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Abstract

This thesis presents a measurement
of the top quark polarization in the
tt events produced in pp collisions at
Vs = 1.96 TeV using data correspond-
ing to 9.7fb~! of integrated luminos-
ity collected with the D@ detector at
the Fermilab Tevatron Collider. The
final states used in the measurement
contain one lepton and at least three
jets. The polarization is measured us-
ing the angular distribution of leptons
along three different axes: the beam
axis, the helicity axis, and the trans-
verse axis normal to the ¢ production
plane. This is the first measurement of
top quark polarization at the Tevatron
Collider in lepton+jets final states, and
the first measurement of transverse po-
larization in t¢ production. The polar-
ization along the beam axis is combined
with the previous result in the dilep-
ton final states by the D@ experiment.
The observed distributions are consis-
tent with the Standard Model of nearly
no polarization and no indication for
beyond Standard Model physics is ob-
served. The measurement offers legacy
result from unique Tevatron Collider
data and provides more information
about the top quark production and de-
cays, about the properties of the heav-
iest elementary particle.

vii

Abstrakt

Tato dizertace popisuje méreni pola-
rizace top kvarku v produkci pari
top-antitop pochézejich z pp srazek
na urychlovac¢i Tevatron ve Fermi-
labu. Analyzovand data z detektoru
D® odpovidaji integrované luminosité
9.7fb~! a méfeni se provadi v konco-
vych stavech s jednim leptonem a ale-
spon tremi jety. Polarizace se studuje v
thlovém rozlozeni leptont vzhledem ke
tfem riznym osam: ose svazku protont,
ose helicitni a ose kolmé k produkéni ro-
viné paru top-antitop. Jedna se o prvni
meéreni polarizace top kvarku na urych-
lovaci Tevatron v koncovych stavech s
jednim lepton a jety a viibec prvni mé-
feni polarizace vzhledem k ose kolmé
k produkéni roviné. Vysledek polari-
zace vzhledem k ose svazku protont je
zkombinovan s predchozim vysledek z
experimentu D@ v koncovych stavech
se dvéma leptony. Pozorované rozdé-
leni a namérené polarizace jsou v sou-
ladu s predpovédi ze Standardniho mo-
delu, tedy s témér nulovou polarizaci
part top kvarkt. Neobjevil se zadny
naznak nové fyziky mimo Standardni
model. Vysledky méfeni jsou konecna z
unikatnich dat z urychlovace Tevatron,
ktery svoji ¢innost ukoncil v roce 2011.
Vyznam tohoto méreni je poskytnout
vice informaci o vlastnostech, produkci

Vv,

elementarni ¢astice.
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Foreword

[] Foreword

This thesis describes analysis of the D@ data, an effort in conjunction with the
entire DO collaboration. I did not build the D@ detector, nor did I create all the
algorithms and methods necessary for the identification, reconstruction and analysis
of the data recorded by the D@ detector. I participated in data acquisition by
taking shifts in the control room, in the correction of the reconstructed jets as a
part of the Jet Energy Scale group, and in the Top quark group in the selection
of the lepton+jets final states and in the measurement of the top quark mass and
polarization.

In total, I have been the main author, or one of the main authors, of six D@ Notes
that are internal DO documents describing techniques and analyses in various parts
of the DO framework and physics program. Three of them are about the Sample
Dependent Correction that is an important part of the Jet Energy Scale. This
was my main service task at the experiment. One of the notes describes the
selection of the top quark decay channel called lepton+jets, which is essential for
the measurement of top quark polarization as the analysis was done in this particular
channel. The last two notes describe the measurement of the top quark polarization
itself, the first is the Analysis Note, a detailed description of the measurement
for the collaboration, and the second is the Conference Note that describes the
measurement in form of a short paper for the first public revelation of the results.

The results have been presented at 2015 and 2016 International Workshop on
Top Quark Physics [102] with Proceedings in Ref. [1§].

I have been also recognized as one of the main authors of three DO papers: Jet
energy scale determination in the D0 experiment [64], Precision measurement of
the top-quark mass in lepton-+jets final states [40], and Measurement of top quark
polarization in tf lepton-+jets final states [34].

The original work of the author is described in the Section [3.7.1) and in the
Chapters 5| and 6.






Chapter 1

Introduction

In the field of particle physics, we seek answers to the questions how world around us
works, on what principles the Universe is based, and what things looked like in the
early times just after the Big Bang. This is based on the belief that we can describe
it by understanding the fundamental pieces and how their interactions work. This is
the way the Standard Model of particle physics (SM) is built and how we recognize
the elementary particles and their interactions. SM has become a very powerful
and successful theory. It will be briefly described in Section (1.1 Experimental
physicists use many expensive tools, like enormous particle accelerators and large
detectors, and spend decades to bring this theory to trial. As scientists we have to
cross-check everything to discover the world of elementary particles step by step, to
see how the interactions work and how matter around us is built.

This thesis is focused on one of the elementary particles known as the top quark.
This particle is very popular in the particle physics community and not only because
the name top quark sounds eminently (one can imagine an analogy to pop-culture
names as Top Gun, Top Gear etc.), but mainly because of its unique properties
that allow us not only to test the SM theory, but also to have a possibility to see
processes that are not described by this theory. On March 2nd, 1995, the discovery
of the top quark was officially announced by the CDF and the D@ collaborations at
the Fermi National Accelerator Laboratory (Fermilab), USA [1, 2]. This date sets
it as one of the most recent discoveries in particle physics, prior to the well-known
discoveries of Higgs boson in the year 2012 [3] and tau neutrino in the year 2000 [4].
Both the experimental and theory physicists have spent those 21 years since the top
quark discovery extremely productively and there are thousands of journal papers
and books written on topics related to the top quark and its properties.

Top quark, or rather the third generation of quarks, was predicted in 1973 [5]
and the hunt for the top quark discovery was over 20 years long. This is due to
the fact that top quark is very heavy and its mass is a free parameter in SM. The
top quark is the heaviest elementary particle currently known to us, with mass of
approximately 190 protons, which can be compared to an atom of Tungsten'. Note

1Some authors refer top quark to nuclei of Gold, although Tungsten is more accurate. This
is perhaps due to the possibility of comparison between the price of gold and the price for the
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that each proton is composed of three quarks, two up quarks and one down quark,
that belong to the first generation of quarks.

Measurements involving top quarks have been extremely difficult in the first
decade after the discovery. And still are, although we now know many top quark
properties and parameters with great precision. But at the time when the top
quark was discovered, there was only one place where we could ’observe’ the top
quark - it was the Tevatron Collider, where both experiments, the CDF and the
D@, were based.

In the beginning, only few candidate events for the top quark production and
decay were detected by both detectors. For example, the observation paper by
the DO collaboration [I] stated only 17 events, while 3.8 events was the expected
background, and measured the basic parameters like mass and cross-section with
huge uncertainties of 15% and 34%, respectively. Many more top quarks have been
observed since then, but the important date was the year 2009, when the Large
Hadron Collider (LHC) has started its operation. LHC might be called the top
quark factory, as the number of top quarks produced is very large compared to the
Tevatron collider. For an experimental physicist it was also a unique possibility
how to confirm results from the Tevatron collider as LHC is the only other place
where we are able to produce top quarks and observe them using detectors built
around the collision points.

Many properties and parameters of the top quark have been measured with
great precision. Many people and resources have been devoted because of the
uniqueness of top quark among elementary particles, for example the fact that top
quark decay for hadronization and as the only quark does not form bound states 2.
Top quark is in the spot light for many experimental and theory physicists. Many
studies performed in the past confirmed the SM predictions made about top quark,
which is a great success for the theory. Some parameters are free in the theory,
but are important to be measured because of the interplay with other processes
and particles, like the Higgs boson. Such measurements are great trials for our
understanding of data from the detectors and for our analyzing techniques that
some might call looking for a needle in a haystack. And all the results are an
important input for work of many theoretical physicists interested in the top quark
sector.

This thesis describes the measurement of one of the top quark properties, the top
quark polarization. In the case of the top quark decay, the polarization is carried by
the decay products and therefore, we are able to measure the top quark polarization
by looking at the angular distribution of the final decay products. Such measurement
was interesting for the theory even before the top quark was discovered [0, [7, [8], 9.
The top quark polarization in the top quark pairs (¢f) is predicted in SM to be zero or

discovery of top quark, calculated as the mass of produced top quarks versus the price to build
the accelerator and the detectors in gold.

2The tt bound state would be called toponium. This hypothetical meson formed from a top
quark and its antiquark was initially the object looked for in the hunt for the discovery of top
quark as all the other quarks have been observed in bound states. Toponium was never confirmed.

4
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more precisely nearly zero as small polarization is generated by the parity-violating
weak interactions [10], while many processes beyond the Standard Model associated
with top quark production and decay induce a finite top quark polarization. On the
other hand, it was clear that such measurement, to be feasible, needs large statistics
and precise reconstruction of the top quark decay from the detected final state
particles. The interest in this measurement started to be eminent when the so-called
top quark forward-backward asymmetry results were published by both Tevatron
experiments, D@ and CDF [I1], 12], showing quite strong disagreement with SM
calculations. The first measurement of the top quark polarization was however
carried by the LHC experiments - both CMS and ATLAS showed agreement with
the SM with first results in 2013 [I3], 14]. The year after, the forward-backward
asymmetry disagreement was resolved by better theory calculation at the next-to-
next-to leading order (NNLO) and by a new measurement with the full Tevatron
dataset. Still, the measurement of the top quark polarization from the Tevatron
was missing and there was strong motivation for it [I5, [16]:

B [t is a missing piece that is important for the Standard Model confirmation or
beyond Standard Model searches in the top quark sector.

® The initial state is different to the LHC and polarizations along some quanti-
zation axes from the pp collisions are expected to be larger than those for pp
collisions [9] 10], therefore offering greater sensitivity than the LHC.

® Top quark polarization was never measured before at the Tevatron and most
likely, there will be no other pp collider in the future, thus it is a legacy
measurement with unique data.

As of now, there has been already one measurement of the top quark polarization
at the Tevatron, it was a simultaneous measurement of the forward-backward
asymmetry and the top quark polarization in dilepton final states by the D@,
published in 2015 [I7]. The same year, results from measurement described in
this thesis were made public at the TOP2015 workshop [I§] and in the form of
Conference Note [19].

This thesis is the first measurement of the top quark polarization in lepton+jets
final states at the Tevatron, the first measurement of the transverse polarization
in tf production and the combination with the dilepton result for the top quark
polarization along the beam axis. The transverse polarization and the different
quantization axes are defined in the Section 5.1\

This thesis is organized as follows. In this introductory chapter, Section [1.1
describes the Standard Model and Section [1.2] speaks about top quark physics.
Following Chapter 2| provides the description of the experimental apparatus, that
is the Tevatron accelerator and the D@ detector. In the Chapter |3, the object
identification and Jet Energy Scale are discussed. The data and simulation samples,
together with selection requirements are described in the Chapter 4. In the next
Chapter |5, main part of this thesis, the measurement techniques for the top quark
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polarization are described. The final results are presented in the Chapter 6| and
the conclusion and short discussion is in the Chapter 7. Additional materials are
attached as Appendix: Control plots in Section |A] and the journal paper [B| that is
the output of this measurement.

B 1.1 Standard Model

In the current state of our understanding, the Standard Model of particle physics
describes the interactions between particles. It has been extremely successful at
modeling these interactions from low energies of a few electronvolts (eV) up to
the highest energies that have been probed by experiments, several TeV (LHC is
designed for 14 TeV). However, despite its success, there are some missing pieces. The
gravitational interaction is not considered. While the SM very precisely describes
the interactions of matter and antimatter, the vast majority of the universe consists
of dark matter and dark energy not contained in the SM. Therefore, we consider
SM to be an effective theory, well describing phenomena below a certain energy
threshold. For the present high-energy physics experiments, the effect of standard
gravity is negligible and we have been using the SM successfully over the years and
trialing the theory by performing measurements.

The SM evolved during the 20*" century as we started to discover microcosm and
the world of particles around us. The important part of the history were 1950’s
and 1960’s, when many physicists were confused by "particle zoo" with dozens of
hadrons being discovered with no possibility of easy and systematical cataloging.
The Quantum Electrodynamics (QED) had been a very strong theory by that time
and the Quantum Chromodynamics (QCD) was built as an analogy to it using its
the extension towards the non-abelian theories (Yang-Mills) providing theoretical
background for the SM. Important factor was also deep inelastic scattering as
experiments at SLAC showed there is proton structure. The SM is a very successful
theory confirmed by many measurements and with all particles predicted being
now confirmed by experiments, including the Higgs boson. The importance is in
reducing the number of elementary particles (as compared to the situation in the
early 1960’s) and in identification of basic dynamical principles of interactions in
the microcosm.

According to the SM, all matter consists of elementary particles, twelve fermions,
each of which has an antimatter equivalent®. There are two types of fermions:
quarks and leptons. The twelve fermions are arranged into three families as shown
in Table 1.1, The quarks and leptons are grouped in three generations and particles
in the same generation have relatively similar mass and related quantum properties.
The particles in the first generation rarely decay and all ordinary matter is comprised
of such particles. On the other hand, the particles in the higher generations are

3 Antimatter equivalents are antiparticles and are denoted by placing bars above the particle
symbols.
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unstable, can only be produced at very high energies, and eventually decay into
particles made out of the first generation (or belonging to the first generation).

Fermions Bosons

Leptons (ye) <5> (;) v, W*,2Z,
e L a
owie () () ()] o

Table 1.1: The elementary particles and force carriers in SM.

Among the leptons (¢), the lightest and most familiar is the electron (e), while
more massive muon () and tau leptons (7) represent the second and third genera-
tion, respectively. The charged leptons interact via the electromagnetic and weak
forces. The neutral leptons are called neutrinos, and are expected to be massless
in the SM, but experimental results show they have small but finite mass [20].
Neutrinos interact only via the weak force, and are therefore hard to detect. For
high-energy experiments, such as D@, they are completely invisible in the detector
and their presence is denoted by an imbalance in the transverse momentum in a
measured event.

Quarks interact via electromagnetic, weak, and strong interactions. In addition
to fractional electric charges, quarks carry QCD "color charges" of the strong
interaction. Unlike leptons, quarks other than the top quark do not exist as free
particles, but are always bound to one another, forming color-neutral particles
(hadrons).

The basic properties of leptons, quarks, and bosons in the SM are summarized in
Table [1.2

The complete set of interactions of the Standard Model particles is described by
the gauge group

SUc(3) ® SUL(2) ® Uy (1), (1.1)

which are the gauge groups of color, weak isospin, and weak hypercharge, respec-
tively.

Electromagnetic interactions are mediated by the photon exchange between
particles with electric charges. It acts on particles carrying weak hypercharge.
The interaction corresponds to the Uy (1) symmetry of quantum electrodynamics
(QED).

The weak interactions are carried by charged W* and neutral Z° bosons and
they act on all quarks and leptons. This is described by the SU(2) group and acts
on particles carrying weak isospin. The fact that W and Z bosons are very massive
is reflected in the very short range of these interactions. At high energies, above
the W mass, the SM effectively unites the electromagnetic and weak interactions
into electroweak (EW) force. The electroweak symmetry SU(2) ® Uy (1) is broken,
which results in very different masses for the mediating photon and the W and Z

7
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symbol name mass charge (e)
e electron 0.510998928 MeV -1
Ve electron neutrino <2eV 0
Leptons L muon 105.6583715 MeV —1
(spin = 1/2) Yy muon neutrino <2eV 0
T tau 1776.86 MeV -1
vy tau neutrino < 2eV 0
u up 2.3MeV -1/3
d down 4.8 MeV 2/3
Quarks s strange 95 MeV —1/3
(spin = 1/2) c charm 1.275 GeV 2/3
b bottom 4.18 GeV —1/3
t top 173.21 GeV 2/3
v photon 0 0
Gauge bosons ~ W+ W 80.385 GeV +1
(spin = 1) A Z 01.1876 GeV 0
g gluon 0 0
Higgs boson
(spin = 0) H Higgs 125.09 GeV 0

Table 1.2: The SM fermions, gauge bosons, and Higgs boson and their basic properties,
given without uncertainties, quoted from Ref. [2I]. The electric charge is given in
units of the charge of the electron.

bosons, and which is accommodated by the Higgs mechanism [22] 23] in which the
presence of non-zero vaccum value of the Higgs field breaks the EW symmetry. The
Higgs boson that corresponds to an excitation of the Higgs field is the last particle
that has been discovered [3] and thus all the particles predicted in the SM have
been observed in experiments.

Additionally for the quarks, the weak force provides the only mechanism for
transitions from one family to another. With six quark flavors, the mixing between

the different families is governed by a 3 x 3 unitary matrix V;;, known as Cabibbo-
Kobayashi-Maskawa (CKM) matrix [5]

Vud Vus Vub
Vekm = | Vea Ves Vi (1.2)
Vie Vis Vi

As for any 3 x 3 matrix, we can define three Euler angles and one phase angle,
and the latter introduces the possibility of the simultaneous violation of Charge
Conjugation and Parity conservation (CP-violation) in EW processes. The values
are either measured directly from particle decays, or obtained assuming the unitarity
of the matrix and the latest oveview can be found in [21].

The strong interaction is mediated by gluons that couple to color charged particles
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1.2. Top Quark

(quarks and gluons), and is described by an SU¢(3) symmetry group. Unlike quarks,
gluons bi-color combination of color and anti-color charges, and are postulated to
belong to an octet of states from combination of three colors and three anticolors.
Strong force is the strongest of the fundamental interactions and the strength
increases as the distance of the interacting objects increases. As color is not a
physically observable quality, any quarks or gluons produced in high energy collisions
transform to color-neutral hadrons, i.e. hadronize, as the final states evolves in time.
Experimentally, when a quark or gluon is produced in a collision, it will generate a
shower of hadrons, called jet, that can be detected with the color quantum number
of the final state identical to that of the initial colliding objects.

QCD processes cannot be calculated exactly, but approximation techniques based
on perturbation theory are available, in which an asymptotic series can be given
in terms of the coupling strength of the interaction. The coupling strength of the
strong interaction, denoted as g, decreases with increasing transverse momentum
of the elementary collision. Therefore for the high-energy hadron colliders and top
gaurk physics, perturbative QCD (pQCD) at leading (LO), next-to leading (NLO),
and next-to-next-to leading order (NNLO) are now available for most production
processes.

SM based on EW and QCD interactions is a very successful theory verified by
many experiments. But still, it is an incomplete theory with some known issues.
The absence of gravitational force might not be an issues for the high energy physics,
but it also does not involve "dark matter" nor "dark energy"'. The SM assumes
neutrinos to be massless, which we now know to be wrong. Therefore, the presence
of things outside the SM is a great motivation for us to search for processes beyond
the SM in every possible scenario. And the top quark with large mass and short
lifetime is great candidate to look for new physics.

B2 Top Quark

The top quark is the most massive known fundamental particle to date. It forms
a weak isospin doublet with the bottom quark in the third generation of quarks.
Top quark is known for its very short lifetime, even shorter than time needed
for QCD hadronization, so the top quark is the only bare quark observed %, After
the discovery in 1995 a lot of effort has been put into measuring its mass, nowadays
the precision is gained by combination among the experiments achieving precision
under 0.5% [24]

my = 173.34 £ 0.27(stat.) £ 0.71(syst.) GeV. (1.3)

There are already new measurements that are not in the combination, but the value
is already dominated by the systematic uncertainty. With a mass above the mass
of the W boson, the top quark decays rapidly to a W boson and a b quark. The

4Due to the QCD confinement quarks are bound into hadrons and cannot be separated.
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extremely short life time of about 5 x 1072° s presents an unique opportunity to
study a bare quark. The top quark lifetime can be measured experimentally through
the decay width of the top quark. The charge of top quark is +%e, fractional as for
other quarks. EW theory will also hold with exotic top quark charge of —%e, but
that has been excluded at both Tevatron and LHC with over 99% probability and
the SM value is acknowledged. Top quark has weak isospin of +%. It is the only
quark that has Yukawa coupling to the Higgs boson of order of unity. Top quark
phenomenology is a unique place to understand and test strong interactions, both
in the perturbative and non-perturbative regimes. And an accurate knowledge of its
properties is important for explaining fundamental interactions at the electroweak
breaking scale and beyond. The properties can be studied experimentally at any
type of accelerator or collider, where top quark is produced. At this moment, that
means only Tevatron (that stopped its operation in 2011) and LHC, but there
are plans for more facilities to measure top quarks, among other physics program,
especially the International Linear Collider (ILC) and the High-Luminosity upgrade
of the LHC (HL-LHC).

There are many detailed reviews of top quark physics dealing with both exper-
imental and theoretical aspects of the top quark - References [21), 25, 26, 28] are
among the most useful. The following sections will briefly summarize the top quark
production and the top quark decay and the respective top quark properties.

B 1.2.1 Top Quark Production

The top quark production mechanisms differ according to the particles colliding and
the centre-of-mass energy. At the Tevatron, proton and antiproton were colliding
at centre-of-mass energy of /s = 1.96 TeV, producing top quarks dominantly via
through the ¢g annihilation. On the other hand, at the LHC, only protons collide
at different centre-of-mass energies of 7TeV, 8 TeV, and 13 TeV with the top quark
production coming mostly from gluon fusion. In both cases, top quarks are produced
predominantly in pairs, referred to as the top quark pair production. This thesis is
dealing only with the Tevatron production of the top quark pairs.
The cross section for the ¢t production at the Tevatron is predicted to be [29]

047 =T7.3740.39pb (1.4)

for the top quark mass of 173.3 GeV by employing an approximate next-to-next-to-
next-to-leading-order (aNNNLO) calculations. NNLO+NNLL calculation [33] gives
cross-section prediction of

0 = 7167030 L5313 pb- (1.5)

The latest DO measurement [30] (using the same data as this thesis) is in a very
good agreement with the theory by measuring the cross-section of

0 = 7.26 £ 0.13(stat.) T3 27 (syst.) pb. (1.6)

10



1.2. Top Quark

Approximately 85% of top pairs are produced via the annihilation of a quark
and an antiquark to a gluon which then decays to a top quark and top antiquark.
The remaining 15% of top pairs are produced by the fusion of two gluons. The
leading order Feynman diagrams of both processes are shown in Figure|1.1. For
the measurement in this thesis, the ratio of the two production mechanisms is
important. It can be understood by considering the typical momentum fraction
x of the colliding hadron which is required to produce a pair of top quarks. A
centre-of-mass energy of at least the mass of the two top quarks, 2m;, is required.
For the Tevatron energies, the colliding parton needs to have a momentum fraction
T = 2—\’/”5 ~ 0.18 of the hadron’s momentum to produce the top quark pair. For this
value of z, the quark distribution functions, in particular the u and the d valence
quark distribution, are much larger than that of the gluon. The gluon distribution
increases more steeply towards low x and thus the LHC top quark pair production
is dominated by gluon fusion.

Top quarks are produced mainly in pairs, but there is also a possibility that only
one single top quark will appear with a cross section about three-times smaller
and more background processes to consider. The single top processes produced by
electro-weak interactions are different to the pair production and their leading order
diagrams are shown in Figure 1.2, where the W. The cross section for the single top
production has a theoretical prediction of oy = 3.12pb [31} [32]. DO measured this
value to be [34] o, = 3.437073 pb, which is in good agreement with prediction. This
measurement is focused only on top quarks pairs and thus single top production is
not further considered in the text.

~pR

(0100 t

Hl

0000

h"l

Figure 1.1: Feynman diagrams for top quark pair production at the Tevatron with
qq annihilation on the left and two possibilities of gluon fusion on the right.

B 1.2.2 Top Quark Decay

In SM, the top quark is predicted to decay to a W boson and a b quark (¢t — W)
almost 100% of the time. In general, the top quark can decay to any down-
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Figure 1.2: Feynman diagrams of single top quark production at the Tevatron, with
t channel on the left and s channel in the middle and two Wt channels on the right.

type quark and a W boson. The rate at which the different decays take place is
proportional to the CKM matrix, Eq. , elements |V;,|?, with ¢ = d, s,b. Under
the assumption that there are only three families of quarks, the matrix elements
|Viq|? are well constrained, with |V,| close to unity [21].

