ 1.1 (syst.) £0.2 (lumi.)) nb. (8.15)
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8.8 Summary and Outlook

Parameter | Value

Nobs 2335

Nqcp 127+ 9

Ngw 284 +£43

Aw 0.0975 £ 0.0019
Cw 0.0799 £ 0.0107

Table 8.15: Input parameters for the cross section calculation. The errors include statistical and
systematic uncertainties.

This cross section has to be corrected for the hadronic 7 lepton branching ratio
BR (1 — hady;) = 0.647940.0007 [12], which results in an inclusive total cross section o9,
of

oW ry,. = (11.1 £ 0.3 (stat.) £ 1.7 (syst.) = 0.4 (lumi.)) nb. (8.16)

The result is in good agreement with the measured W — ev, and W — puv,, cross sections at
ATLAS [218, 219] and with the theoretical NNLO cross section (10.46 £ 0.52) nb [22, 203, 220]. A
W — 7v, branching ratio of (11.1 + 0.3 (stat.) £ 1.8 (syst.) £ 0.4 (lumi.))% is evaluated, which
agrees with the SM expectation of 10.83%. For the estimation of this branching ratio, a W
boson production cross section of 100nb is used (see Fig. 3.3) [29]. The uncertainty on the W
boson production cross section is approximately +5% and comes mainly from the uncertainty
of the PDFs [22, 175, 231]. Its statistical uncertainty and the uncertainty from the luminosity
is neglected in the estimation of the W — 7v, branching ratio.

Figure 8.12 shows the first W — 71, cross section measurement at the LHC in comparison to
the W — eve and W — v, ATLAS cross sections and the theoretical predictions.

8.8 Summary and Outlook

A first measurement of the W — 7v, cross section at the LHC has been performed. The result for
the total inclusive cross section of oyp*, = (11.1+0.3 (stat.) & 1.7 (syst.) £ 0.4 (lumi.)) nb
agrees with the SM expectation of 10.46 nb within the error. The estimated W — 7v,; branching
ratio of (11.1 £ 0.3 (stat.) = 1.8 (syst.) £ 0.4 (lumi.))% is also in accord with the SM expectation
of 10.83% within the error. In order to achieve these results, the following tasks were performed.
To deal with the effect of pile-up, the MC samples were reweighted such that the distributions
of the number of reconstructed primary vertices per bunch crossing agree with those measured.
Due to limited MC statistics for the QCD jet background, a data driven method to estimate
QCD jet background has been used. Correction factors have to be applied for the calculation
of the cross section. Firstly, a factor Cyy takes into account the trigger efficiency, the 7, lepton
reconstruction and identification efficiencies, and the efficiency of the selection cuts within the
detector acceptance. The second factor is the acceptance Ay, which was estimated to be Ay =
0.0975 4 0.0004 (stat.) £ 0.0190 (syst.). The total systematic uncertainty on the acceptance of
1.9% is small in comparison to other uncertainties. The most important systematic uncertainties
come from the trigger efficiency, the energy scale of the calibrated 7, lepton and of the clusters
in the calorimeter, and the 7, lepton identification efficiency, which have values between 4.1%
and 10.3%, as shown in Tab. 8.14.

The W — 1, branching ratio estimated in this thesis of
(11.1 £0.3 (stat.) £ 1.8 (syst.) £ 0.4 (lumi.))% has higher uncertainties than those mea-
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8 Measurement of the W — Tuv;, cross section in proton-proton collisions at /s = 7TeV
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Figure 8.12: Cross sections for the different W — [y channels measured in ATLAS with 2010
data (points). Systematic, luminosity and statistical uncertainties are added in
quadrature. The theoretical NNLO expectation is also shown (dashed line), to-
gether with its uncertainty (filled area) [137].

sured at LEP of (11.44 4+ 0.19 ( stat.) 0.2 ( syst.))% (see Sec. 7.3). To obtain the same
precision as the LEP experiments of approximately 2%, the precision of around 17% in this
measurement has to be improved by a factor of 8.5. This means that the overall uncertainty of
1.87% has to be reduced by a factor of 6.7 to reach the overall uncertainty of 0.28% of the LEP
experiments.

