MEASUREMENT OF THE CHARGE ASYMMETRY
IN TOP-ANTITOP QUARK PRODUCTION
WITH THE CDF Il EXPERIMENT

JuLiA WEINELT

DirPLOMA THESIS

AT THE FACULTY FOR PHYSICS
OF THE UNIVERSITY OF KARLSRUHE (TH)

Referee: Prof. Dr. Th. Muiller
Institut fir Experimentelle Kernphysik

Co-Referee: Priv.-Doz. Dr. W. Wagner
Institut fir Fxperimentelle Kernphysik

DECEMBER 15, 2006






111

Introduction

The Fermi National Laboratory (Fermilab) operates the Tevatron proton - an-
tiproton collider at a center-of-mass energy of /s = 1.96 TeV, and is therefore the
only collider which is today able to produce the heaviest known particle, the top
quark.

The top quark was discovered at the Tevatron by the CDF and D collabora-
tions in 1995 [1,2]. At the Tevatron, most top quarks are produced via the strong
interaction, whereby quark-antiquark annihilation dominates with 85%, and gluon
fusion contributes with 15%. Considering next-to-leading order (NLO) contributions
in the cross section of top-antitop quark production, leads to a slight positive asym-
metry in the differential distribution of the production angle o of the top quarks.
This asymmetry is due to the interference of certain NLO contributions. The charge
asymmetry A in the cosine of « is predicted [14] to amount to 4 — 6%. Information
about the partonic rest frame, necessary for a measurement of A in the observable
cos @, is not accessible in the experiment. Thus, we use the rapidity difference of the
top and the antitop quark as sensitive variable. This quantity offers the advantage
of Lorentz invariance and is uniquely correlated with the cosine of «, justifying the
choice of the rapidity difference to describe the behaviour of cos a.

In preparation for a measurement of the charge asymmetry, we conduct several
Monte Carlo based studies concerning the effect of different event selection criteria
on the asymmetry in the selected event samples. We observe a strong dependence of
the measured asymmetry on the number of required jets in the particular event sam-
ple. This motivates further studies to understand the influence of additional gluon
radiation, which leads to more than four observed jets in an event, on the rapidity
distribution of the produced top quarks. We find, that events containing hard gluon
radiation are correlated with a strong negative shift of the rapidity distribution of
the top quarks. This leads to large negative values of the charge asymmetry in event
samples that contain only events with exactly five, six or more jets.

This finding requires a modification of our original analysis strategy, since an
asymmetry measured in an inclusive sample will be a composition of the asymme-
try in the four-jets and five-jets sub-samples. Therefore, we perform for the first
time a measurement of the asymmetry separately in the exclusive four- and five-jets
sub-samples to separate the contribution of hard gluon radiation to the asymmetry.
We analyze a data sample, collected by the CDF II detector in the years 2002-2006,
that corresponds to an integrated luminosity of about 955 pb=1.

This thesis is organized as follows. After giving a brief overview of the theoretical
backgrounds in the first chapter, the Tevatron and the CDF II experiment are
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described in the second chapter. The third chapter provides details about the event
selection in the lepton-+jets channel and outlines the reconstruction method of the
four-vectors of the top-antitop quark pair. In chapter four, the event generation
using Monte Carlo methods is described, and generators used in this thesis are
shortly introduced. Some properties of the studied ¢t process at generator level are
presented. The Monte Carlo based study of the asymmetry in top-pair production
is presented in chapter five. In chapter six, the correction of the analyzed data for
reconstruction effects and selection efficiencies in the inclusive and exclusive samples
is described before providing the corresponding measurements. The results and an
outlook can be found in the last chapter.
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Chapter 1

Theory

The standard model of elementary particle physics is up to now the most successful
theory of a unified description of the properties of the elementary particles and their
interactions. In the following we give a short introduction to the particle content
of the standard model and its main ideas. Subsequently, the characteristics of the
heaviest quark, the top quark, are outlined and the theoretical framework of the
charge asymmetry in top pair production, one of the main aspects of this thesis, is
presented.

1.1 The Standard Model of Elementary Particle
Physics

The standard model of particle physics is a theory which describes the strong, weak,
and electromagnetic fundamental forces, as well as the fundamental particles that
make up all matter. It is a quantum field theory and consistent with both quantum
mechanics and special relativity [3,4]. To date, almost all experimental tests of
the three forces described by the standard model have agreed with its predictions.
However, the standard model is not a complete theory of fundamental interactions,
primarily because it does not describe the gravitational force, which is formulated
independently by general relativity.

The standard model contains both fermionic and bosonic fundamental particles.
Fermions, the constituents of matter, are particles which possess half-integer spin
and obey the Pauli exclusion principle, which states that no fermions can share the
same quantum state at the same time. There are twelve different types of fermions
in the standard model, which can be arranged in three generations. In addition,
the standard model predicts for each particle an antiparticle, which has the same
properties but opposite charges. Table 1.1 presents the twelve fundamental parti-
cles with their main properties. The fermions are again partitioned in two classes
of particles, the leptons and quarks. Unlike leptons, the quarks are characterized
by an additional quantum number, the color charge, which is responsible for the
strong coupling. Leptons, however, only participate in electromagnetic interactions
(electrically charged leptons) and weak interactions. All ordinary matter is made
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Elementary fermionic particles

name ‘ symbol ‘ el. charge €] ‘ mass [MeV/c?]
1. Generation:
electron e -1 0.51
electron neutrino v, 0 <2.107°
up quark u +2 1.5 ... 3.0
down quark d —g 3.7
2. Generation:
muon 7 -1 106
muon neutrino vy, 0 < 0.190
charm quark +2 (1.16 ... 1.34)-10?
strange quark S —% 70 ... 120
3. Generation:
tau T -1 1777
tau neutrino Uy 0 < 18.2
top quark t +2 (170.2 ... 174.8)-10°
bottom quark —% (4.13 ... 4.27)-10°

Table 1.1: The elementary fermionic particles (spin s= %) with their electric charge in units of the
electron charge and their mass [5].

of first-generation particles (up quark, down quark, electron and electron neutrino).
The higher-generation particles decay quickly into the first-generation ones and can
only be observed in high-energy interactions as they occur in particle experiments,
in the cosmos or in the atmosphere. The reason for arranging them in genera-
tions is that the four fermions in each generation behave almost exactly like their
counterparts in the other generations, the only difference is in their masses.

The standard model includes the strong, the weak and the electromagnetic forces
that are mathematically described by gauge theories. This means that the forces
between fermions are modeled by coupling them to bosons, integer spin particles
which mediate the forces. The Lagrangian, a fundamental mathematical concept
describing the system, is required to be invariant under a transformation called
gauge transformation. The invariance of the Lagrangian is only possible if additional
fields are introduced. The quanta of these fields are referred to as gauge bosons,
mediating the different forces. The bosons in the standard model and some of their
properties are listed in table 1.2. The photon, a massless electric neutral boson,
mediates the electromagnetic force by coupling to all particles that are electrically
charged. Quantum Electro Dynamics (QED) provides a theoretical description of
the electromagnetic interactions by the exchange of photons. Quantum Chromo
Dynamics (QCD) describes strong interactions via gluons. Since the strong coupling
is due to the color charge, only quarks and the mediating gluons, which are also color
charged particles, participate in strong interactions. The fact that gluons carry color
themselves leads to a phenomenon called confinement that interdicts the observation
of free quarks since they are immediately bound to colorless bosonic mesons (quark-
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antiquark pairs) or fermionic baryons (quark triplets) by the exchange of gluons.
The weak interaction was successfully unified with the electromagnetic theory in
the electroweak theory in the middle sixties by Glashow, Salam and Weinberg and
has been extensively tested during the last 40 years. The weak force couples to the
weak isospin and the hypercharge of particles and is mediated by the massive neutral
7 boson and the electrically charged W bosons (see table 1.2). The weak force plays
an important role for particle decays, since it provides the only way to change the
particle flavor. Considering quark flavor changing currents one has to take care of
the fact that the quark mass eigenstates (u,d, s, c,t,b) are not equal to the weak
eigenstates of the quarks (u',d’, s, ¢/, t',b'). A transformation between the two bases
is described by the Cabbibo-Kobayashi-Maskawa matrix (CKM matrix) [6,7]. By
convention, the matrix is often expressed in terms of a 3 x 3 unitary matrix V'
operating on the quark mass eigenstates (d, s and b):

d/ Vud Vus Vub d
s = Vea Ves Va : S (1 . 1)
v Viae Vis Vi b

The coupling strength of two quarks ¢ and k to a W boson is proportional to
the according squared element |Viz|? of the CKM matrix. The values of individual
matrix elements can in principle all be determined from weak decays of the relevant
quark, or, in some cases, from deep inelastic neutrino scattering. The 90% confidence
limits on the magnitude of the elements of the complex matrix are [5]:

0.97360...0.97407 0.2262...0.2282 0.00306...0.00486
0.2261...0.2281 0.97272...0.97320 0.04141...0.04231 (1.2)
0.00750...0.00846  0.04083...0.04173  0.999096...0.999134

Since particle physics happens in the quantum mechanical regime, it is impos-
sible to predict individual events. The theory only provides transition rates in the
form of cross sections, a measurement for the probability that a certain process oc-
curs. The cross section of a physical process is calculated by use of Fermi’s Golden
Rule [8], which states that the cross section is proportional to the square of the sum
of contributing matrix elements of a certain process. The contributions to a matrix

name | symbol | mediated force | electric charge [e] | mass [MeV/¢?]
photon y electromagnetic 0 0
gluon g strong 0 0
Z boson A weak 0 91.188 £ 0.002
W bosons | W weak +1 80.403 £ 0.029

Table 1.2: The gauge bosons mediating different forces of the standard model. The electric charge
and the mass of the bosons are shown [5].
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element are derived from Feynman diagrams, symbolic notations of physical inter-
action between particles. Following the Feynman rules, each part of such a diagram
can be translated to a mathematical expression that enters the calculation of the
matrix element. The lines represent the propagation of particles and antiparticles
in space-time, the nodes connecting the particles contain the coupling nature and
strength. Figure 1.1 shows the most elementary Feynman diagram for ¢¢ pair pro-
duction, the Born diagram. By convention the x-axis represents the time coordinate
of the particles and the y-axis the space coordinates. In figure 1.1 a quark and an
antiquark annihilate to a virtual gluon, which again splits into a top-antitop pair.

q t

Figure 1.1: Feynman Diagram of ¢t pair production via quark-antiquark annihilation.

One of the main open questions concerning the standard model is the origin of
the mass of elementary fermions and the W* and Z bosons. Since the Lagrangian
of the different quantum field theories is gauge invariant, the standard model allows
no mass for the gauge bosons and therefore has to be extended by an additional
mechanism. The most promising approach is the Higgs mechanism [9]. This theory
introduces a scalar quantum field, the Higgs field, and ascribes the mass of the gauge
bosons to an interaction between the field and the particles. The quantum of the
scalar Higgs field is the massive Higgs boson, which has not yet been observed, but
is expected to be found by next-generation hadron collider experiments at the Large

Hadron Collider (LHC) at CERN.

1.2 The Top Quark

The top quark is a third-generation quark with a charge of +§e and was discovered
in 1995 by the CDF and DO experiments [1,2]. With a mass currently measured at
(172.5 + 2.3) GeV/c? [10] it is the most massive known particle.

At the Tevatron, where protons (p) and antiprotons (p) are brought to collision
with a center-of-mass energy of /s = 1.96 TeV, most top quarks are pair-produced
via the strong interaction. The dominant production process for ¢t pairs at the
Tevatron is the quark-antiquark annihilation with an expected fraction of 85%, while
gluon fusion contributes with 15%. The corresponding Feynman diagrams for the
two dominant leading-order processes are shown in figure 1.2. The latest cross
section calculation of ¢t pair production at a center-of-mass energy of /s = 1.96
TeV and an assumed top quark mass of m; = 175 GeV is oy = 6.7 £ 0.9 pb [11].
The standard model predicts a top quark lifetime of about 107%s [5] which is less
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W decays | e/uv TV G112
e/ pv 4/81 4/81 24/81
v ~1/81 12/81
0192 - - 36/81

Table 1.3: Decay modes of #f pairs. Presented are the branching fractions of leptonically and
hadronically decaying W bosons [12]. The 7 channel is listed separately since the 7 lepton decays
before it can be observed in the experiment. The bold branching fraction indicates the channel
used in this analysis.

than the time scale of the strong interaction and therefore the top quark decays
before it is bound by the strong force to a colorless object. This gives us the unique
opportunity of studying a bare quark by observing its decay particles on which the
top quark transmitted its properties. Due to the dominating matrix element |Vj,| ~ 1
of the CKM matrix the top quark decays to almost 100% via the weak force into
a b quark and a W boson. The b quark hadronizes to a colorless object, which
further decays and produces a range of secondary particles. The W boson decays
via the weak interaction, either hadronically into two light quarks or leptonically
into a lepton (e, u, 7) and the corresponding neutrino (v, v,,v,). Considering all
lepton and quark flavors, 81 possibilities to decay arise for a produced top-antitop
quark pair, each with a certain possibility to occur. Table 1.3 gives an overview of
the different decay channels and the according branching ratio.

Each decay channel offers advantages and disadvantages which have to be weighted
against each other with regard to the physical measurement. In our analysis we look
into the channel, where one W boson decays hadronically and the other one lepton-
ically, the corresponding branching fraction of about 30% is bold in figure 1.3. The
characteristics of this channel are outlined in chapter 3.

LSl
~
<
Sl
s}
Sl

(a) (b) ()

Figure 1.2: Leading order Feynman diagrams of ¢¢ pair production: (a) light quark-antiquark
annihilation (¢q — tt), and gluon fusion (gg — tt) (b),(c).
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1.3 Charge Asymmetry in Top-Pair Production

Since in nature complex processes occur as long as they are not explicitly interdicted,
theoretical predictions must include also higher order calculations to be comparable
to experimental results. The cross section of a certain physical scattering process
AB — CD as observed by the experiment is determined by the contributions of
different sub-processes. Sorting these subprocesses with respect to the order of the
corresponding coupling constant « allows for a mathematical description of the total
process by a perturbation series evolved in a. A valid perturbative description is
possible, if the coupling constant is clearly smaller than one, causing the expansion
to converge. In this case, higher orders of the perturbation expansion are suppressed.
Thus, the cross section can in general be approximated sufficiently by considering
only the leading terms. In the case of QCD processes, the strong coupling constant
a, depends on the momentum transfer scale Q? of the process. In the limit of high
energies o, approaches zero. For the production of top quarks at the threshold of
my = 175GeV /c? the requirement for convergence is well satisfied. The larger the
coupling constant becomes, the more contributing terms of the expansion must be
considered to receive a stable result. In return that means, that the more Feynman
diagrams are taken into account, the more complicated becomes the calculation
of the cross section. Since the mathematical method fails for the description of
processes in the low energy limit, phenomenological models have to be used to
model long distance QCD processes.

Theoretical calculations of cross sections at the Tevatron have to take into ac-
count that the incoming protons and antiprotons are not elementary particles since
they are composed of a certain quark flavor combination. In the standard model
of elementary particle physics the proton is described to be composed of two u
quarks and a d quark (uud), the antiproton of the charge conjugated content (uud).
These valence quarks are bound together by gluons that can split up into quark-
antiquark pairs, the seaquarks. The parton model considers the high-energy proton
(or antiproton) as a composition of these quasi-free partons: the valence quarks, the
seaquarks and the gluons. Thus, the longitudinal momentum of the incoming pro-
ton (antiproton) is shared by those partons i, each carrying the momentum fraction
x; = p;/pp. The cross section calculation is based on the factorization theorem [12]
stating that the cross section is given by the convolution of parton distribution func-
tions (PDFs) f;(z, u?) for the colliding proton (p) and antiproton (p) and the hard
parton-parton cross section 6;;:

o(pp — tt) = Z/dl’id-’fjfi,p(ﬂﬁi,MQ)fj,p(Ija/~62) <63 (i — 11 8, p°). (1.3)
2

The PDF f; ,(x;, u?) describes the probability density to find a parton 7 inside the
proton p carrying a longitudinal momentum fraction z;. The PDFs and the parton-
parton cross section 6;; depend on the factorization scale p. Since the production
of top quarks is considered, a choice of the scale could be the top quark mass.
Figure 1.3 shows the parton distribution function CTEQ5MT1 [13] for protons at a
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factorization scale p? = (175 GeV)?. The parton cross section also depends on the
square of the center-of-mass energy of the colliding partons: § = (z; - p, + z; - pp)*.
Since the proton and the antiproton beam have the same energy Fjpeom, § is given
by: § = dz;ax; B}

beam*

< N CTEQ5M1: p?=(175 GeV)” }
>{: B Uval+sea P
« 1.5 dval+sea
: bsea
|
0.5
O_ 1 1 ||||||| 1 1 IIIIIII 1 L Illllll L I“’
10" 107 107 10"

momentum fraction X,

Figure 1.3: The CTEQ5MT1 parton distribution function at a factorization scale y? = (175GeV)>2.

Although higher-order contributions to a cross section are suppressed due to
the precondition of a small perturbation term, new phenomena arise only at next-
to-leading (NLO) order level. In the following we describe the manifestation of
the charge asymmetry in top pair production, a next-to-leading order interference
effect predicted by J.H. Kiihn [14]. The total asymmetry A is described by the
difference between the NLO cross section of top pair production via quark-antiquark
annihilation compared to the NLO cross section of the charged conjugated final state:

MO(cosa > 0) — oG (cosa > 0)

A=jio, : 1.4
o2 glcosa > 0) +o/2 5 (cosa > 0) (1.4)

The production angle a of the top quark is defined as the angle between the
directions of the incoming quark and the produced top quark. The differential
charge asymmetry as a function of the cosine of « is defined by [14] as:

Ni(cosa) — Ni(cosa)  Ny(cosa) — Ny(—cosa)

= . 1.5
Ni(cosa) + Ni(cosa)  Ny(cosa) + Ny(—cos ) (15)

Acosa) =
The angular distribution of expected events N(cos ) is derived from the differ-
ential cross section do/dcosa. Because the strong interaction is invariant under

charge conjugation of the total process:

Oqg—ti(Q) = 0gq—7(180° — @) = 0ggm(—0), (1.6)
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Ni(cos @) = Ny(—cos a) holds and the charge asymmetry can be interpreted as
a forward-backward asymmetry.

At leading-order perturbation theory only Feynman diagrams shown in figure
1.2 contribute to the matrix element, whereby the quark annihilation ¢ — tt domi-
nates (see section 1.2). The corresponding differential cross sections for both quark-
antiquark annihilation ¢gqg — t¢ and gluon-gluon fusion gg — ¢t are symmetric in
cos a, thus no asymmetry occurs.

Since gluon fusion remains symmetric under inclusion of higher-order contribu-
tions to tf pair production, figure 1.4 only shows the considered Feynman diagrams
for quark-antiquark annihilation: the LO Born diagram, the box diagram, initial
state gluon radiation (ISR), and final state gluon radiation (FSR). In the case of
ISR/FSR, the process is only taken into account up to a cut-off of the transverse en-
ergy of the radiation. The cut-off allows only unresolvable collinear gluon radiation
to count as a "tt” final state. If gluon radiation is hard and leads to an additional
detectable jet, the final state is ttj. The NLO cross section for ¢§ — tt contains
all amplitudes that are of third order in the strong coupling constant a, and the
leading order contributions (O(a?)), and is therewith proportional to:

a%ﬂ% o Mol + | Misrl* + |Mpsgl* +2- R(MLo - Mpoy) +2- R(Misp- M}ESR))-

1.7
Thus the finally calculated term will not only contain the square of single matrix
elements but also products of different complex amplitudes which are considered as
interference terms.

The origin of the asymmetry can be explained qualitatively by considering the
charge parity of the final states of the different sub-processes. Charge parity is a
multiplicative quantum number describing the behavior of a physical system under
the charge conjugation, which means that particles are substituted by their antipar-
ticles. Since the gluon holds a negative charge parity C' = —1 and C' is a conserved
multiplicative quantum number in strong interactions, the charge parity of the pro-
duced tt pair in the Born diagram has to be C(tt) = —1 = C(g), see figure 1.4 a).
The same argument holds for initial state gluon radiation (fig. 1.4 ¢)). The box
diagram (fig. 1.4 b)) containing two gluons requires C'(tt) = +1 = C(gg). In case of
final state gluon radiation (fig. 1.4 d)) the charge parity of the intermediated gluon
has to be equal to C' of all final state particles, which leads to C' = +1 for the top
pair. Thus the terms, which enter quadratically in the cross section, are always pos-
itive under charge conjugation (C' = +1), while the interference terms, Mo - My
and Mjsgr - Mpsg, are both negative under charge conjugation (C' = —1). This
leads to the fact that only odd amplitudes, i.e. the interference terms, remain in
the difference in the numerator of equation 1.4, whereby terms with positive charge
parity cancel each other. Consideration of the color charge of gluons complicates
the basis of our illustration. Nevertheless, the qualitative argumentation remains.