The value of |V};| can be determined experimentally by comparing branching
fractions of the different decays t — Wyq, with ¢ = b,s,d. The ratio of these
fractions is measured by counting how many decays of top quarks are compatible
with a signature corresponding to ¢t — Wb and the total number of top quark
decays. The most recent measurement by DO [35] finds 0.90 < V3, < 0.99 at 95%
confidence level assuming the CKM matrix unitary. With the top quark mass larger
than the mass of the W boson, only the decay ¢ — Wb is assumed in this work.

The top quark decay width is a quantity that is corresponding to top quark lifetime
with NNLO prediction of a width of 1.32 GeV [36] and a lifetime of 5 x 1072°s. The
width has been measured experimentally by the DO experiment [37] resulting in
I, = 2.00704% GeV, which translates into top quark lifetime of 7, = 3.2970:8 x 10=2° 5.
For comparison, a typical hadronization timescale is an order of magnitude larger
than this lifetime.

Important feature of the lifetime shorter than hadronization is that itop quark
decays before its spin can be flipped by the strong interaction. Thus, the top-quark
polarization is directly observable via the angular distribution of its decay products.
It is possible to define and measure quantities sensitive to the top quark spin and
its production mechanism. Top quark pairs should be produced unpolarized in
the SM, but spins of top and antitop quarks are correlated, preserved and affect
the angular distribution of the decay products. The tf system is produced with
parallel spins for ¢g annihilation and with antiparallel spins for gluon-gluon fusion.

12
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This means that the ¢t — ¢ spin correlations are predicted at the Tevatron by the
SM to be non-zero and a value consistent with this expectation has been observed
by the DO Collaboration [38] as well as by other experiments [39]. This confirms
the top quark spin of 1/2 and the fact that it decays before strong interaction can
affect the spins. There are also possible processes beyond the SM that could affect
this measurement to enhance unlike spin contribution or change the correlation by
changing the fraction of gluon fusion produced top pairs. Therefore it is essential
to perform measurements of the top quark polarization and the top quark spin
correlations to search for new physics in top quark production and decay or to
confirm the SM. Other quantities are sensitive to the BSM physics like the top quark
forward-backward asymmetry (top quark charge asymmetry), or the differential
cross-section in the t¢ production.

The daughter products from the W boson decay determine the the top quark
channel. The W boson has two different types of decays. For the first type, called
leptonic, the W boson decays to a lepton and a neutrino, W — f;1;, where 7 is
either electron, muon, or tau flavor. In the second type of decay, called hadronic,
the W boson decays to two quarks, W — ¢g, where one is either up or charm quark,
second can be either down, strange, or bottom quark. The assignments of quarks or
antiquarks depends on the charge of the W boson in order to preserve the charge
in the decay. In the ¢t decay, there are two W bosons and two b quarks leading to
signature tf — W*bW ~b. By combining different decay modes of the W bosons,
three experimentally distinguished final states are observed [2I] and summarized in
Figure |1.3.:

1. The lepton+jets channel with one (W — (v) and one (W — ¢g). The

branching ratio is BR = 4§.8%. The decay topology up to the final state is
tt — WHbW=—b — (qgb)(¢vd).

2. The dilepton channel when both W bosons decay leptonically with BR = 10.5%
and topology of t& — WTbW b — (£Tvb)({vb).

3. The all jets channel when both W bosons decay hadronically with BR = 45.7%
and topology of tt — WTbW b — (qgb)(qqb).

The branching ratios for lepton—+jets and dilepton channels are actually smaller
in real experiments. It is so due to very difficult reconstruction of final states with
7 lepton as the 7 decays very quickly, hadronically in 65% cases. Hadronic 7 decays
are reconstructed as jets and thus the events contribute to the multijet background,
while leptonic decays, where 7 decays to electron or muon, are still correctly assigned
to the lepton+jets and dilepton channels. In the end, the branching ratios observed
by the experiments are approximately 6.5% for dilepton channel and 34.3% for
lepton—+jets channel. This thesis describes the measurement in the lepton+jets final
states with the respective Feynman diagram of the decay shown in Figure [1.4.
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Figure 1.3: Final states signatures for the tf pairs.

Figure 1.4: Feynman diagram for the top quark pair decay to the lepton-+jets final
state with positively charged lepton.
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B 1.3 Author notes

In the introduction chapter, I have tried to guide the reader to the basics of the
Standard Model, elementary particles, and top quarks physics. The description is
not complex and certainly lacks of many details, but complexity was not the purpose
as it would need a large number pages to get to the widely acceptable theory of the
Standard Model (if this is even possible!) and to describe everything that happened
in the field of top quark physics so far. Another goal of the introduction was to
present the motivation for the measurement of the top quark polarization.

This chapter is written from my point of view. I wanted to tell the reader more
than list of facts, but also back up the motivation for this measurement and for the
top quark physics by my own observations made through the years I have spent
analyzing the data and trying to understand the top quark.

As one would expect, the content of this chapter is not referring directly to my
work, but mainly to the theory and studies made before by many great physicists. In
many citations in this chapter, I focused mostly on results from the D@ experiment,
as those results are more familiar to me since I was participating in my top quark
group meetings at D@ and watched the development of some of these measurements.
If T should stress my contribution, apart from writing this introduction, it is my
involvement in top quark analyses at the D@ experiment. I was participating in
the selection of top quark events in the lepton+jets channel and my contribution to
systematical uncertainties evaluation was recognized in the measurement of the top
quark mass [40], where I was noted as one of the main authors. Even now with the
many LHC results, this is the most precise single measurement of the top quark
mass.
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Chapter 2

Experimental Apparatus

For any measurement involving top quarks, two very specific pieces of equipment
need to be in operation. First is a machine to produce the top quarks. Top quark
with a lifetime of 5 x 1072%s is not present in nature nor in the universe. To create
conditions for the production of top quarks, one needs a high-energy collision of
particles that can be achieved by cosmic rays colliding with particles in the air, or
created by particle accelerator or a collider. In this measurement, the Tevatron
Collider is used to produce the top quarks. Second equipment is a machine to
detect and measure the final state products of the top quark decay. In general
this has to be high-energy multipurpose detector system composed of several types
of detectors. The DO detector is used in this thesis. Both, the Tevatron Collider
and the DO detector, are located in the Fermi National Accelerator Laboratory
(Fermilab) in Batavia, IL, USA. The operation of both machines was shut down in
September, 2011. However, the unique dataset is still worth analyzing since most
likely there will be no pp accelerator in the near future. This chapter provides the
description of the Tevatron Collider and the D@ detector.

N1 Tevatron Collider

The Fermilab accelerator complex [41] consists of a chain of eight accelerators (of
which two are storage rings): the Cockroft-Walton injector, the LINAC (Linear
Accelerator), the Booster, the Main Injector, the Debuncher, the Accumulator, the
Recycler, and the Tevatron. General schematic view of the complex is shown in
Figure 2.1.

The acceleration process begins with a small bottle of hydrogen. The protons are
produced by turning the hydrogen gas into hydrogen ions (H~) which is done in the
magnetron chamber. Then the 750kV Cockroft-Walton pre-accelerator accelerates
the H~ ions to 750keV through the static electric field. The ions are further
accelerated to 400 MeV through a series segmented alternating electric fields in the
LINAC [42], which is a 150-meter-long linear accelerator consisting of drift tubes
and vacuum gaps. The electric field in LINAC is produced by radio frequency (RF)
power and polarized in the same direction in all gaps. The ions increase their speed
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Figure 2.1: The Fermilab accelerator complex - Tevatron accelerator chain [41].

in the gaps and keep the speed inside the drift tubes when the electric field reverses.
Therefore, the drift tubes become longer and longer as the velocity of H~ increases.
Then, the H~ ions are send through a carbon stripping foil to make bare protons
by removing both electrons. The proton beam is injected into the Booster [43], a
synchrotron ring with a circumference of 475 m. The protons are here bent into a
circular orbit by dipole magnets and accelerated to 8 GeV by RF cavities within
33 ms. The apparatus described in this paragraph is referred as the Proton Source.

After the Booster, protons are injected into the Main Injector [44], a synchrotron
accelerator with a circumference of approximately 3.3 km. It consists of a series of
dipole magnets for bending the particle beam and quadruple magnets to focus the
beam. The protons can be accelerated up to 150 GeV within 3s. The accelerated
protons from the Main Injector are used for two purposes, at 120 GeV for fixed-target
operation, in our case for the antiproton production, and at 150 GeV for injection
into the Tevatron. The 120 GeV protons from the Main Injector are directed to strike
a nickel target every 1.47 seconds to produce antiprotons with energy of ~ 8 GeV.
Antiproton is created only once per approximately 50 thousands incident protons.
A lithium lens and a pulsed magnet (which acts like a charge-mass spectrometer)
are used to remove other negatively charged particles produced and to focus the
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2.1. Tevatron Collider

antiprotons into the beam line. The antiprotons are then moved into the Debuncher
where the processes called stochastic cooling and radio-frequency bunch rotation are
used to reduce the beam emittance and to minimize the momentum spread. The
beam is then passed into the Accumulator where antiprotons are collected and further
cooled. For the collisions at the Tevatron, large number of antiprotons is needed,
approximately 30000 cycles, which took hours to accomplish. The Debuncher
and Accumulator are both 8 GeV synchrotrons with circumferences of 505 m and
474m. Together with the target station they are called the Antiproton Source [45].
Antiprotons are then sent back to the Main Injector or to the Recycler [46]. The
Recycler is a fixed-energy storage ring for the antiprotons, where antiprotons from
the source are accumulated and also the remaining antiprotons after each Tevatron
storage recycled. It is housed in the Main Injector tunnel and it was one of the main
upgrades for Run II operation of the Tevatron. The Recycler provides stochastic
and electron cooling and thus improves the antiproton beam quality. Antiprotons
from Accumulator or Recycler go to the Main Injector where are accelerated up to
150 GeV.

Both protons and antiprotons beams at 150 GeV were injected into the last and
also the largest synchrotron in the accelerator chain, the Tevatron [47]. They
were ramped up to 980 GeV in separate tubes and opposite direction within the
nearly 2km diameter storage ring in a 4.2T magnetic field generated by 774
niobium-titanium superconducting dipole magnets. Both beams were focused by
240 niobium-titanium quadruple magnets that narrowed them down into a small
transverse area of 5 x 107 cm? for head-on collisions. There were two crossing
points, the CDF and the D@, where the opposite beams collided at a centre-of-mass
energy of 1.96 TeV. Each beam consisted of 36 bunches grouped in three trains of
12 bunches with a bunch spacing of 396 ns. Each proton bunch consisted of up to
2.5 — 3.0 x 10! protons, while antiproton bunches had 0.4 — 1.0 x 10'* antiprotons
each!l This corresponds to a collision rate of ~ 2.5 MHz. During the period of
collisions, also known as a "store", the proton and antiproton collided with an
instantaneous luminosity of about Lig ~ 200 x 10%° cm~2s~!. The instantaneous
luminosity is defined as

Linst = szva
where f is the bunch crossing frequency, N; are the number of particle ¢ per bunch,
and A is the effective cross section area of the beams. A can be expressed in terms
of the transverse widths of the proton and antiproton beam, and the luminosity in
the Tevatron can be written as

(2.1)

prN:T?

2n(02 + 02)

Einst = F7 (22)

where o; is the effective standard deviation of the particle ¢ beam distribution
at the interaction point in the detector, and F' is a factor that depends on the

!There have been attempts to have 103 bunches with bunch spacing 132 ns [45].
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bunch length and the interaction point. For Tevatron Run II, o, and o5 are about
25 — 30 pm, and F is about 0.7 [45]. The instantaneous luminosity during the
run exceeded 400 x 1073 cm =251 at the beginning of stores. The instantaneous
luminosity was decreasing with time as collisions took place, and the store usually
ended within 24 hours. To get an optimal antiproton beam took about 21 hours.

The Tevatron began its operation in 1983 and it was ground-breaking accelerator
with many achievements and records set %, In the beginning, the physics program
focused on fixed target experiments. The collider program, with two detectors
D@ and CDF, was operating later and was split in two phases - Run I and Run II.
Run I took place from 1992 to 1996 with the Tevatron operating at the centre-of-mass
energy of 1.8 TeV and ended with about 125 pb~! of integrated luminosity. Major
success of Run I was the discovery of the top quark. The setup and characteristic
values described in this section represent only Run II, which corresponds to the
D@ data used in the analysis. Run II used upgraded accelerators and magnets and
in the period from 2001 until 2011, it reached centre-of-mass energy of 1.96 TeV. It
was a very successful operation with the final integrated luminosity of almost 12 fb~!
as shown in Figure [2.2. Inverse picobarns (pb~!) and inverse femtobarns (fb~!)
are conventional units for time-integrated luminosity. With 1fb~! of integrated
luminosity, we expect to find 1 event with femtobarn (fb) cross-section within this
data, while 1 fb = 1073 cm?.

B 2.2 D@ Detector

The DO detector [48] is a multipurpose detector designed to study, identify, and
measure particles originating from pp collisions in the Tevatron. It consists of several
subdetectors. An overview of the D@ detector is shown in Figure 2.3. DO is a
typical high energy physics detector that has its subdetectors arranged symmetrically
around the interaction point and the proton beam. It is about 13 meters tall and
20 meters long and consists of three major subsystems: a tracking detector for
measuring momenta of charged particles and identifying the vertices of interactions,
a uranium-liquid argon calorimeter for measuring the energies of electromagnetic
and hadronic showers, and a muon spectrometer for measuring muon momenta. In
this section, the Trigger system will be discussed as it belongs to the detector and
was essential for its successful performance. The operation of the detector has two
major epochs, same as the Tevatron accelerator, Run I and Run II, where the latter
is formally split in several subperiods: Run Ila in 2001 — 2006 and Run IIb 2006 —
2011 that was further splitted into Run IIbl, IIb2, IIb3, and IIb4 parts. There was
an extensive upgrade of the detector between Run I and Run II periods and minor
upgrade between Run [Ia and Run IIb periods. Following text will focus only on
the upgraded Run II detector described with more details in Ref. [48].

2In May 1986, the Tevatron was named one of the Top Ten Engineering Achievements of the
Last 100 Years
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Figure 2.2: Tevatron Run II integrated luminosity with fiscal years shown.

B 2.2.1 Coordinate System

The coordinate system is used to describe parts of detectors, areas and angles
covered and particles properties in the analysis. The D@ uses a characteristic
right-handed coordinate system with the origin at the designated interaction point
in the center of the detector. The positive z direction is defined along the direction
of the incoming proton, which are circulating clockwise in the ring, and the z and y
axes pointing upwards and towards the center of the Tevatron ring, respectively. For
the determination of the positions in the transverse plane, cylindrical coordinates
(r,0,¢) with radius r, polar angle 6, and azimuthal angle ¢ defined as

r=/x?+y?, (2.3)
r
§ = arctan gt (2.4)

¢ = arctan %, (2.5)

are used.

It is common to use variables invariant under Lorentz boosts in the z direction.
In particular, we choose the transverse momentum pr (the momentum in the (z,y)
plane), the pseudorapidity n (Lorentz-invariant is the difference of rapidities), the
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Figure 2.3: Cut view of the upgraded D@ detector.

azimuthal angle in the transverse plane ¢, and the observed energy E to describe
the kinematic properties of all objects. The pseudo-rapidity 7 is a function of ¢

n = —Intan 2 (2.6)

while for massless particles or where masses can be neglected, the pseudo-rapidity

is equivalent to the rapidity y

1
¥=3

E+p.

2.
E'_pz7 ( 7)

In

where p, is the longitudinal component of the momentum vector. Pseudorapidity
of particles in the final state is calculated with respect to the measured position
of each vertex. In studying different regions of the detector, it is more convenient
to use the detector pseudorapidity 7qe;, which reflects n measured relative to the
center of the detector.

The distance in the 7 — ¢ plane is usually denoted as AR and is defined as

AR = /(An)? + (Ag)2. (2.8)
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M 2.2.2 Tracking System

The momentum, electric charge and vertex origin of an outgoing charged particle are
first detected and measured according to its curved trajectory in the central tracking
system, which is the innermost detector part. D@ central tracking instruments are
comprised of 3 components: a Silicon Microstrip Tracker (SMT) [49], a Central
Fiber Tracker (CFT) and a surrounding solenoidal magnet. The SMT and CFT
are able to locate the primary vertex with about 35 um resolution along the beam
line and help identifying jets originated from b quarks. Figures 2.4 and [2.5/ show
the schematic views of the DO central tracking system.
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Figure 2.4: Cross-sectional view of the central tracking system.

The Silicon Microstrip Tracker is the closest detector to the beam pipe. The high
density of silicon strips in the SMT allows high resolution track finding and vertex
identification over nearly full 74 region. The SMT consists of silicon wafers in the
form of barrel and disk modules. The wafers are n-type silicon etched with many
p-type silicon strips. There are six barrel modules, each having four cylindrical
layer of 12 cm long, shown in Fig. 2.6. Each of the four layers is made up of two
sublayers of overlapping silicon sensors to cover the whole angle range. Inter-spaced
between the barrels are the 12 F discs. In addition, there are 4 larger H discs in the
far forward regions to provide a high pseudo-rapidity region coverage. The F and
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Figure 2.5: Schematic view of the D@ central tracking system.

H disks are made of 12 double-sided and 24 single-sided wedges, respectively, and
are used to measure both the (r, ¢) and (r, z) components of a particle trajectory.
In the double-sided wedges, the two surfaces are implanted with p-type and n-type
silicon strips respectively. Moreover, the strips in one surface are aligned at a
small stereo angle with respect to the other surface, providing a three dimensional
measurement, of position. The picture of the D@ silicon microstrip detector is

shown in Figure 2.7,

After the SMT follows the Central Fiber Tracker, which occupies the radial space
20 to 52 cm from the beam pipe center. The CFT is made of 76800 scintillating
fibers mounted on eight concentric cylinders outside the SMT, providing coverage
for |nget| < 1.7. Each cylinder consists of double layers of fibers in the axial direction
and a doublet layer of fibers with a stereo angle ¢ oriented at +3° for odd-numbered
layers and —3° for even-numbered layers). Both of the (7, ¢) and (r, z) coordinates
are measured in the CFT with a resolution of about 100 pm. The schematic view
of the CFT layers is shown in Figure [2.8. When a charged particle passes through
a fiber, the scintillator emits light through a rapid fluorescence. Readout fibers are
coupled to waveguides that transport the scintillation light to visible light photon
counters (VLPCs) for processing.

The tracker is surrounded by a superconducting solenoid magnet of 2.73m in
length and 1.4 m in diameter. It submerges the whole trackers in a 2T magnetic
field. The thickness of the magnet is designed to be about 1 radiation length to
balance optimal momentum resolution with tracking pattern recognition. By the
presence of magnetic field the momentum of charged particles can be determined,
because of the Lorentz force which causes the helical trajectory of charged particles.
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Figure 2.6: Photo of the D¢ SMT barrel.
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Figure 2.7: The arrangement of the D@ Silicon Microstrip Tracker.

B 2.2.3 Calorimeter

First, there is preshowering system located between the Tracking and the Calorime-
try systems that features a Central Preshower Detector (CPS) and two Forward
Preshowering Detectors (FPS). The CPS has three layers of triangular scintillating
fiber strips interlocked together and covers region of |nget| < 1.3. Each of the
FPS has four layers and they cover 1.5 < |nget| < 2.5. This arrangement is used
to cover most of the calorimeter space and to improve the electron and photon
identification as well as background rejection during both online and offline recon-
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Figure 2.8: The arrangement of the layers in D@ Central Fiber Tracker.

struction. The fast energy sampling of the particles before entering calorimeter
and position measuring capability make the preshowering system aid to both the
calorimetry system and tracking system. Both CPS and FPS are constructed of
triangular scintillator strips. In the center of each strip, a wavelength-shifting fiber
is embedded to collect and carry scintillation light to the end of the detector. 11
mm thick lead-stainless-steel absorber is plugged in between the two FPSs to induce
high energy photons or electrons to begin showering. The light from the fibers is
then transmitted to an attached VLPC for readout.

The DO liquid argon calorimeter detects and records the energy of the particles
like electrons and photons, and hadronic jets, as they interact with the calorimeter
materials. The data from calorimeter are also used to determine missing transverse
energy F;- associated to the neutrinos. A high energy electron penetrating material
of large atomic number, like uranium, initially radiates photons in a process known
as bremsstrahlung. A radiated high energy photon penetrating the material further
will produce an electron and positron pair. Hence, both electrons and photons of high
energies produce extensive electromagnetic showers, i.e. with an increasing numbers
of lower-energy electrons and photons as the shower develops. The high energy
hadrons interact with nuclei of the material via the strong force. This interaction
produces secondary hadronic particles and a subsequent hadronic shower, i.e. a
large number of hadronic particles, but also photons from decays of hadrons. Once
the particles in the electromagnetic and hadronic showers have sufficiently low
energies, their dominant interaction with the calorimeter material will be through
ionization of atoms, which can also be detected.

The calorimeter is divided into three parts as shown in Figure 2.9| the central
calorimeter (CC) and two end calorimeters (EC). Each calorimeter contains elec-
tromagnetic and hadronic sections, which are divided into fine and coarse parts.
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2.2. D@ Detector

The CC and EC are located in their own cryostats and held at a temperature of
approximately 90 K. This temperature is important for liquid argon (LAr), which
is the active medium in the calorimeter. The purity of liquid argon is critical to
detector performance and needs to be monitored, especially for electronegative
contaminants like oxygen. The CC part covers |nget] < 1, the ECs extend this
coverage to |nqes| & 4. Most calorimeter cells have transverse dimensions of 7ge; X @
of 0.1 x 0.1rad, except for the most forward regions, where they are 0.2 x 0.2 rad.
All calorimeter components are segmented radially as towers from inside out as
shown in Figure [2.10!

END CALORIMETER

Outer Hadronic
(Coarse)

Middle Hadronic
(Fine & Coarse)

CENTRAL
CALORIMETER

Electromagnetic

Inner Hadronic Fine Hadronic

(Fine & Coarse) Coarse Hadronic

Electromagnetic

Figure 2.9: Schematic view of the D@ Liquid Argon Calorimeter.

The basic detection unit is a calorimeter cell as shown in Figure 2.11. The gaps
are filled in all parts of calorimeter with the active medium - liquid argon. Metal
absorber plates are grounded in order to establish an electric field. The absorber
layers are geometrically and materially different in the electromagnetic (EM), coarse
hadronic (CH), and fine hadronic (FH) sections. The EM thin plates are 3 mm thick
in CC and 4mm thick in the ECs, all made from nearly pure depleted uranium.
The FH layer uses a 6 mm thick uranium-niobium alloy plates while CH layer uses
46.5 mm thick copper plates in the CC and stainless steel plates in the EC.

Since the calorimeter system is contained in three separate cryostats, it provides
incomplete coverage in the pseudo-rapidity region 0.8 < |nqes| < 1.4, which degrades
the energy resolution. To address the issue, the Inter-cryostat detector (ICD) is
mounted on the exterior surface of the ECs. The ICD covers 1.1 < |1qet| < 1.4 and
is made of small scintillating tiles, each of which provides the same coverage as
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Figure 2.10: Cross section of one quarter of the calorimeter showing the coverage
in pseudo-rapidity. The shading pattern indicates groups of cells connected into
towers.
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Figure 2.11: Schematic diagram of individual calorimeter cell with liquid argon filled
gaps and signal board unit.

the calorimeter cells, nges X ¢ =~ 0.1 x 0.1 rad. Readout cells called massless gaps
are also added inside the CC and EC cryostats to supply information lost due to
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unsamples materials.

M 2.2.4 Muon System

Most of the particles are captured by the calorimeter except for the muons and
the neutrinos. Neutrinos cannot be detected due to the tiny interaction cross
section. The most outer detector is therefore designed to identify muons. The muon
detector [50] consists of three parts: the central muon system covering |nget| < 1,
the forward muon system covering 1 < |nqe| < 2, and the toroidal magnet of 1.8 T
magnetic field. Both of the muon systems use wire drift tubes and scintillation
counters. The drift tubes are arranged in three layers, where layer A is located
between the calorimeter and the toroidal magnet, and layers B and C are outside
the magnet. The drift tubes are made of rectangular aluminum tubes, filled with a
gas mixture. Each tube has an anode wire at the center, which gives an information
on position of the muon trajectory, and vernier cathode pads positioned above and
below the anode. When a charged particle passes through the tube, the gas is
ionized and electrons liberated by the ionization drift toward the anode. The drift
time and charge deposition are recorded and used to determine the position of the
deposited ionization from the passing particle.