The reduction of the statistical uncertainty will come down with the increase of data recorded,
but dealing with the triggers relevant for this analysis will be a big challenge in future ATLAS
data. The event rate is higher with a higher center-of-mass energy, so the event rate has to be
scaled down. This is done by prescale factors in the relevant triggers. The prescale factors of
the triggers used in this thesis would be very high so that these triggers are not used anymore.
Other unprescaled triggers (or at least triggers with low prescale factors), which are sensitive on
Th leptons and E%liss, are needed. There is still an unprescaled combined 7, lepton and Efrniss
trigger called EF _tau29 xe35_noMu, but which has higher thresholds on the different objects
and would not give the needed statistics, probably.

On the other hand, the systematic uncercainty has to be reduced by a factor of 9 to reach
the systematic uncertainty of the LEP measurements. For example, one of the main systematic
uncertainties is the energy scale of the calibrated 7, lepton, which could be reduced by dividing
the energy range into smaller bins and providing more correction factors for the calibration. But
then, higher statistics will be needed. Other possibilities to reduce the systematic uncertainty
would be to improve the trigger efficiency and 7y, lepton identification efficiency.

These are already large challenges in the W — m,v; analysis and it is unsure if a precision
comparable to the LEP precision can be reached in future. For this reason, searches for W —
hvr decays is being replaced by the search for W — nv; — iy, decays at ATLAS [232].

138



9 Summary

The last few years have been very successful for particle physics. The LHC began operation
and probed new energy regions. ATLAS and the other LHC experiments are operating well.
Anyway, precise MC simulations are needed in order to check the expectations of what will be
measured in the detector and to optimise the detector performance. Sophisticated tools are
needed to ensure the functionality and a good quality of the simulations. One of them is the
HepMCAnalysis Tool, whose development comprises one part of this thesis.

The HepMCAnalysis Tool is a package for MC generator validation and comparisons offering
a stable, easy-to-use, and extendable framework, allowing easy access to MC generator level
analysis. It uses the generator independent HepMC event record and contains a class library
with different benchmark physics processes, allowing the user to analyse events at generator level
and fill the results into histograms. Currently, analysis classes for bb, tt, W + Jets, W — tv,, Z,
Z — 77, and jet events, as well as for the analysis of elastic scattered protons, missing energy, and
the underlying event are implemented. Additionally, it contains a user analysis class, in which
other generator level analyses can easily be implemented. The HepMCAnalysis Tool provides
a software environment with steerable example programs for MC event generation as well as
scripts for a web display and comparisons of the histograms, including Kolmogorov-Smirnoff-
and y>-tests.

The tool is used in a wide range of applications. It is implemented in Athena, the ATLAS
software framework. Within ATLAS, the HepMCAnalysis Tool is used for validation and
regression tests. It runs in the RunTimeTester for nightly tests and checks the functionality
and validity of ATLAS MC production scripts. Several (pre-)validations for a large production
of ATLAS MC samples were performed and bugs were discovered early in the production of
MC samples. Additionally, it is used in generator level studies and in preparation of analyses
inside and outside of ATLAS. A PDF study was presented, which showed the effectiveness of
modified leading order PDFs in describing NLO effects. Further applications are its use in MC
schools of the Helmholtz alliance ‘Physics at the Terascale’ and histogram based validation in
the Generator Services Project, in which it helped to discover that the internal event record for
Z bosons changed in HERWIG++4 2.5.0 with respect to version 2.4.2. For the future, it will
run in nightly regression tests of the Generator Services Project.

Due to the successful operation of the ATLAS detector and software, many SM processes have
already been rediscovered in 7 TeV data collected in the first year and are used to optimise the
detector performance. There is already a first hint for the Higgs boson at a mass range around
126 GeV [1]. A Higgs boson decaying into two photons can be measured very precisely [59], but
at such a light Higgs mass, the branching ratio of H — 77 decays is substantial (see Fig. 2.7).
The H — 77 decay might be the only decay which can be measured directly at this mass range.
There is also the H — bb decay, but it is unknown if it can be measured precise enough [56-
58]. Furthermore, 7 leptons are often produced within decay cascades of many supersymmetric
scenarios. Thus, it is important to understand 7 leptons from SM processes, like Z — 77 and
W — 71v,, in order to search for physics beyond the SM. Hadronically decaying 7 leptons have
similar event shapes in the detector as the event shapes of QCD jets, but they are narrower. It
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9 Summary

is therefore a challenge to distinguish between hadronically decaying 7 leptons and QCD jets,
which form a large background for 7 lepton physics due to the high QCD jet cross section.