The interference of the box diagram with the LO diagram yields a positive total
asymmetry, while the interference between the ISR and FSR diagram leads to a
negative total asymmetry. Because the former contribution is always larger than
the latter one, the inclusive total asymmetry is slightly positive. Calculating the
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Figure 1.4: LO and NLO diagrams for top-pair production via quark-antiquark annihilation. (a)
LO diagram, (b) box diagram, (c) ISR diagram, (d) FSR diagram.

€

total asymmetry with respect to the LO cross section as done in equation 1.4 yields
a prediction of the differential asymmetry of 6-8% in cosa. If the asymmetry is
calculated with respect to the NLO cross section, which is closer to an asymmetry
measured by an experiment, since data always represent all order processes, the
differential asymmetry is reduced by a factor of 1.3 to 4-6%.

As presented in figure 1.5 the asymmetry depends linearly on the cosine of «
for v/ = 400 GeV. Modifications from this linear behaviour increase with v/ and
in the limit of very large v/§ the same curve as for b quarks is expected. Because
04g—1(V3) peaks at values arround v/§ ~ 450 GeV and because smaller values of
V'§ are preferred due to the PDFs, the asymmetry is expected to depend almost
linearly on cos a at the Tevatron.

1.3.1 Sensitive Variable

The asymmetry is given in reference [15] as a function of cos «, but a measurement of
the variable cos a requires the reconstruction of the initial parton rest frame which is
not accessible in the experiment. Therefore, we use a different quantity as sensitive
variable in this analysis. Instead of cosa the rapidity difference of the top quark
and the antitop quark y; is considered, whereby the rapidity of a particle is defined
as:

1 | (E+pz
:_.n
Y E_pz

> ). (1.8)

This quantity transforms under a boost to a frame with velocity 3 like y — y —
tanh™ 3. Hence the shape of the rapidity distribution dN/dy remains Lorentz
invariant and is therefore independent of the particular physical frame. In our
analysis Ay is calculated by the rapidity difference of the semileptonically (ytep)
and the hadronically (ynaa) decaying top quark. Multiplication with the charge of
the lepton (e or u) from the semileptonic top quark decay ensures that we always
consider the rapidity difference between the top and the antitop quark:

Ay - Q1 = (Ygep — Ythad) - Q1 = Y — Vs (1.9)
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Figure 1.5: Charge asymmetry (eq. 1.5) as a function of cos « for some fixed values of 3, reproduced
from reference [15].

In LO y; —yz is directly related to the variable cos a in the center-of-mass system [16]:

COS ¢

Yy — Yy = 2+ tanh ™! (1.10)

2
L+ 55
As can be seen from figure 1.6 there is no sign inversion between cosa and y; —
yz for all values of v/, which justifies the assumption that a measurement of the
asymmetry in the observable Ay - (); represents the asymmetry in cos a very well.
The asymmetry in Ay - Q; is then calculated analogously to equation 1.5 as the
difference of events with a rapidity difference of the produced top quarks greater
and smaller than zero divided by the total number of events:

Nevts(Ay : Ql > O) - NthS(Ay . Ql < O) _ NP _ Nn
Nevts(Ay'Ql > O)+Nevts(Ay'Ql <0) Np+Nn’

AAy - Q) = (1.11)

whereby the number of events with a positive (negative) rapidity difference is defined
as N, (N,).
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Figure 1.6: Difference of the rapidities of the top and the antitop quark as a function of cos « and
V5. The correlation between y, — y7 and cos a remains unique in the displayed energy range of
400 < NG < 1000 GeV, since there is no sign inversion.
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Chapter 2

The CDF Experiment

The Fermi National Accelerator Center (Fermilab) is located approximately 70 km
west of downtown Chicago in Batavia, Illinois, in the United States of America. It
operates the most powerful particle accelerator in the world at this time, providing
high-energy proton and antiproton beams of 980 GeV. More than 2300 scientists
from 34 states and 28 countries profit from Fermilab’s equipment and particle beams
to conduct a range of experiments. The accelerator concept offers the possibility for
collider physics with a center-of-mass energy of 1.96 TeV as well as to conduct fix
target experiments.

Figure 2.1: Aerial view on the Fermilab facility. The position of the Tevatron is indicated by the
circular course of the rear maintenance road. The CDF' experiment is located at the ten o’clock
position at the Tevatron.

As can be seen from figure 2.1 presenting an aerial view of the large Fermilab
facility various accelerator levels are necessary to reach such high particle energies.
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The circular maintenance roads indicate the position of the two largest Fermilab
synchrotrons, the Main Injector in the foreground and the Tevatron, the final storage
ring, in the rear. One of the two collider experiments at Fermilab is conducted by
the Collider Detector at Fermilab (CDF) collaboration in which the Institut fiir
Experimentelle Kernphysik Karlsruhe (IEKP) participates as the single German
physics institute. The CDF experiment is located in figure 2.1 at the ten o’clock
position at the Tevatron.

In the following section an overview of the complex accelerator chain is presented.
Afterwards we give an introduction to the main components of the CDF II detector
including an outline of the ambitious trigger system which is essential to extract the
most interesting signals from the full range of detector responses.

2.1 The Accelerator System

To accomplish an acceleration of protons and antiprotons to an energy of 980 GeV,
different aspects have to be considered. In this section we describe how the protons
are extracted from hydrogen gas, and outline the more sophisticated production of
antiprotons. The produced particles then have to be accelerated to an energy of
980 GeV, which requires a combination of different accelerator techniques each for
a special energy range (see figure 2.2).

The protons are produced by the use of a H™ ion source. The process starts at a
magnetron, which creates the negative hydrogen ions by surface ioniziation effects.
A magnetron consists of a cathode whose surface is coated with Cesium and an
anode. The potential difference causes electrons at the surface of the metal cathode
to overcome the work function of the metal, which is lowered by the Cesium film.
A magnetic field perpendicular to the electrical field forces free electrons to travel
in long spirals. Hydrogen gas is then injected into the volume between anode and
cathode. The free electrons ionize the hydrogen gas so that the conditions inside
the cavity create a dense plasma. Protons of the plasma are accelerated towards
the cathode, collide with its surface, capture by different mechanisms two electrons,
and are then extracted as H™ ions from the magnetron. This ion beam leaving the
magnetron continues its path by entering the Cockcraft-Walton accelerator column
in which a series of electrostatic lenses accelerate the ion beam to an energy of
E =750 keV.

The H™ ions are then passed to a Linear Accelerator (Linac) which is approxi-
mately 150 m long and consists of cascaded radio frequency cavity resonators that
accelerate the ions. At the end of the Linac the ion beam is stable enough so that
the electrons can be stripped off by passing through a carbon foil, leaving only a
beam of protons. The next device in the sequence is the booster. The booster,
a 75 m radius circle synchrotron, accelerates the protons in several circulations to
an energy of 8 GeV and sends them to the Main Injector. The Main Injector is a
synchrotron seven times the circumference of the Booster and serves four functions.
It accelerates the protons from 8 GeV to 150 GeV, it provides 120 GeV protons for
antiproton production, it transfers and cools the antiprotons from the Antiproton
Source, and it injects protons and antiprotons into the Tevatron.
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Figure 2.2: Schematic overview on the accelerator chain at the Fermilab.

To produce antiprotons, 120 GeV proton beams from the Main Injector are
transferred to the Antiproton Source and diverted into a nickel target. In these
high-energetic collisions a wide range of secondary particles is produced including
many antiprotons which are captured, focused and stored. After accumulating a
sufficient number of antiprotons, typically 50 - 100, with a kinetic energy of about
8 GeV they are sent to the recycler. To produce a tightly confined high energy
beam only little spread in energy between the particles is allowed. Therefore, the
process of electron cooling is used to shrink the size, divergence, and energy spread
of the stored antiproton beam without removing particles from the beam. Since
the number of particles remains unchanged and the space coordinates and their
derivatives are reduced, this means that the phase space occupied by the stored
particles is compressed. A stored antiproton beam is overlapped with a nearly
monochromatic and parallel electron beam in one of the straight sections of the
recycler. The velocity of the electrons is made equal to the average velocity of the
antiprotons. The antiprotons undergo Coulomb scattering in the electron gas and
lose energy, which is transferred from the antiprotons to the co-streaming electrons
until some thermal equilibrium is attained.

When the antiprotons and the protons are accelerated by the Main Injector to
the desired energy of 150 GeV they are injected into the final acceleration chain, the
Tevatron, which is a superconducting synchrotron with 1 km in radius. It accelerates
the two oppositional circulating particle beams to a final energy of 980 GeV by a
series of radio frequency (RF) cavities. The orbits of the circulating protons and
antiprotons are arranged such that the beams only cross at two points, where the
large collider detectors DO and CDF are placed.

Since the acceleration by RF cavity resonators requires single particle packages to
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Figure 2.3: The collider run IT peak luminosity as a function of the time. The blue squares show
the peak luminosity at the beginning of each store. The red triangles display the average over 20
peak values.

come through with a certain distance in between to adjust the accelerating voltage
phase, the protons and antiprotons are injected into the Tevatron in the form of
bunches. Each of the 36 proton and 36 antiproton bunches in a temporal distance
of 396 ns contains billions of particles and needs a certain time to circulate the
Tevatron. At a final energy of 980 GeV the revolution time of such a bunch is about
20 ps.

The ability of a collider to produce collisions is quantified by the instantaneous
luminosity L:

NpNﬁ
dro,o,

L=n-f (2.1)

where n is the number of bunches, f is the revolution frequency for a single
bunch traveling at the speed of light, IV, and N, are the number of protons and
antiprotons per bunch, and o, and o, represent the average transverse width of the
bunch. The instantaneous luminosity is usually measured in units of cm=2s~!. The
event rate n for a certain physical process with a cross section ¢ is given by the
product n = L - 0. The total number of events N is then obtained by using the
time integrated luminosity N = o [ L£dt. Tevatron Run II is planned to continue
until September 2009 with projected ranges of an integrated luminosity from 4.4 to
8.5 th~1 [17].

Since the instantaneous luminosity exponentially decreases with time as the beam
degrades due to collisions between protons and antiprotons and interactions with
residual gas in the beam pipe, the luminosity does not remain constant. Figure 2.3



2.2. The Collider Detector at Fermilab 23

Figure 2.4: Evolution of the extracted data amount at CDF. The upper curve represents the
delivered, the lower one the recorded integrated luminosity.

shows the peak luminosity at the beginning of each store, the time between two
fillings, as a function of time. The average peak luminosity steadily increases due to
an improved Tevatron performance. The target range of £ = (1.6...2.7)-10%%cm 25!
[17] has been reached. The development of the delivered and recorded integrated
luminosity, representing the amount of collected physical data, is shown in figure
2.4. The data used in this analysis are taken from March 2002 to February 2006,
corresponding to an integrated luminosity of 955 pb~!. This figure is lower than the
recorded luminosity in that time period since good run criteria (3.1) are applied.

2.2 The Collider Detector at Fermilab

The collider detector at Fermilab (CDF) which is located at one of the two collision
points of the proton and antiproton beams, is an azimuthally and forward-backward
symmetric general purpose solenoid detector [20]. It combines precision charged
particle tracking with fast projective calorimetry and fine grained muon detection
to record as much information as possible about the results of proton-antiproton
collisions.

Figure 2.5 shows a cutaway view of the CDF II detector with its different com-
ponents. The tracking system is contained in a superconducting solenoid with a
radius of 1.5 m and 4.8 m in length, generating a 1.4 T magnetic field parallel to the
beam axis. The calorimetry and muon systems are all outside of the solenoid. The
detector is described by right-handed spherical coordinates where the z-coordinate
points along the proton direction. The polar angle # is measured from the z direc-
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Figure 2.5: (a) Schematic view of the CDF II detector with its different components. The inner
green and orange parts represent the tracking system and the blue ones the calorimeters. The
labels refer to the different components of the muon system. (b) The CDF II coordinate system.

tion, the azimuthal angle ¢ is measured from the Tevatron plane, see figure 2.5. The
pseudo-rapidity is then defined as:

n = — In(tan g) (2.2)

The following sections describe the main components of the CDF II detector, the
tracking system, the calorimetry and the muon system.

2.2.1 Tracking System

The tracking system of the CDF detector consists of four parts schematically pre-
sented in figure 2.6. The inner tracker consists of a silicon microstrip system ar-
ranged like concentric barrels in a row, and provides micro-vertex detection. It is
surrounded by the Central Outer Tracker (COT), an open cell drift chamber.

The silicon layer closest to the beam pipe at a radius of » = 1.5 cm from the beam
pipe center, Layer 00 [21], is a radiation hard, single sided silicon microstrip detector.
The next five layers between radii of 2.4 and 10.7 ¢m constitute the Silicon Vertex
Detector (SVX II) system [22], consisting of double sided silicon wafers. Three of the
layers combine an 7-¢ measurement on one side with a 90° stereo measurement on
the other, the remaining two layers combine r-¢ with small angle stereo at 1.2°. The
twisted stereo measurements offer additional information in the r-z plane allowing
for a 3 dimensional tracking in the SVX II.

In the central region, n < 1.0, a single Intermediate Silicon Layer (ISL) [23] is
placed at a radius of 22 ¢cm. In the plug region, 1.0 < |n| < 2.0, two further ISLs
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Figure 2.6: Longitudinal view of the CDF II tracking system and the plug calorimetry.

are placed at radii of 20 cm and 28 em. SVX II and ISLs, also consisting of double
sided silicon detectors, provide stand-alone tracking over the full region |n| < 2.0.
The silicon microstrip system is surrounded by the COT [24], a 3.1 m long
cylindrical drift chamber that covers the radial range from 44 cm to 132 cm and the
n-range for |n| < 1. The COT is made up of four axial layers, where the wires in
each cell are parallel to the z-axis providing r-¢ information, and four stereo layers,
where the wires are 3° offset from the z-axis offering r-z information. The cells are
filled with a 50-50 mixture of argon and ethan gas allowing to limit the drift time to
less than 100 ns, which is important to make a trigger decision as fast as possible.

2.2.2 Calorimetry

Outside the solenoid, scintillator-based calorimetry allows the measurement of the
particle and jet energies by fully absorbing all particles except muons and neutri-
nos. The system consists of five calorimeter units: the Central ElectroMagnetic
(CEM) [25] and Central HAdron (CHA) [26] calorimeters, covering the n-range
up to 1.1, the endwall hadron calorimeter and the end-plug electromagnetic and
hadron calorimeters [27], which complete a coverage of 27 in azimuth corresponding
to —3.64 < n < 3.64.

The CEM, which sits directly outside the solenoid, is a lead and scintillator
sampling device with a unit layer composed of 4.5 mm lead and 4 mm scintillator.
There are 23 layers in depth for a total thickness of about 21 radiation length at
normal incidence. The detecting elements are arranged in a tower geometry pointing
back towards the interaction region. The CHA is a 23 layer iron and scintillator
sampling device with a unit layer composed of 5 cm iron and 6 mm scintillator.
The construction of the two central calorimeters provides an energy resolution of
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13.5%/VE @ 2% in the CEM [25] and 75%/vE @ 3% [26] in the CHA calorimeter
for single parton response.

2.2.3 Muon System

The muon system [28] is located outside the calorimetry to ensure that all particles
except for muons and neutrinos are absorbed in the different calorimeters. Four
systems of scintillators and proportional chambers are used for detection of muons
over the region |n| < 2.0. The Central MUon Detection (CMU) system consists of
four layers of planar drift chambers which cover |n| < 0.6 and is able to detect muons
with a transverse momentum py > 1.4 GeV/c. The Central Muon uPgrade (CMP),
forming a box around the central detector, consists of a second set of muon chambers
located outside the magnet return yoke, which constitutes another 0.6 m of absorbing
steel. It detects tracks of muons with pr > 2.0 GeV/c in the same n—range than the
CMU. The Central Muon eXtension (CMX) consists of conical sections of drift tubes
and scintillation counters located at each end of the central detector and extending
in polar angle from 42° to 55°. At 55° the CMX system slightly overlaps the coverage
provided by the central muon system and extends its pseudo-rapidity coverage from
0.65 to 1.0. The fourth muon system, the Intermediate MUon detection system
(IMU), completes a muon identification up to |n| = 2.0 by triggering on muons with
In| < 1.5 and identifying offline muons with 1.5 < || < 2.0. Table 2.1 summarizes
the main properties of the different muon chambers.

CMU CMP CMX IMU
n-range In <0.6 | |n/ <06 |0.6<]|n <1.0]|1.0<|n <1.5(2.0)
drift tube length | 226 cm 640 cm 180 cm 363 cm
max. drift time 800 ns 1.4 ps 1.4 us 800 ns
min. muon pr | 1.4 GeV/c | 2.2 GeV/e | 1.4 GeV/e 1.4-2.0GeV/c

Table 2.1: Design parameters of the CDF II muon detectors.

2.3 The CDF Trigger System

Although the design of the Tevatron offers the possibility to run with 108x108
bunches, corresponding to a clock cycle of 132 ns and a crossing rate of 7.6 MHz,
the system currently operates with 36x36 bunches. The resulting crossing rate of
2.5 MHz inside the CDF detector leads to a tremendous amount of information
produced by the detector in each collision. Since the tape writing speed is limited
to about 100 Hz, a desicion system or trigger is required to extract events of most
interest from the large number of minimum bias events. The CDF trigger is a three
level system consisting of two hardware levels both of which are buffered (L1 and 1.2)
and a software trigger running on a Linux PC farm. The functional block diagram
in figure 2.7 gives an overview of the CDF II data flow.
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Figure 2.7: Functional block diagram of the CDF II data flow.

A crossing rate of 2.5 MHz implies a bunch distance of 396 ns over the whole
Tevatron ring, which would lead to a larger bunch number than 36. Actually, the
bunches are arranged in three groups (trains), which circle the ring in a certain
distance, abort gaps of 2.6 us, from each other. During a train pass-by the crossing
rate is 2.5 MHz followed by the abort gap of 2.6 us to the next train. Thus, the
level 1 trigger (1) has to deal with a decreased effective crossing rate of 1.7 MHz,
but nevertheless is designed to handle rates up to 7.6 MHz as can be seen from
figure 2.7. The first trigger level is based on preliminary detector information.
Three synchronous systems run parallel to examine an event with respect to fast
reconstructed tracks in the COT, in the muon chambers, and a first estimate of
the amount of energy deposited in the calorimeters. A desicion is made by simply
counting these objects for every beam crossing and permits to limit the rate for
accepted events to 18 kHz. The second trigger level (L2) provides a limited event
reconstruction based on more specific event information and additional tracking
information from the silicon detector SVX II as well as from the shower maximum
strip chamber in the central calorimeter. The trigger rate can therewith be further
reduced to about 300 - 500 Hz. The last step to the level three (L3) software trigger
provides a full read out of the event. The event data is passed to a PC farm where a
complete version of the offline reconstruction is performed. The L3 trigger decision
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is then made based on the particle content and event topology. The output rate of
the level three trigger of about 100 Hz now allows to write the remaining events to
permanent storage.



Chapter 3

Event Selection and
Reconstruction

In this chapter we describe the complex process of extracting the physics we are inter-
ested in from the wide range of electronical detector responses. The finally obtained
data samples should contain as much signal events as possible and the measured
final state objects should correspond best to the primarily produced physical parti-
cles. Therefore, several event selection cuts are applied to the samples that passed
the different trigger levels (see section 2.3), and the observed objects are corrected
for detector and physics effects. Based on these detected final state objects, we need
to reconstruct the kinematics of the produced top pairs since we intend to analyze
their rapidities. The sections below discuss the most important jet corrections and
selection cuts, followed by a description of the full reconstruction of top pairs.