The central muon detector is instrumented with proportional drift tubes (PDTSs)
as shown in Figure 2.12, The PDTs contain a gas mixture of 84% argon, 8% methane,
and 8% CF4, which was optimized for faster drift times of the high instantaneous-
luminosity environment of Run II. Because the drift time of the PDTs, 750 ns, is
still longer than the bunch crossing time at the Tevatron, two additional layers
of scintillators, the A-¢ scintillators (situated between the calorimeter and the
layer A) and the Cosmic Cap scintillators (located outside the layer C) shown in
Figure 2.13, are used to trigger muon events and reject cosmic muons. Furthermore,
the A-¢ scintillators are also used to reject any other particles that emerge from
the calorimeter. The coverage of the bottom scintillators is reduced because the
detector has a support from the ground.

The forward muon detector is instrumented with mini drift tubes (MDTs) and
scintillation counters. The drift time of the MDTs is only 60 ns and the scintillators
are also used to trigger on muon events and to reject cosmic muons and other
backgrounds.

The toroidal magnet provides the momentum measurement, with trajectories
always bending in the (r, z) plane of the muon systems. This offers better matching
to central tracks and helps reject muons from 7 or K decays. The external muon
system also helps to improve the momentum resolution for high momentum muons
detected in the central tracker. Figure 2.14/ shows a schematic view of the whole
muon system.
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Figure 2.12: Schematic view of the D@ muon drift tube system.
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Figure 2.13: Schematic view of the D@ muon scintillation system.
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Figure 2.14: Schematic view of the left part of the D@ muon system.

B 2.2.5 Luminosity Monitor

The luminosity monitor (LM) determines the Tevatron luminosity at the DO detector
by detecting inelastic pp collisions. The cross section for these collisions is domi-
nated by soft processes, where no high pr particles are produced. The monitor also
measures beam halo rates and makes a fast measurements of the z coordinate of
the interaction vertex. The two luminosity monitors are located at z = 140 cm and
z = —140 cm relative to the center of the detector. The LM are located close to
the beam pipe and cover the range of 2.4 < |nget| < 4.4 as shown in Figure [2.15,
Each LM consists of an array of 24 plastic scintillation counters, and the light from
the scintillating medium is recorded using photomultiplier tubes (PMTs). They
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cover region of 2.7 < |nge| < 4.4. To distinguish the pp interactions from collisions
in the beam halo, the z coordinate of the interaction vertex is calculated from the
difference in time-of-flight between the 42z and —z luminosity monitors. Particles
produced from the pp interactions have smaller time-of-flight difference than those
from the beam halo. The overall uncertainty on the integrated luminosity is 4.3%
in Run IIb and 6.1% in Run IIa.

Proton Direction

LM T]= 2.7
Endcap Silicon Tracker -1~
Calorimeter o n=4.4
T 7 — - ‘{ Beam Pipe
-140 cm 140 cm

Figure 2.15: Schematic drawing of the D@ luminosity monitors.

B 2.2.6 Trigger System

In the Tevatron, the bunches are divided into three groups, where collisions happen
every 396 ns, with distance between the groups of 7 us. That translates into initial
data rate is approximately 1.7 MHz, meaning 1.7 million interactions take place
every second. If a typical event contains ~ 250 kB of data, it means there is 425 GB
of data to record every second. This is technically impossible and in addition, we
are only interested in inelastic physics events such as ¢t pair events which are only a
small fraction of all events. It is necessary to have a trigger system which is able to
reduce the data rate to about 50-200 Hz. D@ uses trigger system consisting of three
sequential levels and each following level explores events with more detailed patterns
and sophisticated algorithms. The first in the chain is Level 1 (L1) trigger which
is comprised of pure hardware with an accept rate of 2kHz. L1 utilizes electronic
signals from multiple detectors to execute initial selection of events. Level 2 (L2)
trigger is a mixture of hardware and software that use individual reconstructed
objects and their correlations for trigger decisions. L2 provides an accept rate of
1kHz. Events passed L1 and L2 are sent to the pure software based Level 3 (L3)
trigger for final decision making. The L3 accept rate is reduced up to 50 Hz due to
sophisticated algorithms. The L3 output rate changes from 200 to 50 Hz depending
on the instantaneous luminosity. The software package COOR is installed on an
online host to coordinate and control DO triggering. An overview of the DO trigger
and data acquisition system can be seen in Figure [2.16|

As the first stage, L1 trigger faces a pool of numerous events and needs to make
very fast decisions for each bunch crossing. It consists of calorimeter (L.1Cal), central
track (L1ICTT), muon system (L1Muon), and forward proton detector (L1FPD)
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Figure 2.16: Overview of the DO trigger and data acquisition systems.

triggers. The Level 1 trigger framework coordinates timing of L1 detector triggers.
Each subsystem looks at their detector readout and sets detector-specific trigger
terms, e.g. electrons, photons, jets, and £, in L1Cal. These terms are taken up by
the trigger framework to make trigger decisions. The L1 trigger decision time is
3.5 us or less. Accepted events are passed on to L2.

The L2 trigger system consists of two stages: the preprocessor (hardware) stage
and the global (software) stage. The preprocessor stage includes the Level 2
calorimeter (L2Cal), the preshower detector (L2PS), the muon system (L2Muon),
the SMT (L2STT), and the Level 2 central track (L2CTT) triggers. In this stage,
the L2 preprocessors collect information from the front-ends and L1 trigger system
to analyze and form physics objects. L2Cal constructs primitive electrons, photons
and jets with clustering algorithms. Event missing transverse momentum F is
also determined based on the imbalance of trigger tower energies. L1CTT tracks
are further processed in L2CTT using transverse momentum. The L2Muon imports
L1Muon candidates to improve the muon quality using timing data. In the global
stage, a global processor (L2Global) selects events based on the identified objects
formed in a previous stage and a certain selection criteria to make a decision. The
L2 trigger decision time is ~ 100 ps.

The L3 trigger is a fully programmable software based trigger system running in
a farm of parallel computers to further select L2 events based on the reconstructed
physics objects and their correlation. The L2 objects receive a more sophisticated
reconstruction and more complicated algorithms are applied for event filtering, like
the b-tagging probability. The reconstruction is done in 25 ms for each event. This
results in the data rate reduced from 1kHz to 50 Hz which is synchronized with the
pace of tape recording. The objects passing L3 trigger have quality information
in their definition and reconstruction and are finally recorded on the tape for an
offline analysis.
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B 2.3 Author notes

I have neither designed nor built the D@ detector or the Tevatron accelerator. In
this chapter, I only describe the technical aspects of the tools used in my analysis.
And it is important to stress out that my work would not be possible without the
many great achievements of the DO collaboration and the accelerator division in
Fermilab in designing, building, and operating such tremendous technology for this
very long time.

I have taken series of shifts in the control room, trying to secure smooth data
taking for calorimeter and muon part of the DO detector, until September 2011
when the Tevatron collider was shut down for good. In total, I have done 50 shifts
in the control room, i.e. 400 hours underground, watching protons and antiprotons
to collide and keeping our systems fully functional to take as much good data as
possible. I remember those times with a great joy as I met many amazing people
during my shifts and learned a lot about the detector. Bill Lee, who recently passed
away, and George Ginther to name at least two that were almost always around
and knew everything about the detector.

The pictures and schematics used in Section 2.2 are used from the D@ picture
gallery. I am not using a direct citation here as I think it is not necessary due
to the fact that I am member of the DO collaboration and some of the pages of
the gallery are no longer online. I thank here to all authors of these pictures and
schematics, mainly by Abid Patwa and Ann Heinson.
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Chapter 3

Object Reconstruction and ldentification

The DO trigger system, described in Section [2.2.6|, is applied to store on a tape
the interesting and high-pr events. These recorded events are raw data that
corresponds to bits of electric signal collected when the particles interact with the
detector. The goal is to obtain objects that can be used in the analysis. This
process is a reconstruction of the recorded events, where the software finds hits
in the subdetectors, reconstructs tracks in the central tracker and clusters in the
calorimeter, and combines them into a form of physical objects. In this chapter, the
reconstruction and identification of objects in the recorded raw data is described.
The objects are tracks, track vertices, and objects that are present in the top quark
decay: electrons, muons, jets, b quark jets, and energy imbalance left by undetected
neutrinos.

[] 3.1 Tracks

Tracks are made up of the deposits of charge left behind as charged particles
propagate through the layers of the tracker. Tracks are used for object identification,
such as differentiating between photons and electrons (they look the same in the
calorimeter), and for measuring the momentum of particles. Trajectories are bent
by the magnetic field of the solenoid and hits are left in the SMT or CFT. The
hits from the tracking system are formed into clusters, which are fed into a pattern
recognition software to search for tracks. Two algorithms are applied sequentially
to reconstruct track trajectories from these hits:

The Alternative Algorithm (AA) starts with a combination of three or more
hits to preselect the initial track candidates. Each track candidate is extrapolated
and associated with additional hits found in the next SMT or CFT layer once they
satisfy certain requirements, e.g. the y? should be within a specified threshold level
for each hit added to the algorithm. Once the criteria is not fulfilled with the new
hits, the original track hypothesis is split and new tracks are formed.

The Histogram Track Finding Algorithm (HTF) [51] uses three parameters
to characterize each track in the transverse plane: the track curvature p, the
distance of the closest approach (DCA) to the origin, dy, and the azimuthal angle
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to the center of the track projection, ¢. Each pair of hits from track candidates
produces a 2-D histogram with respect to a point in the (p, ¢) space. These hits
can be described by a straight line in the (p, ¢) space. Each intersection of the lines
corresponds to a track candidate.

The track candidates are passed to a track fitter based on the Kalman Filter
algorithm [52]. This fitter contains a detailed map of the magnetic field and the
material in the detector and using track candidates from the previous algorithm,
it finds tracks throughout the entire tracking system and reconstructs the final
track parameters. How the track is built inside the CFT tracker was shown in the
previous Chapter in Figure 2.8.

Tracks are not considered as individual objects and take part in the identification
and reconstruction of other objects like electron, muon, and jets. Different criteria
are applied on the properties of the track candidates afterwards, depending on the
object.

B 3.2 Vertex Reconstruction

Primary vertex (PV) is a name for the point where a pp collision takes place.
The average number of collisions per crossing of bunch of protons and anti-protons
is usually only about two, but can be higher in runs with a higher initial luminosity.
The goal of the primary vertex construction is to distinguish an interesting physics
event, such as tf production, that caused the trigger to fire from the other collisions
during the same bunch crossing, known as the underlying events or minimum
bias interactions. Locating precisely the primary vertex is useful for rejecting
backgrounds, for the identification of F, and for the identification of long living
particles like B hadrons.

At DO, primary vertices are reconstructed using an adaptive primary vertex
algorithm [53]. The first step is to select tracks with pr > 0.5 GeV and two or more
hits in the SMT. The z-clustering algorithm is applied to tracks within 2 cm in 2
axis to form vertex clusters. The common vertices are built with the Kalman Filter
vertex fitting algorithm [52], which repeatedly removes the track with the highest x?
contribution to the vertex until the total x? per degree of freedom is smaller than 10.
Among the remaining tracks, only the ones whose closest distances in (z,y) plane
are within 5 standard deviations of the beam spot calculated in the previous step
are further selected. Uncertainties of the selected tracks are reweighted according
to their y? distributions by:

1
L (3.1)
1 + e 7 2%utoff
where x? is the x? contribution from the i® track, x2,.q is a cutoff constant where
the weight function drops to 0.5, and T is the parameter that controls the sharpness

of the function. The Kalman Filter fitter is used iteratively until it converges, i.e.
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meet the requirement |w; — w;_1| < 1 x 10~%. Tracks with weights w; < 1 x 1076
are excluded from the fitting iteration.

The next step is to distinguish the hard-scattering vertices from the minimum
bias vertices. For that, the transverse momenta of the tracks at each vertex are used
in a probabilistic approach [54]. Each track is assigned a probability of originating
from a minimum bias vertex as these events event tend to have a lower pr. Then
the vertex minimum bias probability is calculated by multiplying the minimum
bias probability from all contributing tracks. The vertex with the lowest minimum
bias probability will be selected as the primary vertex.

Due to the fact that heavy hadrons can travel up to several millimeters in the
detector, a secondary vertex can be reconstructed and used in identifying b
quark jets and heavy hadrons. The reconstruction procedure involves the track
jet reconstruction, the track selection, the vertex finding and the final vertex
selection [55]. The secondary vertex reconstructed from the track jets is independent
of the calorimeter reconstruction. The track clustering again applies the z-clustering
algorithm. The tracks are added in decreasing order of pr and the requirements
include > 1 SMT hits, pr > 0.5 GeV, the distance of the closest approach to the
nearest vertex DCA < 0.2cm, and Zpcay < 0.4cm. The cone algorithm with
parameter 0.5 is used to form track jets in each cluster. Tracks with DCA/opca > 3
are selected, where opcp is the uncertainty of DCA. Unlike primary vertex, the
Kalman Filter algorithm is employed to reconstruct secondary vertex for track
jets with at least two tracking selected by the DCA /opca requirement. It starts
by fitting all combinations of track pairs in the track jet to reconstruct a seed
vertex. Each seed vertex is joined with additional tracks until x? is beyond a certain
threshold or no more tracks are available. Sharing tracks are allowed between
reconstructed vertices, while for b quark tagging it is avoided by algorithms in the
Neural Network b-tagger, which will be explained later.

B 3.3 Electrons

The objects registered in the EM part of the calorimeter in the form of showers
are generally EM objects, electrons and photons [57]. The differentiation between
an electron and photon is very simple as only electrons leave tracks in the central
tracking system and the shower development in the calorimeter is different!l Photons
are not used in this analysis, but they are important as they are considered to be
the main background for electrons, v — ete™, together with 7y — vy decay with
small contribution of charged pions decays and the fluctuation in hadronic showers.

The electron reconstruction starts with information from the calorimeter - the
EM tower is defined by adding the energies measured in a section of 0.1 x 0.1 in

!The electrons shower starts with bremsstrahlung, while the photon shower begins with an
electron pair production. After the showers fully develop in the calorimeter, electrons interact
through the ionization and photons through the Compton scattering.
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1 X ¢ occupying all four layers of the EM calorimeter and the first hadronic layer.
Using a simple cone algorithm centered on an EM tower with the highest transverse
energy Ep, the EM cluster is formed within radius R = \/(An)2 + (A¢)? = 0.2
using adjacent towers with Er > 50 MeV. The following criteria are used:

B transverse energy of the cluster to be Er > 1.5 GeV

® at least 90% of the cluster energy must be deposited in the EM layers, i.e.

E
EM = > 0.9 (3.2)

® the EM objects are required to be isolated, meeting criterion of

o Etot(R < 04)) — EEM(R < 02)

iso — < 02, 3.3

where Fio (R < 0.4) is the total energy in all the towers within a cone of radius
of 0.4 around the central cluster, and Egy(R < 0.2) is the energy in the EM
calorimeter within a cone of radius 0.2.

Clusters passing the criteria above are considered as EM object candidate. The
primary vertex and other information, e.g. from preshower detector, are used to
calculate the 4-momentum of the particle.

The particle is considered as an electron if it is matched to track with pr > 1.5 GeV
in central tracking system within 0.05 x 0.05 in 1 X ¢ by fulfilling that probability
P(XZpat) 18 larger than zero, where xZ,,, is defined as

s (06)° (62
Xspat = <0¢> + (@) ; (3.4)

where 9; represents the difference between the positions of the third layer of EM
calorimeter and the track in variable i, o; is the root-mean-squares (RMS) of the
experimental distributions of the corresponding quantities.

Another criteria are used to study the shape of the shower to distinguish electrons
from hadronic showers. Those criteria include energy fraction, shower isolation,
shower width, H-matrix technique, track isolation, track match, and "hits on the
road" that are defined by a number of hits in CFT and SMT along the path from
primary vertex towards the EM cluster. The similarity of the hadronic shower to
an EM shower is quantified by a 8 x 8 (7 x 7 for CC) covariance matrix, so-called
H-matrix [56], which is parameterized by eight correlated variables: the fraction
of energy deposited in each four EM layers (4 variables that represent the shower
development), total shower energy in the EM calorimeter, the z position of the
primary vertex divided by its uncertainty, and the width in both dimensions of the
shower in (r, ¢) plane of the third layer of the EM calorimeter that has the finest
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granularity for this measurement (only one dimension is used in CC). For clusters
to be identified as EM objects, the x? of the H-matrix has to satisfy x2%, < 50.

The objects that passed all the requirements are considered to be loose electrons.
Tight electrons are considered to achieve objects almost completely pure from
photons and other background sources with the misidentification rate of 0.2%. The
tight requirement is evaluated using various multivariate analysis (MVA) techniques
that include the H-matrix method, a Likelihood method, a Neural Network (NN)
method, and a Boosted Decision Tree (BDT) method [57]. BDT is the most
advanced method and incorporates the previously mentioned methods. BDT uses
a great number of variables that have strong discrimination for the signal and
the background. These variables include tracking and calorimeter parameters, x4,
DCA, track isolation calculated in 0.05 < AR < 0.4, electron likelihood, hits in
SMT and CFT, and also information from CC, EC, all layers of EM, and the first
layer of the fine hadronic calorimeter. The BDT is trained separately for the CC
and EC, and for high and low luminosities. The output for analyzers are BDT
working points that are calorimeter section and luminosity dependent, as seen in
Figure 3.1 with different cuts used. The working point used in this measurement is
called "emvPoint1" and cuts on the BDT output for real electrons in CC has the
value of —0.22 and in EC the value of —0.74, while the fake electrons have cuts of
—0.86 in both CC and EC.

B 3.4 Muons

Muons are not stopped in the calorimeter and the independent muon detector
system, described in Section [2.2.4] is constructed to help identify muons. To
reconstruct and identify muon readings from the tracking system, the calorimeter,
and the muon detector are used [58]. The segments from the three layers of drift
tubes are used to find tracks in the muon system. The hits from the drift tubes
wires and from the three layers of scintillation counters are matched together to
form a central muon track. Such objects reconstructed in the muon detector are
called local muons. To identify the object as a muon candidate, it is required to
match the track in the central tracking system. The muon are further identified as
isolated by using the isolation criteria. The isolation is required for high-ps physics,
because the absence of significant activity around the muon trajectory, both in the
calorimeter and in the central tracker is demanded.

The muon detector system provides a positive muon identification and, with
enough information from all layers, also a momentum measurement. Information
provided by the central tracking system allows for more precise measurement of the
muon momenta. The calorimeter can independently confirm the muon identification
by the signature left by a muon, unfortunately with efficiency only around 50%.
Despite the relatively high amount of energy lost by a muon in the calorimeter,
the energy deposit of muons in an individual cell is close to the threshold level of
the calorimeter noise-suppression algorithm, and is therefore not well measured.
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Figure 3.1: BDT method output for (a) CC electrons in low luminosity events, (b)
CC electrons in high luminosity events, (¢) EC electrons in low luminosity events,
and (d) EC electrons in high luminosity events. Solid red distributions are from real
electrons and blue from fake electrons, with the points being a testing sample.

Thus, the calorimeter information is not exploited to identify high-p; muons that
are used in this analysis.

There are three steps in the muon identification: local muons, track matched
muons, and isolated muons. For each of these three steps, different identification
quality categories are defined to provide several categories (or working points)
defined for different usage and described in Ref. Only the working points
used in the selection described in Section will be discussed here.

The local muon is required to meet the medium (sometimes denoted as medi-
umnseg3) criteria:

B at least one scintillator hit and at least two wire hits in the A layer of the muon
System

® at least one scintillator hit in |nge| > 1.6 and at least two wire hits in the BC
layers

® in the case of the bottom part of the detector with the support structure for
the calorimeter (5/47 < ¢ < 7/4m and |nget| < 1.6), only one of the criteria
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3.5. Imbalance in Transverse Momentum

above is required.
The matched track has to follow the medium criteria defined as:

® the track distance of the closest approach to the beam axis, DCA, is |[DCA| <
0.04 cm and there are SMT hits, or the are no SMT hits and the requirement
is [DCA| < 0.2cm

® \%/Npor < 9.5, where x? is the result of the fit used for reconstruction of the
track in the central tracking system and Npop is the number of degrees of
freedom

B there are at least two hits in CFT.

The isolation criterium is called TopScaledTight and was designed to select
isolated muons arising from the primary vertex and to reject secondary muons from
semi-leptonic decays of b or ¢ quarks, which are surrounded by additional particles.
This is very important in high-py events used in the top quark measurements. The
muons are required to pass

B AR(u,jet) = \/Anz(,u,jet) + A@?(u,jet) > 0.5, i.e. the distance between muon
and the closest jet with py > 15GeV in (1, ¢) space is larger than 0.5.

L > pirack /pf < 0.1, i.e. the scalar sum of transverse momenta of
tracks ¢ AR<0.5

all tracks inside a AR(u, track) < 0.5 cone around the muon track, with the
exception of the muon track itself, divided by the muon transverse momenta,
is smaller than the parameter 0.1.

L > Eguster [pk < 0.1, i.e. the scalar sum of transverse energies
clusters € 0.1<AR<0.4
of all calorimeter clusters inside a hollow cone around the muon defined by

0.1 < AR(u, cluster) < 0.4 divided by the muon transverse momenta, is smaller
than the parameter 0.1.

Furthermore, to veto cosmic muons, the time of flight between the collision and
hits in the layers must be less than 10ns.

[] 3.5 Imbalance in Transverse Momentum

The imbalance in Transverse Momentum, the Missing Transverse Energy £, is
the estimation of the energy that is not detected in the system presumably carried
away by neutrino. As the momenta of the incoming partons in the z direction in
Tevatron collisions are unknown, only the imbalance in the transverse momentum in
an event can be calculated, indicating the possible presence of undetected particles.
Thus, instead of the conservation of momentum, the conservation of transverse
momentum is used.
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3. Object Reconstruction and Identification

The calculation starts with vector sum of energy deposits in calorimeter cells in
transverse plane that are above the noise threshold. Cells from the coarse hadronic
part of the calorimeter are left out to reduce the noise. The value is corrected to
take into account reconstructed muons, photons, electrons, and jets:

> S cell —obj — cell
ET - _ Zpicc o Z(pjo ject Zpkjcc )7 (35)
i j k;
where p;°" is the energy deposited in calorimeter cell 7, with the direction given by
the coordinate of each cell, p}ObJeCt represents the pr of the reconstructed object j
with all corrections applied, and py, cll is the original py in the cell k; that belongs
to a reconstructed object 7. Only calorimeter cells that are not contained in any
reconstructed object, including the projected energy loss along the path of the

muon, are included in the computation of the fully corrected missing energy.

B 36 Jets

Jets are collimated showers of particles from the decay of a hadron originating from
quarks or gluons produced at the primary vertex. The initial parton evolves around
the original flight direction with particles produced by parton hadronization and
gluon soft radiation. In the hadron rest frame, the particles form basically a sphere,
but one needs to consider large boosts from top quarks (m; = 173.3GeV) and
W bosons (my = 80.4 GeV) decaying to lighter particles (< 5 GeV). Such boosts
cause these bunches of particles to become cone-shaped. Therefore, a cone-based
algorithm [59] is designed to reconstruct and identify jets.

The content of a jet is not essentially restricted to hadrons, there could be
electrons, muons, photons, and other particles. Jet contents vary widely and jet
shower shapes differ significantly. Jets deposit energy not only in hadronic layers
of the calorimeter but also in the electromagnetic layers. The jets in pp collisions
originate from hard-scattering partons, initial/final state radiation (ISR/FSR)
partons and beam remnants (beam jets).