In this thesis, the production of a W boson and its subsequent decay into a 7 lepton and a
7 neutrino is studied. The cross section of a W — 7v, decay is ten times larger than the cross
section of a Z — 77 decay leading to a large sample of 7 leptons. This decay is similar to the
decay of a charged Higgs boson decaying into a 7 lepton and the corresponding neutrino v, as
well as to H — 77 in which one of the 7 leptons is not reconstructed. A good understanding of
W — 71v, events is essential for a possible discovery of new physics beyond the SM.

Here, the cross section of W — 7uv, events in proton-proton collisions at a center-of-mass
energy of /s = 7TeV at the ATLAS experiment was determined. The main problems for this
cross section determination were the pile-up effect and the QCD jet background. Sufficient
MC statistics were only available for the electroweak signal and background. A data driven
ABCD method was used to determine the QCD jet background. In data, 2335 W — Tv, events
were observed, with 1811 signal and 284 electroweak background events resulting from the MC
samples. With the data driven ABCD method, the QCD jet background was estimated to be
127 events.

Another focus was an acceptance calculation (including systematic uncertainties), needed for
the cross section calculation, and the underyling event modelling, which was tested by checking
different MC tunes. The acceptance was estimated to be Ay = 0.0975 + 0.0004 (stat.) £
0.0190 (syst.). By using another correction factor Cy = 0.0799 £+ 0.0107, which consid-
ers the trigger efficiency, the hadronically decaying 7 lepton (7,) reconstruction and iden-
tification efficiency, and the efficiency of the selection cuts within the detector acceptance,
the fiducial cross section of W — 7, events in proton-proton collisions was calculated to
be ofid = (0.70 £ 0.02 (stat.) = 0.11 (syst.) = 0.02 (lumi.)) nb and the total cross section

W—mvr

oWy, = (7.240.2 (stat.) £ 1.1 (syst.) £0.2 (lumi.))nb. A total inclusive cross section

hadronic 7 lepton branching ratio BR (7 — hadv,;) = 0.6479 £+ 0.0007. The main sources of
systematic uncertainties are the trigger efficiency, the energy scale of the calibrated 7, lepton
and of the clusters in the calorimeter, and the 7, lepton identification efficiency, which all have
values between 4.1% and 10.3%. This cross section measurement is the first measured W — 7v;
cross section at the LHC and is in good agreement with the measured W — ev, and W — pv,
cross sections at ATLAS and with the NNLO predictions of (10.46 £ 0.52) nb.

In addition, the W — 1, branching  ratio  was evaluated to be
(11.1 +£0.3 (stat.) & 1.8 (syst.) £ 0.4 (lumi.))%, using a total W boson production cross
section of 100nb (see Fig. 3.3) [29] with an uncertainty of 5% [22, 175, 231]. This estimated
value agrees with the SM expectation of 10.83%.

To summarise, the presented cross section measurement agrees with the SM. It will be a
big challenge to improve the precision of more than 15% in this cross section measurement
(and approximately 17% in the W — 7u, branching ratio evaluation) by decreasing the large
uncertainties to reach the precision of the LEP experiments of approximately 2% (see Sec. 7.3).
Triggering W — 7v; events is one of the large difficulties in this analysis. One has to find a
suitable trigger, where the threshold of the transverse momentum of the 7, lepton and the missing
transverse momentum is not too high, while the trigger should be unprescaled or have a low
prescale factor. This is one of the reasons why the focus lies on the search for W — nv, — ln;
decays at ATLAS in future.
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Appendix A