3.1 Event Selection in the Lepton + Jets Channel

In this thesis only top pairs decaying in the “lepton+jets” channel are considered,
where one top quark decays hadronically (¢ — bW — bg1q2) into a b quark and two
quarks (¢ = u,d, s, c), and the second one decays semileptonically (¢ — bW — blv)
into a b quark, a charged lepton (e, 1), and the corresponding neutrino. The choice of
this channel constitutes a compromise with respect to backgrounds, branching ratio,
jet multiplicity, and missing transverse energy. Compared to the dilepton channel
(both top quarks decay semileptonically), the backgrounds in the lepton+jets chan-
nel are considerably higher, but still manageable. On the other hand, two neutrinos
contribute to the missing transverse energy measured in the dilepton channel, com-
plicating the reconstruction. The lepton+jets channel offers a much larger branching
ratio of about 30%. As we will discuss in section 3.2 a jet multiplicity of at least
four in the lepton+jets channel complicates the reconstruction of the top quarks
compared to the dilepton channel, but in the all-hadronic case it would be even
worse.

The Feynman diagram of a top pair produced via quark-antiquark annihilation
for a decay in the lepton+jets channel is shown in figure 3.1. The partons in the
final state, charged lepton, neutrino, and four quarks, can be associated with certain
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detector responses. The event signature in the detector is characterized by one
isolated charged lepton (e, i), at least four jets (b,b, g1, G2), and missing transverse
energy due to the undetectable neutrino (v).
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Figure 3.1: Feynman diagram of top-pair production via quark-antiquark annihilation, where the
top pair decays in the lepton+jets channel.

Therefore, we use the data stream including all inclusive high-p; lepton sam-
ples (stream B). The analyzed data for this thesis were taken from March 2002 to
February 2006. In the first period until August 2004 the data were reprocessed with
CDFSOFT?2 [33] version 5.3.3 and stripped into two data sets containing CEM elec-
trons (bhel0d) or CMUP and CMX muons (bhmuOd). During the second period,
till February 2006, data were reprocessed with CDFSOFT?2 version 6.1.2 and stored
in bhelOh/bhel0i or bhmuOh/bhmu0i, respectively. Electron data (bhelXX) have
to pass the high-py central electron Level3 trigger ELECTRON_CENTRAL_18_V,
while the muon data (bhmuXX) have to pass one of the high-py central muon Level3
trigger MUON_CMUP18 or MUON_CMX18. The main requirements of these trig-
gers are tracks in the COT and a matching signal in the corresponding detector
component: in the CEM for electrons, in the CMU and CMP for CMUP muons,
and in the CMX for CMX muons.

During data taking each detector component has to work properly to verify
high quality of data. Since the detector system is quite complex, the process of
data taking is not continuous but often interrupted by an insufficiently operating
subsystem. On the time scale this means, that one Tevatron store (see chapter 2.1) is
partitioned into several runs, periods of efficient data taking. The runs are monitored
both online and offline for all subsystems separately, thus only runs in which certain
detector components were active and determined to be good enter the goodrun
list [32]. Each physics analysis demands different active detector components so
there are several goodrun lists to maximize the usable data amount for everyone.
For our ¢t analysis in the lepton+jets channel we require the following detector
components to be active: the silicon detector, the COT, the muon system, and
the calorimeter system. Therefore, we use the goodrun list version 13 [34] of the
CDF top quark group. The total data set used in this analysis corresponds to an
integrated luminosity of £ = 955457 pb~! for CEM/CMUP and £ = 941 +56 pb™!
for CMX.

Although the main characteristics, like they are observed by the detector, of
events that pass the triggers are similar, data samples still contain a wide range of
different event topologies including signal as well as background events. Thus, data



3.1. Event Selection in the Lepton + Jets Channel 31

have to pass a set of several selection cuts in order to enrich the signal fraction and
to reduce the background fraction and some objects are corrected for detector and
physics effects. In the following the main elements of the event selection as well as
jet corrections are outlined, following the suggestions of the lepton+jets group for
the CDF software version 5.3.3 [35].

Lepton Identification:

The signature of ¢t events in the lepton+jets channel is characterized by one high-
energy charged lepton. The charged leptons are classified according to the detector
component they are observed in. The required lepton may be a tight electron de-
tected in the CEM calorimeter or a tight muon in the CMU as well as in the CMP,
or in the CMX. Electrons are accepted with a transverse energy Ep > 20 GeV. In
the case of muons, where energy is not measurable due to a minimal energy loss
in the calorimeters, we only require tracks in the COT and muon chambers, whose
curvature yields a transverse momentum pr > 20 GeV/c. The isolation is a further
crucial parameter to ensure that not a part of a jet was misidentified as a charged
lepton. It is defined as the fraction of non-leptonic transverse energy in a cone with
radius AR = 0.4 in the n — ¢-plane around the charged lepton compared to the
electron E7 or muon pp, respectively. The isolation of tight leptons has to be less or
equal to 0.1. Tight leptons are characterized by further identification requirements
that have to be fulfilled by several observables. They are described in more detail
in reference [36,37].

To verify the charged leptons resulting from the hard process, events are rejected
if the electron was generated by the conversion of a photon into an ete™ pair or if
the muon was observed to be a cosmic one.

Dilepton Veto:

Since our event signature requires only one tight lepton, events which have one
primary (tight) and one secondary (tight or loose) charged lepton are vetoed. The
class of loose leptons is defined by the dilepton group, see [38].

z Vertex Cut:

To ensure that the high-energy lepton comes from the event z vertex, we reject events
for which the charged lepton z; is greater than 5.0 cm away from the z vertex. The
event z vertex is the vertex on the z axis closest to maximum-F;, tight lepton with
at least two good COT tracks. In the case that there is no such vertex found, z is
set to the high-energy lepton zy. By definition, this requirement is always satisfied.

7 Boson Veto:

Z boson events are suppressed by removing all events, where a tight lepton and
a second object form an invariant mass M within a window of the Z mass. The
default window is (76 < M < 106)GeV/c?. If the tight lepton is an electron, the
second object may be an isolated electromagnetic object, a reclustered jet with
electromagnetic fraction greater than 0.95, or an opposite-signed isolated track.
If the tight lepton is a muon, the second object may be an isolated muon or an
opposite-signed isolated track.



32 Chapter 3. Event Selection and Reconstruction

Jets:

The quarks produced at parton level or radiated hard gluons hadronize to colorless
objects due to the confinement. These hadrons again decay into several secondary
particles, which are absorbed in the hadron calorimeter. Thus, the detector merely
observes amounts of energy depositions in the different calorimeter towers. The
JETCLU algorithm [39] identifies these energy depositions as separate objects, jets,
being considered to contain information about the primary parton that initialized
the observed particle shower. This is done by clustering energy depositions in the
calorimeters within a certain cone of radius AR = 0.4 in the n — ¢ plane with re-
spect to the event z vertex. To receive a better description of the primary parton
jet from the clustered detector object, several steps of jet corrections have to be
applied, which correct for detector effects as well as physics effects. The correc-
tions are classified into different levels, whereby a higher level includes the lower
ones. Level 4 contains an n dependent correction to flatten the calorimeter response
which is not uniform in pseudo-rapidity due to the spatial separation of calorime-
ter components. It also considers corrections for multiple pp interactions: with a
luminosity of 10*2cm™2s™! we expect on the average three to four interactions per
beam crossing. Thus, a fraction of events can have at least one overlapping event.
Its energy may fall into the jet clustering cone of the hard interaction and must be
subtracted. Since we intend to reconstruct the produced ti-pair for our analysis, the
jets need to be further corrected, up to level 7. This includes corrections for non-
linearity and energy-loss in the uninstrumented regions of the central calorimeter
(absolute jet energy scale, level 5), and underlying events (level 6) are taken into
account by subtracting energy from spectator interactions that fall inside the jet
clustering cone. The out-of-cone correction at level 7 eventually considers initiating
partons generated during the fragmentation, that may fall outside the cone chosen
for the clustering algorithm. This energy must be added to the particle jet to get
the parton jet energy. A more detailed description of all jet corrections can be found
in [40].

For our analysis we require an event signature containing at least 4 tight jets,
which are defined after the level 4 corrections by a minimal transverse energy Fp >
15 GeV and an absolute value of pseudo-rapidity |n| < 2.0.

Missing Transverse Energy:

Neutrinos produced in an event are not detectable due to a very small cross section
for an interaction with detector material, so the appearance of a neutrino manifests
as missing transverse energy in the event. The missing Fr (F7) is defined by

ET = — Z Elfy;, i = calorimeter tower number with |n| < 3.6 (3.1)

where 7; is a unit vector perpendicular to the beam axis and pointing at the i
calorimeter tower. The absolute value of this vector is defined as f; = |ET| Since
muons deposit only a small fraction of their energy in the calorimeter, thus missing
Er has to be corrected in case of muon events. The transverse muon momentum
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has to be considered in the sum on the right hand side of equation 3.1, and, at the
same time, the energy deposits by the muon in the calorimeter towers have to be
removed. For is corrected for the jet energy corrections for all jets with |n| < 2.4
and level 4 corrected jet energy Fpr > 8 GeV. To be accepted, an event has to yield
a corrected missing transverse energy of at least 20 GeV. For the full reconstruction
of the tt pair the missing transverse energy is only corrected up to level 6, because
level 7 corrections lead to double-counting of the out-of-cone energy.

b Tagging:

Since the decay signature of the tf pair contains two b quarks, we expect to
observe at least one jet that stems from a b quark. These b jets are tagged by
the SecVtx [41] algorithm using the fact, that b quarks hadronize into b hadrons
having relatively long lifetimes, on average 1.5 ps, and therefore travel an observable
distance before decaying. The average distance of these displaced secondary decay
vertices from the primary interaction point is about 7.5 mm for b hadrons produced
in top decays at the Tevatron. The SecVtx algorithm looks for tracks in the cone of
each jet with corrected Er > 15 GeV and detector |n| < 2.0, that do not match to
the primary interaction vertex, but intersect in such a secondary, displaced vertex.
Figure 3.2 gives a schematic overview of event tracks containing a secondary vertex
and illustrates the definition of the main parameters, the impact parameter do and
the distance between the two vertices in the n — ¢ plane, L,,.

Figure 3.2: Schematic view of an event containing a secondary vertex. The two main parameters
used by the SecVtx algorithm are illustrated, the 2-D decay length L., and the impact parameter
dy.

Only tracks with a minimum number of hits in the silicon detectors and an impact
parameter dy smaller than 0.3 cm are considered “good” and therefore taken into
account. Since at least two tracks are needed to reconstruct an intersection, only
events containing jets with at least two “good” tracks are considered “taggable”.
Once a secondary vertex is found, the distance L, is calculated. To get tagged as
a b jet, the significance of the displacement L,,/0,, has to be equal or larger than
7.5. The event is accepted if at least one jet in the event is tagged as a b jet.
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CEM | CMUP | CMX | X

bhelOd 48 - - 48
bhelOh 51 - - 51
bhelOi 42 - - 42
bhmu0Od - 26 10 36
bhmuOh - 21 11 32
bhmuO1 - 15 8 23

Yot 141 62 29 232

Table 3.1: Number of ¢t event candidates after performing the event selection. The values are
shown for the six data samples corresponding to an integrated luminosity of 955 pb~!, and with
respect to the charged lepton type.

Summary:

Summarizing the main selection criteria, we require exactly one tight lepton
(e, ) with a transverse energy Fr > 20 GeV for electron candidates and with a
transverse momentum py > 20 GeV/c for muon candidates. The events have to
feature at least four tight jets which are characterized after the corrections (L.4) by
a minimal transverse energy Ep > 15 GeV and an absolute value of pseudo-rapidity
In| < 2.0. At least one of them must be tagged as b jet and the level 4 corrected
missing transverse energy K of the event has to be at least 20 GeV. After performing
the full event selection on the data set corresponding to an integrated luminosity of
955 pb~!, 232 tt event candidates remain. Table 3.1 gives an overview of the number
of these events in the different data samples with respect to the charged lepton type.

3.2 Full Reconstruction of the Top Pair

Analyzing the rapidity difference of the top pair requires the reconstruction of the
complete four-vectors of both top quarks. Since several ambiguities occur during
the reconstruction process, we have to find quality criteria describing which of the
different possible event interpretations corresponds best to the true event shape. The
main aspects of the used reconstruction method [42| are outlined in the following.

The reconstruction starts with the leptonically decaying W boson (Wi, — (v;).
The four-vector of the Wi, boson is the sum of the four-vectors of its decay products,
the charged lepton and the neutrino. The four-vector of the charged lepton can be
reconstructed almost perfectly, whereas for the neutrino, which is interpreted as the
missing transverse energy in the event, only the transverse components are measured
as pr, = ﬁT. The missing z component information in case of the neutrino can be
determined from the W mass constraint. Conservation of the invariant mass in
the decay of the W boson into a charged lepton and a neutrino yields a quadratic
equation for the z component of the neutrino momentum:

H/'Pz,f Elglp%,lj_lu’z

P2, =2 5= P, +
’ Egg_PzQ,e Egg_PzQ,e

—0. (3.2)
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Here P, , and E; denote the z component of the charged lepton (e, ) momentum
and its energy respectively. p is defined via m, /2 + cos(A¢) - Pry - Pr,, in which
A¢ is the azimuthal angle difference between the momentum of the charged lepton
and ET. The quadratic equation leads in general to two solutions (N, = 2) both of
which have to be considered. If the reconstructed transverse W boson mass myw
is larger than the mass demanded by the W mass constraint, the solution becomes
complex and only the real part is taken as physical value of | P, |, thus the number
of solutions is one. To reconstruct now the semihadronically decaying top quark
we need to add the four-vector of a jet representative of the b quark to the already
obtained four-vector of the W, boson. Since we observe at least four jets, there are
at least 4 different possibilities to combine the W boson with one of the jets. Taking
into account the number of P, , solutions, the total number of different hypotheses
so far is given by Npyp = Ngoi © Njets.

For the hadronically decaying top quark the combinatorics of the remaining
(Njets — 1) jets determine the total number of hypotheses. Considering the hadron-
ically decaying W boson, we have to sum up two further jets to obtain the W,
boson four vector. The choice of the first jet offers (Nj..s — 1) possibilities, for the
second one (Nj.s — 2) alternatives remain. The fact, that permutations of the two
chosen jets lead to identical W boson four-vectors, yields a factor 1/2 in the total
number of hypotheses. To obtain the four-vector of the second top quark one last
jet has to be added to each of the previously reconstructed four-vectors of the W4
boson. For this still (Vs — 3) possibilities remain. Finally, for a ¢t event with N

observed jets, we obtain
1
Nhyp - Nsol ' Njets . (Njets - ]-) . (Njets - 2) : 5 . (Njets - 3) (33)

different hypotheses, i.e. Ny, different alternatives to reconstruct the four-vectors
of the two produced top quarks.

The challenge is now to find that hypothesis, that corresponds best to the kine-
matics of the produced tt pair. A sophisticated event simulation based on Monte
Carlo methods (see chapter [?]) is used to derive a method that estimates, how well
each hypothesis corresponds to the produced t¢ pair. The quality of a hypothesis is
described by the quantity ¥ which is defined as:

U =P, x> Pyiight (3.4)

This quantity combines different aspects of the reconstruction. The weighting
factor P, takes into account that in 71% of all events with two real P,, solutions,
the one with the smaller value leads to the correct W boson four vector. Thus,
it is set to 0.29 for the hypothesis using the solution with the smaller value, and
to 0.71 for the one with the larger solution for |P,,|. If we obtain only one |P, |
solution, this value is arbitrarily set to one, since the value is equal for all the twelve
hypotheses. The y? function considers the mass of the hadronically decaying W
boson, the two top quark masses m;_4, and my_;55, and the sum of the transverse
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energies of the reconstructed top quarks divided by the observed total transverse
energy of the event. The quantity Py_jgne describes the light quark likeness of the
jets assigned as b jets and is given by:

Py _tight = (Prmsbew + (1 — Ri_pp,)) + (Pimjs + (1 — ;Sabjj)) (3.5)

This light quark likeness considers two different aspects. P, and Py, are

the probabilities of the jets chosen to be the b jets from the semileptonically and
hadronically decaying top quarks to belong to the primary vertex, and thus to be
rather a light quark jet. This probability is calculated with the JetProb package [43]
and is based on the positive impact parameter of the tracks assigned to the jet in
the r — ¢-plane. To decide, how much a hypothesis should be preferred in which the
jets assigned to a b jet have a SecVtx tag, the quality of the b tag is described by
the quantity R’ [44] using a neural network (NN) b-tagger [45].
The parameter ¥ is constructed in a way that the hypothesis which corresponds
best to the produced top pair is the one with the smallest value for ¥. In our
analysis this hypothesis is chosen to be the selected event interpretation. A detailed
discussion of the contributing parameters and studies estimating the quality of the
reconstruction method can be found in reference [44].



Chapter 4

MC Study of Top-Pair Production

As regards the experiment, we are able to interpret several detector signals as pro-
duced particles by reconstructing tracks of charged particles and analyzing energy
deposits in the calorimeters. We perform an event selection to reduce the fraction
of non-tt events in the data samples, and a full reconstruction method extracts
information about the kinematics of the produced top quark pair. To study the
influence of these processes on the measured observable we need to simulate the
data. This is done by using Monte Carlo methods to generate events of a certain
physical process. These generated Monte Carlo event samples can then be sub-
jected to a detector simulation and the full data processing. Thus, we obtain event
samples that are in the same format as measured data. They are used to develop
unfolding methods correcting for detector efficiency and reconstruction effects, since
unfolded measurement results are directly comparable to theoretical predictions. In
this chapter, we first give an introduction to the used Monte Carlo event generators,
followed by the presentation of some properties of top-pair production at generator
level.

4.1 Monte Carlo Event Generators

Monte Carlo event generators accumulate our understanding of the standard model
of elementary particle physics into one package. Numerical simulations based on
Monte Carlo methods are used to randomly generate hard parton interactions ac-
cording to the probability density of phase space and the matrix element of cer-
tain physical processes. As can be seen in figure 4.1, events occurring in proton-
antiproton collisions at the Tevatron are not described only by the hard scattering
process. Several stages have to be implemented in the event simulation to obtain
results that are comparable to data. This is not done in one step, but rather by
factorizing the full problem into a number of components, each of which can be
handled reasonably accurately.

For a full simulation of top-pair events as they are analyzed in this thesis the
following subprocesses are required to be included in the used event generator. The
incoming beam partons, proton and antiproton, are characterized by a set of parton
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Figure 4.1: Schematic view of a QCD event showing the evolution of the produced particles. The
incoming quark and antiquark are characterized by the parton distribution functions (PDF) of
the beam particles (p,p). The hard scattering process, taking place at high energies, i.e. at short
distances, is exactly calculable by using perturbative methods. The parton showering is described
by the DGLAP evolution equations. Since for increasing distances the strong coupling constant
as becomes larger than 1, perturbation theory is no longer applicable. Thus hadronization has to
be described by phenomenological models.

distribution functions f(z, Q%) (fig. 4.1 (a)) which define the partonic substructure
in terms of flavor composition and momentum sharing. One shower initiator parton
from each beam may start off a sequence of branchings, such as ¢ — qg (fig. 4.1 (b))
building up an initial shower. One parton from each of the two initial showers enters
the hard QCD process (fig. 4.1 (¢)). Since this scattering process takes place at large
momentum transfer scales Q2 for which the strong coupling constant c is small, the
cross section of the hard process can be computed exactly at least to lowest order
perturbation theory. NLO calculations of the cross sections are in principle feasible,
but lead to further problems concerning the parton showering in the process (see
below). At the hard process a number of primary outgoing fundamental objects, e.g.
a tt pair, is produced. The nature of this process, i.e. the color flow and the momen-
tum transfer scale, determines the main characteristics of the whole event. The hard
QCD process box in figure 4.1 also contains the calculable decay of the produced top
quarks. Final state gluons (fig. 4.1 (d)) may be radiated off the top and b quarks,
they again branch into further colored partons (¢, g) to build up final state showers.
These gluon radiations, as well as the initial showers, are mathematically described
by the DGLAP QCD evolution equations [46], where the probability of radiating a
gluon (9 — 99/9q,q — qg/gq) is considered according to the Altarelli-Parisi split-
ting functions. The DGLAP equations yield, that parton cascades follow a strong
ordering in transverse momentum, whereby initial state gluon radiation is evolved
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backward from the hard process to the proton. This behavior is implemented in the
generators by using a certain angular ordering parameter. Since the branching of
quarks and gluons are due to soft and collinear gluon emissions, the mathematical
description of parton showers contains singularities. Thus, parton showering gener-
ators have to model these effects by using a generator dependent cut-off scale for the
according ordering parameter. The parton showering regime is determined by the
choice of this cut-off, which is chosen to stay away from non-perturbative physics,
but still allows a sufficient showering to describe the process as realistic as possible,
which even includes a simulation of interference effects. As a result of perturbative
shower evolution, the partons are grouped in color singlet clusters that end up close
in phase space. These preconfined clusters serve as starting point for the hadroniza-
tion of the shower partons into color neutral hadrons. The hadronization process
(fig. 4.1 (e)) takes place at a low momentum transfer scale @? for which the strong
coupling is larger than 1 and perturbation theory is not applicable. Thus, the trans-
formation of partons into hadrons is difficult to describe due to the absence of a
firm theoretical understanding. The generators try to implement the hadronization
process by using different phenomenological models.