B 3.6.1 Jet Reconstruction

The DO cone algorithm described in Ref. [59] has been developed further and
the method used for this measurement is named the "Improved Legacy Cone
Algorithm" [60]. The cone radius is defined as

AR == /(An)? + (Ag)2. (3.6)

Similarly to an electron, the jets reconstruction takes part mainly in calorimeter.
Each cell of the calorimeter, considered as massless object, has assigned 4-vector
and a direction defined by the primary vertex. A reconstructed tower is built from
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3.6. Jets

each 0.1 x 0.1 in the n X ¢ space with all cells above noise threshold. The sum of
4-momenta in all cells in a tower gives the 4-momentum for the tower pioywe,. Towers
are listed by py order. The cone algorithm consists of three steps:

® In the first step, calorimeter towers are preclustered by the Simple Cone

Algorithm. All towers with pf¥e > 500 MeV are selected and grouped with

surrounding towers in a cone of radius AR = 0.3. All clustered towers are

removed from the list and the procedure continules iteratively until all towers
precluster

are clustered. Onle preclustered towers with pr, > 1GeV, or at least two
towers, are passed on to the next step.

® In the second step, the pr-ordered preclusters are used as seeds for creating

protojets. The protojet is built from the preclusters with the highest pbree™ste"
from the list, but this time using cone of radius AR = 0.5. The cone center is
recalculated iteratively with each added precluster within the cone until all the

jet centers are found and stable.

® In the final step, protojets are merged and split to check for overlapping and
double-counting. Each pair of the protojets with the distance in R larger than
the cone size but smaller than twice of the cone size are processed. If the
energy shared by two adjacent protojets is more than 50%, the two jets are
merged to form a new protojet. If the overlapping energy is less than 50% the
two jets are split by assigning the preclusters to the closest of the two protojets
in 7 X ¢ space. The merging/splitting process repeats until all jets are stable
and do not overlap with each other. Objects acquired with this procedure are
considered jet candidates if their pr > 6 GeV.

B 3.6.2 Jet Identification

The jet candidates from the jet reconstruction are qualified for the identification
to remove fake jets that arise mainly from the noise in the calorimeter and are
considered unphysical. To do so, set of requirements is applied:

® The fraction fgy of the energy in the EM calorimeter must be greater than
5%. In addition, it must be less than 95% to different jets from EM objects.
This is done to discriminate EM objects and jets and suppress the noise.

® The fraction of energy fcy in the coarse hadronic calorimeter must be: less
than 40% in the central calorimeter and less than 46% in the end calorimeters.

® The jet must be confirmed by the Level 1 trigger:
pr

non—CHjet
pbr

Ryy = > 0.5, (3.7)

where py' is the sum of the scalar transverse momenta from the 100 hottest
L1 towers in a cone of AR < 0.5 around the jet, and ph>" ™ is the vector
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3. Object Reconstruction and Identification

pr sum over all reconstructed towers assigned to the jet, excluding the coarse
hadronic calorimeter.

® Additionally in the Run IIb, at least two tracks within the cone of the jet
that are associated with the primary vertex. This is known as the jet vertex
confirmation requirement.

The jet evolution in the D@ detector is shown in Figure 3.2

CH

calorimeter jet
Fr
e

EM

ouL T,

parton jet

Figure 3.2: Visualization of the jet evolution in the D@ detector from the original
parton [62].

B 3.6.3 Identification of b quark jets

The identification of b quark jets is very important in the top quark pair decay
as two or three b quarks are present, while background processes are more likely
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3.6. Jets

to produce light quark jets instead of b quark jets. Hence, identifying jets that
originate from b quarks, a procedure known as b-tagging [61], significantly reduces
background. The b-tagging algorithm distinguishes b jets from light-flavored jets
(originated from light-flavor quarks and gluons) by utilizing the fact that b quark
hadrons have a longer lifetime and therefore can travel several millimeters before
decaying. This often implies the presence of tracks with origins displaced from the
primary vertex. Therefore the b jet identification relies on the reconstruction of a
secondary vertex with a large transverse impact parameter.

First, the "taggability" of a jet is investigated. The b-tagging involves only tracking
and vertex information, so taggability ensures that there is enough information to
begin with and that the procedure is less dependent on possible variations of the
tracking system efficiency. A calorimeter jet is taggable if it is matched to at least
two tracks within a cone of radius R = 0.5 with the origin set along the jet axis.
The reconstructed tracks are required to have at least one hit in the SMT and at
least six hits in the CFT, to have p¥% > 0.5 GeV, to have DCA< 4mm along the z
axis and DCA< 2mm in the transverse plane. Around 90% jets with p, > 20 GeV
is classified as taggable.

The taggable jets then undergo the VO rejection procedure. Neutral hadrons
containing strange quarks (V°) have decay signatures similar to those of b hadrons.
In particular, K¢ and A hadrons as they have similar lifetimes. To suppress this
background, secondary vertices with two oppositely charged tracks are rejected
with the following criteria: (1) the z projection of each track has DCA< 1cm,
(2) DCA/oDCA > 3, (3) the tracks associated with the V° candidate must have
DCA< 200 um, and (4) the invariant mass of the two tracks must be outside the
mass range expected from Kg or A.

In the past, DO used three algorithms to identify b jets: Counting Signed Impact
Parameters (CSIP), Jet Lifetime Impact Parameter (JLIP) and Secondary Vertex
Tagger (SVT) [61]. These tools were further combined in neural network (NN)
algorithm and now replaced by algorithm called MVA,;, standing for a multivariate
analysis that discriminates between b quarks and light jets [61]. This advanced
algorithm implements input variables from the previous methods.

The MVAy; algorithm uses simulated di-b jet signal events and di-light jet back-
ground events. The list of input variables has been extended to achieve better
results to 9 variables from the impact parameter and 29 secondary vertex variables.
These variables are used to train six random forests (RF) using the ROOT TMVA [63]
framework. One of the RF is trained using the impact parameter from the CSIP
and JLIP algorithms. The other five RFs use each set of secondary vertex variables
from the five different SVT algorithms configurations. The combination of the six
RFs is performed using a NN implementation, which produces the MVA;; output
using nonlinear correlations between the inputs.

The performance and efficiency of the MVAy; algorithm is shown in Figure 3.3
using the simulation samples. Different operating points, defined as cuts on the
MVAy; output, are shown in the Figure as blue vertical lines. This analysis uses L4
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operating point, MVA, > 0.035, which is shown as third line from the left.
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Figure 3.3: The efficiency for selecting a b jet and the light jet misidentification rate
as a function of the MVAy; requirement as determined in simulations. The vertical
lines correspond to the selected operating points with (a) linear and (b) logarithmic
scales. Source: [61]

B 37 Jet Energy Calibration

The jet energy measured by the detector is not the same as the energy of the
particles that decay into the jet, due to imperfect detector response or due to the
physics effects. This is illustrated in Figure |3.2 The physics effects include soft
gluon radiation (ISR/FSR), fragmentation, and color reconnection and they are
treated separately in the systematic uncertainties evaluation, as will be discussed in
Section [5.4. Imperfect detector response and experimental configuration include the
response due to detector nonlinearity, uninstrumented regions, energy deposition
in the liquid argon from uranium decays. There are effects in reconstruction and
resolution of the jet. A set of correction is employed and globally recognized as
Jet Energy Scale (JES). The goal of this correction is to obtain the corrected jet
energy that on average is equal to the energy of a particle jet, which is defined as
the particles produced inside a jet cone by the primary pp interaction. Particles
before entering the calorimeter are referred to as the "particle level", while particles
identified and measured in the detector are called as "reconstructed level" or "detector
level" as shown in Figure 3.2, The DO jet energy calibration is built with the aim
to get the data/MC ratio to 1 after all calibrations. The DO JES correction is
evaluated from the y+jet sample and extrapolated to high energy region using dijet
sample and the detailed description can be found in Ref. [64].
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The set of corrections in the standard jet energy scale can be expressed as

corr (E.Téleas B Eo)ko
B = TS - Foor, (3.8)

where E;3™ represents the corrected energy of the jet with the measured energy

Ee™ and the following list of correction factors:

B F is the offset energy with contributions from electronics noise, radioactive
decay of the uranium absorber, and "pile-up" defined as additional pp interac-
tions in time and those from previous crossings. Eg depends on the jet cone
radius (Reone), Tdet, Number of reconstructed primary vertices (nPV), and L.

B ko represents correction for a bias introduced by the offset energy Fo determi-
nation.

B R represents the response of the calorimeter to the energy of particles comprising
the jets and it is a function of jet energy and 7ge;. This is important particularly
for the ICR region as it is poorly sampled with large variations in energy.

B fR is the correction to bias from the detector response R determination.

® S stands for corrections for the showering of particles in the detector and for
the migration of energy in and out of the finite R, and calorimeter cell size.
Apart from true energy deposit outside the cone, energy may be deposited in
cells inside this boundary that originated from particles that do not belong
to the particle jet (e.g., due to showering effects in the calorimeter, or to the
magnetic field changing the direction of particles outside of the jet cone). It
depends strongly on Rcone and 7¢et, and only mildly on the jet energy.

m F,.. is a flavor dependent correction based on single particle response in the
calorimeter and therefore correcting for the particle composition in a jet to
bring data and MC into agreement. This is described in Section |3.7.1.

The factors Eo, R, and S can be defined as true corrections. Hovewer, the
definitions of true correction factors, in Ref. [64], are only possible with some
assumptions, like no multiple interactions or pile-up are present, or if the jets
are produced only through the hard pp interaction. In practice, Fo, R, and S,
that we measure and use in the final JES, represent only the estimators of the
true corrections and may be affected by a number of biases resulting in several %
difference in energy. To correct for these biases, factors ko and kg are introduced
to ensure that the mean particle jet energy is recovered. Factor S is a prior:
an unbiased estimator of the true showering correction, and no bias correction
is required. Corrected energy Eii™ is obtained by using average values for all
quantities mentioned above and provides, on average, the unbiased energy of the
particle jet.
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The offset correction, Fo, is measured from the energy in the calorimeter from
minimum-bias (MB) and zero-bias (ZB) events. The MB events are collected using
a trigger that requires only hits in the luminosity monitor, meaning the presence of
a pp inelastic collision. The MB sample is dominated by soft interactions and is
used to estimate the contribution from multiple pp interactions to the offset energy.
The ZB events are collected during beam crossings without any trigger requirement.
This sample represents an unbiased measurement of the energy in the calorimeter
regardless of the nature of the pp interaction. Multiple interactions are removed
by rejecting events with hits on both sides of the luminosity monitors (LM veto).
The reconstructed pp collision vertices are used to estimate the contribution from
noise and pile-up to the offset energy. This correction is usually up to 10 GeV,
but this estimated correction can differ from the true offset. Corrections for this
effect are estimated in MC to be 1 — 5% and are implemented in the ko correction.
This factor is estimated by comparing the measured energy of the leading jet from
the same high-py one photon and one jet (y+jets) events with and without offset

energy added:
EnoZB

l{?ZS — meas ' 3.9
© Emeas - EO ( )

The response correction, R, is numerically the largest correction in the jet energy
scale calibration procedure. It accounts for various sizable effects: particles emerging
from the hard scattering interact with the material before the calorimeter and lose
a fraction of their energy; charged particles are deflected in the magnetic field and,
in some cases, can fail to reach the calorimeter; D@ calorimeter has a higher and
more linear response to electromagnetic particles than to hadrons (that is nearly
logarithmic); zero suppression can also significantly contribute to the non-linearity of
the response to hadrons; calorimeter module-to-module inhomogeneities and poorly
instrumented regions (ICR). Some of these effects (mainly response to hadrons)
is not modeled accurately in MC simulations resulting in MC and data to have
different responses. To measure the response in data, the Missing Er Projection
Fraction (MPF) method [65] has been developed. The schema of MPF is shown
in Figure 3.4 for v+jets events. The method utilizes the two-body process X+jet
to measure the response of jets, where X can be photon, Z, or any jet, i.e. a
well-measured object referred to as the tag object, while the jet is probe object. In
the transverse plane, the momentum conservation at the particle level requires the
tag object priag and of the hadronic recoil precoit, to be balanced:

ﬁT,tag + ﬁT,recoil =0. (310)

Therefore, the MPF estimates the calorimeter response of the probe jet relative to
the response of the know tagged object.

Since the response of the tag object (Ry.e) and of the hadronic recoil (Ryecoi)
might be different due to experimental effects, there can be an imbalance in their
measured transverse momenta

—meas

Priag + Phivecot = —#7 (3.11)
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Missing E; Projection Fraction Method: y+jet
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Figure 3.4: Illustration of MPF correction in «y+jet events at the particle level and
detector level [62].

. L. . —1meas
where P, = Ripr; is the measured transverse momentum of the object and £

is the measured missing Er of the event.
The combination of Eq. (3.10) and Eq. (3.11) is

—meas

Rrecoil — 14+ ET s NT tag

~ineas ’
Rtag p T tag

(3.12)

which shows that the ratio of responses between the hadronic recoil and the tag
object can be estimated from the projection of F, onto the tag object direction
in the transverse plane 7ir ., and pyi. Ideally, the probe jet and the hadronic
recoil are identical. To improve this relation, exactly two back-to-back objects are
required, i.e. no additional jets are present in the event.

Since photons are well-measured and their response can be considered unitary
after correction to the particle level, the y+jet events are used to measure the

response to jets:

—meas =

meas | iat T * nT
Ripp =141, (3.13)

Py
The jet response depends on both jet energy and 74e;. To minimize effects from the
poor jet energy resolution, £’ is used instead of the measured energy:

E/ — —meas

Py cosh(nser), (3.14)
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where nje; is the jet pseudorapidity with respect to the reconstructed event primary
vertex. Since the photon energy and the jet n are more precisely measured quantities
than the jet energy, £’ is a more precise estimator for the particle level jet.

The MPF method is applied both in data and MC. Applying the method to
MC, where the true jet response is known, allows the evaluation of the biases of
the method and the development of a suitable correction to data. The response
is an absolute correction in the CC, |n4e| < 0.4, but because of the non-uniform
response to jets as a function of 7nge in the ICR and the EC, the relative MPF
response correction is applied to address this effect and obtain uniform correction
independent of 74e¢. In the homogeneous region of CC, this response for jets can be
parameterized by a quadratic logarithmic function:

R(E') = po + p1log(E'/ Eo) + po log2(E'/E0), (3.15)

where Fy = 100 GeV and p; are free parameters to be determined in a fit. The
absolute response of the calorimeter as a function of the jet energy is shown in
Figure 3.5.
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Figure 3.5: The absolute response of the calorimeter as a function of E’ for Reone = 0.7
jets in (a) MC and (b) data. The solid line indicates the fit to the function as in
Eq. (3.15).

Of all correction factors, only the response is the term that results in energy
being missed by the calorimeter, and this effect alone must be used to correct the
event F.

The bias correction to the response, kg, consists of three sources. First is the
correction for the background of the v+jet sample, consisting mainly of dijet events.
Second source is due to the different effects of zero suppression inside and outside
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the jet as there is a transverse momentum imbalance because of the offset energy.
Third correction estimates the response to the hadronic recoil against the photon,
which can differ from the true jet response, especially for forward jets.

The showering correction, S, is the last correction as after offset subtraction,
not all the energy contained inside the jet cone originates from particles belonging
to the particle jet, and thus the response correction can not recover the original
particle jet energy. Showering is defined to compensate for the net energy flow
through the jet cone boundary and in a way consistent with the rest of corrections
to ensure that the particle jet energy is recovered. The showering correction is
determined in both data and MC using same y+jet events selected using the same
criteria as for the absolute response measurement without the restriction on CC
probe jet only. In the case of MC, it is possible to directly obtain an unbiased
estimator of the true showering correction and this is later applied to data in a form
of a template method to obtain final unbiased correction. In the case of data, the
correction is determined by measuring energy distributions in annuli of increasing
radius AR with respect to the jet axis. Templates are made from MC simulation
energy profiles corresponding to the particles belonging to the particle jet matching
the reconstructed jet and the rest of the particles. These templates are fit to data
to find the size of this correction.

Separate corrections and uncertainties are extracted for data and simulation,

for each of the jet cone sizes R.ne = 0.5 and 0.7, and for the different run
periods. Figure 3.6 shows the typical JES correction factor E5g™/ Eige® for jets with

Reone = 0.5 in two run periods, Run Ila (corresponding to 1.1fb~!) and Run IIb2
(corresponding to 3.0 fb~1). There are visible "horns' in the profile because of the
reduced coverage in ICD region of the calorimeter and also the different response
in the forward region of the calorimeter (|nge| > 3) is evident. Figure 3.7| offers the
comparison of the JES correction factor for R.one = 0.7, where the absolute value is
slightly smaller reflecting the better geometric coverage provided by the larger cone
radius. The dashed lines represents total uncertainties on the corrections (more
details about uncertainties can be found in Ref. [64]).

After calibrating the jet energy, the jet energy resolution is investigated using
the y+jet and the Z+jet events [66]. A process called jet shifting, smearing,
and removing (JSSR) is used to compare the simulated jets to the jet resolution
measured in the data, and the jet resolution is smeared to reproduce the resolution
in the data.

B 3.7.1 Flavor Dependent Correction

The jet energy scale correction depends, in addition, on the topological configuration
of the jet, i.e. type, energy and angular spectra of particles constituting the jet are
important factors in JES. Jets originating from different flavors of parent partons
have different topologies, and jets produced in different processes have different
parent parton flavor compositions. This leads to a flavor-dependent JES. The
standard JES correction described in Section 3.7 at D@ takes into account the
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Figure 3.6: Jet energy scale corrections, Eig™ / B¢, for data jets with Reone = 0.5

in (a) Run ITa and (b) Run IIb2 as a function of 7qe for different uncorrected jet

p1 values. Dashed lines show the total systematic uncertainty on the corrections.
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Figure 3.7: Jet energy scale corrections, ES / Eee™, for data jets with Reone = 0.7
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p7® values. Dashed lines show the total systematic uncertainty on the corrections.

kinematic dependence, but not the flavor dependence. Many analyses calibrate
the data analysis results using the MC simulation (including most measurements
with the top quark), and therefore it is necessary for the MC to do a good job in
describing data. In the view of the flavor dependent jet response, this is true at
CDF as they tune their detector simulation using test beam data to have the same
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3.7. Jet Energy Calibration

response to single particles (mainly to charged pions) as in data [67]. Unfortunately,
this is not the case at D@ which has different single particle responses between the
MC simulations and data due to the absence of test beams to tune the calorimeter
simulation.

Therefore, the flavor-dependent MC-data difference in the jet response at D@ has
been a large factor for the systematic uncertainty evaluation in many measurements,
especially in the top quark sector. Most important systematic uncertainty sources
consists of

(a) difference in the b and light jet response ratio between the MC and data;
(b) difference in the quark and gluon jet response ratio between the MC and data.

This sources can contribute significantly to the uncertainty, for example the DO top
quark mass measurement using the matrix element method in the lepton-+jets
channel [68] has the systematic uncertainty from (a) about 0.8 GeV and due to
(b) about 0.6 GeV. Estimation of (a) is based on the MC and data charged pion
responses extracted in the jet response of the data, resulting in ratio between
the b and light jet response in the MC higher by about 1.8% compared to that
ratio in data. Uncertainty on (b) is given by different particle multiplicity as
shown in Figure 3.8, The value has been estimated by the difference between
the top quark mass measured from the MC with JSSR shifting turned on and
that with shifting turned off. This is, however, very rough estimate that does not
completely correspond to the truth, but it has been the only officially accepted
way. In total, (a) and (b) give uncertainty of 1.0 GeV, which is by far the largest
systematic uncertainty in this measurement, while the corresponding number at
CDF is 0.2 GeV. The influence is similar in other analyses, where MC is used to
estimate signal/background ratio. The latest measurement of top quark mass [40]
using the flavor dependent correction, that is described in this section, corrects for
this sources and the uncertainty on the method counts for only 0.16 GeV.

The method to correct the MC for the MC-data difference in the jet response
at DO is called Flavor Dependent Correction [69]. The idea of the method is that
for each calorimeter jet in the MC, a spatially matched particle jet is looked for to
calculate the correction factor F'

B Zz Ez . deata

= =i T
S Ei - RYCT

(3.16)

where the subscript ¢ runs over the particles in the particle jet, E; are the energies
of the particles and R; the single particle responses in MC or data. However, this
factor implies the new Jet Energy Scale. In order to preserve standard JES, the
ratio of this correction factor and average F' in v+jet sample is used:

Zi Ei .R;_:lata
SR

<F>7+jet .
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Figure 3.8: Number of particles (excluding neutrinos) in particle jets produced by
quarks or gluons in y+jet MC samples. On the left side in logarithmic scale and on
the right side in linear scale. The x axis is the energy of quarks or gluons, while
the y axis shows the number of particles (excluding neutrinos) in particle jets. The
simulation is for Run Ila period only.

The (F)., e is average correction parameterized without any JES correction applied.
The factor F,., should be applied to the jet energy after the offset correction as
(Emeas - EO) : Fcorr, (318)

jet

where Ei is the measured raw jet energy, and Eo the offset correction for noise,
pile-up and multiple interactions. The F,, is independent of other JES corrections
like response or showering.

To perform evaluation of the correction Fi.,., the single particle responses in MC
and data have to be known. Except the neutrinos, all the other "stable" particles
are included to reconstruct the particle jet. Most of the energy in the particle jets is
coming from 7% and . The matching between the particle jet and calorimeter jet
is based on the angular separation AR = /A¢? + An? between the two. Following
MC single particle samples were used: v, e*, %, 7%, K* K5, K, p*, n and A.
For each single particle, the energy of the calorimeter cells contained in the R = 0.5
cone around the particle are summed over to give the MC single particle response,
defined as the measured energy divided by the MC truth energy. The responses
from single particle MC are parameterized as shown in Figure [3.9 in case of 7%
sample. The parameterization has been studied and different fit functions have
been found to describe the MC with minimal number of parameters:

E ! E+p?

1+ erf By 1+ erf P + 73, (3.19)
V2 P2 V2P
E ! E +p?

1+ erf 2 Per 1 +erf A Per : (3.20)
\/2 'pii \/2 'pii

R%ic = (pgi +pi¢ -E)- Land&U(E,pii,pii), (3.21)

MC _ 0
R =025-p, -

RMC =025 p -
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3.7. Jet Energy Calibration

RYC =pf - [1—pi,- (B/0.75)%7] (3.22)

where h = 7%, K=, K5, KE, p*, n or A.
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Figure 3.9: Single pion response in D@ detector from Run IIb single 7 MC sample.
The black dashed line corresponds to the single pion response evaluated in Run Ila
JES studies. The red line is a fit to the MC points represented by black circles.

It is important to check how well the denominator in Eq. (3.17) describes the
MC raw jet energy after the offset correction, i.e. the ratio

( meas __ EO) . kO

jet

S Ei - RMC

(3.23)

as shown in Figure 3.10. The discrepancy in this MC closure test is within 2% and
this residual is assigned as a systematic uncertainty.

The single particle responses in data cannot be determined directly. Therefore
the MC single-particle responses need to be tuned to reproduce the data in the
distribution of the ratio p$™ /pr,. Here, p$™ is the reconstructed jet pr with the
offset correction using the MC single particle responses, and pr, is the pr of the

EM cluster that passed the photon selection criteria. The standard JES MC ~+jet
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Figure 3.10: Ratio between the jet energy as reconstructed, including offset correc-
tions, and the jet energy calculated using the MC single particle responses, as in
Eq. (3.23). (a) shows jets with |nget| < 0.4 in the y+jet sample as a function of jet
E’, and (b) is for jets with |nget| < 2.5 in the y+jet sample as a function of jet 7qet.
The shown uncertainties are statistical.

sample is combined with the dijet sample to provide an accurate representation of
the selected data. The responses of v, e* and pu* are considered to be the same in
data as in MC. The hadron responses introduce three additional parameters A, B
and C' as compared to the MC response parameterization as in Eq. (3.22):

R = Cpp, - [1 = Apy - (E/0.T5)PR B if pr > s 04 pr <, (3.24)

where R{#* = RMC swhen A = C = 1 and B = 0. These parameters are varied to
reproduce the data distribution of the p™ /pr. ratio in MC and thus the correction
factor F' defined in Eq. (3.16) depends on A, B, and C through Eq. (3.24).