Control histograms and further histograms of
the PDF study in Sec. 6.3.4

In this section, control histograms and further histograms of the PDF study presented in Sec.
6.3.4 are given. All histograms are normalised to the corresponding cross section given in Sec.
6.3.4.
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Figure A.1: (a) Transverse momentum pr and (b) pseudorapidity 7 of the W boson for the PDF's
CTEQ6L1 and MRST2007lomod in pp — W — puv,, events normalised to the cross
section.
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Appendix A Control histograms and further histograms of the PDF study in Sec. 6.3.4
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Figure A.2: (a) Number of jets and (b) transverse momentum pr of jets for the PDFs CTEQ6L1
and MRST2007lomod in pp — W — puv, events normalised to the cross section.
The number of jets and the pt in the event is higher for the modLLO PDF.
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Figure A.3: Bjorken x of both at the hard process participating partons (a) before gluon radiation
and (b) after gluon radiation for the PDFs CTEQG6L1 and MRST2007lomod in
pp — W — pv, events normalised to the cross section.
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Figure A.4: Control histograms: (a) Q of the outer hard scattering process, (b) squared mass
of the hard subprocess, (c) flavour (pdgID) of the first incoming parton, and
(d) flavour (pdgID) of the second incoming parton for the PDFs CTEQ6L1 and
MRST2007lomod in pp — W — pv,, events normalised to the cross section.
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Figure A.5: (a) Number of jets and (b) transverse momentum pr of jets for the PDFs CTEQG6L1
and MRST2007lomod in pp — W + jets events normalised to the cross section. Jets

with a transverse momentum of py < 15 GeV are skipped. There are more jets for
the modLO PDF in the event.
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Figure A.6: (a) n of the Z boson, (b) transverse momentum pr of the Z boson, and (c¢) the mass

of the Z boson in pp — Z — ly; events normalised to the cross section. The results
of pp — W — puv, events could be repeated for pp — Z — lv; events.
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Figure A.7: (a) Transverse momentum pr of the 7 lepton, (b) n of the 7 lepton, (c) n of charged
stable particles, and (d) the number of tracks in the 7 lepton decay in pp — Z — 77
events normalised to the cross section. The strong failing edge at around 45 GeV
in (a) is due to the mass of the Z boson, while the increase below 20 GeV is due to
QCD. There are many 7 leptons in a range of —2.5 < n < 2.5. Many charged stable
particles coming from the 7 lepton decay can be found in the same 7-range.

146



transversal momentum of top and antitop
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Figure A.8: (a) Transverse momentum pr of the top quark, (b) n of the top quark, (c) A¢
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Appendix B

Additional information for the W — 7v._ cross
section measurement

This section gives additional information for the measurement of the W — v, cross section in
proton-proton collisions at /s = 7 TeV with the ATLAS experiment.

B.1 Vertex reweighting factors for the pile-up treatment
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Appendix B Additional information for the W — Tv, cross section measurement

MC DS ID | MC Sample | Number of vertex | Loose trigger | Medium trigger | Control Region loose trigger | Control region medium trigger
1 1.7754 1.14406 1.68806 1.68794
2 1.12514 0.98859 1.11679 1.12264
106043 W — ev, 3 0.821507 0.937024 0.841398 0.844769
4 0.66279 0.950365 0.694241 0.690231
>5 0.54173 1.0652 0.5881 0.579024
1 1.79668 1.06468 1.7083 1.67099
2 1.10945 0.948919 1.10121 1.10363
106044 W — v, 3 0.830828 0.942013 0.850945 0.850709
4 0.655664 1.00305 0.686777 0.704225
>5 0.547385 1.22131 0.594239 0.586459
1 1.73679 1.12353 1.65135 1.72327
2 1.14563 0.982599 1.13712 1.12332
107054 W — mv, 3 0.828194 0.924436 0.848247 0.833403
4 0.664028 0.967772 0.695539 0.688607
>5 0.519908 1.12161 0.56441 0.583733
1 1.80445 1.16635 1.71568 1.72451
2 1.15159 1.00152 1.14304 1.13317
107054 W — nu, 3 0.810049 0.928691 0.829663 0.84334
4 0.656711 0.921603 0.687874 0.678062
>5 0.523152 1.0741 0.567932 0.566071
1 2.02864 1.31533 1.92884 1.95011
2 1.19411 1.0805 1.18525 1.22224
106046 Z — ee 3 0.815278 0.929735 0.835018 0.839564
4 0.622493 0.855854 0.652032 0.627576
>5 0.445311 0.865003 0.483427 0.467178
1 1.77221 1.13539 1.68504 1.67296
2 1.13125 0.976437 1.12285 1.12956
106047 Z — up 3 0.809016 0.921017 0.828604 0.8366
4 0.678903 0.962271 0.71112 0.697388
>5 0.536725 1.14683 0.582667 0.581839