Depending on the included processes, we distinguish between parton shower (PS)
generators, providing a full event simulations as described above, and matrix-element
generators calculating only the cross section of the hard scattering process. In the
following the different Monte Carlo generators used for this analysis are shortly
described.

Pythia:

PyTHIA [47] is a program for the generation of high-energy physics events includ-
ing PS, with emphasis on those where strong interactions play a role and therefore
multihadronic final states are produced. The angular ordering demanded by the
color coherence of the radiated virtual gluons during the parton showering is orga-
nized by using Q? = m? as ordering variable. The hadronization process is described
by the Lund string model. A string represents the color flux tube, stretched between
a ¢ and a g due to the confinement of color charged particles. The string energy can
be converted to further ¢g pairs if the invariant mass of the string is large enough.
The chance for producing different flavors is dependent on the flavor mass, charmed
and heavier quarks are hence not expected to be produced in the soft fragmentation.
As quarks are quantum mechanically created in one point (local flavor conservation),
the tunneling probability of the ¢qg pair to get out to classically allowed regions as
well as the chance that a given ¢¢ pair combination forms a specific meson has to be
considered. The hadron production is treated as an iterative process which continues
until the string is consumed. Additional gluon radiation during the fragmentation
into hadrons is described as a kink on the string. If such a branching occurs the
string is stretched between gg and ¢ respectively. The hadrons produced in this
way move basically in the direction of the kink, which is known as the string effect.
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Herwig:

HERWIG [48] is also a general purpose event generator for high-energy processes
with particular emphasis on the detailed simulation of hadron emission reactions
with interfering gluons. The used parton shower approach for initial and final state
gluon radiation includes color coherence effects in all hard subprocesses and az-
imuthal correlations within and between jets due to gluon interference and polar-
ization. As ordering parameter the branching angle between the branching shower
parton and the radiated one is used. The hadronization is described by the clus-
ter model following up the preconfined clusters resulting from the PS period. The
clusters are differentiated by their mass, which has to be within a defined range.
The mass spectrum of the color-singlet pairs is asymptotically independent of the
energy and production mechanism of the event and light clusters dominate. Due to
a finite width of the mass distribution three possible cases have to be considered.
If the cluster is too light to decay into two hadrons, it is taken to represent the
lightest single hadron of its flavor and its mass is shifted to the appropriate value
by an exchange of four momentum with a neighboring cluster in the jet. Massive
clusters will be fragmented using an iterative fission model until the masses of the
fission products fall below a defined threshold. Clusters with an adequate mass de-
cay isotropically into pairs of hadrons. The probability for a certain hadron to be
formed by a cluster is determined by different parameters like the cluster mass, or
spin and masses of the hadrons.

MC@NLO:

MCQ@NLO [49] matches next-to-leading order calculations of a given QCD pro-
cess with a Monte Carlo parton showering simulation based on HERWIG by using the
subtraction method for NLO calculations. Hard emissions are treated as in NLO
computations so that the NLO results for distributions are recovered upon an expan-
sion in a while soft/collinear emissions are handled by the HERwIG MC simulation.
The matching between the hard and the soft/collinear region is smooth. When MC
generators generate events with real parton emission, kinematical configurations oc-
cur that are also taken into account by the NLO computation: the possibility of
having the same kinematical configuration from the MC and from the NLO may
lead to double counting. The problem is to merge the PS and the NLO description
under avoidance of double-counting. MC@QNLO uses the subtraction method [50] for
NLO calculations to match the two elements, leading to a small amount of gener-
ated events with negative weights (~ 10%). In this way MC@QNLO provides a fully
exclusive event generation with hadronization according to the MC model, whereby
the total exclusive rates are accurate to NLO computations.

Matrix-element generators:

Compared to the generators presented above, matrix-element generators do not
contain parton showering methods. Given a process, they identify the relevant
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subprocesses and generate the corresponding amplitudes. The information about the
contributing Feynman diagrams is then used to calculate cross sections and to obtain
unweighted events at parton level (or tree level). Thus, the process is completed
before hadronization. Since the event generation produces an output in the standard
format, the parton-level sample can be passed on to a parton showering generator
like PYTHIA or HERWIG to continue the evolution of partons into fully hadronized
final states. For this analysis, certain background contributions are modeled by
the matrix-element generator ALPGEN [51], whereby the parton showering is done
with a HERWIG event generator. ALPGEN is dedicated to the study of multiparton
hard processes in hard interactions, containing a description of W boson production
in association with heavy quark and light quark production, which is the main
background contribution to the analyzed t¢ sample (see chapter 6.1).

MadEvent [52] is another multi-purpose tree-level event generator used to study
the asymmetry in events, where the top pair and one additional jet are produced at
parton level (see chapter 5.2.3). MadEvent is powered by the matrix-element genera-
tor MadGraph [53], which automatically generates the amplitudes for all the relevant
subprocesses. This process-dependent information is packaged into MadEvent and
a stand-alone code is produced to calculate the cross sections.

To obtain generated Monte Carlo event samples that are comparable to the
measured data of the experiment, the interaction of the generated particles with the
material of the CDF II detector is implemented by using the detector simulation
package GEANT3 [?] and an analog signal processing and detector reconstruction is
performed. The resulting Monte Carlo samples are then in the same format as data
samples obtained from the experiment. The fact that the generated samples also
contain full event information at parton level so that each particle at hadron level
can be backtraced, offers several important opportunities. MC samples are used to
understand better the influence of event selection and reconstruction effects on the
data samples. They allow for an estimate of how many background events the data
contain and how they are distributed. Finally we use several MC samples to study
contributions of different systematic uncertainties. Table 4.1 gives an overview of
the diverse Monte Carlo samples used in this analysis. The MC signal samples are all
generated with a top mass of 175 GeV/c2. The background samples were generated
with ALPGEN [51] and HERWIG, since ALPGEN contains a description of W boson
production in association with heavy quark and light quark production, appropriate
to model parts of the background that contribute to the ¢t sample.

4.2 Top-Pair Production at Monte Carlo Level

Using the three signal Monte Carlo samples generated with PYTHIA, HERWIG, and
MCQ@QNLO, we study some properties of the top-pair production and decay. At the
Tevatron the center-of-mass energy of the incoming partons in the partonic subsys-
tem v/ is described by the parton distribution functions (see chapter 1.3) of the
colliding proton and antiproton. At a beam energy of 980 GeV it is more likely to
find a valence quark (u, d) carrying a momentum fraction which is sufficient to pro-
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Sample ‘ Process ‘ Generator Comment
Signal samples

ttopkl | tt,m; = 175 GeV/c? PYTHIA
ttopvh | tt, m; = 175 GeV/c? HERWIG
ptopl0 | tt,m; = 175 GeV/c? MC@NLO

Background samples
Itop4n W(— ev)+4p ALPGEN + HERWIG
ltop4m W(— pv)+4p ALPGEN + HERWIG
Itop2b | W(— ev) 4+ 2p+ 2b | ALPGEN + HERWIG
Itopbsb | W(— pv) 4+ 2p + 2b | ALPGEN + HERWIG

Systematic samples
ttopel | tt,m; = 178 GeV/c? PYTHIA diff. my
ttopvh | tt, m; = 175 GeV/c? HERWIG diff. MC generator
ttopbr | tt,m; = 178 GeV /c? PYTHIA less ISR
ttopdr | tt,m; = 178 GeV /c? PYTHIA more ISR
ttopfr | tt, m; = 178 GeV/c? PYTHIA less FSR
ttopkr | tt,m; = 178 GeV/c? PYTHIA more FSR
ttopir | t,m, = 178 GeV /c? PYTHIA diff. PDF: MRST72
ttopjr | tt,m; = 178 GeV/c? PyTHIA diff. PDF: MRST75

Table 4.1: Used Monte Carlo samples in this analysis. In this chapter we study three different
signal samples, generated by PYTHIA, HERWIG and MC@NLO each with a top-quark mass m; =
175 GeV/c?. The samples to model the different t# background contributions are obtained from
ALPGEN and HERWIG. In the lower section are listed the used systematic samples.
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duce top-quark pairs than to find appropriate gluons. Thus, top-pair production is
dominated by quark-antiquark annihilation with 85%, while gluon fusion contributes
only with 15%. In figure 4.2 (a) the generated ratio between the two different pro-
duction mechanism of the three Monte Carlo signal samples are compared. The
left bin contains events produced via ¢g annihilation, in the right one events are
filled with gluon fusion as production mechanism. The expected fraction is modeled
very well by the NLO Monte Carlo generator Mc@NLO. Compared to the NLO
cross section of the different production processes, the LO cross sections contain
less radiative contributions. Since the resulting reduction of the rate is smaller for
quark-antiquark annihilation than for gluon fusion, the ratio of the cross sections
is changed if only leading order contributions are considered. In both LO Monte
Carlo signal samples the fraction of ¢gq annihilation is about 94% and gluon fusion
contributes with 6%.
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Figure 4.2: The rates of the two different production mechanisms of top-quark pairs (a) and the
branching fractions for the possible decay channels (b) are compared for the used Monte Carlo signal
samples generated with PYTHIA, HERWIG, and MC@QNLO. The left bin of the production process
plot contains events produced via ¢q annihilation, the entries in the right bin represent gluon
fusion. The coding for the label “DecChan” in the center plot is given in table 4.2. Plot (c) shows
the distribution of v/3, the center-of-mass energy in the partonic rest frame. The distributions are
all normalized to the HERWIG sample.

The expected theoretical branching ratios of top-quark pairs decaying into dif-
ferent final states were discussed in chapter 1.2. We check, whether the rates of the
different channels are modeled correctly by the event generators. The rate of each
decay channel is presented in figure 4.2 (b) for the three different Monte Carlo signal
samples. The coding of the label "DecChan” can be found in table 4.2, where the
different generated rates are compared to the expected theoretical prediction. The
modeling of the rates in each of the six different decay channels is in good agreement
with the expectation for all the used MC generators.

Since our measurement is done in the lepton+jets channel, corresponding to the
decay channel “0” in the first line of table 4.2, we consider in the following only
events, where the top quarks decay in this channel. The center-of-mass energy in
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W — - 9 DecChan” BRtheo[%} BRPYTHIA[%] BRHERWIG [%] BRMC@NLO [%}
q1, Qa2 U, v 0 29.63 29.23 £0.02 29.52£0.10 29.62 %+ 0.06

G, G, T,V 1 14.81  14.6540.03 14.87+£0.08 14.93+0.05
41, @2, 3, Qs 2 44.44 4561 +£0.04 44.44+0.11 44.34 4 0.06
01,00, o, s 3 4.94 4.6740.02 4884005 4.93+0.03

0, T, v 4 4.94 4.6640.02  4.99+0.05 4.93+0.03
L, U1y Ta Vs 5 1.23 1174001 1.2840.02 1.2440.01

Table 4.2: Expected theoretical branching ratios (BR) for the different decay channels of top-quark
pairs. The rates modeled by the three Monte Carlo event generators are in good agreement with
the expectation. The BRs of the lepton+jets channel (¢ represents electron or muon) are given in
the first line corresponding to the label “0” of the parameter “DecChan” in figure 4.2 (b).

the partonic rest frame is given by the four-vectors p; of the incoming partons i:
V'§ = \/p1?2 + po2. To produce top-quark pairs a center-of-mass energy correspond-
ing to at least two times the top-quark mass m; = 175 GeV/c? is required. In figure
4.2 (¢) the distribution of V/§ for the three studied ¢ signal samples are compared.
The shapes of the different distributions are similar and show that most top-quark
pairs are produced close to the threshold of v/3 ~ 350 GeV.

P [tiep & thadl [ty & thad
8 8 8000 8
Si5000 H H
. z Z 6000} , me@rio piopo)
6000 k
10000
4000 4000
s0r g 2000 2000
0 L 0 L L 0 1 1 1
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(a) (b) (c)

Figure 4.3: Properties of the produced top-quark pair generated by the different Monte Carlo signal
samples. The transverse momentum pr(#t) of the sum of the top-quark four-vectors is plotted in
(a). The distribution of the transverse momentum pr of all top quarks can be seen in (b). On the
right hand side (c¢) the pseudo-rapidity distribution of all top quarks is shown. The distributions
are always normalized to the sample generated by HERWIG.

In figure 4.3 some characteristics of the produced top-quark pairs are summa-
rized. Plot (a) shows the transverse momentum of the sum of the top-quark four-
vectors: pr(tt) = \/(Pat + Dui)? + Pyt + Pyi)?. Since the top-quark pair is expected
to be produced back-to-back, the transverse momentum of the sum should be zero.
This is verified by the distributions of pr(tt) for each Monte Carlo signal sample.
Due to gluon radiations of the top quarks, the values are distributed up to 50 GeV/c.
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A difference between the shapes for PyTHIA and HERWIG/MC@QNLO can be seen.
In the case of PYTHIA, the distribution is sharper at zero, which indicates that the
radiation is modeled slightly softer than by the other MC generators. The similar
shapes for HERWIG and MC@NLO can be explained by the fact, that the parton
showering used by MCQNLO is based on HERWIG. Thus, the slight differences in the
shapes are due to the different implemented parton showering models.

In the center of figure 4.3 the transverse momentum distributions of both top
quarks are plotted. The shapes produced by the different Monte Carlo generators
are similar and most top quarks are produced with a large transverse momentum of
about 80 GeV/c. The corresponding pseudo-rapidity distributions can be found in
plot (¢). The shapes of the different samples show the same symmetric distribution
around zero, whereby most top quarks are produced in a region of |n| < 2.0. As
already discussed, the top quarks decay before they hadronize. In the lepton+jets
channel the charged lepton (e, u1) is the single parton, that is produced at parton
level and can be observed more or less directly in the detector. The neutrino from
the leptonic W boson decay is assumed to be observable as missing transverse energy
in the event. Thus, information about these two partons at generator level give a
qualitative impression of the hardness of the event selection cuts applied to these two
objects. Figure 4.4 (a, ¢) show the transverse momentum distributions of the charged
lepton and the neutrino, figure (b, d) display the corresponding 7 distributions.
The shapes of py and 7 are similar for the charged lepton and the neutrino, the
maximum of the transverse momentum is about 30 GeV/c for the charged leptons,
and about 40 GeV/c for the neutrinos. Thus, the choice of the cuts at prg, > 20
GeV/c is an acceptable compromise. The pseudo-rapidity distributions on the right
hand side are also both symmetric around zero but narrower than for the produced
top quarks (figure 4.3). As can be seen from the 7 plot of the charged lepton in
figure 4.4 (b), the reduction of the event rate due to the selection cut of || < 1.0
for the charged lepton, which is determined by the calorimeter design, is quite
substantial. Therefore, several efforts are made to expand the n-range of accepted
charged leptons by including information from electromagnetic plug calorimeters
[55].  Since additional backgrounds have to be considered in the forward region,
these efforts are mainly driven by other analyses which elementarily depend on
additional statistics [56].
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Figure 4.4: Transverse momentum and pseudo-rapidity of the charged lepton and neutrino from
top-pair decays in the lepton+jets channel. The plots show the distributions at generator level for
the three used Monte Carlo event generators. The rates are normalized to the HERWIG sample.



Chapter 5

MC Study of Asymmetry in
Top-Pair Production

In this chapter several Monte Carlo based studies of the asymmetry in top pair
production are presented in detail. First, we investigate the influence of the event
selection on the asymmetry A. This study yields a strong dependence of A on the
number of observed jets in an event. Since a jet multiplicity greater than four in ¢
events is mainly due to additional gluon radiation, the result of the selection study
prompts further investigation of the influence of gluon radiation on the top-quark
rapidity. The findings of these observations point out, that different contributions
to a measured asymmetry in top-pair production have to be distinguished.

5.1 Influence of the Event Selection on the Asym-
metry

Preparing for the measurement of the asymmetry A(Ay- @) in top-pair production,
we conduct some studies at parton level on the base of three signal Monte Carlo
samples generated with PYTHIA, HERWIG, and MC@NLO. To calculate the rapidity
difference Ay - Q1 = (Yuep — Ythaa) - @1 the generated (true) four-vectors of the
produced top quarks, which are available in Monte Carlo samples, are used. The
distributions of the rapidity difference for the three different generators, normalized
to the HERWIG sample, are compared in figure 5.1. The resulting asymmetry values
in these generated distributions are listed in table 5.1. At leading-order, calculations
of the cross sections for top-pair production via quark-antiquark annihilation, o,z
and 0,57, are equal. Thus, no asymmetry is expected in the rapidity distributions
of PyTHIA and HERWIG. The MC@QNLO sample should yield the expected value
of about 5%. As can be seen in table 5.1, the theoretical expectations are well
confirmed by all the considered MC signal samples.

In the next step, the lepton+jets event selection discussed in section 3.1 is applied
to each of the three MC signal samples. The asymmetry is again calculated by using
the generated top-quark four-vectors, with the difference, that the considered sample
only contains those events, that satisfy all event selection criteria. The resulting
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Figure 5.1: The truth distribution of Ay - @, for leading order (PYHTHIA, HERWIG) and next-to-
leading order event generators (MCQNLO). The shapes are normalized to the HERWIG distribution.

values of A*¢(Ay-@Q;) for the different selected MC signal samples are listed in table
5.1 in the right column. Compared to the values of A%"(Ay - @) in the generated
inclusive samples, the asymmetry is shifted by about 3% points into the negative
direction when the event selection is applied.

Since the amplitude of this shift is of the same order as the effect we intend
to measure, further studies are necessary to understand the origin of this behavior.
Our investigation is organized as follows. We start at parton level, where some basic
selection cuts are applied on the final state partons accessible in the MC samples. At
this, we distinguish between the effect of selection cuts and of isolation cuts on the
asymmetry. The selection cuts set limits on the transverse momenta and the pseudo-
rapidities of the charged lepton, neutrino, and the four quarks. The isolation cuts
are in the form of a restriction of the distance AR = /(An)2 + (A®)? between two
particles in the n—¢ plane. Secondly, a jet clustering at hadron level is implemented,
thus the base of the study is closer to a final state configuration like we observe in
measured data. Finally, with the results of these intermediate steps, the influence
of the full lepton—+jets event selection on the top-quark rapidity distributions will
be discussed.