The tuning of parameters A, B, and C' is performed by a fit, which is performed
simultaneously for the v+jet and dijet samples. The procedure is applied for four
different 74e; regions of the detector. Figure 3.11] shows the result of the tuning for
jets with [9get| < 0.4. The pP™/pr, ratios are shown before and after MC tuning.
Good agreement between MC and data is obtained.

Using the tuned responses in data and the MC single-particle responses in MC,
the correction factors F, Eq. (3.16), and F,., Eq. (3.17) are evaluated. The
resulting relative jet energy correction factors Fgo, for different jet flavors (light
quark, gluon, and bottom quark) are shown in Figure 3.12. However, the figure is
only for illustration purpose since the correction is calculated and applied jet-by-jet.
The relative correction required for the light quarks is 1%, but it is significantly
larger for gluon and b quark jets, where energies are undercorrected by a few percent,
especially at low py.

The systematic uncertainty bars shown in Figure 3.12 are given by the sum of
three contributions added in quadrature. The dominant contribution is obtained by
propagating the fitting errors on the three parameters A, B, and C as estimated by
the covariance matrix and is typically smaller than 0.5%. The discrepancy in this
MC closure test is propagated as a second contribution to systematic uncertainty.
To study this, MC single particle samples with zero-suppression turned on are used

56



3.8. Author notes

Ll ————— > 1l : .
£ 10 D2 <04 @4 &0 00 g, 1<04 ©
& oot 1 % oob 3

E 9] E E o o © E

0.85 o © = 0.85 % 3

g 0008s ¥ E g 000002998 ° E

075 ;o0gee® y+et E 0.7 qo0® Dijet E

06 e ® Data E 0.6 e Data E

05? O MC Before Corr. § 0-5? O MC Before Corr.
0.45 - - 0.4% !

30 40 100 200 300 1000 30 40 100 200 300 1000

E’ [GeV] E’ [GeV]

> Ll ————————] > Ll ———————g

£ 10- DO I, /<04 b) 3 & 10~ DO n,,|<0-4 @ 5

S 09k 3 8roof E

= @] = £ O =

o s ©° 7 = o cee®t e 7

0.7F oot °® Vet E 0.7 geee Dijet E

0.6& oo ® Data E 0.61 ® Data E

0.5F O MC Corrected 4 05 O MC Corrected

0.4% ! - 0.4 ! -

30 40 100 200 300 1000 30 40 100 200 300 1000
E’ [GeV] E’ [GeV]

Figure 3.11: Tuning of single particle responses in data and MC using the ratio
PP /pr, as a function of E' for jets with [nge¢| < 0.4 in a high-purity y-+jet sample,
(a) before the MC response correction and (b) after the correction, in dijet events, (c)
before the MC response correction and (d) after the correction.

and the difference in evaluated F,,, is assigned as uncertainty. It was observed that
the samples with ZS turned on are showing good agreement in the MC closure test,
although they, unlike the ZS off samples, introduce bias to the calorimeter response.
This source of uncertainty is typically small for the CC, but can be up to 0.5% for
the ICD and EC. Third source of uncertainty is due to the assumption that the ~,
e and p* responses are perfectly simulated in MC. The v and e* responses are
varied according to the accuracy of their energy scale calibration (0.6% and 0.3%
respectively), but the effect on final correct is found to be negligible compared to
other two sources.

B 3.8 Author notes

The basics of object identification at D@ are discussed in this chapter. I have not
been involved in identification of most of the objects and mostly used only the
final product - the data with reconstruction, identification, and various corrections
applied. I was part of the MuonlID group for a short time testing new trigger files.
My main service task in the D@ collaboration was in the Jet Energy Scale group.
Together with Zhenyu Ye, I was responsible for the Flavor Dependent Correction,
which is described in Section 3.7.1) and also in three DO Notes [69]. I am the main
author of all three, while the last one was my main service task at DO as I wrote it
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Figure 3.12: The Flavor Dependent Correction factor Feop, derived using tuned MC
single particle responses for central jets with |nget| < 0.4 and different jet flavors,
shown separately for jets from (a) light quarks (u, d, s, c), (b) gluons, and (c) b quarks.
The bands represent the statistical and systematic uncertainties.

and prepared the output in a code that has been implemented in the D) framework
for the analyzers in different physics groups. In the flavor dependent correction, we
achieved very good results that helped to improve JES and the related systematical
uncertainties in many measurements, foremost in the top quark mass measurements.
This method is also used in the measurement described in this thesis. I was part of
the team that finalized the JES studies in the DO with output being detailed NIM
paper [64]. T have been responsible for flavor dependent correction section of this
paper and therefore one of the main authors.
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Chapter 4

Data, Simulations, and Selection

The measurement of the top quark polarization uses data collected by the D@ detector
(corresponding to 9.7 fb~! of integrated luminosity) and simulated signal and back-

ground events. Data has to meet data quality requirements. MC simulations

are integrated with a detector simulation for better comparability. This chapter

describes the data and the data quality requirements, the MC simulations, and the

selection requirements applied to both data and simulations.

N1 Data

The full Tevatron Run II data sample is analyzed in this measurement. This
data were collected with the D@ detector in two major periods: Run Ila (April
2002 — February 2006) and Run IIb (June 2006 — September 2011). The data
taking in terms of integrated luminosity is shown in Figure |4.1. The delivered
luminosity of 11.9fb~! represents the number of collisions by the Tevatron Collider.
Unfortunately, not all the time the D@ detector was operational and recording
data, which is propagated into the recorded luminosity of 10.7 fb~!. Over 10 billions
events were stored by the DO detector in the Run II period.

To be suitable for analyzing, the recorded data need to pass quality criteria.
Such set of criteria is designed to monitor and identify instrumental issues occurred
during the subsystem operation. All events are stamped with a Luminosity Block
Number (LBN) that is time dependent and splits data into time blocks of only
several minutes. For luminosity measurements, the instantaneous luminosity in the
block is assumed to be equal to the average luminosity of that period. If one or
more subdetectors were not operational at the time of the block, the number is
listed as bad in terms of online data quality monitoring’. To ensure all information
is correct, offline data quality reprocessing is also enabled by recording the status
of all detector subsystems into each of the luminosity blocks and stored in the
Offline Run Quality Database. All qualified runs must be assured to be free of bad
subsystems. The measurement in this thesis uses the standard definition of the

IThis might apply to a single luminosity block or to longer periods like runs.
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Figure 4.1: The integrated luminosity for Run II of the D@ experiment.

data quality that removes bad runs due to the bad SMT, CFT, muon or calorimeter
as well as bad luminosity blocks due to the bad online calorimeter quality and due
to the luminosity measurement. After removing bad blocks, the final data sample
of integrated luminosity of 9.7fb™! is used in the analysis.

As described in Section 2.2.6|, different triggers are applied online and offline to
the detected events in order to remove large amount of data with no interesting
information for physics analysis. This works the same way after the data are
recorded - out of the 10 billions of recorded events, only a very small part is
interesting for each physics group and selection channels are used in the analyses.
To get a pre-selection of data, list of triggers is applied according to the requirements
for the selection. First, the un-prescaled trigger is used to calculate the integrated
luminosity and trigger versions as listed in Table 4.1. The top OR triggers [70]
are used to select events with at least one electron or at least one muon. These
triggers are usually sets of L1, 1.2 and L3 triggers in a form of SuperOR trigger
packages. The e+jets channel uses a set of single electron and e+jets triggers. The
single electron trigger requires an energy in the EM calorimeter with or without
a track and the e—+jets triggers require two jets with Ep > 20 GeV, one jet with
Er > 25 GeV and an electron with Er > 15 GeV that matches certain shower
shape requirements. The p+jets channel requires a set of single muon and p+jets
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4.2. Monte Carlo Simulations

triggers. The single muon trigger requires hits in the muon system, with or without
a loosely isolated track, and p+jets triggers require at least one jet made with
a simple cone algorithm with Er > 35GeV and a muon with pr > 3 GeV. More
details about the triggers in different versions is listed in Ref. [70]. Each selected
event for this analysis is required to pass one of the two sets, the electron triggers
or the muon triggers.

Run Period Trigger Version Integrated Luminosity [pb™!]

Run IIa v8 - vl14 1081.21
Run IIbl v15.00 - v15.83 1217.67
Run IIb2 v15.90 - v16.29 3039.84
Run IIb3 v16.30 - v16.64 1994.27
Run IIb4 v16.65 - v16.99 2403.91
Run IIb v15.00 - v16.99 8655.69
Run II v8 - v16.99 9736.90

Table 4.1: Integrated luminosities for data with data quality requirements using
un-prescaled triggers for each run period used in this measurement.

At D@, the reconstruction software is called DORECO and it employs methods
for object reconstruction and identification as described in Chapter 3/ and it also
employs the trigger information.

B 4.2 Monte Carlo Simulations

To understand the composition of the data sample, signal and background events are
simulated based on theoretical predictions and previously measured quantities and
these simulations are compared to data. In the case of the top quark polarization
measurement, we are looking for modeling signal to background ratio and for the
prediction of the polarization introduced by the background. The simulations
are carried out by Monte Carlo (MC) event generators that combine fundamental
perturbative theoretical calculations with phenomonological models for a thorough
simulation of the physics of an event. The entire chain of the event generation
includes the simulation of the hard scattering interaction, the gluon radiation from
the initial and final states, the hadronization, the underlying event from minimum-
bias interactions, the effects of the detector, and the effects of reading out the
detector from the electronic signal.

To simulate the hard scattering, several event generators are used to calculate
the matrix elements for the ¢f production and the background production with
parturbative QCD: MC@NLO [71], ALPGEN [72], PYTHIA [73], and COMPHEP [74].
While ALPGEN and PYTHIA are LO generators, MCQNLO is a full NLO generator.
The simulation of the decay of the unstable particles, i.e. the parton showering
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and hadronization processes, is carried out by PYTHIA and HERWIG [75]. Parton
showering describes the effect when partons in the hard scattering process radiate
gluons, in addition to photon emission, as they carry color charges. Due to the
fact that gluons can also emit additional gluons or produce quark-antiquark pairs,
partons can easily multiply and form showers of outgoing particles. The radiation
from different states of partons observed as the gluons and photons originated from
the incoming partons are defined as Initial State Radiation (ISR) and the radiation
from the outgoing partons is called Final State Radiation (FSR). Hadronization
is imporant beyond O(1) GeV energy scale as hadrons can be formed from parton
fragmentation. Since QCD theory becomes non-perturbative at a low energy scale,
phenomenological models are required to describe the hadronization at this stage.
Two major models used across high energy physics field are string fragmentation
(used in PYTHIA) and cluster fragmentation (used in HERWIG). At D@, the partons
interact in hard scatter processes to produce the ¢f pair, not the proton and
antiproton. Parton distribution functions (PDFs) are used to properly simulate the
colliding momenta of the partons. This analysis uses the CTEQ6.1 PDF [76].

Particles produced by the event generators are required to have simulated the
interaction with the detector. The geometry and the material content are simulated
with the DOGSTAR program, a simulation of the DO detector based on GEANT3 [77].
GEANT is a software package that simulates the passage of elementary particles
through matter. Physical processes for particle interaction with the detector such as
the bremsstrahlung, the pair production, the ionization and the hadronic interactions
are included in GEANT. DOSIM simulates the digitization of the simulated data.
It adds zero-bias events and pile-up effect as the representation of noise from the
detector and electronics.

B 4.2.1 Signal modeling

For the purpose of the top quark polarization analysis, the primary simulator of the
tt production is the MC@QNLO event generator version 3.4 utilized with HERWIG for
the parton showering, hadronization, and modeling of the underlying event. Second
generator of the tf signal is ALPGEN version 2.11 used with PYTHIA 6.4 for the
parton showering and hadronization. The ALPGEN generator is used mainly as a
cross-check and for several systematic uncertainty sources evaluation, including the
top quark mass dependence as it is generated with the top quark mass of 170, 172.5,
and 175 GeV. The MC@NLO event generator includes processes at the orders of o2
and a2, To model the effects of multiple pp interactions, the MC events are overlaid
with events from random pp collisions with the same luminosity distribution as
data.

B 4.2.2 Physics background

Physics background comes from processes with a similar final state as the tf events.
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W +jets. The main background to the ¢t signal in the lepton+jets channel are
the W+jets events, where the W boson is produced via the electroweak interaction
together with additional partons from QCD radiation (ISR or FSR) forming jets.
The W+jets final state can be split into four subsamples according to the parton
flavor: Wbb + jets, Wee + jets, We + jets, and W+light jets, where light refers to
gluons, u, d, or s quarks. The W+jets background is modeled with ALPGEN and
PYTHIA.

Diboson. WW, WZ, and ZZ diboson productions are simulated using PYTHIA.

Single top. Events for single top quark electroweak production through the s—
and t—channel are generated with COMPHEP.

Z+jets. The Z+jets events are simulated with ALPGEN and PYTHIA for events
where the Z boson decays to pair of electrons, muons or taus. The Z boson pr
reweighting is applied in order to achieve an agreement of the simulated Z pr
distribution with the data. Additional scale factors are used for the normalization
of the Z+jets background.

dilepton tt. Also the dilepton events from the ¢f decay form a small background
to (+jets channel in case one of the leptons is misidentified as a jet or is not detected.
Same generators as for the tf lepton+jets events are used.

B 4.2.3 Instrumental background

Instrumental background arises from the mis-identification of a jet with a high
electromagnetic fraction, which mimics an isolated electron or a muon from heavy
flavor decays. This is the multijet background, numerically the second largest
background after the W +jets events.

No MC generator is used to model the multijet background as it has been found
that better estimation comes from the data itself using the matrix method [78]. Two
different samples are used, one with a loose lepton isolation criteria and one with a
tight lepton isolation criteria. Data used for the measurement are contained in the
tight sample, which is a subset of the loose sample. Data from the loose sample
that do not pass the tight selection criteria are used to estimate the contributions
from the multijet background. This sample is known as the loose-minus-tight or
QCD sample. The loose and tight samples can be defined as

nl — NW*like _'_ NQCD (41)

. NW—like . NQCD

ng = €sig + €Qcp
where NW~1ke is the number of events with a true isolated lepton that is originating
from the physics backgrounds or the ¢t signal, NCP stands for the number of
events with a fake isolated lepton, n; represents the number of events in the loose
sample, and n; is the number of events in the tight sample. The factors eqcp and
€sig Tepresent the probability for a fake and a real isolated lepton to pass the tight
selection criteria, respectively.
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The efficiency eqcp is determined from data. By selecting events with £ < 10 GeV,
but otherwise the same selection criteria as for the signal sample, the data is en-
riched with QCD multijet events. In this data sample, no real isolated leptons are
assumed to be included. The ratio of events with a tight isolated lepton over the
number of events in the selected sample with loose isolated leptons yields eqcp.
The efficiency egie for a true isolated lepton to pass the tight isolation criteria is
determined from MC samples with a true isolated lepton in the final state. The
cross sections of W+jets and t¢ MC samples are added prior to the determination
of the real lepton efficiency.

B 4.2.4 Beyond Standard Model processes

We use six different BSM models [79] to study modified ¢¢ production: one Z’
boson model and five axigluon models with different axigluon masses and couplings:
m200R, m200L, m200A, m2000R, and m2000A, where L, R, and A refer to left-
handed, right-handed, and axial couplings, and numbers are the particle masses in
GeV. These models are used to validate the measurement in terms of the sensitivity
to non-zero polarization as the models are generated with some finite polarization.
The events are generated with the MadGraph 5 [80] interfaced to PYTHIA for parton
evolution.

B 4.3 Selection

Even with the right combination of triggers, most of the events in the triggered
data sample are entirely unrelated to the t¢ decay to the ¢+jets channel. Therefore,
a set of well tuned criteria is required for events to pass to the final selection that is
used in the analysis. The selection process is generally described in Ref. [81]. The
goal of this tuning is to have as many top quarks events as possible and the lowest
achievable background as the background events contribute to the polarization and
their simulation is not perfect. Therefore, the background is a significant source
of the uncertainty of the measurement. The selection criteria are applied to both
data and MC simulations.

The decay sequence of the ¢-+jets channel is tf — WbWb — fvqgbb. The result
of this chain is one isolated lepton with a large amount of momentum transverse to
the beam pipe isolated from other particles, a neutrino represented by the missing
transverse energy, and four or more jets. The /+jets channel is divided into two
sub-channels characterized by the lepton, e+jets and p+jets, as both leptons, e
and p are quite different in the view of the D@ detector. The 7 leptons are not
considered as they decay quickly hadronically, contributing to multijet background,
or leptonically, and thus correctly selected in the lepton+jets channel. The criteria
common for both sub-channels are:

® Good event quality, as described in Section 4.1)
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4.3. Selection

The reconstructed primary pp interaction vertex (PV) must have a z coordinate
of |zpy| < 60 cm. This criterion puts the PV within the center of the detector
to ensure good tracking.

Leptons are required to originate from within 1 cm of the PV in the 2z coordinate,
|5Zz}pv| < lcm.

Events with second isolated lepton are vetoed to ensure orthogonality to the
dilepton channels.

The curvature of the track associated with the lepton needs to be well mea-
sured to reduce the lepton charge misidentification, i.e. we require the track

curvature significance |TrackCurvSig,| > 1 and TrackCurvSig, > —99. The
q/pr

TrackCurvSig is defined as s /pr) where ¢ and pr is charge and the transverse
momentum of the of the charge(f track associated with the lepton.

The events has at least three jets with pr > 20 GeV and |nge| < 2.5, recon-
structed with a cone parameter of R = 0.5. All jets are required to be vertex
confirmed in the Run IIb epoch. While at least four jets are in the signature of
the (+jets decay channel, one jets might be lost due to various effects. This
will be discussed in Section 15.3.1k

At least one jet is required to have pr > 40 GeV. This leading jet requirement
is to suppress the W+jets background.

At least one jet is tagged as a b quark by the MVAy; algorithm within the L4
operating point (MVAy > 0.035).

Fully corrected imbalance in the transverse momentum, F,, is larger than
20 GeV. This is the expected energy carried away by the undetected neutrino.

Additionally to the requirements above, e+jets channel criteria:

® Events have one tight isolated electron with pr > 20 GeV and |7ge¢| < 1.1 using
MVA working point "emvPoint1".

® Events in data are required to pass the e+jets superOR trigger, which is a
combination of the single electron trigger and the e+jets triggers.

® Events pass the triangle cut, A¢(u, £r) > 2.1 — 0.035 - f'p, which helps to
reject multijet events.

The additional p+jets channel requirements are:

® Events have one tight isolated muon with pr > 20GeV and |nge] < 2.0
with Muon ID working point medium, track criteria medium and isolation
TopScaled Tight.
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4. Data, Simulations, and Selection

® Events in data are required to pass the pu+jets superOR trigger, which is a
combination of the single muon trigger and the u+jets triggers. Run Ila data
are required to pass only the single muon OR trigger.

® Events pass the triangle cut, A¢(e, £'p) > 2.2 — 0.045 - Fp, which is used to
reject multijet events.

® The transverse mass of the reconstructed W boson, defined as

MY = /(0 + Br)? — b+ B2 — (0 + E,)? (4.3)
is < 250 GeV and F; < 250 GeV.

® Triangular cut inspired by the single top selection is applied as: ((—7 x cut) +
(2.5465 x cut) x A¢(u, Bp)) > |TrackCurvSig| and ((—0.876 x cut) + (0.438 x
cut) x A¢(u, £r)) > |TrackCurvSig|, where cut= 10. The last two criteria
help to minimize mismeasured muons and misreconstructed muon pr .

[ 4.4 Author notes

In this section, I have described the important facts regarding the data, the data
quality, the simulations and the final selection applied to both the data and the MC.
Personally, I did not participate in data quality analysis nor in the MC production.
There are many details, mainly technical, that I have not described as I believe they
are not essential to understand the top quark polarization measurement, despite
the fact that they are necessary steps in the process of getting final data in format
that can be analyzed.

I believe that the list of signal and background models is very important, as
well as the list of the "cuts", the selection requirements, applied on the samples
used in the analysis. I took part in the lepton+jets selection in the top quark
group at DO and I am one of authors of the selection Note [81]. However, the
selection was a result of work of many people inside the top quark group and also
the list of requirements used in this analysis is product of many years of tuning
and searching what is the best criteria set to be used for the {+jets channel and
it is very similar in the latest top quark measurements in the /+jets final states
at DO, e.g. in Ref. [30]. The only difference are the cuts on the track curvature
significance, which are inspired by the forward-backward measurement published
in the year 2014 [82]. This requirements was studied to help with lepton (muon
especially) pr precision. I have found this cut also very useful as the top quark
polarization measurement relies on the lepton angular distributions and therefore
removal of the misreconstructed leptons is essential. I have proven a positive effect
of this requirement on the selection and on the polarization result uncertainties in
a short study.
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Chapter 5

Measurement of Top Quark Polarization

In Chapter (1], the short introduction to the top quark physics and the top quark
polarization has been presented together with the motivation for the measurement.
This chapter follows with the definition of the top quark polarization, with the list
of previous measurement and with the description of the measurement itself in each
step that leads toward the final results for the top quark polarization.

This measurement has been described in the D@ Analysis Note [83], DO Conference
Note [19] and most recently published in the Physical Review D (Rapid Communi-
cation) [84] that is also included in the Appendix Section Bl

B 51 Top Quark Polarization

The SM predicts that top quarks produced at the Tevatron collider are almost
unpolarized, while models beyond the Standard Model (BSM) predict enhanced
polarizations [85]. The small polarization in SM is generated by SM parity-violating
weak interactions [86].

The top quark polarization P, can be measured in the top quark rest frame
through the angular distribution of the top quark decay products relative to some
chosen axis 7 [10]:

r 1
chfs@m = 5(1+Pﬁ/€i cos ;7). (5.1)
where i is the decay product (lepton, quark, or neutrino), x; is its spin analyzing
power (= 1 for charged leptons, 0.97 for d-type quarks, —0.4 for b quarks, and —0.3
for neutrinos and u-type quarks [87]), and 6, ; is the angle between the direction
of the decay product 7 and the quantization axis 7.

The mean polarizations of the top and antitop quarks are expected to be identical
because of the CP conservation in strong interactions. Although such polarizations
can differ from event to event, the approximation that the top and antitop quark
polarization are identical is valid in this measurement as we measure the mean
polarization in large sample of events. There has been a cross-check in the evaluation
of the top quark polarization and the antitop polarization separately in both data
and MC, the results are presented in Chapter [6.
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5. Measurement of Top Quark Polarization

The quantization axes are defined in the tf rest frame, while the decay product
directions are defined after boosting the particles to the ¢t rest frame and then to the
parent top quark rest frame. We measure the polarization along three quantization
axes:

® beam axis 7, given by the direction of the proton beam [10] (for both the
top and antitop quark);

® helicity axis 7y, given by the direction of the parent top and antitop quark;

B transverse axis 7r, given as perpendicular to the production plane defined
by the proton and parent top (or antitop) quark directions, i.e. 7, X (=)o )
9, ).

Here, the beam and helicity axes have been chosen to represent the longitudinal
polarization of the top quark (and will be further in the text referred together as
the longitudinal polarizations). Other axes can be used in the definition of the
longitudinal polarization, such as the off-diagonal axis, but beam and helicity are
preferred. The beam axis was previously used in the D@ top quark polarization
measurement and this definition is in favor at the Tevatron energies. On the other
hand, the helicity axis have been previously measured by the LHC experiments
as it is optimal for the LHC energy. The polarization along the transverse axis,
or the transverse polarization, is different from the definition of the longitudinal
polarization. It is important that it is allowed to be non-zero in the SM. Therefore,
this is a very important quantity and it has never been measured before. In fact,
this thesis describes the first measurement of the transverse polarization in the ¢
production.

The polarization defined in Eq. (5.1)) can effectively the measured through the
cosines of the angles 6;,. It can be simply done by calculating the asymmetry
between the positive and negative cosines as

A — N(cos b,z >0) — N(cosb,;, < 0)
Fa = N(cosb;; > 0)+ N(cosb;; < 0)’

(5.2)

where N(z) is the number of events passing the requirement = and the polarization
is then P, = 2Ap;. Top quark has a positive charge, while antitop quark charge
is negative. The polarization of top quarks and antitop quarks are represented
by Pt and P~, respectively. Then, the polarization in the CP conservation
scenario is PSYY = Ap+ 5 + Ap- 5 and CP violating polarization is defined as
PEPV = Ap+ 4 — Ap- . Other way is to use the cos 6, distribution to perform a
template fit with simulated samples containing events with positive and negative
polarizations. Both methods are used in this measurement, but the template
fit provides better performance in incorporating the effects from the expected
background and therefore is utilized to measure the polarization in the data.