Table B.1: Vertex reweighting factors for the Monte Carlo datasets (DS) of the signal and the control region for each of the used triggers.
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B.1 Vertex reweighting factors for the pile-up treatment
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Appendix B Additional information for the W — Tv, cross section measurement

MC DS ID | MC Sample | Number of vertex | Loose trigger | Medium trigger | Control Region loose trigger | Control region medium trigger
1 1.77323 1.14587 1.686 1.75071
2 1.19563 0.993704 1.18676 1.13847
107419 W — nu, 3 0.811766 0.937132 0.831421 0.840173
4 0.647018 0.948745 0.677722 0.681315
>5 0.495652 1.05025 0.538078 0.549514
1 2.03519 1.26084 1.93507 1.90736
2 1.21952 1.09583 1.21047 1.22347
113719 Z — ee 3 0.829007 0.914835 0.849079 0.833635
4 0.603161 0.886331 0.631783 0.644596
>5 0.428183 0.865851 0.464834 0.466432
1 1.85739 1.15698 1.76602 1.68772
2 1.14806 0.927251 1.13954 1.12252
113721 7 — up 3 0.809747 0.965041 0.829353 0.838219
4 0.624839 0.970641 0.65449 0.697734
>5 0.549457 1.13433 0.596488 0.581225
1 1.90607 1.15707 1.81231 1.77187
2 1.14612 1.00169 1.13762 1.144
107418 Z =TT 3 0.832525 0.940983 0.852683 0.842352
4 0.617504 0.93164 0.646806 0.670382
>5 0.50717 1.03203 0.550581 0.544249
1 1.81005 1.08421 1.72101 1.70482
2 1.12737 0.97946 1.119 1.12889
107414 W — mv, 3 0.809719 0.929179 0.829324 0.84109
4 0.665606 0.998095 0.697191 0.697639
>5 0.54095 1.12416 0.587253 0.559962
1 1.89442 1.17472 1.80123 1.7456
2 1.13217 1.05198 1.12377 1.18689
107414 W — n, 3 0.824737 0.899659 0.844706 0.805098
4 0.639233 0.920391 0.669566 0.676141
>5 0.511548 1.01694 0.555334 0.558899

Table B.3: Vertex reweighting factors for the Monte Carlo datasets (DS) of the signal and the control region for each of the used triggers.
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B.1 Vertex reweighting factors for the pile-up treatment
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Appendix B Additional information for the W — Tv, cross section measurement

MC DS ID | MC Sample | Number of vertex | Loose trigger | Medium trigger | Control Region loose trigger | Control region medium trigger
1 1.68454 1.09031 1.60168 1.70211
2 1.23097 0.994063 1.22184 1.11865
107376 W — vy 3 0.822308 0.952223 0.842219 0.838876
4 0.597907 0.888305 0.62628 0.644426
>5 0.543724 1.2137 0.590264 0.661898
1 1.82201 1.08278 1.73238 1.62913
2 1.12361 1.08092 1.11527 1.1642
107376 W — nv, 3 0.871487 0.89575 0.892588 0.834992
4 0.60735 0.88729 0.636171 0.662611
>5 0.521346 1.14806 0.565971 0.607615
1 1.8996 1.21412 1.80616 1.87343
2 1.14731 0.952951 1.1388 1.10757
107373 Z =TT 3 0.835034 0.943984 0.855253 0.859097
4 0.586062 0.902973 0.613872 0.624763
>5 0.550114 1.16291 0.597201 0.589577
1 1.84801 1.10862 1.7571 1.74533
2 1.25199 0.925092 1.2427 1.06959
107377 W — msr 3 0.800213 0.979371 0.819588 0.914378
4 0.598342 0.936854 0.626736 0.634064
>5 0.492214 1.24974 0.534345 0.59816
1 1.80623 1.13506 1.71738 1.67571
2 1.06867 1.01872 1.06074 1.16777
107377 W — nu, 3 0.911579 0.917215 0.933651 0.760584
4 0.598305 0.935445 0.626696 0.72804
>5 0.560848 1.07533 0.608854 0.647836