Generator ‘ AP (Ay - Q)| %] A (Ay - Q) [%] A (Ay - Q)| %]

LO: HERWIG 0.0 0.1+04 —274+1.3
PyTHIA 0.0 0.3+0.1 —2.9+0.5
NLO: wmMc@NLO (4...6) 4.8+0.3 2.6 +0.9

Table 5.1: The Monte Carlo truth values of the asymmetry A" (center column) are consistent
with the theoretical expectation (left column). The selected Monte Carlo values of the asymmetry
Asel (right column) are shifted into the negative direction. The values are presented for the three
different, event generators, each given with the statistical errors og;qs.
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5.1.1 Influence of Different Cuts at Parton Level (PL)

Several selection and isolation cuts are applied to the partons emerging directly from
the decaying ¢ quark and W bosons. The cuts are chosen to be comparable to the
lepton—+jets event selection described in chapter 3.1. The different cuts and their
effects on A for the three different Monte Carlo event generators are listed in detail
in table 5.2. The upper section contains the selection cuts on pr and 7 followed by

Influence of various selection cuts applied at parton level:

MCQNLO PyTHIA HERWIG
cut A% | AA%) A% | AA[%] A% | AAL%]
truth 4.83 +£0.28 —0.10£0.30 0.15+0.39

pp > 15GeV 4.924+0.28 0.09 | —0.14+0.30 | —0.04 0.18 £0.40 0.03
pl;p > 20GeV 4.85+0.30 0.02 | -=0.11+0.33 | —0.01 0.10+0.43 | —0.05
| nler |< 1.0 4.26+0.33 | —-0.57 | =0.394+0.36 | —0.29 | —0.13£0.47 | —0.28

paer > 15GeV || 4.97 40.28 0.14 | —0.03+0.30 0.07 | 0.2640.40 0.11
| pbrer |< 2.0 || 4.90 +0.28 0.07 | —0.0140.31 0.09 | 0.2540.41 0.10
phred > 15GeV || 4.85 +0.28 0.02 | —0.06 % 0.30 0.04 | 0.1440.40 | —0.01
| pbred |< 2.0 || 4.68+0.28 | —0.15 | —0.01£0.31 0.09 | 0.15+0.40 -
PPt > 15GeV || 4.87 +0.28 0.04 | —0.234+0.31 | —0.13 | —0.03+0.40 | —0.18
| 791 |< 2.0 4724028 | —0.11 | —0.10 4+ 0.31 — | 0.24+0.40 0.09
p¢? >15GeV || 4724029 | —0.11 | —0.17+0.31 | —0.07 | 0.024+0.41 | —0.13
| 792 |< 2.0 4734028 | —0.10 | —0.1140.31 | —0.01 | 0.00£0.41 | —0.15
ARpepp,., > 0.4 || 492£027 [ 0.09 | —0.12+£0.30 | —0.02 | 0.11+0.40 | —0.04
ARjeppy,, > 0.4 || 4.92+0.28 0.09 | —0.07 +0.30 0.03 | 0.1540.40 -
ARjepo1 > 0.4 || 4.8240.28 | —0.01 | —0.17+0.30 | —0.07 | 0.16+ 0.40 0.01
ARjepoz > 0.4 || 4.8840.28 0.05 | 0.00+0.30 0.10 | 0.1740.40 0.02

ARgig2 > 0.4 4.83£0.27 — | —0.10£0.30 - 0.15+0.40 —
ARQip,, > 0.4 || 4.96£0.28 0.13 | —0.05+0.30 0.05 0.23£0.40 0.08
ARgip,,, > 04 || 4.83+£0.27 — | —0.09£0.30 0.01 0.14+0.40 | —0.01

ARgay,, > 04 || 4904028 |  0.07 | —0.06£0.30 |  0.04 | 0.13+0.40 | —0.02
ARgap,,, > 0.4 || 4.864+0.27 | 0.03 | —0.11+£0.30 | —0.01 | 0.234+0.40 |  0.08
ARy, by > 0.4 || 4884028 | 0.05 | —0.10+0.30 — | 030£040 | 0.15

all pr,n (PL) 4.25+044 | —-0.58 | —0.62+048 | —0.52 | —0.36 £0.63 | —0.51
all AR (PL) 5.38 £0.29 0.55 0.05£0.32 0.15 0.41 £0.42 0.26
all cuts (PL) 4.82+047| —-0.01| —-0.36+0.51 | —0.26 | —0.17£0.68 | —0.32

Table 5.2: The effect of different selection and isolation cuts on the asymmetry A along with the
statistical errors. The resulting values are compared to the generated ones and the deviation AA
is given. In the first two sections the cuts are applied separately at parton level, the last section
shows the results for combined applications. We compare three different event generators.

the isolation cuts on AR, which are all applied separately. There is no single cut
which has a sizeable effect on A, except for the |n’?| cut in line 4. Restricting the
n range of the charged lepton to the central region slightly reduces the asymmetry
value by about a half percentage point in the NLLO Monte Carlo sample. In the last
section of table 5.2 we show the effects of combining several cuts.

The simultaneous application of all selection cuts on pr and 7 indicates a small
systematic effect on A. In the MCQNLO sample the asymmetry is reduced by about
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Figure 5.2: The distributions of Ay - @; for different cut applications at parton level and for
the three Monte Carlo event generators: (a) MCQNLO, (b) PyTHIA, and (¢) HERWIG. The black
solid line shows that distribution without applying any cuts, while for the dashed red line only the
selections cuts on pr and 7 are applied and for the dotted blue line only the isolation cuts on AR.
The corresponding means are displayed in the boxes.

0.6 percentage points. However, this is still on the level of the statistical uncertainty:.
A similar negative tendency is observed for the LO Monte Carlo samples PYTHIA and
HERWIG. On the other hand, the restrictions of AR slightly enhance the asymmetry:.
Thus, the asymmetry values of all Monte Carlo samples are compatible with the
corresponding generated (“truth”) values if applying all cuts simultaneously (line
“all cuts” of table 5.2).

In figure 5.2 the distributions of the rapidity difference Ay - @Q; before and af-
ter the different cuts are shown for each of the three generators. Application of
selection cuts means that all pr and n cuts are simultaneously made, the isolation
cuts include all AR cuts, corresponding to the last section of 5.2. The means of
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the distributions, representing the tendency of A, confirm the different influence of
selection and isolation cuts on the asymmetry.

5.1.2 Influence of Different Cuts at Jet Level (JL)

Since the previous study at parton level gives no explanation for the asymmetry
offset observed after applying the lepton+jets event selection, we modify the base of
the study. To reach a more realistic scenario than the partonic one a jet clustering
is implemented at hadron level. In this study the Ky algorithm [57] is used to
build the jets. The final state is now characterized by the charged lepton and the
neutrino from the leptonically decaying W boson and at least four jets due to the
hadronically decaying W boson, the b quarks from the top-quark decays, or potential
hard radiation. Similar selection and isolation cuts as before are applied to those
final-state objects. The number of jets, Njes, is required to be greater than or equal
to 4. The K settings are chosen in a way that the jets are clustered within a cone
radius of R < 0.4 in the n - ¢ plane. The lower cut-off d° is set to 0.0065 which
corresponds approximately to a minimal transverse jet energy Efe " of about 15 GeV.
The particular effects on the asymmetry A in the three Monte Carlo samples are
listed in table 5.3 which is divided into the same sections as above.

Influence of various selection cuts applied at jet level:

Njets > 4 MCQ@NLO PyTHIA HERWIG
cut A%] | AA%] A[%)] | AA[%] Al%] | AA[%]
truth 3.87+£0.30 —1.89+0.33 —1.15+0.43

p4y > 15GeV || 3.95+0.30 0.08 | ~1.95+£0.34 | —0.06 | ~1.20£0.44 | —0.05
PP > 20GeV || 3.854+0.35 | —0.02 | —1.89 + 0.36 — | ~1.23+£0.47 | —0.08
| nler |< 1.0 3484032 | —0.39 | —2.07+0.40 | —0.18 | —~1.284+0.51 | —0.13
pett > 15GeV || 3.8740.29 — | ~1.89+0.33 — | ~1.15+0.43 -
| pTett |< 2.0 || 3.8340.29 0.04 | —1.89+0.33 — | ~1.14+0.43 0.01
P2 > 15GeV || 3.87 4+ 0.29 — | —1.8940.33 — | —1.15+0.43 -
| n/et? < 2.0 || 3.81£0.30 0.06 | —1.92+£0.33 | —0.03 | —1.22+£0.43 | —0.07
et > 15GeV || 3.87 £0.29 — | —1.89+£0.33 — | —1.15+£0.43 -

|p7et3 |< 2.0 || 3.67£0.30 | —0.20 | —1.96+£0.33 | —0.07 | —1.34+0.43 | —0.19
pett > 15GeV || 3.88+£0.29 | 0.01 | —1.91+0.33 |  0.02 | —1.1840.43 | —0.03

|74 |< 2.0 || 3484030 | —039 | —2.05+0.34 | —0.16 | —1.61+0.44 | —0.46
ARieprers > 0.4 || 3.90£0.30 | 0.03 | —1.83£0.33 | 0.06 | —1.18£0.43 | —0.03
ARiepierz > 0.4 || 3.95+0.30 | 0.08 | —1.95+0.33 | —0.06 | —1.10+0.43 |  0.05
ARjeprers > 04 || 3914030 | 0.04 | ~1.86+0.33 | 0.03 | ~1.1040.43 |  0.05
ARjeprers > 0.4 || 3.96+£0.30 | 0.09 | ~1.9140.33 | —0.02 | ~1.1840.43 | —0.03

all pr,n (JL) 2.84+£042 | —-1.03 | —2.79+£046 | —0.90 | —2.17+£0.61 | —1.02
all AR (JL) 4.114+0.30 0.24 | —1.85£0.34 0.04 | —1.12£0.44 0.03
all cuts (JL) 3.04+£043 | —0.83 | —2.72+£048 | —-0.83 | —2.12+£0.63 | —0.97

Table 5.3: The effect of different selection and isolation cuts on the asymmetry A. The resulting
values are compared to the generated one in the inclusive sample and the deviation AA is given. In
the first two sections the cuts are applied separately at jet level, the last section shows the results
for combined applications. The number of jets in an event is required to be greater or equal to
four.
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Figure 5.3: The distributions of Ay - @, for different cut applications at jet level and for the three
Monte Carlo event generators: (a) MCQNLO, (b) PyTHIA, and (c) HERWIG. The black solid line
shows that distribution without applying any cuts, while for the red line only the selections cuts
on pp and n are applied and for the blue line only the isolation cuts on AR. The corresponding

means are displayed in the boxes.
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If we consider only events with at least four jets but apply no further cuts, the
asymmetry is already shifted from AMCONO = 4.83% for all events to AMCONC —
3.87% (see line 1 indicated with “truth” in table 5.3). Furthermore, a significant
shift is observable in the lower section of the table: the value of the asymmetry is
reduced from original AMCONO — 4.83% to AMCONO — 3.04% if we require at least
four jets and apply simultaneously all cuts at jet level. This study identifies the
jet selection as the main issue responsible for the negative shift of the asymmetry.
However, this reduction describes not entirely the observed shift of about three
percentage points into the negative direction if the full lepton+jets event selection
is applied. However, this study yields the jet selection as a main issue responsible
for the negative shift of the asymmetry. Figure 5.3 shows a comparison of the Ay-Q);
distributions if the combined selection (pr, 7) and isolation (AR) cuts at jet level
are made. The means of the distributions stay independent of the isolation cuts,
whereas the selection cuts on the transverse momenta and pseudo-rapidities of the
particles and jets shift the means slightly into the negative direction.

The study at jet level offers the possibility to check the exclusive asymmetry
in different jet bins, which means that the events are classified by the numbers of
observed jets. By doing this jet-bin study an unexpected effect occurs: the Monte
Carlo true value of A shows a linear dependence on the required number of jets in
the event. As can be seen in table 5.4 this dependence is valid for each of the three
generators. The next-to-leading order asymmetry shows up only in the MC@NLO
sample, but the linear dependence of A on the number of jets occurs with the same
strength also in the samples generated with PYTHIA and HERWIG.

Njws= | 4 5 6 7 8
A(mc@nNLO)[%] | 9.0 2.8 -45 -93 -18.9
A(HERWIG)[%] | 5.5 -2.8 -124 -23.0 -25.2
A(PyTHIA)[%] | 6.4 -4.5 -16.8 -26.1 -35.4

Table 5.4: Values of the asymmetry A depending on the number of jets required in the events for
the three different generators. No selection cuts are applied except for the jet classification.

Figure 5.4 visualizes the linear character of the jet-bin effect for the next-to-
leading order sample generated with the MC@QNLO event generator. The values of
A are plotted against the number Nj., of jets. No selection cuts except for the jet
classification are applied. In the four-jets bin (N, = 4) the exclusive asymmetry
is raised to a value of 9%, which is almost twice the expected value of A in inclusive
next-to-leading order calculations. If the number of required jets is increased the
exclusive asymmetry is reduced linearly down to sizeable negative values. The linear
dependence of the asymmetry value on the number of measured jets remains if all the
selection and isolation cuts mentioned in table 5.3 are applied. The corresponding
plots are shown in figure 5.5. The application of all cuts only changes slightly the
slope and the intersection point of the linear fit function, see table 5.5, but the linear
dependence still holds.

The influence of the hardness of the clustered jets on the observed linear effect
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Figure 5.4: The asymmetry as a function of Nje, for the MC@QNLO sample (ptopl0): a linear fit
function describes the trend very well. No selection cuts are applied except for the jet classification

demanding E* > 15 GeV and || < 2.0.

| MCONLO PYTHIA HERWIG
Atruth o] 4.83 -0.10 0.14
slope -6.5 -11.0 -9.3
ip 38 50 43
Adlleuts(JL) %] 3.04 -2.72 -2.12
slope -6.2 -10.5 -7.9
ip 36 47 36

Table 5.5: The parameters of the linear fit functions (slope and intersection point “ip”) for the
different event generators. The upper part of the table shows the value if the Monte Carlo truth
is considered. The lower part contains the values if all the cuts at jet level are applied.
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Figure 5.5: The Mc@NLO Monte Carlo asymmetry for different jet numbers: no cuts except for the
jet multiplicity requirement is made (a), only selection cuts are applied (c) and the distribution
if all cuts are made (b): a linear dependence is observable independent on whether selection cuts
are applied or not. The red line represents the value of the inclusive asymmetry for the Monte
Carlo truth distribution, i.e. no jet requirement is made and no cuts are applied; the same value
is displayed in the red colored box.
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is investigated by varying the lower cut-off d% of the Kp algorithm. The effect of
these parameter modifications on the asymmetry A(Ay - Q;) is exemplarily shown
for the leading order HERWIG Monte Carlo sample in figure 5.6. We have verified

the same behavior for the PYTHIA and MC@NLO Monte Carlo samples.

|Asymmetry A(Njets) gen. |
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A [%]
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Figure 5.6: The asymmetry as a function of the number of jets for three different cut-off scales:
the harder the clustered jets, the steeper the linear trend. The leading order HERWIG Monte Carlo
sample is used.

Fitting a straight line to each of the Nj distributions yields:

A= —6.88 - N + 36.58 (softer jets)
A= —-9.28" Njgs +43.26 (unchanged setting)
A= —10.89 - Nj¢s +46.10 (harder jets)

As can be seen in this figure the slope of the linear fit function decreases if the
parameter is halved to d = 0.00325, otherwise if it is doubled to d% = 0.013
the slope gets steeper. This can be explained by the fact that a modification of
the cut-off varies the jet multiplicity in the events. This modification leads to a
changed population of the different jet bins. Some events observed in a certain jet
bin, migrate to a lower jet bin in the case of a harder jet clustering cut-off. Thus,
the asymmetry in each jet bin changes. The higher the cut-off scale, the steeper the

effect on the asymmetry with the number of jets.

5.1.3 Influence of the CDF Standard Lepton + Jets Event
Selection on A(Ay- Q)

The previous Monte Carlo study at jet level already indicates the main reason for
the event selection offset, namely the treatment of jets by the selection. We now aim
to examine the influence of the full lepton+jets event selection used in this analysis
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on the inclusive asymmetry A(Ay- Q) to explain conclusively the observed selection
shift.

To clarify the effect of different cuts, the several elements of the lepton+jets
event selection were combined to three categories, each including cuts that affect
another class of physical objects. We distinguish between cuts and requirements

e affecting CEM electrons
e on CMUP/CMX muons

e concerning the clustered jets

In the first line of table 5.6 indicated with “no cuts” one can find the asymmetry
values of the original Monte Carlo samples before the full event selection. The values
are equal to those presented in table 5.1 (middle column). The second line of table
5.6 (“full selection”) shows the values of A after the full event selection is applied,
corresponding to the values in the right column of table 5.1. Since we limited the
number of considered events in the PYTHIA sample to 500.000 the asymmetry values
before and after the event selection differ insignificantly from the ones presented in
table 5.1. In a first step we consider only events in which the charged lepton is a CEM
electron and apply only those cuts concerning this lepton. We repeat the procedure
for central muons (CMUP, CMX) and only the corresponding muon cuts are made.
The asymmetry values for both cases and for each of the three Monte Carlo event
generators can be found in table 5.6. The results indicate that the selection of the
charged lepton induces a slight positive shift of the asymmetry. However, the effect
is not statistically significant.

In order to study the influence of the jet selection we vary the lower cut-off
scale of the transverse energy E$“ and the upper cut-off scale of the n-range for
the clustered objects and apply only those modified jet requirements, but no further
selection cuts. The minimal transverse energy scale is gradually increased in 5
GeV steps from Fr = 10 GeV to Er = 20 GeV, the maximal permitted n-range
is reduced in 0.5 steps from 75/ = 3.0 to n5f = 1.0. In the previous study the
jet clustering was performed by the Kp algorithm at hadron level and the cut-off
scale decided how the jets are clustered. In contrast to it, we now have jets that
are already clustered by the JETCLU algorithm, and we can now select a certain
sample containing events whose jets fulfill particular requirements. Thus, a variation
of £ and 7Sy changes the choice of events and we obtain samples with different
event contents. The resulting asymmetry values are presented in table 5.6 in the
lower three sections. The actual event selection used in this analysis requires events
with jets of a minimal transverse energy of Er > 15 GeV and a maximal pseudo-
rapidity of |n| < 2.0. The corresponding asymmetry value is A = (2.240.35)% which
is consistent with the observed asymmetry A = (2.6 £ 0.87)% after the full event
selection. The remaining difference is due to the slight influence of the charged-
lepton cuts and all the additional selection criteria [35] that are not considered in
this study, but the deviation is insignificant within the statistical errors. For this
reason we conclude that the shift of the asymmetry A of about 3 percentage points is
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PyTHIiA HERWIG MCQNLO
A(Ay - Q7] | A(Ay - Q)[%] | A(Ay - Qi)[%]
no cuts —0.1 £0.27 0.1+£0.39 4.8 +0.27
full selection 314091 | —2.7+1.28 2.6+ 0.87
only CEM cuts 1.6£1.0 0.11+1.40 5.4+ 0.94
only CMUP/CMX cuts 14+1.0 0.9+ 1.5 5.0+ 1.03
B > 10GeV, [/ < 1.0 || —7.34045 | —56+0.64 | —0.940.45
B >10GeV, [/ < 1.5 || —4.3+0.34 | —3.240.49 2.0 4 0.34
E) > 10CeV, /¢ < 2.0 || —2.7+0.31 | —1.940.46 3.340.31
B3 > 10GeV, [/ <25 | —2.1+030 | —1.44043 | 3.74+0.30
B3 > 10GeV, [P <30 || —1.94+0.30 | —1.34£0.43 3.8 4 0.30
B > 15GeV, [P < 1.0 | —7.24+053 | —6.0+£0.75 | —1.44+0.53
Ei > 15GeV, [Pt < 1.5 || —4.94039 | —4.0+0.55 0.9+ 0.38
E) > 15CeV, ¢ < 2.0 || —3.7+0.35 | —3.24050 | 224035
B3 > 15GeV, [/ <25 || —324+0.34 | —2.7+£0.48 2.6+ 0.33
Ei > 15CeV, [/ < 3.0 || —32+0.34 | —2.6+0.48 2.740.33
B > 20GeV, [’ <1.0 || —8.04+0.64 | —57+£090 | —1.2+0.63
B > 20GeV, [P < 1.5 || 594047 | —4.3+40.65 0.3 4 0.46
E3 > 20CeV, [ < 2.0 || —4.94+043 | —3.840.59 1.1+0.41
B > 20GeV, et < 2.5 || —4.64+0.42 | —3.5+0.57 1.6 +0.40
B3 > 20GeV, [/ < 3.0 || —4.6+042 | —3540.57 1.6 +0.40

Table 5.6: Overview of the resulting asymmetry values A(Ay - @;) if different groups of selection
cuts are applied to the three Monte Carlo event samples. In the first line (“no cuts”) one finds
the values if no selection cuts are made on the samples; “full selection” presents the values for a
full lepton + jets event selection. The following two lines contain the asymmetry values if only
cuts concerning CEM electrons are applied, or if only CMUP/CMX muons have to fulfill certain
requirements. The lower three sections list the values if only jet cuts are applied.

mainly due to restricting the jet kinematics. The dependence of the asymmetry on
the jet definition is visualized in figure 5.7. From this jet selection study we derive
mainly two important conclusions. The negative shift of the asymmetry A(Ay - Q)
increases if

e we require jets with higher transverse energies. (The same effect is seen in
section 5.1.2 when changing the cut-off d% of the Ky algorithm.)

e we require jets that are produced in a more central detector region.