The lepton is the most sensitive to the polarization, i.e. it has the analyzing power
close to unity and is easily identified with a good precision. This measurement
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5.2. Previous Measurements

Exp. data  final state beam axis Ref.
DY 9.7fb* . +0.113 £ 0.093 (SM Ag,)
1o6Tev PN (679 4 0113 (meas. Ag) L

Table 5.1: Overview of previous results for the top quark polarization along beam
axis. The uncertainties are statistical and systematical added in quadrature.

focuses therefore on studying the angular distribution of leptons. The down-type
quark has the spin analyzing power of ~ 0.97 and in theory might be a good
candidate to measure the polarization as well as the lepton from the top quark
decay. Unfortunately, the identification of the d-type quark is very difficult with the
efficiency of only about 50%. It is therefore not used in the measurement. However,
to gain statistical precision, we use the reweighted Monte Carlo (MC) down-type
quark distributions in forming the signal event templates, as will be discussed later.

The longitudinal polarizations along the beam and helicity axes at the Tevatron
collider are predicted by the SM to be —0.0019 #+ 0.0005 and —0.0039 £ 0.0004 [86],
respectively, while the transverse polarization is estimated to be ~ +0.0110 [8§)].
Observation of a significant departure from the expected value would be an evidence
for the BSM contributions [85].

[] 5.2 Previous Measurements

The top quark polarization along the helicity axis was previously studied in pp
collisions by the DO collaboration [89] as part of the measurement of angular
asymmetries of leptons in 2013. However, this was not a full measurement, rather
a short study based on control plots for the cos 6, ; distributions. More recently,
D@ measured the top quark polarization along the beam axis, simultaneously with
the forward-backward asymmetry, in ¢ final states with two leptons [17], and it was
found to be consistent with the SM. This measurement was done in an orthogonal
final state to the lepton+jets channel used in this thesis and the D@ combination
for the top quark polarization along beam axis has been performed as a part of this
analysis. There has been no measurement of the top quark polarization from the
CDF experiment. The ATLAS and CMS collaborations measured the top quark
polarization in pp collisions along the helicity axis in 2013 and in 2016, and the
results are consistent with no polarization production [13, [14]. Both experiments
used different approaches, while the method by the ATLAS collaboration is similar
to the one in this thesis with the template fit being the main tool in evaluation of the
polarization. The previous results for the top quark polarization are summarized in
Tables 5.1 (beam axis) and 5.2/ (helicity axis). There was no previous measurement
along transverse axis or along any other axis apart from the listed beam and helicity
axes.

The prediction for the SM polarization along the helicity axis at the LHC is
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5. Measurement of Top Quark Polarization

Exp. data final state helicity axis Ref.
ATLAS 47/ FHjets and —0.034 £0.040 (CPC)
7TeV dilepton  +0.020 £ 0.022 (CPV)
CMS 4.7fb~! .

T TeV dilepton  +0.005 £ 0.021 [14]
CMS 19.5fb~1 —0.022 + 0.058 (CPC)

8 TeV dilepton 1 000 + 0.016 (cPYV) 4

Table 5.2: Overview of previous results for the top quark polarization along helicity
axis. The uncertainties are statistical and systematical added in quadrature.

slightly different from the Tevatron one, stated in previous Section 5.1} yielding
to +0.002 £ 0.001 in CP conserving scenario [14]. All of the measurements are in
agreement with the SM prediction, but the motivation for another measurement is
substantial as the only result from the Tevatron in dilepton final states is the only
result along beam axis and suffers from large uncertainty. Results along helicity
axis were measured only in the pp collisions, i.e. in different initial state.

In addition, there has been first measurement of the top quark polarization in the
t-channel single top quark production by CMS using 19.7fb~! 8 TeV data yielding
to polarization of P, = 0.52 4 0.22 (with the expected SM value of 0.88) [90]. The
single top quark polarization is a very intriguing measurement, but it was not
described in this thesis as this measurement was not feasible in the Tevatron data.

[ 5.3 Measurement

The measurement of the top quark polarization in /+jets final states of ¢ production
consists of several steps:

® The angular distributions of leptons, e and pu, are analyzed, because they are
the most sensitive to the polarization and easily identified in the D@ detector.

® The selection of events in the /+jets final state was described in Section 4.3| -
events selected using those requirements are input for the measurement.

® A kinematic fit to reconstruct the lepton angles relative to the various axes is
performed, knowledge of the full top quark pair decay is needed.

® The sample composition is studied using kinematic discriminant in order to
provide the expectation for the dominant background sources.

® The distributions of lepton angles along various axes are fitted with mixtures of
signal templates with +1 and —1 polarizations to extract the observed values.

® The measurement is verified with an ensemble testing procedure and with
closure test.
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5.3. Measurement

B Systematic uncertainties are evaluated by repeating the measurement with
modified samples or including uncertainties from assumptions made in the
measurement.

® Combination with the previous D() measurement in the orthogonal dilepton
channel is performed.

B 5.3.1 ¢ Reconstruction

In the DO detector, only the final states particles from the top quark decay are
detected and reconstructed. In order to measure polarization in the top quark
pair production, the top quark decay needs to be fully reconstructed to define
the four-vectors of the top quark, antitop quark, and the ¢¢ pair. There are four
final state quarks in the lepton-+jets decay chain, while the selection, described
in Section |4.3, requires at least three jets. If an event contains at least four jets,
the four jets with the largest pr are assumed to be originating from the ¢ decay
and the rest is omitted, assuming initial or final state radiation occurred. Event
with only three jets are considered to have one of the jets from ¢f decay missing. In
either case all possible assignments of three or four jets to the final state quarks
are used, with the likelihood of each assignment evaluated by the reconstruction
algorithm described in Refs. [91], 92].

For /+ > 4 jet events, the ¢ system is fully reconstructed using a kinematic fitting
algorithm, which utilizes an analytic solution for the neutrino momentum using the
constraints on the W-boson (My ) and top-quark masses (m;). The likelihood term
for each jet-to-quark assignment accounts for the differences between the observed
jet energy and the energy scaled to satisfy the constraints on My, and m;. The jet
energy resolution and the probability for a jet to be reconstructed are taken into
account. The b-tagging observables MVA,; are also used to evaluate the likelihood
of each assignment.

For ¢ + 3 jet events, a partial reconstruction algorithm of the ¢f decay is em-
ployed [92]. One of jets is lost due to the various reasons, e.g. when one of the
quarks is too soft or when the angular separation between two of them is small. This
algorithm assumes that the jet associated with the b quark from the leptonically
decaying top quark is detected. Thus, the reconstruction starts with the My,
term from the leptonic decay of the top quark followed by the leptonic top quark
candidate by adding one of the jets. The assumption, that the lost jet is from
hadronically decaying top quark, holds for 80% of the tf events. The lost jet is
assumed to be associated with either a light quark or a b quark from the hadronic
top-quark decay. In the majority of cases (74%), this jet is lost due to its low energy,
so this loss has little effect on the kinematics of the decaying top quark. Thus,
the lost jet is neglected in the partial reconstruction algorithm. The sum of the
four-vectors of the two jets assigned to the products of the hadronically decaying
top quark serves as a proxy for the four-vector of the hadronically decaying top
quark with the invariant mass m,. Even though m, is not expected to be equal to
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5. Measurement of Top Quark Polarization

my, the distribution in this variable is different for combinations correctly associated
with the hadronically decaying top quark and combinations that include a b jet from
the leptonically decaying top quark. In each event nine observables are considered:
the MVAy, for each of the three jets, the three possible m! (corresponding to the
three possible lepton-neutrino-jet combinations), and the three possible m,,. The
likelihood of each of the three possible jet-to-quark assignment is calculated by eval-
uating the consistency of this nine observables with the distributions corresponding
to the hypothesized assignment. To compensate for the effect of the lost jet, an
m,-dependent scaling to the four-vector of the hadronically decaying top quark is
applied.

In this analysis, all possible assignments of jets to final state quarks are considered
and weighted by the y? likelihoods of each kinematic fit. The performance of the
three-jet fit is comparable to that for four-jet events, mainly for the reason that the
(+ > 4 jet events are more likely, up to 45%, to contain jets originating outside the
tt decay, from initial or final state radiation. This number is only about 4% in ¢+ 3
jet events and thus, even though some information is lost with the unreconstructed
jet, no wrong information is added.

The addition of the three-jet sample almost doubles the signal sample as will be
shown later. The information from ¢ + 3 jet events is still useful for measuring top
properties and the addition of events with the lost jet can actually reduce systematic
uncertainties related to jet reconstruction. On the other hand, the background is
significantly increased in the ¢ + 3 jet events compared to /+ > 4 jet events and it
needs to be studied carefully not to bias the top quark polarization.

M 5.3.2 Sample Composition

Even with carefully tuned requirements for selection, it is not possible to achieve
a pure data sample containing only ¢f events unless many real tf events are lost
during selection and therefore the measurement would lack precision. Thus, the
signal and background composition of the data sample needs to be studied and
this is essential in case of polarization quantity as, unlike the SM ¢f events, some
of the background sources have non-zero polarization by definition. The signal
and background models have been described in Section 4.2 most of them being
based on MC simulations with use of the theoretical calculations and experimental
observations. But it has been observed that this simulations are not describing
reality of D@ data precisely and some scaling and corrections need to be applied.

Our data sample in the /+jets final state is composed mainly out of ¢f signal
events and W+jets background events. The second largest background is from the
multijet events. This background is evaluated from data as described in Section 4.2.3|
Sets of eqep and eg;, parameters are calculated from data for each epoch and for
different selections based on lepton type or number of jets. Therefore, we make
assumption that it is the best possible estimate of this background. The diboson
and single top background events have relatively small contributions in the ¢+jets
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5.3. Measurement

events and the assumption, that the MC generators do good job in description of
the contribution of the respective events in data, is taken. The Z+jets generated
events are reweighted and normalized according to Ref. [R1] to represent D@ data
more accurately.

To determine the sample composition, we construct a kinematic discriminant
based on the approximate likelihood ratio of expectations for ¢t and W+jets
events [93]. The input variables are chosen to:

® have good separation between tf and W -+jets events;
B be well modeled;

® have no strong correlated with one another or with the lepton angles used in
the measurement.

Due to the different reconstruction mechanism, also input variables used for ¢+ 3
jets and ¢+ > 4 jets channels are different and studied completely separately. The
variables considered in the ¢ 4 3 jets channel are: transverse momentum of leading
b jet; kI': aplanarity; sphericity; HY; pr of third leading jet; ms from lepton,
second leading jet, and £,; AR(jetl,jet2); AR((, jetl); lowest M,;; A¢(lepton, £);
A¢(jetl, Br); p%; and H. Some other variables have not met requirement of being
well modeled, or were correlated to the lepton polar angles, and thus are not listed
in here.

The variables considered in the {+ > 4 jets channel are: transverse momentum of
leading b jet; k7'"*; Hr; aplanarity; sphericity; centrality; M™; Mum®; x? of best
solution in kinematic fit; Mz; M;;, the invariant mass of jets assigned to W boson;

asymmetry defined as (pl=t — pl®) /(phd + poe®); the softest jet pp; Hb; pl; and
Mbjj- B

The tt signal and W+jets background distributions of the input variables were
derived from the simulation, and the logarithms of the signal to background
ratios, Ps/Ppg, for each variable were fitted by polynomial functions as shown in
Figures|A.1, |A.2, |A.3 in Appendix Section |A. To estimate the best separation power
of different combinations of the input variables, a figure-of-merit (FOM) is built
from each subset of these variables using formula:

FOM = / F(@)(2p(x) — 1)%da, (5.3)

where x refers to the value of the likelihood discriminant under consideration, f(z)
is its distribution, and p(z) = P(x|sigi(19)6fz§?;\ll)/v et 1S the probability for tt signal at
some given .

The correlations among input variables and lepton angles are studied directly in
the respective distributions by calling ROOT function
GetCorrelationFactor (). If two correlated variables are selected, only the one
with better separation power is kept in the list and the procedure repeated until no
correlated variables are selected by the FOM method. The variables are checked for
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5. Measurement of Top Quark Polarization

being well modeled in the control plots before and after sample composition. To
quantify the modeling, Kolmogorov-Smirnov (KS) and y? tests are used. Variables
that did not passed the criteria were removed and the FOM method repeated.
Since the selections in e+jets and p+jets channels are different, the channels are
analyzed separately in the FOM method. However, the best combination obtained
is the same for both channels.
The input variables used for the ¢+3 jet kinematic discriminant are:

= k™ = min(pre, prp) - ARe, where AR, = \/(77a —0p)* + (¢a — ¢p)? is the
angular distance between the two closest jets, a and b, and min(prq, prs)
represents the smaller transverse momentum of the two jets, and the ¢ are
their azimuths in radians;

® aplanarity, A = 3/2)3, where A3 is the smallest eigenvalue of the normalized
momentum tensor M; ;;

® HY, the scalar sum of the pr of the jets and lepton;

® AR(jetl,jet2), the AR between the leading jet and the next-to-leading jet;
® AR(lepton,jetl), the AR between the lepton and the leading jet.

The input variables for the {4 > 4 jet discriminant are:

= kT

® aplanarity;
" Hp;

® centrality, C' = Hy/H, where Hr is the scalar sum of all jets pr values and H
is the sum of all jets energies;

® the lowest x? among the different kinematic fit solutions in each event;

blcp blcp

B (phed — ) /(phet 4 ) the relative pr difference between biep, the b jet
candidate from the t — bfv decay, and bn.q, the b jet candidate from the
t — bqq' decay;

® Mj;, the invariant mass of the jets corresponding to the W — ¢q’ decay.

The distributions of listed input variables (often denoted as control plots) are
shown in Figures |5.1] (e+3 jets), 5.2 (u+3 jets), 5.3 (e+ > 4 jets), and 5.4 (u+ > 4
jets). The discriminant distributions with the combination of chosen variables are
shown in Figures 5.5/ (e+ jets) and 5.6/ (1 jets). All the distributions represent the
selection with at least 1 b-tagged jet, which is the requirement for selection used in
the measurement of the polarization. However, the maximum likelihood fit on the
discriminant uses additionally the information from events with no b-tagged jets.
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Figure 5.1: Control distributions of input variables for the kinematic discriminant:
ki aplanarity, Ho, AR(jetl, jet2), and AR(lepton, jet1). The selection used is e+3
jets and at least 1 b-tagged jet.

The sample composition is determined from a simultaneous maximum-likelihood
fit to the kinematic discriminant distributions on three subchannels in each selection
according to the number of b-tagged jets: 0, 1, > 2. The channels without b-tagged
jets are not used in the measurement of the top quark polarization, only to determine
the sample composition and later the W+jets background calibration. As the first
step, the tf signal and the W+jets background are normalized in the fit. In the
second step, the W +jets background is normalized separately for the heavy-flavor
contribution Wy (Wbb + jets and Wee + jets) and for the light-parton contribution
Wi, (We + jets and Wlight-parton jets). Other background sources remain
constant during the fit. The output of the fit are the scale factors k that modify the
sample composition of tf and W+jets events, so they better agree with data. The
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Figure 5.2: Control distributions of input variables for the kinematic discriminant:
kmin aplanarity, Hy, AR(jetl, jet2), and AR(lepton, jet1). The selection used is p+3
jets and at least 1 b-tagged jet.

scale factors are kz for the signal, ky,  for the light-parton contribution and ky,, for
the heavy-flavor contribution of the W+jets events. The discriminant distributions,
as an illustration how the maximum-likelihood fit works, together with the fitted
scale factors are shown in Figures and in Appendix Section [Al The fitted
scale factors k are listed in Table [5.3

The sample composition after implementing the selections, and fitting the
maximum-likelihood to data, is broken down into individual channels by lepton
flavor and number of jets, and summarized in Table [5.4. The obtained #f yield, i.e.
the observed tt cross-section, is close to the expectations. The term ’Other Bkg’
refers to Z+jets, single top, diboson, and t¢ dilepton events.
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Figure 5.3: Control distributions of input variables for the kinematic discriminant:
In x?2, centrality, k", (pgl“ad - pglep) / (pgl‘ad + p?ep), M;j, aplanarity, and HL. The
selection used is e+ > 4 jets and at least 1 b-tagged jet.
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selection used is pu+ > 4 jets and at least 1 b-tagged jet.

B 5.3.3 Correction to IV +jets Background

The lepton angular distributions in W+jets events must be well modeled since
they form the leading background, with especially significant contribution in the
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Figure 5.5: The likelihood discriminant distributions for selection e+3 jets (top) and
e+ > 4 jets (bottom) with at least 1 b-tagged jet. The p-values for x? and KS tests
are shown.

(43 jet sample. To reduce the dependence of the measurement on the simulated
W +jets polarization, we therefore correct the simulated events in a control sample
of {43 jet events with no b-tagged jets, as such events are dominated by W+jets
production with more than 70%. This sample is not used for the polarization
measurement. In the control sample, the t£ MC events and background components
other than W+jets are subtracted from events in data. The W+jets MC events are
reweighted so that the cosf,; distributions agree with those from the subtracted
data in the control sample. The reweighting takes place in the relative asymmetry
in polarization |cos 6y ;| calculated for each pair of positive and negative bins as in
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Figure 5.6: The likelihood discriminant distributions for selection pu+3 jets (top) and
p+ > 4 jets (bottom) with at least 1 b-tagged jet. The p-values for x? and KS tests

are shown.

Eq. (5.2). The

polarization in

where o and [

subtracted dat

and (u+ je

The correction to MC obtained from the control sample is propagated to the
the measurement. The correction provided by this procedure is equal to change in

08 09 1
4jets Discriminant

asymmetries are fitted in order to correct the antisymmetric part of

W +jets events using following weight

w=1+acosb;+ cos® 0.1

are parameters from fit to the relative asymmetry distribution. The
process is iterative until the W +jets background shows the same distribution as
a. This is shown for each of the three axes in Figures (e + jets)

ts).
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Channel k. (stat.) Fw, (stat.) kws, (stat.)

e+3 jets 1.112 £ 0.068 0.974 £0.030 1.1154+0.134
u+3 jets 1.037 £ 0.076  0.959 £0.025 1.169 £ 0.088
e+ >4jets 1.075£0.051 0.882+£0.078 1.201 £ 0.085
pt+ >4 jets 1.052£0.056 0.930£0.074 1.198 £0.079

Table 5.3: Scale factors k from the sample composition fit for each selection channels
studied, the e+3 jets, u+3 jets, e+ > 4 jets, u+ > 4 jets. Uncertainties are statistical
and propagated to the top quark polarization results as systematical uncertainties.

3 jets >4 jets
Source e+jets u-jets e+jets p-jets
W+lp 825 £12 739411 133+ 3 120+ 3
W+c 158 +2 131 +£2 20+ 1 17+0
W+ht 758 +13 697+ 10 186 + 2 158 +£1
Multijet 494 + 7 128 +£3 147+ 4 49 £+ 2
Other Bkg 446 £ 5 378 £2 87+ 1 73+£1
tt signal 1200 £25 817420 1137424 904 £ 23
Sum 3881 37 289025 1710425 1321 23
tt fitted cross-section 7.89 +£0.11pb
tt SM expected cross-section 7.37 £ 0.39pb [29]
Data 3872 2901 1719 1352

Table 5.4: Sample composition and event yields after implementing the selection
requirements and the maximum likelihood fit to kinematic distributions in data. Only
statistical uncertainties are shown.

polarization by +0.047 along the beam axis, +0.011 for the transverse axis, and a
negligible amount for the helicity axis'. This change is mainly due to the significant
polarization in the W+jets events that is observed to be +0.18 along beam axis,
—0.23 along helicity axis, and —0.02 along transverse axis. Other backgrounds count
for polarization of +0.05 (beam axis), —0.30 (helicity axis), and +0.01 (transverse
axis), but no specific correction is required as their contributions in the data sample
are under 10%, and the large uncertainties on the respective corrections would have
larger impact.

!That is true in the /+jets channel, separately for e+jets and p+jets there are significant
corrections in the helicity axis, but when both channels are combined, the effects cancel themselves.
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Figure 5.7: Corrections to the W+jets background in the e+4jets control sample with
3 jets and 0 b-tagged jets. From the top: beam axis, helicity axis, and transverse axis.
Left side shows fit to data subtracted by non-W background events and signal events
(black) and fit to uncorrected W+jets simulation sample (red). Rights side shows the
correction weight and distributions with the corrected W +jets simulation sample in

red color.

B 5.3.4 Template Fit

To measure the polarization, a fit is performed to the reconstructed cos 8, distri-
bution using tf templates of +1 and —1 polarizations, and background templates
normalized to the expected event yield. The signal templates arises from the ¢
MC sample generated with no polarization but reweighted to follow the expected

double differential distribution [10]:

1 dIl’
[ dcostcosfy 4
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Figure 5.8: Corrections to the W+jets background in the p+jets control sample with
3 jets and 0 b-tagged jets. From the top: beam axis, helicity axis, and transverse axis.
Left side shows fit to data subtracted by non-W background events and signal events
(black) and fit to uncorrected W+jets simulation sample (red). Rights side shows the
correction weight and distributions with the corrected W +jets simulation sample in
red color.

where indices 1 and 2 represent the ¢ and ¢ quark decay products (the leptons
and down quarks, or their charge conjugates),  is the spin-analyzing power, as
described in Section 5.1/ at Eq. (5.1), and C' is the ¢ spin correlation coefficient for
a given quantization axis. The SM predictions are used, C' = —0.368 (helicity axis)
and C' = 0.791 (beam axis), both calculated at NLO in QCD and in electroweak
couplings in Ref. [10]. The spin correlation factor is not known for the transverse
axis, and thus we set C' = 0. This approximation is tested and it was found that
change in C' by +1 has effect on the transverse polarization of 0.005 — 0.010, which
is assigned as systematic uncertainty. The choices of the C coefficient values have
an impact on the BSM searches as various BSM models would change the SM value
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5. Measurement of Top Quark Polarization

of C'. This has been investigated and the effect is small, well below the uncertainties
of the measurement. The P, ; represents the polarization state we model (here
P;; = £1) along the chosen axis 7. In the SM, assuming C'P invariance, the
relative sign factor p takes the value +1 for the helicity axis and —1 for the beam
and transverse axes [10], 94].

A simultaneous fit is performed for the eight samples defined according to lepton
flavor (e or ), lepton charge, and number of jets (3 or > 4). The combinations of
different samples, that enter the simultaneous fit, have been studied and this one
was found to provide the lowest statistical uncertainty. The observed polarization
is taken as P = f, — f_, where fi are the fraction of events with P = 41 and —1
returned from the fit. The fit is instantiated through TFractionFitter class of
ROOT. The distributions in the cosines of the polar angles of leptons from ¢t decay
for all three axes are shown in Figure 5.9.

A previous measurement of top quark polarization and the forward-backward ¢
and ¢ asymmetry in dilepton final states [I7] noted a correlation between these two
measurements. This correlation is caused by acceptance and resolution effects in
the kinematic reconstruction of the events. The same effect has been observed in
in /+jets final state. The dependence of the observed polarization on the forward-
backward asymmetry, Apg, is determined at the parton level using samples in which
the ¢t and ¢ rapidity distributions are reweighted to accommodate the polarizations.
This relation is

1+ Apg - 253 (tanh &% + (£4)°)

v T (5.6)
140.0501 - 2.53 - ((tanh 3% + (£4)?)

where App is the NNLO SM calculation of (9.5 + 0.7)% [95], which is in good
agreement with the recent result by the D@ experiment in lepton+jets channel of
(10.6 + 3.0)% [96], and 0.0501 represents the nominal MC@NLO production-level
Apg of (5.01 £ 0.03)%. The correction is to cover the difference between the two
values of the Apg. The function in Eq. (5.6) was obtained in Ref. [I7] by a fit
in the simultaneous measurement and has been confirmed by observations in this
measurement. The resulting correction is —0.030 for the polarization along the beam
axis, less than 0.002 for the polarization along the helicity axis, and is negligible
for the transverse polarization. The uncertainty on the expected Apg is propagated
to the measurement as a systematic uncertainty.