Table B.5: Vertex reweighting factors for the Monte Carlo datasets (DS) of the signal and the control region for each of the used triggers.
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B.1 Vertex reweighting factors for the pile-up treatment
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Appendix B Additional information for the W — Tv, cross section measurement

B.2 Histograms for the acceptance calculation after acceptance cuts
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Figure B.1: (a) Visible transverse energy, (b) pseudorapidity 7, and (c) angle ¢ of the true 7, yis
lepton after the cut on the transverse momentum pr of the true 7, vis lepton.
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B.2 Histograms for the acceptance calculation after acceptance cuts
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Figure B.3: (a) Visible transverse energy, (b) pseudorapidity 7, and (c) angle ¢ of the true 7, vis
lepton after the cuts on the transverse momentum pr and the pseudorapidity n of

the true 7, vis lepton.
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Appendix B Additional information for the W — Tv, cross section measurement
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Figure B.5: (a) Visible transverse energy, (b) pseudorapidity 7, and (c) angle ¢ of the true 7, vis
lepton after the cuts on the transverse momentum pr and the pseudorapidity n
of the true 7, yis lepton and the transverse momentum of the sum of the neutrino
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B.2 Histograms for the acceptance calculation after acceptance cuts
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Appendix B Additional information for the W — Tv, cross section measurement
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Figure B.7: (a) Visible transverse energy, (b) pseudorapidity 7, and (c) angle ¢ of the true 7, yis
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B.2 Histograms for the acceptance calculation after acceptance cuts
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Appendix B Additional information for the W — Tu, cross section measurement

B.3 Cut flow table of error eigenvectors within one PDF set for the
acceptance calculation
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B.3 Cut flow table of error eigenvectors within one PDEF set for the acceptance calculation
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Appendix B Additional information for the W — Tv, cross section measurement

B.4 Summary tables for systematic uncertainties of the indiviudal
electroweak background, Ngw, Nqcp and Cy

W —eve | W—pv, | W—mnuv, | Z—717 | ttlep
Trigger efficiency 6.1% 6.1% 6.1% 6.1% 6.1%
Energy scale 14.1% 5.8% 9.6% 6.2% -
7, identification - - - 9.8% | 10.3%
Jet 7, misidentification 9% 13% 31% - -
Electron 73, misidentification 13.8% - - - -
Pile-up reweighting 0.4% 2.3% 2.6% 1.2% 1.6%
Electron reconstruction/identification 3.5% - 1.2% 0 0.5%
Muon reconstruction - 0.8% 0 0.3% 0.4%
Jet cleaning - - - - -
Underlying event modeling 1.1% 1.1% 1.1% 1.1% 1.1%
Cross section 3.8% 3.8% 5.0% 5.0% 9.7%

Table B.8: Summary table for systematic uncertainties affecting the individual EW backgrounds

[138].
EW Sum

Trigger efficiency 6.1%
Energy scale 8.7%
7}, identification 4.1%
Jet 7, misidentification 7.2%
Electrob 7, misidentification 4.5%
Pile-up reweighting 1.2%
Electron reconstruction/identification 1.2%
Muon reconstruction 0.3%
Jet cleaning -
Underlying event modelling 1.1%
Cross section 4.5%
Total systematic 15.0%
Number of events 283.6
Stat. 6.9
Syst. 42.6

Table B.9: Summary table for systematic uncertainties affecting Ngy [138].
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B.4 Summary tables for systematic uncertainties

QCD
QCD estimation: Stability/correlation 2.7%
QCD estimation: Signal/EW contamination | 2.1%
Total systematic 3.4%
Number of events 127
Stat. 8
Syst. 4.3

Table B.10: Summary table for systematic uncertainties affecting Nqcp [138].

Cw
Trigger efficiency 6.1%
Energy scale 6.7%
7, identification 9.6%
Pile-up reweighting 1.4%

Underlying event modelling | 1.3%
Jet cleaning -

Total systematic 13.3%
Cw value 0.0799
Stat. error 0.0011
Syst. error 0.0107

Table B.11: Summary table for systematic uncertainties affecting Cy [138].
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