The shape of the dependence of the asymmetry on the upper n-range cut-off (figure
5.7) is similar for each used Monte Carlo event generator. For the next-to-leading
order generator MC@QNLO the distribution (c¢) is merely shifted upwards about the
expected inclusive charge asymmetry A &~ 5% compared to the leading order distri-
butions.
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Figure 5.7: Visualization of the lower three sections of table 5.6. The dependence of the asymmetry
A on the upper n-range cut-off scale is shown for the three used Monte Carlo samples: PYTHIA

(a), HERWIG (b), and MC@NLO (c). The lower cut-off scale of the minimal transverse jet energy
ES" is varied from 10 GeV to 20 GeV.
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5.2 Effect of Gluon Radiation on Top-Quark Ra-
pidity Distributions

The previous study of the influence of the event selection on the inclusive asymmetry
showed, that restricting the jet kinematics leads to a substantial shift of A into the
negative direction. Considering the exclusive asymmetry in the different jet bins, we
observe a strong dependence. This gives reason to further investigation of the effect
of gluon radiation on the inclusive asymmetry. First, we use a PYTHIA Monte Carlo
generator to study the influence of different generation processes and the correlation
between top-quark rapidity distributions and gluon radiation. Additionally, we use
the matrix-element generator MADEVENT and conduct a similar correlation study
for the process qq — tt + j.

5.2.1 Asymmetry A(Ay-Q,) for Different ¢ Production Pro-
cesses

To study, whether the production process has an impact on the observed dependence
of the asymmetry on the number of jets, we use the PYTHIA Monte Carlo event
sample and characterize the events by their production processes. We distinguish
between tf pair production via gluon fusion and via quark-antiquark annihilation.
The corresponding Feynman diagrams are presented in chapter 1.2. The jet cluster-
ing at hadron level is done using the K algorithm within a jet-cone radius set to
AR < 0.4 and a lower cut-off d5 of 0.0065. Thus, the events are sorted according

to their production process and to the number of observed jets. In figure 5.8 the
asymmetry as a function of N, is presented for both subsamples. Plot (a) contains

|Asymmetry A(Njels) for Ay*Q, (aq only)| |Asymmetry A(NIE[S) for Ay*Q, (gg only) |
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Figure 5.8: The asymmetry as a function of the number of jets for the PyTHiA Monte Carlo
sample: the linear dependence is only observable for quark-antiquark annihilation (a) whereas ¢
pairs produced via gluon fusion seem to be independent on Njes (b).
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only events, where the top-quark pair is produced via quark-antiquark annihilation.
In this case, the exclusive asymmetry shows the already observed jet bin dependence.
On the right hand side (b), the exclusive asymmetry in the gluon-fusion sample is
shown for the different jet bins. Unlike the behavior of the exclusive asymmetry in
the gg-annihilation sample, the values of A remain independent of the number of
jets in gluon fusion events. The effect that causes the observed linear dependence
occurs only if we consider exclusively t¢ pairs that are produced via quark-antiquark
annihilation, whereas events with gluon fusion seem to be unaffected. This result is
confirmed by the other two Monte Carlo samples, thus we only present the plots for
the PyTHIA Monte Carlo sample.

5.2.2 Study of the Event Generation with Pythia

From the studies in the last section we concluded that there is a strong dependence
of the measured asymmetry A on the number of observed jets. Additional jets in
tt events are mostly due to hard gluon radiations off color charged partons like
radiation off the incoming partons, or the produced top quarks. We study the
influence of initial state gluon radiation (ISR) and final state gluon radiation (FSR)
on the charge asymmetry by switching on and off the modeling of these processes
in the parton shower Monte Carlo. In order to speedily produce event samples with
different settings a stand-alone version of PYTHIA is used. In addition, the influence
of modeling multiple interactions is investigated.

We analyze the influence on the distributions of three different variables: the
rapidities of the top and the antitop quark, y; and vz, and the rapidity difference
Ay - Q;. The asymmetry of these parameters is analogically defined as:

Nevts(X > O) - Nevts(X < 0)
Nepts(X > 0) 4+ Neps (X < 0)’

where X denotes y;, yz and Ay - Q; respectively.

A= (5.1)

In figure 5.9 the asymmetry values of the three distributions (v;, yz and Ay - Q)
as a function of Nj. in case of a full event generation are compared to those if ISR
(MSTP switch 61) and FSR (MSTP switch 71) are switched off respectively. For
each process configuration a sample of 200,000 events was produced. No selection
cuts except for the classification of the jets by a Ky algorithm (d4 = 0.0065,
AR < 0.4) are applied to the samples. Since we have seen that the dependence of
the asymmetry on N, occurs only in the distributions of events whose t¢ pairs are
produced via quark-antiquark annihilation, we hence consider only such events. The
plot on the upper right shows the distribution of the exclusive asymmetry for the
rapidity y; of the top quark. In the four-jets bin, the top quarks are produced rather
in the proton direction. The value of A is positive. If one additional jet is produced
in the event, the value of A gets negative, i.e. the produced top quarks are rather
produced in the direction of the antiproton. The same effect is visible concerning
the rapidity of the antitop quark. One has to consider that the z component of the
incoming antiquark is negative due to the oppositional heading of the antiproton,
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but the definition of the asymmetry remains equal. Thus, the asymmetry of the
antitop-quark rapidity yz behaves reversed compared to the asymmetry of the top-
quark rapidity ;.

If ISR is turned off, the asymmetry remains constant for Njq; = 4 and Njes = 5;
if ISR and FSR are both switched off simultaneously, shown in figure 5.10, this even
holds for Njes = 6. Due to this observation we conclude that the dependence of
the asymmetry on the number of jets is associated with the emergence of initial and
final state gluon radiation.
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Figure 5.9: The asymmetry as a function of Njes for Ay-Q; (a), for y; (b) and for yz (c). Different
processes are switched off for the event generation. The red line represents the linear behavior
in the case of a full event generation with PYTHIA, the black line shows the trend if final state
radiation is switched off, the blue line gives the distribution if initial state gluon radiation is turned
off. No selection cuts except for the jet clustering are applied.
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Figure 5.10: The asymmetry as a function of Nj.s for Ay - Q; (a), for y; (b) and for yz (c), ISR
and FSR are switched off simultaneously. The red line represents the value of the asymmetry for
the PyTHiA Monte Carlo truth distribution, i.e. no jet requirement is made; the same value is
displayed in the red colored box. No selection cuts except for the jet clustering are applied.

If multiple interactions are turned off (MSTP switch 81), the exclusive asymme-
try remains unchanged. The linear trend of A occurs for each of the three variables,
see figure 5.11. We conclude that multiple interactions do not influence the rapidity
distributions of the produced top and antitop quarks.

Recapitulating the previous studies we can summarize the following findings:

e We observe a linear dependence of the asymmetry A for the variables Ay - Q,
¥+ and yz on the number of jets Nj.; on Monte Carlo level.

e The effect occurs exclusively in events in which the ¢ pairs are produced via
quark-antiquark annihilation.
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Figure 5.11: The asymmetry as a function of Njes for Ay - @ (a), for y, (b) and for y; (c) if
multiple interactions are switched off in the PYTHIA event generation. No selection cuts except for
the jet clustering are applied.

e The rapidity distributions of the top and the antitop quark are strongly af-
fected by gluon radiation.

An effect on the asymmetry, which is calculated in the rapidity difference of the
top and the antitop quark, implies that the reason of the effect has to be sensitive
to the difference between particle and antiparticle. The fact, that we observe this
effect only in events, where the top-quark pair is produced via quark-antiquark
annihilation, combined with the finding that gluon radiation plays a role, raises the
question, how the incoming quark and the produced top quark (incoming antiquark
and produced antitop quark) are connected. We assume that the color flow which
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Figure 5.12: Tllustration of the color flow in a tf event produced via quark-antiquark annihilation.
Graph (a) shows the case that a gluon is radiated off the incoming quark, in (b) the gluon is radiated
off the antiquark. Color charges are represented by the solid colored lines, anticolor charges by
the dotted lines. Although the color charge of the produced top (antitop) quark is changed by
gluon radiation, the connection to the initial quark (antiquark) remains due to the fact that quarks
always carry a color charge, whereas antiquarks can only be anticolor-charged.

is a conserved quantity in the hard process may constitute such a connection. If
we consider the color flow in top pair production via quark-antiquark annihilation,
the incoming quark carries a color charge ¢, and the antiquark an anticolor charge
cz. When they annihilate, a virtual gluon with the color charge c,c; passes them
to the produced top and antitop quark, whereby the top must take over the color
charge ¢,. Thus, the color flow at the parton (¢ —t) and the antiparton (g —t) side
can uniquely be associated with the original proton or antiproton. This association
remains if a gluon is radiated off the incoming quark or antiquark. Figure 5.12
illustrates qualitatively the color flow in q7 — tf events in the case of initial state
gluon radiation off the incoming quark (a) or antiquark (b).

The color charge of the produced top quark indeed changes due to the radiation,
but the unambiguous connection of the produced quark with the original proton
remains. In the case of tf pair production via gluon fusion there is no unique con-
nection between proton and top quark, and antiproton and antitop quark. Since an
incoming gluon always carries a color charge and an anticolor charge it is impossi-
ble to decide whether it comes from a proton or an antiproton. The produced top
quark is not necessarily color connected exclusively to the proton, thus there is no
observable effect on the top-quark rapidity distributions.

A closer look to the events generated with the PyTHIA Monte Carlo generator
delivers further evidence for that hypothesis. In table 5.7 an extract of an event
record including the string information is shown for a typical ¢t pair event produced
via quark-antiquark annihilation. After the hard scattering process (KS=21) the
built strings are listed, whereby the label “A” indicates the beginning of the string,
“I” the appendant particles and “V” the end of the string. As can be seen in the
event record a string is built between the b quark from the top quark and the proton
remnant ([ = 22 — I = 28) and between the b quark from the antitop and the
antiproton remnant (I =29 — [ = 40), respectively.
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I particle,jet | KS | KF | orig px py pz E m

1 Ip+! 21 | 2212 0 0.000 0.000 980.000 | 980.000 0.938
2 Ipbar-! 21 | -2212 0 0.000 0.000 | -980.000 | 980.000 0.938
3 lu! 21 2 1 1.330 3.665 323.559 | 323.582 0.000
4 lubar! 21 -2 2 -0.992 0.905 | -170.679 | 170.684 0.000
5 a! 21 2 3 0.159 1.814 262.340 | 262.347 0.000
6 lubar! 21 -2 4 0.982 3.287 | -160.250 | 160.287 0.000
7 1t! 21 6 0 -22.012 | -36.533 | -49.958 | 186.309 | 174.344
8 Itbar! 21 -6 0 23.153 | 41.634 | 152.048 | 236.325 | 174.532
9 IW+! 21 24 7 -35.822 | -22.768 | -98.043 | 134.198 | 81.210
10 1b! 21 5 7 13.811 | -13.765 48.086 52.110 4.800
11 'W-! 21 -24 8 -52.503 | 7.683 99.288 | 137.922 | 79.679
12 bbar! 21 -5 8 75.656 | 33.951 52.760 98.403 4.800
13 Isbar! 21 -3 9 19.211 | -21.850 | -10.356 30.886 0.500
14 lc! 21 4 9 -54.613 | -0.773 -86.484 | 102.299 1.500
15 le-! 21 11 11 -26.254 | -22.238 87.912 94.405 0.001
16 Inu_ebar! 21 -12 11 | -17.790 | 30.916 5.090 36.030 0.000
17 (W) 11 24 9 -35.403 | -22.623 | -96.840 | 133.185 | 81.210
18 (W-) 11 -24 11 | -44.045 | 8.677 93.002 130.435 | 79.679
19 nu_ebar 1 -12 16 | -17.790 | 30.916 5.090 36.030 0.000
20 e- 1 11 15 | -26.254 | -22.238 87.910 94.403 0.001
21 gamma 1 22 15 -0.001 -0.001 0.002 0.002 0.000
22 (b) A 12 ) 10 15.503 | -13.397 39.493 44.750 4.800
23 (g) 1 12 21 10 0.161 0.721 3.265 3.348 0.000
24 (g) 1 12 21 10 -1.376 -1.000 1.593 2.330 0.000
25 (g) 1 12 21 10 -0.897 -0.234 2.531 2.695 0.000
26 (g) 1 12 21 3 0.534 1.862 56.090 56.123 0.000
27 (g) 1 12 21 3 0.637 -0.014 4.703 4.746 0.000
28 (ud_0) V 11 | 2101 1 -1.330 -3.665 656.184 | 656.195 0.579
29 (bbar) A 12 -5 12 59.044 | 15.721 58.293 84.584 4.800
30 (g) 1 12 21 12 3.262 1.267 1.206 3.701 0.000
31 (g) 1 12 21 12 0.638 0.956 -0.446 1.233 0.000
32 (g) 1 12 21 12 2.781 8.901 1.778 9.494 0.000
33 (g) 1 12 21 12 0.063 1.094 -0.981 1.471 0.000
34 (g) 1 12 21 12 0.518 1.998 0.266 2.082 0.000
35 (g) 1 12 21 12 0.891 3.020 -1.070 3.325 0.000
36 (g) 1 12 21 0 1.443 -0.343 -2.286 2.725 0.000
37 (g) 1 12 21 0 -1.443 0.343 -31.911 31.946 0.000
38 (g) 1 12 21 4 -0.313 -0.936 -0.716 1.220 0.000
39 (g) 1 12 21 4 -1.661 -1.443 -9.287 9.544 0.000
40 | (ud - Obar)V | 11 | -2101 2 0.992 -0.905 | -774.866 | 774.868 0.579
41 (sbar) A 12 -3 13 16.375 | -11.922 -5.577 21.015 0.500
42 (g) 1 12 21 13 1.219 -0.356 -0.886 1.548 0.000
43 (g) 1 12 21 13 0.229 -0.203 -0.293 0.423 0.000
44 (d)Vv 11 1 13 -0.827 -4.903 -3.487 6.082 0.330
45 (c) A 12 4 14 | -34.741 4.455 -54.324 64.653 1.500
46 (g) 1 12 21 14 -6.310 0.253 -11.143 12.808 0.000
47 (g) 1 12 21 14 -2.964 -0.606 -4.290 5.249 0.000
48 (g) 1 12 21 14 -1.742 -1.807 -2.725 3.705 0.000
49 (g) 1 12 21 14 -5.486 -3.955 -10.388 12.395 0.000
50 (dbar) V 11 -1 13 -1.157 -3.579 -3.728 5.306 0.330

Table 5.7: Extract of a Pyraia Monte Carlo “Pylist”: I is the line number of the particle, KS
is the status code, KF is the identification number (ID); “orig” is the line number of the parent
particle ; py, py, p. are the momenta in x, y, z, direction in [GeV/c]; E is the energy in [GeV]; m
is the mass in [GeV/c?]
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In these strings gluons are included which were radiated from the incoming quark
(I = 26,27) (antiquark (I = 38,39)). Thus the partons, and the antipartons re-
spectively, are color connected objects in the PYTHIA event generation. To support
our hypothesis we study the correlation between the strength of the radiation and
the shift of the mean of the rapidity of the produced top quark, whereby we only
consider events with ¢t pair production via quark-antiquark annihilation. Three
different variables are considered to describe the strength of the initial state gluon
radiation:

1. The four-vectors of the ISR gluons listed in the corresponding string are
summed up to one radiated object. The transverse momentum of this ob-

ject is given by pISE(q) (pIS%(q)).
2. The rapidity of this string-summed-up object is labeled with yrsr(q) (yrsr(q))-

3. The four-vectors of the incoming quark (antiquark) before and after the ra-
diation are compared and the difference is taken as the radiated object. The
transverse momentum of this object is given by AplE(q) (ApLiE(q)).

The distributions of the transverse momenta of the radiation are shown in figure
5.13. The number of entries on the y axis is plotted logarithmically to show the tails
of the distributions.
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4

ransverse Momentum of ISR from the Incoming Anti Quark
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Figure 5.13: The PyTHIA Monte Carlo distribution of the transverse momentum of the radiation
from the incoming quark (a) and the incoming antiquark (b).

To ascertain in which way the rapidity distributions are affected by the strength
of the initial state gluon radiation, we plot the rapidity as a function of each of the
three radiation variables. Figure 5.14 shows the two dimensional correlation plots
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for the rapidity of the top quark versus the first radiation variable pZ°%(q) (a), and
for the antitop quark respectively (c¢). To improve the visualization of the effect of
different radiation strengths on the rapidity distributions, a projection of the slices
in py direction is made. The projections are then fitted with a Gaussian function
and the distribution of the corresponding means p is plotted as a function of the
radiation variable (b, d). We have already seen that in the four-jets bin, i.e. if
the jets emerge quasi exclusively from the partons of the decaying top and antitop
quark, the value of the asymmetry is a bit above zero. If initial state gluon radiation
takes place and additional jets are observed, the mean of the y; distribution is shifted
into the negative direction. The same effect can be observed here: in the first bin
of the distribution of the means, representing a rather soft radiation, the mean is
slightly above zero. As soon as the radiation reaches a certain strength, the mean of
the rapidity distribution becomes negative. The description of the strength of the
radiation by ApZSE(q) (AplST(g)) delivers similar results except for the first bin, see
figure 5.15 (a~d). If the radiation is negligible, the mean of the rapidity distribution
is very close to zero. If the rapidity is considered to describe the radiation, it leads
to a consistent result, see figure 5.16 (a-d). For a high rapidity, i.e. the radiation
points quasi along the proton direction (along the antiproton direction) the rapidity
distribution of the top quark (antitop quark) is shifted by a constant factor into the
positive (negative) region. Once the rapidity of the radiation falls below a value
of yrsr(q) = 3 (rises above y;s5r(q) = —3), the rapidity of the top quark (antitop
quark) seems to be influenced in the already observed way.
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Figure 5.14: The correlation plots (a, ¢) and the distributions of the means of the fitted y slices (b,

d) for the top quark (a, b) and the antitop quarks (c, d); the strength of the radiation is described

by the transverse momentum of the cumulative four-vector of all ISR, gluons in the string, p%s R(q)

(p(2)).
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Figure 5.15: The correlation plots (a, ¢) and the distributions of the means of the fitted y slices (b,
d) for the top quark (a, b) and the antitop quarks (¢, d); the strength of the radiation is described
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Figure 5.16: The correlation plots (a, ¢) and the distributions of the means of the fitted y slices (b,
d) for the top quark (a, b) and the antitop quarks (c, d); the strength of the radiation is described
by the rapidity of the cumulative four-vector of all ISR gluons in the string, yrsr(q) (vrsr(Q)).
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5.2.3 Study of the Event Generation with MadEvent

So far, the Monte Carlo studies were based on event generators including parton
showering (LO: PyTHIA, HERWIG; NLO: MCc@NLO). To check the influence of the
parton shower modeling on the observed asymmetry dependence, the matrix-element
event generator MADEVENT is used. We generate the process pp — ttj, i.e. tt events
where one additional gluon or ¢g-pair labeled with “j” is radiated. If hard gluon
radiation at matrix-element level plays a role in top pair production, the rapidity
distributions of the top quarks in this process should be shifted. Since the generated
process corresponds to the event topology in the five-jets bin, we expect a negative
shift of the rapidity distribution of top quarks, and a positive mean of the antitop
quark one.

Similar as in section 5.2.2 we consider only the dominant production mechanism,
quark-antiquark annihilation, because no asymmetry was found in case of gluon fu-
sion. Table 5.8 shows a typical printout of the MADEVENT generator. The particles
occurring in the process pp — ttj are: two incoming quarks (particle 1 and particle
2), the radiated hard gluon (particle 5) and the produced top and antitop quark
(particle 3 and particle 4). The color attribute of the particles is encoded in the
lines IColl and ICol2, whereby the anticolors are always listed in IColl and the
colors in 1Col2. The numbers 501, 502 and 503 represent the three different color
charges.

|| particle 1 | particle 2 | particle 3 | particle 4 | particle 5

1D 2 -2 6 -6 21
IColl 0 503 0 502 503
1Col2 501 0 501 0 502

E 0.20607E+03 | 0.27394E+03 | 0.23456E+03 | 0.20617E+03 | 0.39281E+02

Px 0.00000E+00 | 0.00000E+00 | -0.1144E+03 | 0.100432E+03 | 0.10043E+03

Py 0.00000E+00 | 0.00000E+00 | 0.72595E+02 | -0.4375E+02 | -0.28843E+02

Pz 0.20607E+03 | -0.2739E+03 | -0.79248E+02 | -0.11333E+02 | 0.22714E+02

Table 5.8: A MADEVENT event record: ID is the particle identity, IColl the anticolor charge, ICol2
the color charge, E the energy in GeV, Px, Py and Pz the transverse momentum components in
GeV/c for each of the five particles.