B 5.3.5 Verification of the Method

The fitting procedure and methodological approach are verified using pseudo-
experiments for five values of polarization, and through a check of consistency
with predictions, using the BSM models with non-zero generated longitudinal
polarizations.

The pseudo-experiments, or ensemble testing, form ensembles consisting of events
randomly selected from the signal MC templates of P = 41 and —1, according to
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Figure 5.9: The /+jets cos @ distributions for data, expected backgrounds, and signal
templates for P = —1, SM, and +1. Panels (a), (c), and (e) show ¢+3 jet events;
(b), (d), and (f) show ¢+ > 4 jet events; (a) and (b) show distributions relative to
the beam axis; (c) and (d) show distributions relative to the helicity axis; and (e)
and (f) show distributions relative to the transverse axis. The hashed areas represent
systematic uncertainties. The direction of the cos @ axis is reversed for the £~ events
for beam and transverse spin quantization axes plots.

the sample composition. Five different mixing fractions are chosen to represent
polarization of —1,—0.5,0,+0.5, +1. For each mixing fraction point 1,000 ensembles
are sampled, and the same template fit, as described in previous section, is repeated
per ensemble.

The distributions of the results from the template fit are fitted with a Gaussian
function, where the mean represents the polarization and the error estimates the
expected statistical uncertainty. With results from ale five mixing fractions, the
calibration curve is build. The pull, defined as fi;—_fg, where ¢ represents each mixing
fraction and f, is the generated value, is used to test the performance of ensemble
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5. Measurement of Top Quark Polarization

sampling using the pull mean and pull width. A non-biased samples are represented
in the pull as Gaussian distributions with mean 0 and width 1. Expected uncertainty
needs to be corrected for a non-unity width. The example results of the pseudo-
experiments are shown in Figure [5.10| for the case of transverse polarization and
e+ jets selection. The results for all three axes are summarized in Tables 5.5, 5.6,
and [5.7, where the expected statistical uncertainties from ensemble tests, defined
as meanerr:foxpzuumdth, are shown. The expected statistical uncertainties show good
agreement with the actual statistical uncertainties observed in the template fit with
data. Note that pull width different from 1 can indicate over- or under-estimating
of the statistical uncertainty and some small differences are observed although by
definition of the template method, the results of ensemble testing should be very
close to unity in pull width. This has been explained as the fit (TFractionFitter)
does not work properly in bins with very low statistics, affecting both slope and pull
width. This was case in few ensembles, but it was tested that this problem does
not take place in the measurement with data as it occurred only in few ensembles
with large polarization of +1 and —1.

[ S$lope =1.014 +0.001 </
[ Offset=-0.003 +0.000
05—
ol 02
F 01
05 =
F o
- L

- T 010

Generated polarization (transverse) Generated polarization (transverse)

0.5
£ ean Error = 0.061 + 0.001
04

03

Error of the mean

S L1 e

Ensemble test mean polarization

ull Mean = 0.003 +0.008 ull Width = 0,979 + 0.008

0.8 18

0.6 16

Pull width

04 14

0.2 12

°
-
I

-0.2 0.8

Pull distribution mean

-0.4 0.6

-0.6 0.4

-0.8 0.2

A T

Generated polarization (transverse) Generated polarization (transverse)

Figure 5.10: The pseudo-experiments with five 1,000 ensembles with different po-
larization showing distribution of mean (top left), mean error (top right), pull mean
(bottom left), and pull width (bottom right). The plots are showing polarization
along transverse axis in the e+jets final state.

To verify that the template method is sensitive to the non-zero polarization, we
use MC samples that are generated with some finite non-zero top quark polarization,
that were descibed in Section [4.2.4) and summarized in Table |5.8. This procedure
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Helicity axis

Ensemble test results p+jets

Mean slope 1.035 £ 0.001 1.046 £ 0.003
Mean off-set —0.004 +0.000  0.000 £ 0.002
Mean error 0.095 £ 0.001 0.111 £ 0.000
Pull mean —0.001 = 0.005 —0.007 £ 0.011
Pull width 0.988 £0.006  0.980 £ 0.009
Expected stat. uncertainty 0.109

Table 5.5: The pseudo-experiment results for polarization along helicity axis with

the expected statistical uncertainty.

Beam axis
Ensemble test results p+jets
Mean slope 1.056 £ 0.003 1.027 £ 0.002
Mean off-set —0.005 £ 0.002 0.001 + 0.001
Mean error 0.117 + 0.002 0.081 + 0.001
Pull mean 0.006 £ 0.005 —0.004 £ 0.008
Pull width 0.987 4+ 0.005 0.978 £ 0.009
Expected stat. uncertainty 0.079

Table 5.6: The pseudo-experiment results for polarization along beam axis with the

expected statistical uncertainty.

Transverse axis

Ensemble test results p-jets

Mean slope 1.014 + 0.001 1.023 + 0.003
Mean off-set —0.003 +0.000  0.000 £ 0.002
Mean error 0.061 £ 0.001 0.075 £ 0.001
Pull mean 0.003 £ 0.004 0.016 £ 0.014
Pull width 0.982 4+ 0.005 0.977 + 0.007
Expected stat. uncertainty 0.073

Table 5.7: The pseudo-experiment results for polarization along transverse axis with

the expected statistical uncertainty.

is called the closure test. First, the generated polarization at the parton level
(before any selection) is studied. This generated polarization is compared to the
measured polarization, which is obtained by the template fit the same way as the
measurement with data. Here, the data are substituted by the BSM signal MC of
the respective model. The closure test is shown in Figure 5.11] for the polarization
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along beam axis and in Figure |5.12| for the polarization along helicity axis. The
values are summarized in Table 5.9 for the beam axis and in Table |5.10 for the
helicity axis. Note that the uncertainties are only statistical obtained from limited
statistics of the samples and as uncertainties from the template fit.

Model [79] mass (GeV) width (GeV) gr(u) gr(u) gr(t) gr(t)
Axi m200R 200 50 0 0.59s

Axi m200A 200 50 -0.4g, 0.4g,

Axi m200L 200 50 0.5g5 0

Axi m2000R 2000 960 0 -0.8¢s 0 69
Axi m2000A 2000 1000 0.6g;, -0.6gs -4g; 4g,
7 290 2.9 0.7g7 0.7gz

Table 5.8: Overview of the parameters used in generation of the BSM models used
to verify template fit. g5 is the strong coupling constant.

Model [79] Beam generated Beam measured
Axi m200R 0.135 £ 0.001 0.141 £ 0.009
Axi m200A —0.002£0.001  —0.007 £0.011
Axi m200L —0.137£0.001  —0.144 £ 0.009
Axi m2000R 0.081 = 0.001 0.073 £ 0.010
Axi m2000A —0.001 =0.001  —0.006 4+ 0.011
zZ' —0.186 £0.001 —0.172 £ 0.013
MC@QNLO —0.004 £ 0.007  —0.005 £ 0.004
ALPGEN + PYTHIA 0.000 4 0.006 ~ —0.005 £ 0.003

Table 5.9: Comparison of generated and measured values of the polarization along
beam axis. The uncertainties are only statistical.

The transverse polarization is not shown as it has not been generated in any of
BSM models and therefore all the values are close to zero. We see a very good
agreement in the beam axis and a small discrepancy in the helicity caused by one
heavy right-handed axigluon model (Axi2000R). This is partly due to the physics
at high m that is not modeled very well by the MC@NLO. The high m,; physics is
modified by the heavy axigluon models. This is studied and added as systematic
uncertainty to the polarization measurement. By considering various sources of
systematic uncertainties in the closure test, this discrepancy is within uncertainties.
Therefore, we observe the fitted polarizations and the model inputs in a good
agreement, and the template methodology has been verified.
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Figure 5.11: Closure test for the template method to measure polarization along the
beam axis. The generated polarizations (at parton level) from different BSM and SM
models are compared to their measured equivalent that is obtained the same way as
polarization in data. The uncertainties are only statistical.

B 54 Systematic Uncertainties

Several categories of systematic uncertainties were evaluated using fully simulated
events and assigned into following groups: uncertainties associated with jet recon-
struction, jet energy measurement, b-tagging, modeling of background and signal
events, parton distribution functions (PDFs), and uncertainties associated with
procedures and assumptions made in the analysis.

The sources of systematic uncertainties belonging to the Jet reconstruction group

are:
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5. Measurement of Top Quark Polarization
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Figure 5.12: Closure test for the template method to measure polarization along the
helicity axis. The generated polarizations (at parton level) from different BSM and
SM models are compared to their measured equivalent that is obtained the same way
as polarization in data. The uncertainties are only statistical.

® Flavor-dependent jets response - the flavor dependent jet corrections were
described in Section [3.7.1. The uncertainty is evaluated by changing the
correction value within its estimated uncertainty:.

® Jet identification efficiency - uncertainty on the jet reconstruction and
identification efficiency is determined by turning off the "JetID’ data/MC scale
factor and symmetrized with respect to the nominal sample.

® Vertex confirmation - uncertainty on the efficiency of vertex confirmation in
jet reconstruction is evaluated by changing the scale factor within its uncertainty.
This uncertainty is only for Run IIb data as no vertex confirmation is required
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5.4. Systematic Uncertainties

Model [79] Helicity generated Helicity measured
Axi m200R 0.047 4+ 0.001 0.062 4+ 0.010
Axi m200A —0.018 £ 0.001 —0.010 £0.011
Axi m200L —0.081 £ 0.001 —0.080 £ 0.010
Axi m2000R 0.029 4+ 0.001 0.059 4+ 0.010
Axi m2000A —0.022 £+ 0.001 —0.011 +£0.011
A 0.123 4+ 0.001 0.138 +0.013
MCQNLO 0.004 4+ 0.007 0.005 4+ 0.004
ALPGEN + PYTHIA | —0.015 £ 0.006 —0.017 £ 0.003

Table 5.10: Comparison of generated and measured values of the polarization along
helicity axis. The uncertainties are only statistical.

in Run Ila epoch.
Jet energy measurement is represented by:

® Residual jet energy scale - uncertainty associated with the overall JES
is determined by varying the correction by one standard deviation of total
uncertainties in data and MC added in quadrature.

® Jet energy resolution - uncertainty on the jet energy resolution is determined
by changing the JER correction up and down by one standard deviation.

b-tagging uncertainties are:

B )-tagging - b-,c- and light quark jets scale factor uncertainties are varied by
one standard deviation up and down according to values provided by BID

group.

® taggability - taggability efficiency correction is varied by one standard devia-
tion.

The Background modeling consists of:

# Instantaneous luminosity - the reweighting of the MC events to match the
distribution of instantaneous luminosity in data is turned off and the difference
to measurement with the reweighting turned on is assigned as uncertainty on
instantaneous luminosity.

® Trigger efficiency - trigger efficiency is varied by one standard deviation up
and down. The effect of this uncertainty is based on observations from Ref. [97],
namely an overall trigger efficiency uncertainty of 5% for low pi® (< 90 GeV)
events and uncertainty of 2.5% for higher p'?® (> 90 GeV) events.
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5. Measurement of Top Quark Polarization

® Lepton identification - uncertainty on the lepton reconstruction and iden-
tification efficiency is determined by changing the LeptonID data/MC scale
factors within their derived uncertainties by the ID groups.

® Background normalization - the overall normalization uncertainty on the
backgrounds is calculated by taking into account the statistical uncertainties
of individual backgrounds. For heavy flavor W+jets background, 12% of
uncertainty is considered to the production rate [8I]. This source is evaluated
by taking the quadratic sum of individual variations from the central value.

® Multijet background - uncertainties on the lepton identification efficiency
and fake rates that are used to estimate the multijet background using the
Matrix Method are propagated to multijet background yields as described in
Section 4.2.3. Also the shape with respect to the polarization is studied and
assigned as systematic uncertainty.

® Lepton momentum scale - momentum scale of leptons is known with finite
precision. To evaluate the impact of this effect the momentum scale is varied
within one standard deviation.

® |V +jets correction - the calibration to the W+jets background as described
in Sec. [5.3.3|is source to systematic uncertainty, the scale factors are varied by
their statistical uncertainties and added in quadrature.

® MC template statistics - the limited MC signal samples statistic is propa-
gated to the measurements.

The Signal modeling sources are:

® )-jet fragmentation - evaluated using uncertainty on the reweighting of the
b-fragmentation function from the default value to the value tuned to reproduce
collider data.

® Top quark mass - the signal used in the measurement is simulated at top
quark mass of 172.5 GeV. ALPGEN + PYTHIA samples generated with the top
quark masses of 170 and 175 GeV are used to evaluate uncertainty on top quark
mass dependence. The resulting difference is scaled to world top quark mass
uncertainty of 0.76 GeV.

® Alternative signal model - two signal models, ALPGEN + PYTHIA and
MC@NLO + HERWIG, are used in separate studies and the difference in polar-
ization is estimated to represent the uncertainty on alternative signal modeling.
This uncertainty stands for Higher order QCD correction, effect of QCD
correction in signal modeling at different orders (LO/NLO), and for Parton
shower and hadronization modeling, uncertainty on the choice of the
parton shower and fragmentation model.
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5.4. Systematic Uncertainties

® Initial/final state radiation - different amounts of initial and final sate
radiation in the simulated ¢f sample are evaluated using ALPGEN + PYTHIA
samples with varied amounts of initial and final state radiation.

® Color reconnection - impact of the color reconnection of partons that evolve
to hadrons is addressed by comparing two signal samples simulated by the
ALPGEN + PYTHIA with the PERUGIA 2011 and PERUGIA 2011 noCR tunes.

® m,; modeling - as found in Section high m,; events play an important
role in the polarization measurement and therefore the nominal and template
signal distribution of mg, simulated by MCQ@NLO, is reweighted to the NNLO
prediction from Ref. [98] and the polarizations recalculated. The difference
to result with original sample is then taken as systematic uncertainty for mg
modeling.

® {t transverse momentum - since the transverse momentum of the ¢ pair
is not very well modeled as shown in Figure (left side), a systematic
uncertainty has been estimated by reweighting the MC p?v distribution to the
one observed in data (right side in Figure |5.13).
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Figure 5.13: Transverse momentum of the ¢t pair, selection e+ > 4 jets (top),
pu+ > 4 jets (bottom) with at least 1 b-tag. The right side figures shows the same
distribution after reweighting the MC p# distribution to the one observed in data using
polynomial fit printed in the panels. This is propagated as systematic uncertainty of

the measurement.
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5. Measurement of Top Quark Polarization

The Parton distribution function eigenvectors from the CTEQ6.1 PDFs are
varied. In total, 20 up and down variations are defined relative to the nominal PDF
of CTEQG.1.

The Methodology represents following uncertainties associated with procedures
and assumptions made in the analysis:

® App uncertainty - unceratinty from the SM NNLO prediction in [95] is
propagated as systematical uncertainty of the top polarization as the correlation
between the two is assumed.

® Sample composition - the scale factors uncertainties from the sample
composition fit are used to vary the number of events in MC samples and the
respective uncertainty on polarization is calculated.

® Spin correlation factor - as mentioned in Section 5.3.4, the spin correlation
factor C' for transverse axis is varied by +1 to estimate uncertainty of our
choice.

The uncertainties and the contributions from individual sources are summarized
in Table 5.11l.

[ 5.5 Author Notes

This chapter describes the most essential part of this thesis, the method of the
measurement itself. All the steps in the measurement of the top quark polarization in
lepton+jets channel at D@ are described. As stated in the beginning of the chapter,
this work has been thoroughly described by the Internal D@ Analysis Note [83] that
was important document for the review process in the D@ collaboration, by the
Conference Note [19] with the aim to make the result public in 2015; and by paper
that has been recently published in the Physical Review D journal [84]. This has been
my original work with the initial help from SungWoo Youn, and with many useful
comments from the DO collaboration members and especially from the D@ Top
quark group. The methods described in each sections of this chapter are either
completely original work or adapted and modified from previous D{) measurements.
Top quark polarization has not been measured before at D@ with this method and
in this channel (nor at the Tevatron Collider!).

I have tried to explain in more details procedures used in the analysis, the
motivation and conclusion of additional studies. Through the time of the analysis,
all the steps have been questioned and challenged by me and my colleagues in
the Top quark group and in the D@ collaboration. This lead to the examination
of every part of the analysis chain and provision of proofs that the method used,
combination of variables chosen, or additional correction applied (or dismissed)
are all reasonable. I have described the important cross-checks and studies, but
many others are omitted in this thesis as are not essential to the description of the
measurement and would increase the length of the document in a needless manner.
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5.5. Author Notes

Source Beam Helicity Transverse

Jet reconstruction
Flavor-dependent jets response  £0.009 +0.008 40.007

Jet identification efficiency +0.001  £0.004 40.003
Vertex confirmation +0.004  £0.002 +0.004
Jet energy measurement

Residual jet energy scale 4+0.009 =£0.022 +0.003
Jet energy resolution +0.003  £0.005 +0.005
b tagging

b tagging +0.009 4+0.014 +0.005
Background modeling

Instantaneous luminosity 4+0.000 £0.002 40.002
Trigger efficiency +0.002  £0.005 +0.001
Lepton identification 4+0.006 =+0.016 40.002
Background normalization +0.004  £0.003 +0.002
Multijet background 4+0.001  £0.008 40.002
Lepton momentum scale 4+0.002  £0.008 40.001
W +jets correction +0.002 £0.003 +0.001
MC template statistics 4+0.001 #+0.001 40.001
Signal modeling

b-jet fragmentation +0.001 £0.001 +0.000
Top quark mass +0.002  £0.005 40.003
Alternate signal +0.009 4+0.014 +0.003
Initial/final state radiation +0.008 £0.003 +0.003
Color reconnection +0.003  £0.007 +0.003
mg modeling +0.005 =£0.010 +0.000
tt transverse momentum +0.005 £0.001 +0.002
Parton distribution functions

PDFs +0.013  £0.011 +0.003
Methodology

App uncertainty +0.005 =£0.000 +0.000
Sample composition +0.012  £0.007 40.004
Spin correlation factor 4+0.000 =£0.000 40.008

Total systematic uncertainty 40.030 =+0.042 +0.017
Total statistical uncertainty +0.046 40.044 +0.030
Total uncertainty 4+0.055 £0.061 40.035

Table 5.11: Uncertainties in the top quark polarization measurement along the three
axes. The numbers indicate difference in polarization when the measurement is
repeated using alternative modeling, after applying uncertainties from the employed
methods, or from assumptions made in the measurement.
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Chapter 6

Results

In this Chapter, the measured polarizations for the three spin quantization axes
are shown. The measurement has been done separately for lepton flavor (e and pu),
lepton/top quark charge (¢ and ¢~), and number of jets. The results by lepton
flavor are shown in Table 6.1 with only statistical uncertainties listed. A tension
between e+ jets and p+ jets results is observed in the helicity and transverse axes.
A study has been performed on this and after including systematic uncartainties, the
difference is & 2.3 standard deviations with accounting for the correlation between
the systematic uncertainties of the two selections. A similar effect was previously
observed by different measurements in the ¢+ jets channel at the D@ experiment,
for example [96, 97]. Therefore, we assume this difference is mainly a statistical
fluctuation and partly because of the difficulties in the reconstruction of the helicity
axis.

Axis e+jets p+jets (+jets

Beam +0.041 £ 0.075 +0.112 £ 0.064 | +0.070 4 0.046
Helicity —0.239 £0.062 +0.061 +0.072 | —0.102 4 0.044
Transverse —0.049 £ 0.046 +0.136 £0.049 | +0.040 £ 0.030

Table 6.1: Measured top quark polarizations from the ¢t e+jets, pu+jets, and £-+jets
channels along the beam, helicity, and transverse axes. The listed uncertainties are
only statistical.

In this measurement, the mean polarizations of the top and antitop quarks are
expected to be identical because of the CP conservation. This can be verified
by measuring ¢t +jets, and ¢~ +jets channels separately as shown in Table [6.2.
Reasonable agreement within uncertainties is observed. Final test is to check if
results according to the number of jets is consistent. This is shown in Table 6.2
with reasonable agreement.
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6. Results

Axis (* +jets (™ +jets (+jets

Beam +0.117 £ 0.068  +0.026 & 0.070 | +0.070 & 0.046
Helicity —0.151 £0.067 —0.043 £ 0.066 | —0.102 & 0.044
Transverse +0.040 +0.045 +0.039 4 0.044 | +0.040 £ 0.030

Table 6.2: Measured top quark polarizations from the tt £T+jets, £ +jets, and ¢+
jets channels along the beam, helicity, and transverse axes. The listed uncertainties
are only statistical.

Axis (+3jets (+ >4jets (+jets

Beam +0.106 £ 0.066 +0.039 £ 0.056 | +0.070 £ 0.046
Helicity —0.051 £0.066 —0.115+0.058 | —0.102 £ 0.044
Transverse —0.041 +0.049 +0.068 £ 0.040 | +0.040 £ 0.030

Table 6.3: Measured top quark polarizations from the ¢t ¢+3jets, £+ >4jets, and ¢+
jets channels along the beam, helicity, and transverse axes. The listed uncertainties
are only statistical.

B 6.1 Combination with Dilepton Measurement

The DO Collaboration has previously measured the polarization along the beam
axis in the dilepton final state [I7] to be P = 0.072 £ 0.113 in simultaneous
measurement with the Apg and P = 0.113 £ 0.093 if the SM Aggp is assumed. For
combination with this measurement in the /+jets final state, the result assuming
the SM NNLO Apg of 9.5% is used. The uncertainties of the two measurements
are studied for correlations. We consider uncertainties to be either correlated (1) or
not correlated (0). Table |6.4/ summarizes the correlation between uncertainties for
the two measurements. As the dilepton measurement is dominated by statistical
uncertainity, which is uncorrelated to /+jets, as the selections are orthogonal, the
overall correlation is only 5%. The dilepton and /+jets measurements are consistent
with the probability of 70% given by the x? test. We combine the two using the
Best Linear Unbiased Estimate (BLUE) method [99, 100]. The combination is a
weighted average of the input measurements, the dilepton measurement was given
weight of 0.25 and the /+jets measurement weight of 0.75. The combination yields
a top quark polarization along the beam axis of

P =0.081 &+ 0.048(stat. + syst.). (6.1)
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6.2. Final Results

Sources of uncertainties (+jets dilepton .
. . Correlation
(groups) uncertainty uncertainty
Signal modeling (+ PDFs) 0.019 0.009 1.00
b—quark ID and tagging 0.009 0.004 1.00
Jet modeling 0.014 0.004 1.00
Background modeling 0.007 0.009 0.00
Method/Calibration/ 0.015 0.012 0.00
Sample composition
Systematics uncertainty 0.030 0.019 0.48
Statistical uncertainty 0.046 0.091 0.00
Total 0.055 0.093 0.05

Table 6.4: Uncertainties and correlations for the combination of top quark polarization
measurements along beam axis in the /+jets and dilepton final states.

B 6.2 Final Results

The measured polarizations for the three spin quantization axes are shown in
Table 6.5. Results on the longitudinal polarizations are visually presented in
Figure |6.1, where comparison to SM predictions and several BSM models is shown.
The correlations between uncertainties of the two measurements are studied in
order to provide the error ellipses in the two-dimensional graph. The systematical
uncertainties are considered either 100% or —100% correlated depending of the
relative sign of the observed variations, resulting to correlation of 61%. The
correlation for statistical uncertainties was estimated using the Jackknife resampling
method, so-called grouped or delete-k Jackknife method [I0I]. This method is
based on repeating the measurement multiple times, each time with different blocks
of events removed from the sample, i.e. N = kny,, where N is the original data
sample, k is the block size and n; the number of blocks. Therefore we perform ny
measurements with (N — k) events. The number of data events is 9844 in total,
as seen in Table [5.4. Thus, the k is chosen to be 214 and thus 46 measurements
are performed to estimate the correlation. The correlation between the statistical
uncertainties is then estimated to be 7%. Overall correlation of the uncertainties of
the two measurements of longitudinal polarizations is 27%.

B 6.3 Author Notes

The results between e+jets and p+jets are in tension, but already some other
measurement in this channel at D@ observed significant differences in results of
top quark properties from the electron and muon selections of /+jets. There are
some possible explanations: the largest difference is in the helicity axis, where we
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6. Results

Axis Measured polarization SM prediction
Beam +0.070 = 0.055 —0.002
Beam - DO comb. +0.081 4+ 0.048 —0.002
Helicity —0.102 + 0.061 —0.004
Transverse +0.040 4 0.035 +0.011

Table 6.5: Measured top quark polarizations from the tt /+jet channel along the
beam, helicity, and transverse axes. And the combined polarization for beam axis
with the dilepton result by D@. The total uncertainties are obtained by adding the
statistical and systematic uncertainties in quadrature.

have to rely strongly on the top-antitop reconstruction, which is not perfect. The
electron and muons are different in the view of the detector (calorimeter vs. muon
system), reconstruction, selection, which might be a factor in favor for statistical
fluctuation that has been observed to be at level of 2.30.

The transverse polarization, measured for the first time in ¢¢ production, is in
very good agreement with SM prediction. For the longitudinal polarizations, a
small discrepancy is observed as shown in Figure 6.1. It is less than 2 standard
deviations, however. At this point, the only conclusion is that the results are in
agreement with SM and the inconsistency is a result of a statistical fluctuation.
Unfortunately, the DO was shut down in 2011 and there will be no more data to
continue with in this measurement. The agreement with the dilepton result for the
polarization along beam axis is excellent and I was able to provide combination,
which is the DO and Tevatron legacy result in the preferable axis for the Tevatron
energy.

The results have been presented at 2015 and 2016 editions of International
Workshop on Top Quark Physics [102] with positive feedback from the top quark
community. Especially the transverse polarization, as it was measured for the first
time, was accepted as a good achievement among the theoretical and experimental
physicists. The 2015 Young Scientific Forum presentation was published in the
Proceedings, Ref. [18], while the 2016 edition has Proceedings in preparation.

This is my last "note" and if you managed to read this far - thank you! You are
either opponent of this work and I appreciate your thorough reading, or you are
interested in this topic and that means my work had some meaning. Merci.
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6.3. Author Notes
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Figure 6.1: Two dimensional visualization of the longitudinal top quark polarizations
in the /+jets final state measured along the beam and helicity axes compared with
the SM and the BSM models described in the text. In this case, the m200A model is
not shown as it is indistinguishable from m2000A model. The correlation of the two
measurement uncertainties is 27%.
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Chapter 7

Conclusion

To conclude, this thesis presents measurement of the top quark polarization in the
tt production in pp collisions at /s = 1.96 TeV along several spin-quantization axes.
The polarizations are consistent with the Standard Model (SM) predictions. The
transverse polarization is measured for the first time. The longitudinal polarizations,
along the beam and helicity axes, are summarized in Figure [6.1 and compared to
the SM and several beyond SM models. The results are compatible with SM and
with several axigluons models, while the light left-handed axigluon (m200L) and Z’
models are excluded with more than 99.7% probability.

These are the most precise measurements of the top quark polarization in pp
collisions and the legacy measurements from the Tevatron Collider. The Tevatron
Collider and D@ detector were shut down in September 2011 and there will be no
more data from pp collisions to continue with this measurement. The polarization
along helicity axis has been already measured by the LHC experiments and with
more data and higher energies of the colliding beams, there will be more results on
this topic. The beam axis is disfavored at the LHC as two colliding protons are
indistinguishable in the definition of the axis and the result from this thesis might
be the final word on polarization along beam axis until new collider with oppositely
charged beams starts its operation. On the other hand, I believe that transverse
polarization is a feasible measurement at the LHC and it is important to perform
this measurement to get the confirmation of the first measurement presented here
and to improve the precision to see possible effects of new physics on transverse
polarization as shown in Ref. [8§].

Top quark polarization has been a missing piece in the quark properties measure-
ments from the Tevatron Collider for a long time. The measurement described in
this thesis provides final answer to this property and to new physics searches in the
tt events from pp. Although, there has been no indication for new physics, it is an
important confirmation of the SM and it provides better understanding the top
quark. Searches and measurements will continue at the LHC, where apart from
polarization in ¢¢ production also the polarization in single top quark production is
a beneficial measurement with great potential for the future.
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Appendix A
Control Plots

Additional control distributions are shown in this Section. Figures represent
the input variables for the likelihood discriminant used in the sample composition
fit and Figures and show the illustration of the sample composition fit on
the discriminant distribution.
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Appendix B

Journal Paper

Following pages are the included paper, published in the Physical Review D (Rapid
Communication) journal, about the top quark polarization, the topic of this thesis
and the main output of this measurement.
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We present a measurement of top quark polarization in ¢ pair production in pp collisions at
/5 = 1.96 TeV using data corresponding to 9.7fb~"! of integrated luminosity recorded with the DO
detector at the Fermilab Tevatron Collider. We consider final states containing a lepton and at least
three jets. The polarization is measured through the distribution of lepton angles along three axes:
the beam axis, the helicity axis, and the transverse axis normal to the ¢f production plane. This is
the first measurement of top quark polarization at the Tevatron using lepton+jet final states and
the first measurement of the transverse polarization in tf production. The observed distributions
are consistent with standard model predictions of nearly no polarization.

I. INTRODUCTION 0.97 for d-type quarks, —0.4 for b-quarks, and —0.3 for

The standard model (SM) predicts that top quarks
produced at the Tevatron collider are almost unpolar-
ized, while models beyond the standard model (BSM)
predict enhanced polarizations [1]. The top quark polar-
ization P, can be measured in the top quark rest frame
through the angular distributions of the top quark decay
products relative to some chosen axis 7 [2],

1 dr

1
fw = 5(1 + Pﬁ/ﬁ)i (308(97;7»,‘1)7 (1)
1,7

where 7 is the decay product (lepton, quark, or neutrino),
k; is its spin-analyzing power (=~ 1 for charged leptons,
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neutrinos and u-type quarks [3]), and 6; 5 is the angle
between the direction of the decay product ¢ and the
quantization axis n. The mean polarizations of the top
and antitop quarks are expected to be identical because
of C'P conservation. The P; can be obtained from the
asymmetry of the cosf distribution

N(cosb, 7 > 0) — N(cosb,; 5 <0)

Aps = , 2
P, N(cosb; 7 > 0) + N(cosb; s, <0) (2)

where N (z) is the number of events passing the require-
ment z and the polarization is then P, = 2Ap;. The
quantization axes are defined in the tt rest frame, while
the decay product directions are defined after succes-
sively boosting the particles to the ¢f rest frame and then
to the parent top quark rest frame. We measure the po-
larization along three quantization axes: (i) the beam
axis 7, given by the direction of the proton beam [2];
(ii) the helicity axis 7y, given by the direction of the
parent top or antitop quark; and the (iii) transverse
axis nr, given as perpendicular to the production plane
defined by the proton and parent top quark directions,
i.e., fi, X 7y (or by 7 x —fg for the antitop quark) [4, 5].

The DO Collaboration published a short study of the
top quark polarization along the helicity axis in pp colli-
sions as part of the measurement of angular asymmetries
of leptons [6], but no measured value was presented. Re-
cently, the DO Collaboration measured the top quark po-
larization along the beam axis in ¢ final states with two
leptons [7], finding it to be consistent with the SM. The
ATLAS and CMS collaborations measured the top quark



polarization along the helicity axis in pp collisions, and
the results are consistent with no polarization [8, 9]. The
polarization at the Tevatron and LHC are expected to
be different because of the difference in the initial states,
which motivates the measurement of the polarizations in
Tevatron data [10, 11]. For beam and transverse axes,
the top quark polarizations in pp collisions are expected
to be larger than those for pp [2, 4], therefore offering
greater sensitivity to BSM models with nonzero polar-
ization.

The longitudinal polarizations along the beam and he-
licity axes at the Tevatron collider are predicted by the
SM to be (—0.19 + 0.05)% and (—0.39 £ 0.04)% [12], re-
spectively, while the transverse polarization is estimated
to be &~ 1.1% [5]. Observation of a significant depar-
ture from the expected value would be evidence for BSM
contributions to the top quark polarization [1].

We present a measurement of top quark polarization
in /+4jets final states of tf production using data collected
with the DO detector [13], corresponding to an integrated
luminosity of 9.7 b=t of pp collisions at /s = 1.96 TeV.
The lepton is most sensitive to the polarization and is
easily identified. We therefore examine the angular dis-
tribution of leptons. After selecting the events in the
{+jets final state, we perform a kinematic fit to recon-
struct the lepton angles relative to the various axes. The
resulting distributions are fitted with mixtures of signal
templates with +1 and —1 polarizations to extract the
observed values. The down-type quark has an analyzing
power close to unity, but its identification is difficult. It
is therefore not used in the measurement. However, to
gain statistical precision we use reweighted Monte Carlo
(MC) down-type quark distributions in forming signal
event templates.

II. EVENT SELECTION

Each top quark of the tf pair decays into a b quark
and a W boson with nearly 100% probability, leading
to a WHW~bb final state. In ¢+jets events, one of the
W bosons decays leptonically and the other into quarks
that evolve into jets. The trigger selects ¢+jets events
with at least one lepton, electron (e) or a muon (u).
The efficiency of the trigger is 95% or 80% for tt events
containing reconstructed e or u candidates, respectively.
This analysis requires the presence of one isolated e [14]
or u [15] with transverse momentum pr > 20 GeV and
physics pseudorapidity [16] || < 1.1 or |n| < 2, re-
spectively. In addition, leptons are required to originate
from within 1cm of the primary pp interaction vertex
(PV) in the coordinate along the beam axis. Accepted
events must have a reconstructed PV within 60cm of
the center of the detector along the beam axis. Fur-
thermore, we require an imbalance in transverse momen-
tum pr > 20 GeV, expected from the undetected neu-
trino. Jets are reconstructed using an iterative cone al-
gorithm [17] with a cone parameter of R = 0.5. Jet

energies are corrected to the particle level using calibra-
tions from studies of exclusive y+jet, Z+jet, and dijet
events [18]. These calibrations account for differences
in the detector response to jets originating from glu-
ons, b quarks, and u,d,s, or ¢ quarks. We require at
least three jets with pr > 20 GeV within |n| < 2.5, and
pr > 40GeV for the jet of highest pp. At least one jet
per event is required to be identified as originating from
a b quark (b tagged) through the use of a multivariate al-
gorithm [19]. In u+jets events, upper limits are required
on the transverse mass of the reconstructed W boson [20]
of M} < 250GeV and pr < 250 GeV to remove events
with misreconstructed muon pr. Additional selections
are applied to reduce backgrounds in muon events, and
to suppress contributions from multijet production. A
detailed description of these requirements can be found
in Ref. [21]. In addition, we require the curvature of the
track associated with the lepton to be well measured to
reduce lepton charge misidentification.

III. SIGNAL AND BACKGROUND SAMPLES

We simulate #f events at the next-to-leading-order
(NLO) in perturbative QCD with the MC@QNLO event
generator version 3.4 [22] and at the leading-order (LO)
with ALPGEN event generator version 2.11 [23]. Parton
showering, hadronization, and modeling of the underly-
ing event are performed with HERWIG [24] for MC@NLO
events and with PYTHIA 6.4 [25] for ALPGEN events. The
detector response is simulated using GEANT3 [26]. To
model the effects of multiple pp interactions, the MC
events are overlaid with events from random pp collisions
with the same luminosity distribution as the data. The
main background to the tf signal is W +jets events, where
the W boson is produced via the electroweak interaction
together with additional partons from QCD radiation.
The W+jets final state can be split into four subsam-
ples according to parton flavor, Wbb + jets, Wee + jets,
We+jets, and W+light jets, where light refers to gluons,
u, d, or s quarks. The W+jets background is modeled
with ALPGEN and PYTHIA [23, 25], as is the background
from Z+jets events. Other background processes include
WW, WZ, and ZZ diboson productions simulated us-
ing PYTHIA, and single top quark electroweak produc-
tion simulated using cOMPHEP [27]. The multijet back-
ground, where a jet is misidentified as an isolated lep-
ton, is estimated from the data using the matrix method
[21, 28]. We use six different BSM models [29] to study
modified ¢ production: one Z’ boson model and five ax-
igluon models with different axigluon masses and cou-
plings (m200R, m200L, m200A, m2000R, and m2000A,
where L, R, and A refer to left-handed, right-handed, and
axial couplings, and numbers are the particle masses in
GeV). Some additional axigluon models such as m2000L
are not simulated as they are excluded by other measure-
ments of top quark properties. The BSM events are gen-
erated with LO MADGRAPH 5 [30] interfaced to PYTHIA



for parton evolution.

IV. ANALYSIS METHOD

A constrained kinematic x? fit is used to associate the
observed leptons and jets with the individual top quarks
using a likelihood term for each jet-to-quark assignment,
as described in Ref. [31]. We assume the four jets with
largest pr to originate from #¢ decay in events with more
than four jets. The algorithm includes a technique that
reconstructs events with a lepton and only three jets [32].
The addition of the three-jet sample almost doubles the
signal sample as shown in Table I. In our analysis, all
possible assignments of jets to final state quarks are con-
sidered and weighted by the x? probability of each kine-
matic fit and by the b tagging probability.

To determine the sample composition, we construct a
kinematic discriminant based on the approximate likeli-
hood ratio of expectations for ¢t and W+jets events [33].
The input variables are chosen to achieve good separation
between tt and W+jets events, and required to be well
modeled and not strongly correlated with one another or
with the lepton polar angles used in the measurement.
Sets of input variables are selected independently for the
{+3 jet and the ¢+ > 4 jet events, each in three subchan-
nels according to the number of b tagged jets: 0, 1, > 2.
The channels without b tagged jets are used to determine
the sample composition and background calibration, not
to measure the polarization.

The input variables used for the ¢+3 jet kine-
matic discriminant are kF"= min(pr.q,prs) - ARap,
where ARy, = /(N — )% + (o — ¢p)? is the angu-
lar distance between the two closest jets (a and b),
min(pr,q, pr,p) represents the smaller transverse momen-
tum of the two jets, and the ¢ are their azimuths in
radians; aplanarity A = 3/2\3, where A3 is the small-
est eigenvalue of the normalized momentum tensor; H%,
which is the scalar sum of the pr of the jets and lepton;
AR between the leading jet and the next-to-leading jet;
and AR between the lepton and the leading jet.

The input variables for the ¢+ > 4 jet discriminant
are kJ'"; aplanarity; H%; centrality, C = Hyp/H, where
Hr is the scalar sum of all jet pr values and H is the
scalar sum of all jet energies; the lowest 2 among the

different kinematic fit solutions in each event; (pl%“‘d -

blep bhad blep

pr)/ (Pt 4+ pp), the relative pr difference between
biep, the b jet candidate from the ¢ — blv decay, and
bhad, the b jet candidate from the t — bqq’ decay; and
m;j, the invariant mass of the two jets corresponding to
the W — ¢q' decay.

The sample composition is determined from a simul-
taneous maximum-likelihood fit to the kinematic dis-
criminant distributions. The W+jets background is
normalized separately for the heavy-flavor contribution
(Wbb + jets and Wee + jets) and for the light-parton
contribution (We + jets and W+light jets). The sam-
ple composition after implementing the selections, and

fitting the maximum likelihood to data, is broken down
into individual channels by lepton flavor and number of
jets, and summarized in Table I. The obtained ¢t yield
is close to the expectations.

3 jets >4 jets

Source e+jets p-jets e+jets p+jets
W+jets 1741 +26 156715 339+3 295+ 3
Multijet 494 £ 7 128 £3 147+ 4 49+ 2
Other Bkg 446 £5 378 £ 2 8§71 73+1
tt signal 1200+25 8174+20 11374+24 904 +23
Sum 3881 £37 289025 1710£25 1321423
Data 3872 2901 1719 1352

TABLE I: Sample composition and event yields after im-
plementing the selection requirements and the maximum-
likelihood fit to kinematic distributions in data. Only sta-
tistical uncertainties are shown.

The lepton angular distributions in W+jets events
must be well modeled since these events form the lead-
ing background, especially in the /+3 jet sample. We
therefore use a control sample of ¢+3 jet events with-
out b tagged jets, as such events are dominated by
W +jets production with > 70% contribution. This sam-
ple is not used for the polarization measurement. We
reweight the W+jets MC events so that the cosfy
distributions agree with those for the control events in
data with ¢f and other background components sub-
tracted. We use the relative polarization asymmetry
defined as [Nj(cos; ) — N_;(cosb.4)]/[N;(cosb:) +
N_j(cosbyz)], where j refers to bins of cosf,, values
between 0 and 1 and —j refers to bins between —1 and 0.
The distributions of simulated W+jets events and sub-
tracted data are shown in Fig. 1. The correction to MC
obtained from the control sample is applied to the back-
ground templates used in our signal extraction. The cor-
rections are 0.047£0.002 for polarization along the beam
axis, 0.01110.001 for the transverse axis, and a negligible
amount for the helicity axis. The uncertainties are prop-
agated to the measurement as a systematic uncertainty
of the background modeling. We observe the W+jets
events to have polarization, calculated as in Eq. (2), of
40.18 along the beam axis, —0.23 along the helicity axis,
and —0.02 along the transverse axis. Other backgrounds
give polarizations of +0.05 (beam axis), —0.30 (helicity
axis), and +0.01 (transverse axis).

To measure the polarization, a fit is performed to the
reconstructed cos 8y 5 distribution using tt templates of
+1 and —1 polarizations, and background templates nor-
malized to the expected event yield. The signal templates
arise from the tf MC sample generated with no polariza-
tion but reweighted to follow the expected double differ-
ential distribution [2],

1 dr 1
T dcosfycosbhy 4
+ pra Py 9 cos Oy — k1koC cos by cosby), (3)

(1 + IilpﬁJ C0801+
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FIG. 1: The simulated W +jets events before correction and
data with ¢t and other than W +jets background components
subtracted compared in cos#éy,; distributions in the ¢4-3 jet
and no b tagged jet control sample.

where indices 1 and 2 represent the ¢ and ¢ quark decay
products (the leptons and down quarks, or their charge
conjugates), k is the spin-analyzing power, and C'is the t¢
spin correlation coefficient for a given quantization axis.
We use the SM values C = —0.368 (helicity axis) and
C = 0.791 (beam axis), both calculated at NLO in QCD
and in electroweak couplings in Ref. [2]. The spin cor-
relation factor is not known for the transverse axis, and
thus we set C' = 0 and assign a systematic uncertainty
by varying the choice of this factor. The P; ; represents
the polarization state we model (here P;; = £1) along
the chosen axis 7. In the SM, assuming C'P invariance,
P;.1 = Pp 2 and gives the relative sign factor p a value of
+1 for the helicity axis and —1 for the beam and trans-
verse axes [2].

A simultaneous fit is performed for the eight samples
defined according to lepton flavor (e or p), lepton charge,
and number of jets (3 or > 4). The observed polarization
is taken as P = f; — f_, where fi are the fraction of
events with P = +1 and —1 returned from the fit. The
fitting procedure and methodological approach are veri-
fied using pseudoexperiments for five values of polariza-
tion, and through a check of consistency with predictions,
using the BSM models with nonzero generated longitudi-
nal polarizations. The fitted polarizations and the model
inputs are in good agreement, as shown in Fig. 2 for

the polarizations along the beam axis, thus verifying our
template methodology. The distributions in the cosine of
the polar angle of leptons from tt decay for all three axes
are shown in Fig. 3.
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FIG. 2: Comparison of measured and generated polarizations
along the beam axis for the SM and several non-SM models.
The uncertainties are statistical.

A previous measurement of top quark polarization and
the forward-backward ¢ and ¢ asymmetry in dilepton fi-
nal states [7] noted a correlation between these two mea-
surements. This correlation is caused by acceptance and
resolution effects in the kinematic reconstruction of the
events. We determine the dependence of the observed
polarization on the forward-backward asymmetry at the
parton level, Apg, using samples in which the ¢ and ¢ ra-
pidity distributions are reweighted to accommodate the
polarizations. We then use a correction for the differ-
ence between the nominal MC@QNLO production-level App
of (5.01 £ 0.03)% and the next-to-next-to-leading-order
(NNLO) calculation [34] of (9.5 £ 0.7)%. The observed
correction is —0.030 for the polarization along the beam
axis, less than 0.002 for the polarization along the helic-
ity axis, and is negligible for the transverse polarization.
The uncertainty on the expected App is propagated to
the measurement as part of the methodology systematic
uncertainty.

V. SYSTEMATIC UNCERTAINTIES

We have evaluated several categories of systematic un-
certainties using fully simulated events: uncertainties as-
sociated with jet reconstruction, jet energy measurement,
b tagging, the modeling of background and signal events,
PDFs, and procedures and assumptions made in the anal-
ysis. The sources of systematic uncertainties and their
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FIG. 3: The combined e+jets and p+jets cos 8 distributions for data, expected backgrounds, and signal templates for P = —1,
SM, and +1. Panels (a), (c), and (e) show £+3 jet events; (b), (d), and (f) show {4 > 4 jet events; (a) and (b) show distributions
relative to the beam axis; (c¢) and (d) show distributions relative to the helicity axis; and (e) and (f) show distributions relative
to the transverse axis. The hashed areas represent systematic uncertainties. The direction of the cos # axis is reversed for the

¢~ events for beam and transverse spin-quantization axes plots.

contributions are listed in Table IT and added in quadra-
ture for the total uncertainty. Details about the evalua-
tion of the uncertainties can be found in Refs. [21, 31].
Additionally, we assign an uncertainty in modeling the
invariant mass of the ¢ system (m,;) based on the differ-
ence in m,z distributions in our signal MC and the NNLO
predictions [35].

VI. RESULTS

The measured polarizations for the three spin-
quantization axes are shown in Table III. Results on
the longitudinal polarizations are presented in Fig. 4 and
compared to SM predictions and several of the BSM mod-
els discussed previously. The measurement along the
beam axis is consistent with the previous DO result in
the dilepton channel [7], P = 0.113 £ 0.093. We estimate
the correlation between this result for the beam axis and
that of Ref. [7] to be 5%. The combination using the
method of Refs. [36, 37] yields a top quark polarization

Source Beam Helicity Transverse . .
Jet reconstruction £0.010 £0.008 _ £0.008 along the beam axis P = 0.081 £ 0.048.
Jet energy measurement +0.010 +0.023  £0.006
b tagging 4+0.009 +0.014  +0.005 Axis Measured polarization SM prediction
Background modeling +0.007 +0.021  40.004 Beam +0.070 £ 0.055 —0.002
Signal modeling +0.016 40.020  40.008 Beam - D0 comb. +0.081 £ 0.0438 —0.002
PDFs +0.013 £0.011  +0.003 Helicity —0.102 £ 0.061 —0.004
Methodology +0.013 40.007  +0.009 Transverse +0.040 £ 0.035 +0.011
Total systematic uncertainty +0.030 +0.042  +0.017
Statistical uncertainty 4+0.046 40.044  +0.030
Total uncertainty 4+0.055 +0.061  +0.035 TABLE III: Measured top quark polarization from the ¢t

TABLE II: Summary of the uncertainties in the measured
top quark polarization along three axes. The systematic un-
certainty source indicates the difference in polarization when
the measurement is repeated using alternative modeling, after
applying uncertainties from the employed methods, or from
assumptions made in the measurement. The uncertainties are
added in quadrature to form groups of systematic sources and
the total uncertainty.

{+jet channel along the beam, helicity, and transverse axes,
and the combined polarization for beam axis with the dilepton
result by the DO Collaboration denoted as Beam - D0 comb..
The total uncertainties are obtained by adding the statistical
and systematic uncertainties in quadrature.

VII. CONCLUSION

In summary, we measure the top quark polarization for
tt production in pp collisions at /s = 1.96 TeV along sev-
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FIG. 4: Two-dimensional visualization of the longitudinal top
quark polarizations in the ¢+jets channel measured along the
beam and helicity axes compared with the SM and the BSM
models described in the text. In this case, the m200A model
is not shown as it is indistinguishable from m2000A model.
The correlation of the two measurement uncertainties is 27%.

eral spin-quantization axes. The polarizations are consis-
tent with SM predictions. The transverse polarization is
measured for the first time. These are the most precise
measurements of top quark polarization in pp collisions.
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