Several Feynman diagrams contribute to the process qg — tt7, including radia-
tion in the initial as well as in the final state. Since MADEVENT generates inclusive
event rates, there is no possibility to differentiate between pure ISR and FSR events.
But, to investigate the radiation effects observed in section 5.2.2, it is sufficient to
trace back whether the object was radiated off the quark side or off the antiquark
side. This is done on the basis of the color flow information encoded in ICOL1
and ICOL2. As can be seen from the example event in table 5.8 the color flow is
conserved regardless whether the event was ISR or FSR. In the case of ISR the in-
coming antiquark with anticolor 503 radiates a gluon that carries anti-503 and 502,
and thus changes to an anti-502 colored particle. This anti-502 is then passed on to
the produced antitop quark. The produced top quark receives its color of the type
501 from the incoming quark. In the case this event has been a FSR event the two
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Figure 5.17: The distributions of the rapidities of the top quark and of the antitop quark, the
events are generated with MADEVENT.

incoming quarks build an intermediate gluon with color 501 and anti-503, the 501 is
then passed to the top quark as before while the anti-503 is passed to the antitop.
The antitop then radiates a gluon with anti-503 and 502 leaving an antitop with
anti-502.

In the following we study the mean of the top or antitop rapidity distribution as
a function of the transverse momentum and the rapidity of the object radiated by
partons (q: initial quarks and produced top) or by antipartons (g: initial antiquarks
and produced antitops). The generation of the process g7 — ttj requires a cut on
the transverse momentum of the radiated object to stay away from soft/collinear
singularities. The cut-off for pf. is set to 10 GeV. Figure 5.17 presents the rapidity
distributions of the produced top and antitop quarks. As expected, they show a
similar shift as for PYTHIA, HERWIG and MC@NLO in the exclusive jet bins greater
than four. The mean of the distribution for the top quarks is slightly below zero,
pye ~ —0.07. For the antitop quarks the distribution is shifted into the positive
direction, the mean constitutes j,z ~ 0.07.

Similar to the correlation studies above using PYTHIA, we investigate the be-
havior of the mean of the top-quark rapidity distribution for different transverse
momenta (p¥), and for different rapidities y, of the radiated object. Figure 5.18
shows the transverse momentum of objects radiated from the partons p7.(¢) (a) as

well as from antipartons p3.(¢) (b). Most radiations have a transverse momentum
up to 100 GeV/c.

In figure 5.19 the upper plots (a) and (b) present the correlation on the parton
side, i.e. between the rapidity of the top quark and the transverse momentum of the
radiated object off a parton. The lower ones, (¢) and (d), show the according plots
for the antitop quark and radiations off the antiparton side. On the left hand side the
correlation plots of the rapidity y versus transverse momentum p7. of the radiated
object are shown, while the plots on the right hand side show the means of the y
distribution as a function of pJ.. The mean values are obtained from a Gaussian fit
to the rapidity distribution in a certain p7. bin. The means of the top-quark rapidity
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Figure 5.18: The distributions of the transverse momentum of gluons radiated from initial and
final state quarks (a) as well as radiated from initial and final state antiquarks (b). The events are
generated with MADEVENT (tt5), where a cut on p% > 10 GeV is applied.

distributions (b) are slightly shifted to negative values for all pf., where the absolute
value of this shift seems to increase towards larger p%. This increase is largest at
small transverse momenta of the radiation. The corresponding effect is seen with
opposite sign for the rapidity distributions of the antitop quark (d).

In figure 5.20 the corresponding results are presented if we consider the influ-
ence of the radiation rapidity. The upper plots (a) and (b) show the behavior of
the top-quark rapidity distribution, the lower ones , (¢) and (d), for the antitop
quark. On the left hand side the correlation plots of rapidity y versus rapidity y,
of the radiated object are shown, while the plots on the right hand side show the
means of the y distribution as a function of y,. Again, each mean value is obtained
from a fit of a Gaussian to the rapidity distribution in a certain y, bin. The top
rapidity distributions (b) are shifted to negative values for objects emitted centrally
or in backward direction from both initial or final state quarks, while essentially no
shift is seen for objects radiated into forward direction. In the case of the rapidity
distribution of antitops (d), where the object is radiated off the antipartons, this
behavior is turned around.

The dependence of the asymmetry of the top and antitop quark on the transverse
momentum and on the rapidity of the radiated gluon obtained with MADEVENT are
very similar to the dependences obtained with the LO+PS Monte Carlo PYTHIA.
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Figure 5.19: Correlation between the rapidity of the top (a, b) and the antitop quark (c, d) and
the transverse momenta of the gluon radiated either from initial and final state quarks (a, b) or
from initial and final state antiquarks (c, d). Left: Correlation plots rapidity y versus transverse
momentum p%. of the radiated gluon; right: means of the y distribution as a function of pf.. Here,
each mean value is obtained from a fit of a Gaussian to the rapidity distribution in a certain p¥.
bin. All distributions are obtained using MADEVENT (¢tj) with a cut p%. > 10 GeV.
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Figure 5.20: Correlation between the rapidity of the top (a, b) and the antitop quark (¢, d) and the
rapidity of the gluon radiated either from initial and final state quarks (a, b) or from initial and
final state antiquarks (c, d). Left: Correlation plots rapidity y versus rapidity y, of the radiated
gluon; right: means of the y distribution as a function of y,. Here, each mean value is obtained
from a fit of a Gaussian to the rapidity distribution in a certain y, bin. All distributions are
obtained using MADEVENT (¢tj) with a cut p7. > 10 GeV.
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5.3 Summary

Studying the influence of the event selection on the charge asymmetry A we observe
a strong dependence of the asymmetry on the number of jets in the event. This effect
is not only seen in NLO+PS Monte Carlo MC@NLO, but also in the LO+4+PS Monte
Carlos PYTHIA and HERWIG. As a result of the event selection study we find, that
cuts on the jet kinematics have a certain impact on the asymmetry. The more central
and the harder the jets are required to be, the more negative becomes the observed
asymmetry. This explains the shift of the inclusive asymmetry after applying all
selection cuts to smaller values, which was the original reason for this Monte Carlo
study. Since events with additional jets show a more negative asymmetry, further
studies investigate the influence of gluon radiation on the rapidity distribution of
the produced top quarks. Only top quarks produced via ¢g annihilation are affected
by the jet bin dependence due to a color connection between the initial quarks and
the produced top quarks. We also observe a dependence of the top-quark rapidity
on the strength and direction of the radiation, which is consistent with the findings
of the event selection study.
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Chapter 6

Measurement of the Charge
Asymmetry in Top-Pair
Production

In this chapter we present measurements of the asymmetry A(Ay - @;) in the in-
clusive tt sample (Njqs > 4) as well as in the exclusive four- and five-jets samples.
The MC studies in the previous chapter have shown, that a measurement of the
asymmetry in an event sample with at least four jets contains different asymmetric
effects. In pure ¢t production, the interference of different contributions leads to
a slight positive asymmetry as described in chapter 1.3. Considering hard gluon
radiation, the interference of the corresponding hard initial- and final-state gluon
radiation leads to a negative asymmetry. In higher jet bins the contribution of hard
gluon radiation events increases. The exclusive measurements in the four- and five-
jets bin are a first attempt to separate the negative contribution to the asymmetry
in top-pair production. In the following the different analysis steps are presented.
First, the background contributions are discussed and an estimate of the rates is
given. A method is developed to correct the measured rapidity difference for recon-
struction and event-selection effects. This is done on the base of the PyTHIA Monte
Carlo signal sample. Taking these effects and several background contributions into
account, we perform a measurement of the asymmetry in the different ¢£ jet samples
obtained from the experiment. Finally, the systematic uncertainties of the results
are estimated.

6.1 Background Estimation

Although the event selection accomplishes a background reduction up to a signal to
background ratio of S:B ~ T:1, the extracted ¢t sample still contains certain types
of background. One source of background events is W production in association
with heavy quark and light quark production. In the case of light quark production,
one jet is misidentified as a b-quark jet (mistags). Events with one or more jets
originating from a c or b quark are called “IW+ heavy flavor” events. Furthermore,
there are events in which no real W boson is produced (non-W background), e.g.
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direct bb production with additional gluon radiation. For this background category,
one jet has to fake a charged lepton to overcome the tight lepton requirement of
the event selection. In addition, electroweak processes like single Z boson, diboson
(ZW, WW, ZZ) and single-top production contribute to the background. The
fraction of these electroweak events is rather small and can be determined from
their theoretical cross section and the acceptance and efficiencies derived from MC
simulation and measured data.

Different methods are employed to model the background shape of differential
distributions. The mistags and W+ heavy flavor contribution as well as the diboson
and single-top background is determined from different Monte Carlo samples, listed
in table 4.1. For the mistag background we use the W + 4p sample (W plus four
light quarks) and for the W+ heavy flavor background as well as for the diboson
and single-top background we use the W + 2p + 2b sample (W plus two light quarks
plus two b quarks). The shape of the non-W background (QCD background) is
modeled by a multi-jet data sample containing events with at least 5 jets, whereof
one jet has to be misidentified as the required charged lepton. In this control data
sample it is not possible to require one of the jets to be b tagged because too few
events would remain. Therefore, a special treatment is necessary. Unlike to the
original event selection, all events considered as taggable are accepted to obtain
sufficient statistics. The b-tag information is afterwards assigned randomly to one
of the remaining jets in the event.

| Inclusive | Exclusive (4 jets) | Exclusive (5 jets)

W+e 0.60 £ 0.15 - -
W + ce 3.04 £ 0.95 - -
W + bb 6.38 £ 1.80 - -
Diboson 1.63 £0.29 - -
Single-Top 0.62 +0.10 - -
Sewenr | 1227£248 |  10.28£2.08 1.61 +0.32
QCD (non-W) | 6.80 % 1.80 5.31 +1.41 1.27 +0.34
Mistags 12.25 4+ 1.83 9.51 4 1.42 2.0140.30
NJs | 31.32 £ 3.81 25.1 +3.16 4.89 + 0.52

Table 6.1: Overview of the background estimation for the different contributions. The W+ heavy
flavor and the electroweak fractions are combined.

All those background samples, except the non-W sample, are passed through the
CDF detector simulation and afterwards the same reconstruction as for real data is
applied. The correct normalization of the different contributions is received from the
background estimation determined by reference [58]. The total number of expected
background events in the inclusive ¢t sample is 31.32 & 3.81. The estimates for each
background contribution are listed in table 6.1. These estimates are only available
for the inclusive case. To obtain the background numbers for the exclusive jet bins,
we scale the inclusive estimate. The scaling factors for the different contributions
are obtained from a comparison of the number of events in the three inclusive back-
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ground samples (Vs > 4) with the number of events in the four- and five-jets bin
samples. Thus, we obtain a total background estimate of 25.1 £ 3.16 in the four-jets
bin and 4.89 + 0.52 in the five-jets bin. The estimates for the different contributions
are listed in table 6.1 in the center and right column.

6.2 Correction for Acceptance and Smearing Ef-
fects

An asymmetry calculated in the reconstructed measured ¢t sample does not reflect
the initial value, due to detector acceptance, event selection and reconstruction
effects that distort the true Ay - @), distribution. Since the asymmetry is given by
the difference of events with Ay-Q; > 0 and Ay -Q; < 0, the rapidity distribution is
partitioned into these two bins p,n (positive, negative). Thus, the influence of the
different analysis steps on the shape of Ay - (Q); is only interesting in view of effects
that change the population of the two bins. A quantitative description of the impact
of event selection and reconstruction on the number of positive and negative events
is derived from the PYTHIA signal sample.

From the reconstructed Ay - @Q; distribution we obtain N;* events with Ay - > 0,
and N events with Ay - Q; < 0. In the following, a correction of these event
numbers for detector acceptance and reconstruction effects is derived. Since this is
a Monte Carlo based process, we start from the true Ay - Q; distribution yielding
the generated event numbers NJ“* and NJ".

Event Selection:

The impact of the event selection on the Ay - Q); distribution can be divided into
mainly to aspects. The acceptance of ¢t events is take into account by the total
efficiency €;,; = N*¢ /N9 representing the fraction of generated signal events, that
pass the event selection. Since the detector acceptance may not be homogeneous
over the observed Ay - Q; range, it is reasonable to consider the efficiency in each
bin of the distribution, ¢; = N /N?*". The relative efficiency is then given by:

€: N:sel Nsel
S S o i (6.1)
€Etot NZ /Ngen
Thus, the number of observed events in a certain bin ¢ after the selection can be
obtained from:

sel __ gen
Ni = €tot " €reli ° NZ . (62)

In figure 6.1 the relative efficiencies of each bin of the Ay - @; distribution are
presented. Comparing the resulting shapes of the three used MC signal samples
there are no significant differences. In the case of the inclusive distribution, shown
in plot (a), the relative efficiencies are distributed symmetrically around zero. The
symmetric character of €, ; remains in the four-jets bin as can be seen in plot (b).
In the event sample with five clustered jets, we obtain a quite asymmetric efficiency.
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The plot on the right hand side of figure 6.1 (¢) shows, that events with a negative
rapidity difference are more often accepted than events with positive Ay - Q.
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Figure 6.1: Relative efficiencies of the Ay - Q; distribution. Compared are the values for the three
different Monte Carlo signal samples. The study is made in the inclusive sample (a), in the four-jets
sample (b) and in the five-jets sample (c). One can see, that for Njc.s = 4 there is a slightly higher
selection efficiency for events with a positive rapidity, whereas in the five-jets sample events with
a negative Ay - Q; are preferred.

The impact of the event selection on the population of the two bins p and n is
described by the relative efficiencies €, and €,:

o N*(Ay - Q>0) 1 o N“ Ay Q<0) 1
PN (Ay - Q> 0) 6ot "N (Ay Q< 0) €or

(6.3)

We have seen, that the choice of the MC event generator has no significant
influence on the distribution of the relative efficiency, although the initial asymmetry
is different in in the MC@QNLO sample. Due to the similarity of the shapes, we are
able to use the PYTHIA ¢t sample for the calculation of the efficiencies ¢, and ,.
The resulting values are listed below in table 6.2.

Reconstruction of the Top-Quark Pair:

The migration of events from one bin to another due to uncertainties in the
reconstruction of the top-quark four-vectors is described by the smearing matrix
Sik. The matrix elements give the probability for an event which was generated in
bin ¢ of the Monte Carlo generated Ay - Q); distribution to occur in bin k of the
reconstructed one. Since our measurement considers only the two bins p and n, the
smearing matrix S is given by:

s=(&3r) o
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Figure 6.2: Migration plots of Ay - @, for the inclusive PYTHIA samples (a) as well as for the
exclusive cases ((b) Njets = 4, (¢) Njets = 5). The interpretation of the content of different
quadrants is given in the text.

The matrix elements are obtained from the comparison of the Ay - QM¢ dis-
tribution of Monte Carlo signal events after passing the event selection with the
distribution of these events after they were reconstructed (Ay- Q¢ ). This is done
using the PYTHIA ¢t sample. The corresponding two dimensional plots are presented
in figure 6.2. The distribution for the inclusive ¢¢ sample is shown in (a), the one
for the four-jets bin in (b), and the distribution for the five-jets bin in (c). The first

(third) quadrant always contains events, for which the rapidity difference remains
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positive (negative) during the reconstruction process. But there are also events,
where the reconstruction of the top-quark four-vectors changes the sign of the ra-
pidity difference. Thus, they migrate from the positive into the negative bin and
v.v. Since this flow of events is not equal in both directions, an artificial asymmetry
is generated which has to be corrected. Because all events of bin i have to occur
somewhere in the reconstructed Ay - @; distribution, the matrix elements S;, are
defined in such a way, that >, S; = 1 with i(k) = p,n holds for all bins i:

N, Npn Ny, N,
SPP = - ’ SP” - ! y Snp - 71)7 Snn = N A
NPP+NPN Npp+an N77,p+N77,n an+Nnn

(6.5)

The precise values of the matrix elements for the inclusive and the exclusive

case can be found in table 6.2. A comparison of the smearing matrix elements

obtained from the different MC generators shows, that S is independent of the

initial asymmetry. Thus, we decide to use the matrix based on the PYTHIA signal
to correct the measured data.

Correction Matrix ('

Accounting for the effects of event selection and reconstruction in the discussed
way, it is possible to relate the true event numbers NJ* and NJ°* of the generated
MC signal sample to the remaining, fully reconstructed numbers N and N; .
This relation is given by:

N Treco € 0 S S Ngen
D — . p . pp np . D
( Ngeco ) €tot ( 0 €n ) ( Spn Snn ) ( Nﬁen ) (66)

Introducing the matrix C:

_ (& O . Spp Snp \ _ [ & S € Snp
¢= ( 0 €n ) ( Spn Snn B €n Spn €n Snn (67)
equation (6.6) leads to:
NT'GCO C Cn Ngen
( NI;“eco ) = Cot < Oﬁ: Cni ) ’ ( lejlen ) (68)

Because the asymmetry is independent of a constant factor, €,; has no impact
on the asymmetry and can thus be absorbed by defining N, = NJ - ¢, and

N, = NI - €14 Equation (6.8) then modifies to:

Nreco B Cpp Cnp . Np
< Npgeco ) - ( Opn Cnn ) < Nn (69)

Knowing the initial event distribution, equations (6.6-6.9) provide the corre-
sponding distribution after selection and reconstruction.

In the experiment the situation is converse. We start with the reconstructed,
background subtracted event numbers Nfgs“b and NDB95%  corresponding to the
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Inclusive Exclusive (4 jets) Exclusive (5 jets)
PYTHIA | MCQNLO | PYTHIA | MC@NLO | PYTHIA | MC@GNLO
€p 0.97 0.98 1.02 1.01 0.85 0.91
€n 1.03 1.02 0.98 0.99 1.15 1.09
Spp 0.755 0.745 0.765 0.756 0.721 0.725
Snp | 0.251 0.265 0.237 0.255 0.275 0.288
Spn 0.245 0.255 0.235 0.244 0.279 0.275
Spn 0.749 0.735 0.763 0.745 0.725 0.721
C'p_pl 1.535 1.567 1.423 1.472 1.909 1.795
C;pl —0.516 —0.511 —0.443 —0.504 —0.725 —0.725
Cz;zl —0.472 —0.473 —0.451 —0.490 —0.542 —0.579
(s 1.452 1.456 1.471 1.521 1.407 1.528

Table 6.2: Efficiencies €,/,, smearing matrix elements S(i, k), and correction matrix elements
C~1(i, k). They are determined with PyYTHIA for the inclusive analysis as well as for the analysis
performed in the four- and five-jets bins. The uncertainties are small and thus not listed here.

"reco” event numbers in equation 6.9, from which we need to extract the initial
event numbers Np and N,. This can be achieved by multiplying equation 6.9 with
the inverted matrix C~'. The initial events numbers in the two bins p,n are then
obtained from the reconstructed event numbers by:

Np B . N;eco
(%) = en(Nm)

- 1 [ Cun —=Cup \ [ Npeeo
B C1pp : Cnn - Onp : Opn _Cpn Cpp Ngeco

(6.10)

The resulting matrix elements of the inverted matrix obtained from the PYTHIA
signal sample are given in table 6.2. By applying this correction matrix C~! to the
background subtracted event numbers NP5 and NP95"® of the measured Ay - @
distribution, it is possible to extract the true event numbers. Thus, we are able to
calculate the asymmetry A(Ay@;) in the unfolded distribution:

N, — N,
A(A =2 = 6.11
(39Q) = T (6.11)

which can now also be compared to theoretical predictions.

6.3 Inclusive and Exclusive Measurement

We analyze a tt data sample corresponding to a total integrated luminosity of
955 pb~!, which is divided into three electron and three muon samples. They con-
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tain, amongst others, information about the final state particles as they are recon-
structed by data processing, i.e. the charged lepton, missing transverse energy, and
all observed jets. After applying the event selection, we fully reconstruct the top-
quark four-vectors based on the information contained in the measured data sample.
Using the reconstructed top-quark kinematics, the rapidity difference Ay - Q) is cal-
culated. In figure 6.3 the Ay - @); distributions for the inclusive and the exclusively
reconstructed data samples are presented.

| Data, BG, MC comparison: N, >4 | | Data, BG, MC comparison: N.__ =4 |
jets jets
2 — MC(Pythia) + BG 2 — MC(Pythia) + BG
— - — Data — — Data
‘E’ L I heavy flavor ‘E’ I heavy flavor
(3] [ mistags (3] [ mistags
= 60F Clqco = Clqco
L 40}

20

| Data, BG, MC comparison: N =5

Jets

— MC(Pythia) + BG
— Data

I heavy flavor
[ mistags
[Jqco

N entries

10

Figure 6.3: Comparison of the Ay - @, distribution measured in data (red crosses) with the MC
expectation generated with PYTHIA plus background estimation.

This distribution, represented by the red crosses, is compared to the recon-
structed PyTHIA Monte Carlo expectation, to which the different background con-
tributions are added. We observe, that the distribution of the background fraction
is symmetric in the inclusive sample, (a), as well as in the exclusive four-jets sample,
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(b). In the five-jets sample, (c), the heavy flavor and the QCD fractions are mainly
cumulated in the positive region of Ay - Q).

Inclusive | Exclusive (4 jets) | Exclusive (5 jets)
Reconstructed:
bhelOd 48 40 7
bhelOh 51 38 11
bhelOi 42 32 7
bhmu0d 36 20 3
bhmuOh 32 26 6
bhmu0i 23 26 7
Ntot 232 182 42
N, 128 97 23
N, 104 85 18
Ar¢(Ay - Q) 0.10 £ 0.065 0.06 = 0.074 0.12 £ 0.155
Background subtracted:
Nfg 17 12.95 3.1
NBg 14.32 12.15 1.8
NfgS“b 111+ 10.5 84.05+ 9.2 19.9 +4.5
NBgSub 89.68 £9.5 72.85 £ 8.5 16.2 +4.0
ABISU (Ay - Q) 0.11 £0.075 0.07 £ 0.086 0.10 £ 0.176
Corrected:
Np 123.40 £ 19.3 83.75 £ 15.5 23.5+10.3
N, 77.28 £ 16.8 73.154+15.3 12.6 +£ 6.8
A(Ay - @Q)) 0.23£0.12 0.11£0.14 0.37 £ 0.30

Table 6.3: Overview of the number of ¢t events following the order of the analysis. The numbers
are given for the inclusive sample, as well as for the exclusive four- and five-jets samples. First,
the number of ¢ events in the used electron and muon data samples are listed. The estimated
background events in the bins p and n lead to the background subtracted event numbers, that
can then be corrected to obtain the true numbers Np and N,,. Based on these the asymmetry is
calculated. The statistical uncertainties of the event numbers in the first section (“reconstructed”)
are the Poisson errors of the event numbers. The calculation of the uncertainties of the background
subtracted and corrected event numbers can be found in appendix A. The statistical uncertainty
of the asymmetry is then obtained from equation 6.13.

The number of observed tt candidate events in the different reconstructed data
samples (inclusive, four- and five jets samples) are listed in table 6.3. The table
is organized in three sections: the first part gives the observed number of events.
The Ay - @, distributions of the background, scaled to the expected rate, deliver the
positive and negative background event numbers which have to be subtracted from
the reconstructed numbers N, and N,. Figure 6.4 shows a comparison of the ex-
clusive asymmetry calculated using the background subtracted event numbers with
the expectation of the different MC signal samples. With the obtained background
subtracted numbers, the correction can be applied to receive the true numbers Np
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| Comparison Background Subtracted Data - MC Expectation |
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O\ Pythia
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Figure 6.4: Comparison of asymmetry of the background subtracted event numbers with the MC
expectation in the exclusive four- and five-jets bins. The solid, red crosses show the asymmetry
extracted from the background subtracted event numbers. The black lines represent the MC
expectations, whereby the solid line represents the PyTHIA, the dashed one the HERWIG, and the
dash-dotted one the MC@NLO signal sample. Since the predictions of the leading-order MC samples
PyTHIA and HERWIG are similar, they are hard to distinguish in the plot.

and N, according to:

N, o 111
(Nn >n = Cine (89.68)’
]Sfp _ 1 (8405
N ), 4 72.85 )
N, 1 (199
(B) — () 612

Based on these corrected event numbers the asymmetry in the different samples
can be calculated using equation 6.11. The statistical uncertainties of the asymmetry
are calculated by Gaussian error propagation:

2N, 2N,
04 = [()? 0% 4 (B )? % V2, (6.13)
(N + Np)? P (Nt Np)? "

whereby Np and Nn depend on the efficiencies €,/¢,, and on the smearing matrix
elements S;;. The uncertainties due to the correction matrix are again taken into
account by Gaussian error propagation, at which those of the efficiencies and of
the smearing matrix elements are described by binomial errors. The complete error
propagation can be found in appendix A. The statistical error of an asymmetry
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depends generally on the measured value. This can be illustrated by rewriting
equation 6.13 and expressing o4 as a function of the number of N,:

- 1 » 9 1 1
UA(NP) 2 [1 ( N 1) ] \/Np + N—Np, (6'14)
whereby N = Np+Nn, and the statistical uncertainty of the positive and negative
event numbers is given by the Poisson error.

Figure 6.5 visualizes exemplarily the quadratic shape of the statistical uncer-
tainty. It is always dominated by the larger fraction of events. The error becomes
maximal for an asymmetry of zero, when the number of positive and negative events
is equal. If the absolute value of the asymmetry increases, either NV, or N,, becomes
larger and the statistical uncertainty is reduced.

[ 04 as afunction of N,,,,(Ay-Q > 0) |

b<(

" PR " PR PR L PR " | I "
0 50 100 150
N.,5(8y+Q, > 0)

Figure 6.5: Statistical uncertainty o4 as a function of Nevs(Ay - Q; > 0) = Np,. N, is varied in a
range from zero to the total number of events Ntttf’t in the four-jets sample.

The measured asymmetry in the different ¢¢ samples with the according statistical
uncertainty amount to:

Aine(Ay - Q) = 0.23 £ 0.12 (stat)
Ay(Ay - Q) = 0.11 £ 0.14 (stat)
As(Ay - Q) = 0.37 £ 0.30 (stat)

In the ¢t sample containing events with four observed jets, we measure an asym-
metry of 0.11+0.14 (stat). The statistical error is still dominant, but the exclusively
measured asymmetry in the four-jets bin is in agreement with the next-to-leading
order Monte Carlo expectation of about ~ 5% (see figure 6.6). In the five-jets sam-
ple we obtain an asymmetry of 0.37 4 0.30 (stat). On the basis of the MC studies
performed in chapter 5, we would have expected a slightly negative asymmetry.
Due to the low statistics in the five-jets bin the measured value is statistically not
significant. In the inclusive sample containing ¢t events with at least four jets, the
measured asymmetry is 0.23 £ 0.12 (stat).

The exclusive values of the asymmetry in the four- and five-jets bins are illus-
trated in figure 6.6. They are compared to the simulated Monte Carlo expectation of
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the different signal samples generated with PYTHIA, HERWIG, and MC@NLO, which
are the same as in figure 6.4.

| Comparison Corrected Data - MC Expectation

60F |— data corrected
— Pythia

----- Herwig

=== MC@NLO

A [%]

a0

20

20}

35 4 4.5 5 5.5

N

jets

Figure 6.6: Comparison of measured exclusive results to the corresponding MC predictions in the
four- and five-jets bin. The solid, red crosses show the asymmetry extracted from measured data.
The black lines represent the MC expectations, whereby the solid line represents the PyYTHIA, the
dashed one the HERWIG, and the dash-dotted one the MCQNLO signal sample. Since the predictions
of the leading-order MC samples PYTHIA and HERWIG are similar, they are hard to distinguish in
the plot.

6.4 Systematics

Systematic uncertainties arise from uncertainties of theoretical parameters as well as
from uncertainties concerning the experimental set up and the analysis method. Dif-
ferent contributions have been studied using pseudo experiments. Since the results
of pseudo experiments fluctuate around the statistical uncertainty of the real mea-
surement, performing series of pseudo experiments provides a statistically almost
independent estimate of the behavior of a measurement method. This allows to
study the influence of systematic modifications on the measured asymmetry. There-
fore, we need to simulate the observed signal as well as the expected background
events. The expected event numbers are thrown randomly according to a Poisson
distribution whose mean corresponds to the expected event number from the real
experiment. The means of the background fractions are the estimated ones listed in
table 6.1, the mean for the signal events is then N* — N2 The arrangement of
the thrown events in a Ay - Q; distribution is done based on the corresponding MC
signal and background templates.

If we want to study the impact of a certain systematic effect on the measured
asymmetry, the default signal sample is replaced by a MC sample generated with
settings modified in a way, that corresponds to the studied systematic effect. A
pseudo experiment is only considered, if the sum of thrown signal and background
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events corresponds to the expected number of observed data events Nt On each
randomly generated Ay - ), distribution, we apply the full correction method. Ef-
ficiencies and smearing matrix described above in section 6.2 obtained from the
default PYTHIA signal sample are applied to the simulated experiment.

Thus, we obtain from each pseudo experiment an asymmetry value and its sta-
tistical uncertainty. The mean of the asymmetry distribution p’y, obtained by per-
forming several pseudo experiments on the base of different MC signal templates
1, can be compared to each other. The variation of the mean is then a measure
for the impact of the corresponding systematic uncertainty source on the extracted
asyminetry.

Considering systematic uncertainties, we distinguish between sources due to the-
oretical parameters, and uncertainties due to the experimental setup and analysis
method. Theoretical uncertainties arise during the MC event generation due to un-
certainties of the used parameters. The different contributions taken into account
by this analysis are:

e MC Generator:
The choice of a certain MC event generator may have an influence on the
measured asymmetry, due to differences in the modeling of tf events. The
impact is estimated by comparing the result p, if using a HERWIG signal
sample to the one obtained from the default PyTHIA signal sample, both of
which use a top-quark mass of m; = 175 GeV /c?.

e Parton Distribution Function:
The impact of the PDF uncertainty is determined by using MC signal samples
generated with different underlying PDFs. We compare MC signal samples,
that use MRST72 and MRST75 [59] respectively for the generation, to a
PyTHIA signal sample using CTEQS5L [60]. They were all generated with a
top-quark mass of m; = 178 GeV/c2. The systematic effect is then taken as
the larger of the two deviations from the default value.

e Top-Quark Mass:
To estimate the influence of a varied top-quark mass we compare the two
PyYTHIA signal samples generated with a top-quark mass of m; = 178 GeV /c?
and m; = 175 GeV/c? respectively.

e Initial and Final State Radiation:
The impact of ISR and FSR is estimated by using PYTHIA signal samples in
which the parameters for the gluon radiation are varied to produce more or
less ISR or FSR. compared to the standard setup. The systematic uncertainty
is given by the difference of the results obtained for the settings of more and

less ISR/FSR.

The systematic uncertainties arising from theoretical uncertainties are summa-
rized in the upper part of table 6.4. We study the following systematic uncertainties
caused by the experimental setup and analysis method:
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Inclusive Exclusive (4 jets) | Exclusive (5 jets)
Source - AAi. + AAje | - AAy + AAy | - AAs + AAs
MC gen. 0.0001  -0.0001 - - - -
PDF 0.0308  -0.0308 - - - -
Top-mass | 0.0100  -0.0100 | 0.0265 -0.0265 | 0.0102 -0.0102
ISR 0.0079  -0.0079 - - - -
FSR 0.0321  -0.0321 - - - -
Ejer scale | 0.0084  -0.0049 | 0.0103 -0.0022 | 0.0032 -0.0269
BG, rate 0.0160  -0.0291 | 0.0050  0.0000 | 0.0529 -0.0334
BG, shape | 0.0302  -0.0161 | 0.0212 -0.0212 | 0.0517 -0.0486
Total 0.056 -0.057 0.036 -0.034 0.075 -0.066

Table 6.4: Summary of systematic uncertainties, the total error is calculated by adding all single
uncertainties in quadrature. In the exclusive case, some sources become part of the measurement
and therefore are not taken into account as systematic uncertainty.

e Jet Energy Scale (JES):

The reconstructed Ay - @, distribution is altered by the jet energy corrections,
since a modification of the jet energy scale changes the selected events and their
reconstruction. The impact is estimated by processing the default PyTHIA
sample with a jet correction varied within one standard deviation in both the
negative (JES—) and the positive (JES+) direction. The resulting pa(%) are
compared to the one obtained from the PYTHIA signal sample processed with
the default jet energy corrections.

e Background Rate:
The quantitative influence of the background uncertainty is obtained from a
series of pseudo experiments based on modified background rates. The Pois-
son means of all the different background contributions are simultaneously
enhanced or reduced within one standard deviation, whereby the number of
thrown data events remains unchanged. The results are compared to the de-
fault.

e Background Shape Modeling:
To check the uncertainty due to the background shape modeling, we use each
shape of the three background distributions alone and simulate the total num-
ber of background events, instead of distributing them based on a composition
of the three templates. The uncertainty obtained from the case with the largest
deviation in the extracted asymmetry compared to the values obtained from
the default background composition is then stated as systematic uncertainty.

The determined uncertainties of these sources are summarized in the lower part
of table 6.4. By adding all single uncertainties in quadrature we obtain a total
systematic uncertainty of +0.056 and —0.057 for the inclusive measurement of the
asymmetry. For the measurement in the exclusive four- and five-jets bins one has
to consider, that the measured asymmetry is due to gluon radiation effects and its
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theoretical description. This means, that certain effects considered in the inclusive
case as a systematic uncertainty, become part of the measurement content in the
exclusive samples. Thus, several sources listed in table 6.4 are not specified for the
exclusive cases. First of all, ISR and FSR are rather a reason for the observed jet
bin effect than a systematic effect. The Monte Carlo studies of the asymmetry in
top-pair production have shown, that the parton shower modeling is able to simulate
gluon radiation up to some limit. A variation of the PDF involves a variation of
the QCD scale which also has an impact on gluon radiation modeling. Thus, these
issues are not taken into account as systematic effects. The remaining contributions
are again added in quadrature. This yields a systematic uncertainty of +0.036 and
—0.034 for the asymmetry measured in the four-jets sample, while a total systematic
uncertainty of +0.075 and —0.066 is determined for the measurement in the 5 jet
bin.
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Chapter 7

Conclusion and Outlook

In this thesis I have presented the measurement of the charge asymmetry in top-pair
production, analyzing a data sample corresponding to an integrated luminosity of
955 pb~!. Only tt events, where one top quark decays semileptonically and the other
hadronically are considered, leading to a signature of at least four jets, a charged
lepton, and missing transverse energy due to the neutrino. The charge asymmetry
is measured in the observable Ay - @;, the rapidity difference of the semileptonically
and hadronically decaying top quark times the charge of the charged lepton. The
asymmetry is then given by the difference in the number of events with positive and
negative Ay - Q; values divided by the sum.

In preparation of this measurement, I conducted several Monte Carlo based stud-
ies concerning the asymmetry. As described in chapter 1.3 the charge asymmetry
is caused by the interference of different matrix element amplitudes for the same
final state, e.g. tt, ttg.... The harder the additional gluon, the more negative is the
interference contribution of initial state (ISR) and final state gluon radiation (FSR)
amplitudes. Overall a slightly positive value of about 5% is expected. Using the
tt signal sample generated with MC@QNLO, the expected inclusive asymmetry value
Aine is well reproduced. Leading order Monte Carlo generators like PYTHIA and
HERWIG lead, as expected, to an inclusive asymmetry of zero.

A Monte Carlo based study of the asymmetry at jet level has shown, that the
value of the asymmetry depends on the number of reconstructed jets. In detail, we
observe a linear dependence of the asymmetry on the number of jets, where the slope
is negative. This jet bin effect is the result of a growing contribution of hard ISR
and FSR interference. A similar linear dependence of the asymmetry on the number
of jets is observed for leading-order parton showering Monte Carlos like PYTHIA
and HERWIG. Here, the ISR and FSR interference is partly modeled by the angular
ordering of gluon radiation implemented in the parton showering.

These findings motivated further studies concerning the effect of gluon radiation
on the rapidity distribution of the produced top quarks. Thereby, we observe a cer-
tain dependence of the rapidity of the top quark on the strength and direction of the
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radiation. The higher the transverse momentum and the more central the radiation,
the more negative becomes the mean of the rapidity distribution of the produced
top quarks. This behavior explains the observed shift of the inclusive asymmetry
value in the negative direction after applying our event selection cuts, which was
the original motivation for the Monte Carlo based studies.

Due to these results, I performed the measurement in the inclusive data sample,
as well as in the four- and five-jets sub-samples exclusively in order to be sensitive
to the negative contribution of the asymmetry expected to occur in the five-jets sub-
sample. I used a matrix method to correct the background subtracted event numbers
for event selection and reconstruction effects. Because the matrix obtained from a
PyTHIA signal sample (A;,. = 0%) and obtained from a MCQNLO signal sample
(Aine = 5%) are very similar, the correction method is proven to be independent
of the inclusive asymmetry as long as A;,. is relatively close to the standard model
prediction. Using the PYTHIA correction matrix, I obtain the following results:

Aine(Ay - Q) = 0.23 £ 0.12 (stat) £ 5057 (sys)
A (Ay - Q) = 0.11 £0.14 (stat) £ goag (sys)
As(Ay - Q) = 0.37 £0.30 (stat) £ Joge (sys)

The value measured in the four-jets bin is comparable to the expected slightly
positive value of the charge asymmetry of about 5%. Although we would have ex-
pected a negative asymmetry in the five-jets bin, the measured large positive value
is not very significant due to low statistics. Since the measured asymmetry in the
inclusive data sample reflects the measurement in the exclusive samples, it is higher
than expected. The exclusive as well as the inclusive measurements are still statis-
tically limited.

The main focus of this thesis was to understand the results of the performed
MC studies of the asymmetry in top-pair production, and therefore to reach an
appropriate interpretation of a measurement result. The studies revealed, that a
measurement in exclusive jet bins offers the possibility to study the different con-
tributions to the asymmetry. To optimize this attempt, we need to estimate the
composition of the corresponding event sample, i.e. how many tt, ttj, ttjj, ... events
contribute to an asymmetry measured in the respective jet bin. Due to the inter-
pretation approach yielded by this thesis, a more precise analysis can be performed
to understand better the origin of the charge asymmetry in top-pair production.



Appendix A

Statistical Uncertainty of Corrected Event
Numbers

Given are the efficiencies €, and €, with the corresponding binomial uncertainties
o., and o, and the elements of the smearing matrix S:

N, N, N, N,
pp mo g woos nn (A.1)

S = = =
pn sel? np sel? sel’
N N N

Spp - Nsel’
p

The uncertainty of the elements S;, are described by the binomial error:

1

O-SPP = Nsel \/N;EZ : Spp ) (1 - Spp)
p
1

TSpm = N sel \/szd + Sp - (1- Spn)
p

1
OSnp = Ngel \/NrsLd + Snp + (1= Spp)

! \/Nfbel - Snn . (1 - Snn) (AQ)

TSnn = Nsel
The correction matrix C' connects smearing and efficiency:
O:(Ep O).(Spp Snp):(ﬁp'spp Ep'Snp) (A.3)
0 ¢, Spn. Snn €n - Spn €n - Sun
The error of the matrix elements of the correction matrix are calculated by Gaussian

error propagation:

_ 2. 2 .
OCpy = \/Ep O Spp + Spp Ocp

— 2., 2 .,
OCpn = \/Ep O Spn + Spn Oep

_ 2 . 2 .
OCy = \/en 08,y T Snp O,

n
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Inverting the correction matrix yields:

Cnn - —Cnp ) (A.5)

_Cp Onn_Cn 'Cpn'(_Cpn bp

We introduce the abbreviation X = 1/(C,, - Cpy, — Cyp - Cpy), whose statistical
uncertainty oy is given by:

pn np

ox = \/C’?m . O%W +C? . U%np +C2 . a%pn + Cz%p . U%Tm (A.6)

The uncertainty of the inverted matrix elements is again derived from Gaussian
error propagation:

—Chn 1

o = (o (R,
—Cyn 1

ot~ (G4 (7,

-, 1
UC’Ep1 = \/( sz)2 : O-g( + (Y)Q ) U%'np

-C 1
OCmt = \/(X—?)Z 0% + (})2 . U?Jpp (A7)

The true event numbers are calculated on the base of the inverted matrix from the
background subtracted event numbers:

-1 BgSub -1 BgSub
N, =C,, - N+, - N,

N, =G} NPosub oot NDBosub, (A.8)

whereby the uncertainty of the background subtracted numbers is given as:

O—NfgSub — \/ Np + NpBg
0 yzasu = \| Ny + Ni* (A.9)

Finally, the statistical uncertainty of the corrected event numbers Np and N,,, which
then enters the uncertainty of the asymmetry, can be obtained from Gaussian error
propagation:

oN, = V (N2 01+ (NP2 - 08+ (C)? - 0 s+ (C)? - 03

pp Np np Nr}?gsw

C;;n n Cnn n N n NTI?gSub

(A.10)

T8 = \/ (NPT 02y 4 (NP2 02y 4 (O - 02 s + (Gl -
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